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Chapter 1
Introduction

Christopher P. Thornton and BenjaminW. Roberts

Introduction

In March 2008, a session was held at the Society of American Archaeology (SAA)
conference in Vancouver, Canada, which focused on the emergence of metallurgy in
the Old and New Worlds. Before this session, paper drafts had been circulated among
the authors and posted on the SAA website, thereby allowing the session itself to
be consumed with discussion of both a theoretical and practical nature. When we
had originally organized this session and sent out invites, we envisioned gathering a
group of cutting-edge researchers from every major archaeometallurgical region in
the world, and sitting them all together in a small, quiet room to hash out important
issues such as metallurgical terminology, the best ways to teach slag analysis to
archaeologists, and whether the “origins of metallurgy” was still a valid research
topic. This was what was supposed to happen.

What actually happened in March 2008 was that our small, quiet “electronic
symposium” ended up being moved to one of the largest ballrooms available
in the conference center. Over a hundred people joined us for what became a
standing-room-only event, in which the authors sat in a line of chairs facing the
audience, while we peppered them with “big brushstroke” questions. We asked
them questions like: “Do you think metals were fundamental to the rise of elites
and complex social hierarchies?” “Is there a case to be made for both indigenous
and diffusionist viewpoints on the origins and spread of metallurgy?” “Can we use
examples from the Old World and apply them to the New World, and vice-versa?”
Much to their credit, our superb group of authors-cum-panelists handled the situation
marvelously, answering our questions (and those posed by audience members)

C. P. Thornton (�)
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2 C. P. Thornton and B. W. Roberts

clearly while remembering to stay focused on themes of broader archaeological
and anthropological relevance. It was, if we may say, a great success, as it managed
to engage an audience of archaeologists, anthropologists, and art historians with
archaeometallurgical discussion without inducing sleep (or death).

The papers from this symposium were published in a two-volume edition of the
Journal of World Prehistory (JWP) in late 2009. As outlined in our introduction
to these volumes (Thornton and Roberts 2009) and expanded upon in an Antiquity
article (Roberts et al. 2009), the symposium provided four major conclusions:

1. Studies of metallurgical “origins” have moved beyond simplistic culture history
approaches toward more nuanced discussions on the mechanisms of technolog-
ical transfer, including notions of “innovation,” “adaptation,” and “adoption”
(a la Renfrew 1978; Ottaway 2001).

2. Scholars of ancient technologies are becoming more aware of the need to study
multiple crafts in tandem in order to form more robust models of craft production
and technological behavior in ancient societies (cf. Miller 2005).

3. Childean associations between metallurgical production and elite dominance are
outdated and must be proven, not assumed. More than any other topic, the
insignificance of the early adoption of metallurgy was emphasized in multiple
regions (cf. Bartelheim 2007; Kienlin 2010).

4. The study of ancient metallurgy must adopt what Shimada (2007) has called
a “holistic approach” to past technologies, in which all material remains from
ancient technical practice must be analyzed. This includes fuel (e.g., charcoal),
mining sites (e.g., ores and hammerstones), reaction vessels (e.g., crucibles and
furnaces), tools (e.g., molds and lithics), waste products (e.g., slag), and finished
artifacts (see also Ottaway 1994).

After this session at the SAA, the publisher of the JWP (Springer) approached us
about putting these papers, many of which were subsequently revised by the au-
thors (Chaps. 16, 19, 28) together, into a “reader” of early metallurgy, to be used
for teaching archaeometallurgy to undergraduate students. This was a novel idea1,
especially given the dearth of research (let alone courses!) on archaeometallurgy in
the USA (Killick and Goldberg 2009) in contrast to the slightly better situation in
Europe (Rehren and Pernicka 2008). We agreed under the condition that we could
supplement the conference papers with additional regional syntheses as well as a
section on methodologies.

The result is this two-part volume. In the first section, we were very lucky to enlist
some of the foremost experts in archaeometallurgical research methods to provide
introductory chapters about their particular specialization. These chapters were de-
signed to be informal “lectures” with, where possible, a concise bibliography geared
toward archaeological undergraduates with little-to-no scientific training. Within
each specialization, the available texts tend to be either dispersed, inaccessible,
or designed for the advanced student. Archaeometallurgy still lacks a fundamental
textbook, although there are focused handbooks on individual methods as for slag
analysis (e.g., Bachmann 1982), metallography (e.g., Scott 1991; 2011), and metal
conservation (e.g., Scott 2002).

1 One for which our editor at Springer, Teresa Krause, should be credited.
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The volume begins with two magisterial overviews on the fundamentals of ore
formation and smelting (Chap. 2) and the material properties of metal (Chap. 3).
These precede the more methodologically focused chapters, beginning with the three
most underutilized methods in the study of ancient metals: metallography (Chap. 4),
slag analysis (Chap. 5), and the study of technical ceramics such as molds and
crucibles (Chap. 6). These three laboratory-based chapters are then followed by three
more field-based approaches in archaeometallurgy, including mining archaeology
(Chap. 7), experimental archaeology (Chap. 8), and the use of ethnographic analogy
or ‘ethno-archaeology’ (Chap. 9). To round out the first half of the volume, we were
fortunate to receive papers from two of the leading archaeometrists who analyze
ancient metals and summarize the use of chemical and isotopic methods (Chap. 10)
as well as the debate over proveniencing metal artifacts back to their original ore
sources (Chap. 11). Finally, an important chapter on the kinds of research carried out
by conservators (Chap. 12) completes the methodological section of this volume.

The second half of this volume provides a number of syntheses on the early
development of metallurgy from various regions around the world. These papers were
again geared toward an archaeological audience interested in archaeometallurgy, but
with greater emphasis on synthesizing all the literature written about early metals in
each area. It was hoped that as a collection, these papers would form the most up-
to-date world synthesis of early metallurgy since the seminal 1988 BUMA volume
(Maddin 1988).

Over the past two decades, the amount of data from each metallurgical region has
increased dramatically, making such syntheses more and more difficult, while chang-
ing geopolitics has added new regions of study such as “The Caucasus” (as opposed
to individual Soviet states; see Chap. 22). Sadly, many important regions—such as
western Africa (e.g., Killick 2004; Holl 2009), eastern South Asia (e.g., Lahiri and
Chakrabarti 1996), Australasia (e.g., Bulbeck 1999), and the Arctic (e.g., Pringle
1997; Cooper 2011)—had to be left out of this volume due to problems in receiving
qualified papers. However, this volume was never meant to be encyclopedic or en-
tirely definitive; it is meant to be an educational guide for teaching archaeometallurgy
to an uninitiated audience.

The second section of the volume begins somewhat unusually in North America
(Chap. 13), Mesoamerica (Chap. 14), and South America (Chap. 15), although most
syntheses of early metallurgy would begin in the Old World. This is a deliberate
attempt to emphasize the independent development of metallurgy in the New World
without biasing the syntheses with comparisons to Eurasian archaeometallurgy.
Following these chapters, three complementary chapters covering the European
continent are provided (Chaps. 16–18), followed by an incredible overview of the
development of metallurgy in southern and eastern Africa (Chap. 19). From these
Western regions, the volume moves east to the classical heartlands of early metal-
lurgy: Anatolia (Chap. 20), the Levant (Chap. 21), the Caucasus (Chap. 22), and the
Iranian Plateau (Chap. 23).

The regions to the east of these ‘heartlands’ are comparatively understudied but
provide important information about local adoptions and innovations to metallurgy
and metal artifacts. These include two papers on South Asia (Chaps. 24 and 25),
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one on the Eurasian Steppe (Chap. 26), a synthesis of the rise of metals in East
Asia (Chap. 27), and a stimulating paper on the possible origins of metallurgy in
Southeast Asia (Chap. 28). This latter paper, when first presented in the JWP (White
and Hamilton 2009), ignited considerable debate among Southeast Asian scholars
that continues to this day (e.g., Pryce et al. 2010; Higham et al. 2011). Whether
the conclusions put forth in Chap. 28 prove to be ‘right’ or ‘wrong’ is beyond the
scope of this introduction. However, their innovative model of cultural transmission
of metal technology using archaeometrical and archaeological data provides a signif-
icant intellectual landmark in archaeometallurgy. Due to the ever-increasing speed
of scientific advancement, it is a sad truth that the data included in most of these
synthetic chapters will be out of date before they are actually published. Thus, the
emphasis should be on how each author combined archaeometrical and archaeolog-
ical data with anthropological and sociological theory in order to reach conclusions
about the role of metallurgy and metals in the lives of ancient peoples.

What is particularly striking about the superb papers in the second section of
this volume is the emphasis upon anthropological theories of technological behavior
and the social effects of/on technology (a la Lemmonier 1992; Pfaffenberger 1992;
Dobres and Hoffman 1994). Up until the 1990s, these were largely missing from
most archaeometallurgical syntheses, and their inclusion in these papers is a wel-
come addition, one that hopefully signals a paradigmatic shift in early metallurgical
research (Thornton 2009). In archaeometallurgy (if not in all academic disciplines),
such ‘paradigm shifts’ are never as final as they sound. Just as the introduction of
copper did not cause the cessation of lithic production, the introduction of a new
theoretical paradigm did not and does not necessitate the extinction of its prede-
cessors. In fact, more than one paradigm can operate in tandem—see, for example,
the prolonged existence of ‘culture history’ despite two highly touted paradigmatic
shifts to ‘processualism’ in the 1960s and to ‘post-processualism’ in the 1980s (see
Roberts and Vander Linden 2009 for further discussion).

Similarly, the study of ancient metallurgy has various schools of thought, many
of them regionally based, which are complementary to each other in many ways.
Some emphasize scientific analysis over theoretical understanding, seeking “facts”
about the past and seeing humans as mostly rational beings that can be modeled
and understood. Others apply lessons learned through ethnographic field research to
understand the behavioral and cultural sides of ancient metallurgy, often using only a
smattering of analytical data to argue for direct historical analogy. Neither is entirely
right or wrong in its approach, but the best research usually results from collaboration
between these two extremes. This volume was designed to seek a middle ground
between analysis and theory, placing it firmly within the Anglo-American schools
of thought in archaeometallurgy.

However, what are the Anglo-American schools of thought on ancient metal-
lurgy? Can we even speak of a single paradigm in a discipline with practitioners
from so many different academic fields (geology, archaeology, material science,
etc.)? Archaeometallurgy as a field of study can only be traced back to the nineteenth
century, when scientists such as John Percy began to report on their analyses of
metal artifacts within archaeological publications. Early twentieth-century scientists
such as William Gowland combined ethnographic accounts with archaeological and
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analytical data for the first time. It was not until the mid-twentieth century, however,
that the study of ancient metal artifacts would become ‘mainstream.’ This flores-
cence was driven in no small way by the rise of Marxian archaeology under the great
prehistorian V. Gordon Childe (1930; 1944), whose theories on social evolution and
class construction through technological advancement (particularly metals) and craft
specialization continue to influence modern archaeological interpretation (see Row-
lands 1971; Trigger 1986; and various papers in Wailes 1996). Remarkably, Childe
was able to create these synthetic models and theories about ancient metallurgy with-
out a hint of scientific analysis, which led the way for archaeologists not trained in
metallurgy to enter the discussion.

The lack of scientific analysis should not diminish the importance of Marxian
and Childean thought in archaeology and, by extension, to archaeometallurgy. In-
deed, some of the most influential writers on metallurgical theory in the past few
decades have also dealt with only limited technical analysis. For example, the fa-
mous Wertime–Renfrew debate on the origins of metallurgy (e.g., Renfrew 1969;
Wertime 1973a, b), which has become the archetypical discussion on “diffusion” vs.
“independent invention,” was carried out with little mention of possible analyses to
prove or refute their hypotheses (see Muhly 1988, p. 15). Even the great Russian
scholar Evgenii Chernykh (1992), whose “metallurgical province” model is perhaps
the most influential theory on ancient metallurgical production since Childe, only
loosely refers to the technical analysis of over 60,000 metal artifacts that he oversaw
from sites across the former Soviet Union.

The connection between analytical techniques and archaeological theory was first
made in the 1970s by a group of scholars who are as notable for their excellent
metallurgical research as for their enduring legacy as excavators and mentors. In
Germany, Gerd Weisgerber and Hans-Gert Bachmann championed scientific meth-
ods of analysis in collaboration with archaeological investigations of ancient mines
and metallurgical sites. In England, Ronald Tylecote and Beno Rothenberg were
the first to successfully combine archaeological fieldwork, scientific analysis, and
experimental reconstruction in order to understand firsthand the interaction between
ancient societies and their metallurgical technology (Killick 2001; Cleere 1993). In
the USA, the dominant ‘archaeometallurgical paradigm’ arose in the material sci-
ences, with scholars at Massachusetts Institute of Technology (MIT), such as Cyril
Stanley Smith, Martha Goodway, and Heather Lechtman, and at the University of
Pennsylvania, such as Robert Maddin, Tamara Stech, James Muhly, and Vincent
Pigott. All of these great men and women were instrumental in introducing metal-
lography to studies of ancient metallurgical technology (Goodway 1991, p. 706) and
convincing anthropological archaeologists that studies of ancient metallurgy could
lead to a broader understanding of human behavior and social interactions.

As early as the mid-1980s, the American school of ‘technological behavior’ was
rapidly gaining converts, but mainly among scholars interested in ancient ceramics
(e.g., Wright 1985; various papers in Kingery 1986; Gosselain 1992; Hegmon 1992).
It was not until the 1990s that archaeometallurgists began to adopt this paradigm
(e.g., Childs 1991; Epstein 1993; Hosler 1994; Reedy 1997; Friedman 1998) often
in conjunction with larger discussions about the social organization of craft pro-
duction (e.g., Brumfiel and Earle 1987; Costin 1991, 2001; Pfaffenberger 1992).
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More recently, this new paradigm has become almost de rigueur among American
archaeometallurgists (see Killick 2004).

While the American school has not had the same effect on European archaeomet-
allurgy as it has in the States, there has still been a theoretical shift, although of a
different nature. In Britain, for example, the ‘innovation-adoption’ school, which
came out of Colin Renfrew’s work on Southeastern European metallurgy (Renfrew
1969, 1973) and the Varna cemetery (Renfrew 1978, 1986), has had a dramatic ef-
fect on the ways in which archaeologists study metallurgy and metal artifacts (e.g.,
Sørensen 1989, 1996; Kienlin 1999; Sofaer Derevenski 2000; Kim 2001; Ottaway
2001). A theoretical shift can also be seen to some extent in Continental Europe,
where the social organization of technology (if not the cultural aspects of its produc-
tion and use) has become a dominant theme (e.g., Vandkilde 1996; various papers
in Pare 2000; Ottaway and Wager 2002; Kienlin 2010). More recently, the trendy
though ill-defined ‘materiality’ school in Britain has been dominating theoretical
discussions of ancient technologies (e.g., DeMarrais et al. 1996; Renfrew 2001; De-
Marrais et al. 2004; Miller 2005; but see also Ingold 2007 and responses), although
we await proof that this theory has any relevance to scientific studies of ancient
materials (see Jones 2004 and responses in Archaeometry (2005) vol. 47.1).

While the apparent shift in British and European discussions of metallurgy
and other technologies is indeed significant, theoretical trends like ‘materiality’
are mostly archaeological paradigms with little interest in scientific data. Such
approaches threaten to widen the gap between archaeometrists or archaeological
scientists and more theoretically inclined archaeologists. As the papers in this vol-
ume demonstrate, it is the use of empirical data in conjunction with archaeological
and anthropological interpretation that can provide the most holistic view of ancient
technologies in their social and cultural contexts. This occurs either through close
collaboration between scientists and archaeologists or by educating students in both
analytical techniques and archaeological theory. Without both aspects informing the
other in a discursive relationship (i.e., theory structuring practice just as practice
changes theory), we are only understanding half of the story.
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Chapter 2
From Ores to Metals

David Killick

Introduction

Archaeometallurgy is one of the most interdisciplinary of all branches of historical
inquiry. Disciplines that contribute essential insights into archaeometallurgy include
archaeology, ethnoarchaeology, economic history, the history of technology, the
history of philosophy (beliefs about transformations of matter), philology, social
anthropology, mineralogy, petrology, geochemistry, economic geology, extractive
metallurgy, physical metallurgy, foundry practice, blacksmithing and goldsmithing,
ceramic technology, numismatics, forestry, and limnology.

No single person can be an expert in all of these fields, and few among us can
hope to become even competent in more than three or four of them. All students of
past mining and metallurgy must therefore rely upon the expertise of others, so ar-
chaeometallurgical projects are best carried out by teams of collaborating specialists.
However, some forms of expertise are in very short supply in archaeometallurgy.
One underrepresented perspective is that of economic geology, which is the study
of how useful elements (mostly metals) are concentrated by geological processes
to form ores and ore deposits. It may seem surprising that expertise in economic
geology should be hard for archaeometallurgists to find, given that industrial
societies are absolutely dependent upon the metals and minerals produced from
ore deposits. This situation reflects the decline of interest in the subject within
academic geology over the last 25 years. Few doctoral dissertations are now written
in economic geology, and it is hard even to get well-qualified candidates to apply
for the few university lectureships that are advertised in this field, given the great
difference in the salaries offered by universities and mining companies.

My aims in this chapter are: (1) to provide a very brief introduction to the subject
and its major findings; (2) to summarize the methods used to study ore minerals
and their associations; and (3) to show how some knowledge of the properties and
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distribution of ore minerals can help us understand the prehistory of extractive
metallurgy (smelting).

What are Ores?

A useful starting point is the definition provided in a standard textbook: “(o)res are
rocks or minerals that can be mined, processed and delivered to the marketplace or
to technology at a profit” (Guilbert and Park 1986, p. 1). A large volume of ore is
termed an ore deposit. For the purposes of archaeometallurgy, we need to detach this
definition from the modern context of commodity markets, which have existed for
only about 200 of the 10,000 years since humans first used metals. It is important,
however, to retain the idea that the classification of a given volume of rock as an ore
deposit is a relative judgment. Today what determines whether a volume of rock is an
ore are: (1) the market price of the metal that it contains and (2) the cost of obtaining
it from the ore and moving it to market. Before the modern era, the factors that
determined whether a given rock or alluvial sediment was an ore were: (a) whether
the metal(s) it contained were considered valuable and (b) the technologies available
for mining, concentrating, and smelting the metal(s).

My first restriction of the definition requires explanation. Today, every element
in the periodic table has its price, but this was obviously not so in the remote past.
Many elements were not isolated as pure substances and named until the nineteenth or
twentieth century. Even metals that were known in prehistory did not necessarily have
value at all times and places. Gold offers a good example. Alluvial gold (concentrated
in alluvial deposits because of its high specific gravity) occurs on all continents, and
mobile populations (e.g., hunter-gatherers and pastoralists) were surely aware of its
existence. Yet there is little evidence that it was even collected as a curiosity before
about 4500 BCE. From this point on, gold became highly valued throughout Eurasia,
beginning around the Black Sea (Chernykh 1992; see Kienlin; Yener and Lehner;
Courcier, this volume). The use of gold also emerged, independently of the Old
World, in parts of South America, Central America, and the Caribbean, beginning
around 2000 BCE (Aldenderfer et al. 2008; see Hosler; Lechtman, this volume).
However, there is no evidence of its use in sub-Saharan Africa (except in Nubia and
areas adjacent to the Red Sea) until portions of the subcontinent were incorporated
into Muslim trading networks after 750 CE (Killick, this volume). Nor was gold
used in North America before the sixteenth century CE, or in Australia before the
eighteenth century; in both these regions the first extraction of gold was by European
colonists.

The point here is that metals do not have intrinsic value. Value is ascribed to
metals by people, and their judgments of what was valuable, and what was not,
varied widely through time and space. Thus, what we count as an ore today was not
necessarily an ore in the remote past. Another very striking example of this is seen
in some Bronze Age mines in Wales (Cwmystwyth, Great Orme, and Nantyreira)
where the copper minerals were removed, but rich veins of the lead mineral galena
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(PbS) were not (Ixer 1999; Timberlake 2003). Lead was not valued, so lead veins
were not ores at that time.

My second restriction on the archaeometallurgical definition of ore resources
reflects the fact that with technological advances the “cutoff” in metal content that
makes a rock an ore declines. Thus, many mining districts have been mined over and
over again, with each new period of mining attributable to an advance in technology.
For an extended example, let us consider copper. Although we have, as yet, little
direct evidence of the grade of ore used by the earliest copper smelters in the early
fifth millennium BCE, it seems likely that the first crucible smelting technology
would have required nearly pure hydroxycarbonate ores (malachite and azurite),
which contain about 60 % copper by mass. If we fast-forward to the present, the
huge open-pit copper mine at Sierrita, Arizona—about 40 km from where this article
is written—is mining rock that contains, on average, only 0.25 % copper and some
molybdenum. For this mine to be profitable at present world prices, at least 200,000
tons of rock must be mined and milled every day.

Advances in both the factors of production (the technologies of mining, extractive
metallurgy, and transportation) and the organization of production (labor skills and
coordination, finance, and marketing) have allowed the expansion of the term “ore
deposit” to rocks of steadily declining metal content. Sierrita is one of several dozen
gigantic open-pit mines that today produce most of the world’s copper from very
low-grade porphyry copper deposits (Guilbert and Park 1986; Robb 2005). These
are thought to contain more than 85 % of all the copper in the earth’s crust that can
be considered ore under present and projected technological, economic, and social
constraints. The change from underground to open-pit mining in the early twentieth
century reflected the exhaustion of richer copper ore deposits; Gordon et al. (2006)
estimate that 97.5 % of the 400 million metric tons of copper that have ever been
extracted were mined since 1900. This represents about 26 % of the metal in all
copper ore deposits that have been discovered so far in the earth’s crust. Since the
amount of copper extracted per year is growing much faster than the amount added
by the discovery of new copper deposits (Gordon et al. 2006, Fig. 4), it appears
likely that within a century we will be unable to add newly mined copper to the
stocks already in use. This is because the amounts of energy and water required to
process the exponentially larger volumes of rock with copper contents below about
1000 ppm will be prohibitive.

An important consequence of this trend for archaeometallurgy is that many of
the copper mines used in antiquity have already been destroyed. We cannot assume
that those mines that have escaped destruction, however impressive, were the major
sources used in prehistory. This point is well illustrated by the case of the impressive
ancient mine at Rudna Glava, Serbia, which was once assumed to have been the
major source for Eneolithic copper artifacts in that region of the Balkans. Yet lead
isotopic analysis of a substantial sample of Eneolithic copper artifacts from the
Balkans (Pernicka et al. 1993; Radivojević et al. 2010) showed that none of them
derived from Rudna Glava ores. The search for ancient mines in alluvial ore deposits
is a particularly fruitless task, for these have been repeatedly worked and reworked
with advances in the technology for recovering ore from them. Artifacts dating as
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far back as the Bronze Age have been recovered over the last four centuries from
alluvial tin gravels in southwest England (Penhallurick 1986), but no ancient mine
has yet been found in these deposits. Nor should we expect to find a prehistoric mine
in the alluvial goldfields of West Africa, which are known from historical documents
to have been major sources of gold for the Muslim world (Levtzion and Hopkins
2000).

In other words, the ore resources of the world that we live in are very different
from those that existed in prehistory. Most of our evidence for the types of ores used
in the distant past, and how these were processed, must therefore come directly from
examination of ore samples recovered from prehistoric smelting sites. However, the
study of ores is the least developed part of archaeometallurgy, and the literature is
full of poorly informed speculation about the ores used in the past (Ixer 1999). The
main purpose of this chapter is therefore to introduce the topic and to plead for the
training of more specialists in archaeological applications of ore geology. It will also
show how the history of extractive metallurgy—the sequence in which the various
metals were won from their ores—reflects the geological processes that formed ores,
the chemical properties of particular ore minerals, and the slow growth of human
understanding of these properties.

The Relative Abundance of the Metals in the Crust of the Earth

Ores contain, in all cases, a much higher concentration of the metal than the average
concentration of that metal in the earth’s crust. Geochemists have estimated the
crustal abundance of the elements by: (1) calculating, from chemical analyses in the
literature, the average composition of each of the major types of rock in the crust and
(2) multiplying these averages by the estimated mass fraction of each of these rock
types in the crust, as inferred from surface outcrop, boreholes, and remote sensing
(magnetic and gravity surveys and seismic probes).

Estimates of average abundances of the major metals of industrial interest (ex-
tracted from Tables A.10 and A.11 in Faure 1991) are listed in Table 2.1. Looking at
the first column (abundances averaged across the Earth’s crust), we see that:

(1) aluminum, iron, magnesium, and titanium are geochemically abundant (>0.5
mass%) and thus will not be exhausted at any plausible level of demand;

(2) manganese, vanadium, chromium, and nickel are present above 100 ppm;
(3) all other metals are geochemically scarce (<100 ppm); and
(4) the precious metals (silver, gold, and platinum-group elements—PGEs) and

mercury are ultra-trace elements (<0.1 ppm).

Slightly different values can be found in other texts (e.g., Krauskopf and Bird 1995)
and reflect different assumptions about the mass fraction of the various rock types in
the Earth’s crust, but the rank order for the abundance of the metals is the same in
each case.
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Table 2.1 Estimated abundance by mass of selected metals in the earth’s crust and in major rock
types. Abundances in ppm except for Al, Fe, and Mg, which are in percent. (Adapted from Faure
1991, Tables A.10 and A.11)

Crystal
average

Ultramafic
rocks

Basalt High-Ca
Granite

Low-Ca
Granite

Shale Sandstone Carbonate
rocks

Deep-sea
clays

Al (%) 8.40 1.20 8.28 8.20 7.20 8.00 2.50 0.42 8.40
Fe (%) 7.06 9.64 8.60 2.96 1.42 4.72 0.98 0.33 6.50
Mg(%) 3.20 23.20 4.54 0.94 0.16 1.50 0.70 4.70 2.10
Ti 5,300 300 11,400 3,400 1,200 4,600 1,500 400 4,600
Mn 1,400 1,560 1,750 540 390 850 # 1,100 6,700
V 230 400 225 88 44 130 20 20 120
Cr 185 1,800 185 22 4 90 35 11 90
Ni 105 2,000 145 15 4.5 68 2 20 225
Zn 80 40 118 60 39 95 16 20 165
Cu 75 50 94 30 10 45 # 4 250
Co 29 175 47 7 1 19 0.3 0.1 74
Pb 8 0.5 7 15 19 20 7 9 80
Sn 2.5 0.5 1.5 1.5 3 6 0.1 0.1 1.5
W 1.0 0.5 0.9 1.3 2.2 1.8 1.5 0.6 1.0
As 1.0 0.8 2.2 1.9 1.5 13 1.0 1.0 13
Sb 0.2 0.1 0.6 0.2 0.2 1.5 0.01 0.2 1.0
Hg 0.09 0.01 0.09 0.08 0.08 0.40 0.03 0.04 0.10
Ag 0.08 0.05 0.11 0.05 0.037 0.07 0.01 0.01 0.11
Au 0.003 0.006 0.004 0.004 0.004 # # # #

# Insufficient data for calculation of mean abundance

Archaeometallurgists should immediately spot the paradoxes in this column. Why
were the first metals to be used (copper, lead, and gold) among the scarcest? Why
were six of the seven most abundant metals not used before the last two centuries?
Keep these questions in mind, as we will return to them later in the chapter.

The other columns in this table show that some metals are more abundant in
some types of rock than in others. The most extreme differences are for magnesium,
cobalt, nickel, and chromium, which are concentrated in ultrabasic rocks (dunites,
peridotites, etc.). Conversely, lead is found at higher concentrations in granitic rocks
and in clays than in ultrabasic or basic rocks (gabbros and basalts). For some metals—
manganese, copper, lead, zinc, and arsenic—the highest values are seen in marine
clays. These elements tend to oxidize at the Earth’s surface to form compounds that
are soluble in water and thus are carried to the ocean. There they are adsorbed on the
surfaces of clay particles and sink slowly to the ocean floor.

In no case, however, are the concentrations listed in Table 2.1 high enough for
the average rock or sediment to be considered an ore under present or projected
technological and market constraints. Ore deposits are often formed where subsur-
face geological processes have removed metals from common rock or from masses of
molten magma, and have redeposited them in other locations at much higher concen-
trations. Alternatively, ore deposits are formed where surface processes have eroded
minerals from rocks and concentrated them elsewhere. The degree of concentration
above the values in the parent rock is called the enrichment factor. In the case of
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the Sierrita porphyry copper deposit, the parent rock is a low-calcium granite. If we
assume this to have a typical copper concentration (from Table 2.1) of 10 ppm, then
the enrichment factor for the ore body as a whole (0.25 % Cu) is about 250 times
(250 ×). A piece of pure malachite (60 % Cu) within this ore body has a local enrich-
ment factor of 60,000x. The highest known enrichment values are at the Almaden
mercury mines of Spain (Silurian to Devonian age), where some ore bodies contain
as much as 25 % mercury. The Almaden deposits have yielded about a third of all
mercury ever mined, much of which was used to extract silver from Mexico and
Peru during the Spanish colonial era. Geochemical research (Higueras et al. 2000)
suggests that this mercury derived ultimately from basaltic magmas, which typically
contain only 0.09 ppm Hg (Table 2.1). The enrichment factor for the richer mercury
deposits at Almaden may therefore be as high as 2.8 × 106x.

How do Ore Deposits Form?

Ore deposits represent the most extreme examples of the chemical differentiation of
the earth over the last 4.5 billion years. Slow cooling over this time converted an
initial mass of relatively homogeneous superheated gas into a planet with a metallic
(iron–nickel) core, a mantle of ultrabasic composition (mostly liquid with a viscous
outer zone), and a thin, brittle, and highly differentiated crust. The major question
addressed by academic geochemists is how the different rocks listed in Table 2.1
(and the many variants not listed) could all be produced from parent rocks that
had the ultrabasic composition of the upper mantle. My discussion is restricted to
the formation of ore deposits and is drawn largely from Guilbert and Park (1986),
Ixer (1990), Robb (2005), and Dill (2010). Space does not permit the inclusion
of diagrams to illustrate these processes; for these the reader should consult Robb
(2005).

Ore Deposits Associated With Igneous Rocks

One way to form rocks of different chemical compositions from a molten magma is
through fractional crystallization. Iron, chromium, titanium, and vanadium oxides
and iron/magnesium silicates and aluminosilicates (olivines and pyroxenes) are the
first minerals to crystallize from ultrabasic magmas. If these separate by settling
under gravity, the remaining liquid will be relatively enriched in other elements,
such as the alkalis, the rare earths, and some metals. The residual liquid will also
contain more silicon, aluminum, water, and carbon dioxide than the crystal mush.
Thus, the chemical composition of the residual melt will move towards those of the
more silica-rich intermediate rocks (e.g., andesite).

The early-forming crystalline minerals in a magma chamber have different den-
sities and may separate by gravitational settling to produce a layered suite of rocks.
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Almost pure layers of magnetite (Fe3O4) ore—with or without ilmenite (FeTiO3)—
and chromite (FeCr2O4) occur in many ultrabasic igneous suites. Most of the
exploitable world reserves of the PGEs are in a single chromite-rich layer in South
Africa (the Merensky Reef) that is only 30–90 cm thick. The Merensky Reef formed
within the largest known layered igneous intrusion, the Bushveld Igneous Complex
(BIC), which goes from ultrabasic rocks at the bottom to acid rocks (rhyolites and
granites) at the top. Chromium, iron, platinum, vanadium, and titanium ores are
restricted to the ultrabasic and basic layers, while copper and tin mineralization
is associated with the late-forming acid rocks at the top of the sequence. The se-
quence reflects typical changes in the compositions of magmas that are produced by
fractional crystallization.

Most ore deposits associated with igneous rocks are however generated through
the “conveyor-belt” mechanism of plate tectonics. At subduction zones, which are
most commonly where oceanic crust is pushed against a continental plate, the denser,
thinner basaltic crust is forced down beneath the continents. At depths of 60–170 km,
the subducted plate melts to generate a magma. This magma has two significant
features for ore formation: (1) The subducted plate has a veneer of sediment that
(as shown in Table 2.1) carries relatively high concentrations of many metals, and
(2) it has a higher water content than is typical of the upper mantle, due both to
the sediment veneer and to reactions between basalt and seawater at the ocean floor.
The resulting magma is buoyant and thus rises slowly through the upper mantle
and overlying crust, or absorbs portions of crust to produce magmas of andesitic
composition. Alternatively, the magma may transfer its heat to crustal rocks, which
may melt in turn to form intermediate-to-acid magmas. Many of these magmas erupt
at the surface as chains of volcanoes parallel to the subduction zone, forming either
mountain chains (e.g., the Andes) if the melting occurs under continental crust, or
island arcs (e.g., Indonesia) if the subduction zone lies offshore under continental
margins. Some magmas solidify as plutons below the surface, and the reactions
that occur with crustal rocks around these plutons generate important classes of ore
deposits, including the porphyry copper and molybdenum deposits.

Elements that cannot be accommodated in the crystal lattices of the early-forming
minerals concentrate in residual fluids due to fractional crystallization of these mag-
mas. The most important such elements in ore genesis are hydrogen, carbon, sulfur,
chlorine, and fluorine (as water and HCO−

3 , HS−, SO4
−, Cl−, and F− anions). These

form hot brines and molten sulphides that effectively scavenge and transport metal
ions from the original magma and from the crustal rocks through which the ascending
fluids pass. Once almost all the magma has crystallized, many metals (Cu, Mo, Pb,
Zn, Au, and Ag) can be concentrated in these fluids at several orders of magnitude
above their original abundance in the magma. The amount of water in the magma
and the degree of oxidation are thought to largely determine which metals are con-
centrated. The magmas that produce porphyry copper deposits are thought to have
contained less water than those that produce the porphyry molybdenum deposits.
Large volumes of fluids were certainly required to form ore deposits of the most
incompatible metals, which are not readily accepted in the crystal structures of most
rock-forming minerals. Incompatible metals (e.g., Sn and W) are geochemically very
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scarce (Table 2.1) and thus must be scavenged from large volumes of magma or rock
by large volumes of fluids. Ores of these metals and of other incompatible elements
(B, Be, Li, Cs, Nb, and Ta) are typically found at the very top of granitic plutons and
in pegmatites.

All that remains to form ore deposits is to precipitate these metals from solution.
Cooling lowers the solubility of metals in hot brines, as does the decrease of pressure
near the earth’s surface. These changes suffice to produce relatively low-grade ore
deposits formed around the margins of large igneous intrusions, as in the porphyry
copper deposits, which generally contain less than 2 mass% copper (Guilbert and
Park 1986). The hot aqueous solutions typically spread out from the igneous intrusion
into the enclosing host rocks and react with them, a process called metasomatism.
For example, skarns are formed by metasomatism of limestones or dolomites and
are important hosts worldwide for ore deposits of W, Sn, Mo, Cu, Pb, and Zn.

The average concentrations of metals in these deposits, though orders of mag-
nitude above average concentrations in the crust, are too low to have been ores for
early metallurgists. Patches of much higher grade can however form in suitable traps.
These are generally joints and cracks in igneous or metamorphic rocks, or bedding
planes in sedimentary rocks, which become filled with metallic minerals and asso-
ciated gangue minerals (i.e., those without economic value) such as quartz, pyrite,
carbonates, tourmaline, etc. These minerals are precipitated from brines and molten
sulphides forced through these channels, which gradually fill to form veins and nar-
row sheets that can be very rich in metal content. These were the most important
sources of copper, lead, zinc, silver, and tin before the era of open-pit mining. Quartz
veins above igneous intrusions were important sources of gold in many areas—most
of the gold exported from Great Zimbabwe and its successor states, for example,
derived from the mining of quartz veins (Summers 1969). Most gold-bearing veins
date to the Archean period (3000–2500 Ma), quite early in the evolution of the earth.

Hydrothermal Deposits: Ore Formation by Interaction of Surface
Waters With Subsurface Magmas and Rocks

Since the earth’s crust is solid, it encloses a fixed volume. Thus, any volume of
plate subducted into the mantle must be balanced by an equal volume that is forced
up into or through the crust. Most of this extruded material appears at seafloor
spreading centers, which are linear volcanoes that build the basaltic seafloor. An
important class of ores is formed here as seawater seeps down through the seabed
along cracks initiated by the pressure of the underlying magma. These large volumes
of water are heated, extract metals from the basaltic magma, and are expelled back
through “black smoker” vents into the cold ocean, where metal sulphides (Cu, Zn,
and Ni) immediately precipitate to form ores. These are called volcanogenic massive
Sulphide (VMS) deposits. Most of these deposits have probably been destroyed by
subduction, but some were fortuitously preserved when slabs of former ocean floor
were torn off and thrust up over continental crust. These are known as ophiolite
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complexes. Two ophiolites—those of Oman and Cyprus—were extremely important
ore sources for the Bronze Ages of Mesopotamia and the eastern Mediterranean,
respectively (Hauptmann 1985; Stos-Gale et al 1997). Other historically important
VMS deposits include the Rio Tinto Cu–Ag–Au mine in Spain and the Kuroko “black
ore” Cu–Zn–Pb in Japan (though these may have formed at island arcs rather than at
subduction zones).

A related class of massive sulphide deposits are the sedimentary exhalative
(SEDEX) deposits, which contain about half of the known Pb and Zn ore reserves.
These formed in relatively shallow waters (as in the Red Sea today) where major
faults allow brines to descend deep below the surface and to return as hot solutions
laden with metals, which precipitate as soon as they meet cool sea or lake waters.

VMS and SEDEX ore deposits are syngenetic, meaning that the ores were de-
posited at the same time as the sediments that host them. However, ore deposits
can also form in sedimentary rocks by epigenetic mineralization, meaning that the
metal ions originated elsewhere and entered the sediments long after the latter were
deposited. These metals were introduced in low-temperature (<150 ◦C) brines that
moved through pore spaces and were precipitated by reaction with carbonates or
by reduction by organic matter in sediments.1 The Zambian/Katangan Copperbelt,
the central European Kupferscheifer, and the Mississippi Valley Pb–Zn deposits are
examples of epigenetic hydrothermal deposits.

For archaeometallurgists, a particularly important case of interaction of surface
waters with metal-bearing rocks is that which occurs where copper sulphide ore
deposits of igneous origin encounter surface waters and oxygen. The primary (hy-
pogene) ore minerals in these deposits are mostly sulphides of copper and iron,
particularly pyrite (FeS2) and chalcopyrite (CuFeS2). These are oxidized by expo-
sure to oxygenated surface waters to form carbonates, oxides, and hydroxides. Some
iron remains at the surface as relatively insoluble oxides and hydroxides, which give
a strong red color to the top few meters (known as gossan or iron hat) of the oxidized
zone (Fig. 2.1). Some copper is retained within the oxidized zone, mostly as cuprite
(Cu2O, red), malachite (Cu2CO3(OH)2, green), and azurite (Cu3(CO3)2(OH)2, blue).
On present knowledge, these attractively colored minerals were first used for per-
sonal ornaments in the Middle East from the late 11th millennium BCE, preceding
the development of agriculture by two millennia. They became widely distributed in
Iran and the Levant in the eighth to ninth millennia, and were probably transported
there with obsidian from Anatolia (Schoop 1995; Thornton 2002).

Native copper is formed in the oxidizing zone by the reaction:

2Cu2S + 8Fe3+ + 12(SO4)
2− ⇒ 2Cu0 + Cu2O + 8Fe2+ + 12H+ + 14(SO4)

2−

(Guilbert and Park 1986, Eq. 17.19).
Although native copper is very often noted in the oxidized zone, this does not

necessarily mean that in any given deposit it occurred in pieces large enough to

1 The temperatures of formation of ore deposits are largely inferred from the study of tiny fluid
inclusions trapped within the solid minerals—see Guilbert and Park (1986: 252–260).
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Fig. 2.1 The thin red layer is the gossan over the copper sulphide ore deposit at Bisbee, Arizona.
The rock beneath this shows the typically bleached appearance of the supergene layer above the
water table. The zone of supergene enrichment begins about 50 m below the level of the road.
(Photograph by author)

be exploited. There has been much fruitless argument in archaeometallurgy about
whether the use of native copper (forged but not melted) was a universal stage in
western Eurasia before the development of smelting. Wertime (1973), Charles (1980),
and Amzallag (2009) all assert that it was, but evidence for the use of native copper
in western Eurasia is as yet surprisingly rare (Thornton et al. 2010). Whether this
absence is apparent or real is hard to judge, as the chemical composition of the
earliest copper is not necessarily a good clue. Although native copper is generally
very pure (Rapp et al. 2000), there is no good reason to suppose that copper reduced
in crucibles from masses of cuprite, malachite, or azurite in the oxidized zone would
be any less pure. Metallographic examination is often more conclusive, but has rarely
been applied to the earliest metals in Eurasia—the excellent work of Stech (1990)
on the native copper industry of Çayönü in Anatolia (late ninth millennium BCE) is
a notable exception. Finds of partially worked native copper are the best evidence
but have rarely been noted in the Old World and never (so far) in South America.
The contrast with North America, where there is abundant archaeological evidence
for working of native copper, is very striking (see Ehrhardt, this volume). The direct
forging of native copper began here around 4500 BCE (Martin 1999) and it remained
the only metallurgical technology in North America (except for very rare instances
of the forging of iron meteorites and native iron) until colonization by Europeans
(Wayman et al. 1992).
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Oxidation of the pyrite (FeS2) in the oxidized zone produces sulfuric acid and
ferrous sulfate. These acidic solutions leach copper from the oxidized zone down to
the water table, where copper is precipitated, mostly as chalcocite replacing pyrite
at the top of the original hypogene ore zone:

5FeS2 + 14Cu2+ + 14(SO4)
2− + 12H2O ⇒ 7Cu2S + 5Fe2+ + 24H+ + 17(SO4)

2−

(Guilbert and Park 1986, Eq. 17–39).
The excess acid is neutralized by reaction with gangue minerals and by slightly

alkaline ground waters. This reaction produces a zone of supergene enrichment,
with copper concentrations much higher than in the primary (hypogene) ore beneath
it, and vastly greater than in the oxidized and leached zone above. Many copper
mines today, such as the vast open-pit mine at Morenci in eastern Arizona, are only
economically viable because of supergene enrichment.

Supergene enrichment is noted on all types of copper deposit, but its significance
for prehistoric metallurgy varies with location. On stable continental surfaces, the
enriched layer may be buried under a hundred meters or more of oxidized and leached
overburden (as in Fig. 2.1) and thus would only be accessible to early metallurgists if
exposed by erosion. In northern latitudes, much of the oxidized layer may have been
scraped away by the advance of glaciers, bringing the enriched supergene sulphides,
or even the hypogene ore, close to the surface (as in the Austrian Alps). In very arid
areas, such as the Atacama Desert of Chile, the oxidized layer may retain, and even
concentrate, much of the copper in the form of soluble sulfates and chlorides that in
more humid climates would have been flushed down the profile. The point here is that
copper deposits vary widely in their character. Thus, the simplified general model of
a copper ore deposit used by many archaeometallurgists (after Charles 1980) is no
substitute for a careful reading of the geological literature on the ore deposits of the
region under investigation.

Ore Formation by Sedimentary Processes

As noted above, high-grade iron ores are often formed by settling in magma chambers
to form magnetite layers, but for technological reasons (see below) these ores were
rarely utilized before the development of blast furnaces. Iron smelters in earlier
times preferred iron oxide ores formed by sedimentary processes. (Iron sulphides
are abundant but have never been used as iron ores because even small amounts
of intergranular iron sulphide cause iron to crumble when hot-forged.) Very large
deposits of iron oxides were formed as chemical sediments (i.e., precipitated from
aqueous solution) during three distinct periods of the earth’s development—two in
the Archean (3500–3000 and 2500–2000 Ma) and one in the Proterozoic (1000–500
Ma)—to form the ores known as banded iron formations (BIFs). These have layers of
iron oxide (magnetite or hematite) or iron carbonate (siderite) alternating with silica-
rich layers (usually chert). They are thought to have formed when periodic pulses of
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deep water containing Fe2 + ions were raised by upwelling along continental margins
and converted to the less soluble Fe3 + by oxygenated surface waters. The silica-rich
layers apparently derived by precipitation of dissolved silica, but after the evolution
of marine creatures (diatoms) that built their skeletons of silica, there was no longer
enough silica in solution to precipitate chert layers, so no BIF formed after this time
(Robb 2005).

Although BIFs supply much of the world’s iron today, there is little evidence
for their use in prehistory, probably because: (1) they are mostly found in areas
where iron was not smelted until European colonization (Australia and North Amer-
ica) and (2) they tend to be very hard, and thus laborious to mine by hand unless
heavily weathered to iron hydroxides, as in Madagascar, where they were smelted
in prehistoric times (Gabler 2005). The earthier and softer hematite and limonite
(iron hydroxide) ores, such as the Jurassic ores of Alsace-Lorraine, were preferred
in northern latitudes. These types of ore formed in shallow waters, often by chem-
ical replacement of carbonates. In northern latitudes, bog iron ores were often the
preferred source for small-scale iron smelting in prehistory. The presence of peat
produces acid waters that can carry iron in solution, often as complexes with humic
acids. These compounds are broken down in ponds by bacterial action, precipitating
the iron as the hydroxides goethite and lepidocrocite (collectively called limonite).
Bog ores are small but renewable resources (Ixer 1990), and these ores are easily
smelted. Spring deposits of limonite also made suitable ores in some locations.

In the tropical zones of sub-Saharan Africa, Brazil, and Southeast Asia, the most
widely available iron ores are laterites. These have formed over the last 100 million
years on stable continental platforms (cratons) that are subjected to alternating very
wet and very dry seasons. Under these conditions, all elements in the soil except
the relatively insoluble iron and aluminum tend to dissolve and be leached away
(Delvigne 1998). Iron and aluminum ions are slowly moved downwards during the
rains but reprecipitate as oxides and hydroxides between the high and low annual
levels of the water table during the dry season. Iron-rich laterites form over ultrabasic
and basic rocks, and aluminum-rich bauxites form over acid rocks. While laterites
are generally of relatively low grade, usually containing residual quartz and clay
minerals, they are widely available. The largest known concentration of prehistoric
bloomery iron smelting furnaces—34,683 in a 30-km stretch along the Senegal River
in Mauritania—used low-grade ores from laterites (Robert-Chaleix and Sognane
1983; Killick 2013). Laterites that formed over ultrabasic rocks may also contain
significant amounts of nickel, cobalt, and chromium. While chromium would not
be reduced in small hand-blown furnaces (see below), nickel and cobalt would pass
into the iron. Thus, prehistoric iron–nickel alloys cannot automatically be assumed
to have derived from the forging of meteorites (as many archaeometallurgists have
suggested).

Gold and the PGEs have much higher specific gravities than most rock-forming
minerals and are not dissolved by most surface waters. When ores of these elements
are eroded, the metal grains may be carried into streams, where the loose sediments
are sorted by flowing water according to specific gravity and grain size. Concentra-
tions of metals formed in this way are termed placers. Few (if any) large placer gold
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deposits remain today, but all historical “gold rushes” began with the discovery of
placer gold. The earliest prehistoric “gold rush,” which began around the western
and northern shores of the Black Sea in the mid-fifth millennium BC and lasted about
a thousand years, also exploited placer gold (Chernykh 1992; Kienlin, this volume).
Inclusions of PGEs in gold suggest that the gold came from a placer deposit, since
gold and PGEs are not usually found in the same primary ores. Hard PGE inclusions
are pressed into soft gold flakes by tumbling in streams.

Heavy minerals that are chemically stable in surface waters also form placers. The
most important of these for archaeometallurgists is cassiterite (SnO2), the principal
ore mineral of tin. Depressingly little work has been done on the early mining and
metallurgy of tin, so it is not known whether tin for the earliest bronze of western
Eurasia derived initially from placers, though this seems very likely. Tin/tungsten
placers derived from the granite batholiths of Cornwall and Devon have been re-
peatedly worked and reworked since the Bronze Age (Penhallurick 1986), but are
now exhausted, as are most terrestrial tin placers throughout the world. (The huge
tin placers of Malaysia, the world’s largest producer of tin, are almost entirely off-
shore.) It appears from studies in Cornwall and Devon (Tylecote et al. 1989; Malham
et al. 2002) and in South Africa (Chirikure et al. 2010) that placer tin production
can sometimes be distinguished from mined tin by the chemical composition of the
slags produced from smelting the concentrates. This is because heavy minerals like
ilmenite (FeTiO3) and zircon (ZrSiO4), which are not generally present in tin ores
but have eroded from other rocks in the region, may be concentrated with cassiterite
in the placers. These dissolve in the slags to give higher Ti and Zr concentrations
than occur in slags produced from mined ores (Chirikure et al. 2010).

Methods for Studying Ores Recovered From Archaeological
Contexts

Many of the ore deposits used by early miners and metallurgists no longer exist,
although the astonishing discovery of unknown Bronze Age mines in Britain during
the 1990s (Timberlake 2003) shows that we should never assume that none remain
in a given region. Archaeometallurgists have generally tried to infer which ores were
used by indirect means. One approach has been to look for clues in the chemical
composition of the metals and slags recovered from archaeological sites; the other
has been to look at the distribution of ore deposits on a very broad regional scale. Only
in the German-speaking countries, where the study of ores with the microscope was
first developed, has the systematic examination of the ore minerals recovered from
archaeological sites been a consistent component of archaeometallurgical projects.
Much of the publication of this research has been undertaken by the Deutsches
Bergbau-Museum in Bochum, which currently lists some 165 monographs on the
prehistory and history of mining and metallurgy. In Anglophone archaeometallurgy,
only Robert Ixer, George (Rip) Rapp, and Alan Craig have done systematic work on
ores (e.g., Ixer and Pattrick 2003; Rapp et al. 1990, 2000; Craig and West 1994),



24 D. Killick

while in France, David Bourgarit, Benoit Mille, and their students have recently
made major contributions (see references in Bourgarit 2007). In large part, this re-
flects the fact that English- and French-speaking archaeometallurgists usually have
their primary training in physical metallurgy, while German-speaking archaeomet-
allurgists have theirs in geology and geochemistry. Important recent contributions
have also been made by the Iranian geologists Nima Nezafati and Morteza Mo-
menzadeh, in collaboration with German archaeometallurgists (e.g., Nezafati et al.
2008).

Over the last century, economic geologists have used a number of methods to infer
the large-scale processes that create ore deposits. These include field observation,
the methods of structural geology, the optical microscope, and (since the 1960s)
the scanning electron microscope, electron microprobe, and isotopic ratio measure-
ments to identify characteristic associations of ore minerals in particular settings.
Archaeometallurgists use many of these same techniques to study ores from archae-
ological sites, and to trace archaeological ore samples to the ore deposits described
for the region in the geological and mining literatures. Studies of ores samples may
also be useful in reconstructing how ores were treated before they were smelted.
I will concentrate here on the use of optical and electron microscopes to identify
minerals and document ore associations and textures; on the use of the electron
microprobe and micro-X-ray fluorescence (μ-XRF) for chemical analysis; and on
X-ray diffraction and Raman spectroscopy for mineral identification.2

Optical Microscopy

As most ore minerals are opaque in standard 30-micron-thin sections, classical ore
microscopy centered on the examination of polished blocks with vertical reflected
light. Ore microscopy was largely developed in the USA (e.g., Campbell 1906;
Murdoch 1916) and in Germany by Paul Ramdohr (1890–1985) and his students.
Essential references for ore microscopists include the text of Craig and Vaughan
(1981) and the color atlases of Ixer (1990) (with an online version by Ixer and Duller
(1998)) and Pracejus (2008).

The ore microscope is similar to the metallographic microscope, but has a ro-
tating stage, is equipped with polarizer and analyzer, and requires a more powerful
light source (at least 100 W). Minerals are identified by crystal form, twinning,
color, reflectance, reflection pleochroism (change of color with rotation in reflected
plane-polarized light, PPL), bireflectance (change of color or brightness with rota-
tion in reflected cross-polarized light), internal reflections, and hardness (Craig and
Vaughan 1981). Variations in color, pleochroism, and bireflectance, as well as in-
ternal reflections, are enhanced if oil-immersion objectives are used instead of the
dry (air) objectives on metallographic microscopes. Since perception of the color

2 For the use of heavy isotopes to infer the provenance of ores, slags, and metals, see the chapter
by Ernst Pernicka in this volume.
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and reflectance of a given mineral by the eye is conditioned by those of the minerals
surrounding it, professional ore microscopists measure reflectance and color with
spectrophotometers and light sources that produce monochromatic light at several
wavelengths. The microhardness of grains (on the Vickers scale) is measured with a
diamond micro-indenter identical to that used in metallography. Quantitative values
for reflectance and microhardness for ore minerals are listed in standard reference
works, such as the indispensible volume by Uytenbogaardt and Burke (1985). These
are very expensive accessories, however, and if they are not available, the analyst
can train his or her eyes for reflectance and color with reference samples and with the
color atlases of Ixer (1990) and Pracejus (2008). The relative hardness of minerals
in a given section can be judged from variation in the width of polishing scratches
as they pass from one mineral into another.

Uytenbogaardt and Burke (1985) list optical and hardness data for more than 500
ore minerals and Pracejus (2008) provides color microphotographs of some 450.
At least 30 of these are likely to be encountered by the archaeometallurgist in ore
samples, inclusions of incompletely reacted ore in slags, as crystals formed from
molten slags, or as minerals produced by the corrosion of metals (Table 2.2). Some
occur in more than one of these contexts, while magnetite (Fe3O4) and cuprite (CuO)
are seen in all four. Ore microscopy is usually done in reflected light on polished
blocks, but not all ore minerals are opaque—for example, the copper carbonates,
sphalerite (ZnS), and cassiterite (SnO2) are not; nor are most gangue minerals. It is
therefore preferable in some situations to prepare samples as polished thin sections
that can be examined in both reflected and transmitted polarized light (Ixer 1990).
The advantages of this can be appreciated by comparing Figs. 2.2a, b.

The ore microscopist not only identifies all of the minerals present in each sample
but also documents the textures of the ores. This information is used to infer paragene-
sis—the mineral association in particular locations—and paragenetic sequence—the
sequence of deposition of the minerals through time within an ore deposit. From ex-
amination of suites of samples across ore deposits, the ore microscopist tracks the
evolution of the ore-forming fluids and can infer whether the deposit was formed by
a single pulse of fluids or whether there has been partial replacement of the original
assemblage by later fluids. Evidence of two or more distinct periods of mineral-
ization within a single ore deposit would have obvious implications for provenance
studies by lead isotopes (Ixer 1999; Pernicka, this volume). Archaeometallurgists
can use the published studies of ore deposits to infer the possible provenance of ore
samples from archaeological sites, even if the ore deposits have since been mined
away.

Chemical Analysis

Many ore minerals look alike in reflected light even to the trained eye, so mi-
crochemical analysis is an essential complement to optical examination in the
identification of ore minerals. Conversely, distinct minerals may have identical
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Table 2.2 Common ore minerals of relevance to archaeometallurgists

Mineral name Chemical formula Most common occurrences

Native gold Au Hydrothermal veins, placers
Native copper Cu Supergene oxidised
Cuprite CuO Supergene oxidised
Malachite Cu2CO3(OH)2 Supergene oxidised
Azurite Cu3(CO3)2(OH)2 Supergene oxidised
Cerussite PbCO3 Supergene oxidised
Smithsonite ZnCO3 Supergene oxidised
Siderite FeCO3 Hydrothermal veins, sedimentary ores, BIF
Chrysocolla (Cu,Al)2H2Si2O5(OH)4nH2O Supergene oxidised
Olivenite Cu2AsO4(OH) Supergene oxidised
Clinoclase Cu3AsO4(OH)3 Supergene oxidised
Scorodite FeAsO4.2H2O Supergene oxidised
Annabergite Ni3(AsO4)2.8H2O Supergene oxidised
Haematite Fe2O3 Supergene oxidised, skarns, BIF, hydrothermal

veins, laterites
Goethite FeO(OH) Supergene oxidised, bog ores, laterites
Lepidocrocite FeO(OH) Supergene oxidised, bog ores, laterites
Magnetite Fe3O4 Ultrabasic magmatic, VMS, BIF, skarns, placers
Ilmenite FeTiO3 Ultrabasic magmatic, placers
Cassiterite SnO2 Granitic hydrothermal veins, pegmatites, skarns,

placers
Covellite CuS Supergene enriched, hydrothermal alteration
Chalcocite Cu2S Supergene enriched, sedimentary syngenetic or

epigenetic
Digenite Cu9S5 Supergene enriched
Chalcopyrite CuFeS2 Hypogene porphyry, VMS, hydrothermal veins,

sedimentary sulphides
Bornite Cu5FeS4 Hypogene porphyry, VMS, sedimentary
Tetrahedrite (Cu,Ag)12Sb4S13 Hypogene porphyry, skarns,VMS, SEDEX
Tennantite (Cu,Ag)12As4S13 Hypogene porphry, granitic vein deposits VMS,

SEDEX
Pyrite FeS2 Hypogene sulphides, VMS, SEDEX, hydrothermal

veins
Pyrrhotite FeS Hypogene sulphide
Arsenopyrite FeAsS Hypogene sulphide, hydrothermal veins
Pentlandite (Fe, Ni)9S8 Ultrabasic magmatic
Niccolite NiAs Hydrothermal alteration of ultrabasic rocks
Galena PbS Magmatic sulphides, VMS, SEDEX, hydrothermal

veins, epigenetic sedimentary
Sphalerite ZnS Magmatic sulphides, VMS, SEDEX, hydrothermal

veins, epigenetic sedimentary
Stibnite Sb2S3 Skarns, granitic hydrothermal veins, sedimentary

epigenetic
Acanthite Ag2S Supergene enriched, hydrothermal veins
Stannite Cu2FeSnS4 Granitic hydrothermal veins

chemical compositions—for example, hematite α-Fe2O3 (hexagonal) and maghemite
γ-Fe2O3 (cubic). Optical microscopy, electron microscopy, and chemical analyses
are therefore complementary, and any thorough investigation of ore samples will use
all of these.
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Fig. 2.2 aA copper–zinc ore from the Murchison Range, South Africa in reflected PPL. The width
of the field is 6 mm. The two minerals identifiable in reflected plane polarized light are pyrite, FeS2

(white) and chalcopyrite, CuFeS2 (yellow). (Photograph by author). b The same field of view in
transmitted PPL. This allows identification of a third ore mineral, sphalerite, ZnS (orange) and the
gangue mineral quartz (gray to white) and mica (small gray and brown needles). (Photograph by
author)

The standard methods for chemical analysis of individual crystals of ore minerals
are energy-dispersive X-ray analysis (EDX), usually as an attachment to a scanning
electron microscope, and wavelength-dispersive X-ray analysis (WDX) by electron
microprobe. The lower spectral resolution of EDX can pose problems in the exami-
nation of sulphide minerals because it is unable to distinguish major X-ray peaks for
lead, arsenic, and sulfur. The precision of EDX systems may also be inadequate for
identifying opaque minerals that are easily distinguished by optical microscopy—
for example, the common copper sulphides, digenite (Cu9S5, cubic) and djurleite
(Cu31S16, monoclinic). WDX systems have much better spectral resolution and are
preferred for quantitative analysis.

A useful alternative to EDX is μ-XRF, which focuses X-rays to a spot 10–
30 microns in diameter. Samples for μ-XRF do not need to be coated to make
them electrically conductive (as is required for chemical analysis with electron
beams), and with the use of appropriate filters on the incoming X-ray beam,
μ-XRF can achieve lower detection limits than WDX. μ-XRF units should not be
confused with portable X-ray fluorescence units (p-XRF). The latter have less pow-
erful X-ray generators, lower spectral resolution, and more limited software than
μ-XRF units, and are restricted to the analysis of relatively large areas, typically
rectangles about 5–10 mm on a side. p-XRF units are very useful in the field for
rapid qualitative analysis, but are less suitable for quantitative analysis than WDX
and μ-XRF.

Bulk chemical analyses of ore samples from archaeological sites are generally of
limited value, whether for reconstruction of technology or for inferring provenance. It
is often impossible to know whether scattered pieces of ore around smelting furnaces
are representative of those charged to the furnace, or whether these were pieces
discarded by the smelters as unusable after further sorting of material brought back
from the mines. Non-ferrous ore lumps on archaeological sites are generally of more
variable metal content than are lumps of ferrous ores, because veins and gossans are
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usually less homogeneous than chemical sediments, to which the great majority of
iron ores belong. An exception must be made for gold and silver ores, where bulk
chemical analyses or fire assays of larger samples are more meaningful indicators of
precious metal content than are point analyses of individual mineral grains (though
see Ixer (1999) on the implications of single-grain analyses for gold provenancing
studies).

X-ray Diffraction and Raman Microscopy

Powder X-ray diffraction (XRD) is the default method of identifying minerals in
an ore sample. Crushing the sample to powder ensures (except in the case of platy
crystals like micas) a random alignment of crystal lattices, which ensures that all
peaks for a given mineral will be present in the spectrum. This makes identifica-
tion of crystalline compounds more certain than where only some of the peaks are
represented, as they are with single crystals. XRD is however less sensitive than
ore microscopy for detection of minerals present only in small proportion (typically
less than 5 % wt) in the sample. These minor minerals may be important for infer-
ring the geological provenance of the ore sample. Powder diffraction also requires
a few grams of powder, which may be too much for small archaeological samples,
and it cannot identify minerals that are poorly crystallized (cryptocrystalline), as
some common minerals in the oxidized zone of copper ore deposits—such as iron
hydroxides and chrysocolla (Table 2.2)—tend to be.

A powerful, swift alternative to powder XRD is Raman microscopy (Smith and
Clark 2004). This is non-destructive, except for compounds (like some silver miner-
als) that are degraded by exposure to laser beams. It can be used on polished blocks
and thin sections of ores, or even on unprepared specimens. Raman and infrared spec-
troscopies measure the same phenomenon, which is the momentary absorption and
loss of vibrational energy by molecular bonds. Raman spectroscopy is generally the
better technique for identification of inorganic molecules, and infrared spectroscopy
for organic molecules, but many minerals can be identified by either method. Since
Raman and infrared peaks correspond to molecular bonds, not crystal plane spacings
as in XRD, both work well in identifying cryptocrystalline minerals.

While it takes about 4 h to obtain a publication-quality spectrum using powder
XRD, a spectrum of comparable quality can be obtained by Raman spectroscopy
in as little as 5 min, and a spectrum sufficient for identification in as little as 30 s.
It is therefore an excellent technique for rapid screening of samples. When using
a high-power objective (50 ×) on a polished surface, the spatial resolution is 1–2
microns, making Raman a perfect complement to optical ore microscopy. I have
found it particularly helpful in studying copper ores from oxidized zones, where it is
often not possible to distinguish by optical petrography between copper carbonates
and copper arsenates, both of which typically form masses of very fine green needle-
shaped crystals. Raman microscopy can easily distinguish between them. Raman
spectrometers can even be added to some scanning electron microscopes—a shutter
allows the user to switch between the electron beam and the laser beam.
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The major limitations of Raman spectroscopy for mineral identification are:

(1) Some crystals with face-centered cubic (fcc) crystal structure are not Raman
active (i.e., do not produce Raman peaks). These include metallic Al, Ni, Cu,
Rh, Pd, Ag, Ir, Pt, Au, and Pb, and the mineral galena (PbS).

(2) Fluorescence can sometimes overwhelm the Raman peaks. For this reason,
most Raman systems are equipped with at least two lasers of different wave-
lengths (typically 514 and 782 nm). The longer wavelengths are less susceptible
to fluorescence, but produce smaller peaks.

(3) Raman spectra vary with the orientation of the lattice in the crystal under inves-
tigation, and with ionic substitutions. It is essential to bear this in mind when
attempting to match unknowns to reference spectra.

A particularly useful database of reference spectra for archaeometallurgists is the
RRUF website (http://rruff.info/). This provides free downloadable XRD, infrared
and Raman spectra, and chemical compositions (by microprobe) for multiple refer-
ence specimens of each of more than a thousand minerals. It includes all minerals
in Table 2.2, and is continually updated with the ultimate intention of incorporating
all 3800 known minerals (Bob Downs, personal communication). The site also pro-
vides free software for automatic refining and matching of XRD and Raman spectra
to reference samples in the database.

Smelting Ores to Metals

Aspects of preindustrial smelting technology are spread over three chapters in
this book. Discussion of the hardware required for smelting—furnaces, crucibles,
tuyeres, etc.—can be found in the chapter on technical ceramics (Rehren and
Martinon-Torres, this volume). The study of slags (Hauptmann, this volume) informs
us on the knowledge and degree of expertise of prehistoric smelters, as inferred from
the fluxes (if any) used and the temperatures and furnace atmospheres achieved. In
this section I focus on the thermodynamics and kinetics of the chemical reactions
that convert ore minerals to metals, and relate these to the geological considerations
that I introduced above.

(a) Native metals and oxides Gold is almost always found at the earth’s surface as
a native metal. The PGEs (rhodium, palladium, osmium, iridium, and platinum),
copper, mercury, and silver sometimes occur as native metals, but iron is very rarely
encountered as the metal at the earth’s surface. It usually occurs as extraterrestrial
iron–nickel meteorites, which contain 5–35 wt% Ni (Buchwald 1975; Knox 1987).
In a very few locations, it occurs as “telluric iron”—i.e., iron–nickel or nickel–iron
pellets (often containing carbon, making natural steels and cast irons) that usually
result from the intrusion of ultrabasic or basaltic magmas into carbonaceous sedi-
ments. Pellets with Ni > Fe are reported from Oregon (USA) and New Zealand, and
those with Fe > Ni from Russia, Germany, and Greenland. The only known use of
telluric iron was in the Arctic, where small pellets from Disko Island, Greenland,
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Fig. 2.3 The Ellingham diagram for the oxides of selected metals and carbon

containing up to 4 % Ni were cold-hammered by the Inuit for insertion into bone
handles (Buchwald 1992). The other metals employed before the early Industrial
Revolution (lead, zinc, and tin) are very rarely found as native metals.

These facts are well explained by the affinity of each metal for oxygen. Figure 2.3
is a plot of the Gibbs free energy of formation (�G) for the oxides of selected metals
and carbon (y-axis) against temperature (x-axis) at 1 atmosphere pressure. This is
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known as an Ellingham diagram and is a tool of fundamental importance in the iron
and steel industry. Below each line the metal is stable; above it the oxide is stable.
Since �G is negative for all points on this plot, the reaction of each of these metals
with oxygen is exothermic (releases energy). The more negative the free energy of
formation, the stronger the chemical bond formed between the metal and oxygen.
Gold is not on this diagram because gold oxide has positive �G in the range of
temperatures plotted, and thus decomposes spontaneously. The oxides of the five
PGEs are not plotted either for the same reason.

The reduction of oxide to metal is endothermic (absorbs energy) in all cases, and
so the lines for �G versus temperature have positive slopes—each oxide becomes
steadily less stable as the temperature is increased. Thus, a supply of heat is absolutely
necessary for smelting metals from oxide ores. However, heat alone is not sufficient;
the diagram shows that only Ag and Hg oxides will spontaneously decompose to the
metal at temperatures below 2,000 ◦C. A reducing agent that has greater affinity for
oxygen than the metal is therefore also required, and for rapid reduction, the reducing
agent needs to be a gas. Hydrogen is the best choice, but preindustrial metalworkers
had no way to produce it. Carbon monoxide (CO) is a good reducing agent and can
be produced by the controlled reaction of air with pure carbon (charcoal or coke).

Carbon monoxide is the product of two sequential reactions. The first is an
exothermic reaction producing carbon dioxide:

C + O2 → CO2(�Hf
o = −394.13kJ per mole O2)3.

The second step, known as the Boudouard reaction, is however endothermic:

CO2 + C → 2CO(�Hf
◦ = +170.70kJ per mole O2)

�G for both reactions is plotted as a function of temperature on the Ellingham
Diagram (Fig. 2.3). While �G for the first reaction is a horizontal line, that for the
Boudouard reaction has negative slope. The two lines cross at about 700 ◦C. Above
this temperature, therefore, CO is more stable than CO2, which will tend to react
with charcoal to produce more CO.

The ratio of CO to CO2 needed to reduce any metal from its oxide at any tem-
perature in the range plotted can be found by laying a ruler across the plot from the
point labeled C+ on the y-axis to the intersection of the line for the relevant metal
oxide at any selected temperature. Follow the ruler beyond the right side of the plot
to its intersection with the scale labeled CO/CO2. The value at the intersection with
this scale is the minimum CO/CO2 ratio required to reduce that oxide to metal at the
given temperature. For CuO at 1,200 ◦C, for example, only 1 part CO to 103 parts
CO2 is required. For FeO at 1,200 ◦C, the required ratio is about 5 parts CO to 1
part CO2. For Al2O3 at 1,200 ◦C, the ratio needed is about 109 parts CO to 1 part
CO2—a ratio that is impossible to achieve even in modern industry. Aluminum metal
cannot be made by smelting aluminum oxide with charcoal; it is produced instead

3ΔHf
0 is the heat of formation (enthalpy) of a compound at a fixed temperature (273 K). It is

related to ΔG by the equation ΔG =ΔH + T ΔS, where ΔH is the enthalpy at a given absolute
temperature T , and ΔS is entropy.
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by electrolysis of molten aluminum oxide in a suitable flux, and thus the aluminum
industry consumes vast amounts of electric power.4

We can now see that the Ellingham diagram solves the paradox that was noted
above in the section on the geochemical abundance of the metals in the earth’s crust.
Why were the first metals used (Au, Pb, and Cu) among the geochemically scarce
elements, while six of the seven most abundant metals (Al, Mg, Ti, Mn, V, and Cr)
were not used until the nineteenth or twentieth centuries? The Ellingham diagram
shows us that the historical sequence for the use of metals roughly corresponds to
the relative affinity of each metal for oxygen. Gold oxide is unstable. Silver and
copper are so weakly bound to oxygen that the oxides can be reduced to the metal
by geological process, producing native metals. However, even when present as
oxides, they are very easily reduced by the most rudimentary smelting technology—
a shallow crucible filled with ore and charcoal, and blown with bellows or even a
blowpipe powered by human lungs (Rehder 2000).5 Lead oxide is much more stable
than copper oxide at low temperatures, and thus lead very rarely occurs as a native
metal. However, above 1,000 ◦C the �Gs of PbO and Cu2O are almost identical, so
the two oxides are equally easy to reduce. This is why copper and lead were the two
earliest metals to have been smelted. Mercury is easier to reduce than either but is a
much rarer element, and thus appears later in prehistory.

Iron is bound more tightly to oxygen in FeO than are lead and copper in PbO
or Cu2O, and thus the reduction of FeO to Fe requires a much higher ratio of CO
to CO2. Developing the technology to consistently obtain the required ratio took a
very long time. Copper and lead were smelted by 5000–4600 BC in both the Balkans
(Radivojević et al. 2010; Kienlin, this volume) and copper by 5000–4500 BC in Iran
(Frame 2009; Thornton, this volume), but close control of the composition of the
reducing gas is simply not possible in the shallow dish crucibles, blown from above,
that were used in the Near East. On the Iranian plateau, crucibles were preferred to
furnaces until ca. 3000–2500 BC (Frame 2009).

Shallow-pit furnaces appeared in the Levant around 3800 BC (Thornton et al.
2010; Golden, this volume). Even small pit furnaces powered by blowpipes can
attain sufficiently reducing conditions to reduce iron (Fig. 2.4), but there is no way to
separate the iron from the copper in such a furnace. The iron is simply a contaminant
that must be removed by refining, which is easily achieved by remelting the raw
copper in an open crucible. Since iron has a greater affinity for oxygen than copper
does (Fig. 2.3), it will reoxidize, and the molten iron oxide floating on the copper
can be scraped or poured off.

Shaft furnaces with upright well-plastered airtight shafts, powered by bellows
connected to tuyères projecting through the walls, were developed for greater pro-
ductivity in copper smelting, but they also made possible the formation of pieces of
iron bloom. This is because of the large difference in the melting points of copper

4 Even though aluminum is the most abundant metal (Table 2.1), recycling makes good economic
sense because much less energy is needed to remelt aluminum than to smelt an equivalent amount
from alumina.
5 Many archaeometallurgists greatly overestimate the difficulty of smelting copper from oxides.
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Fig. 2.4 A grain of a
weathered copper–iron
mineral (presumably
originally a copper–iron
sulphide), reduced to copper
and iron metal, from a small
lung-powered copper
smelting pit furnace of the
early second millennium CE
on the Pampa de Chapparui,
Lambayeque Province, Peru.
(Photograph by author)

(1084 ◦C) and iron (1538 ◦C). In a shaft furnace, molten copper can drain to the base
of the furnace, leaving tiny grains of hot solid iron suspended among charcoal. As
these come into contact with each other, whether by consumption of the charcoal
or being swept up in slag, the iron grain weld to each other. From time to time,
therefore, copper workers may have found small lumps of metallic iron bloom in
their furnaces.

About a dozen iron objects (including two daggers) are known from eastern Ana-
tolia between 2800 and 2100 BC (EB II and EB III). Although some of these contain
nickel, the concentrations are mostly too low for meteorites, and they are therefore
tentatively accepted as smelted iron (Yalçin 1999; Jean 2001; Lehner and Yener this
volume).6 By this time there were certainly shaft furnaces in use and the use of iron
oxides as fluxes in copper smelting was widespread (see Hauptmann, this volume).
It is therefore possible that iron was made very occasionally as an accidental byprod-
uct of the smelting of copper during this period. Iron is mentioned in Old Assyrian
documents from about 1900 BC on as a rare and very valuable material, reserved for
royal ceremony. It was not until the New Hittite period (1400–1200 BC) that written
records mentioned the use of iron for weapons (Souckova-Sigelová 2001), so it was
probably during this period that metalworkers began to regularly achieve the high
ratios of CO to CO2 needed to smelt iron. The magnificent gold-handled iron dagger
in Tutankamun’s tomb dates to this period and is thought to have been a gift from a
Hittite ruler (Vallogia 2001).

The chemical composition of iron-fluxed copper slags is very similar to that of
iron-smelting slags (Hauptmann, this volume), so iron smelting does not require
higher temperatures than copper smelting. What makes iron smelting in small fur-
naces so much more difficult than copper smelting is the fact that the Boudouard

6 Note, however, that Knox (1987) shows that nickel is leached from corroded meteoritic iron. As
most of the earliest finds of iron are heavily corroded, the nickel content is not an infallible means
of distinguishing between the two.
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reaction (CO2 + C ⇒ 2CO) is endothermic. To achieve the high CO/CO2 ratio re-
quired to reduce FeO, much of the heat produced by the burning charcoal must be
used to make CO.Yet the temperature of the furnace cannot be allowed to drop below
1,100–1,200 ◦C, or the slag will not be liquid enough to separate from the metallic
iron (Hauptmann, this volume). When using small, poorly insulated furnaces the iron
smelter must balance these two opposed requirements within a very narrow window
(Rehder 2000).

From this perspective, it is easy to understand why so long an interval passed
between the mastery of copper smelting and the mastery of iron smelting. It also ex-
plains quite well the widespread concerns of the last indigenousAfrican iron smelters
with witchcraft (Childs and Killick 1993). When one smelt succeeds, yet the next
fails—even though it appears that the same materials and procedures were used—
witchcraft provides a perfectly sensible explanation. This delicate heat balance also
explains why iron smelting can only be conducted with charcoal or coke fuel. Wood,
peat, and coal contain water that will absorb heat as it turns to steam, and that heat
will be lost to the system as the steam leaves the furnace (Rehder 2000). Charcoal and
coke are essentially pure carbon with a few percent ash (mostly oxides of calcium,
potassium, and sodium).

The Ellingham diagram does not entirely explain the sequence of metallurgical
innovation. Note that both nickel and cobalt are more easily reduced than iron and
that nickel is more abundant than copper in the earth’s crust, while cobalt is more
abundant than lead (Table 2.1). The melting points of pure nickel (1,455 ◦C) and
pure cobalt (1,495 ◦C) are close to the melting point of iron (1,538 ◦C), and both
form alloys with carbon that have eutectics (minimum melting points) within the
ranges of the larger charcoal-fuelled blast furnaces. Nickel and cobalt should also be
reducible in the solid state by bloomery furnaces, as iron was before the innovation
of the blast furnace. Yet there are, to my knowledge, no finds of smelted pure nickel
or pure cobalt objects (or of their alloys with carbon) in antiquity; indeed, cobalt was
only recognized as an element in 1735AD, and nickel in 1751. This anomaly requires
explanation, and for this we must turn to geochemistry instead of to thermodynamics.

As indicated in Table 2.1, both metals are strongly concentrated in ultrabasic rocks
(dunites and peridotites), and much of the world’s nickel supply now comes from
laterites derived from weathering of these rocks. Nickel may be enriched in laterites
to levels of a few percent and is mostly held in garnierites (nickel-bearing serpentine
and talc). Most of these laterites consist of iron hydroxides, which are easily smelted.
Iron–nickel alloys produced from laterites present in Sulawesi (Indonesia) form shiny
(unetched) layers with 1–5 % Ni in some pattern-welded decorative blades (keris)
from southeast Asia (Bronson 1987). We should also expect to find smelted iron–
nickel alloys in those parts of Africa where laterites formed over ultrabasic rocks; the
fact that these have not yet been noted is certainly a consequence of the very small
number of chemical analyses of African iron that have been made to date.

Nickel can never be the major metal in laterites, but it certainly is in some sulphide
ore deposits in ultramafic volcanic rocks and especially in komatiites (Guilbert and
Park 1986: 362–367), where massive sulphides form puddles that have separated
from the silicate lavas immediately above them. Nickel sulphide ores are also found
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in layered mafic and ultramafic intrusions that solidified below the earth’s surface
(Ixer 1990, pp. 24, 25). Both types of ultramafic rock were mostly formed quite
early in the development of the earth’s crust, and large nickel deposits are therefore
only found where extensive areas of Archean rocks are exposed. These areas are
predominantly in Australia, Canada, and the USA, where there was no smelting
before European colonization. Major nickel deposits do however occur in South
Africa, Zimbabwe, and Russia, and minor ones in Europe (e.g., Ixer 1990, pp. 38,
39). The necessary technological conditions for smelting nickel oxides have existed
in these regions for 1800–2600 years. So why is there no evidence for it?

The main reason for this is probably that nickel and cobalt oxides are quite soluble
in water (hence the high values of these elements in marine clays—see Table 2.1)
and thus are almost never found in gossans. Thus, the fact that nickel and cobalt
oxides are relatively easy to reduce is irrelevant—there were no oxide or carbonate
ores of these elements available. Nickel and cobalt ore minerals are mostly sulphides
and arsenides, which look very much like copper sulphides but are more difficult to
reduce. This is known to have been a source of much frustration to medieval German
copper smelters, who called the nickel ore mineral now known as niccolite (NiAs)
“Kupfernickel” (“devil’s copper”). Western metallurgists did not realize that these
ores could be roasted to oxides, and then smelted to metal under conditions like those
used for iron, until the middle of the eighteenth century.

Cassiterite (SnO2) has very similar �G to FeO across the range of tempera-
tures in the Ellingham diagram. Yet the first low-tin bronzes (with up to 3 % Sn)
date to ca. 3000 BC—long before iron was smelted (Thornton 2007; Frame 2009).
Some archaeometallurgists (e.g., Roberts et al. 2009) have suggested that the ear-
liest bronzes resulted from the unintentional smelting of stannite (Cu2FeSnS4) or
its oxidic weathering products, but there is no direct evidence for this. Stannite is
rarely a major mineral in ore deposits; it occurs instead as a minor component in
hydrothermal vein and VMS deposits (Taylor 1979; Ixer 1990). It is difficult to see
how stannite could be concentrated enough to feed a furnace that could produce
bronze with enough tin to be visibly or mechanically different from copper.

A more probable thesis is that the earliest bronzes with more than 5 % Sn were
made with placer cassiterite, but that metallic tin was not involved. Bronze can be
made instead by heating cassiterite in a crucible with copper metal under a thick
cover of powdered charcoal. Objects of metallic tin are very rare indeed before
the Late Bronze Age in Mesopotamia and the Aegean; the oldest known are in the
Royal Cemetery at Ur (Early Dynastic III, ca. 2600 BC (Moorey 1999)) and a tin–
iron bracelet from Thermi in the Aegean of about the same date (Begemann et al
1992). Tin metal can be smelted from cassiterite in small batches in sealed crucibles
(to minimize loss of tin oxide as vapor) with the batches later remelted to form
larger ingots. (The melting point of metallic tin is only 232 ◦C.) This procedure will
obviously not work for iron, which has a melting point of 1,538 ◦C. We thereby arrive
at a plausible explanation for the production of tin metal so much earlier than iron,
but there is as yet no direct evidence for this scenario. In summary, tin remains the
mystery metal in the archaeometallurgy of the Old World—we do not know how
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bronze was discovered, how metallic tin was first made, nor have we established the
source(s) of the tin ores used in western Eurasia during the Bronze Age.

The early history of zinc and brass is better understood (Craddock 1998; see also
the group of seven chapters in La Niece et al. (2007)). Zinc is geochemically much
more abundant than tin (Table 2.1), yet brass appears later in the archaeological
record than bronze. Setting aside the disputed claims for brass in the fourth and third
millennia BC in China, the earliest known brass objects are at Thermi (Aegean) and
date to the early third millennium BC. Thornton (2007, Table 2.1) lists 37 brass or
gunmetal (copper + zinc + tin) objects dated before 1350 BC from the Aegean,
Mesopotamia, Central Asia, Iran, and the Persian Gulf. However, brass did not
become a common alloy in the Near East or the Aegean until the first century BC in
the Roman Empire, though it was probably widespread much earlier in India. Metallic
zinc appears very much later in the historical and archaeological record than brass.
There are written references to it in Indian texts from the late first millennium BC
(Craddock 1998) and the production of zinc appears to have been confined to South
Asia until the Islamic era. It spread to, or was independently invented in China in the
sixteenth century AD, but was not produced in western Europe until the eighteenth
century.

These facts accord well with expectations derived from the Ellingham diagram
(Fig. 2.4). Although zinc is frequently associated (as zinc carbonate) with lead and
copper in oxidized ores, note that Zn has a much stronger bond to oxygen (more
negative �G) than either Cu or Pb. With the typical CO/CO2 ratios prevailing in
early copper smelting, whether in crucibles or pit furnaces, ZnO will simply not be
reduced. With the more reducing shaft furnaces, ZnO can potentially be reduced,
though at CO/CO2 ratios somewhat greater than those for FeO or SnO2. However,
metallic zinc boils above 907 ◦C to produce zinc vapor, which will be lost to the
furnace and instantly reoxidized in contact with air. The several dozen brass objects
known from early times must therefore represent very unusual circumstances where
highly reducing atmospheres coincided with some means of preventing the escape of
metallic zinc vapor. The only really plausible technology that satisfies both of these
conditions is to heat metallic copper, zinc oxide, and powdered charcoal in a tightly
sealed crucible. This was what the Romans did, and the remains of the very small
lidded brass-making crucibles are among the most characteristic artifacts of Roman
metallurgy (see Martinon-Torres and Rehren, this volume). The sporadic occurrence
of brass in earlier millennia probably represents multiple earlier inventions of this
technology that, for reasons unknown, did not become more generally adopted until
the middle of the Roman era. The first production of metallic zinc, in India, required
the invention of an ingenious piece of apparatus that combined an inverted crucible,
packed with zinc oxide and charcoal, with a long tube to cool and condense the
zinc vapor to liquid zinc. This is a form of distillation. It is not surprising that this
innovation should have taken place in India, for Ayurvedic medicine had a long prior
history of distillation to produce essential oils from plants (Craddock 1998).

Any oxide that is not reduced at the prevailing CO/CO2 ratio will end up in the
slag. This explains, for example, why prehistoric iron workers in South Africa were
able to smelt magnetite/ilmenite ores containing up to 20 % TiO2 (Miller et al. 2001),
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but modern blast furnaces cannot use iron ores containing more than 2 % TiO2. The
CO/CO2 ratio in a furnace is a function both of its size and of the rate of air supply
(Rehder 2000). The early hand-blown shaft furnaces used for smelting iron could not
reduce the oxides of chromium, vanadium, or silicon but the early water-powered
blast furnaces could. Higher CO/CO2 ratios also favor the diffusion of carbon into
metallic iron, and thus the production of cast iron (see Notis, this volume). Historic
cast iron from water-powered blast furnaces contains up to 3.5 % silicon, though
most of the silica will end up in the slag (Tylecote 1986, Tables 106 and 108).

Sulphide Minerals

An Ellingham diagram is also available for sulphides, but is not particularly useful
for archaeometallurgists. This is because the conversion of sulphides to metals is
much more complicated than the reduction of oxides to metals, requiring up to
three separate operations. Sulphide ores are often physical mixtures of copper, iron,
and copper–iron sulphides, sometimes also containing sulfosalts with arsenic and
antimony (Table 2.2), as well as gangue minerals such as quartz and feldspars.
Gangue can be reduced by washing away the lighter fraction, but iron sulphides
cannot be separated from copper sulphides by washing because the specific gravities
are too similar.

All of the major metal sulphides melt below 900 ◦C, and in a strongly reducing
atmosphere pure sulphide minerals will simply melt and trickle to the base of the
furnace to form matte (globules or plates of copper or copper–iron sulphides). Mattes
are easily recognized by their glossy surfaces and their high specific gravity. Extract-
ing the copper from matte requires two further operations. It must first be roasted in
air to remove the sulfur as gaseous sulfur dioxide, leaving behind a mass of mixed
copper and iron oxides. The copper is then separated from the iron by smelting this
mixture with added quartz at CO/CO2 ratios too low to produce any iron. Under these
conditions, the iron oxides combine with silica to produce a fayalitic slag, while the
copper is reduced to metal and separates from the slag by virtue of its higher specific
gravity. This three-step process is called matte smelting.

An alternative is to eliminate the separation of matte, proceeding directly to the
oxidation of the ore. When the sulphides are completely oxidized (“dead-roasted”),
the ore is then smelted. The iron oxides combine with gangue (augmented with more
quartz if necessary) to produce slag, which separates from the copper metal. Which
of these two processes is more efficient depends upon a number of factors, including
the proportion of gangue in the ore and the availability of water for improvement
(beneficiation) of ore grade before thermal treatments. In both cases, the copper
usually needs to be refined before use.

Both of these processes are historically well documented (e.g., Agricola 1950),
but it seems unlikely that they were used in the earliest stages of extractive metallurgy
because of their complexity when compared to the direct reduction of oxides. For
this reason, it was long believed that the exploitation of sulphide ores was a stage
in the development of metallurgy that began only after long experience with the
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smelting of oxide ores (e.g., Wertime 1973; Charles 1980). However, subsequent
research suggests a more complicated picture. An important review article by David
Bourgarit (2007) examines the mineralogy and chemistry of “slags” from 20 sites
that provide some of the earliest evidence of the spread of extractive metallurgy
across western Eurasia, from the fifth millennium BC (the Levant and Bulgaria) to
the third millennium BC (France and Spain). Of these sites, five appear to have used
oxide ores, four sulphide ores, and the remainder mixtures of oxides and sulphides.
The chemistry and mineralogy of these “slags” is extremely variable. Most consist
of patches of slag (i.e., assemblages of slag minerals, metals, and glass produced by
crystallization of a melt) among unreacted or partly reacted ore and gangue minerals.
In consequence, most do not have the mineral assemblages predicted by equilibrium
phase diagrams for their chemical compositions (see Hauptmann, this volume).

These findings are prompting a major shift in thinking about the earliest smelting
technologies. The remarkable scarcity of slag on the earliest copper-smelting sites
in Eurasia is probably not, as previously supposed (e.g., Budd et al. 1992; Craddock
1999), a consequence of the smelting of very pure oxide ores (“slagless smelting”),
but rather a consequence of the inability of many early metalworkers to effectively
remove gangue as slag. The product would have had to be crushed to recover the
copper, producing what Bourgarit (2007) calls “slag sands.” This realization might
have emerged earlier if Old World archaeometallurgists had been more familiar with
the archaeometallurgy of South America. Moche and Sican copper smelters on the
north coast of Peru (mid- to late-first millennium AD) smelted small batches of ores
with blowpipes, and could not fully separate slag from metal. They had to crush the
product to obtain the prills, producing slag sands that form stratified deposits up to
a meter deep (Epstein 1993, Fig. 17). Perhaps the archaeological methods used so
far in excavating the earliest smelting sites in the Old World are not recovering slag
sands in many cases?

The occurrence of sulphide minerals at many of these early sites has also attracted
much interest to the argument, first made by Rostoker et al. (1989), for the production
of copper metal by cosmelting sulphides with oxides. They demonstrated the fea-
sibility of this process through laboratory experiments, and proposed the following
reactions:

2Cu2S + 3O2 ⇒ 2Cu2O + 2SO2

Cu2S + 2Cu2O ⇒ 6Cu + SO2

The first reaction can be accomplished through partial weathering of sulphides ex-
posed at the earth’s surface, or by incomplete roasting of sulphide minerals by the
smelters. The cuprous oxide then reacts with chalcocite to produce copper (cosmelt-
ing). This is an attractive suggestion because it offers a simpler chaîne operatoire
than matte smelting or dead roasting, though it has yet to be demonstrated that it was
actually employed in prehistory. Laboratory experiments under more controlled and
systematically varied partial pressures of oxygen by David Bourgarit and colleagues
suggest a more complicated picture when iron oxides are present as well. Iron com-
pounds tend to remove oxygen as iron and copper–iron oxides in the slag, forcing the
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sulphides to form matte in mixed sulphide–oxide furnace charges instead of reacting
with oxides to form copper metal (Bourgarit 2007, Table 2.2). (But see also the dis-
cussion of cosmelting experiments below in the section on copper/arsenic/antimony
alloys.)

There is clearly much that we do not yet understand about the earliest copper
smelting. The way forward from here is to continue to pursue smelting experiments,
such as those of Lechtman and Klein (1999) and coupled laboratory experiments,
like those conducted by David Bourgarit, Benoit Mille, and colleagues (summarized
in Bourgarit 2007). The methods of ore geology must play a central role in studies
of the earliest metallurgy, as many of the products are essentially partially reduced
ores rather than slags in the modern sense.

In light of the discussion above of the absence of evidence for metallic nickel
and cobalt in western Eurasia before the eighteenth century, it must be noted that
copper–nickel coins (75 mass% Cu: 25 mass% Ni) were issued by the Graeco-
Bactrian kingdom (northern Afghanistan) from 170 BC. This region was in contact
with China, where some copper–nickel objects are dated as early as the Warring
States period (ca. 475–221 BC). Since no objects of nickel are known from either
region, one can assume that these alloys were made by smelting dead-roasted copper–
nickel sulphide ores under more reducing conditions than those normally required
to produce copper. The melting point of a 75Cu: 25Ni alloy is just below 1,200 ◦C.
A ternary alloy called paktong was later developed in China, certainly by the Ming
Dynasty (1368–1644) and perhaps before. This 60:20:20 alloy of copper, nickel, and
zinc melts at around 1,130 ◦C and was used for coins; it was imported to Europe in the
seventeenth and eighteenth centuries and stimulated the development of an equivalent
alloy (“German silver”). Cobalt compounds were widely known and traded within
the last 3,500 years in western Eurasia, and later in the East, as colorants for deep
blue glasses (Moorey 1999), but copper–cobalt alloys melt at higher temperatures
than their copper–nickel equivalents. This may explain their apparent absence from
the archaeological record.

Arsenical and Antimonial Copper

In both western Eurasia and in South America, we see evidence of a stage between
the first appearance of smelted (nearly pure) copper and the first appearance of tin
bronzes, during which copper containing a few percent of arsenic and/or antimony
was used. Arsenic hardens copper as effectively as tin up to about 10 mass% As
(Budd 1991). The addition of more than 3 mass% arsenic and/or antimony makes
harder, sharper tools than those made of pure copper, so this innovation represents a
very significant advance in the history of metallurgy. At higher concentrations (10–
25 mass%), both elements make copper too brittle to forge, but they make attractive
casting alloys (as seen in the late Chalcolithic hoard at Nahal Mishmar in the southern
Levant—see Golden, this volume).
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Ever since this stage in the history of metallurgy was recognized in the late 1950s,
it has been the subject of considerable controversy. From which minerals and ore
bodies did the arsenic and antimony derive? Were these alloys simply fortuitous—the
result of smelting ores that happened to contain arsenic and/or antimony? Or were
the arsenic and antimony concentrations controlled by adding minerals or a “master
alloy” to molten copper?

Both elements are geochemically scarce (Table 2.1) and many copper deposits
contain negligible amounts of either element, but in some deposits arsenic and/or
antimony minerals are major components of the parageneses. The continuous series
of minerals from tennantite (Cu12As4S13) to tetrahedrite (Cu12Sb4S13) are known as
fahlores (fahlerz), and may also be important ores of silver (which substitutes for cop-
per). They occur mostly in epigenetic veins and were deposited from hydrothermal
fluids at relatively high temperatures. Fahlores are dominant in ore deposits in some
parts of theAlps, especially inAustria, and have been the subject of much speculation
in archaeometallurgy as potential ores for early copper–arsenic alloys. Many of the
porphyry copper deposits along the Andes also contain tennantite–tetrahedrite, or the
parallel series from enargite (Cu3AsS4) to famatinite (Cu3SbS4) (Guilbert and Park
1986). Copper–arsenic alloys were widely used in Andean prehistory from ca. 800
CE to ca. 1450 CE (Lechtman and Klein 1999), but there are curiously few reports
of prehistoric copper–antimony alloys from South America. Antimony is also found
in quartz-stibnite (Sb2S3) veins, often with gold; these are most common in China.
Ores with stibnite, galena, and arsenopyrite (FeAsS) often accumulate at structural
traps in sediments, especially in carbonates. Arsenopyrite also tends to occur in high-
temperature vein deposits around granitic intrusions, often with cassiterite (SnO2)
and tungsten minerals (Dill 2010).

Fahlores have frequently been suggested as the sources for the earliest arsenical
coppers in Eurasia. (Antimonial coppers are less common.) This is unlikely for two
reasons. The first is, as Ixer and Pattrick (2003) note, that tennantite and tetrahedrite
are hypogene sulphides (contra Craddock 1995, p. 28). Thus, they are encountered
only where the supergene layer has been removed by recent glaciation, or in mountain
ranges where continuous, rapid erosion prevents the formation of a supergene layer.
Elsewhere they were rarely accessible to prehistoric metallurgists.

The second reason is that direct smelting of tennantite or tetrahedrite will result in
the loss of much of the arsenic and antimony to the brittle intermetallic copper/iron
arsenides or antimonides, which are known as speiss. Conversely, if fahlores are
dead-roasted before smelting, most of the arsenic and antimony will be lost to the air
as the volatile (and poisonous) oxides As2O3 and Sb2O3, though enough can remain
to allow the smelted copper to retain 2–3 % As or Sb (Höppner et al. 2005).

It has been widely assumed that during the spread of metallurgy across Europe
from the Balkans (earliest metallurgy 5000–4500 BCE) to Britain (earliest metallurgy
ca. 2400 BCE), early metalworkers were able to figure out fairly quickly how to
smelt the various copper sulphide ores that they encountered. However, this view
has recently been challenged. A few Neolithic copper slags, dating from 4500 to
4000 cal BCE (but see Kienlin this volume), have been recovered in the Innsbruck
area of Austria, and analysis of them shows that smelting of fahlores was attempted.
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However, lead isotopic analysis of many Neolithic copper artifacts from this region
shows unequivocally that these cannot have been smelted from the fahlores, but were
instead imports from eastern Europe. It was not until the Early Bronze Age (2500–
2000 cal BCE) that the distinctive chemical and lead isotopic ratios of these fahlores
appeared in the copper of central Europe (Höppner et al. 2005).

A popular alternative scenario for the first appearance of arsenical copper is that
it reflects the direct smelting of arsenates, which occur in the supergene zone above
copper–arsenic–sulfur ores (Table 2.2). This is an attractive proposition because:
(1) copper, iron, and nickel arsenates are blue–green minerals that can be confused
with copper carbonates and (2) they smelt directly to copper–arsenic alloys in mildly
reducing atmospheres, thus avoiding the excessive losses of arsenic associated with
dead roasting. The smelting of arsenates was strongly suggested as the solution to
the question of the first occurrence of copper–arsenic alloys in Britain and Iran (e.g.,
Charles 1980; Budd et al. 1992; Pigott 1999). This is certainly a plausible option,
but it is one that has the potential to entrap unwary archaeometallurgists. As the ore
geologists Ixer and Pattrick (2003) have warned, the fact that arsenates appear on
lists of minerals from a given mine does not mean that they were ever present in
quantities large enough to be potential ores for prehistoric metallurgists. Nor does
their presence on spoil piles mean that they were even present in the supergene
zone. Ixer (1999) notes that spoil piles (which he terms “supragossans”) are fertile
environments for the growth of new minerals under very different conditions than
those prevailing underground.

The same caution applies to the argument of C. S. Smith, summarized by Pigott
(1999) that the earliest arsenical copper on the central Iranian plateau was made
by simply dissolving the minerals domkeyite (Cu3As) and algodonite (Cu6As) from
the Talmessi/Anarak/Meskani mining district into molten copper. At this point in
time speculative arguments serve no further purpose; archaeometallurgists need to
produce the proof, which can only come from very detailed studies of ores and
slags from well-dated archaeological contexts. Frame (2009) shows the way for-
ward with her identification by Raman spectroscopy of algodonite in Chalcolithic
levels at Tal-i-Iblis. Lead isotope analysis of these minerals is compatible with
those of Talmessi/Anarak/Meskani, some 500 km distant, in which algondonite is
a documented ore mineral.

A third pathway to copper–arsenic–antimony alloys is through cosmelting of cop-
per oxides with copper–arsenic–antimony-sulphide minerals. The viability of this
pathway has been directly demonstrated by the smelting experiments of Lechtman
and Klein (1999). Their work focused on understanding the production of these alloys
in South America, and used actual ores from the region. Copper “oxide” minerals
(actually the hydroxychloride minerals atacamite (Cu7Cl4(OH)4) and paratacamite
(Cu2Cl(OH)3), which are major ore minerals along the arid southern Peruvian coast)
were mixed in varying ratios with enargite (Cu3AsS4) or arsenopyrite (FeAsS). These
were smelted in uncovered crucibles (little exposure to CO), and also in a small fur-
nace (full exposure to CO) at relatively low temperatures (<1,100 ◦C) and at mixtures
from 1:1 to 4:1 of the hydroxychlorides and sulfosalts. Copper–arsenic metal was
produced in all cases except for the 1:1 mixtures; arsenic contents in the metal were
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from 7 to 26 wt%, the higher contents occurring where arsenopyrite was used. Matte
and speiss were also produced, but in most cases separated cleanly from the metal.
The results obtained are not directly comparable to archaeological finds because
their crucible and furnace charges generally contained too little silica to form silicate
slags, but they do establish without doubt that oxide–sulphide cosmelting provides a
plausible mechanism for the initial production of copper–arsenic–antimony alloys.
Which of these potential châ ines operatoires was actually used at a given smelting
site must however be established by very detailed investigation of all the material
evidence—ores, mattes, speisses, slags, refractories, and metal—in each case by the
appropriate specialists.

Conclusions

The main message conveyed here is that the historical development of extractive
metallurgy cannot be fully appreciated without some understanding of ore geology
and geochemistry. Although geological perspectives have been fully integrated into
archaeometallurgy in the German-speaking areas, they have often been absent from
Anglophone and Francophone archaeometallurgy. Anglophone archaeometallurgists
have been particularly prone to poorly informed speculation about ores and ore
sources used in the past.

The deeper we dig into the prehistory of metallurgy, the more we need teams of
collaborating specialists. To investigate the prehistory of extractive metallurgy, we
need teams that include (at minimum) specialists in economic geology; the archaeol-
ogy of mines and metallurgical sites; the interpretation of ores, slags, refractories, and
metals; experimental replication of smelting processes in field and laboratory; and
in inferring the geological provenance of ores and metals by chemical and isotopic
techniques.
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Radivojević, M., Th. Rehren, E. Pernicka, D. Slijvar, M. Brauns, & Boric, D. (2010). On the origins
of extractive metallurgy: new evidence from Europe. Journal of Archaeological Science, 37,
2775–2787.



2 From Ores to Metals 45

Rapp, G., E. Henrickson, and J. Allert. (1990). Native copper sources of artifact copper in Pre-
Columbian North America. In N. Lasca & J. Donahue (Eds.), Archaeological Geology of North
America (Centennial Special Volume 4). Geological Society of America, Boulder, CO.

Rapp, G., Allert, J., Vitali, V., Jing, Z., & Henrickson, E. (2000). Determining geologic sources
of artifact copper: Source characterization using trace element patterns. Lanham: University
Press of America.

Rehder, J. E. (2000). The mastery and uses of fire in antiquity. Montreal: McGill-Queens University
Press.

Roberts, B. W, Thornton, C. P., & Pigott, V. C. (2009). Development of metallurgy in Eurasia.
Antiquity, 83,1012–1022.

Robb, L. (2005). Introduction to ore-forming processes. Oxford: Blackwell.
Robert-Chaleix, D., & Sognane, M. (1983).Une industrie métallurgique ancienne sur la rive Maure-

tanienne du fleuve Sénégal. In N. Échard (Ed.), MétallurgiesAfricaines: Nouvelles Contributions
(pp. 45–62). Mémoires de la Societé des Africanistes 9. Paris: Societé des Africanistes.

Rostoker, W., Pigott, V. C., & Dvorak, J. R. (1989). Direct reduction to copper metal by oxide-
sulphide mineral interaction. Archeomaterials, 3, 69–87.

Schoop, U-D. (1995) Die Geburt des Hephaistos: Technologie und Kulturgeschichte neolithischer
Metallverwendung im Vorderen Orient. Espelkamp: Verlag Marie L. Leidorf.

Smith, G. D., & Clark R. G. H. (2004). Raman microscopy in archaeological science. Journal of
Archaeological Science 31, 1137–1160.

Souckova-Sigelová, J. (2001). Treatment and usage of iron in the Hittite Empire in the 2nd
millennium BC. Mediterranean Archaeology, 1, 189–193.

Stech, T. (1990) Neolithic copper metallurgy in Southwest Asia. Archeomaterials, 4, 55–61.
Stos-Gale, Z. A., Maliotis, G., Gale, N. H., & Annets, N. (1997). Lead isotope characteristics of the

Cyprus copper ore deposits applied to provenance studies of copper oxhide ingots. Archaeometry,
3, 83–123.

Summers, R. (1969). Ancient mining in Rhodesia. Salisbury: National Museums of Rhodesia,
Museum Memoir 3.

Taylor, R. G. (1979). Geology of tin deposits. Amsterdam: Elsevier.
Thornton, C. P. (2002). The domestication of metal. A reassessment of the early use of copper min-

erals and metals in anatolia and southeastern europe. Unpublished M. Phil. thesis, University
of Cambridge.

Thornton, C. P. (2007). Of brass and bronze in prehistoric southwest Asia. In S. La Niece, D. Hook,
& P. T. Craddock (Eds.), Metals and mines: Studies in archaeometallurgy. London: Archetype
Publications.

Thornton, C. P., Golden, J., Killick, D. J., Pigott, V. C., Rehren, Th., & Roberts, B. W. (2010). A
chalcolithic error: Rebuttal to amzallag (2009). American Journal of Archaeology, 114, 305–315.

Timberlake, S. (2003). Early mining research in Britain: The developments of the last ten years. In
P. Craddock & J. Lang (Eds.), Mining and metal production through the ages. London: British
Museum Press. (pp. 21–42).

Tylecote, R. F. (1986). The prehistory of metallurgy in the British isles. London: The Institute of
Metals.

Tylecote, R. F., Photos, E., & Earl, B. (1989). The composition of tin slags from the southwest of
England. World Archaeology, 20, 434–445.

Uytenbogaardt, W., & Burke, E. A. J. (1985). Tables for microscopic identification of ore minerals
(2nd revised ed.). New York: Dover Publications.

Vallogia, M. (2001). La maîtrise du fer en Egypte: entre traditions indigènes et importations.
Mediterranean Archaeology 1, 195–204.

Wayman, M. L., King, J. C. H., & Craddock, P. T. (1992). Aspects of early north American
metallurgy. British Museum, Occasional Paper 79, London.

Wertime, T. A. (1973). The beginnings of metallurgy: A new look. Science, 182, 875–87.
Yalçin, Ü (1999). Early iron metallurgy in Anatolia. Anatolian Studies, 49, 177–187.



Chapter 3
Metals

Michael R. Notis

Introduction

Until the seventeenth century AD, fewer than a dozen or so metals were known
to man. Aitchison (1960) lists the seven metals known in antiquity as gold (Au),
silver (Ag), copper (Cu), tin (Sn), lead (Pb), iron (Fe), and mercury (Hg). All, but
mercury, are also mentioned in the Bible (Ginzburg 1989). Forbes (1950) adds zinc
(Zn), arsenic (As), and antimony (Sb). Platinum (Pt) was discovered in the sixteenth
century and Bismuth (Bi) sometime within a few hundred years before that. Today,
we recognize about 86 elements in the periodic table as being metallic.

The purpose of this chapter is to introduce the reader to some basic features of
metallic elements and metal alloys, their mechanical properties, and their forming
or shaping limitations. It is meant to describe what you need to know about the
‘metallurgy’ in archaeometallurgy!

Metals and Their Bonding

If you examine the periodic table of the elements (Fig. 3.1), all of the elements can
be divided into three groups (metals, metalloids, and nonmetals) according to the
way in which they bond to form a solid. In fact, the overwhelming majority of the
atomic elements are metallic in nature.

Metallic elements have only a few (1–3) outer negative electrons per atom, and
these electrons are not locally bound to any specific atom in the solid. The electrons
are effectively free to drift through the metallic solid, belonging to the metal as a
whole, and forming a “sea of electrons.” In a more quantum-mechanical view, the
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Fig. 3.1 Periodic table of the
elements according to
bonding type

conduction electrons divide their density equally over all atoms that function as neu-
tral (noncharged) entities. As a consequence, the metallic bond is nondirectional in
nature. The metal ion cores act very much like hard spheres and tend to pack together
as closely as possible. Metallic bonding accounts for many physical properties of
metals, such as strength, malleability, ductility, thermal and electrical conductivity,
opacity, and luster.

Solids tend to have their atoms bonded and arranged in periodic lattice-like arrays
in three dimensions. A perfect or near-perfect array would be a single crystal. How-
ever, a variety of disruptions to this perfection can occur (Fig. 3.2). The atomic lattice
structure can be broken up in regions disoriented from each other by discontinuities
called grain boundaries. The material is then polycrystalline in nature rather than a
single crystal entity. Other defects are typically present in the lattice structure, such
as vacant lattice positions (vacancies), or atoms located in between lattice positions
(interstitials). Impurity atoms can occupy either normal lattice positions (substitu-
tional impurities) or interstitial positions (interstitial impurities) depending on their
size relative to the host atoms.

Crystal Structures

Close Packing

The structures of many metals can be described as close-packed arrays of spherical
atoms. In a two-dimensional planar array, one central atom can be “close packed” or
surrounded by only six other atoms of equal size, and their centers fall on a hexagonal
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Fig. 3.2 Polycrystalline array
with various point defects

point array. However, when these planar arrays are stacked in the third dimension,
there are two alternate possible configurations:

Hexagonal Close Packing (HCP)—ABABAB
Cubic Close Packing (CCP)—ABCABC
Figure 3.3 illustrates the two packing sequences. The spheres of the second layer

can be centered over either of the sites marked b or c; the symmetry is exactly the
same regardless of the choice. However, when a third layer is added, it now has a
choice of packing over the spheres in the original layer or over the sites marked as c
in the diagram of the first layer. The former option leads to the ABABAB stacking
characteristic of HCP, while the latter option leads to the ABCABC packing which
defines a CCP structure.

The packing efficiency (volume of space occupied by the spheres/total volume)
is the same, about 74 %, for both CCP and HCP schemes. The number of spheres
(12; six in the plane and three both above and below) and distance between nearest
neighbors is also identical for both HCP and CCP, but the second nearest neighbor
coordination is different.

In addition to these two schemes, a fair number of metals adopt a body centered
cubic (BCC) arrangement. In this structure type, the number of nearest neighbors is
reduced from 12 to 8. This does not result in a close-packed array of spheres, and
the packing efficiency drops to 68 %.

Crystallographic Unit Cells

A unit cell is a structural unit whereby continuous stacking in three dimensions will
fill all of the volume of the larger structure. There are many possible unit cells that
can serve this function, but the conventional unit cell is chosen such that it is easy to
recognize the maximum symmetry of the structure.
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Fig. 3.3 Stacking sequences
for close-packed structures

CCP leads to a structure with a conventional face centered cubic (FCC) unit cell
as shown below. For this reason, CCP is sometimes called FCC packing.

It is not immediately obvious how the FCC unit cell is related to CCP stacking
described above. To see this relationship, begin by finding the threefold rotation
axes perpendicular to the layers in the ABCABC stacking scheme shown in Fig. 3.3.
They should be fairly easy to spot. Next consider that the threefold axes run along
the body diagonal in a cubic unit cell. Combining these two we see that the layers
from the CCP stacking are perpendicular to the body diagonal of the FCC unit cell.
This relationship is highlighted in Fig. 3.4.

The conventional unit cells for HCP, FCC, and BCC are shown together in Fig. 3.5.

Structures of Elemental Metals

Since the number and arrangement of nearest neighbors are identical in CCP and
HCP, it is reasonable to expect that the bond energies of these two structures would
be very similar. Thus, it should not come as a surprise that both structure types (along
with BCC) are commonly observed. As can be seen from the periodic table (Fig. 3.6),
most metals tend to have close-packed or nearly close-packed crystal structures.

Alloys and Phase Diagrams

Furthermore, the addition of small levels of impurities can lead to a change in the
structure type. This has important technological implications in several areas, such as
making steel from iron or bronze from copper. An alloy is a partial or complete solid
solution of one or more elements in a metallic matrix. Complete solid solution alloys
occur with single solid phase (defined below) microstructures just like pure elements,
while partial solutions produce two or more phases that may be homogeneous in dis-
tribution depending on thermal (heat treatment) history. Alloys usually have different
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Fig. 3.4 Packing arrangement
for the conventional FCC unit
cell. Atoms in layer A are
shaded green, those in layer B
are blue, and those in layer C
are red

Fig. 3.5 Conventional unit
cells for HCP, FCC, and
BCC

Fig. 3.6 Periodic table of the elements showing crystal structures

properties from those of their component elements. The thermal and composition
relationships between these phases are usually expressed graphically by phase dia-
grams which plot temperature versus composition of each of the components in the
system.

In order to understand the relationships expressed in a typical phase diagram, it
is first necessary to define the terms “components” and “phases” more precisely:
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Components—In thermodynamics, a component is a chemically distinct con-
stituent of a system. In our context, it is usually identified with the elements of which
the system is composed. For example, in the Ag–Au system, the two components
are Ag and Au.

Phases—A phase is a form of matter that is homogeneous in chemical compo-
sition and physical state. Phases include solid, liquid, and gas, or different types
of solids. Two immiscible liquids (such as oil and water) or liquid mixtures with
different compositions, separated by a distinct boundary, are counted as two differ-
ent phases, as are two immiscible solids. The Ag–Au system, which is completely
miscible, can be considered to be composed of two phases: liquid Ag–Au of any
elemental proportions and solid Ag–Au of any elemental proportions.

A phase diagram is therefore a map that shows which phases of a system are
stable for a given set of conditions. Phases are depicted as regions on the map; phase
boundaries are the borderlines between regions having different phases or numbers
of phases. In a binary phase diagram (two components), the map is like a real
estate boundary map (one-phase and two-phase regions alternating). Ternary phase
diagrams (three components) are like topographic maps with the relative proportions
of the three components in a two-dimensional plane and with temperature scale
perpendicular to this plane.

A good example to consider for our discussion is the metal alloy known as elec-
trum, a naturally occurring alloy of gold (Au) and silver (Ag), having only trace
amounts of copper and other metals. Electrum was used in the making of some of
the earliest ancient coins. The color of electrum ranges from pale to bright yellow,
depending on the proportions of gold and silver. Gold content of naturally occurring
electrum in Western Turkey often ranges from 70 to 90 % in contrast to the 45–55 %
of electrum used in ancient Lydian coinage of the same geographical area (Keyser
and Clark 2001; Wallace 2001)

The phase diagram for the gold–silver system is shown in Fig. 3.7. At room
temperature, gold and silver are completely soluble in one another. The melting point
of pure gold is 1064 ◦C and that of silver is 962 ◦C. The addition of silver to gold
lowers the melting point as shown by the upper curve in the figure, called the liquidus;
above this line only liquid (“L”) exists and has varying composition. The lower curve
is called the solidus line and below it the alloy is completely solid. The region between
these two curves is a two-phase region of liquid and solid in equilibrium together.
For the Ag–Au system this region is very narrow; one consequence is that there is
very little separation in composition upon melting or solidification. As a result, it
was impossible for ancient people to separate the silver from the gold in electrum.

Thermodynamic considerations give rise to the rule that in a binary system there
must be a single-phase region on each side of the phase diagram because there
is some solubility for each of the two components in each other. Also, one-phase
regions and two-phase regions must alternate as you go across the diagram. If you
select any temperature and draw a horizontal line such that it crosses the phase
boundary lines, these intersections give the compositions of each phase that are in
equilibrium with each other in the two-phase region. The Cu–Ni binary alloy system
(Fig. 3.8) has complete solid solubility just like the Ag–Au system, but there is a
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Fig. 3.7 The Ag-Au binary phase diagram

much larger difference in composition of the solid and liquid phases in equilibrium
at the same temperature (i.e., the two-phase region is much wider). The result is that
nonequilibrium solidification (i.e., casting at a fairly rapid cooling rate) produces
significant nonhomogeneity in Cu–Ni alloys.

For example, an alloy containing about 32 wt% Ni will start to solidify at about
1,240 ◦C by separation of a more Ni-rich phase containing almost 45 wt% Ni. If
solidified quickly, this will result in a nonhomogeneous material as the earlier metallic
crystals will contain more nickel (relative to copper) than the later metallic crystals.
However, if cooled slowly, such that diffusion between the solid and liquid is allowed
to occur, the liquid will continue to change by picking up Ni from the solidified part
and the overall alloy composition will move downward along the solidus line to the
original composition, forming a homogeneous material. Thus, the rate of cooling
controls the homogeneity of the alloy.

The copper–silver system (Fig. 3.9) is different in nature. At lower temperatures,
there is separation into a copper-rich and silver-rich two-phase region because the
elements have limited solubility in one another.

Note that in this case the liquidus temperature of silver is lowered by the addition
of copper, and the liquidus temperature of copper is lowered by the addition of silver.
These two curves meet at a particular composition and temperature—the eutectic—
which is the lowest melting point composition in the alloy system (in this case an alloy
containing 28.1 wt% copper). When this alloy solidifies, it immediately separates
into two phases, one silver rich (with 8.8 wt% Cu) and the other copper rich (92 wt%
Cu).
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Fig. 3.8 The Cu-Ni phase
diagram

Fig. 3.9 The Ag-Cu phase diagram

Early Roman coins were quite pure in silver content, but as the Empire devalued
its coinage (and, perhaps, its empire), the silver content decreased (Boon 1974).
Thus, the composition and microstructure of Roman coins have been used to follow
the history of this devaluation.
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Fig. 3.10 The Cu-Sn phase diagram

The single-phase (Ag) region to the left side of the diagram is bounded at higher
temperatures by the solidus line between Ag solid solution and liquid Ag. The lower
boundary of this region is called the solvus line; if alloys in this region are taken
below this line, then they become supersaturated.

The copper–tin alloy phase diagram (Fig. 3.10) is even more complicated. There
are the two end-member phases, copper (Cu) and tin (Sn), and then there are a series
of intermediate phases that form in this system. They are labeled β, γ, δ, ε, ζ, η, and
η’. Some of these have relatively fixed composition (stoichiometric) like the ε phase,
and some have a wide range in composition (nonstoichiometric) such as the γ phase.
The ε and η phases are stable at room temperature, but the other phases decompose
as temperature is lowered. The copper phase can dissolve up to 16 wt% tin, which
is the basis for increased hardness in “low tin bronzes” with increased tin content.

Because of the awareness that alloy composition was related to mechanical be-
havior, the Chinese developed a formal series of alloy compositions that were used
depending on the product (arrowhead, vessel, etc.) to be manufactured (Lianghui
1996). Most of the intermediate phases in the copper–tin system are brittle and cause
problems with cracking when hammered without prior heating (i.e., “cold work-
ing”). However, craftsmen from Thailand and the Philippines found that heating an
alloy in the β composition range and then quenching it allowed the formation of
a nonequilibrium product phase that was ductile and could be formed into “magic
ringing bowls” (Goodway and Conklin 1987; Goodway 1988a, b).
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The last phase diagram to be considered is that for the iron–carbon system
(Fig. 3.11). In fact, this is not truly an equilibrium phase diagram but rather a
metastable diagram for the two-component system of the metastable compound Fe3C
(cementite); the true equilibrium diagram is between Fe and graphite (an allotrope
of carbon with a simple hexagonal structure). The carbon composition correspond-
ing to Fe3C is 6.7 wt%C and this is at the right side of the phase diagram. Note
especially the phase fields for γ (FCC) Fe, called austenite, and α (BCC) Fe, called
ferrite. The composition at 0.76 wt%C and temperature of 772◦C is called the eu-
tectoid and is similar in form to the eutectic noted in Fig. 3.9. The eutectic in the
Ag–Cu system produces a two-phase structure with alternating lamella of Ag-rich
and Cu-rich solid solutions; an alloy in the Fe–C system with composition 0.76 wt
%C above 772 ◦C, when slowly cooled, produces a two-phase structure with alter-
nating lamella of ferrite and cementite. This alternating lamella structure is called
pearlite. If this same composition is quenched from the austenite region (i.e., above
772◦C) the carbon in the supersaturated FCC structure does not have time to separate
out. Instead, it is trapped inside the lattice, straining it, and causing a transformation
to a nonequilibrium single phase known as martensite.

Mechanical Properties

In order to understand why ancient people might have used one metal rather than
another, it is important to review the basic mechanical properties of common metal
materials. Metals can be weak or strong; they can be ductile or brittle. Ductility
and malleability are needed to form a piece of metal into a useful object, but good
stiffness and high strength are needed to maintain its shape and usefulness. These
two sets of properties are often inconsistent with each other, and this demands further
explanation.

Typical measurement of mechanical properties is done be taking a cylindrical
metal specimen of known dimensions, clamping it, and applying a tensile load to it.
The stress is the load (force) per unit of cross-sectional area applied to the material.
The strain is the elongation that results from a given applied stress. A stress–strain
curve is the graphical representation of the relationship between stress and strain. A
simplified stress–strain curve might look as shown in Fig. 3.12.

Initially, the applied stress produces a strain that is elastic in nature, the relation
between stress and strain being linear (Hooke’s law). The slope of this line (E) is
known as the elastic modulus and is a measure of the stiffness of the material (the
higher the modulus, the higher the stiffness). A material with a low modulus is more
flexible.

Strength is the ability to carry a load or stress (force per unit area).
At some point the material starts to deform plastically and produces permanent

elongation. The stress that produces an observable permanent plastic offset strain of
0.2 % is usually defined as the yield stress (YS). The maximum stress that the material
can bear and which causes failure is called the ultimate tensile strength (UTS).
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Fig. 3.11 The Fe–C metastable phase diagram

Fig. 3.12 A typical
stress–strain curve for a
metal

Hardness is the resistance to indentation or to a scratch. It has the same units of
measurement as strength (force per unit area) but is measured by a different method.
Strength and hardness are directly related to each other.
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Ductility refers to a material’s ability to deform under tensile stress; this is often
characterized by the material’s ability to be stretched into a wire. Malleability, a
similar concept, refers to a material’s ability to deform under compressive stress;
this is often characterized by the material’s ability to form a thin sheet by hammering
or rolling. Ductility and malleability do not always correlate with each other; for
instance, gold is both ductile and malleable, but lead is only malleable. Commonly,
the term “ductility” is used to refer to both concepts, as they are very similar.

Toughness is the resistance to fracture of a material when stressed, or the ability
to absorb energy. It is defined as the amount of energy per volume that a material can
absorb before rupturing. A material is brittle if it is liable to fracture when subjected
to stress; that is, it has little tendency to deform before fracture. This fracture absorbs
relatively little energy, even in materials of high strength, and usually fails quickly.
A brittle material has low toughness. Materials are said to be brittle when there is
little or no evidence of plastic deformation before failure.

Strengthening/Hardening Mechanisms

The ability of a crystalline material to plastically deform depends on the ability of
its atoms to move within a material. Therefore, impeding the movement of its atoms
results in strengthening of the material. There are a number of ways to impede atomic
movement, which include:

• Controlling the grain size (reducing continuity of atomic planes)
• Strain hardening (creating barriers and structural imperfections)
• Alloying (introducing impurity point defects)
• Precipitation or age hardening
• Quench hardening

Control of Grain Size

The size of the grains within a material has an effect on the strength of the mate-
rial. The boundary between grains acts as a barrier to easy atomic movement and
the resulting slip because adjacent grains have different orientations. The smaller
the grains, the shorter the distance atoms can move along a particular slip plane.
Therefore, smaller grains improve the strength of a material. Smaller grains can be
achieved most easily by “cold working” or otherwise deforming metal plastically to
compress the grains. If this metal is then heated (called “annealing”) or if the plastic
deformation is carried out after heating the metal (i.e., “hot working” or “forging”),
then a single metallic grain will relieve strain by reforming as multiple smaller grains.
Smaller grains can also be achieved by increasing the rate of solidification from the
liquid phase—e.g., by quenching steel after it has been forged. Thus, the size and
number of grains within a material is controlled by: (1) the rate of solidification from
the liquid phase; (2) the amount of cold working that the metal had received before
annealing; or (3) the annealing time during a given heat treatment.
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Strain Hardening

Crystalline materials have directionality of packing to their ordered atomic bonds, and
are therefore easier to deform in certain preferred atomic directions and within certain
preferred atomic planes. In polycrystalline materials, this preferred directionality for
deformation is hindered and cannot be extensively maintained. It becomes ever more
difficult to continue to deform a polycrystalline material because individual grains
are not necessarily in the right orientation to respond to the applied stress. This means
that as polycrystalline metals such as copper or iron are cold worked, it becomes more
difficult to continue working them because the internal atomic structural interference
has the macroscopic effect of increasing the amount of stress needed to continue
deformation. This process is called “work hardening” or “strain hardening” and is
only relieved by heating the solid (annealing) to a temperature high enough to allow
the stored mechanical energy to be dissipated through recrystallization of the metal.

Strain hardening can be easily demonstrated with piece of wire or a paper clip.
Bend a straight section back and forth several times. Notice that it is more difficult
to bend the metal at the same place. In the strain-hardened area, imperfections have
formed, increasing the strength of the material. Continued bending will eventually
cause the wire to break at the bend due to fatigue cracking. It should be understood,
however, that increasing the strength by cold working will also result in a reduction
in ductility.

Effects of Elevated Temperature on Strain-Hardened Material

When strain-hardened materials are exposed to elevated temperatures (e.g., anneal-
ing), the strengthening that resulted from the plastic deformation can be lost. This
can be a bad thing if the strengthening is needed to support a load. However, strength-
ening due to strain hardening is not always desirable, especially if the material is
being heavily deformed since ductility will be lowered.

Heat treatment can be used to remove the effects of strain hardening. Three
phenomena can occur during heat treatment: recovery, recrystallization, and grain
growth (Fig. 3.13).

When a strain-hardened material is held at an elevated temperature, an increase in
atomic diffusion occurs that relieves some of the internal strain energy. Remember
that atoms are not fixed in position but can move around when they have enough
energy to break their bonds. Diffusion increases rapidly with rising temperature and
this allows atoms in severely strained regions to move to unstrained positions. In other
words, atoms are freer to move around and recover a normal position in the lattice
structure. This is known as the recovery phase and it results in an adjustment of strain
on a microscopic scale. Internal residual stresses are lowered due to a reduction in the
imperfection density. There is no appreciable reduction in the strength and hardness
of the material but corrosion resistance often improves. At a higher temperature,
new strain-free grains nucleate and grow inside the old distorted grains and at the
grain boundaries. These new grains grow to replace the deformed grains produced
by the strain hardening. With recrystallization, the mechanical properties return
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Fig. 3.13 Recovery,
recrystallization, and grain
growth during heat treatment

to their original weaker and more ductile states. Recrystallization depends on the
temperature, the amount of time at this temperature, and also the amount of strain
hardening that the material experienced. The more the strain hardening, the lower
the temperature will be at which recrystallization occurs. Also, a minimum amount
(typically 2–20 %) of cold work is necessary for any amount of recrystallization to
occur. The size of the new grains is also partially dependent on the amount of strain
hardening. The greater the strain hardening, the more the nuclei for the new grains,
and the resulting grain size will be smaller (at least initially).

If a specimen is left at high temperature beyond the time needed for complete
recrystallization, the grains begin to grow in size. This occurs because diffusion
occurs across the grain boundaries and larger grains have less grain boundary surface
area per unit of volume. Therefore, the larger grains lose fewer atoms and grow at the
expense of the smaller grains. Larger grains will reduce the strength and toughness
of the material.

Alloy Hardening

Alloy hardening or “solid solution hardening” depends on the addition of impurity
elements that have significant size difference and/or valence electron number dif-
ference, but yet have significant solubility with respect to the host lattice. These
impurities cause significant lattice strain in the surrounding atoms. Again, the result
is inter-atomic disruptions that slip effectively, increasing the macroscopic yield
strength of the metal. Figure 3.14 (Peckner 1964) shows this hardening effect for a
number of alloy additions made to copper. Note that the impurity effect on strength
depends on size differences relative to the host lattice and the amount of solubility in



3 Metals 61

Fig. 3.14 Solid solution
hardening of copper by
various alloy additions

the host lattice. For example, Zn and Ni have very little effect even though they are
quite soluble in Cu, while Sn has a significant effect even though it is only soluble to
about 16 wt% due to the significant size difference between tin and copper. Modern
copper alloys are hardened using Be, which has very limited solubility but a very
large size difference.

Precipitationhardening (also called age hardening) is a heat treatment technique
used to increase the yield strength of malleable materials. It relies on changes in solid
solubility with temperature to produce fine precipitates of an impurity phase, which
impede the movement of defects in a crystal lattice. The impurities play the same
role as particulate substances in particle-reinforced composite materials.

Precipitation hardening of Ag–Cu alloys was extensively studied by Cohen in
1937 (Cohen 1937). Silversmiths use this method of hardening to strengthen sterling
silver after fabrication. The so-called “925 sterling” silver contains 92.5 wt% Ag and
7.5 wt% Cu. Examination of the Ag–Cu phase diagram (Fig. 3.9) at this composition
shows that the alloy is within the Ag phase region, but that as the temperature is
lowered below about 550 ◦C, it crosses the solvus boundary between this phase and
when the phase becomes supersaturated in Cu and enters the two-phase (Ag + Cu)
region. As the alloy is held in this region, the excess Cu precipitates out as a fine
dispersion. The lower the temperature, the greater is the supersaturation, but the
slower is the diffusion that allows the precipitates to grow. Therefore, a silversmith
would heat such an alloy to the upper temperature single-phase region and cool it
slowly when he wants it to form, but will then reheat it and rapidly cool it to keep
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the copper in supersaturated nonequilibrium solution. Following this, the silversmith
would reheat it to some temperature below the solvus to then produce a harder and
more useful final product.

Handy and Harman (1914) suggest the following procedure for hardening sterling
silver:

1. Heat the worked alloy to 745–760 ◦C.
2. Hold at temperature for 15 min.
3. Quench rapidly in cold water (softened condition).
4. Harden by heating to 315 ◦C for 30–50 min and then air-cool.

The resulting hardness is equivalent to the hardness obtained by cold working to a
50 % reduction.

Quench Hardening

As mentioned above, if an Fe–C alloy is heated up to the austenite region and
quenched to room temperature, the carbon in the supersaturated FCC structure does
not have time to separate out and is instead trapped inside the lattice, straining it,
and causing a transformation to a nonequilibrium single phase known as martensite.
Although ancient smiths did not know that steel contains carbon (the element car-
bon was not discovered until 1789 by Lavoisier), they found that quenching certain
pieces of iron in water produced a very significant increase in hardness and strength.
Muhly (1980, p. 51) refers to an often quoted Homeric description of quenching as
producing a magical change in iron resulting in increased strength (Fig. 3.15)

In fact, in comparison to all other hardening mechanisms, quenching of iron to
martensite has the most significant effect on strength, as shown in Fig. 3.16 (Smith
1967).

Figure 3.16 summarizes the principal ways of hardening metals. This figure plots
hardness (DPH, measured with theVickers diamond pyramid indenter, units kg/mm2)
against alloy composition. Pure copper when annealed has a hardness of about
40 kg/mm2 (point a; 57,000 psi). Cold working hardens copper progressively to
about 100 kg/mm2 (point b; 142,000 psi) after 70 % reduction in thickness, and to a
maximum of about 120 kg/mm2 (171,000 psi), which is reached after 95 % reduc-
tion in thickness. Alloying copper with tin in amounts up to about 10 % (curve 1)
progressively raises its hardness to about 110 kg/mm2 (point c; 156,000 psi) if the
alloys are annealed. The hardness can be further increased by cold working (curve 2)
up to about 270 kg/mm2 (point d; 385,000 psi). Pure iron, which has a DPH of about
60 (point e; 85,000 psi), is hardened by the addition of carbon, the essential element
in steel. If steels are heated and allowed to cool naturally, the range of their hardness
(curve 3) is slightly below that of worked bronzes, but they become spectacularly
superior if quenched (curve 4).

Table 3.1 shows this comparison.
Some points to note from Table 3.1 are that, for steels at the same heat treatment

condition (HR, CR, or OQ), the strength increases continuously with carbon content
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Fig. 3.15 Amphora and quote
from Homer’s Odyssey

Fig. 3.16 Comparison of
mechanical properties

and the elongation decreases. Furthermore, the elongation in the OQ condition is
practically nil and theYS for copper increases by an order of magnitude due to work
hardening.
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Table 3.1 Typical room-temperature mechanical properties

Material YS, MPa(ksi) UTS, MPa(ksi) E, GPa(106 psi) El % R(HB)

Steel, 0.1 %C wrought 205 (30) 345 (50) 185 (27) 30 100
Steel, 0.2 %C HR 275 (40) 415 (60) 200 (29) 35 120
CR 415 (60) 550 (80) 200 (29) 15 160
Steel, 0.4 %C HR 290 (42) 485 (70) 200 (29) 25 135
Steel, 0.6 %C HR 435 (63) 690 (100) 200 (29) 15 200
Steel, 0.8 %C HR 505 (73) 825 (120) 200 (29) 10 240
OQ 869 (125) 1240 (180) 200 (29) 2 360
Steel, 1.0 %C HR 570 (83) 930 (135) 200 (29) 10 260
OQ 965 (140) 1515 (220) 200 (29) 1 430
Cu, annealed 33(4.8) 209 (30) 125 (18) 60 –337
Cold drawn 330 (48) 344 (50) 112 (16) 14
Cu–5 %Sn annealed 150 (22) 340 (49) 90 (13) 57 33

HR hot rolled, CR cold rolled, OQ oil quenched. Units: MPa MegaPascals, psi pounds per square
inch, ksi 1000 psi

Fig. 3.17 a Schematic showing forged sword segments and clay coating ready for quenching. b
Cross section of final composite microstructure. (a Smith 1967; b Kapp 1987)
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In the Fe–C system, both ferrite (BCC Fe) and austenite (FCC Fe), as well as their
combined slow-cooled product phases, would typically have relatively low strength,
high toughness, and good ductility in comparison to martensite, which would have
very high strength but would be brittle (have low toughness). This is a problem
in material design. A swordsmith who desires to make a weapon that is both hard
(strong) and can absorb energy (tough) therefore usually faces an interesting dilemma
because these properties are incompatible. Today, a modern engineering approach
would be to try to produce an object that would have a “balance of properties.”
Indeed, that is exactly what ancient Japanese swordsmiths did when fabricating
Samurai swords. They would typically choose two different types of steel—a high
carbon steel for the cutting blade edge, and a low carbon iron for the massive back
of the blade. The forged high-carbon front piece would be inserted into a low-carbon
iron piece shaped like a channel and the two segments forged together. The composite
blade would then be coated with clay to thermally insulate the back part of the blade.
The blade was then heated and quenched to produce martensite only along the front
edge of the blade (Notis 2000) (Fig. 3.17).

References

Aitchison, L. (1960). History of metals, the seven metals of antiquity. (Vol. 1, Ch. VI, pp. 165–219).
New York: Interscience.

Boon, G. C. (1974). Counterfeiting in Roman Britain. Scientific American, 231, 120–129.
Cohen, M. (1937). Ageing phenomena in a silver-rich copper alloy. Transactions of the American

Institute of Mining and Metallurgical Engineers, 124, 138–157.
Forbes, R. J. (1950). Metallurgy in antiquity (Chap. VIII, pp. 231–271, and Chap. IX, pp. 272–289).

Leiden: Brill.
Ginzburg, D. (1989). Exploitation and uses of metals in ancient Israel according to biblical sources

and commentaries. Earth Sciences History, 8(1), 43–50.
Goodway, M. (1988a). Archaeometallurgy: Quenched high-tin bronze gong making—Part I.

Journal of Metals, 4(3), 36–37.
Goodway, M. (1988b). Archaeometallurgy: Quenched high-tin bronze gong making—Part II.

Journal of Metals, 4(4), 62–63.
Goodway, M., & Conklin H. C. (1987). Quenched high-tin bronzes from the Philippines.

Archaeomaterials, 2, 1–27.
Handy & Harman. (1914). The handy book: containing tables, rules and other information regarding

the working of the precious metals. New York.
Kapp, L. (1987). The craft of the Japanese sword. Tokyo: Kodansha International.
Keyser, P., & Clark, D. (2001). Analyzing and interpreting the metallurgy of early electrum coins.

In M. S. Balmuth (Ed.), Hacksilber to Coinage: New Insights into the Monetary History of the
Near East and Greece, (pp. 105–126). New York: American Numismatic Society.

Lianghui, Q. (1996). A preliminary study of the characteristics of metallurgical technology in
ancient China. In F.D. Fan, R.S. Cohen (Eds.), Chinese studies in the history and philosophy of
science and technology (pp. 219–241). New York: Kluwer.

Muhly, J. D. (1980). The bronze age setting. In T. A. Wertime, J. D. Muhly, (Eds) The Coming of
the age of iron (pp. 25–68). New Haven: Yale University Press.

Notis, M. (2000). The history of the metallographic study of the Japanese sword. Materials
Characterization, 45(4–5), 253–258.

Peckner, D. (1964). The Strengthening of metals. New York: Reinhold Publishing Corporation.



66 M. R. Notis

Smith, C.S. (1967). The interpretation of microstructures of metallic artifacts. In W.J. Young (Ed.),
Application of science in examination of works of art (pp. 20–52). Boston: Research Laboratory
of the Museum of Fine Arts.

Wallace, R. 2001. Remarks on the value and standards of early electrum coins. In M. S. Balmuth
(Ed.), Hacksilber to Coinage: New Insights into the Monetary History of the Near East and
Greece (pp. 127–134). New York: American Numismatic Society.

General References

Baker, H. (1992). Alloy phase diagrams (Vol. 3). ASM Handbook.
Callister, W. D., & Rethwisch, D. G. (2008). Fundamentals of materials science and engineering:

An integrated approach. Wiley.



Chapter 4
Metallography and Microstructure
of Metallic Artifacts

David A. Scott

What is Metallography?

Metallography is the application of microscopic techniques to sections or polished
surfaces of ancient metallic materials for the purpose of gaining information con-
cerning composition, microstructural components, extent of corrosion, or method
of fabrication. Metallography was first applied to archaeological materials in the
early decades of the twentieth century and has been of use to archaeologists ever
since. Comparatively few metallographic studies were published between the World
Wars, although the impact of such studies on archaeology became apparent in the
1940s–1960s through the publications of prominent scholars such as H. H. Coghlan
at the Borough Museum, Newbury, Berkshire, and, later, Cyril Stanley Smith at
Massachusetts Institute of Technology (M.I.T).

Metallography can help to inform us about the use and value of metallic materials
in the past as well as aspects of their extraction from ore and subsequent fabrication
into finished artifacts. The primary distinction to be made in a great number of initial
studies concerns whether the metal or alloy has been cast to shape, or whether it
has been worked and annealed to shape. Often, artifacts are selectively worked by
hammering to harden them. This kind of evidence may demonstrate technological
and sociocultural differences between metalworkers and metal-using societies as
they relate to production practices.

Metal objects may be plated or coated with other metals, which limits the extent to
which nondestructive analysis can be used to provide definitive answers. For example,
precious metal alloys such as silver–copper and gold–copper alloys are often finished
by surface-enrichment depletion gilding, or some other form of surface treatment.
In such cases, metallography provides further information and can determine, in
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conjunction with chemical analyses of the polished cross section, the technique used
to create the surface coating (see below).

Metallographic studies of early copper artifacts show more than just how objects
were shaped and worked. Such research is also the only way to really prove the
use of native (naturally occurring) copper instead of copper that was smelted from
ores. The transition from native to smelted metal marks an important stage in early
metallurgical development. Thus, metallography is an essential tool for answering
questions about the origins of complex metallurgy.

One of the most important applications of metallography is to ancient ferrous
materials. In Southwest Asia, the earliest iron artifacts were made from native (i.e.,
meteoritic) iron and later by the bloomery process in which the iron was never
really molten. With metallography, the researcher can determine whether the artifact
is made of native iron, whether it has been made of a number of pieces forged
together, whether the cutting edges have been quenched to harden them, or whether
the artifact is made of wrought iron from a bloomery process or a low-carbon steel.
In China, early ferrous materials were often made in cast iron; softer tools and
weapons could be fabricated by decarburizing white cast iron. Information relating
to these developments and the utilization of particular materials must be obtained by
metallography.

Finally, numerous questions relating to the authenticity of ancient metallic arti-
facts, particularly silver and bronze artifacts from uncertain contexts, can be answered
through metallographic methods in combination with elemental and isotopic data.
In cases of authenticity, it is often possible to adduce enough information from the
metallographic section to avoid the need for further studies. This is particularly true
in the case of ancient bronzes, where the extent of patina (corrosion) penetration and
the type of patina may be sufficient evidence to condemn the artifact as a modern
reproduction.

Sampling and Interpretation

Usually, a small sample has to be taken from the object under study in order to
carry out the metallographic examination. The artifact is often sampled by cutting
a small section with a jeweler’s saw and the resulting sample is then embedded in
a suitable mounting medium, such as Buehler© epoxide resin in a 1- or 1.25-in.
diameter casting mould. The orientation of the sample in the mould should be care-
fully noted, as different metallurgical or microstructural detail may be seen in a
transverse (or “cross-”) section as compared with a lateral section. The mounted
sample is then ground and polished using wet silicon carbide papers and diamond
powder suspension in water. When mounted samples are studied, the surface of the
metallic specimen should be examined first in the freshly polished state, followed by
etching with a suitable chemical reagent to draw out specific features in the metallic
structure through ‘selective corrosion’. In some etching techniques, there is no selec-
tive corrosion, but differential deposition of a complex chemical film on the surface
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of the sample, as in color or tint etching. In samples where the interface between
the original corrosion crust and the metal must be examined, it is important to study
them in the polished condition only. Etching may attack the corrosion crust even as
it reveals the metallic structure.

Examination of the polished section can utilize a number of scientific methods
that each provides different types of information. The reflected light microscope
(or metallograph) is the most common (and cheapest) method and can be used to
determine manufacturing techniques, degree of corrosion, and questions of authen-
ticity. The samples can also be placed in an electron microprobe (electron probe
microanalyzer, EMPA), scanning electron microscope (SEM), or studied with X-ray
fluorescence (XRF) techniques. All of these analytical methods provide information
about the composition of the metal and, more indirectly, about the methods employed
for the production of the metal(s) used to make that object (e.g., ore types, firing
temperatures, and alloying).

It is possible with large objects, or with the edges of coins, to polish selected areas
of objects in order to examine the metallographic structure in situ, in cases where it
may be impossible to cut or remove a section from the object. Microstructural features
may be selectively etched or preserved in corrosion on metallic surfaces, which
allows this technique to reveal micromorphology directly. One should remember
that a polished section is a two-dimensional view of a three-dimensional structure
and is only a small part of a larger (and internally heterogeneous) artifact. Thus,
supplementary techniques such as X-radiography can be employed to reveal the
internal structure of the entire object.

There are often severe restrictions on the quantity of metal which can be removed
from an artifact for metallographic examination, especially non-ferrous metalwork.
On the other hand, even a very small sample (smaller than a pinhead) can be mounted
and polished for examination, although great care has to be exercised at all stages
of preparation if samples are that small. It is obviously much easier to work with
larger samples although, by archaeological standards, samples the size of a pea can
be considered ‘large’, unless whole artifacts or substantial fragments are available
for sectioning.

There are a number of criteria that should be considered before any sampling is
undertaken:

1. What questions are you trying to answer with metallography? The nature of the
questions determines where you sample the artifact, how you mount the sample
in resin, and how you analyze the mounted section.

2. The microstructure of the samples should not be altered in the process of removal.
Thus, excessive heat or physical deformation of the object during sampling should
be avoided at all costs, as it will change the interpretation of the artifact.

3. The sample should be representative of the object as a whole, or should be selected
to study a particular feature or area of the object.

4. The location and orientation of the sample (in its dimensional relationship to the
artifact) should be marked on a photograph or a drawing of the object, as different
information is obtained from observing different sections.
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5. The sample should be assigned a unique laboratory number together with
sufficient documentation to enable its identity to be preserved.

6. The object should be photographed or drawn before the sample is taken. This is
especially important if the dimensions of the object are fundamentally altered by
the material removed.

The range of features that may be observed in prepared metallographic sections is
variable and depends upon the type of specimen examined and how it is prepared.
Details not apparent in the freshly polished state or even after using one etchant may
become visible only after another reagent has been employed (which often requires
an intermediary return to the grinding and polishing wheels). The following are some
of the major microstructure features that can be examined:

1. The range, size, and shape of grains present. Their size can be compared with
an eyepiece marked with grain sizes for comparison or with American Society
for Testing Materials (ASTM) standard grain size numbers. This sort of data
informs us about the fabrication of the artifact (e.g., how intensively the object
was hammered before annealing).

2. The presence of different phases, which can be observed either in the corrosion
crust or in the metal. This can give us an indication of the ores used to smelt the
original metal, the amount of alloying agents added to the base metal, and even
how fast the molten metal was cooled (e.g., in an insulated mold or quenched in
water).

3. Gross heterogeneity or differences between various areas of the sample. This is
important for determining native versus smelted copper, the level of sophistica-
tion with which early metalworkers cast metal artifacts, and areas of intensive
surface hardening (e.g., working edges of tools).

4. The distribution of inclusions, slag particles, or porosity in the artifacts, which
can tell us about the metal refining and casting processes (e.g., in air or under
reducing conditions) and sometimes about the direction of hammering due to
porosity/inclusion alignment.

5. The presence of any surface coating or gilding. Careful examination at high
magnification is necessary to establish the presence of surface treatments that
may have corroded or eroded away from macroscopic view.

6. The distribution of any corrosion products present and the existence within
corrosion layers of pseudomorphic remnants of grain structure (i.e., grain
shapes preserved as ‘ghosts’ in the corrosion) or other microstructural features
(e.g., layering).

7. The presence of twin lines (or “annealing twins”) within the grains and whether
these twins are straight, curved, or bent. In metals such as copper, silver, and
gold alloys, these twins result from the repetitive hammering and annealing of
artifacts, thus providing indications of manufacturing techniques.

8. The presence of strain lines (or “slip lines”) within the grains. These features
are common in copper and copper alloys and result from excessive hammering
without a following annealing step.
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9. Whether dendrites (a structure which is common in cast alloys and which may
look like an intersecting snowflake pattern) show indications of coring, and the
approximate spacing, in microns, of the dendritic arms (if these are clearly visi-
ble). These data inform us about the speed at which the cast alloys were cooled.

10. The presence of intercrystalline or transcrystalline cracking in the polished
section, which tells us about the mechanical properties of the alloy and the
manufacturing techniques used to make the artifact (e.g., high-tin bronzes will
crack under excessive hammering without annealing).

Metallographic studies should be integrated as far as possible with contextual data,
provenance, chemical composition, and technology of manufacture to extract the
maximum amount of information from the removal of a single, small sample from
an artifact.

Phase Diagrams

One of the most useful aids to the study of ancient metals is the equilibrium dia-
gram, also called the phase diagram. Since many alloys are mixtures of two or three
different components, phase diagrams are used to plot temperature against compo-
sition and to map out the different phases which occur at varying compositions or
temperatures in the system concerned. Alloys do not have a particular melting point;
they soften and pass through a pasty stage between temperature zones shown on the
phase diagram as solidus and liquidus curves. The solidus is the line in the phase
diagram that separates the pasty stage of the alloy (usually a mixture of solid and
liquid—think of “slush” as opposed to water or ice), from the completely solid alloy
(found in temperatures below the solidus line). The liquidus is the line on a phase
diagram that shows the temperature at which the alloy begins to cool (i.e., solidify)
from the melt. The boundary region between these lines can be narrow or broad. In
some alloys of importance in antiquity, such as copper–tin or gold–copper–silver,
there is considerable separation between liquidus and solidus curves. This separa-
tion exacerbates the difficulties of attaining equilibrium cooling conditions from the
melt (i.e., achieving a homogeneous metal alloy), thereby enhancing the segrega-
tion effects that can be observed in these alloys. Metastable phases (or regions of
compositional variation) may remain within the alloy for thousands of years.

A simple example of a phase diagram is that of the silver–copper system as shown
in Fig. 4.1. Copper and silver are not very soluble in each other and form a phase
equilibrium where there is a small amount of silver dissolved in copper at one end
of the diagram (the alpha phase), and another phase of a small amount of copper
dissolved in silver at the other end (the beta phase). Much of the phase diagram is
taken up with a two-phase field called the eutectic, which is a mixture of the alpha
and beta phases. This results in a whole series of different alloy types in the silver–
copper alloys (Scott 2011). Copper and lead, in contrast, are mutually insoluble at
room temperature. They will mix together in a melt but rarely will they stay together
in a homogenous solution (similar to mixing vinegar with oil to produce a temporary
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Fig. 4.1 The silver–copper equilibrium diagram (after Scott 2011). The solidus line is the straight
line running horizontally across the diagram at 780 ◦C. The liquidus lines are the two upper sloping
lines which intersect at 71.9 % silver. The α + β phase below the solidus line is solid. The L phase
above the liquidus lines is liquid. The α + L and β + L phases between these lines is a pasty or
“slushy” intermediary phase

vinaigrette that must be shaken constantly to remain in solution). For example, if a
copper–lead alloy is left to cool too slowly, the resulting metal will be weakened by
large globules of lead that separate out of solution. Copper–silver alloys do not have
this problem.

To the left of this diagram is pure or nearly pure copper (“α”; melting point of pure
copper: 1084.5 ◦C) and to the right, pure or nearly pure silver (“β”; melting point of
pure silver: 961.93 ◦C). When copper and silver are mixed together, the alloy system
creates a low melting-point eutectic (“α+ β”) at temperatures below 780 ◦C, i.e., far
below the melting point of the two pure constituents (thereby explaining one of the
main benefits of alloying metals). This eutectic will have a composition of roughly
71.9 wt%Ag and 28.1 wt% Cu at 780 ◦C, which is the “eutectic point” at which liquid
metal will cool instantly to the solid phase without an intermediary pasty or “slushy”
stage. Under ideal conditions, the system will always move toward the eutectic point.

For example, let us say that you have a molten alloy with 30 wt% silver and 70 wt%
copper. As the melt cools, metal will begin to solidify (into the pasty “α + L” phase)
at the liquidus line (around 950 ◦C, in this case). What crystallize first, however,
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Fig. 4.2 Photomicrograph of
a cast laboratory
copper–silver ingot with a
composition close to the
eutectic point. Slow
movement toward
equilibrium in this binary
system (i.e., slow cooling
times) resulted in copper-rich
dendrites (brown) surrounded
by the eutectic mixture (blue),
which consists of the α and β

phases as a fine interlaced
mixture. Etched in potassium
dichromate, × 260

are dendrites containing 70 wt% Cu and 30 wt% Ag. This solidification obviously
removes more copper from the melt than silver, thereby changing the composition
of the remaining melt to something more like 32 wt% silver and 68 wt% copper.
Changing the composition of the melt also changes its cooling point on the liquidus
line—in this case, shifting it to the right, thereby lowering the melting temperature.
As more metal crystallizes out of solution, the molten alloy will ‘slide’ down the
liquidus line towards the eutectic point. Once the alloy goes below 780 ◦C, the entire
melt is now solid. What you see in the microstructure, then, are dendrites of varying
compositions (in this hypothetical case, with Ag:Cu ratios ranging from 3:7 to 7:3)
surrounded by a matrix of eutectic (i.e., metal with a composition of 71.9 wt% Ag
and 28.1 wt% Cu). This sort of microstructure can be seen in Fig. 4.2.

In contrast to the example shown in Fig. 4.2, alloys which are high in silver, such
as a typical sterling composition silver (about 8 % copper and 92 % silver), will form
only small areas of the eutectic mixture with large dendrites of silver-rich β phase.
The same kind of structure is found at the copper-rich end of the phase diagram, with
copper-rich α dendrites surrounded by a small matrix of the α+β eutectic. However,
in ancient silver alloys (which may or may not be remelted for casting), this kind
of ideal structure may be overshadowed by metastable copper within the silver-rich
grains that gradually segregates out of solution over the millennia. Such metastable
copper can appear due to quenching of silver alloys during working (thereby freezing
the metal into metastable alloys) or due to dendritic segregation, in which the initial
dendrites are just flattened out by hammering into thin stringers and never actually
disappear from the microstructure.

In most of these equilibrium diagrams, we talk about a phase. A phase is usually a
component of variable composition which occurs within set boundaries of variation
in terms of composition and temperature. For example, the alpha phase in the copper–
tin system may contain as much as 14 % of tin and still be a homogeneous single
phase. More commonly, if the alloy is not thoroughly annealed, the amount of tin
which enters into solid solution with copper in the alpha phase is variable and usually
between 5 and 8 wt% Sn. The remainder forms what is called a “eutectoid phase,”
which in the bronze system arises from the decomposition of a higher temperature
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Fig. 4.3 Photomicrograph of a section through a face stud from the site of La Compaia, Los Rios
Province, Ecuador, dated to about the tenth century AD. On the left-hand side is the as-cast dendritic
structure of the spherical ball of silver–copper alloy used for the head. To the right is the worked
and annealed structure of the shaft of the face stud, which has been joined by depressing the worked
shaft into the heated ball of the head. Corrosion (gray, in middle) has occurred extensively at the
join area. Unetched, × 220

Fig. 4.4 Linear Elamite silver
bucket dated to about 2000
BC. The inscriptions on this
very rare artifact cannot be
read, which has led scholars
to suggest that the bucket is a
forgery. (Photograph courtesy
of Pieter Meyers, Los Angeles
County Museum of Art)

phase (which is why it is called a eutectoid rather than a eutectic). Dendritic growth,
which is a form of compositional segregation during cooling, tends to dominate the
world of ancient castings. Once formed, the segregation caused by dendritic growth
is hard to eliminate, even by extensive working and annealing to shape (see Fig. 4.3).

Many silver objects were made with deliberate but small additions of copper, these
alloys frequently having 1–6 % of added copper. If the copper additions are sufficient,
some of the copper is kept in metastable solid solution with the silver during working
and annealing. The result is a slow precipitation of the copper over long periods of
time, resulting in the grain boundaries of the silver becoming displaced and forming
small meanders in the solid. This is due to the discontinuous precipitation of copper
at the grain boundaries, and is good evidence of age. A nice example of this is shown
in Fig. 4.4, which is a Linear Elamite-inscribed silver bucket originally from southern
Iran now in the collections of the Los Angeles County Museum of Art. This bucket
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Fig. 4.5 Microstructure of the Linear Elamite silver bucket, showing cracking through some of
the grains due to corrosion and weathering. Occasional twinned crystals suggest working and
annealing. More importantly, discontinuous precipitation of copper at grain boundaries (visible as
thin black lines strung out horizontally across the sample) results in the meandering boundaries seen
here and provides nearly incontrovertible evidence of authenticity. Etched in acidified potassium
dichromate, × 270

of uncertain provenance was dismissed by many art historians as a fake, given that
there is practically no corrosion and Linear Elamite inscriptions are rare and not well
understood.

However, metallographic analysis of a section from this bucket demonstrates
the classic discontinuous microstructure shown in Fig. 4.5. There can be no doubt
whatsoever that this bucket is authentic.

Case Studies

Melting and Casting

Metallic materials can be deformed by hammering (“plastic deformation”) or they
can be melted and cast into shape. The temperatures attainable with an enclosed
charcoal fire or a wood fire with forced draught are generally high enough to melt
most of the metals and alloys used in antiquity, with the exception of wrought iron
and platinum (neither of which were used from the molten state). On a microscopic
level, casting of most metals produces a segregation (or “compositional separation”)
of different alloy components of the melt as they freeze or solidify out of the cast
state. Dendritic segregation, in which small fernlike growths solidify out of the melt
and grow toward each other until the liquid metal is consumed (i.e., the metal is now
entirely solid), is the most common form of compositional separation as a result of
casting.

A fine example of dendritic segregation can be seen in a tin–bronze dagger handle
from Luristan, Western Iran, containing about 17 wt% tin (Fig. 4.6). Due to differen-
tial freezing temperatures among alloys of varying compositions, the primary alloy
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Fig. 4.6 Photomicrograph of a tin–bronze dagger handle from Luristan, Western Iran, dated to
ca. 1500 BC, which shows a fine cast structure of the handle with about 17 % of tin. The metal is
heavily cored between low-tin (redder) and high-tin (whiter) phases and contains twinned crystals of
redeposited copper as a result of corrosion. Color etched in lead thiosulfate to reveal the segregation
in the cored alpha phase, × 280

tends to solidify in these snowflake-like patterns, pushing extra components of the
metal to the background areas around the resulting dendrites (white and black phases
in Fig. 4.6). Among the dendrites and background matrix, twinned crystals of rede-
posited copper can be seen (e.g., bottom left of Fig. 4.6). Redeposited copper often
appears in ancient copper and bronze alloys because of the breakdown of copper due
to environmental factors in deposition. The loss of the tin-rich phase may be another
reason why copper redeposition occurs in this bronze.

Etching the polished surface of a metallographic section is necessary to look for
evidence of casting structures, although in some cases it is too destructive to the patina
to use an etch if the corrosion crusts must be examined. It should be mentioned that in
addition to dendritic segregation, so-called “inverse segregation” may also occur in
ancient metals. This phenomenon, in which the lower melting point constituent, such
as tin or arsenic is preferentially forced to the outside surface of the casting, is partic-
ularly common in copper alloys. For example, “tin sweat” occurs in tin bronzes when
tin-rich liquid, which is the last phase to solidify, moves through copper-rich solidi-
fied dendrites to form a whiter surface enriched in tin at the expense of the bulk alloy.

Hammering and Annealing

One of the most common applications of metallography in archaeology is to de-
termine the manufacturing techniques used to make metal objects in the past. As
discussed in the chapter by Notis in this volume, the plastic deformation of metals
through hammering and annealing (or simply hot working/forging) causes a number
of changes to the internal structure of the metals. These microstructural features,
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Fig. 4.7 Section through a tin–bronze flanged axe from Ireland dated to 1700 BC and containing
roughly 8 wt% tin. The recrystallized grains show annealing twins, while crystals of redeposited
copper appear blue as a result of corrosion. Strain lines, just visible on the edges of the image, occur
as a result of the slip of crystal planes over one another in the bronze. Color etched in acidified
thiosulfate, × 320

such as dendrites, grain boundaries, annealing twins, slip/strain lines, and so forth,
can be observed and documented using only metallographic methods.

An example of a copper alloy that has been cast, cold worked, and annealed is
shown in Fig. 4.7. The section was taken from an Early Bronze Age flanged axe dated
to about 1700 BC from County Clare, Ireland. Although the flanged axe was cast in
an open mold and might be expected to show a dendritic structure, these Bronze Age
axes were often finished by hammering and annealing of the cast form to shape the
final product. When an annealed object with twinned grains is cold worked, the twin
lines become deformed and will no longer appear straight. This is indicative that the
final stage of fabrication was cold working. Additional features that indicate a final
cold-working step after annealing include strain lines, which may be visible in the
metal after etching.

Quenching of Bronze Alloys

For low-tin bronzes, rapid cooling (such as quenching the hot metal in water) affects
the extent of dendritic growth, but the overall effects upon the microstructure and
mechanical properties of these bronzes would be slight. However, if the tin content
is raised to around 20 %, then some of the higher temperature phases present in
the copper–tin phase diagram (see figures later in the chapter) can be retained by
quenching, producing an alloy with very different working properties than the cast
equivalent. If such high-tin bronzes are used to produce mirrors or decorative vessels,
then the mechanical differences are not so important for the functional use of the
object. These differences become significant if the object is finished by turning on
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a lathe or if it has to be cut and decorated after casting. Then the advantages of
quenching these bronzes become apparent because the alloy is considerably less
brittle in the beta-phase region and can be turned on a lathe or hot worked, which the
high-tin alloys can usually never be. The beta bronzes allow metalworkers to produce
slivery-colored alloys with high-tin content, without the brittleness associated with
bronzes of the same composition which have been allowed to cool slowly, resulting in
a microstructure of alpha + (alpha + delta). Such alloys have no ductility whatsoever,
and if dropped on a hard surface, they will shatter into pieces, breaking along the
delta phase. Quenching suppresses this microstructure completely.

Two versions of the copper-rich end of the copper–tin phase diagram are shown in
Fig. 4.8. The left-hand view shows what the lower tin-content alloy phases would be
at full equilibrium under normal casting conditions, while the right-hand view shows
the typical limit of the alpha solid solution under different casting conditions. If the
bronze is cooled more quickly, as in chill casting, there is less of the alpha phase and
more of the alpha + delta eutectoid, while if it is cooled more slowly, more of the tin
is taken into solid solution with the copper, and the field of the alpha phase expands
to incorporate more tin and less eutectoid.

An example of the microstructural effects of quenching is shown in Fig. 4.9, part
of a high-tin bronze bowl (22.7 wt% Sn and 76.2 wt% Cu) from the site of Ban Don
Ta Phet, Thailand, dated to about 100 AD. Examination of the etched section shows
the presence of some alpha-phase copper-rich grains, which occur in areas with
specific orientation as well as in a random scatter, showing that the metalsmiths were
aiming for a specific composition which had a combination of mechanical toughness,
high hardness, and a lustrous surface. The technological process was therefore very
sophisticated and was dependent on being able to cast an initial alloy with very
closely defined composition parameters. If the tin content was too low, around 18 %
the beta phase would not form, and if the tin content was too high, the mechanical
properties of the alloy might not be so amenable to turning on a lathe or hot working
followed by quenching. The fact that the microstructure consists of a mixture of
twinned alpha grains with an acicular infill of beta needles argues for the mechanical
benefits of the intimate mixture of the two phases in improving workability from the
quenched state. The alpha grains are softer and can act as stress-relieving areas or
as softer components of the structure which allow for the manipulation of the alloy
by hot working more readily or by acting as areas of softer metal for turning on a
lathe to finish part of the surface decoration. The relationship between technological
process and alloy composition in this case is a very precise and well-controlled
one. Analysis of some of the background phases even allows us to reconstruct the
temperature of the bowl when it was quenched. This give us important information
about what the ancient metalworker was trying to accomplish, as quenching high-tin
bronzes at different temperatures will result in metals with very different properties.
The sophisticated metallurgy of these bowls would be impossible to unravel without
metallographic investigation.

In some metals, such as tin bronze, gold alloys, and iron alloys, there may be
advantages to quenching the alloy from a high temperature. These benefits include
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Fig. 4.8 Partial versions of the copper–tin phase diagrams showing a the full equilibrium view of
the extent of alpha solid solution and b the actual extent of solid solution depending on casting
conditions. (Redrawn from Scott 2011)

either retaining certain phases which are only present at high temperatures, or pre-
venting lower-temperature phases from forming, which might lead to embrittlement.
Thus, many gold alloys are quenched to prevent ordering reactions from occurring.
Ordering reactions result in the formation of compounds with fixed composition
which behave more like minerals than metals. They have very limited ductility and
are responsible for cracking and hardening of some alloys over time. These order-
ing reactions produce phases of fixed composition such as AuCu, which have rather
limited ability to be deformed by hammering or working, and which can result in
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Fig. 4.9 Section of a high-tin bronze bowl from the site of Ban Don Ta Phet dated to about 100
AD with a composition of 22.7 wt% tin and 76.2 wt% copper. The beta-phase needles appear straw
colored and the copper-rich alpha-phase grains appear red. Twins in the alpha phase can just be
seen, showing that the bowl has been hot worked from the beta region. Color etched in Klemm’s
number 2 reagent, × 280

cracking of the gold alloy on working. Hence, in this case, quenching makes the
metal softer and less brittle, while many steels are quenched to form martensite
(a high-temperature phase), which makes them harder and brittle; therefore, the
technological processes associated with quenching have to be tailored for the alloy
concerned.

Surface Treatments

Metallic artifacts are often not what they pretend to be, but are treated on the surface
to look like a different metal (e.g., gold or silver plating). Figures 4.10 and 4.11
show the microstructure of a bronze belt buckle from the Han Dynasty of China, the
surface of which was dipped in metallic tin (known appropriately as “tinning”). The
common metallic phase which results from many of these tinned surfaces is the so
called η phase, which has a composition of Cu6Sn5, rather than metallic tin per se.

Many different kinds of surface treatments and coatings have been developed in
different cultures for different purposes. Figure 4.12 shows a section of a Roman
coin of Augustus, plated with a silver–copper alloy, which is then treated to create a
silver-enriched layer on the surface. The plating of the silver–copper alloy could be
carried out either by a dipping process or by the application of silver–copper filings
to the surface followed by heating (“fusing”) in place.

Another example is a Parthian silver rhyton in the collections of the J. Paul Getty
Museum that has been gilded, although this time the base metal is silver. The lion
rhyton is shown in Fig. 4.13: a masterpiece of ancient silver working.
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Fig. 4.10 Section through a
Han period Chinese belt
buckle showing that the
surface has been tinned. The
very white phase near the
outer surface is metallic tin,
followed by the grayish eta
(η) phase, the whitish epsilon
(ε) phase, and the (α + δ)
eutectoid phase before the
low-tin bronze of the cast belt
buckle is reached.
Unetched, × 460

Fig. 4.11 Photomicrograph
of a tinned Han belt buckle
showing the essentially cast
matrix of the buckle. Note the
presence of a few annealing
twins toward the outer, tinned
surface, showing that some
working and annealing has
been employed to shape the
surface before the application
of the tin. Color etched in lead
thiosulfate etchant, × 150

Fig. 4.12 Etched view of a
Roman bronze coin of
Augustus, showing silver
fusion-plated over leaded
copper. The silver coating is
close to a eutectic mix to
prevent melting the coin when
applied. Etched in alcoholic
ferric chloride, × 280

A section was taken from a small break under the body of the rhyton and the
extent of the gilding investigated. The gold foil is quite thick and has been applied by
diffusion bonding of the foil to the underlying silver, as seen in Fig. 4.14. Diffusion
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Fig. 4.13 Lion rhyton in the
collections of the J. Paul
Getty Museum, Parthian first
century BC. The lion is also
decorated with garnets.
(Photograph by David A.
Scott. Also by courtesy of the
J. Paul Getty Museum at the
Villa, Malibu, California)

Fig. 4.14 Gilded silver
rhyton in the collections
of the J. Paul Getty Museum,
showing thick gold foil
and the characteristic
cracking and discontinuous
precipitation of the silver
grains. Etched
in acidified potassium
dichromate, × 320

bonding is the application of a metal coating to a substrate, with careful heating to
bond the two metals together. The two different metals will diffuse into each other
at different rates, but produce a bond which is metallurgical and not mechanical,
as the hammering of a gold foil over silver would be. The metallurgical bonding
achieved by diffusion bonding is much more permanent than those bonds achieved
by mechanical methods because in the mechanical attachment there are no permanent
metallic bonds created by the union of the two components.

In pre-Columbian South America, the preferred surface treatment technology was
“depletion gilding”, in which gold–copper–silver alloys (“tumbaga”) are pickled in
plant or other corrosive substances to leach out most of the copper. Silver is not
removed in this process as the plant juices cannot complex with the silver. This
process leaves a gold-enriched surface on an artifact that may only contain 15–20
wt% of gold, but which appears to be solid gold on the surface. An example of this
technique from Panama is shown in Fig. 4.15, where the thin, spongy, gold-enriched
surface was burnished to create a flat, golden surface (with only about 25 wt% gold
content) over the artifact.
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Fig. 4.15 Photomicrograph of a fragment of a sheet gold ornament. It is a tiny fragment (so the
nature of the original artifact is not known) from excavations at the site of Sitio Drago, Panama, dated
to about 1100 AD. This golden-colored artifact was shown through metallography to be a depletion-
gilded gold–silver–copper alloy with heavy corrosion under the gilded surfaces. The striated interior
structure of the tumbaga fragment was caused by heavily working the metal into a thin sheet, leading
to some dendritic segregation of the different components of this ternary alloy, which are strung
out along the length of the sheet as a result of the working and annealing process. Subsequent
corrosion beneath the depletion-gilded surfaces has exaggerated the compositional differences.
Unetched, × 180

In Peru, different techniques of surface treatment were employed, using mineral
pastes capable of removing both copper and silver from the surface of the artifacts.
Metallographic examination of these surface-treated alloys is essential for the proper
identification of the materials used and interpretation of the technological processes
used in their manufacture.

Corrosion

Examination of corroded sections is often an essential component of authenticity
studies of antiquities, and metallographic studies are crucial to this process. In copper-
base alloys, the presence of cuprite (Cu2O) within the corrosion crust and the degree
to which cuprite has penetrated into the metal are both indicators of authenticity. For
example, a series of bronze plaques that were supposedly found in the Fayum region
of Egypt have appeared in a number of museums (see Fig. 4.16). If authentic, these
plaques are important because they are inscribed with some of the earliest Greek
writing known to scholars.

Metallographic examination of this plaque (Fig. 4.17) reveals a clear cuprite layer
between the copper-base metal and the malachite-base corrosion (i.e., patina). This
sequence of layers as seen in the photomicrograph is generally a good indication of
authenticity.
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Fig. 4.16 Greek plaque
reputedly found in the Fayum
region of Egypt and dated to
the ninth century BC based
upon the inscription. The
plaques, of which five
probably existed, preserve
one of the earliest versions
of the Greek language.
(Photograph courtesy of
Professor Bruce Zuckerman,
University
of Southern California,
Department of Religion)

Fig. 4.17 Cross section of the Greek copper plaque from Fig. 4.16, showing the presence of a good
red cuprite layer overlaying twinned and recrystallized grains of worked copper. The red cuprite
layer is overlain by a complex, principally malachite corrosion layer incorporating mineralized
wood fragments, dirt and other mineral grains, and charcoal fragments. Etched in alcoholic ferric
chloride, × 340

Iron and Steel

The first iron materials used by man were meteoritic, which had fallen from the skies
and could be picked up as small pieces or laboriously broken off from larger masses
of iron. The problem with the use of meteoritic iron was that it contained a substantial
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Fig. 4.18 Polished and
etched photomicrograph
of a meteorite from the
Gibeon, Great Nana Land,
Namibia, showing part of
the complex structure of
this iron–nickel alloy.
The phase called taenite
here etches a yellow color,
while kamacite is blue. A
plessite field can be seen in
the crosshatched pattern
toward the bottom of the
picture. Color etched in
Klemm’s number 1
reagent, × 230

amount of nickel and often carbon as well, resulting in an incredibly hard material
which could not be molten and could only be shaped by hammering with considerable
difficulty. Figure 4.18 shows a color-etched interference-tint photomicrograph of a
meteorite from the region of the Gibeon, Great Nana Land, Namibia, where large
falls of small pieces of meteoritic iron resulted in their use for jewelry and personal
adornment at an early date. The metallographic image shows part of the structure of
the meteorite with iron-rich phases in pale yellow and the iron–nickel alloy in dark
blue, with a fine precipitate under the blue laths in the picture being a precipitate of
one iron–nickel phase in another. This is the unworked microstructure of the different
phases in the meteoritic iron.

Iron and low-carbon steel alloys, particularly in theWestern tradition, were usually
produced from bloomery iron, which means that they have never been molten or cast
(instead exiting the furnace as a spongy, slaggy mass that must be refined through
forging). Bloomery iron artifacts are often made from small pieces of iron/low-carbon
steel welded together to create the finished object. As a result, weld lines, enrichment
zones, phosphoric iron, and low-carbon steel areas may all be present in the same
object. A typical wrought-iron/low-carbon steel, albeit from a twentieth-century
sculpture (“Night Presence II” in San Diego), is shown in Fig. 4.19. Examination
of the section reveals a “Widmanstätten” structure. This structure arises from the
decomposition of a solid solution phase at a higher temperature into two distinct
phases at lower temperatures. So here, the higher-temperature austenite solid solution
decomposes on cooling into alpha grains of iron and an infill of the eutectoid phase
of alpha iron (ferrite) and cementite, known as pearlite, because iron of the eutectoid
composition fractures with a pearly luster if the carbon content is about 0.8 %.

The carbon content of early iron artifacts may be variable too, most being made
of low-carbon steel with less than 0.8 % carbon (often much less than that). Steels
may have up to 1.2 % carbon, the 0.8 % level being the eutectoid, known as pearlite,
which is a fine mixture of ferrite and cementite. Ferrite is essentially pure iron, while
cementite is a compound of fixed composition (Fe3C). Phases of fixed chemical
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Fig. 4.19 Section of the
sculpture “Night
Presence II” in San Diego,
showing corrosion
penetration and the jagged
structure of the low-carbon
steel used to fabricate it.
The use of this
heterogeneous low-carbon
steel has resulted in
extensive corrosion failure.
Etched in 2 % nital, × 450

Fig. 4.20 A hypereutectoid
steel Wootz cake from the
Deccan region of India
showing a very clean iron
microstructure with no slag.
The carbon content is about
1 % and the microstructure
has a mixture of cementite
needles and finely-spaced
pearlite, here etched a dark
brown in Klemm’s
number 1 reagent, × 300

compositions such as cementite are usually hard but lack ductility. The great vari-
ation in the microstructure of steels, depending upon heat treatment and alloying
components, causes the microstructure of steels to be especially revealing of tech-
nological processes. An example of a high-carbon steel is shown in Fig. 4.20, from
the Deccan region of India. This Wootz steel ingot was made in a crucible during the
eighteenth century AD and is effectively a cast product. The long white needles in
the photomicrograph are of cementite and the background is of pearlite.

Quenching wrought iron has little effect upon the working properties of the metal.
However, with a more significant carbon content (0.3–0.7 %), it was soon appreciated
that quenching could produce a much harder alloy. By quenching a forged iron blade,
a much stronger edge could be achieved.

Cast iron was manufactured in China long before the Western world was able
to produce it. Chinese metalsmiths excelled in the production of white cast iron, in
which the excess carbon is taken up as cementite rather than graphite. An example
of a Chinese cast hoe is shown in Fig. 4.21. The carbon content of this cast iron is
about 3.5 %, and it is a white cast iron. The principal problem with Chinese cast iron
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Fig. 4.21 White cast-iron hoe
from the Gansu region of
China, Warring States
Period. The structure shows
primary laths of cementite
(the long white phase)
with proeutectoid pearlite
(the straw-etching phase)
and patches of the eutectic
ledeburite (the structure
with a series of fine holes).
Etched in 2 % nital, × 340

was that, unlike the wrought iron and low-carbon steel used in the West, the carbon
content of cast iron has to be reduced in order to make useful tools and weapons.

The process of decarburization, that is, the deliberate loss of carbon as a result
of heating in air, can be used to reduce the carbon content of cast irons or high
carbon steel, to make a softer product, especially since cast irons are very brittle.
Decarburization was often used to make iron artifacts of lower carbon content out
of cast iron. When high-carbon steels or cast irons are heated to high temperature
and a blast of air applied to the melt, some of the carbon content is oxidized, the
brittleness associated with the higher-carbon cast iron is lost, and the whole mass
begins to solidify as the carbon is reduced. This is the process of decarburization.
The Han sword section shown in Fig. 4.22 is unusual in that it appears to have
been hammered from bloomery iron. Extensive segregation bands (in copper and
nickel) have resulted from the making of this sword, probably as a result of a series
of folded laminations from a hammered-out bloom of iron. These laminations are
also typical of low-carbon and phosphoric iron from the West, but here the Chinese
example is very much cleaner with practically no slag inclusions and has a carbon
content close to that of the eutectoid composition at 0.8 % carbon, which is a high-
quality carbon steel product. As the iron in the West was produced in the bloomery
process, it was never fully molten and the mass of material that was worked up by
the metalsmith included unreacted ore, glassy slag waste, and heterogeneous iron
lumps. With forging, the impurities were mostly removed with some slag occurring
as stringers within the worked bloom. Phosphoric iron results from the use of iron
ores containing phosphorus, so that some of the phosphorus is present in the smelted
iron bloom and causes a number of changes in properties of the iron, some of which
are beneficial. For example, phosphoric iron may be harder and take a better edge
than pure wrought iron. Since most of the iron of the ancient world was produced
in the bloomery process, the iron needed to be heated to red heat and hammered out
to consolidate it, removing in the process most of the slag, but some iron artifacts
retain a lot of slag stringers within the finished object. Slag, usually the glassy mineral
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Fig. 4.22 Microstructure of a Han Dynasty sword blade from Gansu Province, China, showing a
finely laminated structure as a result of folding and working of the hypereutectoid steel used to
make this blade. The white bands are enrichment zones (usually at weld lines) of copper or nickel.
The number of parallel laminations probably results from the folding of the iron over and over again
to create this type of microstructure, often seen in low-carbon steel blades in the West. Etched in
2 % nital, × 160

fayalite in ferrous materials, cannot recrystallize on working of the iron and becomes
elongated and flattened during hammering into stringers.

Summary

Metallography is the science of the examination of metallic materials employing
optical microscopy or SEM to investigate structure and composition of the polished
surfaces of the object. Metallography is an indispensible tool in the study of ancient
metals and the by-products of metallurgical processes. It can tell us a great deal about
the process of fabrication of ancient metals and alloys, revealing casting, cold work-
ing, annealing, heat treatments, alloying, and quenching. Metallography can reveal
the nature of surface coatings, gilding, silvering, or other forms of surface treatment.
The extent of corrosion, deterioration, or aging of alloys can also be investigated.
The future of metallography includes the increasing use of nondestructive techniques
to probe inside the structure of metals without the need to remove a sample, as well
as new methods of nanoscale analysis which will enhance the interpretation of mi-
crostructure of ancient materials. Conventional metallography will continue to be
an important part of a comprehensive study of metallic materials from a culture or
excavation and it should always be incorporated in comprehensive site reports and
publications. The use of digital file sharing will mean that many color images of
microstructures can be studied in the years to come, without the current restrictions
on the use of color in published books, which has always acted as a hindrance to the
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full appreciation of the metallography of ancient metals. Continued progress in the
study of ancient metals reveals to us the often complex nature of the metallurgical
developments which took place in different periods and cultures: metallography has
a central role to play in understanding how societies manipulated materials and made
choices as to how their technology was going to be developed or utilized. The exam-
ination of cross sections of ancient artifacts is especially important in heterogeneous
materials, such as early wrought iron and steel, in which metallography can reveal
so much concerning the fabrication history of the artifacts and the kind of alloy
chosen for use and is important in the study of coated or gilded materials where a
bulk analysis will not reveal the nature of the interior of the artifact distinct from the
surface zones, which may be of very different composition. Aspects of authenticity
in terms of the extent of corrosion, discontinuous precipitation, or type of corrosion
are important components of the study of ancient metals, especially bronzes, and in
the case of embrittled alloys, such as ancient silver.
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Chapter 5
The Investigation of Archaeometallurgical Slag

Andreas Hauptmann

Introduction

Since the Late Neolithic Period in the Old World, metallurgical slags have been rela-
tively common on archaeological sites alongside pottery, metal artifacts, flint/chert,
bones, and charcoal. Therefore, they form one of the most important types of archae-
ological remains, and we must ask what kind of information we can take from them.
While finds such as pottery and metal artifacts are usually classified by the naked
eye according to typological features, the most important information from slag can
be obtained only by scientific analysis. Therefore, archaeologists and scientists are
forced to cooperate in order to answer questions about ancient technological behavior.
The investigation of ancient slags requires a closer look into the micro-composition
of the materials, as they result from technical processes which, depending on time
period and from region to region, vary considerably in their shape and design. A
classification according to macroscopic features may help in many cases, but the
conclusions we can draw are limited. To decipher the history of slags—e.g., the kind
of ore from which they originated, their formation by high-temperature processes,
the technological skill of ancient metallurgists, and the social and technological
behaviors they preserve—we depend on mineralogical and chemical analyses.

The modern definition of slag states that metallurgical slag consists of silicates
consisting of silica (SiO2) and various oxides (e.g., CaO, Al2O3, P2O5, MnO, FeO,
and MgO) formed during the smelt. These silicates result from the gangue of the
ore’s host rock (i.e., from the parts of the rock that are not metal bearing (“ore”),
such as quartz or feldspar) and from added fluxes (i.e., materials added to improve
the smelting process). In the ideal smelt, the metal is almost completely separated
from the slag. Due to its lower density, slag forms a layer on top of the metallic phase
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Fig. 5.1 The metallurgical chain from ore to metal offers information in a double sense: it shows
the chaîne opèratoire of human activities within metal production, and it provides information on
the material transformations during metallurgical operations. Slags are mainly formed by smelting
ores or by melting metal (e.g., by casting, alloying, or refining processes)

and solidifies in many cases into a glassy mass. Slag, therefore, is a waste product
and generally remains in the locality where it was formed.

The modern definition of slag can be applied to archaeometallurgical slags as
well, but we have to be aware that ancient slags were often formed under unusual
conditions. As opposed to modern slags, which are smelted in a blast furnace, an-
cient slags were produced under limited firing control in small smelting furnaces or
crucibles. Thus, archaeometallurgical slags often did not reach the fully liquid state.
They may be rich in metal or metal-bearing phases (e.g., copper, copper sulfide,
lead, lead silicates, and tin oxide). The processes that produced such messy slags
cannot always be clearly defined. It is important to understand the term “slag” as
it is used here (as defined in the mining regulations of Goslar in 1360 AD), which
describes more generally any metal-containing material that has been fired or melted
once. This includes the actual waste products as well as any intermediate products
containing metal. These may be metal-rich slag, scrap metal, casting remains, etc.

Slags are mainly residues of ore-smelting processes, but they can also be formed by
a variety of other metallurgical activities within the “metallurgical chain” (Fig. 5.1),
regardless of whether these belong to copper, silver, lead, iron, or tin metallurgy.
Slag can be formed by smelting ores, melting metal, remelting slag or metal, and
refining or casting metal. The most conspicuous ancient slag heaps were found at
smelting sites such as Rio Tinto (Spain), Skouriotissa (Cyprus), or Faynan (Jordan),
where thousands of tons of slag accumulated over the centuries (Fig. 5.2) in close
proximity to the ore deposits where the raw material was won by mining activities.
However, these slag heaps are generally rather young, dating from the Late Bronze
Age to the Byzantine Period.

Slags from the earlier stages of metallurgy, which are usually found only in
amounts of a few kilograms, are much less spectacular. They date from the late sixth
millennium in southeastern Europe and the Middle East and, as a rule, these slags
are never found near the ore deposits but rather in workshop areas in settlements. We
conclude from this that ores were transported from the raw sources to villages, often
over distances of > 100 km. Examples of such ore transportation can be found in the
Near East, but also at sites in the Eastern Alps as well as on the Iberian Peninsula.
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Fig. 5.2 Huge slag heaps accumulated close to the copper deposit of Skouriotissa, Cyprus, during
the Roman and Byzantine Period. Tap slags with a weight of 50 kg or more were produced by
smelting copper ores. Note the flow structures of the slag cakes, which is very similar to the frozen
texture of volcanic rocks. They indicate that these slag cakes were tapped from a smelting furnace
in the fully liquid state and solidified outside the furnace very quickly

In the Near East, the transport of valuable ores from the source to the settlement
parallels the tradition of moving exotic materials such as obsidian, silex, or native
copper over supra-regional distances.

Slag Investigations: The Beginnings and Tendencies

The modern scientific investigation of slag is a relatively young field of research in
archaeometallurgy. It developed alongside the “New Archaeology” in the late 1960s,
when archaeologists recognized the potential of scientific methods as an integral part
of their research strategy. It is bound to the perception that the production of metal
and the distribution of metals was the basis of economic wealth in many regions.

It was also in the 1960s that pioneering work was done on ancient mines and slag
heaps by Beno Rothenberg. He recognized the potential of the industrial remains of
early copper production at Timna, Israel, and organized an interdisciplinary team
of scientists to investigate the materials found there. It was Hans-Gert Bachmann
in cooperation with Alexandru Lupu and Ronald F. Tylecote who modeled the first
hypotheses on early copper smelting and melting for this locality. The focus of
Bachmann’s work was a mineralogical and chemical analysis of slag in order to
reconstruct the technological parameters of ancient smelting processes.

At the same time, the metallurgists G. R. Morton and J. Wingrove (1969, 1972)
published their studies of Roman and Medieval bloomery slags from England. They
determined the mineralogical constituents and the chemical composition of these
slags, and discussed their composition in phase diagrams. C. Milton (1976) and his
team analyzed a few slag samples from Timna (Israel) using the same principles and
analytical methods. F. Koucky and A. Steinberg (1982) undertook the study of the
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(pre)historic copper slag of Cyprus. Due to the sheer mass of slag accumulations
from different time periods on Cyprus, it was difficult to come up with a reasonable
classification.

Although these other works were important early steps in the study of archaeomet-
allurgical slags, it was Bachmann’s intensive study of the smelting slags from the ore
district of Timna that set the standard. Bachmann carefully determined their min-
eralogical phase content, analyzed their chemical composition, identified the metal
inclusions, and calculated their viscosity. Most importantly, in 1982 he edited the
very valuable booklet The Identification of Slags from Archaeometallurgical Sites—
to this day the definitive “textbook” for slag analysis. Bachmann’s studies have been
considerably advanced by mineralogical–petrographic studies carried out by German
mineralogists such as A. Kronz and I. Keesmann. They have broadened our knowl-
edge of the mineralogy and petrology of archaeometallurgical slag, best exemplified
by an investigation of Medieval iron production in the Lahn-Dill area in Germany
(Kronz and Keesmann 2007).

In the early stage of slag research, mainly conspicuous examples of tap slag
(i.e., slag that has been “tapped” from the furnace during the smelting process)
were collected from larger slag heaps of later periods, i.e., from the Late Bronze
Age and periods of more advanced technology. These tap slags originated mainly
from the production of copper, iron, lead/silver, and zinc. Often it happened that the
archaeological context was not fully included in these investigations. The occurrence
of the almost omnipresent phenomenon of crushing slags to extract trapped metallic
prills for remelting was often neglected in interpretations. Surprisingly, metallurgical
remains that were produced in the early periods of metallurgy, as well as slags from
early tin and bronze production, are extremely rare in the archaeological record,
as are remains from gold and silver processing. Still today, the understanding of
archaeological finds from technological processes, unearthed from smelting sites or
from metal workshops, is a topic of confusion. The intention, therefore, to reconstruct
organizational patterns of metallurgical activities in ancient times is hampered. These
lacunas perhaps will direct future trends in slag investigation.

How to Answer Questions: Methods of Scientific Slag
Investigation

The investigation of archaeometallurgical slag involves asking questions about both
technological aspects, and also questions about the provenance of the ore charge.
Both are the basis for reconstructing economic and craft-related systems in the past.

Technological questions that can be asked are:

• Which metal or alloy was produced by a metallurgical operation that led to the
formation of a specific slag?

• Can we identify slags from smelting processes vs. those from melting or refining
metals?
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• What was the nature of the ore that was originally smelted? Can we find evidence
for a deliberate addition of fluxes, or have ores been selected that effectively fluxed
themselves (“self-fluxing ore”)?

• What were the firing conditions that led to the formation of slags (temperature,
gas atmosphere, and duration of the process)?

• Can we determine the locations of the ore sources used and whether such ore was
transported?

After slags are unearthed from secure archaeological contexts (e.g., from slag heaps
or workshops), their analysis has multiple stages. First, slags should be classified
visually based on color, porosity, texture, etc. Second, the slag should be subjected
to a series of scientific analyses to identify bulk chemistry, specific mineralogical
and metallurgical phases, and for lead isotope provenance. These can be accom-
plished through a number of different analytical techniques using either mounted
and polished samples or petrographic thin sections of the slags.

Due to rapid cooling, archaeometallurgical slags generally consist of a fine-
grained mixture of different phases. They usually have a complex composition,
depending on the bulk chemistry. Therefore, optical microscopy is an indispens-
able method, particularly for the determination of slag phases and texture analysis.
To perform microscopic investigations under transmitted and reflected (polarizing)
light, surface-polished thin sections are preferable.

If the size of the slag allows, the macroscopic analysis of the fabric or texture
(meaning the orientation and distribution of particular phases or other structural
constituents) should be investigated. This is especially possible for slags produced
in small-scale operations, which often lead to heterogeneous compositions. In early
iron metallurgy, this is particularly important for fist-sized, so-called “plano-convex
bottom” (“PCB”) or “smithing” slags, produced throughout the Old World as a by-
product of iron working. The chemical and mineralogical composition of smithing
slag is often very similar to bloomery slag, which is produced during iron smelting.
It is therefore impossible to use chemical and mineralogical composition alone to
ascertain which process produced the slag.

In Chalcolithic and Early Bronze Age copper metallurgy, slags with a size com-
parable to smithing slags also occurred. Such slags usually result from smelting in
small reaction vessels (e.g., in crucibles). They differ from the smelting slags of later
periods in their rather high content of trapped metal, and they also contain many
inclusions of undecomposed fragments of quartz and gangue (Figs. 5.3 and 5.4). In-
cidentally, metallurgical operations in crucibles that produced small slag cakes were
also performed in Phoenician and Roman silver metallurgy.

While metal inclusions (or those that bear a concentration of metal, such as sulfide
inclusions) in slags can be identified without problems, it is often difficult to deter-
mine mineralogical phases by optical microscopy alone, with the exception of main
components such as olivine (fayalite, Fe2SiO4 or tephroite, Mn2SiO4), spinel (mag-
netite, Fe3O4 or hercynite, FeAl2O4), and pyroxene (e.g., hedenbergite, CaFeSi2O6).
Sometimes, as was the case at Faynan, Jordan, or with lead-smelting slags, the slags
have even solidified in a glassy state, although such ‘glasses’ show transitions to a
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Fig. 5.3 Section of an Early Bronze Age (mid-third millennium BC) slag cake from Shahr-i Sokhta
(Iran), composed of two thin sections. The macrotexture provides important information on the
history of this piece of slag. It shows a horizontal division into two parts. The upper part is rich in
white inclusions of gangue/ore (black circles) and gas bubbles embedded in a dark matrix. Here, the
slag is enriched in magnetite and glass that formed in the presence of air during cooling. Note the
streaks of glass. The lower part is almost fully crystallized; it contains predominantly hedenbergite
and reveals inclusions of ore (white circles). The side surface is quenched and indicates that the slag
was poured into an irregularly formed cold ground. Multiple layering of magnetite may result from
multiple pouring. The rim at the bottom shows the size of the original regulus of matte and copper
that could not be fully separated from the slag, as remains of matte at the bottom show. Diameter
of the upper size of the slag: 8 cm. (From Hauptmann et al. 2003)

Fig. 5.4 Tepe Hissar, Iran, Early Bronze Age. Section through a copper-smelting slag (half of a
slag cake with a diameter of ca. 17 cm). The main component of the lower dark part that was fully
liquefied is fayalite, forming a typical bulky spinifex texture. The slag was probably tapped from a
furnace into a fore-hearth, where reactions between slag and the clay bottom of the hearth formed a
rim of gas bubbles. The upper part of the slag is covered by a layer of light inclusions of quartz and
gangue of the ore. The texture looks like a breccia. The ore obviously was crushed to a grain size
of a few millimeters. The dark and the light layers of the slag were welded together. The contact
zone is rich in magnetite and suggests a sudden presence of air caused by a hiatus during tapping.
From Hauptmann (2007)
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microcrystalline state formed in residual melts. In these cases, X-raydiffraction of a
powdered slag sample can help to identify all phases. Scanning electron microscopy
(SEM) and electron microprobe analysis (EMPA) have gained increasing importance
in slag analysis, as they provide fast and reliable (quantitative) spotanalyses for phase
identification. Such analyses, however, require a thorough mineralogical knowledge.
A set of micrographs of various smelting and melting slags is shown in Fig. 5.5.

It has proven advisable to carry out bulk chemical analyses, including trace ele-
ments, by conventional analytical methods such as X-ray fluorescence spectroscopy
(XRF) or optical emission spectroscopy coupled with a plasma source(ICP-OES).
A precondition for such analyses is a sufficient, representative quantity of material.
This varies between a few grams and a kilogram depending on the original size of
the sample. If the archaeological context allows for it, it proves prudent to analyze a
whole series of samples to obtain good statistical results.

The interpretation of bulk chemical analysis of slags can be impaired by the
heterogeneous composition of a slag. This is particularly the case when the slag
still contains undecomposed constituents of the original ore charge, as can often be
observed in ancient lead- or copper-smelting slags. In such cases, it is more useful
not to analyze powdered slag samples, but to study single sections via thin section
or mounted samples on the microscale. This can be carried out by energy-dispersive
X-ray analysis in an SEM or with an electron microprobe. This method has the added
advantage that the composition of inclusions and the surrounding molten slag can be
studied separately.

It can sometimes be observed that ores were brought to a smelting site or to
a settlement far away from ore sources. This was observed, for example, in the
Faynan and Timna copper districts in Jordan and Israel, and on the Cycladic islands
in Greece. During the Early Bronze Age, ore was transported to carefully selected
smelting sites from elsewhere for metal production in wind-powered furnaces. Lead
isotope analyses have to be performed to search for the origin of the ore. The principle
of this method is based on omnipresent lead impurities in almost all sorts of ores (this
implies that the method is in no way restricted to lead ores or slag). The ratios of lead
isotopes in the ore stay unchanged after (s)melting processes. To identify possible
ore sources, the isotope ratios of slags under investigation have to be compared with
the ratios of ores collected in various databanks. Several types of mass spectrometers
are in use today in special laboratories.

Closely connected to the question of provenance is the necessity of dating met-
allurgical activities. Very often smelting sites are almost void of datable pottery and
therefore scientific methods are required to identify the time period(s) when slags
accumulated. Because slag production in furnaces or crucibles is unavoidably bound
to the use of certain quantities of charcoal, a most suitable material is available for
radiocarbon dating. Inclusions of charred twigs or branches can easily be extracted
from slag specimens or from layers in between. Thermoluminescence is another
method that can be used to date metallurgical slags, although it has rarely been used
for this purpose.
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Fig. 5.5 a Lauchheim (Germany), La Tène-period. Iron-rich silicate slag from iron smelting con-
taining wuestite in two generations: the primary precipitation forms rounded dendrites; the second
generation of wuestite is intergrown with the main component fayalite. Some of the fayalite crystals
are “divided” by a thin rim of wuestite in the middle. The matrix in between (black) consists of
glass and some iscorite (Fe–ironsilicate). SEM-image. (From Yalcin and Hauptmann 1995). b Lin-
senhofen (Germany). Slag from Medieval iron smelting. Chains of fayaliteskeletons (white). The
fine-grained matrix consists of small crystals of pyroxene (hedenbergite, middle gray rhombi). In-
tensive zonations show hercynite with an iron-rich rim (black crystals with light rim). c Norşuntepe
(Eastern Anatolia), Chalcolithic (mid-fourth millennium BC). Copper-smelting slag, very rich in
oxidic mineral phases. Magnetite (white grains) are surrounded by stems and laths of delafossite.
These main phases indicate a smelting process under rather oxidizing conditions. Just in the cen-
ter of the picture, an undecomposed crystal of chromite. Occasionally tiny droplets of cuprite.
SEM-image. 9From Hauptmann et al. 1993). d Wadi Fidan 4, Faynan (Jordan). Chalcolithic cop-
per slag from crucible smelting. Reaction between liquefied slag (gray matrix) and quartz (Qz),
the latter being a relict from the copper-bearing sandstone. Quartz grains have light colored fis-
sures. They are transformed from the core to the outer edge into high-temperature phases of quartz
(CT cristobalite, tryidymite). In the glassy matrix, columnar delafossite, magnetite, and pyroxene.
SEM-picture. (From Hauptmann 2007). e Wadi Ghwair, Faynan (Jordan), Early Bronze Age (mid-
third millennium BC). Copper-smelting slag. Yellowish-brown glass with laminar flow texture and
pigmentation through cuprite and copper prills in single streaks. Width of the picture ca. 2 mm. f
Xanten (Colonia Ulpia Traiana; Germany), Roman settlement and military camp. Silver refining
slag from a crucible. Rounded Ca–Pbsilicates (gray) and melilite crystals (complex Ca–Al–Mg–
Fe–Alsilicates, black); the matrix (white) consists of Pb-silicates. SEM-image. (From Rehren and
Hauptmann 1995)
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Chemical Analyses and Phase Diagrams

Due to the composition of the charges in ancient furnaces (usually composed of
limonite + quartz + clay minerals + ore + possible fluxing agents), and due to the
only slightly reducing firing conditions accessible in ancient times, we tend to find
high concentrations of iron oxides and silica in archaeometallurgical slags. These
are termed iron-rich silicate slags. Their predominant mineralogical constituent is
usually fayalite. Such compositions also occur in bloomery (and smithing) slags, and
in slags from base-metal smelting as well. In most cases, FeO, SiO2, CaO, and Al2O3

will make up to 80 weight percent or more of the slag’s bulk chemistry. In addition,
these slags may contain varying amounts of oxides such as MgO, BaO, Na2O, K2O,
P2O5, CuO, PbO, SnO, or ZnO. All of these oxides can be used to determine the
thermodynamic and physical properties of slags, such as the temperatures under
which they were formed in a reaction vessel or their viscosity.

The way to do this is to make use of suitable ternary or quaternary phase diagrams
as they are known in material science. The interpretation and evaluation of phase
diagrams is a sophisticated field. It is beyond the scope of this chapter to present
this subject in detail. The reader is referred to standard textbooks on physical chem-
istry, while phase diagrams for ancient slags can be found in the Slag Atlas (Verein
Deutscher Eisenhüttenleute 1995).

For many archaeometallurgical slags, a number of ternary systems within the
materials tetrahedron of CaO–SiO2–FeO–Al2O3 can be suitable—e.g., the system
SiO2–FeO–Al2O3 (Fig. 5.6), where the chemistry of a large number of ancient slags
is located, or the system CaO–SiO2–FeO. Looking “from above” on the liquidus
surfaces, where the temperatures of solidification of a liquid is shown, we can recog-
nize in the first ternary system a region of low-melting compositions around fayalite
at around 1200 ◦C. The small extent of this low-melting region is surrounded on the
SiO2-rich and on the Al2O3-rich sides by very steeply arising liquidus surfaces, up to
more than 1500 ◦C. Here, highly refractory phases (i.e., resistant to heat and chem-
ical alteration) such as quartz or spinel (hercynite) are located. In ancient furnaces,
such high temperatures were not generally reached.

To place the slag of interest into a phase diagram, the main components are con-
verted to SiO2 + FeO +Al2O3 to equal 100 % (or CaO + SiO2 + FeO, respectively).
This is a so-called “reduced analysis.” These values are then inserted into the ternary
system to see whether a slag was workable or not—i.e., whether it could have been
tapped in a free-flowing state from a furnace. In the ideal case, the reduced bulk
chemical analysis should plot into a low-melting region of a system. Hence, the
melting temperature of a slag determined by a plot in a phase diagram can give a
rough estimation of the working temperature of the furnace. In reality, the minor ele-
ments in a slag (e.g., the oxides) will affect its melting and solidification behavior, so
phase diagrams are merely an approximation. However, phase diagrams are a useful
tool for the discussion of temperatures.

Until recently, it was assumed that the tight clustering of ancient iron-rich silicate
slag compositions on a phase diagram reflected the technical skill of ancient metal-
workers who, having found a suitable charge composition to produce a useful product
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Fig. 5.6 Average composition
of archaeometallurgical slags
from copper smelting
(medium-shaded area) and
iron smelting (dark-shaded
area) shown in the ternary
system FeO–Al2O3–SiO2

(weight percent). The
compositions match mainly
the eutectic area of the
fayalite region (fa) in the
system. It is surrounded by
steeply arising areas of quartz
(“qu”) and spinel (hc
hercynite). These are
components which crystallize
from very high temperatures
or, vice versa, they are stable
up to high temperatures.
(From Hauptmann 2007)

on one occasion, were then able to reproduce that charge again and again to produce
a similar result. In view of the limited control that ancient metallurgists could have
had over the raw materials as well as the smelting processes, and yet the lack of
significant differences among most of the slag found over a wide geographical and
chronological range, the idea of a skilled metalworker mass-producing a standard-
ized product is a highly unlikely assumption (Hauptmann 2007). In reality, given the
interdependence of all these procedural parameters, there are only a very few ways
in which all the low-melting slags could have been produced throughout the world.
Most of the studied slags, mainly from the later periods of early metallurgy, fulfill
these technical conditions insofar as they have compositions which are close to the
low-melting parts of ternary or quarternary systems. A clustering toward iron-rich
silicate slags is noticeable simply because of the character of the raw material (i.e.,
ores high in iron and silica). In addition, furnace walls made of clay or rock act
as a source material for the final tuning of low-melting compositions (as a function
of oxygen pressure and temperature), in that they supply minerals (such as SiO2 or
CaO) to the molten slag.

In reality, the charged ore does not pass over from the solid to the liquid state at a
distinct temperature, but parts of the material form a liquid as soon as the temperature
of the lowest eutectic is reached. This follows the principle of partial melting in
petrology. It is therefore far more informative to study the formation of slag during
gradual heating of the ore charge, from the first liquefying of the components at lower
temperatures to a complete liquefaction of the charge (i.e., small solid components
behaving like liquid, such as a mudslide). The successive liquefaction of slag might
be seen as a “view from below” in contrast to a “view from above” when discussing
the solidification of slags as explained above.
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Fig. 5.7 The binary system
FeO/Fe3O4–SiO2 shows that
iron-rich silicate melts are
formed at ca. 1200 ◦C (which
can be assumed as a
reasonable temperature level
in ancient furnaces) only in a
limited range of composition
that comes closest to a
fayalitic composition. If too
much quartz (SiO2) is added,
or too much iron oxide such
as magnetite or hematite, then
the charge will only be
partially liquefied. (From
Hauptmann 2007)

During liquefaction, successively more solid parts dissolve into the liquid melt.
It is now a question of firing temperature and time as to whether all components
will dissolve in the primarily formed liquid. Partial melting starts at those points
where the components of the charge have suitable proportions to form a low-melting
liquid. This is a eutectic point. We assume that our charge is composed of limonite
(iron hydroxide) and quartz. While limonite will be quickly dehydrated and reduced
to various iron oxides, the highly refractory quartz remains unaltered for a certain
time. As depicted in a simplified version in the system FeO/Fe3O4–SiO2 (Fig. 5.7),
only a small region of composition will reach the fully liquid state at temperatures
of 1200◦C, which is reasonable for ancient smelting furnaces. This means that the
quantity of liquid slag formation depends on how close the charge comes to the
eutectic composition in the system. For example, if the charge is composed of ca.
35 weight percent of iron oxide (calculated as FeO) and 65 weight percent of SiO2,
then the whole charge will be liquefied at 1200 ◦C. If too much quartz is present from
the gangue of an ore, not all of it will react with iron oxide at that temperature. In
such cases, pieces of quartz will be found undecomposed as “resisters” or “relicts”
in the slag. As a result, the smelting operation will not end up with a fully liquefied
slag. This, of course, hampers the separation of metal from the slag and eventually
“clogs” up the smelting furnace or crucible.

It has been demonstrated by texture analyses of slags from the early stages of
extractive metallurgy that, almost as a rule, they contain undecomposed inclusions.
Examples are known from the third millennium BC copper slags from Iran and Jordan
(Fig. cc), and from the first millennium BC lead–silver-smelting slags from Monte
Romero, Iberian Peninsula. In the past, these slags were named not very appropriately
“free silica slags” (they often also contain undecomposed resisters of other refractive
mineral phases such as chromite, barite, or periclase) and the inclusions were often
uncritically and rashly interpreted as deliberately added fluxing agents.
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Redox Conditions and Reactions

Archaeometallurgical slags were generally formed under reducing conditions limited
by the burning of charcoal. They were subject to fluctuations of the oxygen pressure
in the gas atmosphere, controlled by the CO/CO2 ratio (redox conditions) depending
on the size and shape of the reaction vessels in which they were (s)melted, on
the sort of tuyères that were used, and on some other manual techniques. At the
beginning of metallurgy, only those metals that could be smelted under just slightly
reducing conditions in an open crucible with a low charcoal cover using blowpipes
were produced. These metals were copper, silver, lead, and tin. Iron and zinc were
produced later in the first millennium BC under much stronger reducing conditions
in furnaces with larger amounts of charcoal.

Metal oxides, such as CaO, MnO, MgO, etc., could not be reduced to metal
because they require extremely strong reducing conditions, which the ancient met-
allurgists were not able to produce. Instead, these metals are captured as oxides in
the slags. We can reconstruct the redox conditions because most of the ancient slags
are iron-rich silicate slags that react during their formation very sensitively to the
oxygen content. This leads to the crystallization of mineral phases with differing
Fe2+,3+ or Cu1 + ,2 + ratios at a constant chemical composition, identifiable directly
from the mineralogical composition in the slag. Minerals that can be used as oxygen
barometers are listed in Fig. 5.8. One of the most important equations that represent
this issue is the following:

3Fe2+
2SiO4 + O2 < − − − > 2FeO2+Fe3+

2O3 + 3SiO2

This is the quartz, fayalite, and magnetite (QFM) buffer equilibrium, which depicts
the following: If the oxygen concentration in the gas atmosphere is sufficiently high,
magnetite and a silica-rich compound such as pyroxene crystallize first, so that iron
is mainly bound as an oxide. If oxygen is low, no magnetite will be formed, but the
frequent mineral phase fayalite (or even metallic iron) precipitates. In fact, fayalite
in very early slags is a phase that only rarely occurs, but phases such as cuprite and
delafossite are frequently observed in most ancient copper slags. Bronze Age slags
are characterized by the phase associations fayalite + magnetite, while bloomery
slags from iron production contain fayalite + wuestite + metallic iron. As shown in
Fig. 5.8, there are a number of other mineral phases, which can be used to reconstruct
redox conditions.

The Role of Sulfides

Many copper-based sulfides are quickly liquefied at temperatures of ca. 900 ◦C
or even less. This is far below the temperatures necessary for the formation of a
liquid slag. Different melting points might have been important for the separation
of specific components, especially during the gradual liquefaction of ores with
rising temperatures and the lengthening duration of the reaction. These physical and
chemical effects were probably known to the ancient metalworkers.
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Oxygen barometers in ancient slags

Fe-rich

• Iscorite     Fe7SiO10

• Fayalite    Fe2SiO4

• Ferrosilite “FeSiO3”

• Wuestite “FeO”

• (Ti-)Magnetite Fe3O4

• Illmenite FeTiO3

• Hematite Fe2O3

Mn-rich

• Braunite Mn7SiO12

• Tephroite Mn2SiO4

• Mn-Pyroxenoide “MnSiO3”

• Hausmannite Mn3O4

• Partridgeite Mn2O3

• Metal ( Cu, Pb, Fe ... )

• Metal-oxides

Fig. 5.8 Frequent mineral phases in ancient slags that can be used to reconstruct the redoxcondi-
tion of metallurgical operations. These are called barometers. They are rich in metal with several
valencies. In a similar way, several metals and metal oxides can also be used

During the smelting of complex sulfide ores (mainly copper ores), droplets liquate
from only partially melted slag. Due to their high density and their low viscosity,
these droplets of copper sulfide (“matte”) accumulate into a “cake” at the bottom of
a furnace or crucible. If the sulfides are required as a final product from the smelt-
ing process (as in modern matte smelting), then the matte cake is further processed
elsewhere, and the smelter does not care much about producing a fully liquefied
slag. Such “immature” slags with many inclusions of refractive minerals from the
gangue of the ore are frequently found in Bronze Age copper-smelting sites. Usually
they were withdrawn from the furnace with a stick and then crushed to mechani-
cally extract the remaining metallic and sulfide prills, because complete segregation
between the two phases was never reached. In certain cases, the sulfide/metal cake
leaves a negative imprint at the bottom of the slag, as shown in Fig. 5.2 in the slag
from Shahr-i Sokhta, Iran.
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Very often, sulfide cakes envelop oval-shaped metal prills. The sulfide acts like a
lubricant to separate such prills from the silicate slag. The metal may have segregated
out of the sulfide ore itself or may have originated from the reduction of oxidic ores
(often found associated with sulfidic ore). In any case, metal precipitation in smelts
with mixed oxidic and sulfidic ores is enhanced by any smelting process carried out
under slightly oxidising redox conditions. In such cases, the sulfur is oxidized and
forms metal according to the so-called roast reactions:

2Cu2S + 3O2 > 2Cu2O + 2SO2

Cu2S + 2Cu2O > 6Cu + SO2

These equations explain many ancient copper slags, particularly those that result
from the intentional roasting of copper sulfide ores (as a preliminary step before
smelting) or with mixed oxidic–sulfidic ore smelts. Intergrowths between copper
and copper/ironsulfides, or inclusions of sulfides, are not necessarily evidence for a
deliberate matte smelting. Such inclusions may result from the casual smelting of
mixed oxidic and sulfidic ores, which often occur side by side in ore deposits.

We do not know when matte smelting developed as a secondary metallurgical pro-
cess for the increased production of metal. Such a process might imply the deliberate
roasting of ores (and of matte) which, from the archaeological point of view, is diffi-
cult to identify at least for the early stages of metal production. However, the useful
effects of a nonhomogeneous liquation of a charge at different temperatures, and
their separation from each other, are frequently seen in ancient slags, and should be
more intensively considered in archaeometallurgical studies. It is most probable that
the benefits of such a heterogeneous process were known to ancient metalworkers.

Synopsis

All of these investigations and aspects of scientific slag investigation provide valuable
information to decipher the technological practice of ancient metalworkers. For the
most part, however, the data produced are physicochemical details. To reconstruct
manual details and to understand social complexities of metal making, it is important
to add other sources. For example, we can learn a lot from written sources such as
Theophilus Presbyter (Hawthorne and Smith 1979), Georg Agricola (Hoover and
Hoover 1912), and Vannoccio Biringuccio (Smith and Gnudi 1959), who described
in detail the smelting and melting techniques used between the twelfth and sixteenth
centuries AD. John Percy (1861/1890) published traditional techniques used by met-
allurgists still in the nineteenth century. There are many other sources like that. Of
special importance are ethnographic studies, such as in Africa where many ethno-
graphic studies on iron and copper smelting and processing, and on bronze making,
were undertaken (Bisson 2000; Förster 1987). Last but not least, it is a great help
to understand and to identify archaeometallurgical finds by comparing them with
results from experimental metal production. One of the most interesting studies was
undertaken by Hanning et al. (2010), who replicated the Chalcolithic copper smelting
exemplified by the finds from Zambujal on the Iberian Peninsula.



5 The Investigation of Archaeometallurgical Slag 105

References

Bachmann, H. G. (1978). Schlacken: Indikatoren archäometallurgischer Prozesse. In H. W. Hen-
nicke (Ed.), Mineralische Rohstoffe als kulturhistorische Informationsquelle (pp. 66–103).
Hagen, Verlag Deutscher Emailfachleute.

Bachmann, H. G. (1982). The Identification of Slags from Archaeological Sites. Institute of
Archaeology, University of London, Occasional Papers 6.

Biringuccio, V. (1540). Pirotechnia. Reissued 1959 (trans: H. S. Mudd 1942) Massachusetts Institute
of Technology, Cambridge, Mass.

Bisson, M. S. (2000). Precolonial copper metallurgy: Sociopolitical context. In J. Vogel (Ed.),
Ancient African Metallurgy (pp. 83–145). Walnut-Creek, Altamira-Press.

Förster, T. (1987). Glänzend wie Gold. Gelbguss bei den Senufo, Elfenbeinküste. Veröffentl. Mus.
Völkerkunde Berlin, Abt. Afrika, IX.

Hanning, E., Gauß, R., & Goldenberg, G. (2010). Metal for Zambujal: Experimentally
Reconstructing a 5000-year-old Technology. Trabajos de Prehistoria, 67(2), 287–304.

Hauptmann, A. (2007). The early metallurgy of copper. Evidence fom Faynan, Jordan. In G. A.
Wagner, B. Herrmann (Eds.), Natural Science in Archaeology (p. 270). Springer: Heidelberg.

Hauptmann, A., Rehren, Th., & Schmitt-Strecker, S. (2003). Early BronzeAge copper metallurgy at
Shahr-i Sokhta (Iran), reconsidered. In T. Stöllner, G. Körlin, G. Steffens, J. Cierny (Eds), Man
and Mining—Mensch und Bergbau. Studies in honour of Gerd Weisgerber on occasion of his
65th birthday. Der Anschnitt, Beiheft 16, Deutsches Bergbau-Museum Bochum, pp. 197–213.

Hawthorne, J. G., & Smith C. S. (transl.) (1979).Theophilus: On Divers Arts. New York, Dover
Publications.

Hoover, H. C., & Hoover, L. H. (1912). (trans: G. Agricola). De Re Metallica. London.
Kronz, A., & Keesmann, I. (2007). Fayalitische Schmelzsysteme – Ein Beitrag zur vorneuzeitlichen

Eisen- und Buntmetalltechnologie im Dietzhölzetal. In: Das Dietzhölzetal-Projekt. Archäomet-
allurgische Untersuchungen zur Geschichte und Struktur der mittelalterlichen Eisengewinnung
im Lahn-Dill-Gebiet (Hessen). Marie Leidorf, Rahden, Westf.

Koucky, F., & Steinberg, A. (1982). The ancient slags of Cyprus. In J. D. Muhly, R. Maddin,
V. Karageorghis (Eds.), Early Metallurgy at Cyprus, 4000–500 B.C. Acta of the International
Archaeologival Symposium, Larnaca 1981.

Milton, C., Dwornik, E., Finkelman, RB., Toulmin III P. (1976). Slag from an ancient copper
smelter at Timna, Israel. Journal of Historical Metallurgy Society, 10, 24–33.

Metten, B. (2003). Beitrag zur spätbronzezeitlichen Kupfermetallurgie im Trentino (Südalpen) im
Vergleich mit anderen prähistorischen Kupferschlacken aus dem Alpenraum. Metalla 10, Heft
1, 2, 1–122.

Morton, H., & Wingrove, J. (1969). Constitution of bloomery slags. Part I: Roman. Journal of Iron
and Steel Institute, 207, 1556–1564.

Morton, H., & Wingrove, J. (1972). Constitution of bloomery slags. Part II: Medieval. Journal of
Iron and Steel Institute, 210, 478–488.

Percy, J. (1861/1890). Metallurgy (vol. 4). London.
Rehren, Th., & Hauptmann, A. (1995). Silberraffinations-Schlacken aus der CUT (Xanten), Insula

39: Mineralogische Untersuchung und archäometallurgische Interpretation. Xantener Berichte,
Bd 6, 119–137.

Smith, C. S., & Gnudi, M. T. (transl.) (1959). Vannoccio Biringuccio. Pirotechnica. Dover Publ.,
Mincola NY.

Verein Deutscher Eisenhüttenleute (Eds.). (1995). Slag atlas. Düsseldorf, Verlag Stahleisen.
Yalcin, Ü., & Hauptmann, A. (1995). Zur Archäometallurgie des Eisens auf der Schwäbischen

Alb. Forschungen und Berichte zur Vor- u. Frühgeschichte in Baden-Württemberg (Bd 33,
pp. 269–309).



Chapter 6
Technical Ceramics

Marcos Martinón-Torres and Thilo Rehren

Introduction

Ceramics are inorganic, non-metallic solids obtained by firing a mixture of fine clay
minerals (the main raw material) and coarser secondary materials (e.g. plant remains
and sand) at high temperatures (generally above 700 ◦C). The term ‘technical ceram-
ics’ refers generally to any ceramics used in metallurgical or other high-temperature
operations, such as pottery production or glass making. The main types of met-
allurgical technical ceramics found in archaeological sites are furnaces, crucibles,
tuyères and moulds. Indeed, the vast majority of furnaces, crucibles, tuyères and
moulds documented archaeologically was made of ceramic, although moulds have
frequently been made from other materials such as stone, metal, and even antler. The
fundamental role of technical ceramics in early metallurgy is increasingly recognised
by archaeometallurgists, as the vast majority of past metallurgical processes would
have required their use. Such technical ceramics were used chiefly to contain the
reactions (in crucibles and furnaces), to channel the oxygen necessary for the com-
bustion (through tuyères), or to provide the moulds that would allow the casting of the
metal. The development of metallurgy is inextricably linked to the development of
technical ceramics; thus, the study of technical ceramics adds at least as much to our
understanding of ancient metallurgy as the study of the finished objects, if not more.

Technical ceramics are essential tools for almost all metallurgical processes, and
as such were routinely exposed to a variety of conditions that they had to cope with.
Although not all of these technical challenges were present in every metallurgical
reaction, most metallurgical ceramics would generally be expected to show some
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degree of thermal refractoriness (i.e. ability to withstand high temperatures with-
out collapsing), thermal shock resistance (i.e. ability to survive sudden temperature
changes without shattering) and general mechanical or tensile strength (i.e. ability
to hold substantial charges, reaching several kilograms, while being manipulated in
a hot state). In addition, chemical refractoriness (i.e. ability to resist chemically ag-
gressive materials) is required of some technical ceramics, particularly in iron/steel
metallurgy and in the processing of lead and lead–silver alloys.

Experimental studies have shown that most common clays will withstand temper-
atures up to around 1,100 ◦C without ‘failing’ (i.e. melting), but not much above that
range. Given that most early metals melt between 900 and 1,200 ◦C (pure copper, for
instance, melts at 1,083 ◦C), early technical ceramics allowed only a relatively small
window of opportunity for some metallurgical processes to occur. In this sense, while
most archaeologists think that one of the main challenges for early metalworkers was
to achieve high temperatures, many now realise that keeping those high temperatures
without unduly exceeding them was even more challenging. In fact, many metallur-
gical ceramics appear to have been exposed to the very limit of their thermal ability.
Whatever the case, it seems that early metalworkers had no knowledge of (or felt
no need to use) special clays that could have withstood even higher temperatures
(what are called ‘refractory’ clays). Instead, they very frequently tried to improve
the functionality of local clays by optimising wall thickness or vessel shape and by
processing their clays in ways different from domestic pottery. Most notably, early
metalworkers often mixed various types and amounts of secondary inclusions (what
is called ‘temper’) into the clay to increase the ability of the ceramic to expand and
contract under varying temperatures without cracking or failing. Only much later
in history were special ‘refractory’ clays selected for high-temperature operations,
reflecting larger developments in humanity’s understanding of material properties
as well as changes in the reactions performed by ingenious metallurgists. Thus,
through selection or adaptation, metalworkers optimised the material properties of
the ceramics in order to ensure a satisfactory performance. Depending upon their
specific use, the formal and material properties of metallurgical ceramics could also
be modified to adjust the thermal conductivity of the fabric (i.e. the ability of the
ceramic to transmit or insulate heat), to ensure the proper redox conditions within
a vessel (i.e. how much oxygen reached the contents), or the vessel’s stability and
ease of manipulation within a given metallurgical process.

The variability of metallurgical processes carried out by early metalworkers, the
huge diversity of technological and cultural traditions through space and time, and
the range of raw materials available across the globe have led to a great variety in
the design and use of technical ceramics. The study of technical ceramics charters
this evolution of knowledge and skills through time and space, at the interface of
metallurgical and ceramic technology, several millennia before written documents
give us any insight into such developments. As such, their study is highly informative
on the technological decisions of ancient craftspeople and the transmission of cultural
and technical knowledge, contributing to wider archaeological and anthropological
questions well beyond a mere history of metallurgy.
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The Analysis of Technical Ceramics

The study of metallurgical ceramics has involved an ever-growing variety of ap-
proaches over the past few decades. Technical ceramics were often discarded as
waste after use, and sometimes they appear so distorted through use that the research
approach has to be adapted to the nature of the samples in hand. Due to its technical
nature, the interpretation of the data requires a fairly broad knowledge of material
and geological sciences, analytical chemistry, and both metallurgical and ceramic
technologies in order to understand both the ceramic design and the metallurgical
processes involved. However, the wealth of research results can be very rewarding.
Like any other ceramic material recovered by archaeologists, crucibles, tuyères, fur-
nace fragments and moulds can be investigated to determine their production and
provenance in order to discern the choices made by their manufacturers and the scale
or direction of trade routes. Additionally, the analytical study of these ceramics in-
forms our reconstruction of the nature and scale of metallurgical activities carried
out at a given site, and the extent to which the raw materials available were mod-
ified to optimise their technical performance within the accepted social or cultural
rules. In general, as an interface between metallurgical and ceramic technologies,
metallurgical ceramics offer insights into craft specialisation as well as cross-craft
interactions in specific contexts.

This chapter is structured in sections outlining different approaches to the study
of metallurgical technical ceramics. First, we focus upon their nature as ceramic
artefacts, and then subsequently on the metallurgical residues they often contain.
However, we will be stressing that both dimensions of the study should inform each
other, and their respective results should be integrated and discussed together.

Terminological Issues

Before outlining the main research approaches to metallurgical ceramics, it is worth
clarifying some terminological issues since a number of technical terms have been
used variedly, contributing to a degree of confusion in the archaeological literature.
The term ‘technical ceramics’will be predominantly used here, but the reader should
be familiar with alternative denominations, particularly ‘refractories’. The latter is
adopted from modern usage where most technical ceramics have refractory proper-
ties, but the term is often misleading, even outright incorrect in an archaeological
context. Although, as discussed in this chapter, outstanding heat resistance or refrac-
toriness was often a desirable quality of metallurgical ceramics, for several thousand
years metalworkers routinely ‘made do’ by putting to technical use locally available
ceramics that would never qualify as refractory by modern standards. Refractories
are defined as materials that are particularly resistant to heat and chemical attack,
that is more so than normal ceramics. In view of the wide variety of ceramics con-
sidered ‘normal’ by different cultures, refractoriness in an archaeological context
is clearly a relative term. As we shall see later, proper refractories, that is specific
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clays selected for their thermal or chemical properties, were with a few exceptions
only employed from the late Iron Age onwards, while some clearly refractory ma-
terials were frequently used for domestic pottery, simply because they were locally
available.

The next issue concerns the ceramic installations and tools used in metallurgy.
Here, we define furnaces as typically immobile structures that contain the charge,
such as charcoal and minerals, and are used for the smelting of ore to metal, or the
melting of metal for casting. Crucibles fulfil the same purpose, but are free-standing,
movable ceramic vessels and typically significantly smaller than furnaces. Both of
these can be seen as containers or reaction vessels being used for high-temperature
metallurgical processes, sometimes in combination with each other. Achieving and
containing high temperatures is only one aspect of successful metallurgical opera-
tions; controlling the amount of gases such as oxygen or carbon monoxide in the
reaction vessel is equally important, and differentiates furnaces and crucibles from
the common bonfire or cooking oven. Thus, a crucial aspect determining their design
is the need to maintain a specific balance between enough oxygen to allow the fuel
to burn, and at the same time limiting air access to ensure the reducing conditions
required to transform ore into metal, or to prevent the metal from burning before it
is being cast. The exclusion of ambient air from the reaction chamber is achieved
through the ceramic walls of the furnace or crucible. Blowpipes and tuyères then
allow us to manipulate airflow direction and quantity to control combustion rate and
redox conditions according to the process requirements. Blowpipes are typically
made from organic material such as reeds and may have only a small ceramic tip to
protect them against heat, while tuyères are almost exclusively made from ceramic.
They could function by channelling air on their own, or attached to a variety of
bellows. The former type of tuyères is found in natural draft furnaces, where the
chimney effect of rising hot air within the furnace shaft sucks in fresh air through
the tuyères near the bottom, or where specific aerodynamic conditions create a low-
pressure zone directly above the furnace, as in wind-powered furnaces in regions
with strong constant wind and suitable landscapes; the latter type appears in forced
draft furnaces or in Bronze Age melting crucibles where the air is supplied from the
top. Finally, moulds are the hollowed-out blocks where the metals are cast into the
desired shapes.

A source of discussion is the differentiation between crucibles and furnaces, as
both of them functioned as containers for metallurgical processes. In archaeology
we tend to use the criterion of ‘mobility’ as the discerning one, and this is the one
followed in this chapter. However, it should be noted that small, portable furnaces
have been documented, while modern metallurgists sometimes use the term crucible
to refer to the bottom part of large furnaces—even if these may be fixed and immobile.

A further terminological issue is the use of the term ‘furnace’ as opposed to other
terms, such as kilns, ovens or hearths. We reserve the term furnace for metallurgical
(and glass making) operations, whereas ‘kilns’ refer to pottery-making installations
and ‘ovens’to cooking activities. The term ‘hearth’typically refers to more ephemeral
structures and/or those operating at lower temperatures. In archaeometallurgy, the
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term ‘hearth’relates to open structures, most notably for the ‘smithing hearths’where
iron was heated for forging, or intentionally oxidising installations used in the re-
fining of certain metals. Although exceptions abound (such as high-fired ceramics
or low-temperature metallurgy), there is a general decreasing trend in the operat-
ing temperatures of these structures, with furnaces achieving the highest and ovens
working at the lowest ranges.

Last, there is a common misunderstanding in the assumption that furnaces were
only used for smelting minerals, whereas crucibles were used exclusively for melting
and casting metals. Most smelting furnaces were charged directly with ores and fuel
for mineral reduction, but furnaces would also be necessary for melting and casting
operations—for instance, to heat the crucibles containing the metal, or to melt directly
in the furnace large quantities of bronze or iron for large castings. On the other hand,
there is abundant evidence of crucibles employed for a variety of reactions other
than melting for casting. For many centuries at the beginning of metallurgy, metal
was smelted from its ores in crucibles, and even after the emergence of furnaces
for metal smelting numerous special operations still relied on crucibles, such as
the small-scale assay of ores to test their richness, the refining of gold and silver,
or the production of zinc and brass. Sometimes these crucibles were heated inside
furnaces, whereas in other cases the reaction took place within the crucible alone,
with the vessel serving both as a container for the charge and as the heating structure.
Such variability highlights the versatility of ceramics to be adapted to function, as
well as the frequent need of analytical approaches in order to clarify the design and
utilisation of ancient metallurgical ceramics.

Macroscopic Approaches

As with any archaeological artefact, the importance of a thorough visual assess-
ment of metallurgical ceramics prior to instrumental analysis cannot be emphasised
enough. A detailed macroscopic inspection should always be the first step in the
study of these remains, as the amount of information that one can extract from such
an inexpensive approach is sometimes surprising.

The number and outward design of furnaces, including aspects such as profile and
size, and the systems for air supply (forced vs. natural) and slag removal (tapping
vs. non-tapping) can be a proxy for the production scale and specific technological
traditions at play in a particular region. For example, several iron-smelting regions
have been demarcated in Eastern Africa based upon the preponderance of character-
istic furnace designs, which are thought to relate to specific ethnic or cultural groups
(Fig. 6.1). In disturbed sites or waste dumps, sometimes only fragments of furnace
walls are preserved, but their layered internal structure can be used as evidence that
the furnaces would have been relined with clay and repaired to be used more than
once, while their curvature may be used to estimate furnace diameters (Fig. 6.2).

Similarly, the number and diameter of tuyères indicates the type of air supply
used in a particular metallurgical process. For instance, tuyères with a very small
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Fig. 6.1 Iron-smelting
furnace from Zimbabwe,
showing decoration that
resembles female breasts.
(Photo: Shadreck Chirikure)

Fig. 6.2 Inner surface (left)
and cross-section view of a
fragment of a precolonial
lead-smelting furnace from
Porco, Bolivia. Note the
layered structure resulting
from the successive relining
of the slagged, inner surface
of the furnace with fresh clay
in between smelts. (Photo:
Marcos Martinón-Torres)

internal diameter (e.g. 1 or 2 cm) would only work if attached to bellows (Fig. 6.3),
whereas a large number of tuyères with a larger diameter may indicate the use of
natural draft (Fig. 6.4). These aspects can be very important, as tuyères are made of
non-perishable materials and thus survive in archaeological sites, while bellows or
blowpipes are often made from perishable materials and thus do not survive well.
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Fig. 6.3 Lateral (top) and
bottom view of a Late Bronze
Age ceramic tuyère from
Qantir - Pi-Ramesses, Egypt.
Note the very small orifice
facing downwards, which
would channel the air from
the bellows into the
charcoal-filled crucibles.
(Photo: Axel
Krause/Excavation Qantir)

Fig. 6.4 Furnace base with
numerous, relatively wide
tuyères to channel the natural
draft into the combustion
zone. (Photo: G. Celis)

The design of crucibles was often strongly constrained by their intended use. Thus,
their typology reflects their function while also being influenced by cultural traditions.
The most fundamental division in crucibles concerns their mode of heating. Until the
later Iron Age of Eurasia, crucibles were almost exclusively heated from the inside,
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Fig. 6.5 Top view (top) and
cross section of two Late
Bronze Age crucibles from
Qantir - Pi-Ramesses, Egypt,
associated with copper
metallurgy. Note the higher
thermal distortion of the inner
surface, resulting from the
heating with the charcoal
within the crucible rather than
outside, as well as the green
staining indicative of copper
corrosion products. (Photo:
Axel Krause/Excavation
Qantir)

with charcoal and airflow provided from above. Accordingly, these crucibles are
relatively shallow vessels with large mouths, heavily vitrified and slagged on their
interiors (to the extent of bloating and melting), while the core is less vitrified and the
exterior is only slightly baked. To ensure heat retention and mechanical stability of
the typically non-refractory technical ceramics employed, these crucibles are thick-
walled and rich in organic temper, which increases heat retention through insulation
in a highly porous fabric (resulting in a steep thermal gradient, with the inside far
hotter than the outside of the vessel, over the course of just a couple of centimetres
in wall thickness; Fig. 6.5).

Later crucibles were often heated from the outside, either being placed directly
in a bed of charcoal or heated indirectly through radiation and hot air in a furnace
structure. Their typical shape is that of deep vessels with a relatively narrow opening,
often accentuated by a pouring spout (Fig. 6.6). These crucibles have to be sufficiently
refractory to maintain their mechanical stability when at full operating temperature,
often well in excess of 1,100 ◦C. Such refractory ceramics are often distinctly differ-
ent from the local domestic pottery, typically more white-firing through the selection
of clays rich in alumina and poor in iron oxide (Fig. 6.7), or coloured black through
the addition of graphite or other carbonaceous material (Figs. 6.8 and 6.10). The
external heating means that the ceramic reached the same temperature throughout
the body, and the degree of vitrification is therefore constant throughout the fab-
ric. To improve thermal shock resistance and facilitate better heat flow through the
fabric than in vessels tempered with organic materials, these crucibles are typically
tempered heavily with sand. All of these parameters are easily identified by visual
inspection, and need to be evaluated in comparison to the local domestic pottery.
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Fig. 6.6 Medieval crucible
from England. Note the
globular shape and pouring
spout. (Photo: LAARC)

Fig. 6.7 Section through part
of a medieval steel-making
crucible from Akhsiket,
Uzbekistan. Note the clean
interface and lack of
interaction between the slag
and the white ceramic,
denoting the high
refractoriness of the latter.
(Photo: Marcos
Martinón-Torres)

Crucibles with closed profiles or lids are indicative of reactions requiring partic-
ularly reducing atmospheres, such as the processing of volatile metals such as zinc
or brass (where the closed shape helps minimise metal losses through evaporation,
Fig. 6.9), the production of crucible steel (Fig. 6.10) or the parting of gold and sil-
ver using chlorine-rich vapour. On the other end of the spectrum, shallow ceramic
dishes or ‘scorifiers’ (Fig. 6.11) have been employed since medieval times for ox-
idising reactions such as cupellation, which separates silver from lead. Similarly,
the profile of crucible bases is rarely coincidental. Although there are exceptions to
this pattern, rounded and pointy bases in externally heated crucibles suggest heating
infrastructures where the crucible would sit in an uneven bed of charcoal, or where
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Fig. 6.8 Lower half of a
post-medieval
graphite-tempered crucible
from central Europe. (Photo:
Marcos Martinón-Torres)

Fig. 6.9 Drawing of a late
medieval crucible from
Zwickau, Germany, employed
for the production of brass by
cementation. Note the large
size and closed profile.
(Image: Marcos
Martinón-Torres)

the metalworker expected to collect a very small amount of metal, as was the case
in some assaying operations. In contrast, crucibles with flat bases are more common
from the late Middle Ages, as they sat in newly developed furnaces, often heated by
convection, with a flat platform where the crucibles sat separate from the burning
fuel. The presence of pouring spouts, often preserving traces of metal adhering, indi-
cates that the metalworkers cast the crucible contents while hot, as opposed to other
reactions, such as crucible steel making, where the crucibles were left to cool before
breaking them to remove a solid ingot. The size and volume of crucibles will also be
adjusted for specific technological issues. In the Middle Ages, large crucibles with
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Fig. 6.10 Steel-making
crucible and crucible lid from
Sri Lanka. The closed shape
facilitates a reducing
atmosphere, which is also
aided by the abundant
carbonaceous rice-husk
temper in the fabric. (Photo:
Stuart Laidlaw)

Fig. 6.11 Ceramic dish or
‘scorifier’ from
Oberstockstall, Austria,
employed for oxidising
metallurgical reactions. Note
the round depression left on
the slag by the regulus of
metal collected in the centre.
(Photo: Marcos
Martinón-Torres)

volumes of several litres tended to be used for the large-scale processing of cheaper
metals such as bronze or brass. Conversely, the metallurgy of precious metals such
as gold and silver required more careful control and typically involved the use of
smaller vessels made from finer ceramics to ensure a smooth surface minimizing
metal loss.
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Fig. 6.12 SEM image of a
polished cross section of a
Roman crucible from Xanten,
Germany, showing, from left
to rigth: a thin, bright layer of
lead-rich slag adhering to the
inner surface; the main
crucible body, made of
relatively refractory ceramic;
and an outer layer made of
less refractory clay that
appears heavily vitrified and
bloated. Image width is ca.
2 cm. (Photo: Thilo Rehren)

There are further relevant aspects of crucibles that can be discerned through rigor-
ous macroscopic assessment. The degree of bloating or vitrification of the paste may
provide a first qualitative indication of the temperatures involved in the operations.
For example, the melting of lead or pewter (requiring temperatures around 300 ◦C)
will cause virtually no heat damage to the vessel, whereas melting copper requires
much more heat and will leave obvious traces of heat impact.

Many Roman and later crucibles are built with two layers of ceramic; an inner layer
of refractory but brittle ceramic and an outer layer of easily fusible clay (Fig. 6.12).
The outer layer is often rather roughly applied and conceals the original shape of the
carefully formed inner crucible. The softened outer ceramic often shows impressions
of the charcoal lumps from the fuel bed in which the crucible sat, or even impressions
from the tongs used to manipulate the vessel when hot.

Last but certainly not least, the visible residues adhering to the inner surfaces of
crucibles are also informative. For instance, residues from copper-base metallurgy
tend to show a green staining after mild corrosion (Fig. 6.5); gold, as a much nobler
metal, is often preserved in the form of minuscule globules that can be noticed under
a magnifying glass (Fig. 6.13). Under oxidising conditions such as those required
for cupellation, lead oxidises and reacts strongly with the ceramic crucible (if it is
rich in silica), forming viscous slag glazes that may be brightly coloured from yellow
through red to black (Fig. 6.11). If the preservation of the crucibles is good enough,
it is sometimes possible to visually distinguish the presence of different layers such
as metal at the bottom and slag higher up in the crucible profile, reflecting how these
layers would have separated by density inside the vessel.

The importance of a visual inspection of metallurgical moulds is obvious. It is only
through macroscopic assessment (and, often, painstaking reconstruction efforts with
fragmentary remains) that one can determine the nature and shapes of the objects
cast in a workshop. Careful visual examination and refitting of mould fragments, for
example, continue to be prominent research strategies to reconstruct the complex
piece-mould casting technology employed by Bronze Age metalworkers in China
(Fig. 6.14). In other regions, mould fragments attest to the use of the casting technique
known as ‘lost wax’or cire perdue. Often, such moulds are built from different layers
of clay, finer fabric on the interior for a smooth surface finish, and coarser fabric on the
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Fig. 6.13 Optical and X-ray view of an Islamic coin mould from Tadmekka, Mali, and details
of minuscule gold prills trapped in the inner surface under the microscope. (Images C2RMF, X-
radiography (T. Borel) and optical microscopy (D. Bagault))

Fig. 6.14 Western Zhou clay
mould from Zhouyuan,
China, employed for the
casting of a very ornate
bronze vessel using the
piece-mould casting
technology. (Photo: Marcos
Martinón-Torres)
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exterior to increase the strength of the mould and probably to economise on the use of
fine clay. When selecting and inspecting mould fragments from workshop remains,
researchers must not overlook seemingly amorphous or unbaked clay lumps, as these
may constitute the cores employed to cast hollow or socketed artefacts.

A final point should be made with regard to the visual assessment of metallur-
gical ceramics, which is the importance of documenting not only the presence, but
also the absence of such remains. To name but two examples, and assuming good
archaeological preservation, a lack of crucibles or moulds suggests that no casting
of artefacts took place on site (possibly because the workshop in question was spe-
cialised on smelting), just as the absence of tuyères should always prompt hypotheses
as to alternative strategies of air supply, such as perforations on the furnace wall.

Bulk Chemical Analyses

Like any other ceramic artefact, metallurgical ceramics can be subjected to bulk
chemical analyses employing techniques such as inductively coupled plasma spec-
trometry (ICP), neutron activation analysis (NAA) or X-ray fluorescence (XRF), in
order to establish a chemical fingerprint that may allow us to relate them to their
original kiln or geological source (see Pollard & Bray, this volume). Specifically for
technical ceramics, such analyses also inform about the suitability of the clay (and
resulting ceramic) for the required task, since refractoriness is a direct consequence
of the chemical and mineralogical make-up of the fabric. Where possible, it is ad-
visable to select unused ceramics for this type of study, in order to minimise the risk
of distorting the results by contamination of the ceramic fabric by the metals, fuel
or minerals processed within. These approaches can be informative of the degree of
standardisation in the choice or supply of technical ceramics, as well as of aspects
of the early trade of specialised equipment such as crucibles (Fig. 6.15).

For earlier periods and large ceramic structures such as furnaces, the clays em-
ployed for metallurgical ceramics tend to be locally (or at least regionally) sourced,
but it is always advisable to confirm this through analysis. Recent provenance studies
of triangular crucibles, icons of the advanced skills of late Medieval and Renais-
sance metalworkers, have shown that a great number of these can be traced back to a
very small number of sources in central Europe, thus revealing a highly specialised
international market for technical ceramics (Fig. 6.16).

Even in cases when the provenance of the technical ceramics may be in doubt
or cannot be identified, comparisons of their bulk compositions with other ceramics
from the site can be very informative about the selection of clays for specific
technical purposes and the underlying practical knowledge that such choices may
reveal. In general, ceramics with higher alumina levels are more heat resistant,
whereas high levels of other oxides such as lime (CaO), soda (Na2O) or potash (K2O)
decrease the refractoriness of the ceramic in question (Fig. 6.15). By comparing
the compositions of different ceramics, it is possible to assess the extent to which
high-refractory clays were selected for more demanding applications. For example,
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Fig. 6.15 Scatter plot
comparing the refractoriness
of several groups of crucibles
by plotting selected oxides
from their chemical analysis.
Those ceramics with higher
alumina and lower alkali
levels are more resistant to
heat. (Image: Marcos
Martinón-Torres)

Fig. 6.16 Some triangular
crucibles from Oberstockstall,
Austria. The flat bases make
them suitable for sitting on
the flat platforms of assaying
furnaces. The triangular
mouth is an easy technical
solution to create three
pouring spouts. (Photo:
Andreas W. Rausch)

in several pre-colonial iron-smelting sites in Eastern Africa, tuyères were made of
highly refractory kaolinitic clay, whereas the furnace walls were made using more
ordinary, less heat-resistant clay. For the thin-walled tuyères, which would protrude
into the hottest area of the furnace, refractoriness was key to preserve their structural
stability during the operations. In contrast, the furnace walls were simply made
much thicker, so that even if part of their inner layers melted during the operation,
there would be enough structural stability for the smelt to proceed.
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Fig. 6.17 Some
archaeological cupels from
the site of Kapfenberg,
Austria, made with a mixture
of bone ash and wood ash,
now heavily impregnated
with lead and other base
metal oxides. Inset: a modern
cupel with the silver regulus
still in place. (Photos: Marcos
Martinón-Torres)

In other cases, the study of technical ceramics and slag compositions has revealed
the opposite pattern: tuyères or crucibles that were deliberately made with low-
refractory clays and therefore expected to melt during the smelt. The technical reason
for this choice seems to be that the molten ceramic would contribute to bring down the
melting point of the forming slag, thus working as an effective flux (see Hauptmann,
this volume). In these cases, the need to more frequently replace the tuyères or create
new crucibles appears to have been a good investment in order to ensure the success
of the smelt.

Bulk chemical analyses may even reveal that the metallurgical ceramic in hand
is not even clay-based. The most frequent case in point is that of cupellation hearth
lining or small vessels (called ‘cupels’) employed for small-scale noble metal refin-
ing. Prior to the Middle Ages, cupellation hearth material is generally so thermally
distorted, and soaked up with the absorbed lead oxide, that only chemical analyses
may serve to suggest the original material substrate where cupellation took place.
Very frequently, besides the strong lead oxide signature, chemical data show the use
of low-silica, high-lime materials such as chalk-rich clays, crushed shells, bone or
wood ash, which were preferred to silica-based ceramics due to their porosity and
chemical inertness. Standardised bone ash cupels emerged during the Middle Ages
and became the norm for mint and silversmiths workshops from the early modern
period onwards (Fig. 6.17). However, these inferences from the chemical data should
normally be tested via microanalysis (see below).

The addition of temper to technical ceramics obviously modifies their bulk
chemical signature, potentially complicating provenance studies (see Pernicka, this
volume). More importantly, the choice of temper is an important technical de-
cision and should be documented and explained. These and other factors make
microanalytical studies of metallurgical ceramics particularly advisable.

Microscopy and Microanalysis

The examination of metallurgical ceramics by optical and electron microscopy is
extremely informative. Ceramic surfaces may be examined under the microscope
for traces of metal residues adhering to them (Fig. 6.13) or, in the case of moulds, to
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Fig. 6.18 SEM image of a
polished cross section of a
quartz-tempered crucible.
(Photo: Marcos
Martinón-Torres)

determine the presence of ‘release agents’ such as charcoal ash that were sometimes
added to their surfaces to facilitate the separation between metal and mould. How-
ever, the most common microanalytical strategy involves the analysis of small cross
sections that are cut from the ceramics, mounted in resin and subsequently polished
to a mirror-like finish suitable for microanalysis. Even when microscopes are not
available, freshly cut transversal sections of metallurgical ceramics can reveal many
of the aspects discussed below. In fact, when working with large assemblages, it is not
uncommon to cut a relatively large number of samples for preliminary observations,
before selecting a few for mounting and polishing.

Optical microscopy under reflected or transmitted light is useful in determining
the nature, abundance, size, sorting and distribution of any natural or artificial inclu-
sions present in the fabric of metallurgical ceramics, as well as an assessment of their
internal porosity. Typically, crucibles are heavily tempered, as the abundance of non-
plastic inclusions greatly improves the thermal shock resistance and toughness of the
vessels. One of the most common tempering materials is quartz (often in the form
of sand), which, as a highly refractory mineral, also enhanced their thermal stability
(Fig. 6.18). Other mineral inclusions such as feldspars or iron oxides, if present in
large quantities or as relatively large grains, can be detrimental for the performance
of the crucibles. These types of inclusions melt during high-temperature processes
and act as flux for the surrounding ceramic matrix, thereby creating weak points
within the fabric. Other temper types have been documented in archaeometallurgical
remains. Organic materials such as chaff, for example, were the almost universally
common temper in prehistoric smelting crucibles. Upon burning out during firing,
these inclusions would leave small elongated voids in the fabric that can be easily
recognised in cross sections (Fig. 6.19). The effect of these voids in the ceramic
would be twofold. On the one hand, these voids typically run parallel to the vessel’s
surface and deter crack propagation across the fabric, thereby increasing the vessel’s
resistance to potential fractures due to uneven thermal gradients or sudden temper-
ature changes. On the other hand, voids function as thermal insulation systems: for
prehistoric crucibles, which were heated from within, such an ingenious technical
solution helped to minimise heat losses and maintain the mechanical integrity of the
bulk of the vessel’s fabric even if the interior melted and failed.
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Fig. 6.19 Cross section
through a sherd of a
prehistoric crucible from
Stäfa-Uerikon, Switzerland,
showing the elongated voids
left by burnt-out vegetal
temper. Image width is ca.
3 cm. (Photo: Thilo Rehren)

Fig. 6.20 Photomicrograph
of a polished cross section of
a post-medieval crucible,
showing abundant flakes of
black graphite. Image width
is ca. 2 mm. (Photo: Marcos
Martinón-Torres)

A different example of resource optimisation is offered by medieval and early
modern central European crucible makers, who took advantage of the occurrence
of graphite in the region, which could be present naturally in sedimentary clays or
artificially crushed and mixed in as temper (Fig. 6.20). For crucibles to be heated
from the outside in structures such as furnaces, graphite enhanced their thermal
conductivity, thus allowing savings in time and fuel. Furthermore, the thermal and
mechanical properties of graphite resulted in greatly enhanced thermal and chemical
refractoriness, thermal shock resistance, toughness and tensile strength. It is not
surprising then that graphite crucibles remain in use to this day.

Furnace walls and tuyères were also variously tempered, sometimes even more
coarsely than crucibles, with materials such as not only those mentioned above but
also grass, wool, charcoal, or even crushed slag—all reflecting technical ingenuity as
much as cultural traditions. Conversely, the clays used for the working face of moulds
tended to be extremely fine grained, to ensure a smooth surface finish of the casts.

The microscopic study of cross sections of metallurgical ceramics is also useful
to discern details of the different layers often present. For example, cross sections
of early crucibles from East and Southeast Asia sometimes show a thin, quartz-rich
slurry lining their internal surfaces, presumably used to protect the ceramic from
chemical attack by the hot charge. As mentioned before, since Roman times and until
the late Middle Ages, it was very common to find an outer layer of clay covering
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Fig. 6.21 A sequence of
samples employed for refiring
experiments to assess the
refractoriness of Qantir
crucibles. (Photo: Axel
Krause / Excavation Qantir)

European crucibles’ external surfaces. This outer layer is typically untempered and
less refractory than the main ceramic body, which results in extensive vitrification
during use. Even if lacking any structural strength in itself (which would be provided
by the crucible proper), this viscous layer may have helped in distributing the heat
more evenly throughout the vessel, while also potentially sealing any cracks that
could develop in the crucible body during use (Fig. 6.12). In some late examples,
however, this outer layer has become so thin that it is hard to see how it would have
served any technical purpose. Rather, it could just constitute a remnant of an old
tradition. As in any other arena of material culture, non-technical cultural factors
also affected the design and use of metallurgical ceramics.

The use of microanalytical techniques such as scanning electron microscopy–
energy dispersive spectrometry (SEM–EDS) or electron probe micro-analysis
(EPMA) greatly improves our ability to study and understand metallurgical ceramics
by allowing even higher magnification than optical microscopes, and through their
capability to perform chemical analyses in selected areas or spots (as opposed to bulk
chemical analyses). Besides potentially contributing to any of the above research
lines, these techniques allow researchers to analyse the ceramic matrix separately
from any inclusions, which can help determine, for example, whether the crucibles
and moulds employed in a workshop were made of the same raw clay but tempered
in different ways. Electron imaging can also aid in assessing the homogeneity of the
ceramic, which is indicative of the degree of refining or ‘levigation’ to which the clay
could have been subjected before use.

High-magnification topographic images are useful in determining the vitrification
stages of ceramic matrices, which may be used as a proxy for the temperatures to
which they were subjected. As ceramics lose water, the original clay minerals recrys-
tallise and finally vitrify and melt through increasing exposure to high temperatures.
Their structure becomes glassier, whereas their internal porosity becomes rounder,
leading eventually to extreme stages of catastrophic bloating or ceramic melting
(Fig. 6.12). By comparing the vitrification stages of technical ceramics to those of
control briquettes fired under known conditions, it is possible to estimate the tem-
peratures to which the archaeological samples were exposed (the so-called refiring
methods; Fig. 6.21). When studying the vitrification of metallurgical ceramics, it is
interesting to compare between used and unused specimens, thereby differentiating
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Fig. 6.22 High-magnification
SEM image of an unpolished
area of a crucible from Hesse
after etching in HF. The image
shows fine needles of mullite
developed through the high
pre-firing of the alumina-rich
body. (Photo: Alice Hunt)

the firing of the crucibles in the pottery kiln when they were first made, from the
further thermal distortion that may have been caused during use. For example, a
study has shown that the famous crucibles from Hesse, sought after by alchemists
and metalworkers across the world since the late Middle Ages, partly owed their
technical quality and market success to an exceptionally high pre-firing temperature.
These vessels were made of a well-refined, alumina-rich, kaolinitic clay, tempered
with quartz and fired to temperatures in excess of 1,300 ◦C. As a result, the crucibles
underwent a high-temperature test before reaching the consumer. More importantly,
the high pre-firing led to a highly vitrified matrix reinforced by fibres of newly crys-
tallised ‘mullite’in the ceramic paste—an extremely strong and refractory aluminium
silicate that continues to be used for crucibles to this day (Fig. 6.22).

Besides the potential lines of enquiry mentioned above, a major bonus of mi-
croanalysing cross sections of technical ceramics is that these techniques allow a
detailed investigation of the slag or metal residues adhering to their inner surfaces,
in ways comparable to those employed for the usual study of metal objects or slag
lumps (see Scott or Hauptmann, this volume). The possibilities of such approaches
will be developed in the next section.

Residues in Metallurgical Ceramics

Understandably, many studies of metallurgical ceramics focus upon identifying the
metals that were processed in them. As mentioned before, visual features can provide
strong clues, but this approach is often complemented with qualitative analyses
of the inner surfaces of metallurgical ceramics employing XRF. Without any prior
sample preparation, the direct scan of a ceramic surface by XRF can allow the
identification of traces of the metals in a fast and relatively inexpensive manner. The
traces of metals in crucibles can then be correlated, for example, with the crucible
typologies, in order to discern whether specific forms correspond with special metals.
The same strategy can be employed to investigate whether specific workshops at a
given site were focused upon different metals. Using this approach, a study of Viking
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Fig. 6.23 Bar chart based on
an experimental study,
comparing the composition of
a copper alloy and the relative
proportions of the traces of
different alloying constituents
detected by XRF after the
metal was cast in three
moulds. (Image: Marcos
Martinón-Torres)

urban metallurgy has shown that, contrary to common assumptions of workshop sub-
specialisations, both silver and copper-base alloys were routinely melted and cast in
the very same workshops. Many other examples exist of simple XRF studies allowing
the identification of the metals cast at a given site.

There are, however, important limitations to the use of surface XRF scans, and
researchers must be aware of these in order to avoid hasty conclusions. The first one
is that this type of chemical analysis will not discriminate between contaminations
stemming from separate events of use. If a crucible was once used for melting copper,
and later for melting tin, the XRF will simply detect traces of both, and one might thus
be tempted to assume that the crucible was used for melting bronze. The same could
be thought of a mould that was used for both copper and pewter, where the data might
lead some to infer that the alloy being cast was leaded bronze. The second problem,
and perhaps the most important one, is that the relative proportions of different metals
detected in a crucible or mould may differ dramatically from those in the original
melt. Recent experiments with casting moulds used for copper alloys have shown
that zinc contamination is always highly exacerbated, even if only present in the
original alloy in small concentrations, whereas the nearly exact opposite occurs with
tin (Fig. 6.23). The different contaminating behaviour of these and other metals is
due to their specific thermo-chemical properties, especially their volatility. Thus,
one should be aware of these properties before interpreting analytical data. A related
factor to be borne in mind is that the ‘metal of interest’ is not necessarily the one
most abundantly left behind in technical ceramics: a paradigmatic example of this is
the refining of silver by cupellation, where a skilled metalworker will leave abundant
lead oxide but very little silver behind.

A final limitation of surface XRF analyses of metallurgical ceramics is the unsuit-
ability of this type of data to reconstruct more specific parameters of the processes
carried out. This problem is particularly acute with crucibles, given the great variety
of reactions (beyond metal melting) for which they were employed. For instance,
XRF can detect traces of copper on a crucible surface, but researchers may be inter-
ested in determining whether the crucible was used for smelting, refining, or simply
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melting this metal. Another common question emerges when both tin and copper are
detected, as to whether the vessel would have been employed for the remelting of
scrap, the alloying of fresh metal, or even the smelting of tin minerals with metallic
copper. In order to answer these and other questions, microanalysis becomes a must.

The examination of cross sections of crucibles and other technical ceramics by
optical and electron microscopy is one of the most powerful tools to reconstruct the
metallurgical processes carried out within. Given that this method is more invasive
and time consuming than XRF, it is always advisable to start the study with a screening
analysis of a large number of ceramics by XRF, as a basis to raise further questions and
inform decisions on the subgroups that will be targeted for microanalysis. Just as the
ceramic fabric can be investigated in more detail under the microscope (see above), so
too can adhering residues offer many more clues for a technological reconstruction.
Although these residues are sometimes only tiny specks or layers much thinner than
1 mm (e.g. Fig. 6.12), even these are big enough to allow informative microanalytical
studies.

Microanalytical techniques permit the identification of different residual phases or
new crystals that can tell us about the raw materials or alloys used, redox conditions
and temperatures involved, and the effects of any post-depositional corrosion (and
hence the reliability of the data). The most important peculiarity in the analysis of
metal prills trapped in crucibles (compared to the analysis of metal artefacts), beyond
their smaller size, is the potentially significant distortion of alloy composition in the
prill. Selective oxidation of metals such as tin, zinc or lead will concentrate these
elements as oxides in the surrounding slag, while the residual metal prill will be
almost pure copper, silver or gold. Such selective oxidation has been exploited for
millennia in the fire refining of metals (e.g. cupellation), but today it can significantly
hamper the interpretation of microanalytical data from crucible studies. On the other
hand, the examination of the interface between the slag and the crucible ceramic—
and the extent of chemical interaction between the metal, slag and ceramic—can
inform us about the duration of the operation, the temperatures reached, the degree
to which the atmosphere in the crucible or furnace was controlled, and whether
chemically stable fabrics were selected (or not) for particularly corrosive reagents.

If the ceramic appears to be melting and reacting with the forming slag, then our
interpretation of the crucible slag should take account of this chemical contribution,
just as one would do with the furnace or tuyère material when analysing furnace
slag. This is particularly relevant in the context of early metallurgy, when attempting
to distinguish between smelting and melting crucibles; both will have more-or-less
clean copper prills embedded in the molten material covering the inner surface of
the crucible. To identify smelting of copper minerals, it is important to show that the
molten material surrounding the metal prills is not just the ceramic fabric vitrified
with some fuel ash component, but that there is a substantial contribution to the
slag from the fusion of gangue components, such as silica or iron oxide, in excess
of the amount present naturally in the ceramic. Only microanalysis of a carefully
selected and prepared cross section can provide the necessary compositional data for
the unaltered ceramic of the crucible’s body, the fully vitrified region near the inside,
and the apparent copper-rich slag layer at its surface.
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Further Approaches to Metallurgical Ceramics

The previous pages have presented a summary of the most established approaches to
the study of metallurgical ceramics. However, the repertoire of analytical strategies
is broader and continues to grow.

The study of metallurgical ceramics by X-ray diffraction (XRD) not only con-
tributes to a more detailed mineralogical characterisation of the clays employed,
but it can also aid in estimating operating temperatures. Given that different crystal
phases decompose and recombine at specific temperatures, their presence/absence
as detected by XRD can suggest specific temperature thresholds, when compared to
the original phases present in unused ceramics or the local clay minerals. The ob-
servation of heat-induced mineral transformations, however, can also be performed
during SEM-EDS analysis. Often it is possible to identify sub-rounded glassy areas
within the fabric, corresponding to molten minerals that can be chemically analysed.
For example, a ceramic where plagioclase feldspars appear molten but potassium
feldspars remain unaltered would have been exposed to temperatures between 950
and 1,050 ◦C.

More recent approaches to technical ceramics have combined a study of their
thermal conductivity, considering aspect such as composition, inclusions and poros-
ity, prior to modelling their behaviour using computer-based finite element analysis.
These parameters, together with a detailed documentation of the thermal gradi-
ent recorded in the furnace fabric, have allowed researchers to estimate the typical
duration of a smelt in a Bronze Age furnace.

Finally, one should not underestimate the potential of metallurgical ceramics to
date metallurgical activities. For example, some American Pre-Columbian metal-
working cultures made votive offerings of gold work that are often found with no
other datable materials or contextual associations. Frequently, it has been possible to
date these through radiocarbon determinations performed on the carbon-rich cores
preserved inside hollow objects cast by the lost wax technique. In Sub-SaharanAfrica,
where the dating of the earliest metallurgy remains a contentious issue partly ow-
ing to ambiguous radiocarbon dates, it has been proposed that thermo-luminescence
dating of furnace wall material may offer a more reliable dating tool.

Final Remarks

From a technological viewpoint, having good-quality metallurgical ceramics was as
important as the metals themselves in most ancient metallurgical workshops. The
thermal and mechanical properties of these ceramics often limited the size of objects
that could be cast in a single process in the pre-Classical Old World (the availability
of large quantities of very fine-grained loess clays was probably a decisive factor
behind the astonishing levels of piece-mould casting achieved in Bronze Age China).
Similarly, the melting and casting of true steel (as opposed to cast iron) only became
possible once suitably refractory materials had been developed to withstand the
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necessary high temperatures. Refining and assaying of gold and silver relied for
centuries on the availability of specialised ceramics made from bone and plant ash,
and no furnace could be built without a great deal of ceramic, even if only holding
together building blocks hewn from stone.

This chapter has highlighted the crucial role played by ceramics in the produc-
tion and processing of metals across the world, a role undiminished to this day.
In addition, it has outlined some of the most fruitful avenues for the exploration
of these technical ceramics. When adequately studied, metallurgical ceramics offer
data not only on specific metallurgical reactions, but also on technological choices
and knowledge transfer, the changing understanding of different materials and their
properties, the optimisation of resources for specific technical needs, and the ex-
istence of different traditions that may respond to specific cultural backgrounds as
much as to technological schools and traditions.

Notwithstanding the huge potential of studying technical ceramics from ar-
chaeometallurgical sites, a final word of caution is needed, applicable to this as
much as to any other area of ancient technologies. Before highlighting the unique-
ness or technical sophistication of a particular ceramic design, we should confirm
that this was indeed a conscious choice made on the basis of technical considera-
tions. For example, metalworkers could have exploited extremely refractory clays
simply because these were the clays most readily available to them. Likewise, the
use of graphite temper is documented not only in early crucibles but also in coeval
domestic pottery, which suggests that perhaps colour, and not necessarily thermal
conductivity or refractoriness, was the crucial factor behind the choice of this temper
in early stages. In order to avoid precipitate conclusions, our studies should incor-
porate non-technical ceramics such as domestic pots or roof tiles for comparison, as
well as an assessment of the archaeological and geological environment to determine
the range of options available to ancient metalworkers.

As emphasised above, a thorough macroscopic assessment of metallurgical ceram-
ics, ideally combined with a visual examination of fresh sections, can be extremely
informative, especially when coupled with an understanding of metallurgical prin-
ciples and practices. More sophisticated questions are greatly aided by analytical
studies, specifically microscope-based ones. However, just as these enhance our in-
vestigative power, so do they increase the risk of error. An adequate selection of
samples and analytical techniques relevant to the questions asked is essential, to-
gether with an assessment of the potentials and limitations of the resulting data.
Probably the most important aspect of studying technical ceramics, however, is that
these are typically waste material, often occurring in huge quantities and of little
aesthetic value. Subjecting them to analysis, particularly invasive analysis as is nec-
essary to obtain cross sections and quantitative analytical data, is a hugely productive
process, generating a plethora of information not otherwise obtainable. This is not a
destructive analysis—it is a constructive analysis of the first order.
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Chapter 7
Methods of Mining Archaeology
(Montanarchäologie)

Thomas R. Stöllner

Introduction

Mining archaeology is a multidisciplinary approach to understanding people’s roles
and relations to raw materials, especially with respect to the social and economic
consequences of their exploitation. It has become a specialized field within archae-
ology, and therefore, it may be justified to outline the methodological framework of
this field. Mining archaeology has traditionally been seen as a study of the mining
technologies used in the past, but only rarely has it engaged with the socio-economic
and cultural aspects of these practices (Weisgerber 1989/1990; Pfaffenberger 1992;
Steuer and Zimmermann 1993; Knapp et al. 1998; Stöllner 2003; Topping and
Lynott 2005). Critical to the advancement of this field has been the realisation that
mining archaeology is the study of systems used to describe long-term historical
processes that have been influenced by other technologies, innovations and raw ma-
terials equally. If one looks, nowadays, at projects focussing on ancient mines, one
must always engage with various other subjects including trade, settlement patterns
and socio-economic systems such as class and its relation to the exploitation and
distribution of resources. It is, therefore, a logical consequence not to speak about
mining archaeology on its own but to use terms like the archaeology of raw materials,
Montanarchäologie (montan-archaeology) and economic archaeology (e.g. Clarke
1953; Zimmermann 2000)1.

1 The German term “Montan”(based on the Latin “res montanarum”) does not translate well into
the English language, but I have suggested introducing the loan-word “Montan” as a term for a
kind of “raw material archaeology” whose main focus is on the entire chain of mineral resource
production practices and its socio-economic consequences (e.g. Stöllner 2008b, pp. 149).
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If one accepts the broadening of the terminology, then one has to engage with
three levels of consideration. First, what is the relation between archaeology of
mining and the various technological approaches that were used throughout history
to extract raw materials? Second, if archaeologists want to reconstruct the ancient
economy, then mining must be considered as just one part of an entire production
chain, including processing, trade and usage of raw materials. Third, the broadened
field of “Montanarchäologie” must deal with all aspects of the production process,
which must take into account the ideological, social and spatial spheres of human
behaviour (Stöllner 2008a, 2008b). The level on which we choose to explore ancient
mining has consequences for the methods used.

Methodological Issues: Basic Concepts and Problems

Acquiring raw materials was, in all societies, a costly and time-consuming (but
nonetheless essential) task. This process nowadays has shifted to a global level and its
consequences are not as apparent for each individual. However, in the past, the level
of spatial and societal interactions between people and communities was the most
important; as such interactions were responsible for the dissemination of societal
knowledge, techniques and of new materials and products. Thus, the regional and
chronological context of ancient mining is critical, as hunter–gatherer groups of the
African Iron Age had very different mining processes than urbanized Bronze Age
miners of Central China.

Over the years, several special research areas of mining archaeology have been
outlined and investigated more precisely. These research areas provide a theoretical
framework with which one can approach the different questions that are always part
of resource management.

The Importance of the Chaîne Opératoire

There is no doubt that functionality is a basic prerequisite for understanding ancient
mining, but there are also ideological, cultural and social reasons why people behave
in particular ways. For this reason, the French archaeologist Claude Leroi-Gourhan
developed the idea of the chaîne opératoire or “chain of operations” for any produc-
tive practice (Leroi-Gourhan 1964). Essentially, this means that we must study each
step of a particular productive process and look for social and cultural influence
within each step. For example, the mining of sulphidic copper ores involves the
extraction, the preprocessing (beneficiation and/or roasting) and the smelting of
such ores (e.g. Eibner 1993; Herdits 1993). Given a specific level of technological
experience, one can propose a several-step process that one may describe within a
chaîne opératoire. This proposed model logically depends upon the complexity of
the process for how interdisciplinary the network has to be developed. That is, the
more complex process chains must incorporate multiple materials (e.g. stone tools,
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Table 7.1 Various major levels to describe a mining region within a historical, economic and a
social process

Natural landscape Quality, sustainability and accessibility of raw materials
Ecological preconditions of the natural landscape (favourable settling

conditions; favourable conditions for subsistence economies)
Traffic precondition especially for long distance trade

Cultural landscape Regional economic balance with subsistence economy (e.g. stress factors in
landscapes)

Importance of the hinterland (size, structure of settlement) regional traffic
lines and their improvement

“Social abilities” (technological knowledge handed over; local tribal and
political organisation)

Mode of production Reconstructing the technological process (chaîne operatoire)
Degree of specialization
Interaction and labour division

Duration of time Longue durée in specialized landscapes (imprinting phases in mining
regions)

1. Initial or inventing phase
2. Phase of stabilisation or consolidation (radiation)
3. “Industrial” phase

Society (ethnic, Tradition of labour
social and Social control of winning and distribution
cultural tradition) Integration of different social and ethnic groups (children, women,

foreigners etc.)
Trading modes Dependency on trade (spatial standard/scale of trade; importance in regard

to the economic scale)
Organisation of trade (technical and logistical; social: exchange and

symbiosis with other groups)
Trading level (e.g. long-distance trade, trade by stages, ports of trade)

Historical processes Changes in supply and demand structure (by crises, epidemics or wars, etc.)
Changing of ritual and fashion demands
Technical Innovations
Processes of colonization

copper ore, water, timber and charcoal production), which requires researchers from
different methodological disciplines (e.g. archaeobotanists; mineralogists and metal-
lurgists) (general e.g. Ottaway 1994; Hauptmann 2007a). The advantage of working
with process chains is that archaeologists, metallurgists and mining historians are
able to model resource and working patterns in more predictable ways, and then look
for the influence of social and cultural factors on past behaviours.

The Importance of the Natural (Landscape) and the Geological
Preconditions (Table 7.1)

Determining the quality and the sustainability of a mineral deposit, as well as the ac-
cessibility and actual content of the deposit, was essential for early societies (general
e.g. Stöllner 2003, p. 421; Strahm and Hauptmann 2009, pp. 121) to make deci-
sions about the mining technologies to be used and to what extent. This very general
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statement forms the background for discussing the beginning and end of a long-term
production process. What has rarely been considered are the short-term effects of
small bonanza-type deposits (e.g. a “gold rush”), or how the irregularities within ore
deposits may cause unpredictable situations. In other words, to what extent do vary-
ing deposits affect the blossoming or the collapse of a chaîne opératoire ? In certain
case studies from historical periods, researchers have traced back such collapse sit-
uations to complex socio-economic situations (e.g. the cost increase associated with
deeper and more laborious mining) (e.g. Harz: Bartels 1997), rather than more obvi-
ous geological reasons (e.g. the vein is “mined out”). However, we must remember
that the geographical preconditions (e.g. relations to agricultural zones, the climate
and vegetation— for instance, in relation to fuel resources; Engel and Frey 1996;
Hillebrecht 1999) are also determining factors. For example, traditional mining in
steppe zones can clearly be differentiated from those in arid or desert areas or from
high mountain ranges. To what extent mining groups in these regions were restricted
by food or water supplies is reasoned by assessing landscape conditions, but also their
general subsistence pattern (e.g. herders vs. farmers: Cribb 1991; Alizadeh 2004). As
long as raw material acquisition remained on a small tribal or familial level, resource
exploitation was at least as successful as in specialized mining communities, due to
the more limited geographical and subsistence restrictions.

Cultural Landscapes, the Longue-Durée and Societal and Trading
Patterns (Table 7.1)

There are several cultural factors that influence the productive sphere of a society. For
example, in my own research I have tried to distinguish between natural landscapes
and culturally reorganised landscapes (Stöllner 2008a; 2008b). Many regions of the
world were cultivated very early on and the exploitation of raw materials was a major
part of their success as farmers. As mentioned above, landscape conditions influence
not only the techniques of extraction but also the long durée of mining processes (e.g.
Braudel 1977; for mining: Stöllner 2010, esp. 297–301). Social complexity could
grow slowly and sustainably in cultural landscapes over centuries on the basis of
local tribal and social organisational patterns, as has been shown for salt-producing
communities in the Alps (Bergier 1989; Kern et al. 2009), for amber “fishing” in the
Baltic Sea, for Cypriot copper (Ganzelewski and Slotta 1996) or for the lapis lazuli
mines of Afghanistan (Kuhlke 1976).

What should not be underestimated is the influence of socio-cultural traditions
on the manner of production, trade and division of labour within communities. For
example, given that mining was a practice generally associated with men, only
particular social values decided whether children and women were included and,
if so, in which part of the process. Of course, there are also examples of women
carrying out resource exploitation without men. For instance, red ochre, used as
make-up and body paint, could have been mined by those who wore it, such as the
women of the Himba in Namibia (Pickford et al. 1998). In addition, the inclusion or



7 Methods of Mining Archaeology (Montanarchäologie) 137

Fig. 7.1 Production modes
and their relation to
imprinting processes
(intensive exploitation).
(After Stöllner 2008a, p. 77,
Fig. 5)

exclusion of foreigners was culturally determined, as their inclusion inevitably led
to a gradual disintegration of traditional working patterns in that particular society.

Another factor that is directly related to production processes is the structure
of markets and trade. Basic mechanisms of supply and demand were dependent
upon trading networks whose efficiency had a direct influence on the success of an
extracting process over time. The geographical location was often responsible for
structuring markets, as the traffic routes and the mechanisms of trade determined the
degree to which particular resources could be exploited.

Spatial Organisation

Exploitation activities are always linked with the landscape and geographical setting,
but they are also dependent upon the economic and societal demands. Therefore, it
is not surprising that by studying the spatial organisation of mining enterprises, one
can also come to understand the social and ecological impacts. It is useful here to
make a division between different spatial structures that also reflect different modes
of production—i.e. between extensive, impermanent winning modes and more in-
tensive, deposit - and site-based exploitations (Stöllner 2003, pp. 430–433; Stöllner
2008a) (Fig. 7.1). Extensive mining is normally associated with small-scale expedi-
tions and can still be found in some traditional societies today. Such exploitations
often left nearly invisible traces and were often obliterated by later and more inten-
sive periods of winning. But this does not mean that a sporadic or seasonally based
operation is a “simpler” mode of production or related to less advanced traditional
societies. Oftentimes, such small-scale operations were also a consequence of the
geographical setting, such as when deposits are situated in hostile landscapes that
only allow an impermanent and seasonal access.

What can be described archaeologically is a core part of functional interrelation
that we may call an “ensemble” (Stöllner 2003, pp. 429–430). An ensemble is defined
by the relationship between two elements of a characteristic workflow, such as a
smelting site and a mine, or a smelting site and a metal workshop. Within an extensive,
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Fig. 7.2 Scheme of spatial
structures of early mining
enterprises and their
interconnection in a
functional mode. (After
Stöllner 2008b, p. 169,
Fig. 31)

sporadic mining enterprise, an “ensemble” may not be linked topographically—the
mineral source and its first stage of processing could lie a great distance apart.
Analysing such chain links by interdisciplinary approaches allows a reconstruction
of functionality, and thus the embedding of the mining into either an isolated or a
more complex economic cycle.

The determination of such economic systems leads mining archaeologists to the
idea of “mining districts”. A “district” should be understood as locally concentrated,
intensive exploitation of a deposit: Generally, one could understand them as large
and permanent production units. Often they are parts of an even larger unit, the so-
called “mining region” (“Montanlandschaften”) that assembles different production
and functional units on the larger scale of a landscape (Fig. 7.2). In such cases, there
are certain preconditions that have enabled a regionally stable and long-lasting devel-
opment. Such stability is often the result of a combination of various positive social,
economic and geographical circumstances. After decades of research, such landscape
systems are much better understood, yet still there are only a few examples such as the
Harz ore deposits (copper/lead-silver) studied by German Harz-Archaeology (e.g.
Seegers-Glocke 1999; Bartels et al. 2007; Alper 2008); the Cypriot copper mines
studied by Bernard Knapp and colleagues (Given and Knapp 2003); the Fenan copper
mines studied by Andreas Hauptmann, Gerd Weisgerber, the team of Graeme Barker
as well as Thomas Levy’s work during last 15 years (Hauptmann 2007a; Barker
et al. 2008; Levy et al. 2002; Levy 2009) or the Eastern Alpine Salt Mines (Kern
et al. 2009; Stöllner 2010). In these few examples, the integration of archaeological,
interdisciplinary and historical data has allowed a decent reconstruction of a broad
economic history for the region.

Temporal Development—Stratification in Time—Adaptive Cycles

The temporal development of a mining operation, especially within economic zones
dependent upon such exploitations, is considered to be an important approximation
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for describing complex economic interrelations more generally. In reference to the
landscape being used and exploited, we may call this an “imprinting” process. Such
a process usually lasts for several centuries (if not longer) and can be understood as
a transformative process by which a landscape is changed into a zone with a special
social and economic role. This stratification can be described within a four-phased
concept:

• An initial or inventing phase (invention phase) sees the introduction of a new
concept (new technology, new strategies of exploiting) into a district of a deposit
or into a landscape. It occasionally superseded the anterior phase of part-time
exploitation.

• A phase of stabilisation or consolidation (radiation phase) leads to the first suc-
cessful exploitations and to the formation of successful working units (regional
diffusion). Such activities have a notable influence on the local society and en-
vironment. For example, successful exploitations can result not only in a major
improvement in living conditions, in the emergence of new professions and in the
development of social hierarchies, but also in the degradation of landscape and
the local environment. In the regional context, initial and consolidation stages
are often difficult to distinguish, as is the case in Feinan’s Early Bronze Age
copper production. On a regional or even interregional scale, this extension (con-
solidation) was often the basis for the general “industrial” stage (e.g. in Feinan
during the Early Bronze Age; in the Alps during the Late Bronze Age: in this way
discussed by Stöllner 2008a, esp. 80–86).

• An industrial phase (establishing phase, innovation phase) is characterized
by an abundant growth in exploitation in a regional context, in combination
with considerable effects upon society and the natural environment as well
as cultural landscapes. The expression “industry” is not used in connection
with “industrialisation” but means a manner of frequent and standardized mass
exploitation.

• This simplified schema for the development of exploitative practices in a region
can be concluded by a phase of collapse and reorganisation. An industrial phase
often imbues also the reasons for a following collapse of an economic or ecological
system either by greedy over-exploitation or by over-expenditure of technological
or economic resources. Besides internal reasons for a collapse, there are also
external ones that must be considered, such as the changing of demand, the
influence of historical events or the general economic crises that affect also the
production sphere. Often multiple reasons led to a crisis and scenarios of disasters
are usually reconstructed in great haste. Archaeology compounds its problems in
detecting historical coincidences either because of the incorrect synchronisation of
events or through the inability to securely identify the cause and effect adequately.

Such adaptive cycles (from invention to collapse) are frequently used in sociology
and history to describe long-term processes in society or economy. If we adopt,
for instance, the adaptive cycles that have been again discussed in recent years
(Kondratiev 1984; Holling et al. 2002), we are able to model a cyclical system of
occasional usage of deposits according to preconditions such as demand, trade or
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Fig. 7.3 Scheme of
procession steps within a
production sphere as an
adaptive cycle system. (After
Holling et al. 2002, p. 34;
Stöllner 2010, p. 77, Fig. 5)

general technological ability (Fig. 7.3). In the light of empirical data, we have to
stress that a cyclical economic development is not self-evident. Indeed, we often
observe that after the collapse of an exploitation system, no phase of reorganisation
has followed simply because the collapse did not allow any renewed rise.

The Importance of Econometrics:

One of the problems of economic archaeology is to present reliable data with concern
to production intensity and economic profit. This basically is reasoned in the structure
of our data sets, but partly also reasoned in research strategies that generally have
not developed methods of this kind. It is undoubtedly of high value if production
cycles and the up and down of the market may be understood in their full complexity.
Econometric questions and methods, therefore, need to be developed according to
specific research layouts and production cycles.

Concerning production intensity, the societal investments and the economic out-
come have to be calculated (e.g. for agricultural societies: Kerig 2008). That said, it
is still difficult to discuss the scale of ancient labour forces and subsistence strategies.
We need to know the exact time span of production, the mean values of production
progress and the number of persons involved. Using agent-based modelling seems
helpful for narrowing down limiting factors (Holland and Miller 1991; Bloch and
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Fig. 7.4 Scheme of parameter
to calculate an index of
production intensity and
different factors that are basic
for calculations or influence
such calculations. (After
Stöllner 2012, p. 436, Fig. 3)

Bonabeau 2002). Such data can only be collected if excavations apply exact tapho-
nomic studies in relation to the qualitative information of the production workflow
(e.g. Stöllner 2012, pp. 435–436, Fig. 3). On the basis of such information, a produc-
tivity index can be calculated that allows independent comparisons through cultural
complexes and periods (Fig. 7.4). Discussing the productivity, technological level
and the general cost level, in accordance with the general economic activities (e.g.
agriculture, herding and stock-breeding, crafts and trade), allows the estimation of
the added value’s chain.

As important as those questions may be, there are still considerable empirical bi-
ases; the estimation of production outputs can only start with archaeological remains
(e.g. for mines, look at the calculations for the Mitterberg-Mines: Zschocke and
Preuschen 1932; Stöllner et al. 2011a). Mines are often not accessible any longer,
difficult to excavate or entirely destroyed by later exploitation. Slag heaps may be
partly destroyed and require survey before any reliable calculations can be made.
Indeed, a study of the smelting debris must be considered in the general production
chain in case the amount of copper that was produced should be considered in relation
to production investments.

Systematics of Montan-Archaeology

The classification of prehistoric and early historical mining methods helps to un-
derstand basic factors of operation chains. In this respect, there is less necessity to
construct a simple disseminated history of mining for only one period, territory or
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Fig. 7.5 Systematics of a
basic description of mining
and metallurgy in
archaeological, historical and
archaeometric research—the
canon of mining and
metallurgy. (After Stöllner
2008b, p. 152, Fig. 6)

Fig. 7.6 Mining archaeology
and archaeometallurgy in
definition as it has been
used since the 1980s,
e.g. at the German Mining
Museum Bochum as
“montan-archaeology”. (After
Stöllner 2008b, p. 150, Fig. 4)

district. It is more important to show how the accumulated observations, knowledge
and information represent the evidence of production processes like mining, smelt-
ing or fabrication. Montan-archaeology offers a specific contribution to historical
knowledge, beginning with mining activities, winning of raw materials by mining
or quarrying, preparation, handling and/or smelting (Fig. 7.5). It searches for and
interprets evidence of activities in the sphere of mineral exploitation and preparation.
Thus, montan-archaeology is associated with the peculiarities of particular resources,
so that it cannot be fully evaluated by itself. From the early years of mining research,
it has usually been left to an interdisciplinary group of scholars working together
(Fig. 7.6). Henceforth, montan-archaeology is a methodological field not bound to
a particular period or epoch, but interested in special resources and processes on or
below the surface.
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Fig. 7.7 Chaîne opératoire of
research in the fields of
mining archaeology and
archaeometallurgy. (After
Stöllner 2008b, p. 151, Fig. 5)

Natural sciences, within the sphere of a specific mining archaeology, can con-
tribute to the interpretation and understanding of such remains. This is especially so
for ores, furnace remains, technical pottery and slag (Hauptmann 2004, 2007b, 2008).
As Fig. 7.7 shows, such research is always a multi- or even interdisciplinary work
that combines methods and knowledge from several academic and non-academic
fields. The exploitation processes as a whole can be enumerated best into 20 cat-
egories, structured around mining, smelting and fabrication activities (Weisgerber
1989/1990, 2003; renewed and added Stöllner 2008a, 2008b). They describe a spe-
cific chaîne opératoire of such productions. Of these twenty, fifteen are technical,
three represent social, economic and political aspects and the two remaining in-
clude inter-regional and ideological factors which influence mining and smelting in
a wide scale (Fig. 7.5). The systematics model presented here and elsewhere does
not comprise all different raw materials but is more focussed on metals. Other raw
materials (e.g. salt, ochre, pigments or fossilized wood) had their own preconditions
that created specific workflows, but these are beyond the scope of this paper.

Only by using correct terms from several fields of engineering science is it pos-
sible to reconcile or absorb the material or even to communicate unequivocally.
Terms are comfortably available in handbooks of mining, smelting and quarrying of
the nineteenth century and early twentieth century. Because of the modern mining
techniques introduced in the twentieth century (e.g. gigantic opencasts, electricity,
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motors, etc.), the terms of modern mining science often cannot help or even have
changed meanings. Regarding what has been said above, it is worth discussing the
systematic model of ancient mining and metallurgy. It is a general approach that helps
to structure any discussion about prehistoric and ancient raw material exploitation.

Empirical Work and Modelling a Socio-Economic Process

With the methodological issues in mind, the second part of this paper will deal with
the empirical work in montan-archaeology that should help to achieve the necessary
database. Montan-archaeology, like many applied sciences, is based on specific
scientific questions and is—as mentioned—primarily interdisciplinary. Nevertheless,
it is an archaeological field and, as a consequence, it finds its methodological basis
there. I therefore will restrict myself to describing specific empirical fields.

Disciplines Connected with the Investigation of Early Raw Material
and Archaeo-Metallurgical Studies

The investigation of mining and metallurgy requires the integration of methods
and knowledge of several related fields. One may call them the methodologi-
cal canon of montan-archaeology, including several academic fields of mining
and metallurgy (Berg- und Hüttenkunde), but also related fields of exploration
geology (Lagerstättenkunde) and tectonics and structural geology (Tektonik und
Strukturgeologie).

The multiple disciplines that comprise montan-archaeology can be described as
the following:

Exploration geology (Lagerstättenkunde) is the basic requisite for describing the
mineability of a deposit and the possible content of an already exploited deposit
(Pohl 2005; Warren 2005). It helps to understand the yield of an ancient mining
process. If the mining archaeologist wants to calculate the average ore content of
a mine, whose cavity he has already investigated and measured, he has to consult
exploration geologists to ascertain the ancient exploration yield.

Mining archaeology (Bergbauarchäologie) can be described as the basic archae-
ological method to survey, excavate and evaluate ancient exploitation areas such as
underground mines and quarries.

Archaeometallurgy (Archäometallurgie) deals with field investigation of ancient
smelting sites and other metallurgical sites and workshops (casting, smithing). It
has to consider experimental and ethnoarchaeological approaches as well as specific
taphonomic methods to get closer to the specific technical workflows (Ottaway 1994;
Hauptmann 2007a, 2007b).

Archaeometry (Archäometrie) of metals is science based and uses different meth-
ods of mineralogy and geochemistry (especially of isotopic chemistry) to answer
questions of metallurgical workflows or the provenance of materials (e.g. several
articles in Wagner 2007; Begemann et al. 1989).
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Mining engineering (Bergbaukunde) delivers the basic analogies for ancient tech-
nologies applied to specific types of deposits. Technologies themselves adhere to an
ancient technical solution and can often be deduced from solutions known in tradi-
tional and historical records. Mining engineering provides the basic nomenclature
of all types of exploitation processes (Gätzschmann 1846; Hoover 1909; Reuther
2010).

Tectonics and structural geology (Tektonik und Strukturgeologie) helps to under-
stand and reconstruct alterations of rock texture by rock mechanics (e.g. pressures,
lateral dislocations). This is especially important when discussing the situation un-
derground (e.g. mineability of a deposit) or specific technical solutions (e.g. how to
secure an area by timbering).

Mining surveying (Markscheidewesen) deals with both the reconstruction of
the ancient surveying knowledge and the application of modern technique to the
documentation of exploitation sites.

The science of economic ore dressing and metallurgy (Aufbereitungs- und Hütten-
wesen) is today an academic sub-field in the mining sciences (Montanwissenschaften)
that can be explained in analogy to the mining engineering.

Traditional technologies can be reconstructed by historical recipes and by modern
ways of evaluating their economic efficiency. Experimental processing or even the
interpretation of ancient descriptions (the most famous being those of Plinius the
Elder, Theophilus Prespyter, and Agricola) needs the experience and the knowledge
of specialists of that field.

There is no doubt that besides the disciplines mentioned, other fields have to
be considered for a full reconstruction of old raw material exploitations to be
reached. Such fields (e.g. palaeo-environmental reconstruction) certainly belong to
any modern archaeological research project and do not need specific discussion here.

Field Methods—Survey

Survey methods constitute a basic component for any archaeological fieldwork but
are even more important within montan-archaeology. Mining landscapes are gener-
ally too large to excavate extensively. Therefore, surveying methods have to replace
in-depth field studies by a sophisticated combination of several methods. For exam-
ple, if a large slag heap is excavated fully within several months of field work, it is
simply too expensive to repeat the same operations at several other slag heaps (e.g.
methods as discussed in Ullrich et al. 2007; Stöllner et al. 2011a). Therefore, a com-
bination of surveying and soundings must be practiced, which always have to be tied
to further questions about dating and lifespan, about stratigraphy and taphonomic
structure of the dumping process (Fig. 7.8).

It is self-evident that mining, smelting and further production processes do require
a special surveying methodology. Road or river cuts are very helpful especially in
fully overgrown landscapes or forests. By following streams, for instance, slag heaps
can often be found by following the trail of eroded slags in the stream bed (e.g. F.-A.
Linke in: Seegers-Glocke 1999).
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Fig. 7.8 Smelting site SP 14
in the Mitterberg area,
Austria. Result of the
combined survey in 3D:
magnetic survey in
combination with drilling
survey. In green:
reconstruction of the slag
heap’s extension. (After E.
Hanning in Stöllner et al.
2011a, Fig. 2)

Detecting mines or interpreting depressions as traces of exploitation is much
more difficult if there are no visible traces such as dumps, remnants of tools and so
forth. Geophysical methods have the potential to detect mine openings or even to
investigate the deposit itself by detecting the filling of mining depressions as well
as the depth of the exploited area. In contrast to seismic surveys or geoelectrical
tomography, ground-penetrating radar or geo-electric magnetometric survey are not
very capable methods for detecting mines (e.g. R. Herd in Stöllner et al. 2009,
pp. 124–129). However, geo-magnetic surveying is very useful for detecting smelting
sites consisting of slag heaps, furnaces or roasting installations or charcoal pits.
Today it counts among the most frequently used surveying methods (J. Fassbinder
in: Wagner 2007, pp. 53–73).

A very specific surveying technique is applied to underground mines because of
speleological methods of measuring and entering narrow or even dangerous areas.
Mapping and describing includes also the third dimension, and the traces of mining
work that provide good technological and chronological indications, especially on the
basis of the different usage of mining tools (e.g. hammerstones, wedges, metal picks,
explosives), are hard to find (Weisgerber 1989/1990). It is the careful observation
that enables an experienced eye to carry out a first differentiation and interpretation
of an underground mine (Fig. 7.9).

A most helpful and powerful surveying device is the core drilling of tailings,
mining depressions or shafts. In recent years, drilling became as important as small
sounding investigations. It always has to be accompanied by pedological expertise,
but it does deliver most instructive information, not only about soil development but
also about the stratigraphy and preservation of the archaeological features.

Field Methods—Excavation:

Excavation must be carried out in a special way in mining archaeology. Excavations
underground mean that it is often not possible to work in a horizontal way. Usually
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Fig. 7.9 Sakdrissi gold mine,
late fourth millenium BC,
Georgia. Top left: aerial
photography of the mining
area after cleaning the
vegetation and with
excavation trenches 2008. Top
right: underground gallery
with hammerstone deposition
and fire-setting traces on the
ceiling (sooted area). Bottom:
types of hammerstones for the
getter’s work. (DBM, Th.
Stöllner)

one can proceed only vertically by cutting sections, and through interpretation of
these sections and profiles, retrieve the most relevant information about filling layers
and mining debris (Fig. 7.10). This is especially true in elongated galleries or mines
which are already completely filled or compressed and destroyed (e.g. descriptions
of the methodology of underground excavations of the Deutsches Bergbau-Museum
Bochum: Stöllner 2002/2003, pp. 24–35; Stöllner et al. 2009; Stöllner et al. 2011b).
With respect to taphonomic questions, excavation proceeds along natural layers in
order to reconstruct information about layer genesis and filling volume. This is crucial
to get sufficient information for the interpretation of a layer either as an occupational
level or as debris that emerged through local mineral extraction or that had been
dumped from elsewhere. Mining layers generally are as complex as settlement layers
and have to be differentiated carefully. Mining techniques are a basic precondition for
any underground excavation, including the loading and carrying of material railways
and wagons and the use of special advancing techniques such as pneumatic drills
(Fig. 7.11). Safety must always be considered first before excavation takes place.

Besides underground excavation, other production sites often require special tech-
niques. For example, iron smithing sites should be wet sieved in order to find even
small debris such as magnetite prills and scales of the hammer stroke (general: Jöns
1997; Ganzelewski 2000). The same holds true for small copper slags or grinding
debris. Whenever possible, such debris has to be fully recovered, quantified and
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Fig. 7.10 Sakdrissi gold
mine, late fourth millenium
BC, Georgia. Side gallery A3
in depression A, filling with
late antique gravel (top) and
late fourth millenium BC
mining debris in the lower
part. Example for a vertical
strata sequence in a mining
gallery. (DBM, Th. Stöllner)

Fig. 7.11 Sakdrissi gold
mine, late fourth millenium
BC, Georgia. Excavation
process with documentation
within the mining depression
A. (DBM, Th. Stöllner)

qualified. Dry and wet sieving, therefore, is absolutely necessary, not only for ar-
chaeobotanical debris or small artefacts. The largeness of sites is usually the main
problem which often cannot be solved without the use of machinery. This does make
mining archaeology expensive, and means that it is dependent upon the experience
and practical knowledge of civil and underground engineering. In this way, mining
archaeology is similar to underwater archaeology or the archaeology of wetland sites.
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Field Methods—Sampling and Sieving

As mentioned above, sampling and sieving strategies are absolutely necessary and
several basic questions must be answered in order to carry out these operations. First,
a researcher has to understand the taphonomic value of the archaeological sediment:
is it preserved more or less undisturbed? Is it the result of a production process or has it
been re-dumped? How far has the material been degraded by soil erosion or other soil
processes (e.g. human dumping) above ground? Besides the question of preservation,
sieving and sampling has the taphonomic value of revealing in situ eco- and artefacts.
On the other hand, the sedimentary record tells us about the fractioning of materials
during procedural working steps or simply about which kind of rock deposit has
been worked. In addition to estimating the quality and composition of the debris, it
is also necessary to measure the quantity of the debris (a basic precondition for any
econometric calculation) (E. Hanning in: Stöllner et al. 2011a).

Second, a critical estimation of the size of the labour force and any social or
cultural effects upon the creation and deposition of the waste material is compulsory.
For example, if one compares the different taphonomic structures of Alpine copper
and salt mining during the Bronze and Iron Ages, one can see both variables at play.
While the Bronze Age mining systems were careful not to dump rubbish within the
mines themselves, the opposite is true of the Iron Ages (e.g. Aspöck et al. 2007; Kern
et al. 2009; Stöllner et al. 2009). This difference has to do with the organisational
patterns of IronAge large-scale mining (staying underground, large working groups),
but also with a different form of cultural behaviour caused by different conceptions
of waste management.

Field Methods—Visualization

Surveying is one of the special cases by which mining archaeology especially is
distinct from other archaeological fields. This is reasoned especially by the spele-
ological character of underground mines: such archaeological monuments require
the documentation of the third dimension because information cannot be visual-
ized only by a projection into a second-dimension depiction (as can be done by a
2.5-dimensional situation in the case of excavations and surfaces). Although archi-
tectural three-dimensional displays are more common in archaeology today, it is still
too difficult to solve all the problems that have to be faced by an irregular cave-like
mine, such as undercutting surfaces and highly exact depiction of surfaces covering
all the traces of ancient miners’ work. All these efforts are serving essentially as the
necessary means to display complex underground excavation and survey work.

Despite all these modern methods, the mapping of mines still depends on con-
ventions that have been developed and standardized since the nineteenth century.
Traditional surveying work with compass and a gradiated arc is the basic precondi-
tion for any further visualization work but allows no impressions of complex hollow
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Fig. 7.12 a Traditional
mapping underground,
Slovakia, Poniky. Medieval to
modern times mine. b Laser
scanning underground,
Sakdrissi Gold Mine.
(a DBM, Th. Stöllner;
b DBM, Th. Rabsilber)

structures on walls and ceilings (Heller et al. 2002; Steffens 2008) (Figs. 7.12a, b). A
mapped documentation of a mine, a quarry or any producing area has to display two
kinds of information—the archaeological and the technical. The latter has to follow
traditions that are usual in mining surveying, including information of the geological
deposit, the extraction technique and the surface of the extraction gallery.

There is a broad spectrum of methods now being included to visualize complex
surface and cave-like structures: Besides laser-scanning and photogrammetry, more
simple techniques also have to be mastered, especially when working in narrow areas
(e.g. by photogrammetry: Arles et al. 2011; by laser-scanning: Schenk and Hanke
2009; general: Grussenmeyer et al. 2010). Highly engineered devices often fail be-
cause of the narrow space or other difficulties that are affected by special underground
conditions. Whatever the special requirements of documentation are, it depends on a
workflow that has to be developed individually. The technical development of soft-
and hardware generates rapid progress which generates ongoing technical adoptions:
recent research efforts are concentrated on higher detailed and photo-like texturing
of surfaces using 3D-information systems.
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Laboratory Methods—Written Sources

Historical records are utilized regularly for general information about the technolog-
ical processes that were carried out at a particular time, but they are seldom exact
enough to match the circumstances of an archaeological excavation. Old surveying
maps or historical travel accounts are helpful for detecting sources and sites (e.g.
the historical record of the mines of Hallstatt, Dürrnberg and Mitterberg: Kern et al.
2009; Stöllner 2002/2003; Zschocke and Preuschen 1932). Historical mining often
followed and reopened older exploitations, so such information was often recorded
in great detail (Treptow 1907, 1918). Often such older mining traces posed serious
dangers to historical mining processes. The “Old Man” (Alter Mann), as such older
mining was called, was both feared and respected by the miners, but also noted in
historic accounts.

Laboratory Methods—Dating

Providing chronological context for mines is compulsory but often difficult. This
is especially true if one considers the complex stratigraphic situation within mines
and other production sites (including re-dumping and the relocation of debris). One
often has to differentiate between the primary exploitation of the mine, quarry or
installation and the secondary filling of such contexts. Usually, working techniques
(e.g. working traces on pillars, ceilings and walls) cannot be dated as finely as
fillings (on the basis of artefacts or radiometric dates). Rather, one attempts to date
an entire technological complex (e.g. fire-setting and hammer tools and bone wedges
as a typical tool kit). That said, archaeological artefacts are seldom represented in a
producing area’s debris.

These problems explain why radiometric methods (e.g. radiocarbon dating:
Kromer 2008) and dendrochronology have such a high importance for montan-
archaeology. Even then, the exact dating of the operation time is only approximately
possible. This is even truer for other radiometric dating methods, such as thermo-
luminescence that can be used to date the last heating of feldspars and quartzes (e.g.
in slags) (Wagner 2008). The only method which provides a secure and exact dating
of operation periods is dendro- (tree ring-) chronology, but only if the wood can be
shown to be in a primary context (Pichler et al. 2010a, b).

Laboratory Methods—Geographic Information Systems or Global
Imaging Systems

Geographic Information Systems or Global Imaging Systems (GIS) was introduced
to montan-archaeology in the mid-1990s and has revolutionized the field. Besides
basic mapping, GIS allows the implantation of complex data and digital images that,
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Fig. 7.13 Mitterberg, Austria,
Middle to Late Bronze Age
mining (seventeenth to ninth
century BC). a The main-lode
mining depression that
follows the ancient
underground galleries, lidar
scan in 3D. b GIS mapping of
results from lidar survey,
magnetic survey, excavation
and drillings in the area of the
eastern part of the main lode
and in the area of a large
beneficiation area. (DBM,
Annette Hornschuch, P.
Thomas)

at higher resolutions, can now automatically detect mining depressions, platforms,
tailings or ditches and wall systems. The combination of both GIS and light de-
tection and ranging (LIDAR)-scan systems has proven to be more powerful than
other remote-sensing methods (e.g. satellite images or aerial photos), as airborne-
laser-scanning provides information even in areas where vegetation and forests cover
most of the relevant surface structures (e.g. Devereux et al. 2005) (Figs. 7.13a, b).

Despite great progress in digitizing mining landscapes, everything depends upon
the structure of the data being administered in a GIS program. Generally, such
systems are only applied usefully to projects that expect a high amount of artefacts
(e.g. a complex excavation site) or a landscape that is surveyed and investigated
over many years. For example, a mining region with production and settlement
sites is ideal for GIS, as questions of territoriality can be investigated either by
procedural workflows (e.g. deposit—ores of a special geochemical composition—
beneficiation— smelting—final processing) or by morphological and topographical
preconditions of the landscape (e.g. traffic, visibility, site-catchment or the analysis
of the nearest neighbours). There is a wide range of possible applications that cannot
be discussed here in detail (e.g. Hiebel et al. 2010; Hiebel et al. 2012).
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Fig. 7.14 Sakdrissi,
Georgia—hammerstone kit as
prepared by B. Craddock in
2011 used for the fire-set
experiment 3/2011
underground (top).
Exfoliation of wall parts after
the fire-set (bottom left) and
the heavy smoke during the
experiment (bottom right).
(Photos: DBM, K. Stange)

Laboratory Methods—Statistical Approach and Techno-Complexes

A further basic evaluation considers the techno-complexes and their interrelation
with other parts of the workflow. It is primarily a qualitative question that secondly
has also been accompanied by statistical methods. Timbering and timber use in a
mine provides an example (e.g. Cauuet 2000; Thomas 2012). After a first step of
differentiating artefacts and working chips, the archaeologist has to consider the rep-
resentativeness of the sources: are the materials interrelated or is something under- or
over-represented? One always has to keep in mind that everything which is used in a
production process must have been brought for a specific purpose. Is there a techno-
logical progress—i.e. can one detect the individual hand of single craftspeople—or
is it possible to reconstruct societal knowledge and work tradition of landscapes?
In the Middle Bronze Age mine of Arthurstollen, scholars were able to identify and
distinguish the tool marks of wood-working axes on supporting timbers found in the
mine (e.g. Thomas 2012, pp. 140–149). These tool marks suggest that only one or
two tools were being used, perhaps by a small number of experienced miners. Ham-
merstones or metal picks often provide a similar window into ancient mining, and it
is very informative to combine it with experimental archaeology (Timberlake 2007)
(Fig. 7.14). The weight and preparation of these objects have often been standardized
according to common knowledge and ideas about how to use them (Pickin 1990).
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Therefore, any noted differences embed interesting information about crafting tradi-
tions, the adoption of a deposit, as well as the access to resources (e.g. special stone
varieties).

Laboratory Methods—Econometric Analysis

Quantitative analyses of mining processes also have to be based upon the technolog-
ical chain as well as the statistical approach. As before, the taphonomic argument
has to be faced: what is representative of a working process? Which various steps of
re-dumping are reconstructable in the allotted time? Has the dump been reduced by
later reuse? Fieldwork has to face the quantitative questions from the very beginning
and during the documenting and sampling processes. There is no other way to get
sufficient data. If one wants to calculate the mean value of the use of lighting devices
(e.g. oil; wooden tapers), one has to know how many tapers had to be used by a
single miner per day. This figure should be then juxtaposed with the debris and layer
content in order to understand its value to the archaeological interpretation.

Conclusions

Montan-archaeology is basically an interdisciplinary sub-field of archaeology, which
means that full information can be gained only through joint projects and modelling
of multiple lines of evidence. There is no other way to work on the complex scientific
questions and historical frameworks involved in the social and economic exploitation
of resources. Everything depends on the quality of data and the level of argumen-
tation. Often, single mining and production ensembles are well investigated and
understood, while the whole mining district or even the region lacks further com-
prehension. While on the level of a single ensemble it is preferable to deal with
single-phase production, diachronic observations allow insight into broader histor-
ical processes and into general questions that are linked to raw material production
as embedded in societies and settlement history. Montan-archaeology is, therefore,
able to describe long-term developments and is but one angle on the societal and
economic development of mankind. However, it has to be fed back into the general
historical and cultural development in order to be relevant.
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Chapter 8
Experimental Archaeometallurgy

Julia Heeb and Barbara S. Ottaway

Introduction

Before exploring the details and potential of experimental archaeometallurgy, we
should examine briefly the history, scope and theory of experimental archaeology
in general. Why should we use experimental archaeology in the first place? What
can it bring to the discipline of archaeometallurgy that other techniques and ap-
proaches cannot? The main components which have an input into experimental
archaeometallurgy are:

Theoretical considerations
Ethnographic analogies (see Iles and Childs, this volume)
Literary and historical sources
Experimental work

This chapter does not discuss the second or third point, although ethnographic
data and illustrations, mainly from ‘De Re Metallica’ written by Agricola in 1556
(see Hoover and Hoover 1912 translation) and the Annaberger Bergaltar, in Ger-
many which was painted by Hans Hesse in 1521, will occasionally be used to clarify
a point.

Theoretical Considerations

As we shall see, there is currently some contention as to the exact definition of
experimental archaeology, and what sort of activities it should encompass. It is
perhaps best expressed as meticulously recorded experiments on and with materials
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and objects which were available at the time for a better understanding of methods
of production and use.

Such activities are almost as old as the discipline of archaeology itself and early
examples include many prehistoric technologies, such as the working of stone as well
as metallurgy. It was Robert Ascher (1961) who wrote the first theoretical treatise
on experimental archaeology. He distinguished between the use of experiments to
evaluate modern techniques (in terms of both methods of excavation and artefactual
analysis) and the so-called ‘imitative experiment’. The imitative experiment can be
defined as matter being ‘shaped and used, in a manner simulative to the past’, in
order to answer specific questions and construct new inferences (Ascher 1961).

During the post-processual period in archaeological theory, experimental archae-
ology lost favour but this is now returning with greater interest in the individual, the
society and context, but in particular with the realisation of the power of choices
made during the operational sequences (Jackson 2009) and with a new fascination
of hidden aspects of materials and processes.

The main goals of experimental archaeometallurgy are:

Enhancement of knowledge about ancient metallurgy
Obtaining new data and ideas
Verifying or falsifying hypotheses

Thus, experimental archaeometallurgy can be used to test hypotheses regarding as-
pects of the production processes of metal. If a hypothesis is falsified by experiments,
then a new hypothesis has to be formulated and tested again. If it cannot be falsified
and is supported by experiments, then it may be regarded as valid and the princi-
ples behind the hypothesis can continue to be used until falsified (see also Outram
2008). In this way, activities and sequences that might have happened in the past
with materials that were available in the past can be illuminated.

Most of the experiments fall into two of Reynolds’ (1999) five classes of exper-
iments, namely the construct and the processes and function experiments. In the
former, scale constructions test a hypothetical design for a structure, e.g. a furnace,
which is based upon archaeological or ethnographic evidence. The latter experiments
test how results could have been obtained in the past. This involves not only examin-
ing the results of technological processes, such as slag, but also looking at the tools,
such as mining tools and material available in the past.

In the final part of his paper, Ascher (1961) deals with the ‘logic’of the experiment
in archaeology. The patterns and materials which form the basis of archaeological
experiments are produced by humans in the past. Archaeological experiments are,
therefore, inherently different from experiments carried out in the natural or social
sciences. However, Ascher makes an important statement when he writes that: ‘he
(the experimenter) is not attempting to discover how a people did achieve an effect,
he is testing whether or not they could have achieved an effect in the manner indicated
by the limited working’ (Ascher 1961). In other words, an unsuccessful experiment
shows that the method employed was not used in the past, but a successful experiment,
in which the hypothesis was validated, never proves that this way was the way it was
done in the past, it merely shows one possibility. However, as noted by Merkel
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(1990), and earlier by Ascher (1961) and Coles (1967), experimental results can
only increase confidence about the proposed construction or technology.

Technologies and objects are not only shaped by socially determined actions or
human agency, but physical laws and material properties also provide a frame of
reference and a direct link to the formation processes of the past. Kucera (2004)
proposed that in order to obtain the best results, the experimental process should be
divided into a soft and a hard experiment. During the soft experiment, the exper-
imenter gets to know the material, builds up expertise and experience, formulates
and clarifies questions and defines what is possible to be found out in the first place
(Kucera 2004, p. 12). Once the problem is clear and the methodology has become
repeatable, a hard experiment can be carried out, through which theories regard-
ing the production technology or function of an object can be tested (Kucera 2004,
p. 12). On the one hand, it is absolutely vital to have enough experience and skill
in a certain technique or technology in order to carry out meaningful experiments
and, on the other hand, it is important to experience the techniques, materials and
learning processes with one’s own senses in order to understand a process in its
entirety. The importance of the ‘experience’ gained in the soft experiments is funda-
mental in experimental archaeology. This subjective process can also lead to many
new questions and avenues of research. One should always be careful, though, to
distinguish between feelings of archaic nostalgia and sensory perceptions which can
accurately inform on aspects of the past. The desire for experimental archaeology
to be taken more seriously has led to strict proposed divisions within the discipline
by influential practitioners, such as Peter Reynolds who stated that ‘Living in the
past’, ‘dressing in period costume’, ‘re-enactment of past events’ and teaching or
carrying out primitive techniques have ‘absolutely nothing to do’ with experimental
archaeology (Reynolds 1999, p. 156). Experience ‘is a completely different issue’
and there is ‘a great gulf between the experimental and the experiential’ (Reynolds
1999, pp. 156–157).

There are some generalisations in these statements which are not helpful. ‘Living
in the past’, ‘dressing in period costume’ and ‘re-enactment of past events’ all have
the potential to contribute to a better understanding of the past, when they are carried
out with specific questions in mind. To dismiss them entirely would be counter-
productive, as would be the rejection of craft specialists whose main activity could
be described as experiential. All these activities are part of the term experimental
archaeology, but whether they are true scientific experiments is a different matter. As
long as an activity is trying to answer a specific question, and the results are related
back to the archaeological record, they are part of the experimental process, even if
they cannot be described as an experiment (Cunningham et al. 2008a; Outram 2008;
Lammers-Keijsers 2005). The boundaries between the different types of experimental
archaeology are often fluid, and although there is ‘always an element of experience in
an experiment’, there is ‘not always an experiment in an experience’ (Cunningham
et al. 2008b, p. vi). The important issue is to be honest when writing up reports
and papers, and only call an activity an experiment if it really was an experiment in
the scientific sense of the word. Purely experiential activities should be written up
as such and one of the most important issues in both experiments and experiential
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Fig. 8.1 The copper working processes from the mining of the metal to deposition in museums by
the archaeologist. (After Ottaway 1994, Fig. 1)

activities is honesty and self-critique. Kelterborn summarises some key principles
for experimental research in archaeology, which are precise and helpful (Kelterborn
2005), as are Outram’s (Outram 2005) guidelines on publishing experimental work
in archaeology.

In this paper, experimental projects investigating the various stages in the chain
of production of metal artefacts will be discussed, using the cycle of the copper
working process (Fig. 8.1) as a framework. Thus, experiments involving the mining,
beneficiation and smelting of the ores and the alloying of the metal to producing the
finished artefact by hammering and/or casting and using the finished product, will
be discussed. Each section will start by looking at the archaeological evidence and
will subsequently give examples of experimental work that has been carried out. The
material presented here will deal primarily, but not exclusively, with the metallurgy
of copper as this reflects the experiences of the authors.

Prehistoric Mining: The Archaeological Evidence

In Timna, Israel, excavated by Rothenberg (1990), empty ore veins (Fig. 8.2) have
been excavated, indicating that prehistoric miners followed the ore vein underground,
often to considerable length. Empty ore veins have also been excavated at the Bronze
Age mine at the Great Orme in Wales, UK, which has been studied in great detail
by E. Wager and dates to the second millennium cal BC (Wager 2009). At the Great
Orme the underground shafts and galleries, which have been explored and surveyed,
extend now to a total length of over 6,500 m and are still being excavated (Fig. 8.3.).
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Fig. 8.2 Empty ore veins left
behind after the removal of
the copper ore at Timna,
Israel. (Author’s (BSO)
photograph)

The traces of working in prehistoric mines often give a clear indication what methods
of mining have been used. For instance, at Timna in Israel, clear mining traces have
been excavated (Fig. 8.4). The upper half of the picture shows rounded indentations,
indicative of the use of stone hammers, whereas the lower part shows sharp linear
ones, suggesting that a metal-tipped tool had been used. In many prehistoric mines,
stone hammers of various shapes occur in great numbers. Some of them have been
carefully pecked, whereas others were completely unmodified, most of them show
use wear (Ottaway 2003, Fig. 1). However, in mines where the ore-bearing rock was
softer, as at the Great Orme, bone tools have been used.

Fig. 8.3 Copper ore mining at the Great Orme, Wales. (Lewis 1990, Fig. 3)



166 J. Heeb and B. S. Ottaway

Fig. 8.4 Tool marks left
behind by prehistoric miners
at Timna, Israel. The upper
rounded marks indicate the
use of stone hammers; the
marks were at the bottom
made by picks with metal tips.
(Author’s (BSO) photograph)

Fig. 8.5 Reconstruction of
hafting of stone hammer by
B. Craddock. (Author’s
(BSO) photograph)

Experiments with Mining Tools and Fire Setting

Experimental hafting and using of stone mining hammers have been conducted, for
instance, by Brenda Craddock (1990). She used material available in the British Isles
during the BronzeAge, such as withies of willow, hazel, raw hide and strings of hemp
and the method of hafting similar to that of the ‘Copper Man’ found at Chuquicamata
in northern Chile (Craddock et al. 2003). The hammers (Fig. 8.5) were used for 2
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Fig. 8.6 Ore-crushing stone
from the Mitterberg, Austria.
(Photograph courtesy of G.
Goldenberg)

hours, both for battering the ore-bearing rock face and in conjunction with antler picks
and wedges. Frequent repairs were necessary and these must have been done on site,
requiring a team of helpers and a toolkit of replacement materials. Experiments with
a different hafting method for stone hammers, using the natural angle of wood where
a branch leaves the stem of the tree, were found to be more suitable for the stone
hammers of the alpine area (Rieser and Schrattenthaler 2004).

Experiments using fire setting to loosen the ore-bearing rock showed that the heat
penetrated furthest into the rock face towards the top and immediately above the
fire, as this was the area where most of the rock could be removed through spalling,
leaving a concave irregular rock face (Timberlake 1990; Lewis 1990; Crew 1990).
Similar patterns can be seen in the Bronze Age mines of the Great Orme (Lewis
1990, p. 55). At Bronze Age sites in Austria, the shape of the mine shafts as well as
charcoal fragments excavated in the layers of sediments below the exploited area are
indicative of fire setting techniques (Goldenberg and Rieser 2004).

The Archaeological Evidence for Beneficiation

Beneficiation consists of crushing, sorting and enriching the ore. The archaeological
evidence is more ephemeral and often overlooked. Ore-crushing stones can be found,
for instance, in Ireland, at Ross Island (O’Brien 2004), in France, at Cabrieres
(Ambert et al. 2009, Fig. 3) as well as at the Mitterberg, Austria (Fig. 8.6).

Another form of beneficiation involves separation of the heavier, crushed ore from
its lighter gangue by the use of water. Evidence for this method of beneficiation, in
the form of very fine sediment containing small remains of crushed ore, coloured
bones and small pieces of charcoal, was excavated at Ffynnon Rufeinig, on the Great
Orme, ca 1 km away from the Bronze Age mine, near a small spring. It was 14C dated
to 1880–1680 cal BC and is thus contemporary to the mining activities at the Great
Orme mine (Wager 1997).
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Fig. 8.7 Ore crusher as
depicted on the Annaberg
Bergaltar (painted by H.
Hesse in 1521). (Author’s
(BSO) photograph)

The longevity of these methods of beneficiation can be illustrated by reference
to medieval paintings, such as the ‘Annaberger Bergaltar’ painted by Hans Hesse in
1521 and literature such as Agricolas ‘De Re Metallica’ of 1556. In the former the
ore is crushed by an ‘Ausschlaeger’ (ore crusher) (Fig. 8.7) and beneficiated further
by a woman. Agricola illustrates a series of wooden structures separating the heavier
ore from the gangue using the water of a stream.

Beneficiating Experiments

There is just one published experiment studying the effects of ore processing, or
beneficiation (Doonan 1994). Yet, beneficiation is known to have a great impact on
fuel consumption during the smelt and on the composition of the resulting metal. The
tedium of the work was overcome by social interaction, i.e. chatting and exchanging
news amongst the workers. This has also been observed ethnographically. Craddock
(2001) based his ‘slag-less smelting’ on using extremely pure copper ore, which can
only be achieved by careful beneficiation.
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Fig. 8.8 Simple bowl
furnace, Timna, Israel
(diameter c. 35 cm).
(Author’s (BSO) photograph)

Fig. 8.9 Excavation of a
double furnace at the
Jochberg, Austria.
(Photograph by courtesy of
G. Goldenberg)

The Archaeological Evidence for Prehistoric Smelting of Copper

Prehistoric smelting installations have been excavated in many shapes and sizes.
There are crucibles and simple smelting basins as found at La Capitelle du Broum
in France (Ambert et al. 2009, Fig. 6); bowl furnaces, consisting of little more than
scooped out soil surrounded by large blocks of stone, as found at Timna, Israel
(Fig. 8.8); furnaces of similar shape but repeatedly clay lined after each use, as
found in Faynan, Jordan (Hauptmann 2007) and double furnaces of the Bronze Age
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Fig. 8.10 Stone enclosure of
roasting bed at the Jochberg
in Austria. (Photograph
courtesy of G. Goldenberg)

Fig. 8.11 Unexcavated iron
smelting furnace, Nigeria.
(Author’s (BSO) photograph)

in Austria as excavated on the Mitterberg (Fig. 8.9). At many sites however, there
are no formal furnace structures present or they have not been recognised. The many
slag finds from settlement contexts at Belovode. Serbia for instance, clearly show
that copper was smelted at the site. It is also the so far earliest evidence for smelting
in the Old World (Radivojević 2012; Radivojević et. al. 2010).

Roasting beds, where the copper ore was dried prior to smelting and—it has
been hypothesised—were used to drive off sulphur from sulphide copper ores, have
been excavated in Austria, e.g. at the Jochberg (Fig. 8.10). It has been shown by
experimental co-smelting of oxidic and sulphidic copper ores by Rostoker et al.
(1989); Rostoker and Dvorak (1991) and Bougarit et al. (2003) that sulphidic copper
ores also can be smelted without prior roasting.

For prehistoric iron smelting, there are splendid examples in Nigeria— circular
furnaces, whose walls, on excavation, still stood up to 30 cm tall (Okafor 1998)
(Fig. 8.11).

Then, there are the various methods of supplying air to the furnace, such as clay
nozzles to protect the ends of blowpipes from burning away (Fig. 8.12) and tuyeres
of various forms which were attached to bellows.

Perhaps the most ubiquitous archaeological remains of prehistoric smelting activ-
ities are slag. Since the early copper smelting processes did not completely separate
the gangue from the copper metal, metal prills were caught within the slag. This
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Fig. 8.12 Clay nozzles which
were attached to the ends of
blowpipes

Fig. 8.13 Bronze Age
furnaces at Faynan, Jordan,
surrounded by crushed slag.
(Author’s (BSO) photograph)

meant that the slag had to be crushed to extract the metal. Thus, many early smelting
installations can easily be recognised by the scatter of broken up slag surrounding it
(Fig. 8.13). Slag is rather indestructible and can thus be found in many structures in
the vicinity of smelting sites. Slag can also be imbued with great ritual importance
as at a Nigerian site where the King of Leija sits in court, surrounded by his elders,
about to pronounce judgement on a woman who was accused of adultery (Fig. 8.14).

InAustria and South Tyrol, impressive BronzeAge installations near smelting and
mining sites used water for the separation of metal and crushed slag leaving behind
substantial layers of ‘Schlackensand’, rounded slag particles of a few millimetres
diameter (Goldenberg and Rieser 2004; Cierny 2004).

As with the process of beneficiation, there is evidence that smelting installations
have not changed much in some regions over a long period of time. The sixteenth-
century painting found on the reverse of the Annaberger Bergaltar shows a double
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Fig. 8.14 The King of Leija,
Nigeria and his court—all
sitting on blocks of iron slag.
(Author’s (BSO) photograph)

Fig. 8.15 The double furnace
depicted on the reverse of the
Annaberger Bergaltar.
(Author’s (BSO) photograph)

furnace (Fig. 8.15) very similar to that excavated at the Mitterberg, Austria belonging
to the second millennium BC.

Some Examples of Copper Smelting Experiments

One of the early uses of experimental archaeology in archaeometallurgy was carried
out at the famous excavation of the Bronze Age copper smelting sites at Timna,
southern Israel. Starting in the 1970s, a programme of experimentation was initiated
first by Tylecote et al. (1977), and later by John Merkel to look at different smelt-
ing techniques in furnaces and crucibles, as well as melting and working methods
(Merkel 1990). The results of these studies greatly advanced our understanding of
the process of early copper smelting, both in the Levant and across the globe. The
findings demonstrate that the ancient copper smelters were aware of the subtle dif-
ference in the quality of the copper, and were able to control the variables affecting
these differences.
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Fig. 8.16 Smelting experiment using crucible charged with ore and charcoal (a), and smelting
experiment with blow pipes (b). (Photograph courtesy of Erica Hanning)

Numerous smelting experiments, often based on ethnographic studies of smelting
furnaces, have been conducted, as they are very dramatic and can be great fun as
well as hard labour. Alas, only few of them have been published with the necessary
detail which is important to avoid repetition and to allow valid conclusions to be
drawn from them. Some of these experiments were carried out in museums and for
teaching purposes. Others find the sheer number of variables impossible to record.
These variables include: the records of the material and type of furnace used; the
time and temperature of preheating of the furnace; the precise measurements of the
size and capacity of the furnace; the type, size and amount of fuel used; the type and
measurement of air flow during the smelt; the accurate measurements of temperatures
and placement of the thermocouples; and the exact description of type and quantity
of slag and metal produced and the subsequent analyses of these products. This is a
daunting list of variables which require a great amount of time, facilities and finances.

To explain the lack of specialised furnace structures in Bronze Age Britain, for
example, Simon Timberlake has shown that it is possible to smelt oxide as well as
sulphide copper ores in little more than a clay lined pit—leaving no permanent trace
and no slag (Timberlake 2007, p. 34). Other experiments have also shown that it
is possible to smelt primary copper ores in oxidising conditions, without a formal
furnace structure being necessary (Craddock 1990, p. 70; Lorscheider et al. 2003,
p. 306). These experiments also confirm the findings from Belovode. Serbia as no
formal furnace structures have yet been found.

Another archaeologically often invisible process is the creation of the air supply
necessary for smelting furnaces. It is often assumed that bellows must have been nec-
essary, but a number of experiments have shown that other possibilities work as well,
e.g. using only blowpipes with clay tips. We can therefore see that the type of smelting
experiment carried out should always depend on the archaeological evidence. The
great diversity in experiments only reflects the diversity in the archaeological record.

Smelting experiments have been conducted using blowpipes and the layout of
excavated working areas, furnaces and mortars used for crushing the slag in Peru. In
this way Merkel and Shimada (1988) were able to produce slag and metallic copper
comparable to the archaeological finds. Blowpipes have also been successfully used
for smelting by a team in Zambujal, Portugal (Fig. 8.16, Hanning 2000).
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Fig. 8.17 Experimental reconstruction of the wind-powered furnaces at Faynan, seen from below
(a), and from above (b). (Photograph courtesy of A. Hauptmann)

Fig. 8.18 Smelting experiment conducted by Erica Hanning in 2010 at the Mitterberg, Austria.
(Photograph courtesy of Erica Hanning)

An experiment using the location of the series of separate furnaces excavated
along a range of hills in Faynan in Jordan (see Fig. 8.17; Hauptmann 2007) used the
strong natural wind blowing with predictable regularity to successfully smelt copper.
It was observed that the temperature inside the furnace reached 1,200 ◦C within half
an hour and was kept for several hours without any problems. Yet, another example
of air supply in the process of copper smelting was tried on Crete, where large pieces
of ceramics had been found with numerous circular holes. Their position right on
the edge of a cliff was telling. The experiments carried out with some reconstructed
furnaces showed that the wind coming through the holes helped to drive up the
temperature, and, contrary to expectations, the oxidising environment was not a
problem for reducing the ore to metallic copper (Betancourt 2005).

Well-documented smelting experiments were conducted by Erica Hanning during
her recent PhD research, using the dimensions and layout of furnaces excavated in
the Mitterberg region of Austria (Fig. 8.18)
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Fig. 8.19 Wind-powered
linear furnace of the seventh
to eleventh century AD,
excavated in Sri Lanka by
Gill Juleff (1996)

An Iron Smelting Experiment

In terms of early iron smelting, the shaft furnace using forced draught supplied
through bellows is often seen as the most efficient model, with furnaces using natural
draught seen as less effective.A new furnace type excavated at the seventh to eleventh-
century AD iron smelting site of Samanalawewa in Sri Lanka, by Gill Juleff in 1996,
turned these ideas on their head (Fig. 8.19). The iron smelting furnaces were situated
on the west sloping hill, and built with their rounded back walls into the slope. Several
tuyeres were placed along the entire length of the furnaces at the bottom of the front
walls. An experiment was set up to study the interaction between the furnaces and
wind, and to test the hypothesis that the potential temperature could be reached and
sustained. The furnace was an exact reconstruction of the archaeological furnaces
(Fig. 8.20a). The front wall contained a line of tuyeres, which had a wider opening
pointed towards the outside and a narrower opening pointing inside the furnace.
The experiment showed that the furnace made best use of the monsoon winds and
proved that it worked well using wind power only. Computational fluid dynamics
(CFD) was applied to analyse the flow patterns around the furnace and the theoretical
model could be verified. (Fig. 8.20b; Tabor et al. 2005)
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Fig. 8.20 a Experimental smelt in the reconstructed iron furnace in Sri Lanka. b Computational
fluid dynamics analysing the flow patterns in and around the Sri Lankan experimental furnace.
(Tabor et al. 2005)

Furthermore, the experiments showed that it was possible to not only produce
the low-carbon iron blooms usually produced in shaft furnaces, but also produce
high-carbon steel, probably setting the foundation for Asia’s eminence in early steel
production.

Alloying

The earliest alloy of copper in Europe was arsenical copper, later followed by tin
bronzes. The archaeological evidence can only be demonstrated by examining the
analyses of the metal. Looking at Fig. 8.21, one can suggest that one of the reasons
for alloying could be a purely technical one, i.e. improved properties. For instance,
the hardness of pure copper cannot be increased by working as much as by working
alloyed copper. Further points in favour of alloyed copper are the lower melting point
of alloys compared to pure copper and lowering of porosity with increased alloying
elements (Fig. 8.22).

However, other social factors, such as the location of the source of the copper
could have been deemed important. In such a way local, possibly copper sulphide
ore might have been chosen, which would lead to copper-containing impurities, such
as arsenic, antimony, silver, nickel, bismuth, iron and/or others, all contributing to
the properties of the resulting metal. Alternatively, the colour of the metal might have
been a decisive point in the choice of the metal.

The exact technology used to produce arsenic bronze is still debated. Experimental
archaeometallurgy is able to shed some light on the possible processes involved. As
early as 1964, Pazuchin (1964) demonstrated in Russia that it is possible to produce
arsenic bronze by co-smelting oxide ores with sulphide ores containing arsenic.
Looking into the production of copper–arsenic alloys in Peru, Lechtman (1999)
carried out a series of experiments co-smelting both oxide and sulphide ores. The
furnaces used for the experiments were based on archaeological examples from Batán
Grande, Peru (see Lechtman, this volume). The resulting products clearly indicate
that the prehistoric alloys could have been obtained fairly easily, deliberately or
accidently, by a one-stage co-smelting process.
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Fig. 8.21 The composition
and work hardening of copper
and some copper-base alloys.
(After Tylecote 1976)

Fig. 8.22 Sections of the
arsenical copper containing 0,
4 and 12 % As, showing an
inverse relationship between
arsenic content and porosity.
(Author’s (BSO) photograph)
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For producing tin bronzes, four different methods have been suggested (see also
Rovira et al. 2009):

• Melting a mixture of metallic tin and metallic copper
• Adding naturally occuring tin oxide, cassiterite, to already molten copper
• Smelting ore naturally containing both tin and copper
• Smelting copper ore together with cassiterite

In order to obtain metallic tin, the ore has to be smelted. Based on materials from a
potential tin smelting site in Turkey, experiments were successful in smelting pow-
dered cassiterite in crucibles mixed with charcoal by Yener (Yener et al. 2003). The
samples which were rich in tin from the site Göltepe had undergone a concentration
process after having been brought to the site from the nearby mines of Kestel. The
concentrated samples were readily smelted using prehistoric materials, including
blowpipes. The metallic tin obtained was suitable for alloying with copper (Earl and
Özbal 1996). One of the main problems in tin smelting is that the metallic tin collects
in the slag, if no fluxing agent is added. Experimental work based on the chemical
compositions of tin slag from Cornwall has shown that early tin smelters did not
add lime in order to displace the tin from the slag. Instead it was accepted that the
metallic tin would be recovered in the form of prills by crushing the slag (Earl 1994).

Making the Artefact: The Archaeological
and Experimental Evidence

Many of the simple artefacts were probably made by melting the metal in a crucible,
pouring the molten metal into an open mould, or into an open pit into which the posi-
tive form of the artefact had been pressed and obtaining the final shape by hammering
(Fasnacht 2009). The latter method would not leave any trace in the archaeological
record. The archaeological evidence for making artefacts of copper consists of open
moulds of stone and clay, closed, or bivalve moulds of stone and occasionally of
bronze, such as those found in the Bronze Age Roseberry Topping hoard, England
(Swiss and Ottaway, in press). Fragments of closed clay moulds have occasionally
been excavated, but unless fired prior to use, they usually do not survive more than
a couple of years in the ground (Ottaway 2003). Similarly, the lost-wax method of
casting would leave very little in the archaeological record.

The earliest copper objects were hammered into shape, although the copper used
was probably native copper, there was thus no need for smelting. Once copper was
smelted, it is quite likely that objects were cast, as the technology to achieve suffi-
ciently high temperatures had been developed. Copper and bronze can be molten and
cast into their final shape. There are two main ways to melt copper and bronze. Both
techniques can be achieved in simple bowl furnaces, and there is evidence that both
have been used in prehistory. The difference between the two techniques lies in the
air supply. The air can be supplied from the top, meaning the crucible sits underneath
the opening of the tuyere, covered in charcoal (see Fig. 8.16b) The other possibility
is that the air supply comes from the bottom or side of the crucible. Experimental
work carried out by Jantzen (1993) was able to demonstrate that crucibles found
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Fig. 8.23 Wooden models for
a shafthole adze axe and a flat
axe. The latter is a copy of the
Iceman’s axe, provided by
Prof. Schindler. (Author’s
(BSO) photograph)

across continental Europe were used in a melting process where the air flow and thus
the heat comes from the top, as the archaeological examples of crucibles often show
a glazed rim (Jantzen 1993). The experimental crucibles used showed exactly the
same vitrification patterns.

Most casting experiments, however, are concerned with the moulds and the mould
material. Archaeologically, the number of copper or bronze objects stands in stark
contrast with the comparatively low number of moulds. Especially during the first
centuries of metal use this discrepancy is exceptionally evident. For some early cast
objects, like the copper hammer axes and axe adzes from southeastern Europe, not a
single mould has been recovered in Europe, although some have now been found in
Asia Minor (Boroffka 2009). During the Bronze Age, there are moulds made from
stone, clay and even bronze, but again their number is small compared to the large
numbers of objects.

The lack of moulds in the archaeological record can only be explained through the
use of an archaeological invisible mould material. One viable theory that has been
put forward is the use of sand as mould material and a wooden model (Fig. 8.23).

A few experiments have been carried out looking into this possibility (Ottaway
2003; Eccleston and Ottaway 2002; Fasnacht 1995; Ottaway and Seibel 1998). It has
been demonstrated by several experimenters that it is possible to cast bronze objects
in a two-piece or bivalve sand mould. The main problem with casting in sand is that
the sand must have the right properties. This can be achieved through adding horse or
cow dung, animal fats or plant oil, such as flax oil (Fasnacht 2009) and be confined in a
box so that the moist sand will keep its form well after the pattern is taken out. In such
a way, the shafthole adze axe in Fig. 8.24 was cast in a bivalve mould of sand mixed
with clay, using a core to create the shafthole. Intense labour was required to finish
the object, removing the casting seams and polishing the metal with sand and wool.

There are still many questions regarding the production of the copper hammer-
axes and axe-adzes from south-eastern Europe. The lack of mould finds seems to
confirm the use of sand or unfired clay moulds, the exact shape of these moulds
however is not so certain. The variety within the axes suggests that there were many
different techniques and mould shapes in use. Experiments have shown that the
shafthole of axes of the types Tg. Ocna-Nógrádmarcal and Szendrö was not cast
with a core in place, but punched through the still hot metal after casting (Heeb in
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Fig. 8.24 A shafthole
adze-axe cast and finished by
students at the University of
Sheffield. (Author’s (BSO)
photograph)

Fig. 8.25 A copy of the
bronze bivalve mould from
the Roseberry Topping Hoard
was experimentally produced
and used to cast a socketed
axe. (Swiss and Ottaway, in
press)

prep., Heeb 2009). This wold imply that an open sand mould must have been used as
it would otherwise be impossible to punch through the entire shafthole creating the
characteristic ’lip’ at the bottom of the axes (Fig. 8.24b). Other casting experiments
carried out in the foundry of the University of Sheffield included copying the bivalve
bronze mould from the Roseberry Topping Hoard and casting a socketed axe in
this mould (Fig. 8.25). As in prehistory, experimental casting is not without failures
(Fig. 8.26).

A comprehensive experimental project was carried out looking at the effects on
the microstructure of the metal of (a) the mould material, (b) the composition of
the metal and, in particular, (c) the post-casting processing methods, such as cold
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Fig. 8.26 Prehistoric miscasts (a), and modern experimental failures (b). (Author’s (BSO)
photograph)

Fig. 8.27 Bronze moulds
used in casting experiments
started to crack after the ninth
casting. (Wang and Ottaway
2004, Figs. 5 and 13)

working or hot working. The aims were to study the mechanical properties and the
behaviour of some copper alloys cast in differing mould materials and the creation
of a reference collection of the microstructures of archaeologically relevant bronzes
cast in mould material likely to have been used in prehistory (Wang and Ottaway
2005). This is vital to understand the ancient production processes of cast bronze
artefacts. In these experiments, a flat axe was cast into moulds made from sand,
clay and bronze. Other variables included the preheating regimes of the moulds, the
cooling regimes of the cast flat axes and alloy composition of the metal.

It was found that bronze artefacts cast in clay moulds always had flashing but a
finer surface than those cast in sand moulds. Thus, while less effort was needed to
finish the surface of the artefact, more had to be spent taking off the flashing to finish
the object. Bronze objects cast in clay and sand moulds and water quenched after
casting had higher micro-hardness values than those left to cool at room temperature.
Bronze moulds, even after preheating prior to casting, could, contrary to previous
assumptions, be used only nine times before they started to crack (Fig. 8.27). The
metal would most probably have been reused and thus also leave very few archaeo-
logical remains. However, the bronzes cast in these moulds had almost no flashing
and very smooth surfaces. Thus in terms of finishing the artefact, they would be
superior to casts made in sand or clay moulds.

Furthermore, the results show that the cooling down happens fastest in the bronze
moulds, whereas the clay moulds are the slowest to cool down. The speed of cooling
does have an effect on the microstructure, as the dendritic arm spacing in the objects
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Fig. 8.28 a Photomicrograph of a cast 6 % Sn bronze showing dendritic microstructure (Wang and
Ottaway 2004, Fig. 3.12). bA 6 % Sn bronze cold worked and annealed showing a fully recrystallised
structure and annealing twins. (Wang and Ottaway 2004, Fig. 7.5b)

cast in the bronze moulds is much smaller than that seen in the objects cast in the
sand and clay moulds.

These results were also corroborated experiments carried out by Jochum-
Zimmermann (Jochum Zimmermann et al. 2002).

With the help of the microstructure, the cycle of production can be determined
(Fig. 8.28a and b) as has been shown for the Copper Age Jaszladany axes (Kienlin’s
Horizon 1), which were cast and then left in the soft annealed state. In comparison,
the slightly later Altheim and Vinca-type flat axes (Kienlin’s Horizon 2) were cast,
cold worked, annealed and then cold worked again. They were thus much harder
than the Horizon 1 axes (Kienlin 2008; Kienlin this volume).

The last casting method to consider is the ‘cire perdue’or ‘lost wax’method. As an
example we will look at the experimental casting of copper bells from Pre-Columbian
Mexico (see Hosler this volume). Long (1964) used a historical ethnographic source
on gold casting to fill the gaps in the knowledge on how these intricate bells were
cast. In order to try if the gold casting technique would work for casting copper,
Long (1964) followed the ethnographic description for casting gold using the lost
wax method. A wax pattern was fashioned around a clay core containing a small
stone. The finished wax pattern was then covered in a clay and charcoal mixture,
and pieces of straw were inserted to allow for the gases to escape during the casting
procedure. The crucible was directly attached to the stem of the mould, making a
one-piece crucible and mould combination. The mould and crucible combination
was then placed inside a furnace, with the mould part sitting at the bottom. Due to
the low melting point of wax, it would melt quickly, leaving the mould cavity empty
to be filled by the copper. After the cooling down, the mould was broken and the cast
bell taken out. The clay core was broken up using an awl. The successful casting of
copper bells using a sixteenth-century technique for casting gold showed that this
method might have been used to make the Pre-Columbian copper bells.
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The Forging of Iron

Whereas copper and bronze were and still are mainly cast, early iron objects were
always forged. In Europe the first evidence for cast iron is found in medieval times. In
China, on the other hand, cast iron was probably first produced between 200 BC and
AD 200. In Europe, the smelting of iron remains a popular topic for experimenters,
whereas later production stages, like the refining of the bloom and the forging of
objects have hardly been explored experimentally. Some interesting experimental
work was carried out at the Historical-Archaeological Experimental Centre, Lejre
(Denmark) (Lyngstrøm 1997). All the steps after the initial smelt up to the finished
object were carried out and the waste products were recorded where they fell in
relation to the anvil and what they looked like. The waste collected from the refining
of the ore was coarse, porous, and only partly magnetic. The waste products from the
forging of a knife were much finer, compact and magnetic, and were concentrated
around the anvil. The results show that such experiments are extremely valuable in
order to interpret forging activities on archaeological sites.

An experiment looking at a different aspect of the forging process was carried out
at the University of Exeter. There seems to be a puzzling lack of iron forging tools
and anvils in the horizons of the first iron objects in Europe. In order to investigate
this fact, an experiment was set up using hammer stones to forge simple iron rods on
a wooden anvil. Hammer stones are found frequently, but are often thought to be only
used for working stone or in mining activities. The aim of the experiment was the
creation of a reference collection of specific use wear on the hammer stones, which
can be compared to archaeological examples. The use wear achieved was indeed
very distinctive and the results can be used in the future to compare to archaeological
examples (Schroeder 2006).

Experiments in Use Wear Analysis

There have been numerous studies in use wear on flint implements but none had been
carried out on metal finds.Yet, a great deal of information could be gleaned on a metal
object’s life cycle. For this reason, a pilot study was carried out, which examined the
behaviour of a copper and a bronze axe on cutting tree trunks and stripping off bark
(Fig. 8.29, Kienlin and Ottaway 1998). It was observed that, contrary to common
belief, a copper axe was a perfectly good tool if used less than 30 min. After 30 min,
however, the cutting edge was bent and in urgent need of resharpening (Fig. 8.30a).
However, as the copper axe of Ötzi the Iceman has shown, his axe was used for a
variety of purposes, such as stripping bark, cutting small branches, working some
leather and stirring his porridge. None of these activities led to a deformation on the
scale seen in Fig. 8.30a. We must assume that he would have resharpened his axe
before it had reached such a state. Repeated resharpening leads to an asymmetric
cutting edge, such as seen on the Ötzi axe. However, when looking at the cutting
edge of a 6 % tin-bronze axe following the same experimental routine for 320 min
(Fig. 8.30b), the advantages of a bronze over a copper axe become clear. Although
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Fig. 8.29 A pilot study on
experimental use wear:
cutting tree trunks and
stripping bark. (Author’s
(BSO) photograph)

Fig. 8.30 a An experimentally cast copper axe after 30 min use. b An experimentally cast 6 %
tin-bronze axe after 320 min use. (Author’s (BSO) photographs)

striations and nicks (Fig. 8.31a) are visible on the experimental bronze axes’ cutting
edge under low magnification, its cutting edge is still fully functional after 320 min!

It is very encouraging that similar striations and nicks can be found on some of
the prehistoric axes, where micro-wear studies have been carried out (Figs. 8.31b
and c). There is a clear potential for further studies of this kind.

Comparing the wear traces of the archaeological axes found in different contexts,
it is interesting to note that the axes found in graves and hoards do show consider-
able wear traces that are similar in character to the experimental axes. Interestingly,
four axes recovered from river contexts had few or no traces of wear (Kienlin and
Ottaway 1998). A use-wear study on socketed axes from Great Britain came to sim-
ilar conclusions (Roberts and Ottaway 2003). The majority of the deposited axes
showed considerable traces of wear indicative of having been used as multipurpose
tools and/or weapons. These experiments clearly show how important and valuable
it is to put the experimental results into the archaeological context.

Summary

Overall, archaeometallurgical experiments have informed us on the multitude of
choices open to prehistoric miners and smiths throughout the entire operational se-
quence. This includes the choice between open and closed knowledge transfer which
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Fig. 8.31 a The experimental axe showing inclined parallel striations and nicks. b A prehistoric
axe showing similar striations to experimental axe. c A prehistoric axe showing similar nicks to
experimental axe. (Author’s (BSO) photographs)

may explain some of the unevenness in the spatial and technical progression of metal
working processes. The following graphics attempt to summarise the main topics of
discussion in this paper, namely mining, beneficiation, smelting, alloying, production
of the metal artefacts and their use wear.

The graphic summarising mining (Fig. 8.32) tries to show that almost all aspects of
mining are a mixture of technical considerations and social aspects and knowledge.

The graphic summarising beneficiation (Fig. 8.33) indicates the interrelation be-
tween effort taken in hand sorting or water separation and fuel consumption, but it
is also trying to give an idea that social time, i.e. time spent together while carrying
out these activities can have a very important influence.

In Fig. 8.34, the overall scheme of smelting, the four squares surrounding the
middle circle represent data which have been scientifically obtained. The circle in
the middle contains non-quantifiable data, which is equally important to the success
of this particular stage of the process.
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Fig. 8.32 Schematic diagram
summarising mining

Ore recogni on: local 
knowledge, colour, smell and 

vegeta on  

Mining 

Social aspects: 
importance of 

teamwork, supply of 
material and 
sustenance 

Technical aspects:  
rock forma on, 

extrac ng tools, re-
se ng, transport of 

ore and materials 

Fig. 8.33 Schematic diagram
summarising beneficiation
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water 
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fuel 

separa on 

Social Time 

When discussing alloying, it can be seen that there are more questions than firm
answers, although of course, a great increase in our knowledge about the actual
composition has been made (Fig. 8.35).

When summarising the production of metal artefacts (Fig. 8.36), again the squares
indicate scientific data that have or can be obtained by analysis, whereas the middle
circle contains questions which are not easily measurable. For instance, it can be
noted that metal tools have been carefully polished all over, even if only a fraction
of the artefact is visible.

Finally, the scheme representing use wear (Fig. 8.37) clearly shows that there
are more questions than answers, as befits a branch of investigation which is in its
infancy.

Experimental archaeometallurgy has been shown to be an invaluable research
tool, reaching questions and topics which would otherwise remain unanswered or
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Fig. 8.34 Schematic diagram
summarising smelting
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Fig. 8.35 Schematic diagram
summarising the alloying
choices
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Fig. 8.36 Schematic diagram
summarising the production
of metal artefacts
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Fig. 8.37 Schematic diagram
for investigating use wear
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unconsidered. The great variety in experimental projects is a direct reflection of the
multitude of choices and techniques used by the people in the past. The case studies
used here represent only a small proportion of the vast body of experimental work
carried out, which is both published and, unfortunately all too often, unpublished.
The debate on what constitutes experimental archaeology is probably a reflection of
the great diversity of people who are involved with experimental archaeology, which
of course is a positive circumstance. Whatever activities one might consider part of
experimental archaeology or indeed archaeometallurgy, the most important aspect of
any project should always be the answering of specific questions in direct connection
with the archaeological record.
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Chapter 9
Ethnoarchaeological and Historical Methods

Louise Iles and S. Terry Childs

Introduction

Reference to ethnographic information, both explicitly and implicitly, formally and
informally, plays a significant role in the formulation of our understanding of how
people lived in the past. The essence of modern anthropological archaeology cen-
tres primarily upon the interpretation of material remains through an examination
of likely parallels witnessed in the present. As others have stated before us, such
inherent analogical reasoning underpins all archaeological interpretation (Johnson
2010; David and Kramer 2001; Wylie 2002). Interpretations of the past are devel-
oped within the context of the researcher’s social and cultural background, and are
governed by personal knowledge of how individuals and communities relate to and
interact with material culture.

Ethnoarchaeology seeks to formalise these systems of inference and interpretation
of the archaeological record. Through the observation of living relationships between
culture and material culture in modern populations, it endeavours to bridge the gap
between “past and present, ‘data’ and ‘interpretation”’ (Johnson 2010, p. 50). Eth-
noarchaeology aims to draw these dichotomies closer together by developing firmer
methodologies and more reliable theoretical structuring in order to generate reliable
evidence that can inform and, hopefully, enhance archaeological interpretations. In
this way, and despite the relatively few number of current dedicated practitioners,
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ethnoarchaeology as a sub-discipline has made a great impact on theoretical and
methodological approaches within contemporary archaeology (David and Kramer
2001).

In this chapter, we provide a brief introduction to the history and development of
ethnoarchaeological approaches to past metallurgies. We address the use of linked
data sets from ethnographic, anthropological and historical resources, and the impact
these have had upon the study of early metallurgy. We then discuss the benefits
and shortfalls of the application of such methods and data in ancient metallurgical
contexts and follow with two case studies to illustrate some of the many ways that
ethnoarchaeological approaches have been applied in practice. We conclude with
thoughts on how these approaches can best be refined and utilised in the future
in order to generate the most appropriate and informative understanding of past
metallurgical practices.

Introducing Ethnoarchaeology: Data and Methods

Those interested in uncovering the past have long used analogies drawn from ethno-
graphic and anthropological accounts. Scholars in the nineteenth and early twentieth
centuries, famously Lubbock (1865) and Childe (e.g., 1930, 1940), alongside others
who embraced popularist ideas of unilineal social evolution (e.g., Spenser 1863)
were content to draw explicit parallels between contemporary, small-scale, so-called
‘primitive’ societies and those of Eurasian prehistory. Observations of indigenous
communities in, for example, sub-Saharan Africa were often fed into interpretations
of prehistoric remains in Britain, a trend that continues to influence modern research
(e.g., Renfrew 1973; Giles 2007). Such an uncritical application of ethnographic
analogy, whilst fortunately not commonplace now, certainly prompted and paved
the way for the development of more sophisticated archaeological theories of in-
ference and interpretation that sought to apply ethnological information in a more
accountable manner.

From the 1930s onwards, anthropological studies with expressly ethnoarchae-
ological objectives and methodologies began to appear (e.g., Thompson 1939;
Wauchope 1938), heralding a shift in theoretical emphasis towards developing robust,
testable analogies for the interpretation of the past (Lane 2006). A few decades later,
ethnoarchaeology was evolving into a distinct discipline in its own right, promising
“more focused and complete analogies for archaeological application” (David 1992,
p. 330). Binford (1983, p. 24) saw it as a ‘Rosetta Stone,’ capable of accurately
translating the language of the archaeological record across time and space.

Modern ethnoarchaeology has developed from these roots into a discipline with
a methodology drawn directly from archaeology and cultural anthropology. Eth-
noarchaeological field research combines participant observation with a detailed
recording of features and artefacts. Distinct from the data drawn from ethnographic
and other sources, which sometimes omit material culture and technology entirely,
ethnoarchaeological research openly aims to observe behaviours and generate data
sets that are more readily applicable to the material remains encountered in the ar-
chaeological record. It directs attention towards the social and physical contexts of
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production technologies, artefact manufacture, use and distribution, stylistic varia-
tion, structuring of space and deposition and post-deposition processes (see Stiles
1977; David and Kramer 2001; Lane 2006).

Ethnoarchaeology of Metallurgy

Explorations of technology and technological processes form a significant corpus
of ethnoarchaeological research. Studies of ceramic manufacture (cf. Costin 2000)
and lithic production (cf. Sillitoe and Hardy 2003) are followed closely in volume
by studies of metal production, especially iron. From as early as the start of the
twentieth century, ethnographic accounts began to be used together with archaeolog-
ical and analytical data to influence interpretations of archaeometallurgical remains
(Thornton 2009), setting a precedent for later, more systematic ethnoarchaeological
investigations of early metallurgy.

Somewhat unique to the archaeology and ethnoarchaeology of technology is the
necessity to give due consideration to the technical, social and cognitive-symbolic
elements of the processes involved. The merging of these factors is nowhere more
apparent as in the examination of metallurgical processes (David and Kramer 2001,
David 2001), as highlighted, for example, in the ‘science versus magic’ debate that
drew inspiration from ethnographies of iron production from sub-Saharan Africa.
Within this body of work (e.g., van der Merwe and Avery 1987; Rowlands and
Warnier 1993; Barndon 1996, 2004, amongst many others), the premise of the ‘mind’
(magic) and ‘matter’(science) as separate entities—as they are generally construed in
modern western systems of thought (Horton 1993, p. 227)—was challenged. Instead,
these researchers emphasised that within the cultural contexts studied, the correct
application of social and ritual functions was as critical to the successful outcome of
an iron smelt as the fulfilment of purely technical requirements.

This Africa-based research influenced archaeometallurgical studies throughout
the world. It opposed the dominant western-based perspectives of technology, stress-
ing “the importance of magic as a science,” and thereby warning of the dangers of
transposing modernvalue systems onto historical and archaeological scenarios (Haa-
land 2004, p. 11). The western ideological distinction between science and magic
was demonstrated to be neither universal nor definitive, yet it had already had a sig-
nificant impact on the shaping of ethnoarchaeological and archaeological research
agendas, methodologies and hypotheses. An awareness of being confined by such
theoretical limitations is of paramount importance in avoiding important information
being overlooked or dismissed. In this regard, the lessons learnt from the study of
nineteenth- and twentieth-century African iron production have gone on to influence
the study of other materials and technologies in a global arena (e.g., Gosselain 1992;
Costin 2000; Dobres and Hoffman 1994).

There have been various balances in ethnoarchaeological approaches to the social
and technical aspects of metallurgy over the decades. Some researchers have focussed
primarily on the documentation of the physical and technical processes of production
technologies—how furnaces were constructed, what raw materials were used, what
temperatures were achieved and so on (e.g., Todd 1985). Others have emphasised the
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social and symbolic aspects of the process (e.g., Reid and MacLean 1995). How the
study of these seemingly disparate elements is conceptualised (and integrated) is key
to the extent to which a technology as a whole can be understood (e.g., Lemonnier
1986; Pfaffenberger 1992).

The explicit intention now is to move away from a “lack of integration be-
tween metallurgical research and anthropologically informed archaeology” (Budd
and Taylor 1995, p. 134) and to consolidate all aspects of the processes under
examination—social, technical and ideological (David and Kramer 2001). In recent
research, the holistic integration of ethnoarchaeology, materials science, ethnohis-
tory, experimental archaeology and archaeological excavation (e.g., Schmidt 1997;
Dupré and Pinçon 1997; Killick 1990; Hosler 1994; David et al. 1989) has enabled
wider-reaching questions to be addressed of archaeometallurgical remains. These
include examinations of the movement of metal items and raw materials through
cultural landscapes, the relationship of stylistic patterns to sociocultural entities, the
sociopolitical context of technology or the transmission of technical knowledge and
know-how and how this manifests itself within different technologies (David and
Kramer 2001). Such an interdisciplinary approach can contribute to building a more
complete picture of the past, revealing metallurgy in its wider social context.

The science–magic debate certainly raised the profile of the ethnoarchaeology of
African iron production, but metallurgy in other regions of the world and other met-
allurgical processes have been less extensively studied (David and Kramer 2001).
Traditional metalsmiths producing and working with gold, silver, copper alloys and
lead are known to still operate in parts of Asia and the Americas, but as yet there
have been comparatively few ethnoarchaeological studies of these technologies. Ex-
ceptions include work in East Asia on the production of iron and, to a lesser extent,
other metals (e.g., Juleff 1998; Juleff et al. 2009; Rijal 1995, 1998; Wagner 1984;
Hai 2005; see also Bronson and Charoenwongsa 1986), lead and silver production
in South America (e.g., van Buren and Mills 2005; Cohen 2008) and bloomery iron
production in North America (e.g., Gordon and Killick 1993). There are also far
fewer assessments of smiths, miners and the use and significance of metal objects,
although exceptions include Larick (1985, 1986), de Maret (1980, 1985), Dewey and
Childs (1996), Childs and Dewey (1996), Childs (1998), Brown (1995); Kusimba
(1996) in Africa, as well as Horne (1983, 1994), Nash (1979) and Ascher (1962) in
Asia and the Americas. Unfortunately, time is running out to be able to interact with
many of those who have memories of living ‘traditional’ metallurgical practices, as
these industries retreat into a more and more distant past and the practitioners pass
away (Childs and Killick 1993; David 2001; see also Schmidt 2010). We urge that
the most must be made of this valuable resource whilst it still exists.

Historical and Ethnohistorical Resources

There is a wide range of non-archaeological resources available to an archaeometal-
lurgist to assist in the interpretation of metallurgical remains (cf. Stiles 1977). These
include primary ethnohistorical, ethnographical, historical, art- and artefact-based
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sources, which sometimes incorporate useful descriptions and depictions of techno-
logical processes or objects, in addition to ethnoarchaeological and anthropological
resources that focus chiefly on metallurgy.

Some of the earliest texts of value are the ancient encyclopaedias and compendi-
ums of knowledge that covered subjects such as industry, technology and mineralogy
from all over the Old World. A large variety of these resources exist from as early as
the first millennium BC. Examples include the Greek On Stones by Theophrastus and
Indica by Megasthenes (Caley and Richards 1956; McCrindle 1926), the Sanskrit
The Arthashstra by Kautilya (Craddock 2009) and the Chinese records of Sima Qian
and others (Watson 1993; see also extensive bibliographies in Wagner 2008). Later
texts include Pliny’s Naturalis Historia, and the Arabic Kitab al-Jamahir fi Ma‘rifat
al-Jawahir (The Book Most Comprehensive in Knowledge of Precious Stones) by
Al-Beruni (Abu Rayhan Biruni) and Kitab al-Suyuf (The Book of the Swords) by
Al-Kindi.

These sources can—with careful interpretation and contextualisation—reveal the
extent of chemical, geological and mineralogical knowledge at the time when they
were written. They also offer much information about the practicalities of various
metallurgical processes, such as ore prospection, mining, reduction processes and the
development of new methods and techniques concerning mercury, lead, silver, gold,
copper, iron and tin. Detailed descriptions of trade links throughout Europe, Asia
and northern Africa, and the locations of resources critical to metal production are
also provided. Furthermore, these sources often supply useful eyewitness accounts
regarding the organisation of production as well as descriptions of the cultural values
attributed to various metals.

Moving later in time, one of the most frequently cited texts is Georgius Agricola’s
De Re Metallica, published in 1556. The book outlines the state of knowledge of
European metallurgy at the beginning of the Reformation and makes extensive refer-
ences to classical texts (Hoover and Hoover 1950). The primary focus of the work is
on mining, but it also covers a multitude of processes and methods concerning silver,
gold, tin, iron, lead and copper, as well as depicting many of these technologies in
detailed woodcarvings. Agricola’s tome has been referenced in archaeometallurgical
papers of many wide-ranging topics (cf. Craddock 1994; e.g., Martinón-Torres and
Rehren 2002; Heimann et al. 1998; Martin 1999).

The colonisation of theAmericas was beginning at around this same time, as Euro-
pean empires expanded overseas. Colonial powers, often with the dubious intention
of maximising their profits from local resources, began to make intricate records
of metallurgical processes. The production (or control of production) of valuable
metals, such as gold and silver, was a primary concern related to their acquisition of
wealth. As such, a wide range of written resources exist that document the metallurgy
of the region at this time, including Sahagún’s 12-volume Florentine Codex: General
History of the Things of New Spain (Dibble and Anderson 1950–1982). Some of the
writers of these texts had a working knowledge of metallurgical industry (cf. Bray
1971, p. 25), including Benzoni, a Milanese silversmith, Oviedo, a master smelter
of King Ferdinand and Alvaro Alonzo Barba, who worked as a mine supervisor.

Early explorers of North America, such as Giovanni de Verranzano (Wroth 1970)
and Sir Richard Grenville (Hakluyt 1904), and ofAfrica, such as Emin Pasha (Schwe-
infurth et al. 1888) and Samuel Baker (1867), wrote personal and official accounts of
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the people they encountered, frequently referring to metal production. These explor-
ers sometimes sought out mines to determine their possible economic benefits. This
was followed in the nineteenth and twentieth centuries by more academic accounts
by specialist engineers, geologists and prospectors (e.g., Foster and Whitney 1850;
Percy 1970; Ball 1881; Stephens 1901–1902). Missionaries and early settlers also
often wrote about the daily lives of those amongst whom they lived, including ac-
counts of traditional metal working and uses of metal (e.g., Roscoe 1911, 1915, 1923;
Fisher 1911 in eastern Africa; Fr. Allouez in North America (Kellogg 1917; Thwaites
1896–1901)). Unfortunately, such accounts were often marred by the agendas of the
authors, who either were sometimes keen to promote the ‘exotic’ (and/or ‘savage’)
nature of their subjects or would sensitively omit ‘un-Christianly’ behaviour. How-
ever, all of these sources can be useful to the archaeologist if their contexts are
critically considered.

Another source of information about past metallurgies stems from transcriptions of
traditional mythology and oral histories. Haaland (2004, p. 11) tells us that European
cultural traditions include largely unexploited myths, legends and folktales that deal
with “the magic and rituals of the smith, iron and ironworking.” Norse, Celtic/Irish,
African, Nordic, Roman, Greek and many other mythologies contain references to
smith gods, the exploits and undertakings of whom have prompted discussion as to
how smiths were perceived and regarded within these various societies (e.g., Eliade
1962; Haaland 2006; Barndon 2006; Blakely 2006).

Other sources that may provide valuable information for the archaeometallur-
gist include inscriptions, codices and images found on ceramics, walls, in mosaics,
metalwork or paintings. Examples of the application of such resources include the
interpretation of European brass clothing tags found in archaeological contexts in
Cuba, which utilised metallurgical analysis alongside information from literature
and pictorial sources (Martinón-Torres et al. 2007, see especially Fig. 12); the use of
Egyptian wall paintings of bowl-furnace smelting from the second millennium BC
to reconstruct copper smelting technology (Tholander 1987) or the depiction of a
‘masked’ furnace on a classical Greek vase from Vulci to infer the magical elements
of metallurgical processes (Haaland 2004, 2006).

Brought together, this extensive body of work offers a panoply of valuable in-
formation to assist in the interpretation of archaeological remains. Together with
anthropological and ethnoarchaeological resources, they can strengthen our under-
standing of how and why metallurgical processes in the past were undertaken in the
way that they were.

The Application, Issues and Impact of Ethnoarchaeological
Approaches to Metallurgy

The development of ethnoarchaeological research has resulted in several major im-
pacts on our approaches to the study of early metallurgy. Firstly, it has influenced
(and most would agree that it has improved) the interpretation of archaeometallurgical
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remains. Secondly, it has shaped research questions and agendas. Lastly, it has
demonstrated the potential for imparting a tangible positive effect on local cultural
heritage in the regions where it has been implemented.

Ethnographic Analogy in Archaeometallurgical Contexts:
Interpretations Through Space and Time

Whereas the major aim of ethnoarchaeology has been to improve and strengthen ar-
chaeological interpretation of material remains, achieving this goal has proven to be a
complicated task. Much theoretical discussion has been published to define the most
effective and responsible way to apply ethnoarchaeological data to archaeological
remains in order to maximise our understanding of the past (David and Kramer 2001;
Lane 2006). Ethnohistorical, ethnoarchaeological and ethnographic sources are sit-
uated within complex historical, social, economic and political contexts. The data
derived from these contexts are unable to provide ‘timeless’ technological analogies
for past metallurgical practice (Killick 2009). This raises a poignant, overarching
question: does ethnoarchaeology provide valuable clues as to how metallurgical
processes were undertaken and organised in the past, or does it encourage us to
make overly simplified assumptions regarding what were undoubtedly multifaceted
technologies far removed from the societies that we live in today?

This question leads us to consider the two major ways in which ethnoarchaeology
can be integrated into archaeometallurgical interpretation, ‘direct analogy’ and ‘re-
lational analogy’, approaches which address different research questions and require
different methodologies (cf. Parker-Pearson and Ramilisonina 1998 and responses
for further discussion of analogy and materiality). Direct analogy uses observable
ethnographic data that can be directly applied to past cultures. With regard to ar-
chaeometallurgy, specifically because “the physical properties of metals remain
constant regardless of the historical or cultural setting” (Muhly 1988, p. 2), this
can include information that is more technical in nature that can be applied regard-
less of the social or cultural affiliations of the remains under examination. Such data
might be applied to metallurgical scenarios of all time periods and across all regions
as long as observable and measurable differences in geology, geography, botany and
so on are accounted for.

However, this type of analogy is generally restricted to observations of limited
complexity, particularly with regard to the social aspects of technology. Exam-
ples include: confirming the technical feasibility of a posited hypothesis of metal
working in antiquity by demonstrating its successful application in modern or his-
torical metallurgical practice (which can also go hand-in-hand with experimental
archaeology; see Ottaway and Heeb, this volume); providing inspiration for the in-
terpretation of unknown archaeometallurgical features or aspects of metallurgical
processes; demonstrating the range of potential interpretations of certain configu-
rations of remains or challenging underlying and fundamental assumptions held by
archaeologists. Killick (1991) illustrates several examples in his article discussing the
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relevance of modern African iron smelting to archaeometallurgical reconstruction.
He notes that Clough (1984) used recent African bloomery smelting to demonstrate
the plausibility that early European smelters used high-grade iron ores in bowl fur-
naces and, in particular, that this method of smelting would result in very little residual
slag. Killick also observes similarities between fields of archaeological slag-pits in
Poland and remains left by recent Hausa ironworkers in Nigeria. The strong material
parallels between the two technologies enabled the archaeological remains in Poland
to be identified as resulting from a comparable Hausa technique, the use of a portable
shaft or a chimney. The rather obvious lack of a historical connection between the
two regions did not diminish the conclusions made in this instance.

In some cases, direct analogies may also be made to more socially oriented features
of a technology, such as decorative motifs, if a demonstrable connection and continu-
ity can be established between the past and modern communities under examination.
Killick mentions the practice of depositing finger bones underneath twentieth-century
furnaces in the Lowveld of South Africa to ensure a successful smelt; the presence
of comparable bones under prehistoric furnaces in the same region suggests that
a similar interpretation can be made of these older remains based on the available
ethnohistoric evidence (Killick 2009; Miller et al. 2003). However, although such
analogies become more robust if the living population under examination is demon-
strably contiguous with the past populations connected to the archaeological remains,
this is not foolproof, since “every living community is in the process of continuous
change with respect to the materials which it utilizes” (Ascher 1961, p. 324).

Nevertheless, as we have already stated, a holistic picture of past metallurgy can
only emerge if archaeometallurgists also consider the somewhat more elusive ev-
idence for these social, cultural, ideological and economic aspects of technology.
This may include information regarding raw material access, trade, organisation of
metalworkers, subsistence economy, settlement patterns and symbolism and ritual
that surround and support metalworking technologies. Unfortunately, in many situa-
tions, direct analogies with related modern cultures are not possible, so analogies are
sometimes then drawn from a wider pool of information. Relational analogy refers
to such data used to create generalisations that are applied cross-culturally: a much
more problematic scenario. Because these scenarios tend to deal with data that are so-
cially and culturally oriented, they can only provide suggestions about past practice,
not conclusive statements. The challenge lies in making these links and suggestions
as relevant as possible, whilst not implying a tangible connection. A wider range
of caveats needs to be taken into consideration when applying these types of data
to archaeological interpretations, along with increased interpretative caution. It is a
difficult task to ensure that the interpretations from ethnoarchaeological studies are
as reliable, responsible and meaningful as possible.

Ethnoarchaeology has proved key in demonstrating just how much variation is
possible within metallurgy as a whole and even within a single technological process
(cf. for example, Cline 1937), and warns against projecting any one single exam-
ple of metalworking method onto the past (e.g., Rowlands 1971). However, there
still remains a temptation to seek wider, global parallels that aim to unite disparate
technological approaches through the identification of common cultural themes (e.g.,
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Eliade 1962; Hingley 1997; Haaland 2004, 2006; see also Blakely 2006). If “the past
is a foreign country: they do things differently there” (Hartley 1953, p. 1), how best
can archaeologists or ethnoarchaeologists identify the most appropriate analogue in
any given archaeological situation, whether it is linked via a cultural continuum or
not?

Reliability of Resources

An assessment of the reliability of ethnoarchaeological sources must be undertaken
before those sources can be utilised. A number of potential shortcomings, originating
both from the researchers and the informants, need to be taken into account.

Examples of iron smelting make up by far the largest component of the body of
ethnoarchaeological work regarding metallurgy, yet very few ethnoarchaeologists
have been able to observe an iron smelt “carried out in earnest to obtain iron” (David
and Kramer 2001, p. 335; David 2001). The assumption must be that the smelters’
methodologies in those instances may not be exactly the same as if the smelt was
undertaken for local economic production. Furthermore, many of the studies men-
tioned in this chapter involve re-enactments or reconstructions of smelting processes
that were abandoned decades before (e.g., Echard 1968; David et al. 1988; Saltman
et al. 1986; Huysecom and Agustoni 1997), which introduces limitations due to the
potentially waning memories of the smelters and their use of trial and error that might
not be clear to the researcher. Herbert (1993, pp. 16–17) reminds us that smelters
may choose not to reveal all of the rituals and secret knowledge that would otherwise
be included in the smelting process. The iron workers may not have known all of
them in the first place, particularly depending on their age and social status when they
last participated in iron working. The process of filming and recording communities
who are not accustomed to such technology may introduce additional complications
during reconstructions.

However, such reconstructions enable the recording and viewing of a wide range
of valuable data: the timing and sequencing of activities, the choices made by the
smelters, scientific data such as temperature and atmosphere, spontaneous explana-
tions about the meanings of activities and equipment, the vocabulary used for all
aspects of the process and the drama of the noises, movements, songs, dances, etc.
This information can be built upon through repeated re-enactments (e.g., Schmidt
1996, 1997; David et al. 1989), and can also be documented scientifically through
the application of laboratory techniques, such as metallography, or through exper-
iments that control different variables indicated during the re-enactments (Schmidt
and Avery 1978; Killick 1991).

There are further factors that may influence the reliability of ethnoarchaeological
data. Value-laden agendas and inherent biases of some researchers may influence
what ethnoarchaeological questions are asked, as well as how they are asked and to
whom they are directed. Yet, the unspoken agendas of informants are also relevant,
and may in the same way affect the answers that are given and the information that is
imparted. Whether a researcher is foreign or local, male or female, old or young can
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influence exactly what the informant chooses to disclose. Informants are also getting
older and fewer as time passes. How reliable are the memories of events that are
getting more and more distant, and presumably more indistinct? In a world where
globalisation has taken full hold, we have to assume that present-day memories are
not devoid of influences from external sources.

As such, ethnoarchaeologists must remain aware that information is unlikely to
be ‘complete,’ and they must seek ways to validate that the information gained is
as accurate as memory allows (David 2001). The best way is to triangulate data
by using as many informants as possible to corroborate information. This can be
difficult when there are only one or two people who remember the old ways or when
potential informants defer to the memory of just one person. Further issues include
problems with translating interviews, such as accuracy, identifying key vocabulary
and identifying underlying symbolic meaning, especially if interviews are carried out
by someone with little metallurgical experience. The age, gender and social status
of a translator may also initiate additional complications that may not be visible to
the researcher.

There has also tended to be unrepresentative coverage of particular social groups
in ethnoarchaeological projects, most especially with regard to metal industries.
Generally, informants have been male and from social groups already known to be
associated with metalworking. This has led to the repeated confirmation of certain
ideas that may not hold true if interviews are extended to include other segments
of society (cf. Iles 2013). Women may have had different experiences than men,
older generations may attribute different values than younger generations, infor-
mants with different social status may have had different access to the processes
or objects being studied (cf. Schmidt 2010, especially pages 272–273). Historical
documents have tended also to be written by men, directed towards a male audience
and disproportionately address certain, often elite, sectors of society.

There are ways in which to minimise these effects. The quality of the resulting data
may be improved by ensuring that researchers are sufficiently prepared to undertake
ethnoarchaeological work using well-established theory and methods. Making this
theory and methodology explicit when the research is presented to a wider audience
enables readers to contextualise and assess the work to a far higher degree than is
often currently possible (David and Kramer 2001). This would critically enrich the
data and inform further discussion.

TheWider Contribution of the Ethnoarchaeology of Metallurgy

One benefit of drawing from ethnoarchaeological resources is the (at least partial) di-
lution of the inherent ethnocentric preconceptions of an individual researcher (Gould
1978). The archaeometallurgist often draws upon his or her personal experience
of metallurgical techniques from that person’s country or region of origin. His or
her perspective will be broadened, however, by interacting with a variety of mod-
ern practitioners and historical sources to understand alternative experiences and
knowledge of techniques and technologies from across the globe. As Bray (197 1,
p. 29) asks, “how many archaeologists would immediately think of metallurgy if



9 Ethnoarchaeological and Historical Methods 203

they encountered alligator dung in a Panamanian excavation”? Yet, according to
the sixteenth-century writings of Oviedo (Fernandez 1959), contemporary local
metallurgists used sun-dried alligator faeces to polish metal.

Not only is ethnoarchaeology, as well as ethnohistory, able to provide alternative
(and sometimes unusual) interpretations of archaeological remains, they have also
acted to highlight the full chaînes opératoires of production that are involved in
metalworking (cf. Lemonnier 1992). Certain aspects of production systems, such as
charcoal production, the provision of water, the supply of food for metalworkers,
the construction of furnace superstructures and so on, are not necessarily visible
in the archaeological record. These stages are crucial for the successful outcome
of metal production (Childs 1991), yet gaining information about them, and how
they were carried out in the past, is notoriously difficult. Observing metallurgical
processes in action, or referring to those detailed in ethnohistorical texts has reminded
archaeometallurgists (and indeed anyone examining the archaeology of technology)
that all these aspects need to be taken into consideration if a holistic picture of past
metallurgical practice is to be realised.

The growth of ethnoarchaeology has strongly influenced the research questions
of recent archaeometallurgists. The insights into the less tangible sociocultural and
economic aspects of metal technologies—ritual, symbolism, social organisation,
trade, specialisation and so on—have encouraged a more inclusive approach to
the study of technology. Ethnoarchaeology provides alternative ways to approach
technology and metallurgy in contrast to those that respond solely to dominant Euro-
American perspectives and values, approaches that are religious, social and political
in emphasis rather than ‘economically deterministic’ (Haaland 2004). This trend has
influenced research agendas even where it has not been possible to carry out primary
ethnographic or ethnoarchaeological work, bringing a new awareness of questions
regarding technological organisation and participation.

Finally, an important but often overlooked impact of ethnoarchaeological research
is the tangible contribution it can make to local cultural heritage. The act of carrying
out interviews and commissioning reconstructions can maintain and/or reinvigorate
local interest and pride in indigenous crafts and technologies (Childs 2000, p. 199).
David and Kramer (2001, p. 335) note:

The Dogon smelters . . . were motivated less by money than by the opportunity to demonstrate
their skills to a generation ignorant of their past achievements.

Ethnoarchaeology can generate material for local museums and actively involve
and intrigue local schoolchildren in accessing their past. It can be harnessed to di-
rect cultural tourism and thereby generate local income, a significant consideration
in many regions of the world where ethnoarchaeology is carried out. For exam-
ple, David’s informant Dokwaza occasionally undertook reconstructions for tourists
(David et al. 1989) and reconstructions of Fipa iron smelting were conducted at the
Village Museum in Dar es Salaam, Tanzania, as part of the Saba Saba National Fes-
tival (Wembah-Rashid 1969). Making ethnoarchaeological investigations relevant to
the host communities should be an integral part of any planned research.
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Case Studies

We have introduced the major concepts involved in the application of ethnoarchaeol-
ogy in archaeometallurgical contexts. Now we offer two case studies to demonstrate
how these methods have been and can be applied in practice. As we emphasised in
the preceding sections, a holistic examination of metallurgy must involve both the
technical process and the sociocultural context in which it occurs. One of the power-
ful advantages of ethnoarchaeology is the ability to look more closely at the cultural
and ideological influences on a technology than is possible through archaeology
alone. Done well, the information yielded can then inform archaeological method
and interpretation in significant ways.

The following case studies focus on two aspects of the sociocultural context of
technology that have become increasingly apparent through ethnographic, ethnoar-
chaeological and ethnohistorical research. The first explores the issue of gender
in African iron working systems, which is almost, but not completely, invisible
in the archaeological record of the continent. The second case study examines the
values of metal objects produced from several metal technologies in Central and
South America, based primarily on ethnohistorical records and archaeometallurgical
findings.

Gender in African Iron Smelting

Iron smelting is a transformative, creative process that changes raw ore into functional
metal through the use and control of fire by skilled iron workers (de Maret 1980;
Childs 1991; Herbert 1993). In sub-SaharanAfrica, the danger and uncertainty of this
process has sometimes been controlled through ideological associations with the act
of procreation that require specialised technical and ritual knowledge. Relationships
between the processes of iron smelting, becoming pregnant and giving birth and
restraining the potentially harmful ancestral and spirit world became evident in an
array of African ethnographic studies from the late 1800s through the late 1900s
(e.g., Cline 1937; Kense 1983). These studies highlighted the various roles the iron
workers take on in preparation for and during a smelt: the names and features of the
furnaces, resources and other paraphernalia used, the songs sung, prayers said and
actions taken prior to and during the smelt, and the selection of the smelting site.

In many of these reports the roles of the iron smelters, particularly the head smelter,
were seen to be carefully orchestrated. Strict sexual abstinence during smelting was
frequently practiced (at least in many of these recorded examples) due to the perceived
dangers it could pose to the iron being created (Cline 1937; Herbert 1993). Among
the Chisinga of Zambia, the smelter was the ‘husband’ of the furnace ‘wife.’ He
could not have sexual relations with his human wife during a smelt because the
adultery would jeopardise the success of the smelt by ‘killing’ the iron child (the
bloom) in the furnace (Brelsford 1949). Song, chants, dance and the careful use of
various medicines were seamlessly combined with the building and charging of the
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furnace, as well as the smelt itself, to ensure success. Many of the songs and chants
were expressly about sexual intercourse or the birthing process, depending upon the
timing during the smelt, such as among the Hausa of Nigeria (Echard 1983) and the
Ila of Zambia (Smith and Dale 1968).

The equipment and resources used to smelt iron were sometimes explicitly an-
thropomorphised and genderised, often through the naming of tools and apparatus.
The We/Isu in Cameroon mixed two types of ore during smelting, a hard, dry and
male ore that had the power of semen, and a wet ore “like a woman” (Rowlands
and Warnier 1993, p. 524). In Zimbabwe, the Shona (Cooke 1959; Robinson 1961)
and the Chazi (Housden and Armor 1959) configured their forced draft furnaces as
women with breasts and incisions to represent female scarification. The Malinke,
far to the west on the Ivory Coast, also prominently placed breasts above the tuyère
holes of the furnace (Célis 1991). The Fipa smelters in Tanzania built a tall, natural
draft furnace as a fecund bride by decorating it with red nkulu powder (Wise 1958b).
Once the furnace was erected, Fipa smelters performed a wedding ceremony and
later decorated the furnace in black to veil the young, hopefully pregnant, wife after
they fully charged the furnace (Wyckaert 1914; Wise 1958a, b). The Tshokwe in the
Democratic Republic of the Congo (DRC) used the same term for the rake hole at
the base of the furnace, where the resulting slag and iron was pulled out, as the birth
canal of a mother in delivery (de Maret 1980). The Banyoro in Uganda used two clay
bellows to force a draft into their furnaces, one the moulded genitalia of a man and
the other of a woman (Lanning 1954).

Women who were menstruating or men and women who were adulterous were
seen as particularly dangerous to the smelt. Menstruation is a temporary state of
sterility that could affect the productivity of the smelt, while adultery could cause
a pregnant mother (i.e., the furnace in this case) to miscarry or have a difficult
labour (Herbert 1993). Women were therefore sometimes forbidden from attending
an iron smelt, and to ensure that restrictions in access could be followed, furnaces
were often located away from villages, such as among the Sakata in the DRC (Maes
1930). Nevertheless, there are some recorded instances where women did participate
in the wider smelting technology, whether mining, providing food and drink to the
smelters, making some of the smelting equipment, such as bellows and tuyères or
even participating in the smelting itself (e.g., Baumann 1891; Cline 1937; Herbert
1993; Chirikure 2007; also cf. Iles 2013). The contributions of these women should
not be overlooked.

This very brief summary of the ethnographic and ethnoarchaeological literature
provides a glimpse into the many ways that gender and, in particular, female fertility
and reproduction played an integral role in many iron smelting technologies in sub-
Saharan Africa. Specific contextual details and patterns have been chronicled about
the shifting roles and identities of the smelters during a smelt, the interrelationships
of the smelters with women before, during and after a smelt, the use and meaning of
the smelting ingredients, including the ore, charcoal, fluxes and medicines, sexual
prohibitions before, during and after smelting, and the use of space, among others.
Some of these factors might be visible in the archaeological record; others may be
less tangible. They can, however, provide archaeologists with better insights into
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their excavations through both direct and relational analogy, such as possible social
organisation at a smelting site, choices that influenced the location of a furnace site,
decoration on the material remains found and the identity and locations of medicines
used.

Although data from these specific and complex socio-technical scenarios cannot
be directly applied outside of the cultural or temporal contexts within which they
were originally identified (cf. Killick 2009), they have shown some of the many ways
in which gender might be embodied within technology and metallurgy. In doing so,
they point to many questions that have tended to be inadequately considered, often
due to insufficient time being allotted to the research. For example, more information
is needed on women’s roles in iron smelting and the social, economic and ideological
variables that permit some women to be involved and not others (David 2001; Herbert
1993). Also, a better understanding of the manufacture of medicines, the variety of
types used, the sequence of their use during the smelting process and their potential
ideological linkages to the procreation metaphor is needed, particularly since they
could have visible remains in the archaeological record. Furthermore, social and
cultural practices and ideological paradigms may be manifest in other technologies
(Lechtman 1984; Childs 1991; Collett 1993; Herbert 1993; David 2001). To test the
efficacy of their findings on patterns such as decorations, spatial layouts of activity
areas, naming conventions and social organisation, ethnoarchaeologists need to study
analogous activities, particularly those that involve fire and transformative processes.

Symbolic Meaning of Metals in South and Central America

The archaeology of pre-Hispanic metallurgy in Central and South America is cen-
tred on the production of gold, silver, copper and their alloys. A long-term project
involving excavations of copper–arsenic production sites in northern Peru, alongside
replicative experiments and archaeometallurgical analyses, have provided important
insights into the technical and ritual sequencing of that technology (Shimada et al.
1982; Shimada and Merkel 1991; Shimada 1994). In the southern Andes of Bolivia,
ethnoarchaeological studies of silver production furnaces, called huayrachinas and
tocochimbos, have provided critical data for understanding the specifics of Inka-
period silver production in the archaeological record (Van Buren and Mills 2005;
Cohen 2008).

Much of what is known about pre-Hispanic metallurgy, however, is based on
the study of metal objects. Although some metal objects, particularly of copper,
were made for utilitarian purposes, silver and gold operated in the realm of the
elite to signal wealth, power and control. Some of these gold, silver and copper
objects have been subjected to archaeometallurgical analyses, both metallographic
and chemical, which provided an important window into their production histories.
Importantly, however, ethnohistoric sources have been used in conjunction with
archaeometallurgical data to better understand pre-Hispanic metal technologies and
the use, meaning and values of the objects produced.
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Lechtman’s work (1979, 1981, 1984) demonstrates this particularly well. She
used archaeometallurgical methods to detail the sophisticated techniques of depletion
gilding of copper alloy objects to make them seem like something they were not
entirely. Many of the objects studied are tumbaga, an alloy of gold and copper, often
with silver as well. Although the major constituent of the alloy may have been copper,
the surfaces of many objects that performed in the social, political and ideological
sphere of the elite were intentionally depleted of their copper components, leaving
the surfaces enriched with gold or silver.

Lechtman used the rich ethnohistoric record about the Inka to provide context for
her findings. Gold and silver functioned to convey social status, political power and
religious force throughout the prehistory of the Andes (Lechtman 1984; Shimada
1994). By the time of the Inka, the sweat of the sun was linked to gold and the sweat
of the moon was linked to silver in their cosmological system. The Inka took control
over the production and use of gold and silver because the first Inka were the children
of the sun and the moon. The colours and reflectivity of these metals were visible
and concrete manifestations of political and religious belief systems that legitimised
the Inka elite.

But if this is the case, why were tumbaga alloys used in these elite contexts?
Lechtman surmises, based on the ethnohistoric record and comparative analysis of
the production of cloth, that there was an ideological foundation to the development
and spread of tumbaga:

The basis of [these] systems is the incorporation of the essential ingredient—the gold or
the silver—into the very body of the object. The essence of the object, that which appears
superficially to be true of it, must also be inside it . . . even if the essence is only minimally
present. (1984, p. 30)

Thus, the messages of power and status displayed on the surface of the golden or
silver objects came also from within them. This ethnoarchaeological approach, com-
bining the ethnohistoric record with archaeometallurgical data, was able to indicate
a significant sociocultural (rather than economic or metallurgical) influence over
technological choice, based upon a complex interplay of religion, value systems and
materiality.

Similar value systems are apparent in the metallurgical histories of other regions
of Latin America. Tumbaga also had prominent use in the highlands of Columbia for
many centuries. Falchetti (2003) analysed the cosmological systems of local cultural
groups using ethnohistorical and ethnographic sources to elucidate the intimate link-
ages between the alloy and the lifecycle and regeneration of human beings. Gold is
yellow and odourless and related to the male, procreative powers of the sun; copper
is reddish and has a distinctive smell, which are linked to feminine, transformative
and mortal properties related to the moon. Once the sun ‘fertilises’ the moon, it goes
through a cycle of transformations, the monthly lunar phases, which are paralleled
with the development of an embryo and the transformative process of making tum-
baga. The use of metal objects by religious practitioners, as well as common people,
carried the attributes (colour and odour) and symbolic association of supernatural
regeneration to ensure their birth, life and perpetuation on earth.
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Similarly, in Cuba, excavations at El Chorro de Maíta revealed a cemetery within
a long-term settlement that dates until after the arrival of early explorers to the region
(Martinón-Torres et al. 2007; Cooper et al. 2008). Archaeometallurgical analysis of
the metal grave goods showed that they were made of pure gold, imported tumbaga
(guanín in the language of the Taíno) and imported brass (turey) (Martinón-Torres
et al. 2007; Cooper et al. 2008). Again, ethnohistoric and linguistic sources were
used to offer insights regarding variations in the metal grave goods and their possible
meanings and values.

For the purposes here, we will only focus on the objects of guanín. Guanín refers
to a variety of objects with certain essential attributes: a reddish colour, a sweet
smell and a shiny quality. Not only did this include ternary alloys of copper, gold
and silver, it also incorporated certain types of feathers, plants and turtles (Oliver
2000). These were valued more highly than gold by the political and religious elite
in the Caribbean area. Oliver (2000) analysed Taíno mythology, as recorded by early
Spanish explorers, to postulate on the symbolic associations of the guanín objects
for the Taíno elite. He summarised his findings to suggest that guanín “relate[s]
to the quest for civilization, the separation of sexes, exogamy, incest rules and the
achievement of the ultimate social order: the establishment (justification) of a society
ruled by caciques or chiefs” (2000, p. 214). Again, the value of this alloy has been
highlighted through an examination of ethnohistorical records.

These three examples of the interpretation of tumbaga in various parts of South
America and the Caribbean show how careful use of ethnohistorical and ethnographic
sources, in conjunction with archaeometallurgical as well as linguistic analysis, can
elucidate the values and meanings of metal. Falchetti (2003) notes that members
of extant Indian societies, such as those in Columbia, still pass down centuries-
old mythologies and belief systems. An ethnoarchaeological exploration of these
systems of understanding and explaining the world may offer important additional
understandings of the use and meaning of tumbaga found in the archaeological
record. Enquiries into the qualities (i.e., colour, tone, smell and reflectivity) of various
types of metal, the context in which different types of metal objects are used, why
and by whom (i.e., religious, funerary, marriage, birth and trade) and anything that
might be known about the production of metal objects could provide important clues
to understanding the archaeological record of South and Central America.

Concluding Thoughts, Future Directions and Emphases

The many ways that ethnoarchaeological approaches have contributed to archaeomet-
allurgy have been outlined in this chapter. We sought to explain how ethnographic
data are used to inform archaeometallurgical interpretation. Is it only a stimulus for
understanding the range of technological phenomena that are possible, providing a
“store of ideas” for the archaeometallurgist to dip into (Killick 1991, p. 52)? Or,
can it reliably be used to provide direct analogies in certain circumstances? The
answer lies in a combination of the above, since there will always be multiple po-
tential analogies for any given situation (Ascher 1961). Nevertheless, we hope to
have demonstrated that an ethnoarchaeological approach can be a valid and useful
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methodology for interpreting the remains of past metalworking, and for stimulating
future research.

David (2001) provided a critical review of ethnoarchaeological work related to
African metallurgy and suggested how the discipline can effectively move forward
in an African context. These directions include pursuing the ethnobotany of smelting
medicines and the need for “longer-term fieldwork” (David 2001, p. 67). The qual-
ity of ethnoarchaeological data produced could also be improved. There is a need
for more thorough training to prepare archaeometallurgists planning to undertake
primary fieldwork. An improvement in methodological and theoretical awareness,
including methods to validate the findings from informants, would be beneficial.
Training in the local language(s) to be used during fieldwork, and in interview tech-
nique, is also critical, both to improve relationships in the field and to broaden the
ability to identify linguistic data that may be relevant. Nevertheless, Tringham (1978,
p. 171) calls for even the most amateur research to be fully published, as long as the
methodology is made explicit. This ensures that valuable primary data are not lost
and are available for considered use by future researchers.

On a global scale, we believe that there are several ways in which the ethnoar-
chaeology of metallurgy can and should grow. In particular, one of the most striking
shortcomings of the discipline is the comparative paucity of studies that deal with
technologies outside of sub-Saharan Africa. We hope that this lack will soon be
redressed, especially given the increasing age and decreasing numbers of potential
informants worldwide. As David (2001) exhorts, we must also encourage local re-
searchers to conduct ethnoarchaeological research in their region in order to take
advantage of linguistic aptitude and cultural connections that can assist the research.
Digitisation of historical records and the increased availability of archival material,
especially in those regions from where it originated, will hopefully facilitate and en-
courage a greater use of these resources. Furthermore, ethnoarchaeological research
should also not be limited to technologies that are perceived as ‘traditional’ or ‘non-
industrial’ (Schiffer 1978, p. 231). By widening the scope of technologies studied,
it will be possible to learn about the wide-ranging relationships between materials,
processes, organisational structures and people.

Finally, we emphasise that there is also a need to make fieldwork more relevant
to local populations, rather than communicating only to a mostly western academic
audience. Ethnoarchaeological research offers many opportunities to do this. Local
translators, interpreters, field practitioners and academics can be trained in an arena
whereby ethnoarchaeological funding can be used to make a positive contribution to
local communities. Incorporating a greater number of people from a wider range of
backgrounds into the practicing discipline will greatly enrich the quality and range
of the body of research that is generated in the future. In summary, we believe that
the best ethnoarchaeological work is as hands-on as possible, engages a wide range
of informants and remains aware of responsibilities to the host communities. Most
importantly, however, ethnoarchaeological work must be as open and unambiguous
as possible in how the methods, data and results are communicated so it can provide
a rich and reliable resource for those seeking to better understand the nuances of
early metallurgy.
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Chapter 10
Chemical and Isotopic Studies of Ancient Metals

A. Mark Pollard and Peter Bray

Introduction to Chemical and Isotopic Analysis of Metals

It is not the intention of this chapter to give a thorough introduction to the many and
varied methods which have been used to analyze archaeological metals. Some of
these can be found in the selected bibliography at the end of this chapter. The aim
of this section is to guide and advise the student about the different sorts of analyses
which can be done, and which ones might be appropriate under what circumstances.

When embarking upon an analytical study of ancient metalwork, the researcher
must start with a single fundamental question: ‘what is the purpose of the analysis?’
or, perhaps more precisely, ‘to what purpose will the analytical data be put?’Answers
to this question might range from the apparently trivial ‘I want to know what it is
made of’ to the ‘I need to know from which particular ore deposit this metal was
ultimately derived’. Another key question, and not unrelated, is ‘how destructive can
my analysis be?’ Increasingly, museums and collection managers are asking for com-
pletely nondestructive (preferably ‘noninvasive’) analyses, which might make sense
from a curatorial point of view but not necessarily from an academic perspective. It
calls into question the reason why we are collecting these things at all—simply to
preserve them as ‘objects’ in perpetuity, or as an archive of information which can
help us understand the human past? In many ways, this is a false dichotomy. On the
one hand, analytical methods are tending toward being more-or-less nondestructive
(but not noninvasive!), and so it might be seen as prudent to restrict sampling access
for as long as possible. On the other hand, one might argue that if the information
is worth having, then it is worth a small sacrifice. We are back to the quality of the
question again.
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In addition to the rise of ‘nondestructive’ methods, museums are beginning to
prefer analyses that bring the instrument to the collection rather than the objects to
the instrument. Handheld instruments that can be taken into the field or to a museum
have varying strengths and weaknesses in comparison to standard laboratory-based
equipment, or large international facilities such as synchrotrons or neutron sources,
which require the object to be taken to the facility. As many countries are increasingly
taking control of the export of antiquities even for research purposes, a student of the
metalwork may have to visit the country to look at recently excavated material, and
either take the portable analytical tools with them, or make arrangements to have the
work done with local partners.

In terms of the choice of analytical tools, let us be quite clear—there is no universal
panacea for the analysis (chemical or isotopic) of metals. No one technique has all the
answers, although some may now seem to approach it. No one technique is ‘best’. Nor
can the analysis be carried out from a recipe book. Each case is different. Different
forms of ores and mineral deposits mean that, in some studies, one particular element
or suite of elements may be the critical distinguishing factor, but in others, it may
be irrelevant. In some cases, isotopic measurements may be diagnostic, while in
others they may be completely ambiguous. What is ‘right’ depends on the nature of
the question. Of course, as professionals we would always claim that the choice of
analytical tool is made calmly and logically, to reflect the nature of the question. At
one level this is true, but in many cases the choice is severely influenced by levels of
availability and access, cost, and what is actually working at the time. Most graduate
students know this from firsthand experience!

One issue to deal with is cost. All analyses cost money, even if no money changes
hands. The true cost of some analyses can be enormous—consider the full cost of
studying a metal object using a multimillion dollar synchrotron radiation source, or
even just the marginal cost of doing so (i.e., not contributing to the cost of building
the machine itself, but paying for the running costs). Somebody is paying for the
capital investment and infrastructure that support these facilities. Archaeologists,
and particularly (but by no means exclusively) commercial archaeologists (salvage
or rescue archaeology), have a habit of considering some technical approaches as
‘too expensive’ to consider. Often there is no money in the budget to pay for any
post-excavation analysis, and thus a lot of important work never gets done. However,
there is no such thing as ‘too expensive’. There is only a rational cost/benefit analysis,
which balances the cost of obtaining the information against the intellectual value of
that information. A cheap analysis which concludes that Roman nails contain iron, or
that, in another context, pottery is made of clay, is poor value. An analysis (expensive
or not) that rewrites our views on the role of copper alloys in the Early Bronze Age is
good value. Again, it is the quality of the question that counts. There is a clear onus
on the analyst to be able to explain to managers and finance officers what their work
can deliver intellectually, above and beyond an appendix to a site report.

There is also a need to take into account the different levels of analysis that are
possible, and what might be necessary for the question asked. A key differentiation is
between destructive and nondestructive analysis, as described in more detail below.
Although these categories appear to be mutually exclusive, the distinction between
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them is not always clear-cut. A second distinction to be made is between qualitative,
semiquantitative, and quantitative analyses. Crudely speaking, qualitative is simply
asking whether a particular element is present or not. This might be sufficient to
identify a metal as gold rather than something else, or an alloy as bronze rather
than brass, and may be all that is required. Semiquantitative can mean either an
approximate analysis or that the amount of a particular element is categorized into
broad groups, such as ‘major’ (a lot), ‘minor’ (a bit), or ‘trace’ (just enough to
detect), or perhaps into bands such as ‘1–5 %’.1 Again, this might be sufficient
to answer the question ‘is the major alloying element tin or zinc?’ A quantitative
analysis (sometimes referred to somewhat tautologically as ‘fully quantitative’), on
the other hand, is an attempt to quantify to some specified level of precision all of
the components present in an alloy above a certain level.2 Ideally, we should aim at
quantitative analysis of as many elements as possible, validated by accompanying
data on internationally accepted standard materials. In the end, quantitative data will
have lasting value, and will mean that future analysts will not need to go back to the
object and take more samples. Mostly, however, we compromise.

Nondestructive Chemical Analysis

Nondestructive methods are increasingly important in the study of archaeological and
museum objects. First and foremost, among these techniques is X-ray fluorescence
(XRF), which is now increasingly available as a handheld portable system. XRF
uses a source of X-ray (usually an X-ray tube, but occasionally a sealed radioactive
source) to irradiate the sample. The incoming (‘primary’) X-rays interact with the
atoms that make up the sample and cause them to emit secondary (‘characteristic’)
X-rays of a very specific energy. In the majority of XRF systems (the so-called energy
dispersive systems), these secondary X-rays are captured in a solid-state detector,
which both measures their energy and counts their number By knowing the energy
of the secondary X-ray, we can identify which atom (i.e., element) it has come
from, and from the number, we can estimate how much of that particular element is
present in the sample. If the analysis is done in air (i.e., without the need to enclose
the sample in an evacuated chamber), then the whole device can be made portable
and the machine can be taken to the object, although the sensitivity and precision
of the analysis is somewhat compromised. Some portable devices now come with
‘skirts’ that fit over the object and allow at least a partial vacuum, which improves
the performance somewhat.

1 It is important to note whether results are expressed in atomic or weight %. Atomic % denotes
the percentage of the total number of atoms in a sample that are of a particular element. Weight %
denotes what percentage of the mass of the sample each element contributes. If an archaeometallurgy
paper does not explicitly state which system has been used, with caution, it can be assumed the
results are in weight %.
2 Bear in mind that, with at least 93 naturally occurring elements in the Periodic Table, no analysis
containing fewer elements can truly claim to be ‘fully quantitative’!



220 A. M. Pollard and P. Bray

The advantages of XRF are many. It can give a rapid analysis, typically done in a
few minutes or so. For metals, it can analyze most elements of interest, but if an air
path is used (as described above), it cannot detect any element below calcium (Ca,
atomic number 20) in the Periodic Table. Even under vacuum, the lightest element
which can be seen by XRF is sodium (Na, atomic number 11). Thus, if using an
air path, modern alloys containing magnesium or aluminum will show no sign of
these components. Of the metals known in antiquity, however, this is only a problem
for iron, where the main alloying elements (e.g., carbon and phosphorus) are too
light to be seen by XRF, even under vacuum. Nevertheless, XRF is particularly well
suited to metal alloy identification and quantification, as the majority of alloys used
in antiquity (gold–silver/electrum and the bronzes and brasses) are primarily made
up of heavy metals which show up well under XRF.

The disadvantages of XRF are also numerous. It is not a particularly sensitive
method—sensitivity here is taken to mean the smallest amount of a particular ele-
ment that can be measured accurately. For most elements in XRF, this is typically
around 0.1 wt%, but the exact value will depend on the element being detected and
nature of the other elements present. This is more than adequate if the nature of the
question is ‘what alloy am I dealing with?’ Or, indeed, ‘what are the major impurities
present in this metal?’, but it is nowhere near as sensitive as many of the techniques
that involve sampling. More significantly, it is also a surface-sensitive technique due
to absorption of the secondary X-rays by the metal matrix as they leave the sample.
The degree to which these secondary X-rays are absorbed depends on the energy
of the secondary X-ray and the nature of the material(s) through which it needs to
pass in order to get to the detector. Typically, information is only obtainable from
the top few tenths of a millimeter below the surface. Thus, if the surface is corroded,
dirty, or unrepresentative of the bulk composition for any reason (see below), then
the analysis given may be completely misleading. Sometimes this problem can be
reduced by judicious mechanical cleaning of the surface (or preferably an edge) to
reveal bright, uncorroded metal, but this may be curatorially unacceptable. This may
be a particularly serious problem with handheld instruments, because often the pri-
mary X-ray beam diameter is a centimeter wide (to compensate for the relatively
low intensity of the source); thus, the area needing to be cleaned may be too big for
most museum curators. Other nondestructive analytical tools are available to the ar-
chaeometallurgist, provided he/she is prepared to transport the object to the facility.
These include synchrotron XRF (sXRF), which is identical to other forms of XRF
apart from the source of the X-rays, which in this case is a huge circular electron
accelerator called a synchrotron. Accelerated to almost the speed of light, these elec-
trons give off electromagnetic radiation of all frequencies from high-energy X-rays
to long-wavelength radio waves. By harnessing the X-ray emission, the synchrotron
can provide a highly intense collimated beam of monochromatic X-rays, which pro-
vide an excellent source of primary X-rays for XRF. Because they are so intense, it
is normal to carry out sXRF in air, so that large objects of any shape can be accom-
modated in front of the beam, although the secondary X-rays are still attenuated by
passage through air as described above.
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In a similar vein, other forms of particle accelerator can be used to provide the
primary beam for analytical use. Perhaps the most common is proton-induced X-ray
emission (PIXE). In this case, a beam of protons is accelerated to high energies in a
linear accelerator and extracted as a fine beam, which then strikes the object being
analyzed. The protons interact with the atoms in the sample, causing them to emit
secondary X-rays, as in XRF. Because the beam is external to the accelerator, objects
of any shape can be analyzed in air, with the same advantages and disadvantages
as above. The analytical sensitivity of PIXE is generally better than XRF, because
proton impact causes a lower background X-ray signal than is the case with primary
X-rays or electrons, so sensitivities on the order of a few parts per million (ppm) are
possible.

Recent instrumental developments in PIXE have resulted in highly focused proton
beams (down to a few microns) that allow chemical analysis and elemental mapping
on the microscopic scale. This technique is called microPIXE, or μ-PIXE. Variants
of PIXE include particle- (or proton-)induced gamma-ray emission (PIGE) in which
the elements in the sample are identified by the gamma rays they emit as a result of
proton beam irradiation (rather than by secondary X-rays). This method can be used
to detect some of the lighter elements that XRF or other methods cannot detect.

(Mildly) Destructive Chemical Analysis

Where at all possible, it is usually better from an analytical point of view to remove
a small sample from the metal object, polish it, and mount it for analysis. This also
allows physical examination of the artifact (e.g., metallography, hardness, etc., as
described in Chapter x) before any chemical analysis is carried out. Sampling also
allows for spatially resolved chemical analysis—i.e., how does the composition of
the sample vary from the surface to the interior of the artifact? When combined
with information on the phase structure provided by optical microscopy, chemical
analyses of this kind are an extremely valuable entry point into understanding the
manufacture and use—the ‘biography’—of the object.

Once a sample has been taken, there are a very large number of choices of analyt-
ical instrumentation available. The two most common ones used today are based on
either electron microscopy (EM) or inductively coupled plasma spectrometry (ICP).

Electron Microscopy

EM has been the workhorse of the chemical study of metals for more than 40 years.
It is important to realize that although the microscopy side of the instrument is
dependent upon a beam of electrons, the actual chemical analysis is still primarily de-
pendent upon the detection of X-rays. EM has many advantages. It is widely available
and can produce high-resolution images of the physical structures present, as well
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as micro-point chemical analyses and two-dimensional (2D) chemical maps of the
exposed surface. As a technique, it has had many pseudonyms over the years, based
upon the particular configuration available—electron microprobe analysis (EMPA),
scanning electron microscopy (SEM), scanning electron microprobe with energy
dispersive spectrometry (SEM-EDS), SEM with wavelength dispersive spectrometry
(SEM-WDS), and probably more.

As an analytical tool (as opposed to a high-powered imaging device), the key
aspect to understand about EM is how the chemical analysis is actually achieved,
which in effect means: how are the secondary X-rays detected? In an EDS system, the
process is almost identical to that described above for XRF, except that the primary
beam in this case is made up of electrons rather than X-rays. These primary electrons
have the advantage over X-rays of being steerable and focusable using electrostatic
devices, and having more controllable energies. The electrons strike the sample and
interact with the atoms to produce characteristic X-rays, which are collected and
counted using solid-state detectors as before. Because such an analysis usually takes
place in a high-vacuum chamber on a prepared and polished flat sample, many of
the problems inherent with XRF are reduced. The sensitivity to lighter elements is
much better than XRF, even to the extent that some systems can measure carbon in
iron. Furthermore, the problem of surface sensitivity can be controlled by cleaning
and/or preparing the sample in such a way that it provides a cross section of the
artifact. One big advantage of energy dispersive analysis combined with SEM is that
the speed of the analysis is such that 2D chemical maps of the prepared surface can
be readily produced, showing just how and where the elemental inhomogeneities are
distributed within the metallographic structures (i.e., are certain elements within the
grains or between the grains, near the surface or near the core, etc.).

Less widely available (not only because of higher cost but also because of the
expertise required to produce good data), but regarded by many as the ‘gold standard’
for metals analysis, is wavelength dispersive X-ray detection (WDS) in EM. This
method differs from EDS only in the way that the X-rays are detected. However,
it tends to make the machine much more suited to analytical rather than imaging
applications, making it rather more specialized and less flexible than the ‘all purpose’
machines that use (energy dispersive) ED detection. In practice, many of the larger
and more expensive machines have multiple wavelength detectors and an ED detector,
giving multiple functionality. In WDS machines, the X-rays emitted from the sample
are considered to be waves in the X-ray region of the electromagnetic spectrum, rather
than particles of a particular energy. The nature of the parent atom is defined by the
characteristic wavelength of the X-rays produced, and the number of atoms present
is defined by the intensity of this wavelength. This is a graphic illustration of the
quantum mechanical principle of particle–wave duality! The wavelength of the X-
rays is measured using a crystal as a diffraction grating, which resolves the X-rays
into their component wavelengths (in the same way as water droplets produce a
rainbow), and the intensity of each wavelength is measured via a solid-state detector.

Without going into too much detail, WDS analysis in EM gives better sensitivity
than EDS (typically detecting elements down to 0.001–0.01 %, rather than 0.1 %
by EDS), but it is slower, which makes 2D mapping more cumbersome. In both
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forms of detection, however, because the primary irradiation is by electrons rather
than X-rays, the beam can be focused down to a few microns in diameter, giving
a spatial resolution for the chemical analysis in the order of a few tens of microns.
This is necessary when looking at phenomena such as age embrittlement in alloys,
where microscopic phases are precipitated at grain boundaries, or when attempting
to characterize small inclusions in slag or metal that can tell us about the ore sources
used and the metalworking processes applied.

It is worth pointing out that much more can now be achieved through EM without
sampling than was possible just a few years ago. Environmental chambers, operat-
ing at near-atmospheric pressure, are available which can accommodate large objects
(up to 30 cm in diameter and 8 cm high). Such equipment can produce images and
analyses without the need for applying a conducting coat of gold or carbon to pre-
vent charging. Software developments include ‘hypermapping’, where the data are
collected and stored as a series of superimposed elemental maps. This allows the
analyst to go back to the data at any time and generate a point analysis or a 2D map
without needing to reanalyze the sample. The advantage of this is that it is feasible
to collect all the data that might be conceivably needed now and in the future, and
thus limit the analysis of an object to a one-off event. The downside of this method is
the same as for nondestructive XRF: surface-only analysis and lowered sensitivity.

Inductively Coupled Plasma Spectroscopy/Spectrometry

ICP in various formats is now the method-of-choice for chemical analysis in a wide
range of applications across research and industry. In its current form, it represents
the refinement of a long line of optical spectroscopy techniques for chemical anal-
ysis, going back to optical emission spectroscopy that was developed in the 1930s.
The principle is simple—when an atom is ‘excited’ (i.e., given a lot of energy), it
reorganizes itself, but almost instantaneously de-excites back to its original state
with the emission of a pulse of electromagnetic radiation, which is often in the vis-
ible part of the spectrum. In other words, it gives off light. The wavelength of this
light is characteristic of the atom from which it came, and the intensity (amount) of
light is proportional to the number of atoms of that particular element in the sample.
Measurement of the wavelength and intensity of the light given off from a sample
therefore forms the basis of a quantitative analytical tool of great sensitivity. In ICP,
the sample is introduced into an extremely hot plasma at around 10,000 ◦C, which
causes the atoms to emit characteristic frequencies. This emitted light is resolved into
its component wavelengths using a diffraction grating, and the intensity of each line
of interest measured. In this form, the instrument is known as an inductively coupled
plasma optical emission spectrometer (ICP-OES), or sometimes as an ICP atomic
emission spectrometer (ICP-AES). The use of ICP as an ion source for mass spec-
trometry (inductively coupled plasma mass spectrometer (ICP-MS)) is discussed in
more detail below.
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ICP is an extremely sensitive means of measuring elemental composition. De-
pending on the element to be measured and the matrix it is in, it can usually detect
many elements down to levels of ‘parts per billion’ (ppb, equal to 1 atom in 109)
from a very small sample (which varies depending on the particular needs of the
experiment). The sample can be introduced into the spectrometer as a liquid (i.e.,
dissolved in acid), but more recently attention has switched to a device which uses
a pulsed laser to vaporize (ablate) a small volume from a solid sample into a gas
stream which then enters the plasma torch. This is known as laser ablation ICP (LA-
ICP-OES). Laser ablation has several advantages over solution analysis, not least
of which is simplicity of sample preparation and the potential to produce spatially
resolved chemical analyses of complex samples (including 2D elemental maps, line
scans, etc., as described above). The disadvantages include somewhat lower levels
of sensitivity and a much more complex procedure for producing quantitative data.
However, the fine scale of the ablation technique (the crater produced by the laser
can be typically 10–15 microns in diameter and depth) means that for all intents and
purposes, the analysis can be regarded as ‘nondestructive’. This assumes, of course,
that the object is small enough (perhaps up to 10 cm across) to fit into the laser abla-
tion chamber (and, of course, that clean metal can be obtained to give a non-biased
sample). It is therefore now possible to analyze small metal objects without cutting a
sample, in which up to 20 or 30 elements are quantified, covering the concentration
range of the major and minor alloying elements, down to sub-ppm levels (or 1 in
106) of trace elements. As discussed below, in some circumstances isotopic ratios for
particular elements can also be measured if a mass spectrometric detector is used.

The elemental analytical capability of most ICP methods is comparable to or better
than the data previously produced by neutron activation analysis (NAA), which
is historically the preferred means of analyzing trace and ultra-trace elements in
archaeological and geological sciences. NAA is not discussed in detail here because
it is rapidly becoming obsolete as a result of increasing difficulties in obtaining
neutron irradiation facilities. However, it is described in most standard texts on
analytical and archaeological chemistry and is an important method to understand
due to its prevalence in earlier research. Suffice it to say that the archaeological
science literature (including archaeometallurgical literature) contains a good deal of
high-quality NAA data, which raises the question of how we should use this legacy
data—a matter discussed in more detail below.

Analyzing Metals with Surface Treatments

One important feature of the analysis of ancient metals (which is much less common
in other branches of inorganic archaeological chemistry) is the fact that the surfaces
of ancient metals are usually different in chemical composition from the bulk of the
metal. This provides a challenge to the analyst. For example, a simple handheld XRF
scan of an archaeological metal surface will almost certainly produce an analysis that
is not representative of the entire artifact. This may not be a major problem if the
purpose of the analysis is to simply categorize the object into a class of metal—
arsenical copper, brass (copper–zinc), bronze (copper–tin), leaded bronze, etc., or to



10 Chemical and Isotopic Studies of Ancient Metals 225

decide if the object contains gold or silver (essentially, a qualitative analysis). If the
purpose of the analysis is to be more precise than this (e.g., to talk in terms finer than
percentage points), then handheld XRF on unprepared surfaces is not particularly
useful.

Metal surfaces can differ from bulk composition for two main reasons, described in
detail below. One is that they were made that way, either deliberately or accidentally.
The second is that the long-term interaction of the metal with the depositional envi-
ronment has altered the surface, sometimes but not always resulting in a mineralized
surface known as corrosion or patina.

Deliberate surface treatments are well known from antiquity, and come in a wide
variety of forms. These include the deliberate tinning of a bronze surface to give a sil-
very appearance, and the surface enrichment of gold objects to remove base metals to
give a richer gold appearance. These come under the category of deliberately applied
surface finishes, and they may be the result of either chemical or physical treatment,
or both. Some treatments are highly sophisticated and still poorly understood, such
as the use of niello (a black mixture of sulfides of copper and silver, used as a deco-
rative inlay), or shakudo (a gold and copper alloy which is chemically treated to give
dark blue–purple patina on decorative Japanese metalwork), or even the enigmatic
Corinthian Bronze (‘aes’), which may have had either a black or golden appearance.

This area of research opens up the knotty question of ‘how was an object or
statue expected to look in antiquity?’We are today most familiar with bronze statues
looking either green from copper corrosion or bronze-colored if ‘cleaned’. However,
it is highly likely that in certain periods of antiquity at least some statues were intended
to look very different—they may have been gilded, or surface-treated to give black–
purple colors, or even painted. The careful detection through chemical analysis of
any remnants of surface finishes is crucial to understanding how these objects were
intended to look, and what might have been their social function. It also leads into the
fascinating area of deception, either for sheer fakery (e.g., making gold coinage look
finer than it actually is), or into the mystical world of alchemy, where base metals
can be given the appearance of gold. There is much serious archaeological research
to be done on the metallurgical underpinnings and consequences of alchemy.

Accidental surface treatments include various segregation phenomena, such as ‘tin
sweat’ on bronzes, in which the casting conditions are such that the tin-rich phases
preferentially freeze at the surface of the mould, giving a silvery appearance. It is
sometimes difficult to decide whether a particular effect was deliberately intended,
or purely accidental.

The long-term interaction of a metal with its burial environment (or, in rarer or
more recent cases, with its atmospheric environment if it has never been buried) is
essentially the story of the attack of metal by water, and is often electrochemically
mediated. For many years, aesthetics dictated that metal corrosion products should
be scrubbed or stripped away to leave the bare metal, in search of the ‘original
appearance’of the object. Thankfully, this barbaric approach has diminished. In fact,
if one ever wants to provoke an ‘old-school’metal conservator into a frenzy, it is worth
simply injecting into the conversation that the most interesting bit of a metal object
is the corrosion products, which historically at least used to be thrown away. Most
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modern conservators would probably not entirely agree with this statement, but would
concede that the corrosion products are part of the object’s biography. In theory at
least, the metal corrosion contains encoded within it the whole environmental history
of the object, including evidence for manufacturing, use, discard, and deposition.
Not only does this have implications for the materiality of the object, but it could
also have implications for authenticity studies. Decoding this history is, however,
another story.

In the light of all of this, it should be clear that when approaching a metal archae-
ological object for the purposes of chemical or isotopic analysis, the analyst must
expect to find surface anomalies that may be vital to the biography of the object, or
which will at least, if not identified and countered, render any analyses quantitatively
unreliable. Each object is in this sense at least unique. The best advice to the analyst
is to start with a careful optical microscopic examination, and then work upward!

Isotopic Analysis of Metallic Objects

In addition to the chemical composition of an object, another key attribute that can
be measured is the isotopic composition of some, or all, of the elements in that
object. Isotopes are different versions of the same element, which differ only in
their mass. The chemical identity of an element is determined solely by the number
of protons in the nucleus, though the number of neutrons can be variable. Thus
copper (proton number 29) has two naturally occurring isotopes, indicated as 63Cu
and 65Cu, meaning that one isotope has 29 protons plus 34 neutrons in the nucleus
(i.e., 63 particles in the nucleus in total) and the other has 29 protons plus 36 neutrons
(65 in total). The ‘natural abundance’of these two isotopes is roughly 75 % and 25 %,
respectively, meaning that the average atomic weight of naturally occurring copper
is approximately 63.546.

Chemically speaking, the isotopes of an element behave identically, but sometimes
they take part in chemical reactions or physical transformations (e.g., evaporation) at
slightly different rates. This is because the difference in mass of the isotopes means
that bond energies between one isotope and, for example, oxygen will be slightly
different from that of another isotope and oxygen. Thus, in the course of various
chemical reactions or transport phenomena, the ratio of one isotope to another of
the same element may change. In the case of chemical reactions, this is termed
fractionation, and means that the environmental or geological history of certain
metals can be reconstructed by measurements of isotopic ratios.

Some stable isotopes are formed as the result of the radioactive decay of another
element. For example, strontium has four stable naturally occurring isotopes: 84Sr
(natural abundance 0.56 % of the total Sr), 86Sr (9.86 %), 87Sr (7.0 %), and 88Sr
(82.58 %). Of these, 87Sr is produced by the decay of the radioactive alkali metal
87Rb, and is therefore termed radiogenic. Thus, the isotope ratio 87Sr/86Sr in a rock
is related to the original isotopic composition of the rock, but will also change with
time as the 87Rb originally present turns into 87Sr.
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Almost all metals of interest to the archaeometallurgist have more than one nat-
urally occurring isotope. In fact, elements with only one isotope are exceptional in
nature, and the ones of most relevance here are gold, which occurs naturally only
as 197Au, and arsenic (75As). Many, such as Cu (with the two isotopes listed above)
and silver (107Ag and 109Ag) have a couple, but a significant proportion has several
stable isotopes, including iron (with 4), lead (4), Ni (5), Zn (5), and, champion of
them all, tin (10). There is thus plenty of scope for measuring isotopic ratios among
the metals of interest to archaeologists.

Foremost and by far, the most intensively studied is lead. It has four stable iso-
topes, 204Pb, 206Pb, 207Pb, and 208Pb, the latter three of which are the stable end
members of the three long natural radioactive decay chains found in nature (starting
with uranium (235U and 238U) and thorium (232Th)). The approximate natural abun-
dances of these four isotopes of lead are 1.4, 24.1, 22.1, and 52.4 %, respectively,
but the precise abundances in any particular mineral or geological deposit depend
on the geological age of that deposit, and the initial concentrations of uranium and
thorium. Because of the large range of possible starting conditions and the differ-
ing geological ages of mineral deposits, there is large variability in the measured
abundance of geological lead isotope ratios—much larger than in any other metal of
interest here. For reasons of measurement discussed below, it is conventional in the
study of heavy metal isotopes to deal with ratios of one isotope to another rather than
absolute values of abundance. Thus, in archaeological discussions of lead isotope
data, it is conventional to deal with three sets of ratios (208Pb/206Pb, 207Pb/206Pb, and
206Pb/204Pb) which can be plotted together as a pair of diagrams.

Measurement of Isotopic Ratios in Metals

Measurement of the isotopic ratios of metals requires some form of mass spectrom-
etry, in which the numbers of constituent atoms in the sample are directly measured
after being separated according to weight. Conventionally, this has been achieved
using thermal ionization mass spectrometry (TIMS), in which the sample to be mea-
sured is chemically deposited from a solution onto a fine wire, mounted in a mass
spectrometer, and heated to evaporate and ionize the sample. The ions are then ex-
tracted into the spectrometer electrostatically, and ions of different mass are steered
into a bank of detectors—one for each mass of interest (this is called a ‘multi-
collector’ or ‘MC’ instrument). Rather than measure each isotope independently,
however, it is better to report the results as ratios of one isotope to another, as the
data can be directly recorded as the ratio of the electric current flowing through each
of the two detectors. This means that any fluctuation in ionization efficiency at the
source is seen as an equal fluctuation in both detectors. The potential inaccuracy is
therefore canceled out, making the ratio more precise than a single measurement.
The main drawback of TIMS is the time taken to prepare the sample. It needs to be
dissolved into high-purity acids, often concentrated by passing through an exchange
column, and then deposited on the wire. The number of samples that can be analyzed
in this way is relatively slow.
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The preeminent position of TIMS for isotopic studies was vastly altered in the
late 1990s, when it was realized that an ICP torch is also an extremely efficient
source of ions. Rather than using optical techniques to measure the concentration
of atoms in the sample (as in ICP-OES, described above), it was realized that if
the plasma containing the ionized sample could be fed into a mass spectrometer,
then a new instrument was possible—ICP-MS. The technical trick is to interface an
extremely hot gas from the plasma source with a mass spectrometer under vacuum
in such a way that the mass spectrometer does not melt and the vacuum in the mass
spectrometer is not destroyed. This was achieved in the 1980s, and such instruments
became commercially available through the 1990s. Early systems of this type used
a low-resolution quadrupole mass spectrometer as the detector, because it is fast,
cheap, and efficient. It is very effective for trace element abundance analysis, but the
isotopic ratio measurement precision of a quadrupole is typically 100 times poorer
than can be achieved by TIMS, and so the instrument saw limited use as an iso-
topic measurement tool. The next generation of ICP instruments used much more
sophisticated mass spectrometers—either bigger systems with much higher resolu-
tion, or (more effective still) feeding the output from one mass spectrometer into a
second mass spectrometer to give much improved resolution—combined with multi-
collector detectors. Such instruments, termed ‘HR-MC-ICP-MS’ (high-resolution
multi-collector ICP-MS) or ‘ICP-MS-MS’ (ICP with two mass spectrometers), are
capable of measuring isotopic ratios with precisions at least as good as TIMS (if not
better), but with much simpler sample preparation. TIMS instruments are quoted
as giving 95 % confidence levels in precision (i.e., measurement reproducibility) of
± 0.05 % for the 207Pb/206Pb ratio, and ± 0.01 % for 208Pb/206Pb and 206Pb/204Pb: a
modern high-resolution multi-collector will do at least as well as this, if not an order
of magnitude better.

Initially, ICP-MS instruments were designed for solution input, but as described
above, the addition of a laser ablation ‘front end’for spatially analyzing solid samples
has just about revolutionized the practice of isotopic ratio mass spectrometry for
heavy metals such as lead. As long as a solid sample can fit into the ablation chamber,
such analyses can be carried out without sampling and with virtually no visible
damage. That is not to say such measurements are cheap or easy, but it does mean
that large numbers of measurements can now be made quickly and at high precision,
reopening the potential for large-scale studies of ancient metals.

What Can Chemical and Isotopic Data Tell Us?

There is a long history of the chemical analysis of ancient metalwork, going back at
least to the late eighteenth century in Europe, with Martin Heinrich Klaproth’s inves-
tigation in 1795 of the composition of ancient copper coins and Pearson’s 1796 paper
analyzing Bronze Age tin-bronze. Until the mid-twentieth century, the question was
primarily one of ‘what is it made from?—that is, which metals and alloys were used
by ‘the ancients’, and what was the sequence of their development? Interestingly,
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from this simple question, systematic patterns of behavior appeared to emerge over
much of the Old World, although at different times. The large-scale chemical analysis
of metal artifacts from known archaeological contexts during the twentieth century
allowed scholars to propose a model for the ‘development of metallurgy in the Old
World’ from an early use of ‘native’ metals (i.e., metals like copper, gold, silver, or
iron which can occur naturally in the metallic state), to the smelting of ‘pure’ copper,
followed by arsenical copper alloys, followed by tin bronzes, followed by leaded
tin bronzes, and then eventually an Iron Age. This developmental sequence often
provided a framework for archaeometallurgical research, which, as the rest of this
volume demonstrates, has increasingly been superseded by detailed regional studies.

Since the 1950s, the dominant driver in the chemical analysis of metals has been
the quest for provenance—i.e., can metal artifacts be traced back to a particular
ore deposit? Given that the dominant model of technological evolution at this time
was one of diffusion, it was plainly logical to use the artifacts themselves to see if
tracing metal back to ore source could identify the source whence the knowledge
of metals diffused. It quickly became apparent that matching the trace elements in
a particular copper alloy object with those of its parent ore deposit was a tall order.
Indeed, there are many potential sources of copper ores in the ancient world, and
broadly speaking, ores from similar genetic and geochemical environments are likely
to have similar patterns of trace elements. Nevertheless, from the tens of thousands
of analyses that have been done on European Bronze Age objects, it is certainly
true to say that particular combinations of trace element patterns are discernible
within the data, which many think are inevitably linked with particular regional ore
sources. Given that typological approaches to European Bronze Age copper alloy
artifacts have defined particular assemblages of objects as ‘industries’, then it is
clear that analytical and typological analyses were moving in the same direction.
Hence the obsession with ‘groups’ of trace elements which has permeated much of
the twentieth-century thinking on European Bronze Age metallurgy.

The general failure of this approach has been well documented. It is certainly
true that particular types of copper ore deposits are likely to give rise to specific
combinations of trace element impurities in the smelted copper (or, in some cases, to
the absence of specific impurities). These impurity patterns may well have regional or
even specific locality significance, but only in the simplest (and rarest) of cases—that
is, when the metal is ‘primary’ (i.e., made directly from smelted copper from a single
ore source) and not mixed with copper from other sources or recycled and remelted. In
other words, if a metal artifact has received the minimum of manipulation, consistent
with that required to convert an ore to metal, then this approach may be suitable. In
all other cases, which represent the vast majority of ancient metalwork that has come
down to us, a more sophisticated model is required.

A fundamental problem with this standard model of metallic provenance is that
the dominant factor which is thought to affect the trace element pattern in the metal
artifact is the original trace element composition of the primary ore. Although all
authors engaged in this work have recognized that issues such as recycling and
remelting are also certain to perturb this standard model, in practice most authors
then proceed to interpret the data by ignoring these factors. Another factor to be
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Fig. 10.1 Impurity content of copper alloy produced as a function of smelting temperature for
charges containing 10 % As, 2 % Sb, and 2 % Ni

considered is that there is not necessarily a one-to-one relationship between the
trace element pattern in the ore and the same pattern in the smelted metal. Not only
do some trace elements preferentially concentrate in the slag (if there is any) as
opposed to the liquid metal (called ‘partitioning’), but there is even variation in this
partitioning behavior as a function of temperature and ‘redox’ conditions (i.e., the
degree of oxidation or reduction) in the furnace. It has been shown from laboratory
experimentation, for example, that if a copper ore contains nickel, arsenic, and
antimony, then all the antimony (Sb) in the charge is transferred to the metal at all
temperatures between 700 and 1,100 ◦C. In contrast, the nickel (Ni) will not appear
in the smelted metal at all unless the temperature is above 950 ◦C, while only low
percentages of the original arsenic (As) content will be transferred at temperatures
below 950 ◦C (see Fig. 10.1). Thus, if the ‘impurity pattern’ of interest consisted of
the presence or absence of As, Sb, and Ni (all important elements in early copper-
base metallurgy), then the impurity pattern for metal smelted from the same charge
changes dramatically if the furnace temperature goes above 950–1000 ◦C. Under the
standard model of provenance, such an observation would be taken as indicating a
switch in ore source. This is not to say that all conclusions about provenance based
upon changes in trace element pattern are wrong; it does, however, council caution
if considering only one possible explanation for such a change.
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Partly in response to these problems with the many large chemical analysis pro-
grams carried out in the 1960s and later, archaeometallurgists turned with glee to the
new technique of lead isotope analysis (LIA). Much has been written about the value
and limitations of LIA in archaeology as it has the potential to be an invaluable tool
for provenance studies. LIA is based upon the fact that different ore bodies will con-
tain varying initial amounts of thorium, uranium, and primogenic lead. Over varying
amounts of time (depending of course on when the ore body was formed) radiogenic
decay produces distinct lead isotope signatures that are dependent on the starting
parameters of the ore body. This method proved to have importance not only for
ancient metals that contain lead (i.e., copper alloys, silver alloys, as well as lead and
lead/tin alloys) but also for glass, ceramics, and even human bone. The fact that LIA
has yet to fully achieve this potential (at least as far as ancient metals are concerned)
is probably also due to a lack of sophistication in the way that the provenance model
has been applied, in much the same way as chemical provenancing discussed above.

One key issue that has yet to be fully addressed is the degree to which different
ore deposits within a particular region can be expected to have distinctly different
lead isotope signals. Clearly, this primarily depends upon the geological nature of the
deposits, but it is worth recalling that much of the 1990s was taken up with a polarized
debate between two key groups of LIA practitioners. One group stated that the various
metalliferous outcrops on theAegean islands could largely be distinguished from each
other, while the other group (using much the same data) felt that they could not and
preferred to use a single ‘Aegean field’. This debate, as much about philosophy as
about ore geology and mathematics, is not dissimilar to the debates in evolutionary
biology between ‘lumpers’ and ‘splitters’.

The most definitive recent statement using British data has come from the work
of Brenda Rohl and Stuart Needham who have shown that the lead isotope fields
for the four main mineralized regions of England and Wales effectively overlap
and are therefore indistinguishable. They coined the term EWLIO—the England
and Wales Lead Isotope Outline—to signify the lack of resolution between these
sources. Moreover, the ore fields of the neighboring countries (Ireland, Western
France, Germany, and Belgium) are also shown to be considerably overlapping with
EWLIO. In other words, lead isotope data on their own are clearly not sufficient to
distinguish between ore sources in northwestern Europe. Their research did, however,
indicate a possible way forward by combining trace element patterns with lead isotope
signatures and archaeological typologies, in a manner which has subsequently been
built on elsewhere, as described below.

One interesting outcome of this discussion of the use of lead isotope data as a
technique for provenancing has been the investigation of the conditions under which
anthropogenic processing might affect the value of the isotopic ratio. It is well known
elsewhere in isotope systematics that for the light elements (hydrogen, carbon, nitro-
gen, etc.), fractionation (changing of the isotopic ratio) is an inevitable consequence
of many natural processes—indeed, it is this very fact that makes carbon isotopes
such a powerful tool in tracing carbon cycling through the ecosystem. The question
is: do heavy metal isotopes (Pb, Cu, Zn, etc.) undergo similar fractionation, espe-
cially as a result of anthropogenic processes such as smelting? Orthodoxy would say
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no. It is, however, possible to show that under certain conditions, such as nonequilib-
rium evaporation from a liquid phase, it is theoretically plausible that fractionation
would occur. Such conditions might easily occur during the processing of metals in
antiquity. All that is required is that the vapor phase above a liquid metal is constantly
removed during evaporation. As light isotopes preferentially enter the vapor phase,
the remaining liquid is gradually enriched in the heavier isotope. It is not difficult to
conceive of some stages of metal processing which approximate to these conditions.

Unfortunately, at the time these processes were being investigated (1990s), mea-
surement techniques were too imprecise to detect what, for all practical metallurgical
processes, were likely to be small effects. Certainly, the attempts of the time failed to
measure significant fractionation as a result of anthropogenic processing of lead or
tin. Zinc, the major component of brass, and an extremely volatile element, showed
much more promise. Unfortunately, none of these experiments have been repeated
using the much more sensitive analytical equipment available today. We know rel-
atively little about the natural variation in copper, tin, and zinc isotopes between
different types of deposit. More interestingly, perhaps, it is possible that anthro-
pogenically induced fractionation in these isotopes might offer an opportunity to
observe smelting and melting processes. It would not be surprising, for example,
if measurement of zinc isotopes allowed a distinction to be made between brass
made by the direct process (adding zinc metal to copper metal) and that made by the
calamine process (vaporizing zinc to form zinc-oxide and then adding this to copper).
Similarly, does the tin isotope ratio in a bronze change systematically in proportion
to the length of time the metal is molten? Does it therefore change measurably each
time a bronze object is recycled? There is clearly a need for a series of careful labo-
ratory experiments, leading to a program of experimental archaeology.Working with
Legacy Data

The world of archaeometallurgy is blessed with a plethora of data on the chemical
composition of ancient copper alloys (and, to a much lesser extent, other alloys
including iron), and also with a corpus of lead isotope data from ancient mine sites
and from copper, lead, and silver objects from the ancient world. In theory, this
dataset is of immense value, and provides a basis upon which all scholars should
be able to build their research. Apart from the usual problems of non-publication of
some key data, the frequent lack of sufficient descriptive or contextual detail, and
the occasional erroneous values, these data (particularly the chemical data) suffer
from one major problem: they were measured using the best techniques of their
time, which were (usually) not as good as those we have now. It would, however,
be wrong to assume that all data collected in the past are inferior to that obtained
now. For example, gravimetric determinations of major elements in copper or iron
alloys carried out during the nineteenth and early twentieth centuries will almost
always bear comparison with—indeed, may be marginally better than—instrumental
measurements carried out today. Obviously, there was no way these pioneers could
have determined the minute levels of trace elements that can be done today, but in
terms of major element analysis, these data should be good enough to use today.

What is perhaps more of a problem is data collected through the major analyti-
cal campaigns of the 1930s and later, using now obsolete instrumental methods of
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analysis, such as optical emission spectrometry (OES) and subsequently atomic ab-
sorption spectrometry (AAS). OES in particular has well-known limitations, such as
relatively poor reproducibility and a tendency to underestimate some elements in the
alloy when they get to high concentrations. The key question for modern researchers
is to what extent could or should we use this large database of ‘legacy data’? Some
limitations are obvious. Many historical analyses lack data on certain key elements,
which can only be remedied by reanalyzing the original sample, if it can be traced,
and if it can be resampled. Archives of old samples taken from known objects, where
they can be tracked down and properly identified, are priceless to modern researchers
and must be curated at all costs—the size of the samples taken from precious objects
as late as the 1980s would make most modern museum curators’ eyes water from
pain!

Even if data on all the elements of interest are present, it is still difficult to imagine
how to combine old and new datasets in a meaningful way—particularly if there are
known deficiencies in the data for some elements. One approach is to say ‘don’t do
it’. Indeed, major analytical projects on British metal objects from the 1970s onward
were designed to create an entirely new dataset that excluded previous work. This is
inherently cautious, but is probably a reflection of the tendency of most analysts only
to trust their own data. However, is this simply wasting a vast archive of potential
information, much of which, for financial or ethical reasons, we are unlikely to ever
get again? This is the dilemma posed by legacy data.

In many ways, the existing scientific archaeometallurgical archive falls between
two stools as it is often considered to lack sufficient scientific and archaeological
information. The use of outdated analytical techniques and poor publication stan-
dards mean that modern archaeologists often have a stark list of numbers with little
scientific context. The standards of modern chemistry require that analytical data are
published alongside a number of measures of data quality. These include for each
element the limits of detection (LoD, or minimum detectable level, MDL) of the an-
alytical instrument, the precision of the measurements (how closely an analysis can
be reproduced), and the accuracy of the data (how far the analysis deviates from the
known true value of an internationally agreed laboratory standard). The large legacy
dataset rarely provides this information and new research has to essentially trust the
scientific proficiency and integrity of previous generations.

The large chemical legacy dataset has also been tarnished by the archaeological
conclusions that were initially drawn from them. It was common for the chemical
results to be interpreted solely by chemists (or mathematicians) who were relatively
unfamiliar with the archaeological context of the metal objects. Baldly statistical in-
terpretations of data often led to models of metal provenance and trade that clashed
directly with the typologies, theories, and traditions of other archaeological special-
ists. An archetypal example of this was the Studien zu den Anfängen der Metallurgie
(SAM) project, which relied on mathematically derived decision trees to assign
provenance groups that were roundly attacked in the 1960s and 1970s. From a mod-
ern viewpoint, various statistical interpretative models of metallurgical data have
been rightly ignored, but this has been at the expense of ignoring important raw data.
Popular academic opinion has tended to confuse the notes with the tune; as Eric
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Morecambe famously never said ‘we (probably) have all the right analyses, but not
necessarily in the right order’.

Discussions of the future of chemical and isotopic archaeometallurgy commonly
stress the two foci of research described in the first section of this chapter. First,
gathering new scientific data using modern techniques and standards is essential.
This must of course be undertaken within a framework of a well-designed set of
scientific and archaeological questions. This will hopefully ensure that scarce funds
are efficiently applied and that in the future more money will be available. The second
research strand is the continuing development and application of new interpretative
methods. It is hard to overplay the revolutionary impact of metallography and cheap
quantitative chemical analysis on archaeometallurgy in previous centuries. The more
widespread application of, for example, tin isotopic work and synchrotron radiation
may have similar era-defining effects in the future.

The collation, confirmation, and reinterpretation of the legacy dataset form a po-
tential third facet of archaeometallurgy’s future. A purely pragmatic viewpoint would
stress that financial and conservational constraints demand that we focus on existing
datasets. While often true, there is no need to see the use of legacy data as a kind
of scientific crisis cannibalism—a choice of last resort. Of course, a new interpreta-
tive and theoretical approach would need to be developed for working with legacy
data. In the traditional model of interpreting analytical data, the individual artifact’s
chemical signature is given primacy. The uncertainties of legacy data require that we
now develop a more robust, ‘fuzzy’, methodology. Rather than setting arbitrary but
firm thresholds within our numerical data to define the difference between metals
from different sources, a much more reasonable approach is to look at averages of
archaeological groups. Coherent sets of artifacts can be proposed using the tradi-
tional combination of typological or chronological schemes and geological insights.
It is important to remember that this is also a very powerful way of interpreting new
scientific data collected by recent methods. As touched upon above, the precise level
of individual chemical elements within an archaeological object is affected by con-
ditions in the smelt, losses through oxidation under melting, heterogeneity caused by
differing levels of solubility (e.g., lead will not dissolve into copper), and variability
within ore deposits. Even where the quality of the scientific data available is ex-
tremely good, the usefulness of going beyond the peculiarities of individual objects
and exploring broad archaeological trends is increasingly being recognized.

Archaeometallurgists are becoming ever more sophisticated in using scientific
data to engage with wider archaeological problems than merely provenance and
‘compositional industries’. The last 20 years have seen several new interpretative
concepts come to the fore such as the artifact biography, material agency, and the
interaction of human choice with underlying material properties. Creating a history
for an individual artifact obviously requires the integration of a wide range of ar-
chaeological datasets. Therefore, some archaeometallurgists stress the importance of
applying a wide range of new analytical techniques on a few key artifacts. However,
the large database of legacy data is actually an ideal tool to answer many of the
modern questions of archaeomaterials, if we use an appropriate scale of analysis.
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Fig. 10.2 The average level of key diagnostic elements can be a powerful way of interpreting
chemical composition data; here showing the slow flow of metal away from an Early Bronze Age
source in Ireland. As metal is remelted its composition alters in predictable ways. Eastern England
is farthest from the source and, on average, uses copper that has been remelted the greatest number
of times

Approximately half of all known Western European Early Bronze Age copper-
alloy objects have been analyzed to find their chemical composition. This wealth of
data allows averages to skip over individual weaknesses to create a strong regional
picture that can be grounded in wider archaeological frameworks. Systematic aver-
agetrends of the loss of elements such as arsenic and antimony under heating reveal
regional patterns of recycling, curation, alloying, smithing, and exchange. A clear
example is the relationship between Ireland and Scotland in the late second millen-
nium BC The simple fact that arsenic is lost from a melt due to oxidation explains
clear trends in the average composition of copper axes from the two regions. Scot-
tish axes consistently show lower average levels of arsenic at this time. This can be
simply explained by arguing that Ireland was a center of extractive metallurgy at this
time, while melting and casting Irish axes into new forms produced local Scottish axe
types. Beyond Scotland there are further losses of arsenic and antimony caused by
the reworking of objects and slow movement of the metal away from the ore source
at Ross Island, County Kerry (see Fig. 10.2). Focusing on individual objects without
creating a broader regional picture misses these important archaeological trends. A
preliminary re-interpretation of the archival data from the western European Early
Bronze Age using these ideas has been published by Bray and Pollard (in press).

Though only in its preliminary stages, the correct use of legacy data must stand
alongside new analytical programs and techniques as a third strand for the future of
scientific archaeometallurgy. Work on new data mining techniques and theoretical
frameworks is necessary to combat the concern that old datasets are neither scientific
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nor archaeological enough. The view must become not ‘they are wrong, what can
replace them?’ but instead ‘how wrong are they, how can we incorporate them?’They
are simply too large, useful, and hard-won to ignore.

Summary

Although each case is unique, it is essential to anchor the chemical and isotopic
study of metal around a systematic question and methodology. Due to the perennial
difficulties of securing access, time, and money, it is important that any scientific
intervention is carefully planned. Figure 3 summarizes the wide range of factors that
typically affect such planning.

When archaeometallurgists ask themselves ‘What are we trying to learn from the
analysis?’, the traditional response is one of the following:

‘What is it made from?’ can simply be answered from a qualitative analysis (per-
haps by XRF) of the surface without too much cleaning—but is this the best approach?
If it is a rare object, and/or something that is unlikely to be available again for analy-
sis, then would it not be better to do a ‘proper job’and produce a quantitative analysis
which will have more lasting value (this assumes that any such analyses will then be
properly published!).

‘Where does it come from?’ is the provenance question, and requires the usual set
of considerations to be taken into account, including:

• Are we dealing with a single object, or a coherent group of objects?
• What do we know about possible ore sources?
• What do we know about mixing/recycling of ores and metals?
• Can we sample the object and get original metal?
• Do we need isotopes or trace elements, or both?
• Do we have access to sufficient comparative data to answer this question?
• How narrowly defined (geographically) does the answer have to be to be useful

archaeologically—do we need a particular mine, or a region, or a geological unit?

How was it made is the technology question. If the object(s) can be sampled, then
traditionally this is approached through metallography and physical testing (hardness,
etc.), but if the samples come from a metalworking site then there may be additional
evidence provided by the associated debris (slag, furnace remains, etc.). Again, we
may not require a quantitative chemical analysis to answer this particular question,
but it must always be worth considering doing it anyway, if only so that the object
need not be ‘disturbed’again. It is very likely that the sample taken for metallography
can be used for chemical analysis, so if it is not analyzed at the time (or even if it
is), it is vital that the sample taken is properly curated—preferably with the original
object.

These three questions are likely to remain as important concerns. However, recent
developments in archaeometallurgy have widened the range of our influences and
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Fig. 10.3 Key considerations when choosing and refining a scientific archaeometallurgical question
and methodology

sources (Fig. 10.3). Integration with other specialists must now be the primary con-
cern of archaeologists of every flavor. When posing archaeometallurgical questions,
we must consider the wider archaeological questions of that site, region, or time
period. This can lead to our datasets being used to tackle social questions that at
first seem to have very little connection to the chemistry of metalwork. In addition, it
must be remembered that a chemistry-based approach to metallurgy need not include
fresh analyses. Free and nondestructive legacy data can lead to radical new archae-
ological theories being produced from data originally intended for another purpose.
In conclusion, we are beginning to recognize that a rigorous, scientific approach to
composition, alteration, manufacturing technology, and source can tell us about the
objects we excavate and the societies behind them in equal measure.
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Chapter 11
Provenance Determination of Archaeological
Metal Objects

Ernst Pernicka

A Short History of Provenance Analysis of Archaeological
Metal Objects

The application of scientific methods to the analysis of metals goes back to the very
beginnings of analytical chemistry in the modern sense, as the first quantitative anal-
ysis of any metal alloy was performed on a Roman coin and published by Martin
Heinrich Klaproth in the late eighteenth century. In this study, he mainly addressed
the question of material composition. However, within a few decades the idea of
provenance determination was formulated, for example by Göbel (1842), who pub-
lished an article entitled: “On the impact of chemistry on the tracing of prehistoric
peoples, or results of the chemical investigations of ancient metal objects, especially
of those from the Baltic region, to determine the peoples from whom they derive” (my
own translation). He suggested from the geographical distribution of about 120 anal-
ysed objects that they represented well-defined ethnic groups as was normal during
that time.

It should be remembered that the three-age system had been proposed only a few
years before (by C. J. Thomsen in 1836) and that an additional motivation for the
analyses was the hope that metal objects could be dated based on their compositions.
However, already in the nineteenth century it was discovered that this was a moot
point and the interest of researchers concentrated on the question of provenance. Soon
thereafter, it was proposed that minor elements were more useful in determining the
nature of the ore from which the metal came and perhaps even its geographical
origin (von Fellenberg 1860–1867; von Bibra 1869). Furthermore, it was found
that compositional differences between copper metals were to be expected when
native copper, oxide or sulphide ores were used for smelting (Wibel 1863), an idea
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repeated almost exactly a hundred years later by Friedman et al. (1966). However,
the analytical methods available then did not allow further progress because of the
large sample requirements and a small sample throughput.

Although most scholars agreed that trace elements were most indicative of the
ore sources, the limited analytical means of that time did not allow them to make
use of this knowledge. Accordingly, there was little further progress until the late
1920s, when instrumental analytical techniques became available. They were almost
immediately applied to the concept of provenance studies of ancient metals. As
an example, the Sumerian Metals Committee, inspired by the exceptional finds at
the Royal Cemetery at Ur in Mesopotamia (Woolley 1931), was appointed by the
Royal Anthropological Institute to investigate the origins of Mesopotamian metals.
The committee reported on the origin of Sumerian copper, assuming that its nickel
content could be indicative of an ore source in Oman (Desch 1928–1938). Oman
was suggested as a possible region of origin because it was known that the basic and
ultrabasic rocks there (so-called ophiolites) are enriched in nickel. The problem is
that there are also ophiolites on Cyprus and in eastern Turkey, so that without field
work the problem cannot be resolved. From these interim reports, it is obvious that
the original objective was not really achieved, but they resulted in the creation of a
further unit, the Ancient Metal Objects Committee, in 1939.

Halle

With the advent of atomic emission spectrometry around 1930 (Gerlach and
Schweitzer 1930), it became possible to determine many trace elements in reason-
ably small samples of a few milligrams with sufficient sensitivity (in the range of
0.001–0.01 %) and in a short time. This opened the door to systematic studies of
ancient metals, beginning in 1931 by W. Witter, a prehistoric archaeologist based in
Halle with a background in mining engineering. Witter was later joined by H. Otto
and together they began to systematically analyse all available metal objects in Ger-
many from the Neolithic to the Early Bronze Age (Otto and Witter 1952). They were
motivated by two aims: to determine whether there was Bronze Age copper mining
in Germany and to develop a methodology for relating archaeological objects back
to specific ore deposits. They refined their method to allow for the analysis of ten
elements (Fe, Co, Ni, Cu, As, Sn, Ag, Sb, Pb, Bi and S) in some 1,300 objects within
a few years—much more than had been accomplished over the preceding 100 years.

Otto and Witter then classified the objects according to their compositions into six
groups that were based on the general knowledge of copper ore mineralogy. These
groups were (in chronological order): (1) very pure copper; (2) unalloyed copper with
minor impurities; (3) arsenical copper; (4) fahlore metal with high concentrations of
arsenic, antimony and silver; (5) copper with nickel and arsenic as major impurities
and (6) copper–tin alloys. This is the beginning of the concept of “Leitlegierungen”
(major alloy types), which is generally still valid with the exception of the last group.
As was later shown by the Stuttgart group (see below), very pure copper is typical of
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the fifth and early fourth millennia BC in southeast and central Europe, and arsenical
copper dominates in the fourth and early third millennium. At the beginning of the
Early Bronze Age, fahlore metal is most abundant in central Europe, which is later
replaced by copper with arsenic and nickel as major impurities. As will be shown
below, some of these copper types can indeed be related to certain mineralised
regions, although it is usually difficult to pinpoint the exact mine.

A major deficiency of this study was the lack of an equal number of analyses of
copper ores from deposits that were considered to be likely sources for the analysed
artefacts. Although in their publication, Otto and Witter (1952) explicitly emphasised
the necessity to analyse also ores and slag from ancient smelting sites, only a few
examples from the geological literature were used for comparison. Furthermore, the
ore deposits were implicitly considered to be homogenous and to be differentiated
in their compositions. For the comparison of artefact and ore analyses, they did not
consider the changes in chemical composition during smelting and used all measured
elements including tin, which is obviously an alloying element as tin and copper ores
rarely occur together. Using this approach, they concluded that 97 % of all prehis-
toric metal objects found in Germany were produced from copper ores in Saxony.
Although this conclusion cannot be supported today, and was most likely influenced
by nationalistic preoccupations, it is nevertheless a pioneering study, both from the
methodological view and from the archaeological scope. It was the first large-scale
attempt to determine the provenance of prehistoric metals with an appropriate an-
alytical method, based on a large number of analyses and a classification method
that was governed by substantial knowledge in economic geology. The importance
of field work was also clearly expressed as well as the idea that chemical analyses
could provide evidence for ancient exploitation of mines that do not have any visible
remains of ancient mining due to modern activities.

Vienna

Parallel with the investigations in Halle, another group in Vienna under the direction
of Richard Pittioni and Ernst Preuschen worked along similar lines. They specifically
set out to determine “from which production area a specific object would derive”
(Preuschen and Pittioni 1937). Their emphasis was on field work and mining ar-
chaeology, both having been educated as mining engineers. Accordingly, they not
only had a more realistic view of the problems of characterising ore deposits geo-
chemically, but they actually performed a large number of analyses on ore samples,
mainly from prehistoric mining districts in Austria. More than 2,000 ore analyses
formed the database on which they attempted to establish a clear relationship be-
tween “ore deposits and finished objects”. Unlike the Halle group, the Vienna group
was aware of the fact that trace element concentrations in ore deposits can be quite
variable and that the concentrations are further altered during the production of cop-
per metal. Using this knowledge they decided that the sensitivity of the analytical
method should be more important than its reproducibility, because only the presence
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or absence of a certain element should be used to determine the trace element pattern
as a whole. While this is generally true, it was an unfortunate decision, because
they did not attempt to actually quantify the spectra but estimated the concentrations
by visual inspection of the spectral lines on a film detector. This resulted in semi-
quantitative analyses without numerical values for the concentrations so that they
are hardly usable today. They also used the objects and ores directly as electrodes to
avoid any alteration of the chemical composition during sample preparation. This,
however, meant that only the surfaces of the objects were analysed, which are often
not representative of the whole composition.

TheVienna group classified more than 6,000 analyses of artefacts, from the central
European Bronze Age, into five groups that they assigned to different ore deposits in
the eastern Alps and in Slovakia. There was much dispute between the two groups
about the correct methodological approach, which continued when the methodology
that was developed in Halle was continued in an even larger project in Stuttgart.
However, the Vienna group is credited with the insight that provenance analysis of
metal artefacts has to be accompanied by field work in ancient mining districts. In-
deed, the results of their mining archaeological research have long remained without
parallel.

Stuttgart

Considering the problems of relating metal artefacts to specific ore deposits, a new
group in Stuttgart and Freiburg directed by Siegfried Junghans and Edward Sang-
meister decided not to search for the origin of the raw metals, but simply use the
chemical analyses of metal objects as an independent criterion for classification in
addition to conventional typologies. They assumed that prehistoric metal workers
would receive their raw metal primarily from the same source(s), similar to potters,
and that they also applied similar processes to produce copper. If this assumption
holds, then one would try to identify workshops rather than to identify the mines
where the ore would have come from. By preparing distribution maps of copper
types that were identified based on their chemical composition, it was hoped that
one would obtain insight into the production and distribution of metals in Europe.
For this purpose, more than 22,000 objects from all over Europe (Junghans et al.
1960, 1968, 1974) were sampled and analysed with practically the same method as
in Halle.

In order to identify workshops, the analytical results were grouped according
to their chemical similarity: first into 12 (Junghans et al. 1960) and later into 29
groups (Fig. 11.1). The grouping method used statistical methods of variance analysis
(Junghans et al. 1954) based on histograms of the elemental concentrations. It was
found that five elements contributed most of the variance of the data, namely Ag, Ni,
As, Sb and Bi. In the histograms of these elements, several peaks were observed. The
minima between such peaks were defined as limits between different groups. This is
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Fig. 11.1 The classification scheme developed and used by the Stuttgart team to find chemically
similar prehistoric copper objects
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certainly a reasonable procedure, but for many archaeologists it lacked the clearness
of the groups defined in Halle and Vienna by their “Leitlegierungen” based on the
general knowledge of ore deposits. The Stuttgart team then went on to study the
distribution of these metal groups in time and space, and inferred from these patterns
the production centres and socioeconomic relationships in the early metal-using
periods of Europe.

Similar programs were established in other European countries, such as in Sweden
(Oldeberg 1942), France (Maréchal 1963; Briard and Giot 1956) and in Britain
(Coghlan and Case 1957; Blin-Stoyle 1959; Britton 1961). However, by far the
largest programs of systematic analyses were established in the former Soviet Union
by Selimkhanov (1960) in Baku and Evgeny Chernykh (1966) in Moscow, which
resulted in well over 50,000 analyses of ancient metal objects mainly from Eurasia.

With so many data at hand, one may well ask what these exercises have yielded and
what additional information could be gained by them. This is not the place to evaluate
the achievements and possible failures of all these studies. It may suffice to remark
that we have a profound knowledge of the alloy compositions used in prehistoric
times in Europe and in northern Asia. It has been established beyond doubt that
metallurgy began with the use of native copper and that extractive metallurgy does
not appear to have been significant before the fifth millennium BCE. Even then,
copper remained rather pure, probably deriving from very rich ores. In the fourth
millennium, arsenical copper dominated over a large area and it has been suggested
that this may be due to common metallurgical practices that would imply rapid
technological exchange over wide distances (Chernykh 1992). It has also become
clear that all over Europe, the compositions of metal objects changed significantly
with the beginning of the Bronze Age, not only concerning the major composition
but also the minor elements. This means that either very little of the Chalcolithic
metal survived and was reused in the Early Bronze Age or that the amount of metal
in the system increased substantially so that any reuse would be insignificant. It has
also been established that certain metal groups are not equally distributed but are
rather concentrated in restricted areas and periods that suggests the occurrence of
one or several ore sources within those areas.

Nevertheless, the results of these large analytical programs were received with
scepticism among non-specialists and a general opinion gained ground that metal
analyses would not be able to make any significant contribution to the question of the
provenance of metals (Hall 1970; Coles 1982). Major points of criticism, especially
of the Stuttgart project, were: (1) the representativeness and accuracy of the analyses;
(2) the methods of classification; (3) possible changes during metal production (and
thus the difficulty in relating a metal object to a specific ore deposit) and (4) the
chronological framework used for the evaluation of the analyses.

The first point is certainly justified. There were at this time no inter-laboratory
comparisons and no internationally recognised reference materials available with
which laboratories could compare their results. This is standard laboratory practice
today, but was not applied in the early days of spectral analysis. Indeed, two programs
(Chase 1974; Northover 1996) to compare the analyses of different laboratories
indicated that there were many problems and that some seriously deviating results
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were produced and published. At least for the two largest series of metal analyses
(in Stuttgart and Moscow), the accuracy of the data could be confirmed even though
the precision of the spectroscopic method applied was rather low (Pernicka 1984;
Pernicka et al. 1997).

On the other hand, the assertion that small samples taken from heterogeneous
copper alloys would not be representative (e.g. Slater and Charles 1970) can now be
rejected. The sample mass of 40 mg is more than sufficient for representative analyses
(Pernicka 1984), if it is taken from the interior, usually by drilling with a steel drill.
However, this does not exclude the possibility that some analyses may still be grossly
wrong (e.g. Barker and Slater 1971) as was demonstrated by Pernicka (1990). It
rather turns out that especially the large analytical programs in Stuttgart and Moscow
produced essentially accurate analyses but with low precision of about 30 % relative
(Fig. 11.2), while modern methods usually range between 2 and 5 %. It is difficult
and requires much effort to obtain better precisions. Nevertheless, one frequently
finds published data with four or more significant digits which are meaningless
and only demonstrate lack of a sense of reality by the authors. For classification
and provenance very high precision is actually not needed, since the variation of
elemental concentrations in most ore deposits ranges over an order of magnitude or
two. More important is the elemental pattern (e.g. Radivojević et al. 2010). This
argument has also been used by Pittioni (1957) and overstrained at the same time,
because he maintained that semi-quantitative analyses should be sufficient. As a
consequence the large dataset produced by the group in Vienna cannot be used for
comparison with modern analyses. On the other hand, high precision is required to
answer questions of the type, if two or more objects may belong to the same casting.
Nowadays, there is a tendency to exaggerate the damage induced by sampling and
non-invasive analytical methods like X-ray fluorescence techniques are advocated.
This neglects the problem that with these methods only the surface of an object is
analysed which is often not representative of the metal composition, especially of
corroded objects. With the new mobile X-ray fluorescence spectrometers, there is a
definite danger that untrained personnel will propagate the idea that non-destructive
analysis is fully quantitative and that again series of incomparable or even wrong
(and thus unusable) analyses will make it into the literature.

The classification procedure of the Stuttgart team has mainly been criticised by
Dutch archaeologists (Butler and van der Waals 1964; Waterbolk and Butler 1965)
but it soon became clear that they were simply overstrained with the large data set.
They suggest a graphical method of grouping of smaller subsets of the data which
uses essentially the same reasoning as the Stuttgart team and, not surprisingly, comes
to similar results (Härke 1978). Later, cluster analysis was introduced to deal with the
same problem (Hodson 1969) and, again, the Stuttgart groups were largely confirmed
when some 25,000 analyses were treated (Pernicka 1990).

Changes in chemical composition during metal production were actually of no
concern as long as workshops were sought and not the geological origin of the copper.
Some confusion and reluctance to accept the conclusions of the Stuttgart team may
well be due to the chronological system used at the time for the archaeological
interpretation, which adhered to “conventional” dates, especially for the southeast
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Fig. 11.2 Comparison of analyses obtained with atomic emission spectrometry at the Württem-
bergisches Landesmuseum in Stuttgart ("Studien zu den Anfängen der Metallurgie" analyses) with
results obtained with neutron activation analysis (As, Sb, Ni, Ag and Sn) and atomic absorption
spectrometry (Pb and Bi) at the Max-Planck-Institute for Nuclear Physics in Heidelberg (from Per-
nicka 1990). The four outliers in the Sb diagram (indicated as squares) are due to an interference
from Fe. (Pemicka 1984)



11 Provenance Determination of Archaeological Metal Objects 247

European Copper Age. However, it has to be remembered that the Radiocarbon Rev-
olution (Renfrew 1973) had not yet occurred in European prehistory. A re-evaluation
of the Stuttgart data based on the material classification by Pernicka (1990) has
been attempted by Krause (2003). In summary, the very large analytical programs
seem to have been ahead of their time despite the lack of a consistent chronological
framework for all of Europe, a computer technology that could deal with such large
datasets, or the analytical stringency that nowadays is a standard practice in profes-
sional laboratories. The high hopes that were originally connected with the analysis
of metal objects to determine their provenance were seemingly disappointed.

The Revival of Metal Provenance Through Isotope Analyses

Some fifty years ago, new methods seemed to open a way out of this somewhat
depressing situation. The earliest method was the introduction of lead isotope anal-
ysis, first applied to lead (Brill and Wampler 1965; Grögler et al. 1966) and silver
(Gale et al. 1980) and later extended to copper and copper-based alloys (Gale and
Stos-Gale 1981; Pernicka et al. 1984). The second method was the application of
new analytical techniques that were more sensitive and more precise than the pre-
viously prevailing optical emission spectrometry. Most elements consist of different
isotopes, i.e. atoms with very similar chemical characteristics but varying in weight.
Compounds of elements of low atomic number can thus differ significantly in their
molecular weight.

For example, H2O exists in the form of nine different isotopic varieties ranging
from 16 to 22 amu (atomic mass units). The differences in the molecular weights
affect the way these molecules respond to certain kinds of physical processes that
are mass dependent. This leads to slightly varying isotopic compositions in different
reservoirs. For example, seawater and rainwater differ in their isotopic composition,
as does rainwater collected at different geographical latitudes. The study of these
subtle effects (referred to as isotope fractionation) has become very important not
only for the Earth sciences, but also for provenance studies of materials that contain
elements of low atomic number (such as marble) or for the study of prehistoric diet.
The application of this method requires that the raw material of the artefact has not
undergone any change of chemical or physical state, because such processes could
induce additional isotopic fractionations that could delete the original differences of
the geological sources. Thus, elements of low atomic numbers are generally of little
value for the study of meta1 artefacts.

Elements of high atomic number, on the other hand, generally show no measur-
able isotope fractionation in the natural environment. However, some elements such
as lead consist partly of isotopes that are products of radioactive decay. For example,
uranium and thorium decay with half-lives of several billion years into the lead
isotopes 206Pb, 207Pb and 208Pb. Lead consists of these three isotopes and a fourth,
204Pb, that is not produced by radioactive decay. It is evident that the lead isotope
composition of the Earth will change through geologic time scales. It is also evident
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Fig. 11.3 Basic principles of
provenance determination of
ancient metal objects with
lead isotope ratios

that lead deposits in the Earth’s crust can vary in their isotope composition, depend-
ing on their geological age and the U/Pb and Th/Pb ratios of the geological reservoir
that supplied the lead. By the formation of a lead deposit, these elemental ratios are
changed by many orders of magnitude so that any further contribution by the decay
of uranium and thorium becomes insignificant and the lead isotope composition
becomes fixed. It is also then extremely unlikely that the lead isotope ratios will be
altered by any of the physical and chemical processes that occur during the metal-
lurgical process from ore to finished artefact, save for the mixing of lead of different
origins. By and large the same arguments apply to lead in copper deposits; thus,
lead isotope analysis can also be applied to copper-based metal objects (Fig. 11.3).

The advantage of looking at the isotopic composition of an element, rather than
at abundances (or the abundance pattern) of minor and trace elements, is that the iso-
topic composition of a heavy element like lead does not change on the way from ore
to artefact. Regardless of the processes involved in the treatment of ores or metal—
whether it is roasting or smelting, cupellation or melting, alloying, dissolution or
corrosion—the isotopic composition remains constant. Most of these processes are
diffusion controlled and from physical laws one can deduce that measurable (i.e. in
the permille range) effects can only be expected when the mass difference between
two species or isotopes is larger than 10 %. The largest mass difference of the stable
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lead isotopes is 4 amu, just about 2 %. Isotope fractionation of lead can be induced
in the laboratory, if lead is volatilised (e.g. by converting it into hydride) and almost
completely removed from the sample. This has been observed (Pernicka, unpub-
lished) but there is no similar process in copper metallurgy. It would certainly have
to be considered with volatile elements such as mercury and zinc, if one would like to
use their isotope ratios for provenance studies. This has two important consequences.
First, neither the exact pathway from ore to artefact, nor the metallurgical techniques
employed, need to be known. While both processes affect the behaviour of trace
elements and govern how the elemental abundance pattern in ores relates to that in
the metal, they have no bearing on the isotopic composition.

Second, the isotopic composition is not dependent on how lead is distributed
between different phases. That is, different segregated phases in artefacts may have
grossly different lead contents, but the lead will have the same isotopic composition.
Similarly, there are no noticeable differences in the isotope abundances between
the lead in slags and that in the complementary metal. Thus, sample heterogeneity
(which is notorious for making many chemical analyses difficult to interpret) is of no
relevance for the isotopic composition. Of course, a prerequisite for even attempting
to utilise isotope abundance measurements for provenance studies is that the isotopic
composition of lead from different parts of the world must vary. This is indeed the
case, and the variations found in nature are many times larger than the analytical
precision with which the composition can be determined.

Once there are a sufficient number of isotope measurements of an ore deposit
available, it can be considered to be isotopically characterised. The question of how
many measurements are required cannot be answered in a general way. Some de-
posits show a small variation in their lead isotope ratios and those are the ones that
can best be used for provenance discussions. It is often found that lead ore deposits
show this behaviour. In such cases, five to ten analyses may be sufficient for their
charactersiation. On the other hand, there are lead deposits with large variations (e.g.
the so-called Mississippi Valley Type deposits or MVT deposits) and then even 50
analyses may not be sufficient. It is now increasingly recognised that many copper
deposits with low lead concentrations exhibit large variations in their lead isotope
ratios. In such deposits, the assumption described above that the lead isotope ratios
do not change after their formation does not apply, because the U/Pb and Th/Pb
ratios may not be reduced to insignificant values. Accordingly, radiogenic lead will
alter the lead isotope ratios even after the formation of the deposit. Since uranium
and thorium are bound to be heterogeneously distributed in minerals on a small
(mm to cm) scale, a large range of lead isotope ratios can develop since the for-
mation of the deposit. This was first recognised in the Chalcolithic copper mine at
Rudna Glava in Serbia (Pernicka et al. 1993) and later in many other copper de-
posits like Feinan in Jordan, the Erzgebirge in Saxony and in the greywacke zone
of the eastern Alps. But even under these circumstances one can come to reason-
able conclusions, if larger groups of ore and artefact samples are compared (e.g.
Höppner et al. (2005).

Nevertheless, also lead isotope ratios of single artefacts can be compared with
those of an ore deposit. If they are different, then it can be concluded that the
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artefacts do not derive from that specific ore source. Conversely, it is not possible
to regard the provenance of an artefact as proven, even if it shares the same iso-
topic signature as an ore deposit. The reason for this is that although the variation
of lead isotope ratios in ore deposits is much smaller than that of trace element
concentrations, there exists the possibility that another deposit has the same lead iso-
tope ratios. This is indeed increasingly being recognised as more deposits become
characterised.

In the early days of lead isotope analysis in archaeology, neglecting this simple
logic sometimes led to affirmative statements concerning the provenance of copper
artefacts that did not stand up to later results. Thus, the general pattern of overop-
timistic expectations followed by disappointment (as with trace element studies)
seems to have been repeated with isotope analysis. It has also been stated that only
lead isotope ratios are useful for provenance studies, while chemical analyses can-
not match copper-alloy artefacts to their parent copper ores. Although this is often
correct, there are cases where the trace element pattern may be more indicative of
an ore source than lead isotope ratios. At Feinan (Jordan), for example, the ore de-
posit is chemically homogeneous but shows wide variations in its lead isotope ratios
(Hauptmann et al. 1992).

With four stable lead isotopes, one has a maximum of three independent variables
(i.e. lead isotope ratios). These could be plotted in a three-dimensional space but
usually one uses two diagrams, in which the same lead isotope ratio is plotted on
the abscissa and the two others on the ordinate (Fig. 11.4). As is obvious from the
diagrams, lead isotope ratios are strongly correlated, which results in their alignment
along a straight line, which further reduces their discrimination power, because
they occupy only a minor part of the theoretically possible space, resulting in a
tendency for different ore deposits to overlap. In such a situation, it is common
sense that a combination of both sets of data—lead isotope ratios and trace element
concentrations—will provide better discrimination between different sources.

The Information from Trace Elements

In provenance studies, only those elements that follow copper during smelting are
useful, which means that the element/copper ratio largely remains the same between
the ore and the final product. Five major complications and misconceptions have to
be considered at this point. First, ores are generally inhomogeneous on all scales. The
opinion has often prevailed that this precludes any correlation between artefacts and
ores. However, this need not be so as the prehistoric mining region of the Mitterberg
in Salzburg (Austria) shows. Here, trace element concentrations in chalcopyrite-rich
ores vary over two orders of magnitude, yet this variation is not a random one. It is
known, for example, that nickel in this region occurs mainly in the form of Ni–As
minerals such as gersdorffite (NiAsS), so that copper produced from Mitterberg ores
is characterised by a combination of about equal concentrations of nickel and arsenic
as major impurities at variable concentrations combined with relatively low contents
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Fig. 11.4 Lead isotope ratios in copper ores, copper slag and native copper from some 170 oc-
currences in Southwest Asia (Afghanistan, Iran, southern Caucasus, Anatolia, Arabah valley and
Oman). The analytical uncertainties are comparable with the size of the symbols. Although there is
some separation between the (presently analysed) copper ores from various regions visible, it is ob-
vious that it would be impossible to determine the provenance of a metal object from Mesopotamia,
for example, with lead isotope ratios alone. (Data are from: Begemann and Schmitt-Strecker 2009;
Seeliger et al. 1985; Wagner et al. 1986, 1989, 2007; Hauptmann et al. 1992, 2003; Begemann et al.
2003; Begemann and Schmitt-Strecker 2009, Yener et al. (1991); Hirao et al. (1995); Sayre et al.
(2001); Nezafati et al. (2009); Pernicka et al. (2011) and Meliksetian and Pernicka (2010))

of antimony, silver and bismuth (Fig. 11.5). In a study of some 1,200 BronzeAge cop-
per artefacts from the adjacent area, it was found that about 80 % of the copper alloys
conformed to this general pattern. Knowing that the peak production period at the
Mitterberg was during the Late BronzeAge Urnfield culture (about 1,300–800 BCE),
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Fig. 11.5 Variation of trace
element concentrations in the
Bronze Age copper mine of
Mitterberg (Austria).
Although arsenic and nickel
concentrations vary over
several orders of magnitude,
they are tightly related so that
in copper metal there are
always roughly equal
concentrations of arsenic and
nickel. The star indicates the
concentrations in the sky disc
of Nebra and the dots the
metal objects that were found
with it

it is only reasonable to assume that a correlation between ores and artefacts does
exist.

A second complication arises from the behaviour of minor and trace elements dur-
ing the smelting process, as this will differ depending on the type of ore being used.
Reduction of oxide ores is quite straightforward compared with the processing of
sulphide ores. Although it cannot be expected that reduction happened under chemi-
cal equilibrium conditions, it is possible to use thermodynamic data for equilibrium
reactions to predict the general behaviour of certain trace elements during smelting
(Pernicka 1987; Table 11.1). Using a similar approach and stressing non-equilibrium
conditions, it was suggested that the concentration of some elements (notably nickel
and arsenic) strongly depends on the smelting temperature and that copper (with or
without nickel) could be produced from the same ore (Pollard et al. 1991). This is,
however, a very theoretical possibility and requires the assumption that high and
low impurity coppers were being produced intermittently due to different smelting
temperatures. It is hard to imagine that ancient smelters did not know what they
were doing and so sometimes smelted with low efficiency and without slag forma-
tion below the melting point of copper and at other times at very high temperatures
above 1,200 ◦C. It is far more likely that people who were able to cast copper and
thus achieve temperatures above 1,100 ◦C would strive to smelt at the maximum
temperature obtainable with charcoal (between 1,200 and 1,300 ◦C). Under these
circumstances, both slag and metal are liquid and the smelting process is easier to
control and much more efficient. Consequently, it is most likely that the reduction
smelting of ores containing nickel and arsenic would produce copper rich in both
elements.
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Table 11.1 Classification of elements reported in analyses of ancient copper-based objects
concerning their bearing on provenance and/or smelting technology

Sulphide ores are more difficult to smelt because they cannot be reduced directly,
but must be oxidised (roasted) before reduction in order to remove most of the sulphur.
This is usually accomplished at around 700 ◦C, well below the melting point of copper
and most ore minerals. However, it is possible that elements that are volatile or form
volatile compounds like zinc, arsenic, antimony and (presumably) selenium and
tellurium are lost during roasting (Tylecote et al. 1977). As a result, these elements
are of limited use to relating copper artefacts to ore deposits, although it has been
shown that the fahlore signature (high arsenic, antimony and silver concentrations)
is at least partly preserved in the metal (Pernicka 1999).

A third complication in relating trace elements in ores to those in finished artefacts
is the fact that early metallurgy is often envisaged as a two-step process, which may
leave little or no slag—the so-called slagless process. According to this model, there
is first the reduction of copper ore to copper metal in a solid-state reaction, which
requires reducing conditions and temperatures from 700 ◦C upwards (Budd 1991),
and second there is the actual melting of copper metal, which requires temperatures in
excess of 1,080 ◦C. In this two-step model, the reducing stage is characterised by the
necessarily incomplete burning of charcoal, which results in limited heat generation
and may lead to the reduction of some copper oxide to copper metal. This metal
would form in a finely dispersed form within any gangue components (such as iron
oxides or silicates) that come together with the copper mineral. Any copper formed
in this hypothetical process would then have to be melted in order to collect it and
cast it into an artefact shape. To do this, one would have to raise the temperature
above 1,084 ◦C, the melting point of copper.

This hypothetical scenario is rather unrealistic. There are several physical–
chemical and practical arguments against it:
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Fig. 11.6 Curve 1 in the
figure shows the equilibrium
relationship for the reaction
CO2 + C = 2 CO, which is
called Boudouard’s
equilibrium. In the
neighbourhood of 1,200 K,
carbon dioxide that has been
formed by burning of
charcoal is changed into
carbon monoxide by this
reaction, making it possible to
maintain the reducing
capability of the gas. It is
evident that below 1,000 K
the reducing capability of the
gas decreases rapidly

1. Reduction of copper to metal is much more efficient in the liquid phase due to
much higher diffusion rates.

2. The reducing agent is gaseous carbon monoxide (CO) in all cases, which is
produced when there is an excess of charcoal in contact with the burning charcoal.
This so-called Boudouard equilibrium of the reaction CO2 + C = 2 CO favours the
CO side only above ca. 800 ◦C (Fig. 11.6). Below this temperature, the reduction
efficiency (i.e. the amount of CO present) would be very low, so that the postulated
solid-state reduction at such a moderate temperature would be very slow.

3. Finally, it would be very difficult for the ancient smelter to keep the tempera-
ture relatively low throughout the reaction vessel, due to inevitable temperature
gradients from the tip of the blow pipe to areas further away. In effect, it would
be difficult to control the temperature in the region between 800 and 900 ◦C if
one were determined to reduce copper at such a low temperature. Therefore, it
is highly unlikely that the early smelters consciously aimed at such a two-step
process. It is much more likely that the two discrete aspects of copper smelting—
chemical reduction and physical melting—may well have been combined in one
process. The suggestion of a purely solid-state and “slagless” copper production
remains hypothetical at best, even for the earliest periods of metallurgy.

The fourth complication arises from the treatment of smelted copper to produce the
finished object. Nowadays, black (the first product of a smelting furnace) or “dirty”
copper is generally refined to remove sulphur, iron and other impurities and this may
also have been true in prehistoric times. This is an easy process because all that is
required is to re-melt the copper under mildly oxidising conditions. Iron and other
easily oxidised impurities are then removed as dross. It has been suggested that the
refining of copper erases most of the chemical characteristics that survived from the
ore (Merkel 1983, 1990). However, using Merkel’s experimental data it can be shown
that this is not the case for elements like silver, nickel and antimony (Fig. 11.7).
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Fig. 11.7 Summary of
refining experiments
performed by Merkel (1983,
1990). It is evident that the
concentrations of most
elements relative to copper do
not significantly change on
simple re-melting, except for
Fe, S and Mo, all of which are
irrelevant for provenance
studies. It is unlikely that
molten copper was regularly
exposed to a blast of air for
extended time as indicated in
the third column (re-melted
and oxidised copper). But
even then, only Co, Ni and Pb
are reduced by a factor of 2,
which is of little significance
when ores are compared with
artefacts. (After Pernicka
1987)

A final consideration is that some elements were deliberately alloyed to copper. In
antiquity these were mainly arsenic, tin, lead and zinc. Copper–arsenic alloys have
long been seen as accidental products of arsenic-rich copper ores and this may still
be true in many cases. However, only recently it has been shown that speiss (an iron
arsenide of variable composition) produced from arsenopyrite without copper may
have been added to molten copper to enhance its arsenic content (Thornton et al.
2009; Rehren et al.). The effect on the trace element pattern of the copper is as yet
unclear, but arsenopyrites are known to often contain gold so that the content of
at least this element and possibly others as well may be altered compared with the
copper ore. On the other hand, alloying with tin most likely produces little change
in the trace element pattern of the copper as most cassiterites (SnO2) are rather pure
and the alloy usually contains an order of magnitude less tin than copper. Addition
of lead to copper or bronze can alter the silver and antimony concentrations but not
those of nickel, cobalt and gold. The effect of the addition of zinc to copper is difficult
to assess, because this could only be achieved by the so-called cementation process,
in which zinc metal in the vapour phase is taken up by the copper. Most likely there
will be little change of the trace element pattern but some experimental research on
this question would be helpful.

Since arsenopyrites and cassiterites usually contain very little lead, the effect on
the lead isotope ratios of the copper should be minimal and is usually neglected.
The opposite is true for the addition of lead. If it is assumed that lead was added
intentionally to an alloy then the lead isotope ratios can only be used to discuss the
provenance of the lead and not the copper. How can the intentional addition of lead
be detected? This is not straightforward, because many copper deposits also contain
lead minerals and substantial amounts of lead could accidentally be included in the
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Fig. 11.8 Lead isotope ratios in various copper deposits in southeast Europe and in Chalcolithic
copper artefacts (Pernicka et al. 1993, 1997). This shows that the major copper sources in this period,
namely Ai Bunar in Bulgaria and Majdanpek in Serbia, partly overlap in their lead isotope ratios

copper. It is usually assumed that lead concentrations above 5 % most likely indicate
intentional addition of lead and that below 1 % it is almost certain that there was no
intentional addition. The region in between is a matter of discussion, depending on
the date of the objects, their context and so on.

Table 1 contains a summary of the information provided by various elements that,
in principle, can be found in ancient copper. There are few elements that are solely
indicators of provenance. However, in very early times, when deliberate alloying
did not occur, a whole suite of elements are available that can be useful in help-
ing to determine provenance. The provenance of Chalcolithic copper in the Balkans
(Pernicka et al. 1993, 1997) may serve as an example. Two of the earliest cop-
per mines presently known, Ai Bunar in Bulgaria and Majdanpek in Serbia (only
indirectly shown to have been exploited in the fifth millennium BC), have partly
overlapping lead isotope signatures (Fig. 11.8) but can be differentiated by their
trace element pattern (Fig. 11.9).

Finally, one of the most frequent questions relating to provenance analysis of
copper alloys deals with mixing either of ores or of metal, for example recycling
of scrap metal. In the earlier literature it was sometimes maintained that this can
be recognised and taken into account. Today we realise that mixing of metals from
different sources destroys the information on provenance of each component com-
pletely. This would be the case if many different metal pieces from random sources
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Fig. 11.9 Trace element
patterns of Chalcolithic
copper objects that are
attributed to a Ai Bunar
(Bulgaria) and b Majdanpek
(Serbia) based on lead isotope
ratios and their chemical
compositions. The richest ore
sample from Ai Bunar (solid
line) is entirely consistent
with this pattern

were mixed. But how realistic is this model? Mixing and recycling did occur, of
course, but often within a certain region and period of time. An example is the Late
Bronze Age of western Switzerland, where bun-shaped ingots were found that con-
tained semi-molten pieces of identifiable metal objects. This is the best evidence for
recycling that one can ask for. Nevertheless, Rychner and Kläntschi (1995) were able
to identify local groups of metal objects of identical composition so that at least their
classification was possible. It seems that in this case, recycling occurred within a
pool of metal that was available and came from one source only. Thus, it is apparent
that mixing did not obscure all information on provenance.

Another case that is often encountered when metal analyses are discussed is the
question of whether a certain metal composition can be explained as a mixture of
two other compositions. This problem was tackled in a systematic way by Pernicka
(1987), who investigated whether any of the 46 metal objects could be derived from a
mixture of any other two objects from the same suite. For this purpose, he compared
lead isotope ratios and trace element concentrations (Fig. 11.10). The result was
negative, at least for this limited problem. If one has to assume that more than
two metal compositions were mixed, then there is no chance to calculate a mixing
model, because the boundary conditions are not known. However, if mixing and
reuse of metal would regularly occur, then there would be a tendency towards a
homogenisation of the composition and no metal groups would be identifiable at all.
As the opposite is observed (i.e. metal artefacts do group meaningfully), one can
conclude that mixing and recycling was not important, at least in the early metal
ages. Generally, one can state that the concentration of any element in an object
on the extreme end on either side of the frequency distribution should indicate the
absence of mixing. If, for example, an object shows a very low concentration of gold
(e.g. less than a factor of ten below the average value of about 10 mg/kg), then its
overall composition cannot be derived from mixing, unless one assumes the utterly
improbable case that only copper scrap with unusually low gold concentrations was
mixed. The same applies for very high concentrations of elements such as antimony
or nickel, which are often found in the Early Bronze Age of central Europe and the
Middle East/Caucasus.



258 E. Pernicka

Fig. 11.10 Mixed diagram of one lead isotope radio and two element/lead ratios to demonstrate the
method to identify mixing between two metal compositions. Plotted are the compositions of two
metal objects from Troy (HDM 100 and HDM 260) and one from the Troad (HDM 63) published
by Pernicka et al. (1984). From the left diagram one could conclude that sample HDM 260 could
be a mixture of HDM 100 and HDM 63, because it plots exactly on the mixing line between the
two concerning the lead isotope ratio and the Ag/Pb ratio. Note that simply plotting the silver
concentration would not be correct, because the position of a sample on the mixing line of lead
isotope ratios depends on the lead concentrations of the mixed components. However, in the case
of mixing, similar lines must be obtained with all other element/Pb ratios. In this example, this
is obviously not the case as shown in the right part of the diagram. Even if one allows for the
possibility of a concentration change of a factor of 2 on melting (indicated by the horizontal error
bar, the vertical error bar is the uncertainty of the lead isotope measurement), then sample 260
cannot be explained as a mixture of samples HDM 100 and HDM 63.

The question of recycling is so obvious because we are living in an era where
the resources of some metals are becoming scarce and recycling is an economic
necessity. The modern recycling rate of copper is the highest among all engineering
metals and well above 50 %. But was this always so? The answer is most probably
no, but this depends again on the period considered and the region. In Europe, one
can identify certain compositional groups of copper-based objects that are restricted
in time and space. This would not be possible if recycling of metal from widely
distributed sources were the rule. Note that recycling of copper from one source
within a limited area would not have the same effect. On the other hand, in metal-
poor regions like Mesopotamia, recycling was probably more important than in
others. There is textual evidence of recycling and, indeed, low tin concentrations
up to 2 % begin to become more abundant towards the end of the third millennium
BCE (Hauptmann and Pernicka 2004). Such low tin concentrations do not alter
the properties of the alloy significantly and are usually interpreted as indication for
recycling scrap metal. Generally, one can assume that in expanding economies, the
recycling rate should be small, because fresh metal must come into the system. If
metal objects were removed from the system in the same period, either by loss or by
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intentional deposition, then this metal had little chance to be recycled. On the other
hand, in declining cultures, the recycling rate should increase, because the economic
structures become obsolete or are destroyed so that the metal supply is interrupted.
A good example is the late Roman Empire and the Migration period. It is known that
all kinds of old metal was actively sought and reused, be it lead pipes or iron clamps
from buildings.

Other Metals

Attempts to elucidate provenance was not restricted to copper and its alloys. Already
in the nineteenth century, series of analyses of silver and iron objects were performed
(von Bibra 1873). The problems were the same as with the copper alloys. The
analytical methods were not yet developed to achieve results that were useful for
archaeology. After 1950, ancient silver was frequently analysed but concentrated on
a narrow artefact group, namely coins (e.g. Gordus 1967), and it was often not the
provenance of the silver that was sought but rather the alloy composition, especially
the silver content. More focussed on provenance was the study of trace elements
in Roman lead (Wyttenbach and Schubiger 1973) that could and should have been
complemented by lead isotope analysis, which had already been introduced to the
investigation of archaeological material (Brill and Wampler 1965; Grögler et al.
1966).

The pioneering work on the provenance of ancient silver was performed at the
Max-Planck-Institut für Kernphysik in Heidelberg, where extensive field surveys
for lead and silver deposits in the Aegean were combined with trace element and
lead isotope analysis of ancient silver coins (Gale et al. 1980). Until the Middle
Ages, silver was almost exclusively produced from argentiferous lead ores by a two-
stage process, whereby lead ores were first smelted to produce lead metal that was
then selectively oxidised in the molten condition to produce lead oxide until a small
amount of silver remained (a process known as “cupellation”). The remaining lead
in the silver is an ideal tracer for the provenance of the metal as has been shown by
later work on Early Bronze Age finds (for a summary of the research in the Aegean,
see Gale and Stos-Gale 1981; Pernicka 1990). In later periods, one has to take into
account that cupellation was also used to purify the noble metals silver and gold.
The lead used for this process may derive from a different source than the silver and
be irrelevant for the provenance thus be irrelevant for the provenance of the silver.
There is circumstantial textual evidence for this practice in the second millennium
BCE. In the Roman period it is likely that debased silver coinage was purified this
way and, beginning in the fifteenth century CE, lead metal was used to extract silver
from argentiferous copper ores. In the Middle Ages, silver coinage was frequently
recalled and re-minted so that provenance studies with this group of artefacts are
fraught with problems.

For provenance investigations of lead, its isotope ratios are clearly the most valu-
able parameter. Trace element concentrations can be useful, if it can be assumed that
the metal is the product of primary smelting. This is usually indicated by its silver
content. Below a certain silver concentration it was not practical or economical to
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extract the silver, and lead was then used for other purposes. In the Bronze Age,
this limit of silver extractability seems to have fallen from somewhere between 500
and 800 mg/kg to 200–300 mg/kg until it reached around 100 mg/kg in the Roman
period, where it remained so until the eighteenth century CE. However, lead that has
been desilvered through cupellation carries no memory of the trace element pattern
of the original ore.

In principle, the problems associated with provenance studies of base metals and
silver should not apply to gold, because this element mainly occurs in the metallic
form in nature. Therefore, one would think that the analytical problem should be
similar to rocks (e.g. obsidian, marble etc.) and that there would be no compositional
change between the natural occurrence and the finished product. Unfortunately, this
is not the case. There are several reasons why provenance determination of gold is
even trickier than with base metals:

1. Gold is relatively pure in nature, although usually admixed with substantial silver
contents (leading to natural electrum). This requires a very sensitive analytical
method. Combined with the exceptional value that is always ascribed to ancient
gold objects, the analytical task is formidable, because sampling is either not
allowed or restricted to extremely small sample masses. The best method today is
certainly mass spectrometry with inductivelycoupled plasma excitation combined
with laser ablation sampling (LA-ICP-MS).

2. Silver as the major “impurity” in native gold exhibits a wide range of variation
within gold occurrences so that it is of little use to discriminate between gold
sources.

3. The majority of gold occurs in the form of small flakes either as alluvial gold or
in rocks, which are usually powdered and the gold is extracted from the powder
by some sort of panning. For manufacture, the gold was most certainly melted
and this process induces significant changes in the trace element pattern of the
gold (Hauptmann et al. 1995).

4. Many of the gold sources exploited in the past are geochemically insufficiently
explored so that it is difficult to define characteristic elements for their discrimi-
nation. However, a pilot study has indicated that this may be possible (Schmiderer
2008). It has been found that many prehistoric gold objects contain more copper
than is on average found in native gold. This means that copper may have been
added to gold either intentionally or as a kind of contamination. This will certainly
alter the trace element pattern of the alloy.

5. Native gold, especially alluvial gold, tends to have very low lead concentrations
so that lead isotope analysis is either not possible (see 1) or difficult to interpret,
because the source of the lead may not be always clear. In a study of Celtic gold
coins, the question of provenance was not addressed because of evidence for
recycling and alloying with copper (Bendall et al. 2009).

6. The hopes connected with the observation of inclusions of platinum group miner-
als (PGM) in ancient gold (Young 1972) concerning provenance analysis quickly
evaporated when it was discovered that even within a single object the composi-
tional (Meeks and Tite 1980) as well as the osmium isotopic (Junk and Pernicka
2003) variations were as large as found in nature. Therefore, discrimination of
sources was not possible.
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In this situation, the only realistic chance for gold provenance is the trace element
pattern, concentrating on trace elements like Pd and Pt that are characteristic of the
gold, do not change on melting and are not introduced by alloying with copper (Guerra
2004, Ehser et al. 2011). The most comprehensive analytical study of prehistoric gold
objects was performed at theWürttembergisches Landesmuseum by Hartmann (1970,
1982). He used optical emission spectroscopy and published some 5,000 analyses.
This study has also been received with scepticism but it showed that, similar to copper
and copper alloys, certain compositional groups could be identified that showed a
restricted distribution in time and space.

For a long time, provenance discussions of ancient iron were largely based on
conjecture rather than objective facts. In most cases it was simply assumed that the
geographically nearest iron deposit was the source sought. This was hardly disputed
as there are many iron ore occurrences known compared with copper and other base
metals. However, recent studies have shown that even with iron, matters are not so
simple. Iron was traded in the form of bipyramidal ingots that were often welded from
two heterogeneously carburised halves. In a pilot study, a series of middle and late
Iron Age iron finds from the Celtic oppidum of Manching in southern Bavaria were
analysed in order to determine their possible provenance by combining trace element
patterns of slag inclusions. Lead isotopic analysis, well established in non-ferrous
archaeometallurgy but hardly employed for iron, was introduced as a new approach
(Schwab et al. 2006). The methods applied provided valuable information but each
is limited in some aspects. Small-scale variations within the ores are thus reflected
in the iron artefacts and even large variations cannot be separated by the methods
employed. Nevertheless, it was possible to distinguish various iron ore occurrences
near the settlement, and bog ores have been generally identified as most likely sources
for iron smelting in the nearby of Manching. Actually, only one local bog ore deposit
matches the characteristics of the iron artefacts examined in all aspects (Schwab et al.
2006). Degryse et al. (2007) proposed to adapt the combination of lead isotope with
strontium isotope ratios for the provenance study of iron objects as it has already
been introduced for ancient glass.

In a different and complementary approach, slag inclusions in ancient iron arte-
facts were analysed also with the view to obtain information on their provenance
(Hedges and Salter 1979). Similar to copper, it is important to understand the chem-
ical heritage (major and trace elements) from the ore into the iron artefacts. Much
work has been invested in this direction by a French group (Coustures et al. 2003;
Desaulty et al. 2009). It was demonstrated that the study of major elements in the
slag inclusions allows the identification of ore groups characterised by high levels of
certain elements such as P or Mn. In a first step, a group of artefacts with potentially
common provenance was found and, more important, some provenance hypotheses
could be rejected. By including rare earth elements in the study, it was found that
their respective ratios remain constant from the original ore to the slag inclusions.
Thus, if the chemical signature of a given area is known, it is possible to verify
its compatibility with an artefact by performing trace element analyses of slag in-
clusions. This was verified by the French team for the Pays de Bray region using
archaeological ore and experimental smelting. With many elements at hand, one can
add multivariate methods of data analysis (as with pottery) to compare ores with slag
inclusions in iron artefacts.



262 E. Pernicka

Conclusion

To summarise, in this contribution the view is held that the scientific analysis of
archaeological metal objects is not only a valuable contribution to archaeological
research, but is necessary to correctly describe the archaeological material at the basic
level. In many cases, metal finds that originally were described by the excavator as
“bronze” turned out to be unalloyed copper or another copper alloy or even a different
metal (e.g. silver). Analyses can also be used to classify metal objects according to
their composition. This classification can be compared with the typological groups,
and in the case of congruency, one may be able to identify the products of a particular
workshop.

The most demanding and most difficult question relates to the provenance of
the metal, especially in regions where no metallic ore deposits are known. It has
been suggested that it may only be possible to identify the type of ore that has
been used for primary smelting (Friedman et al. 1966; Budd et al. 1992). While
it is possible to identify native copper rather securely by its trace element pattern
(Pernicka 1990), despite assertions to the contrary (Maddin et al. 1980), it is more
difficult to distinguish between oxidic and sulphidic ores post-smelting. The sulphur
content is not a reliable indicator, as sulphur is concentrated in the metal phase
and most oxidic ores contain small amounts of the primary sulphidic ore. The most
reliable indicator seems to be the iron content (Craddock and Meeks 1987).

However, the key question remains to determine the geological source (or at least
the original workshop) of a metal object. One may well ask why bother? Should we
give up reaching for the stars and “rethink the quest for provenance” (Budd et al.
1996)? The answer is simple: we study provenance of metals because metal ores are
unevenly distributed over large areas, so that some kind of long-distance transport
naturally has to be assumed. Furthermore, metals are a new commodity that—much
more than agricultural wealth—can be accumulated and hoarded. Accordingly, it
has an influence on social dynamics that cannot be overestimated. Since metals are
rare, their intrinsic value is high, so that small pieces of metal are equivalent in
value of larger volumes or masses of other commodities, which made them ideal as
exchange tokens. At least from the third millennium onwards, most values of all kind
of merchandise were calculated in equivalent weights of metal, usually silver.

What is the Future of Provenance Studies?

These are just a few examples to show that provenance studies are important, espe-
cially for the reappraisal of hypotheses concerning contacts and relations of different
regions and cultures on the basis of excavated materials and their distribution. It has
taken a long time for the different strands of knowledge to be brought together that
really promote our understanding of the unrecorded history of metallurgical produc-
tion and exchange. The basis is, of course, a broad knowledge of the archaeological
period under investigation to tackle the archaeologically relevant problems, select the
appropriate material for this task and finally translate the analytical results into the
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cultural historical perspective. This applies to work in museum as well as in the field.
Archaeologists are usually not trained to excavate and interpret metallurgical instal-
lations and know even less about ancient mining. Only when archaeological field
surveys are combined with expert knowledge in mineralogy and economic geology
can the metallurgical potential of a given region be correctly assessed. It requires a
deep understanding of metallurgical practices and physical chemistry to understand
the processes of metal production and the consequences for the chemical and iso-
topic composition of the metallic products. Last but not least, it requires a fair deal of
experience in analytical chemistry to produce reliable data that do not lead us astray,
as it has sometimes happened in the past.

Where do we go from here? Although a fairly good coverage of the geochemical
characteristics of base metal deposits in the Mediterranean and in central and western
Europe are now available, we will never reach a position as in provenance studies of
obsidian where it is usually possible to pinpoint a certain geological obsidian source
for every single artefact (at least in the eastern Mediterranean). Ore deposits are
simply too heterogeneous, so that overlap between different sources is unavoidable.
Actually, we are in the uncomfortable position that the more data we produce, the
less (apparent) clarity we have. The way to escape this vice is the combination of
parameters such as trace element patterns and lead isotope ratios. This may still not
be successful in all cases, but important questions have been resolved in this way
(such as the provenance of the Late Bronze Age oxhide ingots and Chalcolithic cop-
per production and distribution in southeastern Europe). Furthermore, field studies
will have to continue, because the most convincing relation between an ore deposit
and archaeological metal artefacts is a match of the trace element patterns, lead iso-
tope ratios and metal mining and production in the period in question, as was also
demonstrated in southeastern Europe (Pernicka et al. 1997).

New parameters will be added in future and have already been tested, such as
isotope ratios of copper (Klein et al. 2010), zinc (Budd et al. 1999), osmium (Junk
and Pernicka 2003, Brauns et al. 2013) and recently also tin (Haustein et al. 2010).
Of these, osmium may be most useful for the provenance of iron and still possibly
of gold. Tin isotope ratios have already yielded a very surprising result in that it was
found that the tin of the famous sky disc of Nebra most likely derives from Cornwall
and not from the relatively nearby Erzgebirge, corroborating Pare’s (2000) scenario
of Early Bronze Age tin trade in central Europe. Provenance studies of all kinds of
metal will certainly form an important component of archaeometallurgy also in the
foreseeable future.
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Chapter 12
A Conservator’s Perspective
on Ancient Metallurgy

Deborah Schorsch

Introduction

Modes of deterioration

Virtually all physical matter, whether manipulated by human industry or left un-
touched in a natural environment, is subject to steady or periodic degradation. Most
metals are unstable in their native state and must be extracted from ores. When buried
in ritual contexts or discarded after use, metals endeavor to reach equilibrium with
their subterranean (or aqueous) environment, bringing rise to chemical reactions that
eventually convert them to a more stable mineral species (Figs. 12.1a, b).

The physical condition of an artifact removed from its archaeological context is
the consequence of multiple factors that vary in origin but act in concert. These
factors may include inherent qualities of the material(s) employed, manufacturing
methods, burial conditions, previous treatments, and environmental conditions since
retrieval. Metals decay and suffer from erosion during burial and may be less or more
stable after they have been excavated. Similarly, removal of corrosion products can
initiate or catalyze destructive processes. Metallic properties, and therefore physical
integrity, are often compromised by long-term burial, and conservators must address
issues of structural as well as chemical instability.

In addition to conservation treatments intended to achieve a stable condition,
the removal of archaeological corrosion, accretions, post-retrieval accumulations of
grime and dust, or disfiguring and/or deceptive restoration materials is frequently
undertaken in order to reveal original contours and surface features (Fig. 12.1b). A
degree of reconstruction may be required for structural stability, but is also used to
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Fig. 12.1 Ewer, Egyptian, Old Kingdom (ca. 2641–2100 B.C.). Hammered arsenical copper sheet
with arsenical-enriched surface, H. 11.0 cm. The Metropolitan Museum ofArt; Gift of Edward Hark-
ness, 1926 (26.9.13). a Condition in 1926 when acquired. bCondition in 1932 after electrochemical
treatment. (Images © The Metropolitan Museum of Art)

establish visual integrity. Decisions concerning the extent and appearance of such
restorations ensue from an ongoing dialogue between conservator and curator.

A condition known as bronze disease presents a major threat to objects made from
copper and its various alloys. Ultimately the result of burial in a saline environment,
bronze disease is a self-catalyzing reaction that occurs when an unstable copper chlo-
ride corrosion product analogous to the mineral nantokite is exposed to atmospheric
oxygen and high humidity. Not only is bronze disease disfiguring, if left untreated,
but it can also result in the complete disintegration of a cupreous artifact. Even after
objects have received treatment, long-term success often depends on displaying and
storing them in a suitably dry environment, and even under such conditions, chronic
cases may still flourish.

In the past, acid baths and electrochemical reduction processes were used to reveal
surface features and to treat bronze disease. These procedures generally led to the
nonselective removal of both stable and unstable corrosion products and often left
reactive chemicals on exposed surfaces and in cracks in the remnant core, leading
to further corrosion. Newly exposed metal surfaces were often then artificially pati-
nated (Fig. 12.2), painted, or waxed, and have tarnished over the intervening years,
leaving the conservator to contend with surfaces that are unstable, disfiguring, or
misleading. In fact, without resorting to destructive analysis, it can sometimes be
difficult to distinguish between ancient copper alloy artifacts that have been stripped
and repatinated, and objects made in modern times with the intention to deceive.

Iron and steel artifacts from most archaeological environments tend to be poorly
preserved and highly unstable. Over time, conservation interventions are often inef-
fectual, and of necessity, much emphasis is placed on careful in situ documentation
and appropriate environmental controls after retrieval. Ancient lead, as much as it sur-
vives intact, and its corrosion products, are generally stable, but unalloyed lead and
leaded bronzes can be greatly affected by organic acid vapors generated by several
wood species, which therefore should be avoided in storage and display environ-
ments. In addition, the toxicity of lead and copper is a consideration in handling.
Like lead, tin from archaeological contexts is rarely cleaned, other than to remove
soil accretions, and although relatively stable, it also can be adversely affected by
organic acids.
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Fig. 12.2 Osiris, Egyptian, el-Hiba, Third Intermediate Period, 21st–24th Dyn. (ca. 1070–712
B.C.). Solid cast bronze, traces of gilding, wood. H. 35.0 cm. The Metropolitan Museum of Art;
Gift of the Egyptian Exploration Fund, 1903 (03.4.11a–d) The black surface is the result of a modern
artificial patination process carried out after figure was cleaned of archaeological corrosion. (Image
© The Metropolitan Museum of Art)

Silver buried in saline environments is greatly affected and even gold, under
certain conditions, may develop thin corrosion layers. Fragile precious-metal objects
frequently suffer mechanical damage during handling. In the past, silver artifacts
entirely converted to corrosion products during burial were reconverted to silver
electrolytically, just as works with a surviving metal core were routinely overcleaned
using mechanical or other chemical methods. In such cases, resultant surfaces are
usually overpolished, or pitted, and lacking fine detail (Fig. 12.3). Newly cleaned
surfaces are particularly reactive and, if not protected, are subject to rapid tarnishing.
In the past, to facilitate reforming, silver and gold and occasionally cupreous artifacts
made from hammered sheet were annealed, a process that obscures their history
by destroying the potential of subsequent metallurgical examination. The use of
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Fig. 12.3 Long-necked Jar, Egyptian, from Tell Basta, Third Intermediate Period (ca. 1070–712
B.C.) Hammered silver sheet. H. 14.0 cm. The Metropolitan Museum of Art; Rogers Fund, 1907
(07.228.181); Department of Egyptian Art accession cards, showing condition when acquired in
1907 (left) and after treatment in 1919–20. (Images © The Metropolitan Museum of Art)

solder to reassemble components that have become separated can produce the same
unfortunate results.

Preventive conservation is practiced in museums and in the field to minimize
further deterioration of cultural materials so that (re)treatment does not become nec-
essary in the future. Precautionary activities include the introduction of guidelines
for safe handling, display, storage, and transport, and surveying collections for the
purpose of establishing conservation priorities. Conservators, often in close collab-
oration with conservation scientists (see below), also devote research time to the
development of new treatments, which includes testing and adapting commercial
products for conservation applications.

Environmental conditions, specifically temperature, relative humidity, light, vi-
bration, and air quality all play a decisive role in the preservation of cultural materials.
It is essential that display and storage environments are regularly monitored and that
emergency procedures for system failures have been established. As a rule, cool envi-
ronments slow the rate of deterioration processes and are preferable. Optimal relative
humidity levels vary from material to material, with inorganic media generally re-
quiring drier environments. Displays are rarely organized by materials, necessitating
the design of vitrines and galleries that can accommodate a range of environmen-
tal requirements. Maintaining low-light levels is more critical for organic materials,
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while both gaseous and particulate pollution, as well as vibration caused by seis-
mic activity, construction, or footfalls and knocking, can affect all types of fragile
artifacts.

On-site Preservation

Modern standards of archaeological practice dictate that any excavation team should
include a conservator. Well-intentioned procedures by untrained field and museum
personnel should be avoided. If there is no skilled conservation staff on site, exca-
vators should follow two basic precautions to protect newly excavated metal finds
from damage and further decay until such time when they can be properly examined
and treated.

1. Excessive handling should be avoided. When metal corrodes, it loses its mal-
leability and strength. Even gold, which may seem relatively unaltered to the
naked eye, becomes embrittled over time due to stress corrosion. Archaeologists
should resist the temptation of picking at metal artifacts with the aim of revealing
original surfaces or contours. This is a task that requires training and experience,
and if done improperly, can lead to the further disintegration of the metal as well
as loss of valuable information that may be preserved in the corrosion layers.
Similarly, chemical or electrochemical treatments to reduce or remove corrosion
should not be undertaken.

2. Newly excavated metal artifacts should be stored in a stable, dry environment,
avoiding wooden shelves or cupboards. Similarly, many common products con-
taining plastics, textiles, rubber, and other organic materials, or that are painted
or lacquered, emit deleterious fumes. Bags and containers used for artifact stor-
age, unless made of preservation-grade materials, should not be tightly sealed,
and measures for appropriate long-term housing should be instituted as soon as
possible.

Conservation History and Training

During the nineteenth and early twentieth centuries, preservation treatments and tech-
nical study in museums and in the field were carried out by practitioners with a wide
range of skills and training, drawn from the ranks of curators, field archaeologists,
scientists, and craftsmen (Figs. 12.4a, b). In 1888, Friedrich Rathgen established the
first scientific laboratory for the treatment and study of antiquities in the Königliche
Museen zu Berlin, followed in 1920 and in 1928 by laboratories in the British Mu-
seum and in the Fogg Art Museum (Harvard University), respectively. Technical
Studies in the Field of the Fine Arts, published from 1932 to 1942, was the first tech-
nical periodical dedicated to the field of conservation. The International Institute for
the Conservation of Museum Objects, now known as the International Institute for
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Fig. 12.4 a “Repair Shop Wing B Room 135 Basement Floor,” The Metropolitan Museum of Art,
1926. b Herbert E. Winlock, Egyptologist and later Director of the Metropolitan Museum, at the
Museum’s expedition house in Thebes, consolidating a newly excavated coffin with wax. Still from
archival film footage, 1924. (Images © The Metropolitan Museum of Art)

Conservation, was incorporated in London in 1950, and the establishment of national
organizations followed quickly. The earliest international code of ethics governing
conservation practice was ratified in 1963.

The first academic training programs for the conservation of works of art and
other cultural materials were established in the USA and Europe during the 1950s
and 1960s. Following a course of study based on these early curricula, professional
conservators nowadays generally receive a multidisciplinary education that includes
the study of art history and/or archaeology, material and laboratory sciences, the
history of technology, and studio art, as well as practical experience during supervised
internships. Quite often, conservators function as a bridge between specialists in the
humanities, the social and natural sciences, and traditional crafts, thereby reflecting
the diverse strengths of the earliest conservation practitioners.

Traditionally, scientists working in museums were classically trained as chemists
or physicists, and sometimes had little prior exposure to cultural materials. This has
changed in recent years as many pursue natural science degrees after conservation
studies or simply enter the field by design rather than by accident. In the USA, there
are now several graduate programs that train conservation scientists, paralleled by the
establishment of new technical laboratories in many smaller, previously underserved,
museums.

Conservation Practice and Technical Research

Like all materials, metals exhibit a range of physical, mechanical, optical, and chemi-
cal properties, and each culture exploits the strengths and wrestles with the limitations
they confer, developing culture-specific technological solutions. Most metals, for ex-
ample, are soft and malleable, and all display an inherent color and melt at a fixed
temperature. Alloying may lower or raise the melting point, increase hardness, reduce
malleability, and alter coloration. Furthermore, materials may develop social values
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based on their physical nature. For example, metals (and the ores from which they
derive) are relatively rare and thus have inherent worth—witness the widespread use
of metal coinage—and they can be remelted indefinitely for reuse, another physical
trait that lends value.

Just as art historians ascribe visual style to works of art, technological style can
be recognized in manufacture. Technological style is the unique combination of
choices in materials and techniques associated with a specific culture, a specific
time period, or a specific place. This perspective was pioneered in the 1960s at
the Massachusetts Institute of Technology by Cyril Stanley Smith (1903–1992),
an industrial metallurgist by profession, and further developed there by Heather
Lechtman, a conservator by training, in her research on pre-Columbian Andean
metallurgy. Over the last 10 years, “technical art history,” a term perhaps originally
coined by Norman Brommelle in 1963, is increasingly cited in art historical literature,
but it is thought by many conservators to be disingenuous.

The ability of a conservator to devise and carry out effective strategies for the
preservation of specific artifacts is based, therefore, not just on an understanding of
modes of deterioration and familiarity with procedures and products used in treat-
ments, but also on the knowledge of ancient and historic technological processes and
the physical properties of materials. All works require an initial visual examination,
which may be supplemented with instrumental procedures for imaging, such as ra-
diography, and elemental or structural analysis, as well as consultation of pertinent
scholarly literature. Just as an archaeological excavation destroys primary sources of
information in the pursuit of studying them, some treatments, even when essential
for preservation, may destroy evidence of an object’s manufacture or subsequent
history. Any treatments undertaken merely for aesthetic purposes should therefore
be carefully considered. Although the goal of complete reversibility is sometimes
unattainable, it is an issue that cannot be ignored. In every case, the importance of
documentation is paramount.

Virtually all museums that collect antiquities and other archaeological objects,
even if directly associated with a scientific excavation, have among their holdings
works lacking documentation of their exact find spot or the circumstances of their
discovery and retrieval. A few of these objects are outright forgeries, devised with
the intention to deceive. Others may have begun their lives as legitimate copies and
later came to be misinterpreted or represented fraudulently. Ill-advised treatments
and overenthusiastic restoration, usually poorly documented, may have altered or
obscured original appearance and workmanship, sometimes to the extent that the
artifact in no way reflects the maker’s intentions. Curators and conservators periodi-
cally revisit existing holdings as new discoveries reshape our perceptions of the past,
and when an institution considers acquisition of a new work, conservators under-
take technical examinations to ascertain its condition and determine if there are any
material reasons to doubt its authenticity. Anachronistic stylistic and iconographic
features, the use of an inappropriate material or manufacturing process, or a state of
preservation incompatible with long-term burial may all lead to the determination
that the work is a forgery. Doubt, once established, is difficult to dispel, because it
is far more difficult to demonstrate authenticity than to disprove it.
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The Study of Ancient Metal Artifacts

The study of ancient metalwork in the field of conservation usually focuses on
three modes of manufacture: fabrication, joining, and surface finish. Nearly all
preindustrial metal artifacts were fabricated by casting and hammering. Hammered
sheet almost always originates with some form of cast metal, just as casts are some-
times hammered during manufacture, and works may combine cast and hammered
components. Once they are identified as such, investigations of cast artifacts continue
with a determination of whether they are solid or hollow, and if rigid mono- or bi-
valve molds, a direct or indirect lost-wax method, or multiple-sectioned piece molds
were employed. All casts can be characterized by features such as the occurrence of
porosity and other casting flaws, incorporation of separately fabricated components,
and the fineness of surface detail. In the case of hollow casts, the relative thickness
of the walls, whether or not the core cavity is conformal, and the system employed
for supporting the core, for example, may be considered as well. The thickness and
evenness of the sheet, the appearance of hammer marks, the presence of cracks that
occurred during manufacture, as well as those that appeared later but reflect original
workmanship, and the use of joins to assemble the object are among the features
evaluated in technical examinations of artifacts made from hammered sheet.

Joining is generally effected using metallurgical or mechanical methods, and
very occasionally with an adhesive. Metallurgical joins are achieved through the
interdiffusion of metal atoms between the components to be joined that occurs at
elevated temperatures. Methods most commonly observed on ancient metalwork
include soft and hard soldering, colloidal hard soldering, and welding (for iron).
Mechanical methods involve physical engagement of adjacent elements, such as
crimping and riveting. Strictly speaking, “casting-on,” an agglomerative process
achieved by pouring molten metal onto independently prefabricated components,
results in mechanical joins, because the added metal engages the contours of the
substrate, and interdiffusion, as a rule, does not occur (see Fig. 12.24b).

Most metal surface finishing involves grinding, polishing, or burnishing. Other
methods such as chasing, engraving, and perforation by drilling or chiseling may
be used to add relief, texture, and detail. Plating is used to describe a range of
metallurgical, mechanical, electrochemical, or adhesive techniques for applying an
adherent layer of metal to a metal substrate (see Figs. 12.1b, 12.8a). Metal surfaces
are sometimes inlaid, artificially patinated, or painted. Inlays are made from a wide
range of materials, including metal; glass and other vitreous materials; minerals and
stone; bone and ivory; and other synthetic products such as niello, a shiny, black
paste made by dissolving silver and other metals in molten sulfur.

The primary source of information concerning any artifact is, of course, the arti-
fact itself, as revealed through direct examination and analysis. This is complemented
by data derived from a variety of interrelated sources and resources—ancient texts
and images, archaeological investigation, ethnographic parallels, replication exper-
iments, and the material sciences—that contribute to our understanding of ancient
technology.
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Ancient Textual and Visual Sources

Ancient textual sources, limited to literate cultures or cultures described by liter-
ate outsiders, provide information about manufacturing processes and materials,
although actual metalworking treatises are rare. More common are visual repre-
sentations of ancient workshops with artisans at their tasks. Interpretation of both
written and visual sources is hindered by the fact that they are the products of artists
and authors who themselves did not necessarily have firsthand knowledge of the
processes they describe or illustrate, or whose primary purpose was not to com-
municate technologically accurate information. For example, manufactured goods
seen in Egyptian tomb paintings, which are rich in representations of workers of all
kinds, are often shown as finished products, even as they are being fabricated. Metal
workshops are sometimes represented, also somewhat fancifully, on Greek black-
and red-figure vases, the most famous of which is a kylix in the Antikenmuseum in
Berlin attributed to the Foundry Painter.

Naturalis Historia, dating relatively late in antiquity, is surely the literary source in
the Mediterranean region most often cited in relation to ancient metalworking. Writ-
ten by the Roman philosopher, naturalist, and author Pliny the Elder (AD 23–79),
who famously died at Pompeii during the eruption of Mount Vesuvius, it is an en-
cyclopedic work encompassing the breadth of the natural world. Pliny’s section
on metal considers also the human dimension, chronicling greediness for pre-
cious metals in addition to more practical information on mining and manufacture.
The latter has been applied extensively to studies of ancient manufacture, includ-
ing alloying practices and techniques of casting, gilding, joining, and artificial
patination.

Economic, political, and literary texts can be useful in gauging the social signifi-
cance of metals and artifacts made of metal (see the Chapter by Iles and Childs, this
volume). Our understanding of the changing relative values of gold and silver in Egypt
in pre-Ptolemaic times, for example, is based on interpretations of lists inscribed on
temple walls enumerating offers received from royal patrons. Similarly, it is possible
to trace the evolution of precious-metal terminology in ancient Egypt from texts,
starting from a single word to denote gold and silver in earliest times, to the gradual
differentiation of gold, electrum, and silver, with the latter still known as “white
precious-metal” or “white gold.” During the New Kingdom (ca. 1550–1070 BC),
terms emerge referring to golds of different colors, with different working quali-
ties, and from different sources. Ancient Roman texts have been used as the basis
for a study that considers whether the use of gold and silver was restricted to rep-
resentations of deities and emperors. The legend of the “Nine Bronze Tripods,” a
fourth century AD commentary on a seventh century BC text, provides a more nu-
anced understanding of the obviously great value accorded bronze vessels, musical
instruments, and weapons in ancient China by identifying their role in maintaining
the political authority of the ruling dynasty. In the New World, both textual and vi-
sual sources come to us primarily through the chronicles of European observers.
Indigenous representations of metalworkers are extremely rare; often illustrated
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is an ancient Peruvian ceramic vessel with a group of foundry workers using
blowpipes.

Additional Secondary Sources

Other sources of information relevant to technological study are discussed in depth
elsewhere in this volume. For example, the potential for information on ancient met-
alworking extracted from archaeological sites is unlimited. Habitation and ritual sites
provide insight into function, but clearly of greatest interest to us are sites that relate
to metallurgical production. These may include mines where ores were collected,
workshops where metals were refined, and, of course, sites where manufacture took
place—especially if raw materials, tools, or articles left unfinished or rejected by
their maker were left behind.

Hands-on experience in metal smithing and foundry techniques can inform inter-
pretation and facilitate further experimentation to reconstruct ancient manufacturing
processes. Replication experiments and reenactments allow researchers to better un-
derstand the challenges faced by ancient metalworkers, and to test the feasibility
of the methods they conjecture. Granulation and other joining and smithing tech-
niques, for example, have received attention from skilled jewelers, whereas studies
of amalgam, depletion, and electrochemical deposition gilding are less dependent on
craft training and more on laboratory techniques. Craft traditions in contemporary
pre- or early-industrial cultures can also provide valuable perspectives. Of particular
interest, in addition to consideration of the processes themselves, is the way artisans
feel about their work: how and why they have chosen specific materials and tech-
niques, when they have moved away from tradition, and how the finished products
are viewed and used in their society.

Conservators often refer to scientific literature that describes the physical prop-
erties of materials and how they can be altered and exploited in manufacture. Phase
diagrams and metallography atlases provide data on the behavior of metals and al-
loys allowed to reach equilibrium, which is rarely the case for archaeological metals.
Nevertheless, these are valuable resources that help researchers interpret or predict
the behavior of metals under nonequilibrium conditions.

Technical Examination

Visual Examination

The most important tool of the conservator is his or her eyes, trained by innumerable
hours spent scrutinizing artifacts. The varying degrees of magnification obtainable
using hand-held and head loops, and binocular, stereoscopic, digital, and scanning
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electron microscopes (SEMs), all provide opportunities for making significant ob-
servations. Because it is so basic, and a skill learned largely through experience,
“looking” is most difficult to illustrate with citations to scholarly studies.

Often visible on metal surfaces are tool marks left by hammers, chisels, chasing
tools, etc., seemingly mundane details that collectively may help define the hand
of an individual artist or the preferred manufacturing technique of a culture. Or-
nament produced by chasing and engraving may be distinguished from each other
and from details executed in a wax model or piece mold during the casting process
(Figs. 12.5a, b, c). On hammered sheet surfaces, tool marks associated with cam-
paigns of raising or planishing may be visible (Figs. 12.6a, b, c, 12.7a, b). The edges
of sheet metal may reveal whether they were finished using a hammer (Fig. 16.6c) or
cut with a chisel (Figs. 12.8a, b, 12.13b), just as the size, placement, and execution of
holes and other perforations, which may be drilled, punched, or cut (Fig. 12.8c), can
be characteristic of a specific work or culture. Similarities and variations observed
in fine details often help to distinguish original manufacture from ancient or modern
alterations, explain the function of an object, or facilitate reconstruction of artifacts
excavated in a disassembled state.

Raking visible light is useful for enhancing subtle surface detail. New devel-
opments in reflectance enhancement imaging allow systematic observation and
documentation of surfaces using an integrated image obtained from photos taken se-
quentially using a standard dose of illumination delivered from 40–70 different fixed
locations. Ultraviolet light is rarely applied to the study of ancient metalworking
technologies, although it can be used for recognizing modern joins, fills, or inpaint.

The imaging capabilities of the SEM allow for the locating of features desig-
nated for chemical analysis, but it is also a powerful tool for direct observation
(Figs. 12.9a, c). Because metals are conductive, no surface coatings are required,
permitting the examination to be carried out directly on the artifact. A significant
limitation is the size of the SEM chamber, although custom-built systems used in
some museums can accommodate small- to medium-sized objects for in situ exami-
nation. The use of synthetic resins to take impressions of surface features, including
tool marks, greatly expands the SEM’s utility.

During the technical investigation, visual examination continues as other methods
of study expand, confirm, or confound initial observations. By correlating features
observed on the surface with data obtained by other means, in particular radiography,
the conservator comes to recognize more obscure visual clues, which are helpful in
the examination of objects in the field or in museums where instrumental means are
limited or nonexistent.

Radiography

X-ray radiography is essentially a nondestructive imaging technique that reveals
internal structural features, and it is undoubtedly the instrumental method most fre-
quently used in museums for technological studies. The largest industrial units,
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Fig. 12.5 a Kneeling figure of Amasis. Egyptian, Late Period, 26th Dyn, reign of Amasis (570–526
B.C.). Solid cast bronze with precious metal inlay and leaf. H. 11.0 cm. The Metropolitan Museum
of Art; Gift of Edward S. Harkness, 1935 (35.9.3). b Channels for the inlaid inscription on the front
of the king’s kilt were chased in the wax model. c Channels for a second inscription applied later to
the reverse of the figure on the belt were cut directly into the metal surface. d Computed radiograph.
(Images © The Metropolitan Museum of Art)

delivering radiation up to 420 kV, are beyond the financial and logistical reach of
most museum laboratories; 320 kV is generally adequate for routine as well as in-
depth research of archaeological metalwork. Traditionally, radiographs are produced
using silver-based emulsions on film, but recent advances in digital capture technol-
ogy are transforming the process. Conventional radiographs can be scanned and
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Fig. 12.6 a Basin, Egyptian, Thebes, Assasif, New Kingdom, early 18th Dyn. (ca. 1550–1458
B.C.). Hammered bronze sheet, copper rivets. Dia. 44.6 cm. The Metropolitan Museum of Art,
Rogers Fund, 1916 (16.10.436). b Detail with hammer blows associated with raising process.
c Detail showing undulating edges associated with hammering. (Images © The Metropolitan
Museum of Art)

Fig. 12.7 a Situla, Egyptian, Thebes, Asasif, New Kingdom, early 18th Dyn. (ca. 1550–1458 B.C.).
Hammered unalloyed copper and bronze sheet, copper rivets, cast bronze handles. H. 25.3 cm. The
Metropolitan Museum of Art, Rogers Fund, 1916 (16.10.435). b Detail with riveted seam between
copper (below) and bronze sheets, showing hammer blows associated with the planishing process.
(Images © The Metropolitan Museum of Art)

visually enhanced for study and publication. Industrial material-testing firms offer
gamma radiography using isotopic sources, which may be helpful for examinations
of truly massive works in bronze (see Figs. 12.23a, b) or solid-cast precious-metal
statuary. Computed tomography (CT) scans provide sophisticated three-dimensional
information, but facilities with industrial-strength units suitable for high-atomic-
weight materials such as metals are scarce.

X-rays lie on the electromagnetic spectrum to the right of visible light; by virtue of
their shorter wavelengths and higher energies, they are capable of penetrating matter.
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Fig. 12.8 a Disk, Moche, from Loma Negra, Peru, 3rd cen. A.D. Hammered copper sheet with
precious-metal plating. Dia. 28.2 cm. The Metropolitan Museum of Art, Bequest of Jane Costello
Goldberg, from the collection of Arnold I. Goldberg, 1986 (1987.394.56). b Detail showing jux-
taposed sheets of owl (a) and back plate (b), with precious-metal surface layers containing 79.8
gold and 20.2 % silver and 56.3 % gold and 43.7 % silver, respectively; the edges of copper sheet
bearing the more gold-rich alloy were cut with a chisel. c Detail showing rectangular perforations
characteristically used on Moche metalwork to suspend dangles from flat wires. dX-ray radiograph;
tabs are used to attach body and legs of owl to the back plate (arrows), but the wings were left
unsecured and flapped freely when the disk was moved. The three-dimensional head, suspended on
a rod mounted mechanically to the lower part of the owl’s body, also had free movement from side
to side. (Images © The Metropolitan Museum of Art)

The degree of penetration at any specific dose of voltage, amperage, distance, and
exposure time is directly proportional to the subject’s density and volume. Materi-
als of greater density (i.e., higher atomic weight) or of greater volume can better
resist penetration and will appear white or light gray on the resulting radiograph.
Conversely, materials of lighter atomic weight or objects with relatively less volume
appear a darker shade of gray or black. As a rule, without the aid of the newest digital
technologies, radiography does not offer absolutes: the images reflect differences in
density or volume only in relative terms.

These concepts are easily illustrated with the following examples. The various
sections of an integrally solid-cast Egyptian bronze figure of a king (Figs. 12.5a, d)
are of the same material but vary somewhat in thickness—the torso in this view, for
example, is thicker than the arms or the face—which is reflected in the radiograph
as differences in gray tones. The particularly radiopaque blaze on the arms is lead
solder, applied in modern times to repair the right wrist which was broken off in
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Fig. 12.9 a Amun. Egyptian, Third Intermediate Period, early 8th cen. Solid-cast gold, with sepa-
rately cast components. H. 17.5 cm. The Metropolitan Museum of Art, Gift of Edward S. Harkness,
1926 (26.7.1412). b SEM photomicrograph showing solder join (photo by Mark T. Wypyski).
c SEM photomicrograph with showing porosity in solder (photo by Mark T. Wypyski). (Images
© The Metropolitan Museum of Art)

antiquity. This type of damage is observed frequently on Egyptian bronze kneeling
figures of kings, which were removed apparently with substantial force from their
bases when relieved of active duty and placed in storage.

A hollow-cast bronze cat sarcophagus from Egypt displays a range in radiopacity
varying in direct proportion to the thickness of the metal walls (Figs. 12.10a, b).
Therefore, the most radiopaque, solid-cast sections are white. Large dark flecks
that correspond to internal voids can be seen in the radiograph of an extremely
porous solid-cast unalloyed copper figure from southern Lebanon (Figs. 12.11a, b);
conversely, a phase of lead globules in the copper–tin matrix of an Egyptian leaded
bronze falcon sarcophagus causes the radiograph to appear hazy (Figs. 12.12a, b).

In a radiograph of a Peruvian gold-and-silver-sheet nose ornament with hammer-
welded joins, differences in opacity are dependent upon the vast difference in atomic
weight of the two metals as well as variations in sheet thickness, which could be
confirmed with a caliper (Figs. 12.13a, c, d). Except for the serpent heads, which
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Fig. 12.10 a Cat sarcophagus, Egyptian, Macedonian-Ptolemaic Period (332–30 B.C.). Hollow
cast bronze. H. with tangs 32.0 cm. New York, The Metropolitan Museum of Art, Harris Brisbane
Dick Fund, 1956 (56.16.1). b X-ray radiograph of bronze cat sarcophagus; the hollow body, head,
and legs appear more radiotransparent than the solid ears, paws, tail, and tangs. Radiopaque bands
along the top of the legs (a) indicate where wax, now reproduced in cast metal, was used to
join separate cores. Small rectangular radiotransparent spot indicate original locations of now-
rusted iron core supports (b) Two cast-in repairs are proportionately more radiopaque than the
surrounding walls. (c) sarcophagus placed directly over microscope objective to avoid sampling
during metallurgical examination. d Polished section viewed under conventional light showing
dendritic structure; superficial and intergranular cuprite corrosion appears red. The latter, when
present, is considered a highly reliable indicator of an extended period of burial. (Images © The
Metropolitan Museum of Art)
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Fig. 12.11 a “Lebanese Mountain” figure said to be Syria. beg. 2nd mil. B.C. Solid cast, unalloyed
copper. H. 39.5 cm (with tangs). Ny Carlsberg Glyptotek, Copenhagen (2836). b X-ray radiograph,
showing highly porous internal structure Images: Ny Carlsberg Glyptotek. c Composite archival
photomicrograph of polished section. (Image © The Metropolitan Museum of Art)

Fig. 12.12 a Falcon sarcophagus. Egyptian, Macedonian-Ptolemaic Period (332–30 B.C.). Hollow
cast leaded bronze, with falcon remains. H. 18.1 cm. The Metropolitan Museum ofArt, Rogers Fund,
1925 (25.2.11). b Detail of X-ray radiograph, showing mottled texture associated with segregated
lead phase, locations of core supports (a) and falcon bones (b). (Images © The Metropolitan
Museum of Art)

are substantially thinner than their bodies, the gold sheet in the middle register is
more radiopaque than the silver sheets of greater thickness above and below. Cracks,
breaks, and small losses in the thinnest, highly embrittled silver band of trophy heads
on the bottom appear black in the radiograph; modern restorations made of silver
sheet that is thicker than the original (and uncorroded) are white.
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Fig. 12.13 a Nose ornament with Decapitators and Human Heads, Peru, Moche, ca. A.D. 100–
300. Hammer-welded gold and silver sheet, H. 8.8 cm, L. 14.0 cm. The Cleveland Museum of Art.
Severance and Greta Millikin Purchase Fund 2005.176 Photo: The Cleveland Museum of Art. b
detail of cut-outs; note gold along edges of silver sheet and silver along edges of gold sheet as well
as evidence of cutting using a chisel. c X-ray radiograph of nose ornament, with radiotransparent
cracks in silver sheet (a) and radiopaque restorations (b). d Sketch plotting caliper measurements
of sheet thickness. (Images © The Metropolitan Museum of Art)

Visual and radiographic examinations carried out during the first phases of a
technical study allow researchers to formulate questions and consider appropriate
paths for investigation. This may include identifying locations for in situ analyses
and sites that might be profitably sampled. In some analytical contexts, destructive
analysis refers to procedures that alter or degrade a sample, making it unsuitable
for additional testing. When considering cultural artifacts—each a unique reflection
of its manufacture and history—the removal of any original material, regardless
of the amount, is destructive, even if the sample itself is not destroyed during the
analysis. Under certain circumstances, the removal of corrosion products or even
accretions may be judged invasive. Therefore, the potential for obtaining answers to
well-formulated questions is balanced with the impact of removing a sample from
the object, taking into consideration its relative rarity and size, and its overall state
of preservation (as well as the size, location, and means of removing the requisite
sample) (Fig. 12.10c).
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Fig. 12.14 a “Cat sarcophagus.” 19th–20th cen. Hollow cast copper. H. 38.1 cm. The Metropolitan
Museum of Art, Funds from various donors, 1958 (58.38). The figure, believed to be a forgery, seen
after the removal of paint intended to disguise an unattractive, blistered surface and screw heads
relating to major structural repairs. b SEM microphotograph showing acicular lead oxide crystals
within copper dendrite matrix (photograph by Mark T. Wypyski). c X-ray radiograph showing
coarse, angular, radiopaque flecks associated with an interdendritic lead-rich phase. (Images ©
The Metropolitan Museum of Art)

Metallography

Because metals retain their history in their internal structure, metallurgical inves-
tigation of polished and etched sections can be extremely useful for understanding
manufacture. Evidence of mechanical deformation and exposure to elevated temper-
atures is recorded in the disposition of the metal grains. Metallography is discussed
elsewhere in this volume (see the chapter by Scott, this volume), and is thus presented
here only as some basic observations derived from the examination of two “related”
works.

In cases when the authenticity of a cupreous metal alloy object is contested,
metallographic examination can be quite helpful. Even if archaeological corrosion
products have been altered or removed, the penetration of cuprite along intergranular
boundaries is considered compelling evidence of great age and long-term burial, just
as its absence strongly supports modern origins. The dendritic structure observed on
an in situ polished surface of a bronze cat sarcophagus confirms the obvious: the fig-
ure was cast (Fig. 12.10d). The healthy formation of intergranular corrosion supports
the authenticity of the sarcophagus, whereas the angular lines of cross-granular at-
tack near the surface suggest that mechanical deformation—to a degree greater than
usually observed on the surfaces of cast statuary—was carried out (Fig. 12.10d).
A second cat sarcophagus was identified as a modern forgery (Fig. 12.14a). In that
case, a crystalline lead-rich, nonmetallic phase within a dendritic matrix of relatively
pure copper explained some puzzling features (Fig. 12.14b): the coarse texture ob-
served in the radiographs (Fig. 12.14c); the many structural repairs of damages
ensuing from extreme brittleness of the figure; and its unattractive surface, scarred
by heat treatment. This surface was revealed after the removal of modern paint as
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well as nonadherent corrosion products not generally associated with archaeological
cupreous-metal artifacts.

Instrumental Analysis

Once reserved for the largest and wealthiest institutions, scientific facilities with
instrumental analytical capabilities are increasingly common in smaller muse-
ums. Over the last half century, various instrumental methods have been used
for compositional analyses of ancient metal, including X-ray fluorescence (XRF),
energy-dispersive and wavelength-dispersive spectrometry in an SEM (EDS–WDS–
SEM), particle-induced X-ray emission spectroscopy (PIXE), atomic absorption
spectroscopy (AAS), neutron activation analysis (NAA), and inductively coupled
plasma mass spectrometry (ICP-MS). In all but the largest laboratories dedicated to
the study of cultural materials, considerations of space and expense generally limit
instrumentation to XRF and EDS–WDS–SEM. Fast and often portable, XRF can be
quite useful for certain determinations as long as its limitations are kept in mind.
Newest models allow the precise selection and documentation of the area analyzed,
but the resultant data rarely reflect the original formulation, since archaeological
metals generally have corrosion products on their surfaces, even if they have been
cleaned. Similarly, aged surfaces are often selectively depleted of one or more al-
loying components. Furthermore, ancient alloys, even in single-phase systems, tend
to be heterogeneous. In fact, data from any surface analyses must be treated as
qualitative or semiquantitative at best.

EDS–WDS analyses may be carried out in situ, but internal standards are used
to quantify the data, which is more commonly derived from analyses of surface
scrapings, drilled samples, or polished sections. The latter format is most useful
for locating and analyzing surface and substrate features, including specific phases
in a multiphase system, nonmetallic inclusions, and plated surfaces. EDS is used
for more gross compositional analyses, supplemented by WDS for minor or trace
elements.

Conservation studies of archaeological artifacts generally focus on each individ-
ual work in its entirety, and other methods may be used to characterize nonmetallic
components and to trace an artifact’s history before, during, and after burial. X-ray
diffraction (XRD) is used for the identification of crystalline materials that make up
massive corrosion and tarnish layers, including artificially patinated surfaces. Crys-
talline materials are also present in casting cores, and were used for inlays or applied
in paints or as unbound pigments. Cameras loaded with X-ray film and goniometers
with sample chambers are suitable for crystalline materials removed from artifacts.
Newer, open-architecture XRD units now allow for rapid, nondestructive analyses.

Another analytical method commonly found in conservation research laboratories
in the study of ancient metalwork is Fourier transform infrared spectroscopy (FTIR).
This method is increasingly used to identify inorganic materials such as corrosion
products and pigments, although its traditional application has been for resins and
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other organics. Organic materials are found occasionally on ancient metalwork, and,
now, with the advent of smaller sample sizes and more in situ analyses, the possibility
of oil-based binding media having been used to adhere precious-metal leaf to ancient
bronzes, for example, can be addressed.

The study of ceramic casting cores, usually a refractory conglomerate of sand
and clay (or loess) often with an organic component, is generally carried out using
a transmitted light microscope on samples prepared as petrographic thin sections.
Major and minor components are identified and characterized in terms of size, shape,
and frequency, with instrumental methods such as EDS–WDS and XRD to supple-
ment visual observation. Thermoluminescence analysis is occasionally employed to
date hollow-cast objects using samples of quartz particles obtained from their cores.

Case Studies

The following four case studies describe in brief typical investigations of archae-
ological metal artifacts carried out in The Metropolitan Museum of Art using the
methodology outlined above. Each study integrates several means of visual and
instrumental analyses, replication experiments, and significant input from textual,
archaeological, or ethnographic sources. In each case, the research was undertaken
with the aim of describing aspects of manufacture and considering them within a
broader context of art historical, historical, or archaeological thought.

Precious-metal Technologies in Northern Peru During the Early
Intermediate Period

The ancient Moche, a people that populated the oases dotting a coastal strip of
desert in northern Peru during the Early Intermediate Period (ca. AD 100–800), can
be counted as one of the world’s most innovative ancient cultures with respect to
precious-metal technology. Several interrelated studies of artifacts in the Metropoli-
tan Museum attributed to Loma Negra, a Moche outpost in the far north Piura Valley,
have highlighted the ingenious adaptation and development of joining techniques
by ancient smiths seeking to juxtapose gold and silver surfaces. These studies have
expanded our understanding of Moche aesthetics and documented the technologies
shared by the “northern” Moche and their nearly contemporaneous but culturally
distinct Vicús neighbors. These insights are based on visual examination augmented
with caliper measurements, radiography, metallography, elemental analysis, and
replications of the proposed technologies.

Moche metal manufacture involves almost exclusively hammered sheets of gold,
silver, and copper, joined mechanically using tabs and slots or other forms of crimp-
ing. Two- and three-dimensional works of gold and silver sheet, mostly recognizable
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Fig. 12.15 a Nose ornament, Moche, from Loma Negra, Peru, 2nd–3rd cen. A.D. Silver and
gold sheet, W. 18.7 cm. The Metropolitan Museum of Art, The Michael C. Rockefeller Memorial
Collection, Bequest of Nelson A. Rockefeller, 1979 (1979.206.1236). A gold lobster was applied
to the silver substrate using tabs and slots. DT 9245.tif. b Reverse (Images © The Metropolitan
Museum of Art)

as personal ornaments, were produced in this way (Figs. 12.15a, b), as were com-
plex assemblages of copper sheet. Precious-metal surface layers found on Moche
cupreous metalwork from the other oases in the Sechura Desert located more to the
south were produced by depletion. At Loma Negra, by contrast, copper sheet was
plated with extremely thin gold–silver layers spanning a broad compositional range
that were applied using a revolutionary electrochemical replacement process unique
to the Piura Valley. Supplemented by punched and scored textures, and the motion of
hinged or suspended elements (Figs. 12.8a, c, d), these shimmering ornaments were
animated through the juxtaposition of subtle variations in surface color (Fig. 12.8b).

To combine gold and silver, Moche craftsmen also used metallurgical methods
such as hammer welding, hard soldering, and partial silver plating on gold substrates.
The use of solder in Peru for this purpose appears to predate Moche times; it appears
only rarely on Vicús artifacts. As a rule, ancient solder appears in radiographs as an
irregular mass, radiopaque and spotted with porosity. This is not the case on a Loma
Negra nose ornament, where most of the poorly executed solder joins were intended
to attach silver back plates to a spider’s web of gold (Figs. 12.16a, b). Some of the
rectangular solder pallions did not melt at all; in other instances, they melted but
the metal did not flow. Apparently, the components were actually held together by
several tab-and-slot joins, which are also visible in the radiographs.

Hammer welding was already used to join gold and silver sheets in Peru during
the Early Horizon (ca. 1000–200 BC), but the most sophisticated use of the process
is seen in the elaborate Moche ornaments made from multiple sheets of gold and
silver decorated with images executed in repoussé and ajouré (see Fig. 12.13a).
Evidence from radiographs and from polished sections from several works sections
suggests that the sheets were overlapped and then heated and hammered repeatedly
to achieve the join and simultaneously form the artifact. The interdiffusion that took
place is demonstrated in the section from one of a pair of Lambayeque gold and
silver ear flares, in which fingers of gold are seen reaching into the silver sheet
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Fig. 12.16 a Nose ornament, Moche, from Loma Negra, Peru, 2nd–3rd cen. A.D. Silver and
gold sheet, W. 8.6 cm. The Metropolitan Museum of Art, The Michael C. Rockefeller Memorial
Collection, Bequest of Nelson A. Rockefeller, 1979 (1979.206.1230). Gold spiders were applied to
silver back plates set within a gold web. b Detail of X-ray radiograph showing sites of successful
soldering (a), intact solder pallions (b), and solder paillions that melted in place (c). (Images ©
The Metropolitan Museum of Art)

Fig. 12.17 a Ear flares, North Coast, Peru, 1st cen. B.C.–7th cen. A.D. Silver and gold sheet,
Dia. of plugs (left and center), 5.2 & 5.3 cm. The Metropolitan Museum of Art, The Michael C.
Rockefeller Memorial Collection, Bequest of Nelson A. Rockefeller, 1979 (1979.206.1175–1177).
b Back-scatter electron photomicrograph of hammer-welded join between gold and silver sheet
seen in polished section (photo by Mark T. Wypyski). c Modern hammer welded gold-to-silver join
(courtesy of Robert Baines, RMIT University, Melbourne). (Images © The Metropolitan Museum
of Art)

and vice versa (Figs. 12.17a, b). A replica of the join was produced with ease by a
skilled goldsmith in a “low-tech” environment (Fig. 12.17c). On the elaborate ajouré
hammered welded ornament, it is possible to see rims of gold around the interior
edges of the silver sheet. This indicates that the entire shaping and welding process
was carried out before the negative spaces, which, in fact, are only nominally located
at the interfaces, were cut away (see Fig. 12.13b).

The Moche used two different processes for applying thick and thin silver layers
onto gold substrates (Figs. 12.18a, b). As yet, no examples of artifacts produced in
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Fig. 12.18 a Nose ornament frontal, Peru, Moche, from Loma Negra, 1st-3rd cen. A.D. Partially
silvered gold, W. 21.0 cm. The Metropolitan Museum of Art, The Michael C. Rockefeller Memorial
Collection, Bequest of Nelson A. Rockefeller, 1979 (1979.206.1226). An extremely thin layer of
silver overlies the gold substrate in the fields surrounding the birds. b Photomicrograph of a polished
section. (Images © The Metropolitan Museum of Art)

either manner have been securely provenienced to a site outside the Piura Valley, nor
do any date other than to the Early Intermediate Period. However, silvered-gold nose
ornaments do form a significant subset within the extant corpus of Vicús metalwork.
The techniques used to apply silver to gold substrates remain unexplained; the fact
that this practice is observed only in the same small region where an electrochemical
replacement gilding process developed and also flourished in isolation may prove
significant in future investigations.

Red Surface Colorations on Ancient Gold

An examination of red surface films on ancient Egyptian gold raised the question
of whether they represent an ancient artificial patination process or are the result
of a previously uncharacterized form of corrosion (Fig. 12.19). For many years, a
famous text sent by a Mitanni ruler in northwestern Mesopotamia to the Egyptian
king Amenhotep III (reigned ca. 1390–1352 BC), with mention of “gold through
which blood shines,” has been the starting point for this discussion. Research carried
out in the 1930s demonstrated that hematite dissolved in molten gold could produce
cherry-red surfaces comparable in appearance to “red gold” sequins from the tomb
of Tutankhamun (reigned ca. 1336–1327 BC), which clearly had been used coloristi-
cally, in alternation with conventional gold sequins. In most instances, however, red
films on Egyptian gold are irregular in expanse, varied in hue, and have no discernible
stylistic or iconographic function.

Subsequent to examination under the binocular microscope and infrared spec-
troscopy to eliminate the possibility of an organic coating, EDS analyses were carried
out on typical Egyptian “red gold” surfaces. These analyses established that the sur-
face films contain a substantial amount of sulfur. Analyses of corresponding polished
sections demonstrated that the gold substrates were rich in silver. XRD analysis car-
ried out on small leaf samples was used to identify the red tarnish as silver–gold
sulfide (AgAuS), which proved to be the archaeological analogue of a compound
known only in a modern synthetic form, and to a then newly discovered mineral,
petrovskaite [AgAu(S, Se)]. It was possible to remove samples from red layers more
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Fig. 12.19 Mummy of
Ukhhotep. Egypt, from Meir,
Middle Kingdom (ca.
1981–1802 B.C.) Wood, gold
leaf, alabaster, obsidian, and
various organic materials. The
Metropolitan Museum of Art;
Rogers Fund, 1912
(12.182.132c). Detail
showing gilded mummy
mask. The red surface film
identified by XRD and SEM
as a silver-gold sulfide is
fortuitous. (Image © The
Metropolitan Museum of Art)

granular in texture, and these were also identified using Debye–Sherrer cameras as
AgAuS (Fig. 12.20). Gray particles within the red layers as well as gray tarnish films
on electrum substrates were identified as Ag3AuS2 (analogous to uytenbogaardtite),
also previously unknown in archaeological contexts. Heating gold–silver coupons
with elemental sulfur in a low-oxygen environment produced red tarnishes also iden-
tified with XRD analysis as AgAuS (Fig. 12.21). Similar tarnish films, also clearly
fortuitous, were found on silver-rich gold artifacts from other ancient contexts. In
addition, it was noted that red silver–gold sulfide tarnishes sometimes reformed in
ambient display and storage conditions on gold surfaces from which archaeological
sulfide corrosion had been removed earlier.

Still, not all Egyptian red gold can be attributed to this corrosion process. A sub-
sequent study of the gold jewelry of Tutankhamun and his predecessor, Akhenaton,
confirmed that hematite was used intentionally to produce red surfaces and demon-
strated the purposeful formulation of ruddy copper-rich gold alloys. Both processes
were apparently intended to evoke a red aspect believed to be inherent in gold by the
ancient Egyptians.
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Fig. 12.20 Detail of tubular
beads, Egypt, Thebes, Deir el
Bahri, temple of Hatshepsut
foundation deposit, New
Kingdom, 18th Dyn., joint
reign of Thutmose III and
Hatshepsut (ca. 1373–1358
B.C.). Hammered gold sheet,
L. 12–15 mm. The
Metropolitan Museum of Art,
Rogers Fund, 1927
(27.3.444). (Image © The
Metropolitan Museum of Art)

Fig. 12.21 Gold-silver alloy
coupons with induced
silver-gold sulfide tarnishes.
Clockwise from upper left:
9.3 w/o Ag; 9.0 w/o Ag; 15
w/o Ag; 20 w/o Ag. (Image
© The Metropolitan Museum
of Art)

This study is significant for its contribution to a more nuanced understanding of
Egyptian manufacture and aesthetics and for the characterization of a previously
unrecognized form of archaeological gold corrosion. By distinguishing several dif-
ferent mechanisms for both intentional and unintentional red surface colorations, it
is particularly valuable for conservators considering whether to remove tarnish films
or other reddish layers from gold antiquities.

Cast Metal Statuary from Ancient Egypt

A hollow-cast bronze figure of Pedubaste (reigned ca. 818–793 BC), an obscure king
of the Twenty-third Egyptian dynasty, was examined as part of an ongoing study of
Egyptian casting technology and the role of precious and cupreous metal statuary in
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Fig. 12.22 a Torso of King Pedubaste. Egypt, Third Intermediate Period, 23rd Dyn., reign of
Pedubaste (ca. 818–793 B.C.). Museu Calouste Gulbenkian, Lisbon (52). b Detail of an iron
core support, seen on interior of abdomen wall and corresponding radiograph. c X-ray radiograph
showing core support. d Detail of interior, showing iron armature imbedded in right leg. e Detail of
patch on the reverse. (Images © The Metropolitan Museum of Art, courtesy of the Museu Calouste
Gulbenkian, Lisbon)

ancient Egyptian ritual. The torso in the Calouste Gulbenkian Museu in Lisbon is all
that survives of a figure that once measured in height between 74 and 78 cm, exclusive
of the king’s headdress (Fig. 12.22a); notable, even in its diminished state, are the
torsion of the body and the implicit shift in weight that signal the king’s movement
forward. In Egypt, for the most part, solid and hollow metal statuary was were made
using a direct lost-wax process. The Third Intermediate Period (ca. 1070–664 BC)
is distinguished by an active metalworking industry that produced highly decorated,
large- and small-scale statues of gods, kings, and other high-status individuals as
well as ritual implements. This development in production parallels changes in the
structuring of political power and religious practices—inseparable in ancient Egypt—
since the statuary and ritual equipment were used during religious ceremonies in
temples and in public processions. Still, compared with the truly monumental stone
statuary so closely associated with ancient Egypt, even the largest metal statues were
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relatively small and portable. Whereas the stone monoliths were emphatically static,
in posture as well as literally, the tendency during the Third Intermediate Period to
infuse metal figures such as this one, with a greater sense of movement, of urgency,
is facilitated by the medium. Craftsmen working in metal have greater freedom than
their counterparts carving stone or wood: when molten, metal can take any form.
After solidification, it supports its own weight, allowing negative spaces to open up
and limbs and other elements to extend freely.

Furthermore, metal substrates offer a different palette and a different range of
surface texture and luster than stone or wood. Unlike the latter, which are generally
painted, metal surfaces are “embellished,” made jewel-like with a miniaturist’s at-
tention to detail. Compositional data obtained from EDS analysis indicates that the
inlays on Pedubaste’s belt and apron were made from three different metals each
with a different hue: pink unalloyed copper, yellow gold of conventional compo-
sition, and a reddish copper-rich gold similar to the gold–copper alloy mentioned
in the discussion of “red gold” above. Through creative positioning, the inlays on
the figure’s apron amplify the movement inherent in its stance: arranged in rows by
color, the inlays on the proper right side of the apron are larger than those on the
left, creating a sense of perspective that underscores the forward thrust of the left
leg, effectively forcing the right leg backward.

Until well into the Third Intermediate Period, hollow-cast statues had open cavities
or other, still unexplained, strategies for supporting their cores during casting. To their
detriment on the battlefield, the ancient Egyptians were slow to adopt iron, which had
come into widespread use in westernAsia in the second half of the second millennium
BC. Earliest evidence of iron smelting and surviving iron implements date well into
the second half of the first millennium, though iron and iron tools were used in bronze
manufacture somewhat earlier. The Pedubaste torso is of special interest because it
is the earliest securely dated Egyptian bronze with iron core supports (Figs. 12.22b,
c) and an iron armature (Figure 12.22d). Egyptian craftsmen typically left the cores
intact inside the castings, with the core supports and armatures in place. In the case
of the Pedubaste torso, almost the entire core is gone, either eroded during burial
or intentionally scratched out in modern times. Still, part of the armature survives,
embedded in the front wall of the right leg. For, in spite of having been secured by
both core supports and an armature, the core slipped during casting, creating a large
opening in the back of the figure.

To accommodate a patch, now lost (Fig. 12.22e), metal around the loss was cut
away and squared off. Attempts at replication have shown that even work-hardened
bronze would not have been adequate for this job, leading to the strong supposition
that it was executed using an iron tool. If this were correct, the figure would be the
earliest Egyptian bronze to have been reworked in this way. Iron tools were used
occasionally on later bronze works for repairs or surface alterations (see Fig. 12.5c),
but apparently never as part of the original manufacturing process: surface details
seem invariably to have been produced in the wax model. Of interest in this context is
the fact that this type of repair, employing a square or rectangular patch hammered in
place, is seen seldom on ancient Egyptian bronzes, especially when contrasted with
Greek and Roman castings of comparable size. It is unclear if this is because Egyptian
founders achieved greater mastery of their craft, because they or their patrons were
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Fig. 12.23 a Four-armed Avalokiteshvara, the Bodhisattva of Infinite Compassion, Thailand
Prakhon Chai, Buriram Province, 2nd quarter of 8th cen. Hollow cast high-tin bronze, silver,
and black glass or obsidian inlays, H. 142.2 cm. Rogers Fund, 1967 (67.234). b Gamma-ray radio-
graph of left leg showing armature embedded in casting core; irregular radiopaque patches at and
above ankle can be attributed to fins formed on wall interior(s) where molten metal penetrated the
core during casting. (Images © The Metropolitan Museum of Art)

less willing to accept flawed or repaired works, or because the requisite iron tools
were not generally available.

Small square or rectangular core supports, usually only a few millimeters in
section, became the norm for Egyptian hollow-cast statuary made later in the
first millennium BC. They quite often survive as iron corrosion products that fill
the small openings in the bronze walls where the core supports had been pushed
through the wax model, appearing in radiographs, therefore, as dark, angular spots
(Figs. 12.10b, 12.12b). Armatures were used relatively infrequently in ancient Egypt
but are common, for example, in Southeast Asian bronzes. Made of round- or
rectangular-section iron rods, usually large in proportion to the core they support,
the armatures can be easily recognized in radiographs, even though they tend to rust
in situ (Figs. 12.23a, b).

“Replication” Casting in Bronze Age Cyprus

Lost-wax casting technology came to Cyprus during the second half of the Late
Bronze Age (ca. 1330–1150 BC), probably under the influence of Egypt and the
Levant. A group of artifacts excavated in Cyprus, Crete, and the Greek mainland,
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Fig. 12.24 a Tripod, Cyprus, Late Bronze Age, ca. 13th-12th cen. B.C. Cast bronze, H. 37.5
cm. The Metropolitan Museum of Art, The Cesnola Collection, Purchased by subscription, 1874–
76 (74.51.5684). b Cold shut, and fins on surface reflecting lack of surface finishing after casting.
c Cast-on repair, with corresponding radiograph. d Conflation of animal motifs, with corresponding
radiograph. e Join with drip mark between band and strut in wax model reproduced in cast metal.
f Details of radiographs of band; contours of relief motifs indicate that bands of wax model were
produced using a replicative process; variation in thicknesses of the backgrounds reflects the use of
a monovalve mold. (Images © The Metropolitan Museum of Art)

including tripods (Fig. 12.24), four-sided stands, and rims and handles mounted onto
hammered-sheet amphorae (see Fig. 26a), fill out the otherwise meager corpus of
lost-wax-cast copper-alloy Cypriot artifacts dating to that time. An investigation was
initiated to evaluate claims by several archaeologists that these ritual implements had
been cast in pieces and then hammered to shape and joined by brazing. This assertion
is unlikely to be accurate, if only because high-temperature soldering of cupreous
metals is virtually unknown in the Mediterranean region until Roman times. In earlier
studies, the artisans responsible were praised for their “technical achievements,”
even though the mediocre quality of the works is amply demonstrated by casting
porosity, cold shuts, cast-on repairs, and the lack of surface finish (Figs. 12.24a, b).
Incongruously, an innovative process unknown elsewhere in the region was used
to replicate the relief decoration, though neither the craftsmen nor their patrons
seemed to mind that the resultant imagery was sometimes conflated (Fig. 12.24c)
or misoriented. Radiography, elemental analysis, metallography, and replication
castings supplemented the initial visual examinations.
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Fig. 12.25 a Amphora handle, Late Bronze Age, ca. 13th–12th cen. B.C. Cast bronze, H. 37.5 cm.
The Metropolitan Museum of Art, The Cesnola Collection, Purchased by subscription, 1874–76
(74.51.5685). b Detail showing untrimmed edges of appliqués that were produced in wax in molds
and applied to a wax model, with corresponding radiograph. (Images © The Metropolitan Museum
of Art)

It is now clear that irregular masses of metal at interfaces between the band and
the legs and struts on a large tripod in the Metropolitan Museum, once interpreted as
brazing compound, actually indicate where wax softened and shaped by kneading
was used to reinforce the joins in the wax model. Drip marks, now preserved in metal,
are visible in places where heating of the wax was necessary. The orientation of the
drips confirms that the wax legs and struts were added to the circular band while the
model was upside down (Fig. 12.24e). The necessity of this was demonstrated when
wax models were made to cast half-scale tripod replicas: the delicate limbs were
simply not strong enough to support their own weight or that of the band.

The relief imagery on the tripod band comprises two complete, identical sequences
of six motifs and one sequence with only the first two. In the radiographs, each
individual motif can be seen to match in contour, outline, and interval its counterparts
in the other sections. The thickness of the backgrounds around the motifs varies from
section to section, indicating that the cast sequences derive from wax strips made by
a replication process, which presumably involved pouring or pressing the wax into
open stone molds (Fig. 12.25e). Molds were used in a similar way to produce small
wax plaques that were applied to wax models used to cast handles for a no-longer
extant amphora. The edges of wax elements representing genii were not trimmed, as
seen in the radiographs (Figs. 26a, b), unlike the bucrania below. Still, the bottommost
bucranium of the three on each handle was placed upside down. As observed on the
tripod, missteps in design are coupled with clumsy manufacture and great ambition.

Final Words

These cases studies serve to demonstrate the methodology and research strategy of
conservators carrying out technological research in museums, where artifacts are
often also works of art valued for their beauty or unique features. The primary role
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of conservators is to preserve these works of artistic or historical importance, but
it is not possible to carry out this task in an effective or ethical manner without
a clear understanding of the materials and manufacturing methods used to create
these works and an appreciation of the societies in which they find their inspiration.
The true strength of conservators—their professional forte, so to speak—is their
ability to combine experiential and intellectual understanding of an artifact’s physical
nature, a skill that develops over the course of many years engaged in the handling,
examination, and preservation of cultural artifacts.
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Chapter 13
CopperWorking Technologies, Contexts of Use,
and Social Complexity in the EasternWoodlands
of Native North America

Kathleen L. Ehrhardt

Introduction

The following contribution reviews recent archaeological approaches to the ways in
which native peoples of the Eastern Woodlands of North America utilized metals
throughout prehistory and suggests directions for future research. It will undoubt-
edly present a marked and provocative contrast to the models of New and Old World
metallurgical development presented by other authors. There are two important rea-
sons for this, both worth stating at the outset. First, until Europeans arrived on North
America’s shores in the sixteenth century, the history of metals use among Eastern
Woodlands peoples centers on the exploitation of one particular metallic resource—
native copper. This is not to say that the archaeological record does not contain
evidence for the manipulation of other metals, like gold (Halsey 1996, pp. 3–5), sil-
ver (Brose and Greber 1979a, p. 253; Spence and Fryer 2005), lead (primarily in the
form of galena) (Walthall et al. 1979; Walthall 1981) and meteoric iron (Halsey 1996,
p. 3), it simply means that copper overwhelmingly predominates the metallurgical
landscape.

Second, there is no reliable evidence that prehistoric native American copper
workers ever melted, smelted, alloyed, or cast the metal (Clark and Purdy 1982,
p. 45). “Producing” the raw material and forming it into finished objects never
went beyond procuring it in its native form from nearby or far-away sources, then
cold hammering (with some hot hammering), and annealing it into shape. Yet, de-
spite this apparent absence of innovation and given the limitations of these primary
techniques, skilled copper workers developed extraordinarily refined repertoires of
secondary forming techniques to produce some of the most technologically sophis-
ticated, symbolically powerful, and artistically breathtaking objects ever found in
prehistoric native North America.
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In the Eastern Woodlands, indigenous copper working goes back well over 7,000
years, and has been known to archaeologists for well over 150 years (Martin 1999).
Scholars have long known that copper use was hardly ubiquitous throughout pre-
history; some native groups never used copper at all. In others, adoption is scanty
or sporadic at best. In yet others, copper assumed an especially important, even
paramount role as a valued, symbolically powerful raw material and as an even more
spectacularly important and meaningful finished product. Native copper was used
by prehistoric Eastern Woodlands peoples for utilitarian tools, art objects, items of
ceremonial or symbolic importance, and personal or ritual adornment. Some artifacts
were manufactured to be used in life, whereas many, both used and unused, appear
in burial contexts as adornments or burial furniture.

Largely because it has traditionally been interpreted as an “exotic” and “valuable”
raw material and as an important medium in exchange, mortuary practice, self-
expression, and ritual, and because such spectacular artifacts have been fashioned
from it, native copper’s appearance in indigenous material culture assemblages has
long intrigued archaeologists. In the Eastern Woodlands, approaches to its study have
taken many forms. Some of the earliest were experimental in nature, conducted for the
purpose of replicating indigenous copper working techniques and for controverting
early claims that NorthAmerican Indians could not have produced the copper artifacts
recovered in nineteenth century mound investigations (Cushing 1894; Willoughby
1903). In culture history studies, copper and copper artifacts were listed as important
“traits” in spatio-temporal ordering schemes. At the same time, copper artifacts have
also been the subject of innumerable formal, stylistic, and technological analyses.
Other studies have been directed toward understanding how copper was procured
and distributed within and among native groups, how artifacts were manufactured
and used, and what the raw material and the finished products “meant” in the social,
political, economic, ideological, and technological contexts in which they functioned
(see Griffin 1961 for a classic study).

While modern researchers may still be asking some of the same kinds of questions
about the relationships among material culture, technology, and meaning, new ap-
proaches have emerged that are opening the door for new interpretations. Advances
in materials science analysis and in scholarship (material culture studies, symbolic
anthropology) are pushing our interpretive envelopes to unprecedented levels. The
increased application of archaeometric (laboratory) methods to questions of material
composition and sourcing, manufacturing history, and chaîne opératoire studies has
begun to yield information that goes beyond that which formal, stylistic, and contex-
tual analyses alone can reveal. This new knowledge adds solidity and confidence to
our inferences (Kingery 1996a, p. 12). It has already shattered long-held beliefs in
many realms of inquiry, and is opening our minds to new avenues of interpretation.

These new bodies of scientifically derived evidence, combined with the adop-
tion of important ideas from the anthropology of technology and the social aspects
of materials use, have resulted in the development of interdisciplinary approaches
that emphasize the importance of illuminating the technical, ideational, and con-
textual details of production and use processes at local and supralocal levels (see
Childs 1994). More importantly, they have stimulated interest among archaeologists
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in integrating these archaeometallurgical findings into analyses that consider both
material and nonmaterial aspects of technological and sociopolitical systems (after
Kingery 1996a, 1996b). Increasingly, scholars are working from the premise that
copper working, like all native technology (and all technology, for that matter), is
inextricably woven into the very fabric of culture. They recognize that it is indeed a
“social” phenomenon—the material, its products, its procurers, its crafters, and its
consumers operate within culturally meaningful sets of symbols, meanings, inten-
tions, and actions with regard to its acquisition and use. All play multilayered roles
on complex and dynamic social, political, technological, and ideological stage(s)
(Ehrhardt 2005; Kingery 1996b; Lemonnier 1993, pp. 6–9). One of my arguments
here is that understanding how both culturally ascribed attributes and physical prop-
erties of materials like native copper affect performance in all these domains should
now be a critical aspect of our interpretations (after Kingery 1996a, p. 12; see also
Charles et al. 2004). These perspectives and approaches are entirely compatible with
materiality approaches in archaeology (Meskell 2005).

Most significantly, archaeologists are beginning to take the results of these studies
to even higher levels of social inquiry. Questions concerning the role of copper in such
areas as craft specialization, ritual and ceremonial practice, long-distance exchange,
the rise and maintenance of social inequality, and technological and social change
within prehistoric societies and at contact are some of the research issues that occupy
the minds of researchers today.

Copper working is found (to a greater or lesser degree) in many prehistoric cul-
tures of the Eastern Woodlands. However, archaeologists have identified three major
prehistoric copper-consuming cultural traditions: the “Old Copper” complexes of the
Middle and Late Archaic period, centered in the Upper Great Lakes and upper Mid-
west (c. 4000–1000 BC); the Hopewellian horizon of the Ohio Valley, midcontinent,
and Gulf Coast (c. 100 BC–400 AD); and the Mississippian systems of the midcon-
tinent and southeast (c. 900 AD to European contact in the southeast) (see Figs. 1,
3, 5). These manifestations are not temporally or culturally contiguous, nor do they
exhibit the same level of organizational complexity. Copper use within them is not
unchanging; because there are both distinct and subtle shifts over time in terms of
production technique, form, function, and intended use of artifacts crafted, it cannot
be said that there is one all-inclusive native “style.” However, certain social threads
are common to all three of these systems: (1) copper appears frequently in mortuary
contexts; (2) it is identified as a “valued” good; (3) it was traded among groups,
often long-distance; and (4) some form of specialization was likely present (Leader
1988). Even so, the door must remain open to recognize potential differences in the
way the material was viewed, how it was worked and for what purpose, how produc-
tion may have been organized, and in the “life histories” of various copper artifacts
that were created. For this reason, there is no single developmental or interpretive
“paradigm” that is now or has been applied to the whole of copper working in the
Eastern Woodlands. In each area, researchers have developed their own suites of
research questions (domains of inquiry can and often do overlap) based on the data
at hand and the historical trajectory of scholarly inquiry.
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The purpose of this work, then, is to review the major copper working traditions
of the Eastern Woodlands, with an eye toward elucidating some of the ways that
archaeologists are currently approaching the study of copper and copper working in
their regions and in their respective cultural traditions. I emphasize contributions by
those who have integrated scientific (archaeometric/archaeometallurgical) analyses
into attempts to address larger anthropological problems. First, I present a very brief
introduction to the Eastern Woodlands and its peoples. I then move to a discussion
of native copper, its availability, and how archaeologists have shattered long-held
beliefs about the source(s) of the material. A short and necessarily non-exhaustive
review of what is known about metal working and the contexts of copper use in
each of the three major prehistoric traditions follows; incorporated into each review
is a discussion of the predominant paradigms and/or theoretical approaches that
currently drive thinking. I end by offering suggestions as to the direction of future
interdisciplinary research in copper working studies.

The EasternWoodlands

Geographical Setting

The Eastern Woodlands of native North America is a vast geographically and cultur-
ally diverse region of indigenous peoples stretching from the Atlantic Ocean to the
Mississippi River and from the Great Lakes to the Gulf of Mexico. It is generally
divided into two subareas: the Northeastern Woodlands and the Southeast.

Native Peoples

It is impossible to enumerate here the myriad archaeological cultures identified in
the Eastern Woodlands or to describe their diverse adaptations through time. Broadly
speaking however, in the coastal or in often deeply forested or mixed grassland/forest
areas of the Northeast subarea, native peoples exploited lands full of rich and varied
local resources through hunting, fishing, gathering, and harvesting. Later, in zones
where habitats were amenable, they practiced horticulture or a mixed economy (Tuck
1978, p. 28; Levine et al. 1999). Hunting–gathering groups were generally small
and largely egalitarian in structure, maintaining relatively low population densities
across local landscapes. Groups tended to be mobile according to seasonal or resource
availability. Some populations, however, became seasonally sedentary or completely
sedentary due to resource abundance and intensified exploitation patterns, or the
adoption of and ultimate dependence on horticulture. Burial ceremonialism has a
long trajectory in the Northeast (Tuck 1978, p. 43).

In the Southeast, where climatic conditions are temperate to subtropical, social
and economic adaptations also varied broadly according to habitat. Small populations
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of mobile hunters and gatherers tended to gravitate along waterways, exploiting a
wide spectrum of seasonal resources. Early on in many areas, populations increased
and became residentially stable. In some places, small-to-very-large settlements
arose concomitant with population increase and the intensive collection and tending
of starchy seed plants and seasonal resources, such as nuts. Along coasts, peoples
continued to follow a seasonal round of hunting and gathering, exploiting shell-
fish, mammal, and plant resources. Plant domestication (subsistence intensification),
sedentism, long-distance exchanges, and the rise of political inequalities are features
of southeastern cultural development.

At major points in the prehistory of the Eastern Woodlands, widespread cultural
manifestations, namely Hopewellian and Mississippian traditions and their local
variants, appeared over large geographical areas of the Eastern Woodlands. Within
their respective spheres of influence, distinctive types of material culture and suites
of ideas became elaborated and flourished to varying degrees. These were often
accompanied by sweeping but not ubiquitous social, political, economic, and reli-
gious changes at the local level– among them intensification of cultivation practices,
change in community organization and distribution, heightened symbolic and artistic
expression, elaboration of mortuary practices and ceremonial ritual, and construc-
tion of monumental earthworks and mounds. In both cases, some form of social
complexity emerged. Materially, both are marked by the widespread exchange and
consumption of exotic goods.

The material repertoires that represent (and often serve to distinguish) Eastern
Woodlands cultures in the archaeological record are utilitarian, non-utilitarian, or
both. They consist mainly of implements relating to the procurement and processing
of resources, weapons, personal adornment items, art objects, and ritual/ceremonial
paraphernalia. Technologically, artifacts range from simple to very complex. They
are made of a wide variety of natural resources (which may be local or nonlocal to their
makers and/or users), including but not limited to stone, bone (and antler), shell, clay,
teeth, wood, crystals, metals, minerals, fibers, and bark. Certain types of artifacts,
particularly stone tools and pottery vessels, are frequently quite localized temporally,
geographically, functionally, and stylistically: “tool kits” may be specialized and vary
widely according to the range of activities for which they were manufactured.

Native Copper in the Eastern Woodlands—Multiple Sources for
Prehistoric Metalworkers?

Copper Sources in the Eastern Woodlands

Native or metallic copper deposits occur in many locations in North America. In
the Eastern Woodlands, deposits are found in the Lake Superior region, along the
Appalachian mountains, and in Nova Scotia (Lattanzi 2007; Levine 1999; Rapp et al.
2000, p. 7, pp. 20–26). Copper can occur as masses, chunks, lumps, sheets, and in
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arborescent forms; it may be found in buried deposits, in near-surface pockets or
veins, or as outcrops (Maddin et al. 1980, p. 212; Ries 1916, pp. 603–609). Of
these occurrences, the deposits in the Lake Superior basin are the largest, richest,
and best known. Indeed, they are the largest native copper deposits in the world
(Rapp et al. 2000„ p. 9; Fig. 13.1). Significant outcrop and near-surface sources
are found on the Keweenaw Peninsula and on Isle Royale, Michigan, and along the
Brule River in northwestern Wisconsin (Martin 1999). “Drift” or “float” copper also
occurs for hundreds of miles around these deposits in the form of nuggets/boulders
of enormously varying size and weight, having been dropped on the landscape as a
result of four episodes of glacial advance over the bedrock deposits (Halsey 1996,
p. 6; Rapp et al. 2000, 11–12).

Native Copper Procurement in Prehistory—Old Questions,
New Answers

Native copper from the Lake Superior region is thought to have been heavily exploited
by indigenous peoples from about 6,000 BP to European contact. Abandoned mine
pits are still visible on the ground surface, and mining tools have been found in and
around the pits themselves (Martin 1999, p. 108; Mason 1981, p. 181). Generations
of investigators (Griffin 1961; Martin 1999, pp. 84–110) have researched prehistoric
mining activities there, documenting locations of mine pits, identifying processing
stations, and conducting excavations. Researchers estimate that there are over 5,000
mines in the area (Rapp et al. 2000, p. 10), but they have been hesitant to provide
estimates as to the exact amount of copper removed in these operations. Wayman
(1989, p. 4), however, suggests that it may well have exceeded tons Rapp et al.
(2000, p. 10) comment that production must have been “tremendous, far exceeding
any other source.”

This dramatic and unequivocal evidence for extensive prehistoric copper exploita-
tion became the basis for the development of a source procurement model centering
on the Lake Superior deposits as the single source for copper artifacts recovered in
the “northern” copper region (see Levine 1996, 1996, 1999). The idea was given
voice as early as 1855 (Wilson 1855, p. 204 cited in Levine 1996, p. 183). Despite
some well-reasoned objections and solid geological evidence to the contrary, by the
first decades of the twentieth century, it had become “fact” (Levine 2007). For inter-
preters of prehistoric economic and technological life, the implications of accepting
this view were profound. If, as most researchers believed with apparent certitude,
all the native copper used to make all of the copper artifacts found in Northeastern
Woodlands came exclusively from the Great Lakes, then copper found in contexts
far from this source would have to have been obtained either by trade or by direct
procurement (often over long distances).

Importantly, copper artifacts found far from their sources were recognized as
“exotic” (Seeman 1979, pp. 291–292; Streuver and Houart 1972). According to
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Winters (1968, p. 181, italics mine), copper’s exotic nature “may have added an in-
trinsic value to these [finished] items beyond their basic utilitarian properties (1968,
p. 181, italics mine).” Value can be seen in a number of ways (Bernardini and Carr
2005, pp. 634–635; Cooper 2006, p. 152). In an economic sense, value has to do
with “cost” to procure as a function of distance from the source (Seeman 1979, p.
292). In a technological sense, “value” may stem from the mechanical advantages of
the material and its properties and the uses to which it could be put. It may also arise
out of special regard for the specialized, transformative skills of the crafter, or the
“powers” with which the material itself is thought to be imbued or invested (Helms
1993, p. 108, 115, pp. 149–150). It is also clear that copper has an intrinsic “worth”
or value that transcends either economic or technological considerations. “Value” in
a symbolic, ideational, or even aesthetic sense was undoubtedly culture-specific, but
its distributional abundance throughout prehistory in “special” contexts, primarily in
burials as status- or prestige-type gifts, elements of regalia, or as bodily adornment
placed with the favored dead attests to its importance in mortuary and ritual cere-
monialism (see Helms 1993). While it is imprudent to push historic meanings too
deeply into prehistory, in the historic period, copper was esteemed by native peo-
ples for its life-affirming and restorative qualities. It was associated with the “other
world,” specifically the Underworld and the Underwater Panther, whose tail was
made of copper. Copper from the Panther’s tail was thought to be a powerful healing
medium (Bradley and Childs 1991, p. 16).

Thus, copper has been built into scenarios of long-distance trade and exchange as
a desired “exotic” and “valued” material. Trade in copper had been established from
Late Archaic times (Pleger 2000; Winters 1968), with a trend toward increased local
control of the material’s consumption and redistribution. It became a major prestige
commodity in the complex, formalized trade systems that have been devised for the
Middle Woodland (Hopewellian) and Mississippian eras (Seeman 1979). At the same
time, copper has been deeply woven into hypotheses concerning the development of
social complexity (the rise of elites/rank societies) based on local or regional control
of access to or use and display of rare exchange goods (Brown et al. 1990; Goad
1979, p. 240; Lattanzi 2007; Pleger 2000).

But, to what extent is copper really an exotic material? What sources besides
outcrops may have been exploited? While largely passed over, several researchers
have pointed to the role that “float” or “drift” copper may have played in the rise of
local copper working industries (Gibbon 1998; Halsey 2004; Rapp et al. 2000, pp.
11–12, Wayman 1989). Float copper is found as far south as the confluence of the
Ohio and Mississippi Rivers, and as far east as New York. Throughout prehistory,
nuggets of usable size could be picked off the ground or gathered from streambeds
and used, arguing for a more “localized” pattern of copper procurement. Wayman
(1989, p. 3) has called it a “prime source of native copper for ancient peoples,” while
John Halsey (2004) maintains that most of the copper used in the prehistoric period
probably came from “float” sources.

Although compositional testing for sourcing prehistoric copper artifacts was re-
ported as early as 1848 (Bastian 1961), application of modern systematic trace
element analysis for the express purpose of linking copper artifacts to their geo-
graphic/geologic sources in order to assess the movement of copper in interregional



310 K. L. Ehrhardt

trade began in earnest in the late 1970s (see Veakis 1979). One of the most influential
studies was that of Goad (1978, 1979, 1980). Through optical emission spectrogra-
phy and neutron activation analysis of copper ores and artifact samples from diverse
locations and temporal periods, she determined that in addition to Lake Superior
sources, Middle Woodland peoples of the southeast also exploited local sources,
namely those deposits in northwest North Carolina and in the Ducktown triangle area
of northeast Georgia–southeastern Tennessee–southwestern North Carolina. This led
her to reevaluate Middle Woodland trade systems in that region (Goad 1979), finding
that they were actually more “regional” in structure than “interregional.” Goad also
discovered that in certain cases, individual artifact types and archaeological sites
correlated with particular material sources (Goad 1979; Brose and Greber 1979a, p.
252). Importantly, she noted a trend through time away from Lake Superior sources
(which in some of her cases, were several hundreds of miles away) toward greater
use of “local” resources in the Mississippian southeast.

Meanwhile, Rapp et al. (1980, 2000) from the University of Minnesota-Duluth
were amassing a large database of chemical “fingerprints” of North American ore
sources and archaeological artifacts (Rapp et al. 1980, 2000). Archaeologist Mary
Ann Levine contributed geological and artifact samples from various locations in the
Eastern Woodlands to enhance the data set (Levine 2007). Using neutron activation
analysis (NAA), they chemically fingerprinted thirteen Eastern Woodlands sources.
Of these, seven are in the Lake Superior region and the remaining six (two in New
Jersey, two in Nova Scotia, and two in Pennsylvania) are found east of Lake Superior
(Levine 2007; Rapp et al. 2000, p. 64).

Levine’s (1996, 1999, 2007) interest in such a project was to test the “dominant
model” privileging Lake Superior copper procurement throughout prehistory. Testing
65 native copper artifact samples from 19 sites in the northeast against fingerprinted
sources, she found that her results varied by period; virtually all of the Late Archaic
(c. 5000–3000 BP) specimens she tested were traced to Lake Superior sources, while
sources for Early Woodland (c. 3000–2000 BP) artifacts centered on deposits from
Nova Scotia.

While Levine’s findings are extremely significant, she did not delve into what
impact they might have on models of native copper distribution in northeastern pre-
history. Lattanzi (2007), however, takes up this problem. He tests long-debated
suggestions that the presence of copper in the Delaware Valley resulted either from
the migration into the area of peoples who brought copper artifacts from elsewhere,
or from local participation in far-flung trade networks centered outside the region.
Although preliminary, results of his LA-ICP-MS (laser ablation inductively coupled
plasma mass spectrometry) sourcing of Late Archaic and Early Woodland artifacts
from the Delaware Valley concur with Levine’s: in the Late Archaic, native copper
came from Lake Superior sources. Later, in the Early Woodland, a shift occurred
to exploitation of local sources in New Jersey and Pennsylvania. He (2007, p. 9)
concludes that “a more focused [geographically?] pattern of local copper procure-
ment, manufacture, and exchange” prevailed in the Delaware Valley during the Early
Woodland, indicating a change in procurement practices. Lattanzi (2007, p. 133)
also suggests that copper and other exotic artifacts found in Early Woodland burials
may also signal a move toward social complexity there.
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McKnight (2007) looks at the problem in yet another way. Also using LA-ICP-
MS, he sourced multiple artifacts from several Early and Middle Woodland caches
only to find that these caches are not homogeneous sourcewise; in some cases, he
found that up to three different source areas in the Upper Great Lakes and elsewhere
are identified in a single cache.

Copper Consumption in the EasternWoodlands

The results of these recent investigations broaden our interpretive vistas as to the
potential sources of native copper in the Eastern Woodlands and challenge us to
continue to revisit some long-held assumptions about how and from what source(s)
the major copper working cultures of the Eastern Woodlands acquired and distributed
it. At the same time, they set the stage for relating what we are now learning about the
technological and contextual aspects of its consumption. As will be shown, crafters
from the three traditions discussed here worked copper into different kinds of artifacts
for somewhat different purposes, ranging from the strictly utilitarian to ritual. From a
technological perspective, artifacts of all periods are generally complex in form and
involved significant technical proficiency and knowledge on the part of the artisans
of both the behavior and limitations of the material and of manufacturing techniques.
Also, in each of these situations, it is clear that for indigenous peoples, native copper
had qualities that lent it an “aura of exceptionality” as Helms (1993 p. 101) has
termed it, for the people who were using it.

The “Old Copper Complex” (ca. 4000–1000 BC)

Not surprisingly, the oldest firm evidence for copper working in the Eastern Wood-
lands is found in the Lake Superior region (South Fowl Lake, Minnesota) and dates
to 6800 BP (Martin 1999). Radiocarbon dates from pits on Isle Royale indicate that
native peoples were removing copper from that locale by c. 3500 BC.

The single outstanding copper-using tradition in the region with roots in this era is
the Old Copper Complex, or Industry (formerly known as the Old Copper ‘Culture’),
which flourished in the Mid-to-Late Archaic period (4000–1000 BC) (Martin and
Pleger 1999; Pleger 2000, 2003; Pleger and Stoltman 2008). Centered in eastern
Wisconsin, the Old Copper Complex is found throughout the western Great Lakes
drainage, radiating both westward and eastward from that core (Gibbon 1998, p.
27, 36) (Fig. 13.1). The complex takes in a number of discrete, largely egalitarian,
mobile hunting and gathering societies with their own characteristic tool kits of lithic
and osseous materials. However, these cultures also shared “. . . in varying degree
a common [copper] metallurgical technology and a set of style concepts” (Gibbon
1998, p. 40; Mason 1981, p. 186). Material evidence of the complex consists of
distinctive types of copper implements, weaponry, and ornaments that were fre-
quently but not always found in mortuary contexts. These artifacts include socketed
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Fig. 13.1 Map showing the major copper-bearing zones of the Lake Superior Copper District and
the approximate areal extent of the Old Copper Complex (after Gibbon 1998)

or tanged spear points, knives, straight, or “crescent” type blades (ulus), awls, perfo-
rators, spuds, celts, chisels/wedges/axes (some also socketed), harpoons, fish hooks,
needles, gorges, crescent-shaped ornaments, bracelets, pendants, rings, and beads
(Fig. 13.2; Pleger and Stoltman 2008, pp. 787-839)). Artifacts tended to be large,
heavy, bulky, and primarily utilitarian in form (Leader 1988, p. 73). The origin of
the raw material is assumed to be the Lake Superior deposits or the abundant float
copper available in the region.

Important work has been done to elucidate Old Copper metalworking techniques.
Leader (1988) (xeroradiography), William Vernon (1985, 1990), and Schroeder and
Ruhl (1968) (metallography) are among those who have performed laboratory tests
on Old Copper materials, while LaRonge (2001) has performed important experi-
mental replication work. These investigations revealed that artifacts were fabricated
either directly from nuggets or laminar plates or from prepared copper blanks that
were hammered, flattened, and repeatedly folded over and bent into shape (Vernon
1990). Sheets were also produced. Alternate cold hammering and annealing pro-
cesses were employed in manufacture. While hot hammering is suspected, it has
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Fig. 13.2 Examples of Old
Copper Complex copper
artifacts from various locales
in Wisconsin. Left to
right:chisel (#11836/1571),
socketed spud (#2147), small
celt, socketed spearpoint,
crescent knife, beads,
stemless point (#1876),
tanged point, ‘rat tailed’
tanged point (#1908).
Courtesy of the Milwaukee
Public Museum, Milwaukee,
Wisconsin. Photograph by
Kathleen L. Ehrhardt

not been demonstrated through laboratory analysis. These primary techniques were
accompanied by differential, often combined use of abrading (grinding), riveting,
perforation (by drilling or punching), bending, or molding (often around mandrels),
and polishing (LaRonge 2001; Leader 1988, p. 71; Vernon 1985, 1990; see also
Martin 1999). Researchers have found no evidence of casting, melting, or smelting
of the metal (Smith 1968, p. 242).

Archaeologists have long sought to resolve a larger set of social questions with
regard to the function of Old Copper artifacts, first by Lewis Binford (1962) more
than 40 years ago: If these objects were recognizably utilitarian in form but are
found primarily in mortuary contexts, were they ever actually used, or were they
manufactured strictly as grave furniture or personal accouterments? Can some form
of status recognition in an otherwise egalitarian society be inferred by their placement
in burials? Looking into these questions, Penman (1977) used microscopic use wear
analysis (examination of edge angles and wear marks from e.g. battering, blunting,
smoothing, and reworking) to conclude that most of the over 1,000 Old Copper
artifacts he examined had indeed been employed for various utilitarian purpose(s).
In his visual examination and xeroradiographic testing, Leader (1988) also found
signs of use and resharpening on many objects. While Schroeder and Ruhl’s (1968,
p. 162) metallographic revealed that four of the five objects they tested had been
left cold worked, Vernon’s (1985, 1990) showed that points, knives, and celts left
annealed outnumbered their coldworked counterparts, 4:1. However, 80 % of the
awls were finished by cold working.

Thus, Binford’s questions have no firm resolution to date (see Childs 1994,
pp. 234–235). However, as Gibbon (1998, p. 42) points out, the fact that these
objects had functioned in the everyday world “. . . is not inconsistent with their
placement with the dead or their use as social markers,” and is probably connected
with achieved status in otherwise egalitarian societies. Recent research has shown
that as early as the Late Archaic, copper may have already held important so-
cial and symbolic meaning that may have rendered its placement with the dead
of great significance to Old Copper peoples, particularly when placed with the dead.
Pleger (2000, 2003) argues that while evidence for social complexity (in the form of
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Fig. 13.3 Map showing sites mentioned in the text, and the approximate areal extent of Hopewell

achieved status) is indeed found in some Old Copper burial contexts, social differen-
tiation begins to appear with greater intensity at about the time Old Copper merges
(about 1000 BC) with the Red Ochre Culture. It is during this time that Pleger (2003,
p. 16) sees a significant uptrend in the production of copper ornamentation versus
copper implements, and a similar increase in the occurrence of prestige-type goods
of nonlocal (exotic) manufacture in particular burials within area cemeteries. He also
adds that it may well have been during this time that copper emerges as a valuable
trade item.

Hopewell (ca. 100 BC–400 AD)

Hopewell is a Middle Woodland cultural phenomenon that covered vast, but non-
contiguous territories of the Eastern Woodlands and whose influence was local,
regional, and interregional (Fig. 13.3). While most researchers agree that its cores are
in the Scioto Tradition of the Scioto River Valley, Ohio, and the Havana Hopewell of
the Illinois River Valley in west central Illinois, its overall cultural expressions were
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extremely variable according to local or regional tradition and practice. Hopewell
is known primarily for increased social complexity, elaborate mortuary ceremoni-
alism, which included mound construction and the consumption of prestige goods,
and the development of widespread, long-distance trade networks dealing in exotic
materials and finished objects (Seeman 1979, pp. 237, 240, 254) commonly known
as the “Hopewell Interaction Sphere.”

Native copper is known to have played important roles in all of these domains.
Seeman (1979, pp. 303–304) ranked copper first in “cultural importance” on his
list of major Interaction Sphere raw materials, and McKnight’s (2007) impressive
inventory of the material’s distribution throughout the Hopewellian world is dramatic
testimony to its significance. Copper is thought to have circulated in both raw and
finished form. Seeman (1979, p. 251) further argues that the Hopewell site, the major
center of the Scioto Tradition (in Ross County Ohio), was copper’s point of entry into
the interaction system, and that the Hopewell and Trempealeau (western Wisconsin)
sites were centers for the manufacture of finished copper artifacts. In view of recent
studies arguing for local production, the latter supposition is now in question (Carr
2005; Ruhl 2005, p. 705).

New work has shed light on copper acquisition during this time. Until Sharon
Goad’s (1978, 1979) work, direct acquisition from Great Lakes sources had been
the preferred procurement model (see Bernardini and Carr2005, pp. 631–634 for
recent supporting arguments). However, McKnight offers new insights. Based on
his recent LA-ICP-MS provenance findings, McKnight (2007, 224) concludes that
’copper deposits from Lake Superior were not the exclusive source for native copper,
but were by far the most important’. He found, however, that beads from two burials
caches at the Hester site in the Copena area of the southern Appalachians (northern
Alabama) come from multiple sources in the Lake Superior district. He argues that
these results, he claims, shed doubt on the notion that procurement was direct.
McKnight further points out that, several of the major northern centers were located
well within, or in reasonable distance of, the Lake Superior float copper cachement
zone, making drift copper accessible for local consumption.

During this period, copper is thought to have been consumed and distributed by
persons who controlled its movement and/or desired to communicate symbolically
and materially their social (leadership? shamanic?) role in life, and more frequently,
in death (Carr 2005, pp. 280–281; Charles et al. 2004, p. 63; Seeman 2004, pp. 59,
61; Winters 1981, pp. 19-22). Both finished and unfinished objects are documented
primarily from mortuary contexts, appearing there as personal belongings or as
gifts/offerings (Ruhl 2005). Katherine Ruhl (2005s, p. 707; see also Carr 2005, p.
280) has also noted their occurrence in other ritual settings.

Hopewellian artifacts differ significantly in form and manufacturing technique
from the solid, largely utilitarian forms found in Old Copper contexts. A wide range
of primarily ornamental forms, some quite spectacular, are featured in the industry.
These include earspools (Fig. 13.4c), gorgets (Fig. 13.4b), bracelets, beads, arm
rings/bracelets, and headdresses. Panpipes and platform pipes also occur, while
relatively fewer implements (Fig. 13.4a), including awls, copper axes), adzes, and
gouges are recovered.
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Fig. 13.4 Examples of Hopewellian copper artifacts from the Hopewell site, Ross County, Ohio.
a Celt (left, #56018) and large awl or piercer (right, #56711); b rectangular gorget (#56375);
c earspools with cut-out design (#56201); d sea mammal effigy (#56174); e geometric cut-out
(#56163). All images ©2009 Field Museum, Chicago, Illinois. Reproduced with their permission

Several innovations are noted in Hopewellian metalworking technology.
Hopewellian copper artifacts were manufactured by hammering copper nuggets or
prepared blanks into solid forms and into sheet stock, the use of which becomes
much more widespread. Rods and blanks were formed by hammering, annealing,
and grinding into shape (Leader 1988, p. 78). Metallographic analysis by Wayman
et al. (1992) revealed that the heads of two of the solid adzes they examined were
formed using either hot forging and/or cold hammering and annealing. Final forms,
such as solid bracelets and adze heads, were then achieved using various combina-
tions of bending, folding, rolling, and grinding actions (Leader 1988; Wayman et al.
1992, p. 107,113). Sockets were formed by hammering over an anvil (Smith 1968,
p. 242). Holes were created by punching or drilling.
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Metalworkers also cold worked, annealed, and ground pieces of copper into flat
sheets of various thicknesses (0.18–1.25 mm inclusively), which were then used
alone or hammered together. Sheets were then used to produce finished artifacts that
were mainly ornamental (Leader 1988; Wayman et al. 1992, p. 102; Willoughby cited
in Greber and Ruhl 1989, p. 122). Breastplates and perforated rectangular ornaments
were fashioned (Fig. 13.4b). Sheets were also cut into two-dimensional geometric
and/or zoomorphic shapes (Fig. 13.4d, e). Openwork “cut-outs” are often features
of the geometric cut sheets (Fig. 13.4e). Many animal “effigy sheets” are embossed
or repousséed to enhance the design (see Fig. 13.4d). Sheet is also used to sheath
or “clad” wooden or shell forms, perhaps to give the appearance of solid copper.
Hollow beads and hollow bracelets were also produced. Beads were made of strips
either wound around a cylindrical mandrel or free-formed. Bracelets were formed
by “sinking” the sheet into concave molds, then hammering the protruding edges
inward to form a c-shaped cross section (Leader 1988, p. 86). Sheets and ornaments
were repaired using rolled strip copper rivets (Willoughby cited in Greber and Ruhl
1989, p. 122).

One of the most distinctive artifacts in the Hopewellian ornamental and rit-
ual repertoire was the copper earspool (Fig. 13.4c). Bicymbal or “yo–yo” shaped
examples are probably the most complex copper artifacts manufactured in native
northeastern North America (Ehrhardt 2005, p. 67; see Greber and Ruhl 1989 for
discussion). Earspools often exhibit exquisite craftsmanship; some are even made
with an overlay of iron or native silver. Essentially, earspools are made of sheet ham-
mered into two disks or plates. The inner and outer disks are joined centrally by a
stem or other mechanism. In some cases, construction involved the use of nonmetal
adhesives or twine (Ruhl 2005, Ruhl and Seeman 1998). Using optical microscopy
of several prepared earspool cross sections, Wayman and colleagues (1992, pp. 101–
103, p. 131) discovered that a number of the disks comprising the obverse and reverse
of the finished spools were actually made up of at least three or four layers of copper
sheet hammered tightly together. Importantly, the disks were riveted together at the
midsection and joined at the outside edge through the use of mechanical, rather than
metal welding or bonding techniques. The variability Ruhl (2005, p. 703) notes in
earspool construction and decorative style within and across regions has led her to
conclude that production and consumption were local in scale.

Thus, Hopewellian metalworkers produced solid objects and also manufactured
and manipulated sheet stock. Embossing, cladding, and sinking techniques were
added to the technological repertoire of earlier times. First evidenced in Archaic
traditions, the use of rolled rivets for joining and repair becomes more frequent.
Twine wrapping and adhesives are now also used as joins (Ruhl and Seeman 1998, p.
659). Several types of finished artifacts appear to exhibit standardization in form and
design. The use of templates to achieve that consistency has not been demonstrated
conclusively (Greber and Ruhl 1989, p. 141; Ruhl and Seeman 1998). Also, the
purposeful selection of high arsenic copper (Wayman et al. 1992, p. 130) and the
intentional use of copper and silver cladding techniques point to the importance of
color and visual effect of the finished product (see Ruhl and Seeman 1998, p. 655,
657, 659). Overall, the impressive quality and complexity of the metalworking found
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Fig. 13.5 Map showing sites mentioned in the text, and the approximate areal extent of the
Mississippian

among Ohio Hopewellian peoples has prompted Leader (1988, p. 198) and Halsey
(1996, p. 15) to suggest that metalworking specialists worked at manufacturing
copper items, possibly on a full-time basis (Leader 1988, p. 198).

The Mississippian (c. 900 AD–European contact in the Southeast)

The Mississippian way of life is marked by the intensification of maize-based farm-
ing within a mixed subsistence economy, the emergence of local systems in which
linked settlements ranged in size from farmsteads to large ceremonial temple/burial
mound centers, the standardization of art styles over vast distances, participation in
long-distance trade in exotic and “elite” goods, and an unprecedented level of legit-
imized sociopolitical authority (Brown 2004, p. 106; Griffin 1990; Pauketat 2004,
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pp. 7–9, 40–41) (Fig. 13.5). It was also a time of elaborate mortuary ritual, ritual
ceremonialism, and complex ideological expression.

There is little doubt that native North American copper working technology
reached an expressive high point in this period. As among Hopewell peoples, copper
was a primary “prestige good” of the time; it was exploited by Mississippian peoples
for internal and external consumption and was traded over long distances. It was used
for fashioning a range of ceremonial artifacts and implements thought to be markers
of high social status, authority, and wealth. This is demonstrated in the copper-rich
elite gravesites found in mounds of the period.

Particular types of elaborate, well-finished, status/ritual-related objects made of
copper, especially copper repoussé plates, are the preeminent components of the
Southeast Ceremonial Complex (SECC), a hallmark of the Mississippian period (see
Fig. 13.6c). The SECC is defined as “a set of specialized ritual imagery. . . in which
thematically important animal and human figures are rendered according to specific
stylistic conventions of representation” (Brown 2004, p. 105; Brown and Kelly
2000, p. 476). The SECC flourished throughout the Southeast from c. 1300–1500
AD; (Leader 1988, pp. 198–199; Sampson and Esarey 1993, p. 452). The large
ceremonial center sites of Etowah (northwest Georgia), Spiro (eastern Oklahoma),
and Moundville (western Alabama) have been identified as SECC copper working
centers (Leader 1988; Sampson and Esarey 1993). Artistic “styles” (based primarily
on variation in the artistic style of copper repoussé plates) of copper prestige goods
have been identified with technological and artistic industries there (Brown 1989,
2004, pp. 120–121). Cahokia (southwest Illinois), the fourth and earliest of the
major Mississippian ceremonial centers, has not yielded much in the way of copper
or classic SECC-related copper artifacts. However, it is argued to have been a major
pre-classic center, trading copper and producing particular types of copper artifacts
in an early stage of SECC classical development (Brown 2004; Brown and Kelly
2000, pp. 473–474).

Copper artifacts, some very impressive in form and design, are also found in
smaller quantities at various other sites throughout the Mississippian sphere (see
Goodman 1984). Some of the copper for Mississippian artifacts is thought to have
originated from Great Lakes sources, however, a shift is noted to the use of primarily
southeastern resources (Goad 1978, 1980 p. 271; Hurst and Larsen 1958).

Copper working during this period is heavily directed toward production of rit-
ual regalia, accessories, and adornment (Fig. 13.6). Artifacts include hair ornaments,
gorgets, beads, headdresses, large perforated plates (plaques) (Fig. 13.6c), earspools,
“long-nosed god” maskettes (Fig. 13.6a), ear ornaments, and copper-covered masks
and other items. Ritual items are found in the form of zoomorphic and anthropomor-
phic rattles and effigies (Fig. 13.6d). Spear heads and other ceremonial implements
such as celts, maces, large axes, bipointed needles, and pins are also found in the
industries (Hamilton et al. 1974).

Mississippian crafters fabricated solid implements and sheets in the manner of
earlier metalworkers. Refinements of the period center on the further thinning of
sheet into foil [defined by Leader (1988) as sheet thinner than 0.05 mm] and the
extensive use of repoussé technique in executing design motifs (Fig. 13.6b, c). Use of
cutouts is also documented. Leader (1988) also notes the continued use of perforation,
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Fig. 13.6 Examples of Mississippian copper artifacts: a long-nosed god maskette ear ornaments,
Meppen Mound site, Calhoun County, Illinois; b repousse´ plate with forked-eye surrounds, Craig
Mound, Spiro site, LeFlore County, Oklahoma; c repousse´ plate depicting Birdman, Late Braden
style. Wulfing group, Dunklin County, Missouri; d turtle-shell effigy rattles: carapace (left), plastron
(right). Mitchell site, Madison County, Illinois. a Photograph by David H. Dye, courtesy of the Art
Institute of Chicago. b Photo © John Bigelow Taylor, courtesy of the Art Institute of Chicago. c
Artist unknown, repousse´ plaque, c. 1200 –1400. Copper, 119 500 . Mildred Lane Kemper Art
Museum, Washington University in St. Louis. Gift of J. Max Wulfing, 1937. d Photograph by Doug
Carr, courtesy of the Illinois State Museum

shearing, grinding, molding, and burnishing. The practice of covering objects made
of materials such as wood and stone with thin copper sheathing intensifies during this
period, and becomes a significant feature of Mississippian metalworking. Human and
animal effigies, rattles, earspools, bodkins, finials, beads, bladelike objects, and sun
gorgets are examples of clad objects (Leader 1988, pp. 129–135, p. 198; Hamilton
et al. 1974, pp. 176–177).

Elaborate ceremonial, symbolic, and status-related ornamental artifacts such as
highly decorated plates and symbol badges are manufactured of copper sheets and
foils. Sheet artifacts are now larger due to the use of delicate riveting to join multiple
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hammered sheets. Plates are elaborately embossed with iconographic motifs reflect-
ing important themes associated with the cult complexes they represented (Brown
1985, p. 114). More complex methods of attachment and repair are also in use
(see Fig 13.6c for examples). Some artifacts, including headdresses and plates, are
thought to have been used heavily and were even patched with new pieces or with
pieces of other plates (Brown et al. 1990, p. 265; Hamilton et al. 1974, p. 187; Leader
1988, p. 184; Watson 1950).

During this period, designs became more standardized through use of templates;
like plate styles are found widely distributed over long distances across the southeast
(Brown 1989). Mixed styles at individual sites indicate trade in these prestige ob-
jects (Brown et al. 1990, p. 265). These and other considerations have led scholars to
hypothesize that highly skilled and specialized artisan crafters, possibly under court
sponsorship, were producing these objects full time in workshop settings (Brown
2004, Figure 25; Leader (1988). New findings of a copper working area and asso-
ciated artifacts beneath Mound 34 at Cahokia should test these ideas on the ground,
and further flesh out some new thoughts about the nature and intensity of copper
production, craft specialization, and the location of dedicated precincts for ritual-
related production there (see Ehrhardt 2007; Kelly 2006; Kelly and Kelly 2007).
They will also provide new sets of well-provenienced data for technological studies
of production.

Aside from Leader’s (1988) careful examination of materials from Etowah and
from Mississippian collections in Florida, Watson’s (1950) detailed descriptive treat-
ment of the Wulfing Plates (Dunklin County, Missouri), and Hamilton et al.’s (1974)
work on the copper from Spiro, it appears that little large-scale archaeometric in-
vestigation has been done on Mississippian copper materials. Sourcing information
comes primarily from Goad’s (1978, 1980) influential NAA and optical emission
spectroscopy work Schroeder and Ruhl (1968) conducted a very small-scale metal-
lographic investigation on two copper sheets, finding that one had been cold worked
and the other had been left annealed. Recently, two gorgets from Moundville were
tested instrumentally and metallographically. Results indicate that they were cold
worked, then left in an annealed state (Springer 2007, p. 5). Compositional analysis
by XRF (X-ray fluorescence spectrometry) was inconclusive.

Discussion

It has not been possible to recognize here all of the fine research that has been
conducted by scholars on the very kinds of anthropological questions we are looking
to answer (see Brose and Greber 1979b; Carr and Case 2005a; Charles and Buikstra
2006; Clark and Purdy 1982; Galloway 1989; Goodman 1984; Leader 1988; Sharp
2004; Martin 1999). But, as this review demonstrates, there are lifetimes of work
left to be done. From an anthropology of technology perspective, our goal is, of
course, to understand the role(s) of copper and copper working in the lives of the
people who consumed it. Using multiple lines of evidence, we seek to characterize
and determine the source(s) of the materials themselves and to identify design and
manufacturing techniques. We build these findings into a production technology, the
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material and social relations of which are then tied to procurement strategies and
to the social, political, economic, and symbolic aspects of distribution, use, reuse,
deposition, even discard. This comprises the technological system and situates it as
a social project within a dynamic and changing universe of social and ideological
action (after Kingery 1996a, b p. 227). At the same time, we must keep in mind that
in all facets of the work, copper manipulation is but one aspect of a much larger
material, social, and symbolic matrix.

As I prepared this review, I could not fail to recognize again how much poten-
tial continued, large-scale systematic archaeometallurgical research holds to expand
upon, enrich, even recast the work that has gone before. Research on sourcing, man-
ufacturing history, and on identifying the suites of techniques that make up these
metalworking traditions has already brought new understandings and new interpre-
tive possibilities. Identifying alternative sources of copper material and realizing the
implications of those determinations for models of acquisition, manufacture, and
exchange is one example. Another related theme involves working through the ques-
tion of “regionalized” or “localized” copper production and consumption both inside
and outside the “heartlands” of these traditions and how these processes might fit
into larger schemes of intergroup (panregional) interaction and cohesion (Brown and
Kelly 2000, p. 476; Carr and Case 2005a; Carr and Case 2005, pp. 22–28; Gibbon
1998).

One important way to address these questions (and other new inquiries as well) is to
combine relevant material and contextual data with appropriate laboratory techniques
to discern local technological “styles” (after Lechtman 1977, 1994). According to
Lechtman (1977, p. 6), elucidating technological “style” means getting a grasp on
‘technical modes of operation, attitudes towards materials, some specific organi-
zation of labor, ritual observances—elements which are unified nonrandomly in a
complex of formal relationships’. This is accomplished, in part, by using materials
science and materials engineering approaches to bring to light physiochemical and
working properties of artifacts and materials, as well as their procurement and manip-
ulation histories. Incorporating this information into our intellectual “tool kits” and
placing the results within the contexts of many of the social questions we are asking,
provides for an enhanced, yet more culture-specific reading of the particular choices,
attitudes, perceptions, and activities involved in acquiring, crafting, using, and even
disposing of copper as material and object within the larger cultural system(s) of
which both individuals and objects are a part (Kingery 1996b). As we have seen,
there is much more to be learned about the potential variations in the ways in which
native peoples, whether separated or close in time, space, tradition, and/or social po-
sition interacted with this material. Identifying and isolating particular technological
“styles” allows us to then turn our attention to understanding the interrelationships
within and among prehistoric societies, in terms both of their copper use and in larger
spheres of interaction.

Lastly, the question remains whether indigenous native copper working systems in
Eastern Woodlands prehistory actually constituted “true” metallurgy. As has become
amply clear to researchers, native American copper workers did not melt, smelt,
cast, or alloy copper. Many authors argue that they did not need to—the high quality
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of the material available to them obviated the need for the kinds of manipulations
associated with true metallurgy (Clark and Purdy 1982, p. 45; Craddock 1995,
pp. 98–100; Martin 1999, pp. 28–29). Yet, through the use of simple techniques
commonly attributed to the very earliest stages of native metalworking rather than to
true metallurgy, crafters manipulated and improved copper’s properties by heating
and hammering it with a great deal of control and a “fairly sophisticated use of fire”
(Clark and Purdy 1982, p. 56). Their specialized knowledge and skill in forming
and shaping it into useful items and extraordinary pieces of functional, portable
art in a range of iconographic styles is without question (Craddock 1995, p. 100;
Wayman et al. 1992, pp. 133–134; but see Bernardini and Carr 2005, pp. 626–627).
Regarding Old Copper artifacts, no less respected an archaeometallurgist than Cyril
Stanley Smith asserts that “the skill with which the North American artifacts were
made is impressive” and that they are “far larger and better shaped than any known
native copper objects from the Middle East” (Smith 1968, p. 242). Craddock (1995,
p. 122) comments that North American metallurgical practice “was the true summit
of achievement in the fashioning of native metals.”

In view of the many ways in which copper was manipulated by native North
American peoples and the complex roles it played in social life, it appears to be of
little overall consequence whether the technology itself can be labeled “true” metal-
lurgy. It is provocative and useful to think about why North American metal working
technology did not follow the same developmental paths documented for other New
World metalworking industries (see Clark and Purdy 1982, p. 52). However, more
immediate questions about the use of native copper and its roles in prehistoric ma-
terial and ideological repertoires, in technological innovation, in mortuary ritual,
in conspicuous display, and in the development and maintenance of social stratifi-
cation appear to have taken center stage. I have argued here that materials science
approaches provide important lines of evidence in these inquiries and that an inte-
grated approach to technological “style” will help us elucidate these ideas. It is an
exciting time to be in native North American copper studies. The “kinks” involved
with “soft” social scientists trying to navigate the world of “hard” physical science
and scientists are largely ironed out; it remains for us to build on the work of our
predecessors and to operationalize larger-scale projects which will not only enlarge
our data base but also respond to important questions touched on here and in the
growing literature.
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Chapter 14
Mesoamerican Metallurgy: the Perspective from
theWest

Dorothy Hosler

Topic Overview

Mesoamerica provides an unusual and intellectually challenging case in the de-
velopment of metallurgy when compared to other world areas we examine in this
volume. The major challenge lies in complex events surrounding the introduction of
this copper-based technology from South America to western Mesoamerica around
650 C.E. and its subsequent development there, long after state-level societies had
become firmly established in the Central Highlands (Teotihuacan), the Southeast-
ern Lowlands (Maya), and elsewhere. Here, we will synthesize our knowledge of
Mesoamerican metallurgy at this point in time, focusing in particular on the west
Mexican metalworking zone (Fig. 14.1) where the technology initially took root, de-
veloped, and flourished through 900 years, identifying those questions where answers
are reasonably firmly established and those questions where the most productive work
still lies ahead.

The earliest dates for metal artifacts in Mesoamerica come from the west Mexican
metalworking zone, from sites along the west coast, in particular Tomatlán, Jalisco;
Amapa, Nayarit; and from settlements located along the lower Balsas river be-
tween Michoacan and Guerrero in the Infiernillo region (Fig. 14.2), map showing
Mesoamerica and site locations). They date to around 650–700 C.E. All objects are
made from copper and represent two production traditions: some are lost-wax cast
(bells and small ornaments) and others are cold-worked from an initial cast blank
and comprise ornaments such as rings and small work tools (Hosler 1986, 1994).
These sites are on the Pacific coast or have riverine access to the Pacific coast. This
copper-based technology and/or its practitioners moved to the higher-elevation in-
land basins of Jalisco and Michoacan, where archaeologists recovered copper objects
at sites such as Cojumatlan, Michoacan and Tizapan, Jalisco—both located on the
shores of Jalisco’s Lake Chapala (Hosler 1994).
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Fig. 14.1 Map showing major Mesoamerican archaeological sites and regions, the west Mexican
metalworking zone, and archaeological sites within the metalworking zone

The copper artifacts from coastal and inland sites range from 650 to 1100/1200
C.E and comprise what Hosler has designated as Period 1 (Hosler 1994). At La Pena
(Garcia 2007, 2008), a recently excavated site located in Cuenca de Sayula adjacent
to Lake Chapala, copper objects date to between 800 and 1100 C.E (Garcia 2007).
The La Peña artifacts also fit into the Period 1 types (Fig. 14.2), and consist of small
cast copper bells, and copper objects shaped by cold work: open rings, pointed eye
needles, and beam design tweezers. In fact, thus far, all artifacts analyzed from
this period, except for one low-arsenic copper–arsenic figurine excavated from the
Atetelco complex at Teotihuacan in 1998 (Hosler and Cabrera 2011), were made from
copper. The artifact assemblages I have described provide the bulk of our earliest
dated evidence. Unfortunately, the west Mexican metalworking zone, Mesoamerica’s
earliest locus for metalworking, still lacks studies of mining sites, smelting sites, and
production-workshop sites dating to this period.
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Fig. 14.2 Map showing locations of Period 1 archaeological sites where copper objects have been
recovered

The Introduction of Metallurgy to Western Mexico
and Period 1 Characteristics

There has been little argument concerning the origins of Mesoamerican metallurgy.
Virtually all investigators since the pioneering research ofArsandaux and Rivet (1921,
1923) through the work in the 1960s and 1970s by Meighan (1969), Mountjoy
(1969), Pendergast (1962), Willey (1966), Marcos (1978), and others have main-
tained that metallurgy was introduced to Mesoamerica either from Central America,
South America, or from both regions most possibly via a maritime route. That hy-
pothesis has been greatly strengthened and clarified in the last several decades by



332 D. Hosler

Fig. 14.3 Drawing of sixteenth-century balsa-wood watercraft drawn from Joris Van Spilbergen.
(from Edwards 1965)

Hosler (1988a, b, 1994) and Dewan and Hosler (2008), whose research strongly sup-
ports the idea that knowledge of metallurgy was introduced by Ecuadorian voyagers
to peoples living in west Mexican ports. The support for these conclusions derives
from Hosler’s comparative analyses of lower Central American and South American
artifact chemistries, fabrication techniques, and design characteristics, with those
of artifacts from west Mexico (Hosler 1986, 1988b, 1994, 1996) and from recent
engineering studies of the design and performance of Ecuadorian balsawood sail-
ing rafts (Dewan and Hosler 2008). Both lines of evidence strongly suggest that
knowledge of metalworking techniques and a few prototype artifacts was carried to
the shores of western Mexico by the seagoing maritime peoples of coastal Ecuador,
whose balsawood trading rafts were still in evidence at the time of the European inva-
sion (Hosler 1988b, 1994; Dewan and Hosler 2008). The comparative metallurgical
studies, facets of which I discuss in subsequent sections, have identified specific
Andean metallurgical traditions from which certain west Mexican artifact design
types/fabrication methods and alloy systems originated (Hosler 1986, 1988b, 1994).

To reassess whether such seagoing voyages were feasible given Ecuadorian sailing
technology, Dewan and Hosler (2008) carried out engineering studies of ancient
Ecuadorian balsa-wood rafts. The engineering models were based on drawings of
the sixteenth-century Ecuadorian watercraft (Fig. 14.3). The models reveal that these
vessels, to navigate successfully, could measure between 6 and 11 m in length and
would require two masts, measuring between 5 and 7.5 m in height. The cargo
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Fig. 14.4 Spondylus oyster.
(photo courtesy of
HenryDomke.com)

capacity of balsa rafts in this size range varied between 10 and 30 metric tons,
which replicates the cargo capacity of nineteenth-century Erie Canal barges. Further,
these balsa rafts were capable of making two round-trip voyages between coastal
Ecuador to the coasts of west Mexico (Guerrero or Michoacan) before deteriorating
sufficiently to become inoperable. Dewan and Hosler (2011, p. 36) calculated that
the raft could make the 3,000-km voyage between these two regions in 6–8 weeks,
when traveling 12 h per day at 4 knots/h with eight crewmembers aboard. Analysis
of Pacific weather conditions and currents suggests that these rafts could have most
easily launched from coastal Ecuador in December and arrive in west Mexican ports
in late January. The return trip could have been undertaken in March, at the earliest. At
least one document, written by the royal accountant Rodrigo de Albornoz, describes
native accounts from western Mexico of “Indians from certain islands to the south
[who] brought exquisite things which they would trade for local products [and] those
who had come would stay for 5 or 6 months until good weather occurred” (Dewan
and Hosler 2008).

Hosler (1988b) has argued that long layovers were essential to the process of
introducing this complex technology, metallurgy, to peoples who were unfamiliar
with it. That enterprise requires that local west Mexican peoples at some point during
these contacts—which probably occurred sporadically over hundreds of years—
learn to identify key copper ore types (malachite, azurite, and chalcopyrite), tin
(cassiterite), ores of arsenic (arsenopyrite), arsenic-bearing copper ores (tennantite
and others), and the other parent materials Hosler has identified in previous studies
of ore types used in the west Mexican metalworking zone (Hosler 1994, Chap. 2).

If Ecuadorian sailing technology indeed allowed these long-distance, round-trip
voyages, another fundamental question has concerned what Ecuadorian voyagers
were seeking in west Mexican coastal settlements. We have no new data since the last
discussion of this particular topic (Hosler 1994), but those data merit recapitulation
in view of the objectives of this special issue of this journal. Various authors, but
most notably Jorge Marcos (1978), have posited that seagoing traders voyaged north
from Ecuador along the Pacific coast to harvest sypondylus oysters which live in
dispersed deep-water pockets from coastal Ecuador to southern Sinaloa, Mexico
(Fig. 14.4). Spondylus’ shell was sacred to Central and Southern Andean peoples.
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Fig. 14.5 Map showing
possible maritime route from
coastal Ecuador to west
Mexico

Since spondylus oyster requires a warm-water habitat and cannot survive in the cold
waters of the Chile–Peru current, the shell became an item of critical value in the
Ecuador-based maritime trade along the coast of Peru. The observations of Bartolemé
Ruíz de Estrada, Francisco Pizarro’s chief pilot who captured one of these rafts as
it sailed northward along the Ecuadorian coast (Hosler citing Samano Xerez 1937,
pp. 66–67) are particularly germane to this discussion. Ruíz describes a raft with 20
men aboard carrying trade goods that included metal (silver) objects: tiaras, crowns,
bands, tweezers and bells—all of which, he reports, they brought to exchange for
some shells (Hosler 1994, p. 103 citing Samano Xerez 1937, pp. 65–66). These
Ecuador-based traders thus also voyaged north. I have argued elsewhere (Hosler
1988b, 1994) that they offered metal objects, and metalworking knowledge and
techniques to their west Mexican partners in exchange for spondylus shell (Fig. 14.4),
which grows and was harvested along the west coast of Mexico (Fig. 14.5).

The argument that west Mexican metallurgy was introduced from the south be-
comes particularly convincing when we assess the laboratory and archaeological data
comparing lower Central American and South American metallurgy to the metal
objects excavated in the west Mexican metalworking zone. Those data show that
copper objects recovered at the west Mexican metalworking zone sites mentioned
previously—lost–wax-cast bells and cold worked needles, tweezers, and rings—are
virtually identical in design parameters and fabrication techniques to Colombian and
to Ecuadorian/Northern Peruvian artifacts (Hosler 1986, 1988a, 1994). Colombian
and Ecuadorian/Peruvian peoples treated metal in very different ways. In Colom-
bia, metal was treated as a liquid and objects were cast in open molds, in one- or
two-piece molds or by the lost-wax method. Bells, cast using the lost-wax method,
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Fig. 14.6 a Costa Rican
lost-wax-cast bell. b West
Mexican lost-wax-cast bell

occur in Colombia and Costa Rica by 100 C.E. (Hosler 1994, p. 99) predating their
appearance in the west Mexican metalworking zone by at least 500 years (Figs. 14.6
and 14.7. In Ecuador, Peru, and parts of the south-central Andes, metal was treated
as a solid, and objects were formed by hammering them to shape from an original
cast blank. Counterparts of the cold-worked Period 1 west Mexican items—copper-
pointed eye needles, beam design tweezers, open rings, and small chisels—have been
excavated in Ecuador and Northern Peru, and date to between 100 and 500 C.E. or
earlier (Hosler 1994, Chap. 4), hundreds of years earlier than the west Mexican
examples. (Hosler 1986, 1988b, 1994) (Figs. 14.8 and 14.9). In both Ecuador
and west Mexico, the objects are made from copper, and the design parameters,
fabrication techniques, and even burial contexts in some cases (the rings) are the same.

Fig. 14.7 a Cast microstructure of Costa Rican bell. b Cast microstructure of west Mexican bell
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Fig. 14.8 a Ecuadorian
pointed-eye needle. b West
Mexican pointed-eye needle

Minor differences in the presence and concentrations of trace elements, and in the
ratios of certain artifact dimensions to one another, distinguish the Andean material
from the west Mexican objects. Thus, the objects excavated at Amapa and other sites
were not imports from Colombia/Ecuador but were second-generation items, made

Fig. 14.9 a As-polished section through eye of Ecuadorian pointed-eye needle. b Etched section
of west Mexican pointed-eye needle
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from prototype exchange items introduced by seagoing Ecuadorian traders (Hosler
1988b, 1994) (Figs. 14.5, 14.6 and 14.7).

A significant piece of evidence supporting the introduction of these metalworking
techniques through maritime contact is that the geographical distribution of these
assemblages of cold-worked and cast objects is discontinuous. They are absent in
the Intermediate area (Southern Mexico to Nicaragua) between 200 and 600 C.E, the
time period we are discussing (Figs. 14.8 and 14.9).

The west Mexican metalworking zone contains the largest copper deposits in
Mesoamerica (Hosler 1994). The metalworking zone (Fig. 14.1) comprises the area
encompassed by the modern states of Guerrero, Michoacan, the southern part of the
state of Mexico, Jalisco, Colima, and Nayarit. The Mexican copper belt runs through
Michoacan and Guerrero and exhibits a series of massive sulfide deposits and innu-
merable smaller copper outcrops. The most common copper ores are chalcopyrite,
malachite, and azurite (Fig. 14.10). Arsenopyrite is the major ore of arsenic; deposits
of tennantite and enargite also appear, as well as deposits of gold (not shown) metal-
lic silver, argentite, and silver sulfosalts. Small deposits of cassiterite, the oxide
ore of tin, are dispersed sporadically in the metalworking zone particularly along
the northeastern boundary, but most cassiterite occurs along the eastern edge of the
Sierra Madre Occidental. That region is known as the Zacatecas tin belt.

People living in the metalworking zone thus had access to the raw materials
for metal extraction and production, and in many cases lived in complex village
settlements by 600–700 C.E, when the technology was introduced. In Guerrero’s
and Michoacan’s middle Balsas region, for example, these settlements, which date
to this and later periods, display residential sectors as well as extensive public and
ceremonial architecture (Hosler 2000; Meanwell 2001, 2008; Moguel and Pulido
2005; Reyna 1997). Similar polities flourished in Michoacan, Jalisco, Colima, and
Nayarit. Archaeological data show that peoples living in these areas understood and
had been managing the properties of stone, clay, and other materials for hundreds of
years and that they also were at least familiar with certain copper ore minerals such
as malachite, which they polished and used for ornaments. It is not surprising that
people living in these settlements could have learned and incorporated the techniques
and practices required by the copper-based technologies introduced from the South
(Fig. 14.10).

Evidence for Mining, Extractive Metallurgy (Smelting),
and Object Fabrication

The laboratory analyses of artifacts show that, during the period between about 650
C.E. and 1100–1200 C.E., metalworkers across this broad geographical region were
making the same kinds of objects from similar materials and using the same tech-
niques. As I mentioned, no significant evidence exists for mining smelting and metal
production. At Amapa several small objects appear which William Root, the chemist
who analyzed them, has identified as slag (Root in Meighan 1976). Archaeologists
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report slag-like materials adhering to a potsherd at Peñitas, Nayarit (Carriveau 1978)
but do not provide analyses of those materials. The strongest evidence comes from
Ruben Cabrera, who identified amorphous metal adhering to stone-crucible frag-
ments where he argues melting or smelting took place (Cabrera 1976, Hosler 1994).
Joseph Mountjoy reported what he believes are metalworkers’ tools at Tomatlan
Jalisco. At Cojumatlán, Meighan and Foot (1968) excavated what they call “slugs”
of metal: these, they think, were ingots (Hosler 1994, 2003) (Fig. 14.2). It is likely
that some facet of metal production occurred at at least some of the Period 1 sites
where copper artifacts were excavated but the data so far remain sparse.

Thus, the sum total of the direct evidence of production activities is small. How-
ever, the data indicate strongly that artifacts recovered from sites in this zone were
produced somewhere within the region. Artifact distribution is confined to the met-
alworking zone during this period. Further, this region is one of Mexico’s richest
in copper ore minerals, and it also displayed the social prerequisites of metal pro-
duction: the existence of complex societies (Hosler 1996). What is more, the lead
isotope ratios of west Mexican artifacts match those of west Mexican copper ores we
have sampled and distinguish those ores from other (i.e., eastern Mexican) copper
sources (Hosler 2003, Hosler and Macfarlane 1996).

The paucity of archaeological information concerning extraction and smelting
activities illustrates one of the major gaps in our understanding of west Mexican
metallurgy and Mesoamerican metallurgy as a whole. This leaves another major
question unanswered. What social entities participated in the incorporation of the
technology from South America and initiated mining, ore processing, and metal
production in the west Mexican metalworking zone? What are the dates? How did
they organize extraction and production activities?

Pottery Clues

We do have evidence, while unrelated to processing, which may be useful from some
(but not all) Period 1 sites concerning the social affiliations of the groups using these
copper artifacts. A polychrome pottery type known as Aztatlan appears at Tomatlan,
Amapa, Cojumatlan, and Tizapan associated with the copper artifacts excavated at
those sites. Hosler (1994) reviewed this evidence and commented that the meaning
of these associations is unclear but worth noting.Garcia (2007, 2008) found this
same pottery type at La Peña (Fig. 14.11), which dates to approximately the same
period. Unfortunately, the origins and social affiliations of peoples associated with
this pottery complex are one of most contentious issues in Mesoamerican archaeology
(Smith and Heath Smith 1980; Mountjoy 1990; Nicholson and Quiñones Keber 1994;
Kelley 2000), and its discussion is far beyond the scope of this paper. This pottery
cannot be associated with a particular social or ethnic group or region, and temporal
controls are far from established. The data for the association of copper objects
and Aztatlan pottery nonetheless continue to accumulate and at some point should
provide some insights into the incorporation and dissemination of metal technology
and/or of objects during Period 1.
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Fig. 14.11 Autlan pottery recovered at la Peña

Sound and Cosmology

Apart from the origins and characteristics of this new technology, one of the broad
issues that we have been able to confront concerns the vital question of what people
living in complex societies, who have already solved problems of daily and ritual life
using other materials, choose to do with metal, a completely new material. Copper,
when cold worked, lends itself to a variety of applications which, in some cases (for
example, needles) produces an implement whose physical and mechanical properties
(strength and toughness) are far superior to those of bone needles that Mesoamerican
peoples produced in large quantities (Hosler 1994).Yet, the primary concern of these
metalworkers was metal’s acoustical properties, its sound. Bells, cast using the lost-
wax method, by far outnumber any other artifact class. Bells comprise some 60 %
of all items made from metal in the west Mexican repertoire. These peoples were
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particularly interested in producing a range of pitches, casting bells that varied in
those design parameters (internal volume and width of resonator opening) crucial
to pitch. Data from burials show that different-sized bells (i.e., bells whose pitches
varied) were worn together on the wrists or ankles, attached to waistbands, and sewn
onto clothing. (Hosler 1994, 1995).

Linguistic, lexical, ethnohistoric, and ethnographic evidence (Hosler 1994) re-
veals that metallic bell sounds and the sounds of composite instruments containing
bells were highly significant in Mesoamerican cosmology. Bells and bell instruments
were essential in rainmaking ceremonies: they reproduced the sounds of thunder, rain,
and the roar of the jaguar, a progenitor of Mesoamerican peoples. Bell sounds also
engendered agricultural and human fertility. Bell sounds could precipitate trance, in
ritual, drawing the participants into altered states of consciousness, in which they di-
rectly experienced the supernatural (Hosler 1994).1 In the metalworking zone, metal
bells came to replace the seed pods, gourd rattles, and rattles made from other mate-
rials traditionally used in shamanistic curing ceremonies, in rainmaking ceremonies,
and dance (Hosler 1994). As I discuss elsewhere (Hosler 1994), lexical evidence
from several Mesoamerican languages indicates that the words for “metal” and for
“bell” are the same, so that metal and bells can be considered culturally synonymous.
Thus, the sounds of metal in bells and in composite bell instruments was the property
of this new material that most interested these west Mexican people and which, from
the outset, guided their production choices.

Metal bells and their sounds were also significant in Colombia, where bells were
lost-wax cast, and in Ecuador where they were cold worked to shape. However, metal
bells constituted minor elements in the technologies of those two Andean regions.

I have argued previously that metalworkers’ interest in fashioning objects evok-
ing sacred and supernatural spheres of experience through sound may respond to the
particular circumstances surrounding the introduction of metallurgy from Andean
South America. This foreign material and the sounds that it made may have been
especially compelling to chiefs and other elites in consolidating power and attract-
ing followers through associations with the supernatural (Hosler 1994). The timing
∼ 700 C.E. coincides was the collapse of Teotihuacan, Mesoamerica’s most powerful
state, and with the formation of smaller polities in many Mesoamerican areas. These
events reconfigured loyalties, alliances, and trade networks and may have provided
a particularly propitious moment for the introduction of a new and exotic material.

The Florescence of West Mexican Metallurgy: Period 2

Around or somewhat before 1100–1200 C.E,2 the technical expertise of metal-
smiths in the metalworking zone expanded greatly. They developed copper–tin and

1 There has been some ethnographic work documenting trance states brought on by the repetitive
sounds of rattles and bells.
2 Garcia (2007) dates a copper–arsenic alloy bell to 1040 C.E. from Caseta where the numerous
copper–tin and copper–arsenic bronze artifacts recovered fall between 1040 and 1300 C.E., making
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copper–arsenic bronze and copper–silver alloys, which they primarily used—with
the alloying element present in the bronzes to 23 weight percent—for the color of
these alloys in elite status objects and in ritual paraphernalia. These objects consist
of bells and other sounding instruments, rings, pendants, assorted body ornaments,
ornamental tweezers, sheet metal breastplates, large disks, ornamental shields, and
crowns. What is so striking about the trajectory of this metallurgy is that metalwork-
ers took advantage of the increased strength, ductility, fluidity, and other properties
of copper–tin bronze, copper–arsenic bronze, and sometimes copper–silver alloys,
to refine, redesign, and sometimes alter the color of the same artifact classes they
had previously made in copper.

These artifacts also include new tools and implement designs in which metal-
workers capitalized on the increased hardness and toughness of the bronze alloys to
improve functionality (Hosler 1994, 2003). In tools, they added the alloying element,
tin or arsenic, only in concentrations (2–5 wgt %) sufficient when cold-worked to
produce thinner and harder chisels, punches, axes, and awls. They produced these
items in relatively small numbers when compared to status and ritual objects (Hosler
1994, 2003). These west Mexican peoples elected to define tin and arsenic bronze
as sacred materials, particularly appropriate for elite and status purposes, rather than
to use them either for the utilitarian ends common to other world metallurgies (for
armor and weapons) or to undertake production of bronze tools and work implements
on a large scale, thus altering the course of this technology.

Metalworking zone artisans cast vast numbers of bells of different sizes from these
bronze alloys. By doing so, they were able to greatly expand the range of pitches the
bells could produce. The physical and mechanical properties of tin and arsenic bronze
alloys facilitate larger bell castings, and pitch, as noted, is a function of the internal
volume of the bell resonator chamber. Their concern with metallic sound persisted,
resulting in technical choices which disallowed the use of metal for other cultural
objectives. They also became intensely interested in metallic colors, most notably
of silver and gold. In the west Mexican case, metalworkers used the bronze alloys,
especially copper–tin and sometimes copper–arsenic in concentrations to 23 % by
weight in lost-wax castings to produce golden and silvery colors in objects, such
as certain intricate thin-walled bell designs (Fig. 14.12) whose design parameters
precluded the use of gold or silver metal. These bronze alloys are highly fluid; they
flow easily into an extremely thin-walled mold cavity, and they do not solidify or
freeze at a single temperature but over a range of temperatures, which allows time for
the liquid metal to fill in design detail. These alloy concentrations are far higher than
necessary to produce the fluidity and strength required by the design of the casting.
High-tin bronze bells look golden. High-arsenic bronze bells look silvery. Gold and
silver colors are associated in the Mesoamerican pantheon with the solar and lunar
deities, respectively (Hosler 1994, 1995).

dates for the copper–tin and copper–arsenic alloys earlier than the (very general) 1200–1300 C.E.
dates available previously (see Hosler 1994). Some Milpillas bronze artifacts dated lightly earlier
than 1200 C.E., which is why Garcia’s findings make the earliest dates about 100 years earlier than
previously estimated.
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Fig. 14.12 a Copper arsenic bell. b Photomicrograph of longitudinal section of bell wall. The bell
contains 23 % arsenic by weight

West Mexican smiths also used copper–tin bronze, and sometimes, copper–silver
alloys, for worked objects. They crafted large, elaborate, thin, shell-shaped golden
and silvery looking tweezers through cold and hot work (Fig. 14.13) (Hosler 1994).
These tweezers became symbols of the state in the Tarascan empire (Hosler 1986,
1994). Tarascan priests donned large multispiralled versions of these tweezers as
symbols of office. Ethnographic accounts concerning the meaning of body hair in
Amerindian cultures (Hosler 1994) are useful in explaining how this pedestrian An-
dean and Period 1 west Mexican copper implement used to remove facial hair, became
transformed in the Tarascan zone into a symbol of power. Body hair among indige-
nous American groups is identified with the animal realm rather than with socialized
human groups. Hosler (1994) has argued that these large Tarascan tweezers symbol-
ically separated the priests who wore them from that animal realm, reinforcing the
priest’s social and supernatural power and moral authority (Figs. 14.12 and 14.13).

Our studies have shown that the tweezer design itself, which in mechanical en-
gineering parlance is known as a shell, can be realized only by using these bronze
alloys due to their toughness and strength. Tin regularly appears in Period 2 shell
tweezers in concentrations up to 10 % by weight, giving the metal a golden color
that identified the priests and elites who wore them with the solar deities.
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Fig. 14.13 West Mexican
spiral tweezer design. These
tweezers frequently contain to
10 % tin by weight

Other Period 2 object classes, such as the worked circular rings worn as earrings or
hair braid holders, contain up to 18 % tin by weight (Hosler 1986, 1994), again giving
the metal a golden color. Cold-hammered copper–silver alloys, which are extremely
ductile, were shaped into the large pieces of silvery looking, highly reflective, sheet-
metal ritual objects—for example, the breast plates, disks and shields, and other
items just mentioned. Documentary and pictoral sources from the Tarascan state
indicate that these items were worn and used by elites and nobility.

In other publications, I have assessed the extent to which aspects of this
Period 2 technology, particularly the use of copper–tin, and copper–arsenic bronze
and copper–silver alloys, were stimulated by the metallurgies of Ecuador and Peru
where these alloys and some artifact classes (needle designs, certain tweezer de-
signs) were also developed, but earlier. The similarities and differences in the use
of these alloys in Ecuador and Peru and western Mexico are documented in Hosler
1994 (Chap. 6). In some cases, the object classes and alloy systems are identi-
cal: copper–silver alloy rings, for example, have a long, early history in Ecuador.
The copper–silver alloy (and copper–silver rings) was so common in the State of
Michoacan that the Spaniards called this alloy “the metal of Michoacan” (Hosler
1994). Although beyond the geographical scope of this paper, copper–arsenic alloy
axe monies (Hosler 1986; Hosler et al. 1990) abound on the coast and in inland areas
of Ecuador and these same items—thin, stackable, T- shaped Cu–As objects—were
used as a medium of exchange in Guerrero and Oaxaca, located on the southern
border of the west Mexican metalworking zone.

I have maintained that knowledge of the Cu–Sn, Cu–As, and Cu–Ag alloy systems
and some prototype artifacts were introduced to western Mexico through the same
Ecuador-based maritime trading system responsible for introducing knowledge and
techniques that stimulated the initial development of metallurgy in the metalworking
zone. Yet what stands out, as we compare these Mesoamerican and Andean met-
allurgical traditions, are the original and innovative ways in which west Mexican
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Fig. 14.14 Map showing large west Mexican mines and/or archaeological sites, and the smelting
sites referred to in the text

metalworkers reinterpreted and transformed the bronze alloys for their own social
objectives. They principally were interested in these alloys for large golden and sil-
very looking bells they could cast, in keeping with their cultural interest in sound,
and for the golden and silvery colors they could produce in the other elite and status
items they fashioned that associated the wearers with the supernatural, particularly
the solar and lunar deities.

These new artifact designs, made using tin-bronze, arsenic-bronze, and copper–
silver alloys, have been recovered in burials and household debris at sites throughout
the metalworking zone (Figs. 14.14 and 14.15). Ethnic affiliations are clear in only
two cases: in Jalisco’s Cuenca de Sayula and in the highland areas of the State of
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Fig. 14.15 Map showing Period 2 archaeological sites where metal artifacts were recovered

Michoacan. The powerful Tarascan state dominated Michoacan between 1350 C.E.
and the Spanish invasion in 1530 C.E. (Pollard 1994). The dates from excavations
in the Cuenca de Sayula are earlier, and I will treat them first.

The Cuenca de Sayula project in Jalisco provides the single most significant
new contribution to our understanding of the social affiliations of the peoples using
objects made from copper–tin and copper–arsenic bronze in the metalworking zone.
The Sayula project sites are located within 50 km of each other in a highland basin
of Jalisco. This region lacks significant ore mineral deposits although such deposits
are abundant to the south, in the Ayutla and Ayutlan area, and were exploited at the
time of the Spanish invasion (Hosler and Macfarlane 1996) (Fig. 14.14).

Johan Garcia’s research has focused on metal objects from Sayula sites (Garcia
2007, 2008). Since the investigation is multiyear and multidisciplinary, many other
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researchers have made signal contributions as well (for example, Acosta Nieva 1994;
Valdez et al. 2005; Acosta Nieva et al. 1996; Liot et al. 2006). I have already
commented on Garcia’s work at La Peña (800–1100 C.E.), where archaeologists
excavated Period 1 copper objects. Metal objects from the other three sites, Tasajillo,
Caseta, and Atoyac, provide new insights into the dates for the bronze alloys in the
metalworking zone and, on the basis of the associated pottery, about the social
affiliations of the peoples using these metal objects. All data come from well-dated
artifacts excavated chiefly from burials.

One significant contribution made by Garcia’s work concerns the social affiliations
of the metal-using groups in the metalworking zone. Several authors have argued
that the Tarascan state (1350 C.E. through the Spanish conquest) controlled metal
production over a broad area, and that, in fact, control of metal production was
a critical element in the rise of the state (Pollard 1987, 1994; Maldonado 20063)
(Fig. 14.15). At the site of Caseta, in the Sayula basin, Garcia and others recovered
30 objects, 28 of which were from burial contexts. All are made from copper–tin and
copper–arsenic alloys and the artifact designs (shell tweezers, for example) conform
to the artifact designs Hosler has identified as Period 2. What is most compelling is
that these copper–tin and copper–arsenic bronze artifacts date to between 1040 and
1300 C.E., prior to the emergence of the Tarascan state (1350 C.E.). On the basis of
the pottery, and other material remains, they show no affiliations with that political
entity. In fact, based on pottery (Autlan polychrome), these Caseta peoples are
linked to groups in the Autlan area of southern Jalisco (Garcia 2007, 2008) where,
as mentioned previously, copper deposits are plentiful. Garcia’s work definitively
puts the argument to rest concerning the control of metal production by the Tarascan
state in this area of the metalworking zone. Hosler had long argued on the basis of
artifact distribution and artifact chemical compositions that there is no evidence for
the standardization implied by such state-level control of metallurgy in west Mexico
(see, for example, Hosler 2002, p. 166).

The Cuenca de Sayula dates for the bronze alloys are also highly significant,
because they make clear that the first use of these alloys in the west Mexican metal-
working zone is earlier (Garcia 2007, 2008) by about 100 years than previous data
allowed. The earlier dates also make sense. West Mexican bronze alloy objects have
been identified outside of the metalworking zone dating to 1200–1300 C.E. (Hosler
1994, Chap. 7). Bronze production within the zone logically should have taken place
earlier, but until Garcia’s studies, we lacked the data to demonstrate this. Although
we do not yet know who (what peoples) were first responsible for ore extraction, pro-
cessing, and producing the bronze alloy objects excavated at Caseta, the pottery data
from the site (Garcia 2007, 2008) (Figs. 14.14 and 14.15) indicate that archaeologists
should be looking south to the Autlan area of Jalisco.

Atoyac (1350 C.E. to the Spanish invasion) also located in the Sayula basin
(Fig. 14.15) produced approximately 200 artifacts, all from burials. Chemical anal-
yses of 30 of these show copper–tin, copper–arsenic, and copper–silver alloys. The

3 I was able to read the abstract of Dr. Maldonado’s thesis (2006) but did not have access to the text
at the time of the writing of this paper.
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lower levels of the deposit contain some 50 metal artifacts (Garcia, personal com-
munication 2008) associated with local pottery (Amacueca) produced by people
living in the Sayula basin. Archaeologists recovered copper–tin and copper–arsenic
bronze artifacts from these levels. The artifact types correspond to Hosler’s Period
2. According to Garcia (2007), local Sayula (Amacueca) elites had been wearing
and using these bronze objects prior to their contacts with the Tarascan traders who
settled there. The later occupational phases of Atoyac display a distinct Tarascan
presence based on pottery and other items. Copper–tin, copper–arsenic, and copper–
silver objects were recovered, including examples of the Tarascan symbol of state,
the spiral tweezer. Garcia maintains that (2007, 2008), the archaeological data in-
dicate that Amacueca and Tarascan people were engaged in commercial rather than
bellicose interactions, in which Amacueca and Tarascan elites were intermarrying
and interacting. There are no data indicating a Tarascan conquest of these Amacueca
people.

The only other area in the metalworking zone where there is clear evidence of
the social affiliations of people using copper–tin, copper–arsenic, and copper–silver
objects are sites in the modern state of Michoacan (Fig. 14.1), which was dominated
by the Tarascan state from 1350 C.E. up to the Spanish invasion. Tin and arsenic
bronze artifacts and copper–silver alloys have been excavated at the Tarascan capital,
Tzintzuntzan in Michoacan (Cabrera 1988; Grinberg 1989; Hosler 1986; Rubin de
la Borbolla 1944), and at Huandacareo, Tres Cerritos (Macias Goytia 1990; Hosler
1994), Orichu (Hosler and Macfarlane 1996), and Huetamo (Hosler 1986).

Unlike the clear-cut situation in the Cuenca de Sayula and in highland Michoa-
can, these bronze artifact types also appear at metalworking zone sites where the
social affiliations of the people using these objects are problematic. At Apatzingan,
Michoacan, Kelly (1947) recovered archaeological material she argues is unrelated
to the Tarascan state, and this includes some of the metal artifact designs that char-
acterize Period 1 (Cu, Cu–As alloys). Cultural affiliations are similarly unclear at
Milpillas, Michoacan (Hosler 1994), at lo Arado, Jalisco (Hosler n. d.), at El Chanal,
Colima (Kelly 1985; Hosler 1986 and field notes), at San Miguel Ixtapan in the state
of Mexico (Ruben Nieto, personal communication 2000), and at Bernard in coastal
Guerrero (Brush 1962); but copper–tin bronze artifacts are common at all of these
sites. Moreover, hundreds of high-tin, tin-bronze artifacts (open rings) were recov-
ered in the salvage operation in the Infiernillo region of the Rio Balsas, and social
affiliations in these cases are likewise uncertain (Hosler 2002).

Discussion

Taken as a whole, we can point to significant contributions to understanding the
South and Central American origins of west Mexican metallurgy, the characteristics
of that technology, its chronological trajectory, and the ways in which west Mexican
peoples incorporated, transformed, and defined the new material, using it for their
own cultural objectives. The feasibility studies of the success of the Ecuadorian
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seagoing rafts in introducing the technology to western Mexico greatly strengthen
that argument. Garcia’s work at the Cuenca de Sayula has refined Hosler’s chronology
(1994) for the first use of the Cu–As and Cu–Sn alloys in the metalworking zone.
By identifying the social affiliations of the Sayula groups’ first use of these Cu–Sn
and Cu–As alloys through the pottery analysis (Autlan polychrome), Garcia’s work
also makes southern Jalisco a key area for future studies of extraction, and perhaps
initial production of these bronze alloys. The Sayula project also provides the first
recent data allowing us to identify the social affiliations, interactions, and relations
of two metal-using groups: the Amacueca and Tarascan peoples.

The most fundamental and serious lacunae in our data concern extractive
technologies—identifying mines, smelting sites, and smelting regimes—and cen-
ters of production and distribution together with the social affiliations of the groups
that did produce the Cu–As, Cu–Sn, and Cu–Ag alloys that developed in the west
Mexican metalworking zone after 1100 C.E. I address this issue in the subsequent
section.

Archaeological, Chemical Analytical, and Historical Evidence
for Mining, Extractive Metallurgy, and Object Fabrication

Data for mining and ore processing in the metalworking zone are scant during and
after the bronze and copper–silver alloys were introduced. Archaeologists have re-
ported occasional evidence for metal production activities at widely dispersed sites
and regions in Colima, Jalisco, Michoacan, and Guerrero (Hosler 1994). Only two
possible prehispanic metal smelting sites, at la Barranca de Las Fundiciones de El
Manchon, Guerrero (Hosler 2002, 2003) and Itziparatzico, Michoacan (Maldonado
et al. 2005; Maldonado 20064), have been systematically excavated (Fig. 14.14).
La Barranca de Las Fundiciones was identified in a metallurgical site survey of the
tierra caliente area of Guerrero and the adjacent Sierra Madre del Sur (Hosler 2000).
Substantial evidence exists for preconquest and Colonial mining, ore processing,
and metal production in this area of Guerrero. Thirty-two archaeological sites were
located: all but two are situated within 1 km of a copper mine. Six of these sites
display evidence for some facet of extractive metallurgy and metal production (e.g.,
ore, furnaces, processing tools, and slag) (Hosler 2002). Well-defined smelting areas
distinguish five of these sites, all containing substantial slag accumulations. Three
sites (La Barranca de Las Fundiciones, Cerro del Chivo, and Agua Fria) seemed the
most promising for excavation (Hosler 2000, 2002, 2003). I elected to work at La
Barranca de las Fundiciones, the largest of the three and the only site that did not
exhibit some evidence5 of Colonial or subsequent occupation.

4 See footnote 3.
5 Agua Fria was identified in a document referring to eighteenth century and subsequent mining
activities, and thus was exploited after the conquest and from the pottery and prehispanic house
mounds and house foundations likely before (Personal communication, RocuiColegio Mexiquense
2006).
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La Barranca de las Fundiciones de El Manchon is located in the Sierra Madre del
Sur in the State of Guerrero at 1,400 m (Hosler 2002, 2003). The site, which is badly
eroded, consists of three distinct subareas distributed linearly across approximately
1 km—two of the three areas are habitation sites, marked by long, rectangular, house
foundations. The surface collections of all three areas produced prehispanic potsherds
and obsidian and both materials appear in the excavations of the two habitation
areas. Pottery types have not been identified definitively, but the pottery is made
from local clays (Reitzel 2007) and shows no particular association with the well-
defined pottery traditions in other Mesoamerican areas (Aztec, Tarascan, Oaxaca,
and Jalisco). Some of the potsherds have been provisionally linked toYestla-Naranjo
and Cuitlateca peoples, who were living in the State of Guerrero at the time of the
Spanish invasion. Between the two habitation areas, and separated by a year-round
arroyo, is a smelting area containing large volumes of slag and extremely disturbed
and destroyed furnace structures (Hosler 2003).

Project members were able to recover copper ore and metallurgical slags from
excavations of several of these furnace structures, and the ore and slag samples were
extensively analyzed by Rachael Sharp (2003) in her comprehensive, laboratory-
based, undergraduate thesis work. Sharp determined that metalworkers were smelting
copper oxides and carbonates such as cuprite and malachite to produce copper metal.
The ore originated from a weathered complex copper sulfide–iron sulfide deposit.
The ore contains copper and iron oxides and, as a result, was self-fluxing. Sharp
concludes that the furnaces did not have to operate at temperatures higher than
1,150 ◦C to smelt effectively. Most of the copper was consolidated within the furnace;
only about 2 % of the copper was retained in the slag in the form of prills (Sharp
2003). We are not sure how metalworkers achieved these temperatures, but Sharp
speculates that the furnaces may have operated through a natural draft mechanism.
Unfortunately, the project has not yet located an intact furnace. Copper deposits
are common throughout the area and one potential candidate, located approximately
1 km to the south of the site, has been completely exhausted. We recovered only three
pieces of smelted copper metal from our excavations of the smelting area. I suspect
that the copper metal may have been exported as ingots to the large, adjacent site
of Los Cimientos, although we have no direct evidence for this contention. Local
people do report occasionally recovering copper rings and a few other copper items
from Los Cimientos. Social conflict and violence related to drug trafficking in this
highland Guerrero area have precluded continued work at this site during the last
several years.

Dates for La Barranca de las Fundiciones are problematic. The two habitation
areas have produced calibrated radiocarbon dates ranging from 1250 to 1650 C.E.

The Spanish invasion took place around 1530 C.E. in this area. Although no
evidence exists for Colonial or recent occupation in any portion of the site (no pottery,
iron artifacts, etc.), radiocarbon dates from wood charcoal from the smelting area are
equivocal and range from 1350–1850 C.E. and later. These dates are perplexing. I am
currently working with geochemists to try to determine what may have contributed to
these disparate results. Sixteenth-century documents referring to this area of Guerrero
provide another line of investigation to determine whether this particular mine and
smelting area may have been exploited after the invasion by the Spainards. For
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now, I suspect that Las Fundiciones peoples were smelting copper shortly before the
Spanish invasion and that these activities continued after the invasion—perhaps by
indigenous peoples under Spanish control or perhaps by Spanish miners themselves.
To reiterate, our most confounding observation from this site is that virtually no
colonial artifacts or artifacts representing later periods have been recovered either at
the site of Las Fundiciones, or at the adjacent sites of La Nueva and Los Cimientos.

Blanca Maldonado has undertaken a study of the slags at the highland Tarascan
site of Itziparatzico Michoacan (Maldonado et al. 2005). The authors have identified
chalcopyrite as the copper ore that was smelted, present in a silica-rich matrix.
They found that furnace temperatures must have been about 1,100 ◦C. Maldonado
speculates that the copper ore was brought to Itziparatzico for smelting, then exported
as ingots. She was unable to determine definitively whether the smelting activities
represented prehispanic- or later-conquest period activities.

Archaeologists working in the metalworking zone have reported evidence for
processing at various other sites in Jalisco, Michoacan, and Guerrero. Isabel Kelly
(1949) identified slag in the Autlan area of Jalisco, and she also recovered copper ore
as well as artifacts (already noted) atApatzingan in Michoacan. Apatzingan lies in the
Mexican copper belt and is very close to LaVerde, one of Mexico’s very large copper-
belt mines. Grinberg (1989) has identified slag at Churumuco and at the La Verde
(Michoacan) mines, but the slag was not associated with archaeological material and
thus may correspond to more recent mining activities. These two mines have been
subject to small-scale and commercial exploitation from the Spanish invasion into the
twentieth century. Brush (1962) excavated slag at Bernard, Guerrero, which, from
his description, may be a by-product of tin smelting. This is especially significant
because he also identified tin-bronze alloys at that site. Weitlaner (1947) identified
slag at Naranjo, Guerrero. Two ingots were excavated at El Chanal, Colima, neither
of which has been analyzed.

Chemical analytical data also support the archaeological evidence (albeit scant)
that metal processing and production were carried out in many regions of the met-
alworking zone. The hundreds of artifacts analyzed dating to Period 2 when the
bronze alloys were used show little evidence for standardization in alloy composi-
tion or design (Hosler 2003). Metalworkers did not follow strict technical recipes;
that is, they did not adhere to strict norms for alloy compositions. Artifact chemical
compositions, whose suite of trace elements varies greatly, suggest that metal was
smelted from quite different parent materials.

Perhaps most crucial to this argument are the results of our most recent lead isotope
analyses of copper ores from the tierra caliente area and Sierra Madre del Sur in
Guerrero (Lopez et al. 1999), which greatly expand the number of potential artifact
ore sources we analyzed and published in Science (Hosler and Macfarlane 1996). At
that time, the ore and artifact data pointed to several large Michoacan mines (Inguaran
and Bastan) as major sources of copper ore for some 170 artifacts analyzed from sites
in Jalisco, Michoacan, Morelos, Chiapas, Belize, and Tamaulipas. The Guerrero lead
isotope ratios (from 21 mines) overlap with those of Michoacan (Inguaran and Bastan
mines) and occasionally with ore lead isotope ratios from Jalisco deposits. These
data and data gained from other geochemical studies of Mexican ores now indicate
convincingly that ore lead isotopic values alone will not allow us to distinguish
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copper ore fields that are located along a north–south axis (for example, among
the states of Jalisco, Michoacan, and Guerrero). We can sometimes make positive
identifications when the lead isotope ratios for the deposits and the artifacts coincide
precisely. Nevertheless, the data do confirm the evidence presented in the article
published in Science that Mexico exhibits a west–east trend in lead isotopic ratios,
making it possible to distinguish, for example, artifacts made from Jalisco ores from
those made from copper deposits to the east, from San Luis Potosi or Veracruz.
The lead isotope evidence from Guerrero, coupled with archaeological evidence for
processing in the tierra caliente area, suggests that a variety of ore sources were
exploited during Period 2.

Ethnohistoric sources from many Mesoamerican regions also have provided in-
sights concerning metal production prior to the Spanish invasion. The Relaciones
Geograficas report copper and silver deposits in the modern State of Jalisco in the
province of Tenazmatlan, Jalisco (Acuña 1988, p. 290), where, in the last several
decades, many copper artifacts have been recovered by looters. The region is clas-
sified as a mining district by Mexico’s Instituto Nacional de Geografía e Estadistica
(INEGI). In Michoacan, the Relaciones Geograficas also describe a copper mine at
Sinagua (Acuña 1987, p. 254). Sinagua is located in Michoacan’s tierra caliente
region and is within about 25 km of the Inguaran, Churumuco, and Cocian mines,
three of Mesoamerica’s richest copper deposits. The historian Elinore Barrett (1981)
argues that all three mines were subject to Sinagua prior to the invasion and were
mined by local peoples. She cites Legajo 1204, a document written in 1533 C.E. and
first published by J. Warren (1968) to support this contention, but she relies on other
sources as well. Apart from identifying these mines, the Legajo reports that half of
the metal was rendered as tribute to the Spanish Crown. It also describes copper
smelting, but fails to do so in sufficient detail to facilitate useful reconstructions
(Hosler 1986). In Guerrero, the Relaciones Geograficas from Tetela del Rio (Hosler
1986, 2003; Paso y Troncoso 1905, p. 36) mention two copper deposits and note that
they had been mined prior to the invasion.

Technical Choices: Color, Sound, and Cosmology

Thus, the metalworking zone object designs that characterize the period after 1100–
1200 C.E. have been recovered at many sites throughout the area. The properties of
bronze facilitate a range of new applications. In general, rather than expanding the
range of artifact classes, and for example, using bronze for tools weapons or armor,
artisans continued to produce sacred and status items altering and refining design to
take advantage of alloy properties. It is clear that the sound and color of this material
were the two key physical properties that shaped the technical choices concerning
objects they designed and the metals and alloys they used. Metalworkers used high
tin and high arsenic bronzes for large, thin-walled, golden and silvery looking bells
cast with intricate, complex, external zigzag design motifs. They redesigned their
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tweezers, making them thinner and wider, cold- and hot-working the blade portion
into delicate concave shapes. From copper–silver alloys, they produced highly reflec-
tive silvery looking metal sheet, crafting it into ornamental shields and other items.
I have observed elsewhere (Hosler 1994, 1995) that Tarascan nobility and the other
elites in the metalworking zone wore and used these objects, as well as objects made
from gold and copper–gold alloys, in ritual and by doing so affiliated themselves with
the solar (gold) and lunar (silver) deities. The metallurgy that emerged in western
Mexico functioned as a visual and auditory system that symbolically defined elite
and sacred spheres of activity.

The central question to consider again concerns why metalworkers elected to de-
velop these two properties of metal: its sound in bells and its golden and silvery
colors in bells and an array of other objects. In previous discussions, I have pointed
to sixteenth-century Nahuatl texts and linguistic evidence in which bell sounds and
rattling sounds are related to song and associated with speech. Nahuatl texts and
lexical and linguistic evidence (Hosler 1995) disclose that bell sounds regenerate,
protect, and metaphorically create the Aztec sacred garden or paradise described
by Louise Burkhart (1992) and treated subsequently. Bells and composite instru-
ments containing them are associated particularly with three Mesoamerican deities
in sixteenth-century Aztec texts and illustrations, all connected to ideas of fertility
and regeneration: Tlaloc, the god of rain, Xipe Totec the god of the metalsmiths,
regeneration, and new vegetation (Hosler 1994, 1995), and Quetzalcoatl who repre-
sents aspects of the wind and storm deity (Broda 1971). Quetzalcoatl (the plumed
serpent) is often depicted as a rattlesnake, and in some illustrations the rattles are
replaced by metal bells (Hosler 1995).

In the west Mexican metalworking zone, particularly in the Tarascan state, the
evidence shows that deities responsible for these same forces and events exist, but in
different guises. Tarascan ideology shares basic principles with other Mesoamerican
groups, including autosacrifice, the ball game, flaying, and heart sacrifice (Pollard
1993). Xaranga the moon deity, was the wife of Curicaueri, the sky god, and the sun’s
messenger. Xaranga was the daughter of Cuerauperi. Cuerauperi controlled birth,
death, rain, and fertility. Flaying rites were dedicated to her, and she, like Xipe Totec,
was also associated with renewal (fertility) and regeneration. Xaratanga, the moon
deity, is depicted in various ways, of which one is a snake. Xaratanga was associated
with childbirth and also with fertility. The association between snakes, which make
rattling sounds, and fertility seems also to prevail among Tarascan peoples. Linguistic
evidence, while limited, suggests that the terms for copper and rattlesnakes are related
(Prof. Kenneth Hale personal communication 1994). In addition, the Tarascan word
Tiamu translates both as Hierro (iron or metal) and as Campana (bell), which, as I
have emphasized elsewhere (Hosler 1994, Chap. 8), indicates that for these peoples
the purpose of metal was to make bells: “bell” and “metal” became cultural synonyms.
Stanford (1966) has observed that the musical cultures of the Aztec, Tarascan, and
Mixtec cultures are fundamentally similar, so that sounding instruments, including
bells and the meanings ascribed to them, should also resemble one another.

Documentary evidence from the Tarascan state is particularly helpful concerning
the meaning of metals and of metallic color. Tarascan peoples considered golden and
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silvery objects divine, they associated them with the sun and with the moon deities,
and nobility wore them to reify their status. One of the three brothers, Hiripan, who
participated in the Tarascan state expansion expresses the following in declaring his
intent to recover gold, silver, and other items from conquered peoples:

“The people in the villages run away and carry off the plumes and jewels which
made them nobles in the villages we have conquered. Go get them so the gods (the
golden and silvery objects} come back to their villages.” Seeing that yellow gold and
white silver Hiripan said: “Look brothers, this yellow metal must be the substances
the sun excretes and that white metal must be the substances excreted by the moon.”
(Tudela 1977, p. 152)

The citation makes explicit that the nobility defined itself by possessing golden
and silvery plumes and jewels. The association of gold with the sun is reinforced by
linguistic data: the root titipeti means gold in Tarascan and Tiripiti was also the name
of gods who were individual manifestations of the sun (Brand 1951). State treasuries
stored golden diadems and disks in chests to honor the sun and disks of silver to honor
the moon (Hosler 1994). The information from Central Mexican (Aztec) sources for
similar associations, of gold with the sun and silver with the moon, are equally strong
and have been cited elsewhere (Hosler 1994, 1995).

Perhaps the key to west Mexican and Mesoamerican interest in the golden and
silvery colors of metal, whether achieved by alloying or by other means, is in the
quality of brilliance that defined the Aztec paradise. Termed a “cult of brilliance”
by Burkhart (1992) in Nahuatl devotional literature, this paradise is conceived as a
shimmering sacred garden:

In this symbolic garden one came into direct contact with the creative life-giving forces of
the universe and with the timeless world of deities and ancestors. The garden is a shimmering
place filled with divine fire, the light of the sun reflects from the petals of flowers and the
iridescent feathers of birds—human beings the souls the dead or the ritually transformed
living are themselves flowers, birds and shimmering gems [this garden] is a metaphor for
life on earth, a metaphor that ritual transforms into reality by asserting that in fact this is the
way that the world is. (Burkhart 1992, p. 89)

We presume that the concept of a brilliant, shimmering garden may also have existed
in the Tarascan ideas of paradise, particularly given the quantities of copper–silver
metal artifacts, gold and silver artifacts, and artifacts that looked golden or silvery
produced by using the bronze alloys. The concept of a brilliant shimmering garden
was probably held by other Uto-Aztecan speakers and possibly also by the Maya
(Burkhart, personal communication 1993). Some evidence exists that these same
concepts were held in Andean South America as well.

Stanzas from Cantares Mexicanos (Biehorst 1985)6 show that a shimmering iri-
descent garden is created through song, represented by bell sounds, bird sounds, and
the sounds of human voices singing, and that the Aztec paradise is replete with birds,
flowers, trees, and golden colors (Hosler 1994, p. 241, 242). The idea that metallic
sound can create metallic color also appears in these texts. As the following stanza

6 Cantares Mexicanos was composed in Nahuatl between 1550 and 1580 C.E. and deals with the
conquest and its aftermath.
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from Cantares Mexicanos shows, it is precisely through sound and song that the
sacred shimmering garden comes into being:

As colors I devise them, I strew them in the Palace of Good Song. As jewel maps shot with
jade and emerald sunray the Green Place flower songs are radiating green. A flower incense
flaming all around spreads sky aroma filled with sunshot mist as I, the singer in this gentle
rain of flowers sing before the ever present ever near. (Bierhorst 1985, p. 141)

Other metaphors in this poetry present the same idea. What is most compelling
however is that sound and metallic colors can come into being through a metallurgical
process:

I drill my songs as though they were jades, I smelt them as gold. I mount these songs of
mine as if they were jades. (Bierhorst 1985, p. 207)

This links sound, singing, smelting, and metallic colors. Producing song is analogous
to the process of producing metal. Songs are smelted, a process of transformation
from musical thought to musical production. Metal is smelted from the rocky ore to
produce the liquid metal. This extraordinary conception of creative activity reveals
that in Aztec thought, the processing technologies devised for creating objects, and
including metal objects, and the cognitive processes involved in creating song require
precisely the same coordination of thought and activity.

These sounds and colors helped define theAztec paradise (Hosler 1994) described
by Burkhart (1992) as a realm populated by deceased warriors and deified ancestors,
and conceived as a shimmering, iridescent, golden and silvery garden filled with the
creative, generative sounds and songs of bells, birds, and human voices singing.

The cultural interest in bell sounds arose from their association with thunder,
rain, fertility, and regeneration, and that these sounds and the sounds of human voices
singing could create the sacred paradise. This may explain the lexical evidence which
indicates that “metal” and “bells” were cultural synonyms in three Mesoamerican
languages. The experience of hearing metallic sounds for the first time, also must have
deeply affected the west Mexican peoples. The highly reflective metallic colors were
also a new, powerful, visual experience for these people, particularly the golden
and silvery colors of metal sheet whose closest counterparts were in the silvery
colors of the moon and the golden colors of the rays of the sun, reflecting off of
lakes and streams. The sounds of metal bells and the golden and silvery metallic
colors became fundamental to and integrated into these peoples’ concepts of the
sacred, and were associated with supernatural forces. The paradise was a garden filled
with shimmering beings, reflective dewdrops, and the iridescent colors of insects,
butterflies, dragonflies, and the feathers of certain multicolored birds that populated
the tropical paradise. These conceptions of divinity and paradise may already have
been in place when metal was first introduced to western Mexico. If this was so it
helps explain the technical choices that resulted in the focus on lost-wax-cast bells.
Pottery bells preceded them. If the idea of a shimmering paradise also holds for South
America, the South American concern with producing the reflective colors through
the production of golden and silvery sheet metal may also become explicable.

These topics merit further research, and one the most fruitful means of doing so in
the Mesoamerican case may be through lexical and linguistic studies of the Tarascan
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and Nahuatl languages, and the meticulous exploration of Colonial-period religious
texts.

The most interesting aspect of the information presented here is that metalworking
zone smiths from across a very broad region, and representing many social groups,
elected to use these new materials to produce religious and status-bearing parapher-
nalia to strengthen, consolidate, and reify religious and social power, and to express
the cosmological precepts just discussed. This ritual use of metal distinguishes the
technology of this metalworking zone. Linguistic and other evidence indicates that
the metalworking zone peoples shared beliefs concerning the meaning of bell sounds
and of golden and silvery metallic colors with other Mesoamerican groups. The re-
markable implication of these findings is that although metalworkers differed in
cultural affiliations (based on other aspects of their material repertoire, pottery, for
example) and thus probably social affiliations and language, they nonetheless shared
the highly specialized metallurgical knowledge of ores, smelting regimes, fabrica-
tion methods, and design options. We know nothing about how this information was
transmitted from one generation to another or how it was disseminated to other met-
alworking zone peoples. What is clear is that the level of technical expertise required
for smelting the complex ores used to produce the high arsenic copper–arsenic alloys,
the specialized knowledge required to produce lost-wax castings, and the expertise
required for many other facets of this extraordinary metallurgical tradition can only
be compared to those of other highly skilled specialists: for example, individuals in
the Maya realm who could write and read hieroglyphic script. Another implication
of these findings is that metalworkers in the large and socially diverse west Mexican
metalworking zone shared fundamental cosmological precepts regarding the sacred
nature and the meaning of this new material.

What makes the West Mexican development of metallurgy so challenging to ar-
chaeologists is to determine how we identify the social mechanisms through which
this highly specialized technical knowledge was initially transmitted and subse-
quently transformed by west Mexican peoples for their own social objectives. The
larger question, that of documenting “technology transfer” or the introduction of
technology by one non-literate ancient people to another, has to be one of the most
complex issues an archaeologist can face.
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Chapter 15
Andean Metallurgy in Prehistory

Heather Lechtman

Heartlands of Metallurgy

Scholars agree that Southwest Asia and the Andean zone of South America were
unique heartlands of metallurgy in prehistory. Anatolia, Iran, and Palestine, in the
Old World, Peru, Bolivia, and NorthwestArgentina in the New were regions in which
technologies of metallurgy nucleated independently and developed rapidly. With
time, these regions became the sources from which metallurgical technologies were
accessible to societies throughout Europe and Asia on the one hand and throughout
Andean America, Central America, and Mesoamerica on the other.

In comparison with the archaeologically defined Chalcolithic and Bronze Age
during which the early metallurgies of Southwest Asia appeared and matured, the
Andes were long considered a backwater with respect to the development of metallur-
gical technologies on the world stage. What appeared to be an Andean emphasis on
working almost exclusively with gold and silver supported a widely held view, even
among Andean archaeologists, that pyrotechnology—the backbone of sophisticated
metallurgy—was absent in the Andes.

The pioneering work of the early twentieth century by Ambrosetti (1904); Boman
(1908); Nordenskiøld (1921, 1931), and Latcham (1938) presented Andean metal-
lurgical technologies in their social contexts. Mathewson (1915) carried out the first
metallographic studies of Andean artifacts in his remarkable analyses of items from
Machu Picchu. These early studies were followed by the work of investigators such
as Rivet and Arsandaux (1946); Root (1949, 1951); Caley and Easby (1959) who
initiated systematic laboratory analyses of the chemical composition and metallur-
gical microstructures of Andean metal artifacts. Nevertheless, from the late 1960s
forward, it took dedicated, anthropologically motivated field and laboratory investi-
gations of Andean metallurgy to provide the data on which the current recognition
of an Andean metallurgical heartland rests.
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Anthropology and archaeology are comparative sciences. The entrance of Amer-
ican metallurgy, both Andean and Mesoamerican (see Hosler, this volume), on
the scene of archaeological scholarship has enhanced greatly our ability to draw
comparisons between major heartlands of metallurgy in prehistory. We can now dis-
card the Southwest Asian yardstick as the one against which we measure all other
metallurgical developments.

The discussion of prehistoric Andean metallurgy presented here derives from
a perspective that explores and emphasizes the cultural foundations of production
technologies. From this perspective, a core question must be: What makes Andean
metallurgy Andean; what is metallurgy like in Andean hands?

The Andean Region

A Vertical Environment

Following Murra (1974), this discussion considers the ‘Andean region’ in prehistory
as delimited by those territories that were integrated politically into Tawantinsuyu,
the Inka state. Between about CE 1438 and 1525, the Inka established an empire
that included some 4,200 linear kilometers (2,600 miles) of rugged highlands and
both moist and desert Pacific coastal terrain. At its apogee, Tawantinsuyu extended
from what is today Ecuador, just north of the Equator (0◦ S latitude) at the current
border between Ecuador and Colombia, to the city Santiago de Chile (33◦ S latitude)
in the south, including the western portions of the modern nations of Ecuador, Peru,
Bolivia, Chile, and Argentina (Fig. 15.1).

The Andean topography in these tropical latitudes produces a high-stress en-
vironment of extremes. Andean peoples are sometimes said to live in a vertical
environment. The Andes mountain chain dominates the entire western limit of South
America (Fig. 15.2). The range is high, narrow, and thus extremely steep. It is rugged,
often inhospitable, and isolating. The narrow Pacific littoral, rarely exceeding about
30 km in width from west to east, hosts one of the driest deserts in the world along
much of its length. Rivers flowing down the western slopes of the mountains cross
the desert to discharge into the Pacific Ocean. Many rivers are without water during
the 6-month dry season in the highlands.

The net result of this challenging environment has been to isolate communi-
ties from one another. Movement, communication, and exchange through mountain
passes along a west–east trajectory, critical to the subsistence viability of highland
populations and to their economic wealth, were the norm and practiced tradition-
ally. The impediment to expansion, of whatever kind, lay in the near-insurmountable
obstacle presented by the north–south axis of the Andes chain.

The Andes Mountains consist of three distinct massifs, the Cordillera Occidental
(western), the Cordillera Central (center), and the Cordillera Oriental (eastern). Their



15 Andean Metallurgy in Prehistory 363

Fig. 15.1 Geographic extent of Tawantinsuyu, the Inka empire, at its apogee. The Late Horizon
corresponds to the period of Inka territorial expansion and political sway. (After Lechtman 1996d,
Fig. 3)

directional trend is generally north–south, but at the northern tip of Lake Titicaca,
which today lies across the political border between Peru and Bolivia, the Cordillera
Oriental bulges eastward, forming a high, intermontane plateau, the altiplano. The
high, cold, and arid, tundra-like altiplano extends from the southern tip of Lake
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Fig. 15.2 Map of the Central Andean area indicating major geographic features and archaeological
sites mentioned in the text. (After Boone 1996, p. 12)

Titicaca for a distance of 965 km (600 miles) to the southwest corner of Bolivia,
grading into high sierra (puna) at the Bolivian border with Northwest Argentina. At
its widest, the altiplano measures about 150 km (93 miles), occupying portions of
southern Peru, Bolivia, northern Chile, and Northwest Argentina.
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Andean Metallic Mineral Deposits: Copper Ore and Tin Ore

This discussion of the primary metallic ore resources accessible to Andean metal-
workers focuses on ores of copper and ores of tin. Copper was the matrix constituent
of all the major alloys Andean metalworkers developed, including copper–silver,
copper–gold, copper–arsenic, and copper–tin. Copper was never replaced as the
foundation for all Andean metallurgical experiment and change, because its alloys
generated the physical properties, such as color, and the mechanical properties re-
quired for the appropriate social and cultural functioning of the items those alloys
produced.

The Central Andean and South Central Andean zones host some of the largest and
richest deposits of copper ore in the world. These copper ores have been exploited
heavily from prehistory to the present. The Central Andean zone is particularly
rich in the tetrahedrite–tennantite [Cu12Sb4S13–Cu12As4S13] copper sulfarsenide ore
solid solution series, sometimes referred to as fahlerz or grey ores. These ores of
copper, arsenic, antimony, and sulfur and their weathered products are abundant from
southern Ecuador to northern Bolivia and are also represented in significant deposits
in Northwest Argentina and central Chile (Fig. 15.3). Enargite [Cu3AsS4], one of the
purest mineral types in the series, occurs in an important group of deposits stretching
the length of the Central Andes, from Pilzhum in northern Ecuador to Laurani in
northern Bolivia (U. Petersen 1989). The largest and richest of these deposits are
in central Peru (Fig. 15.3). Other sulfarsenide ores that are far less abundant in the
Andes but were likely used in prehistoric smelting operations (Merkel et al. 1994;
Shimada and Merkel 1991) include arsenopyrite [FeAsS], the primary metallic ore
mineral West Mexican metalworkers smelted in the production of copper–arsenic
alloys (Hosler 1986, 1994, this volume).

The presence of these abundant and accessible deposits of arsenic-bearing copper
sulfide or iron sulfide ores in the Central Andes facilitated the production of copper–
arsenic alloys there, either by direct smelting or by cosmelting procedures (Lechtman
and Klein 1999; Lechtman 1991a; Shimada 1985). Depending upon the concentra-
tion of arsenic in the smelted metal, these alloys may be considered arsenical copper
or arsenic bronze (Lechtman 1996a, 1997, 2005)1.

By contrast, peoples living on the Bolivian altiplano and in the high sierras of
Northwest Argentina exploited the rich cassiterite [SnO2] deposits located in an
extensive ore field that runs from the far southern puna of present-day Peru, on the
southwestern shores of Lake Titicaca, through the altiplano and well into Northwest
Argentina (Fig. 15.3). These cassiterite ores constitute the only significant source of
tin anywhere in the Andes, and they are some of the richest cassiterite deposits in
the world. They supplied the tin necessary for the production of tin bronze in the
South Central Andes during the Middle Horizon and the Late Intermediate Period

1 Given the experimentally measured changes in the mechanical properties of copper–arsenic alloys
in which the arsenic concentration is 0.5 wt % or higher, I consider all such alloys bronzes (Lechtman
1996a). Binary alloys of copper and arsenic in which the arsenic concentration is below 0.5 wt %
are arsenical coppers.
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Fig. 15.3 Location of major ore deposits of enargite, cassiterite, and nickel-bearing minerals in the
Central and South Central Andean region. (After Lechtman 2003b, Fig. 3)

(Fig. 15.4), and for the heightened scale of production and widespread use of tin
bronze as the emblematic imperial alloy by the Inka state (Lechtman 1979, 2007;
L. R. González 2004).

Prehistoric Andean metallurgy was never impeded by a lack of mineral resources.
Gold and silver ores were and are abundant in the Central Andes, though they are
much more regionally distributed than the copper deposits. The expansion of the
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Inka state into Collasuyu, the South Central Andes, was largely stimulated by the
presence of silver deposits, especially in the Potosí region of southern Bolivia (Van
Buren and Mills 2005; Platt et al. 2006) and in the northern reaches of Northwest
Argentina (Pablo Cruz personal communication 2009).

Horizons and Periods: An Andean Archaeological Chronology

Figure 15.4 presents a broadly outlined, chronological scheme Andean archaeolo-
gists find useful in reckoning large-scale developments that occurred during Andean
prehistory. The structure of the chronology, which divides major blocks of time into
‘horizons’and ‘periods’, is related to the ability of peoples to overcome the dominant
topographic realities of the Andean region.

The features that define a horizon include archaeological evidence for a consider-
able movement of ideas, people, and things in a north–south trajectory across, and in
defiance of, the formidable natural barriers presented by the Andean mountain chain.
Horizons were times of contact and exchange among peoples of different and often
far-flung regions and from a variety of political contexts. They invariably suggest a
preponderant concern for the intellectual or political handling of large, new groups of
people (Willey 1991). Within this chronological framework, periods of time that do
not manifest horizon features in the archaeological record are referred to as ‘periods’
or ‘intermediate periods’. These exhibit a much higher degree of isolation between
polities, when attention turned to local or regional affairs.

The chronological scheme provided in Fig. 15.4 records the dynamics of Andean
prehistory essentially as a function of regionalism on the one hand and of contact,
movement, and the assault on north–south physical barriers on the other. Figure 15.4a
delimits and names interludes that characterize CentralAndean prehistory. Archaeol-
ogists of the South Central Andes use similar chronological structures with different
labels, but, as Figs. 15.4b and c indicate, the concordance among the three schemes
is close, especially during the Common Era.

Whereas we consider horizon phenomena in the Central Andean zone as oc-
casioned by highland peoples, coastal populations were responsible for many
technological innovations that took place during the intermediate periods, including
the development of sophisticated metallurgical technologies.

Central Andean Metallurgy: A Three-component System

The Central Andes, a geographic division defined by Andean archaeologists, com-
prises the region that stretches from the political limit of Ecuador with Colombia, in
the north, to the borders of Peru with Bolivia and Chile, in the south (Fig. 15.2). The
present political border between Peru and Bolivia bisects Lake Titicaca at roughly
69◦ W longitude. Figure 15.4a presents the chronological limits of the major Central
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Andean intermediate periods and horizons as currently estimated from radiocarbon
dates and ethnohistoric evidence. It also indicates the prominence, through time, of
certain religious cults (e.g., Chavín), societies (e.g., Moche), and political entities
(e.g., Inka) that are mentioned in the text.

Central Andean metallurgy was a three-component system. The elemental or
material components are copper, silver, and gold. The system was set in place early
in the Early Intermediate Period, as soon as these three metals were identified and
used commonly by Andean metalworkers. The triad remained a physical and cultural
reality up to and through the Late Horizon.

The three metals and their alloys, together with the Central Andean commitment
to fabricating objects from them by processes of plastic deformation, comprised a
technological style (Lechtman 1977, 1979, 1996c). The Inka inherited a metallurgical
system that was already an entrenched Andean ideal. They used it in the service of
the state.

Early Precursors: The Initial Period

Archaeological evidence for the use of metal in the Central Andes prior to the Early
Horizon is scarce. In all cases reported, the metals are small, hammered pieces of
gold or native copper. At the Terminal Archaic (2155–1936 BCE) site Jiskairumoko,
Aldenderfer et al. (2008) excavated a group of cylindrical beads hammered to shape
from fairly thick (0.5–1 mm) pieces of gold. Together with several greenstone beads,
these formed a necklace associated with a human burial. The site, located in the
Ilave River drainage of the southwest Lake Titicaca Basin in southern Peru, was
inhabited by transhumant, hunting, and gathering people: a “society of low-level
food producers” (Aldenderfer et al. 2008, p. 5002). The authors argue that the social
context of this find suggests the use of gold for status-display purposes, long before
the appearance of more complex societies in the region.

Two other examples of the early use of native metals date to the Late Initial
Period. Richard Burger excavated examples of hammered gold foil and hammered
native copper foil at Mina Perdida, a Late Initial Period site (1410–1090 BCE) in the
lower Lurín valley of the central Peruvian coast (Burger and Gordon 1998). Mina
Perdida is a large, civic-ceremonial center built by a settled, pottery-using village of
farmers with a mixed subsistence base including irrigation agriculture, fishing, and
shellfish collecting. Burger remarks that “despite the impressive scale of the public
constructions, there is little suggestion of sharp economic inequalities or a strongly
stratified society” (Burger and Gordon 1998, p. 1108). The metal foils (thicknesses
range from 0.01 to 0.14 mm, with a single copper foil of 0.7mm thickness) were
excavated on the summit of the main pyramid which, together with other monumental
structures, was used for religious rituals and other community activities. The copper
foils are especially interesting. One exhibits microstructural evidence of having been
hammered and annealed. Another maintains bits of gold foil attached to the copper
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foil with an adhesive, apparently an early attempt at gilding copper, though not
through metallurgical processes.

Joel Grossman (1972) excavated loose flakes of hammered gold foil and several
lapis lazuli beads, placed in the hands of a male individual, from a burial at Waywaka
(Fig. 15.2), a Late Initial Period CentralAndean site inAndahuaylas Province, south-
central Peru. This pottery-producing, habitation site also yielded a metalworker’s
toolkit in the form of a ceramic vessel that contained three small stone hammers and
a stone anvil. The metalworker’s toolkit was excavated from within refuse located at
the same level as the burial, and it seems evident that such tools were used to hammer
the foil produced at Waywaka. Grossman’s single published radiocarbon date for the
site is 1490 BCE, but in 2013 he analyzed 3 additional Waywaka charcoal samples
by accelerator mass spectrometry (AMS) that yielded calibrated radiocarbon dates
between 1680 and 1410 BCE (Grossman, Andean Past, in press).

The hammered native metals from all three of these sites occur in contexts of
ritual activity or of burials, in some way distinguishing the individuals at death. The
Mina Perdida metals are especially noteworthy for their early association of copper
and gold.

Chavín Cult Media: The Early Horizon

The topographic challenge to mobility and intellectual exchange along the north–
south axis of the Andean cordilleras, at anything more than a local level, was
overcome for the first time by a religious cult movement with its principal temple
and pilgrimage center at the highland site of Chavín de Huántar, in the north-central
Peruvian sierra (Fig. 15.2).

The religious precepts at the center of the cult and iconographic emblems that
bore Chavín ideological message spread unevenly but rapidly throughout most of
the northern and central Peruvian highlands and coast from the latitudes of Cuzco
and the Chillón Valley in the south roughly to Morropón and Paita in the north (see
Fig. 191 in Burger 1992). This first Central Andean horizon episode lasted for about
800 years (800–0 BCE; R. Burger personal communication 2009).

Although the Chavín phenomenon may have been only partially successful in
stimulating radical restructuring of earlier, coastal or highland societies (Burger
1988), the technologies responsible for the primary, portable cult media of Chavín—
cloth and metal—underwent dramatic development. Cloth production, based on
cotton as the major raw material and on twining and some loom weaving for web
fabrication, already had at least 12 centuries of nonelite social and technological
history when the Chavín cult appropriated cloth as a major carrier of its religious
messages, at least in the central and south coast.

Metallurgy had neither history nor tradition at the onset of the Early Horizon. The
occasional archaeological evidence available to date—the hammering of gold and
of native copper, and perhaps the annealing of hammered copper during the Initial
Period—indicates the tentative, experimental exploration of what is perhaps the most
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Fig. 15.5 Chavín gold and
silver effigy spoon, front and
side views: Dumbarton Oaks
No. B-440. (Photo:
©Dumbarton Oaks,
Pre-Columbian Collection,
Washington, DC)

evident and accessible mechanical property of native metals: their plasticity. When
relatively pure, they are highly malleable and easy to shape.

Some scholars qualify the seemingly abrupt production of large, impressive,
hammered gold objects by and for the Chavín cult as evidence of a technologi-
cal revolution. Metallurgy was revolutionized in the service of religious ideology.
Just as cloth seems to have been the preferred medium for disseminating Chavín
emblems to communities to the south, gold became a primary medium chosen for
its message-bearing qualities in the northern coast and highlands.

Does the technical handling of gold by Chavín smiths satisfy the presumption of
a metallurgical revolution? The data available to address the question come from
several technical laboratory studies of only a few examples from the small corpus
of extant Chavín and Chavín-style gold artifacts. Almost all Chavín metal artifacts
appear to be made entirely of gold. There are three published exceptions. The gold
snuff spoon or dipper in the Dumbarton Oaks collection (Fig. 15.5) (Boone 1996,
Vol. I, Plate 3) features a small gold figure crouched atop a stool, blowing into a
silver trumpet that appears to represent a Strombus galeatus conch shell. Such shells,
presumably of Ecuadorian Pacific coast origin, were carefully engraved and curated
at Chavín de Huántar (Rick 2008; Burger 1992, Fig. 216). The figure-and-spoon,
assembled from individual pieces of hammered gold sheet, is said to have been found
at Chavín de Huántar (Burger and Lechtman 1996, pp. 55–66, Plate 3, Figs.17, 18
and 19). A second artifact was part of an undisturbed burial encountered near the town
of Chongoyape, Peru, in the upper Lambayeque drainage (Figs. 4 and 6) (Lothrop
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Fig. 15.6 Map of the Central Andean area, north; a detail of the inset outlined on the map of
Fig. 15.2. (After Boone 1996, p. 13)

1941). Among the gold grave lot items that carry motifs similar to those found at
Chavín de Huántar was a single pin made of a thin shaft of silver with a hollow,
spherical gold head (Lothrop 1941, Plate XX-c). A Chavín-style pendant made of
gold and silver, excavated at Kuntur Wasi (Cajamarca) (Fig. 15.6), provides the third
example (Hirao et al. 1992; Kato 1993).

Lechtman (1996b, pp. 52–75) has compiled, published, and discussed the results
of compositional analyses carried out on Chavín and Chavín-style gold and gold-
and-silver artifacts that were reported in the literature as of the mid-1990s. The
composition of a Janabarriu Phase gold ornament that Burger excavated at Chavín
de Huántar and that serves as a reference analysis was determined to be 70.4 wt%
Au, 26.3 wt% Ag, and 2.9 wt% Cu (Lechtman 1984, pp. 271–276, Figs. 436–445).
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It forms a tight cluster with the analyses of five other gold artifacts, including the
Dumbarton Oaks snuff spoon figure, that Burger has singled out as likely to have
been uncovered at the Chavín de Huántar site (Lechtman in Burger and Lechtman
1996, pp. 60–61)

The average composition of the five other artifacts comprising this group is
72.4 wt% Au, 23.4 wt% Ag, and 4.2 wt% Cu. The uniformity in composition among
these six artifacts is striking. They could have been made from the same batch of
metal or similar batches of metal from a common source. The ternary gold–silver–
copper alloy represents native gold, retrieved from placer deposits and melted to
form ingots large enough for the fabrication of sheet metal, from which all of these
items are constructed. Central Andean placer gold is high in silver and may contain
minor amounts of copper (G. Petersen 1970).

The compositions of the silver Strombus shell held by the gold spoon figure
and of the silver pin shaft from Chongoyape are extremely close: Strombus shell
72.2 wt% Ag, 25.6 wt% Au, 2.0 wt% Cu, and 0.2 wt% Pb; pin shaft 74.0 wt% Ag,
26.0 wt% Au, and 0 wt% Cu. These are intentional alloys probably made by melting
together metallic silver with native gold. The proportion of silver to gold ensures a
silver-colored metal that contrasts vividly with the rich golden color of the placer
alloy.

The placer gold alloys from which many Chavín artifacts are made are the equiv-
alent of about 17.5–18 karat gold. These placer alloys are far less malleable than
the Initial Period pure gold foils. Hammering them to shape likely required intermit-
tent low-temperature anneals. The microstructure of a thin-walled fragment of the
Janabarriu Phase ornament Burger excavated exhibits large, equiaxed grains with
annealing twins (Lechtman 1984, Figs. 436–445). If this thin sheet of metal re-
quired annealing, the far thicker sheets used in forming Chavín gorgets, plaques, and
perhaps breastplates would also have undergone frequent anneals.

Two edges of the Janabarriu sheet ornament were bent so as to overlap slightly,
then joined metallurgically at the seam. Electron microanalysis of the sheet and of
the filler or solder along the seam indicated that both sheet and solder are ternary
alloys of gold, silver, and copper. The concentration of copper in the solder alloy—
almost three times its value in the sheet—depresses the melting point of the solder
(930 ◦C) by 70◦ below the melting temperature of the sheet (1,000 ◦C) (Lechtman
1984). The great advantage of utilizing a solder of similar composition to that of the
sheet is that the color of the solder and sheet are similar, thus masking the seam.
Needless to say, a metallurgical join of this kind not only presupposes knowledge of
the mechanisms of alloying and the dynamics of a soldered join, but also demands
the unfailing ability to control the amount of heat brought to bear on an artifact at a
precise location for a requisite period of time.

The composite snuff spoon and figure is constructed of 22 individual pieces of
thin, pre-shaped placer gold (Lechtman 1996b, pp. 59–66). Each of the primary
anatomical parts of the figure—head, torso, arms, and legs—is made of two pieces
joined by sweat welding along a butt or overlap seam. The completed arms and
legs were fitted mechanically into sockets in the torso, and the areas around each
joint built up with metal that appears spongy or granular, in the form of tiny bits
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resembling a coarse powder. These local zones were heated until the metal particles
sintered and began to fuse, but the packing was never allowed to reach a temperature
at which it melted and ran freely. The stool and spoon were constructed similarly.
The figure was joined to the stool with thick pallions of a silver-colored metal, likely
a silver-based solder with a low concentration of copper and perhaps some gold.

Chavín smithing was entirely gold centered. The cult took advantage of the relative
availability of the native metal: its color and its brilliance. Chavín smiths, many of
whom must have been retainers of the cult, managed gold’s plasticity and developed
sophistication in annealing and in control of heat to achieve degrees of soldering
and welding. Most important, gold was a new, resplendent material associated with
and presumably controlled by the cult. It was elite in its social distribution and in its
priestly and supernatural associations. Silver is scarcely present in Chavín smithing.
We do not know if the silver used occasionally was native silver, but the combination
of gold and silver in a few objects later became a central visual and symbolic theme of
Moche metallurgy. Copper appears to be absent from Chavín technological and ritual
domains.2 Thus far, we have no archaeological evidence of extractive metallurgy,
such as the smelting of metallic ores, having been practiced during the Early Horizon.

It is difficult to assess the impact that Chavín goldsmithing, as a technology, had
on communities that incorporated the cult as a religious ideology, because we do
not know how the production of cult items in metal was organized or regulated. We
assume that the gold artifacts attributed to Chavín de Huántar were made at the sacred
precinct. Nevertheless, the impact of Chavín on the development of Central Andean
metallurgy was pronounced, in two respects. Chavín set the stage for what became a
CentralAndean commitment to the elaboration of form in metals: the shaping of metal
in the solid state through plastic deformation, and the forming of objects—through
either mechanical or metallurgical means—from a single or joined assembly of thin
metal sheets. Metallurgical joins were accomplished by sweat welding, sintered
welding, and soldering procedures.

Chavín incorporation of metal as a conveyor of cult iconography and ideology as-
cribed to metal the cultural property of a message-containing and message-providing
material. Messages were communicated not only through the powerful Chavín im-
agery an object carried but also by the powerful physical properties of the material
itself: metallic color and shininess. Above all, metal operated through priestly in-
tervention and control, in the realm of the sacred and supernatural. The cultural
association of metal with religious ideology was a Chavín stamp that persisted and
was thoroughly exploited even by the politics of the Inka state.

2 I have not included in this discussion, the breastplates uncovered near Huarmey, on the south coast
of Peru, that are made of alternating color bands comprised of gold-silver-copper ternary alloys.
Several of these items are in the collections of the American Museum of Natural History, NewYork.
One of them, together with a compositional analysis of the component alloys, is illustrated and
described by Burger and Lechtman (1996, pp. 71–75, Fig. 20). Given the absence of any context for
this cache of gold-rich artifacts, I am reluctant to include the breastplates as definitively of Chavín
or Early Horizon manufacture.
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The Florescence of Central Andean Metallurgy: Moche

Chavín has been called the first civilization in the Central Andes (Burger, in Burger
and Lechtman 1996). Moche may represent the earliest archaic Andean state. Moche
was entirely a coastal polity. Its territory, centered on the north coast of Peru, extended
from the Piura River valley in the north to the Nepeña valley in the south (Fig. 15.6).
The Chicama and Moche valleys comprised the nuclear zone of the Moche polity.

The geopolitics of Moche administration are still in question. Scholars debate
whether Moche was a single state administered by an elite group located at the
Moche site; whether the Moche realm can be interpreted as being divided into distinct
northern and southern regions, each of which likely corresponded to a different
political entity; or whether Moche polities were small, centered in individual valleys,
each of which was dominated by a single Moche lord (Castillo and Uceda 2008;
Quilter 2002). Certainly, construction of the Huaca del Sol at the site of Moche, the
largest adobe brick structure in the ancient Americas, was administered by members
of the Moche elite and built by work parties that must have been recruited from
adjacent valleys to supplement the labor available locally (Moseley 1975; Hastings
and Moseley 1975).

Although the geographic extent of Moche was small, Moche society relied on a
rich, diverse subsistence base, with a sophisticated network of agricultural irrigation
canals, some of which were fed by intervalley canal systems, and an ocean fish, mol-
lusk, and marine bird population that could be harvested year-round except during
El Niño events. Exotic materials were brought from distant sources: Spondylus prin-
ceps shell and turquoise from Ecuador and lapis lazuli from Chile. Food surpluses
supported specialists retained by local lords or by the state in what became a highly
stratified social system run by a small, wealthy, and powerful elite.

Uncertainty concerning the nature of the Moche state, whether it was theocratic
or bureaucratic, stems in part from archaeological evidence that suggests a dual
profile and role for the highest members of Moche society, both men and women.
The men were priests and lords, sometimes referred to by current archaeologists as
warrior-priests, and some of the women were priestesses (Alva and Donnan 1993;
Donnan and Castillo 1994; Alva 2001). Regardless of where they were buried, these
individuals belonged to the same “ritual class” (Bourget 2008, p. 266). The principal
individuals buried in the Moche III (ca. CE 300–450) cemetery alongside the Huaca
del Sol as well as those buried at Sipán (Fig. 15.6), a large Moche III (ca. CE 300)
burial and habitation site in the Lambayeque River drainage, were accompanied by
a wide variety and large number of objects in many media: cloth, feathers, shell,
pottery, and metal. “Moche visual culture and regalia are the conspicuous display of
political and religious authority” (Bourget 2008, p. 284). The uniformly exceptional
quality of these manufactured goods identifies the makers as specialists.

The male lord-priests or priest-warriors buried at Sipán are literally covered with
metal objects. Jones (2001, p. 211) remarks that in the Moche belief system, metals
must have had a protective or empowering role or quality, so that burying principal
Moche lords completely covered with metal accorded them maximum authority and
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protection in death. Even for individuals of far lower status, it was common Moche
burial practice to place copper ingots or pieces of folded, thin copper sheet in the
mouth of the individual (Strong and Evans 1952; Donnan and Cock 1997). Copper
especially protected. The stout wooden planks used to construct the coffin of the most
noble warrior-priest buried in Tomb 1 at Sipán were lashed together and secured with
thick copper straps (Alva and Donnan 1993). Ethnographic evidence (Cobo 1964,
Vol. 2, Bk. 12, Chap. 5, p. 68) suggests that the mummies of later, Inka kings were
wrapped in webs of cabuya fiber that secured small bars of copper (Lechtman 2007).
There appears to have been a continuity of burial practice in the highlands and the
coast, initiated by the Moche, by which the body of the paramount lord or lords was
ultimately secured or enclosed by copper (Lechtman 2007).

The Moche innovated copper metallurgy in the Central Andes, including the
smelting of copper from its ores (Lechtman 1980). With the introduction of copper,
the Andean three-component metallurgical system was in place. Copper came to
serve as the backbone of the system. It was the basis for all the major Andean alloys
developed in both the Central and South Central Andes: copper–silver, copper–gold,
copper–silver–gold, copper–arsenic, and copper–tin. It was partly responsible for all
the physical and most of the mechanical properties of these alloys. Copper enabled
the realization of the range of cultural qualities these alloys expressed through their
design (Lechtman 1996c).

Moche metallurgy and the Central Andean metallurgies that followed Moche
throughout the prehistoric era were color oriented. The manufacture of metal
objects by thin-smithing techniques relied heavily on the plastic deformation of
metal to provide thin sheets of uniform thickness that could be joined to produce
three-dimensional forms. The first intentional alloys for use as solders—gold–silver–
copper, copper–silver, copper–gold, and copper–arsenic alloys (Lechtman 1984,
1988)— fulfilled the need to accomplish high-quality metallurgical joins between
metal sheets. The purpose of the objects Moche metalworkers made was to display
and communicate messages, through form and color, about social status, political
power, religious authority, and awe-inspiring ideology. Moche craftspeople designed
their management of metal so that they would achieve metallic form and color regu-
larly as dual and interdependent features of the procedures they followed. The plastic
deformation of a selected range of copper-based alloys by thin-smithing techniques
allowed for the message-bearing functions of the objects to inhere in the technolo-
gies by which they were made. Cultural messages were conveyed by metallurgical
process as well as by the metal product.

A striking pattern in the disposition of Sipán tomb furnishings in metal is the
occurrence of pairs of objects—one in sliver, the other in gold—placed in intimate
association with the body of the male lord/priest: a soldier’s backflap armor, ritual
tumi knives, rattles that were worn by soldiers in battle, nose rings, and others.3

Frequently unpaired objects are constructed partly in silver, partly in gold: e.g., a
hand-held scepter, a necklace strung with peanut-shaped beads, half of which are

3 The discussion here of the cultural significance of gold, silver, and copper as represented in Moche
burial paraphernalia follows arguments presented in Lechtman 2007.
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Fig. 15.7 Moche necklace of
gold and silver,
peanut-shaped beads from
Tomb 1 at Sipán, Peru. Museo
Tumbas Reales de Sipán,
Lambayeque, Peru. (Photo:
courtesy of C. B. Donnan)

silver and half are gold (Fig. 15.7), a soldier’s backflap, and others. The pairing and
juxtaposition of these two metals and their consistent relative placement on the right
and left side of the male body suggest gender associations: gold/right side/male,
silver/left side/female. This interpretation is based on ample ethnohistoric evidence
that recalls beliefs among Andean peoples at the time of the European invasion
concerning the male and female aspects of the lateral halves of the body and the
association of each half with one of these two metals (Alva and Donnan 1993;
Classen 1993).

In the Sipán royal tombs, copper objects such as elaborate headdresses, crowns,
disc-shaped pectorals, bowls, bells, and slippers are most frequently associated with
women, children, and high-status male attendants to the principal lords. At the much
later (ca. CE 550), major Moche ceremonial center San José de Moro, in the lower
Jequetepeque valley (Fig. 15.6), Donnan and Castillo (1992, 1994) excavated a
group of burials of high-status Moche women two of whom they have identified
as priestesses. The Moro burials are related closely to those at Sipán through the
iconography of their contents.

The rectangular coffins of both women were made of cane, covered with cloth.
On the vertical sides of the better-preserved coffin the cloth was adorned with large,
hammered, copper-sheet renderings of the woman’s head in the form of a mask
(Fig. 15.8), her arms and legs (Fig. 15.9), and her distinctive headdress (Alva and
Donnan 1993, Fig. 247). Both coffins were trimmed with hundreds of copper discs.
Other copper and ceramic objects found in both burials allowed the excavators to
identify these women as priestesses, the real-life counterparts of one (Fig. 15.10c)
of the four most prominent actors in the Moche Presentation Scene (Fig. 15.10),
also referred to as the Sacrifice Ceremony, depicted in fineline drawings on Moche
ceramic vessels (Donnan 1978; Donnan and Castillo 1992, 1994; Bourget 2008).
Donnan and Castillo (1992, 1994) and Bourget (2008) point to two other of the prime
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Fig. 15.8 Copper burial mask
from the cane coffin of a
Moche priestess, San José de
Moro, Jequetepeque Valley,
Peru. (Lechtman 2007, Fig. 4)

actors in the Presentation Scene as corresponding to the prominent lords buried in
Tomb 1 (Fig. 15.10a) and Tomb 2 (Fig. 15.10b) at Sipán (Donnan 1978, pp. 158–
165; Alva and Donnan 1993, pp. 223–226). Bourget (2008, p. 266) attests that the
Presentation Theme—the ritual sacrifice of Moche prisoners, the taking of their
blood, and the presentation of their blood to the Moche paramount lord—is the most
prominent theme in Moche iconography. Consequently, it depicts the most important
Moche subjects. Gold and silver were not the exclusive conveyors in metal of high

Fig. 15.9 San José de Moro priestess burial. Hammered copper sheet metal arms and legs originally
affixed to the exterior, vertical sides of the cane coffin. (Lechtman 2007, Fig. 5)
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Fig. 15.10 Detail of a ceramic, fineline drawing of the Moche Presentation Scene. Figure a repre-
sents a Moche warrior-priest such as the individual buried in Tomb 1 at Sipán; figure b represents
the bird priest, part bird and part human; figure c represents a Moche priestess such as the woman
buried at San José de Moro (see Figs. 15.8 and 15.9). (After Donnan 1978, Fig. 239b)

rank and ritual command in Moche society. In particular, copper was associated
closely with elite and powerful women.

Laboratory investigations have determined that with a few exceptions the gold-
and silver-appearing artifacts from Tomb 1 at Sipán are made of binary alloys of
copper and silver or copper and gold or of ternary alloys of copper with silver and
gold (Eckmann n.d.; Hörz and Kallfass 2000). Copper is a deliberate addition to these
alloys. It was added to improve their mechanical properties by increasing toughness
(resistance to fracture) and stiffness, so that large, thin sheets of metal hammered to
specific shapes would maintain their form.

Copper was also added to provide the mechanisms by which the original color of
the alloy ingot could be transformed in the fabrication and shaping of a metal sheet.
During the sequence of hammering and annealing required by the thin-smithing
regime practiced by Moche smiths, copper that oxidized at the surface of a sheet was
removed by intermittent pickling as the sheet was shaped. The cycles of hammer-
ing, annealing, and pickling depleted copper from the surface of the sheet, thereby
enriching the surface in the remaining components: gold, silver, or an alloy of these
two metals (Lechtman 1988). The final surface of the fully formed object, enriched
in gold or silver through loss of surface copper, displayed a rich golden or silvery
color (Lechtman 1973; Hörz and Kallfass 2000).

Objects in the Sipán tombs and many elite Moche metal artifacts appear in various
hues of gold and silver as a result of the presence of copper in the alloys from which
they were made. For example, the silver-looking sandals worn by the lord of Sipán
(Tomb 1) were made of a binary alloy containing 50 wt% Ag, 45 wt% Cu, 2.55 wt%
Pb, and 2.5 wt%Au. An ingot from the same tomb, cast from an almost identical alloy
(50 wt%Ag, 47 wt% Cu, and 2.5 wt%Au), exhibits a pale coppery-pink surface color
(Hörz and Kallfass 2000). Similarly, a large, golden-colored sheet metal headdress
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in Tomb 1 was hammered to shape from a copper-rich tumbaga4 alloy containing
approximately 60 wt% Cu, 34 wt% Au, and 6 wt% Ag (Hörz and Kallfass 2000). The
color of the original ingot would have been a deep pink. Copper transforms metals
from one color to another.

With regard to producing the culturally required colors metal objects were meant
to display, the component of the metal essential to its final color—gold or silver—
was made to alloy with copper. In this manner, the essence of the final object—the
component that would impart its message-bearing property—was literally inside the
object and would be transformed to emerge enhanced at the surface. “Copper was the
mother of Andean metals in the sense that it generated the properties Andean peoples
sought in metal—most especially the property of color. Copper was the source of
those properties, the instrument of transformation” (Lechtman 1999, p. 226). Re-
calling the brilliant, golden surfaces of Chavín cult objects in metal and the clear
association of these objects and metallic colors with the religious precepts and au-
thority of the cult and its religious leaders, Moche took this configuration a step
farther. They added silver, but most importantly copper, to the metalworkers’ stock,
they continued to refine smithing techniques and to develop a range of sophisticated
metallurgical joining procedures, and they added new metallic colors to the symbolic
field.

Moche utilitarian objects in copper included needles, spindle whorls, small knives
and chisels, fishhooks, tweezers, and other items that appear in burial and habitation
contexts. Only two or three Moche metal workshops have been excavated and pub-
lished, two in an urbanized zone near the Huaca del Sol that operated towards the
end of the occupation of the site (Rengifo and Rojas 2008; Bernier 2008, 2010) and
another at Pampa Grande (Fig. 15.6), the late northern Moche site in the Lambayeque
drainage that became an important center when the southern capital at Moche had
already declined (Shimada 1994).

The workshops at Moche yielded a large amount of metal slag, copper prills,
ceramic sherds (possibly from crucibles) with copper adhering to their surfaces,
and various metal-processing or metalworking tools including a yunque (a type of
grinding stone often associated with ore crushing), ceramic blowtube tips (toberas),
stone hammers, and polishing tools (Bernier 2008, 2010). The excavators report
traces of copper littered on the floor around the grinding stone. Nevertheless, to
date no smelting installations have been identified with these workshops. This is not
surprising, since the workshops are located in the urban center of the site.

Izumi Shimada (1994) describes the metal workshop he excavated at Pampa
Grande as being equipped to handle the stages of metalworking subsequent to the
processes of extractive metallurgy (i.e., ore smelting). The smelting that provided the
ingots or metal blanks used by the smiths of Pampa Grande was carried out elsewhere,
presumably near the mines where the ores were exploited. The tools recovered at the
workshop were sufficient for fabrication of small, simple utilitarian objects like pins,

4 Tumbaga is a term that refers to copper–gold alloys used predominantly in Colombia and in the
Central Andean region. The term also often includes ternary alloys of copper, gold, and silver. For
a discussion of the uses of this term see Lechtman (2007, pp. 344–345, endnote 4).



15 Andean Metallurgy in Prehistory 381

tweezers, and needles, but chisels, punches, and other tools normally associated with
the finishing of more elaborate or finer forms were absent. Shimada (1994, p. 206)
remarks that items made of copper and available to the city’s residents appear to have
been limited to small, utilitarian implements.

Utilitarian items of copper were not scarce during the Moche presence on Peru’s
north coast. Nevertheless, the need for metals of utility was not the driving force
behind the explosive, highly inventive, and exuberant metallurgical technologies that
developed in the Central Andes during the Early Intermediate Period. The scope,
sophistication, and quality of Moche metallurgy were never surpassed during the
prehistoric era, not even by the Inka.

The Middle Horizon

Bronze is the single alloy type with which the Moche experimented but never devel-
oped.5 The production of a suite of bronze alloys in the Central and South Central
Andes was a metallurgical phenomenon of the Middle Horizon (ca. CE 600–1000).
Bronze metallurgy might even be considered a technological marker of that horizon.

Laboratory analyses of Middle Horizon bronzes demonstrate a high correlation
between the types of bronze alloys produced in a given region of the Andes and the
kinds of metallic ore minerals accessible in the region (Lechtman 2003a, b, 2005,
2007). Arsenic bronze—the alloy of copper and arsenic—was the only bronze alloy
type manufactured in the Central Andes during the Middle Horizon, and it continued
its singular role there until the Inka conquest and even somewhat later (Shimada
and Merkel 1991; Costin et al. 1989; Howe and Petersen 1994). By contrast, tin
bronze—the alloy of copper and tin—was the alloy favored in the South Central
Andes among the altiplano peoples of Bolivia and communities from northern Chile
through Northwest Argentina. A third bronze—the ternary alloy of copper, arsenic,
and nickel— developed and was used briefly in a circumscribed region that included
Tiwanaku, the urban pilgrimage center on the Bolivian altiplano at the southern limit
of Lake Titicaca, and San Pedro de Atacama, the desert oasis on the western slopes
of the north Chilean Andes (Fig. 15.11).

The ore distribution map in Fig. 15.3 clarifies why archaeologists find a high con-
centration of arsenic bronze artifacts in the Central Andean region. Rich, abundant,
and accessible deposits of enargite occur throughout this zone, as do the copper
arsenates that form as weathering products of the primary copper sulfarsenide ores.
Smelting copper arsenate ores produces copper–arsenic alloys directly and auto-
matically within the furnace. Alternatively, cosmelting a copper oxide ore with a
copper sulfarsenide ore, such as enargite, will also produce a copper–arsenic alloy
directly (Lechtman and Klein 1999). Arsenopyrite may also have contributed arsenic

5 For examples of Moche III (ca. CE 300) artifacts and solder made from copper-arsenic alloys, see
Lechtman (1979, pp. 3–4, 1988, pp. 363–365, 2007, pp. 317–318, endnote 3, Fig. 6); Hörz and
Kallfass (2000, p. 400).
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Fig. 15.11 Map of the Central Andes and South Central Andes indicating the Wari and Tiwanaku
spheres of influence during the Middle Horizon. (After Lechtman and Macfarlane 2006, Fig. 1)

to bronzes produced on the far north coast of Peru (Merkel et al. 1994). On the other
hand, communities living on the Bolivian altiplano and in the high sierra of North-
west Argentina exploited the rich cassiterite (SnO2) deposits unique to that zone, as
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indicated in Fig. 15.3. The bronzes known archaeologically from the South Central
Andes are primarily tin bronzes. Nickel minerals are extremely rare anywhere in the
Andes range.

In both the Central and South Central Andes, the production of bronze meant
exploitation of new ore types that had rarely been mined or smelted previously. What
is notable and still requires explanation, however, is that there was no exchange of
bronze alloys, for example, in the form of ingots or of bronze objects, between the
two primary production spheres prior to the Inka conquest of both regions. To my
knowledge, not a single tin bronze artifact has been retrieved archaeologically from
sites in the Central Andes that date to before the Late Horizon, the period of Inka
hegemony.

The political, religious, and military dynamics that characterized the Middle Hori-
zon are complex and still far from understood and agreed upon (Isbell and McEwan
1991). By the close of the Early Intermediate Period, the decline of Moche in the
sixth and seventh centuries followed on a series of ecological crises, both long-term
droughts and severe floods, some of them associated with El Niño events (Shimada
1994; Moseley et al. 2008). During the widespread social unrest that ensued through-
out the Andes in the wake of these cataclysmic environmental circumstances, two
political states emerged: one with an urban center at Wari in the Central Andean
highlands and the other with an urban, religious, and pilgrimage center at Tiwanaku,
in the north Bolvian altiplano (Fig. 15.11). “The two capitals certainly interacted
and exchanged information, but it is unlikely that one ever controlled the other, or
that one resulted from a critical religious stimulus originating at the other” (Isbell
and McEwan 1991, p. 7). Each state also sent colonists to settle regions that became
incorporated into its sphere of influence.

Bronze in the Central Andes

Arsenic Bronze and Its Uses

Pikillacta, a large and complex, imperial administrative center located in the Lucre
Basin at the eastern end of the valley of Cuzco (Fig. 15.11) (McEwan 2005), is
the southernmost of the highland Wari provincial administrative centers. From an
inventory of approximately 50 metal artifacts excavated at Pikillacta in 1989, Gordon
McEwan submitted 30 for analysis to the Laboratory for Research on Archaeological
Materials at the Massachusetts Institute of Technology (MIT). Twenty-six (86.7 %)
artifacts are made from arsenic bronze with arsenic present in the concentration range
of 0.57–3.5 wt%.

In 2005, Denise Pozzi-Escot and William Isbell submitted to the MIT labora-
tory 23 metal artifacts they had excavated individually between 1982 and 2005 at
Conchopata, the second largest Wari highland site, located approximately 9 km south
of the capital at Wari (Pozzi-Escot 1991; Isbell and Cook 2002). Unlike Pikillacta,
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Conchopata is an urban center at the geographic core of the Wari sphere. Of 19 arti-
facts analyzed for their chemical composition, 16 (89 %) are made of arsenic bronze.
The arsenic concentration in the alloys ranges from 0.51 to 3.75 wt%, a range of com-
positions almost identical with that determined for the Pikillacta artifacts (Lechtman
unpublished laboratory report).

That close to 90 % of metal artifacts excavated at Pikillacta and Conchopata are
made from arsenic bronze is not surprising, as both sites lie along the major highland
enargite belt of the central cordillera (Fig. 15.3). Wari is located just east of the large
and rich enargite deposit at Julcani (U. Petersen 1989; Lechtman 1991a). Lead isotope
analyses of 20 of the Conchopata arsenic bronzes suggest strongly that the ores used
to produce the bronzes came from Julcani, a highland, copper-bearing, arsenical
polymetallic deposit located approximately 68 line-of-flight kilometers northwest of
Conchopata (Lechtman and Macfarlane unpublished laboratory report). None of the
bronzes yielded lead isotope signatures that correspond to any known ore source in
the South Central Andes. Wari bronzes were made from Central Andean ore bodies
in the regions under Wari influence.

The Pikillacta bronze inventory presents a narrow range of object types. Half of
these are personal items, primarily tupus (womens’ shawl pins). Small tools, such
as needles and spatulas, constitute 35 % of the corpus, and 15 % represent assorted
fragmentary items (Lechtman 2003b, 2005). The Conchopata assemblage is similar.
Of 24 bronzes analyzed from SectorsA and B, 14 are personal items (tupus) and eight
represent small tools (needles, hand tools, nail, mace head); two were unidentifiable
as to type. The proportion of personal items to tools at Conchopta (58.3 %:33.3 %)
is close to that at Pikillacta (50 %:35 %).

The inventory of tool types made from the new bronze appears not to have broad-
ened significantly from the range of small tools the Moche manufactured in copper:
e.g., heavy needles, tumis (small knives), lightweight chisels, star-shaped mace heads
or insignia. The toolkit was not redesigned to include more massive implements, such
as heavy axes or agricultural tools. Significantly, the preponderance of personal items
over tools did not alter in spite of the mechanical and physical properties the new
bronze alloy could provide.

The presence of Sicán peoples in the mid-La Leche River valley on the far north
coast of Peru (Fig. 15.11) appears archaeologically at about CE 750/800-900, after
the abandonment of Pampa Grande and the end of the Moche state in the north. The
onset of the Middle Sicán period (ca. CE 900) coincided with the decline of the Wari
state which, on the far north coast, appears to “have generated . . . a rapid resurgence
of local political identity and autonomy” (Shimada 2000, p. 52). Among the striking
characteristics of what Shimada (2000, p. 52) considers the Sicán “theocratic state”
are “innovative and large-scale pyrotechnologies and elite shaft tombs of unprece-
dented dimension and material wealth” which, together, constitute evidence of a
highly productive economy and marked social stratification (Shimada et al. 1999).
The Middle Sicán polity, with its base at Sicán, dominated 400 km of the Peruvian
north coast up to and beyond the Piura River (Figs. 15.6 and 15.11) from about CE
900 to 1100 (Shimada and Merkel 1991), the beginning of the archaeological Late
Intermediate Period in the Central Andes.
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Fig. 15.12 Sicán-style “points” made of arsenic bronze. (a) Serpentine motifs on several points.
(b) illustrates the method of hafting. Collections of the Museo Brüning, Lambayeque, Peru. (After
Lechtman and Macfarlane 2006, Fig. 5a, b)

Middle Sicán metallurgy followed the traditions of the north coast in its empha-
sis on the production of large expanses of sheet metal in gold and in a variety of
tumbaga (Cu–Ag–Au) alloys. To this inventory Middle Sicán smiths added arsenic
bronze, and Shimada has excavated a large-scale production site at Batán Grande,
in the La Leche valley (Fig. 15.11), where ores were smelted to yield arsenic bronze
(Shimada et al. 1982; Shimada and Merkel 1991). In general, the use of metal of
many alloy types permeated Sicán society, not only as expressions of power and re-
ligious authority but as markers of social status. Based on the contents of both single
and elite multiple burials at Sicán, Shimada remarks that “access to different metals
was clearly demarcated: The commoner had arsenical copper, lower elite arsenical
copper and tumbaga and upper nobility, all metals including high karat gold alloys”
(Shimada 2000, p. 56).

One of the most impressive Middle Sicán elite tombs, located at the Huaca Loro
East, held five individuals accompanied by 1.2 tons of grave goods, “over 2/3 of
which, by weight, were arsenical copper, tumbaga, and high karat gold objects”
(Shimada 2000, p. 56). The gold objects, hammered from sheet metal, are primarily
items of personal adornment, some striking in size and elaborateness. They include
masks, fancy headdresses (incorporating crowns, feathers, and head bands), ear
spools, a backflap, and ritual paraphernalia such as rattles and tumi knives.

An unusual feature of certain of the tomb’s artifacts made of arsenic bronze is their
packaging in bundles. The Huaca Loro East tomb included 15 bundles of cast-and-
hammered, arsenic bronze ‘points’ (Fig. 15.12). Each bundle, tied with plant fiber
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cords, contained about 30 of these heavy items, for a total of 489, weighing about
200 kg (Shimada et al. 2000). Many points appear not to have been finished or used
(see also Lechtman 1979, 1981) and may have been made expressly for burial. They
resemble digging stick or spear points, but their function, apart from tomb offerings,
thus far has not been ascertained.

Anikó Bezúr analyzed 85 points from four bundles. Their arsenic concentration
ranges, in a normal distribution, from 1.06 to 5.23 wt%, with a mean of 3.03 wt%
(Bezúr 2003, p. 314). These values agree with analyses carried out by Lechtman
(1979, 1981) on points from the Lambayeque drainage and with analyses of 12
points from the Huaca Loro East tomb determined by Vetter et al. (1997). In addition
to the unfinished and unused condition of the points, Bezúr found that the differences
in arsenic concentration among the points do not correlate with differences in their
design.

Points of the Huaca Loro East type are known from the far north coast of Peru
between the Zaña and Motupe valleys. Many have not been excavated scientifically,
but when found they are said to be buried in large hoards (Lechtman 1981). It is
likely that they were manufactured at Batán Grande. We have no prototype for these
points in any other material or in any context other than burials, but the bundling and
careful wrapping sets them apart as especially valuable implements that concentrated
masses of arsenic bronze at a level available only to the powerful elite.

Bezúr also describes what she calls “sheet points,” thin arsenic–bronze leaves
hammered to the general shape of the heavy points (see also Hosler et al. 1990).
These were also stacked and bundled. Bezúr’s study of this category of bundled
items showed that the mean value of arsenic concentration in a total of 55 sheet
points is generally higher than the mean for the solid points: mean values of each
of four bundles were 2.30, 4.36, 4.53, and 4.69 wt% As (Bezúr 2003, Table 9.1).
Sheet points made from a copper–arsenic alloy with an arsenic concentration of 4
wt% would have a decidedly light pink color, and this alloy range may have been
chosen for its color properties.

Naipes, small and thin sheet metal leaves of arsenic bronze (Fig. 15.13), ham-
mered into standard I-shapes and to a small range of sizes, were also buried in bundles
in the Huaca Loro East tomb (see also Hosler et al. 1990). The Huaca Loro naipes
measure approximately 5 × 3 cm. The excavators found approximately 1,500 indi-
vidual bundles of naipes (Shimada et al. 2000, p. 42), representing about 21,000
single leaves, tied together carefully with plant fiber cord. The entire cache weighed
close to 2.5 kg.

Considerable speculation surrounds the function of naipes, especially since their
shape has not been identified with respect to Sicán objects in metal or any other
material. They have been referred to as “primitive money” (Shimada 1985; Merkel
and Velarde 2000). Naipes have also been compared to other extremely thin leaves of
arsenic bronze, hammered to the shape of an axe blade, bundled and tied in multiples,
and buried in hoards—the so-called Ecuadorian “axe-monies” (Hosler et al. 1990;
Pedersen 1976; Holm 1978). There is ethnohistoric and archaeological evidence in
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Fig. 15.13 Sicán-style naipes, showing obverse (a) and reverse (b) of two stacks of individual
leaves. Collections of the MuseoAntropológico del Banco Central del Ecuador, Guayaquil, Ecuador.
(After Hosler et al. 1990, Fig. 5)

Ecuador to suggest that axe-monies may have served in prehistory as tribute or as a
medium of exchange throughout large regions of coastal Ecuador. On the other hand,
the geographic restriction of naipes essentially to the Lambayeque valley during the
Middle Horizon (barring a few examples) argues against their use as primitive money
or as items of exchange with Ecuador (Hosler et al. 1990).

Naipes appear to have been a special form of wealth among the Middle Sicán,
an important status symbol, perhaps amassed in life for burial at death. Like axe-
monies, naipes represented the quintessential phenomenon of copper–arsenic alloy
thin smithing, and stack packeting/bundling that characterized the entire Central
Andean far north coast, from Lambayeque to Manta in Ecuador (Fig. 15.2). What
we see in the Central Andean sheet metal tradition as expressed at Sicán and in
coastal Ecuador is a focus that accorded special place to thinness; thinness in and of
itself had value. The bulk form of thinness is the packet or bundle. Since wealth in
metal was reckoned by weight or mass, hundreds, thousands, or tens of thousands of
individual leaves, too thin by themselves to maintain their integrity, were packeted
to assume a new form. Such a system is entirely different from one in which wealth
is concentrated in a few or unique items (Hosler et al. 1990).

The thin design required a metal strong and tough enough to survive thinness
(Lechtman 1996a). In the selection and production of arsenic bronze, Middle Sicán
smiths stimulated the widespread development and use of thin-style smithing and the
range of objects that issued from it along the far north coast of Peru and probably into
Ecuador. Thin smithing, as equivalent to value, was a Middle Sicán export (Hosler
et al. 1990, p. 68).

The elite, sumptuous tomb furniture in arsenic bronze at Sicán represents the
hoarding of metal made in specific sizes and shapes, in large quantity, and amounting
to high weights in metal (Lechtman 1981; Bezúr 2003). The primary purpose of
these hoards was as concentrators of metal that constituted real wealth. Bundles
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may also have served as a method of accounting, since the bundles normally contain
some regular number of items in any given category (Shimada 2000, p. 43). Sicán
selection of burial hoards in arsenic bronze for the highest-status individuals reflects
the cultural ascription of value to the material as well as to the form.

Production of Arsenic Bronze

Shimada found evidence of Middle Sicán intensive smelting technology that pro-
duced copper–arsenic alloys at the Huaca del Pueblo Batán Grande, in the modern
village of Batán Grande, La Leche valley (Fig. 15.11) (Shimada et al.1983; Shimada
and Merkel 1991). Excavations uncovered many sets of three to five closely spaced,
bowl-type furnaces dug into the floor of individual workshop areas. The excavators
estimated the presence of about 100 such furnaces in the sector they examined. They
uncovered similar furnaces at the Huaca and at other smelting sites close by. Some
of them are late Chimú constructions, and still others were installed by the Inka.

A typical Middle Sicán furnace measured about 30 cm long, 25 cm high, 25 cm
wide and held a charge of between 1.25 and 3.50 liters of ore and charcoal (Shimada
and Merkel 1991). Shimada et al. (1983) remark that the Batán Grande area may likely
have been selected for intensive smelting because of the nearby dense and extensive
tropical thorn forest that could have been the source for charcoal, in addition to
the presence of copper and mixed metallic mineral deposits within a 10km distance
of the site. These deposits supplied the primary furnace ore charge of malachite
[Cu2(OH)2CO3] and presumably scorodite [FeAsO4·2H2O], a weathered product
of arsenopyrite [FeAsS], that would have supplied arsenic to the alloy, as well as
iron oxides that comprised the flux (Shimada and Merkel 1991; Merkel et al. 1994).
The arsenic concentration John Merkel analyzed (Merkel et al. 1994; Shimada and
Merkel 1991) in smelted copper–arsenic prills retrieved at Batán Grande ranges from
1 to 10 wt%, with an average of about 6 wt%. Metalworkers introduced air into the
furnace to accelerate combustion and to raise the temperature of the furnace chamber
by blowing through long blowtubes, likely made of cane, outfitted with ceramic
tips (toberas) at the distal end. Many of these ceramic tips, often scoriated from
exposure to heat, remain at the site (Shimada et al. 1982; Shimada and Merkel 1991).
The volume of air introduced into the furnace together with the highly localized
concentration of heat with each successive blow were insufficient to raise the chamber
temperature high enough to melt the slag and to maintain the growing volume of
slag in the liquid state. As a result, metallic alloy prills became trapped in the thick,
viscous slag where they remained when the furnace cooled and the slag solidified
(Shimada and Merkel 1991). The large batanes, or grinding stones, at this and other
nearby smelting sites were used to crush the brittle slag, releasing the prills that
were later melted in crucibles to produce ingots of arsenic bronze (Shimada and
Merkel 1991). Large mounds of finely crushed slag, once associated with batanes,
measure 7 m in diameter and 1.5 m in height (Shimada et al. 1983; Shimada and
Merkel 1991), attesting to both the volume of production and the nearly 400 years of
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extractive metallurgy that took place at these Batán Grande sites during the Middle
Sicán period.

The Batán Grande region was unequivocally a primary north coast center of arsenic
bronze production in the Central Andes during the end of the Middle Horizon and
the early Late Intermediate Period. We have not yet determined, however, the center
or centers of production that provided either arsenic bronze or objects made from the
alloy to the Wari highland sites at Conchopta and Pikillacta. The inhabitants of these
large urban, administrative centers were using personal and utilitarian objects made
of arsenic bronze 200–300 years prior to the Middle Sicán production of the alloy on
the far north coast of Peru. Lead isotope analyses, mentioned previously, indicate that
the ores used to produce the bronze metal from which Conchopata objects were made
were definitely Central Andean ores, likely from the highland deposit at Julcani.

Bronze in the South Central Andes

Andean archaeologists define the South Central Andes as an extensive zone that
covers coastal and highland territory roughly from the latitude of the Moquegua River
valley in southern Peru and the southernmost tip of Lake Titicaca in Bolivia (approx.
16.3◦ S) to approximately 30◦ S, just beyond the city of La Rioja in Northwest
Argentina. The high and steep Andean topography typical of Peru continues into
northern Chile, but to the east the mountain range becomes a high, flat plateau—the
altiplano—that dominates the western half of Bolivia from the Lake to the political
border of Bolivia with Argentina. Northwest Argentina comprises the region from
the Bolivian–Argentine border to slightly south of the latitude of La Rioja (approx.
29◦ S: Figs. 15.11 and 15.16). Throughout this terrain—in northern Chile, on the
Bolivian altiplano, in the high intermontane valleys (the valliserrana) of Northwest
Argentina—people mined and smelted metallic ores, produced a variety of bronze
alloys, and moved metal objects via caravans of llamas among coastal and highland
communities. Figure 15.3b presents a chronology for the southern Titicaca Basin
and the site of Tiwanaku, the large altiplano pilgrimage center at the southern tip of
Lake Titicaca. Figure 15.3c sets out the sequence of major archaeologically defined
periods and social entities that characterize the prehistory of Northwest Argentina.

Tiwanaku and Its Sphere of Influence

Between 1986 and 1991, approximately 208 metal artifacts were excavated at
Tiwanaku and a nearby satellite community, Lukurmata, located at the southeastern
tip of Lake Titicaca, on the Bolivian altiplano (Fig. 15.11). Based solely on field
identification, 84.6 % of the corpus (N = 176) was deemed to be made of copper or
copper alloys. Of these artifacts, 75.6 % (N = 133) were excavated at Tiwanaku and
24.4 % (N = 43) at Lukurmata (Lechtman. 2003a).

In spite of the distance between Pikillacta—the Wari Cuzco valley administrative
site—and Tiwanaku, their political affiliations, and their use of distinctly different
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Table 15.1 Chronology of Titicaca Basin bronze alloys determined by artifact analyses. (Lechtman
2003a, Table 17.6)

Phase Number
analyzed
[N = 31]

Alloy type

Cu Cu–As Cu–As–Ni Cu–Sn Cu–As–Ni–Sn

No. % Total No. % Total No. % Total No. % Total No. % Total

LF2–E.
Tiw IV

11 – – 1 9.1 9 81.8 1 9.1 – –

L. Tiw IV–
E. Tiw V

11 1 9.1 – – 6 54.6 3 27.3 1 9.1

Tiw V 6 – – – – 1 16.7 5 83.3 – –
Post Tiw 3 1 33.3 – – – – 2 66.6 – –

bronze alloy types, these major urban centers exhibit a remarkable similarity in the
functional distribution of the bronze objects people used regularly. At both sites
personal items account for half of all the bronze artifacts in the collection studied:
womens’ shawl pins or tupus, finger rings, figurines, and ornaments. Small tools
represent about 30 % of the bronze inventory: pins, needles, spoons and spatulas,
knives, nails, hand tools, axes, and architectural cramps (Lechtman 2003a, b). The
preponderance of items of personal use over tools (a 1.7:1 ratio) in the metal in-
ventories of both these large, Middle Horizon cities perpetuated what had become a
pan-Andean bias, set in place by the Moche, with regard to the appropriate uses of
metal. In the north, the Sicán continued the same tradition at the end of the Middle
Horizon and into the Late Intermediate Period.

Except for the architectural cramps used in monumental constructions at
Tiwanaku, metal objects in copper and copper alloys there and in Lukurmata were
small in size and light in weight. Most were worked to shape, but some were cast,
and the overall volume of metal entailed in their production was small (Lechtman
2003b). There are no examples of the heavy axes, crow bars, mace heads, bells,
or other massive metal objects typical of Late Horizon artifacts from Bolivia and
Northwest Argentina. Although there is a wide variety of small tools, there are few
items in any single tool category. Knives and needles are the most abundant.

Thirty-seven copper artifacts excavated at Tiwanaku and Lukurmata were sampled
at MIT for chemical analysis. In addition, samples were removed from two I-shaped
architectural cramps located at the butt joints between upright sandstone blocks
that form the southern canal walls of the Pumapunku temple at Tiwanaku (Lecht-
man 2003a, b, 1998, 1997). The analytical results (Table 15.1) (Lechtman 2003a,
Table 17.2) indicate that three different copper alloys were in use at Tiwanaku during
the middle-to-late Tiwanaku IV phase through the Tiwanku V phase (see Fig. 15.3).
As much as 64 % of all Tiwanaku artifacts analyzed (N = 18) are made from a ternary
copper–arsenic–nickel (Cu–As–Ni) alloy; 28.6 % are made from tin bronze (N = 8);
3.6 % are made from arsenic bronze (N = 1); and 3.6 % (N = 1) are made from im-
pure copper. The two architectural cramps from the Pumapunku temple are also made
from a ternary Cu–As–Ni alloy.
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Lukurmata presents a somewhat different picture (Lechtman 2003a, Table 17.3).
The preponderant alloy there is tin bronze (N = 5), representing 62.5 % of the Lukur-
mata artifacts analyzed. Two artifacts are made of the ternary Cu–As–Ni alloy, and
one is made of impure copper. The two Cu–As–Ni alloy artifacts from Lukurmata,
a pin and a tupu, are considerably earlier than any of the Tiwanaku items made
from this alloy. These two artifacts represent the earliest appearance of the ternary
alloy in the Lake Titicaca Basin, coming from excavation levels that date to the
Late Formative 2 (Tiwanaku III) and Early Tiwanaku IV phases. At both Tiwanaku
and Lukurmata, tin bronze appears for the first time in Late Tiwanaku IV contexts.
Tin bronze continued in use through Tiwanaku V and, at Lukurmata, into the Late
Intermediate Period (Lechtman 2003a).

During the period of Tiwanaku sway, inhabitants of the Lake Titicaca Basin ex-
perimented with a variety of copper alloys, all of them in the category of bronzes:
copper–arsenic, copper–arsenic–nickel, and copper–tin. All three bronzes were in use
by CE 600. At Lukurmata, the Cu–As–Ni bronze may have been available as early
as CE 100–400. The ternary bronze appears to have preceded tin bronze (Lechtman
2003a) (Table 15.1). In contrast to the metalworking style of Central Andean smiths,
for whom stock metal was prepared in the form of thin sheets, many of the artifacts
examined metallographically from Tiwanaku and Lukurmata were fabricated from
stock metal that was available in the form of cast rod. Needles, tupus, nails, and
hand tools were hammered to shape directly from solid rods that had been cast to
a range of thicknesses. The use of cast as opposed to hammered stock represents a
major difference between Central and South CentralAndean metalworking traditions
(Lechtman 2003a).

With regard to tools, all needles, nails, or chisels as well as the architectural
cramps are made from the ternary bronze alloy (Lechtman 1998, 2003a), while
the hand tools and axes are fashioned from low-tin bronze. The carefully shaped
working end of a hand tool, hammered from tin bronze containing only 5.6 wt% tin,
was work-hardened to a Vickers Hardness Number (VHN) of 199. This is not as hard,
however, as the tip of a nail (VHN = 220) work-hardened from a Cu–As–Ni alloy
whose combined (As + Ni) concentration is 5.34 wt% (Lechtman 2003a). Small
knives were made from either the ternary bonze or tin bronze.

The two axes in the collection are cast from low-tin bronze, and their working
edges were subsequently hardened through cold work. Both contain casting flaws,
and one axe would hardly have been serviceable as a result. In general, the artifacts
studied give the impression of artisans experimenting with tin bronze metallurgy. The
casting of tin bronze appears to have presented technical difficulties not yet resolved.
Cast tin bronze axes exhibit centerline porosity and fissures that would have reduced
severely the useful life of the tool. A finger ring cast from a high-tin bronze containing
9.95 wt% tin, undoubtedly golden in color, is replete with macropores that occupy a
considerable volume fraction of the metal. The decorative details have been rendered
faithfully, but the casting is not sound (Lechtman 2003a).

A review of the development and use of bronze metallurgy in the Lake Titicaca
Basin, as outlined in Table 15.1, corroborates the impression that only by Late
Tiwanaku V was tin bronze used almost exclusively at Tiwanaku from among the
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bronzes that were current earlier. By the middle period at Tiwanaku, between Late
Tiwanaku IV and Early Tiwanaku V phases (CE 600–900) almost one-third of all
objects were made from tin bronze, though the majority (55 %) continued to be
fabricated from the ternary bronze alloy. This marked change took place at the
apogee of Tiwanaku’s influence among altiplano and north Chilean communities,
and it represents the deliberate prospecting for and exploitation of cassiterite ores
that were abundant within the Tiwanaku sphere in the South Central Andes. By Late
Tiwanaku V (CE 800–1100), tin bronze assumed the place that the Cu–As–Ni alloy
had occupied earlier: 83 % of all copper-based objects from this later period were
made from tin bronze, whereas only 17 % were made of the ternary bronze alloy
(Table 15.1) (Lechtman 2003a, Table 17.6).

Subsequent to the decline of Tiwanaku, during the Late Intermediate Period, the
production of tin bronze accelerated, and the size, weight, and variety of objects made
from this alloy increased (Mayer 1994). The Late Horizon saw a major exploitation
of Bolivian tin fields by the Inka as tin bronze became an imperial metal disseminated
throughout Tawantinsuyu.

The Middle Horizon provided the social context that stimulated remarkable devel-
opments in metallurgical technologies centered in the Titicaca Basin and the altiplano
to the south. The change in bronze alloy type from copper–arsenic–nickel to copper–
tin appears to have been associated with a change in access to the mineral resources
necessary for the production of each of the two bronzes. Both bronzes were used
interchangeably for a wide variety of object types, and the mechanical properties of
the Cu–As–Ni variety, such as the capacity to develop high degrees of work harden-
ing without becoming brittle, were controlled and used systematically long before
the production of tin bronze. The presence of nickel in high concentrations in Middle
Horizon bronzes is remarkable, however, because nickel minerals occur rarely in the
Andean range (Lechtman 2003a). The decline in production of Cu–As–Ni bronze
may signal the gradual dwindling of a scarce and special ore supply, whether from
Bolivia or Chile, where small deposits of nickel minerals have been identified and
exploited in the twentieth century. Alternatively, the change may indicate the state’s
decision to utilize ores that were nearby and whose availability it could regulate and
control easily.

During the florescence of the Tiwanaku state in the South CentralAndes, architects
and builders used the ternary Cu–As–Ni alloy to facilitate the phased construction of
buildings in the capital city. At around CE 600, Tiwanaku underwent a transformation
that altered its residential and monumental quarters dramatically (Vranich 2006).
Two new, towering pyramids, the Akapana in the northern half of Tiwanku and the
Puma Punku temple complex in the southern half, dominated the civic and ceremonial
core of the city. Both temples were constructed from what sixteenth- and seventeenth-
century Spanish chroniclers described as “cyclopean” stone slabs (Vranich 2006,
p. 122), assembled as successive horizontal platforms, each layer resting on the one
below. Large, often massive bronze architectural cramps (grapas), fitted across the
common joint or interface between abutting stone slabs, stabilized the slabs during
construction (Vranich 2006). Over the centuries, most of the cramps have been
removed from the temple ruins, but the sockets carved in the sandstone attest to
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Fig. 15.14 Puma Punku
pyramid at Tiwanaku,
Bolivia. Detail of a side wall
of the southwest water
channel. At the left, a bronze
cramp remains in situ within
an I-shaped socket carved
into the upper faces of
abutting sandstone blocks

Fig. 15.15 An intact I-cramp,
removed from the Puma
Punku canal. The upper
surface of the ternary bronze
alloy cramp exhibits the
highly textured features of
molten metal that has
solidified in an open “mold”

their dimensions and volume. Protzen and Nair (1997) illustrate a typical slab stone
socket. The channel measures 42 cm in length and 9 cm at its widest opening.

Both the Akapana and Puma Punku temples were outfitted with wide, stone-lined
canals that carried water through the building and discharged it below ground into a
major city drainage system (Kolata 1993). Portions of the side walls of these canals
preserve cramps in situ between the faces of abutting vertical stones (Fig. 15.14).
In 1995, Lechtman (1998) analyzed a cramp from one wall of the south canal
(Fig. 15.15) where the canal exits from the Puma Punku pyramid. The I-shaped
metal cramp is made from a ternary Cu–As–Ni bronze containing 6.00 wt% As,
5.85 wt% Ni, and 0.27 wt% Sb. The microstructure of a sample removed from the
cramp showed it to be a two-phase, coarse-grained, highly cored casting. During
construction of the canal wall, molten bronze was cast directly into a socket previ-
ously prepared on the upper faces of two abutting sandstone canal blocks, at their
common joint (Fig. 15.14) (Lechtman 1998).

A mechanical and materials analysis of the cramp (David Parks, in Lechtman
1998, pp. 890–891) indicates that, as the molten bronze solidified and shrank in
the mechanically constrained geometry, the clamping force developed in the bar
portion of the cramp was sufficient to pull the stone blocks together to a tight fit.
David Parks’ calculations of the clamping force of the canal grapa show that it could
sustain a suspended load of approximately 4,490 kg (Parks, in Lechtman 1998). The
Puma Punku grapas were engineered both mechanically and through control of alloy
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composition to clamp together the stone blocks in a tight fit—a requirement for a
canal that would handle large volumes of water.

The use of bronze architectural cramps in the monumental buildings at Tiwanaku
is the only example to date of this technique in Andean prehistoric constructions
(Protzen 1993; Protzen and Nair 1997). That the ternary bronze alloy accomplished
an important special function in the construction of the primary sacred buildings at
Tiwanaku suggests that the reasons for which use of this bronze type lessened with
time had little to do with its performance capabilities.

A second concentration of Middle Horizon artifacts made from the ternary bronze
alloy occurs at San Pedro de Atacama (Fig. 15.11), an oasis on the northern edge of
the Salar de Atacama, in the arid western sierra foothills (2,400 masl) of the north
Chilean Andes. San Pedro was an entrepôt in a network of exchange routes through
which goods and llama caravans passed, connecting Tiwanaku with the southern
Bolivian puna, Northwest Argentina, and the north Chilean coast. Large numbers
of metal artifacts have been uncovered from burial grounds in the vicinity of San
Pedro, including a group of Middle Horizon axes, at least one of which is identical
to an axe excavated at Lukurmata. These artifacts form part of the collections of the
Museo Arqueológico R.P. Gustavo Le Paige at San Pedro. Lechtman (Lechtman and
Macfarlane 2005, 2006) analyzed 80 % (N = 36) of the museum’s metal axes, 61 %
of which are made from Cu–As–Ni bronze. The remainder are primarily tin bronzes.

Archaeologists (Núez 1987; Núez and Dillehay 1995 [1979]) have long held
that during the Middle Horizon, llama caravans supplied Tiwanaku with arsenical
copper processed from ore extracted at Chuquicamata (Fig. 15.2), the large and rich
deposit of copper sulfarsenide mineral located about 100 km north of San Pedro.
The source of nickel, indispensable for the production of Cu–As–Ni bronze, remains
undetermined.

That both Tiwanaku and San Pedro were using objects made from the rare ternary
bronze raises questions about whether there may have been multiple centers produc-
ing this bronze, perhaps located on the puna or on the dry, western mountain slopes
at much lower elevations. Lechtman and Macfarlane (2005, 2006) carried out lead
isotope analyses of 14 ternary bronze artifacts excavated at Tiwanaku and 16 ternary
bronze axes from the Museo Arqueológico collections at San Pedro and compared
these determinations with the lead isotope signatures of copper ores they had field
collected in the South Central Andes (Lechtman and Macfarlane 2005, 2006).

Of the 14 Tiwanaku artifacts studied by lead isotope analysis, the metal from nine
derives without doubt from local ores in the geographic vicinity of Tiwanaku.

Of the 16 San Pedro axes, 13 have isotopic signatures that coincide unequivocally
with highland ore lead isotope ratios. These axes could not have been made from
metal smelted from Chilean coastal or low sierra ores, such as those at Chuquicamata.
Half of the axes with puna lead isotopic signatures coincide with ores located in the
geographic region of Tiwanaku.

These results challenge Andean scholars to readdress the system of far-flung,
South Central Andean exchange networks that were an economic mainstay of the
Tiwanaku state. With regard to the movement of metal or metal objects, knowing
how much of bronze production was state sponsored and how much depended on the
local exploitation and smelting of ores that were then transferred out via the caravan



15 Andean Metallurgy in Prehistory 395

networks is critical to interpreting the interdependence between Tiwanaku and the
Andean communities that sent pilgrims to the ritual architecture of the sacred city.

The Middle Horizon and the Bronze Divide

During the Middle Horizon the appearance of new bronze metallurgical technologies
coincided with the north–south, long-distance movement of goods and religious
iconographies and with development of innovative highland agricultural systems.
All of these changes facilitated the exchange of technological experience over vast
distances and across the semi-permeable Wari–Tiwanaku interface between the two
states’ respective spheres of influence. Nevertheless, a ‘bronze divide’ (Lechtman
and Macfarlane 2006)—located roughly between the latitude of the southern tip of
Lake Titicaca and that of the Moquegua valley in south coastal Peru (Fig. 15.11)—
was not breached. The bronzes that developed on either side of the divide were not
among the items of material culture that moved across what seems to have been a
cultural barrier.

TheWari and Tiwanaku colonies at Cerro Baúl and Omo, respectively (Fig. 15.11),
are located mid-valley along the Osmore River drainage (often referred to as the Mo-
quegua valley) in the southernmost reaches of Peru. The sites are situated 20 km
from each other. Cerro Baúl was an elaborately fortified Wari outlier established
and maintained by Wari deep within Tiwanaku territory. The Omo complex was
settled by altiplano peoples to the east and grew to become something akin to
a Tiwanaku province under the direct control of the capital, some 300 km away
(Lechtman 2003b).

In 1995, the copper metal inventory from Cerro Baúl included 12 artifacts, six
of which were analyzed for their chemical composition. Of the 18 metal artifacts
in the Omo corpus, four of the larger, intact artifacts underwent chemical analysis
(Lechtman 2003b). In general, the artifact alloys represented at the Cerro Baúl and
Omo colonies fit the patterns that had been established previously for metal artifacts
from Pikillacta, the large, highland Wari administrative center, and from Tiwanaku
(Lechtman 2003a, b). Of the six Cerro Baúl artifacts, four are arsenic bronzes typical
of Middle Horizon bronzes in the Central Andean zone. Two are made of a ternary
copper–arsenic–nickel bronze alloy and are almost certainly Tiwanaku items intro-
duced to Baúl, likely from Omo. The Omo material is close in analytical profile to
the compositions of copper and bronze artifacts from the Tiwanaku site. One artifact
is an arsenic bronze, two are made from a Cu–As–Ni bronze alloy, and one is a
tin bronze with minor amounts of arsenic and nickel (Lechtman 2003b). Not only
are the bronze alloys at each of the two Moquegua valley colonies consistent with
the metallurgies of their respective imperial centers, but the types of metal artifacts
excavated at each outlier are also typical, respectively, of Wari or Tiwanaku material
culture in metal.

Cerro Baúl and Omo present a well-documented example of the Middle Horizon
bronze divide, as they were outliers along a major political frontier between two
extensive Middle Horizon states. We might interpret the close commitment of each
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outlier to its own metallurgical repertoire as indicative of a technological and cultural
frontier coincident with the political limit. At the same time, the horizon character
of bronze metallurgy throughout the Andes suggests a pan-Andean interest in ex-
ploiting new types of ore, reaching farther afield for resources, and experimenting
with the products of extractive metallurgical technologies, all of which contributed
to the manufacture of a variety of bronzes in an uncommonly mineral-rich geological
environment.

The Burger et al. (2000) exhaustive study of pre-Hispanic obsidian procurement
and exchange in the Central Andes and northern Bolivia from the Preceramic Period
to the Late Horizon offers a comparative perspective on patterns of resource uti-
lization between obsidian and metal, especially in the highland zone that comprises
southern Peru and the Lake Titicaca Basin. High-quality obsidian deposits are rare
in the Central Andes, but two varieties located in the province of Arequipa of the
southern Peruvian highlands were exploited continuously: the Alca source in the Co-
tahuasi valley and the Chivay source in the Colca valley (Fig. 15.11). Unlike bronzes,
obsidian traveled widely from the source deposits. The pattern of exploitation and
use of these two obsidians indicates that people in the Cuzco Basin of highland Peru
exploited the Alca source, while the Chivay source was utilized predominantly by
inhabitants of the Lake Titicaca Basin. Groups in the intermediate area obtained
obsidian from both sources.

This pattern of obsidian distribution obtained in the southern highlands of Peru can
be seen throughout most of its prehistory, but the pattern changed markedly during
the Middle Horizon. “. . . The obsidian evidence suggests that the previous, long-
standing tradition of south highland interaction was now disrupted by two powerful
imperial forces [Huari and Tiahuanaco]. The obsidian distribution in what is now
southern Peru reflects the impact of the territorial expansion and influence of the Huari
empire and its frontier with the Tiahuanaco polity in the south” (Burger et al. 2000,
p. 324). Wari and Tiwanaku territories overlapped only in the southern Peruvian
valleys at sites such as Cerro Baúl and Omo (Fig. 15.11). Richard Burger’s data
show that at the Wari colony Cerro Baúl, obsidian was being brought in primarily
from distant sources far to the north that were favored by and located within Wari
territory.

In the highlands, there was a buffer zone between the two imperial borders.
Burger points out that the Chivay obsidian source, in the Colca River valley,

appears to have been located just within the southern frontier of Wari expansion
“. . . and thus its location must have created special problems for the altiplano pop-
ulations dependent on this rare natural resource” (Burger et al. 2000, p. 325). Yet
the sample of obsidian that Burger analyzed from the northern Lake Titicaca Basin
indicates that these communities, including Tiwanaku, continued to utilize only
Chivay obsidian during the Middle Horizon, as they had prior to the Wari expansion
(Burger et al. 2000, p. 326). Burger offers one possible explanation for this apparent
anomaly.

Perhaps as a result of the difficult situation posed by Chivay’s location, obsidian may have
been channeled directly into the Tiahuanaco heartland through formalized state-controlled
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mechanisms and/or agreements worked out with Huari authorities. Such a hypothesis would
help to explain why this obsidian is absent in the rest of Huari territory and why it failed
to reach the Tiahuanaco population in Moquegua [at Omo] in significant amounts. (Burger
et al. 2000, p. 342)
For the southern highlands of Peru, the obsidian data present unambiguous evidence of a
radical shift in distribution strategies that reinforces the perception that the Middle Horizon
Huari profoundly transformed the relations betweenAndean regions and, as a result, modified
their respective developmental trajectories. (Burger et al. 2000, p. 351)

Following the collapse of the Wari state, during the ensuing Late Intermediate Period,
preliminary data indicate reemergence of the pre-Middle Horizon obsidian procure-
ment and distribution pattern (Burger et al. 2000, p. 344), although the use of obsidian
generally declined throughout the Central Andean zone. To the contrary, the bronze
divide remained firmly fixed until the Inka hegemony.

The considerable difference in resource exploitation patterns that characterize
Middle Horizon metallic ores and Middle Horizon obsidian resulted, in part, from
the ubiquity of the former and the scarcity of the latter. The ores required to make
good bronzes in the Central and South CentralAndes were generally abundant, widely
distributed, and accessible, though compositionally varied. High-quality obsidian,
by contrast, is rare and occurs in discrete locations. Burger cites only eight known
sources in the Central Andean zone with perhaps an equal number in Bolivia and
into Northwest Argentina and Chile.

We also need to recognize the nature of the cultural arenas in which these mate-
rials and objects functioned. Obsidian, particularly from certain prized sources, had
ritual uses and associations in the Andes as well as in Mesoamerica. In Northwest
Argentina, one of the paramount features of certain objects made from tin bronze
was their symbolic efficacy in the performance of religious rituals, some of which
involved human sacrifice (González 1992). Understanding the associations Andean
peoples held with respect to bronze is essential in order to interpret the unusually
fixed set of boundaries that characterized bronze production and use during and
subsequent to the Middle Horizon, especially since bronze technologies developed
throughout the Andes almost at the same time and precisely during a period of
heightened interchange.

Northwest Argentina: Aguada and the Regional Development Period

Societies of Northwest Argentina, principally those located in the valliserrana
(Fig. 15.16)—the high, intermontane valleys bordered on the north and west by
puna and on the east by the low plains of the chaco—produced both arsenic bronze
and tin bronze with mineral resources common to the region. The sulfarsenide de-
posits in Northwest Argentina are not nearly as extensive or as rich as those in the
CentralAndes (Fig. 15.2), but certain polymetallic deposits, such as those at the large
Capillitas mine near the Hualfín valley, are known for their enargite, tetrahedrite, and
tennantite mineralization (Fester 1962).

Analyses of 13 artifacts from the Formative (500 BCE to CE 450) Condorhuasi
and Ciénega cultures (Table 15.2) (González 2004, p. 170) of the valliserrana region
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Fig. 15.16 Map of Northwest Argentina, indicating the valliserrana region and archaeological sites
mentioned in the text. (After González 2004, p. 151, 154; Acuto 2008, Fig. 42.1)

(Fig. 15.16) do not provide evidence for a well-developed or widespread bronze
metallurgy that was shared among the early agricultural and pastoral societies of
Northwest Argentina. They do provide strong evidence, however, that prior to the
Middle Horizon smelting technologies required to produce arsenic bronze from
arsenic-bearing ores were already in place. They also demonstrate the likelihood that
tin was extracted from cassiterite and alloyed with copper to produce tin bronze6, or
alloyed with arsenic bronze to produce ternary alloys of the three metals.

6 In view of the fact, that the ore mineral stannite (Cu2FeSnS4) has not been reported to be present
in the metallic ore deposits of the valliserrana region, we can argue with some confidence that
early bronze alloys were made by melting together copper and tin (González 2004) or by smelting
a mixed charge of copper ore and tin ore.
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Table 15.2 Compositions of Condorhuasi and Ciénaga copper alloy artifacts from the valliserrana,
Northwest Argentina. (After González 2004, p. 170)

Object Cu As Sn

[wt%]

Condorhuasi Bracelet 90.73 3.81 1.57
Bracelet 97.15 2.16 0.70
Plaque fragment 92.33 3.40 2.05

Ciénaga Axe fragment 85.07 – 3.54
Axe fragment 98.11 1.29 0.71
Axe fragment 96.72 1.46 1.90
Chisel 94.10 3.31 0.28
Chisel 84.20 – 5.90
Chisel 96.26 3.43 0.09
Chisel 84.61 – 4.34
Punch 93.80 1.96 0.32
Punch 96.67 3.16 0.30
Punch 97.59 2.00 0.21

– unknown

The first instances of social, political, and ideological integration of agropastoral
communities inhabiting small but sometimes densely populated groups of hamlets in
NorthwestArgentina took place in what Myriam Tarragó (1999) calls the first regional
integration. Between about CE 400 and 900—the Middle Period (Fig. 15.3c)—two
culturally independent economic and social interaction spheres developed, coinci-
dent with the Middle Horizon in the Central and South Central Andes. Yavi and Isla
inhabitants of the Quebrada de Humahuaca (Fig. 15.16) and the puna north of that
valley looked to the north—to Tiwanaku and San Pedro de Atacama—for their long-
distance exchanges (González 2004, p. 181–183). The metal artifacts associated with
this interaction sphere are almost entirely gold and silver items recovered in burials
(González 1979). Many of these artifacts appear to have come from Tiwanaku.

The other socioeconomic interaction sphere developed in the central valleys of
Catamarca Province, the heart of the valliserrana area (Fig. 15.16), and involved
many small hamlets that became integrated into what archaeologists refer to as the
La Aguada culture. Growing out of the earlier Condorhuasi-Alamito and Ciénega
populations, and including the inhabitants of the Ambato valley, Aguada achieved
a unique synthesis of political and religious expression that was dominant in the
region until the beginning of the tenth century CE (González 2004, p. 184). Myriam
Tarragó (2000) refers to the theocratic character manifested by the societies that were
linked to the Aguada religious complex. This complex centered around a cult of the
feline and on severed heads, reminiscent of north Andean cults, such as Chavín,
and of Moche iconography that displays trophy heads. The cult constructed large
ceremonial complexes and produced objects in ceramic and metal that were ritually
associated with these monumental structures.

The Aguada culture of northwest Argentina was one of the first to utilize [tin] bronze in
South America. But the practical-utilitarian applica tions of this alloy held little significance
for this culture. Almost all bronze objects or the large majority were purely sumptuary or
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related to ritual and to ceremonialism. They were designated to satisfy the demand of an
elite, not to serve the practical needs of the majority. (González 1998, p. 367; the author’s
translation)

At the same time, Alberto Rex González characterizes the Middle Period as repre-
senting “. . . the cultural climax of northwest Argentina” (González 1979, p. 162) and
the Aguada culture as best exemplifying that period.

Luis González (2004) identifies the two overriding characteristics of Aguada
metallurgy. First, the casting of metal, including use of lost wax casting, greatly
predominated over processes of plastic deformation for realizing form. Second, tin
bronze was the alloy of choice for objects that functioned in religious and political
arenas as well as for utilitarian purposes. The large majority of tin bronze objects was
produced for and used by religious and political elites. The high quality and complex-
ity of cast tin bronze plaques and axes—all of which had ritual connotations—indicate
that these objects were made by specialists. The power of religious and political elites
was expressed and broadcast by their use of tin bronze, not through devices of gold or
silver. Over time, the more complex the sociopolitical systems became and the larger
and denser the populations within the Aguada ritual field, the greater the volume of
tin bronze objects produced.

There is abundant archaeological evidence for a rich inventory of utilitarian objects
in Northwest Argentina: needles, tweezers, simple axes, knives, chisels, awls, and
punches (González 1979). In the earlier periods, these objects were made from a
variety of metals, including copper, arsenic bronze, tin bronze, and ternary alloys
of copper, arsenic, and tin. Nevertheless, Geraldine Gluzman’s (2008) chemical and
metallographic study of a group of Regional Development Period (CE 900–1400) tin
bronze knives, chisels, and punches from the Yocavil valley indicates that few of the
tools appear to have been used. In addition, tools that were presumably destined for
different functions often contain similar concentrations of tin. The author suggests
that the bronze metal itself held cultural value, and owning bronze tools was a sign
of prestige that contributed to the social status of the owner, commonly members of
nonelite groups within a community.

Tin Bronze and Its Uses

The two most salient characteristics of Aguada metallurgy that distinguish it from
Wari and Tiwanaku technologies of metal production are the choice of tin bronze
for the most ritual-laden objects and use of the lost wax process to cast them. A. R.
González (1992) identifies three classes of tin bronze objects in Northwest Argentina
that performed singly or together in the context of sacrificial rites: discs or plaques,
heavy axes in stylized forms, and large, oval bells (tan tanes).

The earliest discs and stylized axes are considered Aguada manufactures (but
see Cruz, in press, for an alternative chronology).7 Only about 30 Aguada discs

7 In a manuscript Pablo Cruz submitted for publication to Mundo de Antes, Tucumán, Argentina
(Cruz personal communication, 2011), he argues that the corpus of discs regularly ascribed to
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Fig. 15.17 Lafone Quevedo
disc. Length of longest axis:
16 cm. Museo de La Plata, La
Plata, Argentina. (Photo:
courtesy of L. R. González)

are known (González 2004), distinctive for their elaborate iconography rendered in
high relief. The circular plaques (discs) rarely exceed 15 cm in diameter (González
2004, p. 196). Six Aguada discs have been analyzed for their chemical composition
and, in some cases, to determine their microstructures (Biloni et al. 1990; Lechtman
1991b; Scott 1998; Cabanillas et al. 2002). All are made of tin bronze and were cast
by the lost wax process. The well known, most ornate and complex of these—the
Lafone Quevedo disc (Fig. 15.17) made around CE 600—contains about 2.5 wt%
Sn (Biloni et al. 1990); the tin concentration in the other five plaques ranges from
1.31 to 14.58 wt% (González 2004, p. 209). When cast, the three discs made from
alloys containing 5.81, 8.0, and 14.58 wt% Sn, respectively, would have appeared
light yellow to golden in color.

Luis González (2004, p. 210) discusses the wide range of variation in the tin
content of these six Aguada disc alloys, pointing out that deposits of cassiterite
in Northwest Argentina are far scarcer than deposits of copper ores. Some of the
variation in tin content of the disc alloys may derive from a scarcity of tin sources
and a consequent effort to economize on the amount of tin added to copper in the
production of bronze. Clearly, adding two or three weight percent of tin to copper

La Aguada was produced during the ensuing Regional Development Period (CE 900–1400). In
his analysis of the complex iconography carried in high relief on each disc, Cruz has identified
motifs that represent a variety of bronze axes and a unique style of bronze knife produced during
the Regional Development Period but that are not known archaeologically as items of La Aguada
material culture. González (1979, charts II and IV) provides helpful charts that distinguish La
Aguada-style axes from Regional Development Period axes.
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Fig. 15.18 Aguada axe. A
handle would be hafted at the
central, narrow bridge
between the blade and heel.
The heel represents a feline.
Length: 38 cm. Museo de La
Plata, La Plata, Argentina.
(Photo: courtesy of L. R.
González)

would have little effect on the resulting color of the alloy, but these concentration
levels would lower the melting point of the alloy, thereby increasing the amount
of superheat8 available to achieve a successful casting. Unlike the discs, Aguada tin
bronze axes were cast in piece molds. L. R. González and H. Buono (2007a) examined
an axe similar to the example in Fig. 15.18 that was cast in a two-piece mold, although
the decorative motifs were engraved later. The alloy contains 6.31 wt% Sn.

In the tenth century CE, the collapse of the societies that concentrated the religious
and political power of La Aguada in the valliserrana region and the concurrent
inability of Tiwanaku to maintain its sphere of influence in the larger orbit of the South
Central Andes brought about profound changes in Northwest Argentina (Tarragó
2000, p. 259). The ensuing Regional Development Period (CE 900–1400) saw a
dramatic demographic rise with the establishment of a number of densely populated,
almost urban centers. Powerful, hierarchically ordered societies emerged that held
large, highly productive agricultural and pastoral territories, well controlled and
well defended by hilltop forts (pukara) that were also social, political, and religious
centers. These social entities were often in competition for resources with other,
similarly organized communities (Acuto 2008; Leoni and Acuto 2008). As their
sizes continued to increase, social inequalities were accentuated not only in the

8 Superheating: Heating molten metal above the normal casting temperature so as to obtain greater
fluidity (American Society for Metals 1985).
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Fig. 15.19 Santamariana disc
depicting a pair of warriors.
Diameter: 19.5 cm. Collection
of the Ministerio de
Relaciones Exteriores,
Buenos Aires, Argentina.
(Photo: courtesy of L. R.
González)

organization of labor but also in the distribution and consumption of sumptuary and
prestige goods (Tarragó 2000).

The establishment of workshops with specialist artisans for the production of
objects of high social and symbolic value was closely tied to the reinforcement and
consolidation of elites within these societies (Tarragó 2000, pp. 259–260). As A. R.
González states (in Tarragó 2000, p. 282), “These societies placed the crafts at the
service of warlike ritual and religious ritual” (the author’s translation). Tarragó (2000,
pp. 287–288) argues that it was precisely the strong links between these goods “and
the phenomenon of social complexity . . . that served the interests of the dominant
elites, contributing to the consolidation of political power within the large social
entities” (the author’s translation).

Production of Tin Bronze

Tin bronze continued as the high-prestige alloy for sumptuary and ritual goods during
the Regional Development Period, and these items were cast in molds. Discs and
plaques were made simpler in design (Fig. 15.19) than previously but were larger
in size and heavier. New varieties of heavy axes included those with handles cast
integrally with the blades (Fig. 15.20). Large, oval bells (tan tanes) (Fig. 15.21)
added to the complex of the three, highly ritually symbolic paraphernalia. Most,
though not all, of these items were cast in piece molds.

Luis González compiled a table (2004, p. 247) that presents published analyses of
the composition of 36 discs/plaques, primarily from the valliserrana, that date to the
Late Period. Table 15.3 reproduces those data with the addition of analyses of two
discs: one from Tafí, Province of Tucumán (L. R. González personal communication
2009) and another from Chuscha (Cabanillas et al. 2007). Twenty-nine discs (80.5 %
of the group) are made of tin bronze, 25 of which contain tin in a concentration
range between 1.57 and 8.03 wt%. The average composition of 18 binary copper–tin
bronze discs reported in Table 15.3 whose tin concentration is below 10 wt% is Cu,
3.73 wt% Sn. In four high-tin bronze discs, the tin concentration ranges from 15.51 to
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Fig. 15.20 Santamariana axe,
with the metal handle cast
integrally with the blade.
Length: 24.5 cm. Museo Adán
Quiroga Catamarca,
Argentina. (Photo: courtesy of
L. R. González)

Fig. 15.21 Large bell with
oval cross section and pairs of
heads cast in relief on both of
the principal sides. Height:
23 cm. Museo Adán Quiroga
Catamarca, Argentina.
(Photo: courtesy of L. R.
González)

23.47 wt%, with three compositions that cluster around an average tin concentration
of 16.14 wt%. Two discs are arsenic bronzes, one is made from a copper–silver alloy,
one is made of copper, and three are copper–zinc alloys, or brasses.9

In his exhaustive 1992 volume on the metal plaques of the SouthernAndes, Alberto
Rex González cites two discs that are considerably larger and heavier than any of
the others: one, from Cachi, weighs 23.78 kg; the other, from Tafí, weighs 32.43 kg.
No analyses have been carried out to determine the compositions of these two discs.

9 Cabanillas et al. (2007) mention that such high-zinc discs are associated with hispano-colonial
contexts. Brass alloys were introduced to theAndean zone by the invading Spaniards in the sixteenth
century, therefore these discs were likely made by metalworkers indigenous to Northwest Argentina
who utilized the new material.
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Table 15.3 Compositions of Late Period valliserrana bronze discs/plaques. (After L. R. González
personal communication 2009, 2004, p. 247)

No. Provenience Cu As Sn Zn Fe Pb Ag Au Cr

[wt%]

1 Averías 91.84 – 5.26 – 2.55 – – – –
2 Chilca Pozo 97.42 – 2.54 – – – – – –
3 Sequía Vieja 97.12 – 2.83 – – – – – –
4 Sequía Vieja 94.08 – 4.04 – – – – – –
5 Las Conchas 91.08 – 8.03 – 0.44 0.32 – – –
6 La Rioja 80.55 – 16.53 – – – – – –
7 Tolombón 90.06 tr 6.87 – 0.28 – – – –
8 Pampa Gde. 97.25 – 2.52 – – 0.22 – – –
9 Luracatao 94.95 – 3.03 0.94 0.37 – – – –
10 Pampa Gde. 97.41 – 2.00 – 0.56 – – – –
11 Salta 91.80 – 5.66 – 0.50 – – – –
12 Calchaquí V. 96.00 – 2.43 – 1.54 tr – – –
13 Calchaquí V. 96.42 – 1.57 – – tr – – –
14 Calchaquí V. 97.40 tr 2.12 – 0.46 – – – –
15 Calchaquí V. 96.85 – 3.14 – – – – – –
16 Calchaquí V. 97.25 – 2.90 – – – – – –
17 Calchaquí V. 93.55 – 3.46 1.01 0.75 0.18 – – –
18 Calchaquí V. 94.57 – 5.43 – – tr – – –
19 Calchaquí V. 91.79 – 6.64 0.81 0.50 0.14 – – –
20 Chicoana 95.49 – 2.43 – 1.79 – – – –
21 Calchaquí V. 94.98 – 2.58 1.65 0.11 0.29 – – –
22 Calchaquí V. 94.00 – 3.07 1.15 0.08 – – – –
23 NWA 93.50 – 0.80 0.25 – 0.50 1.70 – –
24 NWA 80.40 – 7.70 2.14 0.17 3.25 3.60 – –
25 Guandacol 69.39 – – 25.07 0.49 1.32 – – –
26 NWA 84.80 – 7.80 0.24 0.10 0.22 3.82 – –
27 Baradero 66.00 – 0.59 27.58 tr 1.01 – – –
28 Baradero 68.24 25.77 0.15 – – 3.17 – 0.73 –
29 Sta. Fe La Vieja 84.15 1.34 10.50 – – 1.26 – – –
30 Yocavil V. 83.62 – 16.37 – – – – – –
31 Yocavil V. 92.15 – 4.82 – – – – – –
32 Yocavil V. 98.07 – – – – – – – –
33 Yocavil V. 94.01 – – – – – 4.66 – –
34 Yocavil V. 90.45 – – 9.54 – – – – –
35 Yocavil V. 83.74 – 15.51 – – – – – –
36 Yocavil V. 94.98 – 2.47 – 2.54 – – – –
37 Tafí 69.92 – 23.47 – – – – – –
38 Chuscha 93.0 1.5 4.0 – – 1.1 – – 0.28

tr trace element, – unknown, NWA Northwest Argentina

Years later, Cabanillas et al. (2007) examined and analyzed a third bronze disc,
supposedly from an Inka burial located in the Nevado de Chuscha, near Quilmes
(Fig. 15.16), at the border between the provinces of Salta and Catamarca. This disc
is also exceptional for its size and weight: 58.34 cm average diameter, thickness
varies from 0.7 cm at the perimeter to 2.2 cm at the center, and 32.7 kg in weight. In
all three discs, both faces are without decoration.
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X-ray fluorescence analysis of the body of the metal in the Chuscha disc provided
the alloy composition: 93.0 wt% Cu, 4.0 wt% Sn, 1.5 wt% As, 1.1 wt% Pb, 0.28 wt%
Cr (Cabanillas et al. 2005). The investigators concluded that the composition of the
Chuscha disc is congruent with alloy compositions provided by wet chemical analysis
of many other discs and that the Chuscha disc is prehistoric. Given its size, the authors
suspect that the molten metal was poured into a cavity prepared in the ground whose
surfaces were covered with a fine clay paste prior to the pour.

Reconstruction of the arrangement for casting 33 kg of bronze in a single pour
is less certain. Cabanillas et al. (2007) suggest that natural draft furnaces of the
huayra type (Van Buren and Mills 2005) were capable of smelting the large volume
of bronze required for the disc if several furnaces operated simultaneously. The
Inka built huayras at the metalworking site Rincón Chcio 15, discussed below, and
L. R. González (2004) suggests the possibility that the Chuscha disc may have been
cast there. These three oversize, cast discs discussed here represent the largest and
heaviest tin bronze objects known to date to have been produced anywhere in the
prehistoric Andes.

Regional Development Period axes tend to be larger, heavier, and not as finely
designed or executed as the La Aguada examples. Two new types appeared. In
one, the handle is cast integrally with the blade (Fig. 15.20). In the other, the
blade is socketed, to accept a handle. The relief designs on these axes are often
in a style associated with communities in the Santa María valley, and the motifis
usually include a face or severed head which are also typical icons of the large, oval
Santamariana bells (Fig. 15.21).

Table 15.4 (González and Buono 2007a, b) presents published analyses of axes
made in Northwest Argentina, with determinations of the chemical composition of
a single La Aguada axe (González and Buono 2007a), 36 Regional Development
Period axes, and six Inka axes (González and Buono b). Five of the axes are made
of copper, the rest are tin bronzes. Two of the bronze alloys have compositions well
above the solid solubility limit of tin in copper (13.5 wt%), and these are brittle
alloys. Those with tin concentrations at or above 10 wt% would be yellow to golden
in color. The average alloy composition of 22 Regional Development Period axes
with a tin concentration below 10 wt% is Cu, 5.3 wt% Sn.

Large, oval, tin bronze bells (Fig. 15.21) constitute the third member of the North-
west Argentine disc–axe–bell set of ritual paraphernalia. Only slightly more than
thirty bells are known, none of them with secure provenience, although many have
been found in the valliserrana. Their broad distribution implies a symbolic content
in their iconography, in their form, and in their metallic, two-tone sounds that tran-
scended ethnicities and were shared within a common religious tradition (González
2004; González and Cabanillas 2004). The predominance of cephalic representations
on these bells, as well as on the Regional Development Period plaques and axes,
suggests the importance of the severed head—perhaps first human, then animal—in
ceremonial activities (González 1992, 2004).

Table 15.5, compiled by Luis González (personal communication 2009; L. R.
González and Cabanillas 2004), presents the alloy compositions determined and
published for seven intact bells or bell fragments together with two unpublished lab-
oratory analyses for the Cafayate and Northwest Argentine bells. All are tin bronzes.
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Table 15.4 Compositions of axes from Northwest Argentina: Aguada, Regional Development
Period, and Inka. (After L. R. González and Buono 2007a, b, Table 1)

Period No. Provenience Cu As Sn Zn Fe Pb Ni Ag

[wt%]

Middle 1 NWA 91.00 – 6.31 – 0.92 – – –
(Aguada) 2 NWA 96.53 – 3.21 – – – – –

3 NWA 91.98 – 7.53 – – – – –
4 NWA 93.19 – 6.31 – – – – –
5 Santa María 94.26 – 5.73 – – tr – –
6 San Carlos 94.66 – 3.86 – 0.45 tr 0.90 –
7 Averías 94.82 – 4.64 – – – – –
8 Sequía Vieja 91.84 – 5.94 – – tr – –
9 Sequía Vieja 89.32 – 10.60 – tr – – –
10 Chilca Pozo 94.96 – 2.82 – 1.24 – 0.66 –
11 Mutquin 92.44 – 6.57 – – – – –
12 Averías 93.23 – 6.37 – – – – –
13 Sequía Vieja 94.80 – 5.18 – – – – –
14 Tolombón 92.49 – 6.72 – 0.52 tr – –
15 Mendoza 87.05 0.28 7.53 – – 8.14 – –
16 NWA 89.50 – 10.30 – – – – –
17 NWA 92.83 – 2.68 – 0.35 – – –
18 NWA 99.60 – 0.30 – – – – –

Late Regional 19 NWA 83.50 – 6.00 0.20 0.33 0.41 0.10 3.65
Development 20 NWA 89.98 – 0.15 – 0.78 – – –
[lines 2–37] 21 NWA 86.70 – 8.30 – – – – 4.30

22 Santa María 94.22 – 1.96 – – – – –
23 Santa María 93.87 – 6.12 – – – – –
24 La Toma 99.84 – – – 0.07 – – –
25 NWA 85.41 tr 12.87 – tr – – –
26 La Paya 99.10 – – – 0.46 0.30 – –
27 NWA 98.45 – – – tr – – –
28 NWA 97.19 – 1.92 – 0.42 tr – –
29 Andalgalá 93.02 – 6.45 – – – – –
30 Belén 98.43 – 0.72 – – 0.42 – –
31 NWA 86.87 – 11.44 – 0.64 – – –
32 La Paya 87.72 – 6.40 – – – – –
33 Londres 75.77 – 15.96 – 1.78 – – –
34 Luracatao 93.66 – 4.73 – – – – –
35 La Paya 98.01 – – – – – – –
36 NWA 90.82 – 7.88 – 1.29 – – –
37 NWA 81.27 – 12.98 1.60 1.94 – – –
38 Sequía Vieja 96.12 – 3.58 – – – – –
39 Jujuy 92.03 – 8.04 – tr – – –

Imperial 40 NWA 92.48 – 0.09 – 0.32 – – –
(Inka) 41 NWA 91.50 – 4.00 0.17 0.15 tr – 3.58
[lines 38–43] 42 NWA 89.6 – 10.10 – – – – –

43 NWA 77.86 – 17.83 – 1.34 – – –

tr trace element, – unknown, NWA Northwest Argentina
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Table 15.5 Compositions of Late Period tin bronze oval bells (tan tanes) from NorthwestArgentina.
(After González personal communication 2009; González and Cabanillas 2004, Table 15.1)

Provenience Cu As Sn Fe Pb

[wt%]

Cachia 91.2 – 6.0 tr tr
Molinos 93.7 – 6.0 0.27 tr
La Paya 95.6 – 3.9 0.29 0.14
NW Argentina 95.0 0.01 4.9 0.02 0.01
Calchaquí Valley 96.9 – 2.5 0.13 tr
Cafayate 96.6 nd 3.4 nd nd
Rincón Chicob 96.7 nd 2.5 nd nd
Cafayatec 84.80 nd 11.01 nd nd
NW Argentinac 87.58 nd 10.02 tr nd

tr trace element, – unknown, nd not detected, NWA Northwest Argentina
aa large bell fragment
bfragment of bell mouth
cpreviously unpublished

Seven fall in the composition range of 2.5–6 wt% Sn, with an average tin concentra-
tion of 4.2 wt%. This low tin concentration is expected in a bell that sounds through
percussive action, either by an interior clapper or a blow to the exterior surface.
Brittleness is to be avoided in bells. Each of these bells was cast in a mold with a
solid ceramic core. Two careful studies of such bells (Lechtman and González 1991;
González and Cabanillas 2004) have been published, but the investigators have not
reached consensus about the design and construction of the mold or on the stage
at which the interior surface of the mold was engraved with the motifs that appear
in raised relief on the bell surfaces. A few tan tanes have been found with wooden
clappers, but most were struck on the surface and could produce two different tones:
one when struck on the flat faces and a second when struck on the narrow sides
(González and Cabanillas 2004). The tan tanes are the product of a sophisticated
mold-making and foundry technique. Large volumes of bronze metal were involved
in their production.

As the size of social entities grew and with that growth the needs of elites to
broadcast their religious and political sway, bronzes became larger and heavier. More
metal was entailed in each casting event. Production sequences, the technologies
of ceramic mold making, the number and scale of operations required to smelt
prodigious volumes of metal—all increased in complexity and sophistication. What
remained constant was the disc–axe–bell triad of ritual equipment and the alloy
type from which these items were made: tin bronze. As Tables 15.3, 15.4, and 15.5
indicate, except for a few outliers among the disc and axe alloy compositions, alloy
design remained invariant for all three artifact types. The average tin content of
bronze alloys for discs was 3.73 wt%; for axes, 5.3 wt%; and for bells, 4.2 wt%.

There must have been a number of significant metallurgical sites in Northwest
Argentina for the smelting, alloying, and casting of tin bronze at the production level
suggested by the archaeological artifacts. Nevertheless, Site 15 at Rincón Chico, in
the southern sector of the Yocavil (or Santa María) valley (Fig. 15.16), is the only
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bronze production site to have been excavated intensively, by Luis González and
Myriam Tarragó (Tarragó and González 1996; González 2001, 2004). The metallur-
gical Site 15 at Rincón Chico covers approximately 1,500 m2. Radiocarbon analyses
determined that the workshop operated between the tenth and seventeenth centuries.
Activities began there during the Regional Development Period, and the site was
reoccupied later by Inka administrators (González 2002, 2004).

Rincón Chico 15 is especially significant, because the archaeological evidence
indicates that both the smelting of metallic ores and the casting of bronze artifacts
took place there. Ceramic mold and crucible fragments, metallurgical slags, remains
of copper mineral, metal discards, and stone tools are abundant at the site. Most
mold fragments were for casting discs of small-to-medium size (less than 20 cm in
diameter), but larger pieces indicate that approximately 2 kg of metal were required
to fill them. The bell mold fragments also fall within a medium-size range. These
molds correspond to the classic Santamariana type of discs and bells (Fig. 15.21)
(González 2004).

Prior to the Inka administration of the site, ore smelting was carried out in ceramic
crucibles (10–15 cm in diameter) placed in shallow, bowl-shaped hearths dug out of
the ground. The hearths measure between 50 and 70 cm in diameter. The fire was
ventilated by forced draft, likely from some form of blowtube, and analyses of slags
and of the thermoalteration of the ceramic refractory materials determined that the
temperature achieved within the crucibles was at least 1150 ◦C (González 2004).
Luis González suspects that the product of the smelting operations was prills that
were later consolidated and melted in crucibles (González personal communication
2009).

The high-grade copper mineral found at the site (30 wt% Cu in a silicious gangue)
is of a type consistent with the copper mineralization at the Las Capillitas (Fig. 15.2)
and Cerro Atajo deposits (60–80 km south) as well as with deposits at the extreme
southern end of the Yocavil valley, approximately 30 km from the site. The closest
tin deposits are between 140 and 170 km to the southeast, in the sierra of Belén
(Fig. 15.16) and Fiambalá (González 2004). The remains of 31 bits of metal—both
prills and burrs—were analyzed for their composition: 11 were tin bronzes with
an average tin concentration of 9.24 wt%; zinc was detected in seven fragments,
six of which were brasses with zinc concentrations ranging from 1.42 to 14.84 wt%
(González 2002, 2004). Since the mineralization at Las Capillitas includes significant
deposits of zinc minerals (Fester 1962), the binary alloys with zinc were likely the
result of processing copper ores and ores with a high zinc mineral content.

At about CE 1200, accompanying the growing complexity of social organization at
Rincón Chico, the scale of production at the metal workshop increased dramatically,
as did the social recognition of the workers who operated it. Luis González argues
(2004, pp. 273–274) that these changes were occasioned primarily by two factors:
first, a need on the part of the political elite to possess materials of social distinction
that were valued in terms of their connections to religious belief structures and for
the level of technical knowledge and labor invested in their manufacture; second,
an ability of the elites to direct regional and macro-regional interaction networks
through the distribution of metal, which translated into an increase in the economic
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and political power of these elites. In fact, several tin bronze discs of this period have
been found in Chile and in Bolivia.

Introduction of Tin Bronze Metallurgy to Northwest Argentina

Northwest Argentina must be considered the center of tin bronze production in the
prehistoric Andes. Whereas ceramic molds have been uncovered there for small
chisel blanks and simple axes (González 2004), the overwhelming majority of tin
bronze objects in this region were large, complex castings. Tin bronze and casting—
the alloy and its translation into cultural items—were coupled, and it was this union
of material and mode of production that the Inka encountered and incorporated. The
technology and its products had been developed to a high level of sophistication and
of economic import by political units that were not organized as states nor were they
affiliated with states.

Nevertheless, Alberto Rex González argues (1992) that metallurgy as a materials
technology must have been introduced to Northwest Argentina during the late For-
mative or the early Regional Integration Period, because thus far we have no evidence
for any prior, indigenous experience with metallurgical activities having developed
there. That may be so. Several issues need clarification when considering arguments
about the transfer of metallurgical technologies to Northwest Argentina. First, which
specific metallurgical technologies or techniques were introduced; second, what
group(s) of people provided the metallurgical knowledge and skills, and through what
mechanisms was that expertise transmitted; and third, when were specific metallur-
gical technologies introduced to Northwest Argentina. To date, none of these issues
has been resolved on the basis of sufficient archaeological or laboratory-analytical
data.

The most unusual aspect of the first florescence of metallurgy in Northwest Ar-
gentina, during the Early Integration (or Middle) Period, is the use of the lost wax
casting technique to produce complex, circular and rectangular plaques with elabo-
rate motifs rendered in high relief (see Fig. 15.17). Evidence for the lost wax casting
of metal objects is rare anywhere in the Central Andes, in the Titicaca Basin, and in
the South Central Andes except in Northwest Argentina, when Aguada craftspeople
used the technique to cast what González (2004) considers the most elaborate discs of
greatest aesthetic and symbolic value. Thereafter, Northwest Argentine discs, axes,
and large bells were cast primarily in ceramic piece molds.

Lost wax casting of metal objects was the technique of choice in Colombia (the
Northern Andes) and in Central America (Easby 1955; Plazas and Falchetti 1979;
Howe 1986). There it developed as a highly sophisticated production process for
objects made primarily of gold or tumbaga: binary copper–gold alloys or ternary
alloys of copper, gold, and silver. The material essential to this casting technology
was wax from the stingless honeybee (members of the family Meliponidae), the
bee that even today provides a bountiful source of beeswax for Colombia as well
as for Central America and the eastern lowland (ceja de selva) slopes of the Andes
(Bird 1979). Alberto Rex González (1979, 1992) suggests that the technique of lost
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wax casting may have reached Northwest Argentina from Colombia by way of the
eastern, lowland zone of the Andes. He sees similarities in certain ritual features
common to Colombia that appear in Aguada ritual, such as the “sacrificer” figure
depicted on Aguada discs. Another shared feature was the use of the fruit of the cebil
tree (Anadenanthera) that was ground and smoked as a hallucinogen in a Colombian
type of clay pipe found in Northwest Argentina as early as the preceramic period, at
least 1,000 years before Aguada.

At the site of Rincón Chico, Luis González (2004) has excavated dozens of small
ceramic fragments of molds used in lost wax casting, many of them dating to the
CE 1400s (González personal communication 2010). He points out (1994) that the
habitat of the stingless honeybee does not extend to the valliserrana of Northwest
Argentina. On the other hand, González reports (1994) that the retamo plant (Bulnesia
retama), common to semiarid regions of the valliserrana, exudes large quantities of
“wax.” On the basis of what we know about pre-Columbian methods of lost wax
casting (see, e.g., Easby 1955; Plazas and Falchetti 1979), González cast an 85 wt%
Pb–15 wt% Sn, low-melting alloy10 into a ceramic mold made from a lost retamo
wax model (1994). The experiment was successful.

With respect to the religious iconography ofAguada, Alberto Rex González (1992,
p. 196) maintains that one of the primary figures on Aguada discs, the sun god
motif, derives from similar symbolic images emanating from the circum-Titicaca
region, most especially from Tiwanaku. He cites archaeological evidence that these
influences likely reached Aguada from the Chilean desert oasis of San Pedro de
Atacama which, as mentioned earlier, was an important node on the heavily trafficked
route between Tiwanku and points south. After about CE 600, González (1992,
p. 196) concludes, it must have been influences from Tiwanaku that brought both
the religious cult and the technique of bronze casting to Aguada, giving rise to the
plaques that exhibit the sun deity prominently, such as the Lafone Quevedo disc
(Fig. 15.17).

The evidence provided by Lechtman’s investigations of Middle Horizon, copper-
based metal artifacts at Tiwanaku (2003a) and San Pedro de Atacama (Lechtman
and Macfarlane 2005) is illuminating. Referring to Table 15.1, between the Late
Formative 2 Phase and the Early Tiwanaku IV Phase (CE 250–600), 82 % of the
11 artifacts Lechtman analyzed from Tiwanaku and Lukurmata were made from the
ternary alloy of copper, arsenic, and nickel; 9 % are copper–arsenic bronzes; 9 %
are copper–tin bronzes (Lechtman 2003a, Table 17.6). Of an additional 11 artifacts
dated to between Late Tiwanaku IV and Early Tiwanaku V (CE 800–1000), 55 %
continued to be made from the ternary bronze alloy and 27 % were made of tin
bronze. With regard to 36 bronze axes from San Pedro de Atacama attributed to the
Middle Horizon, Lechtman determined that 61 % are made from the ternary Cu–As–
Ni bronze alloy and the remainder are made of tin bronze (Lechtman and Macfarlane
2005, Table 15.4).

The binary tin bronze Ciénaga artifacts (Table 15.2) made during the Formative
Period in Northwest Argentina (500 BCE to CE 450) were produced at a time when

10 Lead–tin alloys are used commonly today as solders. This particular alloy begins to melt at a
temperature of about 290 ◦C.
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Tiwanaku was just beginning to experiment with the production and use of tin bronze.
Even at the height of Tiwanaku’s expansion, between about CE 600 and 800, which
occurred towards the end of the Regional Integration Period (La Aguada) in North-
west Argentina (CE 450–900), only about 27 % of the artifacts at Tiwanaku were
made of tin bronze; 55 % were still being made of the ternary Cu–As–Ni bronze alloy
(Table 15.1) (Lechtman 2003a, Table 17.6). These analytical data were not available
at the time A. R. González (1992) offered his interpretation of the relationships be-
tween the metallurgies of Tiwanaku and of the valliserrana, but they need to be taken
into serious consideration now. In addition, there are no definitive examples of large,
heavy castings of tin bronze having been produced in the circum-Titicaca region
until the occupation of that zone by the Inka during the Late Horizon. Northwest
Argentine communities were masters of tin bronze casting, and their castings were
symbolic emblems that served religion and the heads of political domains.

The Inka: Tin Bronze and the Central Andean Three-component
Metallurgy System

The Inka conquered territories far to the north and even farther to the south of their
Central Andean highland base at Cuzco (Fig. 15.1). The push to their southern, fron-
tier regions was prompted, in part, by an interest in the rich metallic mineral resources
at the southeastern reaches of Lake Titicaca (gold), on the Bolivian puna (silver and
tin), and ultimately in Northwest Argentina (copper and tin). Their overthrow of the
extensive Chimú kingdom on the Peruvian north coast (ca. CE 1476) gave the Inka
access to the smelting site at Batán Grande where production of arsenic bronze had
continued since Sicán establishment of that facility. Under Inka direction, the ore
grinding sectors were separated from the smelting furnaces (Epstein and Shimada
1983; Shimada 1985), but Batán Grande does not appear to have operated for long
under imperial administration.

On the other hand, in the valliserrana of Northwest Argentina the production
of tin bronze at Rincón Chico 15 increased dramatically under Inka management
(González 2002, 2004). The area of the workshop expanded, the Inka installed
huayra-like ore smelting furnaces to increase the yield of metal produced, and the
rate at which smelting events occurred accelerated. Local metalworkers who had
traditionally operated the workshop continued to do so, but the earlier crucible–
hearth complex was relegated primarily to refining smelted metal and to melting
metals and alloys prior to casting. The volume of refractory ceramic sherds from
crucibles and molds attests to the significant increase in bronze production at Rincón
Chico 15 under imperial reorganization. Fragments of molds for lost wax casting
indicate the conservation of that technique and its use during the Inka presence
(González 2002, 2004).

The Inka management style Luis González reports for Rincón Chico 15—
expansion of the scale of production for state purposes while allowing indigenous
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Fig. 15.22 Inka standard tin bronze tools, arms, and insignia found widely dispersed throughout
Tawantinsuyu. (Lechtman 2007, Fig. 15.17)

activities to continue—is similar to that recorded at other Inka mining and ore pro-
cessing sites in the frontier regions, such as the gold mining operation at Chuquiabo
(Berthelot 1978), at the extreme southeastern border of Lake Titicaca. In the case of
Rincón Chico 15, metalworkers continued to make large bronze discs and bells for
the religious and political purposes of local elites.

The Inka repertoire in cast bronze was different, however. Their products were
literally tools of the state: fancy tumi knives, star-lobed maces, T-shaped axes, and
a combination axe–mace head (Fig. 15.22; Lechtman 2007, Fig. 15.18). Except for
some items that may have been used locally, few of these objects were intended
for utilitarian purposes or as weapons. They were disseminated widely through-
out Tawantinsuyu as imperial insignia, symbols of Inka dynastic rule but also of
membership in the state.

The evidence from Northwest Argentina is clear. The Inka appropriated a metal-
lurgical complex entirely new to them and that had been perfected in the valliserrana
for centuries. This complex combined tin bronze alloys with intricate mold casting
techniques to confine and shape the molten metal. The technology was founded
on the expertise and production organizational skills of a local body of metalwork-
ers. The Inka eschewed any local religious connotations for their imperial products,
concentrating instead on enhancing their political symbolism.

Moreover, tin bronze became the imperial metal throughout Tawantinsuyu in
the sense that the Inka controlled the cassiterite sources in Bolivia and Northwest
Argentina. Tin bronze was an exotic material everywhere in the empire except in the
South Central Andes where communities had produced the alloy since at least the
early years of the Middle Horizon. Luis González (2002, 2004) comments that, on
the basis of analyses carried out on Inka tin bronze artifacts from La Paya, Calchaquí
valley (Fig. 15.16), there was no attempt by the Inka there to standardize alloy design.
The average tin concentration characteristic of Regional Development Period disc
and bell bronzes did not change in those same object types that were produced during
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the Inka occupation of the region. A large ingot mold uncovered at Rincón Chico 15
as well as several similar molds excavated at Valdéz (Fig. 15.16), in the Calchaquí
Valley, Salta Province (González 2004, p. 306; Earle 1994, Fig. 15.3), appear to
have been used for casting copper ingots, which suggests that bronze alloys may
have been made by melting copper and tin together.

The Inka contribution to Andean metallurgy lay in the large-scale production and
widespread distribution of tin bronze. When tin bronze was associated physically
with other metals on a single object, whether as an inlay or as the matrix material
that carried the inlay, the association was always with two or frequently all three
of the Central Andean triad metals: copper, silver, and gold. It may be that high-tin
bronze, with its yellow-gold color, took the part of gold in objects that represented
tool-like items (knives, axes, finials), even if they did not function as tools (Lechtman
2007, p. 330–332, Figs. 15.11 and 15.12).

Inka use of the metal triad went much deeper, however, than the assignment of
these metals to objects, together or in specific patterns, to evoke cultural associations
familiar to Andean peoples. They assigned the metals to social groups within the
empire, relying upon specific relationships among the three metals as those relation-
ships were recounted in an Andean coastal creation myth. Vichama, a son of the Sun,
seeing that the world is without people and that the shrines and the Sun have no one
to worship them, begs his father to create a new set of human beings. The Sun sends
three eggs: one of gold, one of silver, and one of copper. From the golden egg issued
the nobles and “principals”; from the silver egg the wives of the latter; and from the
copper egg the common people (Duviols 1983; Lechtman 2007).

Lechtman (2007, p. 323) has suggested that in Tawantinsuyu, the metals of the
myth—the three-component Central Andean system—were related within a struc-
tural hierarchy established by the Inka in which each metal represented or was
emblematic of a social group: gold = collana, silver = payan, copper = cayao (Bauer
1998). Zuidema (1977) renders the terms collana as signifying principal or first;
payan, second or middle; and cayao, origin or source. These terms appear to apply to
an Inka conquest hierarchy in which collana stands for the conquerors (the Inka) or in-
siders, cayao for the conquered (the groups incorporated into the empire) or outsiders,
and payan for the intermarriages of the first two, resulting in those “in the middle”
(Lechtman 2007, p. 323). The Inka appropriated the traditional Andean gender and
transformational associations of the three metals, associations already in place and
manifest in Moche metallurgical practice, and fitted them onto an organizational
framework in which each material represented a social segment within the empire.

In this scheme, copper remained the female source or origin metal (cayao) which,
in combination with the other two, retained its primary quality or power of trans-
formation. Cayao represented fertility. It was the social group from which the Inka
(collana) took secondary wives. Cayao was the source of the real strength of the
empire, for its ranks ensured the vitality and continuity of the royal lineages. Cayao
was copper.

These metals provided ideological tools, not mechanical tools, to the state. Even tin
bronze, which the Inka clearly intended for widespread distribution, had not seen significant
innovative use by the time of the Spanish invasion. (Lechtman 2007, p. 342)
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Metallurgy in Andean Hands

The metallurgies that developed in the Andean region in prehistory were pan-Andean
in the materials they used, in the inventories they produced, and in the social and
cultural domains in which they functioned. They were copper-based, tool-poor,
information-bearing technologies. They depended upon Andean metallic ore de-
posits that, except for tin-bearing ores such as cassiterite, were local, abundant, rich,
and accessible. Similar societal preoccupations and needs stimulated the produc-
tion of metal objects everywhere. For example, major metal object types throughout
the Andes, such as the axe, were symbolic cultural elements, not primarily utili-
tarian tools, regardless of the alloys from which they were made or how they were
fashioned.

Given the major social arenas in which metal objects played a significant role and
in which metal served to communicate social status, political power, and religious
authority and awe, metalworkers throughout the Andes sought and developed those
properties of metal that served these purposes. At the same time, Andean societies
generated two distinct traditions for the rendering of metal objects. Each tradition
was devoted to what appears to be a cultural attitude towards metal as a material
(Lechtman 1993). Central Andean metalworkers focused entirely on metal as a solid.
An essential property of solid metal—plasticity—enabled form to be realized through
plastic deformation. South Central Andean metalworkers concentrated on metal as a
liquid, enabling form to be realized through casting the molten material into a variety
of mold types.

These two traditions shared an overriding emphasis on the physical properties—
as distinct from the mechanical properties—of metal. Metallic colors, together with
specific mechanisms for generating culturally required colors, preoccupied Central
Andean smiths. Color but more emphatically metallic sounds generated by large tin
bronze bells were critical to ritual enactments sponsored by religious and political
elites in Northwest Argentina. It was precisely these two metallic properties—color
and sound—that West Mexican societies appropriated from pan-Andean metallur-
gies (including those practiced in Colombia) and which they then emphasized and
tailored to their own social and cultural dictates (Hosler 1988, 1995, 1994, this
volume). Dorothy Hosler recognizes them as “the sounds and colors of power”
(Hosler 1994).
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Chapter 16
Production Networks and Consumer Choice
in the Earliest Metal of Western Europe

BenjaminW. Roberts

Introduction

The dating, transmission and role of the earliest metal objects and metallurgy in west-
ern Europe remain the subject of considerable debate, arguably out of proportion to
the importance attached to the new material and production practices by communities
during the fourth and third millennia BC. In seeking to assess the current evidence
for copper, arsenical copper, gold, silver, lead and tin bronze in the modern countries
of Spain, Portugal, France, Belgium, Holland, Britain and Ireland, it is necessary to
understand the influence of past ideas, techniques and projects. Debates surrounding
the earliest metal in western Europe began in earnest with the excavation of prehis-
toric sites containing copper and occasionally gold, but crucially not bronze, objects
during the nineteenth century (e.g. Wilson 1851; Wilde 1862; Evans 1881), whether
as chance finds or during antiquarian excavations as at Los Millares, Southeast Spain
(Siret and Siret 1887). Incorporating a copper-using period into the Stone–Bronze–
Iron chronological framework (Rowley-Conwy 2007) proved a challenge to scholars,
whose revised proposals ranged from a distinct Copper Age or Chalcolithic—as in
Iberia (e.g. Cartailhac 1886; Veiga 1889), central Europe (Von Pulsky 1884) and
Europe (Much 1886)—to an earliest stage in the Bronze Age where only copper
was used—as in Britain and Ireland (e.g. Montelius 1909; Coffey 1913). As a con-
sequence, the earliest period of metal use signified both a new archaeological age
and an apparent continuity throughout western Europe, which had consequences for
its subsequent treatment (Childe 1944; Lichardus and Echt 1991; Lichardus-Itten
2006; Roberts and Frieman 2012). However, the appearance of copper objects and
metallurgy heralded a technological milestone, as it was self-evidently superior to
stone and was therefore inherently desirable to prehistoric communities. Despite the
allure of metals, virtually all scholars felt that there was no possibility of an indepen-
dent invention, and that metal had to have been brought in by advanced colonisers,
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generally in search of new ore sources, in a manner not entirely dissimilar to
contemporary colonial powers (see Roberts 2008b).

The large expansion in archaeological activity, together with a shift towards a
framework of archaeological cultures, during the first half of the twentieth century
did little to alter the interpretations of migrating, invading or diffusing metallurgists
pouring into western Europe, whose technical expertise in creating a revolutionary
new material provided them with special status (Roberts 2008b). This interpretation
was articulated most influentially by V. Gordon Childe (1930), who made itinerant
metalsmiths primary agents of social change in European societies, due to their mo-
bility and perceived lack of tribal affiliations (see Rowlands 1971; Wailes 1996). This
elevation of metal production did not coincide with any growth in the understanding
of the past technology, which was limited to assumptions regarding its complexity
and the observations of stone tools associated with ‘primitive mines’ at copper ore
deposits (e.g. Domergue 1987). The attribution of metal to an archaeological culture
(e.g. Beaker culture), interpreted as representing a past people (e.g. Beaker folk),
meant that early metal object types were also given cultural identities (e.g. Beaker
metallurgy) (see Vander Linden 2006 for a review).

The challenge to these narratives came from the application of scientific tech-
niques during the second half of the twentieth century. The use of radiocarbon dating
enabled the first independent chronology for early metal objects and metal produc-
tion in western Europe. It was used by Colin Renfrew to challenge the established
Childean orthodoxy by arguing for the independent discovery of metallurgy in south-
ern Iberia, rather than its appearance through colonists from the East Mediterranean
(e.g. Renfrew 1967, 1973; contra Blance 1961). Despite the relatively few dates
available, southern Iberia could be shown to be earlier than its neighbouring regions.
Basic assumptions regarding the technology of the early metal objects were addressed
by measuring their composition, most prolifically through the vast Stuttgart-based
Studien zu den Anfängen der Metallurgie (S.A.M.) that encompassed the earliest
copper, copper alloys and gold throughout Europe (Junghans et al. 1960, 1968,
1974; Hartmann 1970, 1979, 1982). Unfortunately, the inability to reliably match
many metal object compositions to ore sources as originally intended meant that the
projects were unable to fulfil their original purpose (see Tylecote 1970). However,
researchers sought to use the data to address whether there were distinctive compo-
sition groupings in space (cf. Butler and Van der Waals 1964; Waterbolk and Butler
1965) and whether these could be equated with defined archaeological groupings.
For western Europe, the third millennium BC Beaker culture, which was thought to
define the period of metal adoption in Northwest Europe and metal transformation
in Southwest Europe, and thus Beaker metallurgy, provided the focus for debate
(e.g. Case 1966; Butler and Van der Waals 1967; Harrison 1974). However, con-
spicuous by their absence in these investigations were the proven metal production
sites. It was during the 1970s that archaeological fieldwork and archaeometallurgi-
cal analysis were integrated in projects that were specifically directed towards the
investigation, recording and dating of metal production to investigate where and how
ores were mined and smelted, as in the Huelva area of Southwest Spain (Rothenberg
and Blanco-Freijeiro 1981).
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The data that this and subsequent projects in ore-rich areas in Southwest Ireland
(e.g. O’Brien 2004), Wales (e.g. Timberlake 2003), Southeast France (e.g. Am-
bert et al. 2005; Mille and Carozza 2009), South Portugal (e.g. Müller et al. 2007)
and Spain (e.g. Montero-Ruiz 1994; Delibes de Castro and Montero-Ruiz 1999;
Hunt-Ortiz 2003; Nocete 2006; Bayona 2008; Costa Caramé 2010; Soriano 2013)
generated allowed experimental replications of mining and smelting techniques that
could be informed by, and compared to, archaeological evidence and archaeometal-
lurgical data through the regions under consideration (e.g. Happ et al. 1994; Rovira
and Guttierez 2005; Timberlake 2005, 2007; Hanning et al. 2010). The widespread
application of lead isotope analysis in an attempt to provenance copper objects to ores
reinvigorated, though did not entirely resolve, questions of provenance (e.g. Buikstra
et al. 1991; Hunt-Ortiz 2003; Prange and Ambert 2005; Müller et al. 2007). Many of
these projects tended to address primarily the technological questions surrounding
metal objects that had originally stimulated geologists and materials scientists to
delve into archaeometallurgy (e.g. Tylecote 1987; Craddock 1995).

However, neither radiocarbon dating nor archaeometallurgy provided an intellec-
tual framework within which to address the appearance of metal in western Europe,
the diverse nature of early metal forms, production techniques and sites or the role
of metal in prehistoric communities. This requires the ability to analyse early metal
within the dynamics of the societies involved in its production, use and consump-
tion. The influence of archaeological theory on early metal has not been nearly as
substantial as that of archaeological science. This is despite the fact that the adoption
of metal attracted the early attention of two of the most influential practitioners of
archaeological theory: Lewis Binford (Binford 1962) and Colin Renfrew (Renfrew
1967, 1973). The main shift is the reduction in the causal role ascribed to metal
and metallurgical specialists in models of social change. However, it can be argued
that this reflects the impact of archaeometallurgy, which demonstrated to scholars
of all stripes that early metallurgy was on a very small scale compared to other
contemporary practices (e.g. contrast Chapman 1975 with Chapman 1990). Inter-
pretations tend to follow the idea that metal symbolised elite power and was possibly
subject to elite control (e.g. Gilman 1996; O’Brien 2004) and, when placed in a
broader material context, was only one of several rare and visually striking prestige
materials in circulation (e.g. Pétrequin et al. 2002; Roberts and Frieman in press).
Where the impact of archaeological theory has been most keenly felt is in the scale
of research orientated towards understanding locales and regions in the pursuit of a
more detailed, systematic or contextual archaeology. The consequence has been that
the broader temporal and spatial perspective that encompasses western Europe in its
entirety has been either ignored or simply left as background description. Thus, the
proposal of the independent invention of copper metallurgy in southern Iberia has
gone unchallenged (Renfrew 1967, 1973) and there are few models (e.g. Pétrequin
1993; Brodie 1997, 2001; Roberts and Frieman 2012) exploring the mechanisms
by which metallurgy was adopted, beyond vague and unhelpful notions of diffusion
and spread. Even discussions relating to the role of metal have been restricted to re-
gional assessments of metallurgy surrounding the Beaker culture (e.g. Ambert 2001;
Needham 2002; Rovira and Delibes de Castro 2005). This stands in contrast to



426 B. W. Roberts

northern Europe (Klassen 2000, 2004), central and eastern Europe (e.g. Strahm
1994; Krause 2003; Kienlin 2008; Borić 2009; Radivojević et al. 2010; Kienlin
2011; the chapter by Kienlin, this volume) and the Mediterranean (e.g. Kassianidou
and Knapp 2005; the chapter by Dolfini, this volume).

This has meant that the three major issues regarding early metal in western Europe
have not been properly addressed—namely the validity of the independent invention
model, the transmission of metal objects and metallurgical practices and the role of
metal objects. In order to analyse whether there is the independent invention of met-
allurgy in western Europe, it is necessary to review the earliest dates for metal objects
and production practices throughout Europe. To analyse the transmission and role of
metal objects and practices requires an analytical framework that encompasses the
stages in the lifecycle of a metal object from the selection of an ore or ore source
to the deposition of the object (Ottaway 2001; Ottaway and Roberts 2008; see the
chapter by Heeb and Ottaway, this volume). The knowledge, skills and tools that
would be required to perform each identifiable transformation can be assessed in
the broader material and social context in which they occurred. This is a biograph-
ical perspective (cf. Gosden and Marshall 1999), but one that is general rather than
individual (e.g. Lechtman 1977, 1996; Hosler 1995; Ottaway 1994, 2001; Killick
2001; Fontijn 2002/3; Needham 2004; Ehrhardt 2005; Roberts 2008a). Whilst linear
sequences are undoubtedly present, it is important to stress the many different in-
terrelationships within such a system (see Kingery 1993, 1996; Knappet 2005). It is
the implications of the actions underlying the analytical patterns of early metal that
allow a greater understanding of the dynamics of prehistoric societies and represent
the main contribution of archaeometallurgy to broader debates (Thornton 2009).

Dating the Earliest Metallurgy

The earliest evidence for the exploitation of native copper and copper oxide in Europe
occurred in the southeast of the continent during the mid-sixth millennium BC (see
the chapter by Kienlin, this volume), on settlement sites such as Divostin in Serbia
and maybe even earlier at the copper mine of Rudna Glava, Serbia (Borić 2009)
(Fig. 16.1), reflecting broader patterns stretching as far east as Pakistan (Roberts
et al. 2009).

By the late sixth millennium BC, there is plentiful evidence for native copper or
copper oxide beads, hooks, needles and awls at sites confirming relatively extensive
exploitation in Southeast Europe during this time (see Thornton 2002; Krause 2003;
Zachos 2007; Borić 2009; Kienlin 2011 for reviews). The earliest copper smelting is
less clear due to the ephemeral nature of the evidence, the relative lack of analyses and
difficulties in distinguishing smelted copper objects from native copper (see Wayman
and Duke 1999). However, recent research at Belovode, Serbia has demonstrated the
presence of copper-smelting slag dating to BC (Radivojević et al. 2010). Given that
this date is comparable to sites throughout Southwest Asia, a single central region
of invention, possibly in Anatolia, is far more probable than many parallel indepen-
dent discoveries (Roberts et al. 2009). The earliest gold exploitation dates from the
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Fig. 16.1 Map of the sites featured in the text

mid-fifth millennium BC and adorns the burials at Varna in eastern Bulgaria (Ren-
frew 1986; Makkay 1991; Higham et al. 2007), whilst the earliest silver is found in
a hoard at Alepotrypa Cave in southern Greece and is dated to the mid-fifth—early
fourth millennium BC (Muhly 2002). Moving further west to into central Europe
and the central Mediterranean, there is evidence of copper fahlore smelting from the
later fifth millennium BC at Brixlegg, Austria (Höppner et al. 2005; see the chapter
by Kienlin, this volume for discussion of the dating), reflecting practices further east
during this time (Ryndina et al. 1999). There are also copper flat axes and ornaments
from Switzerland, and possibly the surrounding regions, dating to the second half
of the fifth millennium BC (Matuschik 1997; Krause 2003; the chapter by Kienlin,
this volume), though the evidence for copper smelting is not currently supported
even over a millennium later (see Fasnacht 1991, 1995; Rehren 2009). Copper axes
and ornaments are found throughout the plains north of the Alpine region as far as
Scandinavia from the fourth millennium BC and, in the absence of any copper ores,
would have represented the long-distance movement of ores or, more probably, cop-
per metal (Ottaway 1982; Klassen 2000, 2004; Roberts and Frieman in press). To
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the south of the Alps, copper objects are present in northern Italy from the early–
mid-fifth millennium BC (Skeates 1994; Pearce 2007, pp. 48–52; see the chapter by
Dolfini, this volume) and there is extensive copper ore extraction at Monte Loreto in
Northwest Italy from the mid-fourth millennium cal BC (Maggi and Pearce 2005).
Copper and silver production occurs on Sardinia from the late fifth–later fourth mil-
lennium BC (Lo Schiavo et al. 2005), though is rarely found in the broader central
and western Mediterranean region until the end of the third millennium BC (Primas
1995). The identification and dating of lead objects and the smelting of lead ores,
whether intentionally or as a by-product of the production of silver, has attracted
relatively little attention, though it occurs in Greece as well as Sardinia from the
early fourth millennium BC (McGeehan-Liritzis 1983; Lo Schiavo 2005)

The earliest reliable radiocarbon dates for metal objects in western Europe occur
in northern France, where the dating of the collective burials at Vignely revealed
that a child aged around 5 years had a necklace of nine copper beads with a date
range of 3517–3357 cal BC (Mille and Bouquet 2004), comparable to beads found
across northern Europe (e.g. Ottaway 1973, 1982) but not in southern France (Barge-
Mathieu 1995). This can be contrasted with Southeast France, where rich copper ores
and connections to the communities in the central Mediterranean might imply an
earlier metallurgical presence—this is suggested, but not proven, by a gold repoussé
diadem whose closest parallels are in the Balkans (Guilaine and Eluère 1997, p. 176).
The earliest radiocarbon dates are for copper awls, dagger and awl fragments and
lead beads, found in contexts at the site of Roquemengarde and radiocarbon dated to
the later fourth millennium BC (Guilaine 1991). These sites are both still older than
the earliest copper mining at Les Neuf Bouches and earliest copper smelting at the
nearby La Capitelle du Broum which date to the end of the fourth millennium BC
(Ambert et al. 2005; Mille and Carozza 2009).

In Iberia, defining the earliest metal objects is problematic, in the absence of secure
contexts for the late fifth and fourth millennia BC where they might be expected given
the dates in nearby countries such as France, Sardinia and Italy though as yet not the
Balearic islands (e.g. Alcover 2008). There is fragmentary evidence of copper oxide-
smelting slag at Cerro Virtud, Southeast Spain, which has been radiocarbon dated to
the first half of the fifth millennium BC (Delibes and Montero-Ruiz 1997; Montero-
Ruiz et al. 1999; Ruíz Taboada and Montero-Ruíz 1999). However, this is at least a
millennium older than any other evidence of smelting or anything metallurgical in
Iberia (e.g. Montero-Ruiz 1994, 2005; Delibes de Castro and Montero-Ruiz 1999).
The evidence itself is not unproblematic; it consists of copper slag on a ceramic
fragment that was excavated under rescue conditions and was then dated to a layer
rather than by an associated organic material or feature. It was reported as having
remained untouched despite the widespread evidence of mining disturbance at the
site (see response to criticisms of the dating of Cerro Virtud by this author and others
in Murillo-Barroso and Montero-Ruiz 2012). Several other sites in southern Spain
have been cited as potential evidence for fourth millennium BC copper smelting,
though their contexts are not secure (Montero-Ruiz 2005). To the west, potentially
late fourth millennium BC smelting evidence at the sites such as Rotura and São Bras
1 in southern Portugal still remains unanalysed (Gonçalves 1989; Monge Soares
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et al. 1994). The metal production activities at the third millennium BC sites of
Zambujal (Müller et al. 2007), Cabezo Juré (Nocete 2006), Almizaraque (Müller
et al. 2004) and Los Millares (Montero-Ruiz 1994) in southern Iberia remain the
most comprehensively dated and analysed, though these sites represent the later
establishment of metallurgical practices rather than their inception. No contemporary
copper mine has yet been found within this region, perhaps because rich surface
deposits required only small-scale working (Rovira 2002), with the earliest dating
to the mid-third millennium BC at El Aramo in northern Spain (Hunt-Ortiz 2003;
Blas-Cortina 2005). The recent discovery of a gold bead at Tossal Gros, Northeast
Spain dating to c. 3000 BC makes it the earliest confirmed evidence for gold in
western Europe (Soriano et al. 2012). It is therefore at least a millennium earlier than
the earliest silver in western Europe (Bartelheim et al. 2012).

Traces of metal use in Belgium, Netherlands and Northwest Germany prior
to the mid-third millennium BC (cf. Cauwe et al. 2001; Warmenbol 2004) are
sparse and consist of small copper ornaments, as at the Emmeln-2 megalithic tomb,
Germany (Schlicht 1968). Unfortunately, the earliest potential objects in Atlantic
France have only been typologically dated (Briard and Roussot-Larroque 2002;
Roussot-Larroque 2005) and the earliest potential production site inland at Val-de-
Reuil dates only to the late third millennium BC (Billard et al. 1991). Surveys and
excavations of the copper ore sources in Wales have revealed extraction activities
beginning in earnest c. 2100/2000 cal BC as at Copa Hill (Timberlake 2002, 2003),
whilst copper ore extraction and possibly smelting in Southwest Ireland occur at
Ross Island c. 2400 BC (O’Brien 2004). Beyond typologies, the metal axe marks in
the Corlea 6 wooden trackway in the Irish Midlands dendro-dated to 2259 ± 9 BC
(O’Sullivan 1996), whilst across the sea there are several mid–late third-millennium
BC radiocarbon dates in southern Britain for copper and gold objects found in the
Beaker burial sites such as at Amesbury and Barnack (Needham 1996; Fitzpatrick
2011) and a droplet of arsenical copper in a midden at Northton, Isle of Harris
(Simpson et al. 2006).

Analysing Metallurgical Transmission

Scholars analysing the ‘spread’ of metallurgy have tended to rely either on the mi-
gration of a people as represented by an archaeological culture or in the absence of
a widespread change in the material record, the all-encompassing and vague con-
cept of diffusion as mechanisms for the movement of objects or technology (Roberts
2008b). The transmission of metallurgy can be addressed more systematically by
analysing the metallurgical knowledge, skills and equipment that would be required
to perform each identifiable transformation from ore to metal—encompassing the
prospecting, extraction, processing, smelting and casting and comparing them to
pre-existing technologies, providing insights into the origins and role of metal in
western Europe.

Metallurgical ores and naturally occurring metals would have been abundant and
visible in Southeast France, Wales, southern Ireland and especially in Iberia. Yet
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there is no evidence of copper ores or native copper being exploited during the pre-
metallurgical period in western Europe, as occurs from Serbia to Pakistan (Roberts
et al. 2009). Prospecting might not have been easy, as there were plenty of other
similarly coloured mineral sources that could have been a source of confusion to
any potential smelter, and there needs to be the initial motivation to experiment. It
seems likely that the discovery of a metallurgical source would have led to further
surveys in the vicinity, but that the initial identification would have required either
prior experience or a process of trial and error. The direct evidence for ore extraction
is limited to mining, as neither surface collection nor placer deposits are archaeo-
logically traceable (Weisgerber and Pernicka 1995), and represents the transferral
of earlier flint and stone-mining practices (e.g. Bosch 2005; Korlin and Weisgerber
2006). When ore veins are followed underground, as at copper-mining sites such as
El Aramo, northern Spain (Blas Cortina 2005) and Ross Island, Southwest Ireland
(O’Brien 2004), expertise would have been needed to facilitate the movement of
miners, their equipment and the ore, and to provide them with adequate ventilation,
illumination and drainage, all whilst ensuring that the underground structures did
not collapse. Organisation was necessary to source, make and transport the mining
tools and equipment such as stone hammers and antler picks (e.g. Pascale 2003;
Timberlake 2003), the large quantities of fuel for fire setting (cf. Weisgerber and
Willies 2001), and food for the miners. Whether close to the settlements or not, the
implication is that there would have been dedicated mining expeditions containing
several individuals with relevant expertise that had access to the ore. The subsequent
processing or beneficiation of the ore would have been very familiar to people used
to preparing and grinding wheat and barley.

It is the smelting of the ore that potentially provided the greatest challenge to a
metallurgical novice. By modern standards, the earliest smelting in western Europe
can be characterised as relatively simple—small scale, relatively low-temperature
processes carried out under poorly reducing conditions on oxidic and/or sulphidic
ores in small stone and clay structures and/or ceramic crucibles with no intentional
addition of fluxes and little consequent slag (Craddock 1999; Bourgarit 2007). The
smelting would have yielded only small quantities of copper that would then have
to be refined in a separate process. How straightforward the smelting of copper ores
would have been depends on the sophistication of the pre-existing pyrotechnologies
such as the firing of ceramics. Unfortunately, this is not easy to ascertain, as there
are no known Neolithic ceramic firing sites in western Europe that would reveal
the techniques involved (Gheorghiu 2008). It is therefore left to inferences from
analysing the existing pottery and subsequent experimental replications to provide
insights. It seems probable that ceramic firings took place in an open bonfire, which
would render the process virtually invisible archaeologically (see Orton et al. 1997,
pp. 127–130). In replicating these bonfire-type firings, it is evident that there is a
lack of control, rapid changes in temperature, an oxidizing atmosphere and a duration
varying from several minutes to several hours. Though temperatures of c. 1,000 ◦C
can occasionally be reached, this is only for a very short duration and cannot be
maintained before dropping back to c. 600–800 ◦C or lower (e.g. Gosselain 1992;
Livingstone-Smith 2001; McDonnell 2001). It is possible that more control could
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have been achieved, as shown by the recent analysis of Neolithic red ochre decorated
pottery from Southeast Spain (Capel et al. 2006), but even this would not have been
sufficient in terms of temperature, atmosphere or control to smelt oxidic and/or
sulphidic ores according to experimental reconstructions (e.g. Rovira and Guttierez
2005; Timberlake 2005, 2007; Bourgarit 2007; see the chapter by Heeb and Ottaway,
this volume). The presence or role of charcoal before metal production is hard to
establish, as neither the surviving evidence nor the necessity can be found. However,
charcoal would have been of fundamental importance in smelting not simply due
to its ability to create high temperatures using relatively small quantities in a small
space, but as a source of highly reducing carbon monoxide gas (see Horne 1982;
Craddock 2001). The transmission of copper smelting represented a significantly
different practice to existing pyrotechnologies and would have to have been learnt in
one place and applied elsewhere. This could therefore apparently only occur through
either the movement of individuals or groups possessing the smelting skills. The
excavation of equipment relating to the creation of copper and gold objects, such as
moulds, hammers, tongs and anvils, is very sparse, indeed relative to the number of
objects that have been recovered. This is partially due to the difficulty in identifying
the specific tools that would have been employed, but more probably related to
the rapid degradation of sand moulds (e.g. Ottaway and Seibel 1998; Eccleston
and Ottaway 2002), the fragmentation of clay moulds (e.g. Ottaway 2003) and the
decomposition of any wooden objects such as patterns, models and containers. The
earliest dated objects, such as the copper beads from Vignely, northern France, were
created through rolling sheet metal, while other early types found throughout western
Europe, such as copper flat axes, were cast, and where metallographic analysis has
been performed, occasionally cold and hot worked (e.g. Rovira and Gómez-Ramos
2004; Murillo-Barroso and Montero-Ruiz 2012). Neither the making of the moulds
nor the working of the metal in its earliest form would have required a major transition
for individuals used to manipulating clay and wood. However, while the technical
aspects of casting and working metal would perhaps not have been a barrier to
the adoption of the new material, there is no evidence to imply that simply any
objects were made or that a uniform standard prevailed across western Europe. The
extraction and smelting of copper ores may have been fundamentally comparable
at a technological level, but the way in which these techniques were applied is not
entirely uniform. It is through understanding the role of metal objects and metallurgy
within the societies involved that such similarities and variations can be explained.

Exploring the Roles of Early Metal and Metallurgy

The roles of metal objects and metal production practices in western Europe dur-
ing the late fourth–third millennium BC can be explored through the patterning in
the metal production practices and object types, through the archaeological contexts
of metal-related activity and through discussing their relationship to broader soci-
etal trends. The prehistoric archaeologist or archaeometallurgist will never rival the
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ethnographer in capturing the social minutiae of metal in a community, but the data
are present to allow analysis of aspects of the early development of metal and how
it was shaped by past communities (cf. Budd and Taylor 1995). This analysis will
concentrate on the organisation of metal production and the consumption of metal
objects.

Metal production throughout western Europe during the fourth–third millennium
BC was small scale, required simple facilities and equipment and only part-time
specialisation, and there is no evidence for any fundamental changes during this
time. The proposal that Cabezo Juré, Southwest Spain, possessed copper-smelting
furnaces dating from the early third millennium BC is unconvincing from the pub-
lished data (Nocete 2004; Nocete 2006). It is comparable to metallurgical features
at other sites in southern Iberia, which have been demonstrated not to be furnaces.
Furthermore, if true, these furnaces would be contemporary with the earliest use
in the East Mediterranean and Near East (Craddock 2001; Hauptmann 2007), and
substantially predate those furnaces in the central Mediterranean and Alpine regions
that appeared during the later second millennium BC (Craddock 1999). Where it is
possible to identify sites where the extraction, processing and smelting of copper
ore took place, they tend to be very close to one another, as at Les Neufs Bouches
and La Capitelle du Broum in Southeast France (Maas 2005; Mille and Carozza
2009), Ross Island, Southwest Ireland (O’Brien 2004), and from the end of the
third millennium BC the Great Orme, Northwest Wales (Dutton and Fasham 1994;
Chapman 1997; Wager 1997). For each production site, the range of radiocarbon
dates indicates a long-term commitment over centuries, even if opening new ore
sources nearby would have required substantially less effort and expertise. Despite
this concentration in production activities, the abundance of copper ore in those ar-
eas where primary metal production occurred, especially in the landscapes such as
southern Iberia, would militate against centralised elite control (cf. Rovira 2002).

This is reflected in the diverse nature of the places even within the same region. In
southern Iberia, copper smelting has been found in large, walled enclosures such as
Los Millares (Molina et al. 2004), smaller fortified sites such as Cabezo Juré (Nocete
2004; Nocete 2006) and unfortified sites such as Almizaraque (Müller et al. 2004).
In Southeast France there are extensive double-walled structures at La Capitelle du
Broum (Ambert et al. 2002, 2005), as well as open settlement sites such as Al Claus
(Mille and Carozza 2009), while in Southwest Ireland, the architecture at the only
known potential smelting site of Ross Island consisted of temporary huts (O’Brien
2004). The smelting equipment found at these sites mainly comprises thick-walled,
open-mouthed ceramic vessels as in Iberia and Southeast France (Rovira and Ambert
2002), though clay-lined hearths have been excavated at Los Millares (Molina et al.
2004) and Zambujal (Müller et al. 2007). Analysis of the slag and slagged ceramics
revealed the smelting of mainly oxidic ores in Iberia, but both oxidic and sulphidic
ores, with the probability that co-smelting or mixed smelting occurred, in Southeast
France (Rovira and Ambert 2002; Bourgarit 2007). The evidence in Ireland and
Britain is far more ephemeral, as at Ross Island, Southwest Ireland (O’Brien 2004)
and the Great Orme, Wales (Chapman 1997), implying a simpler and archaeologically
lessvisible technique (cf. Timberlake 2005). Furthermore, experimental replications
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of the co-smelting further south have struggled, possibly as a result of the envi-
ronment, suggesting that our understanding of the processes involved throughout
western Europe is far from complete (Timberlake 2007). The virtual absence of ce-
ramic or stone tuyère fragments throughout western Europe and beyond during the
fourth and third millennia BC (Roden 1988) has led to suggestions of wind poten-
tially having played a greater role than previously acknowledged (e.g. Happ 2005;
Nocete 2004; Nocete 2006; Bourgarit 2007, pp. 7–8).

Perceptions of the consumption of the metal objects being made, whether of
quantity, type or composition, are inevitably highly influenced by past practices of
deposition or discard, as well as recycling or re-melting (e.g. Taylor 1999; Needham
2001). Many aspects of a metal object’s life remain elusive, such as where an object
was taken, how it was used, how it changed possession, the ideas that surrounded it
and whether it was recycled, re-melted or recast, which may all be more important
to understanding its presence than production or depositional practices. However,
recent research on early metal in Britain and Ireland has demonstrated that further
insights can be gained, especially in the re-analysis of older datasets (Bray and
Pollard 2012; the chapter by Bray and Pollard, this volume). The dating of early
metal objects is invariably typological, with a chronological resolution of centuries.
As a consequence, it is only through analysing the broader patterning in the distri-
bution and deposition of recovered metal objects that patterns of consumption can
be discerned.

The ability to provenance early copper and gold objects through trace element and
lead isotope analysis remains problematic, especially for the identification of multi-
ple contributing ore sources. Where it is possible to make inferences, it would seem
that single copper ore sources provided the copper objects in a broad region for at
least several centuries, as appears to have occurred in Southeast France (Prange and
Ambert 2005; Mille and Carozza 2009) and Southwest Ireland (O’Brien 2004), al-
though it is perfectly possible that any patterning indicates several mines in the same
geological area, rather than simply those that have been excavated. The changing
use of metallurgical sources in regions over time and the recycling of early metal has
recently been explored for Britain and Ireland (Bray and Pollard 2012; the chapter
by Bray and Pollard, this volume). Perhaps more interestingly, compositional data
in regions lacking copper ores, such as eastern Britain and continental Northwest
Europe, have revealed very different yet coherent patterning, originally termed Bell
Beaker metal (Butler and Van der Waals 1964; Butler and Waterbolk 1965), which
may have originated from several obviously distant geological sources, though it is
currently impossible to define exactly where (Needham 2002). This apparent selec-
tion of a particular metal composition is also seen in regional copper–arsenic alloying
practices in certain object types during the mid–late third millennium BC, such as
elongated awls and sheet metal at Zambujal, south-central Portugal (e.g. Müller et al.
2007) and possibly halberds and daggers in Ireland (e.g. Northover 1989). In these
instances, the smelting of copper ores rich in arsenic may have been accompanied by
an awareness of how this harder silver-coloured metal could be reproduced, though
whether copper–arsenic objects can be defined as deliberate and therefore alloys is
not always straightforward, as in southern Iberia (Montero-Ruiz 1994, pp. 247–263;
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Hunt-Ortiz 2003, though contra Hook et al. 1991; Keesman et al. 1991/2). Never-
theless, there appears to be a strong element of choice in the use of copper–arsenic
that is more pronounced in the later adoption of alloying copper with tin throughout
Europe, where the first half of the third millennium BC witnessed the creation of
low tin bronzes (Fernandez Miranda et al. 1995; Primas 2002; Müller 2002; Krause
2003), but there is no evidence of more consistent and higher tin bronzes in western
Europe until the late third–early second millennium BC (Pare 2000; Fernandez
Miranda et al. 1995), albeit at widely varying rates that do not appear to relate
to the distance from tin ores (Pernicka 1998; Guimlia-Mair and Lo Schiavo 2003).
However, this curiosity and eventual institutionalisation of new and distinctive metals
do not seem to have extended to mixing gold, copper or lead together.

The metal object forms being deposited or discarded in copper, copper arsenic
and gold reveal distinctive designs that are spatially and temporally, and occasionally
compositionally, specific. The objects involved encompass copper flat axes, beads,
needles, fishhooks, awls, knives, daggers, saws, sickles, spatulas and chisels in
Iberia (Delibes de Castro and Montero-Ruiz 1999), in contrast to a restricted range
with virtually no copper objects beyond flat axes, daggers and halberds in Ireland
(Harbison 1969a, b). Where exhaustive typological research has been conducted on
an object type, such as beads and copper flat axes in Southeast France (Chardenoux
and Courtois 1979; Barge 1982), flat axes, halberds and daggers in Ireland (Harbison
1969a, b), or gold lunula and discs in Northwest Europe (Taylor 1980; Eogan 1994;
see front cover), it has revealed extensive morphological micro-variations based on
several distinctive designs. It appears that the replication of specific objects occurred
far less frequently than the creation of subtly new ones. The implication for the
production of copper objects is that only slight alterations on accepted norms oc-
curred. Rather than re-use stone moulds or wooden patterns for shaping clay and
sand moulds, new moulds would therefore have had to be made or the metal would
have to have been manipulated in a different way.

When placed against their chronological range, the quantities of metal objects
involved we have found are relatively small, even for well-studied areas known for
primary metal production, as shown by only c. 600 objects for Southeast Spain over
a period of c. 800–1,000 years (Perea 1991; Pingel 1992; Montero-Ruiz 1994). The
number of metal objects being produced is therefore more indicative of an occasional
rather than continuous production process, with a relatively low level of circulation.
The placing of metal throughout burial traditions in western Europe during the late
fourth and the third millennium BC indicates its role as a visually striking and valued
material. However, metal probably did not quite carry the prestige for prehistoric
communities as is frequently imagined. The small scale of metal production suggests
that it was undertaken by part-time smiths, while the regionally specific object
forms imply that they made objects that reflected certain standards. Furthermore,
early metal tools did not provide an advantage over existing materials in performing
everyday tasks—they were less effective than stone, bone or flint counterparts
(Mathieu and Mayer 1997), and may not even have been hardened or used.

The choices of forms and uses of metal objects that created the patterning in the
metal consumption were far from arbitrary (Sofaer-Derevenski and Sørensen 2002;
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Roberts 2008a)—whether in Ireland, where copper flat axes imitated in form and
depositional context the polished stone axes in circulation in preceding centuries
(e.g. Cooney and Mandal 1998), or in Southeast France where copper, gold and
lead beads were made when beads in other materials such as horn, bone, variscite
and shell adorned the dead (Barge 1982). This ability to smelt different ores, create
different metals or increase metal production did not increase in any linear evolu-
tionary fashion, but was dictated by the desires and demands of those consuming the
metal. This is shown not only by the subsequent change in the inhumation practices
in Southeast France to the Beaker burial rite, which actually led to fewer metal ob-
jects in more restricted range (Ambert 2001; Vander Linden 2006), but also in the
absence of metal objects in regions where they had been introduced—as occurred in
Northwest Continental Europe during the first half of the third millennium BC.

Discussion

There is no clear evidence to imply the independent invention of metallurgy in
western Europe. The radiocarbon dates, the technological requirements and the ar-
chaeometallurgical data do not provide a convincing challenge to the idea that skilled
metalsmiths from the east introduced metallurgy to the region by exploiting its ore
sources (Roberts 2008a; Roberts et al. 2009 but see Murillo-Barroso and Montero-
Ruiz 2012 for an opposing perspective). Analysing the origins of these metalsmiths
is only going to be feasible in exceptional circumstances, such as the ‘Amesbury
Archer’, who may well have spent his formative years in the foothills of the Swiss
Alps before making the vast journey to southern England where he was buried
(Fitzpatrick 2011). It is more difficult to assess how the technology itself travelled.
It would require a process of learning at an exploitable ore source to communicate
the various stages of metal production through visual demonstrations and verbal ex-
planations. It is certainly possible that aspects of this crucial knowledge could be
restricted. For the ‘spread’ of metallurgy to occur, a sufficiently skilled individual
or group would have to move to a new ore source. This is a process that can be
seen not only throughout Europe (Ottaway and Roberts 2008) but also throughout
Eurasia (Roberts et al. 2009), and would have created an extensive yet fragile net-
work of metallurgical expertise over substantial distances.Yet the emphasis on metal
producers is perhaps misplaced. It is argued that the desires of the communities
who supported the acquisition of metallurgical skills, assisted with the collective
aspects of metal production (e.g. ore prospection, extraction and processing), and
circulated and used the metal objects, were more influential than the smiths. Rather
than a uniform standard, early metal objects in western Europe were a mosaic of
frequently diverse metallurgical traditions distinguished by form, composition and
production techniques constrained by cultural rather than technological boundaries
(Roberts 2008a). There was no inherent functional reason why metal objects or metal
production should be adopted by local communities or introduced by non-local com-
munities. The distinctive colours, lustre and malleability can be proposed as attractive
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qualities. The ability to recycle meant that object forms created elsewhere could be
melted down and converted into more familiar shapes, even in regions far from ore
deposits or primary production centres.

The earliest presence of metal objects in western Europe, during the fourth mil-
lennium BC, did not immediately provoke a significant material or technological
transformation. The division of European prehistory into a Stone Age and Metal
Age still encourages the idea of a highly significant technological event accompa-
nied by broader societal changes, as is shown by the ongoing visions of distinctly
Chalcolithic societies (Guilaine 2006). Copper and gold objects continue to be as-
cribed high, yet frequently unspecified, value for prehistoric communities, and are
interpreted as a consequence in terms of elites and prestige (see Bartleheim 2007). In
reality, metallurgy in western Europe in the fourth and third millennia BC was not a
dynamic or innovative technology, but was practiced sporadically and at a smallscale,
to specifications outlined by consumers whose requirements were highly conserva-
tive. This is not sufficient to propose metal as a major stimulus for the creation of
new societal structures. Even the argument that metal played a role in enhancing
social status can be partially disingenuous if not accompanied by a consideration of
the other materials. For instance, the burial of an individual in the Beaker rite in-
volved a thin-walled, elaborately decorated pottery vessel potentially together with
polished stone bracers, finely made flint arrowheads, v-perforated buttons, possibly
in amber or jet, daggers in flint or copper and earrings in gold or copper. The ability
to acquire these materials or craft the desired objects required similar processes of
gaining specific knowledge and skills—none of which can easily be used to elevate
metal in the overall interpretation. Instead, all the materials are made to reflect a
desired standard and are not rigorously demarcated (Frieman 2012). The appearance
of metal objects and metallurgy in western Europe therefore represents a single ma-
terial that has survived through the millennia that has been elevated in importance by
the modern values ascribed to it. Metal remains an exceptionally valuable source of
data for understanding prehistoric dynamics during the fourth–third millennia, but
it should be regarded not in glorious isolation, but as one of many materials being
exploited at the time.

Acknowledgments This is a slightly revised paper from the paper of the same title in the Journal
of World Prehistory (2009). The errors and opinions remain my own.

References

Alcover, J. A. (2008). The first Mallorcans: Prehistoric colonization in the western mediterranean.
Journal of World Prehistory, 21, 19–84.

Ambert, P. (2001). La place de la métallurgie campaniforme dans la première métallurgie française.
Etat de la question. In F. Nicolis (Ed.), Bell beakers today: Pottery, people, culture and symbols
in prehistoric Europe (pp. 387–409).Trento: Ufficio Beni Culturali. (International Colloquium
Riva del Garda (Trento, Italy), 11–16 May 1998).



16 Production Networks and Consumer Choice in the Earliest Metal of Western Europe 437

Ambert, P., Coularou, J., Cert, C., Guendon, J.-L., Bourgarit, D., Mille, B., Houlès, N., & Baumes,
B. (2002). Le plus vieil établissement de metallurgistes de France (IIIe millénaire av J.-C.: Péret
(Hérault). Comptes Rendu Palevol, 1, 67–74.

Ambert, P., Bouquet, L., Guendon, J. L., & Mischka, D. (2005). La Capitelle du Broum (dis-
trict minier de Cabrières-Péret, Hérault): établissement industriel de l’aurore de la métallurgie
française (3100–2400 BC). In P. Ambert & J. Vaquer (Eds.), La première métallurgie en France
et dans les pays limitrophes (pp. 83–96). Mémoires de la Société Préhistorique Française 37.

Barge, H. (1982). Les Parures du Neolithique Ancien au debut de l’Âge des Métaux en Languedoc.
Paris: CNRS.

Barge-Mahieu, H. (1995). Les premiers objets métalliques du Chalcolithique provençal. In
L’homme méditerranéen: mélanges offerts à Gabriel Camps (pp. 359–373). Nimes: Université
de Provence.

Bartelheim, M. (2007). Die Rolle der Metallurgie in vorgeschichtlichen Gesellschaften:
Sozioökonomische und kulturhistorische Aspekte der Ressourcennutzung. Ein Vergleich zwis-
chen Andalusien, Zypern und dem Nordalpenraum. Rahden: Verlag Marie Leidorf.

Bartelheim, M., Contreras Cortés, F., Moreno Onorato, A., Murillo-Barroso, M., & Pernicka,
E. (2012). The silver of the south Iberian El Argar culture: A first look at production and
distribution. Trabajos de Prehistoria, 69(2), 293–309.

Bayona, M. (2008). 2008 La investigación de la actividad metalśrgica durante el III Milenio
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Chapter 17
Aspects of Metalworking and Society
from the Black Sea to the Baltic Sea from
the Fifth to the Second Millennium BC

Tobias L. Kienlin

Introduction

In this contribution a review is given of the early evidence of metallurgy in south-
eastern and central Europe. Starting from the Eneolithic or CopperAge and extending
into the BronzeAge, an attempt is made to follow the development of mining for cop-
per minerals and ores, the origins of extractive metallurgy (smelting), the working
of copper and the succession of different types of copper and copper-based alloys.
From the fifth to the second millennium BC, early metalworking communities be-
tween the Baltic and the Black Sea are designated as anything from (Late) Neolithic,
via Eneolithic, Chalcolithic or Copper Age to (Early) Bronze Age. Such terminology
not only describes technological advances but also carries broader social and cultural
implications that tend to go unstated. For example, in the Carpathian Basin the term
‘CopperAge’refers to a period when a large number of heavy copper implements first
made their appearance. ‘Copper Age’ in this tradition denotes a technological stage
that is not necessarily coeval throughout south-eastern Europe. In contrast, other
scholars would seek to correlate this technological change with perceived progress
in wider economic and cultural domains. In this academic tradition, metallurgy is
thought to have experienced a rapid rise in complexity that necessitated exchange
and specialised production, triggered new social hierarchies and invited attempts
by higher-ranking individuals to increase the efficiency and stability of their power.
Broadly speaking these are evolutionist notions—both in terms of technology and
society—that are not supported here. The nature of changes in economy, society and
ideology—if any—is subject to debate and, across the vast area from the Black Sea
to central Europe, may not occur at the same time and can take different forms.

The study of metallurgy is entangled with the wider intellectual development of
prehistoric archaeology. Hence, apart from a mere review of the evidence for early
metalworking and related scientific data, the second aim of this contribution is to chal-
lenge evolutionist assumptions in our notions of technological ‘progress’. An attempt

T. L. Kienlin (�)
Institut für Ur- und Frühgeschichte, Universität zu Köln, Weyertal 125 D-50923 Köln
e-mail: tkienlin@uni-koeln.de

B. W. Roberts, C. P. Thornton (eds.), Archaeometallurgy in Global Perspective, 447
DOI 10.1007/978-1-4614-9017-3_17,
© Springer Science+Business Media New York 2014



448 T. L. Kienlin

is made to deconstruct some commonly held perceptions regarding the social context
of early metallurgy. It will become clear that sharply defined technological stages tend
to become blurred by new discoveries. We cannot rely on inevitable ‘progress’ and
geological conditions as a guide to the development of early metallurgy anymore. The
early use of copper and the subsequent development of metallurgy was the result of
technological choices drawing upon and embedded in the respective groups’ cultural
and social texture. These choices were taken by actors firmly integrated in kinship-
based networks of communication and decision-taking. They were neither deter-
mined in their action by the laws of chemistry or physics alone nor by any ‘political’
authority manipulating the production and circulation of ‘prestigious’ metal objects.

The Earliest Use of Copper and the Beginnings of Metallurgy

The origins of metallurgy are hotly debated. Some opt for single invention in South-
westAsia (e.g. Roberts et al. 2009), while others are ready to consider the autonomous
invention of metallurgy in south-eastern Europe depending on evidence that might
still come to light (e.g. Parzinger 1993). A great number of syntheses integrate the
evidence at hand into a coherent culture-historical picture that typically involves the
spread of metallurgy ultimately from the Near East via south-eastern to central and
northern Europe (e.g. Pernicka 1990; Klassen 2000; Krause 2003). Recent scientific
evidence, on the other hand, suggests the independent development of extractive
metallurgy on the Balkans (Radivojević et al. 2010).

New finds still have the potential to significantly alter the overall picture. How-
ever, such discussions also touch upon questions of world view. The notion of eastern
origins goes back to V. G. Childe. In his influential work, the emergence of metal-
lurgy is located in the urban centres of the Near East (e.g. Childe 1930). From
there, Childe claimed the knowledge of copper and bronze had spread to Europe,
where—in a distinctly Childean turn—it was thought to have taken on a new qual-
ity whereby the specific freedom and creativity of itinerant Bronze Age craftsmen
started a trajectory that led right up to modern western civilisation. When C. Renfrew
(1969) used radiocarbon dates to defy diffusionist claims, this vision of European
creativity was no longer employed. But with the cemetery of Varna providing the
social background to Eneolithic/Copper Age metallurgy (Renfrew 1986), he clearly
remained in a Childean tradition of linking metalwork to the emergence of sociopo-
litical elites. Not everyone would share this Childe–Renfrew view of causality. Still,
Renfrew’s call to move archaeology beyond concepts of ‘spread’, ‘influence’ or ‘dif-
fusion’ clearly stands since these do not significantly add to our knowledge of early
metallurgy. Instead, we have to aim towards an understanding of innovation in a
local or regional context. Early metalworking from the fifth to the second millen-
nium BC took place in groups widely different in their cultural and organisational
complexity. This prompts questions as to the different strategies for incorporating
copper and bronze into existing cultural schemes and as well as the impact of metal-
working and metal objects on the societies in question. Beyond the call for additional
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archaeological and scientific data and to re-evaluate the assumption that prestigious
copper and bronze objects caused culture change, this involves a discussion of the
role of technology in society and of the social context of early metalworking, its
meaning and symbolic implications.

The use of native copper and attractively coloured copper carbonate minerals
(azurite and malachite) for symbolic purposes, such as ornaments, has been declared
a feature of the original Neolithic package. In Anatolia and the Levant, there is
evidence for the use of copper minerals as pigments and native copper for small
artefacts such as beads, rings and awls at least from the mid-ninth millennium BC pre-
pottery Neolithic onwards. The technology involved the grinding of copper minerals
as well as hammering and applying heat (annealing) to restore the deformability of
native copper once the material became brittle (e.g. Maddin et al. 1999). Heating to
modify the mechanical properties of matter and also its colour can be traced back to
the working of flint and wood. Once pottery was introduced this possibility would
have been a widespread notion in Neolithic groups. The concept of ‘pyrotechnology’
refers to this technological background, and a comparison of the different chaînes
opératoires involved may improve our understanding of the early use of copper
(e.g. Ottaway 2001). There are controversial debates whether the working of native
copper and copper minerals at this stage involved strategies and knowledge not
otherwise applied in the contemporaneous production of tools and ornaments from
other materials. Generally speaking, the earliest interest in native copper and copper
minerals falls into the wider field of Neolithic communities’ involvement with their
natural surroundings and their attempts at the manipulation of matter. It must not be
seen as purposive experimentation in a modern sense, leading up to the ‘science’ of
metallurgy. Rather it referred to the aesthetic values and broader symbolic concerns
expressed and negotiated through material culture. This development predates proper
metallurgy, which apart from working native copper and copper minerals should
include mining for the deliberate production of copper ore, smelting and casting.
These are somewhat later developments.

In the Carpathian Basin and the Balkans, the earliest artefacts made of native
copper and copper minerals during this pre-metallurgy phase include beads, fish-
hooks and awls. They are known from Early to Middle Neolithic contexts (e.g. from
Starčevo/Criş culture sites; Pernicka 1990; Parzinger 1993). Reflecting the spread of
the Neolithic way of life, they are younger than the earliest corresponding evidence
from Anatolia and date from the mid-sixth millennium BC onwards.

A significant increase in the number of such finds and an expansion of the copper
artefact types in use occurred during the early fifth millennium BC in the north-
central Balkans during the later phases of the Late Neolithic/EneolithicVinča culture.
Recent radiocarbon dating shows that the copper mining site of Rudna Glava in Serbia
was most likely exploited from at least 5400 cal BC, i.e. right from the beginning
of Vinča culture (Borić 2009). In addition, the settlement of Belovode now has
evidence of copper smelting from about 5000 cal BC onwards (Radivojević et al.
2010). Driven by cultural and social preferences, the earliest mining was directed
towards copper minerals desirable for their colour and maybe native copper that
was worked into ornaments. This tradition formed the background to attempts at the
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Fig. 17.1 Map of the sites mentioned in the text

thermal alteration of copper minerals, possibly with a transformation of colour or
mechanical properties in mind. This eventually led to the transformation of matter
from stone/mineral to copper, i.e. the discovery of smelting. This may have happened
in the pyrotechnological context of dark-burnished Vinča ware that combined high
temperatures with a reducing atmosphere (Bailey 2000; Borić 2009). The earlier
technological tradition persisted parallel to the new ability to produce copper from
its ores, and both traditions remained distinct. Recent lead-isotope analyses (LIA)
imply that different copper outcrops were used to obtain ore for smelting and for
the procurement of pigments. In addition, from the excavations at Belovode there is
evidence to suggest that both activities were spatially separated (Radivojević et al.
2010). For the time being, the smelting at Belovode predates anything comparable in
the Near East. It may well suggest the autonomous invention of extractive metallurgy
in south-eastern Europe. Irrespective of single or multiple origins, however, theVinča
path to metallurgy, which is now quite well established, may help us understand some
of the desires and motivations underlying the gradual building up of a potential for
proper metallurgy in a Neolithic context. (Fig. 17.1)
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In the course of time, larger amounts of copper became available and with the
introduction of casting there was a shift in aesthetic values and in the perception of
matter. The earlier concern, that also motivated the beginnings of mining at Rudna
Glava, had been with the colour of native copper or copper minerals, ground or
hammered and annealed into ornaments or pigments. With the adoption of smelting
and casting there was an increase in the size and in the variety of shapes that copper
objects could take. We enter the domain of what D. Bailey (2000) aptly called “ex-
pressive material culture”. The large number of copper shaft-hole implements, which
initially gave rise to the definition of a Copper Age period in south-eastern Europe,
feature prominently under this heading. Among them, there is a variety of different
types of hammer axes (e.g. Pločnik and Vidra) and axe-adzes (e.g. Jászladány). All of
these forms, as well as contemporaneous flat axes and chisels, consist of pure copper.
It is likely that they were cast in closed moulds and finished by hot working (Kienlin
2010). Hence their hardness was low and their potential for practical use was limited
when compared to contemporaneous stone or flint implements. By their sheer size
and weight some shaft-hole axes were unusable. They shared the characteristic shiny
appearance of earlier (native) copper ornaments, but they existed in greater numbers
and increased the potential of symbolic expression. The same is true for the growing
number of gold ornaments of this period as in the famous Varna cemetery on the
Black Sea coast.

Grave finds and hoards testify to the symbolic dimension copper and gold artefacts
had acquired in the Tiszapolgár and Bodrogkeresztúr culture contexts of the Early
and Middle Copper Age (in Hungarian terminology) during the late fifth and early
fourth millennium cal BC. However, this should not only be conceptualised in terms
of abstract ‘wealth’, and it should not be taken to imply that metallurgy was under
the control of some kind of hereditary political elite. Varna, which is now dated to c.
4560–4450 cal BC (Higham et al. 2007), is unparalleled even in Bulgaria, and there is
no comparable evidence from other cemeteries of status inherited beyond prestigious
objects apparently derived from age and/or personal achievement. In the somewhat
later Tiszapolgár and Bodrogkeresztúr culture graves from the Carpathian Basin,
for example, we find different kinds of personal identities and levels of authority
that hardly extended beyond the co-residential unit or the limits of the individual’s
lifespan (Lichter 2001). There are occasional shaft-hole axes in the (male) graves of
both groups, but it is not possible to translate variation in the expression of personal
identities and possibly ‘economic’ success into differential access to status or power.
Instead, we see a complex web of individual and corporate identities that were
negotiated on various levels from the household, kin-groupings to the village or the
tribe (Whittle 1996; Bailey 2000).

In his review of the earliest use of copper in south-eastern Europe, H. Parzinger
(1993) lists a total number of just 54 (native) copper artefacts from Neolithic con-
texts (including Anatolia) compared to, for example, 55 Pločnik- and Vidra-type
hammer axes and some 227 Jászladány-type axe-adzes from the Eneolithic/Copper
Age. This gives an impression of just how much metal was in circulation during
this period. Shaft-hole axes were a widespread phenomenon, and they were ‘under-
stood’ throughout south-eastern Europe. There are many different ‘variants’ of these
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implements that point to distinct traditions in their production. Clearly, these also
offered the potential to be involved in the negotiation of local identities that are well
attested in contemporaneous pottery production (e.g. Parkinson 2006). It should also
be noted that at least some of the axes have traces of use-wear. Use in this sense may
include occasional conflict. Use was certainly of limited intensity and restricted to
just certain practical activities, and does not correspond to our modern use of steel
axes. It is likely that such implements were present in people’s daily life on a more
regular basis than our interest in their role in a formalised social display, ceremonies
and burial ritual implies. Rather than focusing on their conspicuous deposition dur-
ing burial ceremonies, it is apparent that it was precisely their presence in more
mundane situations and activities that substantiated the axes’ suitability as markers
of male habitus and—in more general terms—the potential of copper to play a role
in the expression of a person’s identity and social standing.

In the North Alpine region of central Europe, there was only a weak reflection
of this development. From Neolithic contexts of the late fifth and the early fourth
millennium BC, no more than about 10–20 copper objects are known. Among them,
there are the well-known disc from the lakeside settlement of Hornstaad-Hörnle on
Lake Constance (Klassen 2010), two shaft-hole axes and one flat axe from Linz-St.
Peter, Austria, and Überlingen on Lake Constance, awls as well as some small cop-
per beads and rings. Until the recent discovery of smelting slag supposedly dating
to this horizon at Brixlegg in Austria (c. 4400–4200 cal BC; Bartelheim et al. 2002),
these early copper finds were thought to be imported from south-eastern Europe.
This would imply a rapid spread of smelting to central Europe and/or roughly con-
temporaneous local experimentation. There is a problem, however, with the dating
of the metallurgical remains from Brixlegg, which might also belong to a younger
horizon on this site (Gleirscher 2007; Turck 2010). It may be safer to maintain that
copper came from the East (see also Höppner et al. 2005), for the shaft-hole axes
mentioned clearly originate from the Carpathian Basin. Even if some experimenta-
tion with smelting was going on, it is quite clear that this did not immediately result
in the widespread use of copper objects or in the practice of metallurgy.

It is only somewhat later after about 3900/3800 cal BC with the Late Neolithic
Cortaillod, Pfyn, Altheim and Mondsee cultures that the number of copper artefacts
increases. There are numerous flat axes, daggers, awls and ornaments such as spirals
and beads mainly from the wetland sites along the Alpine foothills (Krause 2003;
Turck 2010). In this context there is also good evidence of metalworking with nu-
merous crucibles and copper prills relating to the casting process (Matuschik 1998).
Extractive metallurgy, on the other hand, has been suggested but is still not entirely
proven. Hence copper is thought either to have been derived from nearby Alpine
ore deposits or to have been imported from south-eastern Europe. In particular, the
East Alpine mining district is thought to have been exploited by the population of
the Mondsee culture, although related evidence of extractive metallurgy (smelting)
from the Götschenberg settlement in the Alpine Salzach valley is disputed (Bartel-
heim et al. 2002). Copper composition may point towards ongoing exchange with
the Carpathian Basin instead and indicate the exploitation of ore deposits in the
Slovakian Ore Mountains (Schreiner 2007).
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Neither the Eneolithic/Copper Age metallurgy of south-eastern Europe nor its
western counterpart during the local Late Neolithic developed continuously into the
BronzeAge. Rather, any apparent metallurgical ‘progress’turned out to be reversible.
With the end of Kodžadermen-Gumelniţa-Karanovo VI in Bulgaria and somewhat
later of Bodrogkeresztúr etc. in the Carpathian Basin, there was a change in many
aspects of this cultural world. Metallurgy—in particular the production of heavy
copper implements—lost much of its attraction in the Late Eneolithic/Copper Age
period characterised by the Baden culture. Similarly, although the existence of at
least some crucibles indicates that knowledge of metallurgy was not entirely lost,
after the Pfyn, Altheim and Mondsee cultures there is a significant decrease in the
intensity of metalworking during the subsequent Horgen culture and related cultures.
Traditionally, this is explained by the exhaustion of oxide ore deposits exploited at this
early stage, i.e. by technological incapability vis-à-vis changing external parameters.
However, since there is increasing evidence for the early use of sulphidic copper ores
(see below), it is more likely that a shift in depositional practices and in the role of
material culture in the social reproduction of these ‘hiatus’ or ‘transition period’
communities is responsible (e.g. Taylor 1999; Bailey 2000).

Finally, in northern central Europe and southern Scandinavia, there is evidence of
imported copper artefacts in various Neolithic groups such as Jordanów in Silesia,
Breść-Kujawski in central Poland and from the various sub-groups of the Funnel
Beaker culture from about 4000 cal BC onwards (Klassen 2000; Müller 2001).
There is disagreement on precisely which route the earliest copper imports took and
part of this discussion still relies on ill-conceived diffusionist concepts (e.g. ‘Met-
allurgiedrift’, ‘Hauptachse’ and ‘Abzweig’; Krause 2003). In southern Scandinavia,
the earliest copper imports may even date back to the local Late Mesolithic Ertebølle
culture of the second half of the fifth millennium BC. These copper objects are used
in current models to explain the spread of the Neolithic to the northern coastal areas.
It has been proposed that the acceptance of a Copper Age ideology encompassed
large parts of south-eastern and central Europe (e.g. Michelsberg culture) before ex-
tending into the Ertebølle territory (Klassen 2004). With systems of elite exchange
supposedly stretching as far as from Brittany to Varna, this involves considerable
extrapolation from the archaeological data. Both the social dynamics supposedly
caused by foreign prestige goods and emergent hierarchies have to be demonstrated
rather than assumed. The same holds true for more conventional attempts to link
early metal objects and metallurgy to an increase in social complexity, in what fun-
damentally remained an agrarian, kinship-based society far beyond the end of the
Neolithic.

Bronze and the Bronze Age

As with the differing understandings of ‘Eneolithic’or ‘Copper Age’, the term ‘Early
Bronze Age’ encompasses subsequent developments throughout south-eastern and
central Europe but denotes quite different phenomena in this region. Typically it is
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culturally, rather than metallurgically, defined as its earliest stage refers to groups
that did not yet use tin bronze. This is most marked in the Balkans and in the
Carpathian Basin where cultures such as Ezero (from c. 3100/3000 cal BC), late
Vučedol and Makó (from c. 2600/2400 cal BC) constitute the beginnings of the
Bronze Age. These cultures mark the end of the so-called Eneolithic hiatus and there
was a renewed increase in metallurgy after 3000/2800 cal BC. However, this was
based on a different metal in arsenical copper, which was used for new types of axes
(e.g. Baniabic and Fajsz types; Bátora 2003) and daggers. In addition, new types of
precious metal ornaments were introduced (also axes and daggers in silver and gold:
Velika and Mala Gruda in Montenegro; Primas 1996).

In central Europe, the re-emergence of metallurgy is linked to various regional
groups of the Corded Ware and Bell Beaker cultures that were replaced later on by
Únětice culture and the Early Bronze Age communities of the North Alpine area. In
the Carpathian Basin, Makó culture gave way to a variety of EBA II/III and MBA
cultures such as Nagyrév, Hatvan or Maros. Drawing on earlier beginnings in the
Beaker period all of these groups, which are distinguished by differences in artefact
spectrum, burial customs and settlement patterns, are distinctly ‘metal age’ because
copper artefacts became increasingly widespread in burial ritual and hoarding. In
some areas at least mining and metal production became of some importance. The
precise way, however, in which tin bronze entered this system is subject to debate.

Tin most likely was won from alluvial stream deposits carrying tin oxide minerals.
These might have been used directly to produce bronze by co-smelting with copper
ores or by adding tin oxide to molten copper under reducing conditions. This process
might account for highly variable tin contents at beginning of the Bronze Age. But
when tin contents stabilized in the 8–12 % range (10 % typically given in the literature
is an idealized value, hardly achieved in practice) it is more likely that metallic tin
was produced and added to the liquid copper (Pernicka 1998). Metallic tin is apt
to decompose at low temperatures. This is why very few tin artefacts or ingots
are known from prehistoric Europe. Notable exceptions are the tin ingots from the
famous shipwreck of Ulu Burun off the Turkish coast and recently at Salcombe off
the coast of Southwest England.

Unlike arsenical copper, tin bronze with tin contents in excess of about 2–3 % is a
proper alloy because in the OldWorld there are few occurrences of both copper and tin
minerals which upon co-smelting could have produced an unintentional copper–tin
‘alloy’ (among the few exceptions are Iberia and central Asia). Copper ore deposits
are far more common in fact than occurrences of tin, the most well known of which
are located in Cornwall and in the German–Czech as well as in the Slovakian Ore
Mountains (Erzgebirge). Additional ones are known from the Iberian peninsula,
Brittany and the French Massif Central, Tuscany and Sardinia, but their prehistoric
exploitation is even more controversial than in the Cornwall and Erzgebirge case
(Muhly 1985; Penhallurick 1986; Bartelheim and Niederschlag 1998; Giumlia-Mair
and Lo Schiavo 2003; Haustein et al. 2010).

Many debates, therefore, on Bronze Age trade go back to the question of tin sup-
ply for what was to become the standard alloy of this period and to the amazing fact
that the earliest tin bronzes after c. 3000 cal BC appeared in northern Mesopotamia
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and Anatolia–the former devoid of tin sources (Weeks 2004; Pernicka et al. 2003).
Only somewhat later by the middle of the third millennium BC was a more regular
use made of bronze in the Near East and the Aegean, typically for prestige objects
first. Traditionally, the ancient civilisations of this area were thought to have drawn
upon tin deposits either in the British Isles or in the German Ore Mountains. Ra-
diocarbon dating necessitated a review of these far-reaching contacts (e.g. Gerloff
2007). The result is a more nuanced picture of pre-Bronze Age and Early Bronze Age
exchange systems extending along the river Danube or the Adriatic Sea and across
the Balkans towards the Carpathian Basin and central Europe (Maran 1998). While
authors working in Anatolia and the Near East consider western tin sources to be one
of the possible causes of contact and exchange, LIA show that at least the mid-third
millennium BC increase in Aegean tin bronze metallurgy was probably due to copper
and tin ultimately imported from as far east as central Asia ( Boroffka et al. 2002).

This finding might explain why apart from some early finds such as Velika Gruda,
the regular use of tin bronze in south-eastern Europe is a relatively late phenomenon
(Liversage 1994; Pare 2000). Since there is better evidence for early low-tin bronzes
in Beaker contexts than in local Early Bronze Age ones, it has been suggested that
this technology might reflect western influences instead of a transmission along the
Danube route. In Bulgaria, Romania and the former Yugoslavia, the regular use of
high-tin bronze is only attested from the local Middle to Late Bronze Age (after
1700/1600 cal BC). Similarly, in the Carpathian Basin in early cemeteries such as
Mokrin or Branč there is little evidence for the use of tin bronze prior to 1900/1800
cal BC. In the Slovakian cemetery of Jelšovce it is only in the later graves that tin
bronze became the standard alloy and the same is true for the North Alpine region
where bronze was widely used only in EBA A2 after about 1900/1800 cal BC. The
move to tin bronze was a gradual process which only came to end well into the
second millennium cal BC. In north-western Europe, on the other hand, tin bronze
is well attested somewhat earlier at about 2200–2000 cal BC, and its introduction
took place in a rather short period of time drawing on local placer deposits in south-
western Britain. Given the evidence of early contact between the British Isles and
the continent it is possible that the knowledge of tin bronze was in fact a western
European innovation that spread east—perhaps meeting the older eastern tin bronze
practices which were influenced by traditions in the Near East and in the Aegean.

Mining and the Social Organisation of ‘Mining Communities’

There is ample evidence throughout Europe of mining for flint and stone already
in the Neolithic (e. g. Körlin and Weisgerber 2006). While some of these workings
were aimed at superior raw material, there are examples where deep mining was
unnecessary in strictly functional terms of the mechanical properties of the stone
or flint exploited and/or the raw materials obtained by mining apparently were set
apart for special socially motivated needs. Symbolism clearly was involved in the
Mesolithic and Neolithic use of haematite as well and in the early mining for this
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reddish iron oxide mineral. The attention paid to social and symbolic aspects of early
mining, both in the operation of mining activities and in the uses of its products, is a
relatively recent phenomenon (e.g. Knapp et al. 1998; Topping and Lynott 2005), but
is a development with important implications on the early history of metallurgy as
well. The mines of Rudna Glava in Serbia and Ai Bunar in Bulgaria are an excellent
example as they give an impression of the complexity of the early mining for copper
minerals, their working and distribution in south-eastern Europe.

Unlike many other copper ore deposits potentially exploited in prehistory, Rudna
Glava and Ai Bunar yielded direct archaeological evidence of Late Neolithic and
Eneolithic and Copper Age mining in the form of Vinča and Karanovo VI-Gumelniţa
pottery recovered from the mines themselves (Jovanović 1982; Chernykh 1978).
Radiocarbon dates confirm this chronology and allow us to be more precise about the
duration of mining activities. In both Rudna Glava and Ai Bunar there are indications
that small-scale mining activities may have begun much earlier than the Eneolithic
and Copper Age, although this period certainly saw the most intense mining activity
(Gale et al. 2003; Borić 2009). Mining was done by following ore veins down from
the surface. Typically, miners went down a few metres only but occasionally a depth
of 20–30 m was reached, resulting in irregular cavities (Rudna Glava) and Pingen-
like structures of up to 100 m length (Ai Bunar). Mining tools included (grooved)
hammer stones and antler picks, and there is evidence of fire setting. Several copper
shaft-hole axes found at Ai Bunar were interpreted as mining tools as well but their
low hardness would certainly have limited practical use. From Rudna Glava, in
particular, there is evidence of (ritual) hoarding in the mines with pottery, stone and
bone tools as well as ore left behind by the miners (Jovanović 1998). In both Rudna
Glava and Ai Bunar the trenches were backfilled—perhaps in an attempt to appease
supernatural powers after the removal of the earth’s wealth. Some crushing and
beneficiation of the ore was carried out but there is no evidence of further processing
in the vicinity of the mines themselves. This finding, which is in line with other
early mining districts throughout the Old World (e.g. Chalcolithic Feinan, Jordan:
Weisgerber 2003; Early Bronze Age Aegean: Catapotis 2007), has been interpreted
in terms of redistribution (Ottaway 1981). Alternative explanations have explored
technical, cultural and symbolic reasons for a spatial separation of mining, smelting
and metalworking (Weisgerber 2004; Catapotis 2007: ‘conspicuous production’).

This finding requires a close look at contemporaneous settlements from which
both copper minerals/ores and copper objects are known and extractive metallurgy is
more or less convincingly demonstrated (e.g. Belovode close to Rudna Glava or Stara
Zagora near Ai Bunar; Gale et al. 2003; Radivojević et al. 2010). The overall picture
turns out to be much more complex than simply a spatial extension of the chaîne
opératoire from mine (exploitation/beneficiation) to settlement (smelting/working).
Firstly, mining at both Rudna Glava and Ai Bunar in part predates the earliest pro-
duction of massive copper implements. At least initially copper minerals came to
the settlements for use as ornaments and pigments (see above). More importantly,
however, LIA indicate that copper minerals from Vinča settlements in Serbia did not
originate from Rudna Glava at all (Pernicka et al. 1993). In addition, since hardly any
copper objects are consistent with having been made of copper from Rudna Glava,
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it is quite clear that there was more than one mine in operation (e.g. Majdanpek or
Ždrelo; Šljivar et al. 2006). In Bulgaria, on the other hand, there may be a match
between the minerals/ores recovered from settlement sites and Ai Bunar (Gale et al.
2003), although in this area as well the use of additional ore sources is likely, and
they are as yet unidentified (Pernicka et al. 1997). The way copper minerals were
used as pigments or for smelting was more complex than simply ‘down-the-line’
from the mine to the nearest settlement, and it was regionally specific. At Belovode
at least there even was a distinction made between different deposits used to procure
pigments and ore for smelting (see above).

In both areas a range of different ore sources were exploited, and the exchange
networks for copper minerals and copper were complex. Some settlements can be
shown to have drawn on a number of different ore deposits, as can also be seen
at the Varna cemetery, and this is thought to have carried ritual connotations for
the inhabitants of a wider territory. Variability in compositional and LIA data and
therefore probably in the origin of the copper used can be found throughout the
Copper and Early Bronze Ages. It may be taken to support the notion that early
mining for copper minerals and ores for smelting was small scale and seasonal, not
an elite-driven effort but most likely carried out in a communal or kinship-based
mode of operation.

Subsequent Early Bronze Age metallurgy is characterised not only by the incip-
ient use of tin bronze but also by a shift in copper production from oxide ores to
sulphidic ones that yielded a variety of new copper types. In the broadest terms,
this sequence reflects the structure of ore deposits with oxide ores on top and sul-
phidic ones underneath (but see below). Unlike western Europe, however, with its
well-attested exploitation of mining districts such as Ross Island, Mount Gabriel or
the Great Orme on the British Isles and Cabrières in southern France (e.g. O’Brien
1994, 2004; Ambert et al. 2009; Roberts this volume), in central Europe the evi-
dence of third and early second millennium BC copper mining is for its most part
circumstantial. The Alps as well as the German and Slovakian Ore Mountains tradi-
tionally received most attention due to their substantial copper ore deposits known to
have been exploited in medieval and early modern times. Early Bronze Age cultural
groups more or less rich in copper and bronze objects are situated in both the Alpine
foreland and in the vicinity of the Ore Mountains. This coincidence has been taken
to imply both the Bronze Age exploitation of adjacent ore deposits as well as wealth
and power derived from metallurgy and exchange of its products. In addition, at some
stage for each of these mining areas analytical evidence of Bronze Age exploitation
has been claimed, but not universally accepted. H. Otto and W. Witter (1952), for
example, drew attention to the so-called fahlore type copper, which they claimed
was mined in the German Erzgebirge and distributed widely throughout Bronze Age
central Europe. A comparable approach relating copper objects and ore deposits was
conducted by R. Pittioni and E. Preuschen. In their case, however, it was the Bronze
Age exploitation of East Alpine copper sources, especially in the Mitterberg area,
which they thought could be proven (e.g. Preuschen and Pittioni 1937).

A substantial increase in the number of analyses—still mainly on the artefact
side—was achieved by the SAM-project (Junghans et al. 1968). Somewhat more
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careful in the question of relating artefacts to specific mining areas, the collabora-
tors in this project relied on the mapping of different types of copper based on the
assumption that spatial patterning would emerge and hint towards the origin of the
copper types used in the Neolithic and BronzeAge periods. For the Early BronzeAge,
two large groups of fahlore metal were distinguished according to whether nickel is
present among the characteristic trace elements or not, and the differences in their
distributions were noted. In the debate that followed the nickel-containing variant
was named Singen copper after the eponymous EBA A1 cemetery (c. 2200–2000 cal
BC) close to the western part of Lake Constance which produced numerous artefacts
consisting of this type of (mostly unalloyed) fahlore copper (Waterbolk and Butler
1965). Fahlore copper with little or no nickel, on the other hand, was frequently
found in neck rings (Ösenringe) and rib ingots (Spangenbarren) from large hoards
in Bavaria and further east. It became known under the name of Ösenringkupfer
(Butler 1978).

It was only in the 1990s with a statistical re-evaluation of the older SAM-groups
and an increasing number of analyses from eastern central Europe that it became
possible to differentiate a truly North Alpine Singen copper from similar fahlore
type copper that was circulating in the Únětice culture area. These are closely related
copper types that originated from the exploitation of similar ore deposits in different
mining areas and used comparable smelting techniques (Krause 2003). Currently,
such issues are being re-examined by large-scale LIA projects. However, systematic
work on ore deposits was neglected for a long time, and sufficient chemical and
LIA data from the Alpine deposits as well as from the German and Slovakian Ore
Mountains are still lacking. Most attempts, therefore, at provenancing the different
types of fahlore copper mentioned may still be seen as an informed guess based
mainly on the distribution of various types of copper artefacts (see, however, recent
studies, for example, by Höppner et al. 2005; Schreiner 2007).

Much the same is true for the organisation of copper mining and the distribution of
copper, which are often modelled along modernist notions of managerial elites, craft
specialisation and trade in valuable or prestigious copper objects. This situation dif-
fers markedly from research into Neolithic mining and its social organisation which
tends to draw on anthropological approaches and often favours seasonal mining ac-
tivities. In contrast, in Bronze Age research there is a tendency to see the European
Bronze Age as a historically unique development. Consequently, Bronze Age soci-
ety and the organisation of its metallurgical activities is conceptualised as somehow
distinct from both what anthropology tells us about technology in traditional soci-
eties and the evidence from earlier Neolithic societies. Mining and metallurgy are
seen as an exceedingly complex undertaking discussed in the context of full-time
craft specialisation and emerging social hierarchies. Only recently a more reluctant
view has been expressed by reference to the fertile soils and salt springs of the Ger-
man Únětice culture area that suggest alternative avenues to ‘wealth’ and—if so—to
related ‘power’ (Bartelheim 2007).

We are not equally well informed on early mining and copper production in the
western and the easternAlps, and most unequivocal evidence of extractive metallurgy
comes from later periods. In Switzerland there is so far no evidence at all of Bronze
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Age copper mining or smelting furnaces, with radiocarbon dated slag heaps relating
to Late Bronze Age and Iron Age activities only (Fasnacht 2004). The same is still
true of the Alpine Rhine valley and Montafon area in Austria where the search of
Bronze Age mines has recently been intensified. In the eastern Alps, on the other
hand, there are for instance the famous Mitterberg area and the Paltental mining
district with extensive evidence of Middle to Late Bronze Age mining (e.g. Stöllner
et al. 2004). Both elaborate deep-mining and Pingenbau were practiced, typically
exploiting sulphidic chalcopyrite copper ores—resulting in the so-called East Alpine
copper (ostalpines Kupfer) that from the second half of the Early BronzeAge onwards
replaced the earlier fahlore-type copper.

The evidence of Early Bronze Age mining and metallurgy is much less clear.
Often it comes from the earliest settlements established towards the end of the Early
Bronze Age and during the early Middle Bronze Age after c. 1800/1700 cal BC
when permanent settlement started to extend well into the Alps. The well-known site
of St. Veit-Klinglberg in the inner Alpine part of the Salzach valley is one of these
(Shennan 1995). Other examples include the Buchberg near Wiesing in the lower
Tyrolean Inn valley (Martinek and Sydow 2004), Savognin-Padnal and Savognin-
Rudnal in the westernAlps in the Swiss canton Graubünden (Rageth 1986) and—with
the most recent excavations—the Bartholomäberg in the central Alpine Montafon
region (Krause 2005). In organisational terms unlike later metallurgy—both copper
production and working—was still practiced in the settlements or their immediate
surroundings.

Typically, these sites are rather small, but situated on hilltops and some of them
show signs of fortification. Some, but by no means all, were drawing upon neigh-
bouring ore deposits, for example St. Veit-Klinglberg, where there is evidence of
food brought in from outside to support a mining population. For this reason in the
standard model of Early Bronze Age settlement such sites are interpreted as central
places in control of smaller neighbouring sites in what is conceived of as a hierarchi-
cal settlement system (Krause 2005). Although, for instance from Bartholomäberg
there is no evidence of metallurgical activities at all, it is supposed that power was
derived from control over the exploitation of copper ore deposits in the vicinity and
the exchange of copper. Early mining and metal production in this perspective is a
complex technology that required organisation and control exercised by emergent
Bronze Age elites. The move into the Alps itself is seen as a consequence of the
growing need for copper.

An alternative approach was suggested in S. Shennan’s (1995) study on St. Veit-
Klinglberg, conceptualised as a mining settlement operating largely autonomously
without centralised control. From a formalist perspective this usefully deconstructs
the controversial emphasis on elites and metallurgy of the standard model—
Shennan’s (1993) “myth of control”. It is unclear, however, if the notion that mining
offered hitherto unknown potential for individual ambition and ways to break through
traditional social boundaries by acquiring metal and wealth in fact applies to tradi-
tional (prehistoric) societies. Instead, we have to ask if copper was the main economic
reason for the colonisation of the Alps. A review of the earliest settlement evidence
suggests a much more nuanced picture. It is likely that different Alpine areas and
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valleys followed different trajectories with regard to early mining and metal produc-
tion (Kienlin and Stöllner 2009). Much of the earliest mining after c. 2200 cal BC was
driven forward by lowland communities on a seasonal basis—expeditions to copper
ore deposits carried out in connection with pastoral activities that may well have been
organised in a communal or kinship-based mode of operation. When the first inner
Alpine communities became established somewhat later (see above), most of them
were subsistence based. Mining was continued on a seasonal basis or not depending
on the local occurrence of scheduling conflicts with agriculture and cattle breeding.
In the long run, it was only in those areas with more abundant and sustainable ore
deposits that mining and metallurgy increased in scale, and some communities could
establish intensive copper production from the sixteenth to fourteenth centuries BC
like the Middle Bronze Age Mitterberg area.

The Transformation of Matter (Smelting): Geology-derived
‘Stages’ and Prehistoric Reality

At the beginning of metallurgy, high-purity copper was used that was derived from
either native copper or the smelting of oxidic copper ores (copper carbonate minerals).
Later on this Reinkupfer was increasingly replaced by arsenical copper thought to
be easier to work and to offer superior mechanical properties (but see below). With
typically rather low arsenic contents up to about 2 % arsenical copper—in a central
and south-eastern European context—this metal is not an alloy, but derives from the
smelting of copper ores associated with arsenic bearing minerals (for summaries of
this debate see Lechtman 1996; Kienlin 2008a). As far as central Europe is concerned
it is only during the Early Bronze Age that arsenical copper was replaced—on a large
scale—by fahlore copper and other copper varieties derived from sulphidic ores. This
sequence is usually interpreted in terms of geology (see above) and technological
progress by the earliest miners and smelters who are thought to have worked the
upper, oxidized regions of their mines with relatively simple technology while the
exploitation of the deeper, sulphidic ore bodies required advances both in mining
and smelting techniques.

This standard model is derived from a simplified geological view of the ore bodies
in question and from early modern sources such as G. Agricola’s 1556 description of
the smelting of sulphidic copper ores in a multi-stage process that involves the roast-
ing of the ore prior to smelting (e.g. Bachmann 2003). It is this process we encounter
in the Late Bronze Age eastern Alps. Copper production in substantial furnaces
increasingly was standardised, resulting in the specific eastern Alpine tradition of
multi-stage roasting and smelting. There is evidence of this so-called Mitterberg pro-
cess from a large number of Middle to Late Bronze Age copper production sites often
situated in the vicinity of potential ore outcrops (e.g. Cierny et al. 2004; Giumlia-
Mair 2005). From the Early Bronze Age site at Buchberg, on the other hand, there is
evidence of on-site smelting of fahlore minerals from neighbouring ore deposits in a
one-step process without roasting. Smelting was carried out in open hearths that left
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behind few archaeological traces apart from some slag (Martinek and Sydow 2004).
This may explain why from some other sites evidence of smelting is controversial
and not easily distinguished from the remains of casting and metalworking also at-
tested in some of these settlements. However, at least in the eastern Alps smelting
slag was widely used as a temper in pottery thus providing indirect evidence of ex-
tractive metallurgy. In technological terms the processes involved were simple and
had not yet reached the standardisation apparent somewhat later in the Middle and
Late Bronze Age.

So during the Bronze Age there was undoubtedly some kind of progress in smelt-
ing techniques and changes in organisational patterns. Nonetheless, the standard
model is simplistic, and there is increasing evidence for a more nuanced picture with
the earliest working of sulphidic ores reaching back far into the Eneolithic. Early
Bronze Age fahlore copper typically has high impurity levels indicating the use of
this specific type of sulphidic ore. Compositional data imply the early use of such
copper prior to the Early Bronze Age in some parts of central Europe (e.g. ‘diluted’
fahlore copper in the Final Neolithic of eastern Germany; Krause 2003). Further-
more, although sulphur is not routinely analysed for in many projects, it can be shown
by metallography that Eneolithic/Copper Age objects occasionally contain sulphide
inclusions that point towards the early use of (mixed oxidic and) sulphidic ores. In
western Europe the early pre-BronzeAge use of sulphidic ore deposits is well attested
(Bourgarit 2007). For the earliest metalworking horizon of central and south-eastern
Europe the evidence of smelting is more ambiguous and often disputed. But even so
there is some information to be gained from the (potential) mines themselves and
the scientific analysis of installations and residues related to the smelting process.

From the fifth millennium BC Vinča sites of Belovode, Pločnik and Selevac in
Serbia, there is evidence of thermally altered copper carbonate minerals or ‘slags’
thought to relate to smelting activities (e.g. Glumac and Tringham 1990; Šljivar
et al. 2006). Typically, these are small pieces and it is difficult to distinguish proper
slag from thermally altered ore/minerals, heated for whatever reason other than the
smelting of copper. Interpretation is also often unclear in terms of smelting slags
versus slags from casting copper and forging activities (see, for example, Bartel-
heim et al. 2002 on the Selevac evidence). Similarly, related installations such as
small ‘melting pots’ or bottomless vessels thought to have served as furnaces (Šlji-
var et al. 2006) often have unclear signs of actual heating. It is only with a careful
re-examination of the archaeometallurgical remains that proper evidence for copper
smelting in Vinča contexts becomes available. Thus, from 5000 cal BC onwards from
the Vinča site of Belovode there is secure evidence of smelting (Radivojević et al.
2010). Copper production was apparently carried out in ephemeral installations that
left no archaeological traces. The technique involved relied upon the careful selec-
tion and processing of specific copper oxide ores rich in manganese that facilitated
the reduction and formation of slag.

By a combination of metallography and the analysis of refractory ceramics this
‘hole in the ground’or crucible-type smelting technique can be shown to have worked
equally well on sulphidic copper ores as early as the second half of the fifth millen-
nium BC in the Bulgarian Gumelniţa and Varna groups (Ryndina et al. 1999). At
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about the same time in the Münchhöfen culture (c. 4500–3900 cal BC) from the
site of Brixlegg what is thought to be the earliest evidence of smelting in the North
Alpine region has been recorded (Bartelheim et al. 2002). There may be problems
with such an early date (see above). Yet even if the metallurgical activities observed
in fact belong to the somewhat younger Pfyn, Altheim and Mondsee cultural horizon
(c. 3900–3600 cal BC), it is remarkable that at Brixlegg the nearby fahlore deposits
of sulphidic copper ore were already being drawn upon at this early stage. On the
other hand, previously accepted evidence of Mondsee period oxide ore smelting at
the Alpine Götschenberg site is now debated by the authors of the Brixlegg study.
So the overall situation is not yet clear.

Smelting evidence from the (late) fifth and fourth millennium BC tends to be prob-
lematic because of the bad archaeological visibility of the processes and installations
involved. But early experimentation with both oxidic and sulphidic ores clearly has
to be taken into consideration. The smelting of both types of ore are not clear-cut
technological stages. Hardly any mine follows the ideal of oxide ores on top and
sulphidic ones underneath. This is why early miners found different types of copper
minerals which typically but by no means universally could be distinguished and
sorted by colour etc. Experimental work shows why this did not pose fundamental
problems for subsequent smelting. It is exactly the ‘primitive’ nature of early oxide
ore smelting under rather oxidizing conditions that allowed for the incorporation of
sulphidic ores as well without causing the failure of the entire process (Timberlake
2007). Throughout the Old World, approaches to early smelting relied on highly
concentrated, self-fluxing ores to produce small copper prills embedded in a matrix
of partially smelted ore and slag (Hauptmann 2007; 2008). Knowledge of advanced
medieval and modern smelting techniques alone is a poor guide to the earliest stages
of the development of this process.

Casting andWorking: The ‘Evolution’ of Material Properties?

Information on the basic production parameters of metal artefacts can be obtained
from metallographic analyses, i.e. from the examination of an object’s microstructure
under the optical microscope and by relating these findings to composition (Scott
1991; this volume). In a long-term perspective there is clear patterning and the
development of methods of casting and forging can be outlined.

In general terms one would expect the production of copper-based weapons or
tools to involve the following steps: casting, cold working the as-cast object, an-
nealing, and final cold hammering. This procedure has a twofold aim: some degree
of deformation is required to finish the as-cast object, a smooth surface needs to
be achieved and feeders or casting seams may need to be removed, which is done
by hammering and subsequent grinding and polishing. If a stronger deformation is
required, such as for shaping an axe’s body or blade, this may necessitate more than
one annealing process. Final cold working, on the other hand, increases hardness and
adds to the strength and durability of a weapon or tool. Late Neolithic Altheim-type
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axes and related forms clearly follow this procedure and their microstructures show
traces of cold working of the as-cast object, followed by annealing and final cold
hammering. Their producers fell short of recognizing the differential work hardening
of pure copper and arsenical copper. However, they clearly operated on the basis of
an empirically gained knowledge of the cold-working properties of their copper with
low arsenic contents, and they certainly were interested in the hardness of their axes
(Kienlin 2008b). The tradition they established can be traced right up to the Early
Bronze Age, when a two-step working of flanged axes is the rule (Kienlin 2008a).
Profiting from the new fahlore-type copper and tin bronze at this stage a considerable
increase in hardness was achieved by a relatively strong final cold working.

Metallography, however, can also be used to examine the knowledge gained
by prehistoric metalworkers of their raw materials and to deconstruct modernist
assumptions on the properties of the different types of copper and copper alloys
they were working. Tin bronze, for example, is thought to be superior to copper for
a number of reasons: among them its lower casting temperature, its better casting
properties and its higher hardness both in the as-cast state and after working. However,
often such arguments fall short of the actual compositions used or the approach to
metalworking taken. There are strong evolutionist notions involved in our conception
of technological progress and the interpretation of changing compositional patterns.
Thus, early low-tin bronzes in the 2–6 % range tend to be seen as a result of poor
initial control over the alloying process or problems with access to tin. However, the
overall direction is thought obvious and directed towards the superior alloy—high-
tin bronze. This certainly is true in retrospect, and eventually tin bronze became
the standard alloy of the Bronze Age. But in many parts of the Old World bronze
did not replace copper for a considerable period of time indicating that its adoption
was “a cultural choice, not a product of technological determinism” (Pare 2000). In
particular this is true wherever arsenical or fahlore copper was in widespread use
offering a serious alternative to tin bronze, for example not only in parts of central
Europe, but also in the Aegean or Iran, where arsenical copper and bronze coexisted
for a long time. The British Isles and Ireland, where tin bronze replaced arsenical
copper rather quickly, provide an example to the contrary. These are technological
choices informed, on the one hand, by the rapid spread of metallurgical knowledge
among metalworkers in a wider area and on the other by the availability of different
sorts of copper and tin. But they were taken against a local or regional background
that must not be subsumed to our modern knowledge of long-term trends in Copper
to Bronze Age metallurgy.

Starting with the first step in metalworking, namely casting, it has been argued that
along the sequence from pure copper via arsenical copper to fahlore copper and tin
bronze the presence of trace elements and the addition of tin allows for a reduction of
the casting temperature. This is the first in a series of modernist assumptions related
to the properties of different types of copper and copper alloys used in prehistory. It is
easily refuted by a look at the actual evidence (Kienlin 2008a): copper containing ‘im-
purities’ such as arsenic or tin solidifies over a wider temperature range between the
so-called liquidus and solidus lines of the phase diagram. But for this interval to drop
significantly below the melting point of pure copper (1,084 ◦C) impurity contents
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in the plus 10 % range are required. Such concentrations are rarely found in Late
Neolithic arsenical copper. Most of the earliest bronzes remain well below 10 % tin,
so that during the early stages of metallurgy, composition would have had little effect
on casting temperature as suggested by many reviews of early metalworking. More-
over, even with higher trace-element contents in Early Bronze Age fahlore copper
and the advent of high-tin bronze in the second half of the Early Bronze Age, casting
temperature did not drop. There are copper sulphide inclusions in many objects that
solidified at around 1,100 ◦C and provide evidence that casting still took place at
high temperatures—which at this stage meant superheating the molten copper with
beneficial effects on the success of the casting process. Our interest in lower casting
temperatures does not adequately reflect the concerns of prehistoric metalworkers.

A related point concerns the supposed effect of impurities such as arsenic and
the alloying element tin on porosity and oxide content. It is possible that the wider
solidification interval of impure or alloyed copper facilitated the casting of more
complex objects because part of the molten copper remained liquid somewhat longer
and a complete fill of the casting mould was more easily achieved. This may apply, for
example, to some Early Bronze Age pins and solid-hilted daggers. A differentiated
approach to the production of different kinds of ornaments and weapons or tools is
required. It is not, however, an argument in favour of tin bronze alone, since much
of the Early Bronze Age fahlore copper would have offered the same advantage.
Complex objects, on the other hand, are also known in rather pure copper. It is quite
obvious that complex shapes such as Copper Age shaft-hole axes could be cast to a
high standard using pure copper. Generally speaking, the success of casting was not
dependent on composition alone but upon the care taken and the expertise acquired
in various steps of the casting process.

As far as weapons and tools are concerned it is likely that advantages of new types
of copper and copper alloys would have been most obvious and most readily taken up
in the wider field of mechanical properties. But again, we must be wary of transferring
our knowledge derived from a reading of modern materials science to traditional
prehistoric metalworking. The presence of arsenic and somewhat more so of tin
increases the as-cast hardness of the resulting (natural or artificial) copper alloy by a
mechanism called solid solution hardening. But with arsenic contents up to around
3–4 % this effect is limited, and even for tin contents of around 10 % are required for
an increase in hardness to twice the value of pure copper at 50 HV. A minor increase
in hardness and strength at lower concentrations may or may not have been noticed.
It may have been relevant in the production of copper objects, such as ornaments, that
could not be cold-worked or whenever mechanical properties were of little interest.
In the case of ornaments (or prestigious weaponry etc.) colour also has to be taken
into consideration to account for the presence of trace and alloying elements. But
for all proper weapons and tools it is a modernist misconception that prehistoric
metalworkers should have relied on manipulating as-cast hardness via composition.
From the Late Neolithic onwards, hardness was a function of (composition and)
at times substantial cold working. As-cast hardness (i.e. solid solution hardening)
was certainly a concept familiar to the metalworkers themselves in this period. But
whenever an axe or any other weapon or tool entered the sphere of exchange and
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use, its mechanical properties were determined by previous cold working. They
would have been attributed to the effort involved in forging and to the expertise of
the smith.

Here, too, composition is thought to play an important role and different types
of copper and copper alloys are aligned in terms of progress because of assumed
differences in deformability and work hardening of arsenical copper and tin bronze
in particular. These differences, however, are comparatively slight when compared in
the light of more recent experimental data. Often they occur under circumstances not
directly relevant to prehistoric metalworking. Arsenical copper, for example, is more
ductile than pure copper and can be worked to a very high reduction in thickness
with a considerable increase in hardness. Bronze may achieve even higher hardness
values, but this requires tin concentrations in excess of 10 % not reached in a majority
of early tin bronzes. In addition, unrealistically high deformation rates are involved
from a Copper or Bronze Age perspective. Metallographic analyses show that cold
work typically was in the 20–50 % range of reduction in thickness, and working was
not done with the highest possible hardness of the respective copper or copper alloy
in mind. Rather, it was carried out to profit from the strong initial increase in hard-
ness at lower deformation which for various concentrations of arsenic and tin is very
similar. Because of this initial closeness and parallelism in cold-working behaviour
arsenical copper, fahlore copper and tin bronzes reached comparable hardness val-
ues. For the same reason the alleged brittleness of copper compared with arsenical
copper or tin bronze may not have been as relevant as modern expectations have us
believe. Irrespective of composition, working simply was not strong enough to cause
intolerable brittleness.

Metalworking and Society: Kinship and the Transmission
of Metallurgical Knowledge

Early metalworking is a fascinating field of study, both in its more technical aspects
that attract the application of scientific methods and with regard to its wider cul-
tural implications. There are, however, a number of problems some of which were
highlighted in the previous sections. On the more technical side the application of
ever more sophisticated scientific methods tends to conceal that ‘hard’ scientific data
also are in need of interpretation. Specialist studies tend to dominate the field to a
neglect of an integration of this scientific perspective with wider culture-historical
concerns. In particular, there are interpretative problems with the notion of tech-
nological ‘progress’ and increasingly better control obtained over nature. The early
evidence for copper mining and smelting is discussed in terms of evolution, and
the succession of different types of copper and copper alloys is interpreted as an
improvement in operational and functional terms that do not adequately reflect pre-
historic reality. The field of craft specialisation is another area that still awaits a
true integration of the science-based reconstruction of technological choices with
an anthropologically informed discussion of their social and ideological context.
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Typically, however, this still takes the form of evolutionist grand narratives linking
perceived technological progress to the emergence of hierarchical society.

Starting in the Eneolithic/Copper Age and throughout the Bronze Age metalwork-
ers excelled not only in the production of weapons or tools. In the course of time an
amazing array of quite sophisticated techniques became available for the production
of elaborately crafted and lavishly decorated metal objects. The Nebra disc comes
to mind in this context and inlays of gold and silver may also be found on late Early
Bronze Apa swords from the Carpathian Basin or on the famous daggers recovered
from the Late Bronze Age shaft graves at Mycenae (Meller and Bertemes 2010). The
Late Bronze Age also saw the production of vessels of bronze or precious metals,
and both weapons and defensive arms such as amply decorated shields put great
demands on the skills of craftsmen.

At some later stage there was obviously a two-tier system of metalworking, for it
is unlikely that every metalworker was able to apply all techniques known or to work
both in copper and gold, nor was there a demand for such objects in every community.
Surprisingly little is known, however, on the actual organisation of metalworking,
and maybe it is in consequence of the sheer impressiveness of some of its more
elaborate remains that metallurgy tends to become enmeshed in narratives of elite
control over production and exchange so readily. We are confronted with highly
elaborate material culture, which we cannot imagine ‘ordinary’ people were capable
of crafting or why anyone should have bothered without aggrandizement in mind
or pressure put upon him. We are concerned then with elites and their display of
wealth, when in fact during most of the Eneolithic/Copper Age and the Bronze Age
and in most areas we are dealing with a segmentary society very much in a Neolithic
tradition and dependent mainly on agriculture and animal husbandry. There is a
centralisation bias in our approaches, and we should consider that institutionalised
social ranking was less stable and not as common throughout Copper and BronzeAge
Europe as we tend to expect. We are entitled then to ask by what mechanisms other
than elite control the practice of metallurgy and the transmission of metallurgical
knowledge from one generation to the next may have been organised.

An alternative model may refer to the essentially kinship-based organisation of
traditional society. Apart from structuring traditional groups as a whole, kinship is of
particular importance for any kind of specialised tasks extending beyond everyday
household-based production. For the right and the ability to carry out such activities
often depend on affiliation to a particular segment of society. One does not become a
founder or smith in the same way we decide to study archaeology but by descent from
a particular lineage. The individual is not only taught the knowledge and practical
skills required for his future ‘profession’ but also picks up the norms and values,
the habitus, of his descent group. By socialisation he (or she) not only becomes a
metalworker but also finds his position in a particular kinship group and in society
as a whole.

The ethnographic evidence of craft specialisation was reviewed many years ago by
M. Rowlands (1971), and in such kinship-based groups there is great variability with
regard to craft specialisation, organisation of production, social position of (metal-)
craftsmen, the activities carried out and objects produced. We find specialised
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full-time metalworkers attached to an elite alongside those producing for a village
community which derive most of their living from agriculture, metalworkers firmly
integrated in local groups alongside ethnic differences and high mobility, smiths
held in high esteem and those subject to superstition and segregation. But clearly
metallurgy cannot be said in any way to be tied to elites. Part-time metalworkers
may have been able to produce the most complex objects and the communication of
metallurgical knowledge does not have to rely on the presence of strong leadership
and political control to be efficient.

It is suggested that the practice of metallurgy was kind of ‘self-organising’
among particular segments of society and metallurgical knowledge was passed
along kinship lines. Command of such (ritually framed?) knowledge would have
set apart those involved from their neighbours, etc. This is true to the extent that—
ethnographically—in oral societies some kind of ‘secrecy’seems to be a precondition
for the transmission and stability of such ‘special’ knowledge and related practical
skills. It should not be taken to imply, however, that metallurgists were foreigners
to their supporting communities, the notorious itinerant craftsmen. Ethnography im-
plies that metalworkers operating in a foreign-cultural context are rare. Typically
mobility if any is restricted to an area with some kind of previously established
contact and affinity in terms of communication, exchange and/or a broadly similar
sociocultural background. We should expect, then, that metalworkers were conceived
as more or less firmly integrated in local communities (see also Kuijpers 2008 on the
problem of ‘detribalisation’). Demand initially was low, the amount of copper won
and worked was small, and metal only gradually replaced other materials such as
flint or stone in the large-scale production of weapons and implements. This implies
some kind of part-time specialisation and parallel involvement of metalworkers in
subsistence activities. Thus, metalworkers were not that much ‘special’ or foreign,
and pressure put on local communities to support metallurgy would have been low. It
is another matter whether mining and/or smelting were communal events or involved
‘secret’ knowledge, and attempts were made to restrict access to such activities. The
latter has been suggested, for example, for stone and copper mining on the British
Isles and smelting in the Bronze Age Aegean (e.g. O’Brien 2007; Catapotis 2007).
In any case, people may not have been working for their metallurgist or have been
obliged to keep the provision of a valued commodity going, but they may have been
engaging with him (her?) in some communally sanctioned raw material-procurement
activity among others.

Even more so the casting and working of copper should be seen in the context of
already existing ‘technologies’ and intra-community ‘specialisation’. It is likely that
the knowledge and skills involved were ‘special’ or complex enough to be handed
down in particular families or lineages or clans only. So not every community member
was able to cast and work copper, and possibly metalworkers’ knowledge of and
ties with segments of far-off communities were closer than normally was the case,
particularly so if they had to procure copper from abroad themselves. However, to a
certain extent this may reflect the situation of working other materials such as stone,
flint, wood or bone some of which were obtained from abroad as well and also provide
early indications of intra-community ‘specialisation’. So initially metalworking may
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have been just one ‘specialisation’ or rather a preference among others, albeit one
that developed into firm traditions and had a long-term tendency towards an increase
in scale and a more full-time occupation.

Accordingly, for the Bronze Age tell at Százhalombatta, Hungary, it has been
shown that the social boundaries between different ‘crafts’such as pottery production
and metalworking were fluid. Skills or knowledge were easily transferred between
different domains of production, and cooperation was required (Sofaer 2006). Un-
fortunately, this finding is linked to the standard hierarchical model of Bronze Age
society. In consequence a caste-like system of (specialised) craft production is sug-
gested, and if anything one gets the impression that the aim is to improve the standing
of those (females) involved in pottery making, wood working etc., vis-à-vis (male
dominated) metallurgy in what is fundamentally conceived of as a stratified society
along mainstream lines. Why not instead turn things upside down and take the close
links between metallurgy (and those male and/or female activities involved) and other
‘specialised’ crafts that require experience and skill to scale down the importance
traditionally attached to metallurgy?
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Jovanović, B. (1998). Technological Significance of Hoards from Rudna Glava, the Copper Mine
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Chapter 18
Early Metallurgy in the Central Mediterranean

Andrea Dolfini

Introduction

The central Mediterranean is the area encompassing the Italian peninsula, its adjacent
islands and the coasts of Dalmatia and Albania in the eastern Adriatic Sea. It is
naturally bordered to the north by the Alpine chain, to the east by the Dinaric Alps,
to the west by an imaginary line linking the Maritime Alps to Corsica and Sardinia,
and to the south by Sicily and the Maltese archipelago. Stretching from the heart of
the Mediterranean to the fringes of central Europe and from the western Balkans to
southern France, the Italian peninsula—the principal feature of this macro-region—
is especially important from an archaeological perspective as it provided a natural
channel of communication for peoples, ideas and goods in prehistory (Fig. 18.1).

Interest in prehistoric metal working and using in this region dates back to the
nineteenth century, when pioneering prehistorians and collectors of antiquities first
classified metallic artefacts according to the Three Ages System (Thornton and Gi-
ardino 2008). Scientific studies into early metallurgy commenced at the turn of the
twentieth century and frequently focused on explaining the evidence according to ex
Oriente lux models (Colini 1898–1902; Mosso 1906; Peet 1909). In line with this
tendency, the appearance of metalwork in the Italian peninsula was often ascribed
to raiding hordes of nomadic pastori-guerrieri (warrior-shepherds) coming from the
eastern Mediterranean or the Balkans, who would have subjugated the local Neolithic
population due to their mastery of the superior copper technology (Laviosa Zambotti
1943; Puglisi 1959; Trump 1966).

Barker (1971, 1981) and Renfrew and Whitehouse (1974), among others, reacted
against earlier migrationist models. Barker, in particular, stressed the local character
of early metalworking in northern and central Italy, whose impressive florescence
was credited to the indigenous Remedello and Rinaldone cultures (Barker 1971) or
to a combination of local developments and information exchange with the eastern
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Fig. 18.1 Map of the archaeological and metalworking sites mentioned in this work (prehistoric
mines are shown at Fig. 18.3). Sites in the area of Trento: Acquaviva di Besnello, Croz del Cius,
La Vela di Valbusa, Montesei di Serso, Riparo Gaban, Riparo Marchi, and Romagnano Loch

Mediterranean (Barker 1981). In a similar vein, Renfrew and Whitehouse (1974)
argued for a blend of independent inventions and cultural contacts with the Balkans
to explain the emergence of metallurgy in Italy.

Recent research has mainly focused on the social contexts of metalworking and
metal using (e.g. Pearce 1998, 2007; Skeates 1993). However, new proposals con-
cerning the origins of metallurgy have also been put forward, based on finer-grained
chronological data and more sophisticated theoretical perspectives. Skeates (1993),
in particular, proposed a complex three-route scenario whereby metallurgy would
have reached Italy from the eastern Alps, the Adriatic coast and western Switzer-
land, and perhaps would have been invented independently in Sardinia. Derivation
from the eastern Mediterranean was also re-proposed by Strahm (1994, 2007), while
Barfield (1996) and Cazzella (1994) revived earlier suggestions of a Balkan influx,
the former positing technology transfer through the eastern Alps and the latter from
across the Adriatic. Finally, Pearce (2007) maintained that metalworking appeared
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Table 18.1 Chronology of
the period of time from the
fifth to the third millennium
BC. Metal using and
metalworking emerged and
developed in the central
Mediterranean during this
time period, but the exact
phasing of the process is still
debated

Archaeological phase Absolute chronology
(cal. BC)

Middle Neolithic c. 5000–4500
Late Neolithic c. 4500–3800
Final Neolithic c. 3800–3600
Early Copper Age c. 3600–3300
Middle Copper Age c. 3300–2700
Late Copper Age c. 2700–2200
Early Bronze Age, phase 1 c. 2200–2000

earlier in western Italy than in eastern Italy. Building on Renfrew’s proposal (1970,
1973), he suggested that metallurgical knowledge would have spread into Italy from
the Iberian Peninsula “perhaps via the Balearics, Sardinia and Corsica, perhaps via
southern France” (Pearce 2007, 47).

In this chapter, I shall review the evidence of early metalworking and metal us-
ing in the central Mediterranean based on the most recent research. First, I will
focus on the controversial chronology of this evidence. Contrasting scholarly views
will be discussed and new data will be presented, which contribute to solving this
long-standing problem. Furthermore, the archaeological and metallurgical evidence
concerning the chaîne opératoire of prehistoric copper metallurgy (sensu Ottaway
2001; Ottaway and Roberts 2008) will be expounded. Given that some of its stages
are archaeologically unknown in this region, the discussion will concentrate on min-
ing and ore processing; smelting; casting and smithing; and the finished objects.
Based on this evidence, technological and social changes related to the emergence
of metallurgy will be discussed in the final section.

Chronology

In the central Mediterranean, the period of time from the fifth to the third millennium
BC is conventionally divided into three major phases: Middle Neolithic, Late/Final
Neolithic and Copper Age (or Eneolithic), the latter being further broken into three
sub-phases (De Marinis 1997; Dolfini 2010; Skeates 1993, 1996). The Copper Age is
followed by the first phase of the Early Bronze Age, in which tin-bronze technology
made its appearance. Local sequences are normally used for Dalmatia, Albania and
the major islands of the central Mediterranean (Camps 1988; Guilaine and Prendi
1991; Melis et al. 2007; Trump 2004; Žeravica 1993), but they will not be considered
here for the sake of consistency. The absolute chronology of this period is summarised
in Table 18.1.

The earliest metal objects made their appearance in the central Mediterranean
region during the Late/Final Neolithic (c. 4500–3600 cal. BC). Pearce (2007, 47),
Skeates (1993, 8), and Dolfini (2013; in press) have summarised the evidence, which
encompasses some 20 objects from Italy and Sardinia, all dated by radiocarbon or
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Fig. 18.2 Early copper axe from Sgurgola, Latium. Copper axes whose shapes and features are still
reminiscent of groundstone implements were manufactured in the central Mediterranean during the
Late/Final Neolithic. (By kind permission of the ‘Pigorini’ Museum, Rome)

associated pottery. Findings include copper awls, ornaments and unclassifiable frag-
ments, and also two silver rings from Sardinia. A good deal of Neolithic metalwork
is also found along the eastern Adriatic coast, but this is not discussed in this chapter
as these objects display unmistakable eastern European traits, thus suggesting ori-
gins within the Balkan metallurgical sphere (Žeravica 1993, passim). The highest
concentration of Neolithic metalwork is found in northern Italy, where the oldest
objects are dated to the third quarter of the fifth millennium BC (Mazzieri and Dal
Santo 2007; Visentini 2005). Interestingly, a fragmentary crucible and unanalysed
‘slag’ recently found at Botteghino, a Late Neolithic open settlement in northern
Italy, hint at the precocious inception of metal production in this area. A radiocarbon
date taken from the same context as the crucible calibrates at 4501–4365 2sigma
cal. BC (Hd-25298; 5619±25 BP), while another from a different context is slightly
later (Hd-25297; 5456±25 BP; 4351–4259 2sigma cal. BC: Mazzieri and Dal Santo
2007). In situ pottery seems fully consistent with these dates, thus ruling out any
‘old wood’ effect for the charcoal samples (Schiffer 1986). Neolithic metalworking
might also be suggested by a much-discussed fragmentary crucible from Lipari in
the Aeolian archipelago, which is dated by associated pottery to the early fourth
millennium BC (Bernabò Brea and Cavalier 1980; Skeates 1993).

It has long been debated whether Neolithic metal production was limited to small
tools such as awls and rings or whether axes were also manufactured. A while ago,
Barfield (1966) suggested that a handful of copper axes from poorly known contexts
in northern Italy could be as old as the Middle Neolithic (c. 5000–4500 cal. BC), but
this chronology is now generally ruled out (Barfield 1996; Dolfini in press; Skeates
1993; contra Pearce 2007). Such axes, all of which feature archaic traits includ-
ing rounded profiles, pointed butts and rough surfaces due to poor casting, could
be best assigned to the Late/Final Neolithic, when copper production commenced
south of the Alps (Dolfini 2013). This proposal seems to be supported by an archaic
tool found with two obsidian cores in a trench grave at Sgurgola, west-central Italy
(Carboni 2002, 243) (Fig. 18.2). In spite of the uncertainties surrounding this early
twentieth-century finding, the context can probably be dated to the late fifth or early
fourth millennium BC on the grounds that this was the time when the central Mediter-
ranean obsidian trade reached its peak, only to dramatically decrease in the mid-late
fourth millennium BC (Cazzella 1994; Melis 2009; Robb and Farr 2005; Vaquer
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2006). Moreover, axes of the Bocca Lorenza type, which were previously thought to
be of the Copper Age, are now firmly assigned to the early fourth millennium BC,
thus further corroborating the great antiquity of copper metallurgy south of the Alps
(Klassen 2010; Pearce 2007, 42–46).

Metalworking and metal using increased dramatically during the Copper Age
(c. 3600–2200 cal. BC). Traditionally, this period is identified in Italy with four
archaeological cultures: Remedello in the north, Rinaldone in the centre, Gaudo in
the southwest and Laterza in the southeast (Trump 1966). Although it is now clear that
these ‘cultures’ are nothing but formalised burial traditions (Barfield 1985; Dolfini
2004, 2006; Giardino 2000), this general subdivision maintains some analytical
value as early metalwork is mostly found at burial sites belonging to these regional
groupings. Copper Age metal artefacts are most numerous in northern Italy, west-
central Italy and Sardinia, while their number sharply declines as one moves to the
western Adriatic, the southern peninsula, and Corsica (Camps 1988; Dolfini 2008;
Melis 2009; Skeates 1993). In line with this trend, metalwork is extremely rare in
Sicily for the entire Copper Age and altogether absent in Malta until the ‘Tarxien
cemetery’ period (c. 2500–1500 cal. BC), except for a stone bead inlaid in gold from
a disturbed layer possibly dating to the Chalcolithic ‘Temple’period (Giardino 1997;
Trump 2004, 233).

A major area of controversy concerns the overall chronology of Copper Age
metalwork in the Italian peninsula. It is debated, in particular, whether metalworking
emerged in full swing at the onset of the Copper Age (mid-fourth millennium BC)
or whether it developed more gradually during the mid/late Copper Age, in the third
millennium BC. Authoritative proposals posited that copper and arsenical-copper
technology would have developed during the latter period, and would have been
carried on until an advanced phase of the Early Bronze Age. The implication of this
reading is that tin-bronze metallurgy would not have appeared until c. 2000 cal. BC,
a few centuries later than in the north-Alpine area (Bianco Peroni 1994; Carancini
2001, 2006; De Marinis 2006; Peroni 1971, 1996). Critics of this proposal pointed out
that all stages of the metallurgical chaîne opératoire including mining and smelting
are documented from the mid-fourth millennium BC (Barfield 1996; Maggi and
Pearce 2005; Pearce 2007; Skeates 1993). However, the lack of radiocarbon dates
from metalwork-rich sites prevented, until recently, any independent assessment of
the evidence.

This long-standing problem has now been solved by a targeted programme of
radiocarbon dating (Dolfini 2010). Although all dated sites lie in central Italy, it
seems probable that the results of this research can be extended to neighbouring
northern and perhaps southern Italy, where Copper Age metallurgy displays similar
technological and cultural traits. The new dates, which are presented and discussed
elsewhere (Dolfini 2010), show unambiguously that a local tradition of copper and
arsenical-copper working emerged in central Italy in the Early Copper Age (c. 3600–
3300 cal. BC), presumably following a short but momentous intensification period
in the Final Neolithic (c. 3800–3600 cal. BC). Clustering as they do around an
early and middle phase of the Copper Age, these dates do not lend themselves to
considerations regarding the later developments of this craftsmanship. Based on
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Table 18.2 Semi-quantitative analyses of Copper Age tin-bronzes from Prima Ciappa (Campana
et al. 1996) and Poggio Olivastro (Bulgarelli and Giumlia-Mair 2008). Results are given as weight
percentages. The high quantity of tin in the bead from Prima Ciappa is probably indicative of the
surface segregation of this element

Site Item Analysis Cu Sn As Sb Ag Pb Fe Ni Zn Co

Poggio Olivastro Ring XRF,
SEM-EDS

92.5 6.2 1.3 1.2 1.2 – 0.2 1.4 – 0.1

Prima Ciappa Bead XRF,
SEM-EDS

82 16.4 <0.4 – – 1.6 <0.5 – <0.5 –

the current evidence, however, it seems unlikely that any of the artefacts found in
Rinaldone-style and coeval burial sites could be ascribed to the Early Bronze Age,
if not exceptionally. Indeed, dozens of radiocarbon dates are now available for such
sites and all but a handful consistently calibrate before 2200 cal. BC (Anzidei et al.
2011; Cazzella and Silvestrini 2005; Conti et al. 1997; Manfredini et al. 2009; Petitti
et al. 2002, 2011).

The last area of chronological controversy regards the shift from copper and
arsenical-copper technology to the earliest tin-bronze alloys. Eaton (1977) suggested
that a handful of Copper Age implements would contain more than 1% tin, but
this seems based on an incorrect discrimination of Copper Age and Early Bronze
Age artefacts. A recent in-depth survey of the central Italian evidence does not
confirm this reading (Dolfini 2008), and the same holds true for the northern and
southern peninsula (De Marinis 1992, 2006; Giardino 2000). In contrast, De Marinis
(2006) suggested that arsenical and arsenical/antimonal alloys were still exclusively
manufactured during the first phase of the Early Bronze Age (c. 2200–2000 cal.
BC) and that the earliest tin-bronzes would not have appeared prior to the second
millennium BC. This claim, however, was based on a chronological framework that
has now been disproved (see above).

Despite the lack of tailored research on this problem, the current data seem to
suggest that the first tin-bronze alloys appeared in Italy at the turn of the Bronze
Age circa 2300/2200 cal. BC. This would be in line with the general backdating of
Copper Age metalwork discussed above, and would notably agree with the chronol-
ogy of early tin-bronze technology now established for central and western Europe
(Ottaway and Roberts 2008; Pare 2000). Significantly, the sporadic appearance of
small ornaments with high amounts of tin at Late Copper Age sites would support
this working hypothesis (Table 18.2). However, it is presently unclear whether the
alloy was naturally obtained from the smelting of a tin–copper ore such as stannite
or was deliberately achieved by adding metallic tin to the melt.

Mining and ore Processing

The central Mediterranean region features three major ore-mineral districts in the
Alps, west-central Italy, and Sardinia. These are complemented by a plethora of
relatively minor deposits and outcrops scattered across the region, with special foci
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Fig. 18.3 Ore-mineral deposits and early mining sites from the central Mediterranean region
(location and size of the deposits are approximate)

in Calabria, northeast Sicily, and Corsica. The present discussion will concentrate
on the copper and lead deposits, many of which were first exploited prior to the
Bronze Age, and will also consider antimony, tin and cinnabar (mercury sulphide)
mineralizations (Fig. 18.3).

It is long known that some of the richest copper deposits in Europe are located in
the eastern Alps including the Trentino-Alto Adige/Südtirol region in Italy (Baum-
garten et al. 1998; Preuschen 1973). However, conspicuous ore bodies are also found
in the central and western Alps as well as the Ligurian Alps east of Genoa (Bourgarit
et al. 2008; Giardino 2003–2006; Pearce 2007). The Alpine deposits encompass
copper and iron–copper sulphides, fahlores (i.e. polymetallic sulphides), and occa-
sionally galena (Oxburgh 1968; Zuffardi 1989). Abundant and varied ore sources are
also found throughout west-central Italy, namely in the northern Apennines, central
Apennines, and the Tyrrhenian coast north of Rome, with a major concentration in
the Tuscan Colline Metallifi hate ere (or ‘Metalliferous Hills’). Ore bodies encom-
pass copper, iron–copper and polymetallic sulphides occasionally rich in arsenic and
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antimony, and also silver-bearing galena. Stibnite (antimony sulphide) and cinnabar
(mercury sulphide) are also found in west-central Italy, the former presumably ex-
ploited as a source of metallic antimony and the latter as an ochre-red pigment used
in burial and other ritual practices during the Copper Age (Carobbi and Rodolico
1976; Cavinato 1964; Giardino et al. 2011). Tin-bearing cassiterite was also histor-
ically mined at Monte Valerio in western Tuscany, but its prehistoric exploitation is
currently debated (Tanelli 1989).

In Sardinia, ore-mineral deposits are mainly concentrated in the southwest, the
eastern coast, and, to a lesser extent, the northwest (Valera and Valera 2005; Valera
et al. 2005). These include copper and iron–copper sulphides as well as polymetallic
fahlores. Argentiferous galena is also widespread on the island and was certainly
exploited in prehistoric times, as shown by the numerous silver and lead objects
(Usai 2005). A gold-alloy necklace is also known from a Late Copper Age site, but
the nature of the local deposits suggests that these were not exploited in prehistory,
and the object must have been imported (Atzeni et al. 2005). Minor metalliferous
deposits and outcrops also occur in Calabria, northeast Sicily and eastern Corsica
(Skeates 1993).

Despite such a wide array of ore-mineral sources, evidence of prehistoric mining
and ore processing is scarce. The reason seems to lie in the impact that continued
working until modern times has had on the ephemeral traces left by early activities
(Giardino 2008). Modern large-scale workings, though destroying ancient shafts and
mines, have occasionally led to the discovery of prehistoric artefacts. Radiocarbon
dating from Spaccasasso, a small cinnabar mine in Tuscany, testifies to the Copper
Age beginnings of some of these workings (Cavanna and Pellegrini 2007). More
detailed information on prehistoric ore procurement comes from Liguria, where
remains of prehistoric workings have been recently excavated at Monte Loreto. Ex-
plorations brought to light narrow artificial galleries dug in prehistory to follow
cupriferous veins, which were subsequently backfilled (Fig. 18.4). Basalt hammer-
stones sourced some miles away from the mine were employed to extract the ore and
fire-setting was also used to facilitate the task. Evidence of ore beneficiation has also
been unearthed near the mouth of a prehistoric mineshaft in the form of extensive
dumps of graded and sorted debris; this would have been performed by hand-sorting
as the nearest water source lies some distance below the site. A sequence of work-
ing floors used for grinding and sieving the ore, but not for its smelting, was found
within and alongside these dumps. Radiocarbon dates show that prehistoric mining
was mainly conducted in two periods: the middle of the fourth millennium BC and
the first half of the third millennium BC (Maggi and Pearce 2005; Pearce 2007).

Substantial traces of prehistoric ore exploitation have been brought to light at
Saint Véran in the western Alps, at an altitude exceeding 2400 m above the sea level.
Seasonal mining concentrated here on two subvertical strata of bornite (iron-copper
sulphide), which were dug to a depth of over 80 m. Undoubtedly, early mining aimed
at the rich primary ore, since copper oxides and carbonates are absent; native copper
is also occasionally found there in the form of sizeable lenses intermingled with the
main ore body. Smelting was carried out at a short distance from the mine, and its
evidence is discussed below. Radiocarbon dates from both the mine and the smelting
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Fig. 18.4 Section across a prehistoric gallery at Monte Loreto, the earliest copper mine in the central
Mediterranean region. Radiocarbon dates from this site calibrate from mid-fourth to mid-third
millennium BC. (Maggi and Pearce 2005)

site calibrate from about 2500 to 1800 BC, the highest probability falling circa
2400–2000 cal. BC (Bourgarit et al. 2008, 2010). The evidence concerning early
ore-mineral extraction in the central Mediterranean region is outlined in Table 18.3.

Smelting

In contrast with the scarce data available on early copper smelting in much of Europe,
Copper Age and Early Bronze Age smelting sites are particularly abundant in the
eastern Alps. Therefore, research has frequently concentrated on this region at the
expense of other areas. This situation has started being rectified only recently, but
the yawning gap of knowledge regarding the rest of the central Mediterranean is still
far from filled. Smelting evidence from the eastern Alps has been summarised by
Cierny et al. (1998), Pearce (2007) and Perini (2001). Physico-chemical analyses
of an increasingly high number of slags have also been undertaken in the last two
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decades, leading to a better understanding of early metallurgy in this area (Anguilano
et al. 2002; Artioli et al. 2007; Colpani et al. 2009; D’Amico et al. 1998; Storti
1990–1991).

Eastern Alpine smelting sites cluster around Trento in the middle Adige valley,
and also further north in the province of Bolzano/Bozen; they are frequently located
under rock shelters away from villages, at altitudes not exceeding 700 m above
the sea level. Late Bronze Age sites, in contrast, are found at higher altitudes and
at longer distances from valley-bottom settlements. The reason of this remarkable
change across the whole region is at present unclear, but could depend on underlying
transformations of Bronze Age society rather than on modifications in the metal
technology per se (Doonan 1999; Krause 2009; Ottaway 2001). Notably, burials are
occasionally found at early smelting sites in this area, and the two practices seem too
frequently associated for this to be a mere coincidence. It could perhaps be suggested
that both mortuary and smelting performances were grounded in secret knowledge
to be solely unfolded at liminal places away from domestic sites (Budd and Taylor
1995; Pearce 2007).

A great deal of analytical work has been undertaken on early slags from the eastern
Alps, which was predictably followed by some debate concerning their interpretation
(e.g. Doonan 1999; Doonan et al. 1996). Overall, early smelting slags seem to fall
into two groupings (Artioli et al. 2007): (1) coarse, viscous, highly heterogeneous
slags containing abundant unreacted or partially reacted material; these slags were
normally broken into small pieces to recover the entrapped copper prills, but are also
occasionally found in the form of unbroken sub-circular ‘cakes’up to 20 cm in diam-
eter (Schlackenkuchen); and (2) flat slags featuring a mature fayalitic composition
that testifies to a more complete reaction of the copper ore in a strongly reducing
atmosphere (Plattenschlacke). Slags of this type are first encountered at Saint Véran
(western Alps) in the late third millennium BC, only to become widespread in the
developed Bronze Age (Bourgarit et al. 2008, 2010; Cierny et al. 2004; Goldenberg
2004; Metten 2003).

The interpretation of both types of slag is still debated and focuses in particular
on the technological processes that led to their formation (Bourgarit 2007; Doonan
1999). A consensus, however, seems to have been reached amongst most scholars
concerning two aspects of early smelting practices in this area: the widespread use
of sulphidic ores and the long-term technological change witnessed by the shift from
coarse to flat slags. Long-standing doubts have now been dispelled regarding the
early exploitation of sulphidic ores, not only in the eastern Alps but also elsewhere in
Europe (Bourgarit 2007; Ryndina et al. 1999). This is now demonstrated by evidence
as old as the late fifth millennium BC from Brixlegg in Austria (Höppner et al. 2005;
contra Gleirscher 2007) and is indeed true for most, if not all, Copper Age and Early
Bronze Age sites from the Italian Alps. Based on archaeological, analytical and
experimental data, the ores sourced in this period seemingly included iron–copper
sulphides (mainly chalcopyrite and bornite, which may be locally associated with
other ores) and polymetallic fahlores of the tetrahedrite-tennantite group (Anguilano
et al. 2002; Artioli et al. 2007; D’Amico et al. 1998; Krause 2003).
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As for the shift from coarse to flat slag, a broad technological trajectory seems
apparent in the archaeological record starting with the earliest coarse slag, which
had to be crushed to recover the metallic copper, to third millennium BC Schlack-
enkuchen, in which molten matte was probably first produced, to the Plattenschlacke
found at Saint Véran and other Early Bronze Age sites, which testify to increasingly
sophisticated mastering of slagging techniques (Artioli et al. 2007; Bourgarit 2007;
Bourgarit et al. 2008, 2010). This trajectory, however, should not be understood as
a sequence of clear-cut phases (sensu Strahm and Hauptmann 2009), but one that
depended on context-specific conditions including, crucially, the nature of the ore
and the technological savoir-faire of the smelters. Centuries-long overlaps between
stages seem also attested in the record, but the relatively small number of radiocarbon
dates available does not lend itself to a detailed understanding of the process.

Evidence of smelting and metalworking from the rest of the central Mediterranean
is mainly concentrated in Tuscany, Corsica, Sardinia, and Sicily. Although poten-
tially crucial for assessing early copper technology in areas other than the Alps, this
evidence is still poorly understood due to a dearth of targeted archaeometallurgical
research. The recent discoveries from Botteghino, a Late Neolithic site in northern
Italy, have been discussed above. If confirmed by further analysis and radiocarbon
dating, these would testify to the inception of copper smelting south of the Alps
in the third quarter of the fifth millennium BC (Mazzieri and Dal Santo 2007). In
Sardinia, metallurgical residues including a spoon-shaped crucible were discovered
at Su Coddu-Canelles. Until recently, this settlement site held special importance
for the early history of Mediterranean metallurgy due to the alleged finding of Late
Neolithic copper and silver slags (Lo Schiavo 1989; Usai 2005). However, analysis
has shown that these ‘slags’ might not be metallurgical by-products, but residues of
ceramic pyrotechnology. Moreover, radiocarbon dating now assigns in situ metal-
working to the Early–Middle Copper Age rather than the Neolithic (Manunza et al.
2005–2006; Melis 2005; Melis et al. 2007).

The reassessment of the evidence from Su Coddu acts as a cautionary tale against
over-assertive interpretations of a Neolithic fragmentary crucible from Lipari (Bern-
abò Brea and Cavalier 1980, 490). Lacking any analysis, it is doubtful whether this
potsherd containing a lump of greenish substance would document the precocious
smelting of (Sicilian?) ores, the melting of (native?) copper, or the refining of pre-
viously processed metal. As for the copper slag and processed ore found at Orti
Bottagone, a Late Neolithic site in Tuscany, it must be borne in mind that this is
a surface assemblage, and it is far from clear whether slag and pottery are coeval
(Fedeli 1999). Trial petrographic and chemical analysis highlighted the presence of
well-reacted copper and iron minerals in the slag, thus raising doubts as to whether
such an evolved reduction process could have been mastered at the very earliest
stages of metal production (Artioli et al. 2007).

Evidence of Copper Age smelting has been brought to light at a number of sites
south of the Alps. Amongst the most significant is San Carlo, a now-destroyed do-
mestic site at the heart of the Tuscan Colline Metallifere (Fedeli 1995). There, rescue
excavations unearthed abundant remains of processed ore, slags and crucibles, which
were especially concentrated near open-air hearths interpreted as roasting platforms
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Fig. 18.5 Circular hearth
from San Carlo, a Copper
Age smelting and
metalworking site in Tuscany.
It has been suggested that this
and similar open-air
installations were used for
roasting and perhaps smelting
the copper ore. (Fedeli 1995)

Fig. 18.6 Possible smelting
installation from Case
Bastione, a domestic site in
central Sicily. Associated
pottery assigns this feature to
the mid/late third millennium
BC. (Courtesy of Enrico
Giannitrapani)

and perhaps smelting installations (Fig. 18.5). Preliminary slag analysis highlighted
the use of sulphidic ores (possibly the polymetallic compounds widespread in the
area), while also revealing that copper extraction was efficient enough to allow for
the almost complete separation of the slag from the molten matte (Artioli et al. 2007).
Although no radiocarbon dates are available for this site, diagnostic pottery seems
indicative of third millennium BC chronology.

Furthermore, substantial traces of smelting and metalworking including socketed
crucibles, slags, a tuyère and a copper awl were brought to light at Terrina IV
in Corsica. Comprehensive examination of the metallurgical residues and artefacts
indicates that locally sourced copper ores were smelted at this site from the mid-
fourth millennium BC (Camps 1988). More recently, possible clay-lined smelting
pits (Fig. 18.6) were found at Case Bastione, a Late Copper Age domestic site in
central Sicily (Giannitrapani and Iannı̀ 2011). If confirmed by further research, these
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findings would provide much-needed evidence. Smelting and metalworking evidence
from the Central Mediterranean region is summarised in Table 18.4.

Casting and Smithing

Information regarding casting and smithing is provided by scientific methods of
analysis including metallography, optical microscopy and neutron diffraction (Arti-
oli 2007; Roberts and Ottaway 2003; Scott this volume). Metallography has been
performed on an elongated copper bead and a small rod from Isera La Torretta, a Late
Neolithic site near Trento (Artioli et al. 2003; Pedrotti 2001). The analysis suggests
that these objects may have been obtained from nuggets of native copper mechani-
cally worked at room temperature; this seems especially probable for the elongated
bead, which was clearly rolled into shape from a small copper sheet (Artioli et al.
2003, Fig. 1). Two Late Neolithic axes from Bocca Lorenza were also analysed by
Matteoli and Storti (1982), who claimed that they had been hot-hammered and sub-
sequently forged to improve their working properties. However, subsequent analysis
by neutron diffraction did not confirm these early results (see below). Finally, met-
allography was performed on a halberd and two daggers from Buccino, a Copper
Age cemetery in southern Italy (Avery et al. 1973). The researchers were puzzled
by the inconsistent smithing pattern displayed by these artefacts, two of which were
left in the soft annealed state while the third was work-hardened thoroughly after a
cycle of cold- and hot-working. Based on these data, Avery et al. (1973, 114) noted
that “these blades reflect utilitarian techniques and design without being adequate
themselves” and suggested that they would have been manufactured for funerary
consumption.

Recently, neutron diffraction was performed on a sample of 20 early axes from
northern Italy including the Iceman’s axe (Artioli 2007). It was observed that most
of the tools had been slightly mechanically worked after casting and then partially
annealed. Of the remainder, two axes displayed nearly complete thermal recrystalli-
sation, two specimens including the Iceman’s tool had been left in the soft as-cast
state and three items showed peculiar textures that may be produced by extremely
slow cooling after casting. Interestingly, most axes fall into similar parameters as
the earliest tools from the northern Alps, which underwent a cycle of cold-working
and annealing but were almost never work-hardened (Kienlin 2007; Kienlin et al.
2006). However, most of the north-Alpine axes display full recrystallisation due to
prolonged hot-working at high temperatures, while recrystallisation is only partial
in most Italian tools. According to Artioli (2007), this feature indicates that smithing
was not aimed at hardening the metal, but just at shaping tools after casting or
reshaping them after use.

A sample of flat axes, daggers and halberds from various Copper Age sites in cen-
tral Italy were also examined for wear traces by using low-power optical microscopy
(Dolfini 2011). Although the analysis was chiefly aimed at identifying use marks,
valuable insights into manufacturing techniques were also obtained. Some objects
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Fig. 18.7 Copper axe from
Tarquinia, west-central Italy.
The v-shaped shrinkage in the
butt of the axe indicates use
of bivalve moulds during the
Italian Copper Age. (Author’s
photograph, by kind
permission of The Trustees of
the British Museum)

display features that strongly suggest casting in bivalve moulds. These include v-
shaped shrinkages on the butts of axes, which can only develop in two-piece moulds
standing upright (Fig. 18.7), dashed and rough faces caused by gases trapped in
close moulds during the cast, and conspicuous midribs on both faces of daggers and
halberds. These features strikingly contrast with the negligible number of moulds
known from Copper Age and Early Bronze Age sites in the central Mediterranean—a
situation occurring in much of Europe at this time. Ottaway and Seibel (1998) main-
tain that this was due to the widespread use of sand and clay moulds, which rarely
survive in the archaeological record. Although these materials are often assumed to
be solely suitable for one-piece moulds, experiments show that two-piece moulds
can also be made from them (Ottaway and Seibel 1998; Wang and Ottaway 2004).
That bivalve moulds were used from the Early Copper Age is also shown by X-ray
diffraction performed on antimony beads from Ponte San Pietro (Pallecchi et al.
2002).

Hammer marks are visible on a number of axes in the form of thickened or flat-
tened margins, raised flanges, and bevels near the cutting edge; these indicate that
axes were frequently worked after casting. However, it is impossible to determine
by optical microscopy whether tools were only hammered into shape after casting
or whether smithing was also carried out at later stages in their technological his-
tory. Metallography is being performed on a number of early Italian axes to address
this question (by I. Angelini and A. Polla, Padua University), but the results are
not yet available. The last type of manufacturing traces detected are polishing and
sharpening marks. Previous research shows that surface polishing generates a clear
pattern of long striations on both faces of the object, while sharpening is suggested
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Fig. 18.8 Early copper-alloy
dagger from Ponte San Pietro,
a burial site in west-central
Italy. Metal daggers made
their appearance in the
mid-fourth millennium BC, at
the inception of the Copper
Age. (Courtesy of Museo
delle Origini)

by shorter striations parallel to the cutting edge (Kienlin and Ottaway 1998; Roberts
and Ottaway 2003). Both features are relatively common on early Italian axes, dag-
gers and halberds (Dolfini 2011). Irrespective of whether and to what extent these
objects were used to perform practical tasks, these traces indicate that prehistoric
smiths carefully finished their artefacts before parting from them.

The finished artefacts: shape and composition

A relatively restricted spectrum of artefacts was manufactured in the central Mediter-
ranean during the early stages of metallurgy. Whilst only small tools, ornaments and
axes reminiscent of groundstone implements were normally made in the Late Ne-
olithic, the Copper Age saw the establishment of new classes and types of artefacts,
which were exclusively designed for metal production. These include quadrangu-
lar and trapezoidal axes with flat or hammered margins, triangular daggers with
tangs or rounded heels, and elongated halberds originally riveted at right angles to
wooden shafts (Fig. 18.8). New types of metal ornaments were also introduced such
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as necklace beads and pinheads. However, Neolithic copper technology was also car-
ried forward for the manufacturing of awls (possibly used for flint pressure-flaking:
Pearce 2000) and rings.

Barfield (1996, 65) pointed out that the difficulties with classifying metalwork
are more acute in the Copper Age than in later periods since shapes are simpler
and standardisation is not rigid. He maintained that this was due to a number of
reasons including the use of sand or clay moulds, the production of cast blanks that
required substantial hammering to be finished, and great variation in the thickness
of flat axes. He concluded that, under these circumstances, the classification of early
metalwork cannot be too subtle. Although this viewpoint led him and other scholars
to develop coarse-grained classifications of early Italian metalwork (Barfield 1996;
Bianco Peroni 1994; De Marinis 1992, 1994), other authors have proposed much
finer typological schemes. For example, Carancini (1993) suggested subdividing
early Italian axes into no less than 47 distinct types, and this classification is now
used by most Italian prehistorians.

It is noteworthy that the observations put forward by Barfield over a decade
ago are now systematically confirmed by analysis and experimental work. Casting
experiments suggest that sand and clay moulds prevented smiths from using the same
mould more than once. Inevitably, this must have led to greater shape variation than
in later periods, when stone and bronze moulds were frequently employed (Ottaway
2003; Ottaway and Seibel 1998; Wang and Ottaway 2004). Moreover, we now know
that early metal axes were often hammered into shape after casting, thus causing
modifications of the original casting blanks and reduction in their thickness to a
degree that is neither predictable nor uniform throughout the record (Artioli 2007;
Budd and Ottaway 1995; Kienlin 2007; Kienlin et al. 2006). Not taking these factors
into account, Carancini (1993) might have paradoxically classified similar axes that
underwent different post-casting treatments, or conversely dissimilar casting blanks
made alike by hammering, under distinct types. Therefore, his classification cannot
be accepted.

The Stuttgart programme of metallurgical analysis has long revealed the chemi-
cal composition of prehistoric metalwork (Junghans et al. 1960, 1968, 1974). Based
on these data, it has been pointed out that three main compositional groupings are
discernible in the early Italian record: pure copper, which characterises early axes
all over the peninsula; arsenical copper, which normally occurs in daggers and hal-
berds in the north and the south; and a rather peculiar copper alloy featuring high
amounts of both arsenic and antimony (plus occasionally silver), which is typically
found in daggers and halberds from central Italy (Barker 1971, 1981; De Marinis
2006; Giardino 2000). This pattern seemingly reflects three distinct metalworking
traditions, each of which would have been characterised by the exploitation of local
ores (Renfrew and Whitehouse 1974; Skeates 1993). A fourth metalworking tradi-
tion could arguably be discerned in Sardinia as indicated by the distinctive typology
of the local copper artefacts as well as the extensive use of lead and silver extracted
from Sardinian galena (Lo Schiavo et al. 2005, passim). In contrast, the situation in
Corsica and Sicily is less clear due to the insufficient number of objects analysed.
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A recent reassessment of the evidence from central Italy has nuanced this pic-
ture, leading to conclusions that can partially be extended to the rest of the central
Mediterranean region (Dolfini 2008). This research has confirmed that pure cop-
per was normally employed in the manufacture of axes, although the prehistoric
understanding of a ‘pure’ metal was seemingly based on empirical parameters that
led to noticeable variations in chemical composition. Indeed, several axes display
detectable amounts of impurity including arsenic, antimony and silver, which are
occasionally higher than 1%. On the other hand, daggers and halberds can be di-
vided into two clear-cut groupings, the first featuring a copper–arsenic alloy similar
to the one encountered in northern and southern Italy, and the second characterised
by a copper–arsenic–antimony alloy that is solely found in central Italy. The two al-
loys were apparently used rather randomly, for no distinctions based on provenance,
typology or chronology can be discerned in the record (pace De Marinis 2006).
With regard to ornaments, silver and metallic antimony were often employed in their
making.

These compositional patterns give insights into the manufacturing technology and
cultural understanding of early metalwork. Most students of Italian metallurgy agree
that arsenical and antimonal copper alloys were intentionally sought through the
selection of fahlores naturally rich in these elements rather than by adding metallic
alloyants to the melt (Barker 1971, 1981; De Marinis 2006; Northover 1989; Pare
2000). This is indicated by the varying arsenic and antimony content in the finished
objects as well as by the presence of recurrent impurities including silver, nickel and
bismuth, which are typically found in fahlores. Ore selection is also hinted at by com-
positional differences between the arsenical alloys found in northern and southern
Italy and the arsenical/antimonal alloys occurring in central Italy, the latter seem-
ingly depending on the specific make-up of Tuscan fahlores (Carobbi & Rodolico,
1976).

Interestingly, it would appear that technological constraints played a limited role
in the establishment of these compositional groupings. It is sometimes suggested
that axes had to be made from a softer material to withstand repeated blows and
subsequent mechanical reshaping, whilst daggers and halberds needed primarily to
keep their edge, hence their making from stronger arsenical and antimonal alloys.
However, this claim seems untenable given that, indeed, early axes were made of
arsenical copper in other regions of Europe including the British Isles (Northover
1999; O’Brien 1999). Experiments have also shown that tensile strength, resiliency
and other mechanical properties of copper are not significantly altered by arsenic
contents below 8% (Lechtman 1996).

Rather, the reason underlying this compositional pattern seems to lie in a sharp
principle of cultural categorisation, which would have dictated the appropriate ma-
terials to be used for each class of artefacts (Lahiri 1995). Colour, luminosity, and
the context-specific conceptualisation of metallic substances may have played a far
greater role than functional preoccupations in the establishment of these categories
(Hosler 1995; Keates 2002; Morphy 2006; Roberts et al. 2009). This is further sug-
gested by the prehistoric use of both silver and antimony in the making of Italian
necklace beads. Although silver and antimony are dissimilar metals obtained from
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quite different ores, both share the same dazzling silvery colour. Their appearance,
rather than their manufacturing technology, would have triggered an understanding
of these metals as similar substances, either of which was deemed suitable for casting
the shiny jewellery used by Italian prehistoric communities for bodily ornamentation.

Understanding Early Metallurgy in the Central Mediterranean

The chronological data discussed in this article suggest that the early stages of metal-
using and metalworking in the central Mediterranean can be divided into two distinct
horizons: the Late/Final Neolithic (c. 4500–3600 cal. BC) and the Copper Age (c.
3600–2200 cal. BC). It was tentatively proposed to date a handful of archaic-looking
axes to the preceding Middle Neolithic period (Barfield 1966; Pearce 2007), but this
proposal has been ruled out as it stands on inconclusive evidence (Dolfini in press). It
is also suspicious that these artefacts would be assigned to a time span predating the
emergence of metallurgy in much of west-central Europe, with the possible exception
of southeast Iberia (Ottaway and Roberts 2008; Roberts 2008; Roberts et al. 2009;
Strahm and Hauptmann 2009).

The Late Neolithic saw the appearance of copper metallurgy in all main ore-
mineral districts of the central Mediterranean region, and the first experiments with
silver making in Sardinia. Objects include awls/points, small ornaments and copper
axes that are still reminiscent of groundstone tools in their shapes and technological
features. Fragmentary crucibles possibly containing lumps of greenish copper, and
perhaps slag, were also found at Botteghino and Lipari (Bernabò Brea and Cavalier
1980; Mazzieri and Dal Santo 2007). If analysis confirms the metallurgical nature of
the slag and crucibles, this would backdate the inception of metalworking to the third
quarter of the fifth millennium BC, a time when the first experiments with copper
smelting were conducted in the northeast Alps (Höppner et al. 2005). Importantly,
these findings are contributing to bring to an end the long-standing debate as to
whether Neolithic metallurgy south of the Alps consisted exclusively of imported
objects, or whether copper casting was locally practised (Barfield 1996; Cazzella
1994; Klassen 2010; Pessina and Tiné 2008; Skeates 1993). The debate seems now
resolved in favour of the latter hypothesis, although the exact timescale of early
copper working cannot be ascertained until further radiocarbon dating is carried out.

A further problem is posed by whether the earliest production entailed the smelt-
ing of the ore, as the unanalysed evidence from Botteghino would imply, or whether
smiths simply hammered native copper and silver into shape. Metallography showed
that two small artefacts from the southeast Alps were probably obtained from na-
tive copper mechanically worked at room temperature (Artioli et al. 2003). It seems
unlikely, however, that this applied to all contemporary objects including large im-
plements. Recent research shows that copper technology was relatively developed in
the northern Alps during the late fifth and early fourth millennium BC. In this area,
early metal production featured the smelting of sulphidic ore, casting in monovalve
and possibly bivalve moulds, and the cold-working and annealing of the finished
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objects (Höppner et al. 2005; Kienlin 2007, 2010; Kienlin et al. 2006). Compared to
such complex technology, Neolithic metallurgy south of the Alps looks fairly basic.
However, given the limited number of sites securely dated to this period and the
scarcity of analytical work, this impression might be overturned by future research.

In contrast, Copper Age evidence stands out for its richness and complexity in
all major and indeed some minor ore-mineral districts of the central Mediterranean
region. Radiocarbon dates indicate that full-fledged metal technology was practised
at several sites in west-central Italy, Corsica and probably Sardinia during the Early
Copper Age (c. 3600–3300 cal. BC). Puzzlingly, most radiocarbon dates from the
southeastAlps calibrate in the third and early second millennium BC, in the advanced
Copper Age and Early Bonze Age. It is unclear, however, if this reflects a real
historical process or a sample bias. On balance, one would be inclined to favour the
latter hypothesis considering the importance of the local copper sources and the fact
that metal technology fully developed both north and south of this area from the late
fifth millennium BC (Dolfini 2013; Klassen 2010). It should be noted that some key
contexts from the southeast Alps still lack radiocarbon dating, and it seems likely
that future research will prove the present picture incorrect.

All stages of the chaîne opératoire of metal production were fully developed dur-
ing the Early Copper Age. The ore was sourced using techniques of underground
mining presumably developed during the Neolithic at flint mines such as Defensola
in Apulia (Galiberti 2005). Sulphidic ores were routinely smelted including fahlores,
from which arsenical and arsenical/antimonal alloys were obtained. Large imple-
ments such as axes, daggers and halberds were cast in bivalve moulds and were
subsequently worked by complex (though somewhat incomplete) cycles of cold-
hammering and annealing. Metals other than copper were also exploited based on
locally available sources. These encompassed silver, either smelted from galena or
argentiferous fahlores, lead, and antimony, the latter probably smelted from Tuscan
stibnite (Giardino et al. 2011). Moreover, imported gold artefacts and the earliest
tin-bronzes (either naturally obtained from stannite or deliberately alloyed) made
their appearance in the third millennium BC (Atzeni et al. 2005; Bulgarelli and
Giumlia-Mair 2008; Campana et al. 1996; Trump 2004).

A notable characteristic of central Mediterranean metalworking and metal using
is the appearance of regional traditions within a broader techno-cultural framework
(Skeates 1993). Shared metallurgical practices encompassed the exploitation of sul-
phidic ores, the use of bivalve moulds, the selection of different metals and alloys
for the making of different artefacts, and the manufacture of the same classes and
sometimes even the same types of artefacts across the whole region (e.g. the iconic
Remedello daggers). At the same time, however, local technological choices (sensu
Lemonnier 1993) can be noticed in the preference for certain ores and metals (e.g.
antimony in Tuscany and lead in Sardinia), which would have required adapting the
extractive technology and smelting methods to context-specific conditions, and in
the morphology of certain daggers and halberds, which reflects local manufacture
and circulation (Bianco Peroni 1994; Lo Schiavo et al. 2005, passim).

Adaptation and reworking of metallurgical knowledge is also hinted at by the wide
variety of slag found across the central Mediterranean, which range from poorly
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reacted material that had to be crushed to recover the copper prills, to immature
slag ‘cakes’ testifying to a partial separation of the molten matte, up to the fayalitic
Plattenschlacke that are sporadically found in theAlps from the late third millennium
BC. Interestingly, not only was smelting carried out according to locally adapted
reduction technology, but it was also enacted according to dissimilar social practices.
Secluded and liminal settings where burial was also performed were de rigueur in
the southeast Alps during the third millennium BC; this would suggest that smelting
was shrouded in secret knowledge, taboos and magic among these communities, not
unlike iron smelting in modern sub-SaharanAfrica (Herbert 1993; Reid and MacLean
1995). In contrast, ore reduction was carried out at domestic sites in west-central
Italy and Corsica, thus implying that seclusion, initiation and magic would have
played a negligible role, if any, in the metallurgical knowledge of these communities.
Unlike either area, Sardinian society would have practised copper smelting during
periodical inter-community gatherings. This seems indicated by the crucibles and
tuyères found at the megalithic ‘temple’ of Monte d’Accoddi as well as the ‘village-
sanctuary’ at Biriai, although metalworking is also attested at settlement sites such
as Su Coddu-Canelles (Melis 2000; Usai 2005).

Conclusions

This research has led to three main conclusions regarding the chronology, technology,
and social interpretation of early metallurgical practices in the central Mediterranean
region. As regards chronology, it has been ascertained that the first copper artefacts,
and probably the technology to make them, appeared south of the Alps in the late
fifth millennium BC and had fully developed by mid-fourth millennium BC. This
is significantly later than the emergence of copper metallurgy in the Balkans and
the Carpathian basin, but concomitant to the first smelting experiments north of
the Alps (Borić 2009; Höppner et al. 2005; Radivojević et al. 2010). Therefore, it
could be suggested that metallurgical knowledge, coming from eastern Europe, was
simultaneously introduced into both the northern and the southern Alpine region,
whence it would have rapidly spread to the central Italian peninsula, Sardinia, and
later to the remainder of the central Mediterranean (Dolfini 2013). Notably, this
scenario ties in with the proposal that metal technology would have spread throughout
Europe in a north-westerly direction, following either a single invention event in
Anatolia or independent rediscovery in the central Balkans (Radivojević et al. 2010;
Roberts et al. 2009; Strahm and Hauptmann 2009). On the contrary, claims for
Aegean origins seem far less probable given the lack of early evidence from southern
Italy and Sicily, while the Iberian transmission hypothesis aired by Pearce (2007,
47) does not stand in the light of the later developments of metalworking west of the
central Mediterranean (Cerro Virtud notwithstanding: Ruiz Taboada and Montero
Ruiz 1999). Similar claims for the independent invention of metallurgy in Sardinia
(Skeates 1993) can also be dismissed, since early smelting and metalworking on this
island are not appreciably older than in Italy, and might be later.
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In technological terms, the evidence suggests that metallurgical practices were
brought about during a three-stage process in which two long periods of fairly slow-
paced change—the sporadic introduction of copper technology in the Late Neolithic
and the impressive but rather unchanging metal production of the Copper Age—
were separated by a relatively short but momentous intensification phase in the Final
Neolithic circa 3800–3600 cal. BC. Although data are frustratingly scanty, it would
appear that all the principal technological and cultural traits of Copper Age met-
allurgy were elaborated upon in this period, and did not change significantly until
the introduction of tin bronze in the late third millennium BC (Dolfini 2013). This
‘punctuated evolution’ scenario (sensu Sherratt 1997) rules out previous claims for
the gradual and late development of metallurgy in the Italian peninsula (Carancini
2001, 2006; Peroni 1971, 1996).

As for the social interpretation of this evidence, it could be argued that, during
the Final Neolithic intensification phase, metal technology underwent a process
of cultural adaptation whereby not only technological traits, but also meanings,
agency, and social practices relating to the working and using of metal objects were
negotiated and agreed upon (Dobres 2000; Ehrhardt 2005; Sofaer and Sørensen
2002; Sørensen 1989). This can be seen, for example, in the use of metal artefacts
for mortuary practices and ancestor rituals, in which new concepts of gender and
personhood were brought about (Dolfini 2008; Robb 2008, 2009; Whitehouse 1992).
Interestingly, technological and cultural variation within the central Mediterranean
region suggests that meanings and practices were further reworked at the local level.
Arguably, this indicates that the incorporation of metallurgy into prehistoric society
was not a monolithic process, but one that rested upon context-specific strategies of
negotiation performed by knowledgeable social actors. Thus, by performing such
strategies region by region and perhaps village by village, prehistoric communities
turned a potentially meaningless new technology into a socially understandable set
of practices worth adopting.

Note For the sake of consistency, all radiocarbon dates referred to in this work have
been newly calibrated with OxCal 4.1 using IntCal 09 as a calibration curve (Bronk
Ramsey 2009). Two-sigma confidence is in excess of 95% for all dates.
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Chapter 19
Cairo to Cape: The Spread of Metallurgy
through Eastern and Southern Africa

David Killick

Introduction

This review is structured differently from the other contributions to this volume. My
assigned task is to review the evidence for the social contexts of the earliest metallurgy
in the eastern half of the African continent. This presents two practical problems. The
first of these is that the target (the earliest metallurgy) keeps moving through time
and space. The earliest metallurgy in Egypt dates to the fifth millennium cal BCE; in
the Great Lakes region of Central Africa it dates somewhere in the first millennium
cal BCE, while at the southernmost terminus before European colonization—at the
Great Fish River in the Eastern Cape province of South Africa—metals were not
used before about 300 cal CE. My review of the earliest metallurgy must therefore
span a linear distance of some 11,000 km and nearly five millennia. I have chosen
to expand it to six millennia so that I can discuss the first use of gold and bronze in
southern Africa, which on present evidence was more than a thousand years after the
first production of iron and copper in this region.

The sheer size of the area assigned also makes it impossible for me to discuss the
social contexts of metallurgy in each of these areas, as there are gross disparities in
our knowledge of the early history and archaeology of these various regions. Egypt
has 5,000 years of written records; Nubia at least 3,000; Ethiopia a little less than
2,000; and parts of the Sahel and the East African Coast 1,000 years (though most
of these are not eyewitness accounts). In the rest of Africa the historical record
extends back barely 200 years, and in some regions less. Similar caveats apply to
the archaeological record. Egypt and Nubia have attracted the attention of large
numbers of European and American archaeologists over the last two centuries, but
their attention has been focussed almost entirely upon tomb and temple. Oddly, we
actually know much less about the history of metallurgy in Egypt than in sub-Saharan
Africa, in which (as David O’Connor once said, with pardonable exaggeration) a
teaspoon of soil has been excavated for every ton on the Nile. Paleolithic archaeology
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has been undertaken over most of theAfrican continent for a century, as have attempts
to locate the towns in the Sahel mentioned by Muslim travelers in the first and
second millennia CE. But until the late 1960s the total number of archaeologists
working in all of sub-Saharan Africa were never more than 30, and often much
smaller (Robertshaw 1990). Even this overstates the extent of research, for there
was no satisfactory means of dating prehistoric sites in sub-Saharan Africa until
the advent of radiocarbon dating, which did not become widely used until the late
1960s. Even today there are fewer archaeologists (both resident and foreign) working
in the whole of sub-Saharan Africa than in my home state of Arizona. There are only
three radiocarbon laboratories on the entire African continent (in Cairo, Dakar and
Pretoria), and only one laboratory for archaeometallurgy (at the University of Cape
Town). Most archaeology in sub-Saharan Africa has been on a small scale, focussed
on the excavation of test pits, trenches or near-surface features (e.g., furnaces) rather
than lateral decoupage, so at present it is rarely possible to situate metallurgical
practices in their spatial contexts. Given these constraints, it is hardly surprising that
the history of technology in sub-Saharan Africa has barely begun to be written. There
have been only two review articles on the topic (Austen and Headrick 1983; Killick
2005) and these are necessarily brief.

Under these circumstances, it is impossible to address many of the questions
posed by the organizers. We simply do not have the primary data that we would need
to address questions about the social contexts of metal production and use in Africa,
about transmission of technical knowledge between generations or about the varying
uses of metals by elites and commoners. What little we do know about the prehistory
of metallurgy in Africa is however so interesting, and so different from the course of
early metallurgy in other regions of the world, that some account of it must be given
in this volume.

On the Use of Ethnographic Analogy

My statement that we can say little about the social contexts of early metallurgy in
Africa will undoubtedly raise some eyebrows. Most students of archaeometallurgy
know that in the late nineteenth and twentieth centuries, iron smelting in many ar-
eas of sub-Saharan Africa was viewed by its practitioners as exactly equivalent to
human gestation and childbirth. More broadly, iron workers in many areas were rec-
ognized as masters of the transformation of both substances and persons. Thus, in
some West African societies, ironworkers were also entrusted with circumcision and
burial, while their spouses were potters and midwives. Both might be feared (and
shunned) as sorcerers. In some central African kingdoms royal investiture involved
symbolic appropriation of the occult powers of the ironworker, with kings being
symbolically “forged” into their new roles (Childs and Killick 1993; Herbert 1993).
These are perhaps the best-known examples of the social construction of technology,
and obviously they must have had prehistoric antecedents. Many African archaeolo-
gists in the southern half of the continent still assume that these same beliefs can be
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inferred for any prehistoric iron-smelting site (e.g., Huffman 2007). So why am I so
reluctant to allow these ethnographic analogies in the interpretation of early African
metallurgy?

It is by no means illegitimate to use analogy in the interpretation of prehistoric
archaeological remains; indeed it would be impossible to function as an archaeol-
ogist without analogy (David and Kramer 2001; Wylie 2002). For example, we
employ analogy every time that we identify an archaeological feature as a smelting
furnace. The act of identifying a prehistoric furnace involves—or should involve—a
systematic comparison of attributes noted in excavation with attributes that we (or
others) have recorded on modern or historic smelting furnaces. It is however much
more difficult to make secure inferences about the beliefs of prehistoric metalworkers
because these rarely have material correlates. Such inferences are most secure where
there is good reason to argue for an unbroken line of descent from a particular prehis-
toric society. For example, it seems quite likely that the isolated human finger bones
buried beneath prehistoric furnace bases in the Lowveld of eastern South Africa were
put there to harness occult powers to ensure a successful smelt, as the same practice is
recorded in an early twentieth-century ethnography of this same region (Miller et al.
2003). But we cannot make a secure argument that smelters thought of a furnace as
a woman unless the furnace is so marked, whether explicitly (with molded breasts,
etc.) or with symbols that are unambiguously linked in other contexts with sexually
mature women (on which see Childs 1991). Unmarked prehistoric furnaces may well
have been seen as female, but to claim this is just speculation.

Nor is it appropriate to export this analogy to a distant context where there is no
direct link to historically recorded beliefs. Structuralists like Eliade and Delcourt did
so in the late 1950s and 1960s by claiming a conceptual link between metallurgy
and procreation for pre-industrial societies in Europe and Greece. Sandra Blakely’s
comprehensive restudy of Greek daimones finds absolutely no support for this claim
(Blakely 2006). She shows that the surviving myths are fragments of several distinct
regional traditions, only some of which can be identified with metallurgy, and that
there is no clear conceptual link in any of these between metallurgy and procreation.
In this case, as so often in structuralist analyses, the urge to identify the “deep
structures” of human thought has led its proponents to grossly misrepresent the
underlying data. The lesson that we should draw from Blakely’s reassessment is that
interpretations of the social context of early metallurgy should be grounded in the
soil of the region under consideration, rather than in analogies to other times and
places.

Copper, Silver and Gold in Early Egypt and Nubia

The extent of excavation and publication of archaeological sites in Egypt and Nubia
dwarfs that for the rest of continent. It is therefore a curious fact that we know more
about the development of extractive metallurgy in sub-Saharan Africa than in Egypt,
where archaeometallurgy has barely begun. Most of what we currently know about
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Egyptian metallurgy derives from historical inscriptions, finds of metal objects in
graves and field studies of mines (mostly Dynastic); there has been very little study
indeed of smelting or alloying (Ogden 2000).

There are no sources of copper, lead, silver or gold near the lower Nile Valley
(Fig. 19.1). Copper objects first appeared in the Maadi culture near the Nile delta
between 4000 and 3200 BCE, and in the later part of this period partially replaced
flint for many tool forms. Midant-Reynes (2000, p. 59) notes that the same transition
occurred in the southern Levant at about the same time, though there is no parallel in
Egypt for the elaborate lost-wax castings in copper–arsenic–antimony alloys, such
as those in the Nahal Mishmar hoard, in the Levant (see Golden, this volume).
The sources of copper ore may have been the same for both for both regions—
namely those of the Sinai peninsula and/or Feinan in southern Jordan—but this has
yet to be tested by lead isotope analysis. The green copper carbonate malachite
is also quite common in Maadi culture sites, but was not necessarily imported for
metallurgical purposes, as no evidence of reduction of the ore has yet been reported
from Lower Egypt. The possibility that copper was imported as already-smelted
metal must therefore be kept in mind. The well-known obsession of Dynastic Egypt
with bright colors has its origin in Predynastic times, and copper and malachite
were just parts of a whole spectrum of desirable color and lusters that also included
turquoise (from Sinai?), lapis lazuli (from Afghanistan?) and amazonite (Aston et al.
2000).

On the middle Nile, malachite has been recovered graves of the Badarian period
(ca. 4400–4000 cal BCE), which is the period when agriculture was first practiced
in Egypt. It was ground to powder (for eye shadow?) and possibly derived from the
copper deposits of the Eastern Desert, which begins at the longitude of Luxor and
continues south into Nubia (Aston et al. 2000). Badarian tools were made of flint,
but rare ornaments and implements of copper metal have been recovered. It is not
known whether these were made from native or smelted copper.

Copper oxides were a necessary component of the blue and green glazes used
on carved stone objects found in Naqada I cemeteries (4000–3500 cal BCE), which
developed into faience. By the Naqada II phase (3500–3200 cal BCE) larger copper
objects—axes, blades bracelets—were used in the middle Nile, though flint tools
were still dominant. Gold and silver also appear at low frequency appearance in
Naqada II graves (Midant-Renes 2000). The nearest gold deposits to the middle
Nile are in the eastern desert, but the major sources lie to the south-east in Nubia
(Fig. 19.1). The uncertainties regarding the sources of copper for the middle and
lower Nile may potentially be resolvable by lead isotope analysis, which has been
little used so far in Egypt and Nubia.

Copper and gold items first appeared in lower Nubia (the region between the First
and Second Cataracts) in graves of the Middle A-Group, which are dated from ca.
3600–3300 cal BCE. These occur with Naqada pottery and other imports of Egyptian
origin, so it seems probable that the copper was also imported. By 3000 cal BCE
copper beads, awls and pins were reaching as far south as the Third Cataract. Almost
all cutting implements were however still made of stone. Edwards (2004, pp. 68–74)
suggests that the A-Group settlements were collecting products from the savannah
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Fig. 19.1 Locations of sites in Egypt and Nubia, and potential sources of metals and other materials
(Shaw 2000, p. 319. Reprinted by permission of Oxford University Press)

margins, such as ivory and ostrich feathers, and trading them north to present Egypt.
The earliest evidence of the production of metals in Nubia is from Old Kingdom
context (ca. 2600 BCE) at Buhen (Emery 1963) and within the temple precinct
further upstream at Kerma, in contexts dated by radiocarbon to 2200–2000 cal BCE



512 D. Killick

Fig. 19.2 a Furnace excavated at Buhen, ca. 2600 BCE (Emery 1963, Fig. 19.1); b furnace
excavated at Kerma, 2200–2000 cal BCE. (Bonnet 1986, Fig. 19.1)

(Bonnet 1986). The Buhen finds (which long predate the famous Middle Kingdom
fortress at that site) relate to the reduction of malachite ore to copper metal. There
is some uncertainty about the nature of the smelting process; the supposed crucible-
smelting furnace (Fig. 19.2a) is identical to the usual Nubian pottery kilns (Bonnet
1986), but a study of pieces of furnace lining (El Gayar and Jones 1989) suggests
the use of a conventional smelting furnace with iron oxide flux. The later Kerma
furnace (Fig. 19.2b) is a rectangular platform, originally covered by a vault, and
heated from below. This was used for melting bronze in crucibles. No evidence of
smelting has yet been found at Kerma, and the sources of the copper and tin used are
unknown. Both sites require more substantial archaeometallurgical study, and it can
be expected that evidence of even earlier metalworking will emerge in due course
(Edwards 2004, p. 86).

Although the major sources of gold lie within present Sudan, in the eastern desert
between the First and Second Cataracts, there is no evidence that Nubians attempted
to contest Egyptian control of these deposits—not even during the Second Interme-
diate Period (1650–1550 BCE), when the Kerma state drove the Egyptians back past
the First Cataract. Edwards (2004, pp. 96 and 137–138) suggests that the Kerman
and later Napatan elites much preferred copper to gold, and that the highly polished
red-slipped pottery of the Classic Kerma period is meant to evoke the redness of
polished copper. Here he is extending the argument of Eugenia Herbert, in Red Gold
of Africa (1984), that there was a strong cultural preference for the redness of copper
over the yellow of gold throughout sub-Saharan Africa before the Islamic era.
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Taking a wider view, it is clear that the adoption of metal in Egypt and Nubia was
a very slow process. Knowledge of metals seems to have diffused to Egypt from the
Levant, with groups along the middle and lower Nile adopting the high valuation
placed by contemporary Near Eastern groups on gold and brightly colored stones.
The adoption of metals in Egypt had little effect on agricultural production; peasant
farmers were still using flint for cutting tools well into the first millennium BCE.
Metal objects were traded into Nubia within 500 years of their first appearance on
the Middle Nile, but even after a century of large-scale excavation we still do not
know when metallurgy was first practiced in Nubia.

What is certain, however, is that copper metallurgy was not transmitted along the
upper Nile to the Great Lakes area during the third millennium BCE, as pottery and
domestic animals had been a millennium before (Edwards 2004, pp. 38–65). This
long hiatus in the southwards movement of metallurgy has attracted curiously little
comment. I suggest that it is probably related to climatic constraints upon agriculture
based on wheat and barley. These crops formed the basis of the first agriculture in the
middle and lower Nile, and appear from stable isotope ratios of human bone collagen
(summarized in Thompson et al. 2008) to have been the staple cereals at Kerma. But
wheat and barley are winter-rainfall domesticates from the Near East, and cannot
be grown under in the lowland summer-rainfall regimes of the upper Nile and the
Great Lakes. Since the earliest metallurgy on the middle and lower Nile was in the
context of agricultural societies, I suggest that its southern expansion halted at the
southern limit for wheat and barley agriculture. The most recent synthesis of research
on the domestication of the African summer-rainfall cereals (sorghum, finger millet
and bulrush millet) suggests that these were domesticated no earlier than the third
millennium BCE (Neumann 2005), but there is no evidence for their cultivation in
the southern half of present Sudan at this time. The Nile headwaters south of present
Khartoum appear to have populated in the third millennium by highly mobile cattle
pastoralists who also fished and gathered wild grains (Edwards 2004, pp. 60–64).
These mobile populations evidently had little inclination to adopt the practice of
metallurgy from the sedentary farmers further downstream.

Holl (2009) argues that in sub-Saharan West Africa the earliest evidence of met-
allurgy was among mobile pastoralists. It is too early to be sure about this, as almost
none of the sites containing early metallurgy in West Africa have also received the
attention of an archaeobotanist, though certainly the earliest metallurgical sites in
Mauretania and Niger lie north of the probable limit of rainfed agriculture at that
time. In the Nile Valley, only agricultural societies produced metals between the fifth
and second millennia BCE.

As is well known, Egyptian vessels sailed down the Red Sea to the land of Punt
(modern Eritrea?) to trade for ebony, animal skins and incense. The earliest voyages
were during the Middle Kingdom, but they became more frequent in New Kingdom
times (after 1500 BCE), as recorded in the famous panels on the temple of Queen
Hatshepsut (Kitchen 1993). But the Egyptians never established any colonies there,
and do not appear to have given the inhabitants of that region the gift of metallurgy.
As noted below, metallurgy was probably not practiced in Eritrea until the first
millennium BCE.



514 D. Killick

Fig. 19.3 East Africa, showing location of the Great Lakes

The Origins of Ironworking in East-Central Africa

In sharp contrast to the Nile Valley, the Great Lakes area of East Africa (modern
Uganda, Tanzania, Rwanda and Burundi) has provided us with a wealth of evidence
for the first smelting of metal in the region, backed by some first-rate archaeometal-
lurgical investigation (Fig. 19.3). Unfortunately, the age of many of these smelting
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sites is very uncertain, and few are connected to habitation sites that might allow
some inference about the social context.

All of these early smelting sites relate to the smelting of iron. No early copper
smelting sites have been found, but then there are very few sources of copper in the
Great Lakes region. The origin of iron smelting in sub-Saharan Africa has been the
subject of intense controversy over the last 60 years, with proponents of independent
invention battling with those who favor diffusion of the technology from various
other regions (Egypt, Phoenician North Africa, Arabia or all of these). This literature
has been comprehensively reviewed by Alpern (2005).

No evidence for the antiquity of metallurgy in this region was available until the
1960s, when radiocarbon dating first began to be widely applied in Africa. Prior to
this time most scholars had assumed that iron working technology had diffused into
the Great Lakes region from the Meroitic state on the upper Nile (ca. 300 BCE–ca.
350 CE). There are massive mounds of iron slag at the capital city of Meroe (Fig. 19.1)
itself, representing, by a rough calculation, the production of about 5000 tons of iron
bloom (Rehren 2001). In the late 1960s, however, a number of surprisingly early
radiocarbon dates (between 2500 and 3600 BP) were announced for ironworking
sites in Buhaya, north-western Tanzania (by Peter Schmidt) and in Rwanda and
Burundi (by Jean Hiernaux and Francis van Noten). Although the field evidence
was not yet published, these dates were immediately accepted by many Africanists.
Bruce Trigger (who was at this point still a specialist in Nubian archaeology) wrote
a highly influential review entitled “The Myth of Meroe and the African Iron Age”
(Trigger 1969). He concluded that iron working in central Africa was earlier than
that at Meroe, and must therefore have been independently invented. This fuelled a
debate that is still without resolution.

The evidence for early ironworking in the Great Lakes region was greatly ex-
panded during the 1970s and 1980s through archaeological fieldwork in Buhaya
(directed by Schmidt), Rwanda and Burundi (by Van Noten and by Marie-Claude
van Grunderbeek). The cumulative result of all of these projects is a corpus of about
30 iron-smelting furnaces, dated by radiocarbon to between ca. 1500 BP and 3600 BP
(van Grunderbeek et al. 1982, 2001; Schmidt and Childs 1985; Schmidt 1997). All
of these are slag-pit furnaces with truncated conical shafts made of clay (Fig. 19.4),
the deliberately broken remains of which are often found within the slag pit, some-
times with tuyères. These furnaces certainly used multiple tuyères, but it is difficult
to say how many. The slag pits vary in diameter from ca. 80 to ca. 130 cm; in the rare
cases where the original shaft height can be estimated from fragments, it appears to
have been between 78 and 130 cm from the top of the slag pits, which were between
20 and 77 cm deep. In both Buhaya and Rwanda/Burundi the slag pits were often
stuffed with reeds or grass before charging, as impressions of these are preserved in
the slags (van Grunderbeek et al. 1982, 2001; Schmidt and Childs 1985).

Exemplary archaeometallurgical studies (by Donald Avery and Terry Childs) of
the Buhaya materials dating to the early first millennium cal CE show that they were
capable of producing steel blooms and highly fluid slags that drained efficiently from
the iron, producing clean blooms (Childs 1996). A recent study of the slags from
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Fig. 19.4 Reconstruction of an early slag-pit iron-smelting furnace from Rwanda. (van Grunder-
beeck et al. 2001, Figure 7)

van Grunderbeek’s Rwanda and Burundi furnaces (Craddock et al. 2007) shows that
they are very similar to those from Buhaya and were capable of reaching at least
1,250 ◦C.

How do these compare with iron-smelting technology at Meroe? The earliest
radiocarbon date associated with iron slag at Meroe is 2514 ± 73 BP (Shinnie 1985),
but only fragments of the bases of shallow bowl bases were found in deposits of the
first millennium BCE. It is not clear whether these are from forging or smelting. Five
complete furnaces were excavated and dated by radiocarbon in the interval 0–600 cal
CE. These are slag-tapping furnaces built of fired brick with a shaft 100 cm tall, lined
with a sandy clay; in one case four pot-bellows were found still in place (Shinnie
1985). Since most of the huge slag heaps at Meroe are of tapped slag (Rehren 2001),
this type of furnace seems to have been responsible for the bulk of iron production
there. Obviously these furnaces are of completely different design than contemporary
slag-pit furnaces from the Great Lakes region; Shinnie considers them to be derived
from Roman prototypes. It is frustrating that we do not have any firm evidence for
smelting furnace construction from the first millennium BCE at Meroe.

Paul Craddock’s wealth of comparative knowledge has brought some much-
needed external perspective to the overheated debate about the origins of African
iron smelting. A decade ago he noted that it is difficult to derive these large, efficient
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African furnaces of the first millennium BCE from anything in the Near East (Crad-
dock 1997, pp. 261–264). It is true that almost no iron-smelting furnaces of any
kind are known from the Levant or Mesopotamia but, as Craddock points out, slag
pits are highly distinctive and preserve very well, so it is hard to imagine that they
would not have been noted had they ever been employed in these areas. The only
remaining candidate for an extra-continental source for Great Lakes iron metallurgy
is South Arabia, via the pre-Axumite culture of present Eritrea and lowland Ethiopia.
There is a hint of a north-eastern origin for Great Lakes iron in historical linguis-
tics; Ehret (1998) and Schoenbrun (1998) both derive the words for iron working in
Eastern Bantu languages from Central Sudanic languages. But there is no published
work at all on ancient iron metallurgy in south Arabia, and the director of a large
archaeological survey project in Yemen informs me that she has never even seen an
iron-smelting site in that nation (Joy McCorriston, personal communication, March
2008).

Could iron smelting have been independently invented in the Great Lakes region?
The many supporters of an independent invention of metallurgy continue to cite the
published radiocarbon dates of 2800–3600 BP in the Great Lakes region, but ignore
the fact that the archaeologists who are most familiar with these dates no longer
have confidence in them. Schmidt (1997, p. 14) has disavowed the three oldest dates
(> 3000 BP) from Buhaya, while van Grunderbeek et al. (2001) have backed away
from the dates > 2800 BP from Rwanda and Burundi. One cannot prove that these
dates are not contemporary with the furnaces, but the most likely explanation for
these dates is that they are on old charcoal from forest fires, which were present in
the soils into which the slag pits were dug.

There remain, however, at least four radiocarbon dates between ca. 2350 BP
and ca. 2650 BP, each in good association with furnaces and on charcoal of small
diameter, which should eliminate the possibility of an “old wood” error (Marie-
Claude van Grunderbeek, personal communication, February 2006). Unfortunately
these all fall within a well-known “black hole” in the radiocarbon calibration curve,
and thus all calibrate at two sigma to a calendar range of approximately 800–400 cal
BCE. This is exactly the same range of calibrated age as for the earliest radiocarbon
dates for iron slag at Meroe (Shinnie 1985; Rehren 2001)— and indeed almost all of
the earliest dates for iron smelting in West Africa also fall in this range (Alpern 2005;
Holl 2009). Clearly we cannot progress as long as we rely solely upon radiocarbon
dating for chronology. For more than 25 years I have urged African archaeologists
to use thermoluminescence dating to date potentially early furnaces (Killlick 1987,
2004) and it is currently being used to date slag heaps around Meroe (Dana Drake
Rosenstein, personal communication, 2012).

I have gone into the evidence in some depth to make it clear that the origins
and timing of the first metallurgy of the Great Lakes area are still quite unclear.
If we accept, for the sake of argument, that ironworking began here somewhere
in the interval 800–400 cal BCE, let us see what else was happening in the Great
Lakes region in this interval. Pollen cores show little evidence for widespread forest
clearance during the first millennium cal BCE (Taylor and Marchant 1995; Schmidt
1997, pp. 268–280; Lejju et al. 2006), but there are nevertheless hints of agricultural
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activity. The domesticated cereal Eleusine coracana (finger millet), whose wild
ancestors are in the Great Lakes region, has been found in secure archaeological
contexts at the end of the second millennium BCE in South Asia (Fuller 2003). It
must therefore have been cultivated in the Great Lakes area for some time before this.
Conversely, phytoliths of banana (Musa spp.), which is an Indonesian domesticate,
have been reported in a swamp core from Uganda in levels below a radiocarbon date
of 4560 ± 40 BP (Lejju et al. 2006), and also from charred residue in a pot from
Nkang, Cameroon, dated in the range 850–350 cal BCE (Mbida et al. 2000). So
there is good reason to believe that when ironworking began in the Great Lakes area,
it was in an agricultural context, though there do not appear to have been very many
people on the landscape. This is not much to go on, but at present it is all that we have.

There is some contextual evidence from Buhaya for iron smelting in the first few
centuries cal CE. Clusters of several slag-pit furnaces at this time were situated be-
tween and within village sites around small bays and swamps within a few kilometers
of the western shore of Lake Victoria (Schmidt and Childs 1985). Little faunal or
botanical evidence has yet been recovered, and the scale of iron production appears
to have been small. Charcoal analysis implies that in the initial centuries cal CE
mature gallery forest was still close to the lake, but by ca. 1100 CE much of this
appears to have been cleared, and the region was abandoned for several centuries
(Schmidt 1997).

Ironworking spread south from the forested regions of the Great Lakes into the
savannas of present Kenya and Tanzania, and had reached the coast in the region
of present Dar-es-Salaam by the first century BCE. The near-coastal site of Limbo,
dated in the first centuries CE, is of interest because it contains at least 3 t of iron
slag (Chami 1992). This is the earliest known evidence of the production of metals
on a substantial scale in regions south of the Meroitic and Axumite states.

Iron- and Copper-Working in Southern Africa

The southwards expansion of iron-producing agricultural peoples brought them, by
the second century BCE, to the northern edge of the vast belt of miombo woodlands
that covers Angola, southern Tanzania, Zambia, Malawi and northern Mozambique.
These woodlands, dominated by the genera Brachystegia and Julbenardia, evolved
on an old stable continental craton covered with deeply leached, very infertile soils.
Before the advent of chemical fertilizers, agriculture within the miombo was only
possible because of the invention of a number of truly ingenious crop rotations,
employed for a few years on fields temporarily fertilized by the felling, stacking and
burning of large volumes of wood, and subsequently abandoned to long periods of
fallow (Allan 1965). These systems of agriculture would not be possible without a
constant supply of metal axes. I have suggested (Killick 2005) that there may have
been a hiatus in the expansion of agricultural populations at the northern margin of
the miombo while these swidden systems were invented, but there are as yet too few
radiocarbon dates to confirm this.
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In the Great Lakes region it appears that agriculture, ironworking, cattle keep-
ing and Bantu languages have different time depths (Schoenbrun 1998). There can
however be little doubt that all of these came into southern Africa as a package,
together with the first evidence for settled village life. The immigrants settled among
hunter-gatherers, but did not wholly displace them. Excavations in rock shelters in
many parts of east-central Africa have shown that microlithic technologies persisted
in many areas until at least the middle of the second millennium CE. Two sepa-
rate “streams” of migrants can be traced archaeologically—a western stream from
Angola into Namibia and Botswana, and an eastern stream from Tanzania south
through Mozambique, Zambia and Zimbabwe (Phillipson 2005; Huffman 2007).
Expansion of the eastern stream continued down the fertile eastern coastal plain of
South Africa, reaching the Fish River by the fourth century cal CE. South of this lies
the winter rainfall region, in which the African cereals (millets and sorghum) cannot
be grown. For the next 1,000 years, metals were traded in small quantities from the
agricultural communities to the pastoralist and hunter-gatherers of the eastern and
southern Cape; after 1500 CE this supply was supplemented by metals scavenged
from European shipwrecks. But there was never enough metal circulating to replace
microlithic stone tool technologies, which were still being used in these regions in
the mid-nineteenth century CE (Mitchell 2002).

On the drier western side of the continent agriculture was similarly restricted, and
hunter-gatherers, pastoralists and agriculturalists were linked in complex webs of
exchange at the margins of the arable regions. The complexity of these relationships
is well illustrated at the Tsodilo hills, deep in the Kalahari Desert at the north-west
corner of Botswana (Fig. 19.5). Archaeological research has shown that between ca.
550 and ca. 1100 CE these hills were occupied by both stone-tool makers (presumably
hunter-gathers) and later arrivals (presumably agro-pastoralists) who smelted iron
and copper (Denbow and Wilmsen 1986; Miller 1996; Reid 2005). Both groups
were attracted to the hills by specularite, a glittering form of the iron ore haematite.
This had been mined at Tsodilo—and at many other locations in southern Africa—
for many thousands of years before metallurgists entered the area, and was used as a
pigment in rock art and as a cosmetic. Metal-using populations appear to have adopted
the latter practice, and the glittering powder (known in Tswana as sebilo) was still
widely traded and used by hunter-gatherers, pastoralists and agriculturalists alike in
the early twentieth century CE. The image of the isolated Kalahari hunter-gatherer,
painstakingly constructed by social anthropologists from the 1950s to the 1980s,
has been exposed by archaeologists as a romantic fiction. In fact, agriculturalists,
pastoralists and hunter-gatherers have been sharing spaces and exchanging metals,
sebilo, pottery, hunted products and imported materials (glass beads) in the northern
Kalahari since the first millennium cal CE (Denbow and Wilmsen 1986; Wilmsen
1989; Reid 2005).

Iron and unalloyed copper were the only two metals used in southern Africa
before ca. 1100 cal CE. Unalloyed copper was employed exclusively for items of
personal adornment, in the form of pendants, rings, bangles and wire. Iron was also
used for jewelry, but its main inferred use was in hunting and agriculture, as spears,
axes, knives and hoes. (Large iron items have rarely been found in archaeological
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Fig. 19.5 The Kalahari Desert and adjacent regions, showing archaeological sites mentioned in the
text. (Reid 2005, Figure 14.1. Reproduced by permission of Blackwell Publishing)

excavations and are presumed to have been intensively recycled). Little evidence for
the smelting, casting or forging of copper has been reported for this early period
(Miller 2002), but there is abundant evidence of iron smelting. There has been recent
controversy in southern African archaeology over the location of early iron-smelting
sites. As I noted above, historical and ethnographic accounts of African iron smelting
show that in many regions of Africa the formation of the iron bloom was understood
through the metaphor of pregnancy and childbirth (Herbert 1993; Schmidt 1997).
In smelting iron, men were symbolically appropriating the reproductive powers of
women, who were excluded from the vicinity of the furnace while the smelt was under
way. The archaeologically visible correlate of this social construction of technology
is that smelting furnaces were usually situated well outside villages, beyond the gaze
of women. Forges were generally not assigned a gender, and thus forging was often
done within the confines of the village.

There has been much argument over the time depth of this distinctive practice. In
the Great Lakes area, there is no doubt that smelting was carried out within villages
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during the early first millennium cal CE (Schmidt and Childs 1985; Schmidt 1997),
but southern African archaeologists have tended to interpret early ironworking
through the ethnographic model of smelting as reproduction. This position has
recently been challenged by archaeologists working in Zimbabwe, who have
produced evidence of iron smelting within villages of the first millennium cal CE
(Chirikure and Rehren 2006; Swan 2007). This debate can only be resolved with
further evidence, but it serves as a reminder of the potential dangers of uncritical
application of ethnographic analogy.

Gold, Silver, Lead and Tin in Eastern and Southern Africa

Perhaps the most striking feature of the early metallurgy of the vast region from the
Great Lakes to the southern Cape is the absolute lack of evidence for metals other
than copper and iron until maritime trade with the Islamic world commenced in the
eighth or ninth century CE. On present evidence there was no tin or bronze, no silver,
no gold and no lead in southern Africa before then. Yet all of these metals are present
in archaeological sites of the last centuries BCE and early centuries CE in Nubia
and Ethiopia. Their absence in contemporary sites in the Great Lakes region and
Kenya must surely be telling us that there was essentially no interaction between
these regions and the contemporary Meroitic and Axumite states to the north.

Silver deposits are very rare in Africa, but there is abundant tin (as cassiterite) in
the pegmatites of southwest Uganda, Rwanda, eastern Congo and Zimbabwe (von
Knorring and Condliffe 1987). Tin deposits are also found in many locations around
and within the Upper Granite of the enormous Bushveld Igneous Complex in northern
South Africa. Yet there is no evidence at all that any of these deposits were exploited
in the first millennium CE. There is not even much evidence of arsenical copper in
artifacts analyzed to date, though admittedly the available data are geographically
skewed—almost all chemical analyses for copper alloys of the first millennium CE
have been generated in South Africa by Duncan Miller (e.g., Miller 1996, 2002).
The scarcity of arsenical copper presumably means that only the surficial copper
carbonate ores were smelted by early metallurgists in southern Africa. Lead is also
quite common (as galena) in the subcontinent south of the Great Lakes region, but
neither lead metal nor leaded copper has been noted in archaeological contexts of
the first millennium BCE and the first millennium CE.

One might argue that it is not obvious that cassiterite, which is a heavy dark
brown or black mineral, contains a metal, but this argument will not hold for galena,
which has a metallic luster. It is not even very convincing for cassiterite—magnetite,
which is also dull, heavy and black, was certainly smelted to iron in Zimbabwe
during the first millennium CE (Swan 2007), so there is no good reason why alluvial
cassiterite should have been ignored. The temperatures and furnace atmospheres
needed to reduce cassiterite to tin are comparable to those for reducing iron oxide
to iron metal (Killick 2001, Fig. 39.1) so early African ironworkers would have no
difficulty in producing metallic tin. It is even harder to account for the absence of
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Fig. 19.6 Archaeological finds of tin and bronze in southern Africa (stars) modern towns (squares)
and major mountain ranges (irregular grey areas). Dotted lines are modern national boundaries.
(Figure supplied by Simon Hall)

gold, which only occurs as the bright shiny metal. Gold deposits of Africa are mostly
in Precambrian rocks on the old stable continental cratons of west and southern
Africa, which between them supplied most of the gold circulating in the western
half of Eurasia from the tenth through the fifteenth centuries. Alluvial gold could be
found in the streams draining these cratons, and it is simply impossible to believe
that the inhabitants of the regions between the Great Lakes and the Cape of Good
Hope were not aware of its presence.

The only satisfactory solution to these paradoxes is that proposed by Eugenia
Herbert (1984). She argued that prior to trade contacts with the Muslim world, the
populations of sub-Saharan Africa valued the redness of unalloyed copper much
more than the yellow of gold or bronze. A quarter of a century later, with much
more archaeological and archaeometallurgical data in hand, her argument looks
even stronger. The most telling evidence in support of her thesis is the change that
occurred when the external trade with the Muslim world became established (Miller
2002; Killick 2009). Before the eighth or ninth century cal CE there was no external
trade, and unalloyed red copper was the metal of choice for personal adornment
(Miller 1996, 2002). In the ninth century imported glass beads first appear in the
Limpopo river valley, the present border between South Africa, Zimbabwe and
Botswana (Fig. 19.6). Beads, and probably Indian cotton cloth, were traded for
ivory, and the struggle for local control of this trade led to political centralization
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in the Limpopo valley, leading to formation of the first state in southern Africa at
Mapungubwe in the thirteenth century cal CE (Leslie and Maggs 2000).

The impetus behind state formation in the Limpopo valley was in large part the
trade in alluvial gold (Huffman 2007; Killick 2009). The earliest mention in Arabic
documents of trade in gold from southern Africa is in the eleventh century, but it
is not yet known when the alluvial gold of the middle Limpopo valley began to be
exported. By the thirteenth century cal CE, the high cultural value of gold in the
Muslim world had evidently been adopted by the emerging African elites of the
region, as the royal burials on Mapungubwe Hill contained gold jewelry and other
objects—the earliest objects of gold yet found in southern Africa. It is definitely
not a coincidence that the earliest bronze objects known from southern Africa also
come from twelfth- and thirteenth-century Mapungubwe (Miller 2002). What we are
seeing in this sequence is the adoption by the new southern African elites of an alien
value system, in which the golden color of gold and bronze supplanted the red of
copper for personal ornamentation among an emerging elite. In Bourdieu’s terms,
this is a new form of distinction created to differentiate the new royal stratum from
lower strata of the elite.

There is an interesting coda to this story. The Mapungubwe bronzes are assumed
to have been imported, as no tin or evidence for bronze working has been found
in sites of this period. A further two centuries pass before there is actual evidence
of manufacture of tin and bronze in southern Africa. At the site of Bosutswe in
eastern Botswana, a lead–tin object and a spill from bronze casting are dated in
the range 1450–1550 cal CE (Denbow and Miller 2007), while at Great Zimbabwe
a tin ingot and a lead-tin object are dated in the same range (Thomas Huffman,
personal communication, 2006). My collaborators Lisa Molofsky and John Chesley
have established by lead isotope ratio analysis that both the lead-tin objects and
the Zimbabwe tin ingot derive from the Rooiberg tin mines in north-western South
Africa, where hard-rock mining of cassiterite is implied at roughly the same time by
dates of 1436–1650 cal CE on charcoal embedded in a tin ingot and 1426–1633 cal
CE on a wooden pit prop from a prehistoric mine (Grant 1990; Chirikure et al. 2007;
Molofsky et al. in prep.).

What these findings suggest is that a tin mining industry began at Rooiberg in the
fifteenth or sixteenth century to supply an indigenous bronze industry over a wide
area of southern Africa (Chirikure et al. 2007). This is contemporary with the late
Zimbabwe state, which by this time was centered at Khami. Sites with Khami pottery
are found in northern Botswana at this time, and Reid (2005) suggests that these are
connected with the procurement of distant resources (particularly salt) for the state.
Though no Khami pottery has yet been found at Rooiberg, it is conceivable that the
start of tin mining here was also the result of a widening network of resource exploita-
tion by the late Zimbabwe state. Although there is no mention of tin from southern
Africa in Islamic sources, we should also be aware of the possibility that Rooiberg tin
was exported through Swahili intermediaries into the Indian Ocean trading network.
This may explain some very puzzling passages in Portuguese documents from the
early 1500s. Portuguese sailors reported that some inhabitants of coastal Mozam-
bique were wearing silver, and that some captured Swahili vessels were also bearing
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it (Axelson 1973, passim). The Portuguese spent another two centuries desperately
searching for silver mines in present Mozambique and Zimbabwe, but the fact is that
there are no sources of silver in southern Africa that would have been exploitable by
pre-industrial miners. My guess is that what the first Portuguese sailors actually saw
was Rooiberg tin.

Conclusion

I make no apology for stretching out my examination of “early” metallurgy over six
millennia. As I noted in the introduction to this paper, Africa is a very large continent
indeed. The earliest metallurgy in Egypt, in the fifth millennium BCE, was clearly
acquired from adjacent regions of the Levant, as is seen by the parallelism in the value
accorded to copper, gold and particular colored stones in both regions. It is not yet
clear when metals were first smelted in Nubia (as opposed to imported from Egypt)
but bronze metallurgy was definitely well established at Kerma towards the end of
the third millennium BCE. It appears, on present evidence, that there was then a long
hiatus in the further expansion of metallurgy. Copper, bronze and iron technology
probably first appeared in Ethiopia and Eritrea in the early first millennium BCE, but
we must await publication of ongoing archeometallurgical work from that region.
The origins of iron smelting in the Great Lakes region are still a complete mystery.
If we accept for the moment that iron smelting began here somewhere in the range
800–400 cal BCE, then it took between 800 and 1,200 years for the technique to
be transported to its southernmost terminus at the Fish River. To put this whole
process in perspective, the earliest metallurgy in Africa is contemporary with the
first agriculture in Egypt; by time that metallurgy reached present South Africa,
Egypt was a province of the late Roman Empire.

We can as yet say very little about the social contexts of early African metallurgy.
The main conclusion to be drawn from my very brief review is that the relative
social valuation of metals in early Egypt (gold > silver > bronze > copper) did not
necessarily apply in Nubia, and was most certainly not shared by the inhabitants of
Africa south of present Sudan. The only metals used—and thus valued—in the long
trek of metallurgy from the Great Lakes region to southern Africa were copper and
iron. Gold, lead and tin ores are quite common in eastern and southern Africa, but
appear to have been completely ignored until the early second millennium CE. At
that time Muslim traders, sailing south along the east African coast, and penetrating
up its major rivers, noted alluvial gold and induced African societies to pan and mine
it for exchange against imported beads and cloth (Leslie and Maggs 2000; Huffman
2007; Killick 2009). The struggle to control the African end of this trade produced
southern Africa’s first state, the rulers of which chose to mark their distinction from
their subjects by wearing gold.

In conclusion, it must be noted that the interpretations offered here are made on
the basic of data that are clearly inadequate. Indeed, it has been difficult to find any
relevant data on the social contexts of metallurgy for regions north of southernAfrica,



19 Cairo to Cape: The Spread of Metallurgy through Eastern and Southern Africa 525

which was the last region of the continent to acquire the capacity to make metal. Given
the slow pace at which archaeological research proceeds in sub-Saharan Africa—
a consequence of the low level of funding and the dearth of specialist technical
expertise—it will be many years before Africanists can address the very detailed
questions posed by the editors of this volume.
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Chapter 20
Organization and Specialization of Early
Mining and Metal Technologies in Anatolia

JosephW. Lehner and K. Aslıhan Yener

Introduction

This chapter is a retrospective of current developments in the field of Anatolian ar-
chaeometallurgy. Since the 2000 publication of The Domestication of Metals (Yener
2000), a number of new field- and laboratory-based projects and international confer-
ences have provided new data that challenge old assumptions about the development
of metallurgy and other complex pyrotechnologies. Frequent conference proceedings
dedicated to mining and metallurgy in Anatolia (Yalçın 2000a, 2002, 2005, 2008;
Yalçın et al. 2008) demonstrate the diversity and importance of this craft. Perhaps
the most salient theme is the role of localized processes in the development of early
complex metallurgy and ore extraction, both as a cascade of technological innovation
(Schiffer 2005) and as an understanding of the organization of production and trade
(see, for example, Hauptmann et al. 2002; Ramage and Craddock 2000).

Archaeologists are now becoming increasingly aware that these highland zones
were areas of intense technological and social innovation. For example, excavations
at Göbekli Tepe (Schmidt 2000, 2006), located on the southern plains directly ad-
jacent to the Taurus Mountains, have revealed at least two phases of monumental
architecture dating to the tenth and ninth millennium BC. These structures with richly
adorned monolithic pillars demonstrate the presence of specialized institutions and
societal inequality before the regional adoption of agriculture and increasingly seden-
tary lifeways. The development of complex technologies like metallurgy may also
follow a similar trajectory, where technological innovation and adoption correlate to
socioeconomic and political structures.
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When past scholars assumed that the development of social complexity and the de-
mand for metal raw materials was a lowland Mesopotamian causation (e.g., Childe
1930), they did not take into account the potential for autonomous social insti-
tutions and cultural development in the periphery of powerful states and empires
(Stein 1999). In addition, the discovery of production debris in the Balkans dating
to before 5000 cal. BC (Radivojević et al. 2010) suggests that the development of
metallurgy is likely unrelated to the emergence of complex political economy in
Syro-Mesopotamia. The emergence of early complex technologies must take into
account the potential for indigenous developments and the structure of interregional
interaction.

Today, Anatolia is known to be one of the earliest regions where communities
participated in complex metallurgical traditions (see Bachmann 2008 for a history
of early research; de Jesus 1980; Muhly 2011; Müller-Karpe 1994; Nieling 2009;
Pernicka 1990; Przeworski 1939;Yener 2000). With access to a diverse material base,
Anatolia was witness to the early production of a wide variety of nonferrous alloys,
surface treatments, and intricate cast/hammered forms. While the time and place of
these innovations lack a high degree of chronological and spatial precision, early
Anatolian metallurgy shares broad technological developments with the Near East
and southeastern Europe. That being said, recent research in prehistoric archaeology
over the past 20 years has generated a body of data which indicates that developmental
trajectories of complex technologies occurred at varied rates and in regional contexts,
with a probable origin in Southwest Asia (Roberts et al. 2009). Research in this
region, therefore, has the potential to evaluate longstanding assumptions about not
only the origins of metallurgy but also the relationships among social complexity,
technology, and long-distance trade.

Regional traditions of metal production and consumption seem to emerge in ar-
eas where mineral and native metal resources were relatively abundant (Hauptmann
2007, p. 255; Roberts et al. 2009, pp. 1013–1014; Yener 2000, pp. 18–25). However,
geographic proximity to resources and technological proficiency alone cannot gen-
erate interest in producing and developing costly materials. There must also be social
and economic incentives. Social differentiation and inequality often necessitated the
use of scarce resources and complex technologies to display and communicate social
heterogeneity or homogeneity (Vidale and Miller 2000). Metal production, a unique
pyrotechnological development involving both rare materials and complex technolo-
gies, provides a way for some groups to manage access to wealth, which was used
to differentiate social groups (Brumfiel and Earle 1987; Helms 1993). Once metal
became an indicator of wealth, disparities in access to raw materials and produc-
tion technologies promoted varying degrees of cooperation and competition among
producer and consumer groups. Empirical evidence, especially from textual sources
and modern frameworks of urban growth, suggests that interregional cooperative
alliances develop out of the potential to increase wealth and surplus, where scale
economies promote specialization and economic expansion promotes diversification
(see Algaze 2008: 30–39). It is therefore likely that well adapted economic strategies
often helped integrate a heterogenous cultural and natural geography between the
highlands and lowlands.
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Through the assessment of archaeological materials from Anatolia, with a partic-
ular focus on data from central and eastern Anatolia, we reexamine some of the main
theoretical facets posed in earlier work. After discussing important issues in the het-
erogeneous distribution and variation in ore resources across Anatolia, we formulate
a geographically salient theoretical framework, which is used to explore long-term
changes in the metallurgy of the region. Here, we also focus on how a technolog-
ical organization is socially networked and indivisible from local culture-historical
developments.

Highland Geography in Anatolia and the Distribution
of Raw Materials

The landscape of Anatolia, modern-day Turkey, is extraordinarily complex. Anatolia
is a large peninsular landmass that is surrounded by three seas: the Black Sea to the
north, the Aegean to the west, and the Mediterranean to the southwest. The landmass
is primarily composed of a series of high mountain ranges and steppes as a result
of relict continental agglomeration, tectonic activity, and volcanism that took place
during most of the Phanerozoic (Okay 2008). Turkey is composed geologically of
three main tectonic units including the Pontide, the Anatolide-Tauride Block, and the
Arabian Platform. Resting in between the Pontide and Anatolide-Tauride Block, the
central Anatolian crystalline complex stretches from modern Kırıkkale to Sivas, and
is composed of mostly metamorphic and plutonic rocks dating to the Cretaceous.
Anatolia is also highly varied in terms of climate, with arid regions to the south
and southeast along the Syro-Mesopotamian plains and subtropical rainforests in
the northeast along the Black Sea. Many of the mountainous regions are heavily
wooded, including most of the Pontide belt and western Anatolia. Relict forests that
have survived several different periods of deforestation can be found in different
areas of the central Anatolian plateau (Miller 1999; Willcox 1974, 2002).

The highlands of Anatolia, a varied mountainous and steppe landscape, are en-
dowed with pockets rich in metal-bearing mineral concentrations (Fig. 20.1). As part
of a larger metallogenic belt within the Alpine–Himalayan orogenic system (Okay
2008), Anatolia has extensive polymetallic deposits of copper, iron, lead, silver
(often in the form of argentiferous lead), and zinc, in addition to rarer deposits of an-
timony, arsenic, nickel, gold, and tin (Bayburtoğlu andYıldırım 2008; Çağatay et al.
1979, 1989; Çağatay and Pehlivan 1988; de Jesus 1980; Maden Tetkik ve Arama
Enstitüsü 1970, 1971, 1972; Öztürk and Hanilçi 2009; Sarp and Cerny 2005). The
three largest massive sulfide ore bodies include the metallogenic zones of Ergani
in the eastern Taurus and Küre and Murgul/GöktaşŸ along the central and eastern
Pontide belt (Wagner and Öztunalı 2000). The geological history of the Anatolian
landmass resulted in mineralizations of different ages, which is a decisive factor in
the success of extensive lead isotope research conducted in Anatolia (Begemann and
Schmitt-Strecker 2008).

The geographic distribution of ore bodies roughly follows the contours of the
Pontide and Tauride orogenic belts in northern and southern Turkey. Polymetallic
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Fig. 20.1 Known major ore sources. Important ancient mining or old working sites noted

copper and lead–zinc–silver ores are particularly abundant in the eastern sectors of
these regions (Seeliger et al. 1985; Wagner et al. 1989). Arsenic and antimony-
rich ores of the fahlerz-type are evident in both Pontide and Tauride sources (Özbal
et al. 1999; Özbal et al. 2002a, b; Özbal et al. 2001; Özbal et al. 2008) and from
fourth-millennium BC archaeological deposits at Norşuntepe (Seeliger et al. 1985;
Zwicker 1980) and Arslantepe (Palmieri et al. 1993) along the Upper Euphrates.
A major copper–nickel sulfide deposit near modern Bitlis in eastern Turkey has
also been reported (Çağatay 1987). The Bolkardağ mining district of the central
Taurus and immediately north of Cilicia includes mostly iron, argentiferous lead,
copper-lead-zinc ores, and smaller occurrences of gold and tin (Pehlivan and Alpan
1986; Yener and Özbal 1986; Yener et al. 1991). More specifically, cassiterite, a
tin-oxide, has been observed in floor debris at the ancient mining site of Kestel and
also nearby alluvial deposits (Yener et al. 1989). Cassiterite has also been observed
together with oxides of iron, arsenic, and antimony north of the Bolkardağ on the
northeastern slopes of Erciyes Dağ at Hisarcık (Yazgan 2005; Sarp and Cerny 2005).
In the northwest, the Troad sources reveal a diverse array of complex ore deposits,
including copper, lead, silver, and gold (Pernicka et al. 2003; Pernicka et al. 1984;
Wagner et al. 1985). Arsenic-bearing ore bodies are unknown in this metallogenic
zone. The central Anatolian highland, an arid steppe environment bounded to the
north and south by high mountains, is less abundant in copper resources. Exceptions
include the polymetallic copper–lead–silver ores located near Akdağmadeni, small
oxidic and native copper deposits near Sungurlu, and secondary copper ore deposits
near Karaali, south of Ankara.

A key pattern in the distribution of raw materials and environments in highland
regions likeAnatolia, Transcaucasia, and Iran is their heterogeneous and uneven char-
acters (Wilkinson 2003). Despite a relative abundance of ore sources, their spotty
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Fig. 20.2 Map of western and central Anatolia with sites mentioned in this text

distribution created special stresses that influenced how they were extracted, refined,
smelted, and transported (Craddock 1995). In other words, geographic and social
parameters of mining regions had significant influence on technological organization
and socioeconomic process (Knapp 1998). Distance from the raw materials to fuel
and food supplies, as well as seasonal weather conditions, were key factors in how
they were utilized. The dynamic and costly ventures of mining and smelting activities
often had considerable impact on the environment, leading to deforestation, alter-
ations of drainage routes, and other problems (Monna et al. 2004). Transportation
is often limited to navigable rivers and wide intermontane valleys, and even then it
was largely a seasonal enterprise. As the Kültepe-Kanesh texts tell us, movement of
goods across central Anatolia was often abruptly postponed due to poor weather, and
this likely had significant effects on trade relations and the exchange rates of metal
types (Dercksen 1996).

The clustered distribution and diverse mineralogical characteristics of these metal
resources no doubt influenced their availability over time. Disparities in proximate
access to these resources and regional competition for material use created incen-
tives for long-distance cooperation among some individuals and communities, while
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Fig. 20.3 Map of eastern Anatolia with sites mentioned in this text

providing leveraging power to others. As will be argued later in this chapter, eco-
nomic specialization and diversification in mining, and extraction technologies and
strategies, were not only the result of an increased demand for metals and finished
forms but also the result of innovations in labor organization. Increased sophistica-
tion in technological organization ensured a predictable supply of important materials
necessary for the regular maintenance of social relations while at the same time gen-
erating potential for significant social inequality. Diverse alloys and technologies
are well represented in many fourth- and third-millennium BC burial contexts in
Anatolia. For example, the well-known collections of decorated copper alloy swords
and spearheads from the Early Bronze Age “Royal Tomb” at Arslantepe (Haupt-
mann et al. 2002; Palmieri and Di Nocera 2000), and the elaborate Alacahöyük,
Kalınkaya, and Horoztepe cast tin bronze standards and figurines (Arik 1937; Koşay
1938; Özgüç 1964; Yıldırım and Zimmermann 2006; Zimmermann and Yıldırım
2007), indicate metal resources and technologies were associated with disparities
among social groups.
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Fig. 20.4 Calibrated radiocarbon dates and relative chronology of important sites mentioned in this
text. Solid lines are C14 dated sequences. Dotted lines are inferred occupations without absolute
chronological control

Intellectual Framework

The model of highland Anatolia and lowland Syro-Mesopotamia as a core–periphery
relationship in which lowland predominantly urban cultures extract highland raw ma-
terials is of course simplistic. While archaeologists continue to refer to Anatolia as a
highland region, it should be stressed that the dichotomy between highland and low-
land regions is somewhat problematic because, asYener (2000) and Thornton (2009,
p. 305) point out, the Near Eastern highland regions are internally highly variable.
They constitute a series of interlocked highland intermontane and lowland valleys
and plateaus. Nevertheless, Anatolia is a distinct region that warrants discussion of
both broad diachronic changes in the organization metal technologies and localized
traditions of metallurgical practice.

The framework for this discussion is divided into two parts. First, we will discuss
how perceptions of the role of ancient Anatolia in the Near East are changing
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with respect to complex technologies. As a corollary to this and in agreement
with Thornton (2009), we will then offer an alternative view which suggests that
Anatolia and other resource-rich regions in the Near East were regions of indigenous
technological and social innovation. This is apparent because organized mining
and metal production exist before apparent large-scale Mesopotamian involvement
in Anatolia. Second, we discuss how metal production is coordinated over long
distances to mitigate disparities in access to rare materials and technologies.
Changes in the organization of metal technology coordinate with socioeconomic
shifts in the way metal resources are acquired and distributed, which results in the
emergence of a multi-tier hierarchy of mining and metal production.

Anatolia as a Region of Innovation

An increasingly sophisticated understanding of cultural and historical process in
Anatolia is changing our conceptualization of this region as a focus of analysis
(Düring 2011; Mathews 2011; Sagona and Zimansky 2009). Past researchers tend
to view archaeological problems in terms of the regions that surround Anatolia,
including Greece and Mesopotamia. It is usually assumed that novel social, political,
and technological forms originated elsewhere, outside the frontier highlands of the
Anatolian peninsula.

In a review of the intellectual history and rhetorical devices used to describe the
Anatolian peninsula, Yazıcıoğlu (2007) examines the origins and pitfalls of the con-
ception of Anatolia as a “land bridge,” most notably as a conduit of knowledge rather
than a landscape of innovation unto itself. Yazıcıoğlu argues against the conceptual-
ization ofAnatolia as a land bridge because this metaphorical simplification “hampers
a thorough understanding of the material culture of Anatolia and skews our perspec-
tive, especially in analyzing trade and exchange relations or processes of diffusion
and/or migration” (Yazıcıoğlu 2007, p. 219). In effect, she argues that this perspec-
tive generates an emphasis on the movement of people, things, and ideas through the
region, while downplaying the significance of several millennia of regional traditions
and cultural practices. AsYener (1995, p. 119) has pointed out, “Anatolia is often pre-
sented as a cultural frontier in which it is seen as passive receiver of innovations that
emanated from more sophisticated centers.” The common metaphor is of Anatolia
embodying a land bridge from Mesopotamia to Europe—from the East to the West.

The suggestion that highland regions promote diversity is not a novel concept.
Aldenderfer (1998), Ehlers and Kreutzmann (2000), and Körner (2003) all argue
that various challenges inherent in highland environments promote behavioral spe-
cialization. Human communities adapted to these local environments to facilitate
predictable access to their unique resources, including pastureland, food sources,
and raw materials used in the manufacture of tools and ornaments. Highland re-
gions, rather than impeding transportation, guided trade and exchange routes by way
of valleys and mountain passes. Central to the question of Anatolia as a region of
innovation are the resources of its diverse natural environments and the close prox-
imity of its ecotones that were the necessary preconditions for the emergence of
metallurgy and its rapid success in the region.
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Regional environments and resource distributions in the Anatolian highlands in-
fluenced diverse institutions of production and specialization that otherwise would
not be feasible in the lowland plains of Mesopotamia. Highland mining communi-
ties are one subset of these specialized institutions. These communities seemed to
emerge with the greater demand for resources used in the creation of utilitarian and
wealth objects, during the mid-fourth millennium BC.

Technological Organization as Social Organization

The procedural stages to metal technology need not be repeated here; see Craddock
(1995), Miller (2007a, pp. 144–166), and Rehren and Pernicka (2008) for detailed
descriptions of production and manufacturing techniques. Key steps in these proce-
dures allow for a wide variety of variations in smelting techniques, alloy recipes, and
final forms and shapes. For the purposes of this chapter, we argue that production
and manufacturing strategies have clear spatial components that are necessary to
grasp in the understanding of technological organization (e.g., Stöllner 2003). In this
sense, technologies are theorized to track and focus on these various elements of the
production chain (Earle 2010), from the acquisition of raw materials and smelting
to the melting, casting, and manufacturing of finished products.

To define how we approach the technological organization of metal production, it
is important to embrace a holistic perspective of craft production in the context of mu-
tual technological developments across regions and assemblages (Shimada 2007). In
this aspect, we try to view metal working regions and specialized production activities
in terms of their technological, socioeconomic, spatial, and ideological dimensions
(Hanks and Doonan 2009; Knapp 1998; Levy 1993; Linduff 2004; Linduff and Mei
2009; Topping and Lynott 2005). Sites across the highlands of Anatolia demonstrate
unique adaptations to highland environments; thus, it is essential to view specialized
technological process “in concert with the social coordination of labor” (Pfaffen-
berger 1992, p. 497). Labor specialization, either part time or full time, occurred
as a series of cooperative social arrangements among an economically diversified
demographic. Following Costin (1991, p. 43), we define specialization as “differ-
ential participation in specific economic activities,” where metallurgical activities
necessitated at least part-time dedication to production.

The precise location and context of change are intrinsic components to long-term
changes in the organization of activities (Miller 2007b). Depending on the social and
spatial infrastructure in which ancient communities interacted, whether in urban or
interregional contexts, many crafts were located in specific areas to regulate relations
among associated technologies, materials, and socioeconomic outcomes. The emer-
gent pattern is that technological organization often maps onto social organization
(Nelson 1991).

The degree to which metal technological organization in Anatolia was controlled
during different periods of time is debatable. The evidence is inconclusive whether
lowland centers cooperated in reciprocal networks of exchange with highland pro-
duction zones or whether they effectively controlled these regions by politically
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integrating them. While it is clear that some finished forms were signifiers of status,
including alloy vessels, swords, and spearheads, there is very little evidence for the
systematic control of their production and distribution without evidence from texts.
Elite control of trade does seem to be exercised to some degree during the Middle
Bronze Age 2000–1750 BC, as is evident from numerous Akkadian texts known
from Anatolia (Dercksen 1996, pp. 162–178). The emerging picture from these texts
is that Mesopotamian and Anatolian merchants were actively vying for control of
trade in a competition of merchant coalitions and palatial bureaucracies.

Artifacts of Wealth and Prestige—Metal During
the Anatolian Neolithic

The use of native metals and metalliferous minerals (e.g., malachite Cu2CO3(OH)2,
hematite Fe2O3, and galena PbS), during the Anatolian Neolithic demonstrates a
high degree of technological sophistication and familiarity before the development
of formal smelting techniques (Schoop 1995, 1999; Pernicka 1990). In addition,
access to raw materials during formative periods of emergent complexity helped
generate temporally resilient acquisition networks important to many later complex
technologies. As early as the eleventh millennium BC, metalliferous minerals were
used as raw materials for pigments and ornaments, such as a perforated pendant
possibly made of malachite from Shanidar in Iraq and green stone beads from Rosh
Horesha in Israel (Bar-Yosef Mayer and Porat 2008; Solecki 1969; Solecki et al.
2004). Evidence for the regional occurrence of cold-worked native copper begins
during the ninth to seventh millennium BC in the form of ornaments (Schoop 1995).

Substantial evidence for the working of native copper comes from the Neolithic
site of Çayönü in southeastern Turkey (Özdoğan and Özdoğan 1999). Dating from the
ninth to seventh millennium BC, successive occupational strata at Çayönü provide
key evidence for the emergence of complex societies that partake in agricultural
economies and specialized technologies in the Near East (Özdoğan 1999). Located in
a highland setting, near to theTigris river valley and approximately 20 km from Ergani
Maden, one of the largest copper sources in Turkey, materials from all occupation
layers demonstrate the use of native copper metal and minerals. Parallel traditions in
working lithic and metal minerals include the production of perforated stone beads
and cold-hammered and annealed metal beads rolled into small tubes (Maddin et al.
1999). Similar use of metal minerals and annealed and hammered native copper
beads has been noted in central Anatolia at the sites of Aşıklı Höyük (Esin 1995,
1999; Yalçın and Pernicka 1999) and Çatalhöyük (Mellaart 1964; Birch et al. 2013).
Two native silver tube beads from Domuztepe in modern Kahramanmaraş date to the
mid-sixth millennium BC and show evidence of annealing and hammering (Carter
et al. 2003; Yener et al. in prep.).

The production and consumption patterns related to these materials indicate that
they were used to demarcate social boundaries and were also likely indicators of social
status. These scarce materials were naturally circumscribed by rugged highland ter-
rain and their technological alteration into ornaments required sufficient specialized
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knowledge. Later metallurgical traditions correspond to two important patterns that
emerge during the Neolithic. First, the establishment of metal materials and technolo-
gies as a source of wealth developed alongside the emergence of increasingly complex
social institutions. This is best evinced by the presence of scarce materials associ-
ated with early monumental architecture at many important Neolithic sites along the
Taurus such as Çayönü, Nevalı Çori, and Hallan Çemi (Lichter 2007). Second, the
emergence of long-distance trade patterns created path-dependent economies that
influenced the way materials were exchanged and distributed. Economic interaction
patterns between highland source areas and adjacent lowland agricultural villages
established a successful way of accessing and distributing these materials that would
have dramatic network effects.

Site-centered Production: Centralization, Nucleation,
and Balkanization

Significant socioeconomic reorganization during the Early and Middle Chalcolithic
(ca. 6000–4000 BC) created a mosaic of complex cultural regions across Anato-
lia (Düring 2011; Schoop 2005). Regionalized political affiliations and exchange
networks focused largely on local materials, although certain materials (e.g., obsid-
ian) are known to have been transported over very long distances (e.g., Carter et al.
2008; Healey 2007). Important developments in extractive metallurgy occur during
this crucial time period in lowland regions that are proximate to highland resource
areas such as in the Altınova, in Cilicia, and in the Amuq Valley. As Yener et al.
note (1996), these regions are set apart from other sites in northern Mesopotamia by
virtue of their direct access to scarce materials, while at the same time sharing sim-
ilar highly productive agricultural conditions. Interregional patterns of competition
and cooperation, and the management of access to lowland centers, are identified
by the possible innovation of city walls or enclosures at sites like Hacılar, Kuruçay,
Mersin, and Değirmentepe. In addition, the repertoire of metal objects drastically
increases during this time period. Ornaments and jewelry were produced with tools
and weapons by the Late Chalcolithic period, which provides sound evidence for
the diversification of the technology as it was variably adopted in different parts of
Anatolia.

Dating to the beginning of the fifth millennium BC, a series of metal axes, chisels,
and other tools from Mersin (XVI–XIV) in Cilicia (Garstang 1953) demonstrate the
development of casting technologies and the possible smelting of ores into metal
(Caneva 2000; Esin 1969; Yalçın 2000b). Unlike objects made from native copper,
which is relatively pure, the metal objects from Mersin show significant amounts
of antimony (0.032–0.748 wt%), arsenic (< 0.006–0.604 wt%), and tin (< 0.005–
0.010 wt%) (Yalçın 2000b, p. 114). The presence of these elements indicates that
the metals were derived from the smelting of polymetallic ores, several sources of
which have been documented to the north in the central Taurus Mountains (Yener
et al. 1991). Problematically, no production debris (e.g., slags, crucibles, and furnace
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Fig. 20.5 Değirmentepe with metallurgical remains. (Adapted from Müller-Karpe 1994, Fig. 4)

installations) has been discovered at Mersin dating to this early period, so the actual
characteristics of extractive metallurgy can only be inferred from these finished
products.

Some of the first evidence for the organization of extractive metallurgy comes from
the site of Değirmentepe and dates to the end of the fifth and beginning of the fourth
millennium BC (Esin and Harmankaya 1988;Yener 2000, pp. 33–44). Değirmentepe
is a multi-period village along the Upper Euphrates with a significant Middle and Late
Chalcolithic occupation sharing cultural affinities with Ubaid Mesopotamia. Several
houses were excavated to reveal that many of the households were involved with
many metallurgical activities from ore processing, smelting, and possibly melting
and casting (Fig. 20.5). Importantly, many of the households also had evidence of
administrative activities, including seals, sealings, tokens, and bullae of local and
foreign styles (Esin 1990), and their production (Arsebük 1986).

Several different polymetallic ore sources are known in the region and their use
has a long history that starts during this period. Metallurgical debris from the site
indicates that the organization of production relied heavily on nearby ore sources.
However, it is not clear whether or not mining sites that date to this period took part
in smelting activities. The presence of several furnaces and some raw ore materials
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indicates that primary production was a village activity and that ores could have been
transported directly from the source areas and consumed at the village. Parallels
for these activities are noted at the nearby sites of Norşuntepe (Hauptmann 1982)
and Tepecik (Esin 1982). The analyses of slag debris and slaggy encrustations on
crucibles, however, suggest that much of the production may have been the further
refinement of copper-rich slags and copper metal in a secondary or final production
stage to produce arsenical copper alloys (Kunç and Çukur 1988; Özbal 1985). It is
entirely possible that ores and slags were smelted elsewhere and then brought into the
village for further working and refinement. Metallurgical production debris is evenly
distributed across the site, which suggests that the organization of production may be
characterized as an independent household or nucleated workshop-level production.

The Late Chalcolithic site of Arslantepe, near to modern Malatya along the Upper
Euphrates, provides an excellent contrast to the organization of metal production
at Değirmentepe. Arslantepe was the center of a large network of Late Chalcolithic
villages during the so-called Uruk period of Mesopotamia. This period is particularly
known for the intrusive activities of Mesopotamian communities into regions outside
their political and cultural core in southern Iraq. Algaze (2005), Stein (1999), Roth-
man (2001), and Frangipane (2001a) have argued for different forms of interaction
among communities in Anatolia and Mesopotamia during this period. It is clear that
Mesopotamian communities, at this time, sourced metal materials and finished prod-
ucts from the Taurus and Zagros, although the nature of those interactions, as based on
symmetrical or asymmetrical relations, is hotly debated. Excavations at Arslantepe
indicate a certain degree of interaction with Uruk Mesopotamia, but there was also
a local elite presence independent of Uruk control. A large monumental structure
in the Late Chalcolithic (period VIA) contained several rooms for storage which
together suggest that the building was the seat of a local power or a redistributive
center (Frangipane 1997).

Frangipane (2001b) notes two opposing forms of power at Arslantepe in this
period—a local kingdom and a later intrusive power related to Transcaucasian mi-
grations into southeasternAnatolia and Syro-Palestine—both of which correspond to
developments in Mesopotamia. Metallurgical traditions and the economic networks
inferred from the analyses of the raw materials, production debris, and finished
goods differ significantly between these two periods. Palmieri et al. (1999) notes a
significant relationship among successive periods (VII ca. 3700–3400 BC, VIA ca.
3400–3000 BC, and VIB 3000–2900 BC) and the types of alloys and ores. During the
Late Chalcolithic (period VIA), communities used polymetallic ores with varying
quantities of arsenic, antimony, silver, bismuth, and nickel. Ore selection changes
to the predominant use of copper–iron sulfides during the Early Bronze Age (period
VIB), which indicates possible shifts in trade networks and metallurgical traditions.
Finished artifacts also reflect these variations with a predominance of copper–arsenic
alloys but also alloys of copper–silver and copper–arsenic–nickel (Hauptmann et al.
2002).

A hoard of 21 metal alloy weapons dating to the VIA period contain almost
predominantly copper–arsenic alloys, ranging from 2.57 to 6.08 wt% arsenic. In-
triguingly, lead isotope analysis (LIA) of the objects suggests they originate from



542 J. W. Lehner and K. A. Yener

several likely sources in the northeastern Pontides near to the Black Sea (Haupt-
mann et al. 2002, pp. 61–62). In contrast, metals from a large tomb dating to the
VIB period, contemporary with large-scale changes in material culture related to the
Kura–Araxes culture of Transcaucasia, demonstrate a change in alloy preference and
provenance. In addition to copper–arsenic alloys, several nonutilitarian objects made
of a silver–copper alloy and objects made of a copper–arsenic–nickel alloy reflect
gross changes in ore consumption and alloy preferences. LIA of the copper–arsenic
alloys from Period VIB suggest a similar provenience to those from the earlier period
VIA, but the copper–arsenic–nickel alloys may reflect a more local source or one
potentially to the north-east in Transcaucasia or the central Taurus. The copper–silver
alloys have a unique isotopic signature that does not allow their identification with
any known ore source, but does match with other artifacts from central Anatolia
(Hauptmann et al. 2002; Sayre et al. 2001).

Slag analyses from the site suggest a wide-ranging technological variety of ex-
tractive metallurgy. Perhaps most significantly, a class of slags, containing prills of
an arsenic–nickel–iron speiss (Palmieri et al. 2000, p. 145), indicate that alloying
strategies may have involved the production and trade of this special co-smelting
product used to produce early copper–arsenic alloys (Thornton et al. 2009). It may
also have been a by-product of smelting copper–nickel–arsenic ores. However, the
use of speiss as an ingredient in the production of arsenic alloys, as suggested by
Thornton et al. (2009) and Rehren et al. (2012), may help explain the emergence
of high-arsenic copper alloys. At the sites of Habuba Kabira and Fatmalı-Kalecik,
both dating to the Late Chalcolithic, the presence of lead-rich litharge provides the
earliest evidence for the reduction of argentiferous lead ores into refined silver metal
through cupellation (Hess et al. 1998; Pernicka et al. 1998).

Recent excavations at Çamlıbel Tarlası have explored in detail the activities of
a small Chalcolithic village in central Anatolia that thrived ca. 3590–3470 cal. BC
(Schoop 2008, 2009, 2010). Four occupational phases (CBT I–IV) of rectangular
architecture with stone foundations and rammed earth revealed a range of activities,
including different stages of stone tool and metal production. All phases show the
presence of metallurgical slags, ores, pounding stones, crucible fragments, a diag-
nostic ring-idol mold, and finished metal objects. Analyses of the slags by Rehren
and Radivojević (2010) demonstrated that the primary reduction of sulfide and ox-
ide ores into pure copper metal was an activity on site. This explains the presence
of pounding stones, which were used in the benefaction of ore materials for their
preparation in a smelt. Fieldwork within the vicinity of the site discovered a large
outcropping of sulfide and oxide ore minerals (Marsh 2010) that seem to corre-
late with the slag analyses. Near to Çamlıbel Tarlası, the Late Chalcolithic site of
Yarıkkaya demonstrates a similar household-level production of metal (Hauptmann
1969; Schoop 2005). Production debris, including several crucibles with a thin layer
of encrusted metalliferous residues (Fig. 20.6), indicates that producer communities
in north-central Anatolia lived in small household aggregates composed of part-time
specialists.

Analyses of a few finished artifacts from Çamlıbel Tarlası by Rehren and Radi-
vojević (2010, p. 215) demonstrate that the metals used are arsenical copper alloys.
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Fig. 20.6 Crucible from Yarıkkaya, north-central Anatolia. (See Schoop 2005, Plate 30.1)

As the current analyses of slags from the site do not show any presence of arsenic in
the copper nor iron–arsenic–nickel speiss, it is not clear whence the arsenic derived.
Recent surveys by Özbal and his colleagues (Özbal et al. 2008) discovered a range of
arsenical minerals to the north of Çamlıbel along the Pontide belt. These resources
may have been used in the production of the arsenical copper found at Çamlıbel,
although direct evidence for this has yet to be demonstrated.

The emergence of complex metallurgy, as highlighted above, is clearly a reflec-
tion of the availability of necessary resources, appropriate technologies, and the
ability to free up labor for specialized production. The regionalism and localization
of political entities that occur with urbanism, as highlighted with the administrative
technologies and monumental architecture of Arslantepe, allowed for constrained
networks of production. It is not clear how groups acquired the necessary raw ma-
terials for the various technologies examined above. During these periods along the
Upper Euphrates, it is clear that many stages of metal production occurred perhaps
simultaneously and in the same location. The sites in this region can be characterized
as having in-site production with nucleated production areas. Similar patterns are
recognized for other regions in regard to finished materials with the caveat that local
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alloying traditions likely remained a conservative tradition often unique to the area in
which it was produced (Yakar 1984, 1985; Yener 2000). Ores were purposely chosen
for their properties and alloys were produced from a range of complex and diver-
gent traditions that likely reflected the local socioeconomic and political networks
of production. The presence of arsenical copper alloys across Anatolia, for example,
at Ilıpınar in northwestern Anatolia (Begemann et al. 1994) and Ikiztepe near to
the Black Sea (Bilgi 1984, 1990; Özbal et al. 2008; Özbal et al. 2002a, b), means
that while divergent patterns of metal production were localized, some metallurgical
techniques, perhaps utilizing speiss, were shared across very long distances.

Specialized Mining Communities and the Development
of Tin Bronze

During the Early Bronze Age (ca. 3000–2000 BC), several regional polities across
central Anatolia and regions south of the Taurus began to participate in long-distance
trade for materials like lapis lazuli and tin that extended as far east as modern
Afghanistan (Delmas and Casanova 1990; Muhly 1973a, b). Two major innovations
in copper metallurgy during this time period altered the way metal technology was
organized. First is the advent of an intentional copper–tin alloy (i.e., tin bronze). The
alloying of tin and copper hardens the metal, alters casting properties, and changes
its color to yellowy–gold if the correct amount of tin is incorporated (Scott 2011, pp.
109–173). The earliest tin bronzes in Anatolia occur in the northeastern bend of the
Mediterranean Sea near to the Taurus, specifically in Cilicia and the Amuq during
the Late Chalcolithic ca. 3000 BC (Yener 2009).

This pivotal area, linking the coastal Mediterranean with the cultures of Syro-
Anatolia, has immediate relevance to the early production of tin metal from Tauride
sources such as Kestel, Bolkardağ, and Hisarcık. The site of Tell Judaidah in the
northeastern passes of the Amuq valley in southern Turkey yielded an assemblage
of tin bronze artifacts that were found to contain up to 9.74 wt% tin content from
Phase G levels (Braidwood et al. 1951). The highest quantity of tin measured was
from a crucible fragment encrusted with a green slag from Phase G. Bronze droplets
entrapped in the crucible slag yielded multiple phases of Cu–Sn metal rich in tin
(35–75 wt% Sn, 15–60 wt% Cu), with the noted presence of 1.49 wt% Ni and 1.80
wt% As (Adriaens et al. 2002: 275). The heterogeneity of the crucible slag led the
authors of the study to conclude that this crucible was not used for the re-melting
of scrap tin bronzes, but that it was used to prepare a copper–tin alloy from raw
materials. From the same context at Judaidah came ten tin bronze pins, chisels, and
awl fragments, which had been previously tested, and new analyses again confirmed
that they contained appreciable tin content. Copper alloy figurines from Tell Judaidah,
which were excavated from sounding TT20 in a well documented context just above
floor XIV-3 and dated to Phase G, were analyzed by Friedman et al. (1999) who
confirmed that the figurines contained up to 10 wt% tin. Lead isotope analysis of the
silver helmet of one of these figurines, as well as other materials from the Amuq,
linked the materials to the central Taurus ore sources (Yener et al. 1991).
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Further evidence of an early technological breakthrough in bronze alloys comes
from Gaziantep in southeastern Turkey, during the Early Bronze (EB) II period (Duru
2006, p. 206). Level III radiocarbon dates range 3090–2500 cal. BC. The analyses
of 96 copper-based objects (mostly pins) from burials at the site of Gedikli were
determined to be tin bronzes, with an average tin content of 6.33 wt% (Bengliyan
1985). Tell Qara Quzaq, situated in the north Syrian Euphrates region, yielded tin
bronzes dating to ca. 2900–2750 BC, contemporary to Phase G in the Amuq. Two
chisels and 14 pins had tin contents from 1.47 to 19.07 wt%, the latter of which
is an exceptionally high level of tin which indicates the actual alloying of tin and
copper metal and not mixed ore smelting (Montero Fenollós 1996). Other sites in
northern Syria also show a preponderance of copper–tin alloys dating to the same
period (Montero Fenollós 1995, 1997, 2000). Throughout the third millennium BC,
during the florescence of Kestel mine operations, Tell Tayinat (Snow 2005) and Tell
Judaidah in the Amuq valley, Tarsus in Cilicia southern Turkey (Kuruçayırlı and
Özbal 2005), northern Syrian sites, as well as central Anatolian settlements (see
summaries in Kuruçayırlı 2007) continued to use tin in the production of bronzes.
Further east, early tin bronze spear-points from Tülintepe near to modern Elaziğ date
to the Arslantepe VIA-B period (Yalçın and Yalçın 2009).

The second major innovation in the Early Bronze Age is the development of
second-tier processing sites in mining regions. Increased urbanization and a diver-
sified means of acquiring important subsistence resources, through pastoralism and
improved agricultural practices, helped create a social environment in which eco-
nomically specialized settlements emerged to mediate access to metal resources.
The development of second-tier processing sites occurred as economic alliances
grew larger and more complex, effectively networking multiple regions together to
hedge against the uncertainty of access. This uncertainty was derived from several
variables, including seasonality, finite availability, and sudden shifts in political and
economic networks.

Yener and her colleagues began a survey of the Bolkardağ mining district in the
early 1980s to examine the economic and technological components of one of the
earliest known mining regions (Yener 1986; Yener and Özbal 1986; Yener et al.
1989). Several small sites along the valley suggested that much of the activity in
this region was the seasonal extraction of ores. Excavations at the Early Bronze Age
mining village of Göltepe and the Kestel mining complex demonstrated that these
communities were actively involved in the intensive and sophisticated extraction of
polymetallic ores and the reduction of these ores into raw metal.

The site of Göltepe was a mining village situated on top of a large natural hill fac-
ing the Kestel mine complex. The hill measures close to 60 hectares and is fortified
at the summit with a circuit wall. Excavations from 1990 to 1993 uncovered a total of
1,500 m2 of the settlement dating to the Late Chalcolithic through to the EB III phase
(from ca. 4375–3750 BC to 2880–2175 BC). Habitation structures in period 3 (EBII)
are semi-subterranean to fully subterranean and would have had superstructures of
wattle and daub (Fig. 20.7). One house in particular had a full range of metallurgical
production paraphernalia including crushers, mortars, a crucible, and kilos of ground
ore and ore nodules. The house contained large EBA burnished orange-ware jars full
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Fig. 20.7 Göltepe site plan, Area A

of ground and refined ore and processed waste materials containing 0.28–3.65 wt%
tin, 6.90–41.00 wt% iron, plus minor amounts of arsenic (Adriaens et al. 1999a, b;
Vandiver et al. 1992). The relatively high concentration of tin in the prepared ore
is evidence that one of the primary activities of the metalsmiths at Göltepe was the
preparation of tin metal. The single most significant find at Göltepe relating to the
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processing of tin has been discovery of over one ton of vitrified earthenware bowl
furnaces or crucibles with a glassy slag accretion rich in tin. Constructed with a coarse
straw- and grit-tempered ware, they range in rim size from 6 to 50 cm in diameter and
have vitrified surfaces containing between 30 and 90 wt% tin content (Adriaens et al.
1996, 1997, 1999a, b). Activities involved the intentional production of tin metal
by reduction firing of tin oxide in crucibles in a labor-intensive, multistep process
carried out between 800o and 950oC (Yener and Vandiver 1993a, Özbal 2009; Earl
and Özbal 1996). Lead isotope analysis of one of the Göltepe crucibles provided
complimentary evidence that tin ores from the central Taurus were being processed
(Lehner et al. 2009). Metal artifacts from the site, including copper–tin, copper–tin–
arsenic, and copper–tin–silver alloys, range from 4.75 to 12.3 wt% tin and some have
traces of gold (1.23–52.1 ppm), which are comparable with the Kestel ore analyses
(Yener et al. 2003).

Prior to the identification of Anatolian tin, scholars hypothesized that tin was nec-
essarily traded in from Central Asia, Egypt, or Europe for consumption in the Near
East (see Muhly 1985; 1993; Stöllner 2011; Yener 1993a, b). Rather than explain-
ing the early presence of copper–tin alloys as a product of long-distance exchange,
these new alloys were being produced locally by innovations in technological or-
ganization that focused on the primary extraction of tin ores (Yener 2009), but also
through regional trade networks that linked these regions to other areas of produc-
tion. Polymetallic ore deposits near modern Hisarcık in central Anatolia (Sarp and
Cerny 2005; Yalçın and Özbal 2009; Yazgan 2005), and in the Astaneh-Sarband area
in Iran (Nezafati 2006), also show pronounced concentrations of tin that may have
been utilized for the production of early tin alloys (Nezafati et al. 2008, 2009).

The early adoption of copper–tin alloys in central Anatolia is also documented at
the Early BronzeAge cemetery of Resuloğlu where copper–tin and copper–tin–silver
alloys are attested (Yıldırım and Zimmermann 2006; Zimmermann and Yıldırım
2007). Curiously, the Early Bronze Age settlements and mining activities in the
Bolkardağ, and elsewhere in the Pontides (Lutz 1990; Lutz et al. 1994), witness
a decline in use during the very end of the Early Bronze Age or beginning of the
Middle Bronze Age (ca. 2000 BC). During this period, Old Assyrian texts found
at Kültepe testify to the presence of a highly organized and sophisticated metals
trade that possibly linked tin resources from central Asia (see Boroffka et al. 2002;
Parzinger 2002) to central Anatolia by way of Babylonia and Assyria (Dercksen
1996, 2005; Larsen 1976). Interestingly, lead isotope analyses of a silver bracelet
from Grave 20 at Assur point to the continuation of Taurus silver sources (Yener et al.
1991), despite the preference for eastern tin supplies as confirmed by the information
in the Assyrian tablets.

Conclusion

As a retrospective on Anatolian metallurgical research over the last 10 years, we
have argued for two major points in line with The Domestication of Metals. First, we
argued that Anatolian metal industries and their organization must be seen in light
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of local developments and patterns. Past views of the organization of production,
such as those imported from the southern Levant (see Thornton 2009), do not fit
the data in Anatolia. Rather, we see the development of what has been called the
“balkanized technological horizon” during the mid-late Chalcolithic (Yener 2000).
These developments occurred before formal interaction began with Mesopotamian
communities south of the Taurus. The effect of these regionalized traditions is the
production of many different types of metal products by many, likely yet unidentified,
means of production. Not until the Early Bronze Age do we witness the effects of
larger-scale interaction networks on technological traditions.

Second, we argue for the development of specialized settlement hierarchies based
on a cooperative model that sees production specialization as a way to mitigate un-
certainty of access to crucial raw materials and finished goods. The beginnings of
this can be seen at the site of Göltepe in the central Taurus, although indications
of long-distance exchange have been demonstrated to exist earlier despite a more
constrained, site-centered mode of production. These sites demonstrate how the in-
tensive production of locally available materials creates incentives for long-distance
exchange of other scarce materials necessary for the production of socially desirable
materials, such as copper–arsenic or copper–tin alloys.

The rise of metal industries in the Near East and Anatolia provides an ideal case
study into how human societies organize and develop exchange relations over long
distances and difficult terrains. The use of metals and their production in these re-
gions demonstrate clearly how these societies constructed economies in relation to
changes in urban and political structure. Most importantly, we can see how techno-
logical organization is effectively related to social organization, both spatially and
structurally.

Acknowledgments We would like to sincerely thank the editors of this volume for their unending
patience and flexibility. Many thanks also go to Ulf-Dietrich Schoop for the many conversations
and comments about this work, especially on the central Anatolian Chalcolithic. We would also
like to thank Elizabeth Carter, Jeanne Arnold, and David Scott for comments on this draft and
for innumerable discussions on the prehistory of the Near East, craft specialization, and of metal
technologies. Thanks are also due to Scott Branting, John Marston, Andreas Schachner, and Fikri
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(pp. 41–70). Ankara: METU Press.

Hauptmann, A. (2007). The Archaeometallurgy of copper. Berlin: Springer-Verlag.
Hauptmann, A., Schmitt-Strecker, S., Begemann, F., & Palmieri, A. M. (2002). Chemical com-

position and lead isotopy of metal objects from the “Royal” tomb and other related finds at
Arslantepe, Eastern Anatolia. Paléorient, 28(2), 43–69.

Healey, E. (2007). Obsidian as an indicator of inter-regional contacts and exchange: Three case-
studies from the Halaf Period. Anatolian Studies, 57, 171–189.

Helms, M. W. (1993). Craft and the kingly ideal: Art, trade, and power. Austin: University of Texas
Press.

Hess, K., Hauptman, A., Wright, H., & Whallon, R. J. (1998). Evidence of fourth millennium
BC silver production at Fatmalı-Kalecik, East Anatolia. In Th. Rehren, A. Hauptman, &
J. D. Muhly (Eds.), Metallurgica antiqua: In honour of Hans-Gert Bachmann and Robert
Maddin (pp. 57–68). Bochum: Deutsches Bergbau-Museum.

Knapp, A. B. (1998). Social approaches to the archaeology and anthropology of mining. In
A. B. Knapp, V. C. Pigott, & E. W. Herbert (Eds.), Social approaches to an industrial past:
The archaeology and anthropology of mining (pp. 1–23). London: Routledge.

Körner, C. (2003). Alpine plant life (2nd ed.). Berlin: Springer-Verlag.
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Chapter 21
Who Dunnit? New Clues Concerning
the Development of Chalcolithic Metal
Technology in the Southern Levant

Jonathan Golden

Several decades after the discovery of the spectacular Nahal Mishmar Hoard—a
collection of cast metal goods, some quite ornate, found in a cave high in the cliffs of
the Judean Desert—many important questions about Chalcolithic metallurgy in the
southern Levant still remain unanswered. What is the origin of the materials used?
Where were the final goods produced? And what were the dynamics of production?
In fact, not only do these questions persist, but new ones have also arisen, as recent
discoveries are now forcing us to reconsider previous interpretations of Chalcolithic
metallurgy and the societies within which it evolved. Such will be the focus of this
chapter.

After a brief review of the current state of knowledge and an introduction to the
major research problems, we will examine more closely the archaeological evidence
for copper production in order to understand both the technical process and the
organization of production in the southern Levant, and how these processes changed
over time. We will also consider a set of research problems pertaining specifically to
the production and use of complex metal castings, a subset of the Chalcolithic metal
assemblage comprising a corpus of elegant and elaborate castings made from arsenic
and/or antimony-rich copper. The form and function of the artifacts in this corpus are
often enigmatic, and as their manufacture involves exotic, imported materials and
advanced skills, they are usually treated as symbolic/luxury goods. The number of
artifacts in this class has grown steadily over the past few years, yet direct evidence
for their production is still not forthcoming and the archaeological contexts where
they have been discovered can often be difficult to interpret. Fortunately, recent
excavations have brought to light some new clues, offering new insights on this
assemblage, and allowing us to tackle questions about where the metal came from,
whether the goods were locally cast, who commissioned their manufacture, and what
circumstances brought them to their final resting places (Fig. 21.1).
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Fig. 21.1 Map of sites mentioned in text. (Courtesy of Y. Rowan)

The Current State of Knowledge: A Brief Overview

Copper first appears in the southern Levant during the period known as the Chal-
colithic (4500–3200). It is often taken for granted that copper first appears in the
region during the Chalcolithic, though the question of precisely when is sometimes
overlooked. It is probably toward the end of the fifth millennium, as the earliest
copper finds in the region date to around 4200 BC. There has been some debate as
to whether metallurgical technology evolved independently in the southern Levant
or whether it was introduced from elsewhere. Copper metallurgy had been known in
Iran and Anatolia since the Neolithic (8000–4500 BC), yet there is little evidence for
diffusion of the technology to the southern Levant from either of those regions. Both
of those areas also had a tradition of working in native copper as well as greenstones
(un-smelted copper minerals) that preceded metallurgy. Native copper is not known
from the southern Levant, but there is a tradition of working “greenstones” (e.g.,
malachite), either ground to a powder to make pigment or sculpted to make beads
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or pendants, going back to the Levantine Neolithic at sites, such as Nahal Hemar
(Bar-Yosef and Alon 1988), and continuing into the Chalcolithic at early sites such as
Gilat (Golden 2010).Yet, the implications of a “greenstone tradition” for understand-
ing the evolution of metallurgy are not clear. It reflects a familiarity with ores, but
not the necessary step of applying pyrotechnology to this material (see Hauptmann
2007, pp. 256–260). We know from evidence for the production of ceramics and
lime plaster during the Neolithic that people had already achieved advanced levels
of pyrotechnology; but apparently, it would be some centuries before this technol-
ogy was applied to ore. Irrespective of how copper technology first emerged in the
southern Levant, within a few centuries copper production in the region began to
thrive, blossoming into an industry on a par with, if not surpassing, those of other
contemporary peoples in terms of technology, craftsmanship, and creativity. In time,
metal would come to hold a special place in the material culture of the Chalcolithic,
not necessarily in terms of quantity and prevalence, but rather, as a rare and an exotic
new medium that required considerable effort and resources to produce and obtain.

Chalcolithic metallurgy is typically seen as comprising two distinct industries. The
first involves the use of relatively “pure” copper to make a limited range of forms,
seemingly more utilitarian in nature, and employing a process that entailed open
casting, hammering, and annealing. The second industry involves the production of
unique and sometimes highly intricate forms made from a range of metals, often
called “natural alloys” because they contain copper with arsenic, antimony, and, to
a lesser extent, nickel and other trace metals. The origin of this material—referred
to here as “complex metals”—is uncertain, but it seems likely that the admixture of
materials occurs naturally in some mineralizations, rather than being the product of
deliberate admixing of metals, i.e., alloying (Hauptmann 2007). Yet, there remain
important questions about the relationship between these two industries: Was the
manufacture of goods from complex metals a “secondary” industry, where more
advanced technology evolved out of the more basic industry, or does this represent
a new class of goods imported in finished form from outside the region?

Understanding the evolution of the metal industry is complicated by the fact that
our knowledge of the time frame within which these developments unfolded, is still
inadequate. It now seems clear that at least some Chalcolithic sites predate the local
advent of copper metallurgy; while some sites have evidence for both production
and finished goods, some had finished goods only, while others have no evidence for
metal at all. Village sites such as Shiqmim and Abu Matar provide extensive evidence
for the local smelting of copper ores in addition to examples of the finished products
(Golden forthcoming; Golden et al. 2001; Shugar 2000). Yet, at sites such as Gilat
(Levy 2006) and Grar (Gilead 1995, 1989), less than a day’s journey away from
Shiqmim and Abu Matar, neither copper goods nor evidence for metal production
have been recovered. One of the largest and most impressive Chalcolithic sites,
Teilelat Ghassul in Jordan, had just some few copper remains (Bourke 2002; Bourke
and Lovell 2004; Hennessy 1982; Mallon et al. 1934). Thus, the straight correlation
between “the Chalcolithic Period” and the presence of copper technology must be
questioned. It is tempting, to infer that some of these sites were inhabited prior to
the local advent of copper. A mid-Chalcolithic copper boom might even help explain
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why Gilat, considered an important cultic center (Levy 2006) declined: Could the
lure of a younger town steeped in the production of a brand new material like copper
have caused the older center to lose some of its luster? (Golden 2010). This notion of
a “pre-metallic” explanation would appear to be supported by certain aspects of the
material culture, yet radiocarbon dates and other evidence complicate the picture.
For instance, radiocarbon dates from Gilat and Shiqmim overlap, suggesting the
copper-less and copper-bearing sites could have been occupied simultaneously, and
the absence of any copper artifacts at sites in the Golan, many dating to the latter
part of the Chalcolithic, also indicates that a purely chronological explanation for
the presence or absence of copper is inadequate. Another explanation for the uneven
distribution of copper across the Chalcolithic landscape has been proposed by Levy
and Shalev (1989), who outline a scenario in which there were contemporaneous
haves and have-nots with regard to metal.

In order to understand the process whereby metal technology spread to the rest
of the southern Levant, we must first establish the general time frame within which
changes occurred, which in turn requires that we know something about when and
by what means metal technology first arrived in the region. Chernykh (1992) has
invoked the term “metallurgical provinces” to convey the idea that the evolution of
metal technology in each respective region follows its own unique trajectory, despite
certain commonalities. It is certainly true that the neighboring provinces of Iran and
Anatolia had their own trajectories, characterized by long sequences of continuous
development from the “cold/hot working” of “native” copper to full-blown smelting
of ores (Thornton 2008; Schoop 1995), while in the southern Levant the first signs
of metallurgy already involved the use of crucibles and smelting installations with
no preliminary “native copper phase,” the closest native copper artifact comes from
Tel Ramad in Syria and was likely imported as a finished good from Anatolia.

As noted already, this raises many questions about the origins of metallurgy
in the southern Levant; for example, whether it was first brought to the southern
Levant as a developed technology and how much internal development took place.
Thornton (2008) points out that copper smelting technology had been current in Iran
at sites like Tal-I Iblis for some 1,000 years prior to its appearance in the southern
Levant. There is also the problem of when the complex metals (e.g., Cu–As–Sb)
first appear in the region and whether this is a secondary or subsequent develop-
ment that evolves from an existing “pure” copper industry. Again, this technology is
seen in Iran in advance of the Levant, yet there are no parallels, neither stylistic nor
technological, that allow us to connect the two industries (Thornton 2008, p. 19).
This is also true of Anatolia, Mesopotamia, and Egypt, all of which had metallurgy
prior to or by roughly the same time as the southern Levant; contemporaneity can
be established, but drawing connections between metal industries during the time
period under discussion, however, is difficult. There is some evidence for trade with
Anatolia during the earlier part of the Chalcolithic, for instance, obsidian discovered
at Gilat (Levy 2006), but copper does not appear yet at this stage in the southern
Levant. There also appears to be limited links between the southern Levant and Egypt
during the Chalcolithic (Commenge and Alon 2002). It has been suggested that the
people of Maadi in the Nile Delta, and the southern Levant may have exploited the
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same sources in the Sinai and/or Faynan for the green copper carbonate malachite
(Midant-Reyes 2000; Killick 2008). It is noteworthy, however, that Maadi did not
have any evidence for copper production, and the occupation of the site generally
corresponds to rather late in the Levantine Chalcolithic.

As noted above, copper goods found at sites in the southern Levant have generally
been grouped into two broad categories. One includes artifacts in forms that are
“utilitarian” in appearance, mainly tools such as axes, adzes, chisels, and awls.
These items are usually made from “pure” copper (i.e., copper with no significant
levels of other metals), cast in open molds, and subsequently annealed and hammered
to create the finished products. The second group includes artifacts manufactured by
employing the lost-wax technique for casting complex metals, mainly copper with
arsenic and/or antimony (Goren 2008). This group comprises the more elaborate or
symbolic objects, such as standards, vessels, and large rings referred to as “crowns”.
Maceheads are also usually included in this category because of the material used
(complex metals) and method of manufacture (“lost-wax” casting) employed; the
“functionality” of the maceheads, however, is unclear (e.g., some contain residues
suggesting they had at some point been hafted, meaning they were not necessarily
just for show, but rather, were used as weapons).1 This “dual industry” dichotomy
was originally suggested by Potaszkin and Bar-Avi (1980) and Key (1980) and later
confirmed by Shalev and Northover (1987) and though subsequent research has
revealed important exceptions, the pattern of two distinct industries generally still
holds true.

The Production of the “Pure” Copper

Just east of the ‘Arava’ in southern Jordan, lies the Faynan region, where copper-
bearing mineralizations with structure and composition similar to ore samples
found in the villages of the Negev have been known to researchers for some time
(Hauptmann 1989; Hauptmann and Weisgerber 1990; Hauptmann et al. 1996). Inves-
tigations in and around the Faynan mines have yielded evidence for limited smelting
of copper ore, perhaps representing test smelting (Hauptmann 1989). Understand-
ably, the dating of activities at the mines is more difficult to determine than the more
securely provenienced material from the villages. Copper mines have also been iden-
tified at Timna, but while there is evidence of copper exploitation from later times to
the present (Rothenberg et al. 1978), evidence for Chalcolithic activity at these mines
is limited (Khalil 1988, 1992; Rothenberg and Glass 1992). It is possible, that some
of this material was used in the Negev villages; according to Hauptmann (2007), ores
from Timna probably played an important role in the western trade toward Egypt,
with some of the material appearing at the Aqaba Gulf site of Magass (Khalil 1992).

The evidence for copper smelting at Chalcolithic settlement sites in the southern
Levant is substantial, especially at northern Negev settlements such as Shiqmim

1 In previous publications (Golden 1998; Golden et al. 2001), I have used the term “complex metals,”
to convey the fact that multiple metals were present in widely varying proportions, while avoiding
the word ‘alloy’ which implies an intentional admixture of these metals.
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Fig. 21.2 Drawing based on
what the section of a
complete Chalcolithic furnace
would have looked like.
(Drawing by J. Golden)

and Abu Matar. Villagers at both sites used a variety of ores, mainly malachite and
cuprite in various combinations, which closely match the chemical composition,
structure, and texture of the material found at Faynan (Perrot 1955; Shalev and
Northover 1987; Golden et al. 2001; Shugar 2000). Based on these similarities, we
may infer that the “pure” copper used by these southern Levantine metalworkers
derived from ores found at the Faynan mines (Hauptmann 1989; Hauptmann et al.
1992; Golden et al. 2001), and possibly from Timna as well (Hauptmann 2007;
Rothenberg and Glass 1992). How the material made its way from the source to
the production locales is another question, one which must take into account both
cultural geography (Thornton 2008) and the logistics of transportation (Levy 2007).

The village at Abu Matar provides the most extensive and thoroughly documented
evidence for Chalcolithic smelting in the southern Levant2 (Perrot 1955; Golden
1998; Shugar 2000). Typical of this archaeometallurgical assemblage are the shards
of ceramic crucibles found at production stations throughout the site. These crucibles
are usually oblong in shape, roughly 8–12 cm in diameter, with the smaller end
functioning as a simple spout. Less common, are the remnants of proto-furnaces, or
smelting installations. These installations are represented by the remnants of thick
ceramic rings, or “collars,”roughly 30 cm in diameter, which formed a “chimney”
over a small clay-lined pit (see Fig. 21.2). Scatters of ash and charcoal were often
found in the vicinity of crucibles and smelting installations. Raw, unused ore is
found in small concentrations throughout the site. Excavations have also yielded ore
in varying stages of reduction (i.e., partly reduced ore that is not completely smelted),
some of this ore is so extensively burned, it is difficult to distinguish from slag. This
material—partially reduced ore with a slag-like coating—sometimes contains sizable
copper prills. Hammer stones used to break up ore and/or these partial slags are also
sometimes found in association with the archaeometallurgical remains. In addition,
small fragments of “raw” copper, probably in need of refining prior to use for casting,
are also found. In two instances, there are small blocks of metal, akin to tiny “ingots,”

2 This is especially true if Bir es-Safadi is also part of the same site, the two sites (Abu Matar and
Safadi) becoming separated by geological activity.
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one with a metallic composition similar to that of the fancy poly-metal castings (this
will be discussed again below). The most recent excavations at Abu Matar (Gilead
et al. 1993; Shugar 2000) have yielded a great deal of evidence for metal production,
duplicating discoveries during Perrot’s earlier excavations, while adding important
new data (Perrot 1955, 1959, 1968, 1984). This is especially true of excavation of
Area A, which produced an in situ furnace that contained charcoal radiocarbon dated
to ca. 4200–4000 BC (Shugar 2000). In Area M of Abu Matar, excavations yielded
substantial metallurgical remains including one dense concentration consisting of
seven hammer stones, ore, crucible fragments, furnace fragments, and over 1 kg of
slag, the highest concentration of slag at the site.

Our understanding of the dynamics of Chalcolithic copper production has ad-
vanced considerably in recent years. Earlier studies were useful in first establishing
that production indeed took place at Chalcolithic settlements and provided but a
narrow snapshot of the industry. Samples of artifacts were analyzed employing sci-
entific methods in order to characterize the material itself and the chemical processes
employed in their production. More recently, new techniques for recording and exam-
ining artifact distribution have been developed, and this, coupled with a concomitant
interest in the study of craft specialization, has led to more exhaustive studies of
archaeometallurgical assemblages in context. In addition to Abu Matar, the site
of Shiqmim has also provided a rich assemblage of archaeometallurgical artifacts,
allowing us to reconstruct the copper industry within a village context.

Metal Production as a Specialized Craft at Shiqmim

Archaeometallurgical materials from Shiqmim have recently been reanalyzed, pro-
viding a good case study for examining the organization of copper production at
the village level and allowing us to address questions about the daily dynamics of
copper production at the site. Precise information regarding the find-spot for each
archaeometallurgical artifact, going back to the earliest phases of excavation at the
site, has been carefully recorded, and the use of geographic information system (GIS)
technology has enabled us to analyze the archaeological context for all metallurgical
finds according to spatial distribution across the site grid and by stratum (Golden
et al., no date). This in turn helps us to paint a more complete picture of the metallur-
gical craft within the broader setting of local village life, and, when correlated with
stratigraphic data, how the various activities related to production and use of metals
may have changed over time.

In many cases, the metal-related finds, including fragments of slag, “raw” cop-
per, and, to a lesser extent, ore, were discovered in and around domestic contexts.
A number of the houses at Shiqmim incorporated small courtyards, which in some
instances may have employed part-time as areas for domestic production activities,
such as metalworking, weaving, and flint knapping. Earlier studies on metallurgical
evidence from Shiqmim suggest the existence of what Costin (1991) would call a
cottage industry or community specialization. The recent study of Shiqmim mate-
rial, synthesizing the metal-related finds from all seasons of research, indicates that
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metallurgical production activities, while found throughout most of the site, were
generally concentrated in one centralized, nucleated production zone. In fact, a ma-
jority of the slag, “raw” copper, crucibles, and smelting installations discovered at
Shiqmim derive from one area at the northwest end of the site. One example is the
area adjacent to the subterranean structure known as Room 6 (Stratum I), where a
concentration of slag, numerous fragments of “raw” copper, and a completed awl
were found. Roughly 10 m to the south of Room 6, near Building 25 (Str. II), more
fragments of copper and some stray pieces of ore were recovered. Subterranean
Room 9 (Sq. K12), just a few meters to the southeast of Room 6, may have also
functioned as a copper production station, as suggested by the fill (L. 3313) contain-
ing a concentration of slag and fragments of copper associated with the structure. It
should be kept in mind, however, that the precise chronological association between
contexts such as Room 9 and Room 6 is not certain.

Some 15–20 m away from the Room 6 production station, in the vicinity of Build-
ings 23–24 (Str. II), appears one of the densest concentrations of archaeometallurgical
finds at the entire village of Shiqmim. Here, artifacts such as slag, fragments of cop-
per, and refractory ceramics were found within the fill inside the Building 23–24
complex as well as the courtyard adjacent to the east side of the buildings, all of
which indicates the presence of a metallurgical workshop. The fill associated with
the buildings and courtyard (Loci 508, 512, 545, 551, 566) contained dense con-
centrations of black ash. The adjacent Locus 515 had a large, flat chalk block that
was propped up, perhaps for use as some sort of ore-crushing device, in addition to a
shallow pit with a limestone mortar. Still, questions about the chronological relations
of these contexts remain.

Most of the archaeometallurgical remains, the crucibles and smelting installa-
tions, were discovered in one quarter of the village, suggesting that metallurgy was
practiced by specialized craftspeople who focused their efforts in one area. It is dif-
ficult to say more about the specific nature of specialization (e.g., division of labor)
within this trade. A precedent for the differentiation of tasks can be seen in evidence
from nearby Abu Matar (Golden 2010). If we can presume that smelting and casting
were the more complicated processes, might the roasting and crushing of ores have
been left to an apprentice? In the case of the complex metal castings, it seems likely
there was a breakdown in tasks. The designing of the molds, requiring the skills and
talent of an artist, may have been a specialized task (Goren 2008). Modern artisans
working with alloys observed by the present author typically design and construct the
molds themselves. They also participate in the actual casting process as well, with
help from people at the foundry; but the smelting of the ores to make the metal is
usually the job of a different workshop altogether. In other words, mold design on the
one hand and smelting of ores on the other require rather different skill sets. Molds
are quite rare in the archaeological record from the Chalcolithic; Hauptmann (2007)
notes a few examples from Wadi Fidan 100, while no examples used in the lost-wax
process are known. Goren (2008) has recently advanced a convincing argument that
the small fragments of ceramic often found inside of the complex metal castings are
just that: the remains of molds used in the lost-wax process that remained trapped
inside the finished product. The analysis of this ceramic material provides important
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Fig. 21.3 Drawing of metal
artifact from copper with
arsenic and antimony,
discovered at Abu
Matar-Safadi. (Drawing by
J. Golden)

data about the preparation of the molds, including the likelihood that all of the molds,
and thereby the castings, were made in one single workshop, located somewhere in
the southern Levant (see further discussion below).

Artisans engaged in casting metal can either work from ready-made ingots or
“win” the metal themselves by smelting ores. In the case of the complex metals
(involving some combination of Cu–As–Sb–Ni) that are found in the southern Levant,
there are no comparable ores present, and thus the import of metal as opposed to
ore is the likelier scenario. The possible “ingots” or copper blanks from Shiqmim
and Safadi (Abu Matar) noted above (see Fig. 21.3), especially the latter with its
polymetallic composition, would seem to indicate that the preparation of ingots to
be used in casting was carried out as a distinct step in the production process, separate
from the job of casting.

Excavations at a series of smaller, satellite sites surrounding Shiqmim have
revealed that several of these sites, especially Mezad Aluf, were also host to metal-
working activities (Golden et al. 2001). The evidence for metallurgy at Mezad Aluf,
though limited, reflects an industry similar to that seen at Shiqmim. The ores are
indistinguishable from the tile ores and brecciated ores found at Shiqmim. Chemical
analysis has been conducted on one ore sample from Mezad Aluf, yielding a profile
very similar to that ore from found at Shiqmim and Faynan. The virtually identical
nature of the ore, slag, crucibles, and furnaces found at Abu Matar, Bir es-Safadi,
Shiqmim, and Mezad Aluf demonstrates that a common technology was shared by



568 J. Golden

Fig. 21.4 Map of Abu Matar
(Perrot excavations) showing
the distribution of
metal-related finds. (Original
map courtesy of CNRS,
reproduced by J. Golden)

the metalworkers at all of these sites. The comparable nature and composition of the
slag and “raw” copper prills found at each site reflect a similar level of success among
the various village workshops. All of this evidence suggests a certain common level
of technology with regard to the “pure” copper industry. The converse negative evi-
dence for complex metal usage may provide a clue regarding the production of the
ornate “prestige” goods; in other words, were advanced metalsmiths who produced
these fancy goods operating in workshops removed from the villages, leaving them
all but invisible in the archaeological record?

The archaeometallurgical remains from Shiqmim andAbu Matar related to “pure”
copper working display a pattern that may be expected for an “independent” industry.
Although the village metalsmiths may have been producing primarily for a limited
sector of society (i.e., the wealthy and elite), there is little to indicate that the elite
had direct control over production (see Earle 1987; van der Leeuw 1989; Costin
1991). Initially, it was thought that the production of copper goods may have been
practiced in the confines of closed courtyards, and while some metalworking does
appear to have been carried out within partly enclosed places, new evidence suggests
that this was just one part of a bigger picture. For example, the recent identification
of a large work zone at the eastern end of Abu Matar village, away from significant
architecture, suggests a large open-air workshop (see Fig. 21.4) though it should be
kept in mind that many of the finds come from Stratum 1, where the surface is often
poorly preserved.
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Complex Metals

One of the great mysteries of Chalcolithic culture concerns the production of objects
made from copper-based metals with variable levels of arsenic, antimony, and nickel,
i.e., complex metals, usually produced through casting. The large majority of artifacts
in this group are piriform maceheads with some few examples of other various
ornamental goods. Questions persist about the origins of the ores used to produce
them, the techniques employed in their manufacture, and the people who produced
and where they were produced. Initially, researchers assumed that because no known
sources of Cu–As–Sb and Cu–As–Ni exist in Palestine, the origin of the entire
industry must reside in areas such asAnatolia orAzerbaijan, where these types of raw
material are known to exist today (Bar-Adon 1980; Key 1980; Shugar 2000). Copper
with arsenic, for instance, is known from Anatolia, Armenia, the Transcaucasus, and
Azerbaijan (the latter over 1,000 km away) (Tadmor et al. 1995; Hauptmann 2007).
Recent research also suggests possible sources of copper with arsenic and antimony
in Syria (Ostanali, as cited in Shalev 1996, p. 161). There are even some hints of
a more direct connection, as lead isotope analyses of a macehead from the Judean
Desert show parallels with artifacts from Ugarit and Ras ibn Hanni in Syria (Stos-Gale
1991, as cited in Shalev 1996, p. 161). Evidence for long-distance trade in mineral
resources, for example, turquoise from the Sinai (Beit-Arieh 1980) and obsidian
from Anatolia (Yellin et al. 1996), also helps to establish contact with people that
were exploiting these resources during the Chalcolithic. For now, the precise location
of the source of this metal remains a mystery, but as our knowledge of Near Eastern
mineral sources continues to grow and as data from lead isotope analysis accrue, we
can hope to move closer to a more definitive answer.

Questions concerning the location of the source of this material are but one facet
of a broader problem. There is as yet no direct evidence for the manufacture of the
complex metal castings at any Chalcolithic settlement, leaving open the question
of whether the material came in the form of ore or was imported in metallic form.
Another important question concerns whether copper was deliberately alloyed with
separate sources of arsenic or antimony, or if copper sources already containing
higher levels of arsenic and antimony, i.e., “natural alloys” were utilized. Recently,
several new findings have provided some small yet important clues about these ques-
tions. Most important, there are now some data that speak to the question of where the
complex metal castings were actually manufactured, with new evidence indicating
that the casting of complex metals was performed locally using imported materials.

One of the first clues came when a team of researchers examining a copper mace-
head from Shiqmim (Shalev et al. 1992) decided to look not only at the metal
contained in the metallic portion of the object, but also at the stone core around
which the metal was cast. Cores of stone or ceramic are often included in objects
made by the lost-wax technique, presumably to reduce the amount of metal used.
Analysis of the core indicated it was made of a glauconitic chalk originating some-
where in the region, perhaps from the ‘Arava’. This would suggest that while the
metal used to make the item was probably imported, the final product was locally



570 J. Golden

made. Similar findings were observed during the study of nonmetallic cores from
Nahal Mishmar and Nahal Zeelim as well (Goren 1995). More recently, Goren
(2008) has conducted detailed studies on 75 Chalcolithic copper implements from
sites throughout the southern Levant, including Abu Matar, Bir es-Safadi, Givat
Ha Oranim, Nahal Ashan, Nahal Ze’elim, Peqi’in, Shiqmim, and Nahal Mishmar,
most coming from the latter. As noted above, the ceramic material seen inside the
metal objects is assumed to be part of a deliberately placed core, and this material is
now identified as residual fragments of the ceramic molds originally used to make
the metal castings. By characterizing the ceramic material—mixtures of ferruginous
clay with coarse quartzitic sand, sometimes with lime plaster or basalt—it is possi-
ble to locate the provenance of the ceramic material somewhere between the central
hill country of Israel and the eastern part of the lower Jordan Valley (Goren 2008,
p. 391). As clays are widely available in the region, it stands to reason that the source
of the clays used to make the ceramic molds should reflect the general location of the
workshop where the casting of the metal occurred; in other words, the exotic metal
had to be imported but not the clay. Based on the petrographic data, Goren (2008, pp.
391, 392) suggests that such a workshop may have been located in the lower Jordan
Valley or the Dead Sea basin, and perhaps even at the site of Ein Gedi (related finds
from this site are currently under review).

There is additional evidence pointing to the possibility of local casting in the
southern Levant, specifically the presence of what appears to be “raw” metal, im-
ported into the region. From the Nahal Qanah cave tomb comes one “amorphous”
lump of metal—often overlooked in the shadow of the impressive gold “rings”—with
a composition of copper with 5 % Sb, 2 % As, and nearly 1 % Pb (Gopher and Tsuk
1991, 1996). This object could represent an unused piece of metal, either brought
in this amorphous form or left somewhere midway through the production process
that nonetheless had value as a result of its composition and thus was included in
the tomb. There is also the aforementioned block of metal from Bir es-Safadi with a
composition of roughly 92 % Cu, 2.5 % Sb, 1.5 % Pb, and 0.8 % As (Golden 2010).
Is it possible that these artifacts represent metal imported to the southern Levant in
ingot form for future casting? Artifacts of similar size and shape found at Magass
in southern Jordan may provide evidence for a precedent (Khalil 1992). In a recent
discussion of evidence for the lost-wax casting process in the southern Levant, Goren
(2008, p. 375) suggests that arsenic–antimony-rich metals may have been brought
to the region in the form of small bars via long-distance exchange.

In addition to this, some of the crucibles recovered during renewed excavations
at Abu Matar have revealed traces of up to 1 % arsenic (Shugar, 2000). Whether
this material could have been used to produce complex metal castings with the much
higher concentrations of arsenic and antimony, observed in the Nahal Mishmar Hoard
artifacts and the like, remains unclear. Ore found atAbu Matar may provide additional
clues: out of four types of copper ore identified at Abu Matar by Shugar (2000),
three were determined to come from the Faynan mining region, while the fourth,
based on similarities in lead isotope ratio, geographical proximity, and evidence for
regional contact, is believed to originate in Anatolia. Lead isotope analyses suggest
this fourth ore type may derive from central and north central Anatolia, perhaps
Kaman-Kalehoyuk and mines around the central Black Sea (Shugar 2000, p. 178).
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Additional evidence indicating the local processing of complex metals comes from
a seemingly unlikely source: human skeletal remains. A study of the assemblage
of human remains from Shiqmim included chemical analysis (ICP) of the bones
(Oakberg et al. 2000). The study revealed that within one burial context—Structure
101 of Shiqmim CemeteryV—the bones of several individuals buried in the Shiqmim
cemetery had arsenic levels significantly higher than those observed in the rest of the
site’s population. One interpretation is that these remains represent people who were
exposed to gaseous arsenic, i.e., the metalsmiths handling arsenical copper were
from the area. The fact that they were all buried as a corporate group could suggest
either a family trade or a small “guild,” though the smaller tomb (Structure 101)
with less grave goods suggests these were not people of higher status (Oakberg et al.
2000). Taken together, these discoveries all point to the conclusion that the complex
metal castings, as exotic as they seem, may well have been manufactured by local
metalworkers in the southern Levant, despite the fact that the precise location of their
workshops remains unknown.

Of course, many important breakthroughs in the study of Chalcolithic metal
industries come not from the chemical analysis of the artifacts, but rather from under-
standing context and from changes in the way we conceptualize these problems. For
instance, our understanding of the archaeological contexts from which metal goods
derive is paramount to our understanding of copper’s overall meaning. Some of the
earliest examples of complex metal castings were discovered in small caches, with
groups of items numbering just a few, intentionally deposited in a small pit. Follow-
ing the discovery of the Nahal Mishmar Hoard in 1960, and in a host of subsequent
publications describing it, attention was focused on the fact that it was a large cache,
or hoard of goods, stashed away in a remote cave in a desert cliff. Since that time,
the number of sites with similar copper goods has grown considerably, and as many
of these goods were found buried in caves, this seemingly lent further support to the
“hoard hypothesis.” Yet, as more complex metal goods associated with cave sites
have come to light, we must now consider an alternative explanation. If one looks
closely, several of the copper-bearing cave sites also include burials, and mounting
evidence supports the interpretation that these groups of metal goods were not pri-
vate stashes, buried on their own, but rather part of the contents of wealthy tombs.
The most outstanding examples of this phenomenon are Nahal Qanah (Gopher and
Tsuk 1996), Piqe’in (Gal et al.1996), and Givat Ha’oranim (Scheftelowitz and Oren
1997). In most cases, these were corporate graves involving multiple burials, and
oftentimes, secondary burials associated with ossuaries. The metal artifacts, in fact,
both the “pure” copper and complex metals, were but one form of valuable included
as part of a burial kit that also included ivory, basalt, textiles, and fancy ceram-
ics. In some cases (e.g., Nahal Qanah), the cave tombs were landscaped with stone
walls. These tombs typically contained ceramic or stone ossuaries (“bone boxes,”
the most outstanding example being Piqe’in (Gal et al.1996, 1997)) with several
hundred unique ceramic ossuaries. Other caves, such as the Cave of the Warrior
(Schick 1998), do not have copper, but conform to the pattern of caves being used as
tombs. Whether or not to include the famous Nahal Mishmar Cave in this group is
an intriguing question. The kit of burial goods is there, as are several inhumations,
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but the relationship between the hoard of goods found in the cave and the burials is
not entirely clear (Bar -Adon 1980; Goren 2008). As for who would be buried in
these tombs, it would appear that certain members of society commanded greater
status than others did. Levy (2006; Levy and Shalev 1989) has long argued for the
presence of chiefs, suggesting that these were powerful individuals who “relied on
a combination of staple and wealth finance to build and maintain their coalitions”
(Levy 2007, p. 99). Evidence from corporate tombs such as Peqi’in (Gal et al. 1999)
suggests that there may have been groups of elites, perhaps high-status kin groups,
but all of this is difficult to know with certainty.

The “dual industry” pattern discussed earlier, still largely holds true, but is worth
noting that significant exceptions have also been observed. Two maces from Nahal
Mishmar, for example, were made of relatively pure copper (Tadmor et al. 1995), as
was a disc-shaped macehead from the Cave of the Sandal site (Segal et al. 2002). This
does not conform to the simple pattern of “pure” copper = utilitarian items, complex
metal (“alloyed” copper) = nonutilitarian, symbolic objects. In addition, items such
as standards and maceheads were manufactured using metals of widely varying
composition and not just “arsenical copper” as the material was originally termed
(Tadmor et al. 1995, p. 132). Antimony appears quite frequently as a significant
component, along with silver and lead; Hautpmann (2007) points to the notable
occurrence of a metal combining copper–arsenic–nickel. Finally, it is important
to bear in mind that items from the two different artifact groups sometimes occur
together. In fact, most of the cave assemblages (e.g., Peqi’in, Nahal Mishmar) have
examples of both, while at the settlement of Neve Noy (Bir es-Safadi) “pure” copper
and complex metal artifacts were found literally bound together with copper wire
(Eldar and Baumgarten 1985a, b).

Moreover, in light of recent discoveries, the term “utilitarian” has itself been
called into question: whether these objects were ever intended to actually function as
tools is questionable. To begin, the “pure” copper lacks the hardness of the complex
metals, which in items such as an axe-head or chisel would seriously limit their
effectiveness in tasks such as cutting and chopping. Nor does it appear as if there
was any attempt to intentionally harden any of these so-called tools, a fact that
also raises doubts about their functionality (Tadmor et al. 1995; Hauptmann 2007).
Furthermore, the general shape of some adzes and chisels seems awkward for use
as real tools. It is also noteworthy that the flint corollaries for these forms (e.g., axes
and chisels) are frequently found to be won or broken, underscoring their functional
use, something typically lacking on copper examples. Rather, it is the “prestige”
objects that were manufactured with the complex metals, suggesting the material
may have been selected largely for its lower melting point and viscosity, which make
them better suited for the lost-wax casting process. The pairing of the cire perdue
(“lost wax”) method with the complex metals underscored this fact when we consider
the intricate forms produced (Levy and Shalev 1989; Moorey 1988; Shalev 1996;
Shalev and Northover 1987, 1993; see Goren 2008 for a useful description of this
process). One implication of this is that the copper chisels, axes, and adzes may have
also served as prestige items, despite their less elaborate design. Kerner (2001) has
suggested that these items may represent lower-level prestige goods, and there is an
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Fig. 21.5 Drawing of metal
casting from Nahal Mishmar
combining elements that are
“utilitarian” (the axe blades)
and a macehead, along with
an animal. (Drawing by J.
Golden, adopted from
Bar-Adon 1980)

interesting parallel from early southern Africa (Killick, this volume) where it appears
that copper, even the more readily available “pure” copper, could have served as a
new way of expressing distinction between emerging social classes. In one more twist
to the conventional dichotomy, it should be kept in mind that the maceheads, which
are made from complex metals, could in fact have been functional weapons, while
the “nonutilitarian” goods with more elaborate design sometimes incorporate the
more “utilitarian” forms, e.g., note the combination of animal and axe-head motifs
(see Fig. 21.5).

New evidence related to the distribution of copper-related finds throughout the
southern Levant has also forced us to reconsider another model that has dominated the
study of Chalcolithic metallurgy for some time. Levy and Shalev (1989; Levy 2003)
suggested that access to metallurgical technology and copper goods, the prestige
items in particular, was deliberately manipulated in an effort to maintain a monopoly
on this new technology. The evidence for copper production is still limited to the
northern Negev area, mainly two sites: Abu Matar-Safadi and Shiqmim. However,
the last two decades has brought a series of newly discovered Chalcolithic sites, in
particular, the aforementioned burial caves, such as Peqi’in, Givat Ha’Oranim and
Nahal Qanah, each of which contain some combination of complex metal castings
and “pure” metal goods. In addition to increasing the general corpus of metal products
from the region, these finds have also expanded the area where copper is thought to
have circulated during the Chalcolithic and finished copper goods may have moved
more freely throughout the region. As discussed already, the locus of production
for complex metal castings remains at large, but new data are bringing us closer to
solving this mystery (Goren 2008; Shugar 2000; Golden 2010).

We must also take into account the temporal dimension, which has come into
sharper view, and affords us a new glimpse of the evolution of Chalcolithic metallurgy
over time. Within the southern Levant as a whole, a pattern has begun to emerge,
where some sites seem to have little or no copper because they date to an early “Pre-
Metallic” phase of the Chalcolithic, predating the local advent of copper. It is not yet
clear though how sites like Shiqmim, with its long radiocarbon record, fit into this
broader scheme. Most of the metal finds, for instance, derive from the final phase
of occupation (Stratum IA). This seems consistent with the evidence for a copper



574 J. Golden

“boom” in the northern Negev (e.g., Abu Matar) late in the fourth millennium, when
the Shiqmim metal workshops were most active. Ideally, sites with a long sequence
of occupation can contribute to the chronological picture.

By the end of the Chalcolithic, the metal industry sees significant changes. The
tradition of working with complex metals, such as copper with arsenic and antimony,
to produce elaborate castings virtually disappears. By the beginning of the Early
Bronze Age, the manufacture of the more elaborate forms has ceased. Evidence for
metal production has been identified at sites such asArad (Ilan and Sebanne 1989) and
Nahal Tillah (Golden 2002), but overall it appears as though the great florescence
of copper production of the Chalcolithic was on the wane as craftsmanship and
creativity declined. It is not clear why this was the case; it has been suggested that
there was an interruption in the trade networks that brought the complex metals to the
southern Levant (Hauptmann 2007). Indeed, the collapse of the Chalcolithic culture
may be directly intertwined with this decline in the metal industry.

Conclusion

Our understanding of Chalcolithic metal production continues to advance today. Re-
cent archaeological discoveries have yielded a great deal of new data related to metal
production and use, and there is now a much broader and more varied assemblage of
archaeometallurgical remains than there was even a decade ago. In addition, the de-
velopment of ever more powerful and precise methods of analysis has produced more
detailed and reliable data concerning these artifacts; both the newest discoveries and
older assemblages continue to be restudied. At Shiqmim, the use of GIS technol-
ogy has allowed archaeologists to produce detailed artifact distribution maps more
rapidly and with greater precision than before (Golden et al., no date). Where the
characterization of materials is concerned, archaeologists have increasingly sophisti-
cated techniques in chemical profiling at their disposal. In particular, the application
of lead isotope analysis to artifacts and other materials (e.g., ores) promises to help
advance our knowledge about the sources of metallurgical materials.

In addition to employing new and improved methods of material analysis, we
must persist in generating new ways of posing questions about ancient metallurgy
and proposing alternative ways of addressing some of the persistent archaeological
problems that remain unresolved. Overall, our task is threefold: consider all new ev-
idence pertaining to metal production and use, recognizing that relevant information
can come from a variety of places (e.g., ceramics and bones); extend the application
of the most current methods of analysis (e.g., lead isotope analysis and GIS) to the
widest possible range of artifacts; and, finally, continue to develop ever more creative
ideas for explaining and synthesizing these data while subjecting them to rigorous
standards of analysis.

There are a number of important questions that should guide future research.
For one, we should continue to pursue the origins of Levantine metallurgy: when
precisely did metal first appear in the region and how exactly did the technology
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make its way there are questions critical to our understanding of the origins and
development of Levantine metallurgy. There is a whole set of questions surrounding
the complex metal (i.e., copper “alloy”) prestige goods, and we must be creative in
our approach to studying these problems. How these goods were manufactured and
who made them are questions that might be answered in nonconventional ways as
petrographic and osteological studies have demonstrated. The source of the copper
with arsenic and antimony continues to confound, but lead isotope analysis—of
metal and ore—sheds increasing light on the problem. The question of how complex
metals made their way into the Levantine production centers—in raw ore form or
as ingots—also requires further investigation. Along the way, we should also take
time to reconsider some of the basic working assumptions. In his paper for this
volume, Thornton (2008) points to the Levantine “straw man” and suggests that
explanatory models such as the “dual-industry” model distinguishing “pure” copper
“utilitarian” goods and complex metal prestige goods should not be taken for granted
without question, and in light of recent data, it would appear that this distinction is
not so consistent as previously thought. Thus, we need continued excavation of
archaeological sites and investigation of raw material sources in order to answer
some of the outstanding problems, while new and improved methods of analysis will
allow us to draw ever more information from these discoveries. Equally important
is the development of new ideas and ways of thinking about the archaeological
problems, and alternative models to be used for explaining the data as well as posing
new questions.
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Chapter 22
Ancient Metallurgy in the Caucasus From
the Sixth to the Third Millennium BCE

Antoine Courcier

Introduction

The region known as the Caucasus includes on its northern side several au-
tonomous republics still within the Russian Federation, and on its southern side,
three totally independent countries: Georgia, Armenia and Azerbaijan (including
the semi-autonomous region of Nakhchivan). Several natural features character-
ize the Caucasus from north to south: the plains and plateau of Pre-Caucasia (or
Ciscaucasia); the chain of the Greater Caucasus; the Colchedia River depression;
the mountains of the Lesser Caucasus; the Kura and Araxes River depressions; and
the Armenian knot (Frolova 2006, p. 18). The southern part of the Caucasus is also
referred to as “Transcaucasia” based on the Russian literature. The Greater Caucasus
region is defined by an axis with a general orientation NW–SE, and is 130 km wide
on the Elbrus meridian and 170 km wide on that of Dagestan. The highest summits
of the Caucasus are located between the Elbrus and the Kazbek mountains. Despite
the mountainous terrain, the Caucasus is characterized by several passes that can be
crossed seasonally (Freshfield 1896).

According to a recent global imaging systems (GIS) project (Cassard et al.
2009), the Caucasus is characterized by a diverse and complex metallogeny. The
outcrops and deposits are numerous (more than 1,800) and present multiple met-
alliferous mineralizations in the form of mineralogical associations (e.g. fahlores),
native metals (Cu, Au and Ag) and hydro-carbonated/oxide ores (e.g. malachite).
These deposits were mineralized principally during the Precambrian, Variscian,
Alpine and Eocene–Quaternary cycles. It should be underlined that ophiolitic for-
mations were mineralized in the Caucasus (North and South) from the Middle
Paleozoic until the Hauterivien. These particular host-rocks are linked to the evolu-
tion and the closing of the Thetys Ocean. Copper-bearing ophiolitic formations,
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known in different areas of the Near East (Oman, western Iran, Turkey and
Caucasus), are directly linked to nickel and cobalt mineralizations. In spite of a
geology generally unfavourable (basic and ultrabasic rocks) to the mineralization
of tin, there are some examples of cassiterite and stannite deposits. Several regions
contain such tin-bearing deposits, including North Ossetia, Karachay-Cherkessia,
Kabardino-Balkaria, Dagestan, Georgia, Armenia and Azerbaijan (Cassard et al.
2009). Unfortunately, we have no information about the concentration or the amount
of tin. Furthermore, no recent field research has been done on these deposits. This
explains why the existence of tin deposits in the Caucasus is still a matter of debate
among archaeometallurgists.

To explain the development of metallurgy in the Caucasus, this chapter will first
give a brief introduction to the history of research into early metallurgy of this region.
After this, the rest of the chapter is organized chronologically—from the “Early
Metallurgical stage” (from sixth to early fourth millennium BCE) to the “rise” of
true metallurgy (from early fourth to third millennium BCE)—and then spatially
(from north to south). In each stage, we will detail what is known of the metallurgy
of each archaeological culture as well as the importance of metals both intra- and
inter-regionally.

History of Research

Soviet Scholars

A. A. Iessen and B. E. Degen-Kovalevskij’s 1935 publication was the first sys-
tematic research on ancient metallurgy in the Caucasus. In spite of chronological
problems, the topic was approached through the combination of archaeological and
geological/metallogenical data. Their synthetic work on the ancient extractive and
manufacturing metallurgical sites of the northern Caucasus (and to a lesser degree
of the southern Caucasus) have not yet been re-examined but nevertheless constitute
an important reference for later works (e.g. Kuftin 1944, 1950; Formosov 1965).

Numerous studies appeared during the 1950s and 1960s, mainly concerned with
Early Bronze Age metallurgy (ca. third millennium BCE) both in the northern
Caucasus (Krupnov 1951, 1960; Iessen 1951) and in Transcaucasia (Dzhaparidze
1955; Abesadze et al. 1958; Khanzadjan 1964, 1967; Iessen 1959, 1965). This pe-
riod also corresponds to the first use of spectrographic analyses on metal artefacts
in the laboratories of Baku and Tbilisi. The results of this research allowed for the
characterization of the metallurgical practices of each culture in the Caucasus, and
became the basis of theories like that of E. N. Chernykh (1966; see below) and oth-
ers (e.g. Khanzadjan 1967; Selimkhanov 1960a, b, 1962, 1964, 1966; Selimkhanov
and Marechal 1968; Kushnareva and Chubinishvili 1970; Gevorkjan 1974, 1980;
Korenevskij 1972, 1974, 1984). These analyses, which were certainly an important
scientific contribution at the time, are currently the subject of great debate as to their
accuracy. Thus, the theories that are built on their shoulders are worth re-examining.
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In the 1960s, Chernykh first put forth his influential theory on the existence of
“metallurgical provinces” (Chernykh 1966). This hypothesis was enlarged during the
following years (Chernykh 1978a, b, 1988, 1991, 1992, 2005; Chernykh et al. 1991,
2000, 2002) and succeeded in establishing a hierarchical model of metallurgical
practice from the Chalcolithic period until the end of the Bronze Age. A “metal-
lurgical province” corresponds to an arborescent system of “provinces”, “zones”,
“focuses/foci” and “nuclei”. Each zone contains several “focuses” based essentially
on dependant relations: “metallurgical foci” (extractive metallurgy) and “metalwork-
ing foci” (manufacturing metallurgy). Such “zones” can correspond to whole regions
or just particular metallurgical centres, sometimes even to specific archaeological
cultures. However, “foci” often contain several cultures in a defined area. Each focus
is characterized by four criteria: (1) typological uniformity of the metal products;
(2) similarities of the techniques used, as much in the tools (principally the moulds)
as in the types of metalworking (according to metallographic investigations); (3) ho-
mogeneity of the alloy compounds (according to spectral analyses); and (4) specific
social structure or organization in a metallurgical centre (Chernykh et al. 1991;
Chernykh 1992, pp. 7–10).

The technological dynamism and the expansion of a metallurgical province are
governed by the “nuclei” which are included in the focus and correspond to metallur-
gical centres (extractive or manufacture) of production or distribution. The influence
of the technological traditions of these metallurgical centres is perceptible over a
large area.

For example, according to a widely held theory (e.g. Kushnareva and Chubin-
ishvili 1970, p. 113; Kavtaradze 1999, p. 71), reiterated principally by Chernykh
(1966, pp. 48–49, 1992, p. 60), metallurgy appeared first in Transcaucasia owing to
favourable metallogenical conditions (hydro-carbonate and oxide copper ores such
as malachite, azurite, etc.) that were exclusively present in the southern Caucasus.
However, this theory is not supported by recent metallogenical data (Cassard et al.
2009; see below). Indeed, numerous copper deposits are also present in the northern
Caucasus in their hydro-carbonate and oxide ore state.

Chernykh (1966, 1972, 1978a, b), based on his research in south-eastern Europe,
also proposed that only the copper deposits of the Carpatho-Balkan region were char-
acterized by ores without impurities. On the basis of this assumption, he suggested
that all objects of “pure copper” found in the Caucasus came from the Carpatho-
Balkan region (Chernykh 1991, pp. 585–587, 1992, pp. 39–53). This hypothesis,
which is one of the foundations of his metallurgical province theory, has now come
into question, given the existence of copper deposits without notable impurities in
the Caucasus (Cassard et al. 2009; see below).

Another point of Chernykh’s paradigm that needs to be re-evaluated is the
“historico-technical” scheme, according to which he considers the type of ore (e.g.
nickel cuprous) or the nature of the ore (e.g. hydro-oxidized, sulphate) to be deter-
mining factors for ancient metallurgy (Chernykh 1966, pp. 44–49, 1992, p. 11). That
is, the earliest metallurgy is supposed to be linked to the exploitation of the altered
dissolution zone of a deposit (oxide, carbonated and hydro-carbonated ores). Only in
later periods, he argues, were more elaborate processes developed (arbitrarily fixed
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to the Middle and Late Bronze Age) that allowed early metalworkers to exploit the
sulphur ores of the deposit (Chernykh 1966, pp. 45–46 and 49, 1992, p. 5 and 60;
Palmieri et al. 1993, pp. 594–598).

This theory of historico-technical determinism was widely adopted by Soviet
researchers and still today affects our understanding of ancient metallurgy in the
Caucasus (e.g. Pitskhelauri and Chernykh 2003; Korenevskij 2004; Markovin 2004;
Rezepkin 2001; Ryndina 2003; Ryndina and Ravich 2000, 2001). In this article, we
will underline the limits of Chernykh’s paradigm and propose another schema for
the development of ancient metallurgy in the Caucasus.

Western Scholars

At the turn of the twentieth century, several discussions on ancient metal productions
in the Caucasus were put forth (e.g. Klaproth 1823, 1935; Morgan 1889a, b; Bapst
1885, 1886, 1887, 1898; Baye 1899a, b, c, 1900). These works, however, concern
mainly the second and first millennium BCE (from Middle/Late Bronze Age to
Iron Age). It was not until the 1950–1960s that studies on earlier metallurgy of the
Caucasus were first carried out by Western scholars.

Until recently, the Caucasus was considered a “mysterious periphery” in the ar-
chaeological publications on the Near East (Chataigner 1995). Several studies refer
to the Caucasus as an hypothetical origin for ores and metals found in different
regions throughout the greater Near East (e.g. Field and Prostov 1938; Eaton and
McKerrel 1976, p. 176; Penhallurick 1986, p. 19; Vatandoust 1999, p. 124; Yener
2000, p. 3; Berthoud et al. 1982, p. 40; Crawford 1974, pp. 242–244; Kelly-Buccelati
1990, p. 119; Potts 1993, pp. 391–392), Levant (Tadmor et al. 1995, p. 143) and
the Aegean (Betancourt 1970, p. 355; Laffineur 1994, p. 633). More specifically, the
question about possible tin deposits in the Caucasus fed the debate on the origins of
tin for Anatolian and Mesopotamian metallurgy (e.g. Deshayes 1960, p. 14; Muhly
1973, pp. 260–261 and notes 155–157; Moorey 1982, p. 14, 1994, p. 300; Pare 2000,
p. 7; Yener 2000, p. 72).

H. Frankfort (1928, pp. 231–233) was one of the first to note parallels in metal
artefacts between Mesopotamia and the Caucasus. He argued for a relationship based
on a trade in metal between the Caucasus and Anatolia during the Uruk period. He
considered the Caucasus to be an important metallurgical centre linking central and
eastern Europe with the greater Near East (Frankfort 1932, pp. 39–40). In his brilliant
PhD thesis, some 30 years later, J. Deshayes (1960) underlined the typological
parallels in the tools and weaponry between south-eastern Europe (Carpatho–Balkan
region), the Caucasus, Anatolia and Iran.

Numerous studies carried out in Anatolia and Iran have confirmed prehistoric re-
lationships with the Caucasus and the importance of metals in these exchanges. They
propose the importation of ores or of technological know-how from Transcaucasia
to Anatolian settlements like Arslantepe (Palmieri 1981, p. 111; Hauptmann and
Palmieri 2000, p. 75; Hauptmann et al. 2002, p. 52; Frangipane et al. 2001, pp. 115–
116). Relations between the Caucasus and north-western Iran, more specifically the
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Urmia region, have also been noted (Burton-Brown 1955, p. 182; Burney and Lang
1971).

Since 1986, P. Kohl from Wellesley College has been studying Transcaucasia in
relation to adjacent regions and the importance of metallurgy in these exchanges.
His research at Velikent on the Caspian plain (Dagestan) confirms the high technical
level of metallurgy reached in the Early Bronze Age and raises again the interesting
question of the use of tin in the Caucasus (Kohl 2003; Kohl et al. 2002a, b). More
recently, Kohl (2007) has presented an excellent synthesis of cultural relations and the
role of metallurgy in the Bronze Age across the Balkans, the Steppes, the Caucasus
and the Urals.

Beginning in 1998, A. T. Smith of the University of Chicago has directed a project
named “The Archaeology and Geography of Ancient Transcaucasian States Project
(ArAGATS)” (Smith et al. 2009). It is based on the survey and excavation of settle-
ments in the TsaghkahovitValley, and aims to understand the Transcaucasian cultures
of the area and the adjacent regions from the Early BronzeAge to the medieval period
(ca. 3500 BCE–1200 CE). One of the members associated with theArAGATS project,
D. L. Peterson, recently finished a PhD dissertation on the evolution of metallurgy in
the middle Volga and north-eastern Caucasus (ca. 3000–1500 BCE). Peterson (2007)
approaches the question from a comparative point of view, noting how the value of
metal objects (as imbued through the technical practice of metalworking) interrelates
with the ‘value’ or social standing of individuals and societies.

Since 1999, a scientific team headed by A. Hauptmann of the Deutsches Bergbau-
Museum (DBM) at Bochum has developed a project on ancient metallurgy in the
Caucasus. Their archaeometallurgical research has focused mainly on Georgia (Gam-
baschidze et al. 2002) and attempts to demonstrate the exploitation and use of local
ores by the Early and Middle Bronze Ages (Hauptmann et al. 2009). Similarly, an-
other German team under E. Pernicka’s direction began in 2002 an analytical program
(compound and isotopic analyses) on metal artefacts dated to the third millennium
BCE, as part of a cooperative program with the archaeological and ethnological
institute of Erevan (Meliksetian et al. 2003).

In her PhD dissertation on metallurgy in Transcaucasia from the Late Chalcol-
ithic to the Middle Bronze Age (ca. 3500–1500 BCE.), L. A. Tedesco (2006a) gives
a different vision than the traditional scheme established by Chernykh. She argues
for the absence of large-scale metal production from the Early Bronze Age to the
beginnings of the Middle Bronze Age. On the contrary, she documents the existence
of small-scale production on a community level. She also underlines a shared techno-
logical style between Transcaucasia and northern Caucasus during the Early Bronze
Age and suggests a standardization of the products at this period (Tedesco 2006b).

Research on the relations between the Caucasus and the Near East conducted by B.
Lyonnet since 2000 have also underlined the possible importance of metallurgy in the
exchanges between these adjacent areas (e.g. Lyonnet 2004, p. 100, 2007b, p. 150;
Lyonnet et al. 2009b). The recent chronological scheme proposed by Lyonnet
(2007a, b), and her emphasis on the importance of metals in relations between the
Caucasus and adjacent areas, led to my own dissertation on the beginning of met-
allurgy in the Caucasus from the end of Neolithic (sixth millennium BCE) to the
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Fig. 22.1 Settlements attached to the Meshoko culture. (Cassard et al. 2009, GIS project)

Early Bronze Age (third millennium BCE) (Courcier 2010). This work combined
archaeometrical analyses of metal objects coming from settlements related to differ-
ent Chalcolithic cultures of the southern and northern Caucasus with a GIS project
conducted by the BRGM (French Geological Institute) and CNRS (French National
Scientific Research Center) in which geologic/metallogenic and archaeological data
were combined to look for patterns of resource exploitation and trade.

The Early Metallurgical Stage (From Sixth to Early Fourth
Millennium BCE)

Meshoko Culture

In the North-West Caucasus (Fig. 22.1), the Meshoko culture (including sites like
Meshoko, Svobodnoe and Zamok) is dated between the middle of the fifth and the
beginning of the fourth millennium BCE (Fig. 22.2). The end of the Meshoko culture
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Fig. 22.2 Chronological scheme illustrating the chronological connections between the cultures of
the Caucasus

seems to have overlapped with the Majkop culture, which started during the first half
of the fourth millennium BCE. The type-site of the Meshoko culture, Svobodnoe, also
contained some sherds considered to be related to the Skelya culture that developed
in the steppes north of the Black Sea (Lyonnet 2004, pp. 93–94). A few other objects
from this group of cultures suggest relations between the northern Caucasus, the
Steppes and the Carpatho-Balkan area during the Karanovo VI–Tripol’e B1 period
(ca. second half of the fifth millennium BCE) (ibid.).

The first metal objects discovered in the northern Caucasus come from settlements
attached to this culture. They include an undetermined object1 (Chernykh 1991,
pp. 584–585) from the upper level 1 of Svobodnoe (Fig. 22.3), a small ring and a
knife blade from Skala (Formozov 1965, pp. 70–71) and 11 fragments of tools and
ornaments (awl, bracelet, pendant) from Meshoko (Chernykh 1966, pp. 101–102).

1 It is not clear, according to the publication, if it is a curved band or a bead.
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Fig. 22.3 Ornaments coming
from settlements dated to the
Late Chalcolithic: 1
Svobodnoe (Chernykh 1991,
p. 585), 2 Vesjolaja Rošča II
(Idem 1991, p. 585), 3
Kul’tepe I. (Chataigner 1995,
p. 131)

At Veselogo, the presence of a crucible (Formozov 1965, p. 116) may suggest the
local production of metal objects. According to I. R. Formozov, several traces of
extractive and smelting activities have been identified upstream of the many rivers
of this region, especially close to the Belorechensk Pass. Nevertheless, the date of
these activities is not well established (Formozov 1965, p. 116).

Analysis of the metal artefact from Svobodnoe revealed that it was made of “pure”
copper (Chernykh 1991, p. 591, n◦40114). Chernykh considered this evidence for
the use of copper ores free of impurities, argued to be typical of the copper deposits in
the Carpatho-Balkan area (Chernykh 1992, p. 158.; Chernykh et al. 1991, pp. 600–
601). Thus, he suggested that this object came from across the Black Sea (Chernykh
1991, pp. 585–587). Although we now know that copper deposits with few impurities
also exist in the Caucasus (Cassard et al. 2009), Chernykh’s hypothesis implied a
west–east circulation that was later reinforced by the discovery of similar prestige
objects over a vast area (including bone pearls, tusk pendants, very long flint blades,
triangular stone arrowheads, bracelets and adzes in serpentine and zoomorphic scep-
tres) (Rassamakin 1999, p. 75 et seq.). In this exchange trade, the Skelya culture
of the Pontic Steppe (north of the Black Sea) could have played an intermediary
role. This culture does seem to have been a link between the entities of the Lower
Danube (Suvorovo and Cernavoda I cultures), the Kuban region (including Svobod-
noe, Meshoko, Myskhako and Zamok) and the wooded steppes of the Volga River
(Khvalynsk). This vast territory coincides with the area of the Carpatho-Balkan met-
allurgical province (CBMP) as laid out by Chernykh et al. (1991, pp. 593–595, 2002,
pp. 83–87). Furthermore, a certain chronological overlap exists between the period
of these exchanges (ca. 4550–4100/4000 BCE) and the apogee of this CBMP, dated
to ca. 4400–4100 BCE (Chernykh 1978a, pp. 263–265 and 274; 1992, pp. 51–53;
see also Pernicka et al. 1997, pp. 51–56 and 131–136; Ryndina 1998, pp. 190–191).

However, the idea of local metallurgical production cannot be excluded from the
northern Caucasus. The majority of the metal artefacts found at Meshoko were differ-
ent from those of Svobodnoe and made of arsenical copper (1–1.2 % As 2) (Chernykh
1966, pp. 98–99, Table I). Only the blade seems to be of “pure” copper (ibid.: 101–
102, Table II). Numerous copper deposits in the northern Caucasus contain natural
impurities of arsenic (Cassard et al. 2009). The evidence identified by Formozov
and the crucible at Veselogo could confirm the hypothesis of extractive metallurgy
in this region during the fifth millennium BCE. The transhumant lifestyle thought to

2 It is assumed (although unclear) that this is wt%.
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Table 22.1 Analysis of the undefined object found at Svobodnoe. (Chernykh 1991, p. 591, percent
type not précised)

n◦an- Type Locali- Composition percent Reference
alyse d’objet sation

Cu Sn Pb Zn Bi Ag As Fe Ni Co

40114 Perle niv.
I/Q
631

0.0024 0.002 0.0009 0.0003 0.0004 0.011 0.4 0.0047 0.0011 Chernykh
1991,
p. 591

be typical of this region at this time could have encouraged an early identification
of copper deposits by the local population, and the circulation of metallurgical tech-
niques and/or metal artefacts between the cultures living on both sides of the Greater
Caucasus.

Ginchi Culture

In the North-East Caucasus, in Dagestan, the first phase of the Ginchi culture is
said to be contemporaneous with the end of the Meshoko and the Sioni cultures
(Fig. 22.2). The transition between this first phase of Ginchi culture and the second
is synchronous with the beginnings of the Majkop culture (see below). At present,
no metal objects have been discovered in these settlements.

Shomu–Shulaveri Culture

In the southern Caucasus (Transcaucasia), the Neolithic is characterized by the
Shomu–Shulaveri culture, which developed in the middle Kura River Valley dur-
ing the sixth millennium BCE in five distinctive phases (22.2 and 22.4) (Kushnareva
1997, pp. 25–26). Metal artefacts are rare and occur only in some settlements dated
to the end of this period (ca. end of sixth millennium BCE.). They mainly consist
of ornaments like beads—e.g. at Gargalar-Tepesi (Arazova et al. 1973, p. 455) and
Khramis Didi-Gora (Kiguradze 1986, p. 70 and 93)— and small tools like awls and
bradawls—e.g. at Khramis Didi-Gora (Menabde et al. 1984, p. 34). The discov-
ery of unstratified stone-grooved and cupula hammers at Arukhlo (Kushnareva and
Chubinishvili 1970, p. 24; Chubinishvili 1971, pp. 31–33), which is close to copper
deposits, may suggest extractive metallurgical activities in this region.

Recent survey and cleaning work at Göy Tepe (Lyonnet et al. 2009c) seems
to confirm this suggestion, as a vitreous slag with several small copper prills was
found by chance in levels dated to the middle of the sixth millennium BCE. This slag
“cake”, composed of ore gangue and some metal prills, appears to be an intermediate
product of the smelting process. Analyses performed on this slag cake have shown
that it has an alumino-silicate matrix with zinc impurities3 (Table 22.2). According

3 Unpublished data. Analyses carried out in the laboratory of the Deutsches Bergbau-Museum
(Bochum), under the direction of A. Hauptmann and M. Prange.
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Fig. 22.4 Settlements attached to the Shomu–Shulaveri culture. (Cassard et al. 2009, GIS project)

to other analyses made on another part of the sample4, the matrix also contained
copper (2.36 wt%) and nickel (0.79 wt%). Nickel and zinc could originate from the
copper ore, since these elements are often associated with copper in the deposits of
the Caucasus (Cassard et al. 2009).

In contrast, the analysis performed on the artefacts coming from Gargalar-Tepesi
(bead) and Khramis Didi-Gora (bradawl and beads) has shown that they were both
made from “pure” copper (Narimanov 1990, pp. 8–9; Tavadze et al. 1987, p. 46). If
we follow Chernykh’s hypothesis, then these objects should be seen as imports from
the Balkans. It is, however, more probable that they are local products.

Aratashen, Kul’tepe and Alikemek Cultures

Further south, in the Ararat plain (Armenia) (Fig. 22.4), the Aratashen culture
(Fig. 22.2) began in the early sixth millennium BCE (Aratashen levels II and I) and

4 XRF (ISP 28) analysis carried out in the laboratory of the Institute of Archaeology and Ethnology
(Bakou), under the direction of A. Gazanova.
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Fig. 22.5 Fragments of
copper ores and beads in
cuprous matrix found in the
level IId of Aratashen.
(Chataigner, personal
communication, published in
Badaljan et al. 2007, p. 53)

continued into the Chalcolithic period (Aratashen level 0). The material coming
from the Neolithic levels presents similarities with those of the Shomu–Shulaveri
culture, although local traditions are also noted. Moreover, a few Halaf sherds from
northern Mesopotamia have been found, but their stratigraphic context is still un-
clear. These imported wares are similar to those known at Kul’tepe (Nakhchevan)
and at Tilkitepe and Tüllintepe (eastern Turkey). Provenience studies carried out on
obsidian also suggest contacts with eastern Anatolia and north-western Iran at that
time (Badalyan et al. 2007, pp. 67–73). The Chalcolithic levels contain material
considered local, although also presenting similarities with sites in northern Syria
and northern Mesopotamia (Palumbi 2007, pp. 73–75).

In the Neolithic level IId of Aratashen, dated to the beginnings of the sixth millen-
nium BCE, several fragments of copper ores (malachite and azurite) and 57 arsenical
copper beads (Meliksetian 2009) were discovered (Badalyan et al. 2007, pp. 52–53)
(Fig. 22.5). Close to Aratashen, at Khatunark, one fragment of copper ore (mala-
chite) has been discovered in a level dated to the first half of the sixth millennium
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Fig. 22.6 Neolithic Sites of Aratashen and Khatunakh, settlements attached to the Alikemek/Kül-
Tepe I culture (Cassard et al., 2009. GIS project)

BCE5 (Badalyan and Harutyunyan 2008). This artefact, together with those found at
Aratashen, suggest the nascent emergence of metallurgy in the Ararat region already
during the Late Neolithic.

Following the Shomu–Shulaveri culture and Aratashen (levels I and II), the
Alikemek–Kül’tepe culture of the south-eastern Caucasus covers the transition be-
tween the Neolithic and Chalcolithic periods (Kushnareva 1997, p. 25 and 30 sq.;
Lyonnet 2007a, p. 12, 2008, p. 4) (Fig. 22.2). Situated respectively at the border of
the Mugan Steppe and in Nakhichevan (Azerbaijan) (Fig. 22.6), the settlements of
Alikemek and Kul’tepe I were excavated in the 1950s–1970s and are not dated with
certainty. They probably represent a relatively long period and occupation seems
to have started early (probably during the sixth millennium BCE) (Lyonnet 2008,
pp. 4–6). The Alikemek–Kul’tepe culture covered the Ararat Plain, Nakhichevan,
the Mil’skoj and Mugan Steppes and the region around Lake Urmia in north-western
Iran (Kushnareva 1997, p. 33).

5 I sincerely thank C. Chataigner for her authorization to report on this important discovery.
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Fig. 22.7 1 grooved hammer found at Kul’tepe I (Abibulaev 1963, p. 160), 2 grooved hammer
coming from Duzdaği. (Bakhshaliyev et al. 2009, p. 49)

In a tomb of the upper level (Early Chalcolithic) at Alikemek Tepesi, three beads
and an awl were discovered (Makhmudov et al. 1974, p. 455). At Kul’Tepe I, seven
metal artefacts (Fig. 22.8; Table 22.2) were found in the upper part of level I and
in tomb 33 (Abibullaev 1965b, p. 67; Selimkhanov 1966, p. 226). The date of
these objects is unclear because level I contains material dating both to the Neolithic
(including pottery of the Halaf culture of northern Mesopotamia) and to the beginning
of the Chalcolithic (related to the Dalma culture of north-western Iran). A grooved
hammer was also found in a tomb of level I at Kul’Tepe I (Fig. 22.7) that is close
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Fig. 22.8 Metal artefacts
found in the level I of
Kul’tepe I: 1 arrowhead, 2
fragment of object (awl?), 3
awl, 4 bead, 5 fragment of
ring, 6 fragment of undefined
object (metallurgical waste?).
(Munchaev 1982a, pp. 19–22,
Table XLII; Selimkhanov
1966, p. 226, Fig. 2)

to examples known at Gjaurkala (near Shakhtakhy in Azerbaijan) and at Killikdag
(near Khanlar in Azerbaijan) (Abibullaev 1963, p. 160). This type of tool is generally
associated with extractive metallurgical activities so we could propose that ore mining
was being done at Kul’tepe. However, recent research at the salt mines of Duzdaği,
close to Kul’Tepe, proves that similar grooved hammers were also used to extract
salt (Fig. 22.7) (Bakhashaliyev and Marro 2009).

In addition to their mixed archaeological context, the analyses of the artefacts
from Kul’tepe were done decades ago and thus must be considered with caution.
However, they appear to be made of both “pure” and arsenical copper. Arsenic is
naturally present in numerous copper ore deposits in the Greater and Lesser Caucasus
(Cassard et al. 2009). The smelting of these ore types could have led to the presence
of arsenic in the resulting objects.

Sioni Culture

During the fifth millennium BCE, the Sioni culture developed in the southern
Caucasus, but this phenomenon is still not well characterized and consists of sev-
eral different settlements over a relatively long period of time (Fig. 22.2). The Sioni
culture covered a vast territory including eastern Georgia (Dzhavakhishvilla et al.
1987, p. 8; Kiguradze and Sagona 2003, pp. 40–42), north-western Iran (Lyonnet
2007b, p. 136, footnote 42), Armenia and eastern Turkey (down to Oylum Höyük,
at the fringes of northern Mesopotamia) (Palumbi 2007, p. 73; Marro 2007, pp. 79–
90). Moreover, some features of the Sioni culture have been discovered in Majkop
settlements of the northern Caucasus (Korenevskij 2004, Figs. 4, 5, 12 and 15;
Lyonnet 2007b, pp. 135–136), in the upper levels of Meshoko (Formosov 1965,
p. 119; Lyonnet 2007b, p. 136) and in some later sites linked to Mesopotamia—
e.g. Berikldeebi (Žavaxišvili, Fig. 3; Korenevskij 2004, Fig. 117; Lyonnet 2007b,
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Fig. 22.9 Metal objects coming from Mentesh Tepe: 1 slag, 2 awl, 3 ring, 4 fragment of undefined
object, 5 fragment of undefined object (awl?), 6–8 agglomerates of strongly corroded undefined
objects, 9 mould, 10 awl. (Lyonnet et al. 2009c)

pp. 135–136), Leilatepe (Akhundov 2007, pp. 108–119) and Boyuk-Kesik (Lyonnet
2007b, p. 136). In some sites, the coexistence of characteristic elements attributed to
the Meshoko, Majkop, Ginchi and Sioni cultures presumes a certain chronological
overlap between them (Lyonnet 2007b, p. 137) (Fig. 2).

Recent research at Mentesh Tepe6 (Lyonnet et al. 2009c), a site also associated
with the Sioni culture and dated to the second half of the fifth millennium BCE,
adds support to the idea of local metallurgy at this time. Indeed, a complete man-
ufacturing process is illustrated at this site (Fig. 22.9), from slags to fragmentary

6 Unpublished Data. I sincerely thank B. Lyonnet and F. Gulyev for their authorization to present
here first these very interesting discoveries.
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objects (recycling?), from a mould to the finished object (awl). Several metal objects
were discovered at other Sioni culture sites such as Alazani III (Kiguradze 2000,
p. 323), Tsiteli Gorebi (Varazashvili 1992, p. 32) and Chalagan Tepe (Narimanov
1985, p. 490). According to analysis, these objects were made of copper with traces
of zinc (Tsiteli Gorebi: Varazashvili 1992, p. 69; Chalagan Tepe: Narimanov 1990,
p. 5). Upstream of the Alazani River, several copper deposits contain zinc-bearing
minerals were found (Cassard et al. 2009). Unfortunately, no research has ever been
done on possible extractive activities at these deposits.

Archaeometallurgical studies have been performed at the Deutsches Bergbau Mu-
seum (Bochum) on artefacts from Mentesh Tepe7. Most of the objects from this site
are completely corroded. Only two—an undetermined object (Fig. 22.9, no.◦4) and an
awl (Fig. 22.9, no.◦10)—still contain metal in their centres. Metallographic analysis
of the undetermined object reveals a dentritic and eutectoidal structure (Cu + CuO2)
(Fig. 22.10), which is characteristic of a cast object. Etching permitted the identifi-
cation of a few hexagonal grains with annealing twins in the alpha dendrites. They
prove that a soft hammering and an annealing step were executed. A rapid energy-
dispersive X-ray spectroscopy (EDS) analysis confirms that this object is made of
relatively “pure” copper (90.0–96.4 wt% Cu) with minor amounts of arsenic (0.8–3.8
wt% As).

Metallographic analysis done on the awl showed some distorted dendrites
(Fig. 22.11), suggesting cold-working. Etching the section confirmed this hypoth-
esis due to the presence of several hexagonal grains with annealing twins and thin
strain lines within the grains (Figs. 22.11 and 22.12). In sum, this object was cast,
cold-hammered, then annealed and finally cold-worked again. EDS analysis of this
awl revealed that it was also made of relatively “pure” copper (91.5–97.9 wt% Cu),
with traces of arsenic (0.7–1.4 wt% As) and sulphur (0.5–0.9 wt% S). EDS mapping
shows a homogeneous repartition of sulphur, which may correspond with small in-
clusions seen within the grains. Arsenic is concentrated at the edge of the object, a
consequence of the natural segregation of this element. The metal artefacts found at
Mentesh Tepe demonstrate the capacity for casting and manufacturing objects in the
Sioni culture.

Darkveti Culture

In the north-western Caucasus and along the Black Sea in Georgia (Fig. 22.13),
several settlements (Darkveti, Tetramitsa, Samele-Klde and others) were excavated
that are linked to a different archaeological group named the “Darkveti culture”
(Fig. 22.2). There are no 14C dates yet, but it seems that at some settlements occu-
pation began in the Neolithic (perhaps even before) and continued till the end of the
Chalcolithic (although not always continuously) (Lyonnet 2004, pp. 89–91, 2007b,

7 I would like to acknowledge M. Prange, Ü. Yalcin and A. Hauptmann for their support and advice
during these analyses.



22 Ancient Metallurgy in the Caucasus From the Sixth to the Third Millennium BCE 597

Fig. 22.10 Metallographies (non-etched and etched) of the fragment of the undefined object seen
in Fig. 22.9, no. 4
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Fig. 22.11 Metallographies (non-etched and etched) of the awl seen in Fig. 22.9, no. 10
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Fig. 22.12 Metallographies (etched) of the awl found at Mentesh in Fig. 22.9, no. 10

p. 19; Chataigner 1995, pp. 50–51; Kushnareva 1997, p. 19). The Darkveti culture
is found principally in caves but open air settlements are also attested (Tetramitsa,
Chikhori) with semi-buried oval or circular huts made of light structures (wattle
and daub). A few stone bracelets characteristic of the Meshoko culture have been
found in some of the Darkveti settlements, especially in caves along the basin of
the Kvirila River and at Tetramitsa. These bracelets suggest relations between the
two regions, maybe associated with transhumance between the two slopes of the
Caucasus (Trifonov 2001; Lyonnet 2004, p. 91).

Early metallurgy is also attested on some settlements of this culture. Evidence
mainly consists of artefacts that have been cold-worked and annealed. Some of these
objects differ typologically from those discovered in other contemporary cultures.
These unique types include rods at Samele-Klde (Formosov 1973, p. 37; Chataigner
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Fig. 22.13 Settlements attached to the Darkveti culture. (Cassard et al. 2009, GIS project)

Table 22.3 Analysis of the awl coming from Chikhori. (Tavadze et al. 1987, p. 46, percent type not
précised)

n◦analyse Type
d’objet

Localisation Composition percent Reference

Cu Ag As Ni

alène Chikhori majoritaire 0.001 0.8 0.001 Tvadze et al. 1987, p. 46

1995, p. 132) and Chikhori (Nebieridze 1985, p. 9; 1986, p. 10), wire at Natsar Gora
(Gobedzhishvili 1951, pp. 242–243; Tekhov and Dzhaparidze 1971, p. 52), a hook
at Sagvardzhile (Lordkipanidze 1989, p. 67.), ingots at Guad ikhu (Solov’ev 1967,
p. 24.) and hoops at Kistrik (Lukin 1950, p. 282). More common are metal artefacts
such as awls at Sagvardzhile (Lordkipanidze 1989, p. 67) and Chikhori (Nebieridze
1985, p. 9, 1986, p. 10), knife blades at Tetri-Mgvime (Kalandadze and Kalandadze
1982; Abesadze and Bakhtadze 1987, p. 51), arrowheads at Belaja-Peschera
(Pkhakadze 1988, p. 209), pendants at Chikhori (Nebieridze 1985, p. 9, 1986, p. 10)
and undetermined objects at Ortvala (Nioradze 1986, p. 11). The analyses done on
these metal objects suggest that the majority were made of “pure” copper (Table 22.3),
although we must be careful using older analyses which may not have detected



22 Ancient Metallurgy in the Caucasus From the Sixth to the Third Millennium BCE 601

important elements such as arsenic and sulphur. Only three objects (a knife blade,
arrowhead and awl coming from Chikhori) contain traces of arsenic (0.7–0.8 %8 As,
Tab. 22.4) (Tavadze et al. 1987, P. 46; Abesadze and Bakhtadze 1987, p. 51). The in-
gots and the hoops may have been made of lead, according to the analysis (Bzhanija
1961, p. 109; Nebieridze 1985, p. 9, 1986, p. 10), but this has not been confirmed.

Understanding the Early Metallurgical stage (ca. Sixth
to Early Fourth Millennia BCE)

To sum up, the beginnings of metallurgy in the Caucasus seem to be characterized
by:

• Small objects
• Simple manufacturing techniques
• Non-alloyed copper or copper with minor amounts of arsenic (probably due to

the types of ores being used)
• Possibly also lead metallurgy (based on the unconfirmed analyses from the

Darkveti culture, above)

The lack of research on the exploitation of local deposits does not allow many conclu-
sions about extractive metallurgy in the Caucasus during this period. Nevertheless,
recent research on metal-related data suggests the possibility of local metallurgi-
cal activities. In fact, several local metallurgical traditions seem to develop in the
different regions of the Caucasus, all of which are probably in close contact with tran-
shumant or fully nomadic cultural groups (e.g. the Sioni). These connections could
have encouraged the development of metallurgy through the wider circulation of tech-
niques, metal-bearing ores and artefacts. The cultures of the Caucasus had probably
also established long-distance relations with other regions such as the Carpatho-
Balkan area, the Steppes, eastern Anatolia, northern Mesopotamia and northern
Iran. Though we often cannot demonstrate these relations clearly, such cultural con-
nections probably played a great role in the development of local metallurgies in the
Caucasus, and may have even stimulated its growth from the very start.

The Rise of Metallurgy (Early Fourth to Third Millennium BCE)

Majkop and Novosvobodnaja Components

The Majkop (or “Maikop”) culture, which spread over a vast territory (Figs. 22.14 and
22.15) from the Black Sea to the Terek River, from the spur of the Greater Caucasus to
the Steppe, began in the second quarter of the fourth millennium BCE (Trifonov 1996;

8 It is assumed although unclear that this is wt%.
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Fig. 22.14 Settlements attached to the Majkop culture—Majkop component. (Cassard et al. 2009,
GIS project)

Lyonnet 2000, 2004) . Recent research by B. Lyonnet (2007a, b) has helped to dis-
tinguish two “components” of the Majkop culture: Majkop and Novosvobodnaja
(Fig. 22.2). The end of the Meshoko and Sioni cultures in the late fifth/early fourth
millennium BCE coincides with the beginnings of the “Majkop component” and
a chronological overlap seems to have existed between these three cultural groups
(Meshoko, Majkop and Sioni) (Fig. 22.2). The “Majkop component” was grafted
onto the Meshoko cultural background but blended with foreign influences (Lyon-
net 2007b, p. 134). Indeed, the Majkop component presents close similarities with
material found in northern Mesopotamian settlements that are dated to the Late
Chalcolithic (LC2-LC4) (ca. 3800–3500 cal. BCE). This period also corresponds
to the final phase of the Early Uruk Period in Mesopotamia and the beginning of
the Middle Uruk Period (Lyonnet 2007b, p. 148). Parallels have also been estab-
lished between the Majkop ceramic material and that known from the contemporary
Leilatepe–Berikleedebi culture of the southern Caucasus (Fig. 22.16).

As for the “Novosvobodnaja component” (Fig. 22.15), dated to ca. 3300–2600
BCE, part of its ceramic material presents affiliations with the preceding Majkop
component. The rest of the pottery shows a number of similarities with the ce-
ramic material of the Kura–Araxes culture of the southern Caucasus (Lyonnet 2007b,
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Fig. 22.15 Settlements attached to the Majkop culture—Novosvobodnaja component. (Cassard
et al. 2009, GIS project)

p. 148; see below). By this time, the northern Mesopotamian features had begun to
disappear.

It is thought that in the early fourth millennium BCE, the CBMP lost its impor-
tance in favour of the circumpontic metallurgical province (CMP), which covered,
at its maximum geographical extent, a zone including the Caucasus, the Steppe
area, the northern Balkans, the Carpathians, the Aegean, Anatolia and Mesopotamia
(Chernykh et al. 2002, p. 83). As with the preceding province, the CMP corresponds
to an arborescent scheme (“province”, “zone”, “focus”, “nucleus”) in which the
different regions within it are seen as dependent upon one another. According to E. N.
Chernykh (1978b, pp. 55–56), the beginning of the CMP coincides with the beginning
of the Kura–Araxes culture—thought at that time to be more or less contemporary
with the beginning of the Majkop culture, around the second half of the fourth
millennium BCE (ca. 3500/3300 BCE) (Chernykh et al. 2002, p. 83). Chernykh
based his argument upon the chronological framework that was then used by Soviet
archaeologists. This framework has now been revised and confirmed by recent
C14 dates. The beginning of the Majkop component (and thus the origins of his
Circumpontic Metallurgic Province) should be dated back to the first half of the
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Fig. 22.16 Settlements attached to the Majkop culture – undefined component (Cassard et al., 2009.
GIS project)

fourth millennium BCE (LC2) (Rassamakin 1999), earlier than the beginning of the
Kura–Araxes culture.

Chernykh considered the metallurgy of the Majkop culture to be entirely depen-
dent upon the southern Caucasus—principally the Kura–Araxes culture—due to a
belief in migration theories, the hierarchical concept of the metallurgical province,
the hypothesized lack of cupriferous hydrocarbonate (malachite, azurite, etc.) and
cupronickelous ores in the northern Caucasus, as well as the apparent absence of fur-
naces in this region. Under this scheme, the Majkop culture is believed to have been
a mere intermediary between the regions rich in ores (Anatolia, Iran, Transcaucasia)
and those deprived of raw material for metallurgy (e.g. the Steppes) (Chernykh 1992,
pp. 59–67). This theory was widely accepted by Soviet researchers (e.g. Abesadze
et al. 1958; Korenevskij 1972, 1974).

Recent research in this region (Cassard et al. 2009; Courcier 2006, 2007, 2008;
Courcier et al. 2009a, b), including the new chronological scheme proposed by
B. Lyonnet (2004, 2007a, b, 2009), has led us to reconsider Chernykh’s theory
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Fig. 22.17 Adzes coming
from Majkop component
settlements: 1 Galjugaj I
(Korenevskij 1995, p. 170), 2
Konstantinovskaja (Markovin
1994a, p. 270), 3 Psekups
(Lovpache 1985), 4 Maı̈kop
(Chernykh 1966, p. 98)

on the northern Caucasus’s dependence on the southern Caucasus. It is clear that
metallurgy expanded significantly in both regions during the first half of the fourth
millennium BCE. Two major categories of metallurgy can be distinguished: copper
objects and precious metals (gold and silver). The former is characterized by a spread
of technologies and a rise in the quantity and diversity of the objects made. The latter
is notable for some of the most elegant and complex workings of gold and silver alloys
anywhere in the Old World at this time. Due to the importance of this new research
in overturning long-held theories about the technological dominance of the southern
Caucasus over the northern Caucasus, the Majkop material is laid out in detail below.

Metallurgy of Copper Objects (Majkop and Novosvobodnaja)

Tools

Throughout the Majkop and Novosvobodnaja phases, there was continuity in certain
types of metal objects—notably awls and bracelet even from the previous period
(Meshoko culture). Some new tool types appeared in the Majkop phase and most
continued into the Novosvobodnaja phase. These consist of hollow chisels, flat axes
(Fig. 22.18), adzes (Fig. 22.17), axe-adzes and plain chisels (both types only known
in the Majkop kurgan). These tools seem linked to woodworking rather than to
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Fig. 22.18 Flat axes found in
settlements attached to
Majkop component and
Novosvobodnaja component.
Majkop component: 1
Apsheronskaja (Chernykh
1992, p. 75), 2 Majkop (Idem
1966, p. 98), 3 Psekups
(Lovpache 1985), 4 Sturbino
(Chernykh 1966, p. 98 and
100–101). Novosvobodnaja
component: 5 Bamut
(Ibidem; Munchae 1994,
p. 206), 6 Chegem II
(Betrozov and NaGoev 1984,
p. 42), 7 Chirkejskogo
(Makhmundov et al. 1968), 8
Kishpek (Miziev 1984, p. 92),
9 Kuban area (Chernykh
1966, p. 98 and 100–101), 10
Makhoshevskaja (Munchaev
1994, p. 206), 11
Novosvobodnaja (ibidem)

agricultural production or military activities as proposed by Korenevskij (2004,
pp. 45–46). Similar adzes are known at Ordzhoshani (Georgia), which is linked
to the Kura–Araxes culture (Dzhibladze 2005, pp. 100–101) and at Susa in south-
western Iran9 (Deshayes 1960, p. 233; Tallon 1987, p. 174). Axe-adzes were present
in the Carpatho-Balkan area since the first half of the fifth millennium BCE (Gernez
2007, p. 248) and moulds of this tool type have been discovered at Tepe Ghabristan
(Period II) and Tepe Sialk (Period III, 4–5) in Iran, both dating to the fourth mil-
lennium BCE (Amiet 1986, p. 42; Gernez 2007, p. 248). Since the axe-adzes have
only been discovered in the Majkop kurgan, their presence could confirm existing
contacts between the northern Caucasus and the Carpatho-Balkan area, while also
showing new relations with Iran. Interestingly, Deshayes (1960, p. 41 and 107) also
suggested an Iranian influence for the flat axes and the hollow chisels. However,
Mesopotamian contacts have also been attested during the Majkop phase (Lyonnet
2007b) and we cannot rule out the idea that Mesopotamia may have influenced a
local production of metal artefacts in the northern Caucasus.

During the Majkop phase, the pickaxe (Fig. 22.19) appears for the first time at sites
such as Ust’-Labinskaja and El’brus (Ryndina 2003, pp. 16–17). Similar stone and
bone pickaxes were known in the previous Meshoko culture (e.g. at Jasenova Poljana,
Veselogo and Svobodnoe) (Munchaev 1975, p. 191; Nekhaev 1992, p. 88), which, as

9 Undated artefact.
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Fig. 22.19 Pickaxes discovered in settlements attached to the Majkop and Kura–Araxes cultures and
in Iran. Majkop component: 1 Elbrus area (metal; Ryndina 2003, p. 17), 2 Ust’-Labinskaja (ibid.).
Novosvobodnaja component: 3 Gatyn-Kale (stone; Markovin 1963, p. 92), 4 Mikhajlovskaja
(stone; idem 1994a, p. 270), 5 Lenchinkaj (metal; Batchaev 1984, p. 131), 6 Vladikavkaz (metal;
Ryndina 2003, ibid.), 7 Vodzdvizhenskaja (metal; Chernykh 1992, p. 75), 8 Novosvobodnaja
(stone), 9 Klady (metal; Masson 1997, p. 69). Kura–Araxes: 10 Kabaz-Kutan (stone; Gadzhiev
et al. 2000, p. 55), 11 Rugudzha (metal; Chernykh 1991, p. 585), 12 Alaverdi (metal; Martirosjan
and Miatsakanjan 1973, p. 125), 13 Dmanisi (ibid.), 14 Leninakan (Martirosjan 1964, p. 32), 15a
Velikent tell II, 15b Velikent tell III grave 11 (stone; Gadzhiev et al. 2000, p. 64 and 93). Other: 16
Dzhrashen (metal; Chernykh 1992, p. 64–65), 17 Sé Girdan (metal; Muscarella 2003, p. 126), 18
Suse (metal; Tallon 1987, p. 75)
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shown earlier, was in contact with the Carpatho-Balkan area. The two metal pickaxes
discovered in the northern Caucasus are indeed typologically close to models known
in the Carpatho-Balkan area (Jászladány Devnja and Siria types) (Ryndina 2003,
p. 15; Gernez 2007, pp. 249–251). Because of its composition in “pure copper”, the
undated pickaxe from Ust’-Labinskaja was considered by Chernykh (1991, pp. 585–
590; 1992, p. 48) to be an import from the Carpatho-Balkan area. Since there is no
real proof for that, and since pure copper objects are also known in the Caucasus,
the label of “import” requires further evidence.

During the Novosvobodnaja phase, the pickaxes are still present alongside a
new variant, the axe-hammer. It differs from the pickaxe by its convex and cir-
cular shoulder. These two types are known in several settlements (Fig. 22.16; Klady,
Vozdvizhenskaja, Lenchinskaj and Vladikavkaz) and are close to stone models in the
same or contemporary settlements (Fig. 22.19; Gatyn-Kale, Novosvobodnaja and
Mikhajlovskaja). The diffusion of this tool (and its variant) in the northern Caucasus
during the Novosvobodnaja component is concomitant with the appearance of pick-
axes (in metal or stone) in many Kura–Araxes settlements. It should be underlined
that Lyonnet (2007b) has already noted strong parallels between Novosvobodnaja
and Kura–Araxes ceramics. Parallels made with pickaxes from Se-Girdan (Mus-
carella 2003, p. 124) and Susa10 (Tallon 1987, pp. 97–99) also suggest continued
contact with Iran.

New tools appeared during the Novosvobodnaja phase such as needles, hooks,
forks and rolled rods11. Contrary to the tools of the Majkop phase, the tools of
the later Novosvobodnaja phase have no real parallels with other contemporaneous
cultures in the Caucasus or beyond, except with the Kura–Araxes (e.g. a fork found
at Dag-Ogni in Dagestan; Gadzhiev 1991, p. 192). It seems likely that the metal
artefacts of the Novosvobodnaja phase are mainly local productions.

The socketed axe appeared during the Majkop phase at a number of sites
(Fig. 22.20). During the Novosvobodnaja phase, numerous socketed axes are char-
acterized by different shapes of the blade. The exact function of the socketed axes is
not clear—they could be either tools or weapons—but they are important for the first
use of the socket. Socketing was probably mastered first in the Carpatho-Balkan area
during the fifth millennium BCE (Gumelnitsa/Karanovo VI cultures) and suggests
the use of bivalve moulds (Gernez 2007, p. 173 and 546). This technique could have
come from the Carpatho-Balkan area, although it is surprising that no evidence of
bivalve mould use is known from the previous culture (Meshoko), which was in
contact with the Carpatho-Balkan area during the fifth millennium BC.

10 Undated axe-hammer.
11 Possibly parts of bits for horses according to Munchaev 1975: 209, although this has been
contested.
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Fig. 22.20 Socketed axes coming from the Majkop culture. Majkop component: 1 Majkop
(Chernykh 1992, p. 75), 2 Kostromskaja (Munchaev 1975, p. 259), 3 Ust’-Dzhegusta (Korenevskij
1974, p. 17), 4 Pjatigorsk (Korenevskij 1972, p. 336), 5 Apsheronskaja (Idem 1974, p. 20), 6
Balaklava (Idem, p. 17). Novosvobodnaja component: 7 Novosvobodnaja (Chernykh 1966, p. 98;
Korenevskij 1974, p. 20; Munchaev 1975, p. 250; Chernykh 1992, p. 75), 8 Andrjukovskaja (Ko-
renevskij 1974, p. 24), 9 Klady (Masson 1997, p. 270), 10 Chegem II (Betrozov 1984, p. 42;
Chernykh 1992, p. 75), 11 Kishpek (Chechenov 1980, p. 21; Miziev 1984, p. 92), 12 Nal’chik
(Chernykh 1966, p. 100; Korenevskij 1974, p. 20), 13 Bamut (Munchaev 1975, p. 259), 14 Dolinka
(Korenevskij 1974, p. 22), 15 Kyzburun III (Miziev 1984, p. 101), 16 Lakshukaj (Korenevskij
1974, p. 24), 17 Psebaj (Ibidem). Undefined component: 18 Khashi (Chernykh 1992, p. 75), 19
Anatas’evskaja (Korenevskij 1974, p. 24)

Weapons

During the Majkop phase, new types of weapons appear: daggers with flat blades
(Fig. 22.21) and tripartite spearheads (e.g. at Psekups). The dagger coming from
the Majkop kurgan shows that the technique of riveting was known even in the early
phase; during the next period (Novosvobodnaja) a similar technique was widely used.
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Fig. 22.21 Daggers found in settlements linked to the Majkop culture. Majkop component: 1
Galjugaj I (Korenevskij 1995, p. 170), 2 Kislovodsk (Markovin 1994a, p. 270), 3 Konstantinovskaja
(ibid.), 4 Kostromskaja (Chernykh 1966, pp. 101–102), 5 Majkop (Chernykh 1966, p. 100, 1992,
p. 75), 6 Psekups (Lovpache 1985, p. 32), 7 Zissermanov (Chernykh 1966, pp. 100–101), 8 Alek-
sandrovskaja (Chernykh 1992, p. 75), 9 Zunda-Tolga (Shishlina 2008, p. 30), 10 Chograj (ibidem),
11 Mandjikiny. Novosvobodnaja component: 12 Baksan (Munchaev 1994, p. 204), 13 Bamut
(Chernykh 1992, ibidem), 14 Kyzburun III (Miziev 1984, p. 101), 15 Krasnogvardejskaja (Mun-
chaev 1994: idem), 16 Chegem I (Betrozov and NaGoev 1984, p. 45 et 70), 17 KubinaAul (Chernykh
1992, p. 75), 18 Timachevsk (Chernykh 1966, p. 98 et 100–101), 19 Chegem II (Chernykh 1966,
p. 102; Betrozov and NaGoev 1984, p. 45 and 70; Munchaev 1994, p. 204), 20 Kishpek (Betrozov
and NaGoev 1984, pp. 37–39 and 70; Munchaev 1994, p. 204), 21 Novosvobodnaja (Chernykh
1992, p. 75), 22 Nal’chik (Markovin 1994a, p. 264), 23 Klady (Masson 1997, p. 270)

Similar but narrower daggers are known in the Leilatepe–Berikldeebi culture (Boyuk-
Kesik and Soyuq-Bulaq), which is contemporaneous with the Majkop component
(Museibli 2007, p. 85, Fig. XL; Akhundov 2007, p. 106; Lyonnet 2007b, p. 150;
Courcier et al. 2008a, p. 21). During the Novosvobodnaja phase, daggers with flat
blades continue to exist while new types with ribbed blades appear (Fig. 22.21). This
new type of dagger is characteristic of this period and seems to be a local production.
Similar models are known later in the Near East during the Early Bronze Age III
period (ca. 2600 BCE) at Tell Melebiya (phase 2), Tell Brak, Uruk and Mari (Gernez
2007, pp. 489–490).
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Fig. 22.22 Tripartite spearhead discovered in settlements of the Majkop culture (Novosvobodnaja
component) and the Kura–Araxes culture. Novosvobodnaja component: 1 Psekups (Lovpache
1985, p. 33), 2 Novosvobodnaja (Chernykh 1966, p. 98; Idem, 1992, p. 75), 3 Klady (Rezpkin
2000, p. 12), 4 Psebaj (Museum of Saint-Petersburg). Kura–Araxes: 5 Chirkejskogo (Gadzhiev
1991, p. 140), 6 Sigitma (Gadzhiev 1991: idem; Markovin 1994b, p. 292), 7 Akhaltsikh (Kushnareva
and Chubinishvili 1970, p. 124), 8 Tskhinvali (Tekhov and Dzhaparidze 1971, p. 66), 9 Osprisi
(Kushnareva 1997, p. 199), 10 Sevan (ibidem), 11 Tbilisi (ibidem), 12 Telman-Kend (ibidem), 13
Tsartis-Gora (ibidem), 14 Zemo-Avchalskaja (ibidem)

The Novosvobodnaja phase is also characterized by the apparition and wide dif-
fusion of the tripartite spearheads (Fig. 22.22). Spearheads similar to these are also
known in Kura–Araxes settlements. A large diffusion of this weapon type seems to
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Fig. 22.23 Spearheads, whose head was prolonged with a sharp wedge-shaped blade and finished
with a pike, in the Majkop culture (Novosvobodnaja component) and the Kura–Araxes culture.
Novosvobodnaja component: 1 Bamut (Mnchaev 1975, p. 306). Kura–Araxes: 2Akhalchihskogo
grave (Amiranis-Gora) (Kushnareva et al. 1963, p. 15), 3 Khachbulag (Schachner 2002, p. 124), 4
Kul’tepe II (Kushnareva and Chubinishvili 1970, p. 124), 5 Kvatskhelebi (ibidem), 6 Tsartis Gora
(ibidem), 7 Verkhnegunibskoe (Gadzhiev 1991, p. 192)

have occurred throughout the northern and southern Caucasus at the end of the fourth
millennium BCE, spreading into eastern Anatolia, northern Syria and as far as Turk-
menistan by the first half of the third millennium BCE (Gernez 2007, pp. 296–298;
Courcier 2007, p. 215). A second type of spearhead appeared during the Novosvo-
bodnaja phase—i.e. a pike with a square section (Fig. 22.23; Munchaev 1975, p. 306;
Korenevskij 1986, p 7). This type is also close to examples known in the Kura–Araxes
culture (Kushnareva and Chubinishvili 1963, 1970, p. 124 and 170; Schachner 2002,
p. 124). This again underlines the strong parallels between these two cultures. Simi-
lar pikes are also known during the Early Bronze Age II/III (ca. 2800–2600 BCE) at
Tell Kara Hassan (Woolley 1914, pl. 19), Jerablus-Tahtani and Carchemish (Woolley
and Barney 1952, pl. 60–61; Gernez 2007, pp. 285–286).

Copper Vessels and Other Objects

The Majkop phase is also characterized by the appearance of copper vessels. Dis-
coveries made in the Majkop kurgan and at Kislovodosk illustrate these metal types
(Munchaev 1975, p. 213; 1994a, p. 199 and 209). They show that the techniques
of cold-hammering, annealing and embossing were already fully mastered. Dur-
ing the next period (Novosvobodnaja), the copper vessels become more widespread
(Munchaev 1994, p. 208; Shishlina 2008, p. 41).

Some particular metal objects confirm the diversity of metal production during the
Majkop phase, including a square-section rod at Kelermes (Munchaev 1975, p. 225),
a helix-shaped object at Majkop (Munchaev 1975, p. 213) and hoops at Majkop
(Munchaev 1994, p. 199). This diversity is still attested during the Novosvobodnaja
phase with the presence of discs at Klady and Chegem I (Bochkarev et al. 1980, p. 97;
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Fig. 22.24 Silver and gold
artefacts coming from the
Majkop kurgan. (Korenevskij
2004, Plate VI)

Betrozov and NaGoev 1984, p. 11), a wheel with four spokes at Klady (Bochkarev
et al. 1980, p. 97), metal sheet at Chegem I (Korenevskij 1984, p. 189) and metal
plates at Chegem I (Betrozov and NaGoev 1984, p. 16).

Copper ornaments, already known in the Meshoko culture, are present in set-
tlements linked to the Novosvobodnaja phase and represented by beads, pendants,
earrings, rings, wristbands and cones at Chegem I, Chegem II and Kyzburun III
(Betrozov and NaGoev 1984, p. 18, 30, 32, 36; Chechenov 1984, p. 209; Miziev
1984, p. 100).

Metallurgy of Precious Metals (Gold and Silver)

Precious metals had appeared in the northern Caucasus already by the Majkop phase
in the first half of the fourth millennium BCE. Such finds are mainly illustrated by
the treasures of the Majkop and Staromyshastovskaja kurgans (Figs. 22.24, 22.25
and 22.26). The number of precious metal artefacts found in the Majkop kurgan
is extraordinary: 68 gold strips with stamped gold lions and bull figurines; 2 gold
vases; 14 silver vases (2 of which were ornamented); many gold rivets and nails; a
stone macehead with its upper part in gold; 10 gold rosettes; many silver and gold
beads (often decorated in relief); numerous gold rings; and 6 long rods of silver on
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Fig. 22.25 Gold and silver
necklaces found at Majkop,
arsenical copper and gold
animal figurines coming from
Staromyshastovskaja.
(Korenevskij 2004, Plate VII)

Fig. 22.26 Gold and arsenical
copper wares coming from
Galugaj I, Alikovovskoe and
Majkop. (Korenevskij 2004,
Plate III)
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Fig. 22.27 Jewellery
ornaments found at
Novosvobodnaja.
(Korenevskij 2004, Plate
VIII)

which gold and silver bull figurines were attached (Munchaev 1975, p. 213 et seq.).
Similarly, the Staromyshastovskaja Treasure included: 1 silver vase; 2 silver figurines
of a bull and an antelope; 1 gold lion head figurine; 3 gold rosettes; 40 small rings;
and over 2,500 gold and silver beads (Rostovtsev 1918, p. 8–25; Munchaev 1975,
p. 213 sqq.; 1994a: 199). In both collections, all of this precious metal ornamentation
was accompanied by numerous semi-precious stones including turquoise, carnelian
and even lapis-lazuli.

In other kurgans linked to the Majkop phase, other precious metal artefacts were
also discovered, like the silver vessel from Staryj Urukh (Munchaev 1975, p. 228)
and the silver rings found in two kurgans in the north of the Stravropol hills (Kuma-
Manych depression; Shishlina 2008, p. 28). These discoveries present some parallels
with the 23 gold beads, 33 electrum beads, 2 electrum rings and numerous semi-
precious stone beads coming from the kurgans of Soyuq-Bulaq in Azerbaijan, which
are considered to be related to the Leilatepe–Berikldeebi culture and therefore con-
temporaneous with the Majkop phase (Lyonnet et al. 2008; Courcier et al. 2008a).
Other parallels can be drawn with the material of kurgans III and IV at Se-Girdan in
north-western Iran (Muscarella 1969, p. 20; 1971, pp. 11–12; see also 2003), at Tepe
Gawra in north-eastern Iraq dating to levels XI, XA, X and IX, ca. 4000–3600 BCE
(Rothman 2002, p. 105, 111–127, 282–285 and 366–381) and at Hacinebi in eastern
Turkey, from an infant’s tomb dated to the Late Chalcolithic A, ca. 4100–3800 BCE
(Stein et al. 1997, p. 142; 1999a: 167). These parallels between the northern Caucasus
(Majkop component), Transcaucasia (Leilatepe–Berikldeebi culture) and northern
Mesopotamia present evidence for the pre-Uruk expansion which affected both slopes
of the Caucasus at the same time (LC 2–4) (Lyonnet 2007b, p. 150; 2009, pp. 5–6).

During the next phase (Novosvobodnaja), starting around 3500/3400 BCE, the use
of precious metals continued (Fig. 22.27). In many kurgans (e.g. Novosvobodnaja,
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Klady, Kubina Aul, Kishpek, Chegem I, Nal’chik and Bamut), prestigious objects
in gold and silver were discovered including beads, rings, needles, awls, sheet frag-
ments and wristbands associated with carnelian, rock crystal and lapis-lazuli beads
(Chechenov 1973, pp. 119–120; Munchaev 1975, pp. 242–244, 273, 305). Some par-
allels seem also to exist with Tell Brak, level TW 16 (LC2) (Emberling and McDonald
2003) and Arslantepe (level VIB “Royal Tomb”, ca. 3000–2900 BCE; Frangipane
et al. 2001; Hauptmann et al. 2002; Norcera et al. 2004). Besides these examples,
relations with the surrounding areas seem them to have been much reduced during
the Novosvobodnaja phase.

Questions on the Composition of Metals (Majkop
and Novosvobodnaja Phases)

The chemical composition of Majkop and Novosvobodnaja phase artefacts (Tables
22.4 and 22.5) constitutes the basis of Chernykh’s theories about Majkop metallurgy
(Chernykh 1966: 44–50; 1992: pp. 157–160). His analysis of 85 objects related to
the Majkop culture12 (4 coming from Meshoko, 15 from the Kuban area, 24 from
kurgans related to Phase I and 42 to Phase II), led him to identify two groups of
metal objects characterized either by a low percentage of nickel (< 0.1 % Ni) or
by a high percentage of nickel (0.1 to 4.4 % Ni) (Chernykh 1966, p. 38). In these
two groups, the percentage of arsenic is very similar: 0.5–9.08 % and 0.70–10 %
As, respectively (Chernykh 1966, p. 43). Chernykh also considered that these two
groups corresponded respectively with the two phases of the Majkop culture, and
underlined the importance of high nickel concentrations for assigning artefacts to
the later phase (ibid.).

On the basis of Selimkhanov’s work (Selimkhanov 1960a, b, 1962, 1964),
Chernykh (1966, pp. 44–46) further detailed the areas and settlements with metal
objects containing nickel (i.e. Transcaucasia, Iran, Anatolia and Mesopotamia) and
the copper deposits characterized by nickel ores in Transcaucasia and eastern Ana-
tolia. In his discussion, he mentions that the copper deposits situated in the northern
Caucasus contain many impurities but no nickel and are almost entirely sulphidic
ores (Chernykh 1966, p. 49). As a proponent of the linear “historical–technical”
scheme13, he thus concluded that Majkop metallurgy was wholly dependent upon
the metal products manufactured by the Kura–Araxes population in the South who
could take advantage of more favourable metallogenical conditions (Chernykh 1966,
pp. 49–50).

In order to characterize Majkop metallurgy, these results need to be reconsidered.
As we have seen, the analyses made in the 1960s do not allow us to characterize

with certainty the metal composition of the objects related to the Majkop component.
However, two alloys seem to have been used: Cu–As and Cu–As–Ni. The origin of
the nickel depends on the ores but also on the possible recycling of objects. The

12 As Chernykh (1966: 38) defined it, with Phase I corresponding more or less to the Majkop phase
mentioned in this article and his Phase II to the Novosvobodnaja phase.
13 According to which native copper was used first, then carbonaceous and oxides ores, and finally
sulphidic copper ores.
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question of whether the ores used to make these alloys came from the south or the
north must await further studies.

Questions on Metalworking (Majkop
and Novosvobodnaja Phases)

Metallographic studies by N. V. Ryndina and I. G. Ravich of dagger blades from
kurgans of the Novosvobodnaja phase have demonstrated the presence of two styles
of metalworking (Ryndina and Ravich 1995). The first style involves casting the
object and then carrying out an alternating series of cold-working and annealing steps
in order to obtain a more homogenous microstructure. The second style consists of
casting and cold-working the object, then annealing it once before cold-working it
again. The blades made via the first method present fewer impurities, while blades
made via the second method contain higher amounts of nickel. Both metalworking
styles are probably local to the Caucasus (Ryndina and Ravich 2000). However,
according to the authors of these studies, the existence of two metalworking styles
may suggest the specialisation of a particular group of metalworkers. Therefore,
these metallurgical “traditions” illustrate the manner in which metal production was
locally organized and specialized at different sites (Ryndina and Ravich 1995, p. 12).

These conclusions are akin to Tedesco’s research on metallurgy inArmenia during
the Early Bronze Age. She identified close parallels between the microstructures of
the Novosvobodnaja daggers and the metallography she performed on two blades
found atYerevan (Armenia) dated to the beginnings of the third millennium BCE (ca.
2800–2700 BCE). In spite of typological differences between her daggers and those
studied by Ryndina and Ravich, the manufacturing sequences show close similarities,
such as ghost dendritic structures with heavily strained and compressed grains along
the cutting edges. However, the Yerevan daggers did not present the same degrees
of segregation as in the Novosvobodnaja daggers (Tedesco 2006a, p. 207, pp. 235–
236). Her studies led Tedesco to propose the absence of large-scale production in
the Majkop phase. On the contrary, she argued for the existence of household-level
production but following a standardized technical tradition, which could explain the
widespread uniformity of metallurgy in Transcaucasia and the northern Caucasus
(Tedesco 2006a, p. 205, pp. 315–322). Her hypothesis is in accordance with our own
research, which demonstrates strong similarities between the Novosvobodnaja and
the Kura–Araxes metallurgical styles (see Courcier 2010).

Questions on Extractive Metallurgy (Majkop
and Novosvobodnaja Phases)

Among the 204 ore deposits known in the northern Caucasus, 57 contain copper, and
17 deposits, irrespective of the copper deposits, contain arsenic as the main element.
Some of these deposits present natural associations of copper and arsenic. In addition,
nickel is present in numerous ore deposits in the northern Caucasus (Cassard et al.
2009). An important metalliferous potential thus exists in this area.
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These deposits would have been more than adequate for supplying the ores used
in the production of metal objects of the Majkop component (Cu–As and Cu–As–Ni
alloys). Furthermore, many gold and silver deposits are known from the northern
Caucasus. Silver ores correspond to native formations or are linked with Pb–Zn ores.
Gold is present in native form, often associated with copper or silver (Cassard et al.
2009).

No research concerning ancient extractive metallurgy has been done in the north-
ern Caucasus for the Majkop component. Chernykh theory about the reliance of
the Majkop culture upon Kura–Araxes metalworkers of the South has remained
unchallenged until now, thus discouraging scholars from even exploring the pos-
sibility of local ore extraction in the northern Caucasus. However, thanks to local
geological research carried out between 1920 and 1933 by A.A Iessen and B. E.
Degen-Kovalevskij, we know of several settlements in the northern Caucasus which
could be directly or indirectly connected with extractive metallurgy (Iessen and
Degen-Kovalevskij 1935, pp. 36–41). Although the deposits remain undated, their
descriptions constitute invaluable information. When combined with our recent sur-
vey data of the ore deposits of the region, it is clear that the deposits with noticeably
ancient exploitation all contain either argentiferous ores associated with lead or
cupriferous ores associated with some arsenic and even nickel. It is also important
to note that recent research by C. Hamon (2007, pp. 192–196) on stone tools from
Majkop sites has provided further evidence of extractive metalworking in this region.

The Origin of Majkop Metallurgy

There are a variety of theories on the origins of metallurgy in the Majkop culture. First,
many authors have suggested that the metal objects discovered in the Majkop culture
were imported from Mesopotamia based on typological and iconographic similarities
(e.g. Rostovtsev 1918, pp. 24–25; Childe 1936; Betancourt 1970; Sulimirski 1970,
pp. 123–125; Andreeva 1977, 1979; Nekhaev 1986). Chernykh, as we have already
seen, has suggested that Majkop metallurgy was derived from highland cultures of
the Middle East (Iran, Anatolia) via Transcaucasia (Kura–Araxes) (Chernykh 1966,
pp. 45–50; Chernykh 1992, pp. 65–73 and 155–160). Such theories of “migration
waves” from the Middle East also helped to explain Mesopotamian influence on the
Majkop culture (Munchaev 1975, pp. 322–329; 1994a, pp. 169–170; Korenevskij
2004; Akhundov 2007).

Far rarer are arguments in favour of a local basis for Majkop metallurgy (e.g. Iessen
1950, p. 191; Munchaev 1975, pp. 322–335, 1994a, pp. 199–209, 2005, pp. 13–
15). Such indigenous origins theories are based on the existence of deposits in the
northern Caucasus with different metalliferous minerals that parallel the composition
of metal objects of the Majkop culture. Other scholars underline the unique character
of certain types of metal production which are only known in the northern Caucasus
(e.g. Formozov 1965, p. 117; Korenevkij 1974, 1988a, pp. 93–95) as well as local
styles of metalworking (e.g. Ryndina and Ravich 1995).

Our own research supports the idea of a local metal industry in the Majkop culture.
The metallurgical processes, most likely originating in the Carpatho-Balkan area
and already known during the preceding Meshoko culture, were probably further
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developed by the Majkop population. It seems that this western influence continued
into the beginning of the Majkop phase, as suggested by the introduction of the socket
and the metal pickaxe. We cannot exclude, however, that metallurgical technologies
in the Majkop culture were also influenced by exchanges with the southern Caucasus,
especially with the Sioni culture. As we saw above, the Majkop culture had relations
with several areas (Transcaucasia, north-western Iran and eastern Anatolia) where
metallurgy had already started, and its metallurgy shows close similarities with that
of the Leilatepe–Berikldeebi culture (below).

Nevertheless, several types of objects (flat axes, tripartite spearhead, adzes, copper
vessels, gold and silver vessels and gold and silver zoomorphic figurines) seem to
be typical only of the Majkop culture, both during the Majkop phase and during the
Novosvobodnaja phase. During this later phase, we see an intensification of local
metal production and, except for the ornaments and some types of weapons (like
tripartite spearheads), the parallels with the neighboring regions seem to disappear.
Interestingly, contact is still apparent with the Kura–Araxes culture of Transcaucasia
(below).

Metallurgy of the Leilatepe–Berikldeebi Culture

During the Late Chalcolithic 2–4, the “Pre-Uruk” expansion can be traced in Tran-
scaucasia within several settlements (Fig. 22.16). We group these sites together under
the name of the Leilatepe–Berikldeebi culture, which is contemporaneous with
the early phase of the Majkop culture. Compared to the previous cultures known
in this area (Shomu–Shulaveri and Aratashen), metallurgy shows a more similar
development to that observed for the Majkop phase.

At Tekhut in Armenia, three metal objects (a small knife, an awl and an ar-
rowhead) were discovered that were shown to have been made of arsenical copper
(Selimkhanov and TorosJan 1969). Metallographic studies on these pieces suggest
cold-hammering, although their results are difficult to utilize (Tedesco 2006a, p. 104).
In level V1 of Berikldeebi in Georgia, the discovery of a copper wristband and of
a copper flat axe (Žavaxišvili 1998) confirms the appearance of metallurgy during
this period. This is even more noticeable at Leilatepe in Azerbaijan, where several
metal artefacts have been discovered: awls, wire, fragment of a curved plate and
extremity of a knife/dagger (Akhundov 2007, pp. 103–108). Moreover, in Building
4 at Leilatepe, prills and rest of melting mixed with ashes and slags suggest the
manufacturing of metals. According to T. Akhundov (2007, p. 107), one of the 11
ovens discovered on site was probably associated with metallurgy given its proximity
to where the metal artefacts were discovered. We cannot discuss here in detail the
results of the analysis done on the metal artefacts, but we can nevertheless underline
this paradox that copper prills come mainly from the slags (Aliev and Narimanov
2001, p. 135; Akhundov 2007, p. 106). The authors do not explain this fact which,
for us, suggests an uncontrolled smelting process.

Recently, six awls, a plate, two daggers with rivets, metal slag and a stone axe
mould were discovered (Table 22.6) at Boyuk-Kesik in Azerbaijan (Museibli 2007,



624 A. Courcier

Ta
bl
e
22

.6
A

na
ly

se
s

of
se

ve
ra

la
rt

ef
ac

ts
co

m
in

g
fr

om
B

oy
uk

-K
es

ik
.(

M
us

ei
bl

i2
00

7,
p.

86
,p

er
ce

nt
ty

pe
no

tp
ré

ci
se

d)
n◦ a

n-
al

ys
e

Ty
pe

d’
ob

je
t

L
oc

al
is

at
io

n
C

om
po

si
tio

n
pe

rc
en

t(
m

as
si

qu
e)

R
ef

er
en

ce

C
u

Sn
Pb

Z
n

B
i

A
g

Sb
A

s
Fe

N
i

C
o

A
u

25
la

m
e

po
ig

na
rd

(a
na

ly
se

1)
B

oy
uk

K
es

ik
96

.8
0.

04
1

0.
01

4
0.

01
8

0.
00

06
0.

00
01

6
0.

00
27

0.
00

08
0.

03
4

0.
05

4
0.

05
4

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

26
la

m
e

po
ig

na
rd

(a
na

ly
se

2)
B

oy
uk

K
es

ik
97

.8
6

0.
01

2
0.

00
6

0.
01

07
0.

00
08

0.
00

00
1

0.
00

06
0.

00
08

0.
02

4
0.

00
05

0.
00

01
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

27
la

m
e

po
ig

na
rd

(a
na

ly
se

3)
B

oy
uk

K
es

ik
96

.9
0.

00
8

0.
00

5
0.

00
12

0.
00

07
0.

00
00

3
0.

00
06

0.
00

12
0.

01
2

0.
00

24
0.

00
05

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

28
la

m
e

po
ig

na
rd

(a
na

ly
se

4)
B

oy
uk

K
es

ik
96

.4
2

0.
01

2
0.

00
56

0.
00

18
0.

00
06

0.
00

00
2

0.
00

08
0.

00
19

0.
01

6
0.

00
16

0.
00

09
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

29
la

m
e

po
ig

na
rd

(a
na

ly
se

4)
B

oy
uk

K
es

ik
97

.1
4

0.
01

4
0.

00
48

0.
00

07
0.

00
12

0.
00

00
4

0.
00

05
0.

00
21

0.
00

9
0.

00
15

0.
00

06
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

30
la

m
e

po
ig

na
rd

(a
na

ly
se

5)
B

oy
uk

K
es

ik
96

.1
5

0.
01

6
0.

00
34

0.
00

12
0.

00
05

0.
00

00
3

0.
00

09
0.

00
12

0.
00

8
0.

00
12

0.
00

12
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

31
la

m
e

po
ig

na
rd

(a
na

ly
se

6)
B

oy
uk

K
es

ik
97

.5
0.

00
24

0.
00

3
0.

00
08

0.
00

07
0.

00
00

6
0.

00
07

0.
00

2
0.

01
2

0.
00

16
0.

00
05

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

32
la

m
e

po
ig

na
rd

(a
na

ly
se

7)
B

oy
uk

K
es

ik
95

.8
0.

00
18

0.
00

51
0.

00
1

0.
00

04
0.

00
00

7
0.

00
12

0.
00

16
0.

01
4

0.
00

17
0.

00
01

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

33
la

m
e

po
ig

na
rd

(a
na

ly
se

8)
B

oy
uk

K
es

ik
97

.5
4

0.
01

2
0.

00
6

0.
00

8
0.

00
08

0.
00

00
2

0.
00

16
0.

00
08

0.
01

6
0.

00
12

0.
00

02
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

34
fr

ag
m

en
td

e
po

ig
na

rd
B

oy
uk

K
es

ik
96

.4
4

0.
06

4
0.

08
6

0.
00

05
0.

00
05

0.
00

00
2

0.
00

08
0.

00
06

0.
06

2
0.

01
4

0.
00

03
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

35
fr

ag
m

en
td

e
po

ig
na

rd
B

oy
uk

K
es

ik
96

.9
0.

00
28

0.
02

1
0.

00
07

0.
00

06
0.

00
00

1
0.

00
06

0.
00

05
0.

05
7

0.
00

9
0.

00
02

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

36
ob

je
te

n
fo

rm
e

de
ba

lle
B

oy
uk

K
es

ik
93

.6
0.

04
6

0.
09

6
0.

02
4

0.
00

04
0.

00
00

3
0.

00
07

0.
00

08
0.

01
2

0.
00

12
0.

00
01

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

37
fr

ag
m

en
td

e
co

ut
ea

u
B

oy
uk

K
es

ik
96

.1
4

0.
01

6
0.

06
3

0.
09

6
0.

00
06

0.
00

00
1

0.
00

12
0.

00
04

0.
02

1
0.

01
4

0.
00

02
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86

38
Fr

ag
m

en
t

d’
al

èn
e

B
oy

uk
K

es
ik

97
.5

0.
02

4
0.

00
12

0.
00

8
0.

00
07

0.
00

00
1

0.
00

08
0.

00
05

0.
01

0.
00

06
0.

00
02

0.
00

05
M

us
ei

bl
i2

00
7,

p.
86

39
fr

ag
m

en
td

e
co

ut
ea

u
B

oy
uk

K
es

ik
96

.8
0.

01
3

0.
00

6
0.

00
08

0.
00

08
0.

00
00

1
0.

00
21

0.
00

08
0.

01
0.

00
08

0.
00

01
0.

00
05

M
us

ei
bl

i2
00

7,
p.

86



22 Ancient Metallurgy in the Caucasus From the Sixth to the Third Millennium BCE 625

Fig. 22.28 Dagger coming
from kurgan 1 of
Soyuq-Bulaq. (Lyonnet et al.
2008, p. 31)

pp. 85–87). The daggers are typologically close to those found at Majkop, which is
more or less contemporaneous. Nearby, in kurgan 6 of Soyuq-Bulaq, another similar
dagger (although without rivets) has also been found (Akhundov 2007, p. 106), and
various other metal objects (bead, awl and fragment of blade) come from the same
cemetery of kurgans. The excavations carried out on other kurgans of this cemetery
by a French–Azerbaijani team, co-directed by B. Lyonnet and T. Akhundov, has con-
firmed the diversity of the Leilatepe–Berikldeebi metallurgy: 33 beads in silver–gold
alloy (probably electrum), 23 gold beads, a copper knife/dagger, two copper rings
and a copper awl have been unearthed (Lyonnet et al. 2008, pp. 30–34; Courcier
et al. 2009a). A stone sceptre with an equid head and numerous semi-precious stone
beads (e.g. cornaline, steatite, lapis-lazuli) were also found there. Recent analyses
and metallographic studies (Figs. 22.28, 22.29, 22.30, 22.31 and 22.32; Tables. 22.7,
22.8, 22.9, 22.10, 22.11 and 22.12) performed on this material have demonstrated a
high manufacturing level for the silver–gold beads (Figs. 22.33, 22.34, 22.35, 22.36,
22.37, 22.38, 22.39 and 22.40) (Courcier et al. 2009a). Preliminary proveniencing
on these beads has suggested that the ores used could come from four close districts:
Madneuli, Sakdrisi–Bolnissi (Georgia), Dagkesaman (Azerbaijan) or Alaverdi (Ar-
menia). Only future research, in particular on the gold beads, could allow for a more
precise origin to be proposed.

The metal objects from Soyuq-Bulaq present similarities with the Majkop com-
ponent (Majkop and Staromyshastovskaja Kurgans) as well as with Se-Girdan, Tepe
Gawra and Hacinebi as mentioned above. All of these examples demonstrate the
rather widespread use of precious metals in combination with copper-base alloys at
the very earliest stages of silver and gold use in the ancient Near East.

Fig. 22.29 Silver beads found in kurgan 1 of Soyuq-Bulaq. (Lyonnet et al. 2008, p. 34)
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Fig. 22.30 Gold beads found in kurgan 1 of Soyuq-Bulaq. (Lyonnet et al. 2008, p. 34)

Fig. 22.31 Silver rings found
in kurgan 4 of Soyuq-Bulaq.
(Lyonnet et al. 2008, p. 38)

Metallurgy of the Kura–Araxes Culture

The Kura–Araxes culture (also called the Early Transcaucasian or Karaz culture)
(Fig. 22.41) appeared in the second half of the fourth millennium BCE (ca. 3400/3300
BCE, at the end of LC4) and lasted until the end of the third millennium BCE. Its
very long duration led to several divisions which are still a matter of debate (e.g.

Fig. 22.32 Awl found in kurgan 4 of Soyuk-Bulaq. (Lyonnet et al. 2008, p. 38)
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Table 22.7 Results of analyses (EDS analyses) of the silver beads whose compound is characterized
by silver-with little traces of copper. (Courcier et al. 2009a, p. 23)

Lab. Artef. Composition (weight percent)

O Mg Si S Cl Ca Cu Ag Br Au Sn Pb Zn Sb Fe

Bm Bead 1 13.7 0.28 3.28 0.67 6.57 13.52 40.22 21.58
Bm Bead 1 7.47 0.25 2.47 0.17 6.81 8.29 49.25 25.29
Bm Bead 1 11.08 0.33 1.32 0.39 5.71 18.25 39.38 23.53
Bm Bead 1 7.39 2.44 7.04 8.3 0.41 49.09 25.34
Bm Bead 3 17.3 1.02 0.76 4.23 33.23 2 29.81 11.65
Bm Bead 3 15.88 2.21 0.82 5.33 26.41 34.15 15.21
Bu Bead 3 1.57 35.14 0.034 0.02 0.2 0.2 0.02 0.05

Table 22.8 Results of analyses (EDS analyses) of the silver beads whose compound is characterized
by an alloy of silver-gold-copper. (Courcier et al. 2009a, p. 24)

Lab. Artef. Composition (weight percent)

O Si S Cl Ca Cu Ag Br Au

Bm bead 2 8.75 1.93 7.59 5.86 46.01 24.01 5.86
Bm bead 2 5.63 1.99 7.81 1.99 51.41 25.79 5.38
Bm bead 2 5.52 0.66 7.7 1.78 46.38 16.59 21.36
Bm bead 2 2.17 2.55 2.05 0.27 5.5 19.17 8.26 60.04
Bm bead 2 0.72 0.34 6.75 0.6 56.03 30.52
Bm bead 2 0.18 0.31 6.54 0.04 57.23 30.76
Bm bead 2 3.08 1.35 8.26 2.77 50.24 15.96 18.34
Bm bead 2 18.91 1.78 1.27 33.77 5.31 9.56 0.74 28.66
Bm bead 2 8.27 1.48 6.88 10.11 0.87 43.27 22.4 6.71
Bm bead 2 10.91 1.89 8.6 2.74 46.4 14.75 14.71
Bu bead 2 5.32 50.02 41.03
Bm bead 6 15.54 1.67 0.89 5.86 24.07 34.51 15.08 2.37
Bm bead 6 5.55 1.36 0.5 10.11 1.08 57.44 23.5 0.47
Bm bead 6 20.19 0.74 0.98 2.98 31.49 1.58 22.61 4.13 15.31
Bm bead 6 21.69 1.71 2.19 36.25 3.96 17.66 15.51
Bm bead 6 2.73 1.87 0.35 8.65 0.16 58.06 28.17
Bm bead 6 18.69 1.85 2.26 31.27 3.77 21.53 5.36 15.26
Bm bead 6 16.33 1.41 3.35 30.48 2.7 29.51 8.95 10.88
Bm bead 6 2.56 1.5 0.12 9.42 0.24 59.21 26.95
Bu bead 6 1.58 34.72 6.95

Table 22.9 Results of analyses (EDS analyses) of the silver beads whose compound is characterized
by an alloy of silver–gold. (Courcier et al. 2009a, p. 24)

Lab. Artef. Composition (weight %)

O Mg Si Cl Ca Cu Ag Br Au Sn Pb Zn Sb Fe

Bm bead 4 4.23 1.6 7.26 4.45 48.24 20.21 14
Bm bead 4 3.22 0.75 6.17 2.02 48 11.16 27.89
Bm bead 4 4.63 1.33 7.72 4.55 52.67 16.99 11.68
Bm bead 4 8.27 0.3 2.51 6.5 6.38 42.94 15.62 17.29
Bm bead 4 4.2 0.75 6.91 4.08 45.37 15.45 9.51
Bm bead 5 19.18 7.23 13.61 5.8 2.73 32.78 18.12
Bm bead 5 20.83 8.32 16.18 5.59 1.78 30.94 16.35
Bm bead 5 21.93 36.33 21 21.04
Bu bead 5 0.72 30.45 8.12 0.02 0.05 0.2 0.2 0.15
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Fig. 22.33 Section of bead no.◦2 with SEM observations. (Courcier et al. 2009a, p. 24)

Fig. 22.34 Section of the bead no.◦5 with SEM observations. (Courcier et al. 2009a, p. 24)
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Fig. 22.35 Microstructure of bead no.◦2, etched sample, magnifications 50 × and 100 × . (Courcier
et al. 2009a, p. 25)

Fig. 22.36 Microstructure of bead no.◦3, etched sample, magnifications 25 × , 50 × , 100 × and
200 × . (Courcier et al. 2009a, p. 26)
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Fig. 22.37 Microstructure of bead no.◦5, etched sample, magnifications 50 × and 100 × . (Courcier
et al. 2009a, p. 26)

Fig. 22.38 Microstructure of bead no.◦6, etched sample, magnifications 25 × , 50 × , 100 × and
200 × . (Courcier et al. 2009a, p. 27)
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Fig. 22.39 Metallographic studies of ring no.◦1, etched sample, magnifications 500 × . (Courcier
et al. 2009a, p. 28)

Fig. 22.40 Metallographic studies of the awl, etched sample, magnifications 500 × . (Courcier et al.
2009a, p. 29)
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Fig. 22.41 Socketed axes coming from Kura–Araxes settlements. 1 Ararat region (Khanzadjan
1964), 2 Brdadzor (Ibidem), 3 Dzhrashen (Chernykh 1992, pp. 64–65), 4 Egmiadzin (Kushnareva
1997, p. 201), 5 Kulbakeli (Ibidem), 6 Leninakan (Ibidem), 7 Marneuli (Ibidem), 8 Medzhvriskhev
(Ibidem), 9 Sadakhlo (Ibidem), 10 Jalbuzi (Korenevskij 1974; Kushnareva 1997, p. 201), 11 Zemo-
Avchalskaja (Ibidem)

Kushnareva 1997; Kavtaradze 1999; Marro 2000; Sagona 2000). The earliest sites
of this culture are found between the Kura and Araxe Rivers in Transcaucasia, but
are unknown in the western part of Georgia (Fig. 22.41). P. L. Kohl (2007, p. 88)
also includes south-eastern Dagestan in the early Kura–Araxes culture, although he
specifies that Velikent is not a “Kura–Araxe variant” (Munchaev 1975, pp. 172–191)
but rather a distinct culture of its own (Kohl 2007, p. 103).

Around 3000 BCE, the Kura–Araxes culture began to spread into eastern and
central Anatolia and eventually into the northern Levant (Sagona 2000, p. 340;
Frangipane and Palumbi 2007, p. 253). This phenomenon is documented through
the diffusion of red-black-brown burnished ceramics characteristic of this culture
(Frangipane 2000; Rothman 2003). Close relations between the Upper Euphrates,
north-easternAnatolia and Transcaucasia had begun in the preceding LC4 period and
continued into the LC5/early Kura–Araxes period (Frangipane and Palumbi 2007,
pp. 253–254). The Kura–Araxes phenomenon is, however, strongly regionalized,
leading to distinct cultures such as Novosvobodnaja in the North-West Caucasus,
Velikent in the North-East Caucasus and Kura–Araxes in the southern Caucasus and
easternAnatolia (Lyonnet 2007a, idem). An additional regional variant is known from
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north-western Iran (Summers 2004), north-central Iran (Thornton 2009, p. 18, 67)
and in the central Zagros (Weiss and Young 1975; see Rothman 2005). The internal
divisions of the Kura–Araxes chronology as well as its finale are still the subject of
much debate (e.g. Muscarella 2003, p. 90; Sagona 2004, pp. 477–479; Magomedov
2006, pp. 153–155; Kohl 2007, pp. 86–88; Makharadze 2008, pp. 66–67).

One aspect of the Kura-AraxesKura–Araxes culture that remains undisputed is the
strong evidence for local metallurgical production and metalworking. At Amiranis
Gora in Armenia, in a level probably dated to the early phase14, a furnace, charcoal
and a tuyère were found (Chubinishvili 1963, pp. 94–103). Another “metallurgical
workshop” was discovered at Baba-Dervish II in Azerbaijan, comprised of three
furnaces (two of which were equipped with a ventilation system), tuyères, clay
moulds and slags (Makhmundov et al. 1968, pp. 18–20). At Mokhra-Blur on the
Ararat plain, some vestiges of casting/melting processes suggest local metalworking
(Khanzadjan 1975, p. 477). In Mound II of Velikent in Dagestan, dated to ca. 3000
BCE (Kohl et al. 2002a, p. 115), fragmentary blades, a chisel or gouge, metal prills,
hammer-stones and half of a two-part clay mould for casting a shaft-hole axe indicate
local metallurgy also in the north-eastern Caucasus (see Peterson 2007, p. 193 and
198). At nearby Kabaz-Kutan, a crucible and a mould were found in a level probably
contemporaneous with Velikent (Gadzhiev et al. 2000, pp. 49–51), which confirms
the presence of metalworking in Dagestan at this time (Peterson 2007, pp. 178–179).

The discovery of furnaces, crucibles, ingots or slags from other Kura–Araxes
settlements in Georgia, Azerbaijan and Armenia—all probably dated to ca. 3000
BCE15—as well as in later third millennium BCE sites such as Shortepe, Shengavit,
Igdir and Pichori, firmly establish the importance of metallurgy in the Kura–Araxes
culture (Makhmundov et al. 1968; Narimanov 1987). The practice of transhumance
and other pastoralist activities in the Kura–Araxes culture (e.g. Kushnareva 1997,
pp. 192–195; Piro 2008, p. 462) certainly played a role in the spreading of metal-
lurgy across the wide realm of Kura–Araxes influence (e.g. Palmieri et al. 1999 for
Arslantepe; Frame 2010 for Godin Tepe).

In contrast to the Majkop culture, most of the metal artefacts found at Kura–Araxes
sites come from domestic contexts. Amiranis-Gora, Kvatskhelebi and Dzagina
in Georgia; Khachbulag in Azerbaijan; and Elar in Armenia are the only sites
where metal artefacts have been unearthed in funerary contexts (Kushnareva and
Chubinishvili 1963; Glonti et al. 2008).

Copper Metallurgy

Most ornaments of the Kura–Araxes culture are copper-based. A few wristbands,
spiralled rods and earrings were discovered at Dzagina, Amiranis-Gora and Akhalt-
sikh in Georgia (Kushnareva and Chubinishvili 1963, p. 16). Tombs 2 and 5 at

14 The 14C date proposed for this settlement varies by author. The sample (TB-4; 4835 ± 180 BP)
provided a date of the metallurgical level, which Kavtaradze (1999: 73–74) calibrates to 3790–3373
cal. BCE (1σ). For Chernykh (CHERNYKH et al. 2000: 74–75) the same sample is a little earlier:
3900–3350 (1σ) and 4050–3100 (2σ) cal. BCE.
15 According to 14C dates, cf. Kushnavera, 1994: 52 and Chernykh et al. 2000: 74–75.
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Fig. 22.42 Settlements attached to the Kura–Araxes culture. (Cassard et al. 2009. GIS project)

Kvatskhelebi contained the well-known diadem and others ornaments like wrist-
bands, a double spiral-headed pin and various copper beads (Glonti et al. 2008).
Some earrings and rings are also known at Serkertepe, which is dated probably to
the end of the fourth millennium BCE.

Copper-base awls are found in most Kura–Araxes settlements, and their shape (i.e.
generally quadrangular, straight or slightly curved) resembles those rare specimens
known from earlier periods. In this later period, the first true needles were being
made of metal (thin pins with a rounded, loop-like head). Needles from even later
sites, like Serkertepe (Munchaev 1997, p. 152), have more elaborate shapes, such as
the twisted bilateral wire involutions known at Kul’tepe II.

Several tool types are close to those known from the Novosvobodnaja phase of the
Majkop culture, like flat axes (e.g. Makhmundov et al. 1968, p. 21; Kushnareva et al.
1971, p. 117) and some socketed axes (Fig. 22.42). The majority of the Kura–Araxes
shaft-hole axes is characterized by a short shaft-hole and a rectangular or trapezoidal
inclined blade (e.g. Khanzadjan 1964; Chernykh 1992, p. 65). According to the
recent typology elaborated by Gernez (2007, pp. 159–160), these axes are principally
localised in the southern part of the Caucasus and in north-eastern Anatolia (e.g.
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Fig. 22.43 Sickles found in
Kura–Araxes settlements. 1
Amiranis-Gora grave
(Kushnareva and
Chubinishvili 1963), 2 Garni
(Khanzadjan 1964), 3
Khizanaant-Gora
(Kushnareva 1997, p. 197), 4
Kul’tepe II (Kushnareva and
Chubinishvili 1970, p. 114)

at Norsuntepe level VIII). This geographical distribution demonstrates clearly the
cultural connection between these two regions during the Kura–Araxes culture.

Pickaxes (Fig. 22.12) also illustrate existing connections between the northern
Caucasus (Novosvobodnaja), Transcaucasia (Kura–Araxes) and the Near East (in
particular Iran). Indeed, the Kura–Araxes metal and stone examples from Leninakan,
Dmanisi, Alaverdi, Dzhrashen, Rugudzha and Velikent Mound II (Martirosjan 1964,
p. 32; Martirosjan and Miatsakanjan 1973, p. 125; Chernykh 1992, pp. 64–65;
Gadzhiev 1991, p. 55, 64 and 93, respectively) are close to pickaxes known in
Novosvobodnaja sites (see above) and at Se-Girdan (Muscarella 2003, p. 126) and
Suse (Tallon 1987, p. 75) in western Iran. On the contrary, metal sickles (Fig. 22.43)
known from some settlements and tombs at Garni, Amiranis-Gora, Khizanaant-Gora
and Kul’tepe II (Kushnareva and Chubinishvili 1963, 1970, p. 116) seem to be unique
to the Kura–Araxes culture (Tedesco 2006a, p. 116).

The Kura–Araxes daggers present some similarities with those known in the
Novosvobodnaja phase of the Majkop culture. This is especially true of the ribbed
daggers found at Amiranis-Gora and Ajgevan (Kushnareva and Chubinishvili 1963,
pp. 14–15; Kushnareva 1994b, pp. 93–94). These weapons are rather typical of
Novosvobodnaja, since over 100 examples are known there (see above; Fig. 22.21).
On the other hand, the flat blade with oblique shoulders from Elar, Kul’tepe II,
Stepanakert and Yerevan (Kushnareva et al. 1971, pp. 116–119; Kushnareva 1994b,
p. 110; Tedesco 2006a, p. 235) presents some parallels with north-eastern Ana-
tolia (Arslantepe “Royal Tomb”, Ikiztepe and Düdartepe) and with Tepe Sialk in
north-central Iran (level IV) according to recent typological research (Gernez 2007,
pp. 449–450). The daggers with biconvex blades from Ajgechat (Kushnareva 1994b,
p. 94) are also known in later settlements of the Novosvobodnaja phase like Klady
(Rezepkin 2000, pl. 54.9) and in Velikent Mound III, tomb 11 (Kohl et al. 2002a,
pp. 123–124), as well as in the cultures following the Kura–Araxes culture like
Martkopki and Bedeni (Gernez 2007, p. 451).
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The tripartite spearheads (Fig. 22.22) found in a tomb fromAmiranis-Gora as well
as at various Kura–Araxes sites (Kushnareva et al. 1971, pp. 116–119) are similar to
spearheads from the Novosvobodnaja phase (see above) and from the Near East. This
weapon type illustrates clearly the expansion of the Kura–Araxes culture throughout
the eastern part of Anatolia, North Mesopotamia and perhaps as far as Turkmenistan
(see above).

The picks (Fig. 22.16) discovered at Kura–Araxes settlements such as Amiranis-
Gora, Khachbulag, Kul’tepe II, Kvatskhelebi and Tsatsis-Gora (Kushnareva and
Chubinishvili 1963, 1970, p. 124 and 170; Schachner 2002, p. 124) also confirm
relationships between Transcaucasia and the northern Caucasus, where similar picks
are known during the Novosvobodnaja phase (see above). Furthermore, these picks
can also be compared to weapons from Tell Kara Hassan (Woolley 1914, pl. 19),
Jerablus-Tahtani and Carchemish (Woolley and Barney 1952, pl. 60–61; Gernez
2007, pp. 285–286) dating to Early BronzeAge II/III transition (ca. 2800–2600 BCE).

Precious Metals of the Kura–Araxes Culture

Few objects in precious metals are known from the Kura–Araxes sites. A gold and
silver earring comes from a tomb in Kachbulag (Narimanov 2004, p. 471), while
three silver rings have been found in the cemetery of Amiranis-Gora (Chubinishvili
1963, p. 99). Tombs 2 and 5 of Kvatskhelebi16 contained some silver spiralled rods
(Glonti et al. 2008), while a gold bead has been discovered in a house at the settlement
of Mingechaur (Chubinishvili 1971, pp. 105–106; Narimanov 2004, p. 470). More
recently at Velikent, silver rings and a gold leaf were found in tomb 11 on Mound
III, while a gold ringlet was discovered in tomb 1 on Mound IV, both dated to the
first half of the third millennium BCE (Kohl et al. 2002a, p. 124).

These ornaments (in particular those which come from Kvatskhelebi) offer par-
allels with the jewellery found in the “Royal Tomb” at Arslantepe (end of level
VIA/beginning of VIB2, dated to ca. 3000 BCE17; Norcera et al. 2004). Beyond the
typological parallels, this tomb illustrates trade associated with pastoralist activities
between Transcaucasia and the Malatya region at this time (Frangipane and Palumbi
2007, pp. 245–248). These exchanges probably included not only metal objects but
also the ores, particularly in the period between 3350 and 3000 cal. BCE corre-
sponding to level IVA (Palmieri et al. 1998, p. 42, Hauptmann and Palmieri 2000,
p. 80).

16 Tombs 1, 3, 4 and 5 are dated to the last quarter of the fourth millennium BCE; tomb 2 is
not precisely dated but the excavators compared its material with those of the “Royal Tomb” at
Arslantepe dated to 3000 BCE (Glonti et al. 2008: 154).
17 14C date: 3081–2897 (1 σ), 3308–2879 (2 σ); Palumbi 2004: 115.
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The Composition and Manufacture of Kura–Araxes Artefacts

Most metal artefacts from the Kura–Araxes culture that have been analyzed derive
from the latest phase of this culture and are made of arsenical copper (Schachner
2002, p. 120 and 124–125, Tables 1 and 2; Akhundov 2004, p. 427). Some objects
coming from the sites of Ozni, Kul Tepe II and Karaköpek have low percentages
of arsenic (Selimkhanov 1966, pp. 230–231; Kushnareva and Chubinishvili 1970,
p. 132), while others have higher contents (Kushnareva and Chubinishvili 1970,
pp. 130–135, Table II, Table III, Table IV, Kavtaradze 1999, pp. 89–97, Table 1).
In general, most arsenic-bearing copper artefacts contain between 2 and 4 wt% As
(Courcier 2007). A small minority of artefacts from Kvatskhelebi and Kul’tepe II
have contents higher than 6 wt% As, some even as high as 22.7 % As18 (Selimkhanov
1966, p. 130; Kushnareva and Chubinishvili 1970, pp. 130–135, Table II). Such a
large percentage of arsenic improves the cast-ability of the copper while giving it a
silvery aspect, but it also makes the object more brittle. For this reason, the use of
high-arsenic copper alloys seems to have been reserved for jewellery (Kushnareva
1997, p. 203).

In addition to the presence of arsenic, objects from the Kura–Araxes culture often
have minor amounts of zinc, ranging from 1 to 5 wt% Zn (Kushnareva and Chubin-
ishvili 1970, p. 132, Table II; Chernykh 1992, p. 66). Lead content rarely exceeds
0.1 wt%, although for some artefacts it can be as high as 14.7 wt% Pb (Kushnareva
and Chubinishvili 1970, p. 132, Table II). The earliest phase of the Kura–Araxes
culture is characterized by very little antimony (0.005–1.15 wt% Sb) and most of
the artefacts are low in nickel (≤ 0.03 wt% Ni)—only slightly higher levels of nickel
(0.04–1 wt% Ni) are found in a few rare objects (Chernykh 1992, p. 66; Gevorkjan
1980, pp. 49–52). Low nickel content has been determined for most artefacts from
Georgia and Armenia, suggesting local ore deposits with similarly low nickel con-
tent (Kushnareva 1997, pp. 200–202). Recent archaeometallurgical studies carried
out by L. A. Tedesco (2006a) have allowed a better characterization of the manu-
facturing techniques in Transcaucasia during the Early Bronze Age. The artefacts
in arsenical-copper present several cycles (two or four) of cold-working/annealing
steps, and for some daggers, strong work-hardening. She also identified a standard-
ization of Kura–Araxes metalworking which seems similar to that argued previously
for the Novosvobodnaja component (Ryndina and Ravich 1995, pp. 12–14). Tedesco
(2006a, p 320) proposes metal production on a small-scale in individual households
in Transcaucasia (and perhaps also in the northern Caucasus), while acknowledging a
widespread uniformity in the way various classes of artefacts were made throughout
the Early and early Middle Bronze Ages.

In another recent study, D. L. Peterson (2007, p. 237 and 280) analyzed 11 objects
(rings and bracelets) coming from the tomb 1 on Mound III at Velikent. Previously,
three metal groups had been identified at this site based on earlier spectral analyses
(Gadzhiev and Korenevskij 1984, p. 19): unalloyed copper, arsenical copper and tin

18 We ignore the analytical method used; this percentage could correspond to surface segregation.
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bronze. However, Peterson (2007, p. 194) noted three exceptional types: one bracelet
with 90 wt% Ag and two other bracelets cast in a copper–silver alloy with 70 wt%
Cu and 30 wt% Ag. For the arsenical copper objects, the amount of arsenic ranged
from 0.1 to 20.0 wt%, with the majority lying between 0.1 and 5 wt% (Gadzhiev
and Korenevskij 1984, p. 19). The arsenical copper artefacts were further separated
into two groups: arsenical bronze (1.5–20 wt% As)19 and arsenical copper (0.1–0.9
wt% As), corresponding to intentional alloys and unalloyed metal (Gadzhiev and
Korenevskij 1984). The intentionally alloyed pieces seem to be mostly ornaments
and were excluded from tools and weapons (ibid.: 20).

From the same tomb 1 on Mound III at Velikent, 8 % of the total number of metal
artefacts proved to be tin–bronze alloys. These tin bronzes are the earliest recorded for
the Caucasus (Kohl et al. 2002a, pp. 126–127). According to lead isotopic analyses,
these artefacts may have come from the same source as the early tin bronzes from
Oman (Weeks in Kohl et al. 2002b, pp. 180–183). However, Peterson (2007, pp. 199–
200) has underlined that this conclusion is based on a small number of analyses
and that more analyses are needed in order to point out with more certainty the
probable source. He adds that the extension of the Kura–Araxes culture may have
provided numerous opportunities to acquire tin from a variety of sources. Peterson
concludes by noting that metalworking atVelikent was “implicated in a social process
of hierarchization involving both the production and use of metal objects, in which
shifts in production and consumption were linked to changes in joint constructions
of value and related technological and social practices” (Peterson 2007, p. 312).

Extractive Metallurgy in the Kura–Araxes Culture

In contrast to the impression given by Chernykh (1966, pp. 45–49, 1992, pp. 59–67),
there is little evidence of exploitation of metalliferous deposits during the Kura–
Araxes culture. Currently, research into early mining practices of the Kura–Araxes
culture is barely more important than for the Majkop culture. The early research
carried out by Iessen and Degen-Kovalevskij identified several sites where ancient
extractive metallurgy was practiced in Transcaucasia (Iessen and Degen-Kovalevskij
1935, pp. 42–61). Unfortunately, in most cases, such mines were not dated; at best,
a few mines were datable to the second or first millennium BCE. Others studies,
mainly done in Georgia (Ratcha and Svanetia districts), have not securely proven
extractive metallurgy during the Kura–Araxes culture, since most sites were dated to
the second millennium BCE (e.g. Mudzhiri 1975, 1977, 1979, 1988a, b; Mudzhiri
and Kvirikadze 1978, 1979). Nevertheless, some authors have argued that the de-
posits investigated (all situated in Transcaucasia) were probably exploited earlier and
have conjectured exploitation during the Kura–Araxes period (e.g. Gevorkjan 1980,

19 Most scholars would define arsenical bronze as containing above 4–5 wt% As, although this is
still much debated (e.g. Northover 1988; Lechtman 1996).



642 A. Courcier

pp. 21–33; Chernykh 1992, p. 60; Palmieri et al. 1993, pp. 594–595; Kushnareva
1997, p. 197).

The composition of the Kura–Araxes artefacts has also led scholars to the
suggestion that polymetallic ores and arsenic-rich ores (e.g. orpiment and realgar—
arsenious sulphides) had been used. Paradoxically, G. L. Kavtaradze rejects the idea
that sulphur-based ores were used, pointing to the absence of sulphur20 in most ob-
jects to support his view. He argues that towards the later phase of the Kura–Araxes
culture (ca. the middle of the third millennium BCE), the extraction of copper–
sulphur such as chalcopyrite became necessary due to the extinction of sources of
copper oxides and hydrocarbonates (Kavtaradze 1999, p. 81). Thereafter, he argues,
the principle of co-smelting was utilized consistently in Transcaucasia.

It should be noted that besides the recurring problem of trusting these early anal-
yses, the issue of metal recycling has never been raised. It is highly probable that
the practice of re-melting was carried out both by the Kura–Araxes and the Majkop
cultures. It is well known that each stage of the recycling process involves a change in
the composition of particular impurities (As, Ni, Sb, Pb, Zn, Bi, etc.). The presence
of these elements is therefore not exclusively related to the type of ores used but also
to the various phases of the metallurgical transformation. In addition, melting (or
re-melting) of copper-base metal under even slightly oxidizing conditions can lead
to the loss of sulphur (and other important elements, such as arsenic). Thus, the con-
clusions of Kavtaradze about the “shift” to copper sulphides in the third millennium
BCE must be re-examined.

The recent research carried out by the Deutsches Bergbau-Museum on the Bolnisi–
Madneuli copper–gold district in Georgia has shown that the Sakdrissi gold deposit
was already exploited during the second half of the third millennium BCE, and
it is proposed that extraction there began even before 3000 BCE (Stöllner et al.
2008; Hauptmann et al. in press). In our opinion, the Sakdrissi deposit was not
the only one exploited by the Kura–Araxes population. Recent archaeometallurgical
research in the Kedabeck district inAzerbaijan has identified a probable Kura–Araxes
exploitation at Perizamenly, where Kura–Araxes ceramic sherds were discovered
(Lyonnet et al. 2009b). We also identified many other sites with evidence for ancient
extractive activities, but we found no way to date them.

Understanding the Rise of Metallurgy (ca. From Fourth
to Third Millennium BCE)

From the beginnings of the fourth millennium BCE, metallurgy in the Caucasus
underwent an important transformation characterized by technological developments
in extractive metallurgy as well as in manufacturing techniques. This modification
is not as clear for extractive metallurgy as for manufacturing techniques because of

20 The lack of sulphur is most likely due to the analytical methods used, which were often unable
to detect sulphur.



22 Ancient Metallurgy in the Caucasus From the Sixth to the Third Millennium BCE 643

the lack of research in this field. However, based upon the admittedly limited data
at hand, it would seem that local deposits were exploited often containing complex
ores (e.g. copper sulphides interlaced with arsenic- and nickel-bearing minerals).
An important rise in copper metallurgy is also noticeable, including the generalized
production and use of copper alloys (e.g. Cu–As, Cu–As–Ni); diversification of tool
and weapon types; and the rise in the sheer number of metal objects known from
this period. The high technical level of metalworkers in this period is testified by
the masterful production of objects in precious metals (silver, gold and electrum),
although mostly this is true for the Majkop, Novosvobodnaja and the Leilatepe–
Berikleedebi cultures. Although relations between the Caucasus and the Near East
never ceased from the Neolithic until the Middle Bronze Age, they appear to have
been especially important during the fourth millennium BCE. The role of metals and
metallurgy was undoubtedly significant in these exchanges.

Conclusion

Between 5000 and 2000 BCE, metallurgy in the Caucasus underwent a tremen-
dous development. The first appearance of metal in the northern Caucasus dates
to the Meshoko culture, around the second half of the fifth millennium BCE, al-
though it may have emerged earlier, given metal’s early appearance in Transcaucasia
by the end of the sixth millennium BCE in the Shomu–Shulaveri, Aratashen and
Kul’tepe–Alikemek cultures. However, the lack of known Neolithic sites in the
northern Caucasus limits our ability to say more about this hypothesis.

Both the Carpatho-Balkans region, characterized at this time by an apogee of
metallurgy, and the Sioni culture may have stimulated the development of metal-
lurgy in the northern Caucasus, as Chernykh has suggested. However, local deposits
of copper ores could also have been exploited by the Meshoko and Sioni cultures
from earlier periods. The way of life of these populations, probably nomadic and
practising transhumance, could have allowed the diffusion of metallurgical activi-
ties, of technical principles, of raw material (ores, ingots), as well as of metal object
between the northern and southern Caucasus. It has to be underlined that southern
Transcaucasian cultures (Shomu–Shulaveri and others) were also closely connected
withAnatolia, northern Iran and northern Mesopotamia, which had been using native
metals since at least the seventh millennium BCE.

The beginnings of metallurgy in the Caucasus are characterized by smelting, melt-
ing, casting, cold-hammering, annealing and probably recycling of mainly “pure”
copper and copper with minor (probably natural) impurities. The finished products
were mainly implements (awls, bradawls, pins, knives, hooks, rods, wires, hoops, in-
gots), ornaments (rings, beads, pendants) and small weapons (daggers, arrowheads).
Paradoxically, relatively little metallurgical waste (slags, fragments of crucibles or
moulds) has been reported and no furnaces have been discovered. From the be-
ginning of the fourth millennium BCE, metallurgy is connected to the rise of the
Majkop and Leilatepe–Berikldeebi cultures, followed later by the Novosvobodnaja,
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Kura–Araxes and Velikent cultures. This cultural sequence is characterized by an
intensification of extractive metallurgy (still poorly documented), a diversification
of the types of metals being used (i.e. precious metals and copper alloys), the de-
velopment of new technologies (e.g. smelting of complex ores, alloying, cladding,
casting in bivalve moulds, copperware), the invention of new types of metal objects
(e.g. forks, adzes, flat axes, gouges, pickaxes, socketed axes, spearheads, sick-
les, harness pieces, long daggers, swords) and the increase of the number of metal
objects produced. Surprisingly, the only furnaces known come from Kura–Araxes
settlements.

The increase in metallurgical activity by ca. 3000 BCE is concomitant with an in-
tensification of relations north to south between the Caucasus and the Near East. The
diffusion of some specific objects (like the tripartite spearheads) from the Caucasus
(Novosvobodnaja and the Kura–Araxes c) to Anatolia, northern Mesopotamia and as
far away asTurkmenistan, confirms the importance of metallurgy in the Caucasus dur-
ing this period. Nevertheless, several features concerning metallurgy in the Caucasus
remain unclear—in particular, the rise of extractive metallurgy and the processes used
in manufacturing metals. We hope that future excavations, the use of modern analy-
ses and new methods (e.g. the use of GIS), as well as an increased attention on the
Caucasus will help to better understand these crucial points.
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Chapter 23
The Emergence of Complex Metallurgy
on the Iranian Plateau

Christopher P. Thornton

Introduction

The early production and use of metals in Iran has been a topic of considerable interest
since the 1960s, when the first synthetic overviews of the prehistoric metallurgy of
this region were written (Lamberg-Karlovsky 1967; Moorey 1969) and when the first
early metalworking sites were recognized (Caldwell and Shahmirzadi 1966; Caldwell
1968). This newfound interest in the ore-rich nation of Iran and its long history of
metal use and exploitation led to the famous Wertime Pyrotechnological Expedition
of 1968 (Wertime 1968; see also Arab and Rehren 2004a, b). This important survey
project involved some of the most renowned twentieth-century scholars of ancient
technology (including Cyril Stanley Smith, Ronald Tylecote, Frederick Matson,
Radomir Pleiner, Beno Rothenberg, Robert Brill, and Theodore Wertime), who
traveled from Turkey to Iran andAfghanistan in search of evidence for ancient mining
and craft production (see papers in Caldwell 1967a). It was their supposition that the
beginnings of OldWorld metallurgy must have occurred in the ore-richTaurus-Zagros
highlands (Wertime 1973). Thus, they argued that to understand the development of
early metallurgy in toto, one must first understand the development of metallurgy in
Turkey, in Transcaucasia, and in Iran.

Although interest in Iranian prehistoric metallurgy has continued since then, most
notably in the synthetic writings of Moorey (1982) and Pigott (1999a, b), there have
been few attempts to combine recent analytical data with changes in the archaeolog-
ical understanding of Iranian prehistory since the fall of the Shah in 1978–1979 led
to the expulsion of foreign archaeologists. This lacuna is due mainly to language bar-
riers between pre-Revolution scholars (most of whom are Europeans or Americans
publishing in English, French, German, and Italian) and post-Revolution scholars
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(most of whom are Iranians publishing only in Persian). With the Reformist glasnost
of the late 1990s, foreign scholars and Iranian scholars were reunited and Iranian
prehistoric metallurgy quickly became a topic of considerable interest once again.
Indeed, many of the international field projects and analytical programs begun in
this period have specifically focused on ancient metallurgical production, including
the Sialk Reconsideration Project (Shahmirzadi 2003), the Arisman Project (Chegini
et al. 2000), the Malyan Archaeometallurgical Project (Pigott et al. 2003, a, b), the
Shahr-i Sokhta Archaeometallurgical Project (Artioli et al. 2005), and many others
(Thornton and Rehren 2007; Weeks 2008; see also papers in Stöllner et al. 2004).
Needless to say, it has become obvious that the models for early metallurgy in Iran
that have held sway since the early 1980s (e.g., Heskel 1982, 1983) require substantial
updating.

Despite this recent attention to the question of early metal production and trade,
Iranian prehistoric metallurgy remains relatively unknown outside of the few schol-
ars who actively pursue it. It is here argued that the reason Iranian metallurgy is
so poorly understood is because it defies the established sequence of metallurgical
development for Southwest Asia first laid out by Wertime (1964) and then adjusted
by numerous important scholars (e.g., Charles 1980; Muhly 1988; Hauptmann et al.
1993; Craddock 2001). That is, there is an almost mantric narrative on the develop-
ment of metallurgy in the Old World taught to every student of archaeometallurgy,
which explains how copper ore exploitation in the earliest Neolithic periods led
to the simple working of native copper, which led to the small-scale smelting of
oxidic copper ores in the Chalcolithic, followed by the mixing of ores to produce
alloys in the Early Bronze Age, which all cumulated in the large-scale smelting of
suldific ores by the Late Bronze Age. Although somewhat accurate when viewed
over the long dureé, the development of metallurgy on the Iranian Plateau devi-
ates from this model on many key points, and challenges the established notions
of what early metalworkers could and could not do (cf. Bourgarit 2007). Since the
Iranian data do not fit into this model,the data are usually either ignored, forced
to fit into the established sequence by disregarding certain evidence, or altogether
discredited.

In order to put Iran back onto the archaeometallurgical map in its rightful place
as one of the early centers of metallurgical production and innovation, this paper
will attempt to synthesize both old and recent data regarding the development of
early metallurgy using the newfound archaeological appreciation of its Neolithic
through Early Bronze Age societies (ca. 7000–2000 BCE). Special attention will
be paid to specific sites that epitomize the metallurgical traditions of their region in
particular time periods. Furthermore, this paper will challenge what the author calls
the ‘Levantine Paradigm’—i.e., the stereotypical model for early metallurgy in the
Old World, which in many ways developed out of the seminal archaeometallurgical
projects of the Southern Levantine region. In contrast, this paper will follow Yener
(2000) and others in proposing a separate ‘highland model’ for the metallurgical
sequence of Southwest Asia.
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What is the ‘Levantine Paradigm’?

Thomas Kuhn (1962) famously brought attention to the fact that science is con-
structed of “paradigms” or established models agreed upon by a certain quorum of
scholars. Although his work focused specifically upon the natural sciences, the so-
cial sciences (like archaeology) are inherently constructed of such paradigms and
actually revel in their multiple competing paradigms in a way that ‘real’ scientists
generally find appalling. The ‘Levantine Paradigm’ mentioned above is one such
agreed-upon model, although it is in itself comprised of a multiplicity of competing
paradigms that have been grouped here to serve as a ‘straw man’ for the sake of
comparison. The big three Levantine models are: the ‘Timna’ school of Rothenberg
(1990), Bachmann (1980), and others; the ‘Feinan’ school of Hauptmann (2000),
Weisgerber (2006), and others (see also Weisgerber and Hauptmann 1988); and the
‘Beersheva’ school of Levy (1995), Shalev (1994), and others (see also Levy and
Shalev 1989). While it is not the author’s intention to go into any great detail on these
differing perspectives (see Golden this volume), it is important here to delineate the
main points that seem to comprise this so-called ‘Levantine Paradigm’.

The general sequence of metal use and production in the Southern Levant is
extremely well documented compared to neighboring regions and begins with the
early exploitation of copper ores in the pre-pottery Neolithic for ornaments and
pigments (Schoop 1995, 1999; Bar-Yosef and Porat 2008). Native copper use was
extremely limited and simplistic, appearing only in the Early Chalcolithic (ca. 4500–
4200 BCE) at sites in the Beersheva (Golden 1998, p. 108). The origin of copper
smelting in the Southern Negev (i.e., around Timna), often argued to date to the fifth
millennium BCE or even earlier (e.g., Rothenberg et al. 2003), is still one of the most
contentious issues in Old World archaeometallurgy (e.g., Merkel and Rothenberg
1999; Craddock 2001, p. 156; Hauptmann and Wagner 2007). Less controversial
is the argument for late fifth millennium smelting in the Beersheva Valley of the
Northern Negev (Hauptmann 1991; Golden et al. 2001) utilizing ores mined in the
Feinan district of western Jordan (Hauptmann 1989; Genz and Hauptmann 2002;
Hauptmann 2007).

Chalcolithic copper smelting in the Levant (ca. 4200–3400 BCE) was carried out
in numerous sites of the Beersheva Valley such as Abu Matar, Bir es-Safadi, and
Shiqmim almost 200 km away from the Feinan deposits. Levy and Shalev (1989)
suggest that ores from Feinan were collected by a restricted group of metalworkers
who went to the mines themselves and brought high-grade ores and fuel back to the
settlement. The actual smelting was done in small crucibles under low temperatures
and low reducing conditions, which produces small amounts of highly viscous slag
containing high levels of copper in the range of 10–50 wt% (Hauptmann et al. 1993,
p. 568). This copper can be entrapped either in metallic form as prills, which require
crushing of the slag for extraction, or in oxide form (usually as cuprite or delafossite),
requiring a second stage of smelting to produce metal (Shugar 2003). The highly
viscous (and thereby inefficient) nature of these early slags has led Hauptmann (2000,
2003) to argue strongly against the idea of ‘intentional’ fluxing in the Chalcolithic.
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He suggested instead that metalworkers utilized “self-fluxing” ores such as the ‘tile
ores’ from Feinan, which contain silica, iron oxides, and high-grade copper oxide
ores. Given the similarities in the metalworking techniques and debris at multiple
sites, Levy and Shalev (1989, p. 365) argued for a “shared knowledge” held by all
metalworkers in the Southern Levant (see also Golden et al. 2001, p. 960).

The other major feature of the Chalcolithic metallurgy of the Southern Levant is
the presence of two classes of metal artifacts: “elite” metals and “utilitarian” metals
(Shalev and Northover 1987; Shalev 1991; Golden et al. 2001). “Elite” or “prestige”
metals include lost-wax cast items that are generally made of copper-base alloys
containing high levels of arsenic, nickel, and/or antimony. These objects are found
mainly in hoards such as at Nahal Mishmar (Bar-Adon 1980; Tadmor et al. 1995)
or at Nahal Qanah, where they were found in association with the earliest use of
gold in the Near East (Gopher et al. 1990). It is argued that such ‘natural’ alloys are
the product of smelting polymetallic ores, and not evidence of intentional mixing
(Shalev and Northover 1993; Golden et al. 2001). The so-called “utilitarian” artifacts
are more usually found on settlement sites (where they were both produced and used)
and consist mainly of relatively pure copper with occasional impurities of arsenic,
nickel, or antimony that are cast in simple, open-faced molds. General consensus
among Levantine scholars is that the complex alloys were imported to the Levant
and then worked locally (Shalev et al. 1992), while ‘pure’ copper was made locally
for local or regional consumption (Golden et al. 2001).

In the Early Bronze I period (ca. 3400–3000 BCE), with the collapse of the
Chalcolithic “chiefdoms” of the Beersheva Valley, independent settlements once
again appeared in the fertile lowlands of the Mediterranean coast (i.e., twice as
far from the mines as the Beersheva sites) and smelting was carried out both in
the lowlands and at the ore sources of Timna and Feinan (Levy 1995; Genz and
Hauptmann 2002; Levy et al. 2002). However, the technology did not change much
from the Chalcolithic to the EB I, as demonstrated by the heterogeneous slags with
8–43 wt% copper found at Ashqelon-Afridar (Segal et al. 2002; Segal 2004) and
contemporary sites near Feinan (Hauptmann 2000). Only in the EB II–III periods
(ca. 3000–2300 BCE) was there a significant change in the metallurgical tradition
of the Southern Levant, as metal production became large scale and centralized
(Levy 1995), took place outside of habitation areas (Genz and Hauptmann 2002,
p. 150), and settlements began importing metal ingots rather than ores (Golden et al.
2001, p. 961). These changes were paralleled in the metallurgical technology of the
Southern Levant, including a shift from crucible-based smelting to furnace-based
smelting (Craddock 2001) and a shift from iron-rich ‘tile ores’to manganese-rich ores
(Hauptmann et al. 1992, p. 7). These changes, as well as the addition of draft induction
aids such as tuyeres and bellows and the first widely accepted use of ‘intentional’
fluxes, led to greater separation between slag and metal, as demonstrated by the
presence of tap slags, plate slags, and primary ingots by the late third millennium BCE
(Hauptmann 2003; Craddock 2001). These technological innovations allowed for
the smelting conditions necessary for large-scale production of metal from complex,
sulfidic ores, as well as the production of ‘true’alloys such as tin bronze by importing
tin metal and mixing it with local or imported copper metal.
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Previous Highland Critiques

As argued previously, the model for metallurgical development in the Southern Lev-
ant has become paradigmatic in discussions of early metallurgy in the Middle East as
a whole. The effects of this hegemony can be seen in casual references to the crushing
of slag for the extraction of prills, even if there is no evidence for such behavior,
or comments about the high copper content of early slags, even when the analytical
results suggest otherwise. In a recent paper, David Bourgarit (2007) has challenged
many of these paradigmatic notions about ‘primitive’ Chalcolithic smelting, and has
suggested that many of the ‘dramatic’ changes seen in Early Bronze Age metallurgy
(i.e., tap slags, low copper content, and improved furnaces) may in fact originate in
the Chalcolithic, just on a smaller scale.

An extremely cogent argument against the “lowland model” for early metallurgical
development in the Near East was put forth by Aslihan Yener (2000) in her synthetic
book onAnatolian metallurgy. While a full review of this important volume is beyond
the scope of this paper, a few key points are relevant to discussions of Iranian prehis-
toric metallurgy. First, she notes how early theorists focused exclusively on lowland
‘core’ regions (e.g., Mesopotamia) as the source of all technological advancements
(Yener 2000, p. 6). Indeed, it was not until the mid-1980s that scholars began to
discuss the highland ‘peripheries’ as centers of indigenous development and techno-
logical innovation (e.g., Trigger 1984; Kohl 1987). Even then, ‘the highlands’ were
still perceived as a unified supplier of raw materials to the resource-poor lowlands.
Yener (2000, p. 26) argues instead for a “balkanized technological horizon” in the
Early Chalcolithic of the Anatolian highlands (ca. 4500–3500 BCE), in which “mul-
tiple centers of production” shared seals, ceramics, architecture, and other forms
of material culture, yet practiced quite distinct metalworking traditions (contra the
idea of “shared knowledge”). She also notes the fact that ‘highland’ vs. ‘lowland’
dichotomies break down when one considers that so-called ‘highland’ regions are
themselves made up of highlands and relative lowlands or plateaus (Yener 2000,
p. 6).

Second, Yener emphasizes the relatively advanced metallurgy of ‘highland’ re-
gions, citing the low levels of entrapped copper in many early fourth millennium
slags and the use of polymetallic ores to create complex copper-base alloys. Unlike
the Levantine idea of ‘natural’ alloys in the Chalcolithic, Yener (Yener 2000, p. 29)
states, “so called ‘accidental’ alloys may be the product of deliberate choice.” Cer-
tainly by the EB I period (ca. 3500–3000 BCE), the intentional production of both
‘pure’ copper and more complex copper-base alloys at the same site is evident in
Eastern Turkey (Palmieri et al. 1993, 1999) and in the Caucasus (Courcier 2007).

Finally, Yener (2000, p. 28) suggests that in the third millennium BCE, Anatolian
metallurgical centers shifted from the relative lowland/plateau sites to the highlands
near the mines themselves. This argument runs counter to the idea that in the third
millennium BCE, much of Mesopotamia’s prowess derived from its ability to import
raw materials from its ‘peripheries’ and then convert them into luxury goods for ex-
port, as suggested by Moorey (1988) and others (see also Algaze 1993). The notion
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that metallurgy shifted to the lowlands in the Early BronzeAge is also present in Lev-
antine archaeometallurgy, although the rise of large-scale smelting at the (relatively
highland) ore sources (e.g., at Feinan and Timna) is also well attested.

As should be evident, these critiques of the dominant ‘lowland model’ for early
metallurgy in the Near East are fundamentally based upon the different cultural ge-
ographies of the regions being debated. Anatolia is generally a ‘highland’region, with
plentiful and diverse mineral resources but relatively limited agricultural and demo-
graphic potential, while Mesopotamia is the exact opposite. The Southern Levant
lies somewhere between these extremes: it has large but relatively homogeneous ore
deposits, and abundant but by no means impressive agro-demographic capabilities.
Of course, both the Levant andAnatolia have internal and external lowland–highland
dynamics that play a role in the development and spread of technology, a situation
that is even more extreme when one turns to Iran.

Geography of a Highland Zone: The Iranian Plateau

Generally speaking, the Iranian Plateau consists of two geographic regions: the Za-
gros Mountains to the west, and the high deserts and plains to the east (see Fig. 23.1).
The Zagros Mountains are in many ways simply an extension of the Taurus Mountains
of Anatolia, thrust up by the collision of the Arabian and Eurasian Plates (see Wilber
1963; Bates and Rassam 2001). This collision caused a folding of the Earth’s crust
(much like an accordion), leaving innumerable parallel mountain valleys running
northwest to southeast from EasternAnatolia and the Southern Caucasus (“Transcau-
casia”) down to the Straits of Hormuz in south-central Iran. The Zagros Mountains
themselves are extremely rich in mineral resources, including all of the ores necessary
for early metallurgy, and are well suited to small-scale agricultural and/or large-scale
pastoral lifestyles. Although such a landscape lent itself to a great diversity of local-
ized communities and cultures in the past (as well as the present), the overarching
dynamic was between this general highland region and the resource-poor lowlands to
the west in Mesopotamia and Southwestern Iran (modern-day Khuzistan or ancient
Elam).

The eastern part of the Iranian Plateau is a little more complicated, as it consists
of a series of relatively low drainage basins or ‘dashts’ (the largest of which are
today salt deserts) separated by highland mountain ranges, and the whole region
is bordered on the outer edges by lowland zones including the Gorgan and Halil
river valleys, the Caspian littoral rainforest, and the Persian Gulf coastline. This
geographic situation created a number of localized highland–lowland relationships
of varying types, such as between extremely fertile lowlands and less-fertile (but
relatively resource-rich) dashts, between extremely fertile lowlands and resource-
rich highlands, and between relatively fertile dashts and resource-rich highlands. It
is unfortunate that we know little about ancient communities of the extreme highlands
(see Zagarell 1982), presumably because they were nomadic (or at least transhumant)
populations who left little archaeological signature on the landscape. In most cases,
it is unclear whether people from the dashts went up into the mountains to mine the
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Fig. 23.1 Topographic map of Iran and sites mentioned in the text

ore, or whether they received the ore from local highland populations through trade
and exchange.

Because the Iranian Plateau was such a daunting and unfamiliar landscape to
peoples of the surrounding lowlands, most highland–lowland interactions happened
on a fairly localized scale. Thus, ancient sites on the northeastern side of the Plateau
(e.g., Tepe Hissar) were closely aligned with the alluvial settlements of the Gorgan
Plain, while those on the southeastern side (e.g., Shahdad) were tied to sites of the
Helmand River basin to the east and the Halil River basin to the south. Although for
distinct periods of time the entire Iranian Plateau could be closely linked by shared
economic and even political ties (e.g., during the ‘Proto-Elamite’ expansion of the
late fourth millennium BCE; see Alden 1982), generally it was highly regionalized.
Thus, plateau sites like Tepe Hissar were often more closely connected with lowland
sites to the north (despite the imposing Elburz Mountains in between) than with other
plateau sites to the southwest like Tepe Sialk near Kashan.

It is interesting to note that while the cultural geography of the Iranian Plateau and
its neighbors played an important role in the adoption and transmission of materials
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and technologies, the overall development of metallurgy in Iran does not seem to
have followed this pattern. For example, paralleling Yener’s argument for a ‘balka-
nized’technological horizon in the Taurus Mountains, metallurgical innovation in the
central Zagros region had little effect upon the metallurgy of the northwest Zagros
or the southeast Zagros regions, although this has long been a traditional corridor
for trade and migrations. Similarly, despite great differences in the material culture
between northeast Plateau and southeast Plateau sites, the metal technologies of both
regions were at times astoundingly similar. It is this level of complexity, both in the
social landscapes and in the mechanisms of cultural and technological transfer, that
makes the ‘Levantine Paradigm’ so difficult to apply in this region.

Development of Metallurgy in Iran

The full sequence of metallurgical development in prehistoric Iran is beyond the
scope of this paper (see Table 23.1). Instead, a brief outline of the evidence for
early metal adoption and exploitation is presented, followed by a more in-depth
look at the smelting and metalworking technologies employed on the Iranian Plateau
from the late sixth to the early second millennium BCE. Finally, a general syn-
thesis of the adoption and innovation of metallurgy on the Iranian Plateau will be
attempted, in order to better understand the mechanisms of technological transfer
and the socioeconomic systems in which such behavior was performed.

The earliest evidence for metal use in Iran is still the rolled bead of native copper
from the lowland site of Ali Kosh in Southwestern Iran analyzed by Cyril Stanley
Smith (1969) and recently redated to the late eighth/early seventh millennium BCE
(Hole 2000). This simple bead is remarkable for a number of reasons. First, it
appeared almost a millennium after native copper had become relatively widespread
in Anatolia, although long before other lowland regions such as Mesopotamia began
utilizing native copper (Moorey 1988, p. 29). Second, it occurred at a site far removed
from any known native copper deposits, suggesting that this object may be related
to the presence of obsidian at Ali Kosh, which originally derived from the Lake
Van region of Eastern Anatolia (Renfrew et al. 1966). Finally, the bead appeared a
millennium before native copper was found anywhere on the Iranian Plateau (i.e.,
close to local native copper resources). Thus, the true adoption of metal occurred
much later in the early-mid sixth millennium BCE, when native copper artifacts
were utilized consistently in various parts of the Plateau, such as in the Fars region
of Southwestern Iran (Moorey 1982, p. 85; Bernbeck 2004, p. 144), in Southeastern
Iran at Tepe Yahya (Heskel 1982; Thornton et al. 2002), and in North-Central Iran at
Tepe Sialk (Ghirshman 1938: Pl. LII).1

1 The isolated finds of native copper from late seventh/early sixth millennium contexts at Mehrgarh in
Pakistan (Moulherat et al. 2002; Mille et al. forthcoming) along with other aspects of the ‘Neolithic
Package’ suggest that native copper was probably known in Eastern Iran by the mid-late seventh
millennium BCE. However, until sites in Eastern Iran earlier than Tepe Yahya VII (c. 5500–5000
BCE) are excavated, the adoption of metal in northwestern South Asia remains inconclusive (see
Hoffman & Miller paper).
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Table 23.1 Chronological periods and metallurgical advances in Iranian prehistory

DATE (BC) Sites/Periods Metallurgy Sites/Periods Metallurgy Sites/Periods
7000

Ali Kosh -native copper
appears

6500

Mushki

6000 (Tol-i Bashi) -native copper
common ?? ?? ??

Jari

5500

Early Susiana Yahya VII -native copper Hajji Firuz
Shamsabad present Tepe Sarab

5000 Iblis I -copper smelting
Middle Susiana adopted Godin X

Early Bakun
Dalma

4500 Middle Bakun Seh Gabi
Iblis II

Yahya VIA -copper-alloys Pisdeli
appear Godin VIII

Late Bakun -smelted copper
4000 Susa I adopted Godin VII

(Lapui) Yahya VC -native copper Geoy M
continues

late Susa I -copper-alloys Iblis II-III
appear (Se Girdan)

3500 -smelted copper/ Godin VI.2
Susa II -copper-alloys Yahya VB-VA copper-alloys

common common Geoy K.1
Banesh Malyan -lead, silver, gold Iblis IV -gold appears Godin VI.1

adopted
3000 Susa III Yahya IVC -lost-wax cast Godin V

(Kalleh Nissar) -tin bronze adopted? Geoy K.2
appears Shahr-i Sokhta II

(Jalyan) -industrial-scale Godin IV
workshops

2500 Susa IV (Konar Sandal S) appear
-tin bronze Shahr-i Sokhta III Godin III.6
common Yahya IVB -tin bronze Geoy K.3

Susa VA -stone moulds appears Godin III.5
adopted (Shahdad)

Southwestern Iran Southeastern Iran Northwestern Iran
Metallurgy

??

-copper appears

-casting appears

-silver/gold
appear

-smelted copper
adopted

-copper alloys
adopted

-tin bronze
adopted

-iron appears

2000 Kaftari Malyan -iron appears -tin bronze Godin III.4
Susa VB Yahya IVA common Geoy G

(Tal-i Nokhodi) (Konar Sandal N) -brass appears Geoy D
Godin III.2
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Table 23.1 (continued)

Sites/Periods Metallurgy Sites/Periods Metallurgy DATE (BC)
7000

??

Aceramic Neolithic 6500
?? ?? ??

Sang-i Chakhmaq
West

(Chahar Bone) Ceramic Neolithic 6000

Early Sialk I
Djeitun Period

(Ebrahimabad) -native copper Yarim I
present 5500

Late Sialk I Sang-i Chakhmaq -copper appears
East

Early Sialk II Sialk II Period
5000

(Zagheh) -copper common Tureng IB

(Tepe Pardis)
(Shir-i Shian)

Late Sialk II Anau IA Period -copper common 4500

-smelting/casting
Sialk III.1-3 appears Hissar IA -casting appears
Ghabristan I -copper alloys 

Hissar IB adopted 4000
Sialk III.4-5 -lead/silver appears

Ghabristan II -smelted copper/ Hissar IC-IIA -gold appears
copper alloys Tureng IIA

Sialk III.6-7 adopted Hissar IIA
Arisman B -gold appears -lead/silver appears 3500

early Hissar IIB
Sialk IV.1 -industrial-scale Tureng IIB -industrial-scale
Arisman C workshops middle Hissar IIB workshops

Ghabristan IV appear Shah III-IIB -furnaces adopted
Sialk IV.2 3000

Arisman A/D/E -furnaces adopted late Hissar IIB
Tureng IIIA
Hissar IIIA

"Kura-Araxes" Shah IIB
2500

Hissar IIIB
Tureng IIIB

Sagzabad -stone moulds Hissar IIIC

Northeastern IranNorth-central Iran

(Qeytareh) adopted Shah IIA.1 -tin bronze 2000
Tureng IIIC.1 appears

Tureng IIIC.2
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Fig. 23.2 Drawing of the Iblis-type crucibles as reconstructed by Joseph Caldwell and members of
the 1968 Wertime Pyrotechnological Expedition. Note that the open form of these vessels suggests
that the crucible was placed in a pit in the ground and then covered with charcoal (Frame 2004).
(Image adapted from Caldwell 1968, Fig. 23.6)

The exploitation of native copper in Iran lasted over a thousand years and was
not, as some scholars have argued, simply an extension of stone-working industries.
From the earliest period, copper beads and other ornaments were made by rolling or
cold working flattened sheets, which was a property unique to metal. Furthermore,
unlike the Levant or Mesopotamia, native copper in Iran was often worked with great
skill, such as the round-headed tack from Tepe Yahya VII (Thornton et al. 2002,
p. 1456). Similar examples of skilled cold working and annealing of native copper
are also known from Anatolia, such as the native copper macehead from Can Hasan
dated to ca. 5000 BCE (Yalcin 1998).

The earliest evidence for metal smelting in Iran, and one of the earliest known
smelting sites in the world, is the small mound of Tal-i Iblis located in a rich highland
plain of Southeastern Iran roughly 50–100 km away from over 40 copper ore deposits
(Fig. 23.2). Excavated in the 1960s by Joseph Caldwell (1967a; see also Caldwell
and Shahmirzadi 1966), Tal-i Iblis has often been ignored in the archaeometallurgical
literature due to confusion over the context of the metallurgical finds and a lack of
technical analysis of the crucibles, copper artifacts, and other debris from the site.
Indeed, important scholars such as Muhly (1988) and Craddock (2001) have gone
so far as to suggest that the Iblis material may represent merely the melting of native
copper, given what they see to be a lack of actual smelting sites in the Near East
before the fourth millennium BCE. These assertions are currently being challenged.

Although the archaeological and chronological sequence of Tal-i Iblis is indeed
confused (see Voigt and Dyson 1992, pp. 143–146), the important period for the
purposes of this paper is Iblis I, which can be relatively dated by ceramic and ar-
chitectural parallels to the Yahya VII–VI and Sialk II periods (ca. late sixth to late
fifth millennium BCE). In one of the earliest levels of the Iblis I period, Cald-
well’s team excavated a number of well-made buildings with red-painted mud-brick
walls, mat-covered floors, and numerous beads of semiprecious stones (Evett 1967;
Caldwell and Sarraf 1967). In “Area G” (or “House G”), in a fill layer between a
Period I floor and an early Period II floor, was found a “shallow firepit” filled with
crucible fragments, malachite fragments, and charcoal (Evett 1967, pp. 252–254).
The floor below this “firepit” and the floor of a different Period I building both gave
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a 2-sigma date range of 5430–4730 cal BC, while two other roughly contemporary
buildings gave C14 date ranges of 5000–4330 and 4930–4240 cal BC (Voigt and
Dyson 1992). A large dump (100 m long, 60 cm deep) containing “hundreds” of
slagged crucible fragments and domestic refuse, called “Period II” but with C14
dates in the range of Periods I and early II (ca. 5200–4400 BCE), attests to the long-
standing presence of cottage-level metalworking at this site (Caldwell 1967b, pp.
34–36).2

Recently, two projects at M.I.T. have sought to determine whether these crucibles
represent smelting or melting processes. Pigott and Lechtman (2003) published
metallographic and chemical analyses of a few copper-base artifacts from Iblis II
contexts, but found it difficult to say whether the relatively pure copper used to make
these artifacts was smelted from pure copper ores or melted from native copper.
In an unpublished thesis, Frame (2004) studied a few of the “Period I–II” crucible
fragments that had been given to Cyril Stanley Smith in the 1960s. Her results demon-
strate fairly conclusively that at least some of the crucibles were heated from above
to temperatures greater than 1,150 ◦C and with redox conditions reducing enough
to turn the interior face of the crucible gray. Furthermore, analyses of the silicate
phases and copper prills in the slag—the latter containing high traces of arsenic,
sulfur, cobalt, nickel, and iron—confirm the presence of smelting at Tal-i Iblis at
least in the early fifth millennium BCE if not earlier. Frame (pers. comm. 2008)
is continuing to work on metallurgical material from the early levels at Tal-i Iblis
for her dissertation research, and we must await her results to say more about this
important site.

Besides Tal-i Iblis, the widespread appearance of artifacts that likely derived from
smelted copper (due to the presence of notable impurities such as arsenic and lead)
occurred toward the end of the fifth millennium, as at Susa I in Southwestern Iran
(Benoit 2004), Tepe Hissar I in Northeastern Iran (Thornton 2009), and at TepeYahya
VIA (Thornton et al. 2002, p. 1456; Thornton 2010). However, very few fifth mil-
lennium metal artifacts have actually been analyzed. For example, the large numbers
of copper-base artifacts from Tepe Sialk II in North-central Iran (Ghirshman 1938:
Pl. LII), as well as a recently reported slagged crucible from late fifth millennium
levels at Cheshmeh Ali near Tehran (Matthews and Fazeli 2004, p. 65), remain en-
tirely unstudied and may suggest that smelting activities took place in this region
during this period (Fig. 23.3).

In some cases, the initial appearance of smelted copper did not necessitate the
end of native copper exploitation, such as at Tepe Yahya where smelted copper–
arsenic was not truly adopted until Period VB of the mid-fourth millennium BCE
(Heskel and Lamberg-Karlovsky 1980; Thornton and Lamberg-Karlovsky 2004a).
This lag in the acceptance of new materials may be due to a number of economic

2 Crucible fragments described as “much larger and deeper” as well as pieces of malachite were
also found in late fourth millennium Iblis IV contexts (Caldwell 1967b, p. 37), while Massimo
Vidale (pers. comm. 2007) reports evidence of Iblis-style ceramics and metalworking debris at the
late fifth to early third millennium site of Mahtoutabad near Jiroft.
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Fig. 23.3 Drawing of the slagged crucible from late fifth millennium BCE levels at Cheshmeh Ali
near Tehran. The closed form of this vessel, so different from the earlier Iblis-style crucibles and
the later Ghabristan-style crucibles, suggests an entirely different approach to smelting that was
probably carried out on a much smaller (domestic?) scale. (Image courtesy of Dr. Hassan Fazeli,
director of the Iranian Center for Archeological Research in Tehran)

and/or technical factors (e.g., distance from smelting sites and no demand for “bet-
ter” materials), or may be related to more cultural factors such as conservatism or the
ideological significance of certain materials. What is particularly notable, however,
is that whenever smelted copper is adopted, it signals the end of the use of ‘pure’
copper in favor of copper-base alloys containing low levels (1–3 wt%) of arsenic,
lead, and other elements. These are what Levantine scholars often refer to as ‘natural’
alloys (see above)—i.e., copper-base alloys created by the non-intentional mixing of
polymetallic ores. However, given the abundance of pure copper ores and native cop-
per in Iran (see Momenzadeh 2004, p. 12), the predominance of copper-base alloys
in the Chalcolithic period of Iran suggests that polymetallic ores were deliberately
chosen and perhaps even intentionally mixed. Uncontrolled alloying is not the same
as unintentional alloying!

Although the crucial fifth millennium transition from native copper usage to smelt-
ing copper is basically unknown, fourth millennium metallurgy on the Iranian Plateau
has recently been elucidated thanks to a number of current archaeological and ar-
chaeometallurgical projects focusing specifically on North-central and Northeastern
Iran. Most significant has been the redating of the prehistoric sequence of this region
thanks to a number of radiocarbon-based excavations by joint British–Iranian and
German–Iranian teams (e.g., Fazeli et al. 2005; Fazeli Nashli and Sereshti 2005;
Chegini et al. 2000, 2004). This reassessment of the traditional Sialk I–IV sequence
established by Ghirshman (1938) allows for a fairly in-depth look at the development
of large-scale metal production in the Chalcolithic period.

The site of Tepe Ghabristan, located in the Qazvin Plain of North-central Iran only
∼ 20 km from the nearest copper ore source, has been often cited in the archaeomet-
allurgical literature as one of the earliest copper smelting sites in Southwest Asia
based upon the well-preserved metallurgical workshops excavated by Majidzadeh
(1979, 1989) and assigned by him to the early fifth millennium BCE (see Pigott
1999b, pp. 111–112; Matthews and Fazeli 2004, p. 64) . However, recent C14-dated
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Fig. 23.4 Ghabristan-style crucibles found in one of the metallurgical workshops of Period II at
Ghabristan. Note how one of the crucibles has been used (but not destroyed or discarded) while
the other remains unused. (Image courtesy of Thomas Stöllner and Gero Steffens of the Deutsches
Bergbau-Museum)

stratigraphic excavations at the site have confirmed archaeological suspicions (see
Voigt and Dyson 1992, p. 167) that “Period II” at Ghabristan dates in fact to the early
fourth millennium BCE (Fazeli et al. 2005). Regardless of the date, the large, walled
compound, which contained copper smelting and ceramic workshops and was lo-
cated in the center of the Ghabristan II town, provides some of the earliest evidence
for centralized and perhaps specialized copper production in Iranian prehistory.

In the first copper workshop were found two small “hearths” (probably small pit
furnaces) ∼ 25 cm in diameter, near to which lay a complete smelting crucible of the
“Ghabristan-type” (see Fig. 23.4). Such smelting crucibles are extremely diagnostic,
being composed of a shallow dish on a low stand with a 2-cm-diameter hole through
the stand to allow the heated crucible to be lifted with a stick and poured out. Also in
or near the first workshop were found a large, deep bowl full of ∼ 20 kg of nut-sized
copper oxide ore fragments (i.e., prepared for smelting) and about ten molds or mold
fragments. Most of the molds that were complete or could be reconstructed were
for shaft-hole implements including two-headed picks, one-headed picks, axes, and
adzes, although a multiple bar-ingot mold was also found. In the second workshop,
which was badly rain-damaged, was found another hearth like in the first workshop,
plus a crucible fragment, a mold fragment for a shaft-hole axe or adze, clay cylinders
for creating the shaft hole during casting, and an ambiguous ceramic tube with
evidence of interior burning, which is possibly a mold (Madjidzadeh 1979, p. 84) or
a tuyere (Madjidzadeh 1989, p. 161). Unfortunately, none of the Ghabristan material
has ever been analyzed (or even looked at) by an archaeometallurgist, so we must
await future studies before saying too much about the early Chalcolithic metallurgy
of the Iranian Plateau.

Ghabristan-style crucibles are found at a number of other sites in North-Central
Iran, including at Tepe Sialk and most especially at the industrial site of Arisman,
which is located ∼ 60 km southeast of Kashan in the foothills of the ore-bearing
Karkas Mountains3 (Chegini et al. 2004). It is notable that these crucibles, as well as
other items suggesting contact with Ghabristan such as bar-ingot molds, molds for

3 Barbara Helwing (pers. comm. 2008) informs the author that although the Karkas Mountains do
contain copper ores, there is some question as to their usefulness in crucible smelting and so far
isotopic analysis has been unable to match these same ores with the slags and metal prills from the
site.
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flat and shaft-hole axes, and clay cylinders for forming the shafts, are only found at
area B of the site of Arisman, which is well dated by ceramic finds and radiocarbon
dates to the Sialk III6−7 period (ca. 3700–3400 BCE) (Helwing 2004, 2004). Prior
to the establishment of “Ghabristan-style” workshops at Arisman, copper smelting
took place in small, ephemeral sites along the rim of the desert near to Arisman
(e.g., the site of Qaleh Gusheh)—i.e., even farther from the ore sources (see Chegini
et al. 2004, p. 211; Stöllner 2005, p. 193). These small sites, dated by ceramics to
the Sialk III4−5 period (i.e., contemporary with Ghabristan II; ca. 4000–3700 BCE),
display a well-developed metallurgical technology utilizing a very different style of
smelting crucible with a large handle—perhaps better suited to extramural smelting
operations than the fenestrated-stand crucibles found at Ghabristan II and Arisman
B (see Fig. 23.5).

The metallurgical production of Arisman B appears to have taken place on a
relatively small scale in residential buildings, either as a ‘cottage’ industry or perhaps
in small workshops also engaged in pottery production as at Ghabristan (Boroffka
and Becker 2004). Found together with the crucibles and molds were fairly large
amounts of slag, ore, litharge, hammer stones, a possible tuyere, and a few finished
objects made of both copper and gold (Chegini et al. 2000, p. 294, 2004, p. 211).
Although the material from this site awaits analysis, contemporary slags from nearby
Tepe Sialk were analyzed by Marcus Schreiner (2002) and were found to be the result
of a rather uncontrolled crucible smelt involving copper carbonate and sulfide ores
with natural impurities of iron and arsenic, both of which appear in the resulting metal
prills (see also Schreiner et al. 2003).4 The high amount of entrapped copper in the
Sialk slags (< 30 wt% Cu2O) and the low levels of iron relative to silica (present as
partially reacted quartz relicts) led Schreiner to suggest a rather poor understanding
of the firing process and of the ore/gangue compositions necessary to produce a good
separation between slag and metal.

Before holding up the Sialk slags as representative of early fourth millennium
slags in general, it is important to remember that Tepe Sialk was a residential town
that engaged in small-scale copper and lead/silver production (Nezafati and Pernicka
2006), while Arisman was an industrial town whose sole raison d’ê tre may have
been copper and lead/silver production (Chegini et al. 2004). Given that the material
culture at both sites is practically identical but the technology seems more specialized
at Arisman, it could be suggested that Arisman represents an offshoot of the Sialk
society—perhaps a community of skilled metalworkers (and potters) who preferred
to work closer to the ore sources (or away from the main settlement). Alternatively,
if future analysis of the Arisman material reveals few technical differences from
Schreiner’s Sialk slags5, then it could be posited that the same craftspeople were
migrating (seasonally?) between the two sites.

4 Arsenic contents in the Sialk slag prills can be as high as 30 wt%, suggesting a crude but effective
mixed ore smelting technique for the early production of arsenical copper.
5 Barbara Helwing (pers. comm. 2008) notes that the Sialk slags and the Arisman slags do not carry
the same isotopic signature, suggesting the use of different ore sources.
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Fig. 23.5 Photograph of one
of the handled smelting
crucibles from Qaleh Gusheh
found along the desert rim
near Kashan along with
pottery dating to the Sialk
III4−5 period (ca. 4000–3700
BCE). (Image courtesy of
Barbara Helwing and the
Arisman Photographic
Archive)

The relationship between these two sites requires further study before any con-
clusions can be reached, but comparison of the Sialk slags with contemporary slags
from the 12-ha town of Tepe Hissar in Northeastern Iran reveals significant variation
across the Plateau in the mid-fourth millennium BCE. Three pieces of slag and two
slagged crucible fragments from the 1976 Hesar Restudy Project (see Dyson and
Howard 1989) were analyzed, all from contexts C14-dated to ca. 3600 BCE (see
Thornton 2009). Both of the crucible fragments and one of the slag pieces were
suggestive of secondary smelting/melting processes, but the other two slags are un-
questionably evidence of primary copper smelting. Like the Sialk slags analyzed by
Schreiner, the two early smelting slags from Tepe Hissar are highly viscous, show
evidence of either low temperatures or short smelting times (or both), and contain
appreciable amounts of arsenic (< 3 wt%) and iron in the prills (see Thornton and
Rehren 2009). However, unlike the Sialk slags, the two slags from Hissar contain
very little entrapped copper (2–3 wt% Cu2O), they are very iron-rich relative to sil-
ica (FeO:SiO2 = 1.3) and are ‘fayalitic’ in their crystal structure. Partially reacted
ore and gangue fragments suggest the direct smelting of copper–iron sulfides (e.g.,
bornite: Cu5FeS4) with significant impurities of lead and arsenic. These copper–iron
sulfides, which appear to have entered the smelt with a gangue of iron-oxide, ap-
atite, and steatite (i.e., talc-schist), were probably mixed with oxidic copper ores to
increase the metal yield by removing the sulfur (i.e., ‘co-smelting’ a la Rostoker and
Dvorak 1991).

The point is that the roughly contemporary slags from Sialk and from Hissar are
entirely different in their microstructure and in the amount of copper that became
entrapped in the slag phase (see Fig. 23.6).The Sialk slags follow the ‘Levantine’
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Fig. 23.6 Ternary scatterplot showing normalized values of SiO2–FeO–Cu2O for the slags from
Tepe Hissar in comparison to roughly contemporary slags from Feinan, Tepe Sialk, and a number
of other fourth and third millennium sites in Southwest Asia. Note how the Hissar slags cluster with
other fourth millennium sites with ‘industrial’-scale metallurgy, including Murgul and Arisman.
(Image adapted from Schreiner 2002, p. 21)

model of poor slag–metal separation, while the Hissar slags (despite being quite
viscous) parallel the iron-rich and copper-poor fourth millennium slags from Murgul
in Northeastern Anatolia (see Hauptmann et al. 1993). The major similarity between
the technologies of these two sites is the selection of arsenic-rich ores and the presence
of iron (< 4 wt%) in the copper prills themselves. Such high levels of iron in copper
prills have long been considered an indicator of furnace smelting as opposed to
smelting in a crucible (see Craddock 2001, p. 154), but this too derives from study of
the Levantine third millennium vs. fourth millennium material and cannot be applied
to the Iranian situation. While Sialk and Hissar may have utilized crude pit furnaces
for their smelts, we have no evidence for such at this early date.

By the late fourth millennium (i.e., “EB I” using Levantine terms), the metal-
producing sites of North-central and Northeastern Iran discussed above display
certain significant changes to their social and technological frameworks. First, cer-
tain production zones appear (e.g., the “Industrial Quarter” at Sialk, the “South
Hill” at Hissar, and “Slag Heaps A, D, and E” at Arisman) that are entirely de-
voted to metalworking and other crafts (see Shahmirzadi 2003; Pigott 1989; Chegini
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Fig. 23.7 The furnace from Arisman A dated ca. 3000 BCE. Set into a clay platform, the furnace
consists of a lower bowl for collecting the metal and an upper ceramic chimney for holding the
charge and charcoal and for regulating the conditions in the smelt. This furnace was reused at least
30 times. (Image courtesy of Barbara Helwing and the Arisman Photographic Archive)

et al. 2004). These areas feature complete furnaces, slag heaps, roasting pits, mold
and crucible fragments, and other debris from metalworking. Unlike earlier such
deposits, this debris is not mixed with mundane daily refuse and is not found in
habitation contexts (see Fig. 23.7).6 In the case of Tepe Hissar (see Pigott et al.
1982; Thornton 2009), the appearance of specialized metallurgical “workshops” re-
moved from habitation contexts does not mean the cessation of smelting activities
in residential contexts. Instead, smelting and casting continued both in residential
contexts (the “Main Mound”) and in ‘industrial’ contexts (the “South Hill”). The
main difference between these technologies is the evidence for lead production (and
possibly cupellation for silver extraction) and the production of copper–lead alloys
(instead of copper–arsenic alloys) in the South Hill slags, and the complete absence
of lead in almost all slags from the Main Mound but the intense focus on the pro-
duction of copper–arsenic alloys in this area.7 Intriguing also is the appearance of
metal-casting debris (e.g., molds and melting crucibles) but no metallurgical slag
at extreme lowland sites such as Shah Tepe in the Gorgan River valley (Arne 1945,
p. 258), suggesting perhaps the local working of imported metal from plateau sites
like Tepe Hissar, located about 50 km to the south.

6 Although both Iblis and Ghabristan have metallurgical ‘workshops’, in both cases smelting was
carried out in rooms that also served as domiciles.
7 This divide between specialized and domestic metallurgy is also apparent in the contemporary
metallurgical production at two areas (“elite” and “utilitarian”) of Tal-i Malyan in South-central
Iran (Pigott et al. 2003a).
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Fig. 23.8 Various slags from the late fourth and early third millennium levels at Tepe Hissar,
including large slag cakes (H76-MS195), large furnace slags with possible evidence of quartz
fluxing (H76–12), small plate slags (H76-S47c), and tap slags (H76-S30). The slag on the bottom
left is a surface find from Hissar that can be compared stylistically to mid-third millennium slags
from Shahr-i Sokhta in which the metal ingot separates completely from the overlying slag, thereby
creating the round rim seen here. (Image of H76–12 provided by Claudio Giardino)

The rise of specialized metalworking areas (and the appearance of true furnaces)
on the Iranian Plateau paralleled advancements in the smelting technology as shown
by the Period IIB slags from Tepe Hissar (ca. 3400–3100 BCE). These advances
include greater separation between slag and metal caused by higher temperatures and
longer smelting times, better balance between iron and silica in the initial charge,
and even the addition of fluxes (particularly the presence of regularly sized quartz
grains in South Hill lead slags) (Thornton 2009). Furthermore, by the end of the
fourth millennium we have the earliest true tap slags, plate slags, and large slag
cakes (up to 10 cm thick) at Hissar (see Fig. 23.8). In the third millennium, these
smelting improvements developed into the plano-convex ingots and round slag cakes
documented from Shahr-i Sokhta in Eastern Iran (Hauptmann 1980; Hauptmann and
Weisgerber 1980; Helmig 1986; Hauptmann et al. 2003), from Oman (Hauptmann
1985; Hauptmann et al. 1988; Prange 2001; Weeks 2003), and found on the surface
of Tepe Hissar (see Fig. 23.8, bottom left). By this stage, metal production at certain
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key sites on the Iranian Plateau is standardized, of industrial scale, and probably
controlled by central ‘elite’ authorities8.

Finally, a point should be made about alloying practices in the early stages of
Iranian metallurgy and how this fits with the Levantine notion of ‘natural’ alloys.
Obviously, the Iranian Plateau is quite rich in polymetallic ores containing useful
impurities like lead, arsenic, antimony, nickel, etc., in addition to (and often naturally
mixed with) an abundance of high-grade copper ores. Thus, from the earliest stages of
smelting on the Iranian Plateau (and even in some native copper artifacts; see Smith
1965), arsenic played an important role in copper metallurgy as a deoxidant (which
improves casting), for hardening the metal, and for coloration. However, given the
abundance of ‘pure’ copper ores (both oxidic and sulfidic) in the same contexts (see
Bazin and Hubner 1969), it is clear that certain mixed or polymetallic ores were
intentionally selected by prehistoric metalworkers of the fifth to fourth millennium
BCE in order to take advantage of their physical and chemical differences.

By the end of the fourth millennium BCE, alloying techniques appear to change
quite dramatically. First, there is evidence for direct mixing of different ores to create
a single alloy, such as the tin-bronze artifacts from the Kalleh Nissar cemetery in
Luristan (Western Iran), which were likely made by combining local copper and tin
ores from the recently reported Deh Hosein deposit (Pigott 2004, p. 34; Fleming
et al. 2005; Nezafati et al. 2006).9 Some of the copper–lead slags from Hissar
IIB contexts on the South Hill may also suggest direct mixing of ores for alloying
purposes (Thornton 2009). Second, smelting slags at Hissar demonstrate a rise in
the production of ‘pure’ copper (as opposed to arsenical copper or leaded copper)
by ca. 3000 BCE, which parallels the early third millennium shift to ‘pure’ copper
production at Kura-Araxes sites in Northwestern Iran such as Godin IV (Frame
2007) and in Eastern Turkey such as Arslantepe VIB2 (Palmieri et al. 1999; Yener
2000, pp. 48–57). Similarly, almost all of the round slag cakes and ingots from third
millennium Shahr-i Sokhta also contain copper with no major impurities, which is
surprising given the presence of arsenic and sometimes lead in almost all of the
finished artifacts from the site (Hauptmann et al. 2003; Artioli et al. 2005).

The disparity in arsenic contents between primary prills/ingots and finished arti-
facts can only be explained by the direct addition of arsenic to the copper sometime
after the initial smelt. Dennis Heskel (1982; see also Heskel and Lamberg-Karlovsky
1980) followed Smith (1968) in arguing for the use of copper arsenides from the
Anarak-Talmessi region of central Iran, which could theoretically be added to molten
copper to produce an alloy (see Pigott 1999a, p. 78). However, no evidence for the
exploitation of this rare resource in central Iran has ever been found despite recent

8 This situation contrasts sharply with contemporary production practices in western Iran at sites
such as Godin tepe, where metallurgy remains rather small scale and decentralized well into the
second millennium BCE (Frame pers. comm. 2008).
9 The appearance of copper–tin alloys in Luristan c. 3200–2800 BCE is surprising given the complete
lack of even minor amounts of tin at other Iranian sites until the end of the third millennium BCE
(Stech and Pigott 1986; Thornton et al. 2005).
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exploration of the region (Pernicka pers. comm. 2007), and no evidence of copper
arsenides or their use has ever been documented from a third millennium site.

What has been found at Shahr-i Sokhta are examples of arsenic-rich speiss, an
iron–arsenic pseudo-metal usually produced as an accidental and unwelcome by-
product of iron or lead smelting (see Hauptmann et al. 2003). More recently, a handful
of slags from Tepe Hissar dating to ca. 3000 BCE were found to contain no copper or
lead, but only prills of iron–arsenic speiss and iron–arsenic sulfide (Thornton et al.
2009). While it could be argued that these slags represent the accidental smelting
of iron–arsenic ores such as arsenopyrite, the presence of similar ‘speiss slags’ at
Arslantepe (Hess 1998), at Arisman (Pernicka pers. comm. 2007), and the presence
of actual speiss at Shahr-i Sokhta might also suggest the intentional production of
arsenic-rich speiss, which was then used as a direct alloying agent in the production
of arsenical copper (cf. Zwicker 1991, pp. 333–334). The production and use of
direct alloying agents in the beginning of the third millennium preludes the large-
scale production of and trade in tin ingots known from Mesopotamian texts of the
early second millennium BCE (Reiter 1999; Dercksen 2005).

Discussion

Compared to Anatolia or the Levant, the amount of archaeometallurgical research
carried out on Iranian prehistoric sites, mines, and artifacts is extremely limited.
Thus, until recently, discussions of the early adoption and transformation of metal
use and production in Iran have been forced to conform to the model for early metals
in the Middle East as a whole—what is called here the “Levantine Paradigm.” There
is, of course, basis for some comparison. In both regions, native copper first appears
as an import (fromAnatolia?) in the late eighth millennium (e.g., at Tell Ramad and at
Ali Kosh), long before the general adoption of metal. Smelting becomes widespread
in both the Levant and Iran at the end of the fifth millennium, while other metals such
as gold see their first usage in the early fourth millennium (e.g., at Nahal Qanah in
Israel and at Tepe Borj in Northeastern Iran10). By the third millennium, both regions
are engaged in a fairly large-scale production of and trade in metal ingots.

Although there are important synchronisms in the metallurgical development of
the Levant and the Iranian Plateau, there are also significant chronological and
technological differences. While native copper use appears in the Southern Lev-
ant for a few centuries leading up to the beginning of smelting, in Iran it is an entire
craft spanning millennia that displays in some cases considerable artistry and skill.
When smelting appears in the Levant at the end of the fifth millennium BCE, it
had already been in practice on the Iranian Plateau for a thousand years (e.g., at
Tal-i Iblis) as a cottage-level industry utilizing crucible-based “proto-furnaces” like

10 Emran Garajian pers. comm. 2007.
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those described from Shiqmim (Golden et al. 2001, p. 952). Chalcolithic metal-
lurgy in the Levant is based upon the production of relatively ‘pure’ copper made
from oxidic ores, while in Iran the product is almost invariably arsenical copper
or leaded copper often made from a combination of oxide and sulfide ores (either
naturally mixed or directly mixed, but always intentionally chosen). Despite the
“advanced” nature of Iranian metallurgy relative to the Levant, the lost-wax cast,
polymetallic alloys of the ‘prestige’ items from the Chalcolithic Levant have no par-
allel either stylistically or technologically in Iran; thus, their origin must lie elsewhere
(Goren 2008).

In the early fourth millennium BCE, when the Levant experienced a florescence
of metalworking ‘peer-polities’ in the Beersheva Valley all engaged in similar metal
production practices due to “shared knowledge,” Ghabristan has a central, walled
compound of specialized metalworkers and potters practicing a very different craft
from the desert-fringe metalworkers of Qaleh Gusheh near Arisman despite great
similarities in the overall material culture (cf. “balkanized” Anatolian metalworkers;
Yener 2000, p. 26). This situation changes with the founding of the site of Aris-
man ca. 3700 BCE, when sites from Ghabristan to Sialk/Arisman (a distance of
∼ 300 km) began to display the same types of crucibles, molds, and overall met-
alworking techniques utilizing (at least in the case of Sialk) arsenic- and iron-rich
sulfidic and oxidic ores. In contrast, the contemporary site of Tepe Hissar (∼ 300 km
east of Ghabristan and ∼ 300 km northeast of Sialk/Arisman) practiced an entirely
different metallurgical tradition utilizing arsenic- and iron-rich sulfidic and oxidic
ores smelted under much better conditions to produce slags with lower viscosity
and thus higher metal yield. Interestingly, the sites near Kashan (i.e., Sialk and
Arisman) as well as Hissar and sites in Southern Turkmenistan (e.g., Ilgynly-depe)
were all engaged in lead smelting and silver extraction (through cupellation) by the
early-mid-fourth millennium BCE, which suggests some level of ‘shared knowledge’
of this complicated technique within northern Iran and with contemporary silver-
producing sites of Syro-Anatolia (Hess et al. 1998; Pernicka et al. 1998; Pernicka
a, b).

By the EB I period (late fourth millennium BCE), metalworking sites on the
Iranian Plateau often demonstrate two or more metalworking traditions within the
same community, such as at Tepe Hissar near Damghan. Both Arisman and Sialk are
engaged in metal production and metalworking in this period, and the relationship
between these two sites requires archaeometallurgical and archaeological assess-
ment. In all three cases, we may be witnessing segregation between ‘elite’-driven
production and ‘utilitarian’ production. In the case of Tepe Hissar, the ‘elite’ lapis
lazuli and metallurgical workshops of the South Hill are also engaged in lead smelt-
ing and possibly silver production, while the ‘utilitarian’ courtyard workshops of the
Main Mound show no evidence of lead smelting but are engaged in the production of
arsenic-rich speiss, probably for the production of arsenical copper. Although anal-
ysis of metal artifacts from these two areas awaits publication, the metal artifacts
from ‘utilitarian’ area TUV at Tal-i Malyan in Fars differ significantly in their man-
ufacturing techniques from those found in ‘elite’ area ABC, suggesting two totally
different metalworking traditions within the same society (Pigott et al. 2003a).
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The second half of the fourth millennium on the Iranian Plateau also brings most of
the metallurgical techniques long thought to be representative of the end of the third
millennium BCE. These include tap slags, plate slags, large slag cakes, fluxing, and
eventually near-perfect separation between metal ingots and slag as seen at Shahr-i
Sokhta and elsewhere in the early-mid-third millennium. All of these changes were
related to the widespread adoption of furnaces in the fourth millennium BCE.11 Fur-
thermore, advances in alloying techniques such as mixed smelting (or co-smelting)
and possibly even direct alloying (e.g., with speiss) led to the invention of new metals
such as tin bronze and eventually brass in the third millennium (Thornton 2007). In
other words, while the ‘Levantine Paradigm’ provides a framework for discussing
early metallurgical development in the Near East over the long dureé, its use as a
‘dating method’ for metalworking sites in highland regions like Iran or Anatolia is
entirely inaccurate and should henceforth be discontinued.

Conclusion

The concept called here the ‘Levantine Paradigm’ is of course an academic foil—a
‘straw man’ model used for comparative purposes—and not a model likely to be
supported by a significant quorum of scholars either in the Levant or elsewhere.
Instead, it is an amalgamation of various viewpoints and opinions by scholars who
all work in the important and well-studied archaeometallurgical sites of the Southern
Levant. Relative to this region, the Iranian Plateau is not only an extremely vast
area of land (1.5 million km2), but also an archaeometallurgical terra incognita.
Scholars have not yet managed to even map all of the ore deposits to be found
in Iran, let alone attempted to find metalworking sites in these same regions. Our
understanding of this important highland zone remains limited to certain key sites
that probably represent less than 1 % of all prehistoric archaeological sites that have
ever been mapped, let alone the ones that exist and remain unsurveyed. For these
reasons, recent research by scholars in both the Levant (e.g., Golden 1998; Shugar
2000) and Iran (e.g., Thornton 2009; Schreiner 2002; Frame 2004, 2007) will likely
change the picture considerably by adding both new data and new perspectives.

However, as this paper hopefully begins to demonstrate, the Iranian Plateau served
as one of the early ‘heartlands’of metallurgy, and to understand its development is to
tap into the earliest stages of human engagement with metals (Pigott 1999b). While
it would be premature to predict a new ‘model for early metallurgy’ in Iran, certain
key points can be raised that should form the basis of future research. First, the
relationship between lowlands and highlands is complicated by the cultural geog-
raphy of both landscapes, in which localized highland–lowland interactions (e.g.,
Feinan to Beersheva, or Hissar to the Gorgan Valley) often preempt more regional or

11 Shugar 2003 reports on the presence of slagged furnace lining (as opposed to crucible fragments)
from Chalcolithic levels at Abu Matar, which will require a reconfiguration of the Levantine model
as it is stereotyped in this paper.



688 C. P. Thornton

super-regional highland–lowland interaction (e.g., Levant to Syro-Anatolia, or Iran
to Mesopotamia). Thus, metal production and metalworking must be understood at
both local and regional levels.

Second, the initial appearance of new materials and techniques in Iran does not
seem to have caused widespread changes to local metalworking traditions like in the
Levant. Instead, there was often a lag of up to a millennium before true adoption
occurred—for example, in the utilization of native copper, in the spread of smelting,
and in the production and use of tin bronze.12 The reasons for this technological
conservatism are not immediately obvious. One could suggest that the abundance
of local resources in Iran quenched demand for new materials or techniques to be
adopted. Alternatively, the ‘technological styles’ evident in these conservative met-
alworking traditions may signify strong local identities that constructed and were
constructed by material culture and technological performance. One could also sug-
gest the presence of formalized and ritualized apprenticeship systems in which crafts
were passed from generation to generation. Our data are simply too few at this stage
to reach any conclusions to explain this phenomenon.

Finally, it is important to emphasize once again that the metallurgical technol-
ogy of the Iranian Plateau does not conform to traditional models of early metal
production and use in the ancient Near East. As a ‘highland’ region with plentiful
mineral resources, Iran was able to carry out fairly large-scale production of a di-
verse repertoire of metals and metal objects by the beginning of the fourth millennium
BCE. However, as a relatively fertile land for agriculture and pastoralism, Iran also
provided the perfect setting for significant technological innovations, in that craft
specialists could be supported by the community and given the time to experiment
with different minerals and smelting/working techniques. Thus, the beginnings of
direct alloying and the use of true furnaces and furnace techniques (e.g., tapping) in
the late fourth millennium—almost a millennium before such advances were thought
to occur elsewhere in the Middle East—is surely related to the presence of discrete
metallurgical workshops and slagheaps separated from nearby habitation areas. It is
this tension between Iran’s social and technical conservatism on the one hand, and its
precocious social and technological practices on the other, that will require further
attention as archaeometallurgical research in this region continues over the next few
decades.
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Chapter 24
Production and Consumption of Copper-Base
Metals in the Indus Civilization

Brett C. Hoffman and Heather M.-L. Miller

Introduction

The organizers of this volume have posed an intriguing set of questions regarding the
emergence, technological development, and adoption of copper metallurgy. Given
the restricted nature of the current data available from the Indus Civilization, we were
asked to summarize the approaches taken to date, the nature of production, and the
style of Indus metal production and use, both within the Indus domain and beyond
its regions of influence. We briefly review the data available for production, pointing
readers to the publications available, and consider the case of Indus technological
style for all stages of production. We then turn to consumption, reviewing typologies
of Indus metal objects and past conclusions about use and distribution of copper-
based artifacts. Finally, we discuss the relationships between metal consumption and
social values.

There have been several major synthetic reviews of Indus copper metallurgy in
the past two decades, including Chakrabarti and Lahiri (1996), Kenoyer and Miller
(1999), Agrawal (2000), and Agrawal and Kharakwal (2003). These works provide
comprehensive reviews of the nature of the evidence and the current state of interpre-
tation up to the mid- to late 1990s (note that Kenoyer and Miller 1999 was submitted
for publication in October 1996). The outline of copper production presented here is
essentially the same as that presented in Kenoyer and Miller (1999), with additions
and corrections from the few subsequent publications with new information on Indus
metal production. Here we also summarize and expand the discussion of typology
and the consumption of copper objects, particularly in Indus cities. Through an anal-
ysis of the types of forms that are fashioned from copper and the archaeological
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Fig. 24.1 Map of sites and copper ore locations discussed in text

contexts that they are found in, we propose some hypotheses for the role that copper
played in the larger economic and social reality of Indus cities.

The Indus Civilization refers to the complex urban tradition that spread across
the alluvial plains of northwestern South Asia (Fig. 24.1). Centered on the twin river
systems of the Indus and the Ghaggar-Hakra, the Indus Civilization expanded to
encompass vast stretches of modern-day Pakistan and northwestern India. During
the Regionalization Era of the IndusValley Tradition (Shaffer 1992), the latter portion
of the fourth millennium and early third millennium BC, we can see the beginnings of
the growth and development of the major Indus sites (Table 24.1). By 2600 BC, large
urban centers, regional towns, and many smaller sites were found within the core area,
especially along the river courses. Indus cities, and Indus sites in general, are marked
by the presence of several types of diagnostic artifacts. These include chert weights;
certain types of terracotta figurines and items of personal ornamentation such as
stone beads; seals and tablets inscribed with the Indus script; and distinctive black
on red pottery forms (Kenoyer 1998; Possehl 2002). Indus craftspeople produced
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Table 24.1 Generalized chronology for the Indus Valley Tradition. (After Shaffer 1992; Kenoyer
1998; Meadow and Kenoyer 2005)

Early Food Producing Era c. 6500–5000 BC
Regionalization Era c. 5000–2600 BC

Early Harappan—Ravi Phase 3300–2800 BC
Early Harappan—Kot Diji Phase 2800–2600 BC

Integration Era Harappan Phase 2600–1900 BC
Localization Era Late Harappan Phase 1900–1300 BC

a variety of items in a diverse array of raw materials, including copper and copper
alloys (Kenoyer 1998; Vidale 2000; Vidale and Miller 2000).

Metal objects have been recovered from each of the major excavated Indus cities
(Marshall 1931; Mackay 1938, 1943; Vats 1940; Rao 1979; Bisht 1997; Kenoyer
1998; Lal et al. 2003) as well as smaller sites (Shaffer 1982; Agrawal 2000). Perhaps
no other raw material besides clay was employed by Indus people to produce such
a diversity of forms. Evidence from excavations indicates that copper and bronze
were used to make tools, such as knives and saws; weapons, such as spears and
arrow points; jewelry, such as beads, rings, and bangles; household materials, such
as dishes and other vessels; and items of possible economic control or religious
importance, such as scale pans and tablets. Despite the number of copper artifacts
that crosscut all aspects of Indus life, the material remains critically understudied
(Kenoyer and Miller 1999; Agrawal 2000; Bhan et al. 2002). This is not to say that
analyses of copper and bronze objects have not been undertaken. Determining the
sources of Indus copper has traditionally been the major focus of Indus metallurgical
studies (Desch 1931; Sana Ullah 1931, 1940; Agrawal 1971; Rao 1979; Lal et al.
2003). However, there has been little work done regarding the specific uses of copper
at Indus sites, and few detailed typological categorizations of changes over time in
the copper and copper alloy assemblages. Notable exceptions to this include Yule’s
(1985a, b) typologies of copper objects from the major excavations at Mohenjo-daro,
Harappa, Lothal, and other Indus sites; work on excavated material from Chanhudaro
by Miller (2000); and a discussion of use and consumption at these sites by Mark
Kenoyer and Miller (1999), which also includes a summary of catalogues of Indus
and related metal objects published before 1996. Work is also ongoing on materials
from the urban site of Dholavira (Bourgarit et al. 2005; Srinivasan 2007).

Work being undertaken on copper and copper alloy assemblages in the regions
adjacent to the Indus Valley plains is essential for contextualizing the Indus copper
metallurgical tradition. Such work includes summaries and typologies of materials
from Baluchistan and what is now northwestern India, as well as the Indus Valley,
dating from the fifth to second millennia BCE and spanning the range of the Indus
Valley Tradition (Yule 1985c; Haquet 1994; Chakrabarti and Lahiri 1996; Agrawal
2000; Sharma 2002; Agrawal and Kharakwal 2003; Mille et al. 2005). The volumes
by Chakrabarti and Lahiri, Agrawal, andAgrawal and Kharakwal provide large-scale
syntheses of data from numerous excavation reports, covering all of the metallurgical
traditions recognized to date within northwestern South Asia. All of this work will
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allow future examinations of regional variations in metallurgical traditions within the
Indus world, as well as comparison of Indus traditions with neighboring traditions.

Overview of Production: Indus Copper Technology
and Technological Style

Although there are some new publications on Indus copper, as noted above, the vast
majority of these works focus on metal object descriptions, lists of compositional
analyses (often reprints from older excavation reports), and discussion of sources of
the metal ores. These are all useful, and the major new contributions of our paper
also deal with consumption and sourcing. Very little new material on Indus copper
production processes is available, partially due to research restrictions and the in-
progress nature of current interesting work, but also apparently due to a general lack
of interest in production-related questions (other than sourcing) by researchers. The
majority of the data presented here is a brief summary of material found in Kenoyer
and Miller (1999), updated in Miller (1999, 2005).

Figure 24.2 is a generalized model of the process of production for copper and
its alloys. Metal production processes can be divided into raw material procurement,
materials preparation, primary production of metal from ore (smelting), and sec-
ondary production (melting/casting and fabrication). Table 24.2 shows examples of
assemblages characteristic of the most common types of smelting and melting, as
well as nonmetallurgical pyrotechnologies (from Miller 1999, Fig. 3.2).

Smelting and Sourcing

There has been considerable confusion in the literature about evidence for the
presence of copper smelting versus melting stages at Indus sites. In the hopes of
preventing its spread farther through the secondary literature, we emphasize that,
based on all information to date, only melting of copper took place at sites within
the main Indus region, as might be expected for a floodplain region with no metal
mineral deposits or much stone at all (see Law (2008) for the distribution of mineral
deposits around the Indus Valley). To date, there is no evidence for the import and
smelting of quantities of metalliferous ores at any of the Indus sites. In particular,
only a small number of actual mineral fragments have been reported, and there is a
significant lack of smelting slags. (We use the usual definition of an ore as a mineral
with economic value for the production of metals, with the knowledge that copper-
bearing minerals also had other values, especially as pigments for cosmetics and
paintings. Therefore, we carefully reserve the use of the term “ore” to quantities of
metallic minerals probably intended for metal production.) Mineral fragments that
might possibly relate to metal working found at Indus sites include various cuprous
minerals, hematite (iron), löllingite (arsenic and iron), antimony, cinnabar (sulfide
of mercury), and several types of lead minerals, including cerussite, galena, and or-
piment (see Miller 1999, pp. 192, 204–217 for full discussion). However, since the



24 Production and Consumption of Copper-Base Metals in the Indus Civilization 701

Fig. 24.2 Generalized diagram of copper production

great majority of these minerals were not found in association with metal processing
debris, it is more likely that most of them were imported not for metal production
or alloying, but for other purposes—as cosmetics, medicines, poisons, or pigments.
An interesting contextual exception is a fragment of löllingite found at Harappa that
was the only noncopper object in a copper vessel containing a hoard of more than
90 copper/alloy objects and scrap (Vats 1940, p. 90), which might be suggestive
evidence for deliberate arsenical alloying; analytical testing might be interesting.

Furthermore, smelting of metal ore usually results in fairly conspicuous ac-
cumulations of manufacturing debris and broken firing structures, especially the
weather-resistant vitrified masses of silica and other fused minerals that generally
accumulate in conspicuous mounds near the smelting furnaces. On the basis of
quantity and type of slag, the small amounts of copper metal slag found at Indus
Civilization sites seem to be more representative of melting than of smelting (Miller
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Table 24.2 Assemblage characteristics for nonferrous metal processing. (Compiled from Craddock
1989, p. 193, Fig. 8.2; Bayley 1985; Cooke and Nielsen 1978)

Material type Smelting Melting Nonmetallurgical

Ore/Flux Fragments usually found
in association

Fragments rare/none No associated ore/flux

Proximity to ore source Proximity to markets
Installations

(kilns/furnaces)
No Ash Ash possible Ash possible

Diameter usually
< 60 cm

Heavily vitrified, some
slagging

Diameter may be large
(> 60 cm possible)

Heavily vitrified &
slagged

Usually less poorly
preserved (not
destroyed to remove
melt)

Tend to be unvitrified,
but may be
ash-glazed

Usually poorly
preserved (destroyed
to remove smelt)

Usually better
preserved

Kiln tools/furniture
(crucibles, molds,
tuyeres, etc.)

Heavily vitrified and
slagged; crucibles
possible; molds
unlikely

Some vitrification and
slagging or
ash-glazing; crucibles
and a variety of mold
types possible

(Different types of kiln
tools/furniture)

Other Slags
(especially
scoria/dross)

Large quantities (many
kg) of hard, dense
scoria, dark in color
with relatively
uniform structure and
fewer, larger bubbles;
includes both furnace
bottoms and tap slags)

Slags much more
vesicular/porous;
lighter weight; less
homogeneous but
inclusions distributed
very heterogeneously;
macroscopic metal
inclusions
possible/likely

Usually much lighter
in color and density;
also
unhomogeneous.
(Glass slags more
obviously glassy
than most other
slags.)

1994, 1999). Metal ingots must therefore have been imported into the Indus region,
and a number of copper ingots have been found at several sites, as well as a possible
lead ingot at Mohenjo-daro (detailed in Kenoyer and Miller 1999 and in Miller 1999,
Fig. 3.4, 220–222; the latter includes a correction to the erroneous citation that an
ingot was found by Sir Aurel Stein at a site in Cholistan).

In addition, if there were Indus settlements engaged in large-scale extraction
of copper (smelting) at any of the source areas surrounding the Indus region in
Rajasthan, Baluchistan, Afghanistan, or Oman, they have yet to be identified. It
seems more likely that the Indus people were engaged in trade for copper ingots
with local groups in one or more of these source areas. As this must have been an
extremely important trade item, considering the apparent abundance of copper used
by Indus people, it is not surprising that sourcing has been such a focus of interest,
particularly given the possible Indus use of several source areas. It is noteworthy that
there are mineralogical resources on all sides of the Indus region, making alternate
sources of supply possible, and so sourcing gives us some idea about actual trading
connections as opposed to simply possible connections. The inability to clearly
distinguish between actual and possible connections has been another long-term
problem with discussions of Indus copper, and indeed many Indus raw materials.
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Law’s (2008) current excellent work on many types of stone provides a model of how
much such research might tell us about the direction and nature of such connections,
and how they change over time.

The systematic pursuit of Indus ore sources has been difficult, due to a number
of factors. The complexity of sourcing studies in general is compounded by the fact
that the Indus Civilization had numerous likely source areas for metals, particularly
for copper. Each of these source areas has their own geologically complex mineral
deposits. Preservation of metals is extremely poor at most Indus sites. There are also
potential problems with what appears to be a high degree of metal recycling at some
Indus sites (Kenoyer and Miller 1999), which might be addressed if studies could
be focused on copper slags ingots, and prills from remelting sites as well as finished
objects. The location of some of the potential ore/ingot sources in border areas or
tribal regions that are not easily accessible to modern researchers (e.g., Baluchistan
and Afghanistan) is a major issue that has been a problem for several decades now.
However, lead isotope analysis is slowly being carried out on Indus samples and
regional ore sources by several projects; we present initial, preliminary work by
Hoffman and law below.

Lead Isotope Case Study

The application of lead isotope analysis (LIA) is extremely complex for copper ma-
terials from the Indus Civilization. A primary obstacle is that, at present, there is no
comparative database of geological isotopic values from the many potential sources
surrounding the Indus, and there are potential logistical difficulties in obtaining the
samples from several of these possible source areas. Additionally, the often highly
corroded condition of the Indus archaeological materials may present difficulties for
any analytical procedure. While these challenges may preclude the ready establish-
ment of the specific source-provenance correlations that have traditionally been the
result of LIA research programs in other regions, there are several broad statements
regarding copper metals and the Indus that have been made and can be immediately
tested through the application of LIA. While it may not be possible to identify the
specific sources utilized by individual Indus sites, it is possible to discuss the likely
and unlikely sources of copper metals present at sites during a given time period. This
would provide important evidence for issues related to metal consumption, resource
availability and access, and the operation of Indus metal acquisition. At present it is
possible to make some tentative evaluations of the preliminary data emerging from
ongoing research at the site of Harappa.

Hoffman and Law (see this article and Law 2008) conducted lead isotope analysis
(LIA) at the Laboratory for Archaeological Chemistry (LARCH) at the University
of Wisconsin-Madison to analyze the isotopic characteristics of seven archaeologi-
cal copper mineral specimens from Harappa, and compared them to samples from
potential source areas within and adjacent to northwestern South Asia (Tables 24.3
and 24.4). Wherever possible, minerals were obtained, but slags were also analyzed
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Table 24.3 Regional ore deposits

Deposit Location Sample type

Ambaji Northern Gujarat Ore
Ganeshwar Northern Rajasthan Slag
Singhana Northern Rajasthan Slag
Chagai Hils Baluchistan Ore
Shin Kai Waziristan Ore
Chargaon Himachal Pradesh Ore
Askot Uttaranchal Ore
Various Oman Published Ore Data

Table 24.4 Copper minerals from Harappa

Sample Mineral type Location Period

H94/4999–529 chalcocite misc. surface find Unknown
H90/3008–13 chalcocite Mound E—survey Harappan or Later
H90/2070–12 chalcocite Mound E—survey Harappan or Later
H90/3008–14 chalcocite Mound E—survey Harappan or Later
H90/3022–98 malachite Mound E—Tr. 58 Harappan or Later
H95/4943–8 malachite Mound ET—Tr. 28 Harappan or Later
H90/3126–1 malachite Mound E—Tr. 56 Harappan

for some sites. Additionally the data from South Asia were compared to published
LIA values for copper deposits in Oman (Calvez and Lescuyer 1991; Weeks 2003).

Lead isotope analysis was first developed to date geological deposits (Faure 1986;
Dickin 1995). Three of the isotopes of lead (206Pb,207Pb, and 208Pb) are the products
of the decay of uranium and thorium, while the fourth (204Pb) is taken to be a stable
reference isotope (Faure 1986). Since there are only four isotopes of lead, three
distinct ratios exist. Based on the principles of radiogenic decay and the known
half-lives of the daughter products, geologists have used lead isotope abundance
ratios to develop models for extrapolating the age of geological samples (Faure
1986; Dickin 1995). Over the past 30 years, archaeologists have adopted and applied
this technique to the study of archaeological metal remains (Gale and Stos-Gale
2000). This is because Pb isotopes do not undergo fractionation during smelting
or any subsequent manufacturing processes (Gale and Stos-Gale 2000). Therefore
an artifact containing lead will retain the original isotopic composition of its parent
deposit. As a result, lead isotopes have demonstrated a high degree of utility in
establishing source provenance correlations for archaeological metals. Of course for
copper artifacts this is a best-case scenario. It is always a problematic possibility that
copper from two or more sources could be mixed and other metals or materials could
be added during the manufacturing process, either of which could alter the isotopic
characteristics of the finished object.

Some initial conclusions can be drawn from this research on the Harappa materi-
als, through the analysis of a bivariate plot of the LIA results (Fig. 24.3a). The samples
from both of the Himalayan sources are clearly distinct not only from each other,
but also from all of the other sample regions as well. All seven of the archaeological
copper minerals from Harappa that were analyzed clearly do not exhibit an isotopic
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Fig. 24.3 a LIA results for regional ores sources and mineral fragments from Harappa. b The same
in detail

relationship to the Himalayan sources. These samples can be eliminated from fur-
ther analysis of this data set and the other samples can be examined in greater detail
(Fig. 24.3b). None of the samples from Harappa are isotopically related to the modern
ore samples from Amabaji. Five, or perhaps, six of the Harappan minerals do appear
to be related to one of the sources to the west or south of Harappa, that is, Baluchistan,
Waziristan, and Oman. Many of the copper mineral samples from the site fall in the
area where the isotopic values for these three sources overlap. The overlap exhibited
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Table 24.5 Copper or copper alloy artifacts from Harappa

Year Lot Rec. Type Feature Trench Mound Phase

H2000 2102 1447 Sheet/Blade 1 54 E Harappan
H2000 2226 40 Sheet/Blade 1 54 E Harappan
H2000 2357 3 Bead 475 54 E Harappan
H2001 2394 3 Bead 534 54 E Harappan
H1996 6913 45 Bangle 686 11 E Harappan
H1996 6958 61 Rod 730 11 E Harappan
H1994 4343 3 Sheet/Blade 283 11 E Harappan
H1995 4638 1 Bangle 538 10 ET Harappan
H1995 4968 12 Bangle 174 28 ET Harappan
H1996 7227 32 Rod 30 37 F Harappan
H1996 7248 1 Rod 56 37 F Harappan
H1998 8627 18 Rod 37 43 F Harappan

by these sources is likely the result of the similarity in geologic age of these three ophi-
olitic metallogenic zones. One of the seven copper mineral samples from Harappa
may be isotopically analogous to the slag samples from northern Rajasthan, specifi-
cally those from Ganeshwar (Fig. 24.3b). Based on these seven archaeological copper
mineral samples from Harappa, the following conclusions can be advanced. It is un-
likely that either Ambaji or the central Himalayan sources were supplying Harappa
with copper minerals. Harappa may have procured a small portion of its copper
minerals from sources in northern Rajasthan. However, at present, the data indicate
that the majority of Harappa’s copper minerals were obtained from sources to the
west or south of the site. If mineral procurement parallels copper ingot procurement,
sources to the west or south likely supplied the majority of Harappa’s needs.

LIA has also been conducted on 12 copper or copper alloy artifacts from Harappa,
although the compositional analysis of these artifacts has not yet been done, as
discussed below. Examples of beads, bangles, rods, and sheets were analyzed. All
artifacts were from the Harappan Phase (Integration Era) and from either mound E,
ET, or F (Table 24.5). This analysis was conducted at the University of Michigan,
Department of Geosciences on a Thermal Ionization Mass Spectrometer (TIMS).
Recent archaeological applications of LIA have demonstrated the utility of using
the technique to determine the number of potential source areas present even in
the absence of geologic comparisons (see Weeks 2003 for further references). In
order to determine if the results of these initial analyses indicated the potential for
different source areas for the copper artifacts, cluster analysis was run on the data.
The results strongly indicated the presence of three possible groups, or source areas,
with perhaps two of the groups indicative of closely geologically related source areas
(Hoffman 2007). It must also be noted that these objects may contain alloyed lead or
other metals that might affect these results; compositional analysis has not yet been
done, but given the compositional work to date at Harappa, it would be surprising
if all of these samples were made only from unalloyed copper metal (see Kenoyer
and Miller 1999 for tables of compositional analysis published up to 1995). As noted
above, it is important to be aware that lead isotope ratios can be affected by mixing
together lead from different sources, both the mixing of lead from two different
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Fig. 24.4 LIA results for regional ore sources, mineral fragments, and artifacts from Harappa

copper ore sources, and the mixing of other metals containing lead impurities with
copper. However, the match to patterning with mineral fragments is very interesting
and bodes well for further research.

A final bivariate plot compares the results of the LIA on archaeological mineral
samples and geological ores and slags with the results from LIA on these initial dozen
artifacts (Fig. 24.4). Comparing the results from the analysis of the archaeological
mineral samples to the artifacts, some preliminary conclusions can be drawn. The
first is that the same broad pattern seen in the archaeological minerals, that of being
primarily related to copper ore sources west or south of Harappa, is also evident in the
data from the artifacts. Further, just as in the minerals, there is a potential isotopic
correlation with slag samples from northern Rajasthan. However, this connection
does appear to be very weak based on the data presently available. It is also impor-
tant to note that the groups defined through cluster analysis on the archaeological
data continue to correlate with one another when plotted alongside the data from
geological ores/slags and archaeological minerals. The results from the beginning
stages of analysis of the copper assemblage from Harappa indicate that during the
Harappan Phase, the city was obtaining copper raw material primarily from sources
to the west or south of the site in Oman, Baluchistan, and Waziristan. The artifacts
from Harappa also demonstrate this pattern. While there is some evidence for the
possible utilization of copper from northern Rajasthan at Harappa, it is neither firm
nor indicative of a high degree of use, contrary to previous hypotheses regarding the
source of Indus period copper (Agrawal 2000).

Recently some of the data and conclusions outlined above have been used to argue
that the Indus city of Harappa obtained significant amounts of copper raw material
and finished artifacts from sources and/or locations in the Aravalli Hills of Rajasthan
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(Rizvi 2007). We cannot support such statements; in fact, our conclusions to date are
quite different. While it is not possible to rule out sources in the Aravallis for either
copper minerals or artifacts found at Harappa, it is also not possible to conclusively
support this hypothesis. Even if supported, only a small proportion of objects and
minerals could come from this source. The lead isotope work conducted to date is
only on a sample set of nineteen archaeological objects and mineral fragments, and
only a few dozen geologic samples. It is critical to note that due to the limitations
regarding access to geologic samples from the Aravalli region, particularly critical
areas in northern Rajasthan, slag samples were used as proxy data. Only future
laboratory analysis will confirm the validity of these proxy data in regards to the
actual isotopic signature of the region.

Again, as stressed in previous presentations by Hoffman, preliminary data from
ongoing research conducted by Hoffman and others have demonstrated that there
may be a limited degree of isotopic overlap of a single copper mineral and two,
perhaps three artifacts from the site of Harappa with copper sources in northern
Rajasthan. It must be stressed that this association is far weaker and more limited
than the more definitive conclusion that the vast majority of copper (analyzed to date)
has its source in regions to the west or south of Harappa in either Waziristan, Oman,
or Baluchistan, and likely some combination of all three.

Melting and Alloying

As noted above, all of the data published for Indus sites to date are indicative of
melting rather than smelting assemblages. The melting of original smelting ingots
to produce secondary or refined ingots is a common intermediary stage between the
production of the original smelting ingot and the final fabricated or cast object. This
secondary ingot production is undertaken for one or more reasons: to remove slags
or other undesired elements left in the original smelting ingots; to break up large
smelting ingots into more workable or transportable ingots; to melt down metal
scrap; and/or to form metal alloys. The production of alloys can take place at any
one of a number of stages during the production process. For the Indus, not only is
the place of alloying in the production sequence unknown, but also the very question
of what alloys exist is difficult to answer. What constitutes an alloy and what a
single metal with impurities? As detailed in Kenoyer and Miller (1999) and Miller
(1999), different researchers have used different standards to define alloying, and
in the lower percentages (less than 5 %) it is often not possible to determine if the
“alloy” is the result of the intentional mixture of two separate metals or metal ores,
or due to the natural metallic impurities in particular copper ores (Stech 1999). Thus,
for the analyses of Indus copper objects to date, only tin is unequivocally an “alloy”
with copper. Lead and arsenic are strong possibilities as deliberate “alloys”, at least
for some objects, but involve some complications as discussed in Miller (1999, pp.
222–228).

At this point it appears that Indus metalsmiths did not follow a rigid system of
alloying related to specific artifact categories for copper and its alloys. For example,
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morphologically similar objects found at Indus sites are made from relatively pure
copper, from arsenical copper, and from tin-alloyed copper (Kenoyer and Miller
1999). As detailed in Miller (1999, pp. 195–196), possible patterns of alloying are
obscured by sampling and excavations problems, as well as the prevalence of Indus
recycling as seen in the numerous caches of metal objects and scraps recovered from
all of the major sites. Furthermore, patterns of alloying are likely obscured in these
analyses because the Indus metalsmiths used alloying for a variety of purposes—
functional, aesthetic, ritual, and/or simply expedient. Tin could be added to copper to
increase strength and hardness for some objects, or used to produce particular colors
or fulfill ritual requirements in others. Alternatively, the only material available for
a smith to use may have been a mixture of alloyed scrap metals; expediency is too
common ethnographically to ignore. (See Lahiri (1993, 1995) and Chakrabarti and
Lahiri (1996) for excellent discussions of the variety of reasons for alloying in modern
and historic South Asia.) When faced with the choice of desired characteristics,
including hardness and color, the Indus metalsmiths may have chosen from a number
of alternative means of producing a given result; in some cases they may have used
physical modifications such as forging to harden metal, while in other situations
they may have produced a harder metal by modifying the composition of the metal
through alloying. These choices would depend on the manufacturing techniques used,
the types of copper and alloys available, and the stage of metal production (smelting,
melting, casting of blanks, etc.) at which the end product was first visualized (Miller
1999, pp. 196).

Casting and Fabrication

Production techniques for metal objects can be classified depending on the state of
the metal during working. Casting refers to the manipulation of molten metal, while
fabrication is the treatment of nonmolten metal, whether cold or hot. Fabrication
involves the direct shaping of metal, while casting begins with the shaping of other
materials into which the molten metal is poured. The tools and techniques of the
two categories overlap to some degree, and ancient metalworking ateliers may have
been involved in both fabrication and casting. Some objects, however, may have
been cast by one group of artisans and finished or fabricated by another group in a
separate workshop. The possible division of manufacturing stages into discrete and
often exclusive activities practiced by different artisans is an important part of metal
working that has not been investigated for the Indus Civilization, primarily because
few metal production areas have been conclusively identified. At this point, in spite
of Miller’s excavations in the year 2000 in the most promising area of Harappa
for metal workshops, we can say little about the nature of copper metal production
organization. It was noteworthy that almost no inscribed material was found in this
area, so that there is no evidence to date for any sort of centralized control of metal
production, at least for Harappa (Miller 2005).
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For all of the metals, all of the evidence to date for both casting and fabrication
techniques has come from the examination of finished objects. Casting of copper
objects appears to include both open face and bivalve casting, as well as lost wax
techniques. Mille et al. (2005) discuss early casting methods at the Baluchistan sites
of Mehrgarh and Shahi Tump; the latter case might be more related to eastern Iranian
traditions than Indus traditions. Fabrication techniques include shaping by forging
to manufacture both sheets and vessels, cutting, cold and hot joining, and finishing
methods such as polishing, engraving, and inlay (see Miller 1999, pp. 228–241
for more details). The preserved Indus corpus of copper and copper alloy objects
appears to be well made with a good standard of workmanship, but fabrication
and casting techniques do not appear to be particularly complex or intricate, in
contrast to contemporaneous metal traditions in eastern Iran or Central Asia (e.g.,
the repoussé work from Shadad (Hakemi 2000)). Although remelting for scrap was
common, as indicated by both finds of hoards and (possibly) patterns of artifact
composition, there is every reason to think that the work preserved is representative
of the overall production abilities. However, more precise information on finishing,
and on manufacturing techniques in general, might benefit greatly from the restudy
of all objects in a standardized fashion, including radiography of the objects and
selected metallography, particularly given the generally better preservation of those
objects kept from the older, large-scale excavations. (This is optimistically assuming
better research conditions than those that currently exist in many areas.)

Technological Style

Style of objects has been a major focus of archaeological thought for decades. Heg-
mon (1992, 1998) summarizes the three main archaeological approaches to style as:
(1) choices made between functional equivalents that reflect particular time periods
or regions, as in Sackett’s work on isocrestic style; (2) active and passive commu-
nication of information, as exemplified by Wobst’s and Wiessner’s writings; and (3)
encoding of cognitive processes, as examined by Hodder and others.

Technological style is essentially the application of all of these aspects of style
to the process of production, as opposed to simply the form and material of the end
product. Like style of object, technological style also includes culturally specific
choices made between functionally equivalent production techniques, which can ac-
tively or passively communicate social information, and which can be manifestations
of cognitive processes (Miller 2007, pp. 193–194). While achieving renewed popu-
larity in the 1990s, many of the original formulations of the concept of technological
style date to the late 1970s, when it was especially applied to metal technology
(Lechtman 1977; Steinberg 1977; Lechtman and Steinberg 1979). Technological
style includes both technological style of production, focusing on choices about pro-
duction techniques and materials, as well as investigations of the technological style
of organization of production, focusing on the order and number of stages in a par-
ticular chaîne opératoire, or the organization of workers themselves. (Miller 2007,
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p. 194) For example, Killick’s discussion (this volume) of changes in the values of
different metal types in sub-Saharan Africa, based primarily on color characteristics,
illustrates how cultural style can substantially guide the raw material choices made
by metal workers, which then affect all other stages of production (see Miller 2007,
pp. 191–201 for more discussion and examples).

For the Indus Civilization, we see a number of broad aspects of technological style
in the way metal production is both carried out and organized. One characteristic
is an apparent focus on procurement of metal, including via recycling, rather than
production of metal from ore via smelting. Another characteristic seems to be a lack
of interest in elaborate forming methods, and possibly a greater focus on alloying.

The Indus people seem to have had no trouble in reliably procuring sufficient
quantities of copper and alloys in metallic form, both as primary ingots and through
recycling, as described above. There is no evidence that they carried out or controlled
production of the metal from ores found in the surrounding regions, and so trade
for ingots produced by others is the most parsimonious explanation at this time.
This situation may reflect the need for further exploration of the mineral source
areas in Baluchistan and Afghanistan, but certainly there is no evidence of any
significant Indus mining or settlement presence in Oman or the Aravallis. There is,
however, plenty of evidence for Indus trade in various materials with at least the
first three regions, Baluchistan, Afghanistan, and Oman (Mery and Blackman 2005;
Law 2008). It would be of great interest to examine the Indus presence at Nausharo
(near Mehrgarh) in the Bolan Pass in southern Baluchistan as possibly a settlement
relating to the (metals?) trade with Iran, in the same way that the team from M.S.
University-Baroda (Bhan et al. 2004 Chase 2007) has examined the role of the Indus
and non-Indus settlement of Gola Dhoro (Bagasra) as possibly a settlement relating
to the trade in shell and semi-precious stone ornaments. What was the nature of the
Indus period occupation at Nausharo? Work done in many other areas on cultural
contact and the varying nature of interactions, from colonization to resistance to
conversion, could be usefully applied to the French team’s long-term work at this
site. Comparative examples include the possible effects (or not) of Egyptian demand
for copper metal on the social and political situation in the Levant referenced by
Thornton in this volume; Hanks and Doonan’s (this volume) discussion of interaction
models for the societies of Central Asia; the culture contact models developed by
Yao (2008) for indigenous Yunnan interactions with the Han Empire; and Stein and
others’ work on the nature of the Uruk expansion (Rothman 2001; Stein 2001).

It must be emphasized that trade for ingots is only one method of metal procure-
ment. Recycling of existing metal objects is often referenced in the literature, but
seldom seriously incorporated into models of metal production as a significant source
of metal. Studies of North American metal use during the European contact period
form an important exception (Latta et al. 1998; Ehrhardt 2005). As also discussed
by Ehrhardt in this volume, the native people of the Eastern Woodlands of North
America were able to procure the metal they needed for fabrication of objects, in
the form of traded European metal objects or sheet. They did not develop or adopt
techniques of smelting or even melting. This may partially relate to their prior focus
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on native copper sources, but then such a focus emphasizes again the need to consider
other methods of metal procurement besides smelting.

The main effect on an Indus technological style of production of a focus on
procurement of metals rather than production of metals from ore is that the emphasis
shifts from producing metal ingots with desired qualities at the smelting stage to
producing metals with desired qualities at the melting and fabrication stages. If
recycling was an important source of Indus raw material, as hypothesized, this implies
that Indus metalsmiths developed a repertoire of techniques for working with various
(even random) alloys to produce desired attributes. Such techniques would likely
include methods for recognizing different types of alloys, flexibility of working
methods to deal with different alloy responses within a relatively wide range, and
a variety of methods of adjusting desired characteristics such as color or hardness.
Smiths would have to be innovative and flexible. Archaeologists studying such smiths
will need to focus on different skills and emphases than those relating to smelting,
which have tended to dominate Old World metallurgical studies, as is not surprising
given the obviously remarkable transformation involved in the smelting of mineral
to metal. Hence our strong interest in other stages of production, and especially in
consumption, an interest that would have been shared by Indus smiths.

In terms of forming methods, if anything the Indus is remarkable for simplicity of
technique—production of cast and fabricated objects is generally very competent but
by no means exceptional in technique or intricacy of design. Based on analogies with
other Indus technologies, which seem to show an Indus preference for complexity of
material over complexity of shape Miller has previously suggested that Indus alloy-
ing techniques might have been more complex than their generally simple forming
techniques (Miller 1999; Miller 2007; Vidale and Miller 2000). This suggestion has
never been tested, due to difficulties with export of materials over the past decade as
well as generally very poor preservation of metals at Indus sites, and so remains to
be confirmed, overturned, or modified.

Comparable data about methods of manufacture from numerous sites would give
us more information on the diffusion and independent invention of metal processing
techniques within the Indus Civilization. Such data would also allow investigation
of possible regional styles of production within the Indus Civilization, e.g., Indus
plains versus Gujarati versus Baluchi techniques. More broadly, Indus production
data could also be used to contrast a general “Indus technological style” with other
contemporaneous traditions, such as the Chalcolithic cultures of northwestern In-
dia, or Iranian, Central Asian, or Mesopotamian traditions (e.g., Thornton in this
volume). It will be particularly interesting in this regard to see if the technological
traditions from Baluchistan are more similar to the Indus style(s) or the eastern Ira-
nian style(s) of production, or perhaps vary between technological affiliations over
time. Similar questions might be posed of the northwestern Indian materials, with
additional archaeological work, particularly for the late third millennium and early
second millennium. Until such work, it is difficult to say too much about regional
production styles from the published photos and tables, although even those might
be put to better use for the investigation of the consumption of copper objects, as
discussed below.
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Consumption: Typologies and the Use of Indus Copper Objects

Previous Typological Studies of Indus Copper Artifacts

The initial excavation reports from Mohenjo-daro (Marshall 1931; Mackay 1938)
delineated several broad types for Indus copper tools, weapons, vessels, and personal
ornaments. The immediately succeeding excavations (Vats 1940; Mackay 1943) used
these types, as did the majority of later excavations at Indus sites (Rao 1979; Joshi
1990; Lal et al. 2003). It is important to note that the typological categories devel-
oped, largely by Mackay, were not based on metric data but rather on macroscopic
morphological characteristics of forms from Mohenjo-daro. It appears that assump-
tions were made regarding the use of individual forms and uncritically accepted.
Each successive excavation applied this categorization scheme with the addition of
new types to the schema as the need arose. As a result, the typology of Indus cop-
per materials has been largely unrevised since the earliest days of archaeological
excavation of Indus sites.

The work of Paul Yule (1985a, b) and Miller (2000) has attempted to address this
need for a formalized typology of Indus copper artifacts. While both researchers have
published updated categorizations, neither has been widely adopted. Both systems
have limitations that prevent them from being applied as a fully functional typology
for Indus copper and bronze artifacts, although both provided helpful background
for the system employed here by Hoffman. The system proposed by Yule provides
a detailed and thorough classification scheme for both vessels (Yule 1985b) and or-
naments (Yule 1985a); however it does not provide categories for tool forms. The
work does represent a solid foundation for future study. Heidi J. Miller’s system, for
designed to characterize the metal objects from the site of Chanhu-daro exclusively,
is much more specific in its definition of typological categories, and is by intention
a combination of a morphological and a functional typology. The typology in its
published form suffers from three major drawbacks that prevent it from being used
as a comparative tool. The first is that it is only able to deal with complete or mostly
complete objects. The vast majority of copper artifacts recovered in modern excava-
tions are fragmentary and lacking many of the critical diagnostic elements of Heidi J.
Miller’s system. This is typically due to either corrosion or breakage from a variety
of pre- and post-depositional processes. The second drawback is that, by design,
the typology does not incorporate forms absent in the material from Chanhu-daro.
While Heidi J. Miller (2000) does provide for the expansion and modification of the
system, it is not specifically clear how other investigators would incorporate their
definitions into the existing scheme. Finally, the system developed for Chanhu-daro,
as a typology partly resting on the functions of objects, relies heavily on inferences
relating to function such as the nature of working surfaces and hafting techniques
for each tool form. While many of the inferences are likely correct, at this point they
cannot be substantiated from the available evidence. This makes it difficult to assign
objects confidently to a particular type.

In spite of these difficulties, in reviewing the published images of copper objects
from Indus sites Hoffman felt that a typology broadly based on function would
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be best suited for the investigation of the use of copper objects at individual sites,
particularly in the light of the need to allow comparison with the extensive work that
has been done for Chanhu-daro. In this categorization scheme, function was inferred
primarily from the morphological characteristics of the artifact. Definitions based on
specific metrical data and any other types of information not readily available from
an inspection of published photos and line drawings were avoided. Through the
application of this classification system it is possible to make comparisons between
the individual sites in order to understand how metal was being used in the Indus
Civilization. The classification scheme applied by Hoffman also draws much of its
inspiration and format from the system first outlined by Kenoyer in Kenoyer and
Miller (1999).

Towards a Working Typology

The following is a provisional typology for understanding the nature of the variation in
Indus copper assemblages both within individual sites and between sites. Within each
major category, there is a possibility for a number of individual distinct subcategories
and the proposed classification system is by no means comprehensive or exhaustive.
The primary advantage in the proposed system is its ease of use, flexibility, and
ready adaptability to use in both the field and in archival research as well. This
system could be modified in order to better understand specific aspects of Indus
copper metallurgy, such as manufacturing techniques, alloying patterns, or other
specific interpretive questions, without altering the essential overall structure.

Vessels Vessels are a functional category of copper and bronze objects from Indus
sites. Roughly one half of the forms have parallels to known ceramic vessel types,
but the others appear to be only found as metal forms (Yule 1985a, b). The reason(s)
for unique metal shapes are still unclear (see Kenoyer and Miller 1999, pp. 133 for
discussion). Typical Indus copper and bronze vessel forms include jars, pots, bowls,
dishes, pans, and scale pans. Vessel forms are manufactured from sheet copper using
a variety of fabrication techniques. All vessel forms will be considered as a single
category here, as it can be argued that their uses as containers were similar. The one
exception, the relatively rare subtype of scale pans, will be considered further below.
Scale pans come in various sizes and seem to have been used to weigh a variety of
substances at Indus sites rather than simply as containers.

Tools Another functional category of Indus copper and bronze forms are those
objects that were used as tools. Here a tool is taken to be any object that is used to
accomplish a mechanical or manual task. Indus tools take a variety of forms. These
forms can be grouped into three broad subcategories; blade tools, rod tools, and
axes/adzes. In turn, each of these subcategories of tools may contain specific types.
Blade tools are manufactured from sheet copper and distinguishable types include
triangular barbed arrowheads, saws, knives, spears, and razors. Blade tool types are
morphologically distinctive and further research is needed to determine if additional
types and subtypes can be defined. However, all of these tools would have been used
as blades; that is, to cut some material. Rod tools are those manufactured by casting
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and include two distinct types: chisels and pointed tools. Chisels are rectilinear rods
with wedge-shaped working ends (Miller 2000, p. 315). Pointed tools are also rods,
but can range in cross section from rectilinear to round and have a variety of working
ends. At present, this type comprises a variety of morphologically similar objects that
may have been used for a range of purposes and tasks. Hooks are another category
of rod tools. It is inferred from their shape that these tools would have been used
for fishing. A final category of Indus copper and bronze tool forms is that of axes
and adzes. All of the objects in the axe/adze category are morphologically similar
and would have been used in comparable ways. They are easily differentiated from
blade tools even in fragmentary form, since they are not made from sheets and are
considerably more massive.

Ornaments Items of personal ornamentation are another major functional category
of Indus copper and bronze forms. Four subcategories can be defined based on object
morphology. The first is bangles. Bangles are any circlets made of a continually
homogenous material (Kenoyer 1992; Miller 2000). There appears to be two major
subtypes of Harappan bangles, one that is solid with a round cross section and one
hollow with a crescent–shaped cross section (Yule 1985a; Miller 2000). Each of
these may also have additional subtypes, continuous and noncontinuous. Rings are
similar in appearance to bangles and are always solid. They may consist of a single
coil of metal or multiple overlapping coils. A third major subtype is beads, pendants,
and discs. All of these objects have been perforated for attachment or hanging. As
indicated in Heidi J. Miller’s work, there may be five distinct subtypes of beads:
round, barrel-shaped, cylindrical, tube, and spacer (Miller 2000, p. 309). Pendants
are objects that are perforated at one end (Kenoyer 1992). Discs are objects that
are round, with a concavity. They are usually perforated and it is hypothesized that
they may have been sewn into clothing or other fabrics as sequin-like decorations. A
final subcategory of ornaments is decorative-headed pins. It is unclear specifically
how these objects were used, but they appear to be morphologically similar and are
typically topped by either a decorative motif or an animal figure.

Other At the present stage of analysis, all remaining metal objects have been
grouped into the category of “Other”. This is due to the low frequency and/or uncer-
tain status of these objects. Three of the five categories are relatively clear types but
are not yet fully studied: mirrors, figurines, and tablet/tokens. Mirrors are round to
oval in shape and have a small tang that would have likely been attached to a handle,
and represent a clear functional category but are very rare finds. Two morphological
types of figurines have been published from excavations so far, human and animal,
but it is not yet clear how these objects were used; for example, how many were free-
standing objects versus decorative elements of pins. The relatively rare category of
tablets/tokens, only found at Harappa and Mohenjo-daro, is also based solely on
morphology, with distinctive subtypes apparently present at each site. Tablets from
Harappa have Indus script and other symbols molded onto them, while the objects
from Mohenjo-daro are inscribed (Fentress 1976). The remaining two categories,
miscellaneous objects and manufacturing debris, are currently umbrella groups that
require further analysis for more exact characterization.
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Fig. 24.5 Distribution of copper types at individual sites

Individual Site Breakdowns

Hoffman reviewed the copper objects that were published as either photographs or
line drawings from the excavation reports of Mohenjo-daro, Harappa, Lothal, and
Surkotada, and categorized them according to the scheme outlined above (references
for each site below). In addition, Hoffman reviewed the site report for Kalibangan and
the published breakdown for Chanu-daro from Miller’s work (2000). Finally, digital
photographs of objects recovered by the Harappa Archaeological Research Project
(HARP) team at Harappa were also reviewed. The breakdown for the distribution
of types for each site is shown in Figs. 24.5, 24.6, 24.7, 24.8, and 24.9, using the
categories discussed above.

Mohenjo-daro Mohenjo-daro was first excavated by the Archaeological Survey
of India from 1922–1927 and then again from 1927–1931 (Marshall 1931; Mackay
1938). The two reports describing these excavation programs published images, both
line drawings and photographs, of approximately 420 copper objects. The published
assemblage is comprised largely of tools (see Fig. 24.5). Within the tools category,
blade tools are the dominant subcategory (48 %), with rod tools comprising 38 % of
the tool assemblage and axes/adzes making up 13 %. Additionally, a large number
of copper vessels were recovered from the site. This is likely skewed due to the three
large hoards found in DKArea (Mackay 1938). Each of these hoards contained a large
number of axes/adzes, blade tools, and vessels. The excavations at Mohenjo-daro
published a very small number of personal ornaments made from copper, especially
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Fig. 24.6 Distribution of ornament types at individual sites

Fig. 24.7 Distribution of tool types at individual sites
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Fig. 24.8 Distribution of blade tool types at individual sites

Fig. 24.9 Distribution of rod tool types at individual sites
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as most ornaments found in hoards were made from gold, silver, and stone. It is
likely that this is a result of a combination of the high amount of post-despositional
corrosion of copper at the site and the excavation methods employed in these older
excavations, especially the lack of screening.

Harappa The Archaeological Survey of India first excavated the site of Harappa
from 1920–1921 through 1933–1934 (Vats 1940). During these excavations a number
of copper objects were recovered. Of these, approximately 190 are published in
photographs; of these, over 90 came from a single hoard (Vats 1940). Since the
assemblage for this portion of excavations at Harappa is dominated by a single hoard
find, the distribution of copper types is slightly different from the patterns seen at
the rest of the sites. Tools comprise the majority of the assemblage, with only a few
dozen items of personal ornamentation being published. Blade tools dominate the
tool types, not surprising since the hoard was comprised almost totally of copper
vessels, axes, and blades. Rod tools are also well represented, but not in the typically
even manner seen at the other sites. The early assemblage from Harappa is also
noteworthy for having three tablets and two scale beams. Overall, this group of
copper artifacts is overwhelmingly made up of large tools.

In contrast, the excavations by HARP over the past two decades have revealed a
slightly different pattern of types and distributions than the previous excavations at
the site. An assemblage of 110 complete copper objects so far recorded by the HARP
team is comprised mainly of arrow points and ornaments. Tools are less numerous,
but are relatively evenly split between the categories rod tools and blade tools. It is
important to note that the HARP assemblage includes five examples of scale pans
of various sizes and nine copper tablets so far recovered from the site. The types of
objects and their proportions recovered during the HARP excavations differ slightly
from those of the other sites, likely due to two factors. The first is excavation methods,
in this case the screening of fill by HARP in order to recover small objects. The
second factor is that the HARP excavations have been primarily focused on tracing
the margins of the mounded occupation areas at Harappa and locating the course of
the city walls. Investigation of these types of contexts rather than the dense room and
house blocks that were the focus of the majority of the earlier excavations should
result in the recovery of different types of objects. In addition, Hoffman had access
to records of all of the objects found by HARP, rather than only published examples.

Lothal Excavations at Lothal have uncovered 1,500 copper artifacts, of which 130
images are published (Rao 1979). The illustrated assemblage is split relatively evenly
between tools and ornaments. In terms of tools, rod tool types dominate the assem-
blage at Lothal, specifically the category of pointed tools. Typical Indus arrow points
have also been found. Stylistically Indus personal ornaments, such as beads, bangles,
and rings are also found at Lothal, as well as animal figurines. Unfortunately, no spe-
cific find locations are provided for the majority of the objects, so any discussion of
context or spatial distribution is not possible. The excavators do report the presence
of copper objects of all types throughout the sequence at the site (Rao 1979).

Surkotada The excavators of Surkotada, a small site in Kutch, reported a total
of 129 copper objects plus one hoard of beads and bangles (Joshi 1990, p. 266).
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They provide illustrations for 57 of these items. The distribution of illustrated types
follows a similar pattern to Lothal, as the assemblage is almost evenly split between
tools and ornaments. Rod tool types, specifically pointed tools, dominate the tool
assemblage. Joshi (1990) indicates that the overall assemblage has similarities with
those of Kalibangan, Chanhu-daro, Harappa, Mohenjo-daro, and Lothal. This does
appear to be the case. It is also important to note that copper of all types appears
from the earliest excavated levels through to the end of the Indus sequence (Joshi
1990). Unfortunately, no specific find locations are provided for the objects, so any
discussion of context or spatial distribution is not possible.

Chanhu-daro and Kalibangan Two additional sites with significant metal as-
semblages from early excavations are not included in these figures, but will be
incorporated in future research. Heidi J. Miller (2000) examined 521 tools from
and found the assemblage to be dominated by different types of tools (64 %). Of this
group, no single type of tool dominated. Overall, the tools were relatively evenly
split between blade tools and rod tools (Miller 2000, p. 318). Mackay (1943) reports
that four hoards were recovered during excavations at Chanhu-daro, but all were
much smaller than the hoards found at Harappa and Mohenjo-daro. The excavations
from Kalibangan are only partially published at this point (Lal et al. 2003). While
the report concentrates on the Early Harappan (Regionalization Era) component of
the site, the volume does include the results of compositional analyses on 19 objects.
Two are from the late Early Harappan period and 17 are from the Mature Harappan
(Integration Era) period. Unfortunately, no photographs are published. The excava-
tors do list some descriptive information for each object, but these are not specific
and do not provide the basis for confident comparison. However, the museum at the
site displays a number of copper objects recovered from the excavations. All of these
items conform to forms and types seen in the published reports from other Indus
sites. Hopefully, with the fuller publication of the excavations, it will be possible to
compare the material from this site to the others.

Metal Object Use in the Indus Civilization

The use of copper in Indus cities has traditionally been interpreted through two main
lenses. The first is that the forms and artifact types fashioned from copper are largely
unchanging over the course of the Indus Civilization (Mackay 1938; Piggott 1950).
The second is that copper was widely available and used by all segments of society
at sites of all sizes (Shaffer 1992). An extreme form of this line of argument is
that copper tools and utensils eventually almost totally replaced lithic implements
(Cleland 1977, p. 175); however, more recent evidence makes it unlikely that this
is the case. For instance, the HARP excavations at Harappa have unearthed over
12,000 lithic blade tools alone. In addition to more detailed studies on Indus copper
production, it is also important to begin to test these traditional interpretations about
the consumption of metal in the Indus Civilization.

In examining the six assemblages reviewed above, some trends appear to be
emerging from the data. Tool types dominate the assemblages from the two large
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urban centers, Harappa and Mohenjo-daro; however, it is unclear if this pattern
is related specifically to patterns of metal usage and consumption. The techniques
of excavation used by the early excavators of Indus sites, combined with the poor
preservation conditions of the soil at the sites, would have privileged the recovery of
large forms over smaller more fragile metal objects such as beads, bangles, and rings.
The massive quantities of material recovered from these very large excavations would
also have meant that excavators discarded or ignored fragmentary, unidentifiable, or
poorly preserved objects. It is relevant to note that in excavations that have practiced
more modern methods of recovery (Lothal, Surkotada, and HARP), the proportional
representation of ornament types increases (Fig. 24.5). At Lothal, Chanhu-daro and
Surkotada, there is a more even distribution of forms between tools and ornaments.

Furthermore, the existence of large hoards of tool types aides in explaining the
shift in distributions. The evidence from excavations indicates that large Indus copper
hoards, such as those recovered at Mohenjo-daro and Harappa, were dominated by
vessels and caches of axes/adzes and blade type tools (Marshall 1931; Mackay 1938;
Vats 1940). The recovery of such hoards has a significant effect on the proportions of
tools to ornaments. At Mohenjo-daro and Harappa, the blade tool forms constitute
the majority of the tool assemblage (Fig. 24.7). In contrast, at Lothal and Surkotada,
where either no hoards only small caches of ornaments were found, rod tools form the
majority of the tool assemblage at just over 60 % for both sites (Fig. 24.7). Chanhu-
daro exhibits an even split between the two categories of tools (Miller 2000). Note
that four small hoards were uncovered at Chanu-daro (Mackay 1943). These results
point to very careful collection and storage of large or massive metal objects by the
Indus people, with the great majority of metal mass found in hoard situations. This
also supports the comments made by Kenoyer and Miller (1999) and Miller (1994,
1999) about the likelihood of recycled scrap as a major source of Indus metal.

The patterns exhibited by the data also appear to validate the idea that Indus sites
of all sizes, and from every region, had relatively equal access to copper tools and
ornaments. While the presence of hoards at the larger urban centers likely increases
the proportional representation of larger or more massive objects such as vessels,
axes/adzes, and blade tools, these categories are not significantly absent from any
of the other sites. There are two artifact types, however, that do exhibit a degree of
difference related strictly to site size: scale pans and copper tablets. Scale pans would
have been used to weigh a variety of substances, likely in exchange situations, and
may also have had a role in taxation or other aspects of economic control (Kenoyer
1998). Scale pans are present at all sites except Chanhu-daro and Surkotada, two of
the smaller sites in the sample. Weights are found in great numbers at Chanhu-daro,
though, so the absence of scale pans may simply represent lack of preservation in
the areas excavated. Copper tablets, like other tablets and as opposed to seals, have
recently been interpreted as having religious meaning, particularly the molded types
of tablets (Parpola 1992). Copper tablets are present only at the sites of Harappa
and Mohenjo-daro. The presence of these copper tablets may therefore represent the
location of pilgrimage centers at these sites, or may represent some economic or
social meaning for these objects that was restricted to some type of elite or special
interest group. Overall, though, it does seem that Indus sites both large and small
were consuming copper metal of all types and in broadly similar proportions.
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In sum, the distribution of the various types of copper objects combined with
their archaeological contexts does allow for some tentative conclusions about how
the metal was used by the residents of Indus sites. The first point is that it does
not appear, at present, that copper was a material to which access was restricted.
Copper tools and ornaments are typically found from all contexts at Indus sites, but
tend to come mainly from inside house and room blocks (Marshall 1931; Mackay
1938; 1943; Vats 1940; Rao 1979; Joshi 1990). There is often little copper in larger
more public spaces, from whence it might be scavenged, and all hoards have been
recovered from just underneath what are considered to be house floors. It is also
noteworthy that there is little copper recovered from Indus burial contexts. Unlike
many other third millennium Civilizations, metal was not being interred with the
dead in appreciable quantities. This may indicate either that copper objects were not
high status or wealth items in the hierarchy of Indus craft products, or that wealth
items were not interred with the dead but kept in circulation, as discussed in Rissman
(1988, Kenoyer and Miller (1999), and Miller (2007)). (Also compare situation in
Iron Age South India, as presented by Gullapalli in this volume.)

The evidence also indicates that one of the primary uses of copper was to help in
the production of other components of the Indus material assemblage. It is likely that
copper was used in bead production, to carve seals, for carpentry, in food production,
and for daily household use as well. While there exists an overall similarity in the
copper tool assemblages at Indus sites, some contrasting patterns exist between
the larger and smaller sites. At the sites of Lothal and Surkotada, knives are the
dominant subtype of blade tool (Fig. 24.8) and point tools are the majority subtype
of rod tools (Fig. 24.9). This is in contrast with Harappa and Mohenjo-daro where the
larger more robust subtypes of both categories dominate. At both of these large sites,
chisels are the overwhelming majority of the rod tool types (Fig. 24.9) and spears
are the major subtype of blade tools (Fig. 24.8). While such a contrasting pattern of
copper tool type distributions is intriguing, at present it cannot be explained without
first resolving possible issues of differential archaeological collection methods or
preservation conditions, as discussed above. It is hoped that further research into
the use of copper implements and the addition of new information from previously
unpublished sites, as well as ongoing research, will provide the necessary data needed
to further explore the initial patterning.

One of the major interpretative questions for studies of Indus copper assemblages
is how types may or may not have developed and changed over time. At present, the
chronological data for excavated copper objects are not sufficient to make any in-
terpretations about this question. The majority opinion remains with Piggott (1950)
that Harappan copper forms are remarkably static and consistent over time (Marshall
1931; Mackay 1938; Rao 1979; Joshi 1990; Agrawal 2000). It is hoped that further
study of the material recovered from the Harappa Archaeological Research Project
will allow for the development of copper production and consumption to be investi-
gated against the precise radiocarbon chronology from the site. But for the moment,
the question of the changes in copper metal forms over time in the Indus Civilization
remains unresolved.
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Future Directions

The present study is an effort to delineate the manner in which copper was used as
a resource in the Indus Civilization. The brief review undertaken here is perhaps
best viewed as a first step. While some interesting patterns do appear to be present
in the data, much more detailed study is required before they can be substantiated.
It is critical that the material from excavated Indus Civilization sites that has not
been published be brought to press as soon as possible. Information from these
sites, particularly those of Dholavira, Rakhighari, and Kalibangan, would provide
important comparisons to the presently available evidence. Further, it is necessary
to examine the existing copper materials from Indus sites for any changes over
time. Unfortunately, for a number of the sites the chronological information is either
not available or not published. In order to further refine our understanding of the
types of objects that were made from copper and the trajectory of development for
Indus copper working, it is necessary to understand how the technology changed and
developed over time.

In the absence of secure archaeological contexts and definitive chronological
sequences, methods for tracking changes in Indus copper assemblages must be ex-
panded beyond typological examinations. Laboratory-based analytical approaches
may provide the most direct approach for understanding the growth and development
of this technological tradition. One avenue for investigation would be to expand the
existing tradition of compositional research on Indus copper metals. A program of
compositional analyses, directed at tracking the composition of artifact types, would
assist in answering important questions regarding alloying practices in Indus cop-
per metallurgy. The first of these is whether or not the use of alloys is restricted to
certain types or production techniques. Also, it is critical to understand how alloy-
ing patterns may have changed. The use of differing alloys over time could result
from choices related to changing cultural fashions, or changes in the availability of
raw materials, or from technological refinement. Besides data from compositional
analyses, an instrumentation-based analytical program can provide data on the types
and availability of copper raw material sources over time. Through the application
of lead isotope studies to Indus archaeological copper materials, as described in the
production section above, a picture of how individual sites were supplied with copper
raw materials, and perhaps even finished products, may be developed. Hoffman has
begun work along these lines with material from Harappa, as part of his dissertation
research on Indus metals.
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Chapter 25
Early Metal in South India: Copper and Iron
in Megalithic Contexts

Praveena Gullapalli

Introduction

There exist heterogeneous archaeological traditions in South Asia, including vary-
ing histories of metallurgy (e.g., see Chakrabarti 1992; Chakrabarti and Lahiri 1996;
Possehl and Gullapalli 1999 Tripathi 2008). Consequently, multiple models of the
development and adoption of copper and iron metallurgy are necessary and appro-
priate. For example, while northern South Asia has witnessed a Bronze age followed
by an Iron age, the situation in the southern peninsula (South India) seems to be
significantly different. An early (pre-iron) copper/bronze metallurgical industry in
South India is not well attested; rather, it is indicated only by relatively sparse occur-
rences of copper artifacts in late Neolithic contexts. The archaeological record for
the occurrence of metal (both iron and copper/bronze) in the Iron Age Megalithic
contexts, by contrast, is much more robust, and it is this corpus of material that forms
the early metallurgical tradition of South India (Fig. 25.1).

There are three interrelated issues that shape any discussion of early metallurgy
in South India: the megalithic monuments that constitute a significant part of the
archaeological landscape of South India during the Iron Age, the dominance of iron,
and the relative paucity and limited distribution of early copper. The prominence of
iron in the archaeology of South India stems from its significantly greater presence
in the archaeological record, and from a theoretical framework that privileges iron
over copper. The dominance of the archaeological research by megalithic monu-
ments makes it difficult to tease apart issues of the early metallurgy and megalithic
traditions—indeed, attempts to explain the nature of the megalithic monuments have
defined much of the research into the Iron Age.

In this chapter, I provide an overview of the early South Indian metallurgical
tradition. My goal is to outline the trends and developments in the field and to
highlight potentially useful avenues of further research. This cannot be and is not
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Fig. 25.1 Map showing the location of sites mentioned in the chapter. Note that Naikund,
Mahurjhari and Takalghat/Khapa are located in the Vidarbha region of Maharashtra

meant to be an exhaustive catalog of all sites and all evidence. I begin with a discussion
of dominant models of early metallurgy—specifically of iron metallurgy—in South
India, focusing on the question of diffusion versus indigenous development. I then
briefly review the nature of megalithic archaeological record before delving into
the evidence for early metallurgy. I end by discussing possible directions for future
research.

Modeling Early Metal in South India

Interpretation and modeling of early metallurgy in South India has been shaped by
two primary concerns, both focusing on iron metallurgy because of its dominance
in the archaeological record. The first is whether the early iron in the peninsula was
the result of diffusionary or migratory processes or whether iron was an indigenous



25 Early Metal in South India: Copper and Iron in Megalithic Contexts 731

development. The second concern has been to understand and demonstrate the skill
of the early practitioners of metal technologies. Taken together, these concerns have
directed archaeological research towards an emphasis on uncovering the earliest
evidence for various ferrous metallurgical practices through excavation and through
artifact analyses.

Concern with whether or not the early metallurgical traditions of South India
(and indeed, all of South Asia) were indigenous developments arises from the
fact that early models privileged migrations of various groups of people into the
subcontinent, with each group bearing a specific cultural or archaeological correlate.
Early attempts to investigate and explain the presence of the megalithic monuments
and their attendant cultural characteristics focused on diffusionary paradigms that
connected the South Indian megalithic monuments to others in Southwest Asia and
beyond. Their presence in the peninsula of South Asia was explained through a
variety of migration theories that also included linguistic and anthropometric data
(e.g., Parpola 1973; see Kennedy 1975 for an overview). The most persistent of
these groups has been the Aryans, Indo-European speaking peoples, whose entry
into the subcontinent has been understood to be the explanation for everything from
the decline of the Indus Civilization to the advent of iron technology (see Leach
1990; Parpola 1973; Shaffer 1984; Shaffer and Lichtenstein 1995).

No archaeological evidence exists for the requisite type of large scale migrations,
but with or without the Aryans, others (e.g., Wheeler 1959) saw the beginning of
iron technology as a result of diffusionary processes. For example, the excavator of
Hallur notes in the excavation report that the “people who arrived here with iron,
came with the full knowledge of metallurgy and finished tools (Nagararaja Rao 1971,
p. 91), ” and more recently the excavator of Paidigutta (in Andhra Pradesh) posits
that “the newly arrived iron-age folk co-existed with the already existing Neolithic-
Chalcolithic people. Though the newcomers had the advanced trends such as iron in
their tool-kit and stone for building structures, they preferred to dwell at the same site
and in the same rich context (Sastry 2000, p. 29).” This latter statement highlights the
emergence of a new technology within apparent cultural continuity and the fact that
the question of indigenous development and diffusion needs to be further delineated
within South India (see further).

Analysis of skeletal material from the graves points to a phenotypic variability in
the Iron Age populations and, importantly, shows no sign of an invasion of people.
Kenneth Kennedy asserts that “earlier statements of racial identities based upon a
specific set of morphometric criteria [do not] support any theory that iron was diffused
to South Asia by foreign populations whose origins lay outside of this part of the
world. . . . The skeletal evidence does not support any hypothesis of catastrophic and
sudden population replacements in peninsular India during the Iron Age (Kennedy
2002, p. 123; see also Kennedy 1975).”

Obviously, diffusion of technological practices does not necessarily imply move-
ment of people, and the lack of evidence for migration does not mean that diffusion
of such practices did not take place. However, beginning with Chakrabarti (1976,
1977, 1992), the model of diffusion into South Asia has been successfully chal-
lenged using material from archaeological excavations and survey over the past two
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decades. Chakrabarti used radiocarbon dates, the tradition of pyrotechnology in the
subcontinent, and the varied character of the Iron Age to argue for indigenous de-
velopment within the subcontinent (see also Possehl and Gullapalli 1999; Tripathi
2008). Not only is there is consistent evidence of continuity between pre-Iron Age
and Iron Age deposits, but there is also evidence of pre-Iron Age experimentation
with iron and no evidence of possible diffusionary mechanisms. Also, most pertinent
here, the earliest Iron Age dates in the subcontinent (c. 1000 BC) have come from
South Indian contexts, and therefore render problematic diffusionary models that
hypothesized overland introduction of iron into South Asia from the Iranian plateau
and which would indicate that the earliest iron be found in the northern subcontinent
(but see Tewari 2003 for new dates that may push back the earliest iron in northern
India; Tripathi 2008).

Although the early date of iron technology has been established, there has been
little explicit discussion of how iron was adopted or adapted into society. That is,
while iron metallurgy seems to have been an indigenous development, we still do
not know how the knowledge of iron production was organized, maintained (and
perhaps even guarded), and transmitted within and between the various groups that
inhabited the South Indian Iron Age landscape (see discussion of Johansen (2007)
below).

There is geographic variation within South India with regard to when iron met-
allurgy appears, a variation that needs to be investigated and explained, since even
though for the region as a whole there is evidence for indigenous development, there
remains the question of how many centers of development existed within South In-
dia. If iron metallurgy emerged in a restricted area, how was it spread to other areas
of South India so that by the late centuries BC there seems to be such widespread
evidence for it?

Bridget and Raymond Allichin argue that “the range of identical tool-types, re-
peated many times, at site as far apart as Nagpur and Adichanallur—some 1450 km
apart—must testify to the diffusion of a fairly tightly knit group of iron workers
(Bridget and Allichin 1967–1968, p. 335).” The fact that there seems to be pastoral
and agricultural components to the Iron Age economy lends support to the idea of
an itinerant group of specialist metalworkers moving across the landscape. If the
similarity in morphology is further enhanced by similarity in technological style, it
may indicate that we do have a situation in which specialized knowledge is being
disseminated to a select group of producers. However, identifying these mechanisms
would require significantly more metallurgical analyses on larger sets of artifacts.

Concomitant with the focus on early iron have been attempts to ascertain the level
of metalworking skill of these early producers, including identifying the earliest
evidence for steeling. The apparently utilitarian nature of the iron artifacts has em-
phasized a utilitarian approach to explaining adoption—the hypothesized technical
superiority of iron over copper and bronze. This emphasis on utility and desirability
is evinced in the nature of technical analyses of iron artifacts that focus on evidence
for steeling and hardening, for example. There is also an emphasis on determining
level of skill as other metallurgical analyses (of iron) have focused on determining
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the efficacy of iron extraction, the frequency of steeling, and the ability to exploit
certain characteristics (as seen in the discussion of technical analyses).

Because of this emphasis on early iron, research into early metallurgy in South
India has tended to neglect early copper and gold. Of course, the limited pres-
ence of these metals combined with the greater and relatively early presence of iron
associated with the striking megalithic monuments and the existence of a Bronze
Age in northern South Asia makes this understandable. Explanations of the presence
of pre-Iron Age copper tend to imply diffusion from the more established copper
and bronze traditions of central and northern South Asia (see Chakrabarti and Lahiri
1996, Bhardwaj 2000) , while others (notably Srinivasan 2006) have postulated
a local indigenous tradition of copper and bronze working based on ethnographic
fieldwork and their metallurgical analyses.

More systematic investigation of the early copper metallurgy in South India,
moreover, would also enhance current understanding of iron development, since
both technologies seem to be fully elaborated together rather than in sequence, as
is the case in many other contexts. While it is clear that the development of an Iron
Age without a preceding Bronze Age has significant implications for contemporary
paradigms of early metallurgy, the nature of those implications is not yet clear.

Megalithic Monuments

Although the distribution of megalithic monuments spans much of South Asia, with
significant traditions in the north, northwest, and central parts of the subcontinent,
the greatest concentration occurs in the south (Deo 1985). Here, the focus will be on
the megalithic tradition usually associated with the Iron Age in South India. Many of
the monuments are found along the Godavari and Krishna Rivers and their tributaries
(such as the Tungabhadra River); there is also a cluster of monuments known as the
Vidarbha megaliths that are located in eastern Maharashtra, set apart geographically
and chronologically from those monuments further south (see Brubaker 2001 for a
good discussion on geographic and chronological distribution and attendant maps).
The megaliths are funerary monuments or memorials incorporating a variety of large
stone constructions. Most—but definitely not all—of these monuments contain pri-
mary and secondary inhumations and associated burial furniture, sometimes in great
quantity. There exists variation in their form, nature, and function; however, while
variations have been identified, it is not yet clear what, if anything, those variations
mean. Furthermore, although it is possible to delineate numerous regional group-
ings of megaliths within South India, the two broad groups mentioned above (in the
Godavari and Krishna systems and the Vidarbha region) will be of concern here.

These megalithic monuments are visible and relatively easily recognizable on the
landscape (for example, as alignments of standing stones, stone slab supported by
boulders or arrangements of boulders and cairns) and consequently have been the
focus of more sustained research than the habitation sites related to the cemeteries.
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Once thought to be minimally or even nonexistent, habitation sites have now been
much more widely identified.

Most of these monuments do include large stones as structural or identifying
elements, but not all sites defined as megalithic contain large lithic elements. Perhaps
the best example of this is Adichanallur (also spelled Adittanallur). Adichanallur is
one of 38 sites reported by Alexander Rea on the banks of the Tambraparni River,
with skeletal remains (skulls and some post-cranial material, and sometimes ash) in
large red-ware urns. The urns were buried in pits, some as large as 2.74 m in diameter
and 4.5 m deep, and also contained grave goods that included artifacts of iron, copper
and gold, stone beads, black and red pottery, traces of cloth and rice and millet (Rea
1915; Kennedy 1987, p. 263). There is no significant lithic accompaniment and,
although technically not megalithic in the literal sense, this and other sites like if are
included within the megalithic tradition on the basis of chronology and associated
material culture, especially the presence of iron and the Black and Red Ware.

The term “megalithic” not only has chronological and cultural connotations but
also has been used to identify the South Indian Iron Age. Even though iron is associ-
ated with megalithic monuments, the monuments are not chronologically confined to
the Iron Age, as their construction continues into the first centuries AD in the South,
and is further attested to ethnographically in various parts of the subcontinent. So
although megaliths persist, the Megalithic period in the archaeological literature has
become synonymous with the Iron Age.

Sir Mortimer Wheeler (1947–1948) established the relative chronology of the
Megalithic period at Brahmagiri and Chandravalli in Karnataka (then Mysore), by
fitting it between the southern Neolithic and Early Historic periods (although his
absolute dates have now been revised earlier). Radiometric dates from various sites
indicate that the earliest IronAge levels at these Megalithic sites date to the beginning
of the first millennium BC; the earliest date for contexts with iron in the region
(ca. 1100 BC) is from the Neolithic/Megalithic Transition Period at Hallur on the
Tungabhadra River in Karnataka (Nagaraja Rao 1971, 1985; Possehl and Gullapalli
1999, pp. 168–169). The earliest dates for the Vidarbha megaliths as a whole fall in
the seventh century BC (Deo 1970), so as a group they are slightly later than those
further south. The Iron Age spans the period from approximately 1200 BC to 300
BC, with the terminal dates assigned on the basis of the emergence of Early Historic
cultural indicators (e.g., urbanism, Indo-Roman long-distance trade, and epigraphy)
(Chakrabarti 1992, p. 80; Moorti 1994, p. 5). Evidence from the late Megalithic
contexts has pointed to participation in the long-distance exchange networks (Moorti
1994; Srinivasan 2004) that also characterize the subsequent Early Historic period.

Jane McIntosh (1985) has identified four periods of megalith building that can be
divided into two phases based on the distribution of sites, funerary rites, and grave
morphology. She notes that the earliest period is coterminous with the distribution
of the Neolithic cultures of South India (in Andhra Pradesh, Tamil Nadu, and Kar-
nataka), indicating a continuity of cultural tradition rather than intrusion. The next
period sees the spread of megalithic monuments into the Vidarbha region of Maha-
rashtra and the appearance of horse skeletons and equipment in the graves. Horses
and vehicles are present, along with pottery and metal artifacts including tools and
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horse trappings. The horse skeletons in some cases exhibit cut marks on the bone
indicating possible sacrifice and burial along with the human interment (Thomas
1992, p. 13). The final periods of megalith building are associated with innovations
in the style of the graves and the introduction of funerary containers such as urns and
sarcophagi (McIntosh 1985).

The number of habitation sites recorded and investigated is small compared to
the number of cemeteries and tombs excavated. The research that has focused on
the nature of the funerary monuments themselves has been dominated by attempts
to create inclusive typologies and have been many descriptions of the varieties of
Megalithic burial monuments in South India (e.g., Krishnaswami 1949; Wheeler
1959, pp. 154–158; see also Allchin and Allchin 1967–1968, pp. 331–333), resulting
in varied typologies. For example, Wheeler (1959) offers eight types while Moorti
(1994, p. 2–3), on the other hand, offers only two major categories. These attempts,
however, have for the most part been unsuccessful. The large number of monuments
as well as variations in their construction has made typologies cumbersome as
analytical tools (see Moorti 1994 for further discussion). Until recently little attempt
had been made to move beyond his work, with research focusing on description and
categorization of the monuments and the material culture (see Chakrabarti 1992,
pp. 80–85; Moorti 1994 for further discussion; also Brubaker 2001; Mohanty and
Selvakumar 2002; Mohanty and Walimbe 1993). Not surprisingly this imbalance
in research has led to an incomplete understanding of the society and culture that
erected these monuments, including but not limited to their metallurgical practices.

Neolithic Copper

The earliest metal artifacts from the South Indian archaeological record are of copper.
They appear in small numbers during the Neolithic and continue into the Iron Age.
Although their number increases during the Iron Age, they are consistently fewer
than those made of iron and they tend to include fewer tools and more decorative
and ornamental artifacts. Unstratified contexts of copper artifacts include copper
hoards, which have been found in Tamil Nadu, Karnataka, Andhra Pradesh and
Kerala (Chakrabarti and Lahiri 1996, p. 75; Gupta 1989, p. 92).

The Southern Neolithic of India has been dated from the mid third millennium
BC, though most dates fall in the mid second millennium BC, and lasts until c. 1000
BC, or the beginning of the Iron Age (Korisettar et al. 2002; Nagaraja Rao 1985;
Paddayya 1973). Copper artifacts begin to appear in Late Neolithic contexts (Biswas
1996: 158–60), with the earliest ones confined to sites in Karnataka and Andhra
Pradesh (Chakrabarti and Lahiri 1996: 75). They consist of axes, fishhooks, needles,
chisels, swords, beads and other ornaments, and various fragments (Allchin 1960;
Biswas 1996, pp. 158–160; Chakrabarti and Lahiri 1996, p. 75; Sastry 2000).

One site with Late Neolithic copper artifacts is Hallur, a habitation and burial site
on the left bank of the Tungabhadra River in western Karnataka. It is a mounded
site with two periods of occupation—Neolithic and Early Iron Age—with an overlap
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between the two that indicates continuity of earlier cultural characteristics with the
emergence of Iron Age ceramics and iron artifacts. Megalithic monuments—cairns
and dolmenoid cist-circles—are located approximately 2 miles to the west and north
of the site, on hilly slopes, which may be contemporary with the site but were not
excavated (Nagaraja Rao 1971, pp. 12–13, 30).

The Late Neolithic phase at the site yielded three copper artifacts in conjunction
with a Late Neolithic stone blade industry, polished stone axes, beads (including one
gold bead, which was identified as an intrusive Early Iron Age artifact based on its
type) and ceramics. The copper artifacts were found associated with floors of circular
structures, and are described as “a miniature, double-edge axe, made on thin sheet of
copper with a broad edge and concave middle, looking like a brooch or bow. . . . [A]
flat, miniature axe, with a broad cutting edge, and is like a Parasu in shape. Made on
a thin sheet of copper. . . . A small fish hook, with the out-curved upper end flattened
and the end of the hook pointed. Made on a round copper wire (Nagaraja Rao 1971,
pp. 89–91).” a similar double edged axe comes from Paidigutta, Andhra Pradesh:
Sastry 2000: 182–83). The small size of the first two artifacts (smaller than 5 cm)
leads the excavator to speculate that they were either cult objects or, in the case of the
Parasu axe, a tool used for detailed work in scraping leather (Nagaraja Rao 1971, pp.
89–91). Analysis of Neolithic copper artifacts from two other sites (Tekkalakota and
Brahmagiri) indicates that they are over 90 % copper. However, there is no evidence
of smelting associated with the Neolithic sites (Bhardwaj 2000, p. 38; Chakrabarti
and Lahiri 1996, p. 75; Rao and Malhotra 1965).

An intriguing feature of the southern Neolithic is the presence of ashmounds.
These accumulations of often vitrified ash dot the landscape of the southern Deccan,
and have been the focus of some speculation. Local inhabitants regarded them as
the graves or remains of rakshasas or demons; early explorers thought the ash to
be volcanic or slag resulting from industrial activity. However, the first excavation
of a mound proved that they were artificial, and Bruce Foote associated them with
Neolithic settlements and proposed that the ash was burnt cow dung (Allchin 1963).
In the 1950s the ash was chemically identified as cow dung. Allchin and Allchin
(1967–1968) proposed cattle pens and domestication centers, with periodic burning
of the dung accounting for the creation of the mounds. Paddayya’s (1998, 2002)
work in Budihal has shown that far from being single purpose cattle pens, these
mounds are a combination of animal penning yards and settlement areas, with the
yard occupying a central area, surrounded by habitation. The evidence points to a
pastoral camp, since the mound is located in poor agricultural soils, but in areas that
would have provided good pasture. Included in the material culture are ceramics
and stone implements including flakes stone tools. At Budihal an enormous area of
debitage characterized as a chert workshop, ‘the only known blade industry workshop
in the context of the southern Neolithic culture’, was excavated (Paddayya 1998, p.
12). Furthermore, at Kupgal bits of quartz and feldspar were found to be mixed in
with the ash, indicating a redeposition of the dung (Paddayya 1973).

Thus what emerges clearly is that the nature of the ashmounds is not yet set-
tled, and more recent scholars have emphasized the symbolic, monumental, and
phenomenological aspects of these features (see Bauer et al 2007; Boivin 2004;
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Johansen 2004). Of interest here is the fact that some of these ashmounds are in
proximity to megalithic monuments. While earlier scholars saw the megaliths and
the attendant iron technology as intrusive phenomena (e.g., Wheeler 1947–1948,
pp. 199–202), excavations at Palavoy in Andhra Pradesh have found Iron Age pot-
tery and two iron artifacts within an ashmound. The fact that ash mounds seem to be
in the vicinity of megalithic sites combined with the stratigraphic overlap between
the two periods and similarities in the creation of cultural landscapes and in burial
patterns have been used to argue for a continuity between the Neolithic and Me-
galithic periods (Chakrabarti 1999, p. 239; Moorti 1994, p. 111; Rami Reddy 1990;
see Johansen 2004, p. 310) and consequently a continuity of technological traditions
as well.

Iron Age Metal

It is with the first millennium BC that significant numbers of metal artifacts—
specifically, of iron, copper, and gold—appear in the archaeological record, along
with evidence for iron production. Although from limited contexts these two lines of
evidence argue for the emergence of a metal age (see discussion in “New Directions”
below). The paucity of copper in earlier contexts contrasts with the relatively greater
presence of copper. Although there is more copper than during the previous period,
there are still fewer artifacts of copper and bronze than of iron.

A wide variety of iron artifacts are associated with megalithic Iron Age burial and
habitation contexts, and the habitation mound at Hallur provides some of the earliest
contexts. Eighteen iron artifacts were found, most of them associated with ashy and
burnt deposits and pits cut into such deposits. They were not associated with any
structural remains, unlike the earlier copper artifacts. One copper rod fragment was
found from the Early Iron Age contexts, and one gold bead assigned to the Early
Iron Age although found in earlier deposits. The iron artifacts consist of arrowheads
(9), spearheads (2), knife blades (4), and points (2) with one artifact not described.
Two arrowheads from the same context are described as being heavily encrusted with
grains of rice and millet (Nagaraja Rao 1971, pp. 91–92).

Chakrabarti (1992, pp. 81–85; see also Tripathi 2008, pp. 113–118) provides a
list of early artifact types that includes axes, hoes, spades, sickles, pickaxes, stone-
cutter’s wedges, bar wedges, crowbars, chisels and adzes, knives, tripods, swords,
daggers and dirks, spear arrowheads, ceremonial scalloped axes, trisula (trident),
hook-lamps, pendants, unknown objects. As a whole, taking into account later Iron
Age contexts, these artifacts include weapons (e.g., daggers, swords, arrowheads,
spearheads), tools (e.g., axes, knives, sickles, chisels, hoes, nails, adzes), utensils
(e.g., pans, saucers, ladles), and toiletry articles (bangles, nail parers) as well as horse
equipment (bits and ornaments). Horse equipment seems to be concentrated in the
Vidarbha region (see Brubaker 2001). Excavations at the associated habitation/burial
sites of Takalghat and Khapa (in the Vidarbha region, seventh-sixth century BC)
point to a potential differential deposition of iron artifacts between the two contexts.
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While artifacts like ladles, bangles, and arrowheads are common to both contexts,
the excavator notes that the burials contained more tools and weapons than domestic
artifacts (Deo 1970, p. 45; Fig. 25.1).

There have been some instances of bimetallic artifacts. A megalith at Mahurjhari
(a site in the Vidarbha region) yielded a dagger with an iron blade and a bronze hilt
(Deo 1973, p. 46). Other such artifacts have been reported from Pochampad, from
the grave pit of Megalith 1: “On the eastern and western fringes of the pit were placed
two iron implements, probably javelins. . . . Few barbed and socketted arrow heads
were placed to the left of the skull. . . . Daggers and copper hilted knives were kept
on either sides to the skull. In the south eastern corner of the pit, a large copper hilted
dagger was also found fixed in between a red ware pot and stone pedestal (Murthy
2000, p. 98).”

Additionally, from the burials at Mahurjhari, copper bowls, lids with decoration,
bangles, horse ornaments like bells and face pieces, and pieces of copper wire (com-
pared to iron weapons, carpentry tools, agricultural tools, toiletry articles, and horse
equipment) (Deo 1973, pp. 37–43). It is also interesting to note that at Takalghat
and Khapa, which offer a direct comparison of habitation and funerary contexts, the
majority of the copper artifacts (in categories similar to Mahurjhari) were found in
the burials rather than in the habitation (Deo 1970, p. 51; see Brubaker 2001 for a
discussion of regional characteristics).

Some sites have yielded significant numbers of bronze artifacts. The excavation
of the urn burial field at the site of Adichanallur in southern Tamil Nadu has yielded
bronze artifacts including ornamental vase stands, bowl lids, bowls, jars, cups, sieves,
strainers, plaques, bangles, necklaces, ear ornaments, and diadems. The excavator,
Alexander Rea, lists 122 bronze artifacts (compared with 394 iron artifacts). He also
identifies 20 gold artifacts, 19 of which he identifies as diadems, items of various
shapes with holes through which strings could pass that attached them to the body
(Rea 1915; see also Chakrabarti and Lahiri 1996, pp. 90–92; Sundara 1972).

Gold artifacts are regularly found in Iron Age contexts, although not always and
not in great numbers. Mahurjhari (in addition to Adichanallur discussed above) may
be an exception. The excavators describe 2 necklaces, several groups of beads and
ear ornaments, gold leaf fragments, and a group of circular disks, all from burial
contexts (Deo 1973, pp. 54–56; see also Deglurkar and Lad 1992).

Production Evidence

Investigations into metal production practices have, for the most part, focused on the
Iron Age and consequently that will be the focus of discussion here. Compared to
the number of metal artifacts that have been uncovered from Iron Age contexts, there
is limited production evidence, partially due to the fact that few habitation or non-
funerary sites have been excavated. Samples of metal artifacts have been analyzed
to identify composition and, less frequently, to provide information on techniques of
production. However, such analyses have addressed only a very small number of the
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available artifacts, making it difficult to identify trends within and across sites and
to hypothesize effectively about the nature and distribution of production practices.
The data on furnaces and associated pyrotechnological installations are even fewer,
and, as with the artifact analyses, their small number makes it difficult to assess to
what extent their characteristics are typical of Iron Age metal production practices.
Investigation of ancient mining locations and practices have come to light mainly
through survey, especially the work of geologists.

Mining

Gold, copper, and iron ore are present in South India and there is evidence that all
three metals were mined and exploited in antiquity, although there has been little
archaeological investigation of mining operations.

Allchin (1962; see also Dube 2001) provides an overview of the evidence for an-
cient gold mining activity in South India, incorporating material reported by British
geologists and officers. There is evidence for old workings in and around the Kolar,
Gadag, and Hutti regions of Karnataka, where there is still significant contemporary
gold mining. Although the shafts and depressions that indicate ancient mining have
been recorded, less has been noted of the associated artifacts, if any, making deter-
mining chronology of use and cultural affiliation more difficult. The workings are
indicated by shallow depressions, mounds of rubble, stone mauls, and hollows in
rocks. Some areas (such as that around Hutti) have a high density of old workings-
several hundred in less than 200 km2. Shafts range from 30 m to 100 m deep, with
timbering used in galleries. Firesetting was used as a method of excavation, indicated
by presence of ashes, charcoal, and ventilation shafts. The fact that there were at-
tempts to bail out water from the deeper shafts is evinced by water pots at the bottom
of some old workings. Rope marks on timbers and stone attest to ore being hauled
up to the surface. Mortar holes and depressions in rocks adjacent to the shafts and
boulders used to crush ore indicate that ore processing began near the mines (Allchin
1962; Willies 1992).

There are several dates from the Hutti and Kolar gold mines. Two samples of
timbers from a depth of 250 ft in the Hutti mines were dated to 1890 +/− 70 BP
and 1810 +/−70 BP (Allchin 1962; Agrawal and Margaband 1975–1976, p. 139
note that the dates were probably based on a 5568 half-life and thus when converted
to 5730 half-life would be 1945 +/− 70 BP and 1865+/−70 BP). A wood sample
from a mine in the same area was dated to 1290+/−60 BP (Nagabhushanam et al.
2008). Two dates from the Kolar mines are 1290+/−90 BP and 1500+/−115 BP,
although no information was provided regarding the context or nature of the samples
(Agrawal and Margaband 1975–1976, p. 139). There are also two dates from gold
mines in Chigargunta in Andhra Pradesh. Charcoal and wood samples were dated to
1270+/−110 BP and 1050+/−110 BP respectively (Agrawal et al. 1991, p. 330).

Taken together, these dates indicate gold mining activities spanning from the late
centuries BC to the late first millennium AD, with an overlap in the dates of the Kolar
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and Hutti mines indicating contemporary exploitation. However, since mines by their
very nature tend to be long-lived, with potential reuse of framing timbers and other
such features, reliance on only radiocarbon dates tends to mask nuances in changes
in use patterns. Addressing this requires investigating mining sites as archaeological
sites, with the attendant emphasis on material culture and on integrating the mines
into their broader social and economic contexts. Allchin (1962), for example, points
to diagnostic artifacts found at Hutti-a stool, pot, grinding stone, and stone disks-to
support the dating of the mining there to the last centuries BC and first centuries
AD, possibly related to the expansion of the Mauryan polity. He also notes that iron
gouges were found at Kolar and Hutti and argues that gold mining could not have
predated the South Indian Iron Age (although exploitation of surface gold could have
started during the Neolithic). These hypotheses must remain tentative until further
investigation.

Ancient copper mines are located in Karnataka and Andhra Pradesh, although
information about them is less robust. In Andhra Pradesh, old workings have been
identified in northern districts (Bellary, Guntur, Kurnool, and Nellore). At Agnigun-
dala (also spelled Agnikundala) in Guntur, old copper workings are spread over 3
km2 and are indicated by ore dumps, pounding stones, furnaces, and slag. Although
no datable artifacts were recovered from these workings, material from Bandlamottu
Hill in the same range was dated to 900+/−80 BP, 655+/−90 BP and 535+/−90
BP (Agrawal et al. 1976; Biswas 1996; Shrivastava 1999). Wood from the Ingaldhal
copper mines of Karnataka was dated to 2010+/−110 BP (Agrawal et al. 1991, p.
332). Biswas (1996, p. 320) notes an undated copper mine associated with a me-
galithic settlement in the Hassan district of northern Karnataka. The mine shafts were
associated with evidence for crushing, washing, and smelting ore.

Iron ore is prevalent throughout much of South Asia, and South India is no excep-
tion (Chakrabarti 1977, 1992). Ironically, despite the number of iron artifacts and
the instances of iron smelting furnaces and slag that have been uncovered, there is
the almost no information about ancient iron mines in South India. Various types of
ores such as magnetite, hematite, and limonite are present in various forms including
iron rich sand. Scholars have also argued that iron ore is more easily available on or
near the surface (including in the form of ferruginous sand) and therefore may have
left less significant traces of mining (see Tripathi 2008, pp. 103–111). Chakrabarti
(1977, pp. 168–169) also makes the important point that while much of this iron ore
may not be of high enough quality for modern iron smelting industries, it was appar-
ently more than adequate for ancient metalworkers. Therefore, modern assessments
of the presence of iron ore are of limited utility since they are concerned with ores
appropriate for modern industry.

Unlike gold mining and production, there seems to have been no hiatus in the
production of iron in the region. Therefore, while early scholars and chroniclers had
to deduce the existence and impact of gold mining based on old workings, they en-
countered plentiful evidence of robust iron production practices. Such ethnographic
information describing pre-industrial iron smelting has played a prominent role in
attempts to reconstruct ancient iron production practices.
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Smelting and Forging

The primary indications of production activities are deposits or heaps of slag which
have been reported from numerous sites and from surface surveys. The frequency
and consistency of such reports is such that it indicates that production activities were
widespread across the landscape and among sites. Although a series of furnaces have
been excavated from various sites, there exists an overall paucity of such evidence.
The published material provides relatively limited descriptions of the furnaces, their
contexts, and associated material culture, making tenuous any assessment of or elab-
oration on the data provided. While all the furnaces do indicate production practices,
the precise nature of those practices-for example, distinguishing between bloomery
and cast iron production, or identifying crucible steel production-is sometimes un-
clear (see below). Additionally, because of the relatively small number of excavated
furnaces, it is difficult to identify patterns in production practices and therefore dif-
ficult to determine whether a given instance is indicative of widespread techniques
or whether it is an aberration. Furthermore, the excavated furnaces are mostly dated
to the latter part of the Iron Age, rather than to the beginning, meaning that they are
less relevant to investigations of how iron technology may have initially emerged in
South India.

Here I provide an overview of the evidence for metal production taking place in
South India. While there is significant evidence of ferrous metallurgical activity, the
evidence for the production of other metals such as copper and gold is less.

Of the 399 megalithic sites analyzed by U.S. Moorti (1994, pp. 38–42, 110),
91 have yielded evidence of various production activities, including ore, slag, and
furnace fragments relating to iron, copper, and gold metallurgical activities. He lists
68 sites that have evidence of iron smelting, 3 with evidence for copper smelting, 18
with evidence for gold working and 2 with evidence of silver working. He further
notes that approximately 40 % of megalithic sites are located in resource-rich zones
that include metal ore deposits.

Mudhol (1997, pp. 6–8) identifies a series of ancient iron working sites in northern
Karnataka, based on the presence of slag and ash. He argues that there is evidence
that many megalithic sites are associated with nearby iron-smelting and iron-working
installations. However, there is little or no excavation or further evidence to corrob-
orate most of these identifications, and it is unclear whether the indications of iron
slag are from surface or excavation contexts and what the stratigraphic relationship is
between the slag and the Megalithic monuments (e.g., Allchin 1960, where the slag
is noted on the surface and is dated to the medieval period). If these identifications
are accurate, however, then it would seem to indicate that there is a significant occur-
rence of iron working in proximity to these Megalithic monuments and habitation
sites.

A furnace that has been often cited in discussions of early iron production evi-
dence comes from the Iron Age Megalithic site of Naikund in the Vidarbha region
(Deo and Jamkhedkar 1982). This is a well described furnace with an associated
habitation area dated from the sixth to the fourth centuries BC. Gogte (1982a) found
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the furnace, located at a distance from the two mounds being excavated, using a
three-probe resistivity survey. It was excavated independently in a 4×4 m trench.
As outlined in Possehl and Gullapalli (1999), the furnace was circular, built up of
interlocking clay bricks, about 30 cm in diameter and 25 cm in height. The bottom
of the furnace was paved with bricks. A tap hole for the slag was detected, and two
(vitrified) tuyères were recovered, as well as 40 kg of slag. Only one piece of iron
was recovered, corroded and approximately 5 cm long by 5 cm thick. A few pieces
of iron and manganese ores were also recovered, which, along with debris located
about 1 km to the southeast of the site, indicate the possible exploitation of the nearby
manganiferrous belt. However, despite the relatively detailed description of the fur-
nace, there does not seem to be any architectural context that can help reconstruct
the relationship between production activities and the habitation. Gogte (1982b) also
attempted to evaluate the efficiency of iron smelting carried out at the site. He deter-
mined that using about 10–12 kg per operation, these Megalithic smelters were able
to produce 3.0–4.2 kg of pure iron.

An iron smelting furnace has been reported from Banahalli in Karnataka (dated
400–300 BC). Excavations revealed a bowl shaped cavity in the ground, associ-
ated with slag, ash, and charcoal. At the bottom of the furnace were a “cake of
metallic iron” (Mudhol 1997, p. 35) and a large amount of slag, while excavations
at Paiyampalli (c. 640–380 BC) in Tamil Nadu yielded large amounts of iron slag
(Ramachandran 1989, p. 326; Archaeological Survey of India 1964–1965, p. 22,
1967–1968, p. 28). Sasisekaran (2004, pp. 17–21; see also Sasisekaran and Raghu-
natha Rao 2001) notes that a series of sites in Tamil Nadu have yielded fragments
of furnaces, tuyères and slag. Although many of these remains have either been
disturbed or are not well described (or both), their consistent presence across the ar-
chaeological landscape does indicate that metallurgical practices were not confined
to certain regions. The scale of production at these sites as well as the distribution
of production practices in relation to sites in their immediate vicinity would begin
to provide information regarding the organization of production. A glimpse of such
patterning comes from the site of Kodumanal, discussed below.

Evidence from two sites—Kodumanal and Guttur—has been identified by their
excavators and by other scholars as being of special importance in the development
of iron and steel metallurgy in South India. As will be discussed below, however,
these assertions can only be tentative until more information is brought to light about
the metallurgical installations in each case and more systematic analyses of metal
artifacts are undertaken.

Kodumanal (Rajan 1994) is a megalithic burial and habitation site that covers
approximately 100 acres and is located on the banks of a tributary of the Kaveri
River in Tamil Nadu. Its occupation has been dated to between the third century
BC and the third century AD, based on ceramic and epigraphic evidence. The site
has yielded significant evidence of bead and metal (iron) manufacture, as well as of
participation in long distance trade, including the Indian Ocean trade. The evidence
for metal production comes from two distinct areas of the settlement, in the northern
and southern areas, each of which has yielded two different types of metallurgical
installations (Rajan 1998b; see also Rajan 1998a; Sasisekaran 2002).
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One of the iron smelting furnaces was delineated through excavation and is de-
scribed as having a circular base surrounded by slag, vitrified brick bats, and tuyère
fragments. There was also a granite slab associated with the furnace, which is in-
terpreted as an anvil; if this is so, it seems to indicate both smelting and forging
occurring at this site.

To the north of the smelting furnace two additional furnace installations were
excavated, one of which is described. It consisted of a large oval furnace which is
surrounded by more than twelve smaller, circular furnaces. A crucible was found in
one of these furnaces, and the entire installation is interpreted by the excavator as
an early furnace for the production of crucible steel (as opposed to the production
of wrought iron, which was taking place at the southern furnaces described above)
(Rajan 1994, pp. 95–96). Other scholars have characterized this as the production of
wootz (Sasisekaran and Raghunatha Rao 1999, p. 266).

This assertion of early crucible steel production needs further investigation, clar-
ification, and elaboration. Crucible production of steel allows for a product with
carbon and structural homogeneity, while limiting the presence of slag and other
inclusions. Paul Craddock notes that in the South Asian context, “the most famil-
iar products of crucible steel were the so-called Damascus-patterned blades forged
from a very special variety of the crucible steel, and the term wootz could be used
specifically for this patterned variety” (2003, p. 239). Confusion arises because of a
conflation of all crucible steel with wootz; if the two terms are understood to mean the
same thing, then any evidence for pre-medieval crucible steel would necessarily be
understood to refer to wootz. However, it is possible to be engaged in the production
of crucible steel without producing wootz, and Craddock (2003), through an exami-
nation of documentary material, argues that there is evidence for early (first centuries
AD) crucible steel production in South Asia. He notes that the evidence from Kodu-
manal (and from sites in Sri Lanka) could be the archaeological confirmation of the
documentary evidence. This assessment is dependent on further information about
and analyses of the crucible and the iron artifacts manufactured at the site (see next
section for discussion of the analysis of iron artifacts from Kodumanal).

The excavator notes that there are discernible differences between the locations
of iron smelting as opposed to steel production. Based on the distribution of artifacts
and production debris, he argues that craftworkers involved in the stone and steel in-
dustries were located in the northern part of the site, with agriculturalists in the center
and agriculturalists and iron smelters in the southern areas. The iron and steel pro-
duction areas of the settlement were separated by approximately 300 m. A resistivity
survey suggested that iron smelting furnaces were concentrated in the southern area
of the settlement (spread over 100 m2), and a lack of significant structural remnants
or artifacts besides potsherds suggests that this was the edge of the habitation. The
steel production area, by contrast, had evidence of post-holes, indicating a super-
structure as well as coins and inscribed sherds, which in conjunction with adjacent
trenches seems to indicate a more central location. The stratigraphic relationship
between the iron and steel installations is unclear, although they are interpreted as
being contemporary. The excavator argues, based on the differential nature of struc-
tural remains, that the steel producers occupied a higher social/economic position
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than the iron producers, which indicates the apparently differential valuing of steel
over iron (Rajan 1994, pp. 61–66).

Guttur (Archaeological Survey of India 1982–1983, pp. 71–72; see also Raghu-
natha Rao and Sasisekaran 1997; Sasisekaran 2002), is a site in northwestern Tamil
Nadu whose occupation spans from Megalithic to Late Medieval and modern periods
(third century BC to ninth century AD, based on ceramics and other artifacts), with
no earlier Neolithic component. Excavation in three trenches has revealed structures
with several rooms constituted of stone and brick walls and earth floors. In another
trench, whose spatial and stratigraphic relationship to those with the structures is
unclear, the excavators uncovered what were initially described as “elongated, oval
shaped, trough-like terracotta objects recalling Megalithic sarcophagus” (sic; Ar-
chaeological Survey of India 1982–83, p. 72). Due to the lack of funerary objects or
bone, and the presence of terracotta pipe fragments encrusted with iron and a large
quantity of iron slag, the excavators hypothesized that these installations might have
been iron smelting furnaces; they did not assign a time frame for these installations.

During later surveys, fourteen other sets of similar installations, now identified
as “twin furnaces,” were located in addition to those already excavated (Raghunatha
Rao and Sasisekaran 1997; Sasisekaran 2002). Raghunatha Rao and Sasisekaran
(1997, pp. 349–350; see also Sasisekaran 2002, p. 21)) argue that these installations
were iron smelting furnaces based on the presence of slag and apparent bellows and
tap holes, and also on the fact that they closely resemble working furnaces described
by European travelers and chroniclers such as Robert Bruce Foote. While these
historical reports indicate that the furnaces were producing wrought iron, those at
Guttur have been identified as potentially producing cast iron.

The assertion that the Guttur installations produced cast iron is based on metal-
lographic analysis of one artifact and the presence of possible terracotta “molds.”
These hollow terracotta rings dating from the late Iron Age (c. third century BC) have
been found at other sites in Tamil Nadu. They are approximately 30 cm in diameter
and have a spout (Sasisekaran 2002, p. 22). However, it is unclear if there is any
explicit evidence connecting these terracotta objects to iron production activities.

Most recently, Peter Johansen’s (2007, 2008) work at the Iron Age sites of
Bukkasagara and Rampuram reinforces and elaborates on the spatial patterning of
production activities apparent in the studies mentioned above. Significant evidence
for metal production in the form of smithing and forging slag occurred at Bukkasagara
and was concentrated in a circumscribed area. There was less metallurgical evidence
at Rampuram; however, it too was spatially delimited within the site and indicates
smithing rather than smelting activities. Such evidence means that the smiths would
have had to acquire their iron from elsewhere, and perhaps points to a systematic
differentiation of iron production activities based on stage of production, an argu-
ment that has also been made for other parts of South Asia. Iron production is too
broad a term in that it does not capture the potential for differential organization of
the various stages of production (see Gullapalli 2005).

At Bukkasagara and Rampuram, Johansen’s ceramic and architectural (including
mortuary) analyses at these sites reveals patterns of social differentiation in which
certain practices such as commensality, mortuary rituals, and iron production were of
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significance. Although in its initial stages, this research begins to delineate possible
relationships between the control of iron production (at least one stage of it) and
social and political distinctions within Iron Age society, such as those that are also
reflected in Robert Brubaker’s (2001) analysis of megalithic cemetery size, form and
distribution across South India.

Analysis of Metal Artifacts

A number of metal artifacts have been analyzed, and in most cases it has been to
identify the constituent elements of each artifact. Indeed, many excavation reports
contain a compositional analysis of some iron and copper/bronze artifacts to deter-
mine the nature and extent of alloying. For example, a number of iron artifacts have
also been analyzed for their composition, primarily to determine carbon content and
therefore the extent (if any) of steeling (see Chakrabarti 1992, pp. 93–95 for a gen-
eral discussion; examples include analyses of 1 to 2 artifacts from Takalghat and
Khapa (Munshi and Sarin 1970, pp. 78–79) and Mahurjhari (Joshi 1973, p. 77)).
Here, the focus is on studies that have gone beyond composition and that have
addressed other aspects of production.

As Possehl and Gullapalli (1999) note, analyses of early iron artifacts have re-
vealed that specific properties of iron were being exploited by Iron Age smiths and
that there existed an apparently long tradition of lamination techniques used in their
fabrication (see also Agrawal et al. 1990; Agrawal et al. 1983) analyzed three iron
artifacts—two implements and an axe—from Tadakanahalli (northern Karnataka,
ca. 1000 BC). Multiple sections were taken from each sample, allowing the recon-
struction of the production process. The investigators concluded that each artifact
was composed of two definite layers; that the edge was mainly martensite, meaning
that the implements had undergone quenching; that layers of ferrite and pearlite are
present; and that martensite decreases and pearlite/ferrite increases toward the inte-
rior. Similarly, metallurgical analysis of two iron artifacts (fragments of a sword and
dagger) from Kodumanal in Tamil Nadu indicated a differential hardness between
core and edge of the blade (Sasisekaran and Raghunatha Rao 1999, p. 266–272).

The artifacts from Tadakanahalli discussed previously showed that layers of
wrought iron, which had been carburized, were forged with high carbon sheets,
indicating that the smiths were able to manipulate high carbon and low carbon sheets
to their advantage. A spear from Kumaranhalli (northern Karnataka, c. 1200 -1100
B.C.) and another axe from Tadakanhalli were subjected to metallographic analysis.
The results also revealed alternating layers of carburized (characterized as a hypoeu-
tectoid steel) and uncarburized iron,which had been hammered and welded together
(Agrawal et al. 1990). Mudhol’s metallographic analyses of various iron artifacts
indicate the presence of this technique at other sites (Mudhol 1997, pp. 61, 64).
Analysis of four artifacts from the Vidarbha megaliths also indicates consistent evi-
dence for lamination (Joshi et al. 2008), as did that of an iron bar from Mallappadi,
Tamil Nadu (Sasisekaran 2004, pp. 38–39).
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Seven iron artifacts and a piece of slag from Kodumanal were analyzed –two
arrowheads, an iron chisel, a sword bit, dagger, nail, and bead (Sasisekaran 2004,
pp. 44–54). The two arrowheads were hot forged, which resulted in higher carbon
contents at the surface. They had variable microstructures and varying hardnesses
at different areas. The chisel was of a high-carbon steel resulting from carburization
during the forging process, while the dagger had a body of low carbon steel with a high
carbon cutting edge and exhibited evidence of bands having been welded together.
The nail and bead were hot forged and exhibited varying microstructures. All of these
artifacts had slag inclusions. The exception seems to have been the sword bit which
was heavily corroded but whose microstructures revealed spheroidal graphite iron.
However, the investigator points out that more artifacts would have to be analyzed
to determine whether this was an accident or intentional.

The microstructure of an iron artifact (not described) from Guttur was analyzed
and revealed significant variations across a cross section of the artifact and included
pearlite, cementite, and ledeburite. The latter is interpreted as evidence for the pres-
ence of molten metal (cast iron), with variation in cooling resulting in the variation in
microstructures. Compositional analysis of another heavily corroded artifact yielded
the presence of iron oxide, phosphorus, and sulfur. The ore for the furnaces may have
been the locally available ferruginous sand, and XRD analysis of slag indicates that
the ore was of high quality and high in iron oxide (Raghunatha Rao and Sasisekaran
1997, pp. 353–354).

The copper artifacts of the Iron Age have received relatively less analytical at-
tention. Srinivasan (1997, 2006; Srinivasan and Glover 1995, 1997) has analyzed
high-tin bronzes from megalithic sites in South India, including Adichanallur. She
argues that these artifacts “reflect sophisticated bronze working practices with the
use of a specialized alloy known as wrought and quenched high-tin bronze alloy. . . .
These not only rank amongst the earliest such alloys known in the world but also
suggest that bronze metallurgy at the time was more advanced than previously sus-
pected (Srinivasan 2004, p. 1).” Her analysis of slag from northern Karnataka has
also pointed to the existence of local bronze working, refuting arguments that these
metal objects (if not the technology as well) were imported from Southeast Asia
(Srinivasan 1998; see Rajpitak and Seeley 1979). Other analyses of copper have fo-
cused on identifying the composition of the artifacts (e.g., Joshi 1973, p. 77; Munshi
and Sarin 1970, pp. 78–79).

Six of the gold artifacts from Mahurjhari were analyzed (Nasnolkar 1973,
pp. 78–79): a ring, three earrings, an ear ornament, and some gold leaf. Although all
of these artifacts have been identified as gold, compositional analysis revealed that
all were composed of gold and silver. Prasad and Ahmad (1998) note that the gold
deposits of South India contain silver of varying percentages, such that the color
of the gold ranges from yellow to almost white. They also note that native silver
deposits are extremely rare in India. In this case, the percentage of gold ranged from
6 % (the gold leaf) to 74 % (the ear ornament), which resulted in varying shades of
gold. Nasnolkar suggests that although the ear ornament now looks blackish because
of tarnish, if it was heated it would look perfectly white. All except one pair of small
earrings were manufactured by hammering. The small earrings are tubular, and were
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manufactured by pulling the metal through a piece of bone or stone. The tube was
then filled with a lacquer or resin and then shaped using a wooden cylinder.

What emerges from this overview of production evidence is that there is a great
deal of interesting and significant information waiting to be exploited. The fullest
potential of such data can only be realized when more mines and furnaces are lo-
cated and when series of artifacts are analyzed, rather than small samples. Such
analyses will then yield patterns that can speak to the intentions and capacities of the
metalworkers of the Iron Age.

New Directions?

A great deal of progress has been made over the past decades in the investigation
and understanding of the megalithic monuments of South India and their associated
metal technologies. However, it is also very obvious that a great deal has yet to be
done. New approaches to the monuments are emerging that situate them within the
construction of political and symbolic landscapes (e.g., Bauer et al. 2007; Brubaker
2001; Johansen 2004). This move from a static and descriptive to a dynamic ap-
proach is a promising one that offers alternative means of engaging with the Iron
Age landscape of South India. Similar shifts need to occur in the investigation of
metal technologies in order to build on what has been done (see also Mohanty and
Selvakumar 2002).

A primary concern is the lack of contextual information regarding production
practices. A focus on funerary contexts has meant that little evidence of production
has been uncovered leading to an inadequate understanding of how metal technolo-
gies functioned within Iron Age societies. The research has also been dominated by
one mode of consumption—that of funerary contexts—but with little relation to daily
activities and other forms of consumption of such trade. In many ways, the symbolic
and ritual significance of the funerary deposits can only emerge through compari-
son with other modes of using and disposing of the metal artifacts. It is interesting
that the initial appearance of this new technology—one that is especially amenable
to recycling—is associated with significant numbers of artifacts being taken out of
circulation as they are interred with the dead. This seems to indicate that symbolic
understandings of metal technology were as important as (or more important than?)
utilitarian ones.

Certain trends that have only been hinted at so far—the differential deposition of
copper in habitation and funerary contexts—need to be further investigated. Such
investigations can also help us to understand the role of the multiple metal tech-
nologies within Iron Age societies. What was the relationship between iron, copper,
gold, and silver? Furthermore, what was the significance of the bimetallic artifacts,
if any? Is there any significance to the recurrence of laminating as a technique of
production? Finally, what was the dynamic between metal and stone technologies?
Allchin and Allchin (1982, p. 329), for example, note that the stone blade and stone
axe industries of the Neolithic differentially persist in the Iron Age. Mohanty and
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Selvakumar (2002, pp. 333–334) argue that a paradigm shift needs to occur, one in
which megalithic sites are not simply understood as discrete entities within a chrono-
logical or typological framework but are instead situated within local and regional
landscapes arising out of specific cultural processes and patterns.

Such a repositioning requires moving away from general discussions of diffusion
and migration that tend to mask the various levels at which such processes can work
and that blur the distinction between initial local development and the subsequent
dissemination of the new technology across the landscape. The utility of an emphasis
on determining antiquity (and therefore “origins”) has been exhausted; delineating
metallurgical traditions and their roles within and relationships to social forms may
prove to be a more fruitful avenue—one that builds on past research rather than
replicates it. AlthoughAllchin andAllchin (1982, p. 335) point to a similarity of form,
there is also emerging evidence for a differentiation of process. Craddock (2003; see
also Bronson 1986) notes two methods for the production of crucible steel in South
India; Johansen’s (2007) research may lead to identification of forging sites as distinct
from smelting sites, while at the same time Rajan’s (1994) work at Kodumanal
seems to indicate several production related activities at one site, with attendant
social implications. Although chronologically separated, these examples indicate
potentially dynamic landscapes in which control over production and metallurgical
production techniques may be two of many dimensions. Indeed, the variation and
similarity embodied within the aspects of the archaeological record of the IronAge—
a combination which has tended to stymie attempts at comprehensive typologies—
may best be approached, in part, by investigating how iron production practices were
manipulated and adapted within the contexts of dynamic local Iron Age societies.

An emphasis on origins and expertise—on the first appearances of a predetermined
technological standard—undervalues its subsequent manipulation, adaptation, and
elaboration within specific social and cultural contexts. Such an approach obscures
any potential stages of experimentation that may have been a prelude, in this case,
to the consistent and purposeful production of iron. In South India such a stage
is yet to be defined, so although we know when iron artifacts begin appearing in
the archaeological record, we do not know how the metalworkers arrived at that
point. Ironically, the delineation of such a stage may put to rest any lingering doubts
about the indigeneity of iron in South India for we would be able to situate iron
production within a set of local practices. Joyce White and Elizabeth Hamilton (this
volume) put forward an effective argument about the origins of Southeast Asian
bronze metallurgy by moving beyond formal similarities in artifacts. They argue that
the practice of metal production in Southeast Asia has affinities to Eurasian metal
traditions and that this is an important component of the problem that must not be
overlooked. Their holistic approach to metal technologies can be instructive here,
for it highlights the efficacy of systematically incorporating production techniques
and the social contexts of use and production into the discussion.

These are by no means all of the questions and possible directions that emerge
regarding early metal in South India. However, if we are to be able to address the
types of questions put forth by the editors of this volume, we need to significantly
change the paradigm that structures our approach to the megalithic monuments and
metal technologies of the Iron Age of South India.
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Chapter 26
Metals, Society, and Economy in the Late
Prehistoric Eurasian Steppe

Roger Doonan, Bryan Hanks, Dmitry Zdanovich, Elena Kupriyanova,
Derek Pitman, Natal’ya Batanina and James Johnson

Eurasian Steppe Prehistory and the Study of Metals

The dynamic relationship between the production and use of metals has been tied
persistently to the emergence and development of complex social orders in many
regions of the ancient world and has played a crucial role in the rise of the modern
industrial world (Knapp et al. 1998; Maddin 1988; Levy 2003; Linduff 2004; Tyle-
cote 1987). Importantly, as Knapp (1998, p. 1) observed, “the study of the mining
of metals—the bailiwick of several different disciplines—reveals great diversity of
approach.” When harnessed together, however, such diversity provides a formidable
conceptual and methodological approach capable of yielding more holistic under-
standings of societies, metals, and the shifting historical and cultural values that
surround them. The articles contained within this reader are a solid example of this
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approach and provide an important up-to-date synthesis on metallurgical studies in
many parts of the world.

Eurasian steppe metallurgy is frequently viewed as existing well beyond the
initial innovation of exploitative metal technology in northwestern Asia (Roberts
et al. 2009). Subsequent to developments in this core region, it has been suggested
that metallurgical technologies made their way into the Caucasus and northward
into Europe and then eastward across the great northern Eurasian region in an
ever-expanding zone of contact and exchange. Unfortunately, much is still unknown
about the processes by which such technologies moved within and between larger re-
gions and even less is understood regarding how the formation of new technological
practices became intertwined with local social and economic settings. In many cases,
we would argue, too much emphasis has been placed on large-scale diffusion and too
little on understanding the articulation between local and regional contexts of metal
production and use. In contrast, some scholars have focused on this very problem and
have contributed research in recent years that now provides an extremely valuable
comparative perspective for those of us working on similar issues (e.g., Chernykh
et al. 2000; Chernykh 2002a, b, 2004a, b; Kassianidou and Knapp 2005; Knapp
et al. 1998; Levy 2003; Peterson 2009; Peterson et al. 2006; Shennan 1998; Roberts
et al. 2009). Much of the detailed study of metals and the diffusion of technology in
the northern Eurasian region, including the grassland steppes zone, can be attributed
to the work of Evgenii Chernykh and colleagues at the Institute of Archaeology,
Russian Academy of Sciences, Moscow. The detailed study of more than 120,000
objects and attainment of more than 1,700 radiocarbon dates has provided the
empirical foundation for what (Chernykh 2009) has conceptualized as several
distinct metallurgical provinces for the Eurasian area. According to Chernykh, these
provinces reflect specific geographical regions of metallurgical production, trade,
and consumption, and similarities in the use of regional base metals and technologies
(see Chernykh and Kuz’minykh 1989; Chernykh et al. 2000). While these studies
have emphasized the regional nature in production and use of metal objects, they have
also brought to light more wide-ranging geographical distributions of specific forms
of metal objects. The Seima–Turbino transcultural phenomenon is one such pattern.

The important Seima-Turbino development has been recognized from the excava-
tion of several hundred metal objects and molds, with most found in five major burial
grounds located in the forest and forest-steppe zones of northern Eurasia (Chernykh
and Kuz’minykh 1989). The widespread diffusion of these materials, coupled with
the lack of contemporaneous settlement evidence, has led to debate between scholars
over the exact socioeconomic processes responsible for this. Trade from east to west
within the forest zone and the migration of either warriors or warrior–metallurgical
specialists are the most frequently discussed interpretations by regional specialists
(see Koryakova and Epimakhov 2007, p. 39 for recent discussion). Unfortunately,
without better local contextual information, the exact nature of the Seima-Turbino
material finds and their spatial–temporal relationships are impossible to understand
with better clarity. The Seima-Turbino case study is but one of many current chal-
lenges within the broader Eurasian region in terms of connecting detailed, analytical
studies of metal objects with the complex social and economic phenomena that pro-
duced them. This is precisely where a more holistic approach to the study of metals
and society is needed, as resting on purely technological analyses will not lead to the
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comprehensive interpretations of early societies and their economies that we wish to
attain.

For example, one of the key debates in the wider field of metallurgical studies
in recent years has been the use of lead isotope proveniencing—particularly in the
Mediterranean region (Baxter et al. 2000; Macfarlane 1999; Stos-Gale & Gale 2009).
While much ink has been spilled over the problems connected with this method,
discussion over this problem has been very effective in stressing the need for larger
sample sizes, both in terms of material artifacts and local and regional ore sources.
Furthermore, it has been shown that researchers must have a greater awareness for
the possible mixing of various ores and the influence that recycling of local and
nonlocal metals may have on patterns of metal production and trade. Such issues
emphasize the necessity of building programs of research that include intensive
archaeological and geological reconnaissance surveys both regionally and within
local catchments connected to settlements and mines. In turn, this approach provides
the necessary contextual data for better understanding base metals exploitation and
its relationship to settlement and economic patterning. These important concerns
cross the traditional boundaries that have been at the heart of metallurgical studies—
wherein archaeological fieldwork is often separated from the detailed laboratory
analysis of ores, slags, metal objects, and other metallurgical materials. Of course,
research focused on the specific technological aspects of metal production, such as
ore processing, roasting and smelting, and metal alloying are vital components in the
study of early metallurgy. Yet, when attempting to expand beyond the reconstruction
of specific technological patterns, especially in order to evaluate the broader social
and economic forces that structure mining and metal production, one must evaluate
several other lines of material evidence (Knapp et al. 1998, p. 9). This includes a
more general understanding of human–environment relationships, subsistence and
socioeconomic orientations, and diachronic trends in social organization. All of these
issues are vital elements in regional archaeological research and the comparative
study of early societies. A broader rationale for examining these issues in the context
of field archaeology in north-central Eurasia was published recently by Hanks and
Doonan (2009) and therefore will not be repeated here. We do, however, provide a
more specific discussion of these issues in the context of our case study below.

Modeling Early Metal-Producing Societies

The Eurasian Bronze Age has traditionally been viewed as somewhat peripheral to
core developments in Mesopotamia, the Near East, and the Aegean. Drawing on
various elements of Wallerstein’s World Systems model (1974), numerous scholars
have emphasized the influence and expansion of urban cores and the role of elites,
or of specific polities, in controlling the circulation and use of metals—determining
both local settings of cultural value and the formation of regional trade networks
(Rowlands et al. 1987; Shennan 1986; Kristiansen 1984). This has led to an em-
phasis on the connection between metal production, trade and consumption, and the
emergence of elites within Bronze Age societies. Some scholars, such as (Shennan



758 R. Doonan et al.

1993, 1998), have argued more recently that this emphasis on elite control has over-
shadowed more complete understandings of the social, economic, and ideological
systems of the communities involved in the actual mining and production of metals.
Recent research in the Eurasian steppe zone has indicated a similar set of issues.
That is, that copper production, and the technological knowledge connected with it,
cannot easily be linked to the emergence of hierarchical systems of control over pro-
duction and circulation. Rather, various strategies were employed in the obtainment
of base metals and the production and circulation of metal goods.

Kohl has argued that what has been termed the “Bronze Age World System” (late
third and early second millennia BC) was not comprised of a single core region ex-
ploiting peripheral zones. Rather, much of central Asia comprised a “patchwork
of overlapping, geographically disparate core regions or foci of cultural devel-
opment, each of which primarily exploited its own immediate hinterland (1987,
p. 16).” As Kohl argues, archaeological evidence substantiates the role of transfer-
able technologies, such as the knowledge and expertise required for metal production.
Such technologies do not appear to have been easily constrained, or controlled, by
any one, single, political entity (1987, p. 17). This view suggests that the appearance
of widespread mining and metals production in the late prehistoric Eurasian steppe
region must be better understood in terms of localized social, technological, and po-
litical formations based on the exploitation of regional resources and the development
of networks of trade and interaction. Furthermore, the emergence, development, and
decline of specific core regions, if we choose to define them as such, should be
understood in terms of local resource availability and issues connected with overex-
ploitation and/or the disruption of trade networks. Field research over the past two
decades in the steppe and forest-steppe regions of north-central Eurasia has moved
productively in these directions. Two excellent examples of this should be touched
on here. The first is the work undertaken by Evgenii Chernykh and colleagues at
the mining complex of Kargaly, situated in the southwestern Ural Mountains region
of Russia. The second case study is the research undertaken by David Peterson and
colleagues in the Samara Valley region in the Middle Volga River basin of Russia.

At the site of Kargaly, a number of detailed publications in Russian have been
produced that focus on the evidence recovered for mining and quarrying, ore pro-
cessing, and metallurgical production (Chernykh et al. 2000; Chernykh 2002a, b,
2004a, b; see Kohl 2007, pp. 170–178 for recent overview in English). These pub-
lications also contain crucial information on local surveys and the excavation of
synchronous settlement and cemetery features. This highly successful international
project has revealed extensive exploitation of copper deposits distributed within an
estimated 500 km2 zone. Research at Kargaly has provided a valuable case study for
examining diachronic developments in mining activities. This extends from the Early
Bronze Age (Yamnaya culture, fourth millennium BC) through to what appears to
be the highest level of prehistoric extraction connected with the Late Bronze Age
Srubnaya culture (1700–1400 BC). After 1400 BC, a substantial decline seems sup-
ported by the archaeological and paleoenvironmental evidence (Diaz del Rio et al.
2006). Intensive palynological study at Kargaly has revealed a probable connection
between overexploitation of local timber resources and what is interpreted as a c.
1400 BC decline in large scale smelting activities (Vicent et al. 2006). Chernykh has
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argued that an overexploitation of locally available timber led to a greater focus on
extraction and trade of copper ores out of the Kargaly region (Kohl 2007, p. 174),
rather than the continuation of localized smelting. This model of a “community” of
specialist miners is further supported by the recovery of approximately 2.3 million
animal bones from an approximately 1,000m2 excavated area in the Gorny settlement,
which is situated within the Kargaly mining complex. Analysis of the bones indi-
cates that 99.8 % of them come from domesticated animals and approximately 80 %
from domesticated cattle (Antipina 2004). Such an intensive concentration of faunal
remains certainly lends support to Chernykh’s model (1997) that the settlement of
Gorny was occupied by a community of specialist miners that traded copper ores for
cattle, which then were used both for subsistence and the utilization of bone elements
such as long-bone fragments for picks and wedges for shaft mining and the extrac-
tion of copper ores. The research at the settlement of Gorny and the larger Kargaly
complex has generated many questions about the nature of base metals exploitation,
metal production, and trade during the Late Bronze Age (LBA) period, particularly
with regard to socioeconomic organization. What is particularly intriguing is that
the increasing scale of exploitation at Kargaly cannot be tied to an intensification of
social or political organization in the region. Instead, the archaeological evidence
indicates the emergence of a more specialized community of miners who were likely
connected to a broader regional trade dynamic.

In addition to the Kargaly project, the work of Peterson and colleagues (2006,
2009–Samara Bronze Age Metals Project) has emphasized the importance of tech-
nological shifts in metal industries and the transformation of value surrounding the
manufacture and trade of metals and metal objects within the Middle Volga region.
In particular, the recovery of metalwork, and occasionally metalworking tools, from
Bronze Age burials within the steppe region has suggested an important relationship
between these objects and social status and identity (Peterson 2009, p. 193). Yet,
scholars often exaggerate the actual scale of metalworking and production linked to
such evidence. As Peterson has noted, “identifying the metal-making activities that
were carried out in a site or region during a particular period is important to un-
derstanding the relationships between metal and social complexity in that instance.
Without such an understanding, there is a risk of evaluating every case in terms of a
standard of large-scale, industrial production (2009, p. 194).” Recent detailed metal-
lurgical studies on objects recovered from the Samara region for the Middle Bronze
Age (MBA) II period (2200–1800 BC) have indicated that a variety of sources for
base metals was used and that the local recycling of metals brought about a certain
level of autonomy in the production of objects (Peterson 2009, p. 207). Such evi-
dence highlights the various strategies that may have been used by communities both
in obtaining necessary base metals and in producing required metal objects for local
practices.

Both the work at Kargaly and that in the Samara region illustrate important ad-
vances in the study of metals, economy, and society in north-central Eurasia near the
southern Ural Mountains region. In particular, the identification of communities of
specialist miners (i.e., Kargaly) and what appears to have been a significant degree
of autonomy in the attainment and the production of metals in the Samara Valley re-
gion support Kohl’s more general model of transferable technologies. These projects
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have added important information, and stimulated new questions, on the relationship
between social and economic organization in the context of metal production and
consumption practices. A third case study, the Sintashta culture development in the
MBA (2100–1700 cal. BC), adds importantly to recent work undertaken on these
issues in the southern Ural Mountains. Since initial fieldwork by Soviet scholars in
the 1970s, sites connected with the Sintashta culture have generated great interest
and debate. One key characteristic is the ubiquitous evidence of furnace features and
metal smelting within domestic houses in the settlements. This has raised a number
of questions about the social and economic organization of Sintashta communities,
scale of metal production, and regional and interregional trade.

Sintashta Metal Production, Economy, and Organization
(c. 2100–1700 cal. BC)

In recent years, the relationship of metal production to hierarchical forms of social
organization and new forms of settlement patterning in the Eurasian steppe have
been frequently linked to the MBA Sintashta culture (Gening et al. 1992; Zdanovich
& Zdanovich 2002). Archaeological sites (fortified settlements, kurgan cemeteries,
and open pit mines) connected with this development are situated in the southeast-
ern Ural Mountains region (Fig. 26.1) and a recent large-scale-dating project has
provided a firmer chronology for the emergence, development, and decline of this
archaeological pattern (Epimakhov et al. 2005; Hanks et al. 2007). Artifacts recov-
ered from Sintashta fortified settlements and associated cemeteries have received
a great deal of international attention. Certainly, such evidence is intriguing as it
appears in the form of 23 nucleated, fortified settlements, richly furnished tombs
that often include spoke-wheeled chariots, sacrificed horses and other animals, and
metal and stone weaponry. Moreover, evidence in the form of furnaces, slags, and
other metallurgical debris are frequently recovered from domestic house structures
within the settlements. It has been suggested that Sintashta communities may have
produced metals at a significant enough level to stimulate the interregional trade of
ores and/or metals with the Bactria MargianaArchaeological Complex in centralAsia
(Anthony 2009, pp. 64–67). Such a trade relationship would have brought nonlocal
prestige goods into the Sintashta region—potentially reinforcing the aggrandize-
ment of status of chiefly elites (ibid). In fact, numerous scholars have characterized
Sintashta populations in terms of “chiefly” societies and/or the nucleated, fortified
settlements as “proto-urban” towns (Boyle et al. 2002; Jones-Bley and Zdanovich
2002; Chernykh and Kuz’minykh 1989, 1994, 2000, 2002; Lamberg-Karlovsky
2002; Levine et al. 2003; Zdanovich 1988, 1989, 1995, 1997a, b; Zdanovich and
Batanina 2002; Zdanovich and Zdanovich 2002). However, it is important to note
that not all Russian scholars have supported the model of large-scale metal produc-
tion and have suggested that metal production may not have played a significant role
in Sintashta economies (Grigor’yev, 1999, pp. 128).

It is important to note that even though considerable field research has been
focused on Sintashta sites, numerous questions still remain unanswered regarding
Sintashta social organization, scale of mining and metal production, and nature
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Fig. 26.1 Map of southeastern Ural Mountains region indicating key sites associated with Sintashta
culture developments

and scale of inter- and intraregional trade. This is, in part, due to the lack of
detailed publications stemming from Sintashta settlement excavations, although
cemetery excavations have been, by comparison, well published (Epimakhov 2005;
Vinogradov 2003; Zdanovich 2002). Recent publications in English have provided
good overviews on Sintashta archaeology and so it is not necessary to provide an-
other detailed treatment here (Anthony 2007; Hanks & Doonan 2009; Jones-Bley
and Zdanovich 2002; Kohl 2007; Koryakova & Epimakhov 2007; Zdanovich &
Zdanovich 2002). Instead, we will focus on a few specific issues connected with
Sintashta mining and metal production (also see Hanks 2009 for further discussion).
We suggest that the emergence and decline of the Sintashta archaeological pattern is
an especially important case study in terms of reflecting some of the major challenges
confronting more detailed understandings of the relationship between prehistoric
metal production and societal developments in the broader Eurasian steppe zone.

In the past 15 years, Russian scholars have undertaken the investigation of
Sintashta-period metal objects, metallurgical slags, and local ore resources. This
has included work by V.V. Zaikov, with his colleagues from the Institute of Min-
eralogy, Urals Branch of the Russian Academy of Sciences and Chelyabinsk State
University (Zaikov et al, 1995, 1999, 2002) and the work of S.A. Grigoryev (for
overview of research, see Grigoryev 2000). This research established that some ore
deposits might have played a contributing role in producing the raw ores exploited
by Sintashta metallurgists (Dergamysh, Elenovka, etc.). Yet, these deposits, with
evidence of prehistoric mining, are all situated beyond the local catchments of the
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Sintashta fortified settlements. This is a central concern with regard to the ongoing
fieldwork of the authors and so a more detailed discussion of recent research and
findings will be presented here. These results are part of a larger collaborative project
undertaken from 2007 to 2010 with several Russian colleagues, which was funded
by the National Science Foundation (NSF) and the Wenner-Gren Foundation. Our
main focus here within this chapter will be on local field survey, test pitting, and the
preliminary analysis of base metals and archaeological materials.

It is important to note that our field activities and the collection of data have been
undertaken with the aim of better understanding the relationship of Sintashta settle-
ments to their local catchment zones and the nature and scale of copper metallurgy
and its connection to socioeconomic organization. Conceptually, we have drawn on
anthropological theory and models that favor a more “community”-based approach
to the study of mining and metal production (Knapp et al.1998; Levy 2003; Linduff
2004; Yener 2000). Such views emphasize community models in order to extend be-
yond settlement sites as a primary unit of investigation for material evidence relating
to mining and metal production activities (Knapp et al. 1998, p. 13). This approach
connects with recent trends in anthropological archaeology, which favor the com-
munity as a mid-level unit of analysis and extend beyond traditional perceptions of
settlement sites as mere aggregations of households and as the primary loci for soci-
etal organization and activity (Kolb and Snead 1997). This multiscalar view provides
an especially coherent and effective model for investigating the unique spatial, tem-
poral, and social conditions of mining and metallurgical production activities and
how they intersect with local landscapes and environmental resources (Kassianidou
and Knapp 2005, p. 235).

The specific research questions connected with this conceptual approach and the
data we present further below can be noted as follows: (1) Do fortified zones and
the household structures contained within them accurately represent the settlement
pattern for Sintashta communities or were these only specialized areas for metal-
lurgical production and defense? (2) Was metal smelting within the households a
part-time activity (seasonal) or was it a full-time community occupation reflecting
a more specialized form of productive economy? (3) Were Sintashta communities
exploiting localized ore resources near the settlements (local catchment zones) or did
they obtain raw materials from other sources and regions in order to carry out on-site
smelting—reflecting greater social and political autonomy on the one hand or more
complex systems of trade and networking on the other? (4) If Sintashta settlements
were autonomous “polities,” what specific environmental resources (ore and timber
resources, grazing land, water, etc.) and restrictions may have contributed to the
specific location of Sintashta settlements and also to their decline in certain areas?

Recent Collaborative Field Research at Stepnoye

Recent fieldwork campaigns undertaken by the authors have provided opportunities
to examine the questions noted directly above. Field activities since 2007 have fo-
cused on the settlement and adjacent cemetery at the Stepnoye fortified settlement
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Fig. 26.2 Map of Ui River Valley indicating key sites of interest and survey zones (shaded areas
are modern forest cover). a Modern villages. b Sintashta-period fortified settlements. c Sintashta
cemeteries. d Sanarka Dacha A mining area. e Location of artifacts from surface collection.
f Polygon denotes area of full-coverage pedestrian survey. (Map prepared by J. Johnson)

along with its surrounding catchment, specifically the Ui River Valley and the area
immediately to the north known as the Sanarka Forest (Fig. 26.2). Stepnoye is rather
unique with regard to the Sintashta settlement pattern. It is the most northern of
the 23 fortified settlements and it is associated with one of the largest Bronze Age
cemeteries in the southern Urals region. The cemetery, Stepnoye 1, consists of over
50 multiburial kurgan complexes dating from the MBA to the LBA (approximately
2100–1400 BC). One additional large cemetery dating to the LBA, named Stepnoye
7, is situated 2.5 km to the east. A second Sintashta period fortified settlement (Cher-
norech’ye) and associated cemetery (Krivoe Ozero) complex are situated 21 km to
the southeast of Stepnoye. No large-scale excavation of either settlement was under-
taken prior to 2007, although extensive field research has been undertaken at both
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Fig. 26.3 Topographical plan of Stepnoye indicating zones of excavation and test pitting. (Prepared
by N. Batanina and S. Batanin)

Fig. 26.4 Plate slags
recovered from the Stepnoye
settlement. (Photo courtesy of
R. Doonan)

the Krivoe Ozero (Anthony and Vinogradov 1995; Vinogradov 2003) and Stepnoye
1 and 7 cemeteries (Kupriyanova 2008).

Stepnoye Settlement—Geophysics and Test Pitting

Surface finds of plate slags from across the Stepnoye settlement (Fig. 26.3) attest
to the practice of copper metallurgy (Fig. 26.4). The distribution of surface finds
is wide ranging although concentrated areas were noted, especially to the northeast
of the site where a modern road appears to cut through a concentrated deposit. In
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an attempt to understand the organization of copper metallurgy at Stepnoye, a mul-
tiscale investigation was undertaken employing a range of methods. Investigation
was targeted across the settlement site and in its immediate proximity. Our field
research in the summers of 2007–2009 employed a suite of multidisciplinary meth-
ods in the form of topographical survey, remote sensing (fluxgate gradiometry and
electrical resistivity surveys, see Merrony et al. 2009), geochemical survey (phos-
phate and multielement analysis), small-scale stratigraphic excavation (200 m2 plan
excavation, six small 1 m × 1 m (2 m) trenches and one 2 m × 6 m trench), arti-
fact analysis, and accelerator mass spectrometry (AMS) dating. Accompanying the
site-specific investigation at Stepnoye, a desk-based assessment of the local geology
and archaeological sites was undertaken in the vicinity. The results from this assess-
ment and information gained through discussion from local geologists and mining
historians allowed a reconnaissance survey to be undertaken in the wider catchment
( 20 km), which sought to identify relevant archaeometallurgical features connected
with copper-ore exploitation.

Magnetometry and resistivity surveys were employed at Stepnoye to establish the
range and distribution of anomalies across the settlement site. It was anticipated that
any pyrometallurgical features and/or concentrations of plate slag would provide
strong magnetic anomalies that would ideally guide further investigation at the site.
It was surprising to discover that the archaeological deposits at Stepnoye are not
particularly amenable to magnetic survey in that the results did not indicate areas
associated with metallurgical production. In general, the results of the resistivity
survey have been much more productive although these data are not suited to pro-
viding information on the kinds of features produced by metallurgical practice. The
failure of magnetometry to identify concentrations of slag was somewhat at odds
with our expectations as many slags are profoundly magnetic, with many examples
recorded that are capable of attracting a magnet. As surface survey had recovered a
number of slag finds from across the site, it seems that the magnetometry results can
be understood in two ways. First, it is possible that any significant slag deposits are
located deep in the soil meaning that they are not being detected. While possible, this
is an unlikely explanation given the nature of stratified deposits within the Stepnoye
settlement. A number of test pits and trial trenches have established that significant
cultural deposits occur at levels well within the depth suitable for magnetometry sur-
vey. Second, the absence of any discrete anomalies that might indicate a significant
slag concentration suggests that slag was not deposited in such a structured manner.
While the concentration of slag referred to on the northeast of the site is notable,
surface evidence did not suggest that it was a continuous layer of slag, as would be
expected with a concentrated slagheap. A campaign of targeted test pitting was car-
ried out across the site to establish if slags comparable to those from surface survey
could be recovered from horizons associated with Sintashta occupation. Further, test
pits were excavated within and adjacent to concentrations of slag established through
a surface survey to establish if significant deposits could be located.

Test pits were located on magnetometry anomalies and on areas noted to have
surface concentrations of plate slag. Test pits that targeted geophysical anomalies es-
tablished that the anomalies were caused by modern ferrous objects; yet, it was
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common to find occasional pieces of plate slag. Of those test pits which were
situated on or adjacent to noted surface concentrations, none revealed significant
concentrations of slag that could be described as a slagheap or significant deposit.
Furthermore, slag fragments were found as scattered finds and not in association with
other metallurgical paraphernalia, such as vitrified ceramics, tuyères, or charcoal.

To date, a total of 292 fragments of plate slag (2,482 g) have been recovered
from our field research at Stepnoye. A frequent characteristic of the plate slag is that
it retains on its underside the impression of the solidified plano-convex “ingot” of
copper that would have formed in the hearth; indeed, a fragment of such an ingot has
been found at Stepnoye. This means that it is possible to calculate, with reasonable
accuracy, the quantity of slag produced in association with a projected weight of
copper. The ratio approximates 1:1, which is to say for each kilogram of copper
produced we can expect about 1 kg of plate slag to be produced. It is also possible to
calculate, based on the curvature of the meniscus impressions and slag edges, that
the slag plates at Stepnoye were predominantly 10–18 cm in diameter and the ingots
produced were predominately 8–16 cm in diameter. It is possible to calculate using
these measurements that the ingots would have weighed between 250 and 900 g;
however, the fragments were typically at the smaller end of this range. In the context
of these calculations, it is important to note here that S.A. Grigor’yev’s investigation
of slag from other Sintashta settlements indicated that plate slag varied with diameters
from 10 to 17 cm and weights from 300 to 900 g (typically 400–600 g). The estimated
weights of the metal ingots ranged from 50 to 130 g (Grigor’yev 2000, p. 490).
These results can therefore directly inform our current interpretations of Sintashta
metallurgy both in terms of technological tradition and of scale. Although slag is
a frequent class of find, the total recovered from Stepnoye, to date, represents no
more than approximately 3 kg of copper and perhaps about equivalent to the contents
of three kurgan burials. Of course, the 3 kg of Stepnoye slag does not represent a
total sample but at present it suggests that the scale of production many not be on an
order of magnitude that has been suggested in some recent publications for Sintashta
communities (Anthony 2007, 2009; Zaikov et al. 1995, 2002). Investigations at
Stepnoye are ongoing and it is premature to indulge in scaling calculations based on
this preliminary figure. What is currently needed is an effective methodology that
would better identify zones of production within the settlement and then to proceed
with targeted excavation that seeks to define discrete contexts of practice.

As mentioned above, a notable quality of the slag finds from Stepnoye is the
consistent morphology (Fig. 26.4). All slag samples recovered were fractured and
ranged in size from 1 to 4 cm (major axis). All conformed to a single type, a gray–
black plate slag that was approximately 7–12 mm thick. Although fractured, several
pieces of slag preserved an original outer edge that enabled the complete form to be
reconstructed. The fragments suggest that they derive from a circular plate slag of less
than 20 cm in diameter. The texture on the upper surface indicates that the slag has
cooled quickly, possibly having been quenched with water. The lower surface appears
to have solidified while floating on a liquid, presumably molten metal. A smooth,
continuous indentation on the underside edge of some samples was reminiscent of
the meniscus of a molten pool of metal confirming that these slags had solidified
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Fig. 26.5 a Section of slag sample (117). b Photomicrograph of polished section showing iron
silicate phases and sulfide inclusions. (Photos courtesy of R. Doonan)

while in contact with molten metal. All the slag fragments examined were uniformly
gray–black and had no visible inclusions of mineral, gangue, or charcoal. The overall
appearance was of a homogeneous, fine-grained crystalline material. Localized spots
of copper corrosion products suggested that these slags were associated with some
aspect of copper metallurgy.

Preliminary microstructural analysis of the slags identified the presence of nu-
merous metallic inclusions. The most common metallic inclusions were copper prills
often surrounded by a sulfide phase. While multiphase sulfide inclusions were com-
mon, copper prills also occur without direct association with sulfides (Fig. 26.5).
Other inclusions were absent; initial examination of 14 samples failed to identify a
single-ore mineral, gangue, or charcoal inclusion. The absence of any such inclu-
sions may indicate the possibility that these slags were not derived from a primary
production step involving the conversion of ore to metal but instead might represent
a subsequent refining or secondary processing step. Most slags were predominantly
iron silicate with a fine-grained lath structure, although there were isolated regions
of equi-axed iron silicates. Most examples had free iron oxides in the form of mag-
netite spinels. The presence of trivalent iron minerals indicates that the slags formed
in mildly reducing to oxidizing conditions.

Although only a preliminary assessment, the frequent presence of copper sulfides
in association with magnetite spinels in the slag points to the possibility that this is a
matte conversion slag. Unlike the production of copper from weathered oxide ores,
copper is rarely produced in a single step from sulfide ores. From a chemo-technical
perspective, there are several pathways by which sulfide minerals can be transformed
into copper metal.

The most straightforward method involves roasting the ore until all the sulfur is
removed and then smelting the ore in a reducing environment (pathway one):

CuFeS2+3O2 → CuO+FeO+2SO2

C + O2 → CO2;CO2 + C → 2CO

(furnace operates with an excess C-reducing environment)

CuO + CO → Cu(metal) + CO2
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The second method involves a partial roast followed by a co-smelt (pathway two):

2CuFeS2 + 3O2 → CuO + FeO(slag) + CuS + FeS + 2SO2

The products of a partial roast may then be co-smelted in a mildly oxidizing smelt:

2CuO + CuS → 3Cu(metal) + SO2

FeS + CuO → CuS + FeO(slag)

The third method involves an initial step of smelting the sulfide ores to produce an
enriched copper matte (a metalloid substance comprising copper, iron, and sulfur)
and then the conversion of the matte to copper in an oxidizing environment:

2CuFeS2 + heat → CuFeS + S

CuFeS + heat → CuS + FeS + FeO(slag)

The matte (CuS + FeS) is then either dead roasted and reduction smelted, partially
roasted and resmelted, or “converted.”

Matte conversion follows the following pathway:

CuS+3FeS+5O2 → CuS+Fe3O4(slag)+3SO2

Since copper has a higher affinity for sulfur than iron, the copper will remain sul-
fidized until all the FeS is oxidized and slagged off. When all Fe is removed, CuS is
converted to copper according to the following equation:

CuS + O2 → Cu(metal) + SO2

These differing pathways are important to acknowledge since they provide an insight
into the practicalities of technological organization. Preliminary analysis suggests
that the slags from Stepnoye may be derived from the final step in pathway three.
Unless other classes of slag are forthcoming from the settlement, it seems that the
Sintashta metallurgical tradition was a segmented process with only the latter steps
of production been undertaken at the settlement site. The immediate implication of
this is that future surveys in the vicinity of Sintashta sites must anticipate other types
of metallurgical sites which, to date, have not been recognized. Furthermore, if the
copper production process is a “segmented” process, then there are issues of control
and access that need to be considered. More specifically, one can ask the important
question: What is the relationship between the control of mineral deposits and the
primary production sites, so far unidentified, and how do these articulate with the
settlement sites?

Concurrently with the investigation of the settlement for areas associated with
production, reconnaissance has also been undertaken in the immediate proximity
(< 1 km) of the settlement to identify the presence of satellite sites, as suggested by
slag analysis and the availability of raw materials. Wood for fuel is readily available as
is good-quality clay for the manufacture of technical ceramics and furnace structures.
To date, no outcrops of copper mineral or evidence of mining activities, either modern
or ancient, have been identified and it was on this basis that a wider microregional
survey (Fig. 26.2) was undertaken.
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Fig. 26.6 Map showing the location of the mining sites discussed in the text and modern forest
cover (dark gray areas). (Landsat imagery courtesy of NASA Goddard Space Flight Center and
U.S. Geological Survey)

Regional Resources and Mineralization in Sanarka Forest

The Stepnoye settlement and its surrounding region are ideally situated to answer
questions relating to the relationships that may exist in metallurgical practice, com-
munity organization and social development. This is so because the region is among
the most mineral- rich areas of the Urals and western Siberia, with this mineral wealth
coinciding with a density and intensity of Sintashta activity implied by the settle-
ment patterning (Fig. 26.1). While reconnaissance around the immediate vicinity of
the settlement has suggested that copper mineralization is absent, something both
geologists and their charts concur with, preliminary reconnaissance in the wider area
around Stepnoye (Fig. 26.6), specifically Sanarka Forest, has identified mineralized
zones with evidence resembling early mining sites. The recovery of both secondary
weathered minerals (azurite and malachite) and sulfide ores, specifically chalcopy-
rite, in close proximity to mining features reminiscent of attested Bronze Age mines
has provided the impetus to investigate these sites systematically.

It is important to note that the Sanarka Forest region has been the focus of intensive
historical mining activities as a result of the rich mineralogical resources located
there. For example, the modern city of Plast, located 42 km northeast of the Stepnoye
settlement, has been considered one of Russia’s main gold-producing sites. The so-
called Svetlinskoye gold lode in Plast has been estimated to contain over 100 tons
of gold and 80 tons of silver and is a major source of exploitation by the ZAO
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Yuzhuralzoloto mining consortium. The mining landscape within the Sanarka Forest
and within the Stepnoye settlement catchment is, therefore, a very complex one
and reflects over 200 years of exploration and exploitation by various independent
and state-sponsored mining communities. The assistance of local historians and
geologists from the Plast region was therefore crucial in helping to situate our research
focus on areas and features believed to be related to prehistoric exploitation. Three
specific areas within the Sanarka Forest were targeted in our survey campaigns:
Zmeinye Yamy, Kordon Lenin, and Sanarka Dacha (Fig. 26.6). The investigative
methodology for each site was comparable and involved increasingly detailed and
focused examination of the site. Each site and its surrounding area (↔200 m) was
initially field walked to gain a familiarity with surface features and to identify any
surface finds such as mining tools, mineral fragments, slag, etc. During the process
of reconnaissance, an area was defined for a more detailed earthwork survey. Upon
completion, targeted test pitting sought to establish evidence for the history and
sequence of exploitation. The results of these investigations are outlined below.

Zmeinye Yamy (DZK)

This site is the most easterly of the mineralized zones surveyed and is approximately
30 km from the Stepnoye settlement. The site is located just to the north of the
Kamenka River where the land slopes gently northwards toward a subtle crest upon
which are located a cluster of three kurgans about 1 km north of the site itself. To the
northwest of the site is a small hill with some visible rock outcrops. The area is a mix
of steppe grass and discreet birch coppice. The main mining complex consists of 11
features centered around a small wooded area adjacent to a modern track (Fig. 26.7).
Northwest of the main site there are more than 20 pit depressions, both linear and
circular, which are no more than 3 m in size. These are thought to be prospection
pits as they are all of similar size and are most likely later than the main workings.
There was one accessible adit in DZK 5 (Fig. 26.8), which was believed locally
to be prehistoric. This was thoroughly explored and found to run in after about
3 m (Fig. 26.9). Judging from the condition of the worked surfaces, there were no
indications of prehistoric mining and it is assumed that the latest phase of exploi-
tation was modern. The spoil heaps in association with the main site show signs of
being disturbed. This is particularly evident in the spoil heap associated with DZK
11, where it was clear that a mechanical excavator had been used to move some of
the spoil.

Excavations at Zmeinye Yamy

In selecting areas for excavations the major spoil heaps were avoided, as it was clear
that these had been subject to mass relocation and redeposition. Instead, excavation
focused on up-cast material in tight association with mining pits. The aim of these
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Fig. 26.7 Plan of the main mining features at Zmeike Yama with the main mining complex at the
centre left of the image and the large excavated trench feature to the right. (Plan by D. Pitman)

excavations was to examine the nature of the spoil, locate any material culture asso-
ciated with a phase of exploitation, determine whether such features relate to a single
or multiple event, and secure any evidence for dating. The deposits chosen appeared
to underlie the more significant spoil heaps referred to above. It was anticipated that
the trench locations (Fig. 26.8) would allow the excavation of some of the earliest
phases of exploitation.

Trench 1 yielded no cultural material; however, the excavation did show two
distinct phases of excavation separated by a period of abandonment (layer 3). Trench
2 also yielded no cultural material. The stratigraphy in this trench was similar to
trench 1, showing two horizons separated by a period of abandonment. The spoil
heaps were notably free of copper mineral. The only samples recovered from this site
were fragments of schist covered with thinly brecciated copper carbonates. There
was no evidence for primary sulfide mineralization.

While it was clear that Zmeinye Yamy had evidence of copper mineralization,
the prehistoric exploitation of this site could not be confirmed. An equally wide
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Fig. 26.8 Main complex at Zmeike Yama showing the location of excavation trenches and the
entrance to the adit in DZK 5. (Plan by D. Pitman)

pedestrian survey found no evidence of any sites that appeared to relate functionally
to the extraction of copper mineral from this site. Excavations of trenches 1 and 2
seem to suggest that there were at least two main phases of exploitation. The relatively
fine nature of the first phase of spoil suggests that this was undertaken without the
use of explosives or significant mechanical assistance. In light of these results, it was
felt that Zmeinye Yamy does not hold significant potential for being connected with
the Sintashta MBA exploitation within the region.
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Fig. 26.9 Photograph of
DZK 5 showing the
outcropping of country rock
and the horizontal entrance to
the adit. (Photo courtesy of D.
Pitman)

Kordon Lenin

Kordon Lenin is located just north of a tributary to the Kamenka River on the pe-
riphery of an expanse of birch forest. The main complex covers an area of over 100
by 80 m and is located within a wooded area surrounded by grassland (Fig. 26.10).
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Fig. 26.10 Plan of the main mining complex at Kordon Lenin showing the extent of the overlying
spoil heaps and the large excavation pits. (Plan prepared by D. Pitman)
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Surrounding the main complex are a number of prospection pits and other small
earthworks. To the north of the main complex are the remains of some large-scale
mining works that are almost certainly modern. A datum point, located on the top of
a spoil heap in the center of the site, is dated to 1951; yet, local historians are adamant
that no exploitation has taken place since the nineteenth century. The presence of
secondary copper mineral nodules is frequent in the silty up-casts from several pits.
The presence of rich nodules of malachite and azurite seems to be a key reason why
this site is considered to be a potential early mining site among local mining histo-
rians. However, stratigraphic analysis of the mining spoil suggests that the clayey
silts are not derived from deposits of original mining campaigns but are the more
recently excavated sediments which have accumulated in mining pits over time. The
rich copper carbonate nodules are clearly embedded in this material and therefore
must have formed in aqueous conditions (Kirchmayer 1987) that occurred as the
original pit flooded and became infilled. They are not then a realizable ancient ore
source and as such should not be seen to infer the availability of easily accessible,
rich, secondary minerals at this site.

Overall, the site is complex with a number of large pits intercut with smaller
prospections and overlain with the reworking of spoil heaps. Two pits had barely
accessible adits with timber supports being extensively rotted, again indicating a more
recent date for exploitation. There was no surface evidence for ancient exploitation
and, indeed, no mineral outcrops were noted as the entire site was covered in deep
sediments.

Excavations at Kordon Lenin

The excavation strategy at Kordon Lenin presented a challenge. The complexity of
the site meant that it was unlikely that prehistoric remains, if they existed, could not
be targeted without removing significant quantities of later spoil and overburden.
Being limited to hand tools, this strategy presented a significant task. For these
reasons, a series of 1-m test pits were planned (later extended) so as to establish the
depth and character of deposits across the site.

The first test pit (TP1) identified two distinct phases of activity. The latest phase
is associated with presence of cans of food and broken glass. The type of packaging
suggested that this might well relate to the attested presence of the site in 1951. No
datable cultural material was recovered from earlier deposits. Test pit 2 identified a
significant layer of clinker derived from modern boilers, which again is suggestive of
significant post-nineteenth-century activity at the site. Test pit 3 (TP3) was located
adjacent to the main complex, in an area that was not obviously part of a spoil heap.
Significant deposits of spoil again were encountered in the upper layers associated
with clinker. Gray ashy layers and a buried soil horizon, again supporting the idea
of distinct phases of occupation, characterized earlier layers. A significant fragment
of sulfide ore was recovered from TP3.

In summary, Kordon Lenin proved to be a difficult site to characterize. It was held
as the best candidate for prehistoric mining based on the easily visible secondary
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Fig. 26.11 Micrograph of the
sulfide nodule from Kordon
Lenin, showing chalcopyrite
(light) and enriched sulfide
phase (dark). (Photo courtesy
of R. Doonan)

ores, but this is a misleading factor. Equally, the contention that the site was not
exploited after the nineteenth century seems inaccurate. The latest exploitation is
securely dated to the mid-twentieth century (1951?) and the oldest is likely to date to
the nineteenth century. It is likely that the activities associated with the 1951 survey
involved a limited amount of prospection and reworking of existing spoil heaps. The
presence of clinker across the site is related to steam-powered machinery. Although
it is not possible to deny evidence of prehistoric activity, investigations cannot be
seen to support this contention.

Despite the tentative dating of the material to later periods, a number of samples
were taken from Kordon Lenin. The nodule of sulfide ore (Fig. 26.11) was char-
acterized using optical microscopy and its chemical composition determined using
X-ray fluorescence (XRF). Analysis of the secondary minerals recovered indicates
that they are carbonates with an average copper concentration of 30 % (± 8 %). The
sulfide mineral fragment was predominantly chalcopyrite accompanied by enriched
sulfides such as covellite. While not particularly instructive, the analysis of mineral
samples from Kordon Lenin does establish the fact that the only primary mineral
identified was sulfidic. The nodule was a massive fragment (5 cm major axis) and
particularly rich with the presence of enriched sulfides and with no associate gangue
or host rock. Although the potential for it being an ancient source remains, it is un-
likely that this will be demonstrated as modern activities and their large-scale impact
detract from further study at the site.

Sanarka Dacha A (SDA)

Sanarka Dacha is the most proximal site to the Stepnoye settlement. The complex
lies within an area of dense birch forest to the north of the River Dacha and is
situated on one of the tributaries to the Sanarka River. The site is located in an
interesting geological context, being on the contact of a fine-grained schist and a
coarse-grained granite—geological conditions that seem to have been recognized in
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Fig. 26.12 SDA 4, one of the
exploited mineral veins at
SDA, which is cut vertically
into the country rock. (Photo
courtesy of R. Doonan)

the siting of Sintashta settlements. The site is characterized by numerous depressions
and rock outcrops extending over 300 m. Several granite outcrops exhibited features
consistent with prehistoric mining, namely surface workings that are best described
as trench mines where miners presumably followed the mineral vein (Fig. 26.12).
The surfaces were well rounded and were again consistent with a technology that
relied on fire-setting and stone mauls. The complex at SDA is shown in Fig. 26.13, in
which multiple trench features are evident. Trench features ranged from 1 to almost
3 m deep and varied between 1.5 m and 50 cm wide. Of all the sites examined, SDA
offered the greatest potential for the identification of ancient mining remains.

Excavations at SDA

The morphology of the mining activities at SDA were clearly of limited scale and
seemed to rely on the removal of rich vein material rather than the opening up of wider
areas to facilitate access. Such features are considered typical for ancient mining.
In the first instance, a test pit was located in the deposits that had accumulated in
trench feature SDA4. Second, a test pit was located in an open area where it was
thought likely that tools or other material culture might naturally accumulate and
could be recovered without extensive removal of overburden. TP1 exposed four
layers of dark, humic, organic-rich soil. Accompanying this were layers of broken
country rock, almost certainly spoil from the excavation of the adjacent features. In
addition, a calcrete layer was defined beneath these layers. The upper layers of the
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Fig. 26.13 Plan showing the
extent of the outcropping
trench features at SDA. (Plan
prepared by D. Pitman)
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fill contained a significant amount of cultural material which was likely to have been
deposited in the surrounding area and transported into this depression. The finds
consist of a collection of low-fired, coarse ceramic fabric and one piece of Bronze
Age ceramic. This test pit was extended the following season and, while no further
ceramics finds were recovered, a rich nodule of mineral was identified and the surface
morphology of the trench included several scars (Fig. 26.14) that were similar to pick
marks associated with early copper mining (cf. Timberlake 2003). The second test
pit revealed three alternating groups of activity layers followed by a long phase of
abandonment. Unfortunately, the test pit had to be abandoned at layer 10, as there
was a large quartz boulder at the base that prevented any further excavation without
significantly expanding the pit.
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Fig. 26.14 a Photo (upper) and plan view (lower) of trench one showing the three distinct
depressions (1–4); b Close-up photo of depression 3. (Photos and plan courtesy of D. Pitman)
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The samples recovered from this site include four pieces of suspected sulfide
ore, one piece of possible roasted ore, ceramic material, and a sample of the cal-
crete from TP1. Some of the pieces of suspected sulfide ore have clear chalcopyrite
mineralization visible on the exterior. The presence of chalcopyrite was confirmed
microscopically. Petrographic analysis of the large ceramic samples found on the
site proved ambiguous, though it did show the presence of a deliberate temper, it
is impossible to say much more without comparative material. XRF analysis re-
vealed very low levels of copper in both the surface and core of the ceramic samples
suggesting that these were not ceramics associated with copper metallurgy.

While many of the investigations in the Sanarka Forest area have either refuted the
potential for locating prehistoric mining or failed to confirm previous assertions, the
Sanarka Dacha site has produced compelling evidence for prehistoric exploitation.
The presence of characteristic trench mines in association with Bronze Age ceramic
and rich copper minerals highlight the potential of this site to satisfy the criteria
of a copper mine within the catchment of the Stepnoye settlement. To this end,
the presence of copper mines in the vicinity of Stepnoye draws attention to the
relationship of the settlement community and its regional environment. While precise
dating is yet to be established, the identification of proximal mineral deposits serves to
remind us that metallurgy is a practice that extends across space and as such through
time. From mine to final casting, the process of metal artifact fabrication brings
together diverse factions of a community in a collective practice where the diversity
of skills and technical and local knowledge may serve to reinforce or challenge
existing power relations. As such, the scale at which these various activities are
articulated across the landscape is critical to any study that seeks to investigate social
complexity in the Urals MBA.

At this stage, it seems likely that we have identified one potential beginning of
the Chaîne Opératoire for metal production. Combined with the materials and data
collected from the Stepnoye settlement and cemetery complex, we may well have
at least one of the end points of that same production process. What remains to be
established in the near future with better clarity is the intermediate stages in this
process and critically the relationship between them, both in terms of space and
proximity to the settlement community.

Future Directions in Research

Further field research and excavation is now planned for Stepnoye and the Sanarka
Forest. Funding has been obtained from the National Science Foundation (USA) and
Arts and Humanities Research Council (UK) for these activities and will be conducted
during 2011–2013. Continued investigation of the SDA site will include broader
pedestrian survey, geophysics, and the excavation of several additional surface and
trench mine features. Additional research at the Stepnoye fortified settlement will
include further excavation within the enclosed area, particularly in the eastern zone
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of the settlement where test pitting and geochemical surveys have identified a greater
concentration of slag artifacts.

In addition to research activities at the Stepnoye settlement and within the Sa-
narka Forest, we also employed a survey in the local catchment zone of Stepnoye
(20 km radius) during the final 2009 season. This work extended on from previous
surveys (roadside survey coupled with detailed air photo analysis) by our Russian
colleagues Elena Kupriyanova, Dmitri Zdanovich, and Sergey Batanin in 2000 and
2001. Our 2009 survey focused on the identification, Global Positioning System
(GPS) recording, and additional pedestrian survey of all the sites/artifact scatters
first located in Kupriyanova’s surveys. Systematic pedestrian survey of open, arable
fields was also employed in areas immediately adjacent to the Stepnoye settlement
(within 2–3 km) and a sample polygon along the west bank of the Kurasan tributary
(see Fig. 26.2). The pedestrian survey covered a total of 160 ha and was supervised by
J. Johnson, a PhD candidate at the University of Pittsburgh. Recovered artifacts from
this survey included lithic artifacts (n = 184), pottery sherds (MBA = 5; LBA = 54;
Final Bronze Age (FBA) = 19; general prehistoric sherds = 90), and copper slags
(n = 49). In total, 11 new “sites” and three clay sources were identified through the
pedestrian survey of arable fields and exposed, adjacent riverbanks. Our combined
survey results with Kupriyanova’s thus far have identified a total of 59 sites within
a 20-km catchment zone (Fig. 26.2). In addition to the two previously known MBA
Sintashta settlements (Stepnoye & Chernorech’ye), 14 unfortified LBA settlements
were identified through our combined surveys. Other “sites,” or what may be better
categorized as occupation or activity zones at this preliminary stage, were identified
from ceramic and lithic scatters and ranged from the Neolithic/Eneolithic to the early
Medieval Ages. Currently, all survey data are being digitized and prepared through
ArcGIS. Johnson’s NSF-funded PhD dissertation research during the summer of
2011 focused on a 150 km2 full-coverage pedestrian survey between the Stepnoye
and Chernorech’ye settlements, including a section of the Kurasan tributary. The
employment of a systematic survey, coupled with geographic information system
(GIS) technology, provides an important new approach to microregional Sintashta
settlement patterning for the region and has already substantiated a clear shift from
the MBA to LBA phases for the Ui River Valley. Such an approach extends on our
other research activities to provide an effective multiscalar approach to understanding
settlement patterning and local site catchment resources in a diachronic perspective.

Conclusion

Various aspects of the Sintashta case study reflect some of the most persistent prob-
lems that currently confront the broader study of early metallurgical production,
trade, social organization, and human–environment orientations in the Eurasian
steppe region. To overcome these challenges, we have suggested that new conceptual
models and field strategies must be employed (Hanks & Doonan 2009). As outlined
above, we have drawn on more recent anthropological approaches to early mining
and metal production. Such research emphasizes a broader community model and
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draws on comparative case studies of metal-producing societies to better theorize the
practice of metallurgical production and the socioeconomic characteristics of such
societies. While the data presented in this chapter are preliminary at this stage, we
have attempted to provide an overview of the questions driving our research, as well
as the multidisciplinary nature of our methods and field strategies. We are encouraged
by our results to date and credit the productive international nature of our research
team and commitment to common research goals.
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Chapter 27
Metallurgy in Ancient Eastern Asia: Retrospect
and Prospects

Katheryn M. Linduff and Jianjun Mei

Introduction

The use of metals and the development of metallurgy are considered fundamental
to the emergence of complex societies in many locations in the ancient world, but
particularly in western and eastern Asia. Metallurgical technology provided cop-
per, iron, and their alloys, which in turn furnished ritual and working implements,
weapons, and materials for construction. How the knowledge of and interest in met-
als developed in present-day China has been the subject of much speculation, with
the place of origin often the central topic of debate. Until fairly recently, however,
little evidence could be gathered to argue convincingly that the Chinese Bronze Age
was an indigenous affair, or one that was sparked by impetus from beyond the Great
Wall. In light of recent excavations in both China and adjacent regions of Eurasia
(Hanks and Doonan, this volume) and Southeast Asia (White and Hamilton, this
volume), and of analytic approaches developing to explain the emergence of the
technology that include a broader focus on societal change, the situation in China
can be reassessed and different models for its development can be proposed. Such
changes in approach may require the application of new research questions and even
perhaps field methods.

Debates and assessments of incipient metallurgy and its consequences in the an-
cient western world have centered on several crucial factors: the presence of ores
and the corollary existence or creation of adequate trade networks; the presence of
knowledgeable local and/or itinerant artisans who knew metals and their properties;
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a community able to support such workers, or with a degree of social and/or ritual
complexity to create a demand for metal products; the ability to create high tem-
perature furnaces for smelting and refinement of ores and final castings. The most
sophisticated metal-producing industries were located in or near the more complex
societies in the Near East, where these products were used for many purposes rang-
ing from utilitarian to luxury items, for use in activities ranging from the everyday
to solemn rituals. Such questions are not always behind the study of metallurgy in
China.

Consideration of the Chinese development of metallurgy and its setting has cen-
tered on two issues: first, documentation and scientific examination of the internal
development of metal technologies and second, and more recently, on the emergence
of metallurgy in eastern Asia and whether any stimulus from outside was responsible
for its inauguration.

Background: Archaeology in China

Since the founding of the People’s Republic in 1949, we have witnessed a period when
archaeology has served many functions in China : scientific, nationalistic, touristic,
and economic, to name a few. Since the introduction of scientific archaeology in the
1920s, archaeological activity has followed two paths in China; historiographically
oriented Neolithic and BronzeAge archaeology and Paleolithic archaeology aimed at
the study of human evolution. Because there is a common approach, some discussion
follows on both.

These divisions can be found in two different bureaucratic houses in Beijing,
provincial government and university offices and institutions. Both divisions have
histories based on inherited Chinese intellectual traditions as well as those appro-
priated from the West. Chinese Paleolithic archaeology was strongly influenced by
the French tradition of the 1920s and 1930s; Neolithic and historic archaeology was
modeled on the field methods and philological traditions introduced both from Eu-
rope and from the USA. Even so, all archaeological research in China can be said to
emerge from a common Chinese intellectual tradition. Whether attempting to recon-
struct Pleistocene human prehistory or to explain the emergence of Dynastic China,
the most fundamental issue addressed by archeologists has been to reconstruct the
origin and development of the Chinese people and their civilization.

The search for the origins and locations of archeological cultures has been tied to
theories of cultural diffusion and migration. Traditional historiography as well as the
modern Marxist model are particularistic and evolutionary and propose that Chinese
civilization emerged in the Yellow River “core” and then spread to “peripheral”
areas by way of political expansion and cultural diffusion over many millennia.
Most Chinese archaeologists have accepted the main premise of this model. The
underlying assumption is that there is a cultural norm so that major early excavations
were concentrated in those areas where the archaeologists expected, or at least hoped,
to verify the early histories through the construction of chrono-typologies for material
cultural, human and faunal remains. Thus, the most prestigious and guarded research
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is that on theYellow River Basin. Even in Paleolithic studies, the evolution of human
Pleistocene prehistory has been sought within China, and comparative studies are
a relatively recent endeavor. Chinese archaeologists have very rarely gone abroad
to work, although with the new policy of the Ministry of Education in 2005 that
underwrites Chinese graduate students to go abroad as visiting scholars for one year,
this could be changing.

Many factors have affected Chinese archaeology, including material science and
historical metallurgy. The sheer volume of materials unearthed in scientific excava-
tions in the twentieth and early twenty-first century is probably the most significant
factor. Regulations on preservation of cultural remains instituted since 1949 have
necessitated examination of sites through construction work; this has produced data
from beyond the core area have come to light and have fundamentally affected the
analysis of early China (Fong 1980, pp. 20–34; An 1989; Faulkenhausen 1995, pp.
198–217; Chang 1981, pp. 156–168; Linduff 1998, 2000, pp. 1–29; Liu and Li
2007).

In addition, since the early l980s the central government has loosened its controls
on provincial and local efforts, and archaeological investigation has witnessed an
increase in regionalism as a result of decentralization. Since then most provinces
have developed their own teams led either by University faculty or by Museum
scholars and many publish journals dedicated to presenting area finds. The officially
sanctioned journals continue (Kaogu, Wenwu, Kaogu Xuebao, Kaogu yuWenwu, etc.)
with the addition of several journals that focus on regions (Southern Ethnography
and Archaeology), or Provinces (Archaeology of Inner Mongolia, Sichuan Cultural
Relics), for instance. Some are cleared for export, but many are not available outside
of the People’s Republic of China (PRC). The publication of monographs and field
reports is now and will continue to be expensive and the exception frequently depends
on subvention from outside sources.

The primary focus of these publications is now, and presumably will continue
to be, the reporting of new sites and the typology and periodization of objects or
the decipherment of the iconography of decor. These typologies are the basis of
geographic and temporal definition of “cultures” in China today. How to interpret
the new material and its implications for Chinese history has met with much more
interest and controversy than discussions of method and theory.

With the archaeological fieldwork conducted in the last 25 years, perhaps the
single most challenged notion about the formation of early Chinese culture has been
whether it emerged in a unilinear fashion, from a single core which developed in the
Central Plain and spread from there to other parts of Asia, or otherwise. Most current
research suggests that “otherwise” is the more plausible explanation. Many questions
follow from the new data. Along with late twentieth-century efforts in the PRC to
maintain a unified nation, archaeological investigations have been useful when they
studied areas where ancient minorities might be traced. More recently, when the
mononuclear theory necessarily weakened as more and more diverse materials were
unearthed, a regional paradigm has been proposed (Zhang 1986; Lin 1986; Wu 1995).
Using Su Bingqi’s regional model, some (Zhang 1986) suggest that among the many
goals of Chinese archaeology the search for the origins of the “Hua”, or the ethnic
Chinese, as well as for the ancient minorities is especially worthy. But what and
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who contributed to Chinese culture are questions that strike deep into nationalistic,
as well as ethnic sentiments. For instance, the most recent attempts to ‘regularize’
the chronology of early dynastic, or Bronze Age, China engaged over 200 Chinese
scholars and produced a well-informed, but consistently unilinear, chronology (XSZ
2000). And whatever the nature of one’s interpretation of culture and its formation
and change, the point or points where such questions could be tested have not, until
very recently, been identified archaeologically.

Because the salvage recovery has been, and presumably will continue to be, the
norm for Neolithic and historic archaeology, those regions that are most prosperous
or where new road-building, housing, or nationally designated projects (such as the
Three Gorges Dam project) are undertaken will be where most new information will
be yielded. Surely South and South-central China will see increased archaeological
activity as a result of the booming economy there. Even so, we will probably not see a
de-emphasis on research on or in the Central Plain, but unless unexpected prosperity
reaches the region, few new large-scale projects will be initiated there soon without
outside funding.

An exception to activity centered on salvage recovery will be that provided by
Sino-foreign projects (Murochick 1997). In the 1990s a few Sino-foreign teams began
to conduct problem-oriented research that spans the BronzeAge (Liu 1996; Underhill
et al. 1998; Linduff et al. 2002–2004). These regional surveys and test excavations
have focused on the reconstruction of human behavior. This is a significant shift in
emphasis, but one in which previously developed typologies and chronologies often
play a significant role. Both new methods and theory, particularly those developed in
North America since the 1960s, including computer technology, are of great interest
to mid-career and younger Chinese archaeologists and have allowed real cooperation
to develop. Experimentation and use of newly created collaborative methods inside
of China are underway (CICARP 2003).

Emphasis on the context of human behavior has allowed some increased interest
in systematic collecting and testing of information on environment, climate, ecology,
animal and plant evolution, and so forth, although increasingly the data are integrated
into studies of overall patterns of behavior in some regions (see, for example, Li et al.
2006). Technical studies on materials, such as those on metals and ceramics, on the
other hand, do take place with some regularity and are quite telling in relation to the
activities of communities in many regions.

The Study of Early Metallurgy in China

Most studies of incipient metallurgy focused only on fully developed phases dating
from the second millennium BC. There is no question that by the early dynastic
period in China, or no later than the Shang Dynasty (c. 1550–1050 BC), the an-
cient Chinese had already considered technological options and made technological
choices about metals (Barnard 1961, Gettens 1967; Barnard and Tomatsu 1975). For
use in ritual, they preferred tin-bronze for use in ritual to either silver or gold, even
though resources for both were close at hand (Bunker 1993, 1994a, b; So and Bunker
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1995; Linduff et al. 2000: Map 8, p. 277). They had developed a very sophisticated
piece-mould system of casting, understood the properties of metals, and used their
knowledge in the alloying process. A prescriptive tin-bronze industry was highly
developed at that time and was supported by patrons of the political and social elite.

The tin-bronze items produced were used in rituals that paid reverence to ancestors,
including the recently deceased, and were often placed in elaborate burials. As signs
of political and/or social position and wealth associated with it, such metal items
are unmistakable evidence of social inequality in the already highly stratified society
of the late Shang period. Metal farming implements as well as tools are absent
from the archaeological record of the Shang period, for instance, further confirming
the exclusivity of the technology and highlighting its restricted use. This dedicated
role for metal production and its resulting artifacts mark late Shang society in the
Central Plain as well as elsewhere (Sichuan for instance), where large production
centers have now also been found. This is unusual among ancient world cultures,
for in Mesopotamia, for example, metal items served multiple purposes including
utilitarian ones.

But this late Shang tin-bronze industry was not a primitive stage in the develop-
ment of metallurgical technology; it was simply the first one documented in East
Asia. Research on ritual tin-bronzes and the implications of their use among the
Shang have been refined over the years since the discoveries were first made in the
late 1920s, but questions about where and how metals were used and about how
and where the technology developed prior to that period have suffered from lack
of information from excavated contexts. This situation has changed in the past two
decades. More than 70 sites that can be dated either by C and/or by archaeological
context earlier than 1500 BC have been published (Linduff et al. 2000: Table II,
pp. 355–384). These published sites yielded metal artifacts and/or metal production
materials such as crucibles, or slag, and so forth (Linduff et al. 2000: Tables I and
II, pp. 322–384). Analysis of the data, including the metallurgical content of many
items, casting technology, as well as the types and uses of metal artifacts in the period
from about 3000–1500 BC, leads to some surprising observations about the advent
of metallurgy in eastern Asia and about its role and development in complex society.

Recent syntheses that investigate early China usually now view the archaeological
landscape during the fourth millennium BC as a mosaic of regional groups that
interacted with each other (Chang 1986). When dealing with the period of early
metal use however, most Chinese archaeologists have accepted a traditional model
which regards the Central Plain of northern China as the dynamic center of social,
political, and technological change and propose that complex societies emerged in
Asia through a process of interaction with the Yellow River Basin (BUIST 1981;
An 1993; Linduff et al. 2000: Map 1, 2, 3, 4, 5) (Fig. 27.1). The elevated position
of metal artifacts as well as the highly specialized and sophisticated multi-piece
mold technology developed to produce them in early Chinese society have fueled
the assumption/conclusion that the commencement of metallurgy in East Asia was to
be found inside the early Chinese cultural, and/or even the political, sphere (BUIST
1981; An 1993; Barnard 1987, 1993). Now this conclusion is being challenged
because there is adequate information to show that metal artifacts, in at least one
other area, to the west of the Central Plain, were locally produced in enough volume
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Fig. 27.1 Northern China, Yellow River Basin, showing key early metal sites

to confirm its regular use (An 1993; Mei and Shell 1998; Mei 2000; 2003a; Linduff
et al. 2000: Maps 1–4, I.2, pp. 1–29; Liu and Li 2007). In addition, the types of
objects found in this region as well as the component percentages of metals in the
mix do not correspond to tin-bronze types and alloying formulae found in the Central
Plain (Linduff et al. 2000: Table I, II.10; Sun and Han 1997).

From these recently excavated and reported sites where metal artifacts have been
reported dating prior to 1500 BC, we can see that one of the most striking, as well as
usual, additions to late Neolithic village life in northeastern Asia was the beginning
of the use of metals. Cultures where metals (including copper as well as alloyed
metals) were first used and manufactured are located across a large area from the
west, across the northern frontier, to the eastern seaboard in and to the north of what
has been traditionally been called ‘China proper.’ The growth of the industry did not
solely, or even primarily, occur in the Central Plain associated with early dynastic
China, but in several regions (Linduff et al. 2000: Map 1). Moreover, preliminary
observations on the process by which and the places where the technology developed
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as well as the role of metals and metal objects in these societies suggest that whereas
each locus was quite distinct culturally even during the early dynastic period, they
were also probably interconnected.

Scientific examination of metal artifacts dating prior to 1500 BC has been playing
a major role in the study of early metallurgy in China. Leadership in this arena has
been consistently provided by the Institute of Historical Metallurgy and Materials
(IHMM) and University of Science and Technology Beijing (USTB), first under the
direction of Ko Tsun, Han Rubin, Sun Shuyun, and Mei Jianjun. Although research
interest in the development of ancient metal technologies appeared in China as early
as the 1920s, the history of metallurgy as a discipline became established only in the
mid-1970s, when Ko Tsun and a small group of scholars (Archaeometallurgy Group)
from several different institutions in Beijing initiated a series of research programs on
ancient Chinese metallurgy, including the first systematic scientific investigation of
early copper and bronze artifacts recovered in the present-day China. The mid-1980s
witnessed the introduction of training programs for graduate students in the history
of metallurgy, an important step that brought in young generations of scholars who
have now become active in the field in China. While the science-oriented research
approach has become widely adopted and has been making substantial contributions
to a new understanding of early metallurgy in China, the need for an interdisciplinary
approach that would combine social, anthropological, and scientific perspectives has
become increasingly obvious. A emerging new trend emphasizes the examination of
early Chinese metallurgy within its social and cultural context and the exploration
of relationship between early metallurgy and social complexity.

The Evidence

The earliest sites that have yielded metal objects date to the late fourth and third
millennia BC (Linduff 1997, pp. 306–418; Mei 2000) (Fig. 27.1). Quite early metal-
using communities are found in Qijia/Siba sites in Gansu, with comparable sites
in Xinjiang in the west, and others in Shandong, Liaoning, and Inner Mongo-
lia in the east and north, and in the Central Plain in the lowest levels at Erlitou
(Fig. 27.1). Because several levels of excavations are 14C dated and those dates
have been matched up to ceramic types and styles, chronologies are more secure. An
approximate chronological correspondence between the sites in the eastern Eurasian
steppe and China is now clear, and suggests that the emergence of metallurgy was
supraregional (Linduff et al. 2000, pp. 1–28).

Analysis of the data, including metallic composition, casting technology, as well
as types and uses in the period from about 3000–1500 BC yielded evidence of the
use of metals in late Neolithic in northeastern Asia as far east as the Russian Far
East. Sites where metals (including copper as well as alloyed metals) were first used
and manufactured are located across this large area, showing that the growth of the
industry was not confined to the Central Plain. Moreover, preliminary observations
on the process and patterns of use of the technology are both shared and diverse such
as at Siba and Erlitou (Sun and Han 1997).
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Areas in China where metallurgical knowledge was in use emerged near ore
sources of metals, especially copper in several combinations (Barnard 1993, pp. 3–
48; Barnard 1987, pp. 3–37; Linduff 1997; Linduff 1998, pp. 619–643). For instance,
arsenical copper objects produced in Gansu at Siba sites must have been manufac-
tured by exploiting local arsenical copper resources still available in present-day
Gansu. All areas developed a taste for items made from ‘pure’ copper and cop-
per alloys, and gold items have been found in the Northeast and Northwest China.
Trumpet-shaped earrings, for instance, have been found all over eastern Eurasia and
northern China and were made from copper, tin-bronze, as well as gold and sliver,
according to the local preference and show a clear regional choice, unlike that in the
central Yellow River Basin where the earliest Chinese states were located (Liu and
Chen 2003, pp. 80–81). The lack of consistency in formulae suggests that knowledge
was gained from several sources and not through local invention (Sun and Han 1997;
Mei 2003a, b).

Areas where metal objects were recovered stretches across an area from the west,
across the northern frontier (of early dynastic China), to the eastern seaboard, and
these are dated from the third and early second millennia BC.

These are:

1. Area I: The Qijia culture (c. 2500–1900 BC) of Qinghai, Gansu and western
Shaanxi has yielded copper and copper-based alloyed utilitarian items and gold,
copper, and copper-based alloyed personal ornaments. The earliest dates for metal
in this region are found at a Majiayao site at Linjia (see Fig. 27.2), Dongxiang,
Gansu. “Copper” (analyses of metal knife and awl showed 99 % copper with
impurities of lead, tin, and so on of less than 0.4 %) implements including knives,
chisels, awls, and rings, and in one site a mirror (at Gamatai in Guinan, Qinghai
see Fig. 27.2) were unearthed in several sites (KGYWW 1980).

2. Area II:Zhukaigou (Levels 3, 4, and 5; c. 2000–1500 BC), in South-central Inner
Mongolia, has yielded copper, tin-bronze and bone weapons, and tools typical
of both the Central Plain and the Steppe cultures (both Andronovo and Karasuk)
(KGXB 1988).

3. Area III: the Lower Xiajiadian culture (c. 2000–1600 BC) in eastern Inner Mon-
golia, Liaoning, northern Hebei produced highly specialized pottery and walled
villages as well as copper and copper-based alloyed utilitarian tools and personal
ornaments which parallel those of theAndronovo culture (KG 1978; Zhang 1986).

4. Area IV: Erlitou, Henan, in the Central Plain (Phases 3 and 4; c. 1750–1530 BC)
is exemplified by tin-bronze tools, weapons and piece-mould vessels, jade ritual
materials, as well as walled villages.

5. Area V: the Yueshi culture (c. 2400–1600 BC) in Shandong yielded bronze and
brass utilitarian items including nose rings, but larger than those from Huoshaogou
in Gansu (Linduff et al. 2000: I.6; Xu 1989).

The archaeological record suggests that at the critical, protodynastic period in the
late third and early second millennia B.C., all these cultures were at a similar level
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Fig. 27.2 Central China, Gansu Corridor, and upper Yangtze, showing key early metal sites

of societal development. Those outside of the Central Plain were producing both
worked and simple cast objects on a small scale (Linduff 1998). These sites locate
the use of metal working (Areas I, II, III, and V) and casting (all Areas) as well as
regionally specialized ritual materials all at about the same time. With this evidence,
the possibility that metal technology was introduced to theYellow River Basin must be
considered, while maintaining the possibility that the elaborate piece-mould casting
methods used to cast ritual vessels in the Shang Dynasty may likely have developed
independently in the Central Plain.

The appearance, but also the demise of these metal-using communities outside
of that in Dynastic China is also a great dilemma. The type of social complexity at
Areas II and III worked against their emergence into ranked, hierarchically ordered
societies like those developed in the rich agricultural lands of the Central Plains. Their
economies likely did not collapse, but rather were recast by increased dependence
on pastoralism in Area II (Indrisano 2006) and hunting, trapping, and pig farming
in Zone III (Shelach 1994, 1999), thus, dramatically separating their lifeways from
that of Chinese agriculturists.
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Implications of the Data

Taken together, these sites locate a broad area across northern East Asia where the
beginnings of metal use can be located and dated at about the same time. All areas
where metallurgy emerged were near ore sources of metals, especially copper in
several combinations (Linduff et al. 2000: Maps 5–8). For instance, the distinctive
arsenical copper objects must have been manufactured by exploiting local resources
that are still available in present-day Gansu. (Linduff et al. 2000: Map I) Although
each area developed a taste for items made from copper and copper alloys, gold items
have been found only in the northeast and northwest. These gold items (earrings and
nose ring) are only occasionally found, and may be imports, valued perhaps for their
rarity, or they may have been manufactured locally and used because of their form
to signify group affiliation. The earring (including nose rings) types were known in
far greater numbers made from copper and tin-bronze, and especially in Qijia and
Siba sites in Area I.

The makeup of each culture area, even in this preliminary survey, belongs to a
distinctive archaeological culture identified by its pottery and speculated upon by
some according to ethnicity (Linduff et al. 2000, I.9, II.10). In all regions, the econ-
omy is mixed; excavated villages have yielded evidence of both cultivated crops and
domesticated animals, as well as the continued practice of hunting with improved
arrowheads made of tin-bronze. Many early copper products show an uncanny resem-
blance to each other across the Northern Corridor—from Gansu, to Lower Xiajiadian
in the northeast, to Yueshi in the Shandong Peninsula. Metal ornaments and simple
tools seem not to designate rank in any of the sites outside of the Central Plain as, for
example, in burials at Huoshaogou, where metal items are included in most burials.
That is to say, the material of their manufacture is not noticeably restricted as it is in
sites associated with dynastic China throughout the mid-second and first millennia
BC.

The presence of comparable tin-bronze tools and many other shared traits men-
tioned above suggests, nevertheless, that there was a network of some type, however
loosely connected. As part of a network, those outside may have contributed to the
development of state-level society in the Central Plain (oracle taking, for instance, or
more substantively through interdependent economic systems) (Shelach 1994; Lin-
duff 1998), rather than merely acting as passive receivers of metallurgical technology
and other features of complex society from the Central Plain, as has been suggested
in the past. They are linked through comparable artifact types and by shared met-
allurgical technologies not easily transmitted without movement of craftworkers or
even larger groups of travelers.

The expansion of the metal tool-kit and the production of it in alloyed metals in
the early second millennium BC in Gansu and the surrounding area did not witness
an intensification of its use as a political marker, as was the case with tin-bronze
items produced and buried in the Central Plain, but perhaps as a cultural identifier.
The consistently local character (pottery types and styles) of sites, as well as the
appearance of metal items with affinities to cultural debris of Bronze Age southern
Siberia, suggests that there was movement into the Gansu Corridor of newcomers
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who were possibly horse herding (Anthony 2007), but certainly metal-producing
peoples of Andronovo background (Peng 1998; Mei and Shell 1998, 1999). Move-
ment of groups along a north–south path must also be considered as such movements
are still very much part of life on the eastern Eurasian steppe today (Sandra Olsen
personal communication). Among those eastern Inner Eurasian peoples, animal sac-
rifice also signified status and/or leadership in burial and metal items included tools,
weapons, and personal ornaments associated with individuating societies, not with
one whose symbol system was used to identify all members of the same political
unit, as exemplified by the use of the tin-bronzes at Erlitou.

Still, the best-known cultural trajectory is the one at Erlitou and its surrounds.
The sophisticated tin-bronze industry was apparently the exclusive commodity of
the elite and developed along with the emergence of social complexity and ritualized
social hierarchy (Chang 1980). This development is already apparent in the second
millennium BC, where status-based and role-related social decorum operated in the
religious, social, and political spheres (Keightley 1990, p. 42) and demanded the
production and use of the ritual items such as vessels and weapons cast out of tin-
bronze as at Erlitou. They experimented with metals in the region in the late third
and early second millennium BC, but by about 1750 BC, they were on a different
track from the cultures to their northeast and northwest. The emergence of state-level
society no later than the Shang was synonymous with tin-bronze production. Where
the advanced methods of piece-mould casting were invented is yet to be determined,
but their restricted use of alloyed tin-bronze was apparent from at least as early as
the sites at Erlitou, Henan.

Outside of the Central Plain, the story is different, and the archaeological record
is beginning to clarify those differences. Each area experimented with metal use at
the household level well before 1750 BC. Each area made artifacts from copper or
alloyed metal items of comparable shape and style for utilitarian or decorative use;
and each followed its own local historical path. The Shandong peninsula contributed
to and finally was absorbed into the Chinese dynastic society in the second millen-
nium BC. The cultures in the northeast region continued a sedentary lifestyle and
increased independent tin-bronze production substantially after about 1000 BC. In
the northwestern region, the local cultures called the Qijia and Siba were seemingly
more connected with cultures to their own west, never established centrally managed
state-level societies, and remained outside of the Chinese cultural and political dy-
nastic arena until the Qin conquered these lands in about the fifth century BC. This
area seems not to have been inspired by the Central Plain about tin-bronze metallurgy
or much of anything else detectable in the archaeological record. Their knowledge of
horses and of certain metal tools were eventually probably imported into the Central
Plain.

The communities in these four areas are all late Neolithic agricultural commu-
nities, but their economic strategies, social organization, probably their political
systems, and surely their ideologies differed. Some, especially those west of the
Wei River, gained much greater benefit from their western neighbors, who inhab-
ited the plains of eastern Inner Eurasia, than from the Chinese dynasts to their east
and remained outside of Chinese political control and cultural sway for centuries
following.
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China and Eurasia

Because little was documented to suggest an earlier phase of metallurgy and because
of the prevalence of a diffusionist model of explanation among western scholars,
knowledge of metals in regions east of the Caucasus has most often been explained
by proposing a route of transmission from the Near East across Russia to the Far East.
Two possible routes have been suggested: the Northern and/or a CentralAsiatic. Both
routes were thought to have begun in the Anatolian–Iranian area and traversed the
Caucasus across the Eurasian Steppe or from Iran up to the Amu Darya and over the
Tianshan Mountains to Kashgar (Tylecote 1976, pp. 14). Such diffusionist theories
rested on the chronology of the Near Eastern sites. The lack of reports on early use
and manufacture and the limited availability of reports written only in Russian and
Chinese have hindered reliable testing of the diffusionist model.

Among Chinese and Russian scholars, study of the industry and proposals about
who initiated the movement of ideas have been affected by mutual lack of informa-
tion because of language barriers, but especially because of political borders and
nationalistic sentiments. The now-dated debate between Profs. B. Karlgren and M.
Loehr presented judgments on the direction of transmission for the technology, for
example, based on analysis of style of artifacts and the manner of its transformation
across time and space (Karlgren 1945; Loehr 1949a, b). Their arguments, Karlgren
as the champion of China and Loehr of Siberian cultures as the primary source for
certain artifact types and ultimately for the technology itself, were mounted at a time
when excavated, tested, and dated materials earlier than about 1250 BC were lacking
from both sides. And although archaeologists and metallurgists have questioned the
diffusionist model, this view and others are now being reassessed in light of new
archaeological information (Mei 2003a; Liu and Li 2007).

The translation of Evgeny Chernykh’s text on the early metallurgy in the USSR
has allowed access to readers of English to excavated materials from the territories
between the Near East and central Siberia (1992). In addition, better and more com-
plete reports on copper- and metal-using as well as mining sites in Russia, especially
those east of the Ural Mountains such as Arkaim and Sintashta-Petrovka (Gening
et al 1992; Chernykh and Kuz’minykh 1989) and Kargaly (Chernykh 2003) and from
northern EastAsia dated to the third millennia BC are also available, still largely in the
local languages (Linduff 1997; Chase and Douglas 1997). Not only do such reports
suggest that there was contact between cultures of the eastern Eurasian steppe and
China, but also that the beginnings of metallurgy in this part of the world was regional
and took direction according to the host culture and local demands. Wide-ranging
studies on the process of this development are still rare (Barnard 1983, 1987; Linduff
1997, 1998; Linduff et al. 2000, pp. 1–28). These studies do not allow independent
evaluation of the sources, however, by those trained either outside of Chinese area
studies or in metallurgy.

The Chinese preoccupation with the notion of the primary role of the Central Plain
to the emergence of Chinese civilization (An 1989; Chang 1977; Chen 1988; Olsen
1987; Falkenhausen 1993) is apparent still, even though it is also clear that there
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are many early, precocious metal-producing sites outside the area considered as the
homeland of the dynastic Chinese. This struggle has an extensive and very well-
argued history in Chinese scholarship, making long-held mononuclear notions about
the rise of Chinese civilization not only hard to change, but also striking when the
view is challenged. For example, An Zhimin’s 1993 article suggesting that there may
have been multiple centers where the experimentation with metals took place was a
landmark in Chinese scholarship. This well-established leader of the archaeological
community in China joined other, earlier speculations on the matter, but it was his
voice that was widely heard. The introduction of sophisticated methods of scientific
examination of the composition, structure, and sources of metals has added yet
another, very powerful analytic tool to the study of early Chinese technology.

Another problem has vexed Chinese archaeologists as they excavated and pub-
lished early materials—the question of dating. Of central concern to archaeologists
in China as elsewhere, the use of carbon dating and the calibration of these dates
have revolutionized methods of dating, formerly based entirely on stratigraphy and
the development of ceramic, or other, diagnostic typologies. The combination of
these two methods is now in use in many locations in China and yields evidence of
periodization that can be more confidently accepted and compared to other areas of
the world. In some cases, these newly calculated Chinese dates have necessitated a
reevaluation of those metal-producing sites across its borders in Russia (Mei 2000,
2003b). A collection of essays, bibliography, lists of calibrated C14 dates, and maps
have made available some important papers and data, but much was not covered
in that text (Linduff et al. 2000). Work on mining, for instance, brings data to the
discussion that was all but missing before the mid-1980s (Hua 1986, 1987, 1991; Li,
et al. 2007).

This region of eastern Eurasia is linked through comparable artifact types, by
closeness to ores, and by shared metallurgical technologies not easily transmitted
without movement of craft workers or even groups of travelers. The consistently local
character of pottery types and styles in sub-areas, as well as the appearance of metal
items with affinities to cultural debris from BronzeAge southern Siberia, suggests that
there was movement into the area of western China, likely metal-producing peoples
from eastern Kazakhstan and/or Transbaikalia (Shui 1993; Chen and Hiebert 1995;
Mei and Shell 1999). As mentioned above, animal sacrifice signified status and/or
leadership in burial and metal items included tools, weapons, and personal ornaments
associated with individuating societies in the region of Gansu, metal items ultimately
were used to identify only elite members of a centralized political unit at Erlitou in
the center of early dynastic China. As Kuz’mina suggests (2003) the appearance of
wheeled transport, metallurgy and use, and/or breeding of horses signal not only
movement of ideas, technology, and perhaps peoples, but also significant societal
change, and often lead to a more complex social order. This process may or may not
characterize the village settings in western and northern China (Linduff et al. 2000,
pp. 1–29), but changes in social complexity are clearly identifiable in and around
Erlitou in the Central Plain.

Further, we may note that this change evidenced for the earlier to middle second
millennium BC was not a one-time affair. That was not the only period of interchange
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between the peoples of western China and points west. Continued stimulation, mov-
ing in both directions, can be witnessed in the later second and early first millennia
BC. Nor are the border regions of present-day western China the limit of that ex-
change system. Both local pottery and early metal artifacts suggest that knowledge
of metallurgical traditions and artifact types extended into northeastern China and
into what is now the Russian Far East.

Nevertheless, when considering the advent of metallurgy in the late fourth and
third millennia BC, all the criteria of the Eurasian Metallurgical Province (EMP)
defined by Chernykh are found in the “Chinese” contexts. If separated from modern
nationalistic and centric views of ancient culture and considered as part of a larger
metallurgical context, even the multi-piece-mould casting method developed in the
early second millennium BC at Erlitou, thought of as a hallmark invention of early
dynastic China, may be seen as a local technological variation within the easternmost
Eurasian territory made for specialized ritual use (Linduff 2004).

The Future

It is clear that more work needs to be done before analysis of metallurgy and societal
change can be productively carried out. A few suggestions follow:

Further regional and local analysis needs to be done, including multidimensional
study of communities including excavation of habitation sites, hopefully production
sites, as well as mines, etcetera. From these contexts, clearer chronologies could be
created. Study of the region would benefit from expansion to a more concentrated
analysis that includes southwestern and south central China, which is not studied well
and could be important to further analyses. Connections with Southeast Asia are just
beginning to be investigated systematically (Higham and Higham 2009; Pigott and
Ciarla 2007; White and Hamilton, this volume).

More intensive technological analysis would add immeasurably to the discussion.
Both metallographic and compositional analysis could lead to discussion about where
and how alloys were produced. Especially problematic is the fact that technical data
on excavated materials produced in the Central Plain are largely absent. These data
are essential to any study in East Asia. Although scientific examination of dozens
of metal objects excavated at the Erlitou site, for instance, has been completed, the
results have not yet been published. The major alloy types of the Erlitou metals
include Cu–Sn and Cu–Sn–Pb, though there are a small number of artifacts made of
Cu–As, probably an indication of connections to other regions. Generally speaking,
the Erlitou tin-bronze industry is slightly later than what we have seen in Northwest
China. Therefore, evidence for the existence of some borrowing from Northwest and
North China in the Central Plain during the Erlitou period is becoming strong, but
this is not yet decisive or adequately documented. Regional interaction needs to be
documented as well, especially from several distinctive regions including the Central
Plain, Gansu-Qinghai, Xinjiang, and the Northern Zone.
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In addition, perhaps one of the most intriguing questions yet to be addressed
systematically is about the invention of piece-mould casting methodology. We need
to examine this issue from both technological and socio-cultural angles.

More study of mining and ores would allow a more firm understanding of sources
and the relationship between trade and interaction with the emergence of societal
complexity. Although we suspect that in all the metal production regions local mineral
resources existed, we cannot deny the importance of interregional trade networks.
Some hard evidence for mining has been located in recent years. In 2007, for instance,
an early mining site (Lower Xiajiadian period?) was discovered in Inner Mongolia,
and analytical work is now being carried out on the data from that site. Similarly,
also in 2007, two early smelting sites (second millennium BC) were discovered
at unexpected locations in the Hexi corridor in Gansu. The discovery has raised
questions concerning the organization of early mining and smelting activities, as one
site is located in the desert, almost 100 km away from the Qilian Mountain where
the most likely source for the metal ores is located. This suggests that it may become
increasingly important to look at the societal context of early metallurgy, since it is
likely that early communities in the Hexi Corridor were village level societies and
could presumably only support metallurgical activity on a relatively small scale.

If as more and more sites are excavated, greater information on soil, on animal life,
on diet, on regional patterns including economic, political, and social organization
were gathered, analysis of the data could lead to more firm explanations for cultural
interaction, trade, as well as for the function of metal products and their production
in society.

In contexts where manufactured metal artifacts have been found in China, ex-
cavated villages have yielded evidence of both cultivated crops and domesticated
animals, as well as the continued practice of hunting with improved arrowheads
made of metal, especially in the northeast. Chernykh’s fanciful speculation that the
Seima-Turbino was formed through a fusion of metallurgists and warrior horse rid-
ers of the forest zones of the Altai and eastern Siberian taiga mobile hunters (1992),
he claims, is supported in the recent excavations of the village at Gorny (Chernykh
et al. 1998), Kargaly (Chernykh 1997; 2002–2007), and many others including
Arkaim and related sites (Zdanovich 1997). Located close to vast resources of ores
in the Urals, these excavations reveal that isolated groups of miners and metallurgists
worked in specialized communities for many generations supplying patrons across
western, and possibly eastern, Eurasia. In China’s Central Plain, with an emerging
ruling class, state-level society and the ritual significance given to alloyed metals,
the network included not only the regional importation of metal ores, but also of salt
(Liu and Chen 2003, pp. 80–81), and supported a very specialized metal industry
that developed quite differently and perhaps independently from those communi-
ties/polities in areas to the north, northeast, and west of ancient China (Linduff et al.
2000). Those outside of the Central Plain emerged perhaps in concert with, however,
interactions with eastern Eurasia.

Therefore, in considering the directions for future research, four points may be
emphasized: first, technological analysis is basic and should be carried on, with a
greater emphasis on the samples collected from production sites, including slag,
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ores, and furnace materials. Comparative studies based on analytical data should
be done in order to characterize the regional technological features, which could be
used as evidence understanding the pattern of contacts or interactions between vari-
ous regions. Second, regional analysis may include an examination of sociocultural
context for metallurgical production, such as ceramic production, ritual preference,
burial custom, religious tradition, artistic choice, and so on. More attention should
be paid to exploring how early metallurgical activities were organized and what
they contributed to the increase of social complexity. A combination of technolog-
ical and archaeological approaches will be necessary. Third, local innovations and
long-distance contacts are two vital issues that are worthy of in-depth exploration
by employing an interdisciplinary approach. Several important early metallurgical
innovations have been noted, such as piece-mould casting, arsenical copper, leaded
bronze, decorated mirrors, but how they emerged and developed still remain unclear
and required further research. Fourth, more comprehensive scientific dating must
guide all considerations above, and could be provided in new as well as previously
excavated and surveyed locations. Then, if these issues were examined within a wider
Eurasian context, the contributions from both local innovations and outside impetus
could be properly highlighted. It is important to understand the scale, patterns, and
mechanisms of early interaction, including trade and exchange, movement of people,
as well as community conflict.

Furthermore, as western research approaches as well as theoretical thinking
continue to be introduced into China, academic discussion and debate among schol-
ars will be stimulated. Much more is still to be learned and close collaboration
and academic exchange between Chinese and other scholars should and is being
encouraged.
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Chapter 28
The Transmission of Early Bronze Technology
to Thailand: New Perspectives

Joyce C. White and Elizabeth G. Hamilton

Introduction

Archaeological research in Southeast Asia is a relatively new field and there are huge
gaps in our fundamental data and understanding. Large areas such as Myanmar and
Laos remain little explored. Even in subregions such as Northeast Thailand, where
there have been several decades of research, the data are quite thin. For example,
there are no fully articulated, dated and published, and stratigraphically based re-
gional ceramic sequences widely used by prehistorians in mainland Southeast Asia.
Southeast Asian archaeologists debate many of the most basic aspects of regional
culture history—how old a pottery type is; when glass, iron, or any other technology
first appears; when and where social forms such as chiefdoms or states first appear;
and so forth. The paucity of much basic archaeological evidence does not, however,
dampen the interest in broader disciplinary questions such as why and how techno-
logical, social, economic, and other changes have occurred, even if the data allow
only preliminary and speculative statements rather than enduring and quantitatively
based assessments.

When, where, and by what mechanisms bronze metallurgy first appeared in South-
east Asia have been topics of scholarly debate for more than 40 years. Because the
evidence for the earliest bronze metallurgy in the region indicates that it appeared
fully developed, and no signs of an experimental period have been found, the schol-
arly consensus, despite occasional flashes of discussion (e.g., Higham 1996, 2002,
p. 166, 353, 2006, p. 19; vide Sherratt 2006, pp. 43–44), is that metallurgy—the
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Fig. 28.1 Map of Asia and eastern Europe showing important sites and geographic features men-
tioned in the text. (Adapted from the Encyclopedic World Atlas 2002, p. 10. Seima–Turbino sites
(triangles) in Eurasia are taken from Chernykh 1992, p. 192. Ardeth Abrams, illustrator)

system of manufacturing, distributing, and using metals and metal objects—was de-
rived from elsewhere (Roberts et al. 2009, p. 1016). The dating and source of the
earliest metals in the region remains a major topic of dispute even today (Higham and
Higham 2009; Pigott and Ciarla 2007; White 2008). Scholars interested in the issues
include many who are not regional prehistorians (Linduff 1998, p. 633; Mair 1998a;
Muhly 1988; Sherratt 2006), because metal technology may be one of the best media
through which to explore the details of sociocultural interactions and relations across
Eurasia from the fourth through to the first millennium BC (Kohl 2008). In short,
understanding the adoption of metallurgy in mainland Southeast Asia could provide
important insights into the nature and events of late Holocene Eurasian technology
and culture at a continental scale (Sherratt 2006, pp. 43–44).

Most current attempts to explain the appearance of bronze in Southeast Asia
look north to early states of the Huang He (Yellow River) Central Plain and their
sophisticated bronze tradition for the initial stimulus for bronze metallurgy reaching
Southeast Asia (Fig. 28.1; Higham 1996, 2002; Pigott and Ciarla 2007). In this
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chapter, mainland Southeast Asia refers to the territory encompassed by modern
Myanmar (Burma), Thailand, Laos, Vietnam, Cambodia, and the peninsular portion
of Malaysia. (To avoid any implied conflation of the modern nation-state of China
with past cultures that existed within its territory, we use People’s Republic of China
or PRC to refer to the modern nation-state, and geographic terms such as river basins
or specific provinces when referring to a geographic zone or subunits within PRC
boundaries inhabited by past societies).

Proposals for the source of Southeast Asian bronze technology that look to the
Huang He Central Plain are framed in a diffusionist idiom (cf. Kroeber 1963 [1923]),
e.g., tracing the geography of cultural traits in terms such as the “spread of the idea”
of smelting from the more sophisticated Erlitou–Erligang–Shang Chinese cultures to
the less-complex societies of Southeast Asia via networks of contact and exchange.
We argue that these Sinocentric models are flawed for chronological, technological,
and conceptual reasons.

One conceptual problem in Sinocentric models is the primacy given to state-level
societies in traditional understandings of the Bronze Age.

In all other corners of the Bronze Age world—China, Mesopotamia, Anatolia, the Aegean,
and central Europe—we find the introduction of bronze metallurgy associated with a com-
plex of social, political, and economic developments that mark the “rise of the state.” Only
in Southeast Asia, especially in Thailand and Vietnam, do these developments seem to be
missing, and explaining (or eliminating) this anomalous situation is one of the major chal-
lenges of archaeological and archaeometallurgical research during the next decade. (Muhly
1988, p. 16)

This oft-cited quotation has stimulated considerable research and discussion by
SoutheastAsian archaeologists in the years since its publication. Some (e.g., Higham
1996, 2006, p. 19, 2009; Higham and Higham 2009) have sought to eliminate the
“anomaly” by advocating short chronologies and seeking evidence for a clear rela-
tionship between bronze metallurgy in Southeast Asia and intra- and extraregional
development of economic and political élites, marked social hierarchies, and state
formation activities. Others (O’Reilly 2001; White 1995; White and Pigott 1996)
have examined the socioeconomic context for early metal-using cultures in South-
east Asia to understand how nonurban, nonstate societies organized production and
use of metals in less-stratified configurations.

Since the discovery of early bronze in Thailand, the opening of formerly
inaccessible parts of the Eurasian continent to modern archaeological research,
and translations of Russian and Chinese archaeology have provided new data
and new conceptual models pertinent to the history of metals in Asia (Linduff
and Mei 2009). New evidence ranges from discovery and definition of formerly
unknown bronze-producing cultures, such as Tianshanbeilu in eastern Xinjiang
(Mei 2003, 2004), to recognition of the great cultural dynamism of metal-using
societies in central parts of Asia, beginning in the fourth millennium BC (An-
thony 2007; Chernykh 1992; Kohl 2007, 2008; Koryakova and Epimakhov
2007; Kuz’mina 2008; Linduff 2004a; Mair 1998b), to new accelerator mass
spectrometry (AMS) dates that have provided an absolute chronology for, and
sometimes reordered, cultural sequences that had previously been organized us-
ing relative culture-historical frameworks with poor or no chronometric evidence
(e.g., Hanks et al. 2007).
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As more nonstate bronze-producing societies have been discovered or made bet-
ter known by the availability of translations of Russian archaeological scholarship,
the idea that the Bronze Age was necessarily associated with early state formation
(e.g., Muhly 1988, p. 16) has required revision (Linduff and Mei 2009). Examinations
of the spread of metallurgy in nonurbanized Eurasia by Chernykh (1992, p. 191) and
Kohl (2007, pp. 178–179) led to the observation that “the Late Bronze archaeological
record for the western Eurasian steppes documents relations that are more egalitarian
and less stratified than what is known of the Early and Middle Bronze periods” (Kohl
2007, pp. 178–179). Kohl’s (2007) concluding Chap. 6 portrays a vastly different,
richer, and more diverse Bronze Age than the one envisioned in the influential but
now dated Muhly quotation. In the context of these nonurban, less-stratified Eurasian
Bronze Age societies, the weakly ranked metal-producing prehistoric societies of
Thailand appear less aberrant than when they were first discovered.

Recent scholarship on the anthropology of technology transmission (e.g., O’Brien
2008; Schiffer 2001a, b, 2005, 2008) also provides new conceptual tools with which
to address the complexities of why and how technologies move from one society to
another. In this regard, it is important to differentiate a “technology” (the applica-
tion of knowledge of the material properties of physical things to achieve practical
purposes) from a “technological system” (the way technological knowledge is im-
plemented in a specific context). So for example, during the second millennium BC,
the Huang He Central Plain states and Southeast Asia each had knowledge of bronze
technology, but the technological systems for producing and using bronze artifacts
in the two regions were markedly different.

The production of metal and metal artifacts is a “complex technological system,”
here defined as a system involving suites of interacting technologies comprising more
than one material and requiring multiple production steps (modified from Schiffer
2005; see also Costin 2005, p. 1054). Technological knowledge is applied to the
manipulation of two or more materials in order to attain a finished product, and a
division of labor is also required to conduct the full sequence of steps to implement the
technology. The smelting of copper and the production of bronze artifacts are parts of
a complex technological system involving the acquisition and manipulation of ores
and fuels, the creation of refractory ceramics, the refining of molten metal, alloying,
casting, fabrication, and manipulation of molds, and the management of post-casting
treatments such as working. When one appreciates the amount of knowledge, and
the number of skills and steps involved in even the simplest metal production system,
it is difficult to imagine how the transfer of this technology to a society with no prior
experience of working with metals could occur without direct instruction.

As ancient metal production systems around the world are studied, it is clear that
different solutions to the innumerable technological challenges entailed in creating
metal artifacts have been developed by different societies. These variant solutions
have been considered “ technological choices,” in that other possible roads to ad-
dressing that technical problem exist and were in fact likely known. For example, one
society chooses blowpipes, another double piston bellows to apply air to raise tem-
peratures during a smelt, and frequently choices are made for reasons unconnected
with Western notions of labor efficiency or scale (Epstein 1993; Hosler 1995; Killick
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Table 28.1 Lower Early Period metal artifacts and crucibles found at Ban Chiang

BC BCES

Levels Burial metals Nonburial
metals

Levels Burial metals Nonburial
metals

7 3 amorphous 2d 5 bangles –
2 flat 2c – 1 crucible

fragment
1 amorphous

2 crucible
fragments

2b – 1 wire/rod

6 2 amorphous 2a 1 spear point 1 flat
1 slag
1 crucible

fragment
5 1 flat 1a

2 amorphous
1 wire/rod

4 1 amorphous

Total 16 10

BC the 1974 excavation, BCES the 1975 excavation, 100 meters from BC

2004; Schiffer 2004). Defining the particular technological system of an area and
its range of technological choices requires investigating not only finished products,
but also the manufacturing equipment and debris, evidence of the production steps,
the materials technology for both finished products and manufacturing equipment,
and the systemic interrelationships among all these components. To determine the
source of the knowledge of metalworking in Southeast Asia requires looking at not
merely who produced the geographically nearest metal artifacts at a suitable period
of time, but who produced the nearest artifacts using a similar technological system.

Transmission of complex metal technologies to an area with no prior experience in
metalworking is not likely to have occurred by mere exposure to the idea of smelting
or by emulation of goods made of metal (vide Schiffer 2008, p. 107; Van Pool 2008),
particularly in areas lacking evidence of a period of experimentation. We now review
the technological system evident in the earliest bronze evidence of Southeast Asia in
order to better assess its possible source(s).

The Early Southeast Asian Metallurgical System

The Earliest Metal Evidence

The clearest evidence for the appearance of metallurgy in Southeast Asia comes from
Ban Chiang in Northeast Thailand (Table 28.1), from the excavations conducted by
the University of Pennsylvania Museum and the Fine Arts Department of Thailand



810 J. C. White and E. G. Hamilton

in 1974 and 1975 (hereafter Penn/FAD excavations). Ban Chiang is a mixed mor-
tuary/occupation site with prehistoric deposits extending at least from the late third
millennium BC to the first millennium AD. (All chronometric dates presented here
are calibrated, based on the IntCal04 calibration curve by OxCal v. 4.0.1.) The ear-
liest metal evidence comes from the Ban Chiang lower Early Period. AMS dates on
rice inclusions in burial pottery provide a range of c. 2100–1700 BC for the lower
Early Period of the site (White 2008). Bronze is missing from the very lowest cultural
contexts in the lower Early Period, but fragments are found in occupation contexts in
levels producing AMS dates around 2000 BC. The earliest metal grave good recov-
ered from the Penn/FAD excavations, a bent-tip socketed spear point (Fig. 28.2a),
comes from a lower Early Period level which dates around 1800 BC (a full discussion
of AMS dating of early Ban Chiang metals is in White 1997 and 2008).

Of the 26 metal or metal-related artifacts excavated from lower Early Period
burial and nonburial contexts at Ban Chiang by Penn/FAD (Table 28.1), five copper-
base bangles (Fig. 28.2b) and one copper-base socketed spear point (Fig. 28.2a)
were grave goods. One wire, one rod, four flat pieces (possibly fragments from
implements), and nine amorphous copper-base pieces (probably casting spillage)
came from nonburial occupation contexts such as general soil matrix, features, or
fill around graves. The presence of one piece of slag and four crucible fragments
from Ban Chiang lower Early Period contexts suggests that on-site casting (but
not necessarily smelting) was practiced from the initial appearance of metal at the
site. This early second millennium BC evidence supports the conclusion that bronze
appeared at Ban Chiang as a fully developed technology.

Evidence from other Southeast Asian sites of copper-base metallurgy older than
1500 BC is rare and less thoroughly documented than at Ban Chiang. The dating of
the earliest copper-base metals from the mortuary/occupation site of Non Nok Tha
has long been debated (Bayard 1972, 1979, 1981, 1996–1997; Higham 1996–1997,
2002, p. 129, 2004; Solheim 1968); but there is evidence that the oldest metal there,
including a remarkable, thin-walled, deep-socketed tin-bronze implement (known by
the nickname WOST, for World’s Oldest Socketed Tool; Fig. 28.2c), could date to the
late third millennium BC (Bacus 2006; Bayard 1996–1997; Higham 1989, p. 98, 102;
Spriggs 1996–1997, p. 943). In central Thailand, a bronze bar recovered from a lower
Bronze Phase burial 6ii at Ban Mai Chaimongkol (Fig. 28.2d) has been cross-dated
to some time during the early second millennium BC, based on its position in the
Ban Mai Chaimongkol ceramic sequence relative to dated ceramic sequences from
other sites in central Thailand (Onsuwan 2000, p. 114; Eyre 2006, pp. 100–101, 161,
327). In northern Vietnam, the earliest appearance of copper-base artifacts appears
to date from the early second millennium BC in deposits from Phung Nguyen and
other contemporaneous cultures. The earliest metal remains are described as “bronze
waste material” from six Phung Nguyen sites, “traces of bronze” from Doan Thuong,
a site related to Ma Dong, and “two baked clay casting moulds” from the late Phung
Nguyen site of Dong Vong (Huyen 2004, p. 190).

In summary, the earliest evidence for copper-base technology in Southeast Asia
consists of: (1) jewelry, particularly bangles; (2) socketed implements, cast in bi-
valve molds with suspended cores (the Ban Chiang bent-tip spear point and the Non
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Fig. 28.2 Bronze grave goods from prehistoric Thailand, from the early second millennium BC.
a Socketed bent-tip spear point BCES 762/2834, from Ban Chiang BCES Burial 76, the flexed
grave of a 25–30-year-old man. bAnklets BCES 526/1592, BCES 594/1984, BCES 595/1984, and
BCES 596A/1984, from Ban Chiang BCES Burial 38, a supine burial of a child about 4 years old.
c Deep-socketed implement NNT-152, from Non Nok Tha. d Bar from Ban Mai Chaimongkol
Burial 6ii

Nok Tha deep-socketed implement); (3) flat cast artifacts, including the Ban Mai
Chaimongkol bar and occasional fishhooks and arrowheads; (4) flat and rod-like
pieces that could have been fragments of implements; (5) small amorphous pieces,
most of which are probably casting spillage; (6) crucibles and crucible fragments;
and (7) ceramic casting molds.
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Technological System Overview: Evidence for Style and Choices

Raw Material Acquisition

Elemental analyses of prehistoric copper-base artifacts from Thailand indicate that
tin bronze was the preferred metal from the initial appearance of copper-base metal-
lurgy, so the earliest metalworkers needed to obtain both tin and copper. Systematic
archaeological research into how copper was obtained in prehistory has only just
begun. The Thailand Archaeometallurgy Project (Pigott 1998; Pigott and Natapintu
1988; Pigott and Weisgerber 1998; Pigott et al. 1997) has documented two ma-
jor locations with evidence of prehistoric copper production. Phu Lon in Northeast
Thailand is a copper mining complex located along the Mekong River about 160 kilo-
meters west of Ban Chiang. The Khao Wong Prachan valley in central Thailand has
at least three substantial outcrops of copper ore and several ore-processing/smelting
sites in their vicinity. No evidence for mining or smelting that dates to the early sec-
ond millennium BC has been excavated in Southeast Asia, but evidence from these
two localities exploited some centuries later can be used to gain some understanding
of probable early procedures.

Phu Lon, where the principal ore mined was malachite, has at least two well-
defined locales for ore processing located in the immediate vicinity of the mining
areas. The early mining efforts consisted of grubbing surface exposures with
heavy oblong river cobbles, resulting in small, rounded pits (Pigott and Natapintu
1996–1997, pp. 789–790). These hammerstones may have been handheld, as there is
no hafting groove or other indication of hafting (Pigott and Weisgerber 1998). During
later periods of use, mine shafts following mineral veins were created. Eventually,
it appears, the profusion of mine shafts and galleries in the hill led to the mine col-
lapsing in on itself (Pigott and Weisgerber 1998). Hundreds of stone-mining mauls
and ore-crushing tools were found around the site, with the latter especially in ore-
crushing locations. Some 96 fragments of crucibles were recovered, often with some
adhering slag, of the same morphology but perhaps somewhat smaller than the cru-
cibles found at Ban Chiang and related sites (Vernon 1996–1997). In the absence of
fixed installations such as bowl furnaces, it has been suggested that these crucibles
were used in smelting processes (Pigott and Natapintu 1996–1997, p. 793). In the
slag adhering to crucibles were found prills of copper, tin, and tin bronze, showing
that these metals were processed in the crucibles at Phu Lon as well (Pigott 1998;
Pigott and Natapintu 1988; Pigott and Weisgerber 1998; Vernon 1996–1997). Tin ore
such as cassiterite is not known to exist in the immediate vicinity of Phu Lon; thus, it
is possible that tin smelted from elsewhere, or cassiterite itself, was brought to Phu
Lon for processing. Sources of alluvial tin are known in northern Laos across the
Mekong. Most of the Phu Lon mining and ore-processing remains date from the first
millennium BC. There is one mid-second millennium BC date which could suggest
earlier activity at the mine. Mining at Phu Lon appears to have been small scale,
episodic, and probably seasonal, though exploitation did continue for centuries.
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In contrast to the relatively small-scale metal exploitation at Phu Lon, the Khao
Wong Prachan valley in central Thailand has evidence for more ore resource locales
and more intensive use (Natapintu 1988). Two copper-production sites in the Khao
Wong Prachan valley, Non Pa Wai and Nil Kham Haeng, are among the largest
prehistoric copper production sites currently known in Asia. The slag remains at Non
Pa Wai alone are estimated to weigh hundreds of thousands of tons (Pigott 1999).
Unlike at Phu Lon, where the ore-processing locations were adjacent to the mine, the
Khao Wong Prachan ore-processing/smelting localities are a couple of kilometers
from the probable locations of the actual copper mines. The metal-processing sites
suggest sustained prehistoric use, which the excavators argue began sometime after
1500 BC and continued through the first millennium BC (Pigott 1999). Non Pa Wai
has evidence of use as a smelting location with its meters-thick deposit of slag, ore,
crucible fragments, and cup/conical molds probably used for ingot production. At
the base of the deposit are human burials, some of which are thought to date from
the late third or early second millennium BC. The earliest burials are not considered
related to metallurgical activity, but later burials probably dating to the later second
millennium BC contained ceramic bivalve mold pairs for the casting of deep-socketed
adze–axes. Massive ore crushing and copper smelting took place at Nil Kham Haeng
during the first millennium BC and, as a site, its matrix is composed primarily of
slag and crushed ore/host rock. The site yielded mortuary remains from throughout
its sequence. Unlike Phu Lon, no evidence of alloying or tin processing has yet been
found at Khao Wong Prachan sites.

The ore deposits in the Khao Wong Prachan valley are rich in both iron and cop-
per; the copper deposits include malachite, chrysocolla, and chalcopyrite (Natapintu
1988). Analysis of the ore fragments found in the cultural deposits shows that both
oxidic and sulfidic copper ores were smelted (Pryce and Pigott 2008). Rostoker et al.
(1989) suggested that the copper metal was produced by co-smelting, involving the
inadvertent and simultaneous reduction of oxidic and sulfidic ores. Co-smelting pro-
duces metal in a direct one-step process, which may yield large quantities of slag
(Pigott 1999; Rostoker et al. 1989). In co-smelting, along with smelted copper, some
residual matte is often produced which could then be resmelted to copper. Successful
co-smelting requires only a high temperature (∼ 1250 ◦C) and a sulfur-rich atmo-
sphere (Rostoker et al. 1989), but no fixed installations, and can be driven by dry
wood fuel. Slag cakes, often fragmentary, were recovered from Non Pa Wai, prob-
ably resulting from the pouring out of the smelt product from crucibles on to the
ground. At Nil Kham Haeng somewhat different procedures were used and the slag,
on current evidence, is presumed to have formed in shallow bowl furnaces lined with
chaff-tempered clay. Following smelting the slag was systematically crushed and
could have been used for fluxing and resmelting. At Nil Kham Haeng, it is possi-
ble that lower-grade ores with higher sulfide contents were increasingly employed
as higher-grade oxidic deposits were depleted by intensive production in the region
(Pigott 1998; Pryce 2009; Pryce and Pigott 2008).

More investigation of these and other mining and ore-processing sites in South-
east Asia is needed, but one can make some observations regarding technological
choices in the early evidence for ore acquisition at these sites. Although the Khao
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Fig. 28.3 An intact crucible
from Ban Chiang illustrating
the common Southeast Asian
internally heated crucible type

Wong Prachan valley sites, based on the enormous volumes of production debris,
strongly suggest greater intensity of exploitation than Phu Lon, with more output and
greater permanency of residence, the two areas have elements in common. In both
areas, evaluation of the evidence for production organization, in light of Costin’s
(1991) criteria, strongly suggests that small, essentially autonomous work units of
labor, such as households, undertook metal processing using flexible low-technology
approaches (White and Pigott 1996).

Refractories

The refractory technological systems in prehistoric Thailand suggest a prefer-
ence for flexible, portable, multiuse equipment over specialized, task-specific, or
large-volume equipment. The evidence indicates that both smelting and melting
of metal were done in portable, internally heated crucibles, at least initially, with
the later addition of the bowl furnaces at Nil Kham Haeng that date to the first
millennium BC.

Common Southeast Asian Crucible Production

The earliest, simplest, and apparently most widespread crucibles are small, usually
spouted bowls (Fig. 28.3). Such crucibles (which, because of their wide distri-
bution, we will call “common Southeast Asian crucibles”) are found at many
mortuary/occupation sites in Northeast Thailand, including Ban Chiang, Ban Tong,
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Ban Phak Top, and Don Klang (Vernon 1996–1997, 1997), Ban Na Di (Higham and
Kijngam 1984, p. 130), Non Nok Tha (Bayard and Solheim 1991), and Ban Non
Wat (Higham 2008), as well as at the mining site of Phu Lon (Vernon 1996–1997).
Natapintu (1988, p. 122) illustrates an example from Noen Klong Bamrung in cen-
tral Thailand. Higham (1984, p. 236) implies that similar crucibles are also found in
North to South Vietnam and central Cambodia. Spouted crucibles have been noted in
Cambodia at Samrong Sen (date unknown), and a larger one (16 cm high) in Dong-
son contexts at Lang Ca (Murowchick 1988, p. 190, Fig. 17.18). The evidence from
Northeast Thailand suggests that these small crucibles were used for all processes
requiring containment of molten metal, including smelting, refining, alloying, and
melting.

Four fragments of this kind of common crucible, including one fragment with a
spout, were found in lower Early Period deposits in Ban Chiang, indicating that this
piece of production equipment was adopted at the first appearance of copper-base
metallurgy in Thailand. Crucibles of this kind were probably embedded in depres-
sions in the ground or in small hearth-like installations, such as those uncovered at
Ban Na Di (Higham 1988, p. 133, Fig. 13.5). The heat source was piled above the
crucible and its charge, a point supported by vitrification on the interior of the cru-
cibles (Vernon 1996–1997, p. 816; see also Barnard 1980, pp. 225–227 and Rehren
2003 for descriptions of procedures for using small internally heated crucibles).

Observations made on the Ban Chiang crucibles indicate that their size was suit-
able for casting the range of copper-base artifacts recovered from the site. This
evidence suggests that the goal was to prepare small batches of molten metal suit-
able for creating one or two artifacts at a time. The crucible fabric is often tempered
with rice chaff, which can help the internally heated crucible remain intact during
the relatively short processing period necessary for small batches of metal. In the
Ban Chiang region, the same crucible type was used for more than two millennia,
implying that this refractory style was very successful in meeting the needs of the
region’s prehistoric societies.

A notable performance-enhancing characteristic of many of the small spouted
crucibles is the presence of lagging—a quartz-rich clay slurry lining that probably
insulated the earthenware crucibles from the high interior temperatures, helping to
prevent cracking of the clay bodies while they held molten metal (Vernon 1997).
Lagging may also have facilitated successful pouring of the molten metal during the
casting process by preventing the metal from seeping into the crucible body. Lagging
contributed to the success of internally heated crucibles made of local earthenware
clays that are less refractory than, for example, kaolinite clays.

Technical analysis of the four crucible fragments from lower Early Period Ban
Chiang showed that all four had rice husk temper and adhering dross or slag, two
had interior vitrification, and a metal prill was extracted from one crucible piece.
One with a spout had lagging.

First identified at the mining site of Phu Lon by William Vernon (1996–1997),
lagging has since been found in crucibles from most sites in Northeast Thailand where
this feature was looked for by analysts (Vernon 1988, 1996–1997; White et al. 1991;
Hayden Cawte, personal communication). At least one layer of lagging was present



816 J. C. White and E. G. Hamilton

on 62 of the 87 crucibles or crucible fragments found at Ban Chiang, and 31 of the 96
crucible pieces from Phu Lon (Vernon 1996–1997, p. 210). White and Pigott (1996)
argued that the finds of the same basic crucible technology near mines, and also in
villages some distance from mines, suggest that while primary metal production took
place near ore sources, refining and casting took place in the villages. The recovery
of these crucibles in the lower Early Period at Ban Chiang, far from ore sources and
with almost no evidence for on-site smelting, suggests that a segmented production
system (different production steps occurring at different locations) was in place from
the initial appearance of metallurgy in Northeast Thailand. More published data on
crucibles from other sites in Asia are needed to further define the geographic and
temporal extent of common Southeast Asian crucible production.

Khao Wong Prachan Valley Crucible Production

A later crucible variant is found only in central Thailand in the Khao Wong Prachan
valley and at a related locus, Khao Sai On about 20 km to the south (Ciarla 1992,
p. 126). These distinctive crucibles are unspouted, unlagged (Vincent Pigott, personal
communication), and, though the size and shape can be variable, are on average larger
(∼ 8–10 cm internal diameter and ∼ 12 cm high: Bennett 1988) than the spouted
crucibles found in the Northeast, though still portable and internally heated. They
were associated with the use of another distinctive piece of refractory equipment—
portable reusable furnace chimneys pierced with holes. It is assumed that the holes
were for wind or bellows although no traces of tuyères have been found. Pigott
suggested that the strong and consistent winds found during the dry season were
enough to power small smelts, and this suggestion is being tested experimentally
(Pryce 2009; cf. Bunk et al. 2004; Pryce et al. 2007). While distribution of chimneys
in the Khao Wong Prachan valley is currently under review, they are particularly
common during the first millennium BC at Nil Kham Haeng where they are even
found in burials.

Judging from the hundreds of thousands of tons of slag and hundreds of thousands
of crucible fragments, industrial-scale production was undertaken at Non Pa Wai and
Nil Kham Haeng and probably other nearby localities. Khao Wong Prachan valley
crucible production appears to be associated with casting of ingots in cup/conical
molds. Small copper artifacts as well as numerous small bivalve molds for casting
these small artifacts have also been recovered. Nil Kham Haeng had abundant thin-
socketed cordiform-shaped implements (Pigott 1999, p. 18, Fig. 14) of unknown
function, along with bivalve molds for casting such objects. The overall evidence is
consistent with a step toward mass production, with the larger (but still portable and
internally heated) crucibles having a sufficient quantity of molten metal to pour into
multiple molds (Pigott 1999; Pigott et al. 1997). During the first millennium BC,
small bowl furnaces came into use at Nil Kham Haeng (Pigott et al. 1997).

The relationship (if any) of the Khao Wong Prachan valley crucible production to
the common SoutheastAsian crucible production is unclear.Although the KhaoWong
Prachan valley was occupied prior to 1500 BC (Pigott and Natapintu 1996–1997),
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no evidence demonstrates that metal was used or produced during the earlier occu-
pation. Nor has the common Southeast Asian crucible type been identified in the
valley, although complete bivalve mold pairs for larger socketed adze–axes com-
parable to those found elsewhere in Southeast Asia have been recovered from later
second millennium metalworkers’ burials in basal Non Pa Wai (Pigott and Natapintu
1996–1997, p. 798). Nevertheless, despite their differences, both the common and
Khao Wong Prachan valley crucible production styles are based on portable, inter-
nally heated crucible technology. The Khao Wong Prachan valley was apparently
oriented toward higher volume output, larger batch sizes, and more nucleated pro-
duction, with multiple production steps occurring in close proximity, but still with a
mostly portable technology. The enormous number of ingot molds demonstrates that
the area was engaged in providing raw material for casting on-site, and probably at
other locations.

Alloying

The elemental analyses done thus far indicate that binary tin bronze was the alloy
of choice, beginning with the earliest appearance of Southeast Asian prehistoric
copper-base artifacts. So far no evidence of working native copper has been found
in prehistoric contexts in Thailand (further supporting the lack of an experimental
stage in metalworking in the region). Elemental analyses of three lower Early Period
artifacts from Ban Chiang graves show that all were 10 % tin bronze, with no other
major elements or impurities. The early thin-walled, socketed Non Nok Tha adze is
also a binary tin bronze (Selimkhanov 1979). Scanning electron microscopy/Energy
dispersive spectrometry (SEM/EDS) analysis of the flat cast bar from Ban Mai Chai-
mongkol showed that the tin content ranged from 7 to 13 %, with low levels of lead
(Nash n. d.). Deliberately shaped, unalloyed copper artifacts are occasionally found
at Ban Chiang. Elevated levels of lead, arsenic, and antimony also are sometimes
found, but only the lead is thought to have been deliberately added, suggesting that
some flexibility in alloying was present in the second millennium BC. The products
of the Khao Wong Prachan valley sites were apparently almost entirely unalloyed
copper, which suggests that alloying may have varied by production centers. In this
regard, it is noteworthy that there are no tin sources close to the Khao Wong Prachan
valley. Based on the study of prills in crucibles from Phu Lon (Vernon 1996–1997),
we know that some alloying occurred at this primary production site, but based on
studies of prills in Ban Chiang crucibles (Vernon, personal communication), alloying
was probably also done far from ore sources, at villages which were doing their own
artifact casting.

Object Fabrication

Another fundamental component of any metal technological system is how the
smelted and alloyed metal was shaped into the desired form of the final product.
The discussion below reviews what are believed to be the two most common ob-
ject fabrication techniques found in prehistoric Thailand (the source of most of the
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available analytical data): lost wax casting and bivalve mold casting. In prehis-
toric Thailand, it appears that both formation techniques aimed to cast the object as
close as possible to its final shape, with minimal post-casting modifications. Forging
(shaping metal by cycles of heating and hammering) and cold working, while occa-
sionally practiced, were overall less important than in western Old World traditions
(Sherratt 2006, p. 44). Metallographic analyses of seven Ban Chiang lower Early
Period artifacts demonstrated that all but one were left as cast. The bent-tip spear
point had been annealed after casting, perhaps to bend the tip, with some possible
work before and after annealing (Ban Chiang Project n.d.; Stech and Maddin 1988).
A socketed adze–axe from Non Nok Tha was splayed by hammering and annealing
(Smith 1973). The flat bar from Ban Mai Chaimongkol was left as cast (Nash n.d.).

Lost Wax Casting

It has long been thought that the main technique used to create bangles, the most
common deliberately shaped copper-base artifacts recovered from prehistoric con-
texts in Thailand, was the lost wax technique (Higham and Kijngam 1984, p. 81,
125; Smith 1973, p. 29; Stech Wheeler and Maddin 1976, p. 43). The earliest ban-
gles are generally simple closed rings whose shafts have a circular cross section;
metallography shows bangles are almost always left “as cast.” Fragments identified
by the excavators as being from clay lost wax molds for bangles have occasionally
been recovered (Higham and Kijngam 1984, p. 128). No univalve or bivalve molds
that could create the common simple ring bangles or the more elaborately shaped
bangles of later periods have been recovered from Ban Chiang area sites. However,
to the south, Higham and Higham (2009, p. 136) report that ceramic bivalve molds
for bangles dating to the first millennium BC have been recovered in the upper Mun
valley. Over the course of the metal age, 2000 BC – AD 500, more elaborate bangles
were made, with complex cross sections, closures, and ornamentation, suggesting
that the lost wax technique was gradually exploited for its potential to create complex
shapes.

Bivalve Molds with Suspended Cores

A special variant of bivalve mold casting to fabricate socketed implements involves
the use of a core or mold plug suspended in the middle of the mold to form a
blind (open only at one end) socket in one step with the casting of the working
implement. This suspended-core casting of socketed implements was practiced by
the early second millennium BC, as evidenced by the bent-tip spear point (Fig. 28.2a),
excavated from a Ban Chiang lower Early Period burial. This inference is based on
the morphology and metallographic study of the object, as well as the fact that,
although no mold pair was found in the lower Early Period at Ban Chiang, stone and
ceramic mold halves and full mold pairs for socketed implements, including spear
points, have been recovered from other prehistoric metal age sites in Thailand (Non
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Nok Tha: Bayard 1980; Non Pa Wai: Pigott 1999; Ban Non Wat: Higham 2008;
Cambodia and Vietnam: Murowchick 1988).

The technique of single-process casting of deep blind sockets using bivalve molds
with suspended cores is a signature characteristic of the prehistoric Southeast Asian
metallurgical tradition. The sockets usually extend deep into the implement, resulting
in thin-walled, hollow-core tools, such as the early WOST adze–axe from Non Nok
Tha (Fig. 28.2c). Unfortunately, the Ban Chiang spear point (Fig. 28.2a) and Non
Nok Tha socketed implement (Fig. 28.2c) were returned to Thailand before their
drawings were completed; the depths of the sockets are not indicated. However,
see Murowchick (1988, p. 191, Figs. 17.19 and 17.20) for illustrations of similar
implements showing the deep sockets of these types of tools.

The formation of the cast blind sockets in bronze implements has been noted as
a point of considerable technological significance (Childe 1954; Koryakova and
Epimakhov 2007, p. 39; Sherratt 2006, p. 48). More than half a century ago,
V. Gordon Childe (1954, p. 11) observed that the technique, which is known by
a variety of names including hollow-core casting and core casting, allowed the cre-
ation of thin-walled, lightweight tools, reducing the amount of metal needed to
create an effective socketed implement. Casting this type of socket is considered
more sophisticated than forging the socket around a form as was done in many early
metalworking cultures in western Eurasia (for example, at Sintashta: Anthony 2007,
p. 444; Sherratt 2006; vide Childe 1954), or casting open-socket forms such as shaft-
hole axes, or implements with oblique open sockets such as those identified in the
Andronovo technological system (Mei 2000, p. 27, 95, 96).

Casting Small Implements and Other Processes

How other prehistoric copper-base implements, such as the Ban Mai Chaimongkol
bar (Fig. 28.2d) and various points, fishhooks, and blades, were formed has not
received much attention. Metallographic studies again show that most were cast to
shape. A few univalve molds recovered from prehistoric contexts appear to have
been used to cast small tanged arrowheads and rings. Bivalve molds can be used to
cast tanged implements, although matched mold pairs with tanged point impressions
have not as yet been reported in the vicinity of Ban Chiang.

The Organization of Production

White and Pigott (1996) reviewed the archaeological evidence for the organization
of production for copper-base metallurgy in prehistoric Thailand in light of Costin’s
(1991) criteria for different modes of specialized production. The evidence is con-
sistent with production organized into small decentralized production units, possibly
kin-based (that is, household production), often in communities, undertaking metal
and artifact production in small batches during the dry season. The wide distribution
of crucibles in village sites in Northeast Thailand suggests that knowledge, at least
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of casting, was not restricted in space or by social group, although it is possible
that itinerant metalworkers who made crucibles from local clays could also have
created such a distribution of crucibles. The regional distribution of crucibles and
molds shows that production was segmented geographically, with primary produc-
tion (mining and smelting) taking place near ore sources and secondary production
(such as casting) near consumers. For at least the first thousand years after their first
appearance in prehistoric Thailand, metal artifacts have a patchy distribution; a few
sites, such as Non Nok Tha, are relatively rich in bronze artifacts, but other contem-
poraneous sites, such as Ban Lum Khao (Chang 2004, p. 230) and Khok Phanom
Di (Higham 1996–1997), have few or none. The early metal and metal artifact pro-
duction was undertaken at small, apparently autonomous, villages (re Higham 1996,
p. 242, 315), with no evidence of centralized control (Pigott 1998), and the products
possibly exchanged in the vicinity of each village. The absence of evidence for met-
alworking in contemporaneous sites in some parts of Thailand (for example, Khok
Phanom Di and Khok Charoen) suggests some villages were part of a circuit of pro-
duction and some were not. There was probably exchange of copper over distances
of a few hundred kilometers, as sites like Ban Chiang, where casting was done,
are far from ore sources (Pigott 1998). Even the large-scale Khao Wong Prachan
valley production appears likely (given the challenges of mining and casting in the
wet season) to be a seasonal community specialization, where numerous households
undertook production of similar products without coercion or administration by a
centralized political authority or economic élite (Pigott 1999). Some villages may
have specialized in particular products if they were near a certain raw material; for
example, the site of Non Nok Tha, where many adze molds have been discovered,
is located near a good source of sandstone for the molds (White and Pigott 1996).

The finished metal artifacts produced during the first two millennia of knowledge
of copper-base metallurgy in prehistoric Southeast Asia show a remarkable consis-
tency in artifact repertoire, typological range, and technological style. This enduring
coherency led White to propose the existence of a Southeast Asian metallurgical
province (White 1982, p. 48; 1988; see also Pigott 1999).

Bronze Consumption

Who were the users of the early bronzes in Southeast Asia, and what roles did metal
play in their lives? There is no evidence that this material was of central significance
to the everyday utilitarian needs of prehistoric societies in Southeast Asia for the
first several centuries of its presence. It was very rare in the first few hundred years,
although it did appear in both mortuary and occupation contexts. Nevertheless, there
was sufficient demand that quality bronze artifacts were produced, even if not at high
volume, for some centuries before the material became more abundant.

Most of the artifacts are small personal ornaments. Based on their occasional
occurrence in graves, the bronzes likely had some value as part of mortuary ritual;
certainly, the most intact examples were bronzes included in burials as grave goods.
Some of the graves richest in ornaments are those of young children. But the rarity in
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graves does not imply the material itself was extremely precious. For example, 90 %
of metal finds at Ban Chiang were not grave goods. Probable casting spillage was a
common find, suggesting that spilled metal was not meticulously retrieved for reuse
in additional castings. Many of the nonburial metal finds were fragmentary artifacts,
suggestive of use in daily life. The implements—points, knives, and fishhooks—
were undoubtedly useful, but are not found in quantities or forms that imply that
they were essential. There is nothing that is unambiguously a weapon or produced in
quantities suggestive of a need for military armaments. Even the spear points, which
are rare, could have been used for hunting or even ritual activities like sacrifices. There
are no signs of armor, swords, fortifications, or even, among the Ban Chiang and
other Bronze Age skeletal populations, traumatic injuries characteristic of endemic
warfare (Pietrusewsky and Douglas 2002, p. 117). The most convincing evidence so
far recovered by archaeologists in prehistoric Thailand that metal was being turned
toward creation of weaponry appears in the late Iron Age, when the quantity of
points jumped during the final mortuary phase c. AD 400 at Noen U-Loke (Higham
2007, p. 606). In prehistoric Vietnam, bronze was used more for implements than
in prehistoric Thailand, but it was not until the Dongson period of the second half
of the first millennium BC that weapons formed a significant percentage of metal
artifacts (Murowchick 1988, p. 184).

Most of the sites with metal artifacts also have evidence for metal artifact produc-
tion in the form of crucible fragments, casting spillage, and/or molds. There is no
evidence, however, that the sites that are relatively rich in metal were economically
or politically dominant in a region, or exerted any power over other villages. Certain
families or small groups within particular villages obtained the metal and made or-
naments and small tools, probably for distribution both to other families within the
village and to other villages. Yet, extrapolating from mortuary evidence, possession
of metal objects does not necessarily indicate great wealth or high hierarchical status;
some graves with metal are very poor in other artifact classes and some graves rich in
other goods have no metal. More children than adults are found with bronze bangles
at Ban Chiang. Nor are there any large, elaborate artifacts designed to display the
wealth or status of an entire group, or to be used in group rituals, such as the com-
plex, piece-mold cast Shang ritual vessels or the Dongson bronze drums of the later
first millennium BC in Vietnam. The techniques employed are all simple enough
to have required no complex hierarchical labor organization or fixed and expensive
structures (White and Pigott 1996).

A possible exception to this lack of association between hierarchical status and
bronze metal occurs at Ban Non Wat near Phimai in Northeast Thailand, where
during its second phase of Bronze Age interments, dated 1000–900 BC, bronzes
were found in richly endowed graves (Higham 2009; Higham and Higham 2009,
p. 131; Higham and Thosarat 2006). This recent evidence, however, supports the
larger regional theme that expressions of social differentiation and the social use and
consumption of bronze varied site by site, shifting over time and space (White 1995).
Was early bronze—neither used for warfare nor used for a highly regulated prestige
good—simply one of a variety of “valuables” that circulated among societies for the
conduct and marking of reciprocal social, symbolic, and political transactions, one
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of many commodities in a regional gift-exchange economy that helped to maintain
regional networks of social relationships and alliances (cf. Dalton 1977; Higham
1984)?

Further analysis of the sociopolitical role of metallurgy during its early use on
mainland Southeast Asia is beyond the scope of this chapter. Whatever role it played
was important enough for groups to go through the trouble of obtaining raw metal,
perhaps by traveling to mining sites like Phu Lon to extract and smelt ore, make
specialized crucibles using a distinctive technology, and melt, refine, and cast artifacts
for daily as well as mortuary use.

In summary, the small, internally heated crucibles made with local clay are a
low technology, small scale, and of spatially flexible refractory design that did not
require fixed furnace installations or large teams of workers. This spatially flexible
technological style facilitated decentralized and segmented production of a limited
repertoire of small artifacts, including implements and personal jewelry. Different
production steps could be undertaken at primary and secondary metal-processing
sites, including average villages far from ore sources, using very similar equipment,
without the need for permanent installations. Some processing, such as smelting
(primary production), likely took place close to ore sources, and casting (secondary
processing) took place at villages at some distance from the primary production sites,
but the segmented system was probably flexible and not prescribed. The portable,
multipurpose design was also suitable for small production teams and small batch
processing requiring short processing times, which implies that efficiency of time
and flexibility of location were prized over volume of product. Bronze was used
for personal ornaments and implements, and, while not common, bronze artifacts
were not the exclusive domain of an élite, but had roles in both daily and mortuary
contexts.

Alternative Views of Adoption Processes for Earliest Metallurgy
in Southeast Asia

Sinocentric Views of Southeast Asian Bronze Adoption

Since the 1990s, the dominant model has pointed to dynastic China as the source for
the bronze technology of Southeast Asia, with knowledge of the technology being
transmitted through the mechanism of trade and exchange. The fullest exposition of
a Sinocentric view is Charles Higham’s The Bronze Age of Southeast Asia, published
in 1996. Higham’s book outlines evidence for a chain of exchange relationships
initiated by states in the Huang He Central Plain that led to interactions withYangtze
watershed cultures, who then interacted with societies in the Xijiang watershed of
southern China (Lingnan), who ultimately brought metallurgy to mainland Southeast
Asia, beginning with northernVietnam and followed by the Mekong and Chao Phraya
drainage basins. Other statements of Sinocentric views also posit the transmission
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of metals technology from Huang He states to prehistoric Thailand through a similar
series of regional steps, cultural filters, and local adaptations (Ciarla 2007; Higham
2006, p. 19; Higham and Thosarat 1998, p. 127; Pigott and Ciarla 2007).

Since Higham’s 1996 book, statements on the source for Southeast Asian bronze
technology have noted that Huang He Central Plain metallurgy may have had a prior
source in the Eurasian steppes, perhaps via Xinjiang, where western and eastern
cultures and peoples are now known to have interacted since at least the late third
millennium. The technology possibly passed through the Gansu corridor via the Qi-
jia and Siba cultures to the Huang He Central Plain (see Fig. 28.1; An 1993, 1998,
2000; Mei 2000, 2003, 2004; Ciarla 2007, p. 2; Linduff 2000; e.g., Higham 2002,
pp. 113–115; Pigott and Ciarla 2007). Nonetheless, Sinocentric models still trace
early Southeast Asian metallurgy, via Lingnan and theYangtze valley, to the spectac-
ular and sophisticated metalworking of Erlitou–Erligang cultures of the Huang He
Central Plain. These recent statements argue that the élite desire for goods and raw
materials in the early Huang He Central Plain states fueled an ever-expanding re-
gional interaction network that eventually brought the knowledge of bronze working
to Southeast Asia.

Looking at the general picture of the artefact inventories which typify the three main cultural
periods of the Central Plain Bronze Age, that is Erlitou (1900–1600 BC), Shang–Erligang
(1600–1300 BC) and Shang–Yin (1300–1045 BC). . . we can clearly discern exchange net-
works which brought highly desired raw materials and goods to the Shang élite centres:
jade, turquoise and other semi-precious stones, cowries, turtle carapaces, copper and tin,
“slaves”, and gold. . . The search for and exchange of these goods and raw materials, imply-
ing direct and indirect contacts with quite distant sources, activated an ever increasing and
complex chain of interlocked regional interaction spheres. . . through which copper/bronze
casting technology eventually reached Southeast Asia. (Pigott and Ciarla 2007, pp. 77–78,
emphasis added)

How then are the marked differences in technological system and artifact reper-
toire of Huang He Central Plain and prehistoric Southeast Asia, noted by White
(1988), addressed by the Sinocentric models? Huang He Central Plain metallurgy was
characterized by complex, sophisticated piecemold-cast ritual containers and large-
scale refractory systems, based on reverberatory furnaces (Barnard 1980; Tylecote
1996–1997). Higham’s explanation for the marked differences between the Huang
He metallurgy and the Southeast Asian metallurgy is based on a stimulus diffusion
perspective.

. . . it is argued that exposure to actual bronze imports [from Central Plain and Yangtze
states], together with the spread of the idea that exposing certain coloured rocks to heat, it
was possible to obtain this material for alloying and casting, were stimuli to the beginning
of a local industry. . . . (Higham 1996, p. 312)

It was the newly developed Lingnan local or southern metallurgical tradition, more
suitable for less-complex societies, which then spread to the Red and then the Mekong
and Chao Phraya River valleys along preexisting networks of exchange, according
to this theory.

A recent variant Sinocentric model for Southeast Asian bronze metallurgy pre-
sented by Ciarla and Pigott (Ciarla 2007; Pigott and Ciarla 2007) indirectly discusses
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one of the conundrums not addressed by Higham (1996) regarding the Southeast
Asian metallurgical tradition. It has become evident, as the prehistoric bronze met-
allurgy in Russia has become better known (Chernykh 1992), that the products of
Southeast Asian early metallurgy look very similar to Eurasian metallurgy to the
north and west of the early dynastic states in the Huang He Central Plain (White
2000). Pigott and Ciarla acknowledge that “the ‘southern metallurgical tradition’
with its socketed implements, bivalve moulds, bangles, and founders’ burials has
more in common with the Eurasian steppes than Erlitou–Erligang China” (2007,
p. 85). In addition to typological and technological parallels (e.g., use of bivalve
molds), there are behavioral parallels of interring metalworkers with the tools of
their craft—the “founders’ burials”—found in metal age sites in Thailand (Higham
2008; Pigott 1999, p. 13) and in Eurasia (Chernykh 1992, p. 218). Whereas Higham
has never addressed the Southeast Asian/Eurasian metallurgical parallels, Pigott and
Ciarla’s work contains a scenario to account for the Eurasian/Southeast Asian metal-
lurgical similarities within a Sinocentric framework, drawing on data from the PRC
that have become accessible in recent years.

In effect, while noting that much work is needed to demonstrate their proposal,
Pigott and Ciarla’s (2007) implied solution to account for the similarity between the
Southeast Asian and Eurasian metallurgical traditions is that there was a “. . . ‘Steppe
techno-cultural package’ transmitted from the eastern steppe metallurgical tradition
to the Shang tradition and then southwards to the Southern tradition” (Ciarla 2007,
p. 323, footnote 14). “Socketed tools (for example, ploughshares, several types of
spade blades, adzes, chisels, and weapons) begin to appear regularly in the Shang
inventory from the Erligang period (1600–1300) onwards” (Pigott and Ciarla 2007,
p. 84). Bivalve molds appear in late Shang contexts at Anyang. They suggest that
the steppe metallurgical techniques (bivalve molds) were being used to produce
utilitarian tools and weapons (Pigott and Ciarla 2007, p. 84), while the piece-mold
technology was used to cast the ritual vessels.

Pigott and Ciarla imply that the steppe and Shang metallurgical traditions must
both have been transmitted via several steps to the middle Yangtze area and then the
Ganjiang tributary, where the Wannian and Wucheng/Xin’gan cultures are “charac-
terized by the hybridization of local elements with Shang-derived bronze technology
and artifact types” (Pigott and Ciarla 2007, p. 80). The tributary provides trade con-
nections to Lingnan in the southern PRC. The Zhou period site of Yuanlongpo is
pointed to as a site in Lingnan that had both imported ritual vessels in the Shang-
Zhou tradition and locally cast weapons and tools, as well as bivalve molds, and
vessels that they suggest were crucibles based on their similarity in form to Khao
Wong Prachan valley crucibles. The authors imply that only the utilitarian steppe-
derived tradition was brought to the rest of Southeast Asia, which would explain
why “links (of Southeast Asian metallurgy) to Steppe traditions appear to be more
consistent” (Pigott and Ciarla 2007, p. 82):

the piece-mould technology of the Shang–Zhou dynastic élites did not lend itself well to
small-scale, community-based production among less socially complex cultural groups who
over time were apparently mobile enough to expand out of southeastern China into new
territories to the South. (Pigott and Ciarla 2007, p. 85)
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In summary, whereas Higham portrays Lingnan as the creator of the Southeast Asian
metallurgical tradition, Pigott and Ciarla imply that Lingnan was the final filter
removing the “Chinese” technological traits from a steppe metallurgical tradition,
enabling it to move to less-complex societies further south.

Critical Appraisal of Sinocentric Views of Earliest Southeast Asian
Metallurgy

Sinocentric models for the initial source of Southeast Asian metallurgy can be
critiqued on several grounds.

Selective Use of Chronological Data

In order for the proposed sequences and timing of transfers of metal technology to
work, Sinocentric models minimally need the earliest Southeast Asian metallurgy
to be younger than the appearance of the Chinese dynastic states that activated the
exchange networks. Their discussions, in fact, rely on selective use of data, so that
the early metallurgy in Southeast Asia appears to be younger than 1500 BC. Pigott
and Ciarla (2007) need the early metallurgy in Thailand to be younger than the
beginning of the Erligang (early Shang 1600–1300 BC), when steppe artifact types
start appearing in Central Plain sites with some regularity (Pigott and Ciarla 2007,
p. 84). For either proposed transmission sequence to truly work, the earliest metals
in Thailand must be younger than those of Lingnan, where Higham (1996, p. 94) has
argued that bronze metallurgy appeared during late Shang times (after 1300 BC).
Therefore, proponents of Sinocentric models must either dispute (Higham 1996,
pp. 9–13, 187, 1996–1997, 2002, pp. 133–134, 2009; Higham and Higham 2009;
Higham and Thosarat 1998, p. 84) or ignore (Pigott and Ciarla 2007) evidence for
early second millennium BC bronze in Southeast Asia.

Higham’s most recent chronology advocates extreme selectivity, namely the “re-
jection of all previous attempts to date Southeast Asian prehistory radiometrically”
(Higham and Higham 2009, p. 139). Arguing primarily from a new experimental pro-
gram of shell dating from a single site, Ban Non Wat, he concludes that the Bronze
Age began 1000 BC (Higham 2009; Higham and Higham 2009, p. 138). However, he
does not undertake the vital and basic step of systematically cross-dating Ban Non
Wat’s relative ceramic sequence with any of the sites or regions noted above that
have the earliest evidence for metallurgy. His dating, impressive methodologically
though it may be, is applicable only to the florescence of bronze use in the immediate
area of the upper Mun River valley (perhaps analogous to Henrich’s (2001) “takeoff
point” in cultural transmission), but not to the initial appearance of the technology
in other parts of Thailand or Southeast Asia (cf. Henrich’s (2001) “long tail” period
of initial transmission).
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The evidence for pre-1500 BC bronze in Thailand has been vigorously debated
since the late 1960s (for example, Bayard 1996–1997; Bayard and Charoenwongsa
1983; Higham 1996, 1996–1997; Loofs-Wissowa 1983a, b; Solheim 1983; White
2008). White has consistently advocated early second millennium BC dating for
the earliest bronze at Ban Chiang. Initially White’s argument (White 1982, 1986)
was based on conventional 14C dates on charcoal from the site. But in response to
the debate, White (1997) presented independent evidence from AMS dates on rice
temper in burial pots to support early second millennium BC dating for bronze at Ban
Chiang. White’s (2008) review of pertinent AMS dates reaffirms the evidence for the
early second millennium (c. 2000 BC) for the appearance of bronze at Ban Chiang.
Bronze in prehistoric sites in Thailand around 2000 BC invalidates arguments that
the early Chinese dynasties were the originating stimulus for the first appearance
of bronze in Thailand, and this by itself disproves the Sinocentric models for the
source of the earliest bronze in Thailand. That the Huang He Central Plain may have
affected later periods of Southeast Asian metallurgy is, of course, a scenario worthy
of further investigation (Ciarla 2007).

Selective Use of Technological Evidence

Sinocentric views are selective also in their use of available technological data.
Proponents of Sinocentric models explicitly or implicitly reduce technology transfer
to “. . . knowledge of the properties of copper and tin ore” (Higham 2004, p. 52).
Sinocentric assessments of the sources for early metallurgy in Thailand do not fully
examine characteristic components of SoutheastAsian early bronze metallurgy, most
notably the probable use of lost wax casting for making jewelry, the full significance
of the hollow-core casting of sockets of adze–axes and spear points, and the distinctive
common Southeast Asian refractory system. How to account for the presence of lost
wax casting in Southeast Asia probably a millennium or more before its use in the
Huang He Central Plain repertoire, where it did not appear until sometime in the mid-
first millennium BC (Barnard 1996–1997), is not mentioned. (See also Weirong Zhou
et al. (2009) for an even later chronology for the appearance of lost wax technique
in China; but cf Davey 2009). Pigott and Ciarla do discuss the occurrence of bivalve
molds in the Central Plain, southern PRC, and Thailand from contexts dating from the
mid-second to mid-first millennia BC. But why the wide range of Shang innovations
(nonsteppe implements such as unsocketed halberds, socketed plowshares, spades,
or an unusual disk-shaped item fromYuanlongpo) made with bivalve molds in Shang
and southern PRC contexts did not transfer to early metal-using contexts in Thailand
along with the steppe-derived metallurgical complex is not addressed.

The Sinocentric views do not address how the early common Southeast Asian
production system, based on internally heated small crucibles, could have emerged
from the Shang system of metal processing that employed large immobile crucibles
heated externally in reverberatory furnaces (Barnard 1980; Tylecote 1996–1997).

Pigott and Ciarla (2007, pp. 80–81) do allude, albeit indirectly, to the technological
transfer of aspects of the refractory system of the later Khao Wong Prachan valley
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from the north. There are two components of their argument. First is their general
view that a steppe-derived technological tradition co-occurred with the Shang-style
tradition. This steppe-derived system employed bivalve molds and presumably a
refractory system more suitable for processing the smaller amounts of metal for
fabricating utilitarian artifacts, although no evidence is provided for the presence of
a steppe-derived refractory system in the Central Plain (see also Linduff and Mei
2009, pointing out the lack of a utilitarian metallurgy in the Central Plain during
Shang times).

The second part of their argument points to two examples of artifacts from pe-
ripheral parts of the PRC that are similar in shape to two Khao Wong Prachan valley
refractory artifact types dating to the late second and early first millennia BC. At
Yuanlongpo, a Zhou period (1100–800 BC) site in Lingnan that interacted with
Yangtze cultures, one vessel type is proposed as evidence for a source of Khao Wong
Prachan Valley crucible technology in southern PRC. However, no evidence is pre-
sented that these objects are anything other than bowls, no evidence is presented that
they had dross or slag, or interior vitrification, or any other evidence for exposure to
molten metal, a point acknowledged by Ciarla (2007). Ciarla and Pigott (2007) and
Ciarla (2007) also suggest a possible northern but non-Shang source for the Khao
Wong Prachan furnace chimneys at the site of Niuheliang in Lianging Province, in
northeast PRC near the Korean border. This possible furnace chimney appears to
be Erlitou or older (2300–1600 BC) in age, but outside and to the northeast of the
Huang He Central Plain. They note that there is no evidence that furnace chimneys
are typical of Eurasian steppe metal production systems and offer no evidence for
cultural contact between this far northeast area and Southeast Asia.

The parallels suggested by Pigott and Ciarla in technological systems in Thailand
and China, when examined in detail, are thus too tenuous in their metallurgical
function and too dispersed in time and space to offer a convincing source for the
Khao Wong Prachan valley metallurgical system. In addition, the source of the
earlier common Southeast Asian crucible system is the one in need of explanation
for those interested in the initial introduction of bronze metallurgy into the region.

Core/periphery Bias

Neither version of the Sinocentric approach references a theoretical framework.
Yet it is clear from the lines of reasoning, the language employed, and the se-
lection/rejection of evidence brought into their discussions that they are rooted in
theoretical paradigms that perceive explanations of the past in terms of core/periphery
dynamics at the scale of world-systems approaches (see the review in Hall and
Chase-Dunn 1993).

The world-systems model emphasizes the role of long-distance trade dominated by the
core area as the main factor explaining both the political economy of the periphery and its
trajectory of developmental change. (Stein 1999, p. 3)
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This viewpoint is reflected in Higham’s (2006, p. 19) recent summary statement,
“The knowledge of bronze metallurgy may have reached Southeast Asia from the
established states in China through the medium of exchange”. But, setting aside
the misfit of the chronologies, we ask whether a core-to-periphery model is an apt
explanation for the initial transmission of bronze technology to prehistoric Thailand,
viewing Thailand as the far periphery of state societies in the Huang He Central
Plain.

World-systems approaches that emphasize core-to-periphery approaches to under-
standing the vast Bronze Age networks of peoples interacting in central and northern
Eurasia have recently been criticized (Hanks and Doonan 2009; Kohl 2007, pp. 246–
247, 2008). The mobile herding economies of this huge region, which developed
based on a combination of subsistence choices and strategies, transportation inno-
vations (horseback riding and wheeled vehicles), and metal technology, appear to
have had their own dynamic, noncentric development for which world-systems ap-
proaches are proving inadequate interpretive frameworks. In particular, transferable
technologies such as metallurgy provided different bases for intersocietal interac-
tions, less controllable by political and economic cores or elites, than the exchange
of goods and materials.

Chernykh (1992, pp. 300–301) argues, moreover, that in the case of metals, tech-
nology transfer often occurred in the reverse direction: the “uncivilized” periphery
has, at times, provided technologically superior implements and technologies to the
civilized core, such as when the technology for European and North Caucasian shaft-
hole axes spread into Asia Minor. Similarly, he notes that in a later time frame of the
first millennium BC:

Chinese written sources speak directly of being repeatedly compelled to borrow technol-
ogy and weapon forms from the “wild peoples” of the steppes and foothills of Central
Asia. . . Chinese sources contain a painful acknowledgement of the superiority of the weapons
of the nomadic hordes and the need to acquire them. (Chernykh 1992, p. 301)

Oversimplified Technological Transmission Models

By attributing the transmission of bronze technology to Southeast Asia to exposure
to trade goods of more sophisticated societies and the idea of smelting, Sinocen-
tric views underestimate the complexity of transferring metals technology from one
society to a second society that has no prior experience with metal processing. Pro-
ponents of the Sinocentric models may argue that the kinds of details one would
need to reconstruct sociotechnical systems, such as good metal production evidence
from along the transmission routes proposed, are not available. But we argue that
they bypass technological data that are available and do not take advantage of recent
thinking on cultural and technological transmission (e.g., Boyd and Richerson 1985;
see recent reviews in O’Brien 2008).

On closer inspection of the data, the Sinocentric diffusionary transmission
scenarios—both the “stimulus diffusion” variant of Higham (1996, p. 312) and the
“steppe metallurgy surviving cultural filters” variant of Pigott and Ciarla (2007)—do
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not satisfy. In particular, neither adequately accounts for the loss of Chinese techno-
logical characteristics during the transmission process. Higham’s scenario does not
explain how the distinctive technological choices and styles evident in the South-
east Asian metallurgical tradition could have arisen from the context of the Shang
metallurgical tradition but leave no evidence of the technological choices and styles
from the Chinese source. The loss of other characteristics of the Shang metallurgical
tradition, such as highly decorated surfaces, tanged and other useful implements, and
the refractory technology based on large externally heated crucibles in reverberatory
kilns, is not dealt with. Pigott and Ciarla do point to the occurrence of steppe-derived
bivalve molds for deep-socketed axes in Shang contexts; they also mention that bi-
valve molds were used for many new shapes, including casting unsocketed items and
many new utilitarian items such as plows. Why were these Shang innovations on so-
called steppe technology also completely lost by the time bronze reached Thailand,
such that the early artifact repertoire in the Southeast Asian tradition ends up with
only typical upper Eurasian artifact types and fabrication techniques? The source for
several attributes that are characteristic of early Southeast Asian metallurgy, such as
the common internally heated crucible, the limited though distinctive repertoire of
artifacts (including metal jewelry, not found at all in Shang contexts), preference for
certain deep-socketed tool forms over others, preference for binary tin bronze rather
than a ternary copper–tin–lead alloy that was common in the Huang He Central Plain,
lost wax casting, and the decentralized organization of production are not addressed.

A body of literature on the spread of culture and technology has grown during
the past two decades and is providing many tools with which to examine “diffusion”
and its current broader moniker “cultural transmission” (see reviews and articles in
O’Brien 2008). Thinking has shifted away from assumptions that “exposure leads
to spread” to fine-grained examination of social contexts for learning, evidence for
practitioner networks, the roles of individual agents, impact of various kinds of biases
on the shape and rate of transmission, as well as fuller appreciation that different
kinds of cultural traits, such as a technology versus a belief versus a style, can
transfer from one society to another by different processes (e.g., Killick 2004; Kim
2001; Kuhn 2004; Lemonnier 1986, 1992; Pétrequin 1993; Schiffer 2001a, b, 2008).
Understanding transfer of complex technologies requires careful consideration of the
context for social learning and the social relations in the community of practitioners
(Van Pool 2008, p. 195). Careful attention paid to the technological choices in the
various cultures along a proposed route of transmission will help avoid incongruous
scenarios for technological transfer.

Recent studies of the cultural transmission of technological knowledge have
focused on how recipient practitioners acquire and maintain new technological
knowledge from donor practitioners. In one example, Bettinger and Eerkens (1999)
examine the transmission of bow and arrow technology in Nevada and California,
in light of Boyd and Richerson’s (1985) concepts of “guided variation” and “indi-
rect bias.” In social contexts with limited or incomplete transmission between the
donor and recipient practitioners, such as when recipients “copy” products but do
not necessarily receive direct instruction, the products of the recipients have traits
indicating experimentation with the new technology. The term used to describe the
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variability that arises with experimentation, “guided variation,” refers to the trial and
error processes as individual practitioners work out their own interpretations of the
process, guiding their practices by the successes and benefits to themselves. The end
result is that a wide variety of technological choices and processes can be seen in
the archaeological record of the recipient society in the early stages of technology
adoption. When technology transmission is more complete or direct, such as might
occur if practitioners from the source society moved into the receiving society and
thoroughly trained members of the receiving society in the technological system, a
much closer approximation of the donor technology will develop in the recipient cul-
ture. The phrase “indirect bias” has been used in these cases where the technological
package is transmitted more completely, with little evidence for experimentation.
The complete transmission results in a more homogeneous technological practice
and more uniformity in the product line, relative to the guided variation context.

The general concept of cultural transmission and potential biases has been devel-
oped further in a variety of ways (Heinrich 2001; Mesoudi and O’Brien 2008a, b;
O’Brien 2008), but for the purposes of this chapter we focus on the simple contrast:
does the evidence of early metallurgy in Thailand suggest relatively complete and
direct transmission with indirect bias, or incomplete and indirect transmission of
bronze technology (e.g., emulating trade goods) with guided variation during the
earliest stages?

An Alternative to the Sinocentric Model: The Rapid Eurasian
Technological Expansion Model

In this section, we strive to investigate the sources for the earliest Southeast Asian
metallurgy by prioritizing the study of its technological system. We assume that
transmission of metal and metal artifact-production technology likely involved trans-
mission of specific ways of accomplishing the many steps involved—technological
choices and technological styles—from prospecting for ore to the creation of the
finished artifacts. Thus, we build our study on a close evaluation of not only the
chronology of the Southeast Asian metallurgical system within the greater Asian
context, but also of the technology of the metallurgical system (described above) for
which we seek precursors. We begin with a brief summary of East Asian metallurgy
prior to its appearance in Southeast Asia.

Metallurgy in Eastern Eurasia Before 2000 BC

In the past two decades, an explosion of information on the prehistoric nomad groups
in the former Union of Soviet Socialist Republics (USSR)(Anthony 2007; Chernykh
1992; Chernykh et al. 2004; Kohl 2007; Koryakova and Epimakhov 2007; Kuz’mina
2008; Linduff 2004a, b; also see Hanks and Doonan 2009 and Linduff and Mei 2009)
has shown that copper-base technology has a rich history east of the Urals prior to the
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second millennium BC. Various instances of copper-base metallurgy dating within
the third and even the fourth millennium BC in Asia east of the Urals (Linduff 2004b)
demonstrate that knowledge of copper smelting was spread, albeit spottily, over a
wide area of northern Asia from the Urals to the Pacific seaboard (Linduff and Mei
2009). Third and fourth millennium metalworking cultures have been found near ore
sources, especially copper, but analyses show bronze alloys and gold also appeared
in addition to copper working, when the minerals were available. Shared similarities
between the artifact and technological repertoire across this swath suggest to Linduff
and Mei (2009) that craft workers themselves must have moved in the vast cultural
network.

Kohl (2007) has suggested that mobility across Bronze Age northern Eurasia was
fostered not only by the search for pasture, cattle, horses, and other animals, but
also by the search for metal resources. The socioeconomic context for metalworking
in these mobile societies was quite different from classical state-based Bronze Age
contexts. As Kohl notes, “. . . the herders of the steppes were self-sufficient, organized
into partially autonomous/independent kin-structured groups that were capable of
forming and dissolving alliances with related groups, and increasingly worked metals
for eminently practical purposes” (Kohl 2007, p. 248). Even some groups of foragers
and hunter-fishers adopted metalworking skills (Anthony 2007, p. 389; Chernykh
1992, p. 187).

One metal-rich area with an early and important history of metal-using cultures is
the Minusinsk basin in southern Siberia, along with the Altai Mountains just south.
This area had a sequence of metal-producing cultures beginning with the Afanasievo
in the fourth millennium. About 100 metal objects, mostly of copper, have been
recovered from Afanasievo contexts, one-fourth of which are tools such as flat axes
and knives, ornaments (rings), with the remainder unfinished or unshaped fragments.
During the late third millennium, the Okunevo and Seima-Turbino groups occupied
these areas and employed a more developed metallurgy, including tin bronze. Sub-
sequently in the second millennium, bronze-producing Andronovo groups appeared
in this area (Anthony 2007; Gorsdorf et al. 2004; Hanks et al. 2007).

Other areas of East Asia have evidence for occasional copper exploitation in the
third and possibly late fourth millennium BC, including Gansu (Majiayao culture,
copper and tin bronze) and Huang He Central Plain (Longshan Period, unalloyed
copper and bronze), although the details can vary by author (Linduff 2004b; see
articles in Linduff et al. 2000; also see Linduff and Mei 2009), for a review of early
metallurgy in the northwest PRC.

In summary, current evidence suggests that the knowledge of smelting copper was
widespread, though rare and sporadic, across Eurasia during the third millennium
BC in a range of sociocultural contexts. Some of the societies familiar with metal
processing, such as Longshan, were settled and had evidence of incipient complexity.
Nomadic pastoralists like theAfanasievo exploited the copper ores in southern Siberia
at a low intensity. Other societies, such as those in Karelia, in the forest and forest-
steppe zones of northern Eurasia, and the Surtandy culture of the eastern Urals,
demonstrate that relatively noncomplex societies, including settled hunter-fishers,
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or smaller mobile groups, could mine and smelt copper and produce simple tools
and ornaments when close to ore sources (Chernykh 1992, p. 187).

Metallurgy c. 2000 BC in Eastern Eurasia

Eurasian metallurgy showed rapid developments, shifts, and expansions in the period
at the end of the third millennium BC (Chernykh et al. 2004, p. 24). Chernykh (1992)
views these changes as the end of the Middle BronzeAge and the beginning of the Late
Bronze Age when a new Eurasian Metallurgical Province emerged as the preceding
Circumpontic Metallurgical Province collapsed. “What is clear is that during the Late
Bronze Age peoples from more areas are extracting more ores and producing more
metal tools and weapons of related types on a greatly expanded, nearly industrial
scale across most of Eurasia” (Kohl 2007, p. 169).

In southern Siberia, the Okunevo culture probably learned about copper-base
metallurgy from the Afanasievo (Chernykh et al. 2004, p. 28). However, while
the rare Afanasievo metal artifacts are of unalloyed copper, gold, and silver, the
Okunevo used both copper and tin bronze for knives, awls, and bracelets. Okunevo
finds include one bronze-cast socketed spearhead, the earliest such spearhead this
far east.

Seima–Turbino Metallurgy

Among the various cultural entities with metallurgical capabilities east of the Urals
around the turn of the third to second millennium BC, one is particularly intriguing
for the purposes of this chapter—the one Chernykh calls (1992, pp. 215–234) the
“Seima–Turbino transcultural phenomenon.”

The Seima–Turbino phenomenon. . . stands out from other communities in its metalwork.
Three main categories of object lend these assemblages a distinctive appearance: socketed
spearheads, socketed axes and knife-daggers. . . they are all extremely rare in sites of other
cultures: the majority of these artefact types are characteristic only of Seima–Turbino burial
grounds. (Chernykh 1992, p. 218)

David Anthony (2007, pp. 434–444) has commented, “the tin-bronze spears, dag-
gers, and axes of the Seima–Turbino horizon were among the most technically and
aesthetically refined weapons in the ancient world, but they were made by forest and
forest-steppe societies that in some places. . . still depended on hunting and fishing.”

This Seima–Turbino phenomenon, recently dated to the late third millennium
(Chernykh 2009, p. 4; Hanks et al. 2007), is noteworthy for this chapter for several
reasons: (1) it is recognized by characteristic assemblages of copper-base artifacts,
which bear a close resemblance to the suite of earliest bronze artifacts in Thailand
(Sherratt 2006, p. 43); (2) one of its signature tin-bronze artifacts is the thin-walled
celt-axe (Fig. 28.4a), a key innovation of the late Bronze Age that is strikingly similar
to the socketed implement from Non Nok Tha (Fig. 28.2c); (3) it is considered to have
originated in the Altai Mountain area and almost instantly (in archaeological time)
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Fig. 28.4 Typical
Seima–Turbino hollow-core
cast implements.
a Deep-socketed adze–axe
from Rostovka cemetery
(Adapted from Chernykh
1992, p. 221). b Socketed
spear point with
single-process cast socket
from Seima cemetery
(Adapted from Chernykh
1992, p. 219)

moved west as far as Finland, a distance of several thousand kilometers (Fig. 28.1);
(4) outside of the Altai, the Seima–Turbino metal assemblage is found in deposits of
other traditions, with evidence that the metal technological system was adopted by
other cultures, but without a complete migration of the source culture and population;
and (5) scholars have argued that it was the Seima–Turbino metals technological
system that was an important source for the late third millennium bronze in the Qijia
culture of Gansu (Fitzgerald-Huber 1995; Mei 2003).

The technological system of Seima–Turbino metallurgy has additional noteworthy
characteristics. Seima–Turbino metals assemblages east of the Urals are predomi-
nantly binary-tin bronzes, consistent with their access to the rich tin and copper
sources in the Altai region. To the west of the Urals, the same artifact types are
more likely arsenical copper, showing that the casting repertoire was undertaken
with local resources. Their technological system also employs lost wax casting (to
make the figurative flourishes on the hilts of knives), and bivalve molds found in
Seima-Turbino sites demonstrate that casting occurred at sites far from ores.

The Seima–Turbino technique of casting blind sockets (Chernykh 1992, p. 191)
in spearheads and particularly adze–axes (Fig. 28.4a, b) by suspending a core in the
casting between the two mold halves is considered a remarkable innovation in the
history of metallurgy (Childe 1954; Koryakova and Epimakhov 2007, p. 39; Sherratt
2006, p. 43). To the west, at contemporaneous sites like those of the Sintashta culture
in the southern Urals, as well as in the Middle East and Mediterranean, sockets on
spear points were made by forging a metal sheet around a socket form (Anthony
2007, p. 444; Sherratt 2006, p. 44). Hollow-core cast, socketed spear points, and
axes appeared in western Europe only several centuries later in the Late Bronze Age.
V. Gordon Childe (1954) recognized the technological importance of hollow-core
casting of Eurasian “socketed celts,” especially for woodworking. He commented
that they were superior to flat axes because they could be more securely hafted, and
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superior to shaft-hole axes for their longer working edge and more economical use
of bronze. The latter point could be one key to the desirability and transferability of
the hollow-core adze–axe technology to the woodlands of upper Eurasia, far from
ore sources. Childe also stated (1954, p. 19) “[a] supply of tin bronze is probably a
prerequisite for the postulated advance in core-casting.” Once casting the socket is
mastered, production of socketed implements will be considerably easier and faster
than when forging one, which would require a lengthy and strenuous process of
several rounds of annealing and hammering it to shape. Childe further commented
on the challenge of positioning the suspended core that formed the socket, requiring
an innovation such as inserting metal-spacing pins that would be incorporated into
the cast tool, or wax plugs to hold the core in place.

Seima-Turbino Expansion

Although much has been made of the expansion west to east of metalworking pas-
toralists, such as the Andronovo, across the Eurasian steppe zone during the late
Bronze Age, the apparently pre-Andronovo east (originating in the Altai) to west ex-
pansion of the Seima–Turbino phenomenon occurred in the forest and forest-steppe
zones. This technological system was thus not of steppe pastoralists but rather of
forest-oriented groups who may have been mobile hunter-fishers and/or warriors in
addition to metalworkers. Such an orientation toward the forest is compatible with the
signature Seima–Turbino socketed adze–axe, recognized as most suitable as a wood-
working tool (Childe 1954). The distribution of Seima–Turbino cemeteries closely
follows rivers (Koryakova and Epimakhov 2007, p. 108; Kuz’mina 2004, p. 51). The
metallurgical (including production) evidence from Seima–Turbino sites along wa-
terways across the forest zone of northern Eurasia suggests that an exchange system
not only of metal (possibly especially tin), finished artifacts, but also of metalwork-
ers who developed local resources (Kuz’mina 2004, pp. 51–52) emerged along this
route.

The consistent morphology and casting technology of Seima-Turbino assem-
blages, even considering local adaptations such as use of local ores and the loss
of some decorative elements, correspond well with a fairly direct and complete
transmission of the technological system. The social and technological character-
istics that facilitated rapid transmission of the Seima–Turbino metallurgical system
across thousands of kilometers are not as yet well understood (cf. Anthony 2007,
p. 447; Kohl 2007, p. 169). Various writers seem to have different explanations of
how and why such a distribution came about, variably bringing militarism, trade,
traveling metalworkers, élite emulation, transportation by horse, and other factors
into proposed scenarios (Anthony 2007, p. 443, 446, 447; Chernykh 1992, pp. 227–
228; Chernykh et al. 2004; Kohl 2007, p. 169; Koryakova and Epimakhov 2007,
p. 108; Kuz’mina 2004, pp. 51–52).

What seems clear is that the geographical spread of Seima–Turbino hollow-core
casting involved the movement of highly competent metalworkers to regions outside
their home territory; trade is not a sufficient explanation for the extant evidence (but
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cf. Koryakova and Epimakhov 2007, p. 110). Further elucidation of the transmission
process will benefit from explication of the refractory technology throughout the
Seima–Turbino distribution. A portable low capital, segmented production system,
such as we describe for early Southeast Asian bronze production, may help account
for the rapidity with which the Seima–Turbino technological system could be adopted
over such a vast region in a short period of time.

Thailand and the Seima–Turbino Transcultural Phenomenon

The typology, alloys, and object formation techniques (in particular, hollow-core
casting of socketed adze–axes and spear points, and lost wax casting) of the early
bronzes from the Seima–Turbino repertoire appear markedly similar to the artifacts,
alloys, and formation techniques found in the earliest metals of prehistoric Thailand.
As Sherratt (2006, p. 48) notes, the Seima–Turbino method of manufacturing sock-
eted artifacts “provides a plausible starting point for the tradition of early Chinese and
Southeast Asian hollow-cast metallurgy, beginning in the early second millennium.”
The earliest copper-base materials from Southeast Asia (e.g., Table 28.1; Fig. 28.2)
also resemble Eurasian copper-base assemblages generally (bangles, arrowheads,
fishhooks). Although investigation of the Seima–Turbino transcultural phenomenon
has focused on its spread westward in upper Eurasia, there is no reason to assume that
the “impulse to expand” occurred only in one direction. The dating of the early pre-
historic metals in Thailand to the early second millennium BC meshes well with the
possibility of another extremely rapid expansion of the Seima–Turbino technological
system to the south.

The above discussion of the nature of the expansion of Seima–Turbino metal-
lurgy in northern Eurasia lays the groundwork for understanding possible expansions
in other directions. To help envision the expansionary ethos of the Late Bronze
Age, Kohl (2007, pp. 169–179) postulates a “gold rush model,” with many groups
like Seima–Turbino seasonally and opportunistically prospecting for ores, extracting
them with low-technology procedures, and hauling them away. Exchange networks
expanded, and metal processing became common even in ordinary households at
sites far from ore sources.

If Kohl is right, then a Seima–Turbino extension south and east from the Altai
simultaneous with its extension west is a logical possibility, which we may seek in
the archaeological evidence. In the next section, we review such evidence. But first
we review what we propose are some basic attributes of the donor sociotechnical sys-
tem that could also contribute to the rapid dispersal of metal technology: (1) highly
mobile economies; (2) widely dispersed technological knowledge; (3) nonexclusive
access to the technology, possibly fostered by metalworkers having neither extremely
high nor extremely low status, or being controlled by a dominant élite jealous of ac-
cess to metallurgical knowledge; (4) modest social differentiation and a relatively
unstratified society; (5) aggressive search for natural resources supports exploration
of new lands for ore; (6) small-scale, flexible, and portable technological system,
with small, probably internally heated crucibles and small impermanent refractory
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installations using local resources for refraction and processing; (7) despite a prefer-
ence for tin bronze, familiarity with various alloys allowing use of local ore sources;
(8) experience in a segmented metal artifact-production system; (9) warfare not so
rampant that people and technologists do not interact; and (10) small related groups,
each with technological expertise, moving independently.

The homogeneity of the early metallurgy practiced in prehistoric Thailand and its
noteworthy similarity to the Seima–Turbino repertoire argue that knowledge of metal
production and working was transmitted in a relatively direct and complete manner
by experienced practitioners who were trained in the Seima–Turbino technological
system. If the transmission was incomplete and indirect, one would expect extensive
individual experimentation (guided variation) in the early Southeast Asian copper-
base repertoire, of which there are few signs. Might prospecting metalworkers have
made their way down the valleys and rivers along the eastern rim of the Himalayan
Plateau, seeking copper and tin and ultimately reaching Thailand? We turn now to
the evidence, and the gaps in the evidence, for such an occurrence.

Hypothesis for the Routes of the Transmission of Bronze
Technology from Southern Siberia to Prehistoric Thailand

This section begins with five points. First, the early metals in Thailand bear a remark-
able resemblance technologically and typologically to Seima–Turbino forest bronze
assemblages in particular, and to southern Siberian (including Okunevo) bronze met-
allurgy at the end of the third millennium BC generally. Second, the resemblance
suggests a relatively direct and complete transmission of the technology in alignment
with the “indirect bias” concept. Third, if this is correct, the transmission must have
been very rapid, since the dating of the earliest metals of SoutheastAsia is close in age
to Seima–Turbino, based on current evidence (cf. Hanks et al. 2007 and White 2008).
Fourth, a southern extension of the Seima–Turbino metallurgical system has, in fact,
already been identified in Gansu (Fitzgerald-Huber 1995; Mei 2003). Fifth, the ar-
chaeological data in the terrain between the Gansu and Thailand are not sufficient
to allow us to conclusively evaluate the proposal that the early bronze metallurgy in
Southeast Asia was directly derivative of the Altai tradition. Nevertheless, a trans-
mission route can be posited at the very least to stimulate directed archaeological
research to test the proposal.

Northwest PRC

South of the Altai Mountains, Xinjiang and the Gansu corridor have been proposed
as key links in the transfer of bronze technology from western parts of Eurasia to
the Huang He Central Plains (An Zhimin 1993, 1998, 2000; Ciarla 2007, p. 306;
Fitzgerald-Huber 1995; Higham 2002, p. 115; Linduff 2000; Mei 2003; Pigott and
Ciarla 2007, p. 76, 80; Shuyun and Rubin 2000a, b).
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The general area, particularly eastern Qinhai and Gansu, is rich in nonferrous
mineral resources. There is as yet no compelling evidence for a late third millennium
Seima–Turbino metal tradition in Xinjiang.

Qijia in Gansu

However, in neighboring Gansu and Qinghai provinces there is the remarkable Qi-
jia culture where metallurgy reportedly of Seima–Turbino derivation has been found
(Chernykh 2009, p. 7; Fitzgerald-Huber 1995; Mei 2003). Beginning in the late third
millennium BC and extending into the early second millennium (Thorp 2006, p. 54;
Mei (2003, p. 34) gives 2300–1700 BC), the Qijia culture is notable for its relatively
numerous metal finds of more than one hundred copper, arsenical copper, and bronze
artifacts. Finds include knives, awls, rings, mirrors, plaques, a flat axe, and several
artifacts reflecting Seima–Turbino types and casting techniques, in particular two
deep-socketed axes, and a socketed spear point. Fitzgerald-Huber (1995) first put
forward the argument that the Qijia metals, particularly the deep-socketed axes and
certain knives, indicated close contact with the Seima–Turbino metalworkers. Mei
(2003) discusses more recent finds, particularly a socketed spear point with “diagnos-
tic” attributes identical to classic Seima–Turbino spear points. Mei’s (2003, 2009)
overview of the evidence further indicates that numerous interactions, including a
range of metallurgical borrowings, probably occurred among societies in Gansu,
Xinjiang, and southern Siberia in the late third to early second millennium BC.

As reviewed in detail in Fitzgerald-Huber’s (1995) article, Qijia sites reveal a
noteworthy combination of (a) material remains (metals), faunal remains (cattle,
horse, and donkey), and mortuary practices derivative of southern Siberian no-
madic cultures, most abundantly and clearly but not exclusively the Seima–Turbino,
with (b) indigenous practices (regional ceramic styles, sedentary agriculture), and
(c) some eastern attributes (scapulimancy and millet cultivation). To account for the
archaeological evidence, she argues for a:

. . . persistent form of contact between the two groups and the more or less sustained presence
in the vicinity of the Qijia settlements of northerners linked. . . to the Seima–Turbino. . .We
can imagine that in time the Qijia accustomed themselves to their visitors from the north
and to matters of metal technology, adapting this technology to their own purposes. . . .
(Fitzgerald-Huber 1995, pp. 51–52)

The route by which Seima–Turbino groups connected with Qijia may eventually
be found in Xinjiang, but Fitzgerald-Huber (1995, p. 51) says “a somewhat more
probable route may have led south along the Mongolian Altai and eventually have
followed the Edsingol to the Gansu Corridor.”

Another remarkable point about the Qijia is that not only did they maintain wide-
ranging contacts with neighboring cultures (Fitzgerald-Huber 2003; Mei 2003), but
also a Qijia “colony” settlement has been identified at Damiaopo, over 1000 km to
the northeast of the main area of Qijia settlement in Gansu:

The main reason the Qijia journeyed the long distance to the northeast, and in some cases
settled there. . . almost certainly resides in. . . the circumstance that the Qijia were the source
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of metal objects. . . Moreover, the abundance of easily accessible copper ore in the immediate
vicinity of several Qijia settlements would suggest the likelihood that the raw material of
copper. . . became itself a commodity of trade with the Northern Zone, destined for the
production of metal objects by sedentary communities in that area. (Fitzgerald-Huber 1995,
p. 36)

This long-distance colony provides additional evidence that Bronze Age groups were
willing to move to distant regions and “set up shop” while maintaining contact with
the home base over long distances with few or no intermediary settlements.

The Qijia evidence provides numerous insights into the Seima–Turbino phe-
nomenon. It supports the argument that competent metalworkers moved into a
territory occupied by other cultures and were apparently assimilated by the in-
digenous groups. They provided expertise and probably training of locals in
metalworking, including casting implements characteristic of the metalworkers’
source culture (deep-socketed implements and certain knives). They probably pro-
vided expertise in the mining and smelting of local ores. They and/or other northern
pastoralists also brought a suite of domesticated animals, including the horse, which
the hosts assimilated. Although the Qijia hosts were sedentary agriculturalists, they
conducted extensive trade and sent out colonizing groups to great distances from the
home territory, probably in relation to metal exchange. In those distant colonies, they
may have provided raw material for sedentary village societies in areas without local
mineral resources and perhaps also conducted secondary processing (melting and
casting). The assimilation was prosperous and enduring, without marked evidence
for warfare.

Huang He Central Plain

The turn of the third to second millennium BC finds only traces of copper-base
artifacts in the Huang He Central Plain. The cultural period is terminal Longshan
horizon, with Erlitou beginning c. 1900 BC. Longshan sites in the Central Plain
have a few copper and bronze remains. Casting, forging, and some alloying were
practiced, but most casting (including awls and other miscellaneous small pieces)
was done in univalve molds. One flat axe with a hole was cast in a bivalve mold (Yan
2000, p. 106). There are no metal weapons, agricultural tools, or bangles. One small
copper bell was found in a late Longshan burial at Taosi.

With Erlitou, the picture emerging is that, aside from the ubiquitous small artifact
set (awls, fishhooks, arrowheads, and small blades), large copper-base artifacts gen-
erally do not reflect direct Seima–Turbino or any other Eurasian steppe prototypes
(Chernykh 2009; Mei 2009). Rather, the earliest larger distinctive Erlitou castings
(larger bells similar to the Taosi example, plaques with inlaid turquoise, eventually
vessels) appear to be of locally derived shapes. Socketed items are absent, and bi-
valve molds are used, but for flat castings (Yan 2000, p. 109). If Erlitou bronze
casting was influenced by upper Eurasian metallurgies, perhaps only a few compo-
nents were adopted (e.g., smelting ores and casting), but experimentation (“guided
variation”) with indigenous shapes and purposes was important in the transmission
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process (Chernykh 2009; Mei 2009). Most discussions imply that metal artifact pro-
duction was a restricted activity controlled by and for the élite in the emergent state
(for example, Linduff 2000, pp. 20–21; Linduff and Mei 2009; Mei 2009). Although
from a later context, Thorp (2006, pp. 168–169) notes for Shang that bronze utili-
tarian tools are found in workshop debris, as are bone and shell tools. He also notes
that Shang foundries produced utilitarian bronze artifacts, but that was clearly not
their main function.

Details of the refractory aspects of the technology would assist in ascertaining
whether Erlitou metalworkers maintained two levels of metallurgy, one for élites and
another for the common folk or utilitarian items, producing more Eurasian-looking
artifacts (perhaps differentiated in crucible scale and workshop location). In any
case, at present we cannot point to close parallels in Erlitou contexts for the earliest
evidence of bronze metallurgy in Southeast Asia, the hollow-core cast spear head
and adze, lost wax cast bangles, and small spouted crucibles.

Continued investigation of possible sources for Erlitou copper-base metallurgy
in Gansu and in pastoral societies in areas north and west of the Huang He Central
Plain is an important endeavor. For the purposes of this discussion, however, the
Erlitou metallurgy lacks signature Seima–Turbino copper-base socketed forms, es-
pecially the suspended-core socket types, found in the Qijia and southern Siberian
traditions. This absence further undermines arguments that the Huang He Central
Plain is a likely source for the earliest Southeast Asian metallurgy in the early second
millennium BC.

Routes South—A Brief Proposal

Let us accept for the purposes of discussion the existence of at least an offshoot of the
Seima–Turbino metals technological tradition in the Gansu corridor at the end of the
third millennium BC in the Qijia culture. The presence of horses in Qijia suggests
a means of long-distance transportation that could assist in the rapid transport of
the bearers of metals technology. Did Seima–Turbino metallurgy stop its southward
movement there? Archaeological data in the lands between Gansu and Thailand
(western Sichuan and Yunnan) are sparse, especially to the scholar who does not
read Chinese. Nevertheless, one can glean some possibilities from the literature.

First, is there any evidence that cultures in Gansu interacted with Sichuan to the
south in prehistoric times without going through the Huang He Central Plain? Yang
Meili (2002 as translated by Lothar von Falkenhausen 2006, p. 213) says:

. . . communication from southern Gansu to northern Sichuan proceeded first downstream
along the Bailong River and then joined the main road along the Jialing River. Archaeological
surveys along the Bailong River have revealed numerous prehistoric sites of the Dadiwan,
Majiayao, Qijia, and Siwa [Siba] cultures; Qijia and Siwa sites, in particular, are distributed
very close to northern Sichuan. . . .

In short, apparently the Gansu–Sichuan connection was present even prior to Qijia
times, in pre-metal periods. Prehistoric avenues of communication and contact could
have run along river courses (Fig. 28.5), especially in rugged areas like the eastern



840 J. C. White and E. G. Hamilton

Fig. 28.5 Map of eastern Asia showing major sites, cultures, geographic regions, and rivers
mentioned in the text

rim of the Himalayan Plateau. Moreover, as Seima–Turbino-trained metalworkers
apparently followed river courses in forested areas of upper Eurasia, it is reasonable
to propose that they would look along river courses as possible routes south. The
Jialing River provides access to the relatively flat Sichuan Basin and Chendu Plain,
entering the Yangtze at Chonqing.

There is less evidence for a c. 2000 BC Sichuan–Yunnan connection, but hypothe-
ses can be formulated on the basis of evidence in later periods. Yunnan is separated
from Sichuan by quite a rugged terrain. Nevertheless, during the first millennium
BC, the connection of northwest Yunnan to Sichuan, Gansu, and the central Asian
steppes is fairly clear-cut. Murowchick notes:

. . . the Bronze Age cultures of northwest Yunnan shared close affinities with the semi-
sedentary and nomadic cultures of western Sichuan, and possibly with contemporaneous
cultures of the Gansu–Qinghai plain and the central Asian steppes. . . Besides the distribu-
tion throughout this area of stone slab (cist) graves similar to some of those just described
in Yunnan, a number of specific bronze artifact types suggest either close cultural con-
tact across this wide area, or the transmission of material goods through intermediaries. . . .
(Murowchick 1989, pp. 117–118)
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A more extended discussion of western Yunnan’s early connections to the north
through Sichuan to the Eurasian steppes is provided by Chiou-Peng (1998, 2009). She
stated (1998, p. 299) that the entire area formed a distinct cultural continuum, sharing
technology and art as well as a mortuary tradition. It is clear from Chiou-Peng’s work
(1998, 2009) that the western axis of culture and communication was present from
Lake Erhai to the Northern Zone during the second and first millennia BC. Some
affinities noted with Qijia and even Majiayao ceramics argue for connections at least
by the early second millennium BC (Chiou-Peng 1998, p. 295; Chiou-Peng 2009,
p. 83). The Lanchang-Nu Corridor (upper Mekong and Salween rivers) has produced
stone and copper-base adzes as well as stone molds and slag thought to be from the
second millennium BC. The earliest date for the establishment of such north–south
communication routes through Yunnan remains to be determined. Once in the Lake
Erhai area, there is easy access to both the Mekong and the Red River drainages, and
hence, in theory, to Northeast Thailand and the Bac Bo region of northern Vietnam,
two areas where the earliest Southeast Asian copper-base artifacts are found.

For the purposes of developing a transmission model consistent with the tech-
nological and chronological evidence, we therefore hypothesize that metalworkers
trained in the Seima–Turbino metallurgical system traveled along this western route
c. 2000 BC, bypassing the Huang He Central Plain. This model sees extremely rapid
dispersal of metalworkers with Seima–Turbino training, not only to the west from
the Altai to Finland, as has long been recognized, but to the south as well. These
metalworkers presumably actively sought metal resources, so metal-rich Southeast
Asia would be attractive. As their social ethos apparently facilitated long-distance
travel and their assimilation with other societies, they presumably trained locals in
the fundamentals of their technology, and those locals may have carried it forward
and possibly further afield.

The proposed route of communication from upper Eurasia to Yunnan along the
eastern edge of the Himalayas, of great time depth, and bypassing the Huang He
Central Plain, is not a new idea. Watson (1971, 1985, 1992) made similar observa-
tions more than 40 years ago. He also pointed out the similarities of the Hiamenko
and Huang He socketed axes to inner Asian and Siberian prototypes (Watson 1971,
p. 103), and was impressed with the earlier presence of lost wax casting outside of
the Huang He Central Plain.

Although the rapidity and directness of the technological transmission from south-
ern Siberia to the middle Mekong Basin may at first glance seem astonishing, the
remarkable similarity of the early Southeast Asian metals to the Seima–Turbino
technology and artifact repertoire argues that transmission was indeed both rapid
and direct. The core Seima–Turbino and southern Siberian technological, and many
typological, elements are all present—hollow-core casting of socketed implements in
a single process, the artifact repertoire of deep-socketed adze–axes, socketed spear
points with midrib, bangles, fishhooks and arrowheads, preference for tin bronze
with minimal post-casting treatment, bivalve molds with suspended cores, and lost
wax casting. Not found are Seima–Turbino decorative elements and certain kinds
of knives, but these aspects may have been filtered out (selected against) in Gansu,
where many are also missing.
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In contrast, the metallurgy of Huang He Central Plain continued to receive in-
put into its metallurgical system through interactions with and borrowing from the
nomadic groups in the Northern Zone (Pigott and Ciarla 2007), resulting in the
Shang-period appearance of suspended-core castings of deep-socketed axes. The ev-
idence from Thailand, on the other hand, suggests an initial transmission occurred
during a brief and limited period. Thereafter, the prehistoric Southeast Asian met-
alworkers maintained and eventually elaborated the same technological regime and
style they had adopted initially. After 1500 BC, the Khao Wong Prachan valley tech-
nological system emerged, although whether it is a local innovation or a transmitted
one, perhaps from areas north (Ciarla 2007; Pigott and Ciarla 2007), is not yet clear.
Either way, its finished product repertoire bears some evidence of continuity of tech-
nological style with the earlier tradition in the continued use of cast blind sockets
on adze–axe-like items, even if they are diminutive and possibly nonutilitarian im-
plements. Finally, the similarity of the early Southeast Asian copper-base artifacts
to the Seima–Turbino/Qijia technological system, together with lack of evidence for
input from the slightly later Andronovo or Siba technological systems (that had a
wider range of forms and greater use of forging, for example, of bangles: Chernykh
1992, p. 213), supports timing of transmission of bronze metallurgy to Thailand to a
pre-Andronovo period of technological expansion, which would be also compatible
with a date around 2000 BC.

Conclusions and Future Research Priorities

This chapter proposes a new interpretation for the source of the earliest bronze
metallurgy in Southeast Asia. Drawing on cultural transmission approaches, a tech-
nological transmission argument is developed that incorporates current evidence on
metal technological systems in Eurasia, social contexts for transmission, and current
chronological evidence from Southeast Asia and Eurasia for the earliest appearance
of metalworking. This evidence points to southern Siberia as the main source of
the Southeast Asian metallurgical system in the early second millennium BC. In
particular, characteristic traits of the Seima–Turbino metallurgical tradition of tin-
bronze alloys, single-process hollow-core cast deep-socketed adzes and spear points,
and lost wax casting of ornaments appear in Southeast Asia, particularly prehistoric
Thailand, around 2000 BC. The limited repertoire of the early Southeast Asian metal
artifacts is therefore seen as a product of relatively direct and complete transmission
of the southern Siberian technological system, not as a product of gradual down-
the-line filtering out of Sinitic forms and technologies at the periphery of Huang He
states as some (Pigott and Ciarla 2007) have argued. Such rapid transmission of the
southern Siberian metallurgical system may appear at first glance remarkable. But
considering that other rapid long-distance transmissions were associated with other
areas receiving a Seima–Turbino technological package at about the same time, the
possibilities proposed seem worthy of further study. The Southeast Asian example
may help prehistorians reassess gradualist assumptions for technology transfer in
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prehistoric times. How metallurgy got to Thailand is, we propose, a story that de-
fies traditional archaeological gradualist expectations and provides new insights into
prehistoric events, societies, and processes.

However, there are vast gaps in archaeological data between the Eurasian steppes
and Southeast Asia that need to be filled before the argument presented here can
be considered demonstrated. We hope that filling those gaps can be a priority in the
future. The most exciting archaeology of the next decade in easternAsia may be along
the river systems extending out of the southeastern foothills of the Himalayas. In
addition to simply more archaeology, particularly along the major drainage systems
of southern and western PRC, two immediate efforts would contribute greatly to
the investigation of the sources of metallurgy throughout Eurasia: (1) more detailed
reporting, technological analysis, and publication of refractory components of metals
technology; and (2) historical linguistic research on vocabulary related to metals and
metal artifact production in eastern Asian languages.

From our point of view, the critical question concerning the source of bronze
technology in Southeast Asia revolves around the source for the Southeast Asian
metal refractory technology. Publication of crucible evidence has been neglected by
archaeologists working in EastAsia.At best, site publications mention the presence of
crucibles, but provide few illustrations and no technical analyses of fabric, residues,
vitrification, or other evidence of use without which the role of the crucibles cannot be
meaningfully judged. Nonetheless, it is suggested here that when metals technology
is transmitted, successful transmission of refractory technological style is probably
a crucial component. Thus, refractory technology is the key to determining the
source of Southeast Asian metallurgy, including both the Sinocentric and the rapid
Eurasian technological expansion models. In particular the Seima–Turbino refractory
technological system needs to be reconstructed across its range to see if the type of
mobile, “one crucible serves all molten metal needs” model we find in Northeast
Thailand was a part of the Seima–Turbino technological package, facilitating its rapid
spread. The refractories used to produce utilitarian and local items in Huang He and
Yangtze basins, as well as Lingnan and Bac Bo need to be identified, scientifically
studied, and published. In addition, historical linguistics, physical anthropology, and
faunal studies, in particular of the distribution of domesticated horses, are needed in
order to holistically understand the nature of the prehistoric links between southern
Siberia, western PRC, and Southeast Asia.

In the end, we will consider this chapter successful if it stimulates not only debates
but also research. Not only should researchers look for data that can clarify the north
(Gansu) to south (Sichuan–Yunnan–middle Mekong Basin) cultural interactions in
prehistoric times, but also excavate, analyze, and publish (with illustrations!) well-
dated in situ metallurgical evidence, including crucibles, smithies, furnaces, metal
processing by-products, and analytical data. Only with the publication of these kinds
of data, along with the application of up-to-date technological transmission concepts,
will we begin to understand how Southeast Asia acquired its distinctive metallurgical
tradition.
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Addendum

Since the text for this chapter was published in White and Hamilton (2009), pertinent
new chronometric data have been published (Higham et al. 2011). Although some
chronological details for the authors’ views may change with future reassessments,
they stand by the technological and theoretical arguments presented here. They also
emphasize the need to test their model and hypotheses with new archaeological data
from southwest People’s Republic of China.
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Borić, D., 426, 449, 456, 497
Boroffka, N., 179, 455, 679
Bosch, J., 430
Botswana, 519, 522, 523
Bourgarit, D., 24, 38, 39, 430–432, 461, 479,

481, 483, 484, 666, 669, 699
Bourget, S., 375, 377, 378
Bourke, S.J., 561
Boyd, R., 828, 829
Boyle, K., 760
Bracelet, 585, 607, 641
Bradley, J., 309
Brand, D., 354
Brass, 36, 111, 115, 117, 219, 232, 687
Braudel, F., 136
Bray, P.J., 433
Bray, W., 202



Index 855

Brelsford, W.V., 204
Briard, J., 244, 429
Brill, R.H., 247, 259
Brixlegg, 427, 452, 462, 483
Broda, J., 353
Brodie, N., 425
Bronson, B., 34, 196
Bronze, 35, 453, 455, 810, 822, 826
Bronze Age, 12, 23, 36, 453, 455, 808, 831,

838
Brose, D.S., 303, 310
Brown, J., 196
Brown, J.A., 319, 321, 322
Brubaker, R., 733, 735, 738, 747
Brumfiel, E.M., 6, 530
Brush, C.F., 348, 351
Buchwald, V.F., 29, 30
Budd, P.D., 38, 39, 41, 196, 253, 262, 263, 432,

483, 493
Buikstra, J.E., 305, 315, 321, 425
Bulbeck, F., 3
Bulgarelli, M.G., 496
Bunk, W.G.J., 816
Bunker, E.C., 788
Buono, H., 366, 402, 406
Burger, R.L., 369–371, 373, 375, 396, 397
Burial, 269, 296, 347, 375, 380, 386, 387, 436,

508, 738, 795, 797
Burke, E.A.J., 25
Burkhart, L., 353–355
Burney, C.A., 583
Burton-Brown, T., 583
Butler, J.J., 245, 424, 433, 458
Bzhanija, V.V., 601

C
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Jovanović, B., 456
Juleff, G., 196
Junghans, S., 242, 424, 457, 493
Junk, S.A., 260, 263

K
Körlin, G., 455
Körner, C., 536
Kalandadze, A.N., 600
Kallfass, M., 379, 380
Kargaly, 758, 759
Karlgren, B., 796

Karson, M.J., 303
Kassianidou, V., 426, 756, 762
Kato, Y., 372
Kavtaradze, G.L., 635, 640
Keates, S., 494
Keesmann, I., 94
Keightley, D.N., 795
Kelley, C., 339
Kellogg, L.P., 198
Kelly, I., 348, 351
Kelly, J., 319, 321, 322
Kelly, L., 321
Kelly-Buccelati, M., 582
Kelterborn, P., 164
Kennedy, K.A.R., 731
Kenoyer, J.M., 697–700, 702, 703, 706, 708,

714, 715, 721
Kense, F., 204
Kerig, T., 140
Kern, A., 136, 138, 149, 151
Kerner, S., 572
Key, C., 563
Keyser, P., 52
Khalil, L., 563, 570
Khanzadjan, E.V., 580, 636, 637
Kharakwal, J.S., 697, 699
Kienlin, T.L., 2, 6, 182, 184, 426, 451, 460,

463, 486, 492, 493, 496
Kiguradze, T.V., 587, 594, 596
Kijngam, A., 815, 818
Killick, D., 3, 5, 6, 196, 199, 201, 206, 208,

426, 563, 809, 829
Killick, D.J., 34, 508, 517, 518, 521, 523
Kiln, 120, 126
Kim, J., 6, 829
King, J.C.H., 316
Kingery, W.D., 5, 304, 305, 322, 426
Kinship, 448, 453, 457, 460, 466
Kirchmayer, M., 774
Kitchen, K.A., 513
Kläntschi, N., 257
Klaproth, J., 582
Klassen, L., 426, 427, 448, 452, 453, 477, 495,

496
Klein, S., 39–41, 263, 365, 381
Knapp, A.B., 133, 138, 426, 456 533, 537,

755–757, 762
Knox, R., 29
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