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Abstract 
 
This dissertation takes an interdisciplinary approach to infer the geological provenance of copper 
artifacts from Iron Age archaeological sites in southern Africa and to investigate the behaviors 
responsible in moving these artifacts from their geological source to eventual sites of deposition. 
Select case studies will focus on 1) the early concentration of copper objects from the 7th to 13th 
centuries cal CE sites of Divuyu and Nqoma in the Tsodilo Hills, Botswana and 2) Rectangular, 
fishtail, and croisette copper ingots from Zambia and Zimbabwe dated from the 5th to the 18th 
centuries cal CE. Geological provenances for these objects were established through a 
combination of lead isotopic and chemical analyses, and behavior associated with their mobility 
is investigated through several theoretical lenses. Various mechanisms could be responsible for 
the circulation of copper metal in southern Africa, related to the uneven distribution of copper 
minerals across the landscape, the ability to transport copper in different states along its chaîne 
opératoire of production, and the high value placed on copper objects. Results from these case 
studies document the movement of copper related to migration (Appendix A), long-distance 
trade (Appendix A, B, and C), and technological transfer (Appendix B and C), and unequivocally 
reconstruct a substantial connection between the Central African Copperbelt and southern Africa, 
dating back to at least the 7th century CE and linking regions previously perceived as disparate. 
The resulting ties from these provenance investigations drastically improve our understanding of 
regional interactions in central and southern Africa and establishes these regions as part of a 
larger dynamic landscape. This dissertation therefore goes beyond static linkages between 
geological sources of copper to their archaeological sites of deposition and highlights aspects of 
the physical and social landscape which facilitated complex interactions between distant centers 
of social complexity in central and southern Africa. 
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1. Chapter 1 
 
Introduction 
 
Copper metal is a ubiquitous feature in the archaeological record of southern Africa (the southern 
third of the African continent) after the 3rd century CE when Bantu populations moved into the 
region and simultaneously introduced copper and iron metallurgy (Killick 2014b). 
Archaeological evidence after this period indicates that copper was almost solely used for the 
fabrication of jewelry and the production of objects related to conspicuous consumption (Bisson 
2000; Herbert 1984; Killick 2009), reflecting a larger, sub-Saharan African preference for the 
redness of copper; a preference that persisted over the yellowness of gold or bronze even after 
these metals appear in the archaeological record of southern Africa in the 12th and 13th centuries 
CE (Herbert 1984). Clearly, copper metal was a highly prized material and historical and 
ethnographic evidence documents numerous mechanisms which communities employed in order 
to acquire it, including trade (e.g. Garlake 1970, 41-43) and seasonal migration (e.g. Denbow 
2014, 144–145). Though it can be difficult to identify these mechanisms in the archaeological 
record, trade and mobility were undoubtedly important features of precolonial southern African 
societies and are most visibly expressed through finds of valuable resources such as ivory, exotic 
animals, salt, gold, and copper.  
 
Most discussions of long-distance connectivity in southern Africa, prior to the arrival of the 
Portuguese in the 16th century, focus on connections to the Indian Ocean trading network through 
the Swahili coast. Available evidence from the Limpopo Valley and Tsodilo Hills, Botswana, 
suggests that interactions between these regions began in the 8th century CE and was initially 
focused on the acquisition of ivory, and by 1200 CE, connections to the Indian Ocean grew to 
include parts of eastern Botswana and the Zimbabwe Plateau (Wilmsen 2017; Wood 2011). 
Ivory, gold, exotic animal skins, and other materials were exchanged for Near Eastern and Indian 
glass beads (Wood 2011), cloth (Bushnell 1969), brass, and small quantities of Chinese and 
Islamic glazed ceramics (Chirikure 2020), though these items are rarely found north of the 
Zambezi or south of the Soutpansberg mountains before the arrival of the Portuguese in the 
1500’s. Despite this focus on exotic materials, there has been almost no discussion of the 
simultaneous movement of internal African trade within the region, or how the movement of 
these resources intersected with the formation of complex societies. Indigenous African products 
included cotton, salt, fish (smoked or salted), ivory, copper, tin, bronze, gold, and iron. Of these, 
only ivory and the metals are consistently preserved in the archaeological record. Ivory is being 
sourced by measuring strontium and carbon isotopes (Coutu et al. 2016a; Coutu et al. 2016b; de 
Flamingh et al. 2020) and is helping to redefine these networks. Of the metals, gold and iron are 
unsuitable for provenance study. For gold, this is a result of 1) the sheer number of deposits in 
Zimbabwe and Botswana, Summers (1969) lists 1119 precolonial gold mines in these areas (not 
including alluvial gold deposits), and 2) the ease of recycling this metal, as gold nuggets and 
alluvial concentrates were funneled to places like Mapungubwe (Killick 2009). These two 
reasons make it extremely unlikely that archaeological gold could be sourced to its geological 
provenance. Likewise, iron is far too abundant in the earth’s crust (7.06%) to ever be feasibly 
sourced. Unlike gold and iron, the provenance of tin and copper can potentially be traced to 
geological sources because both are comparatively rare in the earth’s crust, so there are relatively 
few ore deposits compared to iron. Copper and tin also have well established archaeometric 
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methods through which their provenance can be established, their geological deposits are 
unevenly distributed across the landscape (Kinnaird et al. 2016; Stephens 2016; Fig. 1-1A), and 
regional isotopic and chemical heterogeneity for their ore deposits in southern Africa has been 
proven (Killick et al. 2020; Stephens 2016; Fig. 1-1B). In southern Africa, preliminary 
provenance applications have already produced fruitful studies in establishing the source of 
copper (Rademakers et al. 2018; Rademakers et al. 2019; Stephens et al. 2020), tin (Molofsky et 
al. 2014), and the tin component in bronze (Molofsky et al. 2014). This dissertation therefore 
contributes to the new and growing literature studying objects which document intra-African 
connectivity, and focuses specifically on contextualizing the movement of early copper objects 
in Botswana and rectangular, fishtail, and croisette (or small cross) copper ingots (see Fig. 1-4) 
in Zambia and Zimbabwe.  
 

 
Figure 1-1: Figure 1A depicts a map of precolonial copper mines in southern Africa after Stephens et al. (2020, fig. 

1). Figure 1B depicts copper deposits with lead isotopic data in our geological lead isotope database for southern 

Africa.  
 
Dissertation Format 
 
This dissertation consists of three articles (Appendices A-C) which together present concrete 
diachronic evidence linking together archaeological communities in central and southern Africa 
through the wide distribution of copper artifacts (Fig. 1-2). This introduction and literature 
review briefly introduces the archaeological record of Iron Age southern Africa, with a focus on 
interconnectivity, state formation, and evidence for precolonial mining and metallurgy in regions 
relevant to the three articles. I also present here a review of lead isotopic and chemical methods 
and the ways in which archaeologists can use this data to determine geological provenance of 
archaeological materials. The remainder of this chapter covers the methodologies applied in 
Appendices A and B which lead to the conclusions made in Appendix C, as well as the 
theoretical frameworks linking Appendices A-C.  
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Figure 1-2: Locations associated with Appendices A-C, with reference to modern political boundaries and major 

rivers discussed in the text.  
 
Archaeological Background 
 
The beginning of the Iron Age in southern Africa is tied to the arrival of Bantu populations in the 
region after 200 CE, bringing with them metallurgical traditions, agriculture, and domesticated 
animals (Huffman 2007; Killick 2014b). The routes that these populations took while migrating 
into southern Africa have been the subject of much scholarly argument, but can generally be 
divided into an “eastern” stream, arriving into Zimbabwe and Botswana through the tsetse free 
corridor in the southwest corner of Tanzania, and a “western” stream through northern Angola 
and into Botswana, the Democratic Republic of Congo (DRC), and Zambia1 (Huffman 2007). 
Interconnectivity in the period following the arrival of Bantu populations was initially detected 
via the appearance of “foreign” sherds in site assemblages as well as finds of copper ingots and 
finished objects, as their geological ore deposits are unevenly distributed across the landscape 
(Bisson 1975; Bisson 1982; Fagan 1969; Phillipson 1972; Vogel 1971; Vogel 1975). A recent 
investigation by Stephens et al. (2020; Appendix A) has shown that interactions between Early 
Iron Age (EIA) populations can also be traced through the provenance of copper metal artifacts, 
such as those recovered from 650-1200 cal CE sites in the Tsodilo Hills of northwest Botswana 

 
1 The model of “eastern” and “western” stream migrations into southern Africa is currently being re-evaluated from 

a linguistic standpoint. The various population movements into southern Africa are now labeled “Central-Western”, 

“West-Western”, “South-Western”, and “Eastern” following Grollemund et al. (2015). We currently await 

archaeological evaluation of this model, and thus keep the “eastern” and “western” stream classification. 
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(Fig. 1-2). Isotopic and chemical analyses of some of these copper artifacts at the Tsodilo Hills 
have shown that objects were transported over more than 1000 km, and that networks of 
“western” stream ceramic producers also maintained connections over great distances through 
time. Evidence for interconnectivity and the accumulation of material wealth is much more 
apparent after the 9th century and coincides with the rise of states in the region.  
 
State formation in the interior of southern Africa was prolific after the 1st millennium CE, 
particularly in the Shashe-Limpopo confluence (Chirikure et al. 2016), Zimbabwe (Pikarayi 
2001), the southern DRC (de Maret 2013), and in Malawi (Juwayeyi 2010) (Fig. 1-3). States in 
these four regions were concentrated around rich mineral and biological resources which could 
create surpluses and demand for both long-distance and regional trade networks. However, there 
was not one way in which states formed in southern Africa. Rather, state formation was a 
multifaceted process involving internal and external factors, but all show significant evidence for 
interaction with regional and extra-regional exchange networks. Numerous scholarly articles, 
chapters, and books have reviewed issues related to state formation and decline in southern 
Africa. Therefore, while the discussion presented below does overview the historical 
particularities of these states to give a regional overview, its true purpose is to highlight the 
evidence for long-distance interaction in each area.  
 

 
Figure 1-3: Approximate geographic extent of central and southern African states and ceramic traditions discussed 

in text, and points for Swahili port sites (Kilwa, Sofala, and Chibuene) and Ingombe Ilede. Extent of Luangwa 

tradition reconstructed from Phillipson (1974), Huffman (1989), Huffman (2021), and Pikarayi (2001). Extent of 

Great Zimbabwe state from Chirikure et al. (2018). Extent of Butua state from Chirikure et al. (2018). Extent of 
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Mutapa state from Pikarayi (2001). Extent of Upemba Depression from de Maret (2019). Extent of Maravi State 

from Phiri (1998). Extent of Shashe-Limpopo state(s) from Chirikure et al. 2013. 
 
Shashe-Limpopo Confluence  
 
The formation of social complexity in southern Africa was connected to long-distance trade, 
which itself began after 700 CE with the appearance of Indian Ocean imports at Zhizo culture 
sites in today’s Botswana and Zimbabwe (Wilmsen 2017; Wood 2011). Goods from this vast 
trade network are thought to have arrived via the Swahili port of Chibuene in southern 
Mozambique (Fig. 1-3), and were exchanged for ivory, exotic animal pelts, salt, and copper, 
among others (Chirikure 2014; Wilmsen 2017). By the late 1st – early 2nd millennium CE a new 
cultural group, the Leopard’s Kopje, migrated into the area of the Shashe-Limpopo confluence 
and eastern Botswana. Leopard’s Kopje sites were quite large, exhibit prolific evidence for long-
distance trade (particularly in ivory) and their residents owned large herds of cattle (Chirikure 
2014; Pikirayi 2017). The formation of states followed soon after the arrival of this migrant 
population, though debate exists over the mechanism and location for state formation. 
Arguments in these debates center on a prestige goods economy versus wealth in cattle to create 
social inequality, as well as the linear versus multidirectional models for state formation 
(Chirikure et al. 2016; Huffman 1996; Killick 2009; Pikirayi 2017). This continues to be an 
important issue in the literature, but, regardless of how or where states formed, it is clear that this 
process began in the 12th century CE and that the availability of alluvial gold and vast elephant 
populations at the confluence of the Shashe and Limpopo rivers played a major role (Killick 
2009; Pikirayi 2017).  
 
The development of social complexity is particularly visible at the sites of Mapungubwe, 
Mapela, and Toutswe between 1200 – 1300 CE. These sites used stonewall construction 
techniques, possibly to emphasize status differentiation, and participated in long-distance trade 
with Swahili merchants who provided goods from the Indian Ocean trade network (Chirikure et 
al. 2016; Killick 2009). Local commodities exchanged for these exotic goods may have included 
salt, ivory, exotic animal skins, and, most importantly, gold. Internal exchange was also 
important at this time, particularly between the Shashe-Limpopo region and the Toutswe state in 
Botswana, and facilitated the movement of exotic animal skins and other goods deriving from 
the Khalahari in exchange for goods acquired from the Swahili (Denbow 2005). There was also a 
clear ritual component to Mapungubwe and the larger Shashe-Limpopo state, as major sites 
exhibit evidence for the rain-making cult (Antonites and Ashley 2016; Chirikure et al. 2016; 
Huffman 1996; Monroe 2013). However, it is currently unclear if the elites of these states were 
using cult activity to unify and attract followers, or if this existed outside the purview of the state 
(Antonites and Ashley 2016; Chirikure et al. 2016). The Shashe-Limpopo region declined around 
1300 CE, and power shifted north to Zimbabwe. Many theories have been proposed for this shift, 
including environmental degradation, finds of gold in the Zimbabwe greenstone belts, and the 
rise of Kilwa on the Swahili coast (Fig. 1-3), but there does not currently appear to be a 
consensus regarding why power shifted (Killick 2009; Pikirayi 2017).  
 
Zimbabwe Plateau States 
 
The Zimbabwe state was much larger than its predecessors around the Shashe-Limpopo 
confluence and stretched over the eastern portion of the Zimbabwe plateau and across to 
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southern Mozambique (Connah 2016). At the center of this state was Great Zimbabwe, a massive 
multi-component stonewall site with vast herds of cattle under its control. Long-distance trade 
continued to be a major focus of this state and is evidenced by the wide distribution of 
Zimbabwe series beads from the Persian Gulf, and finds of Chinese and Persian ceramics, glass, 
coral, brass wire, and cowrie shells in the region (Chirikure 2014; Pikirayi 2017; Wood 2011). 
The mode of circulation of goods is currently a matter of debate, and arguments focus either on a 
tightly controlled redistributive model or the ability of peripheral territories to exercise a degree 
of control over long-distance exchange (Chirikure 2014; Killick 2009; Pikirayi 2017). Regional 
trade also continued to be important for the Zimbabwe state, and finds of two HIH croisette ingot 
molds (Fig. 1-4), at least 20 iron gongs, and barbed spearheads at Great Zimbabwe suggest that 
ties existed with the Copperbelt and Central African region at this time (Nikis and Livingstone 
Smith 2017; Pikirayi 2017). By the 15th century CE, the power of Great Zimbabwe began to 
wane, perhaps due to the decline in the global gold market and competition from two related 
states in the southwest (Butua/Khami) and northeast (Mutapa) of the Zimbabwe territory 
(Chirikure et al. 2018; Pikirayi 2017).  
 

 
Figure 1-4: “Ia” (rectangular and fishtail) and croisette ingot typology designed by de Maret (1995). (Reproduced 

from Rademakers et al. (2019, fig. 2A)) 

It was previously thought that this transition occurred around 1450 CE and that all stonewall 
structures were abandoned simultaneously. Recent re-investigation of the architecture and 
archaeology of the upper and lower valley of Great Zimbabwe is changing our understanding of 
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the site after 1450 CE, and argues that it was occupied for much longer than previously thought 
and that occupation of stonewall structures was successive and shifted with each new ruler of the 
state (Chirikure and Pikirayi 2008). This study refutes the previous structuralist model of 
settlement organization promoted by Huffman (1996; 2007), and radiocarbon dates associated 
with Chirikure and Pikirayi’s analysis indicate that the site continued to be occupied into the 
1600’s CE (Chirikure and Pikirayi 2008; Chirikure et al. 2016). Thus, occupation at Great 
Zimbabwe appears to have continued, despite the shift in power towards the Butua and Mutapa 
states from the mid-15th century CE. Recent radiocarbon dates published by Huffman and 
Woodborne (2021) agree with this interpretation, though the nature of site occupation remains 
subject to debate.  
 
The Butua (with its capital at Khami) and Mutapa states were situated near the major copper 
districts of the Matsitama Schist Belt and Tati Greenstone Belt in eastern Botswana, and the 
Urungwe district in northwestern Zimbabwe, respectively (Swan 2002; Van Waarden 2016). 
These states continued the Zimbabwe tradition of stonewall architecture and long-distance 
exchange with the Swahili (Pikirayi 2013; Wood 2011). Evidence from oral histories in the 
Urungwe area of northern Zimbabwe and historical writings from early Portuguese explorers 
also highlight Mutapa state regional trade for aspas de cobre, or copper cross ingots, with a 
group known as the Va-Mbara or Mobara, and the description of these copper cross ingots 
matches that of HXR ingots in the croisette typology created by de Maret (1995) (Fig. 1-4). 
Archaeological evidence suggests that the Va-Mbara/Mobara traders were related to the 
Luangwa tradition, which expanded out from the Copperbelt region after 1000CE and has been 
identified in southern Zambia and northern Zimbabwe with the Musengezi, Harare, Chinhoyi, 
and Ingombe Ilede ceramic styles (Garlake 1970; Huffman 1971; Huffman 1989; Huffman 2021; 
Phillipson 1974; Pikarayi 2001), as well as east of the Copperbelt around Lake Malawi with 
Mawudzu style ceramics (Juwayeyi 2010). Garlake (1970) and White (1970) link the Va-
Mbara/Mobara to the Luangwa tradition through the identification of 62 croisette ingots (both 
HIH and HXR type) from 31 different sites within the distribution zone for Luangwa ceramics. 
Additionally, eight HXR ingots were excavated from the Ingombe Ilede cemetery, in southern 
Zambia (Fagan et al. 1969) and one HXR ingot mold was found in areas associated with 
Luangwa ceramics (Nikis and Livingstone 2017; Swan 2007). It is currently unclear if Luangwa 
groups were casting HXR croisette ingots themselves, as they were situated near major copper 
deposits in the Urungwe district, or if these ingots were being transported from the Copperbelt 
region. Appendices B and C will directly address this question (Fig. 1-2).  
 
The arrival of the Portuguese in 1498 destroyed the trading relationships between the Swahili 
ports and the states of the Zimbabwe Plateau. This break was most acute for the Mutapa state 
which was much more accessible to the Portuguese than the Butua state, and with whom the 
Portuguese entered into a tumultuous and exploitative relationship. The relationship between the 
Portuguese and Mutapa eventually caused the decline of the Mutapa state and resulted in 
migration of the Mutapa rulers to the Lower Zambezi region in the 17th century CE (Mitchell 
2002; Pikirayi 2013). Though the Butua were largely shielded from Portuguese influence until 
1640, their dynasty was ended around 1680 by conquest from an uprising, the leaders of which 
created the Rozvi State at Danangombe in central Zimbabwe (Mitchell 2002). The Mutapa and 
Rozvi states persisted into the 1860’s, when both fell to the Ndebele. This group was defeated in 
the present region of Kwazululu-Natal in South Africa by the Zulu army in the 1830’s, and 
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fought their way across northern South Africa and Botswana before entering present Zimbabwe, 
where they still reside (Pikirayi 2013). 
 
The Upemba Depression 
 
Unlike the states described above, evidence for state formation in the Upemba Depression (DRC) 
does not show that long-distance was an important aspect of state formation. Rather, agriculture, 
hunting, and fishing, and metallurgy were more important in creating ritual and political power, 
which led to the emergence of a state society, possibly as early as the 9th century CE (de Maret 
2019). The Upemba depression is an ecologically rich region of the DRC, located approximately 
200 km north of the Copperbelt. Archaeological excavations in this area have been restricted to 
cemeteries, as habitation areas have been disturbed by continual occupation and cultivation 
activities in this densely-populated region of small lakes and fertile soils (Connah 2016; de Maret 
2013). A clear sequence for the development of social complexity is evident in the 300 graves 
that have been excavated and shows unequivocable behavioral and material continuity to the 
historical Luba state that inhabited the area from the 1600s on (de Maret 2019). The Upemba 
depression is particularly rich in aquatic resources and hunting grounds, and has vast floodplains 
which could support agricultural activity. These were likely the major draws for communities 
migrating into the region in the mid-1st millennium CE and played a significant role in the 
development of social complexity in the succeeding period (de Maret 2005; de Maret 2013).  
 
Evidence for social inequality in the Upemba depression begins in the Classic Kisalian period 
(8th – 12th centuries CE), as some burials exhibit significantly more prestige goods than others 
and occasionally include objects associated with ritual and political power. These include iron 
axes with nails and iron anvils, which were important symbols of the elite in the later Luba state 
(de Maret 2005). Decorative and utilitarian copper objects in these burials also indicate that the 
Kisalian culture was significantly entangled with copper producing communities in the 
Copperbelt region of Zambia (Connah 2016; de Maret 2005; de Maret 2013; Rademakers et al. 
2019). Additional evidence for the formation of states in this region is found in child burials, as 
they also include prestige and luxury goods, and indicate the transition toward inherited status 
(de Maret 2005; Monroe 2013). The development of social complexity in the Kisalian period is 
therefore most likely an indigenous movement fueled by the rich natural resources in the 
Upemba depression, and strategic interaction with copper producing communities further to the 
south. 
 
Following the Kisalian culture, the Kabambian culture (13th – 18th centuries CE) is thought to 
be a product of increased participation in interregional trade and territory growth, beginning in 
the Kabambian A period (13th – 15th centuries CE), with the Copperbelt region and possibly 
East Africa, as evidenced by the presence of HIH croisette copper ingots (Fig. 1-4) and some 
finds of glass beads, and cowrie shells in Kabambian A graves (de Maret 2005; de Maret 2013; 
Nikis and Livingstone Smith 2017; Rademakers et al. 2019). These HIH ingots are particularly 
important as they are also found in various regions of Zimbabwe, including two molds at Great 
Zimbabwe, an HIH ingot at the Zimbabwe tradition site of Chumnungwa, and many HIH ingots 
found throughout the cupriferous Urungwe district in northern Zimbabwe (Nikis and Livinstone 
Smith 2017; Swan 2007). Nikis and Livingstone Smith (2017) argue that the distribution of HIH 
ingots throughout Zimbabwe, Zambia and the southern DRC is due to the southward expansion 
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of the Luangwa pottery tradition from Katanga after the 9th century CE. Appendices B and C 
will directly address this hypothesis (Fig. 1-2).  
 
In the succeeding Kabambian B period (16th – 18th centuries CE), copper continues to be an 
important aspect of mortuary practice, but ingot style transitions toward the smaller HH style 
croisette ingots (Fig. 1-4), which were located near the hip in burials and grouped in stacks of 5 
(de Maret 2005; de Maret 2013; Nikis and Livingstone Smith 2017). This is believed to signal 
the transition of croisette ingots into a form of currency. Scholars have linked the Kabambian 
culture to the historical 17th – 18th century CE Luba state based on similarities in consumption 
practices and ceramic styles (de Maret 2005; de Maret 2019; Nikis and Livingstone Smith 2017). 
The Luba used a common ideology and redistributive practices to form a constellation of 
chieftaincies and expand across the region, and power was validated through association to a 
mythological center. The Luba dominated iron, salt, and copper interregional trade at this time 
(de Maret 2005; de Maret 2013) but declined in the late 19th century CE due to expanding slave 
raiding enterprises of the Omani state based in Zanzibar. Luba communities were forced to flee 
their former homeland (Vansina 1966), though the Luba tribe name continued after groups 
migrated out of the Upemba depression and surrounding region. This effectively marked the end 
of 1100 years of indigenous statecraft in the Upemba depression.  
 
Malawi 
 
At its maximum extent in the early 1600s, the Maravi state stretched from the southwestern 
margins of Lake Malawi, down the Shire river that flows from the Lake to the Zambezi, and 
along the north bank of the Zambezi river from the Cahora Bassa waterfalls to the coast of 
present Mozambique. The origin of this state has been the subject of debate for many years. 
Integration of a substantial body of oral traditions with the results of recent excavations at the 
Maravi capital of Mankhamba indicate that the people who founded the Maravi state arrived in 
successive migration episodes from the Congo-Kinshasa area, though the exact location requires 
further investigation (Juwayeyi 2010). The region of Lake Malawi is rich in aquatic and animal 
resources, and suitable for agricultural activities. These factors were likely the major draw for 
groups moving into the Lake Malawi region. The first wave of migrants arrived in the 13th 
century CE, and made pottery similar to the Luangwa ceramic tradition that appeared in the 
Copperbelt after the 9th century CE (de Maret 2013; Juwayeyi 2010). The initial migration into 
the Lake Malawi region was then followed by a subsequent Luangwa migration in the 15th 
century CE. Oral tradition regarding these migrant communities focuses on the power dynamics 
which resulted from their hybridization. The community who arrived in the 13th century CE, 
termed “pre-Maravi,” became important religious practitioners and oversaw the rain-making cult, 
while the migrants from the 15th century CE held the secular power and oversaw the political 
nature of the state (de Maret 2013; Juwayeyi 2010). Power in the Maravi state was heterarchical, 
divided between the religious and the political.  
 
The Maravi were renowned for their production of iron hoes and ivory, and trade in these items 
likely drove state formation in the region (de Maret 2013; Juwayeyi 2010). They also had long-
distance trade connections with the Swahili and Portuguese. More Chinese porcelain was found 
in the major Maravi city of Mankhamba than in any single site in Zimbabwe (Juwayeyi 2010). 
Other long-distance trade items found at the site of Mankhamba include Khami series glass 
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beads and cowrie shells (Juwayeyi 2010; Robertshaw and Wood 2017). In addition to 
maintaining important long-distance trade connections for items like Chinese ceramics, glass 
beads, and shells, the Maravi appear to have traded with the Copperbelt region (where Maravi 
groups were thought to have migrated from) or the Urungwe area. This is evidenced by the wide 
use of copper as both decorative and utilitarian items (similar to the Kisalian period in the 
Upemba Depression), as well as a hoard of HXR type croisette ingots (Fig. 1-4) found in the 
Dedza area of Malawi (Cole-King 1973). There are no copper deposits in Malawi, eastern 
Zambia, or Mozambique (Juwayeyi 2010; Nikis and Livingstone Smith 2017).  
 
The success of the Maravi state allowed them to expand into the southern Shire valley and the 
Zambezi valley in Mozambique before the 17th century CE (Juwayeyi 2008; Juwayeyi 2010). In 
the late 17th century the Yao peoples of Mozambique migrated into the Maravi territory and 
established themselves as ivory traders and slave raiders, selling both to resurgent Swahili traders 
on the coast of Mozambique. Other groups, known today as the Ngoni, were forced out of 
Zululand in the 1830’s, and fought their way through present Mozambique into present Malawi 
from the 1850’s (Juwayeyi 2008; Omer-Cooper 1966). Thus, competition for ivory, violence, 
and slave raiding in this post-Zulu period led to the decline of the Maravi state, though Chichewa 
speakers (decedents of the Maravi) still inhabit the region today.  
 
Ingombe Ilede 
 
Evidence shows that states in the Shashe-Limpopo confluence, Zimbabwe, the southern DRC, 
and Malawi were all active, to varying degrees, in long-distance trade. These states were 
separated from each other by large spaces in which there were no states, and there is little 
evidence that they even had direct contacts with each other, except for those located on the 
plateau of Zimbabwe. There were however people living in the spaces between states, and 
copper passed through these areas. The emerging picture is one of long-distance interaction and 
mobility in a dynamic and entangled landscape. This entanglement is perhaps best exemplified at 
the site of Ingombe Ilede in southern Zambia (Fig. 1-3), just upstream of the Lusitu-Zambezi 
confluence. Though this is not within the borders of a prehistoric state, it was the location of a 
very rich 15th-16th century CE cemetery which produced substantial evidence for regional 
interaction and wealth (McIntosh and Fagan 2017). This is particularly highlighted in four of the 
eleven burials, excavated by James Chaplin in 1960, which contain thousands of Indian glass 
beads, Conus shells from the East African coast, HXR style croisette ingots (Fig. 1-4), locally 
produced and Indian cloth, wound copper and bronze bangles, tools for working with copper and 
bronze, an anvil, and iron gongs (an important symbol of power throughout the central and 
southern African region) (Fagan et al. 1969; McIntosh and Fagan 2017). Of these materials, the 
Khami glass bead series is reminiscent of the assemblage found at Mankhamba (Robertshaw and 
Wood 2017); the iron gong and plethora of copper objects are reminiscent of the states in the 
Upemba Depression and elsewhere in central Africa (de Luna 2017; McIntosh and Fagan 2017); 
and the HXR ingots relate to those distributed throughout northern Zimbabwe and into Malawi 
(Killick 2017; Nikis and Livingstone Smith 2017). Further, pottery associated with the Ingombe 
Ilede graves is related to Luangwa pottery from other sites in Zambia, northern Zimbabwe, and 
Malawi (Garlake 1970; Huffman 1971; Huffman 1989; Huffman 2021; Phillipson 1974; Pikarayi 
2001). Thus, the Ingombe Ilede graves contain important utilitarian, symbolic, power, and 
prestige objects from nearly every region in this review. Appendix C will focus on placing some 
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aspects of this site in context, but this site clearly illustrates that southern Africa in the 16th 
century CE was characterized by a high degree of interconnectivity.  
 
Archaeological Evidence for Copper Mining and Metallurgy in Southern Africa 
 
The overview of these four regions serves to highlight the importance of both external and 
internal processes for the formation of states in the interior of southern Africa after the 1st 
millennium CE. Long-distance trade appears to be a primary motivator in the Shashe-Limpopo 
confluence, Zimbabwe state, and the Maravi state in Malawi and Mozambique, while strategic 
location in regional exchange networks and occupation of particularly rich environments were 
important in the Upemba Depression. A common thread extending throughout all four regions, 
however, is the ubiquitous consumption of copper metal in the form of wound wire bangles, 
other forms of jewelry, utilitarian items (for the Upemba Depression and Maravi), and large 
copper ingots. This ubiquity is related to a larger sub-Saharan African preference which valued 
the redness of copper much more than the yellowness of gold or bronze (Herbert 1984). The 
latter were only used after the 12th century CE in regions that interacted with Islamic societies. 
 
The appearance of copper metallurgy in southern Africa is linked to the migration of Bantu 
groups into the region (Killick 2009). The earliest evidence of copper in Zambia dates to the 4th 
century cal CE at Kansanshi (Bisson 1976). Copper was smelted from at least the third 
millennium BC in present Sudan (Killick 2014b) and from the first millennium BC in West 
Africa (Fenn and Killick 2016). Copper and iron metallurgy appear to have been acquired as 
Bantu populations migrated from West Africa to central, East, and southern Africa (Killick 
2014b). Production and consumption of copper remained fairly low until the 9th century CE, 
when large concentrations of copper objects began appearing in Kisalian grave sites in the 
Upemba Depression (de Maret 1985; de Maret 1992; de Maret 2013), at the site of Kumadzulo 
near the Chobe-Zambezi confluence (Vogel 1971), and at the site of Nqoma in the Tsodilo Hills 
(Miller 1996; Stephens et al. 2020; Wilmsen 2011), and when 7-20cm HIH croisette ingots (Fig. 
1-4), which are now known to have been made on the Copperbelt (Rademakers et al 2019; see 
also Appendix B), began to be distributed across this landscape (Bisson 1982; de Maret 1995). A 
second increase in the intensity of copper production in 14th century CE was recognized at 
precolonial copper mines in the Copperbelt and Zimbabwe, and likely relates to the formation of 
the states described above (Bisson 1976; Bisson 1982; Swan 2002). These mineral resources 
were important draws to precolonial populations, and miners and metallurgists needed to 
understand the geophysical and geochemical properties associated with them in order to succeed 
at producing copper metal. In the mining and metallurgy chaîne opératoire, important steps 
which required a detailed knowledge of the geological and geochemical properties of ore 
deposits included mining, beneficiation, and smelting and smithing.  
 
Evidence for precolonial mining in southern Africa can be found in many parts of the DRC, 
Zambia, Zimbabwe, Botswana, and South Africa (Bisson 1976; Herbert 1984; Summers 1969; 
Van Waarden 2016; Fig. 1-1A), but most of these sites have been destroyed by modern mining 
(Chirikure 2015). Primary evidence of mining activity is therefore scarce, and many of the lists 
of precolonial workings have been assembled by studying the notes of early prospectors and 
explorers (Bisson 1976; Bisson 2000; Herbert 1984). From the mining sites that have been 
excavated, evidence for open stope mining of supergene copper minerals is common starting in 
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the mid-1st millennium CE (Chirikure 2015; Miller 1995). These ventures first concentrated on 
outcroppings of malachite and azurite, and followed mineralization below the surface once these 
outcrops were exhausted. Copper mining methods used a combination of open stopes, shafts, and 
underground stopes, and was done in the winter months when the water table dropped (Hammel 
et al. 2000). The exact methods of mining (open stope versus underground shafts and stopes) 
were not determined by cultural factors, but rather shaped by the geological circumstances of 
each deposit. Thus, open stope mines were often used first after the exhaustion of surface 
deposits, and particularly for deposits extending horizontally, such as at Dukwe mine in the 
Bushman Shear Zone in Botswana. Here, precolonial miners installed a long open stope mine to 
extract malachite from an elongated supergene lens with a near vertical dip (Van Waarden 2016). 
These mines were often up to hundreds of meters long, and up to 35 m deep, depending upon the 
depth of the water table. At other deposits lacking an elongated horizontal component, 
underground shafts could be installed to prospect for mineralized veins and reefs (Chirikure 
2015; Swan 2002). Once located, miners would install a network of underground stopes and 
tunnels to follow mineralization. This type of mine is documented at Harmony Copper mine in 
Northeastern South Africa, as one stope branches out into 25 different underground shafts, 
stopes, and galleries (Evers and van der Berg 1974). Mining in open and underground stopes was 
conducted with iron chisels, gads, and hammerstones, though fire setting was used when miners 
encountered very hard host rocks. Fire setting typically occurred in underground stope mining 
and necessitated the creation of ventilation shafts which fed air into the stope (Chirikure 2015; 
Summers 1969). Additionally, the use of underground stopes required stabilization techniques to 
prevent mine collapses. Stabilization techniques include leaving rock pillars, installing wooden 
support beams, and backfilling old stopes (Chirikure 2015; Hammel et al. 2000; Summers 1969). 
Mining typically stopped in an area when the water table was reached, miners began 
encountering sulfide ores, or ore became too disseminated to be economical (Hammel et al. 
2000).  
 
Once removed from its host rock, copper ore was beneficiated to separate ore from gangue 
minerals. This typically involved crushing ore near the mine site and was an important step in the 
metallurgical chaîne opératoire to produce an ore and gangue concentrate that could be added in 
standardized quantities to a furnace for smelting (Chirikure 2015; Craddock 1995). This is 
particularly essential for the slag forming process, as you need to control the amount of acidic 
(SiO2, Al2O3, etc.) and basic (CaO, MgO, etc.) oxides added to the smelt (Schlesinger 2011). The 
importance of this step is particularly well illustrated at Phalaborwa mine in South Africa, where 
gangue mineralogy includes the mineral apatite (a calcium phosphate) which can contaminate 
copper metal with iron phosphide if smelted in an over-reducing furnace (Killick et al. 2016). 
This was noted at early smelting sites around Phalaborwa, but not at later sites, suggesting that 
miners were aware of the danger of including apatite minerals in the smelt and likely focused on 
removing this mineral during the beneficiation step (Killick et al. 2016).  
 
Once copper carbonate ore was beneficiated, it was then taken to the smelter. This could be done 
either at the mine site or nearby villages where ore would be smelted (see examples in Denbow 
2014; Killick et al. 2016; Swan 2002; Van Waarden 2016). The smelting of copper ore typically 
took place in shallow bowl or low shaft furnaces with one to three tuyere ports where air was 
blown in using bag bellows (Chirikure 2015; Miller 1995). Variations of the bowl and low shaft 
furnaces exist and range from difference in material type (soil, stone, ceramic) to the inclusion of 
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domes in the furnace design (Killick et al. 2016; Miller 1995; Van Waarden 2016). This 
variation in furnace design could reflect differences in communities of metallurgical practice, but 
also serves an important functional role in the smelting of copper, as furnaces with too many 
tuyere ports or which were too large could produce an over-reducing atmosphere and result in 
copper with significant iron contamination. This is clearly illustrated at sites near Phalaborwa, 
where early smelters used the same furnace design for both copper and iron metallurgy and 
produced a bimetallic iron-copper ingot (discussed above). Later smelters at Phalaborwa 
constructed smaller, single tuyere designs for only the smelting of copper to avoid this problem. 
Thus, these metal workers had to be extremely careful about the design of their furnace in order 
to avoid an over-reducing atmosphere and produce what the Venda community called musina 
copper, or iron contaminated copper (Chirikure 2015).  
 
The formation of slag was another important step in the copper smelting process, as it served to 
remove impurities and control trace element partitioning during the smelting process. In 
reduction smelts, charcoal, controlled amounts of gangue, and flux are charged in the furnace 
along with copper ore. The type of gangue mineralogy (silicate, iron rich, carbonate) determined 
the type of flux added to the furnace, as the flux and gangue components interact in the smelt to 
form the slag phase (Craddock 1995; Hauptman 2014). Iron and silica are particularly important 
for this process, thus flux minerals added to the furnace are usually iron or silica, whichever is 
deficient in the ore (Craddock 1995; Hauptman 2014; Schlesinger 2011). Calcium can also be 
included in the smelt and serves to break-up silica polymerization and to reduce the viscosity of 
the slag, as well as increase the solubility of acidic oxides like As2O3, Bi2O3, and Sb2O3. Various 
other oxides introduced in the flux, gangue, ore, ceramic, or fuel component of the smelt also 
partition to the slag phase because they cannot be reduced to metal in a typical copper reducing 
atmosphere and temperature. These include MnO, MgO, BaO, TiO2 (and many others) 
(Chirikure 2014; Hauptmann 2014; Tylecote et al. 1977). Platinum Group Elements (PGE), gold 
and silver usually remain in the metal phase of the smelt and are difficult to remove from copper 
even during refining (Pernicka 2014; Shamsuddin 2016). Archaeological slags do not always 
achieve full separation between metal and slag phases, and copper prills are commonly found in 
archaeological slags. These were usually recovered after smelting by crushing slag and 
handpicking prills for remelting (Killick et al. 2016). Further, the copper metal phase from these 
smelts usually contained sulfide and iron impurities (Chirikure 2014; Killick et al. 2016), but 
these impurities could be removed during smithing activity when the copper ingot was remelted 
for casting into molds, or reheated for hammering into sheets or drawing into wire.  
 
Theoretical Framework 
 
The articles included in this dissertation integrate provenance data with chaîne opératoire and 
technological style frameworks through a communities of practice lens to understand how 
knowledge relating to copper procurement and production was transmitted. At its core, a 
provenance study seeks to reconstruct the geological environment where an archaeological 
artifact came from or the production site where it was made (the reference approach), but this is 
just one facet of interpreting provenance data. We cannot consider provenance data in isolation, 
but must rather integrate it with its behavioral, spatial, and temporal relationships (Freund 2013; 
Zedeño et al. 2003). The following sections overview the foundational principles which guide 
this and other archaeological provenance studies, as well as review the literature for communities 
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of practice, social constructionism and technological transfer, aspects of standardization, and 
discussions relating to integrating the depositional context and scale with provenance data.  
 
Provenance 
 
Archaeological investigations of provenance are predicated on the provenance postulate which 
states that variability of data values (chemical or isotopic) within individual sources must be less 
than variation between sources in order to unambiguously identify where the material in question 
originated (Weigand et al. 1977). Such studies are typically conducted in one of two ways: the 
geological source route or reference group route. Investigations which take the geological source 
route focus on characterizing potential geological source deposits to which archaeological 
artifacts could then be matched. However, geological deposits typically contain some level of 
intra-deposit variability and, if left uncharacterized, could lead to incorrect assessment and 
interpretation of data (Baron et al. 2014; Budd et al. 1996; Ixer 1999; Pearce 2016). Additionally, 
because provenance data is used to suggest potential sources from where a material originated, 
these hypotheses must be properly investigated to see if there was human activity at the deposit 
in question around the time of creation for the artifact (Baron et al. 2014; Ixer 1999).  
 
Though archaeological provenance data relates to the context where a material originated (site or 
source), this is only half of the story. Samples used in provenance studies are archaeological 
samples, thus the human behavior responsible for their production, circulation, consumption, and 
deposition needs to be accounted for. If we simply treat provenance data in a vacuum, we are 
misrepresenting what we, as archaeologists, study: people. Thus, in order to integrate provenance 
data with larger anthropological themes related to human behavior, we need to consider several 
additional concepts: the concept of equifinality regarding how an artifact came to be deposited in 
the archaeological record, integrating provenance data with other lines of evidence, and 
analyzing regional and diachronic patterns in order to understand how provenance data integrates 
with its broader socio-historic context. By integrating provenance data with these additional 
considerations, we can comment not only on behaviors associated with procurement, production, 
circulation, consumption, and discard, but also how broader social, economic, and political 
factors are influenced by and influence this behavior (Freund 2013; Hughes 1998; Triadan et al. 
2002; Zedeño 2002; Zedeño et al. 2003).  
 
The first key, here, is the need to consider the concept of equifinality, and thus keep multiple 
working hypotheses throughout a provenance investigation. Too often archaeologists have cited 
trade as the causal mechanism for artifact movement without properly investigating if it is a valid 
explanation (Hughes 1998; Neff and Glowacki 2002; Triadan et al. 2002; Zedeño 2002; Zedeño 
et al. 2003). The concept of equifinality is important, as it accounts for other circulation 
mechanisms which would leave the same archaeological trace. Alternatives include migration, 
direct procurement ventures, technology – read knowledge – transfer to produce local versions, 
among many others. Mobility is a particularly important alternative here, as distance is a cultural 
construct (Freund 2013; Hughes 1998). Thus, mobility is well suited to explain the circulation of 
materials which were highly valued but unevenly distributed on the geological landscape 
(Hughes 1998; Pernicka 2014). This is dependent on what the society places value on but could 
include obsidian or metal materials as these are unevenly distributed and can be processed at the 
deposit before circulation and eventual deposition (Hughes 1998). Such was the case in the post-
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European contact Loango state, located in the southern Congo, where metallurgists conducted 
annual ventures to a distant ore deposit and returned home with smelted copper (Denbow 2014, 
144–145). Potentials for alternative explanations demand a knowledge of the socio-historical 
context of the samples in question, and we cannot operate on the assumption that the distance 
postulate (or the nearest source) is the most likely explanation (Zedeño et al. 2003). 
 
In order to address many of these anthropologically driven questions and account for 
equifinality, researchers promote that provenance investigations (of single- or multi-material or 
artifact classes) be integrated with their spatial, behavioral, and temporal relationships (Zedeño et 
al. 2003, 34). Behavioral investigations typically focus on communities of practice, technological 
style, standardization, and the depositional context and assemblage of the sampled materials 
(Freund 2013; Tite 2008; Triadan et al. 2002; Zedeño 2002; Zedeño et al. 2003). These 
behavioral patterns can then be integrated with a macroscale approach focusing on regional and 
diachronic data in order to understand the spatial and chronological extent of the phenomena in 
question. The exact approach and sampling strategy for any future study should match the scale 
of the question under investigation, and requires a detailed knowledge of the archaeological 
record and potential source deposits within the region (Triadan et al. 2002, 85) 
 
Communities of Practice 
 
A communities of practice approach in archaeology is used to identify situated learning over 
time and space, and is defined by five key aspects: community, (situated) learning, meaning, 
boundary, and locality (Wenger 1998). The communities which we study through this lens are 
those that have mutually engaged in a joint enterprise and possess a shared repertoire of practice 
(i.e., technologies and/or techniques). Once established, the community itself is a continually re-
negotiated entity as newcomers (i.e., apprentices) engage with, and eventually replace, older 
members through situated learning and legitimate peripheral participation (Wenger 1998). When 
viewed through time, a communities of practice approach becomes a way to identify the various 
continuities and discontinuities of the situated learning (Lave and Wenger 1991), and thus 
membership, process (Wenger 1998). 
 
Within a given community, this process of (re)creating meaning is achieved through both 
participation in the community by individuals of a shared repertoire, as well as the reification of 
joint enterprises (Wenger 1998). Archaeological artifacts represent the reified remnants of a past 
community of practice and are an important key through which we can identify these 
communities on an archaeological landscape. A community of practice is not necessarily tied to 
spatially defined units such as a site or overarching culture, but the locality of practice is defined 
by the process of shared learning through mutual engagement, joint enterprises, and repertoires 
(Wenger 1998). Communities of practice are not isolated, and boundaries naturally exist between 
various communities, although ties can be established across boundaries through reified 
boundary objects or participatory brokers. Communities whose characteristics appear broad and 
variable are therefore likely to in fact be multiple communities interacting within a broader 
constellation of practice – a network of many communities of practice that share some 
characteristics but are diverse based on their degree of interaction within the network at large 
(Wenger 1998; see Schoenbrun 2016 as an example). In this sense, a constellation of practice 
may be an overarching identity which helps unify a number of communities of practice through 
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mutual engagement, or a number of communities interacting over a landscape and defined by 
some aspect of shared repertoire.  
 
Social Constructionism and Technological Transfer 
 
Though a communities of practice approach does a great job of explaining how knowledge 
transfers spatially and temporally, archaeological applications are often couched in social 
constructionist views, particularly in regard to technological transfer, as popularized by Olivier 
Gosselain (2000; 2010; 2016a; 2016b; 2017). These applications follow Pfaffenburger (1992, 
497) and define technology as a “system of material resources, tools, operational sequences and 
skills, verbal and nonverbal knowledge, and specific modes of work coordination that come into 
play in the fabrication of material artifacts”. A social constructionist view of technology holds 
that technology is a structure that is shaped by the socio-political world and simultaneously helps 
to shape it (Dietler and Herbich 1998; Dobres and Hoffman 1994; Killick 2004).  
 
Similar to communities of practice, this theory is heavily couched in practice theory and argues 
that technology and style cannot be studied in a vacuum. The social constructionist view relies 
heavily on the concepts of chaîne opératoire and technological style in order to facilitate studies 
on technology and ground them in the political and social world (Dietler and Herbich 1998; 
Dobres and Hoffman 1994). The chaîne opératoire approach operates by re-constructing the life-
history of an object, from initial material procurement to eventual deposition. However, studies 
related to technology and communities of practice typically focus on the social and technological 
steps required to produce an object. This sequence then is used to construct the overarching 
technological style. Following Hoffman and Miller (2014, 710), technological style relates to, 
“culturally specific choices made between functionally equivalent production techniques which 
can actively or passively communicate social information, and which can be manifestations of 
cognitive processes”. The technological style is thus not only defined by the chaîne opératoire 
but also the social, economic, and political relations which operate on a craftsperson as they 
decide which steps to include in this sequence (Dobres and Hoffman 1994; Gosselain 2016b; 
Mills 2016). By reconstructing the exact sequence of operations used in the production of an 
artifact, it is thus possible to identify meaningful high and low-visibility choices made by a 
producer existing in a social milieu in which there is usually more than one way to accomplish a 
task (Killick 2004; Mills 2016). Thus, the choices made by a craftsperson in the chaîne 
opératoire are regarded as socially influenced and help construct the technological style of a 
community (Dobres and Hoffman 1994; Frame 2009). 
 
Situated learning theory is heavily integrated within social constructionist theory, though not 
always explicit, as mutual engagement in a joint enterprise is required in order to establish a 
chaîne opératoire and technological style associated with a defined community. These concepts 
are thus extremely useful when investigating technological transfer in the archaeological record, 
as they can highlight continuities or discontinuities in the learning process which could arise 
based on the intensity of sustained engagement (Gosselain 2000). Interaction between 
individuals or groups is key here, as different intensities of interaction can result in the 
transmission of different kinds of knowledge, with those most socially embedded requiring direct 
and sustained interaction (Gosselain 2017).  
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Gosselain identifies three tiers of such interaction: direct and sustained, which is required in 
order to transmit knowledge held at the center of a community of practice, such as gestures used 
in pottery making; casual interaction, which can facilitate the transmission of easily digestible 
knowledge to foreign communities or individuals at shared practice settings, such as raw material 
sources or markets; and mediated interaction, which operates similar to the alignment 
mechanism discussed above from Gosselain (2016a), and usually takes place at the intersection 
of boundary objects and foreign communities of practice. In situations of mediated interaction, 
foreign communities of practice translate the superficially gleaned knowledge (through a process 
such as alignment) based on their own repertoire and technological style (Gosselain 2000; 2010; 
2017). This differentiation of engagement and knowledge transfer is important in an 
archaeological context, as we are working from an incomplete record of the past. Thus, we can 
pair a communities of practice approach with investigations of the chaîne opératoire and 
technological style of an artifact in order to understand how, and with what intensity, 
communities were interacting.  
 
The pairing of a communities of practice approach with social constructionist tools of chaîne 
opératoire and technological style allows scholars to take a bottom-up approach to technological 
transfer, where the focus of analysis is on the communities and practitioners who are affiliated 
with a given repertoire. This moves past diffusionist and migrationist models focused on the 
“standard view of technology” as filling the natural need of man to control nature (Pfaffenburger 
1992), and rather imparts agency to the communities involved in the transfer. Further, this 
approach does not assume that transfer was wholesale and involved the movement of an entire 
repertoire from one group to another, but rather locally contextualizes the event to understand the 
degree of interaction between communities. Technological transfer, in this sense, could involve 
only a partial transfer of knowledge or a simple act of alignment. This minimizes the 
archaeological focus on style and allows the transfer to be situated within the practices and 
repertoire in question. Studies of technological transfer can also take a more nuanced approach 
by looking at the socio-historical context and integrating multiple scales of analysis. In doing so, 
these cases are better contextualized and work to understand the various boundaries and bridges 
which potentially existed.  
 
Standardization 
 
The concept of standardization relates to the procurement and production phase of the chaîne 
opératoire and can include standardization of source, standardization of production technique, 
and standardization of design. Costin and Hagstrum (1995, 622-623) provide a useful typology 
of types of community organization of production. This typology can help to structure the 
sampling procedure of a provenance investigation. An increase in standardization can be caused 
by several factors, including a highly structured organization of production responsible for 
crafting the artifacts in question or a restricted, socially agreed upon, way of making something 
(Costin and Hagstrum 1995; Huntley 2006). These conclusions could also relate to observations 
on the standardization of source, but the standardization of source could also comment on the 
limited material available for acquisition. In the provenance study on copper-based ingots from 
the Portuguese trade vessel Bom Jesus, which sank off of the Namibian coast in 1533, 
standardization in shape, weight, makers mark, and lead isotope ratios for 60 of the 1,845 copper 
ingots recovered allowed Hauptman et al. (2016) to conclude that the ore mined to cast these 
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ingots was the same in all cases, that the casting of them happened within a one to two week 
period, and that the prolific Fugger family from Augsburg, Germany was responsible for their 
production (198-204). In a case study from the Southwest United States, Huntley (2006) noted 
that the chemical composition of Pueblo IV period Zuni glazed ware became more standardized 
over time, implying that a “correct” way of making it developed as they became integrated with 
ritual activity. Thus, analyzing standardization in the procurement and production steps of the 
chaîne opératoire helps to inform on both the locus and organization of production.  
 
Depositional Context 
 
By integrating sampled artifacts with their co-deposited materials, we can better understand what 
behavior an artifact was associated with at its time of deposition, as well as make studies more 
comparable to one another (Graves 2001). Non-local artifacts are usually very useful to pair with 
provenance data and can help reconstruct the circulation behaviors responsible for the formation 
of an assemblage (Zedeño 2002). This is the approach taken by Zedeño (2002) in a multi-ware 
study of Point of Pines ceramics, which paired provenance data with deposition context, timing 
of appearance, and recurrence of ware in recovery context to suggest that non-local multi-ware 
provenance groups were associated with migration, as they appeared rapidly in the depositional 
context before being replaced with local pottery of a similar technological style. Pottery acquired 
through exchange, however, formed a single-ware provenance group and was ubiquitous in the 
depositional context. Cockrell et al. (2015) took a similar approach in identifying two 
compositional groupings of copper-based bells deposited at Cenote Sagrado at Chichén Itzá 
between 750–1050 CE that corresponded to the technological style of producers from West-
central Mexico, and Costa Rica and Panama. By integrating a communities of practice approach 
with deposition and provenance data, Cockrell et al. (2015) illustrate that the copper bells acted 
as boundary objects at the common ritual deposition context and facilitated technological transfer 
between the two communities. Thus, deposition context is an important consideration for any 
provenance study, not only for comparability, but to also help reconstruct circulation and 
interaction behaviors.  
 
Integration of Varying Scales 
 
Studies of spatial and temporal relationships allow provenance data to be integrated with 
different scales of investigation, and better address the socio-historical context. The movement 
towards greater spatial and temporal control coincides with the shift towards “big data” 
(Glascock 2002; Glascock and Neff 2003). Understanding the spatial extent of a provenance 
phenomenon can either be accomplished by mapping distributional data of the material and 
artifact class(es) in question or by conducting a provenance study across a region. A regional 
focus requires detailed knowledge of the archaeological record in the region in question (Triadan 
et al. 2002) and can be integrated with a diachronic perspective in order to understand why the 
distribution of artifact classes or sources changed, or remained the same, through time.  
 
In a regional provenance study by Triadan et al. (2002) on White Mountain Red Ware ceramics 
associated with the depopulation of the four corners region and arrival of migrants to eastern and 
central Arizona in the late 13th and 14th century CE, Triadan et al. integrated INAA provenance 
data with a detailed knowledge of the deposition context of these ceramics, and a technological 
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style assessment to suggest migration routes, how migrants integrated with local populations in 
the region, and at what scale this migration was conducted. Statistical and visualization tools are 
very useful, in this regard, to help understand the patterning of provenance. This is exemplified 
in Neff and Bove (1999) who use GIS probability mapping of INAA data to determine the spread 
of the Classic Period Cozumalguapa polity in Guatemala, as well as by Radivojevic and Grujic 
(2017) who integrate provenance data with Social Network analysis to understand how copper 
was controlled and circulated between the 7th and 4th millennium BCE in the Balkans.  
 
This multi-component approach to integrate provenance data with an anthropological focus is a 
central theme of my dissertation research on the provenance of both Tsodilo hills copper objects 
and rectangular, fishtail, and croisette ingots (Fig. 1-4) in southern Africa. I rely on multiple 
working hypotheses regarding the circulation of these objects, integrate provenance data with 
other lines of evidence, and take a regional and diachronic approach in order to understand how 
concepts like power, landscape, mobility, and interaction impacted the production, circulation, 
and consumption of these small and large copper objects.  
 
Methods 
 
To establish the provenance of these objects, I rely on two primary methodologies: Lead Isotopic 
Analysis (LIA) and elemental chemistry. Both of these methods rely on inductively coupled 
plasma mass spectrometry (ICP-MS) instrumentation, and data produced from their combination 
are used to accurately reconstruct the geological environment(s) from which copper for sampled 
objects originated. Particularities for each of these methods and their histories of application to 
establish the provenance of archaeological materials are detailed below. 
 
Lead Isotopes 
 
Lead isotopic analysis is predicated on the measurement of three radiogenic isotopes of lead 
(206Pb, 207Pb, and 208Pb) which each derive from three distinct radioactive parent nuclides (238U, 
235U, and 232Th, respectively), and one stable isotope of lead (204Pb) whose abundance has been 
fixed since the formation of the earth. The resulting measurements are ratioed to the 204Pb stable 
isotope to create a tri-variate analytical system, which improves the precision of the LIA 
measurements and avoids autocorrelation between 206Pb and 207Pb (Baron 2014; Killick et al. 
2020).  
 
The lead isotopic ratios in both ore and metal samples relate to the geochemical constraints of the 
sample, including the geological environment in which ore minerals were formed, and ionic 
radius, charge, and electronegativity are of particular importance per Goldschmidt’s and 
Ringwood’s rules. These values govern the rules of solid substitution, or the exchange of ions 
between the mineral and its geological environment. For an ion to qualify for substitution into a 
crystal lattice it should exhibit a difference of less than 15% in ionic radius, be of identical 
charge, and exhibit a similar electronegativity to the element being substituted (Ringwood 1955). 
Metal sulfides can accept Pb2+ into their crystal lattice but not U4+ or Th4+, and thus their lead 
isotopic ratios should in theory not change after crystallization. Some metal oxides, such as 
cassiterite (SnO2) and rutile (TiO2) can however accept U4+ or Th4+ into their crystal lattices, and 
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thus the lead isotope ratios of these minerals continue to evolve after crystallization (Molofsky et 
al. 2014).  
 
The measured intensities of 204Pb, 206Pb, 207Pb, and 208Pb, can then be used to calculate other 
variables such as model age, or the approximate timing of ore formation within a geological 
deposit or district, and μ (238U/204Pb), κ (232Th /238U), and ω (232Th /204Pb) which characterize the 
fluid origin (lower crust, upper crust, mantle, or average) of this lead (Doe and Zartman 1979; 
Faure and Mensing 2005). High-lead minerals (ex: galena or potassium feldspars) preserve the 
original LIA ratio of the fluid or country rock, while low-lead minerals (ex: pyrite, cassiterite, 
chalcopyrite, etc.) typically incorporate lead as a result of radioactive decay and provide a 
glimpse into the timing of, and interaction between, mineral assemblages (Chiaradia et al. 2006; 
Doe and Zartman 1979; Gulson et al. 1983; Molofsky et al. 2012).  
 
Geologists have created several models to characterize the origin and history of common lead 
minerals, like sulfides whose lead isotopic ratios should in theory not change after crystallization 
(Faure and Mensing 2005). The single-stage lead (or Holmes-Houtermans) model calculates the 
evolution of isotopic ratios using the age of the earth (Holmes 1946; Houtermans 1946). In doing 
so, this model assumes that any changes to these ratios were produced by radioactive decay 
within a closed system and thus no additional U or Th was introduced. However, very few 
deposits exhibit this type of isotopic signature (Doe and Stacey 1974; Faure and Mensing 2005; 
Stacey and Kramers 1975). Noting this issue, Stacey and Kramers (1975) devised an isotopic 
system predicated on a two-stage isotopic evolution. In their two-stage model, lead isotopic 
evolution of the earth began with its formation around 4570 million years ago (Ma), but was then 
altered around 3700 Ma when the crust formed, with much higher concentrations of U and Th 
than the mantle. Thus, lead deposits that formed after 3700 Ma either plot on the two-stage 
growth curve or form a linear deviation from the single-stage growth curve at 3700 Ma (known 
as an isochron). Isochrons can be useful for understanding the origin and history of a deposit or 
province. For analysis between samples of the same mineral type (e.g. sulfide), this isochron is 
based on changes in μ and ω of the lead reservoir from which the sample originated. For analysis 
between samples of different minerals from the same deposit, the isochron is based on the 
geochemical constraints (outlined above) which dictate how much U4+ or Pb2+ can substitute into 
the system. The intersection of this isochron with a point along the second-stage growth curve 
indicates the time of mineralization (Stacey and Kramers 1975). This two-stage lead evolution 
allows for a more dynamic analysis of lead isotopic evolution (Faure and Mensing 2005). 
Though the Stacey and Kramers model of two-stage evolution is more realistic than the Holmes-
Houtermans model, not all mineral deposits conform to it, as the Stacey Kramers model requires 
that no lead mixing or multistage mineralization with radiogenic lead occurred in the geological 
record.  
 
Knowledge of the geological setting of mineralization is thus essential if we are to understand 
patterns in lead isotopic abundance of ores or their archaeological derivatives. Ore minerals can 
crystallize at a deposit for many reasons, including a change in reduction-oxidation or sulfidation 
state, magmatic cooling, remobilization by subsequent fluids (including meteoric fluids which 
lead to the formation of a supergene zone), and pH changes; and the fluids which transport the 
these metals can originate from a number of locations (upper crust, lower crust, mantle, or a 
mixture of these options) (Doe and Zartman 1979; Misra 2000; Robb 2005; Stacey and Kramers 
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1975). These categories work together to form the complicated tapestry of ore formation history 
at a deposit and can be particularly tricky to understand. This is exacerbated in sedimentary 
environments where multiple influxes of fluid, varying in source, composition, and origin, can 
flow into a region over extended time (such as the well-known Mississippi Valley type deposits). 
This creates multiple, superimposed, alteration episodes, each with their own suite of minerals. 
(See Asael et al. 2012, Fay and Barton 2012, Haest et al. 2010, and Kamona et al. 1999 for 
examples). Additional methods are required to analyze these deposits. In the event of mixing, 
radiogenic lead is sometimes incorporated into the mineral lattice with two-stage lead and forces 
the model age to appear younger or even project into a negative (future) age. Fortunately, 
samples which have incorporated radiogenic lead are typically arranged in a linear array on the 
206Pb/204Pb vs. 207Pb/204Pb diagram, and we can integrate their slope and y-intercept with 
radioactive decay equations to infer when radiogenic lead was introduced (Gulson et al. 1983; 
Faure and Mensing 2005; Stacey and Kramers 1975). A limited number of processes can 
introduce radiogenic lead into minerals: 1) formation from a metal-bearing fluid that has picked 
up U or radiogenic Pb from the country rock, or 2) interaction between the minerals and a fluid 
carrying either radiogenic lead or uranium/thorium which then decays to radiogenic lead (Asael 
et al. 2012; Brevart et al. 1982; Chiaradia et al. 2006; Gulson et al. 1983).  
 
Once emplaced, sulfide ores are often oxidized to form carbonate and oxide deposits at or near 
the surface in the supergene zone. This process occurs when oxygenated meteoric water 
percolates down through faults or porous overlying strata to a hypogene ore body, releases 
metals (Cu, Fe, Mn, Co, etc) from their sulfide state, and precipitates them as secondary 
carbonate, oxide, silicate, and sulfide minerals at or above the water table (Misra 2000; Robb 
2005; Sillitoe 2005). The process of forming this supergene zone does not actively fractionate 
the lead isotopic signature of ores (Ixer 1999; MacFarlane and Lechtman 2016; Pernicka 2014; 
Wood et al. 1987), but this signature can be overprinted if additional hydrothermal fluids move 
through the system (Ixer 1999; Pernicka 2014). LIA can therefore be applied to understand the 
metal reservoirs from which a fluid originates, the relative timing of mineral-forming events, and 
the interaction between country rock and fluid or between two fluids. These specificities are then 
passed into archaeological materials as ores are transformed into metal, since non-equilibrium 
fractionation of lead during metallurgical processes is insignificant (Cui and Wu 2011), which 
allows archaeological applications of LIA to infer the parent ore deposit/district for metal 
artifacts. Since lead isotopic ratios are not appreciably fractionated during the smelting process, 
only recycling of metals or mixing of ores from varying sources are likely to be of consequence 
in altering the lead isotopic signature of ore minerals during metallurgical processes.  
 
The development of high-accuracy, high-precision instrumentation has been crucial to the use of 
lead isotopic analysis in geological and archaeological studies. In particular, thermal ionization 
mass spectrometry (TIMS) and ICP-MS have proven to be the most popular instruments used for 
lead isotopic analysis over the last 30 years. TIMS relies on thermal energy to ionize the sample 
in question, thus limiting its application to elements with a low ionization energy (Vanhaecke et 
al. 2009). Further, it requires rigorous and lengthy sample preparation in order to limit matrix 
effects (Gale and Stos-Gale 1996). Seeking an improvement, scholars employed the use of a 
single collector inductively coupled mass spectrometer, however precision on this instrument 
was limited until recent improvements (Vanhaecke et al. 2009). It was not until the early 2000’s 
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that TIMS and single source ICP became largely replaced by the multi-collector ICP-MS (MC-
ICP-MS).  
 
The MC-ICP-MS ionizes all elements, rather than only those with low ionization energies, and 
incorporates multiple Faraday cups to allow the simultaneous collection of several separated 
isotopes (Rehkämper et al. 2001). This limits effects of time-based fluctuation of the plasma 
source and allows for more accurate data collection (Thibodeau 2012; Vanhaecke et al. 2009). 
Data produced using MC-ICP-MS is ten times more precise than standard TIMS analysis, and 
comparable to that of TIMS with double or triple spiking, because it can correct for mass 
discrimination internally using an external element (usually Tl) (Baron et al. 2014; Rehkämper 
and Halliday 1998; Rehkämper and Mezger 2000; Rehkämper et al. 2001). Using this correction, 
uncertainties of .002% – .015% can be achieved (Rehkämper and Halliday 1998; Rehkämper and 
Mezger 2000).  
 
Archaeological Provenance Studies using Lead Isotopes and their Applicability in Southern 
Africa 
 
The application of lead isotopes to answer archaeologically driven questions was initially 
popularized in the late-1970’s by Drs. Noel Gale and Zofia Stos-Gale at Oxford to identify the 
source for copper ingots in the Mediterranean. Early applications were fraught with academic 
infighting that frustrated archaeologists and caused many to believe the technique “discredited” 
by the early 2000’s (for a history of lead isotope analysis in archaeology, see Killick et al. 2020). 
However, many of these early troubles stemmed from a lack of geological integration with the 
presentation of lead isotopic data and its interpretations (Baron et al. 2014; Ixer 1999). Since 
2010, the application of LIA to provenance archaeological materials has exploded, though issues 
with isotopic overlap continue to plague many of studies. This problem lingers because scholars 
continue to apply lead isotopes in geological regions with truncated periods of ore formation, 
such as in continental Europe and the Mediterranean (Killick et al. 2020), or to regions such as 
West Africa, where most copper was transported across the Sahara from the Mediterranean. This 
plagues West African provenance studies with the same overlap issues as in the Mediterranean 
(Fenn 2011).  
 
Building on the database assembled by Stephens (2016), Killick et al. (2020) evaluated lead 
isotopic variation in areas on earth where copper metallurgical traditions existed before the 
European expansion began around 1500 CE (central and southern Africa, the area of the Central 
Asian Orogenic Belt from the Caucuses to China, areas associated with Himalayan Orogeny 
from Arabia to Tibet, Europe and the Mediterranean, and the western portion of South America). 
They concluded that southern Africa was the region best suited for provenance studies with lead 
isotopes because of its numerous episodes of metallogeny resulting from cratonization, 
continent-collision, erosion, and igneous intrusion, mostly between 3700 Ma and 400 Ma. As a 
result, the types of copper deposits in southern Africa are extremely diverse and include 
Volcanogenic Massive Sulfide (VMS), Sedimentary Exhalative (SEDEX), Stratiform Sediment-
hosted Copper (SSC), and magmatic deposits (Frost-Killian et al. 2016; Robb 2005). This 
approximately 3.3-billion-year history of ore deposit formation is therefore exceptionally well 
suited for the application of this technique, as lead isotopic analysis is predicated on the 
measurement of three isotopes produced from radioactive decay over time, and measured 
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isotopic data displays significantly more variation than in other regions of the world (Killick et 
al. 2020; Stephens et al. 2016). This variation forms the foundation of copper provenance studies 
in central and southern Africa by Rademakers et al. (2018), Rademakers et al. (2019), and 
Stephens et al. (2020).  
 
Relating Copper Metal Chemistry to Ore Deposits and Metallurgical Practices 
 
In addition to conclusions drawn from lead isotopic data, major-, minor-, and trace-element 
chemistry in archaeological metals can help confirm provenance conclusions and study the 
behaviors responsible for its manufacture. For precolonial communities in central and southern 
Africa, miners were restricted to mining the region above the water table and concentrated on 
enriched supergene copper ores emplaced above the vadose zone (Sillitoe 2005). The supergene 
enrichment zone can form above all ore deposit types, but the chemistry of ores formed in this 
zone is highly dependent on the mineralogy of ores in its hypogene (primary sulfide) zone. The 
mineral assemblage of a fully enriched supergene deposit varies by zone (secondary sulfide 
enrichment, oxide, or gossan zone). Precolonial metallurgists in sub-Saharan Africa never 
developed techniques to smelt sulfides, and therefore mined only the oxide and gossan zones. 
These contained native Cu, and Cu carbonates, oxides, and silicates, as well as Fe and 
(occasionally) Pb, Co, Mn, and Zn oxides (Dill 2010; Killick 2014a; Robb 2005). The trace 
element composition of the supergene enrichment zone is therefore related to its parent hypogene 
ore body but differs slightly as not all elements are soluble in an oxidized, and often low pH, 
fluid. The trace element composition of these deposits usually includes varying concentrations of 
Se, Au, Pd, and Pt. Additional elements can contribute based on the parent hypogene orebody 
(Dill 2010), and we can rely on geological studies of hypogene mineralogy and chemistry to 
approximate elemental abundance in the supergene when geological studies on supergene 
mineralogy are unavailable.  
 
As ore minerals move from the geological to the technological environment, the various 
elements in ore minerals partition between metal and slag in accordance with the Ellingham 
diagram for metal oxides (Killick 2014a), and Goldschmidt’s classification of the elements as 
lithophile, chalcophile or siderophile. PGE, Au, and Ag are the most likely to be partition into 
metallic copper, as these are the most noble (thus the least potential to be oxidized and partition 
to the slag). Other chalcophile (copper-loving) elements, including lead, are also likely to be 
retained in the copper metal and enable isotopic characterization of where the ore for the copper 
smelt came from. Those elements classified as lithophile (silica-loving) elements partition almost 
entirely to the slag, if a slag phase is formed, because they cannot be reduced to metal at typical 
copper reducing atmosphere and temperature. These include MgO, MnO, SiO2, Al2O3, TiO2, 
BaO, (and many others) (Hauptmann 2014; Killick 2014a; Tylecote et al. 1977). Hybrid 
elements (like iron) are divided between the metal and slag phase in proportion to how reducing 
the atmosphere of the furnace is (Killick 2014). Trace elements can therefore play only a 
supporting role to lead isotopes in studies of provenance, and certain characteristic associations 
of trace elements can be a useful indicator of the type of ore smelted. For example, elevated 
levels of arsenic, antimony and silver are typical of copper derived from fahlores (Pernicka 
2014). 
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One important behavior that must be considered in all provenance investigations of copper metal 
is recycling, or the remelting of existing copper metal objects and refabricating into something 
new. This act of mixing introduces the possibility for combining objects from various geological 
sources, and would obfuscate the chemical and isotopic signature for a single source and create 
an “average” chemical and isotopic signature lying somewhere in the middle of all combined 
sources depending on their proportions in this recycling process. This is obviously an important 
consideration, however is less likely for copper ingots, particularly in southern Africa, for several 
reasons. First, the casting of these large objects requires a much larger copper ore charge in a 
furnace to ensure that the full mold is filled. This is much more expediently accomplished by 
smelting malachite, than with the collection of objects in the hopes that enough have been 
remelted for recasting. Historical and archaeological evidence of copper ingot casting in southern 
Africa reinforce this, as all historically described accounts of ingot casting are precluded by the 
mining of copper ore in preparation for the cast (see de Hemptinne 1926 for example) and 
archaeological evidence of ingot molds, particularly for croisette ingots discussed in appendices 
B and C, are typically found near mining sites. Second, metallographic studies of copper ingots 
in southern Africa (Miller 2010) note sulfide inclusions in their microstructure. These sulfides 
are carried through a smelt from residual sulfides in malachite, and efforts to remelt and recycle 
copper metal would allow these inclusions to be skimmed away or convert them to oxides 
(Miller 2010). Because of these factors and the lead isotopic and chemical particularities of the 
objects in this dissertation, we do not believe recycling behaviors were responsible for the 
creation of the copper objects sampled for Appendix A or the copper ingots discussed in 
Appendices B and C.  
 
Major-, minor-, and trace-elemental concentrations in archaeological metals can also help 
reconstruct technological choices. For copper metal, measured iron content in an artifact is a 
particularly important indicator of slagging practices. Iron concentrations for copper produced 
from a smelt with a distinct slag phase can be several percent. Refining in an open crucible can 
remove most of this iron, but it is not typically possible to reduce the value below 0.25% 
(Craddock and Meeks 1987). Values lower than this are indicative of a process where pure 
malachite nodules were smelted without the formation of a slag phase, as was argued for copper 
smelting on the Copperbelt by Rademakers et al. (2019, 12) and Stephens et al. (2020, 13-14). 
The production of copper via slagging and slag-less smelting were both demonstrated by Kaonde 
smelters, indigenous inhabitants of the Copperbelt, on numerous occasions in the 1960’s and 
1970’s during copper smelting reenactments (Miller 1994), while slag piles have been 
documented at most other copper mines elsewhere in southern Africa (Miller and Killick 2004). 
These lines of evidence illustrate that communities in southern Africa appear to have relied on 
diverse technological processes to produce copper metal.  
 
Laboratory Procedures 
 
Samples selected for this study were subject to both lead isotopic and chemical analyses using 
ICP-MS instrumentation. Prior to dissolution, we removed the superficial corrosion layer from 
each copper sample using a Dremel® rotary tool with a new carbide cut-off wheel for each 
sample. We then removed approximately 0.1 – 0.3g of sample using a jewelers saw with a new 
steel blade for each sample.  
 



 40 

For the isotopic and chemical analyses presented in Appendix A, samples were weighed on a 
mass balance and dissolved in Aqua Regia (prepared using double-distilled HCl and HNO3, and 
ultrapure Milli-Q water), and subsequently evaporated and refluxed with 2 ml of 8M HNO3. A 
0.5 ml sample of this solution was taken for trace element analysis at the Arizona Laboratory for 
Emerging Contaminants (ALEC) laboratory ICP-MS at the University of Arizona. 
 
For isotopic and chemical analyses in Appendix B, samples were weighed on a mass balance and 
dissolved in a solution of 8ml 8M HNO3 + 0.5ml 29M HF to minimize precipitation or 
volatilization of Fe, Zn, As, Ag, Sn, and Sb, typically via complexation with chloride ions 
(Bourgarit and Mille 2003; Rademakers et al. 2020), and refluxed overnight at 140°C. Once 
cooled, a pipetted 1ml solution of each sample was weighed to determine sample density. The 
total volume of each sample was then transferred to a 12ml FalconTM tube and each Savillex vial 
was rinsed with 2ml of 8M HNO3 to ensure total recovery of sample solution. This was then 
added to the Falcon tube and the total weight of each sample solution was recorded. This 
quantitative transfer procedure allows for the accurate calculation of total sample volume and is 
used to ensure the precise measurement of elemental concentrations during ICP-MS analysis. A 
0.1ml aliquot of each solution was then taken and used to prepare a series of 100x, 1000x, and 
100,000x dilutions that were analyzed immediately for trace element analysis at the ALEC 
laboratory ICP-MS at the University of Arizona to ensure minimal precipitation or evaporation 
that would impact elemental concentrations. All acid dilutions were prepared from double-
distilled HNO3, HCl, and HF, and ultrapure Milli-Q water.  
 
Cr, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, and Pb were measured by Dr. Mary-Kay 
Amistadi on an Elan DRC-II ICP-MS instrument, and values are reported in ppm (μg g-1) and % 
on a case-by-case basis. The method detection limit values for these 15 elements are also 
reported in the tables for each case study, however these values are reported in μg L-1. All values 
below detection limits were culled prior to converting the sample data to ppm (μg g-1) and %. A 
custom-made solution from High Purity Standard and Claritas PPT® Grade ICP-MS Instrument 
Calibration Standard 2 from Spex CirtiPrep were run with every batch for quality control.  
 
The remaining sample was then re-transferred to its Savillex vial and evaporated to dryness at 
150°C. Once evaporated and cooled, samples were re-dissolved in 2ml of 8M HNO3 and allowed 
to reflux overnight at 120°C. This solution was then separated using Bio-Rad disposable anion 
exchange columns loaded with Eichrom Sr-spec resin and eluted with various concentrations of 
twice distilled HCl and HNO3 to isolate the lead portion of each solution (Fenn et al. 2011; 
Thibodeau et al. 2007). The resulting solution was then evaporated to dryness and 1ml of 2% 
HNO3 was added to each sample vial and refluxed on a hotplate at 120°C overnight. Samples 
were then analyzed on the GV Instruments IsoProbe multi-collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS) housed in the Department of Geosciences and the University 
of Arizona. Data was corrected based on published values for the standard NBS981 (Galer and 
Abouchami 1998) and all samples were empirically normalized with a thallium (Tl) spike using 
the exponential law correction (Rehkämper and Mezger 2000). A mercury (204Hg) correction is 
also typically applied to correct for interference on the 204Pb signal, however Hg contents of the 
carrier gas were sometimes low. Thus, not all samples received the mercury correction as it had a 
minimal impact on lead ratios and did not improve the accuracy of the results. Only the HIH 
sample Zim-Safe-18 received this mercury correction in this study. 2σ errors for samples ranged 
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between 0.0014 – 0.0066 for 206Pb/204Pb, 0.0009 – 0.0043 for 207Pb/204Pb, and 0.003 – 0.0116 for 
208Pb/204Pb. Procedural blanks were also measured, and all contained <250 pg of lead. 
 
Data Processing 
 
Radiogenic lead refers to values which are above the average modern-day lead isotopic signature 
in the Earth’s crust (206Pb/204Pb = 18.700, 207Pb/204Pb = 15.628, 208Pb/204Pb = 38.63), while those 
below these values are referred to as common lead (Faure and Mensing 2005; Stacey and 
Kramers 1975). For those samples which present a common lead signature, we can calculate a 
model age of geological formation using the MATLAB solver published by Albarède et al. 
(2012). These model ages are often close to those obtained for the age of ore formation obtained 
by other dating methods (Faure and Mensing 2005). However, for samples with radiogenic 
values, calculated model ages using the MATLAB model age solver are negative – meaning that 
they fall hundreds or thousands of millions of years into the future. This is expected for 
radiogenic samples because of the excess 206Pb, 207Pb, and 208Pb from radioactive decay of 
excess uranium and thorium. Radiogenic values for a single ore deposit often present a linear 
array, or isochron, on the 206Pb/204Pb vs 207Pb/204Pb plot. The slope of the isochron can be 
integrated into the equation for radioactive decay of 238U and 235U to yield a “Pb-Pb isochron 
age” for the ore deposit (Faure and Mensing 2005). This approach is common in geological 
applications of radiogenic lead isotope data. Steeper slopes in isochrons correspond to older 
deposits while shallower slopes imply younger deposits. For samples in this dissertation, 
isochron ages were calculated using the program isoplotR and the “three ratio” Pb-Pb isochron 
generator, which also produces an associated measure of error for the age Mean Square of 
Weighted Deviates or MSWD (Vermeesch 2018). This is a measure of the mean distance of 
datapoints from the regression line, and the closer to 1 MSWD, the more precise the isochron 
age. This is important for geochemists interested in dating episodes of mineral formation at ore 
deposits and MSWD values much greater than 1 are typically referred to as “errorchrons”. This 
distinction is not significant for archaeological purposes, however, as we are not interested in 
dating individual mineral deposits – we are interested instead in inferring the approximate model 
age of the ores used. Larger copper objects may derive from pieces of ore from several different 
veins within a deposit. Regardless of data type, lead isotopic data was also compared to our 
geological database consisting of 752 lead isotopic datapoints on sulfide and copper carbonate 
ore samples from varying deposits in districts in southern Africa (Fig. 1-1B). An initial database 
of 517 datapoints was published in Killick et al. (2020) but between 2020 and 2022, 235 
subsequent analyses specifically focusing on ores from regions with evidence for precolonial 
mining have been added to this database to fill known gaps.  
 
Measured elemental concentrations were log transformed for both descriptive (Appendices A 
and B) and multivariate statistical analysis (Appendix B), including hierarchical cluster and 
principal component analysis. The hierarchical cluster analysis was performed using the hcut 
function in the factoextra R package and using the ward.D agglomeration method and Euclidean 
distance to calculate the dissimilarity matrix. Results were then visualized using the fviz_dend 
function in the factoextra R package. Groups were inspected by PCA, using the prcomp function 
in the stats R package, to assess variabilities within the hierarchical cluster analysis relating to 
source attribution, technology, and deposit geochemistry. Missing values for these multivariate 
statistics can be handled in a number of different ways. We chose the substitution method for 
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handling these cases because we knew that all missing values fell below the detection limit of the 
Elan DRC-II ICP-MS instrument. Therefore, these values must be near-zero and we used the 
value “0.001” for these cases.  
 
We used the gap statistics method in the function fviz_nbclust from the factoextra R package to 
determine the optimum number of clusters in our dataset. This algorithm works by comparing 
the total intra-cluster variation against uniformly randomized data in order to assess the optimal 
number of clusters to create a data structure as far away from the random data as possible 
(Tibshirani et al. 2001). This statistical measure determined that the optimal number of clusters 
in our dataset was eight. However, upon assessing these groupings, we determined that two 
clusters were subgroupings of others, and therefore reduced the number of distinct clusters to six.  
 
Summaries of Case Studies 
 
Appendix A: Lead isotopes Link Copper Artifacts from Northwestern Botswana to the Copperbelt 
of Katanga Province, Congo (Published in the Journal of Archaeological Science) 
 
Appendix A (Fig. 1-2) applies lead isotopic and major-, minor-, and trace-element analyses to 20 
copper artifacts from two sites (Divuyu and Nqoma) in the Tsodilo Hills of northwest Botswana, 
deposited at various times between 650 and 1200 cal CE. We conclude that these objects derive 
from geologically young (620–590 Ma) copper deposits with epigenetic uranium, and enriched 
Co and (often) Ni. These deposit characteristics do not fit with those copper deposits that are 
closest to the sites in the Tsodilo Hills (Tsumeb, Thakadu in the Matsitama schist belt, and 
Dukwe in the Bushman district), but rather match many of the copper deposits hosted within the 
Central African Copperbelt. Co:Ni ratios and radiogenic lead isotope ratios for most Tsodilo 
samples indicate that they originated at a primary center of Cu–Co mineralization, while a small 
group appears to originate from a second generation of Cu–Co mineralization within the 
Copperbelt. Sample D106 is the exception, as the trace element pattern for this sample indicates 
that its likely provenance is within a Cu–Pb–Zn or Cu–Ag deposit within the Copperbelt. Iron 
values in Tsodilo copper jewelry and in central African ingots published by Rademakers et al. 
(2019) exhibit a clear chronological trend which indicate that ore selection and smelting 
practices were highly variable upon the entry of Bantu populations into southern Africa, 
probably after 400 cal CE. However, these values become standardized in Nqoma copper, dating 
after 900 cal CE, and in contemporary and later copper ingots from Congo. This trend appears to 
show the emergence of a preference for slagless copper smelting of pure malachite ore.  
 
A connection between the Tsodilo Hills and the Copperbelt region has been hypothesized before 
by Wilmsen (2011), Denbow (2011), and Miller (1996), based on similarities in ceramic and 
metal styles, metallurgical practice, and petrographic evidence. New evidence presented in this 
article shows that this connection was maintained for several centuries. Despite the similarity in 
copper provenance, available archaeological evidence suggests that the mechanism for copper 
consumption and distribution at Divuyu and Nqoma was different. At Divuyu, the dearth of 
copper metal (in comparison with Nqoma), in conjunction with several site characteristics, 
suggests that copper metals were transported by people traveling to the site to mine specularite. 
Conversely, the wealth of copper and other prestige goods at Nqoma suggests that trade of 
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specularite for these materials was an important part in maintaining the local Nqoma identity by 
an established population. 
 
Appendix B: X-files of Southern Africa: Reconstructing the Geological Provenance and Long-
Distance Movement of Croisette Copper Ingots in Iron Age Zambia and Zimbabwe (Target 
Journal: Plos One)  
 
Appendix B (Fig. 1-2) investigates the provenance of rectangular, fishtail, and croisette copper 
(Fig. 1-4) ingots in Zambia and Zimbabwe. Rectangular, fishtail, and croisette ingots dating 
between the 5th and 20th centuries CE have been found in many locations in the Democratic 
Republic of the Congo (DRC), Zambia and Zimbabwe, with isolated finds in Malawi and 
Mozambique. Molds for casting croisette ingots have been found mostly in the Central African 
Copperbelt, but also around the Magondi Belt copper deposits in northern Zimbabwe. For years, 
scholars have debated whether these ingots were made in the Copperbelt or if molds found in 
Zimbabwe were indicative of local copies produced from Magondi Belt copper ore (Bisson 
1976; Garlake 1970). Before the recent application of lead isotopic and chemical methodologies 
to source copper in central and southern Africa, there was no way to decide between these 
hypotheses. This approach is very new; Rademakers et al. (2019) showed that copper artifacts 
from the southern DRC (mostly from Upemba) match the lead isotope ratios of ores from the 
Copperbelt, which is at least 200 km to the south. Stephens et al. (2020) show that copper from 
northwestern Botswana (Tsodilo Hills) came from these same deposits, which are more than 
1000 km to the north. Building upon these previous studies, we present here the first results from 
a copper provenance project (NSF BCS 1852598) across the southern third of Africa, from the 
Copperbelt to northern South Africa. This Appendix presents a subset of these data. We apply 
LIA and chemical analyses to establish the provenance of 29 croisette ingots recovered in 
Zimbabwe, 3 rectangular and fishtail ingots recovered from sites in Zambia, and an experimental 
“X” shaped ingot smelted in the 1970’s from Kansanshi copper ore. Our chemistry and lead 
isotopic results for these objects indicate that 1 rectangular ingot, 2 fishtail ingots, and 13 HIH 
and HXR croisette ingots from southern Zambia and northern Zimbabwe were smelted with 
copper from the Copperbelt, 16 HIH and HXR ingots from southern Zambia and northern 
Zimbabwe source more specifically to the Kipushi deposit within this geological district, and one 
HXR ingot from northern Zimbabwe sources to the Magondi Belt. Taken together, we clearly 
illustrate that croisette ingots were traveling significant distances (>500 km) to reach their 
eventual site of deposition, and that there was also local production of these objects in 
Zimbabwe. 
 
Appendix C: X-files of Southern Africa II: Archaeological Implications of Rectangular, Fishtail, 
and Croisette Copper Ingot Provenance (Target Journal: Azania: Archaeological Research in 
Africa) 
 
Appendix C (Fig. 1-2) pairs the object chemistry and provenance established by lead isotopes 
(data in Appendix B) with distribution patterns and high and low-visibility technological 
indicators to reconstruct diachronic technological practices responsible for the production of 
rectangular, fishtail, HIH, and HXR croisette ingots (Fig. 1-4) found south of the Copperbelt. 
Measured iron concentrations in these ingots demonstrates that rectangular, fishtail, HIH, and 
HXR ingots found south of the Copperbelt were produced primarily from the selection of pure 
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malachite nodules, and smelted without the formation of a slag phase. Appendix C also 
contextualizes patterns in high- and low-visibility technological indicators, such as 
morphological features on the ingots which inform on their casting methodologies (low-
visibility) and center marks (high-visibility). Appendix C combines these indicators with 
provenance conclusions and finds of ingot molds in the Copperbelt and Zimbabwe to assess the 
nature of interaction between these regions at each step along the croisette ingot typology. 
 
Based on the distribution of croisette ingots, their provenance established by LIA and chemistry 
in Appendix B, evidence from ingot molds in the Copperbelt and Zimbabwe, and high- and low-
visibility technological indicators on each ingot, Appendix C identifies distinct constellations of 
practice responsible for the production of each ingot type and assesses the nature of interaction 
between these communities of production and communities of consumption. Using these lines of 
evidence, Appendix C identifies the flow of knowledge from the Copperbelt to Ingombe Ilede 
and to the Zimbabwe plateau, and argues that Luangwa groups were responsible for the 
movement of HIH and HXR ingots to the south and east. These groups were involved in the 
creation of hybrid objects linking communities of practice in the Copperbelt to those in Zambia 
and Zimbabwe, possibly through communities of specialized traders, such as individuals buried 
at Ingombe Ilede and Chumnungwa. Our conclusions here highlight several key areas that 
require additional archaeological attention, including: (a) smelting practices used by Ingombe 
Ilede and other Luangwa groups around the Magondi Belt; (b) which groups were exploiting the 
Kipushi deposit; and (c) what items flowed north to the Copperbelt to obtain the copper ingots 
that flowed south.  
 
Conclusion 
 
Throughout this dissertation, I take a multi-component approach to integrate lead isotopic and 
chemical data with an anthropological focus to contextualize the behaviors responsible in 
moving an artifact from its geological source to its eventual place of deposition. The results 
presented in each of the three articles are helping to redefine our understanding of regional 
interconnectivity within the African continent, particularly between central and southern Africa, 
after the movement of Bantu populations into these regions in the 3rd century CE. Concrete 
evidence presented in all three articles is used to reconstruct a diachronic connection between 
various locations in southern Africa and the Copperbelt between 650 CE and the 18th century 
CE, and the network that forms from this evidence illustrates dynamic connectivity between the 
Upemba Depression states, southern Africa, and the Swahili coast. We argue that the behaviors 
responsible for distribution of these objects include migration, long-distance exchange, and 
technological transfer, that variations in provenance, chemistry, and technological style reflect 
decisions made by constellations of producers, and we use these conclusions to argue for the 
existence of specialized traders, such as individuals buried at Ingombe Ilede and Chumnungwa.  
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Abstract 
 
Copper was highly valued in sub-Saharan Africa for jewellery and as a store of wealth, but was 
rarely used for tools or weapons. The Central African Copperbelt is one of the world’s largest 
copper deposits, and is known to have been mined since at least 400–600 cal CE, but has seen 
very little archaeological investigation. We measured lead isotope ratios and trace element 
concentrations in 20 copper objects, dating between ca. 650 cal CE and ca. 1200 cal CE, from 
two sites in the Tsodilo Hills in northwestern Botswana. The results show unequivocally that 
almost all derive from Copperbelt ore deposits in Katanga Province, Democratic Republic of the 
Congo, at least 1050 km from Tsodilo. Our results are very similar to those recently obtained for 
a suite of 45 copper ingots, dated between 9th and 18th centuries cal CE, most of which are from 
cemeteries in the Upemba Depression, about 200 km north of the Copperbelt (Rademakers et al. 
2019). 
 
Introduction 
 
The Central African Copperbelt extends for about 550 km along the border between Zambia and 
Congo and is up to 150 km wide (Fig. 2-1). It is the largest copper deposit on the African 
continent, estimated to contain around 140 MT copper and 6 MT cobalt (Cailteux et al. 2005). 
The earliest historical records of copper production in this region date from the 1760s, when 
African traders arrived at Portuguese feiras on the Zambezi with copper and ivory to trade 
(Sutherland-Harris 1970). The Portuguese learned that these came from the territory of the Lunda 
paramount chief Kazembe, and sent expeditions to his capital on the Luapula river, south of Lake 
Mweru, in 1796, 1802 and 1831 (Burton 1873; Gamitto 1960). The earliest eye-witness account 
of copper mining and smelting on the Copperbelt is a brief mention by two Portuguese who 
between 1802 and 1810 crossed the subcontinent from modern Angola to the Zambezi River in 
present Mozambique. In 1804 they observed copper mining and smelting, and in 1808 noted that 
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“to the west of the Luapula [river], green stones are found in the ground called Katanga” 
(Gamitto 1960, vol 2:80–85). There was no European interest in mining these deposits until the 
European nations divided Africa among themselves at the Berlin Conference of 1884/1885. In 
1895 the South African mining magnate Cecil Rhodes obtained a concession for his British 
South Africa Company (BSAC) over the territory that is now Zambia. The first BSAC copper 
mine opened in 1908, but large-scale mining of the Zambian portion of the Copperbelt did not 
begin until after the British government terminated the BSAC concession in 1924 (Sikamo et al. 
2016). Industrial mining of copper in the Belgian portion of the Copperbelt began, with forced 
labour, in 1911. 
 
Because industrial mining began so late in this region, there are a substantial number of written 
accounts, oral histories and photographs of African mining and metallurgy on and around the 
Copperbelt (discussed by Herbert 1984 and Musambachime 2016). In Zambia, only the 
Chibuluma mine deposits had not been mined before Europeans saw them (Sikamo et al. 
2016:491). Copper was still mined by Africans in parts of the Copperbelt as late as 1924 (de 
Hemptinne 1926) but ceased soon after this when the Belgian and British colonial governments 
expropriated the ore deposits. This included the famous Shinkolobwe deposit, which supplied 
much of the uranium ore for the two atomic bombs which were launched at the end of WWII 
(Fleckner and Avery 2005). As late as 1971 there were still former copper workers in Zambia 
able to provide successful demonstrations of indigenous copper smelting technology (Bisson 
1976; Miller 1994). 
 
We are fortunate to have these historical records, as almost all traces of the ancient copper mines 
in Zambia have been destroyed. After 1924, foreign investment poured into the Copperbelt 
mines and by the late 1960s Zambia produced 12–13% of the world’s copper (Sikamo et al. 
2016). By 1970 the only large precolonial mine remaining in Zambia was Kansanshi, which was 
investigated by Michael Bisson for his doctoral dissertation, under the direction of Brian Fagan 
(Bisson 1976, 2000). This is still the only archaeological study of precolonial mining in Zambia 
or in the Democratic Republic of the Congo. Until recently, industrial exploitation of the very 
rich copper deposits in the Katanga (Congo) portion of the Copperbelt had been much less 
intensive than in Zambia, but since 2010 several massive new mines have opened and more are 
in development. At least one of these mining companies has commissioned a cultural heritage 
survey (Arazi et al. 2012) but at present there are only three archaeologists in Congo – the largest 
nation in Africa by area – with training to the PhD level. It is therefore highly unlikely that any 
archaeological investigations of ancient mines will be undertaken before they are destroyed. 
 
Because of the lack of research and the destruction of ancient mining sites, the prehistory of 
mining in Copperbelt ore deposits must be inferred indirectly from dated copper artefacts that 
can be linked by form or by chemistry to Copperbelt mining districts. The earliest published 
radiocarbon measurement for copper smelting on the Copperbelt is 1555 ± 65 bp (Hv 11402; 
Anciaux de Faveaux and de Maret 1984) which gives a calibrated age of 416–648 CE (Calib 
7.01, SHCal13, 2 sigma). Excavations during the 1960’s and 1970’s of cemeteries in the Upemba 
basin, about 200 km north of the Copperbelt, recovered many hundreds of distinctive HIH, HX, 
and HH copper ingots (de Maret 1985, 1992, 1995). Radiocarbon dates from these cemeteries 
have allowed these shapes to be placed in a chronological sequence from the 7th through the 18th 
centuries cal CE (de Maret 1981, 1995; Nikis and Livingstone Smith 2017). Moulds matching 
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some of these shapes have been found at prehistoric mines on the Copperbelt. Copper ingots in 
these same shapes have also been found as far away as southern Zimbabwe (around 1100 km 
from the Copperbelt) and central Malawi (around 950 km from the Copperbelt), but so (in some 
cases) have moulds (Nikis and Livingstone Smith 2017). This suggests that imported ingots 
sometimes may have been used as templates for moulds, which were then used to cast copper 
smelted from local ore deposits. Furthermore, the great majority of copper objects from 
archaeological excavations in the southern third of Africa are not ingots, and do not have 
distinctive shapes that could link them to the Copperbelt. Clearly some criteria other than shape 
must be used to infer the geological provenance of these copper objects. 
 
Lead Isotopes and Chemistry as Tools for Provenance of Copper in Southern Africa 
 
Lead isotopes and trace elements are the data of choice for inferring the geological provenance 
of copper objects (Pernicka 2014). Lead isotope ratios are the first line of attack because they are 
not altered (fractionated) by smelting, whereas the concentrations and ratios of many trace 
elements in ores are altered during smelting. However, a restricted set of elements is partly or 
entirely transferred from the ore into metallic copper. These include gold, silver, nickel, cobalt, 
bismuth and the platinum group elements (PGE). The absolute abundances and ratios of these 
elements are often useful in deciding what type of ore was smelted, which may help to constrain 
geological provenance. 
 
There is only one laboratory for high-precision heavy isotope measurements in Africa (at the 
University of Johannesburg), so this technique has only recently begun to be applied to southern 
African archaeology, with measurements made in American and Belgian laboratories (Molofsky 
et al. 2014; Rademakers et al. 2018, 2019). (For an earlier low-precision study that measured 
only 207Pb/206Pb ratios, see Miller et al. 2005). The southern third of the African continent should 
be, in principle, among the most favorable regions in the world for provenance with lead 
isotopes. This is because its copper ores were formed over an extraordinarily long time range 
(3300–400 Ma) and therefore should exhibit a much wider range of lead isotope ratios than 
regions like the Mediterranean or the Andes, where ore formation was concentrated into much 
shorter intervals of time. To investigate this hypothesis, the first author collated and plotted 559 
published lead isotopic measurements on metallic sulfides and carbonates in the geological 
literature for mining provinces in southern Africa (Stephens 2016). (Although there should in 
theory be no fractionation of lead isotope ratios when sulfides oxidize to carbonates, this remains 
to be checked.) The main conclusions obtained are these: 

1) There is a much wider range of isotope ratios in southern Africa than in any other region 
where lead isotope analysis has been used by archaeometallurgists. Fig. 2-2 plots two 
lead isotope ratios for these samples against those for non-ferrous ore samples for the 
circum-Mediterranean, where most copper ore deposits were formed during the 
Hercynian orogeny (330–270 Ma), and the Andes cordillera, where most metal deposits 
formed within the last 70 Ma. 

2) Major mining districts are generally well differentiated from each other by lead isotopes, 
except on the Zimbabwe craton, where most ore deposits are of Precambrian age and 
probably have similar lead isotope ratios. 

3) The ore deposits of the Copperbelt are among the youngest deposits, and have the highest 
(most radiogenic) lead isotope ratios. Copperbelt deposits are easily distinguished from 
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those of Zimbabwe, South Africa and Botswana. At the lower end of this range the ratios 
for some Copperbelt deposits do overlap those of northern Namibia, since ore deposits in 
both regions were formed by the same geological event, the Damaran-Lufilian orogeny 
(ca. 590–512 Ma). 

No lead isotope measurements are yet available for some ore deposits with evidence of 
preindustrial mining, so the first and second authors are currently expanding this database by 
measuring lead isotope ratios for ore samples from these deposits.  
 
The type of metal analyzed is also an important consideration in a lead isotopic provenance 
study, as alloy type and composition can affect the interpretation of the results. In southern 
Africa copper was mostly used unalloyed, and therefore lead isotope signatures should reflect the 
geological provenance of the copper metal. Before 1000 cal CE copper is relatively scarce in the 
archaeological record (except in the Upemba basin of Katanga, Fig. 2-1), and was used 
exclusively for small items of jewellery (Miller 1996, 2003). After 1000 cal CE there was a 
marked increase in the amount of copper deposited in archaeological sites, and copper was used 
as a form of wealth (as ingots, or, after 1300 cal CE, drawn into wire) as well as in jewellery 
(Miller 2010). Copper was very rarely used for tools or weapons; almost all of these were made 
of iron. Although there are many tin deposits in southern Africa, bronze does not appear in the 
archaeological record of this region until after 1200 cal CE (on current evidence). Some bronze 
was certainly made in northern South Africa after 1200 cal CE, and can be distinguished from 
bronze imported from the Islamic world by having very low concentrations of lead, and often by 
having anomalously high lead isotope ratios. Molofsky et al. (2014) show that these African 
bronzes must have been made by adding tin containing tiny amounts of radiogenic lead to copper 
that was almost lead-free – so in these cases the lead isotope ratios indicate the source of the tin, 
not the source of the copper. No bronzes at all have been reported from the cemeteries of the 
Upemba depression in Katanga (Fig. 2-1), which have been radiocarbon dated to the 7th through 
the 18th centuries cal CE. 
 
Inferring provenance of brass using lead isotopes can be tricky, as lead is often added during the 
production of this alloy. The very rare objects of brass dated before 1500 cal CE in the southern 
African archaeological record are certainly imports from the Islamic world, probably brought by 
Swahili merchants, as the few analyzed samples of copper alloys in Swahili sites are mostly 
leaded brasses (Kusimba et al. 1994; Killick and Thomas Fenn, unpublished data). There is no 
evidence that brass was made in southern Africa until the nineteenth century, when imported 
metallic zinc (from India?) may have been blended with local copper (Miller 2010). Also in the 
nineteenth century, African metallurgists near the mouth of the Congo River, some 1100 km NW 
of the Copperbelt started to produce copper-lead alloys (Rademakers et al. 2018). A 15th-17th cal 
CE sample from the Niari Basin also has a high concentration of lead (more than 2%), but it is 
unclear if this is a product of accidental co-smelting or a voluntary mixing of lead and copper 
(Rademakers et al. 2018). To our present knowledge the nineteenth century marks the first 
intentional production of lead metal and leaded copper in the southern half of the African 
continent. Both the copper in Swahili sites (Kusimba et al. 1994; Killick and Fenn, unpublished) 
and copper from the central European mines of the Fugger family, who were the main suppliers 
to the Portuguese (Hauptmann et al. 2016), contain several percent lead. The overwhelming 
majority of analyzed copper objects from archaeological sites in southern Africa are of unalloyed 
copper. Provenance can be obscured by melting together copper from different sources, but we 
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cannot know how much of a problem this may be until we actually try to fit lead isotope ratios of 
artefacts to those of potential sources. 
 
Copper Artefacts from the Tsodilo Hills, Botswana 
 
The Tsodilo Hills are a group of four inselbergs in the northwestern corner of Botswana, at the 
northern edge of the Kalahari Desert (Fig. 2-1). Excavations in rock shelters within these hills 
show that some were occupied from the Middle Stone Age (beyond the range of radiocarbon 
dating). In 2001 the Tsodilo Hills were designated a UNESCO World Heritage Site to protect 
their extraordinary wealth of rock art (Campbell et al. 2010). There were only hunter-gatherers in 
this region until around 2000 bp, when the appearance of cattle, sheep and the first pottery in 
archaeological sites signals the arrival of pastoralists from the north (Robbins et al. 2008). 
 
After about 650 cal CE, new populations arrived and occupied the only two flat plateaux in the 
Tsodilo Hills. These occupations produced the archaeological sites of Divuyu (Denbow 2011) 
and Nqoma (Wilmsen 2011). These peoples made pottery, cultivated sorghum, herded cattle, 
sheep and goats, and discarded small items of iron and copper jewellery (Miller 1996). Divuyu 
pottery styles are limited in variety and closely resemble wares in central Angola and the lower 
Congo region (Denbow 2014:166–168). The Divuyu plateau was abandoned ca. cal 800 cal CE 
and never reoccupied. Nqoma presents a more complex picture. In the earliest levels – prior to 
about 900 cal CE – sherds are in part similar to those of Divuyu (which continued to be 
deposited at Nqoma even after the abandonment of Divuyu); but there are other distinct sets of 
sherds that are earlier or perhaps contemporary with Divuyu, and which may have been made by 
pastoralists. Many of these are thin-walled with a hard paste and a variety of design techniques 
employing surface patterns, including what may be cord-rolled texturing overdrawn with finely-
incised curvilinear motifs; many of these vessels had a red slip. From about 900–1200 cal CE at 
Nqoma, collared, thick-rimmed jars and small elaborately decorated serving bowls associated 
with Zambezi traditions around Victoria Falls and northern Zambezi are the most common in all 
parts of the site. This must reflect a significant influx of peoples from what is now southern 
Zambia (Denbow 2014:168–172). Our analyses by optical petrography of sherds from Nqoma 
and Chobe-Zambezi sites, along with clays from a large number of parent rock exposures, have 
confirmed that some pots from Nqoma were made in the Zambezi valley, some 400 km to the 
northeast (Wilmsen et al. 2009). 
 
The major attraction of the Tsodilo Hills appears to have been thin seams of specular hematite 
(specularite) within the quartzite and mica schists that comprise the hills. Specularite (Fe2O3) is a 
glittering blue-black mineral that was a valued cosmetic in southern Africa from very early times 
to well into the twentieth century. At Tsodilo hard rock mining for specularite was carried out on 
a large scale from an as-yet undetermined date; 20 mines have been located (Campbell et al. 
2010), with 500–1000 tons of rock excavated from some of the larger examples. A series of 
radiocarbon ages indicates that mining, complete with tunnels and inclined shafts up to 43 meters 
long, was most intensive during the Divuyu/Nqoma period, 750–1025 cal CE (Wilmsen et al. 
2013). The current name Tsodilo almost certainly stems from the Tswana word for specularite, 
sebilò, thus forming a symbiotic association of the place with its highly valued product. 
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Shortly after mid-8th century, glass beads of the Chibuene-Zhizo series – manufactured from 
glass probably made in northeastern Iran – arrived at Nqoma along with marine cowrie and 
conus shells, marking the start of indirect connections between the center of the continent and the 
Indian Ocean littoral (Denbow et al. 2015:2; Wilmsen 2017). The Tsodilo Hills were clearly a 
magnet for diverse peoples for several millennia, but this came to an end about 1200 cal CE 
when these plateaux were abandoned. This decline is noted at other sites in Botswana, and 
possibly reflects the growth communities along the Limpopo valley, between present South 
Africa and Zimbabwe, which became the endpoints for Swahili travelers (Denbow et al. 2015).  
 
Although metal was first introduced to the Tsodilo Hills by the people who settled at Divuyu, it 
is relatively uncommon at that site; iron and copper together make up just 1% of the site 
inventory. There were 196 pieces of iron, 11 of copper, and two bimetallic (Miller 1996, table 2). 
At Nqoma the picture is diametrically opposite: for a brief time, from ca. mid-8th century to ca. 
mid-11th century, Nqoma was the richest southern African site yet known in iron and copper: 
2673 iron, 191 copper, and two brass pieces were found (Wilmsen 2011, table 3 – these numbers 
supercede those in Miller 1996, table 3). About 25% of the copper at Nqoma is from the lower 
levels and associated with Divuyu pottery; about 75% is from the upper levels representing the 
arrival of new populations between ca. 900 and ca. 1200 cal CE. The two brass objects were both 
near-surface, and are a boot eyelet and a cartridge from a firearm. The most striking finding is 
that in both sites the metal objects in both iron and copper were overwhelmingly small fragments 
of jewellery (beads, twisted helices, flat strip, chain, wire, etc. – see Miller 1996, tables 2 and 3). 
The rarity of iron tools at Divuyu and Nqoma – a few arrowheads, chisels, axes and pointed rods 
– is interpreted to mean that iron tools were too useful to be casually discarded or placed in 
burials (Miller 1996:92–96). 
 
Miller published metallographic studies of 14 copper artefacts (four from Divuyu, ten from 
Nqoma) (Miller 1996). He measured bulk chemical compositions and the compositions of non-
metallic inclusions in seven samples by energy-dispersive XRF on a scanning electron 
microscope (SEM-EDAX). No tin, zinc, arsenic or lead was detected in any of these (detection 
limit ca. 0.1 wt %). Two of the objects from Divuyu contained detectable Fe (1.2 wt% and 7.0 
wt%), and one from Nqoma had 1.5 wt%; the other four had <0.1%. Non-metallic inclusions in 
most of the specimens were copper sulphides with up to 12 wt% Fe; some inclusions had 
detectable silver (0.1–2.5 wt%). One specimen from Divuyu had oxide inclusions containing Fe, 
Cu and Ni; and one from Nqoma, with 4.5 wt% P, had iron phosphide inclusions (Miller 1996, 
tables 5 and 8). 
 
The copper artefacts are of particular interest because there are no copper deposits near the 
Tsodilo Hills that could have been exploited a thousand years ago. The Central Kalahari Copper 
Belt (Borg and Gauert 2018) was not accessible because it is buried under 100–200 m of aeolian 
Kalahari Sands. The closest ore deposits with surface exposures (Fig. 2-3) are at Tsumeb in 
Namibia (425 km west), and within Botswana in the Precambrian greenstone belts of the 
Bushman Shear Zone (>545 km east) and the Matsitama Schist Belt (>585 km east). Salvage 
excavations have been done on five of 59 known precolonial copper mines in Botswana (van 
Waarden 2016) but only a few radiocarbon dates are available, all of them after about 1500 cal 
CE. This does not exclude the possibility of copper production before 1500 cal CE, and more 
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work is needed to clarify the start of copper mining in Botswana. No archaeological 
investigations have been done yet around Tsumeb in Namibia. 
 
Sample Selection 
 
For this study 20 copper artefacts were selected by Wilmsen for analysis. Eight from Divuyu 
represent over half of the total copper objects excavated from the site; the 12 from Nqoma are 
only 6% of the 191 total copper objects excavated (Wilmsen 2011: 100). The sample includes a 
wide variety of object types, and represents all of the recovery contexts at Divuyu and seven of 
the ten recovery contexts for copper objects at Nqoma (Denbow 2011: 78; Wilmsen 2011: 100). 
They were all very small, with masses between 0.06 g and 0.25 g (Table 2-1). All sampled 
objects are associated with dates from 650–1190 cal CE and we believe these to be 
representative for the dates of the sampled copper objects, as evidence for bioturbation was 
minimal at both Divuyu and Nqoma. The samples from Nqoma span the whole period of 
occupation. Samples N1143, N1429, N1625, N2340 and N247 were associated with Divuyu-
style pottery and thus dated roughly between 650 cal CE and 880 cal CE (Table 2-1). Samples 
N1075, N1150, N1680 and N1682 were associated with only Nqoma-style pottery, and thus date 
in the range 900–1200 cal CE. Three samples – N40, N2500 and N1221 – were not securely 
associated with any particular style of pottery but either have radiocarbon dates which calibrate 
to the Nqoma period of occupation or are stratigraphically associated with radiocarbon samples 
that date to the Nqoma period of occupation (Table 2-1). 
 
Methods 
 
Full descriptions of analytical procedures are given in Online Supporting Materials (OSM). After 
removal of superficial corrosion, samples (or subsamples) were dissolved in double-distilled 
nitric acid. The solutions were then divided. One portion underwent chemical analysis by ICP-
MS for 15 elements (V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Ba, and Pb). Lead 
was extracted from the other portion by anion exchange. The lead-bearing solutions were spiked 
with a thallium standard (NIST SRM 997) to correct for mass fractionation during measurement, 
and a solution of the standard NIST SRM 981 was run 3–4 times between each set of 4–6 
samples. An unanticipated challenge to measuring lead isotope ratios in these samples was the 
very low lead content of the copper; 19 of 20 samples contained less than 13 ppm Pb, and 12 had 
less than 1 ppm Pb (Table 2-2). We were able to obtain reproducible measurements down to 
about 1 ppm Pb on the GV Instruments IsoProbe multi-collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS) in the Department of Geosciences at the University of 
Arizona, but nine samples contained less than 1 ppm. These were measured by Dr Gwyneth 
Gordon on a more sensitive instrument (a Thermo Neptune MC-ICP-MS) in the Department of 
Geosciences at Arizona State University. 
 
Results and Interpretations 
 
Lead Isotope Analysis 
 
The lead isotope analysis data are reported in table 2-2. For one sample (D75) we measured 
ratios for both the green jacket of corrosion and for the shiny copper metal. There should be no 
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measurable fractionation of lead isotopic ratios during corrosion, so the slight shift observed here 
is attributed to mixing during corrosion of lead from the copper with that in soil water. This shift 
is so small that any residual corrosion product after stripping corrosion from the surface would 
not affect any of the conclusions drawn in this paper. 
 
Lead isotope ratios of Tsodilo Hills copper metals (Table 2-2) are extremely variable with 
respect to the two uranogenic isotopes of lead (206Pb and 207Pb). The ratio 206Pb/204Pb varies from 
18.55 to 345.83, and 207Pb/204Pb from 15.73 to 35.44. Two artefacts have extraordinarily high 
values – D69 (206Pb/204Pb = 227.342, 207Pb/204Pb = 28.207) and D191 (206Pb/204Pb = 345.825, 
207Pb/204Pb = 35.436). The measured values for the thorogenic isotope (208Pb) are much less 
variable across the full set of 20 samples (208Pb/204Pb from 38.37 to 40.47). 
 
All 20 Tsodilo copper artefacts are radiogenic, meaning that lead isotope ratios are greater than 
the present-day average values for these ratios in the Earth’s crust, according to the widely 
accepted two-stage model for evolution of lead isotope ratios (Stacey and Kramers 1975). (These 
values are 206Pb/204Pb = 18.700, 207Pb/204Pb = 15.628, 208Pb/204Pb = 38.63.) Samples with ratios 
below these values are said to have “common lead”. The great majority of published lead 
isotopic measurements of sulphide ore minerals from South Africa, Zimbabwe and Botswana are 
common lead (Stephens 2016), but all 20 Tsodilo copper artefacts are radiogenic (although D24 
is radiogenic on only one of these three ratios). The radiogenic nature of Tsodilo Hills lead 
isotope data makes it difficult to identify traditional isotopic clusters. While overlaps certainly 
exist between samples on the 207Pb/204Pb vs 206Pb/204Pb plot (Fig. 2-6), these overlaps do not 
carry over to the 208Pb/204Pb vs 206Pb/204Pb plot (Fig. 2-6). Both 207Pb and 206Pb are produced by 
the radioactive decay of uranium, and therefore this overlap is a product of autocorrelation as 
points cluster around a single isochron. When ratios for radiogenic Tsodilo copper are fed into 
the MATLAB solver of Albarède et al. (2012) the resulting model ages are hundreds to 
thousands of millions of years into the future. 
 
Plotting 206Pb/204Pb vs 207Pb/204Pb ratios for Tsodilo copper artefacts produces a linear array, 
with Pearson’s correlation coefficient (r) of 0.9999 for all 20 values, and r = 0.9940 if the two 
most radiogenic samples (D69 and D191) are omitted (Fig. 2-4). These tight correlations suggest 
that these arrays may be isochrons (Faure and Mensing 2005:240–242), the slope of which can 
be used to calculate a model age (see Equation 1 in Supplementary Materials Online). 
 
Isochron ages for Tsodilo Hills copper were generated with the isoplotR “three ratios” Pb-Pb 
isochron generator (Vermeesch 2018). The model age for the full assemblage of 20 Tsodilo Hills 
samples is 595 ± 2.3 Ma with an MSWD of 410. In order to check the influence of the two 
highly radiogenic data points (D69 and D191), we removed them and generated a second 
isochron age. The model age for the line fitted to these 18 data points is 610 ± 3 Ma with an 
MSWD of 430 (Fig. 2-4). The word “model” is important here, as the number produced by the 
calculation is not necessarily the real age of mineralization. Linear arrays can also result by 
mixing lead in varying proportions from two separate geological reservoirs with different 
isotopic ratios – as, for example, when a hot lead-bearing fluid infiltrates a sedimentary rock, 
dissolving pre-existing sulphide minerals, and then reprecipitating them with a range of different 
lead isotope ratios. Nor do we assume that all Tsodilo copper artefacts came from a single ore 
deposit – indeed, the high MSWD (a measure of mean distance of points from the line) and the 
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variation in chemistry (see below) suggest that they do not. We have calculated the apparent age 
of the fitted lines to see whether the Tsodilo copper assemblage can be reasonably associated 
with a known period of ore formation in southern and central Africa. Molofsky et al. (2014) used 
the same approach to show that all known tin ingots and most bronzes in South Africa derive 
from the 2000 Ma tin deposits of the Bushveld Complex. 
 
The 620–590 Ma model age for two Tsodilo copper artefact isochrons roughly coincides with the 
beginning of the Lufilian-Damaran orogeny, ca. 590 Ma (Sillitoe et al. 2017, fig.15). This was a 
consequence of the closure of the former ocean basins between the Congo craton, the Zimbabwe 
craton and the Kalahari craton during the formation of the Gondwana supercontinent. 
Compressive forces folded, faulted and overthrust the oceanic sediments to form the Lufilian Arc 
along the Zambia/Congo border, and the Damara and Gariep belts along the western margin of 
South Africa and Namibia (Borg and Gauert 2018). Major economic copper deposits in these 
deformed sediments include the Central African Copperbelt, the copper deposits around Tsumeb 
in northern Namibia and around Windhoek in central Namibia (Haest and Muchez 2011; Borg 
and Gauert 2018). These deposits are all much younger than the Precambrian to Proterozoic 
copper deposits in the Matsitama Schist Belt, Bushman Shear Zone and Limpopo Mobile Belt of 
Botswana, ca. 2000 Ma (Coomer et al. 1977; Barton et al. 1994). Almost all copper deposits in 
Zimbabwe are of Precambrian age, and those for which we have lead isotope data display much 
lower ratios than the Tsodilo copper artefacts (Stephens 2016, fig. 5). 
 
The age of copper mineralization in the Copperbelt is sharply disputed, with some favoring 
several stages of ore formation between 800 Ma and 500 Ma (e.g. Haest and Muchez 2011; 
Hitzman and Broughton 2017) and others a single late period of ore formation between 550 Ma 
and 490 Ma (Sillitoe et al. 2017). While the calculated model age of mineralization for the 
Tsodilo copper artefacts suggests a connection to the Lufilian-Damaran orogeny, a stronger 
indication is that the only ore deposits in the southern third of Africa that are currently known to 
have lead isotope ratios as radiogenic as the Tsodilo artefacts are all associated with this 
orogeny. The two deposits that have well-documented radiogenic copper ores are both in the 
Katanga region of southern Congo. These are Musoshi on the Congo/Zambia border in the 
central Copperbelt (Richards et al. 1988), and Dikulushi at the northern end of the Kundelungu 
Plateau, which is some 200 km north of the Copperbelt (Fig. 2-1; Haest et al. 2010). These are 
both in rocks of the Katanga Supergroup, a 5–10 km thick succession of deformed sedimentary 
rocks that host the ore deposits of the Copperbelt. At Musoshi the ore deposit is in the Roan 
Group, the oldest of three Groups that make up the Katanga Supergroup (Cailteux et al. 2005, 
table 1). Dikulushi Mine is in rocks of the Kundelungu Group, the youngest of the three. 
However, there are substantial similarities in the ore mineral assemblages and lead isotope ratios 
at Musoshi and Dikulushi. It has been suggested that in both mines there were two distinct 
periods of ore formation – an earlier disseminated ore of chalcopyrite, pyrite and bornite (Cu/Fe 
sulphides) in lenses roughly parallel to bedding, and a younger set of cross-cutting veins bringing 
iron and uranium oxides from outside (Richards et al. 1988; Haest et al. 2010). The authors of 
both studies suggest that hot brines spreading out from these veins dissolved Cu/Fe sulphides and 
then precipitated chalcocite (Cu2S) ore with highly radiogenic lead isotope ratios. 
 
On the 207Pb/204Pb vs 206Pb/204Pb plot the linear array of values for Tsodilo artefacts is a close 
match to those for both the Musoshi and Dikulushi sulphide minerals, except for the two most 
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radiogenic artefacts (Fig. 2-5b). On the thorogenic plot 208Pb/204Pb vs 206Pb/204Pb the Tsodilo 
artefacts match the Dikulushi ores but are clearly different from the Musoshi ores (Fig. 2-5a). 
We can therefore eliminate Musoshi as a source for the Tsodilo copper artefacts. In figure 2-6 
we provide a wider-ranging comparison that includes other Kundelungu Plateau ores (Dikulushi 
and three other mines; Haest et al 2010), non-radiogenic ores from the Roan Group of the 
Copperbelt, ores from the Matsitama Schist Belt and Bushman Shear Belts of Botswana (both 
Precambrian), from the Tsumeb copper deposit of northern Namibia, and from the Limpopo 
Mobile Belt on the border between Botswana and South Africa (Stephens 2016). 
 
Most of the Tsodilo artefacts clearly do not match the three potential copper deposits nearest to 
the Tsodilo Hills (Tsumeb, Bushman, or Matsitama), but the two artefacts with the lowest lead 
isotope ratios (D24 and D106) fall within the region where lead isotope ratios of ores from the 
Limpopo Mobile Belt, the Bushman Shear Zone, and the Kundelungu Plateau ore deposits all 
overlap. However, we can be confident that our two least radiogenic samples are not from 
Tsumeb mine in northern Namibia (known to have been exploited by African miners) because 
the isotopic data from Tsumeb form a tight cluster (206Pb/204Pb = 18.04–18.16, 207Pb/204Pb = 
15.66–15.69, 208Pb/204Pb = 38.22–38.35; n = 10) and the relevant Tsodilo samples D24 
(206Pb/204Pb = 18.55, 207Pb/204Pb = 15.73, 208Pb/204Pb = 38.37) and D106 (206Pb/204Pb = 18.74, 
207Pb/204Pb = 15.77, 208Pb/204Pb = 38.92) plot well away from this cluster. These two data points 
also overlap with the 2000 Ma Cu-Pb-Zn Bushman Shear Zone in eastern Botswana (206Pb/204Pb 
= 17.36–18.82, 207Pb/204Pb = 15.67–15.84, 208Pb/204Pb = 36.86–38.13). Though both data points 
plot within the field for this district on the 206Pb/204Pb vs 207Pb/204Pb plot, they both fall outside 
the 208Pb/204Pb extent of the field as defined by Barton et al. (1994). This is especially the case 
for sample D106, which falls within a large majority of the data from the Kundelungu plateau 
data on the 206Pb/204Pb vs 208Pb/204Pb plot (Fig. 2-6). Thus, we believe that this sample is 
associated with a deposit similar to that of the more radiogenic archaeological samples which 
plot within the Kundelungu Plateau data field. Sample D24 only plots slightly outside the 
Bushman district data field on the 208Pb/204Pb axis, and thus it remains a possibility from an 
isotopic standpoint that sample D24 may derive from copper ore from the Bushman district. 
 
The two extremely radiogenic artefacts D69 (206Pb/204Pb = 227.24, 207Pb/204Pb = 28.21, 
208Pb/204Pb = 40.33) and D191 (206Pb/204Pb = 345.83, 207Pb/204Pb = 35.44, 208Pb/204Pb = 40.42) do 
not match any published ore data, but there are good reasons to think that both derive from 
somewhere in the Katanga Supergroup, whether on the Copperbelt or on the Kundelungu 
Plateau. This is because their radiogenic isotopic ratios form a line with the less radiogenic 
samples, as noted above, with an apparent age of 595 ± 2.3 Ma. Extremely radiogenic values like 
these suggest that the samples derive from a copper-uranium deposit. There are at least twelve 
known copper-uranium-cobalt-nickel deposits in sediments of the Katanga Supergroup (Decrée 
et al. 2011, fig. 2) but lead isotope measurements are reported for only one of these (Musoshi, 
discussed above). At Musoshi the most radiogenic 206Pb/204Pb ratio reported on a copper mineral 
(chalcopyrite) is 97.64, but it would not be surprising if higher ratios were reported in the future 
at some of these deposits. 
 
We can also compare Tsodilo lead isotopic ratios with those for a sample of 40 copper ingots 
from excavated sites in the Upemba Depression, about 200 km north of the Copperbelt, and five 
ingots recovered by surface survey (Rademakers et al. 2019). The ingots are from graves in 
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cemeteries around lakes in the Upemba depression (Fig. 2-1), 180–220 km west of the Dikulushi 
mine at the northern end of the Kundelungu plateau and 200–250 km north of the Katangan 
portion of the Copperbelt (de Maret 1985, 1992). The excavated samples are associated with 
radiocarbon dates that calibrate between about 1000 cal CE and about 1600 cal CE (Nikis and 
Livingstone Smith 2017; Rademakers et al. 2019, fig. 2 and table 2). The early HIH ingots from 
this assemblage therefore are contemporaneous with Nqoma period Tsodilo artefacts, which date 
between 900 cal CE and 1200 cal CE, but the bulk of the Upemba assemblage post-dates our 
Tsodilo material. In figure 2-7 we plot the isotopic ratios for the Tsodilo artefacts together with 
those reported by Rademakers et al. (2019, table 4). There is a substantial degree of overlap 
between the two datasets, both of which fit well to available ore data from the Kundelungu 
Plateau (Fig. 2-6 and Rademakers et al. 2019, fig.5). Rademakers et al. (2019) identify the 
thorogenic lead component (208Pb/204Pb) as a potential discriminator for different sources and 
chronological trends. Our Tsodilo Hills lead isotope data also presents a similar scatter on the 
208Pb/204Pb, and there is certainly a difference between the thorogenic variation of Divuyu and 
Nqoma samples. Note however that in figure 2-7 only one of 20 Tsodilo artefacts has 208Pb/204Pb 
below 38.50, while 22 of 45 ingots from the Upemba graves and surface collections plot below 
38.50. Tsodilo samples associated with the earlier Divuyu period (whether at the Divuyu site 
itself, or from the basal layers of Nqoma) have a much larger thorogenic range (38.37 - 40.47) 
than those associated with the later Nqoma period (39.14 - 39.98), and the Nqoma period 
samples match thorogenic values of the small and very small HH samples from the Upemba 
depression – those with values above 39.0 on the 208Pb/204Pb axis in Rademakers et al. (2019). 
Data for HIH ingots also plot away from contemporaneous Nqoma period material. In other 
words, most of the Tsodilo artefacts (18 of 20) are an excellent match to the majority of ingots 
from Upemba, though there are some meaningful differences in the data that we hope to 
understand in future studies of uncharacterized Copperbelt ore deposits. 
 
Chemistry 
 
The Tsodilo copper artefacts (Table 2-3) are remarkably pure when compared to most 
prehistoric European copper (e.g. Pernicka 2014, fig. 11.1). They contain very little Pb 
(maximum 60 ppm, but 19 of 20 have less than 15 ppm, and 12 of 20 have less than 1 ppm). 
Three samples contain more than 0.5 wt% Fe, but 15 of 20 have less than 0.1 wt% Fe. 
Concentrations of Co (0.5–2765 ppm, mean 181 ppm), Ni (3–594 ppm, mean 87 ppm), Zn (2–
190 ppm, mean 18 ppm) and As (8–1895 ppm, mean 204 ppm) are highly variable but skew 
strongly towards the lower values. Concentrations of V, Cr, Mn, Mo, Ag and Cd are all less than 
15 ppm. 
 
The chemical data for these samples exhibit a clear chronological trend, as those dating to the 
Divuyu period (650–880 cal CE) are much more variable than those from the Nqoma period 
(900–1200 cal CE) (see Table 2-1 for chronological associations). Of 13 Divuyu period samples 
three have more than 1000 ppm As; the highest value for seven Nqoma period samples is 97 
ppm. Four of eight Divuyu period samples have more than 0.4 wt% Fe; the highest value for 
Nqoma period samples is 0.07 wt%. Marked differences between material from these two 
periods also can be seen in range and mean values for Ag (0.04–6.5 ppm, mean 1.6 ppm for 
Divuyu period; 0.03–3.17 ppm, mean 0.83 ppm for Nqoma period), Pb (0.14–59.65 ppm, mean 
7.12 ppm for Divuyu period; 0.1–2.69 ppm, mean 0.85 ppm for Nqoma period), Sb (0.04–43.85 
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ppm, mean 5.59 ppm for Divuyu period; 0.1–0.64 ppm, mean 0.27 ppm for Nqoma period), Sn 
(0.12–24.3 ppm, mean 5.09 ppm for Divuyu period; 0.11–1.29 ppm, mean 0.43 ppm for Nqoma 
period), and Zn (1.74–189.77 ppm, mean 26.01 ppm for Divuyu period; 1.88–8.56 ppm, mean 
3.64 ppm for Nqoma period) (Fig. 2-8). There is no clear distinction between Divuyu and 
Nqoma period samples in concentrations of Ni, Co, or Se, nor in Co:Ni ratios (Table 2-3). 
Sample D24 has 2765 ppm Co; the next highest value is 239 ppm, and all others are under 100 
ppm. There is no consistent relationship between elevated levels of these elements and their 
position on the lead isotope isochron.  
 
One sample from Divuyu (D106) is distinct from all other samples from both sites in having by 
far the highest concentrations of Pb (60 ppm), Zn (190 ppm), Sn (24 ppm), Ag (6 ppm) and Sb 
(44 ppm). This sample also has the second lowest values for all of the lead isotope ratios (see 
above). It appears to derive from a different type of ore deposit than all other samples from 
Tsodilo. 
 
The values for iron are of particular interest because they potentially provide clues to the type of 
ore exploited. Miller (1996, tables 5 and 8) measured iron in a further seven Tsodilo copper 
artefacts by SEM/EDAX of polished metallographic specimens. Two samples from Divuyu had 
1.2 and 7.2 wt% Fe; another had <0.1 wt%. One from Nqoma (N1181) had 1.5 wt% Fe; one had 
0.1 wt%; and two had <0.1 wt%. N1181 is from a basal level and associated with Divuyu 
pottery. The combined totals from both studies are that six of 10 artefacts from Divuyu have 
between 0.4 wt% Fe and 7.7 wt% Fe, while 14 of 15 from Nqoma have 0.1 wt% or less – usually 
much less – Fe. 
 
The elements Co, Ni, Ag, and Zn are also of interest, as they can help to identify auxiliary 
minerals formed at the parent copper deposit (Pernicka 2014). Both Ni and Co behave nearly 
identically, as shown by their overlap on the Ellingham diagram (Killick 2014, fig. 2.3). They are 
both easier to reduce than iron and should transfer quantitatively to the metallic copper if iron is 
also reduced. If iron is not reduced, then both may end up in the slag (where formed). Because 
our lead isotope results suggest a provenance within or near the Central African Copperbelt, we 
limited our deposit geology investigation to this area. The Central African Copperbelt is a 
sedimentary-stratified copper district (SSC) with Cu-Co, Cu-Ag, and Cu-Zn-Pb type copper 
deposits. The Copperbelt is also host to significant concentrations of uranium and nickel. These 
uranium deposits were formed in multiple episodes, and often occur in the context of Cu-Co-Ni-
(Mo-Se) and/or with Au and PGE mineral formation (Cailteux et al. 2005; Decrée et al. 2011). 
 
In the Tsodilo samples, the concentration of Co and Ni exhibit an inverse relationship (Table 2-
3), and thus the Co:Ni ratio possibly indicates the use of copper from different deposits. Cailteux 
et al. (2005: 144) state that this ratio is significant to understanding the mineralization of Ni ore 
in the Copperbelt, as primary deposits of Cu-Co ore often have a radiogenic lead signature and a 
Co:Ni ratio lower than 4:1; while the second generation Cu-Co deposits often contain high 
Co:Ni, sometimes above 10:1 (Cailteux et al. 2005: 144). As uranium deposits in the Copperbelt 
tend to mineralize in deposits in the context of Cu-Co-Ni-(Mo-Se), those deposits with a low 
Co:Ni ratio also contain significant concentrations of uranium minerals (as at Shinkolobwe). 
This ratio for the majority of our data is well under 4:1, and some samples have values ranging 
near 1:10 (Fig. 2-9). Such values are characteristic of deposits within the Menda and Luishia 
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facies of the Copperbelt, which include the deposits of Shinkolobwe and Swambo (Cailteux et al. 
2005). Two of these samples (D69 and D191) also have extremely radiogenic lead isotopic 
ratios, and thus we suggest that deposits with the characteristics of Shinkolobwe and Swambo 
(primary Cu-Co mineralization with significant concentrations of nickel and uranium minerals) 
fit the available lead isotope and trace element data. Samples with a high Co:Ni ratio include 
D24, D132, D139, and N2500 (Fig. 2-9). These samples plot towards the common lead spectrum 
(though many do plot outside of the “normal” range for common lead), and thus it is likely that 
they mineralized in the second generation of Cu-Co mineralization within the Copperbelt. All 
analyzed samples, with the exception of D106, are depleted in major chalcophile elements (Ag, 
Pb, Sn, and Zn; Table 2-3), fitting with our hypothesis that these all originated from Cu-Co 
deposits in the Central African Copperbelt. The chemical data for sample D106, however, is 
unlike other analyzed samples, and has the highest concentration of nearly all analyzed 
chalcophile elements (Ag, As, Pb, Sb, Sn, and Zn; Table 2-3). These characteristics suggest it 
comes from a different deposit type than other samples from this assemblage. As this sample is 
enriched in Ag, Pb, and Zn, it is possible that it originates from one of the Cu-Ag and Cu-Pb-Zn 
deposits within the Copperbelt. 
 
The only other set of trace element concentrations for archaeological copper in the area covered 
by figure 2-1. is that recently published for 45 copper ingots from southern Congo (Rademakers 
et al. 2019, table 3). These show very striking agreement with our dataset from Tsodilo. Lead 
concentrations are usually very low, with 21 at <1 ppm Pb and 16 between 2 ppm Pb and 18 ppm 
Pb. (At Tsodilo 19 of 20 are below 15 ppm Pb.) Five Congo ingots had between 25 ppm Pb and 
80 ppm Pb; at Tsodilo only D106 falls in this range. Three Congo outliers had 600, 3100 and 
3600 ppm Pb respectively; there is nothing comparable to these in the Tsodilo sample. Measured 
chalcophile elements of the copper ingots do show a greater range than the Tsodilo samples (Fig. 
2-8), but it should be noted that the majority of data remains in the trace element range. Ranges 
and mean values for Zn (1.5–230 ppm, mean 15 ppm), As (0–12000 ppm, mean 760 ppm, but 40 
of 45 are below 1000 ppm), Ag (0–465 ppm, mean 55 ppm), Sn (0–45 ppm, mean 2 ppm), and 
Sb (0–300 ppm, mean 15 ppm) are similar to samples from Divuyu and Nqoma. The iron values 
for these 45 ingots are also particularly low, even more so than samples from the Nqoma period 
at Tsodilo. Forty-three of 45 ingot samples had Fe values less than 500 ppm, and the two outliers 
had 3100 ppm Fe and 1100 ppm Fe. These values are remarkably low, and there is a clear 
chronological trend in the standardization and decreasing mean of iron values between the early 
Divuyu period material and those ingots dating between the 9th and 18th centuries cal CE (Fig. 2-
8). The range of Co:Ni ratio for these 45 ingots is also strikingly similar. Forty-two of the ingots 
had a ratio below 4:1 and the remaining three between 6:1 and 31:1 (the highest ratio for Tsodilo 
is about 40:1). The majority of Upemba and Central African ingots therefore possess the same 
trace element characteristics as our sampled artefacts from Tsodilo. 
 
Discussion 
 
Identification of the Source(s) of the Tsodilo copper 
 
There are striking parallels between our Tsodilo dataset from northwestern Botswana and the 
dataset for 45 copper ingots in the Upemba Depression cemeteries and surface collections in 
Katanga, some 1500 km northeast of Tsodilo (Rademakers et al. 2019). These similarities 
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strongly imply that most of the copper in both datasets derives from the same set of ore deposits. 
Comparison of the lead isotope data with that in the geological literature suggests that these ore 
deposits are located within the Katanga Supergroup, which contains the copper deposits of both 
the Congolese/Zambian Copperbelt and those of the Kundelungu Plateau in southern Congo. 
 
Several characteristics of the lead isotope ratios from both datasets match those of certain ore 
deposits in the Katanga Supergroup. These include the facts that: (1) almost all ratios are 
radiogenic; (2) that the uranogenic 207Pb/204Pb vs 206Pb/204Pb plot in each case gives a straight 
line that, if assumed to be an isochron, implies ore formation associated with the 
Lufilian/Damaran orogeny; and (3) that the 208Pb/204Pb vs 206Pb/204Pb plots in each case show a 
scatter of points that is larger in the Divuyu artifacts than in the Nqoma artifacts. 
 
Both the Tsodilo and the Upemba copper artefacts clearly match ore deposits in the northern 
Kundelungu plateau, including the current Dikulushi mine (Fig. 2-1; Fig. 2-6). They need not 
derive from these actual deposits – no ancient mines are reported from this region – but they 
clearly came from a similar type of copper deposit. There are several dozen copper deposits in 
the Copperbelt, but lead isotopic ratios are only available for seven of these (data compiled in 
Stephens 2016). We should expect that when lead isotope ratios are eventually measured for 
copper minerals in the dozen known copper-uranium deposits in the Katanga Supergroup 
(Decrée et al. 2011) then at least some of these ratios will also be radiogenic. (At present the only 
one of this dozen with published lead isotope ratios is Musoshi). Some of these might have been 
sources for Tsodilo and Upemba copper, especially for the more radiogenic samples. But the 
large prehistoric mine at Kipushi, where ingot moulds were found for the HIH type of copper 
ingot (Bisson 1976, 2000; Nikis and Livingstone Smith 2018), can be excluded as a source for 
most Tsodilo and Upemba copper because Kipushi lead isotopic ratios are not radiogenic 
(Stephens 2016). Divuyu sample D106 and Upemba samples K-1, K-7, and FE-29 are outliers 
from this pattern, as they exhibit common (or nearly common) lead isotope signatures and 
elevated lead, silver, and zinc content. We therefore believe that these samples originate from 
deposits of Cu-Ag or Cu-Pb-Zn mineralization within the Copperbelt (e.g. Kipushi).  
 
Current isotopic and chemical evidence suggests that most of the Tsodilo copper and the 
Upemba ingots derive from primary and secondary Cu-Co-Ni-U copper deposits in the 
Congolese, rather than the Zambian, portion of the Copperbelt, although this conclusion could 
change when more lead isotope measurements become available for Zambian ore deposits.  
 
Variation in the concentrations of iron and trace elements in the Tsodilo copper artefacts 
suggests that they do not all derive from the same deposit; but the strong linear correlation of 
207Pb/204Pb with 206Pb/204Pb in the entire dataset implies that all exploited deposits were formed 
by the same geological process, which appears to be connected to the Lufilian-Damaran orogeny. 
 
Native Copper or Smelted Copper? 
 
In 14 of 20 Tsodilo copper objects the concentration of Fe is 0.07 wt% or less. This includes 
seven of the 13 artefacts from the earlier Divuyu period and all seven copper artefacts dating to 
the Nqoma period at Tsodilo. The same holds true for 43 of 45 copper ingots from the Upemba 
Depression and adjacent areas in Congo (Rademakers et al. 2019, table 3). These are 



 70 

extraordinarily low levels for preindustrial copper, comparable to those in the very earliest 
Bronze Age copper in Egypt, Iberia and Britain (Craddock and Meeks 1987, table 1). Craddock 
and Meeks attribute low iron levels in Bronze Age copper to the smelting of hand-picked copper 
carbonate ores. Iron Age and later copper from these same areas contains much more iron 
(>0.23%), which they explain as a consequence of the use of impure ores, requiring the removal 
of aluminosilicate gangue as a liquid slag. Iron oxides or hydroxides were almost always the flux 
used to produce slag in preindustrial copper smelting (Hauptmann 2014), and some iron oxide 
can be reduced to metallic iron during copper smelting (Killick 2014). Smelted copper can 
contain several percent of iron. Although most of this can be removed by refining liquid copper 
in an open crucible, it was not usually possible to reduce the iron content below 0.25% 
(Craddock and Meeks 1987). 
 
We know that slag-forming copper smelting was practised in southern Congo and in Zambia as 
early as the mid-first millennium cal CE (Anciaux de Faveaux & de Maret 1984; Bisson 2000; 
Rademakers et al. 2019), so variation in the iron content of smelted copper must reflect variation 
in the ore used rather than weakly reducing conditions in furnaces (for which see Killick 2014). 
One could argue that the low iron content and extreme purity in the Tsodilo and Upemba 
artefacts indicate the use of native copper for their manufacture. However, native copper on the 
Copperbelt is formed by supergene weathering of sulphide ores and occurs at the base of the 
thick oxidation zone, which in the Congolese portion of the Copperbelt is 100-200 m thick 
(Decrée et al. 2011), and where native copper apparently occurs only in small quantities (Isabel 
Fay Barton, pers. com). We therefore agree with Rademakers et al. (2019:14) that geological, 
geographical and archaeological considerations make it quite unlikely that the Tsodilo and 
Upemba artefacts with very low iron are native copper. 
 
To our knowledge, the only substantial native copper deposits in the southern third of Africa are 
in central Namibia and in Namaqualand (the northwestern edge of South Africa, south of the 
Orange River). Although these are not a potential source of copper for the Upemba ingots 
because of distance, the Namibian occurrences do require consideration as potential sources of 
Tsodilo copper. Tsumeb in northern Namibia is famous among mineral collectors for dendritic 
crystals of native copper, but the lead isotope ratios of Tsumeb ores are not radiogenic (Stephens 
2016), so Tsumeb can definitely be ruled out as a source for Tsodilo copper. In central Namibia, 
both north and south of Windhoek, pieces of native copper weighing several kilograms could 
still be collected at surface in the twentieth century – one exceptional piece had a mass of 1500 
kg (Miller and Sandelowsky 1999; Borg and Gauert 2018). These deposits are in the far western 
portion of the Kalahari Copper Belt (Borg and Gauert 2018, Fig. 23.6). There is even some 
evidence of radiogenic copper ores from central Namibia. A plot of lead isotope ratios from the 
Klein Aub mine (Walraven and Borg 1992, Figs. 2 and 3) shows radiogenic values possibly 
compatible with the Tsodilo copper. These radiogenic ores are veins with chalcocite (Cu2S), 
thought to have been intruded during the Lufilian-Damaran orogeny, and in this respect are 
similar to the two radiogenic Copperbelt deposits (Musoshi and Dikulushi) discussed above. 
Miller et al. (2005) have also published lead isotope measurements (207Pb/206Pb only) for 
malachite ore samples, archaeological copper, and native copper from near Rehoboth, south of 
Windhoek. Malachite from the Swartmodder mine and copper metal in slags from the nearby 
Drierivier smelting site appear to be extremely radiogenic, with 207Pb/206Pb values around 0.1. 
These are comparable to the two most radiogenic of the Tsodilo copper artefacts (D69 and D191 
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– see Table 2-2). However, these measurements were produced on a quadrupole ICPMS, and are 
of uncertain reliability. 
 
We are currently obtaining high-precision lead isotope data for malachite and for native copper 
from several deposits around Rehoboth. These deposits are 550–700 km from Tsodilo by 
Euclidean distance and are thus closer to Tsodilo than are the Copperbelt ore deposits (1000–
1200 km). A direct path to Rehoboth, however, would require crossing the waterless Central 
Kalahari Desert; a passable detour around this feature would add at least 500 km to the route. 
Nor is there is any persuasive archaeological evidence for the use of copper in central Namibia 
during the interval when the copper objects were discarded at Tsodilo (ca. 650–1200 cal CE). 
About a dozen sites from central Namibia have yielded copper objects, but associated 
radiocarbon dates fall, with one disputed exception, after ca. 1400 cal CE, but mostly within the 
radiocarbon plateau 1650–1900 cal CE (Kinahan and Vogel 1982; Miller et al. 2005). So even if 
some central Namibian copper deposits do prove to have lead isotopic ratios that overlap with 
those of Tsodilo copper artefacts, on present evidence archaeological considerations seem to rule 
these out as possible sources for Tsodilo copper. 
 
A more likely explanation for very pure copper in central (n = 43) and southern (n = 14) Africa is 
that it was obtained by smelting pure copper carbonates (malachite and/or azurite), as 
Rademakers et al. (2019) have also suggested. The western (Congolese) Copperbelt is famous 
for its massive malachite specimens. These formed by downwards leaching of dissolved copper 
ions, followed by precipitation above the water table in solution cavities, faults and breccias in 
dolomitic karst (De Putter et al. 2010). Analysis of 18 massive malachite samples, selected from 
deposits along the entire length of the Congolese Copperbelt showed that 15 of 18 contained less 
lead than the detection limit of 5 ppm (De Putter et al. 2010, table 3). Lead isotope ratios were 
not measured, and they also did not analyze for Fe, Ni, Co or As. Measured Ag was very low – 5 
ppm Ag or less in all samples. The highest silver concentration in the 20 Tsodilo artefacts is 6.5 
ppm Ag (Table 2-2). Very little or no slag would be produced as a result of smelting very pure 
pieces of malachite and azurite with no added flux (Tylecote 1974). We therefore argue that our 
extremely low iron values are indicative of such a smelting practice in the Copperbelt region, and 
that pure malachite was the preferred ore after 900 cal CE. 
  
In addition to those 14 Tsodilo samples with low iron values, there were six Tsodilo copper 
artefacts (five from Divuyu and one from Nqoma) which contained values of Fe above 0.15 wt% 
- within the expected range for smelted copper using a slagging technique. Two copper samples 
in this group had Fe values in the 1.7–1.8 wt% range, which certainly indicates the production of 
a slag phase. These objects all date to the earlier Divuyu period of the Tsodilo hills in which the 
chemical variation of sampled artefacts is quite large (Fig. 2-8). 
 
Thus our samples suggest two distinct production techniques – both slagging and slagless copper 
smelting. The practice of single-step copper metal production through both slagless and slagging 
techniques was discussed by Miller (1994) in relation to smelting re-enactments by Ndungu, an 
elderly Kaonde man, between 1961 and 1971 in northern Zambia. In these re-enactments, 
Ndungu displayed remarkable technological fluidity and was able to produce copper metal using 
several different furnace designs. In a 1961 smelt at Roan Antelope copper mine in Luanshya, 
Ndungu was able to cast two large X-shaped ingots by tapping molten copper directly into 
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moulds from a furnace charged with only charcoal and very pure malachite, some of gem quality 
(Miller 1994:80); no flux was added to the furnace in this process. A very similar process was 
observed in Katanga by de Hemptinne (1926). Bisson (1976:49–51) observed a subsequent 
Kaonde copper smelting re-enactment in 1971 by the same men who took part in the 1961 smelt. 
Though copper metal was again produced from malachite ore, this time it was collected in a 
crucible buried at the bottom of the furnace. The furnace superstructure was immediately 
demolished and the crucible lifted to pour molten copper into moulds. Despite three tries, their 
efforts to cast an X-shaped ingot were unsuccessful, as viscous slag clogged the crucible and 
prevented the free flow of copper into the mould. This smelt relied on crushed malachite from 
the nearby Kansanshi mine, but Bisson (1976) does not mention the addition of flux to the 
furnace charge. We therefore suspect that the production of this slag was a result of smelting 
malachite with significant iron and gangue impurities. These smelting descriptions show that it is 
possible to produce copper metal through both slagging and slagless process as a result of ore 
selection practices in the Copperbelt. We believe that the data presented by Rademakers et al. 
(2019) and in this study indicate that both techniques were also practised in prehistory. 
 
Our data suggests that early populations of copper producers relied on variable ore selection and 
slagging practices to produce copper metal. During the Divuyu period, a few centuries after the 
entry of Bantu populations into southern Africa, these ranged from a presumably slagless 
smelting practice produced from charging the furnace with only pure malachite and charcoal, to 
the use of impure malachite with generation of a slag phase. It is currently difficult to assess the 
number of sources within the Copperbelt – due to incomplete geological data and radiogenic 
nature of Divuyu data – however, the diversity in iron content does suggest the existence of 
multiple ore sources and/or technological styles. The iron values, however, become very 
standardized in the succeeding Nqoma period, and seem to indicate a concentration on selecting 
and smelting pure malachite (likely from deposits in the Congolese Copperbelt, which are 
famous for their massive malachite specimens). However, our sample size for Nqoma period 
copper objects is only seven. Therefore, additional analysis of Nqoma period copper objects and 
objects from early Iron Age sites in the Copperbelt will help understand if this technological 
style was widespread or if Nqoma relied on a limited set of producers – united in technological 
style – for their copper. 
 
Archaeological Considerations 
 
Our analytical data from Tsodilo are remarkably similar to measurements from the collection of 
D.R.C. croisette ingots housed in the Royal Museum for Central Africa in Tervuren, Belgium 
(Rademakers et al 2019). This similarity supports our conclusion that these Tsodilo Hills copper 
objects originated from the Central African Copperbelt. This link has been suggested before on 
the basis of other types of artefacts. Miller (1996: 92) and Miller and Van der Merwe (1994: 
110–111) remark on the stylistic similarity of iron twisted-shaft pendants - found at both Divuyu 
and Nqoma - to Kisalian iron objects excavated from the Upemba depression in Katanga (Van 
Noten and Cahen 1982: fig. 31). Further, Divuyu pottery types exhibit stylistic similarities to the 
geographically widespread Naviundu ceramic complex, including pottery from Madigo-Kayes in 
the lower Congo and Naviundu in the Katanga region of the southern D.R.C. (Denbow 1990, 
2011, 2014). Though the Divuyu site was only occupied from 650–800 cal CE, post-900 cal CE 
Nqoma ceramics also exhibit stylistic similarities with pottery from the Sioma mission site in 
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western Zambia (Denbow 2011, 2014; Wilmsen 2011). Petrographic analysis of four potsherds 
from Nqoma, dating between 800 cal CE and 900 cal CE, reinforce this connection, as these 
sherds contain lightly metamorphosed granitoids that are at least compatible with the geology of 
the Choma-Kaloma area of south-central Zambia, but not of northwest Botswana, where hard-
rock geology is buried beneath 100–200 m of Kalahari Sands (Wilmsen et al. 2009). 
 
Based on our lead isotope analysis data and previous stylistic studies of metal and ceramic 
artefacts, it appears that a strong connection existed between the Tsodilo Hills and copper 
producing areas in the Copperbelt, and that this connection survived for several centuries, at 
minimum. Interaction between these two regions was likely fueled by 1) the demand for 
specularite throughout the region of southern Africa, and 2) the desire of Nqoma residents for 
exotica, of which copper was but one (Wilmsen 2009, 2017). Though exchange of specularite for 
copper was likely one mechanism for the arrival of Copperbelt copper to the Tsodilo Hills 
region, it is not the only mechanism through which copper arrived. Evidence for this conclusion 
lies in the site histories of both Divuyu and Nqoma. Divuyu is the first Iron Age settlement in the 
Tsodilo Hills, has a brief history of occupation (650–800 cal CE), is difficult to access, has no 
arable or grazing land for crops and domesticates on the site itself, but has access to specularite 
mines just below the site (Denbow 2011). Therefore, Denbow (2011) argues that this site was 
composed of a community of specialized miners who kept small stock, principally sheep but not 
cattle; any exchange was likely for access to foodstuff and supplies. This suggests that the 13 
pieces of copper recovered from Divuyu were possibly transported to the site by individuals who 
settled there, but we do not know where these individuals previously lived. Their copper, 
however, undoubtedly came from Katanga. These individuals did not leverage their access to 
specularite for prestige goods (or at least did not do so at the site of Divuyu). Conversely, the 
arrival of the Nqoma ceramic style around 900 cal CE, with its cultural antecedents (including 
cattle pastoralism) in the upper Zambezi region of Zambia, coincides with the intensification of 
prestige good consumption, including cattle, copper, marine shell, and glass beads. This indicates 
that Nqoma residents were leveraging access to specularite for prestige goods, and it made 
Nqoma the richest site in the interior of southern Africa between the 9th and 12th centuries cal CE 
(Denbow 2014; Miller 1996; Wilmsen 2009, 2017). The variety of prestige goods also illustrates 
that Nqoma residents were central in a diverse array of networks that not only connected them to 
the Copperbelt, but also the Indian Ocean. It is currently impossible to assess whether the 
movement of copper from the Copperbelt to Nqoma was through direct or indirect trade, though 
de Luna’s (2016) linguistic analysis of Botatwe speakers in Zambia raises the possibility that 
proto-Botatwe groups acted as an intermediary, creating a central frontier between the 
Copperbelt and areas further south. This is a ripe area for future study, and one that we intend to 
address through lead isotope analysis of archaeological copper from de Luna’s central frontier in 
southern Zambia.  
 
Conclusion 
 
Lead isotopic and trace element analysis of 650–1200 cal CE Tsodilo Hills (Divuyu and Nqoma) 
copper metal indicates that they derive from a geologically young (620–590 Ma) copper deposit 
with epigenetic uranium, and enriched in Co and (often) Ni. These deposit characteristics do not 
fit with those copper deposits that are closest to the sites in the Tsodilo Hills (Tsumeb, Thakadu 
in the Matsitama schist belt, and Dukwe in the Bushman district), but rather match with many of 
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the copper deposits hosted within the Central African Copperbelt. There is currently no 
comprehensive lead isotope database for the Copperbelt ore deposits, and therefore our 
conclusions must be restricted to the type of deposit. Co:Ni ratios and radiogenic lead isotope 
ratios for most Tsodilo samples indicate that they originated at a primary center of Cu-Co 
mineralization, while a small group appears to originate from a second generation of Cu-Co 
mineralization within the Copperbelt. Sample D106 is the exception, as the trace element pattern 
for this sample indicates that its likely provenance is within a Cu-Pb-Zn or Cu-Ag deposit within 
the Copperbelt. Iron values in Tsodilo copper jewellery and in central African ingots exhibit a 
clear chronological trend which indicate that ore selection and smelting practices were highly 
variable upon the entry of Bantu populations into southern Africa, probably after 400 cal CE. 
However, these values become standardized in Nqoma copper, dating after 900 cal CE, and in 
contemporary and later copper ingots from Congo. This trend appears to show the emergence of 
a preference for slagless copper smelting of pure malachite ore. 
 
A connection between the Tsodilo Hills and the Copperbelt region has been hypothesized before 
by Wilmsen, Denbow, and Miller, based on similarities in ceramic and metal styles, 
metallurgical practice, and petrographic evidence. We agree that this connection was maintained 
for several centuries, but we believe that the mechanism for copper consumption and distribution 
was different for the sites of Divuyu and Nqoma, despite the similarity in copper provenance. At 
Divuyu, the dearth of copper metal (in comparison with Nqoma), in conjunction with several site 
characteristics, suggests that copper metals were transported by people who settled at the site to 
mine specularite. Conversely, the wealth of copper and other prestige goods at Nqoma suggests 
that trade of specularite for these materials was an important part in maintaining the local Nqoma 
identity. 
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Appendix A Figures 
 

 
Figure 2-1: Location of sites discussed in text 
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Figure 2-2: Comparison of existing lead isotope analysis data in southern Africa, the Mediterranean basin, and the 

Andean cordillera. Data from the Andean cordillera was aquired from MacFarlane and Lechtman (2016) and 

includes data from Argentina, Bolivia, Chile, and Peru. Data for the Mediterranean basin was acquired from the 

OXALID database (Stos-Gale and Gale 2009) and includes data from Cyprus, Italy, Greece, Spain, and Turkey. 

Data from southern Africa is for sulphide ore minerals from the geological literature, compiled by Stephens (2016). 
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Figure 2-3: Locations of prehistorically exploited mines in southern Africa in comparison to the location of the 

Tsodilo Hills. For location and discussion of these mines, see Bisson (1976), Chirikure (2015), Evers and Van den 

Berg (1974), Friede (1980), Hammel et al. (2000), Herbert (1984), Huffman et al. (1994), Killick et al. (2016), 

Mason (1982), Miller (1995), Miller and Sandelowsky (1999), Molyneux and Reinecke (1983), Phimster (1974), 

Summers (1969), Swan (2002), Van Waarden (2016). For a geological legend to the map, see Online Supporting 

Materials Fig. 2-12.  
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Figure 2-4: Three ratio Pb-Pb isochron analysis of 18 of 20 Tsodilo artefacts. 
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Figure 2-5: A comparison of lead isotope analysis data from Musoshi mine in the Copperbelt, Dikilushi mine in the 

Kundelungu plateau, and copper artefacts from the Tsodilo Hills, Botswana. The 2σ error for Tsodilo Hills copper 

objects is smaller than the symbols. 
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Figure 2-6: Comparison of lead isotope analysis data from copper artefacts from Divuyu and Nqoma with existing 

geological lead isotope analysis data compiled by Stephens (2016). The uranogenic plot includes an isochron line 

representing the calculated model age for all 20 Tsodilo samples. The thorogenic plot contains dashed lines for the 

minimum and maximum values of Tsodilo copper artefacts. The 2σ error for Tsodilo Hills copper objects is smaller 

than the symbols. 
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Figure 2-7: A comparison of lead isotope analysis data from Tsodilo copper artefacts with published archaeological 

LIA data from Rademakers et al. (2019). Tsodilo artefacts are coded by their associated chronological period, and as 

is the data from Rademakers et al. (2019). The 2σ error for Tsodilo Hills copper objects is smaller than the symbols. 
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Figure 2-8: A comparison of chemical data from Tsodilo copper artefacts with published archaeological ICP-MS 

chemical data from Rademakers et al. (2019). Tsodilo artefacts are coded by their associated chronological period.  
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Figure 2-9: A comparison of Co:Ni ratio between Tsodilo copper artefacts and Central African copper ingots from 

Rademakers et al. (2019). 
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Appendix A Tables 
 

Sample  Site Sample description Mass (g)  Area Location Depth 
(cm) 

Date BP Lab 
Number 

Pottery 

D24 Divuyu Copper oval link 0.09554 Baobab 20W.20S 60 - 70 
 

 Divuyu 

D69 Divuyu Copper ear ring 0.11763 Acacia 101W.21N 70 - 80 1330 ± 60 Beta-
13264 

Divuyu 

D75 Divuyu Copper conical tube 0.09839 Baobab 11W.00N (unit2a) 30 - 40 
 

 Divuyu 

D75-d Divuyu Oxidized surface from D75 0.05346 Baobab 11W.00N (unit2a) 30 - 40 
 

 Divuyu 

D106 Divuyu Copper wire 0.21641 Baobab 20E.12N (unit 7) 70 - 80 1370 ± 60 Beta-
13269 

Divuyu 

D132 Divuyu Closed copper helix 0.25495 Baobab 22W.05N (unit 3b, feat 2) 40 - 50 
 

 Divuyu 

D139 Divuyu Closed copper helix 0.20970 Baobab 22W.06N (unit 3d) 50 - 60 1400 ± 70 Beta-
13268 

Divuyu 

D189 Divuyu Closed copper helix 0.18580 Baobab Unit 3 pit 100 - 
200 

 
 Divuyu 

D191 Divuyu Copper wire 0.15700 Baobab Unit 3 pit 100 - 
200 

 
 Divuyu 

N40 Nqoma Copper link 0.06823 Periphery 232W.121N 30 - 40   860 ± 60 Beta-
13263 

Nqoma by 
date 

N247 Nqoma Copper bead 0.06321 Central 00W.32N 50 - 60   970 ± 70 Beta-
13255 

Divuyu 

N1075 Nqoma Fused iron and copper 
chain 

0.09085 Central 00W.30N 40 - 50   970 ± 70 Beta-
13255 

Nqoma 

N1143 Nqoma Fused iron and copper 
beads 

0.12730 SW Edge 99W.61S 0 - 10 
 

 Divuyu 

N1150 Nqoma Copper plate 0.16955 Central 00W.20N 30 - 40 
 

 Nqoma 

N1221 Nqoma Copper link 0.16927 Periphery 233W.122N 30 - 40 860 ± 60 Beta-
13263 

Nqoma by 
association 

N1429 Nqoma Copper bead 0.11691 Deep 61W.60N 60 - 70 
 

 Divuyu 

N1625 Nqoma Copper clip 0.08415 Rockhouse 41W.61S 60 - 70 
 

 Divuyu 

N1680 Nqoma Copper bead 0.04816 Central 01W.31N 30 - 40   970 ± 70 Beta-
13255 

Nqoma 

N1682 Nqoma Copper bead 0.07592 Central 01W.31N 30 - 40   970 ± 70 Beta-
13255 

Nqoma 

N2340 Nqoma 2 fused copper beads 0.10666 Society 00W.51N 40 - 50 
 

 Divuyu 

N2500 Nqoma Copper plate 0.07404 Outpost 41W.26S 40 - 50   970 ± 50 Beta-
13261 

Nqoma by 
date 

Table 2-1: Overview of Tsodilo artefacts selected for this study. 
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Sample # Site Period Lead (ppm) 208Pb/206Pb 2σ 207Pb/206Pb 2σ 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ 
D24 Divuyu Divuyu 12.182 2.069 0.000 0.84811 0.00003 18.550 0.004 15.733 0.004 38.374 0.011 

D69 Divuyu Divuyu 2.494 0.177 0.001 0.12408 0.00040 227.342 0.008 28.207 0.001 40.331 0.004 

D75 Divuyu Divuyu 8.415 1.850 0.000 0.74041 0.00003 21.503 0.004 15.919 0.004 39.768 0.011 

D75-d Divuyu Divuyu 7.031 1.859 0.000 0.74450 0.00003 21.367 0.004 15.907 0.004 39.713 0.011 

D106 Divuyu Divuyu 59.655 2.076 0.000 0.84119 0.00003 18.747 0.004 15.768 0.004 38.915 0.011 

D132 Divuyu Divuyu 0.245 1.888 0.000 0.76432 0.00007 20.726 0.009 15.838 0.008 39.138 0.020 

D139 Divuyu Divuyu 0.337 1.923 0.001 0.77586 0.00013 20.388 0.006 15.814 0.004 39.195 0.012 

D189 Divuyu Divuyu 0.210 1.980 0.001 0.77429 0.00017 20.436 0.010 15.824 0.010 40.465 0.027 

D191 Divuyu Divuyu 2.793 0.117 0.000 0.10249 0.00007 345.825 0.009 35.436 0.008 40.423 0.020 

N40 Nqoma Nqoma 0.155 1.961 0.001 0.78027 0.00040 20.612 0.008 15.853 0.001 39.975 0.004 

N247 Nqoma Divuyu 4.688 1.801 0.000 0.74076 0.00003 21.467 0.004 15.902 0.004 38.669 0.011 

N1075 Nqoma Nqoma 1.374 1.170 0.000 0.49396 0.00007 33.674 0.009 16.634 0.008 39.408 0.020 

N1143 Nqoma Divuyu 0.140 1.387 0.001 0.57024 0.00040 28.640 0.008 16.331 0.001 39.718 0.004 

N1150 Nqoma Nqoma 2.690 1.847 0.000 0.75316 0.00003 21.189 0.004 15.958 0.004 39.143 0.011 

N1221 Nqoma Nqoma 0.096 1.926 0.001 0.76643 0.00040 20.645 0.008 15.823 0.001 39.757 0.004 

N1429 Nqoma Divuyu 0.179 1.753 0.001 0.69584 0.00040 22.994 0.008 16.000 0.001 40.317 0.004 

N1625 Nqoma Divuyu 0.996 1.993 0.001 0.80889 0.00017 19.458 0.010 15.739 0.010 38.775 0.027 

N1680 Nqoma Nqoma 0.351 2.028 0.001 0.82637 0.00040 20.289 0.008 15.831 0.001 39.796 0.004 

N1682 Nqoma Nqoma 0.716 1.758 0.001 0.71045 0.00040 22.492 0.008 15.979 0.001 39.545 0.004 

N2340 Nqoma Divuyu 0.292 1.337 0.001 0.55708 0.00040 29.371 0.008 16.362 0.001 39.278 0.004 

N2500 Nqoma Nqoma 0.561 2.029 0.001 0.81391 0.00040 19.352 0.008 15.750 0.001 39.267 0.004 

Table 2-2: Lead isotope data produced for the Tsodilo artefacts selected for this study. 
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Archaeological sample # Site Peri
od 

V 
(pp
m) 

Cr 
(pp
m) 

Mn 
(ppm
) 

Fe 
(%) 

Co 
(ppm
) 

Ni 
(pp
m) 

Zn 
(ppm
) 

As 
(ppm
) 

Se 
(pp
m) 

Mo 
(ppm
) 

Ag 
(ppm
) 

Cd 
(ppm
) 

Sn 
(ppm
) 

Sb 
(ppm
) 

Ba 
(pp
m) 

Pb 
(ppm
) 

Co:Ni 
ratio 

Method detection limit in 
µg L-1 (includes DF) 

  0.90 1.08 0.32 11.83 
ppm 

0.08 1.54 1.62 1.25 14.4
6 

0.08 0.14 0.13 0.11 0.06 0.3
0 

0.03  

D24 Div
uyu 

Div
uyu 

2.54 3.26 2.75 0.74 2765
.35 

67.9
3 

78.5
9 

42.0
9 

84.6
5 

0.10 
2.24 

<D.L
. 

6.51 7.73 1.2
8 

12.1
8 

40.71 

D69 Div
uyu 

Div
uyu 

3.38 3.31 2.14 1.82 32.2
8 

320.
31 

8.12 23.8
4 

232.
47 

3.03 
4.64 

0.05 15.6
7 

0.17 0.7
4 

2.49 0.10 

D75 Div
uyu 

Div
uyu 

3.24 3.45 7.43 0.16 11.1
0 

105.
80 

28.7
7 

1895
.28 

111.
86 

0.15 
2.21 

<D.L
. 

4.68 18.0
4 

6.3
0 

8.41 0.10 

D75-d Div
uyu 

Div
uyu 

5.82 6.72 10.46 0.23 8.75 91.8
0 

25.7
6 

1512
.79 

152.
85 

0.24 
1.94 

0.11 3.97 13.9
3 

3.8
8 

7.03 0.10 

D106 Div
uyu 

Div
uyu 

0.48 1.40 1.48 0.46 92.1
8 

36.1
2 

189.
77 

1316
.11 

36.4
9 

0.07 
6.51 

<D.L
. 

24.3
0 

43.8
5 

0.1
8 

59.6
5 

2.55 

D132 Div
uyu 

Div
uyu 

0.61 0.55 5.83 0.03 79.0
2 

8.70 3.78 39.9
9 

6.85 0.40 
0.06 

<D.L
. 

0.12 0.10 13.
90 

0.24 9.08 

D139 Div
uyu 

Div
uyu 

3.38 1.88 10.63 0.07 95.7
4 

11.0
2 

6.15 49.0
1 

40.6
0 

0.34 
0.08 

0.03 0.18 0.12 25.
35 

0.34 8.69 

D189 Div
uyu 

Div
uyu 

1.63 0.66 2.60 0.02 0.52 8.75 2.70 11.5
5 

7.80 0.33 
0.04 

<D.L
. 

0.34 0.04 4.6
5 

0.21 0.06 

D191 Div
uyu 

Div
uyu 

0.56 <D.
L. 

2.84 1.68 29.8
5 

353.
64 

6.92 7.86 91.6
7 

13.10 
0.98 

0.06 11.8
6 

0.12 4.0
6 

2.79 0.08 

N40 Nq
om
a 

Nq
om
a 

3.67 3.96 1.84 0.02 30.8
5 

12.3
2 

2.45 97.4
1 

77.4
6 

0.22 

0.22 

0.11 0.14 0.18 0.7
2 

0.16 2.50 

N247 Nq
om
a 

Div
uyu 

3.77 5.37 3.79 0.02 43.0
3 

594.
15 

3.47 110.
17 

71.7
3 

0.63 

2.07 

0.11 1.59 1.77 2.9
2 

4.69 0.07 

N1075 Nq
om
a 

Nq
om
a 

3.37 1.48 4.00 0.07 63.6
4 

42.1
2 

5.38 60.1
1 

34.4
3 

1.93 

1.59 

<D.L
. 

0.44 0.40 10.
37 

1.37 1.51 

N1143 Nq
om
a 

Div
uyu 

<D.
L. 

<D.
L. 

2.70 0.27 4.28 6.68 1.74 32.1
4 

<D.
L. 

0.29 

0.05 

<D.L
. 

0.21 0.11 0.9
5 

0.14 0.64 

N1150 Nq
om
a 

Nq
om
a 

0.80 1.11 1.54 0.02 27.0
4 

69.0
2 

8.56 23.6
4 

29.5
4 

0.09 

3.17 

<D.L
. 

1.29 0.64 0.7
6 

2.69 0.39 

N1221 Nq
om
a 

Nq
om
a 

<D.
L. 

<D.
L. 

0.54 <D.L. 57.7
1 

13.2
8 

1.88 97.2
1 

<D.
L. 

0.10 

0.03 

0.03 0.11 0.11 0.3
3 

0.10 4.34 

N1429 Nq
om
a 

Div
uyu 

2.00 0.97 1.45 0.01 5.96 6.93 2.60 22.6
3 

21.5
1 

0.19 

0.11 

0.06 0.31 0.08 1.6
6 

0.18 0.86 



 94 

N1625 Nq
om
a 

Div
uyu 

1.45 2.45 1.86 0.02 3.11 30.8
3 

2.78 86.7
9 

64.0
6 

0.22 

1.67 

<D.L
. 

0.21 0.37 1.4
4 

1.00 0.10 

N1680 Nq
om
a 

Nq
om
a 

5.32 3.74 3.19 0.02 19.1
1 

11.3
0 

2.10 22.9
2 

83.9
0 

0.20 

0.22 

<D.L
. 

0.18 0.15 2.3
6 

0.35 1.69 

N1682 Nq
om
a 

Nq
om
a 

1.01 1.44 2.13 0.01 13.7
2 

9.80 2.33 37.7
7 

47.5
7 

0.18 

0.22 

0.08 0.60 0.10 1.1
2 

0.72 1.40 

N2340 Nq
om
a 

Div
uyu 

5.34 4.27 6.02 0.07 1.62 3.00 2.78 41.0
4 

46.9
9 

0.38 

0.21 

<D.L
. 

0.15 0.11 9.4
2 

0.29 0.54 

N2500 Nq
om
a 

Nq
om
a 

3.78 2.88 3.62 0.03 239.
52 

23.5
3 

2.80 66.6
6 

57.1
0 

0.13 

0.33 

<D.L
. 

0.23 0.32 1.5
8 

0.56 10.18 

Table 2-3: ICP-MS chemical data produced for the Tsodilo artefacts selected for this study. Data are presented in either ppm (µg g-1) or %. Detection limits are included in the 
second row, however these values are reported in µg L-1 of dissolved sample in solution. Thus, all values below detection limits were culled prior to converting the sample data to 
ppb (µg kg-1), ppm (µg g-1), and % in the solid sample. 
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Appendix A Online Supplementary Materials (OSM) 1 
 
Methods 
 
Lead Isotopic Analysis 
 
A sample of <0.5 g was removed from each copper object using a Dremel® drill with a new 
carbide cut-off wheel for each sample. Care was taken to ensure that all corrosion products were 
mechanically removed from each sample. (We analyzed the corrosion products from one sample 
(D75) to check if any fractionation is induced by corrosion). All samples were then dissolved in 
Aqua Regia (prepared using double-distilled HCl and HNO3, and ultrapure Milli-Q water), and 
subsequently evaporated and refluxed with 2 ml of 8M HNO3. A 0.5 ml sample of this solution 
was taken for trace element analysis at the ALEC laboratory ICP-MS at the University of 
Arizona (discussed below). The remaining 1.5 ml 8M HNO3 solution was then separated using 
Bio-Rad anion exchange columns loaded with Eichrom Sr-spec resin, and eluted with various 
concentrations of twice distilled HCl and HNO3 (Fenn et al. 2011; Thibodeau et al. 2007). 11 
samples contained enough lead (15–35 µg L-1, or ppb) to run on the GV Instruments IsoProbe 
multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) housed in the 
Department of Geosciences at the University of Arizona. Nine samples (N40, N1143, N1221, 
N1429, N1680, N1682, N2340, N2500, D69) contained less than 15 µg L-1 of lead and were sent 
to the Anbar Laboratory at Arizona State University for analysis on their Thermo Neptune MC-
ICP-MS. Results from these two laboratories are grouped together below.  
 
Data were corrected based on published values for the standard NBS981 (Galer and Abouchami 
1998), and all samples were empirically normalized with a thallium (Tl) spike using the 
exponential law correction (Rehkämper and Mezger 2000). A mercury (204Hg) correction is also 
typically applied to correct for interference on the 204Pb signal, however Hg contents of the 
carrier gas were sometimes low. Thus, not all samples received the mercury correction as it had a 
minimal impact on lead ratios and did not improve the accuracy of the results. Samples which 
were mercury corrected include N247, N1150, D106, D24, and D75. 2σ errors for samples 
ranged between 0.0038–0.01 for 206Pb/204Pb, 0.001–0.01 for 207Pb/204Pb, and 0.004–0.027 for 
208Pb/204Pb. Archaeological studies using LIA typically also include data for 207Pb/206Pb and 
208Pb/206Pb, however we have chosen not to use these values in our provenance assessment due 
to discussions highlighted by Albarede et al. (2012:854–855) and Macfarlane and Lechtman 
(2016:3). Procedural blanks were also measured, and all contained <250 pg of lead.   
 
Trace Element Analysis 
 
Trace element data was acquired for each sample at the ALEC laboratory at the University of 
Arizona. Samples were analyzed on their Elan DRC-II ICP-MS by diluting the 0.5 ml split 
solution to 10 ml using ultrapure Milli-Q water. V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Mo, Ag, Cd, 
Sn, Sb, and Pb were measured, and values are reported in ppb (µg kg-1), ppm (µg g-1), and % on 
a case-by-case basis. The method detection limit values for these 15 elements are also reported in 
table 3, however these values are reported in µg L-1. Thus, all values below detection limits were 
culled prior to converting the sample data to ppb (µg kg-1), ppm (µg g-1), and %. 
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Calculations of Model Age from Lead Isotope Data 
 
The slope of the isochron gives the apparent geological age of the parent copper deposit as 
follows:  
 
!"!"#

!"!"$ 	$%&'()*+', = 	 .(*%!& − 1)!'(

.(*%"& − 1)!')  

 
Where:  
 
235U/238U = the present-day ratio of 235U to 238U 
λ2 = decay constant for 235U 
λ1 = decay constant for 238U 
t = time elapsed since crystallization of the ore deposit 
(Faure and Mensing 2005: 241) 
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Appendix A OSM 1 Figures 
 

 
Figure 2-10: Site plan of the Divuyu site. Red dots on this plan indicate findspots for the sampled Divuyu artefacts. 
Adapted from Denbow (2011). 
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Figure 2-11: Site plan for the Nqoma site. Red dots on this plan indicate findspots for the sampled Nqoma artefacts. 
Adapted from Wilmsen (2011).  
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Figure 2-12: Legend for the geological basemap used in Fig. 2-3 of main text. Adapted from Thiéblemont et al. 
(2016). 
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Appendix A OSM 1 Tables 
 
Sample number  D24 
Artefact category  Jewellery 
Material Copper 
Description  Oval link 
Sample weight (g)  0.09554 
Period Divuyu (650 – 800 CE) 
Date BP NA 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location 20W.20S 
Depth (cm) 60 – 70 
Description of context Found in association with Divuyu pottery 
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Sample number  D69 
Artefact category  Jewellery 
Material Copper 
Description  Ear Ring 
Sample weight (g)  0.11763 
Period Divuyu (650 – 800 CE) 
Date BP 1330 ± 60 (Beta-13264) 
Site Divuyu 
Find Context Excavation 
Area Acacia 
Location 101W.21N 
Depth (cm) 70 - 80 
Description of context Found in association with Divuyu pottery 
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Sample number  D75 
Artefact category  Jewellery 
Material Copper 
Description  Conical tube 
Sample weight (g)  0.09839 
Period Divuyu (650 – 800 CE) 
Date BP NA 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location 11W.00N (unit2a) 
Depth (cm) 30 - 40 
Description of context Found in association with Divuyu pottery 
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Sample number  D106 
Artefact category  Jewellery 
Material Copper 
Description  Wire 
Sample weight (g)  0.21641 
Period Divuyu (650 – 800 CE) 
Date BP 1370 ± 60 (Beta-13269) 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location 20E.12N (unit 7) 
Depth (cm) 70 - 80 
Description of context Found in association with Divuyu pottery 
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Sample number  D132 
Artefact category  Jewellery 
Material Copper 
Description  Closed Helix 
Sample weight (g)  0.25495 
Period Divuyu (650 – 800 CE) 
Date BP NA 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location 22W.05N (unit 3b, feat 2) 
Depth (cm) 40 - 50 
Description of context Found in association with Divuyu pottery 
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Sample number  D139 
Artefact category  Jewellery 
Material Copper 
Description  Closed Helix 
Sample weight (g)  0.20970 
Period Divuyu (650 – 800 CE) 
Date BP 1400 ± 70 (Beta-13268) 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location 22W.06N (unit 3d) 
Depth (cm) 50 - 60 
Description of context Found in association with Divuyu pottery 
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Sample number  D189 
Artefact category  Jewellery 
Material Copper 
Description  Closed Helix 
Sample weight (g)  0.18580 
Period Divuyu (650 – 800 CE) 
Date BP NA 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location Unit 3 pit 
Depth (cm) 100 - 200 
Description of context Found in association with Divuyu pottery 
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Sample number  D191 
Artefact category  Jewellery 
Material Copper 
Description  Wire 
Sample weight (g)  0.15700 
Period Divuyu (650 – 800 CE) 
Date BP NA 
Site Divuyu 
Find Context Excavation 
Area Baobab 
Location Unit 3 pit 
Depth (cm) 100 - 200 
Description of context Found in association with Divuyu pottery 
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Sample number  N40 
Artefact category  Jewellery 
Material Copper 
Description  Link 
Sample weight (g)  0.06823 
Period Nqoma (900 – 1200 CE) 
Date BP 860 ± 60 (Beta-13263) 
Site Nqoma 
Find Context Excavation 
Area Periphery 
Location 232W.121N 
Depth (cm) 30 - 40 
Description of context No pottery associated 
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Sample number  N247 
Artefact category  Jewellery 
Material Copper 
Description  Bead 
Sample weight (g)  0.06321 
Period Divuyu (650 – 880 CE) 
Date BP 970 ± 70 (Beta-13255) 
Site Nqoma 
Find Context Excavation 
Area Central 
Location 00W.32N 
Depth (cm) 50 - 60 
Description of context Found in association with Divuyu pottery 
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Sample number  N1075 
Artefact category  Jewellery 
Material Copper and Iron 
Description  Fused iron and copper chain 
Sample weight (g)  0.09085 
Period Nqoma (900 – 1200 CE) 
Date BP 970 ± 70 (Beta-13255) 
Site Nqoma 
Find Context Excavation 
Area Central 
Location 00W.30N 
Depth (cm) 40 - 50 
Description of context Found in association with Nqoma pottery 
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Sample number  N1143 
Artefact category  Jewellery 
Material Copper and Iron 
Description  Fused iron and copper beads 
Sample weight (g)  0.12730 
Period Divuyu (650 – 880 CE) 
Date BP NA 
Site Nqoma 
Find Context Excavation 
Area SW Edge 
Location 99W.61S 
Depth (cm) 0 - 10 
Description of context Found in association with Divuyu pottery 
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Sample number  N1150 
Artefact category  Jewellery 
Material Copper 
Description  Plate 
Sample weight (g)  0.16955 
Period Nqoma (900 – 1200 CE) 
Date BP NA 
Site Nqoma 
Find Context Excavation 
Area Central 
Location 00W.20N 
Depth (cm) 30 - 40 
Description of context Found in association with Nqoma pottery 
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Sample number  N1221 
Artefact category  Jewellery 
Material Copper 
Description  Link 
Sample weight (g)  0.16927 
Period Nqoma (900 – 1200 CE) – by association 
Date BP 860 ± 60 (Beta-13263) 
Site Nqoma 
Find Context Excavation 
Area Periphery 
Location 233W.122N 
Depth (cm) 30 - 40 
Description of context No pottery associated, but at same 

stratigraphic level as sample N40 
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Sample number  N1429 
Artefact category  Jewellery 
Material Copper 
Description  Bead 
Sample weight (g)  0.11691 
Period Divuyu (650 – 880 CE) 
Date BP NA 
Site Nqoma 
Find Context Excavation 
Area Deep 
Location 61W.60N 
Depth (cm) 60 - 70 
Description of context Found in association with Divuyu pottery 
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Sample number  N1625 
Artefact category  Jewellery 
Material Copper 
Description  Clip 
Sample weight (g)  0.08415 
Period Divuyu (650 – 880 CE) 
Date BP NA 
Site Nqoma 
Find Context Excavation 
Area Rockhouse 
Location 41W.61S 
Depth (cm) 60 - 70 
Description of context Found in association with Divuyu pottery 
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Sample number  N1680 
Artefact category  Jewellery 
Material Copper 
Description  Bead 
Sample weight (g)  0.04816 
Period Nqoma (900 – 1200 CE) 
Date BP 970 ± 70 (Beta-13255) 
Site Nqoma 
Find Context Excavation 
Area Central 
Location 01W.31N 
Depth (cm) 30 – 40 
Description of context Found in association with Nqoma pottery 
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Sample number  N1682 
Artefact category  Jewellery 
Material Copper 
Description  Bead 
Sample weight (g)  0.07592 
Period Nqoma (900 – 1200 CE) 
Date BP 970 ± 70 (Beta-13255) 
Site Nqoma 
Find Context Excavation 
Area Central 
Location 01W.31N 
Depth (cm) 30 – 40 
Description of context Found in association with Nqoma pottery 
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Sample number  N2340 
Artefact category  Jewellery 
Material Copper 
Description  2 fused beads 
Sample weight (g)  0.10666 
Period Divuyu (650 – 880 CE) 
Date BP NA 
Site Nqoma 
Find Context Excavation 
Area Society 
Location 00W.51N 
Depth (cm) 40 - 50 
Description of context Found in association with Divuyu pottery 
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Sample number  N2500 
Artefact category  Jewellery 
Material Copper 
Description  Plate 
Sample weight (g)  0.07404 
Period Nqoma (900 – 1200 CE) 
Date BP 970 ± 50 (Beta-13261) 
Site Nqoma 
Find Context Excavation 
Area Outpost 
Location 41W.26S 
Depth (cm) 40 - 50 
Description of context No pottery associated 
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Abstract 
 
The southern third of Africa is unusually rich in copper ore deposits. These were exploited by 
precolonial populations to manufacture wound-wire bangles, other forms of jewelry, and large 
copper ingots that were used as stores of copper or forms of prestige. Rectangular, fishtail, and 
croisette ingots dating between the 5th and 20th century CE have been found in many locations in 
the Democratic Republic of the Congo (DRC), Zambia and Zimbabwe, with isolated finds in 
Malawi and Mozambique. Molds for casting these ingots have been found mostly in the Central 
African Copperbelt, but also around the Magondi Belt copper deposits in northern Zimbabwe. 
For years, scholars have debated whether these ingots were made in the Copperbelt or if molds 
found in Zimbabwe were indicative of local copies produced from Magondi Belt copper ore 
(Garlake 1970; Bisson 1976). Before the recent application of lead isotopic and chemical 
methodologies to provenance copper in central and southern Africa, there was no way to decide 
between these hypotheses. This approach is very new, but Rademakers et al. (2019) and 
Stephens et al. (2020) showed that copper artifacts from southern DRC (mostly from Upemba) 
and from northwestern Botswana (Tsodilo Hills) match the lead isotope ratios of ores from the 
Copperbelt. Building upon these previous studies, we present here the first results from a copper 
provenance project (NSF BCS 1852598) across the southern third of Africa, from the Copperbelt 
to northern South Africa. We apply lead isotopic analysis (LIA) and chemical analyses to 
establish the provenance of 29 croisette ingots recovered in Zimbabwe, 2 fishtail and 1 
rectangular ingot recovered from sites in Zambia, and an experimental “X” shaped ingot smelted 
in the 1970’s from Kansanshi copper ore. Our chemistry and lead isotopic results indicate that 16 
of these objects were smelted with copper from the Copperbelt, 16 objects source more 
specifically to the Kipushi deposit within this geological district, and one HXR ingot sources to 
the Magondi Belt in Zimbabwe. Taken together, we clearly illustrate that croisette ingots were 
traveling significant distances to reach their eventual site of deposition, and that there was also 
local production of these objects in Zimbabwe.  
 
Introduction  
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The southern third of Africa - from the southernmost Democratic Republic of Congo (DRC) to 
South Africa - is rich in copper ore deposits. These include the sediment-hosted deposits in the 
Central African Copperbelt (draped along the border between DRC and Zambia), deposits of 
similar type in the Magondi Belt of northern Zimbabwe, the early Precambrian “greenstone 
belts” of southern Zimbabwe, eastern Botswana and northeastern South Africa, the Limpopo 
Mobile Belt parallel to the border between Zimbabwe and South Africa, and the Phalaborwa 
Igneous Complex in northeastern South Africa. All of these were extensively mined before 1500 
CE, when Europeans began to intrude (see Herbert 1984 for review). Several significant studies 
of copper mining were undertaken between 1920 and 1975 (Bancroft 1961; Bisson 1976; de 
Hemptinne 1926; Evers and van der Berg 1974; Herbert 1984; Summers 1969; Van der Merwe 
and Scully 1971), but there have been few archaeological investigations of mines since then 
(Swan 2002; Van Waarden 2016) (Fig. 3-1). Archaeological evidence at and around these mines 
is disappearing rapidly as a result of modern mining ventures, particularly in the Copperbelt area.  
 
On present evidence, the earliest date for the exploitation of copper minerals in southern Africa 
is the 4th century cal CE at Kansanshi mine in Zambia (Bisson 1976), agreeing with the timing 
for the arrival of Bantu agriculturalists into the region (Phillipson 1972). Miners at these deposits 
used metal tools, hammerstones, and fire-setting to extract ore minerals (Summers 1969; 
Chirikure 2015). Following the mining process, copper minerals were either smelted near the 
mine, as is evidenced at Kansanshi, or transported elsewhere to be reduced to copper metal, as at 
Kipushi where smelting sites were located on the banks of the Kafue river, tens of km from the 
mines (Bisson 1976). Documented furnaces in the Copperbelt, and others further to the south, 
show that copper could be tapped directly into molds, or was allowed to solidify at the furnace 
bottom, or was later recovered and refined from prills trapped in slag (Chirikure 2015). It could 
then be worked into various forms using tools like the wire-drawing plates excavated from 
Ingombe Ilede (Bisson 1976; Chirikure 2015; Fagan et al. 1969). Copper in the archaeological 
record of southern Africa typically appears in the form of wound-wire bangles or other jewelry 
that were worn on the body, but also includes large copper ingots that were used as stores of 
copper, forms of prestige, and/or circulated as general or limited purpose currency (Bisson 
1975). The distribution, dates, and uses of these large ingots have been well studied, however the 
provenance of their copper has yet to be resolved (Fig. 3-2). This paper focuses on the 
provenance of a subset of these ingots, and our isotopic and chemical results identify three 
geological sources: the Central African Copperbelt, the Kipushi deposit within the Copperbelt, 
and the Magondi Belt. 
 
 Geological Overview 
 
Central African Copperbelt 
The precise age of copper mineralization in the Copperbelt remains sharply debated (see 
discussion between Hitzman and Broughton 2017 and Sillitoe et al. 2017), but this geological 
district was formed in sediments that collected between the Zimbabwean and Congo Cratons 
prior to the assembly of Gondwana between 650 and 500Ma (Frost-Killian et al. 2016). Later 
compressional forces related to the closure of this marine basin overthrust, faulted, and folded 
these sedimentary sequences to form the Damaran-Lufilian Arc that runs along the coast from 
western South Africa, through Namibia, and up into Zambia and the southern DRC. Current 
metallogenic models indicate that main-stage mineralization may have occurred during sediment 
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diagenesis prior to the Lufilian (Pan-African) orogeny, or during the orogeny; dates from Selley 
et al. (2005, appendix) also suggest that each of these episodes may have formed some 
mineralization. Whatever the timing of regional metallogenesis, the Lufilian episode almost 
certainly remobilized and redistributed existing mineralization (Hitzman et al. 2005). The 
geological record also includes two uranium influx episodes at 650Ma and 530Ma (Decrèe et al. 
2011), which contributed excess 206Pb and 207Pb to ore minerals via radioactive decay of 238U and 
235U and produced broad isotopic overlap between most deposits.  
 
Most of the Copperbelt deposits are stratiform Cu-Co(-U) deposits, with varying concentrations 
of Ni, U, Ag, Au, PGE, Se, Mo, V, Te, As, and Th, and are often depleted in Pb and other 
chalcophile elements, which are, however, found in epigenetic vein-type deposits like at Kipushi 
(Cailteux et al. 2005; Decrèe et al. 2011). Cu-Co deposits in the Copperbelt are also famous for 
their extremely pure malachite specimens, which fill voids and form stalactites in dolomitic 
karsts (De Putter et al. 2010). These large pieces of pure malachite can be smelted without 
fluxing agents or the formation of a slag (Craddock and Meeks 1987; Miller 1994; Rademakers 
et al. 2019; Stephens et al. 2020).  
 
Kipushi 
Although Kipushi is within the Copperbelt in a geographical sense, it is geologically quite 
different from other Copperbelt deposits. It is younger than other deposits (dating to 450Ma), 
stratigraphically higher, and geochemically distinct from the Cu-Co(-U) deposits that 
characterize the Copperbelt. Kipushi is the largest of three Zn-Pb-Cu deposits in the Damaran-
Lufilian fold belt - the others are Kabwe (Zambia) and Tsumeb (Namibia) (Kamona et al. 1999). 
Each of these deposits has tightly-clustered “common lead” isotopic ratios, quite unlike the linear 
spread of highly radiogenic ratios that is typical of Cu-Co(-U) Copperbelt deposits, but Kipushi 
can be clearly differentiated from Kabwe and Tsumeb (Kamona et al. 1999). The mineral 
assemblage at Kipushi shows substantial enrichment in Cu, Zn, As, Ag, Sb, and Pb, including in 
the supergene zone which hosts a variety of copper arsenate, carbonate, oxide, phosphate, 
sulfate, vanadate, and chloride minerals that are often similar in color and density to malachite 
(De Putter et al. 2011; Intiomale and Oosterbosch 1974, 134-135).  
 
Magondi Belt 
The metasedimentary Magondi Belt initially formed as a backarc basin from 2.2-2.0Ga and 
deformed during the Magondi orogeny between 2.0 and 1.9 Ga. This deformation generated hot 
brines that scavenged copper and uranium from sediments, which were then redeposited to form 
new copper deposits within its terrane (Master 1991; Master et al. 2010). This dates to the same 
550 Ma Pan-African orogeny that was responsible for the formation of the Copperbelt (Master 
2010). Ore samples from the Magondi Belt are radiogenic, possibly from uraninite minerals 
within the Dewaras group (Master 1991), and have lead isotopic data distributed around a line on 
the 207Pb/204Pb vs 206Pb/204Pb plot that has a much steeper slope than that of the Copperbelt (see 
Fig. 3-8). More isotopic measurements of Magondi ore samples are needed to better define this 
trend line, and to investigate whether individual ore deposits within this mining district can be 
distinguished.  
 
Copper deposits within the Magondi Belt are mostly stratiform in type, concentrated within the 
Deweras and Lomagundi group rocks along the eastern margins of the belt, and range in 
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geochemistry between Cu to Cu-Ag(-Au-Pd-Pt-U). There are two exceptions to this pattern, 
Copper Queen and Copper King, which are unique Zn-Pb-Cu-Fe-Ag deposits located in the 
western margin of the Magondi Belt. Though geologically related, these deposits are chemically 
and isotopically distinct, similar to Kipushi’s differentiation in the Copperbelt, and are not a 
source for any archaeological copper samples discussed in this paper.  
 
Typology and Chronology of Copper Ingots in South-Central Africa 
 
Archaeological interest in copper ingots in central and southern Africa began in the 1960’s with 
the discovery of ingot-rich burials at Sanga in the Upemba Depression of southern DRC (de 
Maret 1977; Nenquin 1963) and at Ingombe Ilede in the Zambezi Valley (Fagan et al. 1969).  
The earliest examples of copper ingots from central and southern Africa are small rectangular 
“Ia” type (de Maret 1995) ingots which date between the 5th and 7th centuries cal CE and have 
been found at sites in the Copperbelt and at Kumadzulo (Fig. 3-2) (Anciaux de Faveaux and de 
Maret 1984; Vogel 1971). Included in the Ia ingot type are “fishtail” style ingots which appear to 
be an intermediate shape between these early rectangular bars and the later croisette (or small 
cross) ingots (Bisson 2000; de Maret 1995; Nikis and Livingstone Smith 2017). Only two fishtail 
ingots are known, one from Kamusongolwa Kopje and the other from Luano Main Site (Bisson 
2000; Daniels 1967), and the age of both ingots is poorly constrained between the 9th – 12th 
centuries cal CE. Most ingots dating before the 12th century CE are partial objects, and we can 
therefore reasonably infer that rectangular and fishtail ingots were traded or moved as raw 
material (Bisson 2000, 115-118).  
 
After the 9th century there was major expansion of the production and consumption of copper 
concomitant with the introduction of the new HIH ingot type (Bisson 1982; de Maret 2005; de 
Maret 2013). The production of this ingot type marks the concrete starting point for the croisette 
ingot shape, as defined in the typology published by de Maret (1995). The HIH ingot is typically 
7-20cm in length and is H-shaped, with two pairs of arms extending outward in opposite 
directions from an elongated central join (Fig. 3-2). The chronology of HIH ingot production 
(9th-14th century cal CE) was defined using examples exclusively from the Copperbelt and 
Upemba Depression (de Maret 1995), however HIH ingots are distributed from the Upemba 
Depression to Great Zimbabwe, mirroring the distribution of HIH ingot molds (Nikis and 
Livingstone Smith 2017; Swan 2007). Analysis of HIH depositional contexts suggests that they 
were initially used as a raw material between the 9th-13th centuries cal CE but were consumed as 
a prestige good after the 14th century cal CE (de Maret 1995, 143-144). This timing coincides 
with whole ingot finds in Kambabian burials in the Upemba Depression and their appearance in 
the archaeological record of Zimbabwe (Swan 2007, 1008).  
 
The 14th century CE also saw the development of two separate ingot circulation spheres. Small, 
HX and HH croisette ingots (0.5-7cm; Fig. 3-2) and molds occur in the western Copperbelt and 
in the Upemba Depression. The much larger HXR croisette ingots (20-30cm in length and 3.0-
5.5kg; Fig. 3-2) are found in the eastern Copperbelt, at Ingombe Ilede in the Zambezi Valley, in 
northern Zimbabwe, and in a single hoard of 8 ingots in the Dedza area of Malawi (Nikis and 
Livingstone Smith 2017, fig. 3). Molds for HXR ingots are almost exclusively found in the 
eastern Copperbelt, including at Kipushi (Bisson 1976; Nikis and Livingstone Smith 2017), but a 
single HXR mold was recovered from northern Zimbabwe (Swan 2007). These HXR ingots are 
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shaped like an X, with four arms radiating outward from a center join, a raised flange running 
along the outer edge of the entire ingot, and a patterned center marking (see Online Supporting 
Materials (OSM); de Maret 1995, fig. 8; Swan 2007, fig. 1).  
 
HXR ingots became the focus of attention with the discovery of the rich burials at Ingombe Ilede 
(Fagan et al. 1969), which included eight HXR ingots, followed by the excavation of two 
additional HXR ingots at Chedzurgwe (Garlake 1970; Fig. 3-3). Based on these discoveries, 
Garlake set out to document finds of croisette and other copper ingots within northern 
Zimbabwe. Ultimately, 62 examples of croisette ingots from 31 locations within northern 
Zimbabwe, including Chedzurgwe, were recorded, the majority of which fell within the 
distribution zone of Ingombe Ilede type ceramics (Garlake 1970); all of these were surface finds. 
While documenting these ingots, Garlake and J.D. White also recorded oral histories related to a 
group known as the Va-Mbara, who were remembered as renowned metal workers from the 
Urungwe area who traded copper to the Mutapa state (Garlake 1970; White 1971). Sixteenth 
century descriptions of the Mobara people by Portuguese explorer Antonio Fernandes are 
strikingly similar to the Va-Mbara and are recorded to have come from the land of Ambar to 
trade aspas de cobre (copper crosses) to the Mutapa state (Garlake 1970).  
 
The provenance of these copper crosses, now thought to be the HXR ingots, has been debated 
ever since. Fernandes believed these ingots were produced near the “copper” rivers of 
Manyconguo, likely a reference to the Niari basin ore deposits near the mouth of the Congo 
River that were exploited by the Kongo State and its ruler, ManiKongo (Rademakers et al. 2018), 
while Garlake hypothesized that these ingots were made locally at the Magondi Belt copper 
mines in Zimbabwe. The theory of Fernandes can be dismissed because the Niari deposits are 
2100km in a straight line from the upper Zambezi, but the hypothesis put forth by Garlake was a 
distinct possibility, as was the suggestion by Bisson (1976) that these ingots likely source to the 
Copperbelt. Swan (2002; 2007) also argued that the HXR ingots in northern Zimbabwe were 
made of copper from the Magondi Belt. Until recently there was no way to decide between these 
hypotheses. 
 
There are few dates for the larger HXR ingots, but on present archaeological and historical 
evidence they are thought to have been manufactured between the 14th and 18th centuries CE (de 
Maret 1995; Nikis and Livingstone Smith 2017). The distribution of these ingots in northern 
Zimbabwe mostly matches the distribution of Ingombe Ilede style ceramics, though some have 
been found in areas associated with Musengezi and Mutapa culture sites (Garlake 1970; Swan 
2007). Like the HX and HH ingots, the HXR ingot type was clearly used as a prestige good and 
form of currency, as evidenced both by the 16th century CE Portuguese descriptions of “copper 
aspas” trade and their deposition in burials at Ingombe Ilede (Fagan et al. 1969; Garlake 1970; 
Nikis and Livingstone Smith 2017; Swan 2007). The recovery of some HXR ingots with arms 
cut off also suggest that they were sometimes used as raw material for the production of smaller 
copper artifacts.  
 
The HX, HH, and HXR ingot types appear to have fallen out of favor at some point in the 18th 
century and were replaced by the flat, unflanged, X-shaped handa ingot, and by the “I” shaped Ib 
and Ic ingots, which weighed up to 30kg (de Maret 1995; Nikis and Livingstone Smith 2017; 
Fig. 3-2). Both of these were frequently described by nineteenth-century European explorers in 
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what are now Malawi, Zambia and DRC, but they have not been recorded on the Zimbabwean 
plateau.  
 
Other copper ingot types from southern Africa include the lerale and musuku ingot types from 
South Africa, the “Schroda type” nail head ingots, and more informal bun and bar ingots (Friede 
1975; Miller 2002; Miller 2010). These other ingot types date between the 12th and 20th century 
CE and are more common in parts of Zimbabwe and South Africa. Provenance of ingots within 
these types will be discussed in a future publication.  
 
Lead Isotope Analysis 
 
All copper ores contain trace amounts of lead, whose isotopic ratios are not altered by smelting 
and vary depending on the age, type, and other geological characteristics of the deposit. Lead 
isotopic analysis (LIA) has been a popular approach in Europe and the Mediterranean since the 
1980’s to infer the geological sources of copper artifacts (Gale and Stos-Gale 1982; Killick et al. 
2020). A pioneering attempt to use LIA in southern Africa was made by Suzanne Young, who 
used low-resolution quadrupole inductively coupled mass spectrometry (Q-ICP-MS) to measure 
207Pb/206Pb ratios on ores and artifacts from Namibia (Miller et al. 2005). The first use of high-
resolution multi-collector mass spectrometry (MC-ICP-MS) for LIA in southern Africa 
archaeology was on tin ingots from South Africa and bronze from Botswana (Molofsky et al. 
2014). The use of high-resolution MC-ICP-MS instrumentation for LIA is now standard because 
it allows for the simultaneous collection of multiple isotopes, produces data equivalent in 
precision to TIMS with double or triple spiking, and can account for mass fractionation 
internally using thallium spiking (Rehkämper and Halliday 1998; Rehkämper and Mezger 2000; 
Rehkämper et al. 2001; Vanhaecke et al. 2009).  
 
Samples and Methods 
 
A total of 34 samples were collected from the Museum of Human Sciences in Harare, Zimbabwe 
and the Livingstone Museum in Livingstone, Zambia in 2019 (Table 3-1; Fig. 3-3) and brought 
to the University of Arizona where they were analyzed using ICP-MS instrumentation for lead 
isotopes and chemistry. Prior to dissolution, we removed the superficial corrosion layer from 
each of the 34 copper ingot samples using a Dremel® rotary tool with a new carbide cut-off 
wheel for each sample. We then removed approximately 0.1-0.3g of sample using a jewelers saw 
with a new steel blade for each sample. These were then weighed on a mass balance and 
dissolved in a solution of 8ml 8M HNO3 + 0.5ml 29M HF to minimize precipitation or 
volatilization of Fe, Zn, As, Ag, Sn, and Sb, typically via complexation with chloride ions 
(Bourgarit and Mille 2003; Rademakers et al. 2020), and refluxed overnight at 140°C. All acid 
dilutions were prepared from double-distilled HNO3, HCl, and HF, and ultrapure Milli-Q water. 
Once cooled, a pipetted 1ml solution of each sample was weighed to determine sample density. 
The total volume of each sample was then transferred to a 12ml FalconTM tube and each Savillex 
vial was rinsed with 2ml of 8M HNO3 to ensure total recovery of sample solution. This was then 
added to the Falcon tube and the total weight of each sample solution was recorded. This 
quantitative transfer procedure allows for the accurate calculation of total sample volume and is 
used to ensure the precise measurement of elemental concentrations during ICP-MS analysis. A 
0.1ml aliquot of each solution was then taken and used to prepare a series of 100x, 1000x, and 
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100,000x dilutions for trace element analysis at the Arizona Laboratory for Emerging 
Contaminants (ALEC) laboratory ICP-MS at the University of Arizona. Cr, Fe, Co, Ni, Cu, Zn, 
As, Se, Mo, Ag, Cd, Sn, Sb, and Pb were measured by Dr. Mary-Kay Amistadi on an Elan DRC-
II ICP-MS instrument, and values are reported in ppm (μg g-1) and % on a case-by-case basis. 
The method detection limit values for these 15 elements are also reported in Table 3-3, however 
these values are reported in μg L-1. All values below detection limits were culled prior to 
converting the sample data to ppm (μg g-1) and %. A custom-made solution from High Purity 
Standard and Claritas PPT® Grade ICP-MS Instrument Calibration Standard 2 from Spex 
CirtiPrep were run with every batch for quality control.  
 
The remaining sample was then re-transferred to its Savillex vial and evaporated to dryness at 
150°C. Once evaporated and cooled, samples were re-dissolved in 2ml of 8M HNO3 and allowed 
to reflux overnight at 120°C. This solution was then separated using Bio-Rad disposable anion 
exchange columns loaded with Eichrom Sr-spec resin and eluted with various concentrations of 
twice distilled HCl and HNO3 to isolate the lead portion of each solution (Fenn et al. 2011; 
Thibodeau et al. 2007). The resulting solution was then evaporated to dryness and 1ml of 2% 
HNO3 was added to each sample vial refluxed on a hotplate at 120°C overnight. Samples were 
then analyzed on the GV Instruments IsoProbe multi-collector inductively coupled plasma mass 
spectrometer (MC-ICP-MS) housed in the Department of Geosciences and the University of 
Arizona (Table 3-2). Data was corrected based on published values for the standard NBS981 
(Galer and Abouchami 1998) and all samples were empirically normalized with a thallium (Tl) 
spike using the exponential law correction (Rehkämper and Mezger 2000). A mercury (204Hg) 
correction is also typically applied to correct for interference on the 204Pb signal, however Hg 
contents of the carrier gas were sometimes low. Thus, not all samples received the mercury 
correction as it had a minimal impact on lead ratios and did not improve the accuracy of the 
results. Only the HIH sample Zim-Safe-18 received a mercury correction in this study. 
Procedural blanks were also measured, and all contained <250 pg of lead. A full discussion of 
radiogenic vs common lead, and an overview of our data processing methodologies for 
multivariate statistical analysis can be found in our OSM.  
 
Lead Isotopic Results  
 
Rectangular and Fishtail Ingots (Type “Ia”) 
Lead isotopic data for the three rectangular and fishtail ingots (Table 3-2) range in 206Pb/204Pb 
from 19.81 to 24.84, in 207Pb/204Pb from 15.78 to 16.09, and in 208Pb/204Pb from 38.31 to 39.14. 
The rectangular ingot from Kumadzulo and the fishtail ingot from Luano have nearly identical 
lead isotopic data, with only slight differences in the 208Pb/204Pb ratio. The Kamusongolwa 
fishtail ingot has a similar 208Pb/204Pb ratio to the Luano fishtail ingot but has much higher 
206Pb/204Pb and 207Pb/204Pb values. These ingots form a linear array on the 206Pb/204Pb vs 
207Pb/204Pb plot, and isochron analysis produces an age of 584.5 ± 15.9Ma, with a mean square 
of weighted deviates (MSWD) of 21. Rademakers et al. (2019) also analyzed one rectangular 
ingot, and the isochron age is only slightly changed to 589 ± 15.4Ma with an improved MSWD 
of 11 if this sample is included (Fig. 3-4). The pattern of radiogenic lead isotopic data on the 
206Pb/204Pb and 207Pb/204Pb ratios, a 208Pb/204Pb ratio ranging from 37-42, and an isochron age in 
the range of 650-550Ma is typical of many ore deposits in the Copperbelt and was observed by 
both Rademakers et al. (2019) and Stephens et al. (2020). There is broad isotopic agreement 
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between these three samples and Copperbelt ore in our LIA database (Killick et al. 2020; 
expanded subsequently by Stephens unpublished) (Fig. 3-5), but it is currently impossible to 
assign these samples to particular mines within the Copperbelt because of the geological history 
of this area.  
 
Croisette (HIH, HXR, and Experimental “X”) Ingots 
Lead isotopic data for the 29 croisette ingots from Ingombe Ilede and northern Zimbabwe and 
the experimental “X” ingot range in 206Pb/204Pb from 18.04 to 34.28, in 207Pb/204Pb from 15.63 to 
16.76, and in 208Pb/204Pb from 37.43 to 40.61 (Table 3-2). The croisette ingots form three 
distinct groups within this range. The first group - composed of eight HIH ingots, four HXR 
ingots, and the experimental “X” ingot - matches previously produced data by Rademakers et al. 
(2019), Stephens et al. (2020), and the three rectangular and fishtail ingots from Zambia (Fig. 3-
6). These 13 samples form a linear distribution on the 206Pb/204Pb vs 207Pb/204Pb plot and have 
208Pb/204Pb values between 38.08-40.61. The regression line fitted to these points gives a 
calculated isochron age of 627.25 ± 3.57Ma, with an MSWD of 580 (Fig. 3-7). This is within the 
range of ages inferred for ore formation in the Copperbelt, as noted above. There is also good 
agreement between isotopic values for this group and the values for Copperbelt ores (Stephens et 
al. unpublished; Fig. 3-8). As noted above, it is currently impossible to determine a more specific 
provenance for these samples.  
 
The second group in this assemblage of croisette ingots is composed of three HIH and 13 HXR 
ingots whose lead isotope data forms a tight cluster of non-radiogenic values centered around 
18.05 in 206Pb/204Pb, 15.64 in 207Pb/204Pb, and 37.64 in 208Pb/204Pb. Three large HH ingots (Fe-
29, K-1, K-7) analyzed by Rademakers et al. (2019) from the Upemba Depression are also 
members of this cluster. These samples all match geological ore samples from the Kipushi 
deposit in the Copperbelt, which cluster around the mean values of 18.03 in 206Pb/204Pb, 15.61 in 
207Pb/204Pb, and 37.67 in 208Pb/204Pb (Fig. 3-9).  
 
One HXR ingot (from Kent estates, Zimbabwe) does not fit either Copperbelt or Kipushi ores. 
The lead isotopic data for this sample is radiogenic but has a much higher 207Pb/204Pb ratio and 
lower 208Pb/204Pb ratio than Copperbelt ores (Figs 3-6 and 3-8). Although one isotopic datapoint 
does not allow for the calculation of its model age via an isochron, the lead isotopic data for this 
sample matches best with the distribution of ore data from the Magondi Belt.  
 
Chemistry Results 
 
Chemical results from our analysis of these ingots are discussed below, a including brief 
discussion of their multivariate characteristics. We applied hierarchical cluster analysis to 
independently assess patterns in chemical similarity for our entire southern Africa copper ingot 
database, which also includes bar, bun, lerale, musuku, and nail head ingot samples from South 
Africa and Zimbabwe. Provenance results for these additional ingot types will be the subject of a 
future publication. Based on results from the fviz_nbclust function in the factoextra R package, 
we can divide the samples into six compositional groupings. These are: 1) “Copperbelt group 1”, 
2) “Phalaborwa and Magondi Belt”, 3) “Copperbelt group 2”, 4) “Kipushi”, 5) “Phalaborwa and 
Copper Queen”, and 6) “Phalaborwa and other”. Compositional groups were then inspected by 
PCA to assess variabilities within the hierarchical cluster analysis relating to source attribution, 
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technology, and deposit geochemistry. For more detail on hierarchical cluster analysis and PCA 
methods, results, and cluster assignments, see discussion in our OSM. 
 
Rectangular and Fishtail Ingots (Type “Ia”) 
The three rectangular and fishtail ingots are extraordinarily pure (Table 3-3), with concentrations 
of Cr, Se, Mo, Ag, Cd, Sn, Sb, and Pb all less than 5ppm, and concentrations of Ni, Zn, and As 
not exceeding 50ppm. Cobalt and iron are by far the most concentrated elements in these 
samples, yet still only range between 5-204ppm for Co, and 27-71ppm for Fe. This elemental 
patterning, and most importantly the extremely low concentrations of Pb, was also observed in 
most samples analyzed by Rademakers et al. (2019) from DRC and by Stephens et al. (2020) 
from northern Botswana (Fig. 3-10) and seems to match the general geochemical signature of 
Cu-Co(-U) deposits in the Copperbelt. Unfortunately, the vast number of Cu-Co(-U) deposits in 
the Copperbelt and their homogenous geochemical and radiogenic isotopic signature prevents 
any possibility of assigning a more specific deposit provenance at the present. The hierarchical 
cluster analysis assigns these three ingots to the “Copperbelt group 1” and “Copperbelt group 2” 
clusters as they are depleted in chalcophile elements, reaffirming our lead isotopic and 
descriptive chemistry conclusions (see OSM; OSM Figs 3-12 and 3-13).  
 
Croisette (HIH, HXR, and Experimental “X”) Ingots 
Our lead isotopic results for sampled HIH and HXR ingots, and experimental “X” ingot split into 
three distinct groups, and the chemical results (Table 3-3) support these lead isotopic 
assessments.  
 
(1) The chemical composition of ingots matching the Copperbelt is strikingly similar to the three 
rectangular and fishtail ingots, as well as the majority of samples from Rademakers et al. (2019) 
and Stephens et al. (2020), and seems to match the general geochemical signature of Cu-Co(-U) 
deposits in the Copperbelt. These 13 samples almost all have Cr, Zn, Se, Mo, Cd, Sn, Sb and Pb 
concentrations under 5ppm, Ag concentrations under 20ppm, Ni concentrations between 5-
42ppm, and Fe values under 50ppm (Fig. 3-10). Co values, conversely, range between 2-
144ppm, with a mean of 72ppm. Stephens et al. (2020) linked Co:Ni trends to the generation of 
Cu-Co mineralization in the Copperbelt (based on Cailteaux et al. 2005), and similar variation in 
the Co:Ni ratio of our data suggests exploitation of both primary and secondary Cu-Co deposits. 
Three samples also show Ag values between 90-177ppm, higher than the 8ppm average for the 
other 10 samples in this category and hinting at the exploitation of different deposits. While the 
chemistry results support our lead isotopic provenance assignments, they do little to further 
isolate where within the larger Copperbelt district these samples originate. The experimental “X” 
ingot is chemically included in this group, despite the fact that we know it was smelted using 
copper ore mined from the Iron Oxide Copper Gold (IOCG) Kansanshi deposit. This further 
illustrates the difficulty of discriminating between deposits in this district. The hierarchical 
cluster analysis assigns all ingots within this group to the “Copperbelt group 1” and “Copperbelt 
group 2” clusters because they are depleted in chalcophile elements (see OSM; OSM Figs 3-12 
and 3-13), once again reaffirming our lead isotopic and descriptive chemistry conclusions. 
 
(2) The 16 ingots matching the Kipushi deposit by lead isotopes all contain much higher 
concentrations of Zn (13-146ppm, mean of 61ppm), As (240-2515ppm, mean of 869ppm), Ag 
(88-1966ppm, mean of 1254ppm), Sb (2-111ppm, mean of 29ppm), and Pb (14-1465ppm, mean 
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of 378ppm), as do the three large HH ingot samples from Rademakers et al. (2019) that match 
the Kipushi lead isotope pattern (Fig. 3-10). Most of these 16 ingots also have Co, Ni, Se, Mo, 
Cd, and Sn concentrations below 5ppm. This patterning matches with the published 
geochemistry of the Zn-Pb-Cu Kipushi deposit, and chalcophile elements (Zn, As, Ag, Sb, and 
Pb) enriched in these samples could have either substituted for the Cu2+ ion in malachite or been 
introduced to the smelt through the accidental addition of other supergene copper minerals which 
are similar in color and density to malachite (De Putter et al. 2011; Intiomale and Oosterbosch 
1974, 134-135). The group of 16 Kipushi ingots forms an extremely tight group in our 
hierarchical cluster analysis of chemistry results (the “Kipushi” cluster), particularly because of 
this enrichment in chalcophile elements, and importantly separates these samples from the 16 
ingots determined to source to the Copperbelt district (see OSM; OSM Figs 3-12 and 3-13).  
 
The HXR ingot from Kent estates is the lone example of Zimbabwean croisette production and 
presents a distinctly different chemical composition than the other two croisette groups (Fig. 3-
10). This sample contains Cr, Co, Zn, As, Mo, Cd, Sn, Sb, and Pb at a concentration of less than 
10ppm, and Ni and Pb at a concentration of less than 30ppm. Fe (490ppm), Se (145ppm), and Ag 
(1572ppm) are significantly higher in this sample that in the other two groups and aligns with the 
geochemical signature of Cu-Ag deposits formed within the Deweras group of the Magondi Belt 
(Leyshon and Tennick 1988; Master 1991), including the modern mines at Mangula and Norah. 
While it is difficult to assign a more precise provenance to this sample, the Mangula and Norah 
deposits appear to be the leading candidates because they 1) host uraninite minerals which could 
contribute to a radiogenic lead isotope signature, 2) have proven silver mineralization, and 3) 
have recorded economic exploitation of selenium (Leyshon and Tennick 1988, 126). Like 
samples sourcing to the Copperbelt and to Kipushi, the hierarchical cluster analysis reaffirms our 
lead isotopic and descriptive chemistry conclusions by separating the Kent Estates HXR ingot 
into a distinct cluster (the “Phalaborwa and Magondi Belt” cluster) because of the amount of Se 
and Ag in this sample (see OSM; OSM Figs 3-12 and 3-13).  
 
Discussion  
 
The results from our lead isotopic and chemical analysis of 33 rectangular, fishtail, and croisette 
ingots from southern Africa paints a dynamic picture of interaction across the region and 
establishes three centers of croisette ingot provenance: the Central African Copperbelt, the 
Kipushi deposit, and the Magondi Belt (Fig. 3-11). The agreement between object chemistry and 
isotopic data, and deposit geochemistry and isotopic range suggests that recycling was not a 
common practice in the production of rectangular, fishtail, and croisette ingots, as was also 
concluded by Rademaker et al. (2019) in their study of croisette ingots from the Upemba 
Depression and western Copperbelt.  
 
Central African Copperbelt 
16 samples exhibit characteristics that allow us to establish a provenance match to Cu-Co(-U) 
deposits within the Copperbelt. These samples are similar to copper samples from the Upemba 
Depression (Rademakers et al. 2019) and Botswana (Stephens et al. 2020) which have been 
attributed to Copperbelt ores, and almost all have radiogenic lead isotopic data which forms a 
linear distribution on the 206Pb/204Pb vs 207Pb/204Pb plot that matches both the isochron age and 
overall patterning for Cu-Co(-U) Copperbelt ore samples (Fig. 3-8). Furthermore, these samples 
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have 208Pb/204Pb ratios that fall between 37 and 42, agreeing with the range exhibited by 
Copperbelt ore samples. Samples assigned to this provenance match in this study, from the 
Upemba Depression (Rademakers et al. 2019), and from the Tsodilo Hills (Stephens et al. 2020) 
are also depleted in chalcophile elements but show relative enrichment in the siderophile 
elements Co and Ni, matching the overall geochemical profile of Cu-Co(-U) deposits in the 
Copperbelt. Unfortunately, the geochemical homogeneity of Cu-Co(-U) deposits in the 
Copperbelt precludes a more specific provenance assessment at this time. 
 
To date, no molds for rectangular or fishtail ingots have been recorded from the Copperbelt, but 
many croisette ingot molds have been recovered in this area, along with extensive evidence for 
precolonial mining (de Maret 1995; Nikis and Livingstone Smith 2017). By 1906, over 100 
precolonial mines were documented in Katanga and Zambia. Most were in the Katangan 
Copperbelt (DRC) in an arc from Kolwezi to Kipushi (Bisson 1976; Herbert 1984), but others 
were in the Zambian Copperbelt, the Kafue Hook, and the Domes region (Bisson 1976; Herbert 
1984).  
 
The 16 samples reported here include all three rectangular and fishtail ingots from Zambia, an 
HIH ingot from the Harare tradition site of Graniteside, a 15th-17th century cal CE HXR ingot 
from Burial 8 of Ingombe Ilede, 10 HIH and HXR ingots from farms and towns in northern 
Zimbabwe, and the experimental “X” ingot. Our results illustrate that these ingots traveled 
significant distances from the Copperbelt to their sites of deposition (Fig. 3-11) and support a 
strong connection between Ingombe Ilede and the Copperbelt. From these results, we can also 
infer a connection between the Ingombe Ilede culture and sites of the contemporary Harare and 
Musengezi traditions of northern Zimbabwe.  
 
Kipushi 
The 16 ingots matched to the Zn-Pb-Cu deposit at Kipushi all present a lead isotopic signature 
tightly clustered around 18.03 in 206Pb/204Pb, 15.61 in 207Pb/204Pb, and 37.67 in 208Pb/204Pb. 
Although lead isotopic ratios on geological ores from Kipushi are tightly clustered (Kamona et 
al. 1999; Schneider et al. 2007; Stephens et al. unpublished; Walraven and Chabu 1994; Fig. 3-
9), the ratios of these ingots cluster even more tightly within the isotopic space of Kipushi ore 
samples (Fig. 8). We assume that this subcluster represents the isotopic space of the precolonial 
mine in the oxidized surface deposits. One piece of raw smelted copper excavated from furnaces 
beside the Kafue River, just across the border in Zambia (Bisson 1976), also falls within this 
isotopic sub-cluster (Fig. 3-9).  
 
These ingots and smelted copper are highly enriched in Zn, As, Ag, Sb, and Pb when compared 
to the Copperbelt cluster, as is clearly seen in the boxplot in Figure 3-10. Conversely the boxplot 
shows that these samples have lower concentrations of Co+Ni than samples attributed to the 
Copperbelt group (see above). These five chalcophile elements are known to be abundant at 
Kipushi, either as impurities substituted into the mineral lattice of malachite or in a range of 
copper arsenate, carbonate, oxide, phosphate, sulfate, vanadate, and chloride minerals that form 
in the supergene zone of this deposit (De Putter et al. 2011; Intiomale and Oosterbosch 1974, 
134-135). The 16 ingots matching to Kipushi also have strikingly similar chemical and isotopic 
data to three large HH ingots from the Upemba Depression that were analyzed by Rakemakers et 
al. (2019); these too clearly derive from Kipushi ores.  
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Archaeological sites in the vicinity of the Kipushi deposit include at least 57 discrete smelting 
sites with slag heaps, two large habitation sites, one campsite, and 71 individual croisette molds 
(for both HIH and HXR ingots). All were found on the Zambian side of the border with DRC 
(Bisson 1976). Radiocarbon samples from Bisson’s excavations show activity at this mine as 
early as the 9th century cal CE and may suggest an increase in production around the 14th century 
cal CE (Bisson 1976), corresponding with the first appearance of HIH ingots in cemeteries of the 
Upemba Depression and in the archaeological record of Zimbabwe (Swan 2007).  
 
Of the 16 ingots matching the Kipushi ores, three are undated HIH ingots from northern 
Zimbabwe, two are 15th-17th century cal CE HXR ingots from Ingombe Ilede (one from Burial 2 
and one from Burial 8), two are HXR ingots from the 16th century cal CE site of Chedzurgwe, 
and nine are HXR ingots from northern Zimbabwe. These ingots were transported significant 
distances from Kipushi to their sites of deposition (Fig. 3-11).  
 
Magondi Belt 
One HXR ingot (from Kent Estates) does not match either the Copperbelt or Kipushi on either 
lead isotopes or the cluster analysis of chemistry. The best match at present on lead isotope ratios 
is to ores of the Magondi Belt. We acknowledge that we require more lead isotopic data on ores 
from this district, but on present evidence there does seem to be a trend line that is distinct from 
the Copperbelt ore data (Fig. 3-8). The chemistry of the Kent Estates HXR ingot also place it in a 
different group (the “Phalaborwa and Magondi Belt” cluster) on the hierarchical cluster analysis 
from the Kipushi ingots (the “Kipushi” cluster) and the Copperbelt ingots (the “Copperbelt group 
1” and “Copperbelt group 2” clusters), allowing us to infer local production of HXR ingots in 
Zimbabwe (OSM Fig. 3-12). It is enriched in both Ag and Se, both of which are found in high 
concentrations as accessory minerals in the Magondi Belt, and are more specifically 
characteristic of the Mangula and Norah deposits (Leyshon and Tennick 1988; Master 1991). 
 
Evidence for precolonial mining in the Magondi Belt is substantial, particularly at the Alaska, 
Angwa, Mangula, Norah, and Silverside mines (Bancroft 1961; Herbert 1984; Summers 1969) 
but has not received much archaeological attention. An HXR ingot mold was recovered from 
Golden Mile Mine, roughly 20km away from the Mangula mine in Zimbabwe. All of these lines 
of evidence suggest that the Kent Estates HXR ingot has a form copied from an ingot made on 
the Copperbelt or at Kipushi, but that the copper was mined locally somewhere within the 
Magondi Belt.  
 
Conclusion 
 
Dozens of HIH and HXR copper ingots have been found in the Zambezi Valley and across the 
Zambezi plateau (Swan 2007). Since many of these finds are close to the copper deposits of the 
Magondi Belt of Northern Zimbabwe, Garlake (1970) argued that most were made there. 
Subsequent excavations at Kipushi by Bisson (1976) found and dated molds for both these ingot 
types, and more molds have been found at several locations along the Copperbelt (Nikis and 
Livingstone Smith 2017, figs. 2 and 3). The alternative is therefore that these ingots were made 
along the border of Zambia and the DRC and traded from there to the Zambezi Valley and the 
Zimbabwe plateau.  
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We have analyzed 29 of the approximately 72 reported HIH and HXR ingots from Zambia and 
Zimbabwe and conclude that 28 of 29 derive from either the Copperbelt or, more specifically, 
the Kipushi deposit on the border between Zambia and the DRC (Fig. 3-11). Excavations at the 
sites of Ingombe Ilede and Chedzurgwe have been instrumental to enhancing our understanding 
of the linkage between the Copperbelt region and southern Africa, and our results add to those of 
Stephens et al. (2020) to illustrate that this connection was established by 650 cal CE and was 
maintained through time and over a wide geographic area. Results from the Kent Estates HXR 
ingot also demonstrate some local exploitation of Zimbabwe copper deposits for the production 
of croisette ingots (Fig. 3-11). Further archaeological considerations from these results will be 
discussed in Appendix C.  
 
This project is part of a larger, ongoing, project funded by the National Science Foundation 
(BCS 1852598) focused on the provenance of copper and copper-alloys in southern Africa. The 
samples presented in this paper represent 34 of the 277 copper, bronze, and brass samples that 
we were able to sample from museums and institutions in southern Africa in 2019, and future 
works will continue to shed light on the hidden dynamics of interaction, migration, and exchange 
in southern Africa.  
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Appendix B Figures 
 

 
Figure 3-1: Locations of prehistorically exploited mines in southern Africa. For location and discussion of these 
mines, see Bisson (1976), Chirikure (2015), Evers and van der Berg (1974), Friede (1980), Hammel et al. (2000), 
Herbert (1984), Huffman et al. (1995), Killick et al. (2016), Mason (1982), Miller (1995), Miller and Sandelowsky 
(1999), Molyneux and Reinecke (1983), Phimster (1974), Summers (1969), Swan (2002), van Waarden (2016). For 
a geological legend to the map, see OSM Fig. 3-14. Geological basemap adapted from Thieblemont et al. (2016). 
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Figure 3-2: “Ia” (rectangular and fishtail) and croisette ingot typology. (Reproduced from Rademakers et al. (2019, 
fig. 2A)) 
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Figure 3-3: Highlighted archaeological sites, geological districts, and geological mines from the text. Geological 
basemap adapted from Thieblemont et al. (2016). 
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Figure 3-4: “Ia” type ingot isochron produced from both fishtail ingots from Kamusongolwa and Luano, the 
rectangular ingot from Kumadzulo, and the Luano lingot sample from Rademakers et al. (2019). 0.0177 is the 
100(1- α)% confidence interval for the 207Pb/204Pb intercept. 0.1283 is the studentised 100(1-α)% confidence interval 
for u with overdispersion. The gray band around the regression line represents the confidence interval. MSWD is a 
metric of the Mean Square of the Weighted Deviates, and gives an indication of the mean distance of points from the 
line. Isochron calculated using the IsoplotR “three Radio” option for Pb-Pb isochrons (Vermeesch 2018).  
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Figure 3-5: LIA data from rectangular and fishtail ingots compared to geological ore data from the Central African 
Copperbelt. The geological data is comprised of ore samples from the Domes Region, Kafue Syncline, Katanga 
Core, Katanga Copperbelt, Kundelungu Plateau, and Zambian Copperbelt – all of which are genetically related. Data 
from compilation of Killick et al. (2020), plus unpublished data produced by Stephens in 2020.  
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Figure 3-6: Comparison between ingot data from Rademakers et al. (2019) on Ia (rectangular) and croisette ingots 
from the Upemba Depression and rectangular, Ia (rectangular and fishtail) and croisette ingot data from this study. 
Results from these two projects agree well with one another and clearly illustrate that the Kent Estates HXR ingot 
was produced from a different geological source.  
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Figure 3-7: HIH and HXR ingot isochron produced from ingots with radiogenic lead isotopic data (206Pb/204Pb > 
18.700. 207Pb/204Pb > 15.628). The Kent Estates ingot and ingots matching the Kipushi deposit were excluded from 
this calculation. 0.0039 is the 100(1- α)% confidence interval for the 207Pb/204Pb intercept. 0.1055 is the studentised 
100(1-α)% confidence interval for u with overdispersion. The gray band around the regression line represents the 
confidence interval. MSWD is a metric of the Mean Square of the Weighted Deviates, and gives an indication of the 
mean distance of points from the line. Isochron calculated using the IsoplotR “three Radio” option for Pb-Pb 
isochrons (Vermeesch 2018). 
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Figure 3-8: Comparison of HIH and HXR ingot LIA data to geological ore LIA data from the Central African 
Copperbelt (Killick et al. 2020; Stephens unpublished) and Magondi Belt (Stephens unpublished). The Kent Estates 
HXR ingot clearly diverges from the dominant trend in Copperbelt LIA values and is a better match for the Magondi 
Belt. However, more isotopic measurements of Magondi Belt ore samples are needed to better define this trend line, 
and to investigate whether individual ore deposits within this mining district can be distinguished. 
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Figure 3-9: A zoomed-in perspective of the highlighted box from Fig. 7 shows the highly clustered group of HIH 
and HXR ingot samples which match to LIA data from the Zn-Pb-Cu Kipushi deposit. Note that the scale is 
drastically different from Fig. 3-8. 
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Figure 3-10: Ingot chalcophile, siderophile, and iron chemical data from samples in this paper, Rademakers et al. 
2019, and Stephens et al. 2020.  
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Figure 3-11: Map illustrating the provenance conclusion for each sampled rectangular, fishtail, and croisette ingot 
in this study. Provenance results indicate that objects travelled significant distances to reach certain destinations and 
that interactions between the Copperbelt and areas further south can be traced back to the 6th-7th century CE. 
Geological basemap adapted from Thieblemont et al. (2016). 
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Appendix B Tables 
 

Sample ID Ingot Type Country Site Cultural 
Association 

Housing Museum Museum Accession 
Number 

Reference 

Zim-Dul-1 HIH Zimbabwe Dunlorne Farm - Museum of Human 
Sciences, Harare 

- - 

Zim-Kent-1 HXR Zimbabwe Kent Estates - Museum of Human 
Sciences, Harare 

- - 

Zim-Riv-1 HIH Zimbabwe Riverside Farm - Museum of Human 
Sciences, Harare 

- - 

Zim-Riv-2 HIH Zimbabwe Riverside Farm - Museum of Human 
Sciences, Harare 

- - 

Zim-Ryd-1* HXR Zimbabwe Chedzurgwe 
(Rydings) 

Ingombe Ilede Museum of Human 
Sciences, Harare 

QMIA 4462 Garlake 1970 

Zim-Safe-1 HXR Zimbabwe Yeadon Farms - Museum of Human 
Sciences, Harare 

QMIA 4461 Swan 2007 

Zim-Safe-2 HXR Zimbabwe Chedzurgwe 
(Rydings) 

Ingombe Ilede Museum of Human 
Sciences, Harare 

QMIA 4462 Garlake 1970 

Zim-Safe-4 HIH Zimbabwe Karoi area - Museum of Human 
Sciences, Harare 

QMIA 4464 Swan 2007 

Zim-Safe-5 HXR Zimbabwe Unknown - Museum of Human 
Sciences, Harare 

QMIA 4463 - 

Zim-Safe-6 HXR Zimbabwe Zave - Museum of Human 
Sciences, Harare 

QMIA 4455 Swan 2007 

Zim-Safe-7 HXR Zimbabwe Kashwao East - Museum of Human 
Sciences, Harare 

QMIA 4457 Swan 2007 

Zim-Safe-8 HIH Zimbabwe Zave - Museum of Human 
Sciences, Harare 

QMIA 4456 Swan 2007 

Zim-Safe-9 HIH Zimbabwe Graniteside Harare Museum of Human 
Sciences, Harare 

QMIA 4459 Swan 2007 

Zim-Safe-10 HIH Zimbabwe Makwiro - Museum of Human 
Sciences, Harare 

QMIA 4458 Swan 2007 

Zim-Safe-11 HXR Zimbabwe Zave - Museum of Human 
Sciences, Harare 

QMIA 4454 Swan 2007 

Zim-Safe-12 HXR Zimbabwe Karoi Dixie farm - Museum of Human 
Sciences, Harare 

QMIA 3068 Swan 2007 

Zim-Safe-13 HXR Zimbabwe Chedzurgwe 
(Rydings) 

Ingombe Ilede Museum of Human 
Sciences, Harare 

QMIA 4451 Garlake 1970 

Zim-Safe-14 HXR Zimbabwe Bassett Farm - Museum of Human 
Sciences, Harare 

QMIA 4453 Swan 2007 

Zim-Safe-15 HXR Zimbabwe Karoi area - Museum of Human 
Sciences, Harare 

QMIA 4467 Swan 2007 

Zim-Safe-16 HXR Zimbabwe Karoi area - Museum of Human 
Sciences, Harare 

QMIA 4465 Swan 2007 
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Zim-Safe-18 HIH Zimbabwe Horizon Farm - Museum of Human 
Sciences, Harare 

QMIA 4498 Swan 2007 

Zim-Safe-19 HXR Zimbabwe Karoi area - Museum of Human 
Sciences, Harare 

QMIA 4496 Swan 2007 

Zim-Safe-21 HXR Zimbabwe Gil Gil Mine - Museum of Human 
Sciences, Harare 

QMIA 4478 Swan 2007 

Zim-Safe-22 HXR Zimbabwe Easter Parade Farm - Museum of Human 
Sciences, Harare 

- - 

Zim-Safe-23 HIH Zimbabwe Mwami - Museum of Human 
Sciences, Harare 

- Swan 2007 

Zim-Safe-24 HIH Zimbabwe Beatrice area - Museum of Human 
Sciences, Harare 

QMIA 4484 Swan 2007 

Zim-Ship-1 HIH Zimbabwe Shipton Farm - Museum of Human 
Sciences, Harare 

- - 

Zam-II-7 HXR Zambia Ingombe Ilede Ingombe Ilede Livingstone Museum, 
Livingstone 

- Fagan et al. 
1969 

Zam-II-14 HXR Zambia Ingombe Ilede Ingombe Ilede Livingstone Museum, 
Livingstone 

- Fagan et al. 
1969 

Zam-II-15 HXR Zambia Ingombe Ilede Ingombe Ilede Livingstone Museum, 
Livingstone 

- Fagan et al. 
1969 

Zam-Kuma-1 Ia (Rectangular) Zambia Kumadzulo Early Iron Age Livingstone Museum, 
Livingstone 

- Vogel 1971 

Zam-Kamu-1 Ia (Fishtail) Zambia Kamusongolwa Early Iron Age Livingstone Museum, 
Livingstone 

- Daniels 1967 

Zam-Kan-19 Experimental X Zambia Kansanshi Modern - - - 
Zam-Luano-4 Ia (Fishtail) Zambia Luano main site Early Iron Age Livingstone Museum, 

Livingstone 
- Bisson 2000 

Table 3-1: Associated information for each sample. Further details for each sample are presented in OSM. 
* Duplicate sample to Zim-Safe-2 
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Sampl
e ID 

Ingot Type Site Lead 
(ppm) 

208Pb/206P
b 

2σ 207Pb/206P
b 

2σ 206Pb/204P
b 

2σ 207Pb/204P
b 

2σ 208Pb/204P
b 

2σ Provenanc
e 

Zim-
Dul-1 

HIH  Dunlorne Farm 0.310 1.138 0.000
3 

0.485 0.000
0 

34.279 0.004
0 

16.623 0.003
5 

39.026 0.011
6 

Copperbelt 

Zim-
Kent-1 

HXR  Kent Estates 15.212 1.534 0.000
3 

0.687 0.000
0 

24.393 0.004
0 

16.754 0.003
5 

37.428 0.011
6 

Magondi 
Belt 

Zim-
Riv-1 

HIH  Riverside 
Farm 

1.156 2.023 0.000
2 

0.829 0.000
0 

18.955 0.001
4 

15.717 0.001
4 

38.339 0.003
8 

Copperbelt 

Zim-
Riv-2 

HIH  Riverside 
Farm 

0.156 1.935 0.000
2 

0.773 0.000
0 

20.448 0.004
1 

15.817 0.004
0 

39.567 0.010
1 

Copperbelt 

Zim-
Ryd-1 

HXR  Chedzurgwe 
(Rydings) 

47.687 2.084 0.000
2 

0.866 0.000
0 

18.060 0.001
4 

15.634 0.001
4 

37.639 0.003
8 

Kipushi 

Zim-
Safe-1 

HXR  Yeadon Farms 13.781 2.085 0.000
2 

0.865 0.000
0 

18.067 0.001
4 

15.634 0.001
4 

37.663 0.003
8 

Kipushi 

Zim-
Safe-2 

HXR  Chedzurgwe 
(Rydings) 

293.368 2.084 0.000
2 

0.866 0.000
0 

18.058 0.001
4 

15.630 0.001
4 

37.630 0.003
8 

Kipushi 

Zim-
Safe-4 

HIH  Karoi area 1465.21
9 

2.085 0.000
2 

0.866 0.000
1 

18.052 0.001
9 

15.629 0.000
9 

37.628 0.004
5 

Kipushi 

Zim-
Safe-5 

HXR  Unknown 3.517 2.051 0.000
2 

0.843 0.000
1 

18.604 0.001
9 

15.684 0.000
9 

38.149 0.004
5 

Copperbelt 

Zim-
Safe-6 

HXR  Zave 90.826 2.085 0.000
2 

0.866 0.000
1 

18.047 0.001
9 

15.626 0.000
9 

37.624 0.004
5 

Kipushi 

Zim-
Safe-7 

HXR  Kashwao East 148.500 2.084 0.000
2 

0.866 0.000
1 

18.048 0.001
9 

15.626 0.000
9 

37.617 0.004
5 

Kipushi 

Zim-
Safe-8 

HIH  Zave 0.404 1.772 0.000
1 

0.726 0.000
0 

21.868 0.002
2 

15.881 0.002
0 

38.755 0.005
3 

Copperbelt 

Zim-
Safe-9 

HIH  Graniteside 1.129 1.999 0.000
1 

0.821 0.000
0 

19.149 0.002
2 

15.715 0.002
0 

38.283 0.005
3 

Copperbelt 

Zim-
Safe-10 

HIH  Makwiro 1372.11
6 

2.086 0.000
1 

0.866 0.000
0 

18.045 0.002
2 

15.634 0.002
0 

37.636 0.005
3 

Kipushi 

Zim-
Safe-11 

HXR  Zave 353.910 2.085 0.000
1 

0.866 0.000
0 

18.051 0.002
2 

15.633 0.002
0 

37.641 0.005
3 

Kipushi 

Zim-
Safe-12 

HXR  Karoi Dixie 
farm 

1127.96
1 

2.086 0.000
1 

0.866 0.000
0 

18.047 0.002
2 

15.634 0.002
0 

37.640 0.005
3 

Kipushi 

Zim-
Safe-13 

HXR  Chedzurgwe 
(Rydings) 

51.007 2.084 0.000
1 

0.866 0.000
1 

18.057 0.003
7 

15.630 0.002
8 

37.632 0.008
3 

Kipushi 

Zim-
Safe-14 

HXR  Bassett Farm 126.160 2.086 0.000
1 

0.866 0.000
1 

18.039 0.003
7 

15.628 0.002
8 

37.631 0.008
3 

Kipushi 

Zim-
Safe-15 

HXR  Karoi area 176.049 2.084 0.000
1 

0.866 0.000
1 

18.061 0.003
7 

15.634 0.002
8 

37.640 0.008
3 

Kipushi 

Zim-
Safe-16 

HXR  Karoi area 0.453 1.968 0.000
1 

0.798 0.000
1 

19.780 0.003
7 

15.783 0.002
8 

38.929 0.008
3 

Copperbelt 

Zim-
Safe-18 

HIH  Horizon Farm 0.249 1.927 0.000
2 

0.772 0.000
0 

20.511 0.004
1 

15.825 0.004
0 

39.523 0.010
1 

Copperbelt 
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Zim-
Safe-19 

HXR  Karoi area 61.411 2.086 0.000
1 

0.866 0.000
0 

18.045 0.002
3 

15.632 0.002
4 

37.634 0.006
8 

Kipushi 

Zim-
Safe-21 

HXR  Gil Gil Mine 187.123 2.085 0.000
1 

0.866 0.000
0 

18.053 0.002
3 

15.633 0.002
4 

37.641 0.006
8 

Kipushi 

Zim-
Safe-22 

HXR  Easter Parade 
Farm 

0.686 2.016 0.000
2 

0.812 0.000
0 

19.394 0.004
1 

15.755 0.004
0 

39.091 0.010
1 

Copperbelt 

Zim-
Safe-23 

HIH  Mwami 709.102 2.085 0.000
1 

0.866 0.000
0 

18.049 0.002
3 

15.632 0.002
4 

37.639 0.006
8 

Kipushi 

Zim-
Safe-24 

HIH  Beatrice area 0.943 2.014 0.000
1 

0.807 0.000
0 

19.517 0.002
3 

15.756 0.002
4 

39.303 0.006
8 

Copperbelt 

Zim-
Ship-1 

HIH  Shipton Farm 0.281 1.971 0.000
1 

0.770 0.000
1 

20.607 0.001
9 

15.862 0.001
6 

40.607 0.003
0 

Copperbelt 

Zam-
II-7 

HXR  Ingombe Ilede 142.026 2.085 0.000
4 

0.866 0.000
1 

18.057 0.002
2 

15.635 0.002
8 

37.647 0.007
3 

Kipushi 

Zam-
II-14 

HXR  Ingombe Ilede 0.294 1.888 0.000
2 

0.761 0.000
0 

20.809 0.003
1 

15.836 0.002
8 

39.287 0.009
7 

Copperbelt 

Zam-
II-15 

HXR  Ingombe Ilede 54.197 2.084 0.000
2 

0.866 0.000
0 

18.055 0.003
1 

15.631 0.002
8 

37.633 0.009
7 

Kipushi 

Zam-
Kuma-
1 

Ia 
(Rectangular
) 

Kumadzulo 1.632 1.940 0.000
1 

0.792 0.000
1 

19.937 0.003
0 

15.799 0.002
7 

38.667 0.006
2 

Copperbelt 

Zam-
Kamu-
1 

Ia (Fishtail)  Kamusongolw
a 

0.493 1.576 0.000
2 

0.648 0.000
0 

24.841 0.004
1 

16.088 0.004
0 

39.137 0.010
1 

Copperbelt 

Zam-
Kan-19 

Experimental 
X 

Kansanshi 0.321 1.980 0.000
2 

0.811 0.000
1 

19.359 0.002
7 

15.699 0.002
9 

38.338 0.007
1 

Kansanshi 

Zam-
Luano-
4 

Ia (Fishtail)  Luano main 
site 

0.301 1.984 0.000
3 

0.796 0.000
1 

19.812 0.006
6 

15.781 0.004
3 

39.316 0.010
2 

Copperbelt 

Table 3-2: LIA values for samples 
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Sample 
ID 

Ingot Type Site Provenanc
e 

Cr Fe Co Ni Cu 
(%) 

Zn As Se Mo Ag Cd Sn Sb Pb 

Method 
detectio
n limit 
in μg L-1  
 

   0.04
3 

0.011 0.619 0.006 0.007 0.032 0.014 0.025 0.54
2 

0.010 0.00
3 

0.002 0.019 0.005 

Zim-
Dul-1 

HIH  Dunlorne 
Farm 

Copperbelt <D.L 4.839 53.981 6.675 96.021 1.980 16.969 <D.L <D.L 0.039 0.02
3 

1.319 0.136 0.310 

Zim-
Kent-1 

HXR  Kent Estates Magondi 
Belt 

<D.L 489.73
7 

0.979 29.95
7 

95.452 4.142 7.841 145.12
7 

0.05
9 

1572.09
7 

<D.L 1.076 0.149 15.212 

Zim-
Riv-1 

HIH  Riverside 
Farm 

Copperbelt <D.L 9.799 139.69
2 

19.82
1 

95.985 2.300 57.682 <D.L <D.L 24.814 <D.L 1.833 0.769 1.156 

Zim-
Riv-2 

HIH  Riverside 
Farm 

Copperbelt <D.L <D.L 4.764 9.582 97.053 1.851 15.882 <D.L <D.L 16.206 <D.L 0.829 0.070 0.156 

Zim-
Ryd-1 

HXR  Chedzurgwe 
(Rydings) 

Kipushi <D.L 11.346 0.044 1.503 95.965 30.168 304.029 3.976 <D.L 1531.59
2 

0.22
0 

0.475 12.466 47.687 

Zim-
Safe-1 

HXR  Yeadon Farms Kipushi <D.L 53.086 0.103 1.293 94.443 39.031 239.560 <D.L <D.L 1885.01
8 

0.06
6 

0.507 2.271 13.781 

Zim-
Safe-2 

HXR  Chedzurgwe 
(Rydings) 

Kipushi <D.L 11.666 0.067 1.504 97.935 36.992 608.036 5.977 <D.L 1093.17
8 

0.65
4 

0.453 38.670 293.368 

Zim-
Safe-4 

HIH  Karoi area Kipushi <D.L 51.079 0.212 2.431 95.324 145.66
2 

1887.48
3 

<D.L <D.L 617.278 0.03
7 

0.332 23.147 1465.21
9 

Zim-
Safe-5 

HXR  Unknown Copperbelt 0.35
9 

157.52
5 

97.362 7.550 99.128 4.491 43.929 4.374 <D.L 90.791 0.01
6 

0.510 0.982 3.517 

Zim-
Safe-6 

HXR  Zave Kipushi <D.L 60.253 0.306 1.993 93.876 109.21
0 

623.770 2.966 <D.L 1349.46
5 

0.19
7 

0.424 9.110 90.826 

Zim-
Safe-7 

HXR  Kashwao East Kipushi <D.L 14.843 <D.L 0.746 98.632 56.249 1694.37
9 

4.375 <D.L 1444.60
4 

0.51
2 

0.224 10.846 148.500 

Zim-
Safe-8 

HIH  Zave Copperbelt <D.L 28.102 49.704 7.939 95.220 2.208 53.256 <D.L 0.34
4 

96.120 <D.L 0.371 0.320 0.404 

Zim-
Safe-9 

HIH  Graniteside Copperbelt <D.L 38.234 38.146 41.77
3 

100.87
6 

4.256 71.833 <D.L <D.L 177.155 0.04
0 

0.717 0.322 1.129 

Zim-
Safe-10 

HIH  Makwiro Kipushi <D.L 27.252 0.127 5.955 97.696 28.179 1443.37
6 

21.811 <D.L 563.891 <D.L 1.407 58.623 1372.11
6 

Zim-
Safe-11 

HXR  Zave Kipushi <D.L 17.455 0.119 1.521 95.363 12.763 2515.26
3 

11.333 <D.L 1759.07
6 

0.03
6 

0.784 110.84
4 

353.910 

Zim-
Safe-12 

HXR  Karoi Dixie 
farm 

Kipushi <D.L 9.483 0.105 1.782 99.303 94.501 916.837 10.754 <D.L 1616.92
6 

0.61
2 

0.456 27.239 1127.96
1 

Zim-
Safe-13 

HXR  Chedzurgwe 
(Rydings) 

Kipushi <D.L 16.503 <D.L 1.358 94.900 31.163 324.358 3.779 <D.L 1608.18
6 

0.18
6 

0.197 13.588 51.007 

Zim-
Safe-14 

HXR  Bassett Farm Kipushi <D.L 11.111 <D.L 3.649 98.328 28.995 337.654 5.985 <D.L 843.225 0.29
6 

0.223 2.240 126.160 
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Zim-
Safe-15 

HXR  Karoi area Kipushi <D.L 46.938 0.167 2.743 114.84
8 

130.71
9 

740.192 <D.L <D.L 1256.53
7 

0.16
5 

0.297 28.798 176.049 

Zim-
Safe-16 

HXR  Karoi area Copperbelt <D.L 12.866 144.44
6 

8.417 99.111 1.684 58.010 <D.L 0.08
4 

11.266 <D.L 0.269 0.348 0.453 

Zim-
Safe-18 

HIH  Horizon Farm Copperbelt <D.L 15.558 1.929 22.24
1 

98.944 3.266 10.938 <D.L <D.L 8.429 <D.L 0.365 0.174 0.249 

Zim-
Safe-19 

HXR  Karoi area Kipushi <D.L 28.710 <D.L 1.338 97.631 33.102 584.685 9.442 0.32
6 

1076.22
5 

0.24
3 

0.428 10.178 61.411 

Zim-
Safe-21 

HXR  Gil Gil Mine Kipushi <D.L 16.996 0.081 2.977 100.69
6 

32.738 477.294 8.730 <D.L 1653.65
8 

0.14
7 

0.325 17.996 187.123 

Zim-
Safe-22 

HXR  Easter Parade 
Farm 

Copperbelt <D.L 27.568 111.67
7 

10.74
5 

101.84
1 

3.717 27.605 <D.L <D.L 6.816 0.04
3 

<D.L 0.309 0.686 

Zim-
Safe-23 

HIH  Mwami Kipushi <D.L 19.095 0.394 5.633 94.482 59.601 1000.44
8 

9.663 <D.L 966.668 <D.L 0.451 61.742 709.102 

Zim-
Safe-24 

HIH  Beatrice area Copperbelt <D.L 31.766 16.214 32.45
6 

96.734 5.410 10.279 <D.L <D.L 4.629 <D.L <D.L 0.191 0.943 

Zim-
Ship-1 

HIH  Shipton Farm Copperbelt <D.L 13.704 73.562 14.81
5 

97.323 2.262 50.397 <D.L <D.L 0.672 <D.L 0.671 0.501 0.281 

Zam-II-
7 

HXR  Ingombe Ilede Kipushi <D.L 53.009 0.126 1.945 97.457 73.246 591.401 7.140 <D.L 87.575 0.05
7 

36.96
5 

23.693 142.026 

Zam-II-
14 

HXR  Ingombe Ilede Copperbelt <D.L 11.727 127.48
1 

4.620 97.632 1.924 27.759 <D.L <D.L 9.908 0.00
8 

18.51
0 

0.144 0.294 

Zam-II-
15 

HXR  Ingombe Ilede Kipushi <D.L 13.095 0.108 3.174 99.076 62.519 482.522 3.270 <D.L 1966.19
5 

0.23
0 

2.748 25.763 54.197 

Zam-
Kuma-1 

Ia 
(Rectangular
) 

Kumadzulo Copperbelt 0.36
1 

70.796 203.84
6 

11.45
3 

109.85
7 

2.076 42.531 3.557 0.12
3 

0.446 0.02
8 

0.970 0.431 1.632 

Zam-
Kamu-1 

Ia (Fishtail)  Kamusongolw
a 

Copperbelt 0.85
1 

31.718 17.469 11.47
7 

102.68
2 

8.698 13.168 <D.L 0.34
0 

0.186 0.21
0 

1.291 0.173 0.493 

Zam-
Kan-19 

Experimenta
l X 

Kansanshi Kansanshi 0.54
6 

84.622 0.436 30.67
4 

103.34
6 

3.129 1.281 4.061 <D.L 0.159 0.08
9 

0.699 0.043 0.321 

Zam-
Luano-4 

Ia (Fishtail)  Luano main 
site 

Copperbelt 0.25
6 

27.407 5.422 10.60
4 

112.60
7 

6.205 12.830 <D.L <D.L 0.193 0.01
7 

<D.L <D.L 0.301 

Table 3-3: Chemical data for samples. All values are reported in ppm except for Cu, which is reported in %. 1% = 10,000ppm. Detection limits are included in the second row, 
however these values are reported in μg L-1 of dissolved sample in solution. Thus, all values below detection limits were culled prior to converting the sample data to ppb (μg kg-1), 
ppm (μg g-1), and % in the solid sample. <D.L = less than detection limits. 
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Appendix B Online Supplementary Material (OSM) 1 
 
Sample Selection 
 
We selected a total of 33 rectangular, fishtail, croisette copper ingots (Table 3-1) from museums 
and institutions1 throughout southern Africa for this study. The rectangular and fishtail ingots are 
from the sites of Kumadzulo (rectangular) (Vogel 1971), Kamusongolwa (fishtail) (Daniels 
1967), and Luano (fishtail) (Bisson 2000). The HIH ingots sampled for this study were primarily 
from farms and towns located in northern Zimbabwe (Swan 2007), but also includes one object 
likely from the Graniteside site in Harare2. HXR ingots sampled by this project include three of 
the eight Ingombe Ilede HXR ingots (Fagan et al. 1969), two samples from the Chedzurgwe 
site3,4 (Garlake 1970), one sample from Kent estates, outside Harare, Zimbabwe, and 12 samples 
from farms and towns located in northern Zimbabwe (Swan 2007). The experimental “X” ingot 
was cast from copper ore mined from Kansanshi mine in the 1970’s and was given to the authors 
in 2016 by Dr. Mike Bisson.  
 
Data Processing 
 
The lead isotopic data for these samples range between radiogenic lead and common lead. 
Radiogenic lead refers to values which are above the average modern-day lead isotopic signature 
in the Earth’s crust (206Pb/204Pb = 18.700, 207Pb/204Pb = 15.628, 208Pb/204Pb = 38.63), while those 
below these values are referred to as common (Faure and Mensing 2005; Stacey and Kramers 
1975). For those samples which present a common lead signature, we can calculate an 
approximate model age of geological formation using the MATLAB solver published by 
Albarède et al. (2012). However, for samples which present radiogenic values, calculated model 
ages using the MATLAB model age solver are hundreds or thousands of millions of years into 
the future. This is expected for radiogenic samples because of the excess contribution of 206Pb, 
207Pb, and 208Pb via the radioactive decay of uranium and thorium. For samples with these 
radiogenic values, we must instead calculate an approximate date for the emplacement of a lead 
isotopic signature on an assemblage of samples presenting a linear array, or isochron, on the 
206Pb/204Pb vs 207Pb/204Pb plot. This approach is common in geological applications of lead 
isotopes, as a single ore deposit can produce datapoints at varying stages along a linear 
distribution based on variable concentrations of U and Th at its time of formation (T=0). As U 
and Th decay to 206Pb (from 238U), 207Pb (from 235U), and 208Pb (from 232Th) at characteristic 
rates, the intensity of these daughter isotopes will increase in a linear fashion whose slope is 
based on the amount of time elapsed since T=0 (Faure and Mensing 2005). Steeper slopes are 
more representative of older deposits while shallower slopes are representative of younger 

 
1 Samples in this study were housed in the Livingstone Museum in Livingstone, Zambia, the Museum of Human 
Sciences in Harare, Zimbabwe, and in the University of Cape Town archaeometallurgy study collection.  
2 The label for this sample is recorded as “Graniteside. 1731-CC-3?”, matching both the name and site number for 
the Harare period Graniteside burial site (Goodall 1962) despite the question mark. 
3 One sample (Zim-Ryd-1) from Chedzurgwe was a separately stored cutoff that had been previously removed from 
an HXR ingot and stored with the Chedzurgwe excavation materials. At the time of documentation, we did not know 
that this was a subsample of sample Zim-Safe-2 and only realized the duplication during the course of laboratory 
work. Therefore, we have sampled 33 individual ingots, but present data on 34 samples. 
4 Samples from Chedzurgwe were also labeled as Rydings, however we will use the site name Chedzurgwe in this 
publication. 
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deposits. For samples in this article, isochron ages were calculated using the program isoplotR 
and the “three ratio” Pb-Pb isochron generator, which also produces an associated measure of 
error for the age, or MSWD (Vermeesch 2018). This is a measure of the mean distance of 
datapoints from the regression line, and the closer to 1 MSWD, the more precise the isochron 
age. This is important for geochemists interested in dating episodes of mineral formation at ore 
deposits and MSWD values much greater than 1 are typically referred to as “errorchrons”. This 
distinction is not of significance for archaeological purposes, however, as we are not interested in 
dating episodes of mineral formation and assume that ores used to cast archaeological objects 
were not necessarily from the same deposit. Regardless of data type, lead isotopic data was also 
compared to our geological database consisting of 752 lead isotopic datapoints on sulfide and 
copper carbonate ore samples from varying deposits in districts in southern Africa. 
 
Sample chemistry was log transformed for both descriptive and multivariate statistical analysis, 
including hierarchical cluster analysis and principal component analysis. The hierarchical cluster 
analysis was performed using the hcut function in the factoextra R package and using the ward.D 
agglomeration method and euclidean distance to calculate the dissimilarity matrix. Results were 
then visualized using the fviz_dend function in the factoextra R package. Groups were inspected 
by PCA, using the prcomp function in the stats R package, to assess variabilities within the 
hierarchical cluster analysis relating to source attribution, technology, and deposit geochemistry. 
Missing values for these multivariate statistics can be handled in a number of different ways, 
however we chose the substitution method for handling these cases because we knew that all 
missing values fell below the detection limit of the Elan DRC-II ICP-MS instrument. Therefore, 
these values must be near-zero and we used the value “0.001” for these cases.   
 
We used the gap statistics method in the function fviz_nbclust from the factoextra R package to 
determine the optimum number of clusters in our dataset. This algorithm works by comparing 
the total intra-cluster variation against uniformly randomized data in order to assess the optimal 
number of clusters to create a data structure as far away from the random data as possible 
(Tibshirani et al. 2001). This statistical measure determined that the optimal number of clusters 
in our dataset was eight. However, upon assessing these groupings, we determined that two 
clusters were subgroupings of others, and therefore reduced the number of distinct clusters to six.  
 
Hierarchical Cluster Analysis of Sample Chemistry 
 
Multivariate statistical groupings were assessed independently of isotopic and chemical ingot5 
provenance hypotheses, yet still correlate with these attributions. These groupings can be defined 
from left to right on the hierarchical cluster analysis dendrogram (Fig. 3-12) as: 1) “Copperbelt 
group 1”, 2) “Phalaborwa and Magondi Belt”, 3) “Copperbelt group 2”, 4) “Kipushi”, 5) 
“Phalaborwa and Copper Queen”, and 6) “Phalaborwa and other”. This paper will focus on 
clusters 1, 2, 3, and 4, while further data from clusters 2, 5, and 6 will be discussed in a future 
paper.  
 
Clusters 1-3 are depleted in chalcophile elements (Zn, As, Se, Ag, and Pb) and in Fe and 
therefore fall on the left side of the cluster analysis dendrogram (Fig. 3-12 and Fig. 3-13). The 

 
5 Multivariate statistical analysis was run on the entire ingot assemblage, including 12 bar, bun, lerale, musuku, and 
nail head ingots which will published in detail in a future paper. 
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distinction between “Copperbelt groups” 1 and 2 lies in differences in Cr, Fe, Se, and Ag 
concentration; notably, “Copperbelt group 1” has Cr and Se values above detection limits and a 
higher average Fe concentration (67 ppm vs 24 ppm for Copperbelt group 2”) (Fig. 3-13). The 
gap statistical procedure initially separated the fishtail ingot Zim-Luano-4, the HXR ingot Zim-
Safe-22, and the HIH ingot Zim-Safe-24 from the remaining samples in the “Copperbelt group 
2” cluster, however most of their chemical values fall within the range of variation for 
“Copperbelt group 2” samples. The only difference is in the amount of Sn, which is below 
detection limits for these three samples. We therefore kept them associated with “Copperbelt 
group 2” samples, all of which have low values of Sn (mean of 2.5 ppm). 
 
The mixed cluster, “Phalaborwa and Magondi Belt”, is also similarly depleted in most elements, 
but exhibits higher average Fe (234 ppm), Se (85 ppm), and Ag (625 ppm) values (Fig. 3-13). 
The patterning of Fe, As, Se, and Ag in samples within this mixed group suggests different 
deposits, and the HXR ingot from Kent estates (Zim-Kent-1) has more Ag than Se, an Fe value 
lower than its Ag values, and a low As value. This patterning is consistent with the chemistry of 
the Magondi Belt. 
 
Conversely, the “Kipushi” and “Phalaborwa and Copper Queen” clusters fall to the right of the 
cluster analysis dendrogram because they exhibit high concentrations in Fe, Zn, As, Se, Ag, Sn, 
Sb, and Pb (Fig. 3-12 and Fig. 3-13). However, the “Kipushi” cluster exhibits lower average 
chalcophile (Zn: 59 vs 494 ppm, As: 869 vs 2929 ppm, Se: 8 vs 117 ppm, Sn: 3 vs 214 ppm, Sb: 
28 vs 150 ppm, and Pb: 378 vs 2297 ppm) and siderophile concentrations (Fe: 27 ppm vs 8396 
ppm, Co: <1 vs 99 ppm, Ni: 2 vs 708 ppm, and Mo: all but one below instrument detection limits 
vs 0.5 ppm), but higher average Ag (1254 vs 206 ppm) than “Phalaborwa and Copper Queen” 
samples (Fig. 3-13).  
 
These groups defined by hierarchical cluster analysis broadly agree with those we identified in 
our assessment of the lead isotopic and chemical data. Therefore, we are confident that these 
conclusions are real and indicative of the initial geological source for the copper used in the 
production of these objects.  
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Appendix B OSM 1 Figures 
 

 
Figure 3-12: Heirarchical clustering dendrogram of the total ingot chemistry assemblage, including bun, bar, lerale, 
and musuku ingot types. Groups are defined from left to right as: 1) “Copperbelt group 1”, 2) “Phalaborwa and 
Magondi Belt”, 3) “Copperbelt group 2”, 4) “Kipushi”, 5) “Phalaborwa and Copper Queen”, and 6) “Phalaborwa 
and Other”. 
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Figure 3-13: Biplots of PCA1 (42.7% of total variance) versus PCA2 (25.7% of total variance) and elemental 
contribution to variance. 
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Figure 3-14: Legend for the geological basemap used in Figs 3-1, 3-3, and 3-11 of the main text. Adapted from 
Thiéblemont et al. (2016). 
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Appendix B Online Supplementary Material (OSM) 2 
 

Sample ID Zim-Dul-1 
Ingot Type HIH 
Country Zimbabwe 
Site Dunlorne Farm 
Museum Site Reference 1730 CB 7 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) 2129 
Length (cm) 22 
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Sample ID Zim-Kent-1 
Ingot Type HXR 
Country Zimbabwe 
Site Kent Estates 
Museum Site Reference 1730 DC 22 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 32cm (Partial Ingot) 
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Sample ID Zim-Riv-1 
Ingot Type HIH 
Country Zimbabwe 
Site Riverside Farm 
Museum Site Reference 1730 CB 33 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) 18 
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Sample ID Zim-Riv-2 
Ingot Type HIH 
Country Zimbabwe 
Site Riverside Farm 
Museum Site Reference 1730 CB 33 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) 19 
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Sample ID Zim-Safe-1 
Ingot Type HXR 
Country Zimbabwe 
Site Yeadon Farms 
Museum Site Reference 1629 DA 6 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4461 
Reference Swan 2007 
Weight (g) 4307 
Length (cm) 31.5 
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Sample ID Zim-Safe-2, Zim-Ryd-1* 
Ingot Type HXR 
Country Zimbabwe 
Site Chedzurgwe (Rydings) 
Museum Site Reference 1629 DC 5 
Cultural Association Ingombe Ilede 
Context Surface 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4462 
Reference Garlake 1970 
Weight (g) 3490 
Length (cm) 29.5 

*Zim-Ryd-1 is a duplicate sample of Zim-Safe-2 that was stored at the Museum of Human 
Sciences as a separate cutoff.  
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Sample ID Zim-Safe-4 
Ingot Type HIH 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4464 
Reference Swan 2007 
Weight (g) 679 
Length (cm) 18.5 
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Sample ID Zim-Safe-5 
Ingot Type HXR 
Country Zimbabwe 
Site Unknown 
Museum Site Reference  
Cultural Association  
Context  
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4463 
Reference - 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 27cm (Partial Ingot) 
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Sample ID Zim-Safe-6 
Ingot Type HXR 
Country Zimbabwe 
Site Zave 
Museum Site Reference 1730 AA 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4455 
Reference Swan 2007 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 40cm (Partial Ingot) 
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Sample ID Zim-Safe-7 
Ingot Type HXR 
Country Zimbabwe 
Site Kashwao East 
Museum Site Reference 1730 BA 23 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4457 
Reference Swan 2007 
Weight (g) 3273 
Length (cm) 29 
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Sample ID Zim-Safe-8 
Ingot Type HIH 
Country Zimbabwe 
Site Zave 
Museum Site Reference 1730 AA 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4456 
Reference Swan 2007 
Weight (g) 1125 
Length (cm) 20.5 
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Sample ID Zim-Safe-9 
Ingot Type HIH 
Country Zimbabwe 
Site Graniteside 
Museum Site Reference 1731 CC 3 
Cultural Association Harare 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4459 
Reference Swan 2007 
Weight (g) 443 
Length (cm) 17.4 
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Sample ID Zim-Safe-10 
Ingot Type HIH 
Country Zimbabwe 
Site Makwiro 
Museum Site Reference 1730 CD 10 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4458 
Reference Swan 2007 
Weight (g) 1114 
Length (cm) 18.3 
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Sample ID Zim-Safe-11 
Ingot Type HXR 
Country Zimbabwe 
Site Zave 
Museum Site Reference 1730 AA 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4454 
Reference Swan 2007 
Weight (g) 1709 (Partial Ingot) 
Length (cm) 19.9 (Partial Ingot) 
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Sample ID Zim-Safe-12 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi Dixie farm 
Museum Site Reference 1629 DC 24 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 3068 
Reference Swan 2007 
Weight (g) 3573 
Length (cm) 31 

 

  



 179 

 
Sample ID Zim-Safe-13 
Ingot Type HXR 
Country Zimbabwe 
Site Chedzurgwe (Rydings) 
Museum Site Reference 1629 DC 5 
Cultural Association Ingombe Ilede 
Context Surface 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4451 
Reference Garlake 1970 
Weight (g) 3068 
Length (cm) 27.5 
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Sample ID Zim-Safe-14 
Ingot Type HXR 
Country Zimbabwe 
Site Bassett Farm 
Museum Site Reference 1730 AB 3 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4453 
Reference Swan 2007 
Weight (g) 3205 
Length (cm) 29.6 
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Sample ID Zim-Safe-15 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4467 
Reference Swan 2007 
Weight (g) 3347 
Length (cm) 29.9 
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Sample ID Zim-Safe-16 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4465 
Reference Swan 2007 
Weight (g) 2967 
Length (cm) 29 
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Sample ID Zim-Safe-18 
Ingot Type HIH 
Country Zimbabwe 
Site Horizon Farm 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4498 
Reference Swan 2007 
Weight (g) 350 
Length (cm) 17.4 
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Sample ID Zim-Safe-19 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4496 
Reference Swan 2007 
Weight (g) 3795 
Length (cm) 34 
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Sample ID Zim-Safe-21 
Ingot Type HXR 
Country Zimbabwe 
Site Gil Gil Mine 
Museum Site Reference 1629 CA 1 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4478 
Reference Swan 2007 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 38cm (Partial Ingot) 
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Sample ID Zim-Safe-22 
Ingot Type HXR 
Country Zimbabwe 
Site Easter Parade Farm 
Museum Site Reference 1629 DA 24 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - (Partial Ingot) 
Length (cm) - (Partial Ingot) 
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Sample ID Zim-Safe-23 
Ingot Type HIH 
Country Zimbabwe 
Site Mwami 
Museum Site Reference 1629 DB 10 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference Swan 2007 
Weight (g) 549 
Length (cm) 17.2 
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Sample ID Zim-Safe-24 
Ingot Type HIH 
Country Zimbabwe 
Site Beatrice area 
Museum Site Reference 1830 BD 12 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4484 
Reference Swan 2007 
Weight (g) 348 
Length (cm) 17.2 
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Sample ID Zim-Ship-1 
Ingot Type HIH 
Country Zimbabwe 
Site Shipton Farm 
Museum Site Reference 1730 CB 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) 20 
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Sample ID Zam-II-7 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 8 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 4080 
Length (cm) 31 
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Sample ID Zam-II-14 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 8 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 3970 
Length (cm) 36 
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Sample ID Zam-II-15 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 2 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 2310.5 
Length (cm) 31.5 
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Sample ID Zam-Kuma-1 
Ingot Type Ia (Rectangular) 
Country Zambia 
Site Kumadzulo 
Museum Site Reference - 
Cultural Association Early Iron Age 
Context Unknown (label reads K20 V.C.5 IV) 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Vogel 1971 
Weight (g) - (Partial Ingot) 
Length (cm) - (Partial Ingot) 
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Sample ID Zam-Kamu-1 
Ingot Type Ia (Fishtail) 
Country Zambia 
Site Kamusongolwa 
Museum Site Reference - 
Cultural Association Early Iron Age 
Context Locality B, 10” below surface 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Daniels 1967 
Weight (g) - 
Length (cm) 30 
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Sample ID Zam-Kan-19 
Ingot Type Experimental X 
Country Zambia 
Site Kansanshi 
Museum Site Reference - 
Cultural Association Modern 
Context Modern X-shaped ingot cast from Kansanshi 

copper ore 
Housing Museum - 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) - 
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Sample ID Zam-Luano-4 
Ingot Type Ia (Fishtail) 
Country Zambia 
Site Luano main site 
Museum Site Reference - 
Cultural Association Early Iron Age 
Context - 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Bisson 2000 
Weight (g) - (Partial Ingot) 
Length (cm) 14.4 (Partial Ingot) 
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4. Appendix C 
 
X-files of southern Africa II: Archaeological implications of rectangular, fishtail, and 
croisettes copper ingot provenance 
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Abstract 
 
Rectangular, fishtail, and croisette ingots dating between the 5th and 20th century CE have been 
found in many locations in the Democratic Republic of the Congo (DRC), Zambia and 
Zimbabwe, with isolated finds in Malawi and Mozambique. Molds for casting these ingots have 
been found mostly in the Central African Copperbelt, but also in Zimbabwe. For years, scholars 
have debated whether these ingots were made in the Copperbelt or if molds found in Zimbabwe 
were indicative of local copies produced from Magondi Belt copper ore (Garlake 1970; Bisson 
1976). However, recent studies applying lead isotopic and chemical analyses have established 
that most sampled croisette ingots can be sourced to the Copperbelt (Rademakers et al. 2019; 
Appendix B). Though Appendix B also demonstrated one example of Zimbabwean croisette 
ingot production, these conclusions highlight the Copperbelt as a central landscape feature, 
providing a connection between states formed in the Upemba Depression and those on the 
Zimbabwe plateau between the 9th and 18th centuries CE. We expand this discussion by pairing 
ingot chemistry and provenance with distribution patterns for rectangular, fishtail, and HIH and 
HXR croisette ingots and molds, and their high- and low-visibility technological features. By 
integrating these diverse datasets, we are able to reconstruct diachronic technological practices 
responsible for the production of these ingots and contextualize the nature of interaction between 
the Zimbabwe plateau and the Copperbelt. Measured iron concentrations in these ingots 
demonstrates that rectangular, fishtail, and croisette ingots found south of the Copperbelt were 
mostly produced from the selection of pure malachite nodules and smelted without the formation 
of a slag phase, and low-visibility technological features in croisette ingots and ingot molds from 
Zimbabwe suggest flows of knowledge from the Copperbelt to southern Africa between the 9th 
and 18th centuries CE. The assembled evidence also illustrates that Luangwa groups were 
responsible for the movement of HIH and HXR ingots to the south and east and were involved in 
the creation of hybrid objects linking communities of practice in the Copperbelt to those in 
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Zimbabwe, possibly through specialized traders such as some of the individuals buried at 
Ingombe Ilede and Chumnungwa.  
 
Introduction 
 
The Central African Copperbelt (hereafter the Copperbelt) is a belt of rich ore deposits that 
outcrop within a band 550 km EW and up to 150 km NS, along the border between Zambia and 
the Democratic Republic of the Congo (DRC) (Fig. 4-1). The Copperbelt contains numerous 
world class Cu-Co deposits, making it one of the most mineral rich resources on earth and a 
significant focus for modern artisanal and open-pit mining ventures. Lead isotope analysis shows 
that from at least the eighth century CE, communities in the Copperbelt supplied copper for 
ornamental and prestige objects which were distributed throughout the southern third of the 
African continent (hereafter southern Africa), sometimes over great distances (Rademakers et al. 
2019; Stephens et al. 2020; Appendix B). However, our understanding of copper mining by 
precolonial and historical communities in southern Africa is primarily based on observations 
from geologists in the 19th and 20th centuries (see Herbert 1984), and by archaeological projects 
in the 1960’s and 1970’s before precolonial sites were destroyed by modern mines (e.g. Bisson 
1976; Summers 1969; van der Merwe and Scully 1971). These projects were crucial in 
identifying 4th century cal CE activity in the Copperbelt as the earliest evidence for copper 
mining in southern Africa (Bisson 1976). Since the 1970’s, the Copperbelt and other important 
mining regions have seen almost no archaeological attention, despite important finds of large X-
shaped, or croisette, copper ingots in Malawi, Zimbabwe and southern Zambia and hundreds of 
similar, albeit smaller, croisette ingots from cemeteries in the Upemba Depression just to the 
north of the Copperbelt between 1965 and 1975. The archaeological context for many of these 
ingots indicates that they were prestige objects and/or a form of limited or general-purpose 
currency (Bisson 1975), and their distribution stresses the need for further archaeological work in 
the Copperbelt and other mining regions.  
 
The dearth in archaeological attention and materials from precolonial mines therefore makes 
objects like croisette ingots important foci for understanding who was exploiting these deposits 
and how they interacted within the larger region. Studies of croisette ingots excavated from 
dated archaeological contexts have allowed scholars to trace their evolution through time, 
possibly from bars with fishtail ends to the famous handa crosses of the 18th and 19th century 
(Fig. 4-2), and their findspots have long been recognized as potentially important evidence for 
interaction, as their distribution overlaps with the formation of states in both the Upemba 
Depression and the Zimbabwe Plateau (Bisson 2000; de Maret 1995; Nikis and Livingstone 
Smith 2017; Swan 2007). State formation in these regions began perhaps as early as the 10th 
century CE with the Luba state in the Upemba Depression (de Maret 2019), but certainly by the 
13th century CE on the Zimbabwe plateau and Limpopo valley with the Mapungubwe state, 
followed by the Great Zimbabwe state in the 14th century, and the Maravi, Mutapa, and Butua 
states in the 15th century CE. Archaeological attention to these states has focused on their 
relationship with East Africa and the Indian Ocean, particularly for those on the Zimbabwe 
plateau, but the nature of the relationship between states on the Zimbabwe plateau and the 
Upemba Depression is almost entirely unknown. Evidence for connections between the Indian 
Ocean trading network and participation in long-distance exchange is ample in Mapungubwe, 
Great Zimbabwe, and the Mutapa and Butua states (Chirikure 2014), but very few glass beads or 
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shells from East Africa and the Indian Ocean have been recovered from Upemba Depression 
sites before the 16th century (de Maret 2019). Our understanding of interactions between these 
regions cannot therefore rely on materials originating from East Africa and the Indian Ocean but 
must instead focus on indigenous African products subject to internal circulation, such the 
croisette ingots found in both regions.  
 
Recent lead isotopic and chemical analysis of 77 rectangular, fishtail, and croisette ingots from 
the Upemba Depression, Zambia, and Zimbabwe plateau prove that these two regions were in 
fact linked, certainly by the 14th century CE, through the Copperbelt (Rademakers et al. 2019; 
Appendix B). Data from these publications show that most ingots were produced using copper 
mined from the broader Copperbelt region, and occasionally pinpointed a specific mine, namely 
Kipushi, from whose ores certain objects were produced. Appendix B also documented one 
example of croisette ingot production using Zimbabwean copper, proving that the molds found 
in Zimbabwe sometimes were used to produce these ingots. Through the application of 
archaeometric methods to indigenous African products subject to intra-African circulation, we 
are beginning to reconstruct networks of exchange and interconnection with the African 
continent. In this article we expand this discussion by contextualizing the nature of interaction 
between the Zimbabwe plateau and the Copperbelt and reconstructing the communities 
responsible for tying these regions together.  
 
Theoretical Background 
 
In this article we apply community of practice (Lave and Wenger 1991; Wenger 1998) and social 
constructionist (Dietler and Herbich 1998; Dobbres and Hoffman 1994; Killick 2004) theories to 
contextualize archaeometric results from the analyses of multiple ingot types (rectangular, 
fishtail, HIH, and HXR). These theoretical lenses allow us to shed light on interactions between 
the Copperbelt and areas further south, and to address questions surrounding who was producing 
these rectangular, fishtail, and croisette ingots and how these producers interacted within a larger 
regional framework. A communities of practice approach in archaeology is used to identify 
situated learning over time and space, and is defined by five key aspects: community, (situated) 
learning, meaning, boundary, and locality (Wenger 1998). The communities which we study 
through this lens are those that have mutually engaged towards a joint enterprise and possess a 
shared repertoire of practice. Once established, the community itself is a continually re-
negotiated entity as new-comers (i.e., apprentices) engage with, become, and eventually replace 
older members through situated learning and legitimate peripheral participation (Wenger 1998). 
When viewed through time, a communities of practice approach becomes a way to identify the 
various continuities and discontinuities of the situated learning, and thus membership, process 
(Wenger 1998).  
 
Within a given community, this process of (re)creating meaning is achieved by both participation 
in the community by individuals of a shared repertoire, as well as the reification of joint 
enterprises (Wenger 1998). Archaeological artifacts represent the reified objects of a past 
community of practice and are an important key through which we can identify these 
communities on an archaeological landscape. A community of practice is not necessarily tied to 
spatially defined units such as a site or overarching culture, but the locality of practice is defined 
by the process of shared learning through mutual engagement, joint enterprises, and repertoires 
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(Wenger 1998). Communities of practice are not isolated, and boundaries naturally exist between 
various communities, although ties can be established across boundaries through reified 
boundary objects or participatory brokers. Communities whose characteristics appear broad and 
variable are therefore likely to in fact be multiple communities interacting within a broader 
constellation of practice – a network of many communities of practice that share some 
characteristics but are diverse based on their degree of interaction within the network at large 
(Wenger 1998; see Schoenbrun 2016 as an example). In this sense, a constellation of practice 
may be an overarching identity which helps unify a number of communities of practice through 
mutual engagement, or a number of communities interacting over a landscape and defined by 
some aspect of shared repertoire.  
 
To help identify and understand communities of practice, archaeologists often rely on a chaîne 
opératoire framework to re-construct the life-history of an object, from initial material 
procurement, to production, consumption and use, and eventual deposition. The technological 
style of an object builds on this chaîne opératoire framework but also considers the social, 
economic, and political relations which operate on a craftsperson within a community of practice 
as they decide which steps to include in this sequence (Dobres and Hoffman 1994; Gosselain 
2016; Mills 2016). By reconstructing the exact sequence of operations used in the production of 
an artifact, it is therefore possible to identify meaningful high and low-visibility choices made by 
a producer existing in a social milieu in which there is usually more than one way to accomplish 
a task (Killick 2004; Mills 2016). Thus, the choices made by a craftsperson in the chaîne 
opératoire are regarded as socially influenced and help construct the technological style of a 
community (Dobbres and Hoffman 1994; Frame 2009). Our analysis of rectangular, fishtail, and 
croisette ingots draws from these concepts to integrate provenance, technological, practice, and 
distributional datasets within the social, economic, and political spheres which operated on the 
craftspeople responsible for their production. 
 
Rectangular and Fishtail Ingots (Type “Ia”, 6th – 9th/12th centuries CE) 
 
The earliest copper ingots in southern Africa appear as simple rectangular bars or fishtail ingots - 
elongated rectangular bars with slight indentations at either end – and are identified by the “Ia” 
type in the copper ingot typology from de Maret (1995; Fig. 4-2). There are only a few known 
examples of rectangular and fishtail ingots and findspots (OSM Table 4-2; Fig. 4-1) include two 
sites along the Luano river near Lubumbashi (Anciaux de Faveaux and de Maret 1980; Lingot in 
Rademakers et al. 2019) and Chingola (Luano main site in Bisson 2000). Other examples have 
been found to the south at Kamusongolwa (Daniels 1967) and Kumadzulo (Vogel 1971). Dates 
for these ingots are poorly defined and range between the 5th and 12th century cal CE (OSM 
Table 4-5), but de Maret (1995) and Nikis and Livingstone Smith (2017) have suggested that the 
fishtail style ingots could be an intermediate shape between these early rectangular bars and 
the croisette HI and HIH ingots (Fig. 4-2). Chemical and lead isotopic provenance data in 
Rademakers et al. (2019) and Appendix B both suggest that rectangular and fishtail ingots source 
to the Cu-Co deposits that proliferate within the Copperbelt, but it is not currently possible to 
achieve a more specific resolution on these provenance conclusions.  
 
Technologies of Production and Low-Visibility Technological Indicators 
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Both Rademakers et al. (2019) and Stephens et al. (Appendix B) used ICP-MS instrumentation to 
measure the major-, minor- and trace-element chemistry of rectangular, fishtail, and croisette 
ingots. The iron content is a particularly important indicator of how the ore was processed. 
Impure copper ores include silica and alumina gangue that must be removed by addition of iron 
oxides or hydroxides to form a liquid slag from the gangue and separate it from the molten 
copper (Hauptmann 2014). Iron concentrations for copper produced from this method can be 
several percent, and while refining in an open crucible can remove most of this iron, it is not 
typically possible to reduce the value below 0.25% (Craddock and Meeks 1987). Values lower 
than this are indicative of a process where pure malachite nodules were smelted without the 
formation of a slag phase, as was argued in Rademakers et al. (2019, 12) and Stephens et al. 
(2020, 13-14).  
 
The analyzed rectangular and fishtail ingots had iron values of less than 250ppm, indicating that 
all were produced from the selection of large nodules of pure malachite and smelted without the 
generation of a distinct slag phase (Rademakers et al. 2019; Appendix B). Massive malachite is 
still abundant on the Copperbelt, usually deposited in cavities in limestone (de Putter et al. 2010), 
and slagless copper smelting was demonstrated by Kaonde smelters, indigenous inhabitants of 
the Copperbelt, on numerous occasions in the 1960’s and 1970’s during copper smelting 
reenactments (Miller 1994). Based on the practices of these smelters, rectangular and fishtail 
ingot production may have followed a similar procedure, where copper metal was collected in a 
crucible at the base of the furnace and then poured into a mold to cast these ingots. Each of these 
rectangular and fishtail objects are relatively thin (≤1cm) and contain irregularities in their shape, 
suggesting that the form for each object was drawn, likely into sand, before casting. 
Unfortunately, much of this discussion remains speculative because most rectangular and fishtail 
ingots are fragmentary and prevent reconstructions of length and weight patterns, and no molds 
have been found.  
 
Archaeological Significance 
 
The archaeological landscape within which rectangular and fishtail ingots were produced and 
circulated was one of a high degree of human mobility, as evidenced by “foreign” design 
attributes in the ceramic assemblages of Early Iron Age (EIA) Zambian sites between the 
Victoria Falls and Copperbelt areas (Phillipson 1972; Vogel 1971). Importantly, ingots from this 
period have not been found in Botswana or Zimbabwe, a pattern which matches the distribution 
of “western” and “eastern” stream1 Bantu ceramics (Huffman 2007) and suggests that interaction 
networks formed as “western” stream groups migrated into Zambia and “eastern” stream 
ceramics spread into Zimbabwe and Botswana through the tsetse free corridor in the southwest 
corner of Tanzania (Huffman 2007). Scholars have interpreted the diversity of ceramic styles 
with overlapping design attributes in Zambia during this period as evidence for small scale 
interaction between villages, perhaps related to down the line trading of copper as ingots or 
finished objects (Bisson 1975; Bisson 1982; Fagan 1969; Vogel 1971; Vogel 1975). Lead 
isotopic and chemical analysis of these early ingots by Rademakers et al. (2019) and Appendix B 

 
1 The model of “eastern” and “western” stream migrations into southern Africa is currently being re-evaluated from 
a linguistic standpoint. The various population movements into southern Africa are now labeled “Central-Western”, 
“West-Western”, “South-Western”, and “Eastern” following Grollemund et al. (2015). We currently await 
archaeological evaluation of this model, and thus keep the “eastern” and “western” stream classification. 
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confirm site connections to the Copperbelt, based on ceramic style, but the specific mechanisms 
for this interaction require further study.  
 
HIH Ingots (9th – 14th centuries CE) 
 
Following the rectangular and fishtail ingot types, groups of producers in the Copperbelt began 
to manufacture highly stylized and standardized ingots which established the croisette ingot form 
(Fig. 4-2). These HIH ingots have two sets of parallel arms radiating outward in opposite 
directions from an elongated midsection. On present evidence, production of this ingot type 
starts sometime in the 9th century cal CE and continues until the 14th century cal CE (de Maret 
1995; Nikis and Livingstone Smith 2017; OSM Table 4-5). Lead isotope and chemical data 
indicate that these activities were concentrated at the many Cu-Co deposits within the 
Copperbelt, though three ingots specifically source to the Zn-Pb-Cu Kipushi deposit 
(Rademakers et al. 2019; Appendix B). The distribution of HIH ingots to the south of the 
Copperbelt is similar to that of rectangular and fishtail ingots but continues further into 
Zimbabwe, while HIH ingots north of the Copperbelt were primarily recovered from burial sites 
in the Upemba Depression in the DRC (de Maret 1995; Nikis and Livingstone Smith 2017, fig. 
2; Swan 2007). Sites with HIH ingots in Zimbabwe are either Luangwa ceramic tradition sites, 
such as those with Musengezi, Harare, Chinhoyi or Ingombe Ilede ceramics, or Zimbabwe 
tradition sites such as Chumnungwa and Great Zimbabwe (Garlake 1970; Swan 2007; Fig. 4-3). 
HIH ingots have also been reported in Mozambique (de Maret 1995; Nikis and Livingstone 
Smith 2017; Swan 2007). Molds for this ingot type have been found at Kipushi and Tenke-
Fungurume, indicating that this shared base of knowledge was distributed over a large area in the 
Copperbelt (Arazi et al. 2012; Nikis and Livingstone Smith 2017, fig. 2). 
 
The large geographic distribution and extended period of production (9th – 14th century CE) 
indicate that the standardized shape of HIH ingots was produced from the continuity of learned 
knowledge via the situated learning process (Lave and Wenger 1991). By reconstructing the 
chaîne opératoire of production from chemical data and low-visibility technological indicators, 
we evaluate variabilities in the technological style of HIH ingots to better understand the 
communities involved in and base(s) of knowledge drawn upon for their production. These 
implications are important to better understand the archaeological record between the 9th – 14th 
centuries CE, as the period of production for these ingots corresponds with important episodes of 
migration and state formation to both the north and south.  
 
Technologies of Production 
 
Iron values published by Rademakers et al. (2019) and Appendix B for HIH ingots are bimodal – 
the majority are extremely low with less than 100ppm Fe, while two HIH ingots from Bolela in 
the Upemba Depression have 0.11-0.31% Fe. These results are indicative of both the type of ore 
selected and the type of smelt used to produce the copper metal. The HIH ingots with less than 
100ppm Fe must have been smelted using a slagless copper smelting technique, while those with 
0.11-0.31% Fe certainly are the result of a copper smelt which produced a slag phase (Craddock 
and Meeks 1987; Rademakers et al. 2019). Those with low Fe values also clearly relied on pure 
malachite nodules, such as the famous void-filling malachite that can be found throughout the 
Copperbelt (De Putter et al. 2010), as impure malachite would require the addition of Fe 
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minerals to separate gangue impurities, through the formation of a slag phase, from the copper 
metal (Craddock and Meeks 1987). Both types of copper smelting technologies were displayed 
in smelting demonstrations by Kaonde smelters in the 1960’s and 1970’s (Miller 1994), and their 
remarkable technological fluidity appears to be indicative of metallurgical practices that can be 
traced back at least to the 14th century CE.  
 
Low-visibility Technological Indicators  
 
Bisson’s (1976) excavation of Area A at Kipushi found HIH ingot molds dating between the 9th 
and 14th centuries cal CE and documented two different technologies which could be used to cast 
copper. The first, and most prominent of these were tap furnaces and flow slag which indicate 
that copper could be tapped directly from furnaces to cast objects. The second was a single 
crucible which was likely placed at the base of a furnace during a copper smelt to collect molten 
copper and was then recovered by breaking down the furnace and pouring the molten copper into 
molds for casting. The crucible type was also the predominant type at the site of Kansanshi and 
was also exhibited during the same Kaonde smelting demonstrations in the 1960’s and 1970’s 
(Miller 1994).  
 
Whereas the iron values of HIH ingots indicate two different technologies related to ore 
selection, the smelting furnaces indicate two different technological practices of production 
which date back at least to the 9th century cal CE. Each production method would produce 
different (low visibility) technological indicators which should remain apparent on complete 
objects. Tapping furnaces would require a sprue channel to direct the copper to the mold for 
casting, and normally leave a sprue mark on cast objects where the channel was cut away from 
the object. Conversely, molds filled from a hand-held crucible would show indications for the 
location where copper was poured into the mold, as is evident in the later HXR ingot type. Of the 
21 HIH ingots that we were able to document or inspect, none exhibit evidence for either a pour 
mark or sprue, though all show evidence for being cast in an open mold - evident by the rippling 
texture on their outer-face, or the face that exposed to air during casting (Fig. 4-4). Some HIH 
ingots also display lips on their outer surface, indicating where copper metal flowed over the top 
surface of the mold, or depressions, indicating that a mold was underfilled and leading to a sort 
of collapsed surface texture (see FE-15 in the OSM for Rademakers et al. 2019). The lack of 
clear low-visibility indicators related to casting is curious and requires further investigation.  
 
Molds 
 
Although the method for casting remains in question, molds used to produce HIH ingots are well 
documented. On the Copperbelt, these are ceramic and are double-sided (with a mold on both the 
front and back) (de Maret 1995; Nikis and Livingstone Smith 2017). Such molds have been 
found at Kipushi (Bisson 1976), along the Luano river near Lubumbashi (Anciaux de Faveaux 
and de Maret 1980), and at Tenke-Fungurume (Arazi et al. 2012; Fig. 4-5). Despite 185km 
separating Tenke-Fungurume from Kipushi and Lubumbashi, these ingot molds were produced 
in the same way and indicate a shared, and widespread, base of knowledge surrounding how they 
should be produced – as ceramic and double sided. All molds show evidence for use and are 
frequently cracked or have areas of spalling where thermal shock has damaged the mold face, but 
none show signs of a casting channel where copper was directed into the mold. In addition to 
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these molds from the Copperbelt, two HIH molds were found in early excavations at Great 
Zimbabwe. These were recovered by Hall (1905), likely from Enclosure 6 of the Great Enclosure 
(Garlake 1973, 116), and Bent (1896), in a small cave on the Acropolis of Great Zimbabwe and 
in association with metallurgical debris (Fig. 4-5). Both molds are of soapstone rather than 
ceramic, a practice that was common to metallurgists at Zimbabwe tradition sites (c. 1300-1450 
CE). The object from the acropolis of Great Zimbabwe is smaller (13cm) and appears to only 
have a mold on a single face2, whereas the mold from Enclosure 6 is within the normal range for 
HIH ingots (15-20cm est. length), has molds on both its front and back faces, and was found in 
context with two iron gongs (Garlake 1973, 134). Neither of these molds shows any evidence for 
use.  
 
The resulting picture from provenance data, chemistry relating to smelting practices, and low-
visibility technological indicators seem to suggest that multiple communities were involved in 
their production and were linked by a shared knowledge base relating to ingot shape, casting 
method, and production of ingot molds. To investigate this question further, we assembled a 
database of ingot lengths and weights to explore standardization and organized efforts within and 
between communities of HIH ingot producers.  
 
Ingot Size 
 
The length and weight data for HIH ingots (OSM Table 4-3, Fig. 4-6) show significant 
variation, despite a fairly standardized shape. The total length and weight range for HIH ingots is 
11-22cm and 100-2129g, but the majority are between 17-21cm in length and 140-2120g in 
weight. The exhibited variability in ingot weight, given the relatively uniform length, ties 
directly to ingot thickness (Fig. 4-4). Variation in this metric is unsurprising given that Bisson 
(1976, 478-479 specimen numbers 1-8) documented a variety of mold depths in his recovered 
HIH mold assembly from Kipushi (see also Bisson 1975, 284). Further, these ingots show signs 
of irregularity in how squared or curved each arm ends, arm length, their angle radiating out 
from the midsection, and midsection length. These features suggest that the shape of each ingot 
was drawn into the matrix of the mold by hand and that the variability in these categories relates 
to preferences and practices of each producer, rather than using a previous ingot to replicate its 
shape. Four3 HIH ingots from Zimbabwe show a significant diversion from the total assemblage, 
as they are thicker (and therefore heavier; >1000g), and have well squared top and side surfaces, 
indicating that these surfaces were carefully smoothed (Fig. 4-4). Three ingots also have a visible 
flange running around the face that would be inside the mold during casting (hereafter “inner-
face”) (Fig. 4-4). These technological features indicate a trend towards characteristics of the 
HXR ingot style, and we therefore believe these four ingots to be transitional between the HIH 
and HXR ingot types.4  
 

 
2 We were unable to inspect this object personally. Descriptions by Bent (1896) and Caton-Thompson (1931) 
describe only one face.  
3 An HIH ingot from Chumnungwa should also be included in this category, but it could not be located in 2019. 
Swan (2007) reproduce the measurement given in Hall and Neal 1902 (13cm), but this measurement is likely 
incorrect as it displays many features present in the transitional HIH ingot category. 
4 These are surface finds and therefore have no associated context to prove this hypothesis 
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The diversity in these features reveals an interesting pattern that was also observed by de Maret 
(1981; 1995). Smaller ingots appear more frequently in the western Copperbelt and Upemba 
Depression, while larger ingots appear more frequently in Zimbabwe (Fig. 4-6). This pattern 
appears to preview later consumption and production patterns in the 14th century, in which the 
Upemba Depression consumed smaller HX and HH ingots produced in the western portion of the 
Copperbelt, while Zimbabwe and Malawi consumed larger HXR ingots produced in the eastern 
portion of the Copperbelt. As there is currently no evidence for state formation in the Copperbelt 
during this period, nor evidence for regional subjugation of the Copperbelt by Upemba 
Depression or Zimbabwe states, these trends could be indicative of several larger behavioral 
patterns related to either (1) consumer or (2) producer practices. 1) The various communities of 
producers on the Copperbelt may have been aligning their practices to regional consumer 
preferences – thinner, shorter ingots for communities in the western Copperbelt and Upemba 
Depression, and thicker, longer ingots for communities in Zimbabwe. Evidence for this is 
supported by behaviors in the following period, as 14th century CE communities in the Upemba 
Depression adopt HH croisette ingots as a form of monetary currency (Bisson 1975; de Maret 
1981), indicating a consumer preference for smaller ingots that could be bundled into groups. 2) 
An alternative explanation suggests that the later distinction between groups of producers in the 
eastern and western Copperbelt, present after the 14th century CE (see below), also existed earlier 
between the 9th and 14th centuries CE. This explanation suggests a split in the Copperbelt that 
encouraged producers in the western Copperbelt to make smaller HIH ingots that were 
transported north to the Upemba Depression along the Lualaba and Lufira rivers, and producers 
on the eastern Copperbelt, including Kipushi, to make larger ingots which were transported south 
along the Kafue river to the Zimbabwe plateau. Unfortunately ingot provenance cannot help us 
distinguish between these two hypotheses, but variation in provenance data, chemistry relating to 
smelting practices, and low-visibility technological indicators all document the agency that 
communities of HIH producers could impart over the process of making these ingots. Despite 
this variation, these production practices were clearly based on the same foundational knowledge 
related to ingot shape, casting method, and ingot mold production method. Using a communities 
of practice approach, these lines of evidence perhaps indicate that HIH producers were tied 
together into a broad constellation of HIH production, however limited archaeological evidence 
from the Copperbelt region precludes us from making a more definitive statement. It is currently 
unclear what was being transported to the Copperbelt in exchange for these ingots. This question 
will be addressed further below.  
 
Archaeological Significance 
 
Although HIH ingots were produced from the 9th century cal CE, HIH production after 1000CE 
is particularly significant as ceramics from archaeological sites on the Copperbelt and further to 
the south no longer display the stylistic variability noted at sites in the EIA. Rather, sites seem to 
relate to the Luangwa ceramic tradition, with a characteristic assemblage of forms and banded 
decoration usually produced with comb stamping (Phillipson 1974, 7-10). Phillipson (1974) and 
Huffman (1989; 2021) attribute the presence of Luangwa type ceramics at sites after 1000CE to 
migration from the Copperbelt area toward the south into southern Zambia and northern 
Zimbabwe (Fig. 4-3). At the Kipushi site, the Late Iron Age (LIA) phase I is associated with 
numerous examples of HIH molds and exhibits the earliest date for these Luangwa type 
ceramics, suggesting that Luangwa communities were directly responsible for HIH ingot 
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production (Bisson 1976, 335). Ceramics related to this phase of the Kipushi site were also found 
in the contemporaneous LIA phase 1 of Kansanshi, at Kamusongolwa, and at the Chondwe site 
on the Zambian portion of the Copperbelt (Bisson 1976; 216). Luangwa tradition groups 
eventually included the Musengezi, Harare, Chinhoyi, and Ingombe Ilede ceramic traditions 
which inhabited the area of southern Zambia and northern Zimbabwe until the arrival of the 
Mutapa state in 1450CE (Garlake 1970; Huffman 1971; Huffman 1989; Huffman 2021; 
Phillipson 1974; Pikarayi 2001). Therefore, the distribution of HIH ingots south of the 
Copperbelt after 1000CE displays remarkable similarities with the distribution of the Luangwa 
ceramic tradition. The distribution of HIH ingots north to the Upemba Depression is not linked to 
this pattern, as Classic Kisalian pottery is not related to the Luangwa Tradition. Rather, the 
movement of HIH ingots to the north is perhaps a product of networks formed in the EIA period, 
since Kamilambian pottery from the initial occupation of the Upemba Depression in the 7th 
century CE is related to contemporaneous Chondwe style ceramics found on the Copperbelt 
(Anciaux and de Maret 1984; de Maret 2013; Phillipson 1972).  
 
Evidence from HIH ingot producers at Kipushi, lead isotopic data linking Zimbabwe HIH ingots 
to the Kipushi mine in the Copperbelt (Appendix B), and ceramic attributes from groups in 
northern Zimbabwe who were consuming these ingots, all seem to indicate that groups 
associated with the Luangwa tradition were responsible for the mobility exemplified in the 
distribution pattern of these ingots. Finds of HIH ingots at Zimbabwe tradition sites suggest that 
this occurred in the 14th century (Swan 2007), but the specific mechanism responsible for the 
distribution of HIH ingots remains unclear. The ceramic assemblages at Kipushi and Kansanshi 
are related to Musengezi, Harare, Chinhoyi, and Ingombe Ilede ceramics, but there is no direct 
evidence to suggest that these groups travelled to the Copperbelt to cast HIH ingots, nor is there 
evidence for HIH ingot production in areas beyond the Copperbelt (though see below for 
discussion of HIH molds at Great Zimbabwe). Similarly, evidence from HIH ingots in the 
Upemba Depression does not suggest that people from this area travelled to the Copperbelt to 
cast these ingots. Size trends for these ingots suggest several possibilities relating to either 
consumer preferences, or an early manifestation of distinct eastern vs western Copperbelt 
production practices, which are prominent after the 14th century CE. 
 
At Great Zimbabwe, finds of two HIH ingot molds has long been the central crux of an argument 
for local (Zimbabwe tradition) production (see Chirikure 2020; Garlake 1970; Swan 2007). 
However, these molds show no evidence for actual use (Bisson 2000; JAS, personal observation, 
2019), and all analyzed HIH ingots thus far were produced from copper mined within the 
Copperbelt (Rademakers et al. 2019; Appendix B). Despite this fact, there are several interesting 
features of these molds. Unlike the HIH ingot molds recovered from Kipushi and other sites in 
the Copperbelt, both molds from Great Zimbabwe were carved of soapstone and are therefore a 
product of a distinctive Zimbabwean community of practice. Other examples of soapstone 
metallurgical molds for ingots have been recovered from Great Zimbabwe (Hall 1905) and from 
other Zimbabwe tradition sites such as Cornucopia (Prendergast 1979). Since the HIH mold 
recovered from the Acropolis was single sided, it could have been carved by visually copying the 
form of an HIH ingot and therefore did not require any knowledge transfer from croisette 
producers on the Copperbelt. However, the “column” mold recovered by Hall (1905) from the 
Great Enclosure was carved on both sides of the soapstone block, in the same manner that molds 
on the Copperbelt were manufactured. The conclusion from this is clear: this mold is a hybrid 
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object, with technological attributes from communities of producers in both the Copperbelt and 
Zimbabwe, and is an example of technology transfer from the Copperbelt. The actual production 
occurred by someone familiar with manipulating soapstone, a practice common around Great 
Zimbabwe, but the specifics of the mold must have come from someone with actual knowledge 
of HIH ingot production from the Copperbelt, not merely someone wishing to copy a shape. This 
individual, or group of individuals, possibly made the journey from the Copperbelt to Great 
Zimbabwe and interacted with craftspeople (soapstone carvers or copper smelters), resulting in 
the production of a hybrid object with attributes of the technological style of both regions. The 
presence of these two HIH molds at Great Zimbabwe therefore makes a clear statement – the 
form itself contained power to those in the Zimbabwe tradition and motivated interest in how it 
could be copied. 
 
Though we do not currently know who shared this knowledge, associated finds could help 
provide an answer. At Great Zimbabwe a pair of iron gongs, and blacksmithing tools were found 
in association with the ingot mold from Enclosure 6 (Garlake 1973, 132), and at least 10 iron 
gongs have been found at the Great Zimbabwe site (Chirikure 2020; Garlake 1973; Walton 
1955). The association of gongs and croisette ingots/molds together seems to speak towards a 
larger pattern of bundled objects that is also seen at sites like Chumnungwa5 and Ingombe Ilede, 
where iron gongs, blacksmithing tools, gold, and croisette ingots were found in burial contexts 
(Hall and Neal 1902, 229; Fagan 1969). Iron gongs and blacksmithing tools are typically held as 
symbols of kingship in central Africa and are commonly used by archaeologists to suggest 
connections to central Africa (Chirikure 2020; Garlake 1973; Fagan et al. 1969; Vansina 1969). 
The presence of iron gongs, copper ingots/molds, and other prestige items with burials has also 
been argued to be a product of a “western” stream identity originating from central Africa 
(Huffman 1971; Huffman 1989; Huffman 2021). While the ingot from Chumnungwa 
unfortunately cannot be located, images in Hall and Neal (1902, ill. Opp. p. 150) show that it is a 
transitional HIH type ingot with a flange. Hall (1909) also reports that Neal found a “St. 
Andrew’s cross” in a burial in a ruin – presumably at Great Zimbabwe – and that Hall 
encountered numerous burials with crosses and iron gongs in graves at Great Zimbabwe which 
he assumed to be more recent in date (Hall 1909, 93-94). The bundled presence of this double-
sided ingot mold with at least 10 iron gongs at Great Zimbabwe (Chirikure 2020, 214), and the 
possibility of croisette ingots from the site, is therefore similar to assemblages at Chumnungwa 
and Ingombe Ilede. As these assemblages contain materials from both central and southern 
Africa, we propose that they are indicative of mobile traders/smiths with knowledge of both 
areas and that these individuals could be responsible for the distribution of HIH ingots. Findspots 
of HIH ingots in northern Zimbabwe also suggests that these individuals were Luangwa groups 
with ancestry in the Copperbelt region. These Luangwa mobile traders could therefore have 
leveraged interest in croisette ingots and practices related to their production, which allowed 
them to act as brokers and connect disparate centers of knowledge held in the Copperbelt to 
those in Zimbabwe.  
 

 
5 At Chumnungwa, an individual was found buried between the boulder in the main wall and the 12-foot wall on the 
eastern end of the enclosure. This person was buried with gold ornaments (gold bangles and large gold beads), 
smelted gold, an HIH copper ingot, a pair of double iron bells, a “rosette” of beaten gold, and a large soapstone bowl 
(Hall and Neal 1902, 229). 
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With the available provenance, technology, production, distribution, and archaeological data for 
these HIH ingots, we can reconstruct technological practices and flows of knowledge that link 
constellations of production and consumption across a complex and interconnected landscape. 
Luangwa communities of production appear to be tied into a constellation via shared knowledge 
surrounding the production and shape of the HIH ingot but held considerable agency over its size 
and some agency over its form (i.e., presence of a flange). Archaeological evidence suggests that 
constellations of consumers sought HIH ingots as a form of “limited purpose” currency (sensu 
Bisson 1975) or as a store of material, and evidence from Great Zimbabwe suggests that 
individuals or groups wanted to capitalize on the power that these ingots carried with the hopes 
of producing them locally. Constellated consumers included the proto-Luba state that had just 
begun to form in the Upemba Depression (de Maret 2019), the Great Zimbabwe state to the 
south, and Luangwa groups themselves in northern Zimbabwe. Unfortunately, most of HIH 
ingots in northern Zimbabwe lack appropriate archaeological context, and therefore conclusions 
about how these Luangwa groups were incorporating ingots into their own practice remains a 
mystery.  
 
HXR Ingots (14th – 18th centuries CE) 
 
By the 14th century cal CE, a split occurred in both the production and distribution of croisette 
ingots. Findspots for croisette molds indicate that the eastern portion of the Copperbelt focused 
on the production of much larger HXR ingots, which were then distributed to the south and east, 
while the western portion of the Copperbelt focused on the production of smaller HH and HX 
ingots which were distributed to the north and west, particularly to the Upemba Depression 
(Nikis and Livingstone Smith 2017, fig. 3). Lead isotopic and chemical analyses for 19 HXR 
ingots from Ingombe Ilede and northern Zimbabwe indicate that most match either with Cu-Co 
deposits on the Copperbelt (n=4) or with the Kipushi deposit (n=14) (Appendix B). The number 
of HXR ingots which provenance to Kipushi is higher than the number of HIH ingots with this 
provenance match (n=3), possibly reflecting changes in the intensity of mineral exploitation at 
this deposit (Bisson 1976). While most match to the Copperbelt area, one ingot, from Kent 
Estates near Harare, sources to the Magondi Belt in northern Zimbabwe (Appendix B) and 
proves that Zimbabwean resources were exploited for local production of these ingots, as has 
long been argued by scholars (e.g. Chirikure 2020; Garlake 1970; Swan 2007). Production of 
HXR ingots in Zimbabwe is further supported by the double-sided Golden Mile HXR soapstone 
ingot mold found near the Mangula deposit in the Magondi Belt (Swan 2007, 1005; Fig. 4-1). 
 
While the HXR ingot resembles the HIH ingot and has two sets of arms which radiate outward 
from their midsection, the ratio of arm length to midsection length increases and the angle of 
these arms in relation to the midsection changes so that this shape resembles more of an X than 
an H. A preview of these changes was seen in the four transitional HIH ingots from Zimbabwe, 
documented above, but the curvature of the arms is even more pronounced in HXR ingots. HXR 
ingots have a flange, or raised seam, that runs around the entire top face of the ingot and forms a 
patterned center mark in their midsection. While the overall shape and associated features (e.g. 
flange) remain fairly standard throughout the production of this ingot, there are subtle differences 
(discussed below) that suggest numerous communities of production, as was also present with 
producers of HIH ingots. 
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HXR ingots have been found on the Zambian portion of the Copperbelt (Nikis and Livingstone 
Smith 2017), at the Ng’umbo shrine on Chishi Island on Lake Bangweulu (Nikis and 
Livingstone Smith 2017), in the Dedza area of Malawi (Cole-King 1973), and at the Ingombe 
Ilede archaeological necropolis to the south (Fagan et al. 1969). At least 29 HXR ingots were 
also recovered as surface or field finds in northern Zimbabwe (Garlake 1970; Swan 2007; White 
1970; OSM Table 4-4). Molds for this ingot type have been found at Kipushi, along the Luano 
river near Lubumbashi, at Etoile du Congo mine west of Lubumbashi (Walton 1957), and at 
Golden Mile mine in Zimbabwe, roughly 20km northeast of the precolonially exploited Mangula 
deposit of the Magondi Belt. Analysis of Portuguese writings from the 16th century and of oral 
histories from the Urungwe area of Zimbabwe has linked descriptions of aspas de cobre 
(“copper crosses”) to HXR ingots and to a group of traders known as the Mobara or Va-Mbara. 
These traders are reported to have ventured from the land of Ambar to trade with the Mutapa 
state and other traders for cloth and “other merchandise” (Garlake 1970; White 1970). 
 
Evidence for HXR ingot production and consumption exists until the 18th century cal CE, when 
this form was replaced by the well-known unflanged X, or handa, style ingot, and the very large 
linear Ib and Ic bars, sometimes called mukuba wa matwi, or “copper with ears” (de Maret 1995; 
Nikis and Livingstone Smith 2017; OSM Table 4-5). Between the 14th and 18th centuries CE, 
numerous significant events occurred in southern and central Africa, including the formation of 
the Luba, Lunda, Maravi and Mutapa states (de Maret 2013; Pikarayi 2001) and the arrival of 
European powers to the region. Our aim, therefore, is to contextualize the communities and 
practices responsible for these ingots within this larger archaeological landscape, including the 
production of HXR ingots in Zimbabwe. 
 
Technologies of Production 
 
Of the 18 ingots can be sourced to the Copperbelt or the Kipushi deposit, 17 have iron values of 
less than 60ppm. Like the HIH ingots, these iron values indicate the use of pure malachite 
nodules and a smelting technology which did not generate a distinctive slag phase (Craddock and 
Meeks 1987). One has a value of 158ppm. In contrast, the HXR ingot with a provenance match 
to the Magondi Belt has a slightly higher iron value at 490ppm, but still suggests that it was 
smelted without the generation of slag. Differences between these two groups therefore possibly 
relate to differences in geochemistry between the Copperbelt and Magondi Belt. Unfortunately, 
there is no available archaeological evidence relating to copper smelting technologies on the 
Magondi Belt, so we hope future studies will shed light on this issue.  
 
High and Low-Visibility Technological Indicators 
 
At Kipushi Area F, the location of HXR ingot molds, Bisson (1976) documented three copper 
smelting furnaces, two of which were tap furnaces with what seemed to be a depression just 
downhill that would fit an HXR ingot mold. Bisson (1976) also documented numerous slag piles 
in the area where HXR mold fragments were readily found on the surface. Associated 
archaeological evidence, therefore, suggests that the technological industry responsible for the 
production of HXR ingots relied on tap furnaces which produced a distinctive slag phase and 
could directly cast HXR ingots by removing the ash paste plug and directing molten copper 
through a sloped channel to the receiving ceramic mold. To investigate if this accurately 
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reconstructs the technological style of HXR ingot production, we have integrated lead isotopic 
and chemical data with high and low-visibility technological indicators on ingots and ingot 
molds, including the texture and thickness of the sidewall, visible marks on the outer-face of 
HXR ingots, the cast texture of this outer surface, and the raised flange which runs around the 
length of the ingot and forms a distinctive pattern in its midsection. The last of these features we 
interpret as a high-visibility technological indicator as decoration or meant to convey social 
information.  
 
The first of the low-visibility technological features is the thickness of the HXR ingot and 
reflects both the texture of the mold that an ingot was cast in and the method of casting (Fig. 4-
7A). For all documented examples, HXR ingot sidewalls were smoothed and did not have visible 
horizontal layers. These features indicate that HXR ingots were cast in a single episode in a 
smooth-walled mold. Clearly sand molds were not used in their production. The ceramic HXR 
molds found on the Copperbelt would suitably reconstruct this texture. Ingot molds were likely 
pre-heated prior to casting, to avoid immediate spalling and cracking from thermal shock, and 
possibly lined with ash, as was observed during Kaonde copper smelting demonstrations in the 
1960’s and 1970’s (Miller 1994).  
 
A distinctive pouring mark that is visible on the outer-face of all documented HXR ingots is 
formed by trapped gasses concentrated along the center of the mold (Fig. 4-7A-D), where the 
molten copper solidified last, and is sometimes combined with a boss where the last drop of 
molten copper hit an already solid surface. For some ingots, this mark appears collapsed and 
indicates that trapped gasses were able to escape but no attempt was made to top off the area 
(Fig. 4-7B). The presence of this feature clearly indicates that HXR ingots were cast from a 
crucible used to pour copper into the mold, rather than having copper directed into the mold from 
the furnace via a channel. This low-visibility indicator is curious, considering the archaeological 
evidence at Kipushi where tapping furnaces were documented (Bisson 1976). Iron values for 
sampled HXR ingots (Appendix B) and these low-visibility technological indicators are therefore 
at odds with the technological reconstruction based on Area F at Kipushi, and instead suggest 
that HXR ingots were produced from furnaces which did not produce a slag phase and where 
molten copper was collected in a crucible and then poured into the mold. Perhaps Area F at the 
Kipushi site represents a palimpsest of communities of production, one of which left a much 
more visible mark on the landscape, but further archaeological work at Kipushi is required to 
answer this question.  
 
The flange around the ingot represents a high-visibility technological indicator and was 
intentionally carved or impressed into the clay or soapstone matrix during the production of the 
HXR mold (Figs 4-7E-F and 4-8). The addition of this feature on the cast ingot does not 
improve the functionality of the object, such as stacking efficiency, and we therefore believe that 
its intentional addition was a technological choice made to achieve the desired ingot appearance. 
Its presence on all documented HXR ingots indicates a collective interest in including this design 
feature. However, because of the variation in the shape and form of flanges, primarily in the 
midsection of HXR ingots, we presume there were multiple communities of producers that were 
linked by a shared knowledge base relating to ingot shape and aspects of its form (i.e., the 
addition of a flange), casting method, and, as we will detail, production of ingot molds. 
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Thus far we have documented six distinct center marks on the inner-face of HXR ingots, and 
variation between these marks is created based on the length of the center flange as well as 
intentional addition of other parallel or perpendicular flanges (Figs 4-8 and 4-9). The presence 
of this center mark on HXR ingots creates a dichotomy between high- and low-visibility 
indicators and their location on HXR ingots. The intentional flange and center mark establish the 
inner-face as the social face, perhaps legitimizing this flanged ingot to those who sought to 
purchase them but also possibly signaling who was responsible for its production, while the 
outer-face served as a visible template of production to those with knowledge held at the center 
of these communities of practice. These maker’s marks could therefore be an early high-visibility 
indicator of guild societies on the Copperbelt. We know of much later examples of this in the 
region, as de Hemptinne (1926) described Yeke specialist guilds/secret fraternity structures 
living in the Katanga area of the Copperbelt. For copper metallurgists, “mangeurs de cuivre” or 
“eaters of copper” had to enter the metallurgical guild through initiation to access knowledge 
held at their center, a process which mimics the situated learning and legitimate peripheral 
participation processes discussed in Lave and Wenger (1991). 
 
Molds 
 
Like HIH ingot molds in the Copperbelt, HXR molds recovered from the region are double-sided 
and made of clay. On the Copperbelt, these molds have only been found east of the Lufira river 
(Bisson 1976; de Maret 1995; Nikis and Livingstone Smith 2017), but a single soapstone HXR 
ingot mold was found in Zimbabwe at Golden Mile mine, near the Mangula deposit in the 
Magondi Belt (Fig. 4-10). (This deposit is the most likely provenance match for the Kent Estates 
HXR ingot). Like the “column” HIH mold from the Great Enclosure, this mold is double-sided 
and therefore a hybrid object exhibiting low-visibility technological features from communities 
of practice in the Copperbelt (who made double-sided molds) and communities of practice in 
Zimbabwe (who made metallurgical molds from soapstone). The interaction between these two 
communities must have included someone with direct knowledge of how these molds were 
produced on the Copperbelt, making this object a product of technological transfer. However, 
unlike the “column” HIH mold from the Great Enclosure, the soapstone mold from Golden Mile 
mine shows evidence for use (JAS, personal observation, 2019; Fig. 4-10C-D) 
 
Ingot Size 
 
HXR ingots are larger than earlier croisette ingots, and typically range between 25-35cm in 
length but with huge variations in weight (1367-4480g). When plotted against one another, three 
distinct patterns form which we relate to ingot production (OSM Table 4-4; Fig. 4-11). (1) The 
first is a relatively linear trend between length and weight and seems to indicate a pattern of 
ingot production based on an intentional ratio between length and thickness. Included in this 
group are most HXR ingots from northern Zimbabwe and two ingots from Ingombe Ilede. (2) 
The second pattern relates to ingots which are lighter than expected based on their length. Seven 
of the eight ingots in this group are from a hoard from the Dedza area of Malawi (Cole-King 
1973), and the last is an ingot from Burial 2 at Ingombe Ilede. The lighter weight of these ingots 
could relate to a different technological style (i.e., shallower mold depth) or insufficient copper 
being added to the copper smelt prior to ingot casting. We think it likely that this was an 
intentional choice rather than a product of insufficient copper ore in the smelt because 7 of the 8 



 212 

are from a single hoard. (3) The last pattern relates to ingots that are heavier than expected based 
on ingot length and includes five ingots from the site of Ingombe Ilede and two ingots from 
northern Zimbabwe. The heavier weight of these ingots could also relate to a different 
technological style (i.e., deeper ingot molds) or excess copper being added to the smelt. 
However, there are no indications of overflow on these ingots and the added weight must 
therefore reflect the depth of the ingot mold. Variation in mold depth was also observed in 
recovered HXR molds from Kipushi (Bisson 1975, 284; Bisson 1976, 478-479), and reaffirm our 
conclusions related to these patterns.  
 
If the high-visibility center marks are an indication of the communities of practice responsible 
for the production of HXR ingots, then we can use these types, size patterns, distribution, and 
provenance, to examine the social dynamics of production within each community (Table 4-1). 
There is no relationship between center mark and ingot size category (see below) nor center 
mark and distribution, so we do not believe that these marks were indicative of a standardized 
size system or a designator of where would be consumed (Fig. 4-9; Table 4-1). Five of these 
center mark groups exhibit a provenance match to Kipushi (we have not been able to sample 
center mark type 6) and could indicate that numerous groups were exploiting this mineral 
deposit. The lack of clear associations between size pattern, distribution, center mark type, and 
provenance also suggests that smelters had significant agency over the specifics of production, 
even within a single center mark type. 
 
Lead isotopic and chemical data on copper spills from smelting sites along the Kafue river near 
Kipushi further support these observations and indicate that both copper from Cu-Co deposits in 
the Copperbelt (some of which are not far away from Kipushi) and copper from the Zn-Pb-Cu 
Kipushi deposit were transported to these sites for smelting (OSM Tables 4-6 through 4-8; Fig. 
4-12). While further excavations at Kipushi are needed to contextualize these different groups of 
producers, the provenance evidence for these spills suggest that communities were mining 
copper ore from various sources before smelting and casting croisette ingots. The location of 
smelting sites near the Kafue river could be a significant motivator for the mobility embodied in 
these spills, as ingots could be loaded onto canoes and paddled south to where the Kafue meets 
the Zambezi river – near Ingombe Ilede and connecting to the Urungwe area of Zimbabwe 
(Bisson, personal communication April 2021). 
 
By pairing low and high visibility technological indicators, we have reconstructed variations in 
the technological style of production which highlight the agency that communities of HXR 
producers could impart over the process of making these ingots. Evidence for this is present not 
only in the high-visibility center marks which adorn the social face of HXR ingots, but also the 
multiple patterns in their size which inform us of specific choices made regarding ingot 
production. Despite this variation, these practices were clearly based on the same foundational 
knowledge related to ingot shape and associated features, casting method, and production of 
ingot molds. Like with the previous HIH ingot type, a communities of practice approach suggests 
that these aspects of foundational knowledge tied HXR producers exhibiting different embodied 
practices and technological styles together, forming a broad constellation of HXR production. 
However, once again, limited archaeological evidence both in the Copperbelt and in and around 
the Magondi Belt preclude us from making a more definitive statement. 
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Archaeological Significance 
 
The split in croisette ingot production and distribution the 14th century was previewed by 
differences in HIH preferences in the preceding period and is indicative of how each region in 
the Copperbelt interacted with the broader landscape. For the eastern portion of the Copperbelt 
and associated ingot distribution to the south and east, assembled evidence from provenance, 
technology, practice, and distributional datasets clearly indicate a broad constellation of 
production. While these variables help to understand the communities responsible for their 
production, what does the distribution of HXR ingots say about how they were interacting within 
the larger archaeological landscape? Between the 14th and 18th centuries CE, central and southern 
Africa saw the expansion of five states (the Butua, Luba, Lunda, Maravi, and Mutapa), the entry 
of European powers to the sub-continent, and the continued migration of Luangwa ceramic 
producers throughout the region – particularly into Malawi.  
 
While our knowledge of the groups living in the Copperbelt and their interaction with Luba and 
Lunda powers is comparatively better after the 17th century (see Reefe 1981), there is very little 
historical or archaeological information for the Copperbelt before this. This problem is 
particularly acute, as most of the archaeological remains are being destroyed by modern mining 
ventures extracting copper, cobalt, tantalum, and other minerals from the Copperbelt. Our study 
of rectangular, fishtail, and croisette ingots is thus providing a crucial glimpse into how these 
communities lived and interacted with the broader landscape of southern Africa.  
 
Starting in the 14th century CE, the distribution of HXR ingots clearly shows the emergence of a 
system of ingot production on the eastern Copperbelt that fed into a network of exchange solely 
directed to the south and east (Nikis and Livingstone Smith 2017). The communities of practice 
responsible for these ingots were quite distinct from that of the western Copperbelt, whose much 
smaller ingots were exported solely to the north and west. The distribution of HXR ingots in 
northern Zimbabwe (Fig. 4-1 and 4-3), their provenance at the Copperbelt/Kipushi, and their 
association with Ingombe Ilede type ceramics clearly indicates that Ingombe Ilede ceramic 
producers played an active role in the movement of HXR ingots over the landscape of northern 
Zimbabwe between the 14th and 16th centuries cal CE. However, the distribution of HXR ingots 
is notably more circumscribed than was observed in the distribution of HIH ingots in the 
previous period and seems to reflect changes in political power across the landscape of the 
Zimbabwe tradition following 1450 CE, when the power of the state ruled from Great Zimbabwe 
waned as the Butua state in southwest Zimbabwe, and the Mutapa state in northern Zimbabwe 
gained power (Pikirayi 2013; Van Waarden 2010). Thus far, no HXR ingots have been recovered 
from locations under the control of the Butua state while interactions between the Mutapa and 
individuals with access to HXR ingots have already been documented (Garlake 1970; White 
1970; Fig. 4-3). Unfortunately, the archaeology of northern Zimbabwe is poorly understood, and 
further work is needed to better understand the relationship between these Luangwa groups, 
specifically the Ingombe Ilede culture, and the Mutapa state.  
 
While these changes were occurring north and south of the Copperbelt, successive migrations of 
Luangwa ceramic producers were moving east into Malawi, resulting in the formation of the 
Maravi state after the 15th century CE (Fig. 4-3). Archaeological excavations at the Maravi 
capital city of Mankhamba show that the first of these migrations occurred in the 13th century cal 
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CE and mark the arrival of the Banda or pre-Maravi into the region. The second migration 
episode occurred in the 15th century cal CE with the Phiri, or Maravi (Juwayeyi 2010; Juwayeyi 
2020; de Maret 2013). Beyond ceramic evidence, excavations at the Maravi capital city of 
Mankhamba recovered 377 copper objects, including fishhooks and other utilitarian objects, but 
there are no copper deposits within 500 km of Mankhamba (Juwayeyi 2010). We have not yet 
analyzed material from this site for lead isotopes or chemistry, but the large number of copper 
objects at the site and established connection through ceramic evidence suggests that the copper 
for these objects originated in the Copperbelt or in the Urungwe district of northern Zimbabwe, 
or both. The Dedza ingot horde in Malawi is therefore indicative of a larger phenomenon after 
the 13th century CE and serves to reaffirm the connection between these two regions. However, 
evidence in the size and center marks of these ingots indicate that the embodied practices of their 
community of production were not the same as those distributing HXR ingots to the south. We 
await lead isotope and chemical data from these ingots. 
 
Also notable in the provenance results for the HXR ingots is the distinct change in copper source 
compared to the HIH ingot assemblage. In the preceding period, 15 of 18 (83%) HIH ingots 
matched the Copperbelt while only 3 (17%) matched Kipushi. For HXR ingots this percentage 
reverses, with 4 of 18 (22%) matching the Copperbelt and 13 of 18 (72%) matching Kipushi. 
Taken together with Bisson’s (1976) evidence for an increase in the exploitation of the Kipushi 
deposit in the 14th century and the higher volume of HXR ingot mold fragments, it appears that 
Kipushi became a major hub for croisette ingot production around this time, though our 
understanding of who was exploiting the Kipushi deposit in the 14th century is poor. Bisson 
(1976) identified a stark change in ceramics at Kipushi (Kipushi Later Iron Age phase II) 
associated with 14th century metallurgical debris. These sherds were predominantly decorated 
using cross-hatched incisions, though bangle impressions and comb stamping are also present in 
this assemblage (Bisson 1976, fig. 51). Phillipson (1974) notes that cross-hatching is a particular 
trait of Luangwa groups east of the Luangwa river, and therefore perhaps this represents a 
different facies of Luangwa ceramics. Future work is necessary to contextualize this Kipushi 
Later Iron Age phase II style and its relationship to communities of croisette ingot producers.  
 
While we now have a better understanding of the possible constellation of producers responsible 
for HXR ingots in the Copperbelt, the appearance of an HXR ingot mold at Golden Mile mine 
and a provenance match between the Kent Estates ingot to the Magondi Belt indicates that this 
constellation extended into Zimbabwe. Like ingots found in the Copperbelt and the HIH 
“column” mold from Great Zimbabwe, the Golden Mile mine ingot mold is double-sided, but 
shows clear evidence for use on both sides (Fig. 4-10C-D). The maker’s mark on this mold is 
also type 1, and therefore could in fact be the mold used to produce the Kent Estates HXR ingot 
which has a type 1 maker’s mark. Thus, like the “column” mold from Great Zimbabwe, the 
Golden Mile mine mold is a hybrid object that relied on knowledge from two different 
communities of producers: communities of practitioners in the Copperbelt who produced double-
sided molds, and communities of practitioners in Zimbabwe who made metallurgical molds from 
soapstone. This is a clear indication that an individual or group with knowledge of HXR ingot 
production traveled from the eastern Copperbelt into Zimbabwe – a distance of at least 490 km - 
and interacted with communities of ingot producers with knowledge of carving soapstone. 
Further evidence of this transfer of knowledge is seen in the Kent Estates ingot which has 
identical low and high-visibility technological indicators as those with provenance matches to the 
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Copperbelt and Kipushi. It has a raised flange, a clear maker’s mark, a defined pouring mark on 
its outer-face, and it is suitably thick and cast in a single pour. While no archaeological evidence 
is associated with either the Golden mile mine mold or the Kent Estates ingot to further comment 
on who was responsible for its production, both objects were found within the distribution area 
for Ingombe Ilede type ceramics, suggesting that this culture was likely involved in the sharing 
of knowledge and production of HXR ingots using locally available resources in northern 
Zimbabwe. Evidence from the preceding period of HIH ingot production, the necropolis at 
Ingombe Ilede (Fagan et al. 1969; McIntosh and Fagan 2018), and the presence of Ingombe Ilede 
type ceramics at Copper Queen mine in the Magondi Belt (Swan 2002) also support this 
conclusion. However, further archaeological investigations in the Urungwe area of northern 
Zimbabwe are desperately needed to help address this question.  
 
Discussion 
 
Our investigation builds on recent provenance studies (Rademakers et al. 2019; Appendix B), 
which inferred sources of ore exploited for rectangular, fishtail, and croisette ingot production. 
We have contextualized the data produced in these studies in order to 1) reconstruct diachronic 
technological practices responsible for the production of rectangular, fishtail, HIH, and HXR 
ingot production, 2) identify transfers of knowledge and technological style to communities in 
Zimbabwe, and 3) discuss the mechanisms surrounding the distribution and consumption of 
rectangular, fishtail, and croisette ingots. The expansion of Luangwa ceramic producers after 
1000CE to both the south and east mirrors the distribution of these croisette ingots, and 
archaeological evidence in southern Zambia, Zimbabwe, and Malawi indicates that these groups 
were responsible for the transportation of these ingots (Fig. 4-3). In southern Zambia and 
Zimbabwe, their movement also appears to be intricately tied to individuals buried with iron 
gongs, blacksmithing tools, croisette ingots, and other objects, like those excavated from 
Chumnungwa and Ingombe Ilede. These bundled objects are also present at other sites in 
southern Africa, though not necessarily in burial contexts, and we argue that individuals carrying 
these objects acted as middlemen connecting the Copperbelt and areas further south in southern 
Africa. We also argue that these individuals were in a position to facilitate transfers of 
knowledge surrounding croisette production, as is evident in the Great Zimbabwe and Golden 
Mile mine croisette soapstone molds. Following Swan (2007), we understand these activities to 
have taken place after the 14th century, based on the burial from Chumnungwa and the associated 
archaeological evidence at Great Zimbabwe. 
 
These interactions which we have described are reminiscent of later specialist traders who appear 
in 17th and 18th century Portuguese writings and oral histories from various communities in 
southern Africa, and are documented as connecting communities in the Copperbelt to 
communities far to the north, east, and south. Two of the most famous of these are the Bisa, who 
worked for Kazembe, and Yeke traders from Tanzania who settled on the Copperbelt in the 18th 
century. Bisa and Yeke specialist traveled between the Copperbelt, Portuguese feiras in Zambia, 
the Swahili coast, and perhaps as far north as Rwanda, and helped form “the great Central 
African copper market” of Katanga responsible for the transport of croisette ingots and other 
objects as items of tribute and exchange (Herbert 1984). In the Luba state, the client-state Samba 
became so famous for their tribute of croisette ingots north to the Luba heartland that they were 
popularly known as Samba ya Myambo (“Samba of the Copper Crosses”). The same has been 
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recorded for the Lunda state, which initially sent an exploratory expedition to Katanga in the 18th 
century to discover the source for copper crosses (presumably handa style) being traded to them, 
and eventually resulted in the establishment of the Eastern Lunda or Kazembe state in the 
Copperbelt (Bisson 1982). Sutherland-Harris (1970) also discusses mobility of historical Urenje 
and Nsenga groups in relation to exchanges at the Portuguese feira of Zumbo. These groups 
brought ivory, Ib type copper ingots (Fig. 4-2), and iron to sell at Zumbo in exchange for cloth, 
glass beads, and possibly firearms. For Botatwe speakers in Zambia, linguistic analysis has 
shown that these groups were involved in the mobility between these regions, and de Luna 
(2016) argues that proto-Botatwe speakers were active in this “Central Frontier” – connecting 
groups in the Copperbelt to those in Zimbabwe and other groups to the south. Therefore, 
archaeological evidence centered around individuals buried with these bundled objects, 
provenance investigations of croisette ingots, high and low-visibility technological indicators, 
historical writing and oral traditions centered around specialist traders, and linguistic evidence all 
indicate a significant and longstanding connection between the Copperbelt and southern Africa. 
This provides significant support for de Luna’s (2016) argument that the “Central Frontier”, 
through Luangwa and other groups, has been a critical aspect of this larger landscape since at 
least the 14th century CE.  
 
What was being Exchanged for Copper? 
 
This discussion highlights the flow of both material goods and knowledge from the Copperbelt to 
areas further south, possibly through specialist traders, but thus far we have only discussed a 
one-way interaction from the north to the south. What was moving north from the Zimbabwe 
plateau to the Copperbelt and to the Upemba Depression? This question is particularly important, 
if we view these ingots as a limited purpose currency, as was argued by Bisson (1975).  
 
In Zimbabwe and southern Zambia, burials at Chumnungwa and Ingombe Ilede document a 
range of materials that could have been exchanged for croisette ingots, including cloth, gold, 
glass beads, soapstone objects, and marine shells, but of these materials only marine shells have 
yet been noted in archaeological sites of northern Zambia and the Upemba Depression before the 
16th century (de Maret 2019). The movement of cloth to the north remains a distinct possibility 
and analysis of the Ingombe Ilede cloth fragments suggest that some could be Indian in origin 
(Bushnell 1969), though cloth has yet to be documented at sites further north. De Maret (2013, 
2019) has argued for smoked fish as an export from the Upemba Depression to the Copperbelt in 
exchange for copper, and fertile floodplains in central and southern Zambia could likewise 
supply the region with similar products – but no HIH or HXR ingots have yet been found in 
these floodplains. De Hemptinne (1926) linked exchange of the later mukuba wa matwi (Ic) 
ingots to the slave trade, thus raising the possibility that croisette ingots in earlier periods were 
exchanged for the same purpose. Salt is another possible contender to be traded north, since there 
are major salt deposits found near Ingombe Ilede (Fagan 1969). However, salt deposits are 
distributed throughout lakes in the Katanga area (Vansina 1962; Fagan 1969), and salt was a 
motivator for Kazembe and the Lunda state to expand into the Copperbelt area. Thus, it is 
unlikely that salt was exchanged to communities in the Copperbelt. Cattle also were unlikely to 
be exchanged for copper, as the Copperbelt was located within the tsetse fly zone (Gifford-
Gonzalez 2000).  
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19th and 20th century accounts from the Copperbelt indicate that access to copper deposits under 
the control of Kazembe or other individuals could be negotiated through payment of tribute, 
making them a sort of open resource that anyone could access as long as a portion of the smelted 
copper was paid to those who controlled them (Herbert 1984; de Hemptinne 1926). Bisson 
(1982) and Herbert (1984) discuss the possibility that this system operated further back in time, 
particularly with the absence of materials from further south as payment, but evidence discussed 
here does not fit with that model. Killick et al. (forthcoming) have argued that the Rooiberg tin 
deposits were open resources, available to anyone who wanted to mine and smelt tin. However, 
at and around Rooiberg evidence exists for several differently shaped ingots, along with various 
ceramic facies present at the site itself. There is also little physical evidence for tin smelting or 
bronze alloying at Rooiberg, indicating that these minerals must have been taken away once they 
were mined (Killick et al. forthcoming). Evidence from the Copperbelt does not resemble this 
example of an open source. Instead, a standardized ingot shape evolved over a long timeframe 
and with a huge network of distribution, indicating the presence of a foundational base of 
knowledge, and a constellation of practice responsible for instilling this knowledge to new-
comers through the process of legitimate peripheral participation (Lave and Wenger 1991). The 
maker’s marks on HXR ingots are perhaps an early indication of guilds or specialist groups 
involved in copper smelting, the “mangeurs de cuivre” in de Hemptinne (1926). If a tribute-for-
access system was the modus operandii in the Copperbelt, we would expect to see more variation 
in the ingot form itself, particularly at the various locations to which that croisette ingots were 
distributed. Even though there are differences between HXR ingots in Malawi and Zimbabwe 
and HXR ingots are quite different than the smaller HH and HX ingots sent to the Upemba 
Depression, they are all clearly related by the practice of casting in double sided molds, and 
definitively indicate a continuum within a constellation. While paying tribute for access to 
copper deposits does not seem to be a likely explanation for the distribution of these ingots, 
further archaeological excavations are clearly necessary to investigate the nature of the exchange 
between southern Africa and the Copperbelt.  
 
Conclusion 
 
By pairing object chemistry and provenance with distribution patterns and high and low-
visibility technological indicators, we have reconstructed diachronic technological practices 
responsible for the production of rectangular, fishtail, HIH, and HXR ingots. Based on the 
distribution of these ingots, available archaeological evidence, and indictors for the flow of 
knowledge from the Copperbelt to southern Africa, we have argued that Luangwa groups were 
responsible for the movement of HIH and HXR ingots to the south and east and were involved in 
the creation of hybrid objects linking communities of practice in the Copperbelt to those in 
Zimbabwe. Our conclusions here highlight several key areas that require additional 
archaeological attention, including smelting practices by Ingombe Ilede and other Luangwa 
groups around the Magondi Belt, which groups were exploiting the Kipushi deposit, and the 
nature of the exchange flowing north into the Copperbelt. The last of these points is direly 
needed. Modern mining ventures on the Copperbelt continue to rapidly destroy any evidence of 
prehistoric mining and metallurgy in their search of copper, cobalt, tantalum, and other minerals 
required for “clean energy” vehicles and modern technologies (Searsey et al. 2021). The DRC 
has no legislation that requires archaeological investigation before mining, and suggestions from 
the only produced cultural heritage study from within this region (Arazi et al. 2012) seem to have 
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been largely ignored despite the numerous important sites and cultural materials documented in 
their report. Barring unlikely changes in the DRC, it is a distinct possibility that the only 
evidence future generations of Congolese will have about past mining in the Copperbelt will be 
from a handful of eye-witness accounts written by European observers between the 18th and 20th 
century, and from copper artifacts in dated archaeological sites far away that can be linked to the 
Copperbelt by lead isotopes and chemistry.  
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Appendix C Figures 
 

 
Figure 4-1: Important archaeological sites (stars) and geological districts (grey areas) discussed in text, along with 
findspots of rectangular and fishtail (purple squares), HIH (blue circles), and HXR (red diamond) ingots which are 
in OSM tables 4-2 through 4-4.  
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Figure 4-2: Rectangular and fishtail (the Ia type), and croisette ingot typology and chronology (Reproduced from 
Rademakers et al. 2019, fig. 2A). 
 
  



 227 

 
Figure 4-3: Important cultures discussed in text. Extent of Luangwa tradition reconstructed from Phillipson (1974), 
Huffman (1989), Huffman (2021), and Pikarayi (2001). Extent of Great Zimbabwe state from Chirikure et al. 
(2018). Extent of Torwa state from Chirikure et al. (2018). Extent of Mutapa state from Pikarayi (2001). Extent of 
Upemba Depression from de Maret (2019). Extent of Maravi State from Phiri (1998). Also depicted are findspots of 
rectangular and fishtail (purple squares), HIH (blue circles), and HXR (red diamond) ingots which are in OSM 
Tables 4-2 through 4-4. 
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Figure 4-4: High- and low-visibility technological features in HIH ingots. A) Typical size of HIH ingot from 
northern Zimbabwe (Zim-Rivl-1). B) Transitional style HIH ingot with flange (Zim-Dul-1). C) Typical thickness of 
HIH ingot from northern Zimbabwe (Zim-Riv-1). D) Thickness of Transitional HIH ingot from northern Zimbabwe. 
E) HIH ingot with visible overflow mark on the end of the bottom-left arm (Zim-Dul-1). F) HIH ingot showing 
typical rippled texture on its outer-face (or face that was outside of the mold and exposed to air during casting) 
indicating that it was cast in an open mold (Zim-Safe-10). Photographs by Stephens.  
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Figure 4-5: HIH ingot molds. A) Soapstone column mold from Great Zimbabwe recovered by Hall (1905) from the 
Great Enclosure. This mold is double-sided with a mold on both its front- and back-faces. Line drawings after Hall 
(1905, illust. Opp. p.104), photograph by Stephens B) Soapstone mold recovered by Bent (1896) from a cave on the 
Acropolis of Great Zimbabwe. This mold is single sided according to Bent (1896) and Caton-Thompson (1931). 
After Bent (1896, 218) C) Typical double-sided ceramic mold found in the Copperbelt region. After de Maret (1995, 
141). D and E) Both faces of a double-sided ceramic mold recovered from Kipushi. After Bisson (1976, plate XIX).  
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Figure 4-6: Length (cm) vs weight (g) patterns for HIH ingots based on measurements by the authors and those in 
Hall and Neal (1902), Rademakers et al. (2019), and Swan (2007).  
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Figure 4-7: High- and low-visibility technological features in HXR ingots. A) Typical thickness of HXR ingots. 
The cross section depicted here also shows a large trapped gas pocket in the center of the ingot, where the pouring 
mark is typically positioned on the outer-face (Zim-Safe-5). B) The wrinkled backs of all HXR ingots show that they 
were cast in open molds. Shrinkage porosity can be seen in the center; in this case it was not topped-off with more 
molten copper (Zim-Safe-14). C) Visible concave pouring mark on the outer-face from topping-off (Zim-Safe-15). 
D) Raised copper boss where the last drop of poured copper hit an already solidified surface (Zim-Safe-1). E and F) 
HXR Ingots all display a raised flange around the upper face, with a variable center marks where the four arms meet 
in the center (Zim-Safe-13, Zim-Safe-12). All photographs by Stephens.  
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Figure 4-8: Sketches of the six types of center marks noted on the inner-face, or the face that would be inside the 
mold during casting, of HXR ingots. Variation is created by differences in the mid-section of each ingot. Type 1 - 
one long center flange (>1cm) running parallel to the length of the ingot. Type 2 - one short center flange (<1cm) 
running parallel to the length of the ingot. Type 3 - two center flanges running parallel to the length of the ingot. 
Type 4 - a long center flange, similar to type 1, with two perpendicular flanges at the top and bottom of this center 
mark, separating the arms from the midsection. Type 5 - a long center flange, similar to type 1, with three 
perpendicular flanges at the top, middle, and bottom of this center mark, separating the arms from the midsection. 
and Type 6 - three parallel flanges with two perpendicular flanges at the top and bottom of the center mark. 
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Figure 4-9: Distribution of HXR ingots and molds with a clear center mark type (see Fig. 4-8 for center mark 
types). Ingots or ingot molds where the center mark could not be determined are not displayed in this figure. Further 
information on specific ingots with clear center marks can be found in Table 4-4. Images of the three HXR molds 
with clear center marks can be seen in Fig. 4-10.  
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Figure 4-10: HXR molds. A) Typical double-sided ceramic HXR ingot mold from the Kafube site near Lubumbashi 
with a type 2 center mark (de Maret 1995, 138). B) Double-sided ceramic HXR mold recovered from Kipushi and 
matching a type 5 center mark. After Bisson (1976, plate XX). C and D) Both sides of the soapstone Golden Mile 
Mine ingot mold with a type 1 center mark. Note the red discoloration in the carved recesses of the mold showing 
evidence that they have been oxidized, and thus used. Areas of where the mold cracked or spalled are also visible in 
D. Photographs by Munetsi.  
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Figure 4-11: Length (cm) vs weight (g) patterns for HXR ingots based on available data from the authors’ 
measurements and from Cole-King (1973), Fagan et al. (1969), and Swan (2007). Pattern 1: ingots in which length 
and weight (or thickness) are correlated. Pattern 2: Ingots that are lighter because they are much thinner than Pattern 
1 ingots. Pattern 3: Ingots that are heavier because they are much thicker that Pattern 1 ingots. 
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Figure 4-12: Plot identifying the provenance for metallurgical spills from Kansanshi and Kipushi. Kansanshi spills 
match with geological ore data from the Copperbelt, including ore data from Kansanshi. Two casting spills from 
Kipushi are radiogenic and match Copperbelt ores, while one casting spill from Kipushi has “common lead” (non-
radiogenic) ratios, and matches the highly clustered ore data from the Kipushi ore body. 
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Appendix C Tables 
 
Center 
Mark 

n Notable Findspots Established provenance 
matches 

Size 
pattern 

Type 1 15 Urungwe area, Kent Estates, Chedzurgwe, Ingombe Ilede, Golden Mile mine 
ingot mold 

Copperbelt, Kipushi, Magondi 
Belt 

1, 3 

Type 2 7 Urungwe area, Ingombe Ilede, Kafube ingot molda Kipushi 1, 3 

Type 3 3 Urungwe area, Chedzurgwe Copperbelt, Kipushi 1 

Type 4 1 Urungwe area Kipushi 1 

Type 5 2 Ingombe Ilede, Lubumbashi area, Kipushi ingot moldb  Kipushi 2 

Type 6 1 Dedza - 2 

Table 4-1: Summary table of HXR center mark, size, and provenance patterns. Further details for each sample can be found in the OSM.  
a 
de Maret (1995, 138) for image of the Kafube (Lubumbashi area) ingot mold (see Fig. 4-10) 

b
 Bisson (1976, Plate XX) for image of Kipushi ingot mold (see Fig. 4-10). 
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Appendix C Online Supplementary Materials (OSM) 1 
 

LIA ID Museum 
Accession number 

Country Site Site 
# 

Context Ceramic 
Association 

Provenance 
Match 

Weight 
(g) 

Length 
(cm) 

Preservation Reference 

Fe-11 Luano_25_7_81 DRC Luano River - Surface EIA Copperbelt 700 27 Whole Rademakers et 

al. 2019 

Zam-

Kuma-1 

- Zambia Kumadzulo - - EIA Copperbelt - - Partial Vogel 1971 

Zam-

Kamu-1 

- Zambia Kamusongolwa - Locality 

B, 10in 

EIA Copperbelt 480 30 Whole Daniels 1967 

Zam-

Luano-4 

- Zambia Luano Main 

Site 

- - EIA Copperbelt - - Partial Bisson 2000 

Table 4-2: Catalog of rectangular and fishtail (Ia type) ingots displayed in Figs 4-1 and 4-3. Data was assembled from the authors and the references given in the reference 

column. 
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LIA ID Museum 
Accession 
number 

Country Site Site # Context Ceramic 
Association 

Provenance 
Match 

Weight 
(g) 

Length 
(cm) 

Preservation Reference 

Zim-Dul-

1
a,b

 

- Zimbabwe Dunlorne 

Farm 

1730 

CB 7 

- - Copperbelt 2129 22 Whole - 

Zim-Riv-

1 

- Zimbabwe Riverside 

Farm 

1730 

CB 33 

- - Copperbelt - 18 Whole - 

Zim-Riv-

2 

- Zimbabwe Riverside 

Farm 

1730 

CB 33 

- - Copperbelt - 19 Whole - 

Zim-Safe-

4 

QMIA 4464 Zimbabwe Karoi area - - - Kipushi 679 18.5 Whole Swan 2007 

Zim-Safe-

8a 

QMIA 4456 Zimbabwe Zave 1730 

AA 8 

- - Copperbelt 1125 20.5 Whole Swan 2007 

Zim-Safe-

9 

QMIA 4459 Zimbabwe Graniteside 1731 

CC 3 

- Harare Copperbelt 443 17.4 Whole Swan 2007 

Zim-Safe-

10
a,b

 

QMIA 4458 Zimbabwe Makwiro 1730 

CD 10 

- - Kipushi 1114 18.3 Whole Swan 2007 

Zim-Safe-

18 

QMIA 4498 Zimbabwe Horizon Farm - - - Copperbelt 350 17.4 Whole Swan 2007 

Zim-Safe-

23 

- Zimbabwe Mwami 1629 

DB 10 

- - Kipushi 549 17.2 Whole Swan 2007 

Zim-Safe-

24 

QMIA 4484 Zimbabwe Beatrice area 1830 

BD 

12? 

- - Copperbelt 348 17.2 Whole Swan 2007 

Zim-Sitip-

1 

- Zimbabwe Shipton Farm 1730 

CB 8 

- - Copperbelt - 20 Whole - 

Not 

Sampled
a
 

QMIA 4470 Zimbabwe - - - - - 1341 20.2 Whole Swan 2007 

Not 

Sampled
b
 

- Zimbabwe Chumnungwa 2029 

DC 4 

Burial described 

in Hall and Neal 

(1902, 229) 

Zimbabwe - - 13 Whole Hall and Neal 

1902 

Not 

Sampled 

- Zimbabwe - 1629 

DA 4 

- - - - 20 Whole Swan 2007 

Fe-12 - DRC Kikulu - Burial 20 Kabambian A Copperbelt 195 18.8 Whole Rademakers 

et al. 2019 

Fe-13w - DRC Kikulu - Burial 15 Kabambian A Copperbelt 220.5 17.5 Whole Rademakers 

et al. 2019 

Fe-14 - DRC Kikulu - Burial 10 Kabambian A Copperbelt 135 11.9 Whole Rademakers 

et al. 2019 

Fe-15 - DRC Kikulu - Burial 10 Kabambian A Copperbelt 76.32 9.6 Partial Rademakers 

et al. 2019 

Fe-16 - DRC Kikulu - Burial 11 Kabambian A Copperbelt 100 11 Whole Rademakers 

et al. 2019 
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K-17 - DRC Bolela - Gravel Pit - Copperbelt 143.46 18.6 Partial Rademakers 

et al. 2019 

K-18 - DRC Bolela - Gravel Pit - Copperbelt 147.4 18 Whole Rademakers 

et al. 2019 

Not 

Sampled 

- Zambia Sinde 

Mission 

- Surface - - - 20 Whole Inskeep 1962 

Not 

Sampled 

- Zambia Kansanshi - S.E.5, Sq. 5, 

32cm 

Luangwa - - - Partial Bisson 1976 

Table 4-3: Catalog of HIH ingots displayed in Figs 4-1, 4-3, and 4-6. Data was assembled from the authors and the references given in the reference column.  

a
 = Transitional HIH Ingots based on length (cm) and weight (g) 

b
 = HIH Ingots with flange  
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LIA ID Accession 
# 

Country Site Name Site 
# 

Context Ceramic 
Association 

LIA 
Source 

Center 
Mark 

Weight 
(g) 

Length 
(cm) 

HXR 
Size 
Pattern 

Preservation Reference 

Zim-

Kent-1 

- Zimbabwe Kent Estates 1730 

DC 

22 

- - Magondi 

Belt (?) 

1 - - - Partial - 

Zim-

Safe-1 

QMIA 

4461 

Zimbabwe Yeadon 

Farms 

1629 

DA 6 

- - Kipushi 1 4307 31.5 3 Whole Swan 2007 

Zim-

Safe-2 

QMIA 

4462 

Zimbabwe Chedzurgwe 

(Rydings) 

1629 

DC 5 

Surface Ingombe 

Ilede 

Kipushi 1 3490 29.5 1 Whole Garlake 

1970 

Zim-

Safe-5 

QMIA 

4463 

Zimbabwe Unknown - - - Copperbelt 1 or 3 - 27 - Partial - 

Zim-

Safe-6 

QMIA 

4455 

Zimbabwe Zave 1730 

AA 8 

- - Kipushi 2 - - - Partial Swan 2007 

Zim-

Safe-7 

QMIA 

4457 

Zimbabwe Kashwao East 1730 

BA 

23 

- - Kipushi 1 3273 29 1 Whole Swan 2007 

Zim-

Safe-11 

QMIA 

4454 

Zimbabwe Zave 1730 

AA 8 

- - Kipushi 2 1709 19.9 1 Partial Swan 2007 

Zim-

Safe-12 

QMIA 

3068 

Zimbabwe Karoi Dixie 

farm 

1629 

DC 

24 

- - Kipushi 4 3573 31 1 Whole Swan 2007 

Zim-

Safe-13 

QMIA 

4451 

Zimbabwe Chedzurgwe 

(Rydings) 

1629 

DC 5 

Surface Ingombe 

Ilede 

Kipushi 3 3068 27.5 1 Whole Garlake 

1970 

Zim-

Safe-14 

QMIA 

4453 

Zimbabwe Bassett Farm 1730 

AB 3 

- - Kipushi 1 3205 29.6 1 Whole Swan 2007 

Zim-

Safe-15 

QMIA 

4467 

Zimbabwe Karoi area - - - Kipushi 2 3347 29.9 1 Whole Swan 2007 

Zim-

Safe-16 

QMIA 

4465 

Zimbabwe Karoi area - - - Copperbelt 3 2967 29 1 Whole Swan 2007 

Zim-

Safe-19 

QMIA 

4496 

Zimbabwe Karoi area - - - Kipushi 1 3795 34 1 Whole Swan 2007 

Zim-

Safe-21 

QMIA 

4478 

Zimbabwe Gil Gil Mine 1629 

CA 1 

- - Kipushi 1 - - - Partial Swan 2007 

Zim-

Safe-22 

- Zimbabwe Easter Parade 

Farm 

1629 

DA 

24 

- - Copperbelt - - - - Partial - 

Zam-II-

7 

- Zambia Ingombe 

Ilede 

- Burial 8 Ingombe 

Ilede 

Kipushi 1 4080 31 3 Whole Fagan et al. 

1969 

Zam-II-

14 

- Zambia Ingombe 

Ilede 

- Burial 8 Ingombe 

Ilede 

Copperbelt 1 3970 36 1 Whole Fagan et al. 

1969 

Zam-II-

15 

- Zambia Ingombe 

Ilede 

- Burial 2 Ingombe 

Ilede 

Kipushi 5 2310.5 31.5 2 Whole Fagan et al. 

1969 
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Not 

Sampled 

QMIA 

4468 

Zimbabwe - - - - - 2 4468 32.3 3 Whole Swan 2007 

Not 

Sampled 

QMIA 

4466 

Zimbabwe - - - - - 1 3595 32.5 1 Whole Swan 2007 

Not 

Sampled 

QMIA 

4495 

Zimbabwe - - - - - 1 3497 33.4 1 Whole Swan 2007 

Not 

Sampled 

QMIA 

4479 

Zimbabwe - - - - - - - - - Partial - 

Not 

Sampled 

- DRC Lubumbashi 

area 

- - - - 1 - - - Whole de Maret 

1995 

Not 

Sampled 

- DRC Kafubu 

(Lubumbashi 

area) 

- - - - 5 - - - Whole de Maret 

1995 

Not 

Sampled 

- Zimbabwe - - - - - 1 - - - Whole Great 

Zimbabwe 

Museum 

Not 

Sampled 

Ingot #5 Malawi Dedza - Dedza 

Horde 

- - 6 2471 35 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #6 Malawi Dedza - Dedza 

Horde 

- - - 1757 32 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #1 Malawi Dedza - Dedza 

Horde 

- - - 2052 33 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #2 Malawi Dedza - Dedza 

Horde 

- - - 2057 33.8 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #3 Malawi Dedza - Dedza 

Horde 

- - - 2071 31.5 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #4 Malawi Dedza - Dedza 

Horde 

- - - 1367 30.7 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #7 Malawi Dedza - Dedza 

Horde 

- - - 2200 33.8 2 Whole Cole-King 

1973 

Not 

Sampled 

Ingot #8 Malawi Dedza - Dedza 

Horde 

- - - 1894 - - Whole Cole-King 

1973 

Not 

Sampled 

- Zimbabwe - 1629 

CD 4 

- - - - - 29 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1629 

DA 3 

- - - - - 30 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1629 

DA 3 

- - - - - 32 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1629 

DA 4 

- - - - - 30 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1629 

DA 5 

- - - - - 25 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1629 

DA 5 

- - - - - 27 - Whole Swan 2007 
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Not 

Sampled 

- Zimbabwe - 1629 

DB 3 

- - - - - 30 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1730 

AB 

21 

- - - - - 28 - Whole Swan 2007 

Not 

Sampled 

- Zimbabwe - 1731 

AC 7 

- - - - - 32.5 - Whole Swan 2007 

Not 

Sampled 

- Zambia Ingombe 

Ilede 

- Burial 1 Ingombe 

Ilede 

- 2 4480 31.75 3 Whole Fagan et al. 

1969 

Not 

Sampled 

- Zambia Ingombe 

Ilede 

- Burial 1 Ingombe 

Ilede 

- 2 4480 30.5 3 Whole Fagan et al. 

1969 

Not 

Sampled 

- Zambia Ingombe 

Ilede 

- Burial 6 Ingombe 

Ilede 

- - 2608 27.2 1 Whole Fagan et al. 

1969 

Not 

Sampled 

- Zambia Ingombe 

Ilede 

- Burial 8 Ingombe 

Ilede 

- 1 4082 31.5 3 Whole Fagan et al. 

1969 

Not 

Sampled 

- Zambia Ingombe 

Ilede 

- Burial 8 Ingombe 

Ilede 

- 2 4167 31.5 3 Whole Fagan et al. 

1969 

Not 

Sampled 

- Zambia Chishi Island  - - - - 1 - - - Whole Derricourt 

1980 

Table 4-4: Catalog of ingots displayed in Figs 4-1, 4-3, and 4-11. Data was assembled from the authors and the references given in the reference column. HXR Maker’s Marks 

assigned based on Fig. 4-8. HXR Size Pattern explained in Fig. 4-11. 
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Site Unit, Layer Context Ceramic 
Association 

C14 Age 
(BP) 

Cal CE 
(2σ) 

Lab 
Number 

Croisette Type Reference 

Kumadzulo Charred hut pole Hut 3 EIA 1529±110 258-773 N-409 Ia* Vogel 1971, 15 

Kumadzulo Charred hut pole Hut 5 EIA 1390±110 439-967 N-410 Ia* Vogel 1971, 15 

Kumadzulo Charred hut pole Hut 6 EIA 1400±110 435-959 N-411 Ia* Vogel 1971, 15 

Kumadzulo Charred hut pole Hut 8 EIA 1330±110 577-992 N-412 Ia* Vogel 1971, 15 

Kumadzulo Charred hut pole Hut 12 EIA 1320±110 581-993 N-413 Ia* Vogel 1971, 15 

Kumadzulo Charred hut pole Hut 1 EIA 1260±105 644-

1020 

N-414 Ia* Vogel 1971, 15 

Kamusongolwa 3-6 in Locality B EIA 800±100 1041-

1401 

SR-28 Ia** Daniels 1967, 145 

Luano Main 

Site 

20 cm Unit F12 EIA-LIA 855±75 1039-

1379 

I-12,606 Ia* Bisson 1987, 50 

Luano Main 

Site 

30 cm Unit H12 EIA-LIA 765±75 1162-

1400 

I-12,603 Ia* Bisson 1987, 50 

Luano Main 

Site 

20 cm Unit E5 Refuse pit EIA-LIA 875±80 1026-

1297 

I-12,643 Ia* Bisson 1987, 50 

Luano Main 

Site 

40 cm Unit F12 Refuse pit EIA-LIA 955±75 933-

1270 

I-12,605 Ia* Bisson 1987, 50 

Luano Main 

Site 

80 cm Unit G10 EIA-LIA 960±90 908-

1280 

I-12,641 Ia* Bisson 1987, 50 

Luano Main 

Site 

40 cm Unit G11 Refuse pit EIA-LIA 935±75 1021-

1274 

I-12,604 Ia* Bisson 1987, 50 

Luano Main 

Site 

60 cm Unit C8 EIA-LIA 1055±75 887-

1208 

I-12,601 Ia* Bisson 1987, 50 

Luano Main 

Site 

50 cm Unit E9 EIA-LIA 1250±90 662-

1012 

I-12,642 Ia* Bisson 1987, 50 

Luano Main 

Site 

50 cm Unit Pit with buried 

whole Pot 

EIA-LIA 1670±140 80-666 I-12,602 Ia* Bisson 1987, 50 

Kipushi  Sm. A, Sq. 2, 15-

22 cm  

Smelting area  Luangwa 1110±90  771-

1180 

N-1604  HIH (molds)  Bisson 1976: 222 

Kansanshi  S.E.5, Sq. 5; -45 

cm  

Blacksmith shelter  -  900±60  1044-

1275  

N-1439  HIH  Bisson 1976: 205 

Kipushi  Sm. A, Sq. 4, Pit 

1, 22-37 cm  

Smelting area  Luangwa 850±85  1035-

1382  

N-1603  HIH (molds)  Bisson 1976: 222 

Kipushi  Sm., Sq 8, 7 cm  Smelting area  Luangwa 780±85  1054-

1404  

N-1605  HIH (molds)  Bisson 1976: 222  

Kikulu  Burial 20  Funerary deposits  Kabambian A  795±65  1157-

1391  

Hv-7505  HIH  de Maret 1992: 79  

Kikulu  Burial 15  Funerary deposits  Kabambian A  665±30  1296-

1399  

Poz-

108342  

HIH  de Maret 1992: 73; Nikis et al. 
in prep.  

Kikulu  Burial 20  Funerary deposits  Kabambian A  530±50  1323-

1496  

Hv-8269  HIH  de Maret 1992: 79  
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Malemba-

Nkulu  

Burial 26  Funerary deposits  Kabambian A  520±50  1326-

1612 

Hv-7495  HIH, HX, HH 

(medium)  

de Maret 1992: 130  

Malemba-

Nkulu  

Burial 27  Funerary deposits  Kabambian A  505±30  1407-

1461 

Poz-

108344  

HIH, HX, HH 

(large, medium)  

de Maret 1992 : 130; Nikis et 
al. in prep.  

Ingombe Ilede  Burial 8  Funerary deposits  Luangwa 

(Ingombe Ilede) 

370±30  1463-

1636  

Beta-

415034  

HXR  Fagan et al. 1969: 102; 

McIntosh & Fagan 2017: 

1073  

Kipushi  Sm., Sq. 18, 22 

cm, feature 2  

Smelting area  -  590±65  1296-

1454  

N-1602  HXR (moulds)  Bisson 1976: 222 

Chedzurgwe 0-7 in NW Edge of 

Village 

Luangwa 

(Ingombe Ilede) 

510±95 1302-

1636 

SR-180 HXR Garlake 1970, 26 

Chedzurgwe 

 

0-7 in NW Edge of 

Village 

Luangwa 

(Ingombe Ilede) 

415±120 1317-

1940 

SR-177 HXR Garlake 1970, 26 

Chedzurgwe 0-7 in NW Edge of 

Village 

Luangwa 

(Ingombe Ilede) 

350±120 1415-

1950 

SR-179 HXR Garlake 1970, 26 

Table 4-5: Table of radiocarbon dates associated with croisette ingot finds. Adopted from supplementary materials of Rademakers et al. (2019, 65). * = Ingot from unknown 

context at site. ** = Radiocarbon date is associated with a context 4-7in above ingot find. 
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LIA Number Site Unit, Layer Context Component Housing Museum Reference 
Zam-Kan-13 Kansanshi Pit 1 350S450E, #427 EIA1 Livingstone Museum Bisson 1976 

Zam-Kan-15 Kansanshi 75-90cm 350S350E, #624 Disturbed fill Livingstone Museum Bisson 1976 

Zam-Kan-17 Kansanshi Pit 1 350S450E, #427 EIA1 Livingstone Museum Bisson 1976 

Zam-Kip-2 Kipushi - - - Livingstone Museum Bisson 1976 

Zam-Kip-3 Kipushi 0-7 cm Sq. 17 LIA2 Livingstone Museum Bisson 1976 

Zam-Kip-4 Kipushi - - - Livingstone Museum Bisson 1976 

Table 4-6: Context information for casting spills at precolonial mines in the Copperbelt 
  



 247 

Sample 
ID 

Site Lead 
(ppm) 

208Pb/206Pb 2σ 207Pb/206Pb 2σ 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ Provenance 

Zam-

Kan-13 
Kansanshi 0.655 0.628

 
0.0002 0.274

 
0.0001 67.940

 
0.0027 18.585

 
0.0029 42.659

 
0.0071 Copperbelt 

Zam-

Kan-15 
Kansanshi 0.149 0.465

 
0.0002 0.227

 
0.0001 86.527

 
0.0027 19.649

 
0.0029 40.251

 
0.0071 Copperbelt 

Zam-

Kan-17 
Kansanshi 1.339 0.623

 
0.0002 0.280

 
0.0001 65.937

 
0.0027 18.475

 
0.0029 41.059

 
0.0071 Copperbelt 

Zam-

Kip-2 
Kipushi 0.083 0.484

 
0.0002 0.240

 
0.0000 80.056

 
0.0041 19.243

 
0.0040 38.717

 
0.0101 Copperbelt 

Zam-

Kip-3 
Kipushi 28.647 2.086

 
0.0001 0.866

 
0.0001 18.055

 
0.0030 15.635

 
0.0027 37.663

 
0.0062 Kipushi 

Zam-

Kip-4 
Kipushi 0.811 0.652

 
0.0001 0.303

 
0.0001 59.565

 
0.0030 18.061

 
0.0027 38.815

 
0.0062 Copperbelt 

Table 4-7: LIA data for casting spills at precolonial mines in the Copperbelt 
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Sample 
ID 

Site Provenance Cr Fe Co Ni Cu (%) Zn As Se Mo Ag Cd Sn Sb Pb 

Method 

detection 

limit 

in μg L
-1

  

  0.043 0.011 0.619 0.006 0.007 0.032 0.014 0.025 0.542 0.010 0.003 0.002 0.019 0.005 

Zam-

Kan-13 
Kansanshi Copperbelt 0.380 854.043 15.193 26.716 107.885 1.346 2.490 32.450 0.111 0.747 0.019 25.370 0.022 0.655 

Zam-

Kan-15 
Kansanshi Copperbelt 0.144 69.245 0.865 38.619 106.161 1.505 0.293 27.876 0.089 0.765 0.010 4.283 0.015 0.149 

Zam-

Kan-17 
Kansanshi Copperbelt <D.L 218.678 1.527 4.240 104.850 2.245 6.181 111.436 0.246 1.471 0.021 21.943 0.049 1.339 

Zam-

Kip-2 
Kipushi Copperbelt 0.361 917.031 25.584 229.412 102.942 4.571 23.284 38.094 0.103 1.512 0.020 56.155 0.085 6.914 

Zam-

Kip-3 
Kipushi Kipushi 0.224 560.861 0.374 18.381 106.645 1.792 14.932 <D.L 0.140 0.237 0.024 0.419 <D.L 0.083 

Zam-

Kip-4 
Kipushi Copperbelt 0.972 32.901 <D.L 0.897 103.277 14.377 560.531 <D.L 0.304 3906.149 0.777 <D.L 7.697 28.647 

Table 4-8: Chemistry data for casting spills at precolonial mines in the Copperbelt. All values are reported in ppm except for Cu, which is reported in %. 1% = 10,000ppm. 

Detection limits are included in the second row, however these values are reported in μg L
-1

 of dissolved sample in solution. Thus, all values below detection limits were culled 

prior to converting the sample data to ppb (μg kg
-1

), ppm (μg g
-1

), and % in the solid sample. <D.L = less than detection limits. 
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Appendix C Online Supplementary Materials (OSM) 2 
 
Ia, HIH, and HXR Ingots documented by the Authors 
 
Sample ID Zim-Dul-1 
Ingot Type HIH (Transitional by weight and flange) 
Country Zimbabwe 
Site Dunlorne Farm 
Museum Site Reference 1730 CB 7 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) 2129 
Length (cm) 22 
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Sample ID Zim-Kent-1 
Ingot Type HXR 
Country Zimbabwe 
Site Kent Estates 
Museum Site Reference 1730 DC 22 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 32cm (Partial Ingot) 
Center Mark 1 
HXR Size Pattern - 
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Sample ID Zim-Riv-1 
Ingot Type HIH 
Country Zimbabwe 
Site Riverside Farm 
Museum Site Reference 1730 CB 33 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) 18 
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Sample ID Zim-Riv-2 
Ingot Type HIH 
Country Zimbabwe 
Site Riverside Farm 
Museum Site Reference 1730 CB 33 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) 19 
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Sample ID Zim-Safe-1 
Ingot Type HXR 
Country Zimbabwe 
Site Yeadon Farms 
Museum Site Reference 1629 DA 6 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4461 
Reference Swan 2007 
Weight (g) 4307 
Length (cm) 31.5 
Center Mark 1 
HXR Size Pattern 3 
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Sample ID Zim-Safe-2, Zim-Ryd-1* 
Ingot Type HXR 
Country Zimbabwe 
Site Chedzurgwe (Rydings) 
Museum Site Reference 1629 DC 5 
Cultural Association Ingombe Ilede 
Context Surface 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4462 
Reference Garlake 1970 
Weight (g) 3490 
Length (cm) 29.5 
Center Mark 1 
HXR Size Pattern 1 

*Zim-Ryd-1 is a duplicate sample of Zim-Safe-2 that was stored at the Museum of Human 
Sciences as a separate cutoff.  
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Sample ID Zim-Safe-4 
Ingot Type HIH 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4464 
Reference Swan 2007 
Weight (g) 679 
Length (cm) 18.5 
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Sample ID Zim-Safe-5 
Ingot Type HXR 
Country Zimbabwe 
Site Unknown 
Museum Site Reference  
Cultural Association  
Context  
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4463 
Reference - 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 27cm (Partial Ingot) 
Center Mark 1 or 3 
HXR Size Pattern - 
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Sample ID Zim-Safe-6 
Ingot Type HXR 
Country Zimbabwe 
Site Zave 
Museum Site Reference 1730 AA 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4455 
Reference Swan 2007 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 40cm (Partial Ingot) 
Center Mark 2 
HXR Size Pattern - 
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Sample ID Zim-Safe-7 
Ingot Type HXR 
Country Zimbabwe 
Site Kashwao East 
Museum Site Reference 1730 BA 23 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4457 
Reference Swan 2007 
Weight (g) 3273 
Length (cm) 29 
Center Mark 1 
HXR Size Pattern 1 
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Sample ID Zim-Safe-8 
Ingot Type HIH (Transitional by weight) 
Country Zimbabwe 
Site Zave 
Museum Site Reference 1730 AA 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4456 
Reference Swan 2007 
Weight (g) 1125 
Length (cm) 20.5 
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Sample ID Zim-Safe-9 
Ingot Type HIH 
Country Zimbabwe 
Site Graniteside 
Museum Site Reference 1731 CC 3 
Cultural Association Harare 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4459 
Reference Swan 2007 
Weight (g) 443 
Length (cm) 17.4 

 

   



 263 

Sample ID Zim-Safe-10 
Ingot Type HIH (Transitional by weight and flange) 
Country Zimbabwe 
Site Makwiro 
Museum Site Reference 1730 CD 10 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4458 
Reference Swan 2007 
Weight (g) 1114 
Length (cm) 18.3 
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Sample ID Zim-Safe-11 
Ingot Type HXR 
Country Zimbabwe 
Site Zave 
Museum Site Reference 1730 AA 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4454 
Reference Swan 2007 
Weight (g) 1709 (Partial Ingot) 
Length (cm) 19.9 (Partial Ingot) 
Center Mark 2 
HXR Size Pattern 1 

 

   



 265 

Sample ID Zim-Safe-12 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi Dixie farm 
Museum Site Reference 1629 DC 24 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 3068 
Reference Swan 2007 
Weight (g) 3573 
Length (cm) 31 
Center Mark 4 
HXR Size Pattern 1 
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Sample ID Zim-Safe-13 
Ingot Type HXR 
Country Zimbabwe 
Site Chedzurgwe (Rydings) 
Museum Site Reference 1629 DC 5 
Cultural Association Ingombe Ilede 
Context Surface 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4451 
Reference Garlake 1970 
Weight (g) 3068 
Length (cm) 27.5 
Center Mark 3 
HXR Size Pattern 1 
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Sample ID Zim-Safe-14 
Ingot Type HXR 
Country Zimbabwe 
Site Bassett Farm 
Museum Site Reference 1730 AB 3 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4453 
Reference Swan 2007 
Weight (g) 3205 
Length (cm) 29.6 
Center Mark 1 
HXR Size Pattern 1 
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Sample ID Zim-Safe-15 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4467 
Reference Swan 2007 
Weight (g) 3347 
Length (cm) 29.9 
Center Mark 2 
HXR Size Pattern 1 
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Sample ID Zim-Safe-16 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4465 
Reference Swan 2007 
Weight (g) 2967 
Length (cm) 29 
Center Mark 3 
HXR Size Pattern 1 
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Sample ID Zim-Safe-18 
Ingot Type HIH 
Country Zimbabwe 
Site Horizon Farm 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4498 
Reference Swan 2007 
Weight (g) 350 
Length (cm) 17.4 
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Sample ID Zim-Safe-19 
Ingot Type HXR 
Country Zimbabwe 
Site Karoi area 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4496 
Reference Swan 2007 
Weight (g) 3795 
Length (cm) 34 
Center Mark 1 
HXR Size Pattern 1 
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Sample ID Zim-Safe-21 
Ingot Type HXR 
Country Zimbabwe 
Site Gil Gil Mine 
Museum Site Reference 1629 CA 1 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4478 
Reference Swan 2007 
Weight (g) - (Partial Ingot) 
Length (cm) Estimated 38cm (Partial Ingot) 
Center Mark 1 
HXR Size Pattern - 
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Sample ID Zim-Safe-22 
Ingot Type HXR 
Country Zimbabwe 
Site Easter Parade Farm 
Museum Site Reference 1629 DA 24 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - (Partial Ingot) 
Length (cm) - (Partial Ingot) 
Center Mark - 
HXR Size Pattern - 
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Sample ID Zim-Safe-23 
Ingot Type HIH 
Country Zimbabwe 
Site Mwami 
Museum Site Reference 1629 DB 10 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference Swan 2007 
Weight (g) 549 
Length (cm) 17.2 
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Sample ID Zim-Safe-24 
Ingot Type HIH 
Country Zimbabwe 
Site Beatrice area 
Museum Site Reference 1830 BD 12 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4484 
Reference Swan 2007 
Weight (g) 348 
Length (cm) 17.2 
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Sample ID Zim-Ship-1 
Ingot Type HIH 
Country Zimbabwe 
Site Shipton Farm 
Museum Site Reference 1730 CB 8 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number - 
Reference - 
Weight (g) - 
Length (cm) 20 
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Sample ID Zam-II-7 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 8 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 4080 
Length (cm) 31 
Center Mark 1 
HXR Size Pattern 3 

 

   



 278 

Sample ID Zam-II-14 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 8 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 3970 
Length (cm) 36 
Center Mark 1 
HXR Size Pattern 1 
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Sample ID Zam-II-15 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 2 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 2310.5 
Length (cm) 31.5 
Center Mark 5 
HXR Size Pattern 2 
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Sample ID Zam-Kuma-1 
Ingot Type Ia (Rectangular) 
Country Zambia 
Site Kumadzulo 
Museum Site Reference - 
Cultural Association Early Iron Age 
Context Unknown (label reads K20 V.C.5 IV) 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Vogel 1971 
Weight (g) - (Partial Ingot) 
Length (cm) - (Partial Ingot) 
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Sample ID Zam-Kamu-1 
Ingot Type Ia (Fishtail) 
Country Zambia 
Site Kamusongolwa 
Museum Site Reference - 
Cultural Association Early Iron Age 
Context Locality B, 10” below surface 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Daniels 1967 
Weight (g) 480 
Length (cm) 30 
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Sample ID Zam-Luano-4 
Ingot Type Ia (Fishtail) 
Country Zambia 
Site Luano main site 
Museum Site Reference - 
Cultural Association Early Iron Age 
Context - 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Bisson 2000 
Weight (g) - (Partial Ingot) 
Length (cm) 14.4 (Partial Ingot) 
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zimbabwe 
Site Urungwe 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4468 
Reference Swan 2007 
Weight (g) 4468 
Length (cm) 32.3 
Center Mark 2 
HXR Size Pattern 3 
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zimbabwe 
Site - 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4466 
Reference Swan 2007 
Weight (g) 3595 
Length (cm) 32.5 
Center Mark 1 
HXR Size Pattern 1 
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zimbabwe 
Site - 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4495 
Reference Swan 2007 
Weight (g) 3497 
Length (cm) 33.4 
Center Mark 1 
HXR Size Pattern 1 
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Sample ID Not Sampled 
Ingot Type HIH (Transitional by weight) 
Country Zimbabwe 
Site - 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4470 
Reference Swan 2007 
Weight (g) 1341 
Length (cm) 20.2 
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zimbabwe 
Site - 
Museum Site Reference - 
Cultural Association - 
Context - 
Housing Museum Museum of Human Sciences, Harare 
Museum Accession Number QMIA 4479 
Reference - 
Weight (g) - (Partial) 
Length (cm) - (Partial) 
Center Mark - 
HXR Size Pattern - 
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 1 
Housing Museum Choma Museum, Choma 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 4480 
Length (cm) 31.75 
Center Mark 2 
HXR Size Pattern 3 

 

  
Photos reproduced with permission from the Choma Museum  
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 1 
Housing Museum Lusaka Museum, Lusaka 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 4480 
Length (cm) 30.5 
Center Mark 2 
HXR Size Pattern 3 

 
*Photos to be taken by Lusaka Museum  
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 8 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 4082 
Length (cm) 31.5 
Center Mark 1 
HXR Size Pattern 3 

 

  
Photos reproduced with permission from the Livingstone Museum  
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Sample ID Not Sampled 
Ingot Type HXR 
Country Zambia 
Site Ingombe Ilede 
Museum Site Reference - 
Cultural Association Ingombe Ilede 
Context Burial 8 
Housing Museum Livingstone Museum, Livingstone 
Museum Accession Number - 
Reference Fagan et al. 1969 
Weight (g) 4167 
Length (cm) 31.5 
Center Mark 2 
HXR Size Pattern 3 

 

  
Photos reproduced with permission from the Livingstone Museum 
 


