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What is an Ore Deposit? Approaches from Geoscience and 
Archaeology in Understanding the Usage of Deposits 

Abstract

Metallogenic ore deposits can be construed and under-
stood in different ways: it is easy for archaeologists and 
historians to oversimplify the mineralogical complexity 
of an ore deposit when conceptualising deposits as deliv-
erers of raw materials such as copper or gold. Deposits 
are most of the time not monometallic; rather they are 
a mixture of various minerals that can significantly in-
fluence the metallic end products. Provenance data are 
often critically discussed on the basis of the explanatory 
value of ore mineralogy; however, archaeometallurgists 
may describe the complex mineralogical and chemical 
composition on a highly detailed level, disregarding the 
question of relevancy to the understanding of early so-
cieties, who tended to understand their environment 
on more empirical and practical levels. Archaeological 
theories are too often developed without regarding the 
specific quality of archaeometrical record, which needs 
detailed discussion about its quality and information 
value. Intense communication and close cooperation of 
specialists from diverse academic and scientific back-
grounds are key in taking the study of metal resources 
forward. 

Introduction 

Mineral deposits are the backbone of many economic 
and historical perceptions of ancient societies. Debates 
regarding the extraction and use of metals are often 
connected with a certain bundle of notions held by ar-
chaeologists and archaeometallurgists. At the centre of 
this are perceptions of ore deposits that are located in 
remote landscapes, abstract, distant and difficult to ac-
cess (a comment: Stöllner, 2017, pp.14-15). The vision of 
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an exotic and distant origin of raw materials has been 
developed already by early urban societies, for example 
the Mesopotamian city states during the 3rd millennium 
BC. The legendary land of Aratta is a good example; it 
is a land ambiguously described by the Sumerian and 
Elamite upper society from where materials were ac-
quired. It could be reached by travelling that passed the 
“seven mountain ranges” (Hansman, 1978; Majidzadeh, 
1976, pp.105-113; Potts, 2004). Such perceptions of ore 
deposits are also shaped by the writings of V.G. Childes 
(e.g. 1936; 1951; Harris, 1994; Veit, 1984), who empha-
sised evolution and diffusion as principles of social and 
economic development. Childes’ writings, though often 
criticised, have influenced generations of archaeologists 
because his Marxist and evolutionary perspectives still 
fit well to culturally inherited world views of European 
and American science communities. From the viewpoint 
of geology, a simple ore deposit model was published 
and became known to a broader audience by C. Strahm 
in 1994 (Strahm, 1994; recently modified by Hauptmann 
2007; Strahm and Hauptmann, 2009; see Figure 1). The 
exemplary model suggests a clear vertical zoning of 
different parts of deposits, the surface near zone of ox-
idation (gossan), the zone of secondary enrichment (ce-
mentation zone) and the primary ore body (usually the 
sulphide-rich part). Archaeologists were ready to over-
take this model as it potentially explained crises in min-
ing and metallurgy when societies reached parts of the 
ore deposits requiring advances in technology. Strahm 
(1994; also Strahm and Hauptmann, 2009) himself ex-
plained the crisis of the South-East-European metallur-
gy by the exhaustion of the upper part of copper deposits 
(oxidation zone) usually enriched in readily smeltable 
ores. This functionalistic view has its shortcomings as 
it neither meets the geological reality of copper-bear-
ing deposits nor the way in which earlier societies and 
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metallurgists handled the mixtures of minerals within 
ore bodies.1 Neither the oxidation zone of Eastern Eu-
ropean deposits (e.g. at the Slovakian or Transylvanian 
ore mountains) are completely exhausted nor are they 
clearly separated into primary and secondary ore zones 
(e.g. note 1).

The simple question where a metal object had been 
produced or even where the ores were mined that were 
used for its fabrication cannot be simply answered. There 
are many pitfalls, starting with assumptions made by re-
searchers judging exploitation based on the minerals 
discovered only in old mine tailings, as in most cases the 
ore exploited is not abundantly represented there  (Ixer, 
1999). Conversely, the opposite is the case, as minerals 
that were considered as ores would have been collected 
by the miners and not disposed of. And the pitfalls end 
with the simple problem that the ore body itself may 
have been already mined to exhaustion and the mineral 
assemblages or “ore-cocktail” that may have once been 
exploited can no longer be found in situ.2 This is espe-
cially true in complex supergene deposits with a massive 
occurrence of chemically weathered ores, such as it is ob-
served for the Great Orme mine (Lewis, 1996; Ixer, 2001), 
where presumably the softer carbonate copper ores were 
mainly utilized while the sulphides were not smelted in 
significant quantities.3 As with household production 
it was practical to transport concentrated ores in small 
quantities to settlements; a good example is the earlier 
Chalcolithic copper production at the Beersheba-basin 
(Shiqmim) where copper ores were smelted which prob-
ably came from the Faynan ore fields that are situated 
approximately 150 km away (Hauptmann, 2007).

Artefacts often were transported over some spatial 
distance, the site of fabrication not being the same as 

where it had been discovered. And even worse: The site 
of fabrication might have been far away from the de-
posits where the ores once were mined.4 Generations of 
antiquaries studies have told us that the ancient distribu-
tion of artefact types might provide an answer to these 
questions, but instead they rather tell more about a range 
of cultural and social dimensions and exchange (Müller-
Scheeßel and Burmeister, 2006, pp.26-30).

Despite these setbacks, generally speaking, there 
are many examples where it is possible to deduce the 
production chain as well as the consumption pattern. 
Archaeological excavations and archaeometallurgical 
studies provide insight into production and also fabri-
cation processes making it possible to understand where 
metal once came from and where it went. This requires 
an intensive interdisciplinary cooperation and dialogue 
between archaeologists and archaeometallurgists to find 
coherent interpretative models.

A fundamental problem and a point of miscommu-
nication is the (at times) over-simplistic usage of geo-
chemical data, especially of results of Pb-isotope studies 
(for the method: e.g. Pernicka, 1995; Klein, 2007). Con-
cerning provenance, geochemical data is most powerful 
when it is corroborated by cultural and archaeological 
evidence (see below). A recent debate on European 
Bronze Age provenance studies exemplifies the com-
plexity of geochemical data interpretation. These studies 
still underestimate the necessity to interlink arguments 
based on the detailed mining operation phases with 
chronological phase of consumption of ores and metals 
(Radivojević, et al., 2018). This certainly needs extensive 
cooperation between mining archaeology and archaeo-
metallurgy as it is shown by some projects (e.g. Haupt-
mann, 2007; Pernicka, Lutz and Stöllner, 2016).

As stated many times, lead isotope data can allow 
us to trace the provenance of metal objects to an ore 
deposit by excluding other possible deposits. However, 
it should be borne in mind that lead isotope analy-
sis provides a single strand of evidence that must fall 
in line with others, for instance by other geochemical 
data, such as elemental composition and trace elements. 
Furthermore, it should be proven that these deposits 
were exploited or that there is indirect evidence of ex-
ploitation through chronological and spatial correlation 
between metal production and metal consumption. If 
we have reached this point, there is still the question 
if exchange, or access, can be evidenced by those who 
worked or consumed the metal in one way or another. 
Therefore, to build theories of the mining and distribu-
tion of metals, always a combination of various argu-
ments and strands of evidence must be provided in tight 
cooperation between cultural and natural scientists. To 

Figure 1. Simplified model of a hydrothermal ore deposit as 
used by Strahm (1994), modified, after Stöllner (2003, Fig. 2).
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make it simple, neither pure geochemical evidence nor 
a material culture reasoning can stand alone to argue 
sufficiently to positively and conclusively identify the 
provenance of metal objects.

The understanding of ore deposits is an ongoing 
learning process, which includes the investigation of the 
mineralogy and mineral properties, spatial dimensions, 
geologic background, formation processes, mineral en-
richment processes and the extent and morphology of 
mineralisations in host rock and sediment (e.g. Pohl, 
Petrascheck and Petrascheck, 1992; Pohl, 2005; Okrusch 
and Matthes, 2008). Basic information still can be gained 
from the early geologic research and classifications of 
ore deposits already collected in the 19th century (Fig-
ure 2) that led to general models of ore deposits which 

are actively used in archaeometallurgy and mining ar-
chaeology (Figure 3). However impressive and holistic 
these schemes appear to be, the reality in the field is often 
different: Ore-lodes often are more divers and complex 
in their geometry as well as their mineralogical compo-
sition. Regarding past mining, typically all economically 
viable ore has been already exploited. Ancient mining 
cavities therefore especially indicate where richer miner-
als were extracted and can give an indication of the low-
er economic limit of ore. There is an enormous variety 
of the types and forms of mineralisations and deposits 
mined in the past, some being basically mono-mineral 
to complex and polymetallic, some are primary depos-
its others are secondary enrichments or alluvial deposits 
(Figures 4 and 5). 

Figure 2. Early 20th century textbooks and their classification of mineral deposits, (1) after Meyers (1905, p.94) and (2) Heise and 
Herbst (1908, p.39, Fig. 49). 

Figure 3. Scheme of an ore deposit in humid and arid climate zones after Barnes (1988) and Strahm and Hauptmann (2009).
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Figure 4. Hydrothermal and sub-vertical deposit, as exploited in ancient periods, 1: Mushiston, Stannite deposit; 2: Mitterberg mi-
ning region, southern district, Arthurstollen, chalcopyrite within the Brander-lode; 3: Siegerland, Victoria-mine, lode consisting of 
siderite, limonite and some lead-ore; 4: Gastein, surface alteration with quartz and without ore-mineralisation; 5: Sakdrisi, Georgia, 
Kachagiani hill, hematite quartz lode with free-gold enrichments; 6: Nakhlak, Iran, massive Galena lode with some sphalerite and 
quartz. Photos: DBM/RUB, J. Cierny (1), M. Dehling (2), P. Thomas (3), Th. Stöllner (4-6).
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Figure 5. Sub-horizontal lodes and ore impregnations, intrusions and surface near gossan zones, as exploited in ancient periods,  
1: Timna, Israel, malachite; 2: Wallerfangen, Germany, Azurite; 3: Veshnaveh, Iran, chalcocite; 4: Faynan, Jordan, malachite; 5: Sun-
gun, Iran, oxidized gossan with copper oxides; 6-7: Rudna Glava, Serbia, gossan zone with malachite, limonite and other minerals. 
Photos: DBM, G. Weisgerber (1, 4-5), G. Körlin (2, 7), Th. Stöllner (3), P. Thomas (6).
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It is common knowledge that modern classifications 
of deposits cannot be directly applied to understand 
pre-modern usage and the concepts of earlier societies 
(e.g. Stöllner, 2003, p.421; Stöllner, 2014, p.135; Strahm 
and Hauptmann, 2009, pp.121-122; Weisgerber, 1989/90; 
2003). Different requirements and criteria were used in 
the past (on the social dimensions see Stöllner, 2015a). 
The metallogenic maps that are at our disposal were pro-
duced using a modern economic understanding of ex-
ploitability (Barnes, 1988; Jébrak, 2006) and can lead to a 
false estimation of a prehistoric raw material landscape. 
Equally the mineralogical investigation of mining waste 
and tailings to explore the question of what exactly was 
mined can be misleading, something that archaeologists 
occasionally do not consider.

In many cases the desired ore is scarcely available or 
has been exploited in its entirety in the past. This leads 
to an archaeological bias which is often ignored in the 
provenance debate. This is particularly the case by de-
scribing polymetallic deposits by the dominating miner-
als in the primary ore, which does not take into account 
secondary enrichment, the richest parts to have been 
exploited. This influences both archaeometallurgists’ 
and archaeologists’ arguments of what exactly had been 
used and skews our quantitative estimates. These issues 
have the capacity to impact all sorts of arguments within 
the nowadays complex and distinctive provenance-study 
field, which is more driven to seek lower and smaller an-
alytical detection limits than ever before. 

When it comes to mineral deposits, the basic prob-
lems are both quantitative and qualitative, either in re-
spect of the amount of material once mined (of even the 
feasibility of mining) and furthermore to decide which 
minerals were the most sought, if not all of them were of 
economic interest (as it is today with modern exploita-
tion: Jébrak, 2006). The aim of this article is to explore 
some examples from various mineral resources to dis-
cuss different views in the fields of mining archaeology 
and archaeometallurgy and to assess methodological 
concepts to achieve a better understanding of pre-mod-
ern production.5 

What has been mined? Questions concerning 
the economic value of deposits for early 
societies

The economic and social value of a deposit used by an-
cient societies is not easy to assess. A number of aspects 
must be known if strategies of exploitation and produc-
tion should be used for the reconstruction of past con-
sumption patterns. In ideal conditions one would expect 

a definite ore deposit to object relationship that parallels 
a relationship of technical and social space which reflect 
also social and cultural perceptions that had led activ-
ities in a certain direction. Well-documented examples 
such as the copper deposit of Faynan in Jordan and the 
gold-deposit of Sakdrisi in the Lesser Caucasus Moun-
tains will be used to demonstrate the role of ore deposits 
in understanding early societies. 

At Faynan it became possible not only to investigate 
the mining and metallurgical production processes but 
also to understand which parts of the deposits had been 
exploited during different periods of time.6 Let us focus 
on the transition from the Chalcolithic to the later Early 
Bronze Age between the mid of the 4th and the mid of the 
3rd millennium BC, when copper-production developed 
from a sporadic and low level production to a full-time 
activity (Hauptmann, 2007; Hauptmann and Löffler, 
2013; Löffler, 2018). International research projects have 
shown how the near-surface exploitation in the massive 
brown sandstone (MBS)-deposits changed to the deep 
mining of copper ore in the dolomite-limestone-shale 
unit (DLS)-deposits during the 3rd millennium and how 
the settlement and landscape management by agro-pas-
toralists changed during that time (Barker, et al., 2007). 
A detailed geochemical study of the ore-bodies allowed 
also the exploration of questions of consuming this cop-
per in the southern Levant (Hauptmann, 2007). 

When sophisticated copper ingot production started 
at the beginning of the 3rd millennium BC at local pro-
duction centres like Khirbet Hamra Ifdan (EBAIII-IV, 
Levy, et al., 2002) (after an initial phase at sites like Wadi 
Fidan 4 where copper was smelted from the MBS-de-
posits [see Hauptmann, 2007]) mining groups initiated 
their access to the regional stratiform DLS-deposits that 
only were reachable by intensified mining efforts. The 
Chalcolithic and Early Bronze Age production circles 
allow an insight to how early societies conceptualized 
and processed well-visible copper-carbonate ores and 
how knowledge about the deposits grew over time. This 
knowledge allowed the adaptation of exploitation strat-
egies to a new and more promising ore-deposit when 
the evolving urban societies in the Southern Levant 
required higher amounts of copper metal. The strati-
form DLS-deposits of Faynan permitted an increase in 
production even if mining required greater amounts 
of labour (Löffler, 2018). Although the deposits have 
a comparatively simple mineralogical and chemical 
structure, it was possible also to trace the exchange and 
working of the Faynan ores to their final consumption 
(Hauptmann, 2007). The relatively straight-forward ore 
smelting process only altered trace-element patterns to 
minor degree, which made it possible to follow the ob-
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jects casted from copper produced from these ores to its 
final deposition. 

A very good example of the targeted exploitation 
of a deposit will now be discussed using the example 
of the prehistoric gold mine of Sakdrisi, Georgia. This 
however is more the exception than the rule in early ar-
chaeometallurgical studies: At Sakdrisi (Georgia) a late 
4th millennium BC gold mine was investigated in detail 
over several field seasons; however, the amount of gold 
once extracted is a matter of debate7 (Figures 4 and 5). 
Furthermore, it remains unknown in which regional and 
social contexts the gold was used at the beginning be-
cause ritual and social processes did not lead to larger 
deposition practices of metals in Kura-Araxes graves, 
especially at the beginning of this cultural compound 
(Stöllner, 2016; Stöllner, 2018). 

The gold-bearing hematite-quartz lodes of the 
Sakdrisi deposit show variable gold contents. It is obvi-
ous that the Kura-Araxes only exploited the richest lodes 
of the Sakdrisi-stockwork-deposit; detailed investigation 
of the gold content of several of the ore lodes revealed 
that mining took place only in the richest veins (Stöll-
ner, et al., 2014, Fig. 30, Tab. 4). This selection became 
most probably possible by systematic and empirical as-
saying by beneficiating, grinding and milling the ores at 
the site and washing them with the aid of a small cistern 
(Stöllner, et al., 2014; Stöllner, 2016). And although the 
gold itself can be characterized by mineralogical and 
geochemical studies (Hauptmann, et al., 2010),8 it is still 
difficult to trace the gold on its way to consumers and 
to the final archaeological deposition. This is reasoned 
in part by the rather clean chemical trace-element pat-
tern of the Sakdrisi gold but also by the fact that gold 
objects contemporary to the exploitation are extremely 
rare in the Transcaucasia (see also Jansen, et al., in press; 
Stöllner, 2018). In general, there are many other gold 
deposits in the Transcaucasian mountains and they are 
geochemically well-investigated (e.g. for Armenia, Wolf, 
et al., 2013), but still we are lacking both the evidence 
for ancient exploitation and the evidence of a prehistoric 
consumption on the basis of a geochemical relationship 
between ore deposits and prehistoric gold.

Therefore a very detailed description and geochem-
ical investigation of each single vein was necessary in 
respect of their elemental composition and in respect of 
the amount most likely once exploited (Jansen, Stöllner 
and Courcier, 2014, pp.89-95, Tab. 4, Fig. 30). The de-
tailed investigation made clear that the gold enrichment 
had considerable variation even in rich veins but also 
that the chemical composition could vary within a sin-
gle mineralization. Recent estimates and data produced 
by economic geologists are not very helpful in answer-

ing questions about the prehistoric mine because of the 
focused exploitation strategies and extreme selectivity 
practiced by ancient miners. 

Our more detailed view made it possible to develop 
an extraction model that considered an average gold con-
tent in the enriched parts in the different ore veins and 
the amount of gold lost in the debris backfilled by the 
miners themselves (Stöllner, 2016, pp.217-223, Fig.  7). 
These results had to be placed within the context of the 
organisation structure and mining method that was 
once applied, including the fire-setting technique used 
in small drifts underground (the so called Paravani cal-
culation) (Stöllner, et al., 2014, pp.92-95; Stöllner, 2016, 
pp.217-223) (Figure 6). It is likely that the gold from mul-
tiple small veins was extracted to meet special social and 
ritual needs. The early miners could not determine the 
amount of gold within the single veinlets because of their 
tiny volume; instead, they only could test bulk amounts 
collected from multiple veins, crushed and washed on 
site, in order to determine where it was promising to 
continue the work. Such a winning mode, requiring the 
homogenisation of gold from multiple veins, means that 
it is difficult to identify characteristic elemental patterns 
in light of the extremely heterogeneous compositions of 
the different veinlets. Provenance determination of gold 
objects is made even more difficult when considering 
subsequent mixing of gold during recycling (see argu-
ments in Stöllner, 2018). This is particularly true for the 

Figure 6. The “Paravani”-calculation shows the time-consump-
tion for producing 1 g of gold in the ore-deposit of Sakdrisi in 
regard of the technical processes reconstructed by excavations 
and experiments after Stöllner (2016).

Work pattern Commends Time consumption 
(min)

Wood work/wood  
transport 16,62 kg wood 90

Preparation of tools 
(1 to 3 hammer tools‘ 
wastage each process, 
general estimate

60

Extraction/fire-setting 7,7 kg ore; 15,4 kg 
country rock 80

Beneficiation/ore  
separation

Separation of the ore/
gangue and country rock 30

Crushing/Sorting/Milling 7,7 kg ore 1725

Wet beneficiation 27 % of  
7,7 kg=2,079 kg 462

Smelting of the Au- 
concentrate with 1g Au Crucible-smelting 60

Entire time consumption 2507 min; Ca. 42 h

Expenditure of time  
estimated for the  
production of one gold 
earring (Paravani = 9,4 g) 

395 h → 16 miners 
→ 3 labor days  
(8-9 h labor days)



94 Metalla Nr. 24.2 / 2018,  87–110

Sakdrisi gold that is geochemically rather inconspicuous 
without distinctive trace markers. 

As the prehistoric mine was destroyed by modern 
extraction, it is now much more difficult than before 
to estimate how much gold once was exploited at the 
Kachagiani hill (Sakdrisi). We only have information 
about a few single veins (e.g. the vein of mine 1/2), pro-
ducing a rather rough estimate of a few hundred kilo-
grams of gold exploited over a 400 to 600 year period. An 
annual production, therefore, would have not exceeded 
1 kg of gold, which in the end provides rough insights 
into social and economic aspects of mining (Stöllner, et 
al., 2014, pp.104-105).

Sakdrisi and Faynan are rather good examples for the 
possibility to develop models of how ancient societies 
approached the use of ore deposits and how they might 
have conceptualised their exploitation in the frame of a 
cultural system. This is particularly possible as these de-
posits can be considered as monometallic.

Natural or deliberate alloys? The influence of 
the deposit on small scale smelting

Hydrothermal polymetallic deposits, such as common-
ly found in the Tethyan-Eurasian Metallogenic (TEMB) 
belt, have been used since prehistoric times, but under-

standing these deposits and their use is more difficult 
to follow. This has different reasons, much of which can 
be related to the zonation within the deposits and the 
complex intergrowths of mineral compounds in the ore 
deposits. In both cases it is of high importance to clarify 
the mining techniques and extractive metallurgy at the 
places with secure chronology/dating but also to identify 
which parts of the ore deposit were exploited and when. 
A look at the composition of polymetallic hydrothermal 
veins, like those that are known from some districts of 
the deposits of Cornwall, makes this apparent. At the 
Camborn-Redruth District (Hosking, 1988), the lodes 
(for instance from the famous Dolcoath-mine: Trounson 
and Bullen, 1999) are extremely complex (Figure 7). The 
lodes show decreasing mineralogical complexity with 
depth, but those near the surface, showing the effects of 
chemical and physical weathering (i.e. in the supergene 
zone), are truly complex polymetallic mixtures. Such 
supergene zones were easily accessible to pre-industri-
al mining and in Cornwall there is evidence for mining 
activities at least for tin that dates back to the 2nd millen-
nium BC (Penhallurick, 1986, pp.173–224).9 

Early mining also may have reached areas below the 
water table, as the water-levels fluctuate. Chalcopyrite 
and fahlore minerals, like tennantite, a copper-arse-
nic-sulphide, could have been used, despite the fact that 
the so called ‘copper-tin zone’ of the primary hypergene 

Figure 7. Mineral “cocktail” at the Dolcoath-deposit, Camborn-Redruth District, redrawn after Hoskins (1988) (http://myweb.
tiscali.co.uk/geologyofcornwall/Mineralisation.htm).
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deposit was apparently too deep to be mined (around 
500 m level from surface). The example of the Paleozoic 
tin-tungsten-copper deposits, such as from the Cornwall 
type, makes apparent that it is essential to know in which 
parts mining took place. When taking a detailed look at 
the mineral compositions in such supergene zones, the 
variability of minerals particularly has to be considered 
in regard to early small scale smelting activities. 

Many textbooks emphasise the fine intergrowths of 
polymetallic ores by describing the diversity and var-
iability of ore mineral combinations. Particularly older 
descriptions of the Renaissance and early modern times 
fire the imagination of the richness and variability of 
polymetallic ore. One example are the descriptions and 
publications made by the Bohemian minter and metal-
lurgist Lazarus Ercker (1528/30-1594) who described 
various minerals from mines and their physical and 
chemical properties (Ercker, 1574). As the example of 

the ‘Rotgültigerz’ or ‘ruby silver’, a silver-rich ore (now-
adays proustite Ag3[AsS3] and pyrargyrite Ag3[SbS3]), 
shows, centuries ago miners and metallurgists realised 
the importance of special minerals. These descriptions 
of minerals and early ore classifications led to the begin-
ning of a systematic gathering of information by a variety 
of mining specialists. The beginning of systematised ore 
mineralogy was further developed by advances in mi-
croscopy since the 19th century, and modern ore miner-
alogy was especially influenced by the work of Ramdohr 
in the mid-20th century (Ramdohr, 1960; Maucher and 
Rehwald, 1961; Friedrich, 1970; Taylor, 2009). Because 
of the science of mineralogy, the supergene parts of de-
posits can be described in more detail than ever before 
(e.g. Figure 8). 

In order to be able to understand ancient ore min-
ing, it is important to understand the mineralogical va-
riety of the supergene parts of an ore deposit. Generally 

Figure 8. Intergrowths of ores: 1: polymineralic ore (DBM sample 13098: arsenopyrite (apy), galenite (gn), tetrahedrite/tennan-
tite (ttr, tnt); sphalerite (sl), chalcopyrite (ccp), pyrite (py); in the gangue: quartz and iron rich-carbonates) from mining district 
Janjevo, Kosovo, from a tailing of field of glory holes; 2: ore of rich chalcocite/bornite (ccp, bn) with eutectic intergrowths of both 
minerals within a basaltic matrix, from the copper district Oberhalbstein CH, Cotschens (sample 4046‐C2), reflected light; 3: ore 
of hypide-idiomorphe pyrite which likely was transformed to chalcopyrite (ccp) and magnetite (mt); within the chalcopyrite alto 
the mineral andradite (adr), from Oberhalbstein CH, Crap Fess, 4432‐CF, reflected light; 4: pyrite, already removed by chalcopyrite, 
Oberhalbstein CH, Avagna‐Ochsenalp, sample 4428‐AO, reflected light. Photos: DBM, K. Westner (1), L. Reitmaier-Naef (2-4).
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speaking, a high variety of minerals can be observed in 
polymetallic secondary ore (for example, Table 1). Ore 
minerals might have attracted ancient miners first by 
their colour, and over time ancient peoples learned how 
to produce different metals and alloys through nuanced 
smelting processes. Because of the mineralogical assem-
blage of some secondary polymetallic copper ores, it may 
have been possible to directly smelt particular alloys. A 
good example is olivenite, which is known in some quan-
tity from the upper Gran-valley in Slovakia, from the 
Laurion, from Cornish deposits, in Namibia and Peru 
and many other localities. Olivenite is an arsenic-rich 
secondary copper mineral, Cu2(AsO4)OH, which can 
occur in coexistence with other copper-bearing miner-
als such as malachite, azurite, tennantite and chalcopy-
rite (Strunz and Nickel, 2001, p.444). The green colour 
might have been misleading for prehistoric and ancient 
prospectors who may have mistaken mixed copper-arse-
nic minerals for malachite during superficial gathering. 

If such minerals had an effect on the discovery and 
spread of the use of arsenical copper, it is ideal to know 
about the frequency, regularity and extent in which such 
minerals could be found in the supergene parts of ore 
deposits. This is not easy, considering that the supergene 
parts of many ore deposits have been already exploited 
or destroyed. 

Higher arsenic levels indicate that arsenic levels be-
yond wt.-1% and even over wt.-3% could be the result 
of deliberate co-smelting or alloying processes and did 
not necessarily derive from arsenic levels from mixed 
polymetallic ores. A method of using arsenopyrites for 
the production of copper-arsenic alloys was discovered 
by findings of speiss at metallurgical hubs like Arisman 
(Rehren, Boscher and Pernicka, 2012), Tappeh Hesar 
(Thornton, Rehren and Pigott, 2009) and Shahr-i Sokh-
ta (Hauptmann, Rehren and Schmid-Strecker, 2003, 
pp.200-201). Not only is the greyish to brownish arse-
nopyrite easier to recognize than the greenish olivenite 
within a matrix of mixed oxidized copper ores, associa-
tions of arsenic and iron minerals are far more common 
than associations of arsenic and copper minerals. The 
detachment of copper ore from arsenic-iron minerals 
is better suited to meet a high demand for standardised 
arsenical copper alloys and can be discussed as a major 
innovation in copper-arsenic metallurgy. 

In the southern Caucasus region, it is obvious that 
with the later 4th millennium BC the production of cop-
per-arsenic alloys became a standardised technology 
(Figure 9, based on 494 analyses) (already Selimchanov, 
1977; Stöllner, in press (a), Fig. 4, Tab. 1). The standard-
isation of copper-arsenic alloy production can also be 
observed for many parts of western Asia, the Iranian pla-
teau and Eurasia (Chernykh, 1992; Kohl, 2007), where 
copper-arsenic alloys became a basic metal material 
from the later 4th millennium BC onwards. There are still 
many open questions regarding the production meth-
ods of copper-arsenic alloys and how cultures were able 
to cope with the demand. Understanding the structure 
and mineralogical composition of ore deposits is key to 
the discussion as it is the availability of certain types of 
mineral assemblages that govern the mode and scale of 
production as well as the need for innovation.

Major large-scale deposits: Standard copper 
supply vs social networks in the light of 
methodological problems?

Small-scale, near-surface mining activities in ore de-
posits were often practiced to seek limited amounts of 
special ore minerals that were altered or enriched by 
geological processes. The mining of these minerals was 
tightly related to the extractive metallurgy techniques 
and possibilities. Such near-surface deposits had an 
important influence on the development of new tech-
niques and certainly did induce the widening of metal-
lurgical knowledge. Later large deposits such as massive 
sulphide deposits of Cyprus became periodically major 

Table 1. Some mineral components for a native polymetallic 
“cocktail”

(Secondary) minerals, 
oxides, carbonates

Malachite/Azurite/Atacamite/
Paratacamite/Brochantite/ 
Chalcopyrite/Cuprite/Tenorite/
Cassiterite 

Gangue
Aragonite (CaCO3), Hematite 
(Fe2O3), Siderite (FeCO3),  
Pyrite (FeS2), Quartz (SiO2)

Arsenopyrite FeAsS

Domeykite Cu3As

Enargite Cu3AsS4

Kësterite Cu2(Zn,Fe)SnS4

Mushistonite CuSn(OH)6
Olivenite Cu2(AsO4)OH

Orpiment As2S3

Skorodite FeAsO4*2H2O

Realgar As2S2

Stannite Cu2FeSnS4

Stromeyerite AgCuS

Tennantite-Tet-
raedrite-Freibergite

Cu12As4S13; Cu12Sb4S13; 
Ag6[Cu4Fe2]Sb4S13-x
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and important suppliers for larger regions in the Old 
World, especially from the 2nd millennium BC onwards 
(e.g. Hauptmann, 2008) (Figure 10). This had its con-
sequences also for the metallurgical processes and thus 
the metals being produced. Even before, larger deposits 
of carbonate-based copper ore, such as Faynan, Jordan 
(Hauptmann, 2007) and the Great Orme, Wales (Ixer, 
2001) and elsewhere in Wales (Timberlake, 2009), could 
hold such an importance for centuries, but lost their 
prominence when the mass-production from massive 
sulphide ore deposits started to dominate the copper 
exchange markets. A prime example, Cyprus was a ma-
jor player in parts of the Bronze Age, and it was still im-
portant during the early Iron Age but was accompanied 
by large scale production of other centres such as the 
Alps and Faynan (Kassianidou, 2014; Levy, Najjar, and 
Ben-Yosef, 2014; Kiderlen, et al., 2016; for Alpine cop-
per: Jung, Mehofer and Pernicka, 2011). Recent studies 
impressively have demonstrated this ‘copper’ shift for the 
British Isles, where Late Bronze Age copper does signif-
icantly differ from older metal compositions (Needham, 

Parham and Frieman, 2013). One of the explanations 
could be the decline of regional production in relation to 
imports from larger production centres as hinted by the 
Salcombe metal assemblage (possibly from a shipwreck) 
(Wang, et al., 2016).

Cyprus and the Alpine deposits became important 
suppliers of copper in the 2nd millennium BC, when it 
became possible to smelt copper-iron sulphides using a 
shaft-furnace that allowed the reduction of sulphur and 
iron contents stepwise reducing the sulphur contents in 
stages (see Hanning, et al., 2015; generally for the usage 
of copper deposits: O’Brian, 2015). Deliberate alloy pro-
duction on a massive scale certainly reflects increased 
access to ores. This is especially true for periods when 
tin-bronzes started to imprint the global metal produc-
tion of the Old World (generally see Pernicka, 1998): One 
may assume that requirements of standardised products, 
such as a bronze with 10 wt.-% tin, also directed metal 
production towards immense monometallic deposits but 
also revolutionised the production concepts themselves. 
The large-scale usage of ore deposits included also social 

Figure 9. Frequency in percent of Cu-As-metals between the 5th and the 3rd millennium BC in Georgia, Azerbaijan, Armenia, un-
published data DBM.

without 
As

As  
0-999ppm

As 1000-
4999ppm As 0.5-0.99% As 1-2.99% As 3-6% As > 6%

Sioni/LC1-2 (n=55) 14.5 36.4 16.5 3.6 14.5 12.7 1.8

Leilatepe/LC3-4 (n=84) 3.6 32.1 28.6 7.1 17.9 10.7

Kura-Araxes, LC5/EBA1 
(n=59) 1.7 3.4 8.5 6.7 40.7 30.5 8.5

Kura-Araxes, 3rd  
millenium (n=173) 1.2 3.5 4.6 5.8 49.1 28.3 7.5

Martkopi/Bedeni (n=132) 2.3 3.8 7.6 60.6 20.4 5.3
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concepts that allowed the involvement and integration of 
larger parts of societies into the networks of metal supply 
and demand. One could argue that copper deposits such 
as found at Mitterberg in Austria, Rio Tinto in southern 
Spain and Cyprus now became backbones of economic 
and technical concepts of the 2nd millennium BC that 
were further developed during the latter 1st millennium 
BC and the Roman period in the wider Mediterranean 
and temperate European spheres (e.g. the summaries of 
Domergue, 2008; Stöllner and Bartelheim, 2015).

In comparison to small-scale and selective usage of 
supergene deposits as discussed above, large-scale de-
posits are the reverse. In many cases, mining regions 
like at Mitterberg applied deep mining and standardised 
processes to produce masses of raw copper that were 
inducted to large-scale and wide-reaching exchange 
networks.10 Copper of the Mitterberg type was used 
between the southern Scandinavia, Central and Eastern 
Europe (Pernicka, Lutz and Stöllner, 2016). Mitterberg 
can also be taken as an example for the methodological 
challenges that are connected with large scale deposit us-
age. One problem is the variation caused by geochemical 
differences, especially if the standardised technological 
strategies were to be applied on an extensive regional 
scale; however, there are examples where this problem 
appears to have been overcome. For a long time it was 
only possible to generally discuss East Alpine copper as a 
whole.11 Two effects are responsible for this. East Alpine 
mining regions followed standardised beneficiation and 

smelting practices (Bartelheim, 2007; Stöllner, 2009) that 
led to homogenised smelting products. This is caused by 
the geochemically more homogeneous chalcopyrite ores 
that were exploited on large scale, which in turn led to 
a higher geochemical homogenisation of the final prod-
ucts.12 A change occurred especially, during the Late 
Bronze Age, when Alpine communities started to pro-
duce deliberate copper alloys from fahlore-chalcopyrite 
ore mixtures, probably to utilize the material properties 
of elements found in fahlore to harden the relatively 
clean chalcopyrite copper and to minimize the amount 
of tin required for alloying (see recently the debate: Stöll-
ner, et al., 2016, pp.95-97).

Although large-scale deposits, like the Mitterberg 
main lode, do show a high variability of different miner-
al components (besides the most important chalcopyrite, 
there are also nickel-bearing ores and fahlores). It was 
difficult to geochemically differentiate parts based on 
mineralogical differences, simply as sampling strategies 
often neglected these minute differences. 

Large scale deposits logically require also large scale 
geochemical and mineralogical sampling and archae-
ological dating.13 Recent research did provide new in-
sights because systematic sampling revealed geochem-
ical differences between the major mining districts of 
Kitzbühel and Mitterberg as a whole, but also distinc-
tions could be made within single ore bodies or a group 
of ore bodies (Figure 11, a and b).14 Although these data 
cannot circumvent the effects of homogenisation and 

Figure 10. Cyprus, Mathiatis, massive sulfide ore deposit with very large gossan that was selectively exploited in antiquity (right: 
gallery) and during the 20th century. Photos: DBM/RUB, Th. Stöllner.
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Figure 11a. Mitterberg mining region, the temporal intensity of Bronze Age mining in the southern and main-lode district and the 
geochemical characterisation of the various ore-lodes of the Mitterberg mining district, after Pernicka, Lutz and Stöllner (2016).
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Figure 11b. Mitterberg mining region, the temporal intensity of Bronze Age mining in the southern and main-lode district and the 
geochemical characterisation of the various ore-lodes of the Mitterberg mining district, after Pernicka, Lutz and Stöllner (2016).
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recycling, they can be used to support distinct prove-
nance arguments in periods when exploitation focused 
only on a few large-scale deposits. For the Alps, this is 
especially true for the Middle Bronze Age when Mitter-
berg copper production dominated copper consump-
tion on a massive scale (see Pernicka, Lutz and Stöllner, 
2016). For this period, the dominating position of Mit-
terberg allows assigning the provenance of metals even 
to single ore veins, thus providing excellent insight into 
single production units.

Cyprus held the same importance for the central and 
eastern Mediterranean.15 The introduction of shaft-fur-
nace smelting can be considered as the decisive techno-
logical change, which permitted successful and efficient 
smelting of the rich copper-iron-sulphide ores. Is it nec-
essary to discuss where the “shaft furnace technology” 
for the smelting of massive chalcopyrite ores was first in 
use (or invented) - at Cyprus or at Mitterberg, or maybe 
elsewhere. This smelting technique appears to have been 
introduced during the 16th century BC, which led to a 
sudden increase in metallurgical activities in the hin-
terland nearby the deposits in the pillow lava zone and 
inside the coastal sites (Knapp, 2003; Knapp and Kass-
ianidou, 2008). The coastal urban complex of Enkomi 
certainly is the most important example for the earlier 
stages of copper-refining activities (Kassianidou, 2012), 
and could have been connected to smelters in the hinter-
land, such as the site of Apliki-Karamallos (Kassianidou, 
2018). Following experiments and investigations of the 
oxhide ingots themselves it is likely that these trading 
copper units were cast in larger quantities for the over-
sea-trade.16 It is most likely that hinterland communi-
ties, who controlled mining and the production of matte 
(an intermediate product containing copper, iron and 
sulphur), sent metallurgical products to coastal settle-
ments for further processing (for instance as chunk-fur-
nace conglomerates do indicate).17 

At the beginning, mining had been operated most 
likely in mixed supergene deposits that delivered larger 
portions of both carbonate and sulphide ores. Smelting 
sites, like at Politiko-Phorades, have shown the impor-
tance of the slag formation to produce sulphide-iron-rich 
copper-mattes as a first intermediate product (Knapp 
and Kassianidou, 2008). It is clear that during that stage 
ore processing, smelting and refining were focused on 
single large-scale deposits, like Apliki, Mathiatis or Kal-
avassos (Figure 10). 

It is a major difference if copper was made for ox-
hide-ingot export, such as the high level-impurities of 
the oxhide ingots indicate (Maddin, et al., 2002), or for 
regional/local use. This can be seen also by the lead-iso-
tope investigations of oxhide ingots in relation to sin-

gle deposits (Gale and Stos-Gale, 2012), which indicate 
a tight relation of the export-production to smelting 
at single deposits. For the Uluburun shipwreck ingots, 
for instance, it became possible to attribute the copper 
ore origin probably to the Apliki deposits, which have 
a more distinctive lead-isotope range than the general 
lead-isotope field of Cyprus; however, a closer look at 
the data makes the interpretation less clear and the con-
tribution of other Cypriot deposits is possible (Gale and 
Stos-Gale, 2012). 

Does the Uluburun cargo reflect smelting products 
from different deposits? Although one may consider the 
lack of detailed trace element study as a critical point, es-
pecially for inland products,18 it was assumed that inland 
communities delivered matte-intermediate products to 
different recipients. This assumption, however, remains 
to be proven correct. With other words: The present state 
of research on the copper of the oxhide ingots cannot 
conclusively explore questions on finely nuanced ex-
change patterns on a small regional level. As the position 
of the copper-bearing pillow-lava zone is in its position 
in-between but also remote to the coastal settlement 
foci, relationships between matte-production and cop-
per-refining are unlikely found to be exclusive. This may 
have changed during the Early Iron Age, when territorial 
concepts had been established in the frame of the well-
known Cypriot kingdoms (Kassianidou, 2013).

Major large-scale deposits do not automatically lead 
to mass-produced and geochemically homogenous met-
al that can easily be interpreted in the framework of 
simple exchange networks, even if the scale of trade (Cy-
prus, Eastern Alps) or production (Eastern Alps) could 
indicate this. Therefore, a third example was chosen that 
shows the problems of a major but chemically diverse 
deposit in regard to diverse and small-scale utilization 
concepts. The major copper deposits of central Ka-
zakhstan, like Zhezkazgan, were already considered by 
Soviet-period archaeometallurgists and archaeologists 
as possibly the largest and most important copper sup-
plier within the Central Asian steppe and forest-steppe 
zones (Kadyrbaev and Khurmankulov, 1992; Margulan, 
2001). Zhezkazgan has been considered a major supplier 
of copper-ores during the Bronze Age, and more than a 
million tons of copper ores were estimated to have been 
exploited during the 2nd millennium BC (Zhauymbaev, 
2001; 2013). So it should be expected that, such as with 
Cyprus or the Eastern Alps, metal production should be 
easily recognisable using the geochemical data. But the 
opposite is the case: Recent studies within the frame-
work of the Bochum-Kazakhstan project have shown 
that there is enormous elemental and lead isotope vari-
ability as well as overlaps between artefacts found in the 
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central and eastern parts of Kazakhstan, which should 
have utilised different copper sources.19 

Two factors make it difficult to isolate single pro-
duction series. For one, it is the high variability of the 
deposits, as investigations of the stratiform deposits of 
Zhezkazgan ore-field already indicated (Syusura, et al., 
1987; Box, et al., 2012). Several ore mineralisations de-
veloped from different paragenetic events that outcrop 
at the surface, and there are even ore-conglomerates, 
which demonstrate the complexity of the ore supply. The 
deposit of Zhaman Aibat (Box, et al., 2012) may serve 
as a good example as the recent very detailed geochem-
ical investigation also demonstrate the high variation of 
trace-elements like silver and rhenium within this ore-
field (Figure 12). 

For second, it is the social dimension of small scaled 
metal artefact exchange pattern. An illustrative exam-
ple to understand the various dimensions of Central 
Asian artefact assemblages is the hoard of Nurataldy I 
(Karaganda district, central Kazakhstan, Figure 13).20 
According to the Sejma-Turbino-like deposition mode 

(Chernykh and Kuzminych, 1989, Tab. 17), 21 it is clear 
that the Nurataldy I hoard assemblage possibly derived 

from different original sets of equipment. The hoard 
consists of two spearheads and three daggers togeth-
er with a bodkin and three pieces of metal, a wrapped 
metal sheet, a cast piece of metal and a broken metal 
fragment (Figure 13). Some objects lend themselves to 
typological assessment that could help with the question 
of provenance (Figure 14). All the daggers (KZ 651-653) 
contained a high percentage of tin (around 10 wt.-%), 
but with a close look at the LI-ratios,22 it is clear that 
two daggers, the rolled metal sheet and one spearhead 
are not consistent with ore from central Kazakhstan and 
thus came from outside (KZ 651-652, 680, 694). The 
one spearhead and one of the daggers are very close to 
each other (KZ 652, 694) and are consistent with east 
Kazakhstan copper ore and therefore these tin bronzes 
were likely produced there. This matches also with the 
elevated bismuth and lead contents, which are known 
from east Kazakhstan ores and metals (Stöllner, et al., 
2013, pp.388-389). On the other hand, there is material 
which has lead isotope ratios and trace elements that are 
more consistent with data from the “Kent”-field of cen-
tral Kazakhstan (KZ 653, 682, 695, 731): a dagger, spear-
head, bodkin and metal cast. The metal cast, perhaps a 

Figure 13. Nurataldy I, objects from metal hoard near grave 2. Photo: DBM/RUB, A. Gontsharov; after Stöllner and Gontsharov (in 
press).
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small ingot, best resembles regional copper. It is a rather 
pure copper with few impurities and it is unalloyed, con-
taining nearly no tin. In contrast, the spearhead with the 
short socket has a low tin-level and some antimony and 
lead; this is dissimilar to east Kazakh metal and could 
come from central Kazakhstan.

 The hoard is exemplary in showing social practice 
within small scale steppe-communities during the 1st 
half of the 2nd millennium BC: one or two foreign dag-
gers were probably combined with a foreign spearhead 
while another ensemble consisted of a dagger and a 
spearhead that rather had a regional origin. The accumu-
lation of such diverse sets of equipment can be explained 
best as a result of an intercommunal exchange and gift 
practice over larger distances. Such a practice would not 
favour a directional exploitation-to-consumer pattern of 
raw materials and products. 

Returning to the topics of ore deposits and prov-
enance studies, when ore deposits with complex geo-
chemical patterns are combined with small-scale mining 
and long-distance exchange practices of the societies in-
volved, it can be extremely difficult, if not impossible, to 
conclusively link metals and mining districts. Although 

it is possible to develop theories based on geochemical 
information, as the example demonstrates, combina-
tions of geological and cultural factors can significantly 
complicate the interpretation of the provenance of metal 
objects. 

Conclusions

The different approaches used by archaeologists and ar-
chaeometallurgists to understand metallogenic ore de-
posits often have to do with different expectations from 
each side. It also has to do with the specialisation of ar-
chaeologists and archaeometallurgists, on the one side 
focused on understanding social and economic practice 
of past societies and on the other to understand the com-
plexity of mineralogical and geochemical variability of 
raw materials and the technological processes behind 
their extraction. It is important to accept that humans 
do not always behave in logical ways either to maximize 
productivity or to minimize effort and work-load. There 
are certainly different approaches to how humans inter-
acted with ore deposits and how they experienced them 

Figure 14. Lead isotope ratios of ore samples from Nurataldy I, Sejma-tradition hoard; source: DBM/RUB, M. Bode, Th. Stöllner, 
after Stöllner and Gontsharov (in press).
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(e.g. Stöllner, 2015a). Therefore we can expect to find 
large variety of modes of production that are not always 
able to be explained by simple theories that we regard as 
a best “fit”. Neither should we expect a simple homog-
enised chemical pattern from a major ore deposit, nor 
should we blindly adopt the viewpoint that there were 
similar social practices in different cultural settings. 

Focussing on a smaller scale, mono-mineral depos-
its (also such that have been utilized to exploit one spe-
cific mineral source), it is often questioned whether the 
economic quality of a deposit has been judged correctly. 
The classification of small-scale or large scale production 
obviously cannot only be determined from a modern 
standpoint. Researchers need to know the qualitative 
and quantitative aspects of the chaîne opératoire in re-
gard to the mode of production and the potential output 
but they must also relate these to consumption strategies 
of contemporary communities. Significant amounts of 
high-resolution data from different sources are needed 
to securely approach these economic and social aspects. 
The examples of Faynan and Sakdrisi demonstrate how, 
in rather simple cases, appropriate models can be devel-
oped. 

This is certainly more difficult, if polymetallic depos-
its were exploited on a rather small, pre-industrial level. 
Old textbooks but also modern investigations provide an 
illustrative insight to mineral “cocktails” that were found 
in the supergene parts of ore-deposits. The seeking and 
processing of these natural ore mixtures is conceptual-
ly totally different from co-smelting to produce copper 
alloyed with arsenic or tin and in ancient times the re-
sults presumably were also more difficult to predict. An 
appropriate methodology, therefore, should not only 
include a detailed mineralogical view of ores, smelting 
residues and metals but must involve the empirical and 
sensory qualities of these “ore-cocktails” to understand 
ancient material selection and recipes. 

Whether the exploitation of massive large-scale ore 
deposits finally is mirrored in homogenous and distinc-
tive metal compositions that dominated temporally spe-
cific artefact series or not, depends on various factors. 
Large-scale deposits normally reveal a larger discrepan-
cy in geological, mineralogical and geochemical varia-
tion, which needs to be determined with a sufficient res-
olution. In the best case, it requires a full understanding 
of the complex ore petrology of the entire mining dis-
trict of interest. But even then, it is the accessibility of ore 
and the exploitation mode that has a major impact on 
whether researchers are able to link analytical data on ar-
tefacts to production modes and strategies of exchange. 
Intensive, locally focused ore processing and smelting, 
generally speaking, are more likely to provide chemical-

ly distinct signatures that can be found in artefact series 
that can be related with temporally distinct exploitations. 
Extensive, sporadic and locally diverse winning modes, 
however, tend to disguise such relationships, even if the 
deposit itself would be regarded as large and important. 
Therefore, archaeological expectations do not always 
meet the ‘reality’ formed from analytical data, even if the 
methodological approaches are well selected and cor-
rectly applied.

A thorough interdisciplinary study to model the an-
cient utilisation of metallogenic ore deposits therefore 
requires that a multitude of aspects has to be consid-
ered. Starting from a critical assessment of the sources 
of information (archaeological sources as well as from 
archaeometry), we need a sufficient understanding of the 
production techniques and practices, including an as-
sessment of how this has influenced the representability 
of our geochemical trace-element and isotopic evidence. 
Once a framework of data and arguments are developed, 
information lacking in some areas can be made up for or 
supported by others. Cultural and social aspects includ-
ing subsistence strategies as well as contexts of knowl-
edge and experiences are nonetheless essential to inter-
pret and link the strategies of metal production, the usage 
and deposition. These aspects are closely connected to 
the question of whether a large-scale deposit became a 
major metal supplier or not. This certainly does not sole-
ly depend on quantitative quality of an ore deposit but 
also depends on application of technological, social and 
economic concepts by past societies. A holistic approach 
to understand the ancient use of ore deposits requires a 
broad vision and a close and respectful cooperation of 
the many disciplines involved.
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Notes
1	 Barnes, 1988; for a discussion see Hauptmann, 2008; 

Strahm and Hauptmann, 2009, pp.121-125.

2	 The expression “cocktail” is introduced by S. Klein, Bo-
chum in her lectures 2016-2017.

3	 This coincides with the lack of smelting sites in the sur-
roundings: see Timberlake, 2009.
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4	 This is especially true for regions where mineral depos-
its are unknown but to which metal was imported from 
abroad, for instance Mesopotamia, which always was de-
pendent from mineral sources from its neighbourhood. 
See for instance Reiter, 1997; Hauptmann and Pernicka, 
2004; small-scale distribution can be observed for instance 
for Central Asian metals: e.g. Stöllner, et al., 2013; Stöllner 
and Gontsharov, in press.

5	 Many of the examples used in this article have been taken 
from the author’s own research; other special examples are 
added.

6	 Hauptmann, 2007; Hauptmann and Löffler, 2013; Barker, 
et al., 2007; Levy, et al., 2002; Levy, Najjar, and Ben-Yosef, 
2014; for the mines see Löffler, 2018.

7	 Hauptmann, et al., 2010; Stöllner, et al., 2014; Stöllner, 
2016.

8	 M. Jansen within his PhD-study performs a detailed study 
of the Sakdrisi gold: see also Jansen, et al., in press. 

9	 Recently the antler found in the Carnon tin-streams (Pen-
hallurick, 1986) could be dated by radiocarbon dating to 
the mid-2nd millennium BC thus indicating the earlier 
phases of tin-exploitation in Cornwall: lecture Timberlake 
at the Mannheim conference, 15th of March 2018; pers. 
comm. S. Timberlake.

10	 For the Mitterberg see: Zschocke and Preuschen, 1932; re-
cently on behalf of the new research since 2002: Stöllner, 
2015b.

11	 For instance: Krause, 2003.

12	 It is therefore rather unlikely to assume specialised raw 
metals such as fahlore-metal being a product in such 
large scale production centres as this would require a 
deliberate selection of rich ore parts according their 
mineralogical component. It is rather likely that rich 
ore fragments were directly brought to the smelting 
sites while intergrown-ores had been beneficiated and 
separated by beneficiation that not only produced pu-
rified ores but also included auxiliary minerals that also 
were required to produce standardised smelting loads: 
Stöllner, in press (b).

13	 For a long time East Alpine copper was taken geochemi-
cally as one (see for instance on the basis of the SAM-data: 
Krause, 2003); for the Mitterberg deposit see Bernhard, 
1965; Clasen, 1977.

14	 E.g. Lutz, et al., 2010; Pernicka, Lutz and Stöllner, 2016; see 
also the debate: Radivojević, et al., 2018.

15	 Summarising e.g. Bartelheim, 2007, pp.151-183; see for the 
mining landscape at the Troodos mountains: Given and 
Knapp, 2003.

16	 There is a long-lasting debate on the character of these ox-
hide-ingots: But it is undoubtable that these ingots were 
not produced for use in Cyprus but for external exchange; 
the ingots were intentionally made heterogeneous and brit-
tle for ease of fragmentation for re-melting and trade pur-
poses (Hauptmann, Maddin and Prange, 2002; Laschimke 
and Burger, 2012).

17	 This model already was proposed first by Muhly (1989), 
Hauptmann (2011) argues in a similar way for the trans-
portation of matte and metal-enriched slags to the coastal 
centres.

18	 The problems are manifold: A more detailed geochemical 
investigation of Cypriot copper deposits was not carried 
out (such as the investigations in the Eastern Alps). As 
Hauptmann, Maddin and Prange (2002), have argued it 
also would be difficult to assess the trace element with the 
copper ingots as they were not melted and homogenised 
like the final metal produced from them (homogenisa-
tion did obviously take place at the final fabrication stage 
which was probably not on the island). It would however 
be interesting to look at inland copper products in relation 
to metallurgical centres in more detail to understand the 
variability of trace-element compositions.

19	 Stöllner, et al., 2013; Stöllner and Gontsharov, in press; the 
PhD-study of A. Gontsharov will deal in detail with these 
aspects.

20	 The graveyard consisted of four slab cists, of which three 
were manipulated and one remained untouched. Two 
horse burials were discovered nearby. The complex, which 
remained unpublished so far, has been dated by the exca-
vators V.G. Loman and I. Kukushkin to the early phases 
of the Andronovo/Alakul’-culture We are grateful to V.G. 
Loman, who enabled the sampling and provided us with 
additional information of the site: see also Kukushkin and 
Loman, 2014.

21	 Like Rostovka, Šajtanskoe Ozero II and Turbino 
Matjuščevko and Sinicina, 1988, Figs. 51, 53; Serikov, et al., 
2009, pp.69-70.

22	 For a first definition of the LI-ratio of central and east-
ern Kazakh ore deposits, Bronze Age slags and metals see 
Stöllner, et al., 2013; also Stöllner and Gontsharov, in press.
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