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Abstract: The appearance of the earliest tin bronze artefacts is traditionally linked to the
copper-tin alloying practice in the 3rd millennium BC Near Eastern Bronze Age settle-
ments. Advocates of this model argue that tin for alloying may have come from deposits
located in central Asia or southwest Iran; however, finding evidence for tin bronze pro-
duction remains a challenge for archaeologists. Here we present a piece of tin bronze foil
discovered in the Vinca culture site of Plocnik in Serbia, and securely dated to c. 4650
BC, which makes it the earliest known tin bronze artefact anywhere in the world. Com-
positional analysis links it to smelting a complex copper-tin ore, such as chalcopyrite
intergrown with stannite and / or fahlerz, while metallographic analysis indicate its
intentional production and understanding of material properties of the newly acquired
metal. These results initiated a reassessment of the fourteen previously discovered and
analysed artefacts of similar compositional pattern as the Plocnik foil. The rise of tin
bronze metallurqgy in the Balkans is also discussed in the light of the concurrent appear-
ance of other colourful metal objects in this region.
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Apstrakt: Pojava najranijih artefakata od kalajne broze tradicionalno je povezivana sa
praksom legiranja bakra i kalaja u bronzanodobnim naseljima na Bliskom Istoku to-
kom III milenijuma pre nove ere. Zagovornici ovog modela tvrde da je kalaj za legiranje
moZda doSao iz leziSta koja se nalaze u centralnoj Aziji ili jugozapadnom Iranu; ipak,
dokazi o proizvodnji kalajne bronze ostaju izazov za arheologe. Ovde je predstavljen ko-
mad lima od kalajne bronze otkriven na Plocniku, lokalitetu vincanske kulture u Srbiji,
sigurno datovan u 4650. godinu p.n.e., $to ga Cini najranijim poznatim artefaktom od
kalajne bronze u svetu. Analiza sastava povezuje ga sa topljenjem kompleksne bakarno-
kalajne rude kao Sto su halkopirit u paragenezi sa stanitom i / ili tetraedritom, dok me-
talografska analiza ukazuje na njenu namernu proizvodnju i poznavanje materijalnih
karakteristika novostvorenog metala. Ovi rezultati pokrenuli su preispitivanje 14 ranije
otkrivenih i analiziranih artefakata slicne kompozicije kao i plocnicki lim. Uspon me-
talurgije kalajne bronze na Balkanu je takode razmotren u svetlu istovremenih pojava
drugih raznobojnih metalnih predmeta u ovom regionu.

Kljucne reci: kalajna bronza, vincanska kultura, Plocnik, Balkan, halkolit
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Introduction

The emergence of the 3rd millennium BC tin bronze metallurgy
has been recognised as the defining industry of the Bronze Age societies in
Eurasia, and influencing major changes in political and social lives of con-
sumer communities (e.g. Harding 2000; Anthony 2007; Kuz'mina 2008).
The earliest documented tin bronze artefacts, mostly pins or flat axes from
sites such as Troy in Turkey, Abraq in the United Arab Emirates or Susa
in Iran, and dating to the early 3rd millennium BC (Stech, Pigott 1986;
Weeks 1999; Begemann et al. 2003; Helwing 2009), contained up to 10 %
tin, which was understood to derive from intentional alloying of tin met-
al or tin ore, cassiterite (SnO2, tin oxide) to either copper ore or copper
metal (e.g. Cleziou and Berthoud, 1982). However, neither the production
evidence for tin metal nor the geological tin source that was providing the
Near Eastern communities with the alloying agent for copper have been
identified thus far. The pursuit for the tin ore source in particular resulted
in heated academic debates (Muhly 1993; Yener et al. 1993), and only re-
cent data have shown that there were possibly multiple cassiterite source,
located in modern Iran, Afghanistan, Uzbekistan and Tajikistan, that were
exploited during the Bronze Age (Weisgerber, Cierny 2002; Nezafati et al.
2006; 2011; Stollner et al, 2011; Pigott 2011).

Yet another important question is how the early production of tin
bronze fits into the traditional narrative of the evolution of Eurasian metal-
lurgy, which follows a relatively simple, unilinear model of development of
metallurgy from a single region. It goes back to the use of copper minerals
and native copper that were initially being worked in the Neolithic, which
eventually led to the smelting of copper from oxidic ores in the Chalcol-
ithic. Towards the end of this period mixing of ores was practiced to pro-
duce arsenical copper, and the large-scale smelting of sulphidic copper ores
started. The Middle and Late Bronze Age are marked by the inception of
alloying tin metal with copper to mass-produce tin bronze, while iron met-
allurgy comes into fashion by the end of the Late Bronze Age (e.g. Wertime
1964).

On a broader scale, this narrative proves sufficient in interpret-
ing general consumption patterns; however, a higher-resolution regional
perspective on metallurgical production defies the established order of se-
quence as for instance in the Middle East (Thornton 2009; 2014), or in the
Americas, where the evolutionary trajectory of metallurgy is entirely in-
dependent from the one outlined above (Lechtman 1980; Ehrhardt 2009).
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In the Balkans, the area of our interest in this paper, the most re-
cent discovery of c. 7000 years old copper smelting evidence in the Vinca
culture site of Belovode revived the possibility of independent, multiple in-
ventions of metallurgy outside the ‘core area’ of the Near East (Radivojevi¢
et al. 2010). Compositional analysis of various archaeometallurgical ma-
terials from this site revealed that pure green malachite was favoured for
bead making, while black-and-green ores, a copper and manganese min-
eral paragenesis, were used for copper metal extraction. Such consistent
selection indicates a good understanding of the technological properties
of various raw materials, where the manganese content in copper miner-
als, indicated by the black-and-green colour composite, had a decisive role
in selecting the best copper source for making metal. The pure green bead
minerals were, on the other hand, sought for the strong symbolism of their
colour (Bar-Yosef Mayer, Porat 2008).

This paper presents analytical data for a tin bronze foil from the
Vinca culture site of Plo¢nik in south Serbia, which was possibly wrapped
around a ceramic vessel (fig. 1). This foil was discovered in an undisturbed
context of a dwelling structure within this site, surrounded by several
Vin¢a culture pottery vessels, c. 1 m away from a fireplace (Sljivar et al.
2012, 33; Radivojevi¢ et al. 2013, 1033, fig. 2). This securely contextual-
ised find comes from a single and undisturbed occupation horizon in the
site of Plo¢nik, dated to c. 4650 BC (Bori¢ 2009, 214). The tin bronze foil
from Ploc¢nik is therefore the earliest known tin bronze artefact, anywhere
(Radivojevic¢ et al. 2013, 1032).

<
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Fig. 1 A tin bronze foil from the Vinca culture site of Plo¢nik,
securely dated to c. 4650 BC (Radivojevi¢ et al. 2013, 1032, Fig. 1A)
SI. 1 Lim od kalajne bronze sa vincanskog lokaliteta Plocnik,
sigurno datovan u 4650. p.n.e. (Radivojevi¢ et al. 2013, 1032, Fig. 1A)
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Materials and Methods

The analytical work was carried out at the Wolfson Archaeological
Science Laboratories, UCL Institute of Archaeology, and the metallograph-
ic examination at the Department of Materials, Oxford University. Samples
were cut to size, mounted in epoxy resin discs, ground using abrasive disks
(1200 and 2400 grit) and polished using diamond pastes (1 pm and s pm).
They were examined by reflected light microscopy (OM) prior to electron
microprobe (EPMA) investigation. Metallographic examination was carried
out using reflected light microscopy after etching with two different etch-
ants, ammonia hydrogen peroxide and alcoholic ferric chloride, with the
kind help of Dr Peter Northover, Department of Materials, University of
Oxford, UK.

Early Tin Bronzes in the Balkans: Background

The foil from Plo¢nik is not the first find of tin bronze in the Bal-
kans of such early age. During the last century, fourteen other tin bronze
artefacts were discovered, but they were either insufficiently contextual-
ised or poorly dated, and were therefore only tentatively ascribed to the
Chalcolithic period (Chernykh 1978; Ottaway 1979; Tasi¢ 1982; Pernicka et
al. 1993). In addition, a piece of copper-tin slag was uncovered from a late
5th millennium BC female burial in the cemetery of Zengévarkony in Hun-
gary (Glumac and Todd 1991). However, its context has been questioned
by Pernicka et al. (1997). The Plo¢nik foil thus is the only securely dated
artefact among the entire Balkan early tin bronze assemblage, justifying a
review of the earlier finds.

The Bulgarian sites of Ruse, Karanovo, Gradeshnitsa, Smjadovo,
Zaminec, and Bereketska Mogila yielded 12 samples in total, while only
two come from the Serbian sites of Lazareva cave and Gomolava (fig. 3); all
samples were analysed previously both by Chernykh (1978) or Pernicka et
al. (1993; 1997). This assemblage contains awls, rings, needles, borers and
a rod, with tin concentrations between 1-10 wt%, and consistently with
significant levels of lead, arsenic, nickel, cobalt, iron and gold (fig. 6). Al-
though the exact concentrations of these elements vary widely from sample
to sample, they appear qualitatively similar, which suggests their origins
from similar types of ores. Some of them match typologically counterparts
in pure copper from the 5th millennium BC Balkans (Chernykh 1978, 81).
All objects originate from disturbed Chalcolithic occupation within mul-
ti-layered sites mentioned above, barring a ring from Ruse (ASM 10882),
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which is thought to come from a child’s burial belonging to the undisturbed
Chalcolithic horizon in this site.

The cultural and chronological provenience of these tin bronzes
was assumed to be Chalcolithic based on their distinctive composition and
the limited quantity of such metal finds. Tin bronze is widely adopted in
the Balkans only from the 3rd and 2nd millennium BC onwards (Chernykh
1978; Schickler 1981; Pernicka et al. 1997; Pare 2000). Furthermore, the
later tin bronzes from the studied areas (modern Croatia, Bosnia, Serbia
and Bulgaria) have very different trace element compositions (Govedarica
et al. 1995), making it unlikely for these finds to be intrusive.

0 Imm

Fig. 2 A tin bronze ring from the Vinca culture site of Gomolava, tentatively
dated to the mid-5th millennium BC (Radivojevi¢ et al. 2013, 1032, Fig. 1B)
Sl. 2 Prsten od kalajne bronze sa vincanskog lokaliteta Gomolava, uslovno
datovan u sredinu V milenijuma p.n.e (Radivojevi¢ et al. 2013, 1032, Fig. 1B)

Compositional analysis

Two artefacts were newly analysed for this study: the foil from
Plo¢nik (No. 63) and the Gomolava ring (No. 212) (fig. 2), previously stud-
ied by Ottaway (1979). The Plo¢nik sample showed an average 11.7 wt% Sn
(fig. 6), together with lead, nickel, and iron at levels of between one tenth
and half of one percent each. The Gomolava ring has only 8.5 wt% Sn, but
significantly higher levels of lead, arsenic, antimony and nickel, all present
between a quarter of one percent and one percent. Sulphur and selenium
concentrations are relatively high in both samples. The presence of metal-
lic iron in Plocnik 63 foil demonstrates that this foil was made from freshly
smelted metal, and not re-melted during alloying (Craddock, Meeks 1987).
On the other hand, the presence of significant levels of Sb and As in the Go-
molava 212 ring indicates that this artefact was possibly made by inclusion
of fahlerz ores in the smelt (Radivojevi¢ et al. 2013, 1037).
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Fig. 3 The 5th millennium BC ‘polymetallic’ map of the Balkans, with only locations
of sites mentioned here. Symbols attached to sites correspond with the type of metal
(artefact) discovered at these locations: @ (tin bronzes); () (gold); @(galena/lead) and
Q (silver). The base map is courtesy of Prof. M. Milinkovi¢, Faculty of Philosophy,
Belgrade, adapted by Lj. Radivojevi¢ (Radivojevi¢ et al. 2013, 1036, Fig. 3)

Sl. 3 “Polimetali¢na” mapa Balkana u V milenijumu p.n.e., sa lokalitetima koji se
pominju u tekstu. Simboli koji oznacavaju lokalitete odgovaraju vrsti metala (arte-
fakata) otkrivenih na tim nalaziStima: © (kalajna bronza); () (zlato); @(galenit/olovo) i
Q (srebro). Osnova karte dobijena je ljubaznoscu prof. M. Milinkovica sa Filozofskog
fakulteta u Beogradu, prilagodena od strane Lj. Radivojevi¢ (Radivojevi¢ et al. 2013,
1036, Fig. 3)
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Both objects were worked at temperatures of 500-800 °C (Scott
1991). The Plo¢nik foil (63) appears fully recrystallised, with a single an-
nealing twin presumably resulting from cold work and prolonged anneal-
ing, which left this object soft enough to be wrapped (possibly) around a ce-
ramic (or possibly wooden) vessel (fig. 1; 4). The microstructure of the Go-
molava ring (fig. 5) indicates several cycles of working and annealing, and
reduction to between 60% and 80% of the thickness of initial working sheet
or a bar (Rostoker, Dvorak 1990). The incompletely recrystallised structure
may suggest that the last annealing process prior to final working was not
carried through to completion, leaving the metal in a work-hardened state,
suitable for regular use as jewellery.

0.85'mm

200x5""

Fig. 4 Photomicrograph of the etched section of Plo¢nik foil (sample No. 63),
showing fully recrystallised grain structure and a single annealing twin, which
indicates light working of the artefact (Radivojevi¢ et al. 2013, 1038, Fig. 5)

S1. 4 Mikroskopska fotografija preseka, nakon nagrizanja kiselinom, lima iz Plo¢nika
(uzorak br. 63), na kome se vidi potpuno rekristalizovana zrnasta struktura i
jedan prekaljeni blizanac koji ukazuje na lagano iskivanje ovog artefakta
(Radivojevi¢ et al. 2013, 1038, Fig. 5)

In summary, the samples consist of chemically complex copper
metal rich in tin and a range of minor and trace elements not commonly
found in later tin bronzes. These objects were made using working sequenc-
es that were well adjusted to the different functions required from working
of these two objects, and using considerably higher annealing temperatures
than those used for working pure copper. The technological analysis there-
fore demonstrates that the metal smiths at the time had already a clear
understanding of the specific properties of tin bronze making and working.
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Fig. 5 Photomicrograph of the etched section of Gomolava ring (sample No. 212),
with significantly reduced grain structure, deformation marks and elongated sulphur-
rich inclusions, all of which suggests several cycles of annealing
(Radivojevi¢ et al. 2013, 1039, Fig. 6)

SI. 5 Mikroskopska fotografija preseka, nakon nagrizanja kiselinom, prstena sa
Gomolave (uzorak br. 212), na kome se vidi znatno redukovana zrnasta struktura, znaci
deformacije i izduzene inkluzije bogate sumporom, sto sve ukazuje na nekoliko ciklusa
kaljenja i iskivanja (Radivojevi¢ et al. 2013, 1039, Fig. 6)

Comparison of early tin bronze objects from the Balkans

The Plo¢nik and Gomolava objects are similar in composition to thir-
teen previously analysed early tin bronzes from Bulgaria and Serbia, with
which they therefore form a broad compositional group. To test whether
these tin bronzes were the result of adding tin metal or cassiterite to cop-
per metal, we studied the trace element pattern of the early bronzes in
comparison to those of contemporary Early and Middle Chalcolithic (EC/
MC) Bulgarian copper artefacts. Levels of Fe, Co, Ni and As are on average
about one order of magnitude higher, and those of Sb and Pb up to two
orders of magnitude higher in the early bronzes (fig. 6). Such a trace ele-
ment pattern is not only not found in contemporary copper artefacts, but
also not found in later tin bronzes that occur in the succeeding cultural
horizons of the studied sites, and beyond. It is therefore very unlikely that
this trace element pattern originates from the addition of tin metal or cas-
siterite to ordinary copper, or that the bronze finds are intrusive from later
layers. Instead, the trace element pattern indicates the use of other, more
complex ores for the production of these objects, restricted to the Chalco-
lithic period.
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Cu Sn As Fe Co Ni Ag Sb Au Pb
Site of origin Sample label Object | wt% wt% wt% wt% wt% wth%h wt%h wth wt% wt%
Smjadovo HDM 2720 borer |90.5 8.6 0.34 044 0.01 0.02 0.016 0.02 0.002 0.05
Karanovo ASM 12043 ring 925 7 0.20 0.05 0.02 0.15 0.004 0.005 0.001 0.02
Bereketska Mogila ASM 12103 needle | 929 6 035 0.7 0.012 0.02 0.002 0.01 0.003 0.005
Bereketska Mogila ASM 12105 awl 89.6 10 0.01 0.3 0.04 0.06 0.002 nd 0.003 0.004
Karanovo ASM 12051 needle | 921 7 0.07 0.2 0.01 0.5 0.0003 nd 0.003  0.15
Lazareva pe¢ina HDM 1330 borer | 98 71 0.02 0.06 0.0003 0.004 0.007 0.013 0.004 0.006
Plo¢nik Plo¢nik 63 sheet |87.4 11.7 0.03 0.12 0.07 0.16 nd nd 0.016  0.40
1st group (stannite) Average 91.8 8.2 0.15 0.27 0.02 0.13 0.005 0.01 0.004 0.09
Gomolava Gomolava 212 ring 89.4 85 0.35 0.005 0.025 0.25 0.08 0.45 0.002 0.82
Ruse ASM 10853 awl 89.2 6 0.60 0.2 0.015 0.2 0.04 0.2 0.001 35
Ruse HDM 2046 (ASM 10875) borer | 86 7.3 035 031 0.016 0.28 0.03 0.3 0.003 0.05
Ruse ASM 10863 borer |88.4 10 0.40 0.07 0.02 0.4 0.03 0.5 0.03 0.18
Ruse ASM 10882 ring 921 7 0.50 0.07 0.04 0.1 0.03 0.06 0.003 0.05
?nd group (high-tin Average 89 78 044 043 0023 025 004 03 0008 0.92
ahlore)
Bereketska Mogila ASM 12138 rod 96.8 1 0.06 0.02 nd 0.008 0.02 0.07 0.0029 2
Gradeshnica ASM 10686 awl 943 45 0.35 0.01 0.003 0.04 0.05 0.5 0.003 0.2
Zaminec HDM 2733 borer | 959 3.1 0.26 004 0.002 0.06 0.108 0.33 0.0014 0.14
3rd group (low-tin fahlore)  average 95.7 2.9 0.22 0.02 0.003 0.036 0.059 0.3 0.002 0.78
typical EC/MC (n=40) 100 0.005 0.04 0.04 0.001 0.01 0.04 0.01 0.001 0.013

Fig. 6 Compositional data for the early tin bronze artefacts from the Balkans, given in wt% (Radivojevi¢ et al. 2013, 1035, Table 1).

Data for artefacts other than Plo¢nik (63) and Gomolava (212) taken from Chernykh (1978: 112, 339-352) and Pernicka et al. (1993:

10, Tab. 3; 1997: 121-126, Tab. A1). The bottom line represents an average of 40 contemporary copper metal artefacts from the Early
(EC) and Middle Chalcolithic (MC), based on data from Pernicka et al. (1993: 190, Tab. 3; 1997: 147-148, Tab. A1), demonstrating

that the trace element signature of the bronzes is unlikely to originate from the copper

SI. 6 Podaci o sastavu za najstarije artefakte od kalajne bronze sa Balkana, predstavljeni u % u odnosu na tezinu (wt%) (Radivojevi¢

et al. 2013, 1035, Table 1). Podaci koji se ne odnose na Plo¢nik (63) i Gomolavu (212) preuzeti iz Chernykh 1978: 112, 339-352 i
Pernicka et al. 1993: 190, Tab. 3; 1997: 147—-148, Tab. Al. Donji red predstavlja srednju vrednost za 40 istovremenih bakarnih
artefakata iz ranog (EC) i srednjeg halkolita (MC), zasnovan na podacima iz Pernicka et al. 1993: 190, Tab. 3; 1997: 147-148, Tab.
Al, pokazujuéi da prateci elementi u u bronzi verovatno ne poticu iz bakra
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Within the 15 early tin bronzes we have recognised three distinctive
groups of artefacts, based on their composition (fig. 6). They are labelled
tentatively as stannite bronze, high-tin fahlore bronze and low-tin fahlore
bronze, indicating the possible ore types that could have underpinned their
production. It is assumed that the three compositional groups originate
from smelting a copper ore containing varying amounts of fahlore and stan-
nite, probably mixed with further metal-rich minerals. The archaeomet-
allurgical literature knows a copper type known as fahlore copper (Otto,
Witter 1952; Ottaway 1982; Schmitt-Strecker, Begemann 2005; Hoppner
et al. 2005; Merkl 2010), characterised by elevated levels of arsenic, anti-
mony and silver and often accompanied by increased levels of cobalt and
nickel as well. Fahlore copper does not, however, normally contain more
than a few tens of ppm tin. Instead, the tin in these early bronzes is thought
to originate from stannite, Cu2FeSnS4, a copper-tin mineral structurally
similar to chalcopyrite, and visually as dark metallic grey as fahlore. The
association of primary copper ores such as chalcopyrite with both stannite
and fahlore is not uncommon in sulphidic ore bodies in tin-rich provinces
(Ramdohr 1980, 549-562). Significant tin mineralisations exist in western
Serbia, at Mt. Cer and Bukulja, as well as in several localities in eastern Ser-
bia, Bosnia, Croatia, Hungary and Romania; these are part of the massive
copper sulphide-rich deposits within the Tethyan-Eurasian metallogenic
belt (Jankovi¢ 1997).

Thus, we argue that the early tin bronzes were produced by smelt-
ing complex ores based on chalcopyrite, stannite, fahlore and other acces-
sory minerals in various proportions; the early date of these samples would
suggest that the smelted ore was rich in secondary minerals, while the pres-
ence of sulphur and selenium in the metal may indicate that a significant
part of the ore was still made up by primary minerals. The relative propor-
tion of the various minerals would have differed in each batch of metal
smelted. This is in our view the reason for the variable tin content and
the fact that the metal smelted from such mixed ores does not remotely
reach the theoretical content of 30% Sn of pure stannite. The idea for this
is not new. Already a generation ago, Wertime (1978, 2) suggested that the
role of stannite in the emergence of tin bronzes has been underestimated,
and pointed out that the smelting of stannite would have yielded a natu-
ral bronze. Charles (1978, 28) supported this assumption stating that “...1t
[stannite] may have been the first primary source of tin to be alloyed with
copper”. However, here we argue for the first time based on analyses of
excavated artefacts that this scenario did indeed happen, at the very begin-
ning of metallurgy.
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Tin bronzes enter more regular circulation from the 2nd millen-
nium BC in Bulgaria (Late Bronze Age), with average concentrations of Sn
and As present at ¢. 5wt % and c. 0.3 wt% respectively (Pernicka et al. 1997,
155-156, Table A1). These LBA tin bronzes from Bulgaria come from differ-
ent sites than the ones we considered here, except for the Gradeshnica find
(awl), which was discovered at the same site as three other tin bronze arte-
facts dated to the 2nd millennium BC. The composition of these three LBA
tin bronzes (all of which are stray finds) differs from the Gradeshnica ob-
ject (ASM 10686): one is more likely to be brass than tin bronze, the other
one shows the composition of a cassiterite bronze, while the third has two
times less As, and almost an order of magnitude more Fe and Ni levels than
the tin bronze awl from Gradeshnica in figure 6 (Pernicka et al. 1993, 156).
Taking all into account, these LBA objects differ significantly from the tin
bronze awl under consideration here. Therefore, the unique compositional
pattern of the 15 early tin bronzes taken into account here (fig. 6) differs
from the artefacts appearing in the later cultural horizons. The converse of
this argument is that there is a temporal, geographical and technological
connection linking the fifteen early complex tin bronzes from the 5th mil-
lennium BC to each other.

Noteworthy is a group of 25 tin bronze artefacts (tools and decora-
tive items), which is compositionally similar to the 15 tin bronze artefacts
we discuss here (Govedarica et al. 1995: 275-277, Tab. 1, clusters 1, 2, 7, 9
and 11). These were discovered in several sites in Croatia (Dalmatia) and
Bosnia and Herzegovina, and dated to the Early Bronze Age (early third
millennium BC in this part of the Balkans), thus showing no temporal or
spatial connection to the Chalcolithic tin bronzes. They are, however, very
likely indicating a regional source of such a complex copper-tin bearing ore
that was used for their making, and possibly exploited even earlier, in the
fifth millennium BC, for producing earlier examples of complex tin bronzes.

Discussion

The Vinca culture tin bronzes from Plo¢nik and Gomolava were
carefully made artefacts smelted from complex ores, and worked with a
combination of techniques well-adjusted for the desired function. Their
shape implies that the more functional material advantage of tin bronzes
over pure copper artefacts was not exploited; it was the visual appearance
of them as decorative objects that played a significant role in their use.
Even though, the use of specific heat treatment cycles including annealing
temperatures higher than those required for working the pure copper dom-
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inant at the time indicates the material understanding that metal smiths
developed for these tin bronzes. This in turn indicates an awareness of the
specific properties of these metals, and therefore most probably intention-
ality of their production based on the smelting of ore from a single deposit
with variable stannite and fahlore contents in different ore batches, or from
a few geologically very similar ore deposits. Further research is required to
pinpoint the possible sources of ores used for the making of these 5th mil-
lennium BC bronzes.

The smelting of stannite as a major tin-bearing copper ore for later
tin bronze production has recently been suggested based on its occurrence
in the Bronze Age mines of Mushiston in Tajikistan (Weisgerber, Cierny
2002), Deh Hosein in Iran (Nezafati et al. 2006), the Bolkardag mining dis-
trict in Turkey (Yener, Ozbal 1987), as well as in Iberia (Rovira, Montero
2003). None of these Bronze Age mines, however, appear to be associated
with fahlore as well as stannite. Worth noting is the metallic (grey) lus-
tre of stannite, similar to fahlore with which it is easily confused, with an
olive-green tint, particularly when it is partly weathered and intergrown
with secondary copper minerals, giving it the overall appearance of tainted,
black and green ores.

The selection of self-fluxing ore comprising green copper miner-
als intergrown with black manganese minerals, as opposed to pure green
minerals used for malachite bead making, has recently been suggested as a
key feature of the copper smelting carried out by the Vinca culture smiths
at the turn of the 5th millennium BC (Radivojevic¢ et al. 2010). We suggest
that this appearance was also decisive for collecting copper minerals rich
in stannite and / or fahlore. Weisgerber and Cierny’s (2002, 184) remark
on the macroscopic appearance of the tin-copper paragenesis in Mushis-
ton, Tajikistan: ‘... Mushistonite [(Cu,Zn,Fe)Sn(OH)6]...is trapped in a white
quartz...(as) the [hydrated] tin ore....(and) stains it as black spots...in fine
grained yellow-greenish masses’. Therefore, the black-and-green lustre of
complex copper-tin ores could have been recognised as a desirable feature
for tin bronze making well into the 3rd millennium BC.

The presence of major impurities, such as tin, arsenic and antimony
improved the material properties of the metal: it melted at lower tempera-
tures than pure copper and was easier to cast (Northover 1989; Lechtman
1996). Also, these impurities gave the artefacts a bright yellow colour when
present at sufficient levels. The latter is recognised as crucial for the use
of tin bronzes as an alternative to gold in Central Asia (Kaniuth 2007), and
also for the early appearance of brasses (copper-zinc alloys) from the early
3rd millennium BC (Thornton 2007).
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This is particularly interesting in light of the world’s earliest secure-
ly dated gold objects, dated to the mid-5th millennium BC and deposited
in the cemetery of Varna I in Bulgaria to display social prestige (Renfrew,
1986; Higham et al., 2007). There are earlier uses of gold ornaments (al-
though not as directly dated) in the Varna II cemetery (Todorova and Va-
jsov, 2001: 54) as well as in the cemetery of Durankulak (Avramova, 2002:
193, 202, Tab. 24; Dimitrov, 2002: 147). The Durankulak finds are, for in-
stance, dated to the Hamangia IV phase, which dates between c. 4650/4600
—4550/4500 BC (Bojadziev, 2002: 67) and therefore contemporary with the
currently earliest dated tin bronze from the site of Plo¢nik.

We relate here the colour and social significance of gold to the emer-
gence of the early tin bronzes, and the opportunities the latter might have
offered as an imitation of gold. We argue that the tin bronze production in
the Balkans during the 5th millennium BC is not only intimately related to
the production of copper, but to that of gold as well. The visual similarity of
gold and tin bronze artefacts is further underlined by the relatively limited
scale of production of both metals, which stands in stark contrast to the
massive production of contemporary copper metal implements, amount-
ing to c. 4.7 t of extant objects (Chernykh, 1978). The limited production
of gold and tin bronzes may suggest that access to them was reserved only
for high-ranked individuals, as indicated by the Varna cemetery example;
this could be one of the explanations why are there so few yellow metal
artefacts in circulation at the time.

The characteristic compositional pattern of the securely dated tin
bronze from the site of Plo¢nik supports the assumed Chalcolithic date (5th
millennium BC) for the previously discovered tin bronzes in Bulgaria and
Serbia. This assumption is further strengthened by the absence of compo-
sitionally similar objects from later layers and a gap of more than a millen-
nium before cassiterite tin bronzes appear in the Balkans. In terms of their
making, we anticipate that the particular deposit(s) yielding these ores
were either exhausted, or, more likely, were no longer the active cultural
and technological choice of the Balkan Early Bronze Age cultural groups.

The 5th Millennium BC Polymetallism

Our study provides archaeological and analytical evidence for the
independent emergence of tin bronze production by smelting complex cop-
per-tin bearing ores as natural alloys, preceding the tin bronze alloys from
southwest Asia by c. 1500 years. They also precede by almost half a millen-
nium the earliest known natural alloys made of arsenical copper (Roberts
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et al. 2009). The 5th millennium BC tin bronzes, therefore, fundamentally
challenge the established sequence of the evolution of metallurgy in west-
ern Eurasia.

The ores selected for making these natural alloys were resembling
the black-and-green manganese-rich copper minerals already exploited in
the initial stages of copper metallurgy in the Balkans, which may have fa-
cilitated the initial selection of tin-bearing ores. Therefore, the tin bronze
production started as closely related to technological choices applied in se-
lecting ores for copper metal extraction, but resulted in the emergence of
a differently-coloured metal. Thus, the colour-coding appears to be crucial
also for the end of the chaine opératoire of early tin bronze production:
these artefacts were probably made due to the demand for the golden hue
of tin bronze, possibly even to imitate gold.

Copper, tin bronzes and gold are not the only metals used in the 5th
millennium BC Balkans. There is evidence of mid 5th millennium BC use
of both lead and galena from the Vinca culture sites of Selevac, Opovo, Au-
toput and Donja Tuzla (Glumac and Todd 1987). Also, in the wider Balkan
region there is a record of using silver, attested by more than one hundred
silver artefacts discovered in a hoard from the Alepotrypa Cave in Greece,
and roughly dated to the mid 5th - early 4th millennium BC (Muhly 2002).
Hence, the almost contemporary use of tin bronze, gold, lead/galena and
most likely silver in addition to the dominant copper in the Balkans during
the mid to late 5th millennium BC defies the conventional narrative of a
unilinear and slow evolution of metallurgy. Quite to the contrary, the early
evolutionary trajectory of metallurgy in the Balkans emerges almost from
the very beginning as rather polymetallic in nature (Radivojevi¢ et al. 2013).

The ‘polymetallism’ of the 5th millennium BC Balkans has hitherto
only been considered as an exception, with modest evidence for smelting
polymetallic (copper) ores in the late 5th millennium BC Bulgarian sites of
Dolnoslav and Chatalka (Ryndina et al. 1999). The fifteen tin bronze arte-
facts now significantly extend our knowledge of the use of tin bronze at this
early stage of Eurasian metallurgy. The polymetallic character of the early
Balkan metallurgy does not seem to be driven by the need for functional
metals, but by demand for desirable visual properties of the final products.
Thus, the co-occurrence of three or possibly four different metals next to
copper is underlined by one common principle: their pronounced visual
appearance. The visual appeal of new metals has been suggested before as
the driving force behind their introduction (Lechtman 1977; Smith 1981;
Hosler 1994; Kaniuth 2007; Thornton 2007); this research takes the argu-
ment further back to the very early evolution of metallurgy in Eurasia.
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The 5th millennium BC Balkan polymetallism possibly evolved from
aesthetic preferences of the consumer elite at the time. This means that
the metal smiths at the time were employing different ores and techniques
in order to produce and work different metals, which makes the 5th mil-
lennium BC in the Balkans polytechnological as much as polymetallic. The
decline of the (natural) tin bronzes corresponds with the collapse of large
cultural complexes in northeast Bulgaria and Thrace in the late 5th millen-
nium BC (Todorova 1995; Weninger et al. 2009). This could suggest that
these tin bronzes were ‘cultural alloys’, with their production potentially
dictated by culturally-embedded desires and preferences (Hamilton 1991).
The same applies to the gold-using cultures in Bulgaria; however, not gold
itself, as it continues to be used in the Carpathians throughout the 4th mil-
lennium BC.

Potential explanations for the decline of tin bronze production
could be sought in the population dynamics at the time, which are known
as a powerful mechanism for both generation and decline of innovations
in prehistoric societies (Shennan 2000; Henrich 2004; Powell et al. 2009).
In discussing the early appearance of tin bronzes, we would like to stress
that the 5th millennium BC examples are seen here as aesthetic alloys,
since their mechanical advantage was not exploited in this early period. We
therefore argue that these aesthetic alloys are by definition prestigious and
hence limited in production. Accordingly, their impact on society is more
likely to express social status on the consumer end of their production.

In contrast, the tin bronzes that occur only c. 1500 years later, are
based mostly on cassiterite tin and followed by the widespread adoption
of this alloy in a different cultural climate. As such, they are considered as
both aesthetic and functional, and reflect different organisation of their
production and use. Metal objects of this distinctive alloy appear widely
adopted during the 2nd millennium BC from Atlantic to Pacific, via Central
Asia, mapping out the path of what is later known as part of the Silk Road.
The production, consumption and trade along its predecessor, which we for
the purpose call the ‘Bronze Road’, acted as one of the driving forces behind
the intensification of the economic, social and political lives of the Bronze
Age communities across Eurasia.

In conclusion, the earliest appearance of tin bronzes as alloys of dif-
ferent quality and visual appearance does not correlate with the rise of the
Bronze Age societies in Eurasia. Only at the dawn of the 2nd millennium
BC does tin bronze emerge as one of the main accelerators of trade and
exchange among the Bronze Age communities and thus their progress, but
also as the commodity that was traveling along already established commu-
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nication routes. The earlier aesthetic tin bronzes of the 5th millennium BC
foreshadow this with their wide spread along the riverine network of the
Danube and its tributaries.
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ZASTO NA BALKANU POSTOJE KALAJNE BRONZE
U 5. MILENIJUMU P.N.E.?

Najstarija kalajna bronza na svetu potice sa prostora Bliskog Istoka
i datovana je u 3. milenijum p.n.e. Pocetak koriS¢enja ovog metala vezuje
se za fenomen bronzanog doba i razvoj kompleksnih drustava i intenzivnih
ekonomskih kontakta na prostoru cele Evroazije. Kalajna bronza se smatra
jednim od luksuznih sirovina koja je u to doba vlasniku davala prestiZ i
oznacavala statusni simbol. Medutim, danas se malo zna o tome kojom teh-
nologijom su proizvedeni najraniji nalazi od kalajne bronze i odakle potice
ruda od koje se dobijao kalaj. Studije su pokazale da je najverovatnije up-
ravo kalajna ruda iz leziSta na podrucju centrale Azije i Irana bila koris¢ena
za legiranje sa bakrom kako bi se dobila kalajna bronza. Medutim, dokazi za
tvrdnju o takvoj tehnologiji proizvodnje kalajne bronze jo$ nisu pronadjeni.

U radu je predstavljen unikatan nalaz lima napravljenog od kalajne
bronze, koji je otkriven na vin¢anskom lokalitetu Plo¢nik i sigurno datovan
u 4 650. godinu p.n.e. Analiza hemijskog sastava ovog nalaza pokazala je
skoro 12% kalaja, ali i znacajno ucesce pratec¢ih elemenata, kao $to su ko-
balt, nikl, cink, gvozde, arsenik i antimon, $to ukazuje na tehnologiju izrade
ovog predmeta od kompleksne bakarno—kalajne rude (kao $to je stanit), a ne
legiranjem dva metala. Metalografske analize su pokazale da ovaj predmet
nije slucajno proizveden, posto je tehnika topljenja bila sloZenija od one
koja je bila potrebna za proizvodnju bakra, dominantog metala u upotrebi u
vin€anskoj kulturi i ranom halkolitu Balkana.

Pronalazak ovog predmeta zahteva revidiranje naseg znanja o teh-
nologiji vincanskih kovaca od pre 6 500 godina. Zato smo uporedili ovaj
predmet sa 14 nalaza od kalajnih bronzi, koji su samo uslovno datovani u 5.
milenijum p.n.e. Ovih 14 nalaza potice sa prostora Srbije i Bugarske i anal-
ize su pokazale da sadrze promenljivi sastav kalaja, od oko 2,5% do 10%.
Oni poticu sa viSeslojnih lokaliteta koji su imali halkolitski horizont, a zbog
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mogucnosti upada iz kasnijih kulturnih slojeva samo uslovno su proglaseni
halkolitskim. Cernih je tvrdio da su nalazi najverovatnije iz 5. milenijuma
p-n.eizbog toga Sto predmeti takvog sastava i tipoloskih karakteristika nisu
pronadeni u kasnijim metalnim dobima na Balkanu.

Uporednom analizom svih 15 kalajnih bronzi dosli smo do zakljucka
da one pokazuju slican geohemijski obrazac rude koja je koriS¢ena za nji-
hovo pravljenje, a koja je bila meSavina stanita i tetraedrita (falerz ruda).
Upecatljiva karakteristika stanita je njegova prirodna crno-zelena boja,
posebno vazna zato $to je bila presudna za pocetak prerade metala na loka-
litetima vincanske kulture. Nasa pretpostavka je da su vincanski metalurzi
otkrili bronzu tako $to su sakupljali rudu odredjene boje za topljenje i vre-
menom upoznali novi metal i njegova svojstva. Stoga mislimo da se ostale
pomenute kalajne bronze, zbog hemijske sli¢nosti sa plo¢nickim nalazom,
mogu, sa vecom sigurno$cu, svrstati u 5. milenijum p.n.e.

Na pitanje zasto se ona proizvodila nasa pretpostavka je da je za
proizvodnju kalajne bronze, posto se radi o dekorativnom predmetu, bila
presudna boja zlata. Poznato je da kalajna bronza koja u svom sastavu ima
izmedu 2 i 12 % kalaja dobija zlatastu boju, pa je mozda imitiranje zlata i
bila Zelja zanatlije koji je proizveo predmet. Veoma je zanimljivo primetiti
da se kalajna bronza pojavljuje u isto vreme kada i prvi zlatni predmeti na
Balkanu. Mis$ljenja smo da to nije slucajnost, ve¢ da su se objekti od kalajne
bronze u to doba proizvodili da bi, mozda, imitirali zlatne predmete.

Stoga nas proizvodnja bakra, zlata, kalajne bronze, zajedno sa
upotrebom olova i srebra, navodi na pretpostavku da je 5. milenijum p.n.e.
na Balkanu bio milenijum polikolora, odnosno proizvodnje metala sa ciljem
da zadovolji i estetske i funkcionalne potrebe tadasnjih zajednica.
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