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A B S T R A C T   

In the Bronze Age (c. 2300–800 BC), European communities gave up their economic independence and became 
entangled in a continental trade network. In this paper, we will test the hypothesis that the adoption of a ‘Pan- 
European’ currency has favoured the development of such a network. We define a methodology to test the 
money-hypothesis in pre-literate economies, based on analogies with the material characters of metallic money 
in the Ancient Near East. The statistical properties of metals from European hoards are compared with those of 
balance weights, in order to test the following expectation: if they were used as money, complete objects and 
fragments are expected to comply with standard weight systems. The results meet the expectation, and indicate 
that bronze fragments possess the same statistical properties as hack-silver money in the Ancient Near East. The 
sample includes approximately 3000 metal objects, collected from two test-areas: Italy and Central Europe. The 
sample of balance weights includes all the items known to date for pre-literate Bronze Age Europe, collected 
within the framework of the ERC Project ‘Weight and Value.’   

1. Introduction 

The widespread diffusion of weighing technology in Bronze Age (BA) 
Europe (c. 2300–800 BC) hints at the gradual increase in relevance of a 
commercial economy. Since weight systems1 have barely any other 
application than accounting for incomes and expenditures, assessing 
economic value, and negotiating prices (e.g. Powell, 1977; Renfrew, 
2012), their diffusion must be correlated to an increasing involvement of 
merchants. In the second half of the second millennium BC, the emer-
gence of a Pan-European weight unit created the preconditions for the 
widespread adoption of weight-regulated metallic money (Ialongo and 
Rahmstorf, 2019). 

In the next section, two we introduce the argument based on the 
archaeological evidence for weighing technology, metal fragmentation, 
and metal trade. In the third section, we define the money-hypothesis, 
describe our statistical methodology and test the hypothesis on a large 
sample of metal objects from Italy, Germany and Poland. The analysis is 
grounded on a comparative methodology recently proposed and tested 

on hack-silver money of BA Mesopotamia (Ialongo et al., 2019). Based 
on a comparison with the metrological properties of balance weights, we 
conclude that the results of the analyses support the interpretation of 
bronze fragments as ‘Pan-European money’. In section four we discuss 
the results of the statistical analysis in connection with the questions of 
weight-regulation, value, and the origin of money. 

In the conclusions, we outline the potential impact of future research 
on pre-coinage money on the understanding of the economy of prehis-
toric societies. We propose that the growing economic specialisation and 
the increasing volume of trade in the Late BA (c. 1350–800 BC) can be 
partly explained by the widespread adoption of a ‘Pan-European 
money’. 

2. The argument 

2.1. The rationale for a commercial economy in BA Europe 

The BA of Western Eurasia is always accompanied by three 
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1 In this article we make an equivalent use of the terms ‘weight’ and ‘mass.’ ‘Mass’ is the formally correct term to identify the quantity measured by balance scales, 
whose unit in the SI is the gram (g). ‘Weight’ is a force, and its unit is the newton (N). In both common language and scientific terminology, however, the term 
‘weight’ is widely used in popular locutions, such as ‘weight system,’ ‘weight regulation,’ and ‘balance weight’. We decided to maintain these locutions for the sake of 
clarity. 
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Fig. 1. Diachronic diffusion of balance weights in BA Europe (based on Ialongo and Rahmstorf, 2019). Dates are in years BC.  

Fig. 2. ‘Scrap hoard’ from the Late BA battlefield of Tollense Valley (Northern Germany, c. 1350–1200 BC). The assemblage was probably contained in a box of 
organic material and includes fragmented objects, semi-finished items and blunt tools (from Uhlig et al., 2019; photo by Volker Minkus; courtesy of 
Thomas Terberger). 
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interrelated, overarching phenomena: The ubiquitous presence of tin 
bronze (e.g. Vandkilde, 2016), frequent human mobility (e.g. Vandkilde 
et al., 2015), and the widespread diffusion of weight systems (e.g. 
Rahmstorf, 2010). The simultaneous development of these phenomena 
hints at the formation of a continental network based on long-distance 
trade (Kristiansen, 2018). 

For BA Europe, there is evidence that the extraction of copper in 
specialised mining regions followed a demand-related trend. For 
example, in the Mitterberg district (Austria) low-quality fahlore copper – 
mainly mined in the Early BA – was replaced by high-quality chalco-
pyrite in the Middle BA. In the Late BA (c. 1200 BC), perhaps owing to a 
surge of demand, both fahlore and chalcopyrite were extracted at the 
same time (Lutz and Pernicka, 2013). In the British Isles the exploitation 
of rich local copper ores appears to severely diminish between c. 
1300–1200 BC, with internal demand being satisfied by continental 
metal (Williams & Le Carlier de Veslud, 2019). As for the magnitude of 
ore extraction, it has been calculated that a single mining district could 
yield an approximate average of c. 50–100 metric tons of refined copper 
per year (Pernicka et al., 2016). Provenance studies in other areas of 
Europe further support the impression that, starting c. 1350–1200 BC, a 
surge of the demand for metal was satisfied by a limited number of 
specialised mining regions (e.g. Begemann et al., 2001; Ling et al., 
2014). 

Copper seems to move independently from the distance of its sources 
and in spite of the local availability of ores, and thanks to its optimal 
preservability it is an ideal proxy of the magnitude of production and 
trade in Europe. Other commodities circulated in the BA, many of which 
(such as salt, textiles and timber) simply do not leave measurable traces 
in the archaeological record (e.g. Earle et al., 2015): How did these 
commodities circulate? The diffusion of balance scales and weights in-
dicates that long-distance trade could rely on widely shared indexes of 
value to assess and negotiate the prices of commodities (Pare, 2013; 
Renfrew, 2012). Weighing equipment is first attested in southern Italy in 
the Early BA (c. 2300–1700 BC), becomes widespread by c. 1350–1200 
BC, and by c. 1200–800 BC is adopted virtually everywhere in Europe 
(Fig. 1); moreover, the same weight units were employed everywhere in 
the European territory (Ialongo and Rahmstorf, 2019; see below § 3.4). 
Since the main use of weight systems is the quantification of prices in 
transactions, weight-based trade belongs to the basic definition of 
market exchange, whether or not a ‘price-making’ market actually 
existed in the BA. 

2.2. Fragmentation, hoards and metallic money: three aspects of a faceted 
problem 

The systematic fragmentation of bronze artefacts – one of the most 
characteristic and ‘enigmatic’ phenomena of the European BA – is first 
attested in the Middle BA and becomes progressively widespread in the 
Late BA (e.g. Bradley, 1990: 114; Hansen, 2016: 197). Towards the end 
of the 2nd millennium BC, systematic fragmentation assumes the traits 
of a continental phenomenon. Fragmentation is a key-aspect of the 
debate on metallurgy in BA Europe, being intimately intertwined with 
the phenomenon of metal hoarding and with the problem of money 
(Fig. 2). The interpretation is polarizing: Some scholars see it as a ritual 
practice, aimed at ‘killing’ an object before ritually burying it, while 
others envisage an economic purpose aimed at facilitating recycling or 
exchange (see Brandherm, 2018 for an overview of the debate). 

The ritual hypothesis suggests that metal fragments bear traces of 
‘aimless violence’ (e.g. Bietti Sestieri et al., 2013; Nebelsick, 2000). 
Weapons, jewellery, tools and casting waste – some authors suggest – 
were not simply broken, but they were subject to special treatments, 
including twisting, bending, folding, heating and, sometimes, partial 
re-melting. Allegedly, these operations would not fit with utilitarian 
purposes, but rather be consistent with ritual practices. According to this 
interpretation, some scrap hoards would be collections of 
ritually-destroyed artefacts, buried within complex sacrificial cere-
monies (Brück, 2016; Hansen, 2016). Empirical studies proposing this 
interpretation, however, only address very limited samples from arbi-
trarily selected hoards, and the ritual explanation does not appear 
suitable to explain the majority of the evidence (Lago, 2020). 

According to the theory of temporary storage, the breakage of arte-
facts had utilitarian purposes. The high incidence of broken objects in 
Late BA hoards has been interpreted alternatively as proof of massive 
recycling (e.g. Delfino, 2014), or as evidence of the practice of storing 
value (e.g. Bradley, 1988; Leonardi, 2016). A recent study – carried out 
on a big sample with statistical methods – demonstrated that the size of 
fragments in British Late BA hoards conforms to random distributions 
(Wiseman 2018). The evidence would argue against the ritual hypoth-
esis: If fragmentation does not follow regular patterns, then hoards are 
simply the result of random accumulation. Hence, scraps were allegedly 
accumulated in order to be recycled, and the people who buried the 
hoards merely failed to retrieve them. 

A third theory assumes that metal objects were broken in order to 

Fig. 3. Diachronic quantification of metal fragments in BA hoards in Italy (data from Lago, 2020) and Central Europe (data from Sommerfeld, 1994).  
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facilitate their circulation as currency (e.g. Peroni, 1998; Primas, 1986; 
Sommerfeld, 1994). Since the exchange value of metal was assessed 
through weighing, fragmentation was aimed at obtaining pieces with 
predetermined mass values, and fragments circulated as money. The 
starting assumption of this line of research is the following: If bronze 
objects and fragments comply with weight systems, then there is a fair 
chance that they were used as currency. However, the results of these 
studies are generally problematic, since the selection of test-samples is 
often arbitrary, the analytical methods are merely descriptive and the 
arguments are often circular (see e.g. critiques in Ialongo, 2019; Pare, 
1999). On the other hand, there is one aspect of fragmentation that 
argues in favour of the commercial hypothesis, i.e. hoards seldom 
contain two pieces of the same object. The figures for Italy and Central 
Europe show that, throughout the BA, matching fragments rarely occur 
in hoards (Fig. 3), as Wiseman (2018) also noted for the British hoards. 
Except for a minority of special cases, therefore, it is unlikely that the 
breakage of metal objects was part of an intentional treatment that 
preceded deposition in a consequential chain of actions, be it either for 
ceremonial purposes or in order to facilitate re-melting. On the contrary, 
most fragments rather circulated for a long time before their deposition 
(e.g. Bernabò Brea and Cavalier, 1980: 738–739; Brandherm, 2018: 53; 
De Marinis, 2019; Milcent, 2017; Vilaça and Bottaini, 2019: 129). If 
bronze regularly circulated in fragments, then fragmentation is corre-
lated to exchange, and completely detached from the procedure leading 
to the deposition of metals. As demonstrated by Wiseman for the British 
Isles (2018), in the majority of cases hoards simply collect random 
samples of all the metal that was circulating at the time of their depo-
sition. In other words, if metal circulates mostly in fragments, then 
fragments will represent most of the metal in hoards. 

2.3. Metal fragments as money 

The spread of weighing technology somehow mirrors the spread of 
the fragmentation phenomenon. The so-called ‘scrap hoards’ appear in 
Middle BA in Italy (Lago, 2020) and in Central Europe between the 
Carpathian Basin and the Loire Valley (e.g. Brandherm, 2004; Hansen, 
2016; Nebelsick, 2000). In the course of the Late BA, scrap hoards 
become increasingly more frequent in these areas, and start being 
attested almost everywhere in Europe (e.g. northern Germany and 
Poland: Sommerfeld, 1994; Atlantic France: Coffyn et al., 1981; British 
Isles: Wiseman, 2018; Spain: Brandherm, 2007; Romania: Rezi, 2011). 
In this time span, the fragmentation phenomenon hints at a trans-
formation of circulation patterns. In our sample of Italian and Central 
European hoards, the occurrence of fragmented objects tends to grow 
steadily in the course of the BA (Fig. 3). The increase in the circulation of 
light scraps suggests that the volume of individual transactions 
involving metal tended to become smaller and smaller over time. 
Interestingly, fragments did not circulate instead of complete objects, but 
in addition to them. The average yearly mass of bronze buried in hoards 
shows that fragments represent a relevant part of circulating metal since 
around 1350–1050 BC (Fig. 3). In Italy, in particular, the occurrence of 
complete objects remains stable in the Late BA, while fragments repre-
sent the vast majority of the mass of metal in circulation. 

The evidence suggests that there is a correlation between the spread 
of weighing technology, the frequency of fragmentation, and the overall 
mass of metal in circulation. From this perspective, fragmentation may 
have represented an incentive for the circulation of metal. In the attempt 
to explain this correlation, we take a novel perspective on the phe-
nomenon of fragmentation: We propose that the increasing circulation 
of weight-regulated ‘small change’ may have fostered trade by reducing 
the average volume of individual transactions, thus granting more and 
more agents access to the exchange network. The hypothetical use of 
bronze as money may explain the increasing demand for metal, the 
subsequent specialisation of mining regions and the fragmentation 
phenomenon. When a substance is simultaneously money and com-
modity, the demand for that substance is effectively doubled, since 

people will seek to obtain it in both states, but for different purposes 
(Jones, 1976). At the same time, when the desirability of a good in-
creases more people will be interested in obtaining it, which, in turn, 
will prompt an increase of production. 

3. Testing the money-hypothesis 

3.1. Premise 

The relationship between metals and weight systems is key to solving 
the problem of pre-coinage metallic money in BA Europe. While we 
fundamentally agree with the critiques towards the methodological 
framework of previous studies, we also contend that no proactive effort 
was ever made to prove the hypothesis false. Critiques always aimed at 
highlighting flaws and loopholes, but never at developing alternative 
methods that could factually disprove the hypothesis. Hence, the ques-
tion still remains unanswered: Do bronze objects and fragments comply 
with weight systems? Our analysis is designed to provide a clear-cut 
answer based on statistical tests. The first problem to solve is how to 
define weight systems. Previous research on the money-hypothesis 
missed a crucial point, since no one ever considered balance weights 
as part of the equation. The study of balance weights is the only way to 
reconstruct prehistoric weight systems. Until recently, the evidence 
related to weighing equipment in BA Europe was scanty and discon-
tinuous. In the framework of an ongoing research project, all the evi-
dence was collected and significantly expanded with unpublished 
materials (Ialongo and Rahmstorf, 2019) (Fig. 1). 

Fig. 4. Geographical distribution of the analysed sample of BA hoards.  
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3.2. The sample 

Our sample includes two regional datasets: the total number of 
published hoards from Italy (Lago, 2020), and a large sample of hoards 
from northern Germany and western Poland (Sommerfeld, 1994) 
(Fig. 4). We exclusively considered objects for which the mass is known. 
The data have been divided into four categories (Table 1): 1) complete 
objects (including every functional category except ingots); 2) frag-
mented objects; 3) complete ingots; 4) fragmented ingots. The Italian 
subset covers the whole BA (c. 2300–950 BC), while the German subset 
is limited to the Late BA (c. 1350–800 BC). 

3.3. Cosine Quantogram Analysis 

Cosine Quantogram Analysis (CQA) is the most reliable methodology 
in metrological studies of the Ancient World. CQA was initially devised 
in 1974 by the statistician D.G. Kendall (1974). It was employed in 
weight metrology for the first time in the 1990s (Petruso, 1992), and has 
been further developed in recent years (e.g. Hafford, 2012; Ialongo, 
2019; Ialongo et al., 2019; Pakkanen, 2011). 

CQA is a non-inductive method that allows to determine if a sample 
of metrical observations is the product of one or more basic units, by 
looking for quanta in a distribution of mass values. A quantum is a single 
value for which most of the mass values in a sample are divisible for a 
negligible remainder. If the sample is ‘quantally configured’ (i.e., if most 
of the values are divisible by the same number), then most values will 
give a rational number (i.e., 2, 5, 8, 1/2, 1/3 …) when divided for the 
best quantum. All values are divided by a series of quanta and the 
analysis gives positive results for those quanta that give a negligible 
remainder for most of the values in the distribution. CQA tests whether 
an observed measurement X is an integer multiple of a quantum q plus a 
small error component ε. X is divided for q and the remainder (ε) is 
tested. Positive results occur when ε is close to either to 0 or q, i.e., when 
X is (close to) an integer multiple of q: 

φ(q)=
̅̅̅̅̅̅̅̅̅
2/N

√ ∑n

i=1
cos(

2πεi

q
)

Where N is the sample size, and φ(q) is the test-statistic. The resulting 
graph shows peaks where a quantum gives a high positive value for φ(q), 
which indicates, in turn, that the corresponding quantum is a ‘good fit’ 
(Ialongo, 2019; the online version of the article contains a downloadable 

applet for the calculation of CQA). 

3.4. The Pan-European weight system: orders of magnitude and 
inaccuracy 

The method – applied to a sample of approximately 600 balance 
weights – allows to reconstruct the weight systems used in BA Europe 
with a solid statistical basis. CQA indicates a Pan-European small unit 
(or shekel) of c. 9.4–10.2 g, attested in Italy, Central Europe and Atlantic 
Europe (Fig. 5) (Ialongo and Rahmstorf, 2019, and a larger unit (mina) of 
c. 420–450 g, attested in Italy and Central Europe (Ialongo and Rahm-
storf, 2021). 

The concept of a single overarching unit for weights and measure-
ments is a modern idea, and ancient systems of measurement were 
organised according to different units for different orders of magnitude. 
According to the standard terminology derived from Mesopotamian 
metrology, BA weight units are usually divided into four orders of 
magnitude: The grain (less than 1 g), the shekel (c. 8–15 g), the mina (c. 
400–500 g), and the talent (c. 20–30 kg) (e.g. Powell, 1987–90). The 
different units are connected by a system of fractions and multiples that 
varies from region to region and from period to period. In LBA Europe, 
there is strong evidence for at least two orders of magnitude that can be 
approximated to the shekel and the mina, each with distinct formal types 
of balance weights (Ialongo and Rahmstorf, 2019). The shekel-range 
spans between 0.16 g and 469.4 g with 95% of the measurements below 
152 g, and the mina-range spans between 11,8 g–5050 g with 95% of the 
measurements above 125 g (Fig. 6). 

Accuracy is another relevant factor. The accuracy of BA units in 
Mesopotamia (e.g. Hafford, 2012), the Aegean (Petruso, 1992), and 
Europe (Ialongo, 2019) has been calculated at c. ± 5% at one standard 
deviation. The only weighing device known at the time was the 
equal-arm balance (Hermann et al., 2020). Since the difference between 
two identical masses being measured on the pans is zero, the error of an 
equal-arm balance is always proportional to the measured mass. The 
larger the mass, the larger the error, which will grow proportionally to 
the mass itself. This means that the approximate error of ±5% will be 
constant on every weight, regardless of its order of magnitude. 

3.5. Subsampling 

The existence of different orders of magnitude with dedicated units is 
a crucial factor to be considered if one attempts to compare the 
metrology of balance weights to the metrology of potentially weight- 
regulated objects. The boxplot in Fig. 6 compares the distribution of 
the mass values of balance weights in the shekel- and mina-ranges to the 
different classes of metal objects in our sample of BA hoards. It shows 
that the vast majority of metal objects are heavier than the shekel and 
lighter than the mina. This has relevant methodological implications, 
since CQA can test if the mass values are multiples of the shekel but not if 
they are fractions of the mina. In other words, since most of the balance 
weights in the mina-range are heavier than most of the metal objects, we 
lack a statistically-significant sample to attempt a comparison. For this 
reason, our analyses are only aimed at testing the probability that the 
mass values of metal objects in European hoards are multiples of a shekel 
of c. 9.4–10.2 g. 

In order to avoid false positives and false negatives, the CQA was 
limited to a range comprised between 7 and 200 g. Examining the for-
mula in detail clarifies why measurements smaller than the unit will 
inevitably give false results for the unit-range. The following part of the 
formula determines how good a quantum fits, for a range comprised 
between 1 (perfect fit) and − 1 (no fit): 

cos(
2πεi

q
)

Let us imagine to test a measurement of 19 g for a hypothetical unit 
of 10 g: 

Table 1 
Composition of the analysed sample (items with mass values between 7 and 200 
g).  

Italy EBA-MBA 

Category count Analysed 
Complete objects 13 No 
Fragmented objects 3 No 
Complete ingots 1 No 
Fragmented ingots 14 No 
Total 31  

Italy LBA 

Category count Analysed 
Complete objects 156 yes 
Fragmented objects 675 yes 
Complete ingots 2 no 
Fragmented ingots 464 yes 
Total 1297  

Central Europe LBA 

Category count analysed 
Complete objects 622 yes 
Fragmented objects 761 yes 
Complete ingots 6 no 
Fragmented ingots 22 no 
Total 1411   
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cos(
2π9
10

)= 0.81 

The result is a very good fit, because the remainder ε = 9 is very close 
to the quantum 10. Interestingly, for a measurement of 5 g, the result 
would be − 1, despite 5 being exactly half of 10, and hence, in a 

fractional logic, it should be a very good fit for the unit. This happens 
because the remainder ε = 5 is as far away as possible from both 10 and 
0, being exactly in the middle. This highlights one of the main limita-
tions of CQA, which will always give negative results for multiples of 
half the unit. Finally, for a measurement of 0.27, the result would be 
0.99, because the remainder ε = 0.27 is very close to 0, but it would be a 

Fig. 5. Cosine Quantogram Analysis. Left column: Balance weights in the shekel-range from BA Europe (based on Ialongo and Rahmstorf, 2019). The complete 
sample (top) is compared to regional subsets. The analysis includes balance weights with mass values between 7 and 200 g. Right column: Fragmented bronze 
objects. The complete sample (top) is compared to regional subsets. The vertical lines mark the statistical dispersion of the shekel. The dotted red lines show the 1% 
alpha level, obtained through Monte Carlo tests for statistical significance. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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false positive because every big number can be divided for every small 
number for a negligible reminder. 

On the other hand, the upper limit of the analysis-range is dictated by 
the issue of the propagation of error. One can imagine a theoretically- 
exact value of exactly 30 times the unit, e.g. 300 g. According to the 
accepted error of ±5%, the actual value would range between c. 
285–315 g. For the same reasons illustrated above, a test for a quantum 
of 10 g would give − 1 for 285 g, 295 g, 305 g, and 315 g, and negative 
results for many values in that same range, despite the fact that all those 
values can hypothetically represent the theoretically-exact value of 30 
times the unit. 

These considerations show why CQA is not well-suited to identify 
fractions of a unit, or multiples that are much bigger than the unit itself. 
When testing a unit of c. 9.4–10.2 g, the range of 7–200 g offers the best 
compromise between accuracy and inclusivity, providing reliable results 
while at the same time allowing to maintain a sufficient sample size. The 
final count for each category of bronze objects included in the analysis is 
given in Table 1. The part of the Italian subset dating to the Early-Middle 
BA (c. 2300–1350 BC) was not analysed, since it does not include 
enough measurements in the 7g-200 g range. Furthermore, Italian 
complete ingots and German complete and fragmented ingots do not 
provide enough data, and therefore were not analysed. The analysed 
sample is thus limited to the Late BA, and is attached as downloadable 
material to the online version of this article. 

3.6. Monte Carlo test for statistical significance 

Monte Carlo tests can exclude the occurrence of false positives 
(Ialongo, 2019; Kendall, 1974; Pakkanen, 2011). The test is based on the 
reiterated generation of random numbers, in order to check whether 
random datasets would give better results than the actual sample. The 
null-hypothesis is that the sample is randomly constituted, i.e., that the 
observed quantal configuration is only due to chance. Following Ken-
dall’s method, we produced a simulation of 1000 randomly generated 
datasets. The original sample was randomized, by adding a random 
fraction of ±15% to each measurement. Each generated dataset was 
analysed through CQA. If equal or better results occur more often than a 
predetermined threshold (typically 1% or 5% of iterations), it means 
that it cannot be excluded that the results obtained from the actual 
sample are simply due to chance, and therefore they should be rejected. 
For our experiment, we set the threshold (alpha level) to 1%. In other 
words, if better results occur in less than 1% of the iterations, then the 
null-hypothesis is rejected and the sample is very likely the result of an 
intentionally quantal portioning. 

3.7. Expectations 

The methodological framework adopted in this paper was initially 
designed by one of the authors to study the metrical properties of hack- 
silver money in the Ancient Near East (Ialongo et al., 2019). The 
high-quality documentation from BA Mesopotamia offers the unique 
opportunity to address both the abstract and the material properties of 
the earliest known metal currency. Most importantly, it provides the 
term of comparison to test the validity of common assumptions about 
metallic money in BA economies. 

The main functions of money are those of ‘medium of exchange’ and 
‘standard of value.’ The former identifies an object (e.g. a banknote) or a 
substance (e.g. silver) that is customarily accepted as payment in 
transactions. The latter implies that such objects or substances serve as 
customary parameter to quantify economic value. The secondary func-
tions of ‘store of value’ and ‘means of deferred payment’ refer, respec-
tively, to the possibility to store money and to use it to pay debts or 
taxes. In BA Mesopotamia, silver – among other money-stuffs – per-
formed all the functions at the same time, as early as the 3rd millennium 
BC: medium of exchange (e.g. Powell, 1996), standard of value (e.g. 
Englund, 2012), store of value (e.g. Steinkeller, 2004) and means of 
deferred payment (e.g. Garfinkle, 2004), even though it was never 
officially adopted by central states and neither was it ever cast or struck 
in any standardized form (Peyronel, 2010). Mass was the standard 
parameter by which the value of silver, and of most of the other com-
modities on the market was assessed. 

Fig. 6. Box and whiskers diagram of the distribution of mass values of Euro-
pean balance weights and metal objects in hoards. Logarithmic scale. 

Fig. 7. Tell Mardikh/Ebla (Syria). Hack-silver hoard (c. 2000–1700 BC; from 
Ialongo et al., 2019; courtesy of Luca Peyronel). 

N. Ialongo and G. Lago                                                                                                                                                                                                                        



Journal of Archaeological Science 129 (2021) 105379

8

The crucial question is how we can identify such functions in the 
absence of textual evidence. We have shown that the interpretation of 
hoards is controversial, and hence the evidence of hoarding per se cannot 
be used as proof for the existence of reserves of value. Deferred pay-
ments are also invisible in the archaeological record, since we cannot 
measure the delay by which an object changed hands. Fortunately, the 
functions of medium of exchange and standard of value are intimately 
connected, and can leave measurable traces. The assumption to be tested 
analytically is the following: If metal is regularly used as medium of 
exchange, then it must be shaped and/or fragmented in order to comply 
with the standard indexes of value in use in the market within which it 
circulates. The assumption was tested through the comparison of a 
hoard of silver fragments from Ebla (Syria; Fig. 7) with sets of balance 
weights coming from several Middle BA cities (c. 2000–1700 BC) in 
Turkey, Syria and Iraq (Ialongo et al., 2019). The statistical analysis 
showed that: 1) A widespread weight system existed at the beginning of 
the 2nd millennium BC, between central Anatolia and southern Meso-
potamia; and 2) The metrical structure of fragmented silver is extremely 
similar to the metrical structure of balance weights (Fig. 8). The results 
of the study suggest that the existence of standard frames of reference for 
the quantification of economic value (i.e. weight systems) strongly in-
fluences the materiality of those standard currencies whose value is 
measured by weight. Based on the Mesopotamian evidence, we can as-
sume that, if a metal is used as money, it is expected to circulate in 

weighed fragments which, in turn, are expected to comply with standard 
weight systems. The results proved that the assumption behind the 
money-theory of fragmentation is valid, and provide the expectations to 
test the hypothesis on a large sample of European BA hoards. 

3.8. Analysis 

CQA shows that the metrical structures of balance weights and 
fragmented objects are the same (Fig. 5). Balance weights produce a 
bell-shaped concentration of positive values between c. 9–11 g, with a 
best-fitting quantum of 9.6 g. (Ialongo and Rahmstorf, 2019). This 
pattern is closely replicated by the quantal configuration of bronze 
fragments, with a best-fitting quantum of 9.8 g. Monte Carlo tests show 
that the results of the CQA are statistically significant, with the 
best-fitting quantum of 9.8 g being well above the 1% alpha level. The 
results for both individual subsamples of Italian and Central European 
hoards are consistent with this value. On the contrary, complete objects 
and fragmented ingots do not produce significant results, with small 
peaks being rather randomly distributed (Fig. 9). 

The Frequency Distribution Analysis (FDA) of the samples of frag-
mented bronze objects provides further insight into their quantal 
structure. The graphs in Fig. 10 show the binned distribution of the mass 
values of bronze fragments, overlaid by the results of a CQA test for the 
best-fitting quantum of 9.8 g. This comparison shows which 

Fig. 8. Cosine Quantogram Analysis of sets of balance weights from different sites in Middle BA Mesopotamia (c. 2000–1700 BC) compared to a hack-silver hoard 
from Tell Mardikh/Ebla (Syria). The range of the analysis includes items with mass values between 7 and 200 g (data from Ialongo et al., 2019). 
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measurements in the distribution give positive results for the Pan- 
European shekel. The bin-width was arbitrarily chosen in order to be 
consistent with the CQA test and facilitate comparison. The CQA test 
gives positive results for small clusters of mass values around c. 10 g, 20 
g, 30 g, 40 g, 50 g, 60 g, 70 g, 90 g, 100 g, 120 g, 130 g, 140 g, 160 g, 170 
g, 190 g and 200 g. All the clusters have a noticeable statistical disper-
sion, as it is expected even from supposedly ‘accurate’ sets of proper 
balance weights (e.g. Hafford, 2012; Ialongo, 2019; Pakkanen, 2011). 
The results of the CQA are correlated to these clusters: CQA gives a result 
of c. 10 g because the sample is constituted by a series of concentrations 
of mass values whose average values are multiples of c. 10 g. As ex-
pected, CQA gives negative results for a cluster at c. 15 g (i.e. 1 ½), 
despite the fact that this value perfectly fits the fractional logic. 

Towards the end of the distribution, approximately after c. 160 g, the 
problems related to the propagation of error start to become evident. 
FDA highlights two adjacent, normally-distributed clusters, respectively 
around c. 160 g and 170 g. These clusters are particularly visible, even 
though they tend to blend into each other. It is interesting to note that 
CQA gives positive values for almost the entire cluster around c. 160 g, 
while it gives negative results for the right half of the cluster at c. 170 g. 
The cluster at c. 170 g shows an overall dispersion between c. 165–180 

g, which is entirely expected if one considers a standard error of c. 5% at 
one standard deviation. CQA, however, cannot correctly identify such a 
dispersion, and, as expected, gives a false-negative result for the higher 
range of the cluster, at c. 175 g. 

4. Discussion 

4.1. Weight regulation 

The results of the statistical analysis support the money-hypothesis 
for Late BA Europe, showing that metal objects were probably inten-
tionally fragmented in order to comply with weight systems. The anal-
ogy with the Ancient Near East suggests that bronze fragments in Europe 
had the same function as silver fragments in Mesopotamia, i.e. they 
performed the basic functions of money. The joint analysis of balance 
weights and bronze objects suggests that monetary patterns of exchange 
existed in BA Europe, that they complied with a Pan-European index of 
value, and that they were based on the use of metals as standard media 
of exchange. The actual relevance of the phenomenon is difficult to 
quantify. For the time being, we can only observe that metal fragments 
were used as money frequently enough to leave measurable traces in the 
archaeological record; how frequently is still not possible to define. 
Unlike proper balance weights – that produce sharp, neatly separated 
clusters of mass values (Ialongo and Rahmstorf, 2019) – bronze frag-
ments produce small clusters that stand out from a diffused background 
noise. FDA suggest that weight-regulated fragmentation is not very ac-
curate. Based on the statistical analysis, we can derive that systematic 
fragmentation tends to produce fragments with mass values that are 
multiples of weight units, and that complete objects and ingots were cast 
with no specific mass prescription. Just like in the Mesopotamian world, 
the compliance with weight systems is an indirect consequence of trade, 
rather than a pre-defined regulation. Assessing the actual relevance of 
the phenomenon will require further research and a larger number of 
regional samples. 

As to why fragments tend to assume regular mass values, we can 
propose a hypothesis. The typical trade situation – documented in 
Mesopotamian texts – includes two agents, each provided with their own 
weighing equipment (Peyronel, 2011). Metal fragments do not need to 
be weight-regulated, since each agent can easily quantify the value of 
the transaction. However, pre-weighed fragments would speed up the 
operations, by preventing the calculation of a remainder. Breaking 
bronze objects is relatively simple, and does not require any particular 
metallurgical knowledge. Experimental results show that a socketed axe 
made of tin bronze (8%) breaks into pieces with three blows if heated up 
at c. 560◦, the temperature of a medium-sized campfire (Knight, 2017). 
The required temperature is lower if copper is alloyed with lead (Knight, 
2019). In order to produce accurate fragments, one can progressively 
break off small bits and repeat the weighing until the desired mass is 
obtained. The repetitiveness of the operation increases the skill of the 
operator, and skill increases accuracy. Fragmentation can be performed 
either before or during the transaction, depending on the situation. 
Archaeological evidence suggests that, at least in the Late BA, bringing 
along small stocks of metal fragments was a rather common habit. Many 
burials in central and northern Europe include small boxes of organic 
materials, containing metal fragments and scraps, blunt tools suited for 
breaking metals and, sometimes, scale beams and balance weights (Pare, 
1999; Roscio et al., 2011). One of such boxes was recently identified 
among the finds of the Late BA battlefield in the Tollense Valley 
(Northern Germany, c. 1350–1200 BC) (Fig. 2), which attests that their 
use was not limited to the burial rite (Uhlig et al., 2019). These con-
tainers offer a suggestive picture of how metallic money could be carried 
around for everyday purposes. 

For the complete objects, the absence of weight-regulation has a 
perfectly logical explanation. The subsample between 7 and 200 g in-
cludes every type of ornament, tool and weapon with the only exception 
of swords, which are exclusively represented in fragments. Since the size 

Fig. 9. Cosine Quantogram Analysis of complete bronze objects and ingots 
from the sampled BA hoards. The vertical lines mark the statistical dispersion of 
the weight unit. 
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of a useable object is dictated by its function, there is no reason to as-
sume that its mass should be regulated in order to fit a predetermined 
value. 

CQA does not give significant results for ingots and ingot fragments 
in the shekel-range. This can depend on several factors. The fact that 
ingots are, on average, thicker than any other object in the sample could 
imply that they are more difficult to break into pieces with a pre-
determined mass. It could also mean that ingots and ingot fragments 
were not used as currency. Ingots are usually made of pure copper (e.g. 
Pernicka et al., 2016), and thus might have been used exclusively as raw 
material. It should be noted, however, that we could not compare the 
ingots to the balance weights in the mina-range. It is possible that, since 
they are on average significantly more massive than other object cate-
gories, their mass was measured in fractions of the mina rather than in 
multiples of the shekel. Finally, one has to consider that the main use of 
heavy balance weights is to weigh out bulks of goods, rather than single 
objects. The fact that individual ingot fragments do not comply with 
weight systems does not rule out the likely possibility that they were 
traded in weighed bulks. One way to test this could be to analyse the 
total weight of hoards, and verify if they conform to multiples of the 
European mina. Unfortunately, it is not easy to determine if a hoard is in 
pristine conditions, or if it underwent modifications before or after its 
recovery. 

4.2. The value of money 

Our results show that the value of bronze was quantified according to 
a shared frame of reference. What we define as ‘bronze,’ however, is an 
umbrella term for many different copper alloys, mostly containing 
variable proportions of tin and lead. It is theoretically possible that 

different alloys had different values, which could somehow hamper the 
circulation of metals as money. For BA Europe the puzzle is difficult to 
solve, as we have no direct evidence of value equivalences between 
different types of bronze and between bronze and other commodities. 

An argument in favour of the hypothesis of the different values could 
be that, since bronze fragments are made of different alloys, their 
indiscriminate use as currency would hamper or entirely prevent their 
reuse as raw material. The argument, however, fails to correctly account 
for the evidence. Substantial quantities of fragments exist in the 
archaeological record and fragments were undoubtedly exchanged, 
regardless of whether or not one accepts their monetary use. At the same 
time, it would seem that metallurgists did not have problems in finding 
the right alloy for their purposes. This either implies that they were able 
to determine the alloy of fragments, or that they used fragments in 
limited quantities and mostly relied on other forms of raw metal, such as 
ingots. Hence, the argument also fails to acknowledge the relevant role 
of recycling (e.g. Radivojević et al., 2018). A second argument could be 
that some metals used in bronze alloys are rarer than others, and thus 
more expensive. Lead, for example, is alternatively assumed to be 
expensive (e.g. Johansen, 2016) or cheap (e.g. Needham and Cook, 
1988), depending on whether it had to be imported (Scandinavia) or was 
locally available (British Isles). But if distance played such a determinant 
role, how can one explain, for instance, the rich metallic record of 
Denmark, which completely lacks copper and tin sources? The problem 
of value is extremely complex, and bears far-reaching implications; it 
basically implies theorising a continent-wide market economy for BA 
Europe, and cannot be addressed here. Hence, while these arguments are 
worthy of consideration, they should not play, for now, a decisive role in 
the interpretation, in one way or another. 

An alternative solution could be to assume that the problem of value 

Fig. 10. Frequency Distribution Analysis of that mass values of fragmented bronze objects. The binned distribution is overlaid by a CQA test for the best-fitting 
quantum of 9.86 g (black line). The bin width was arbitrarily set at 2.3 g (upper graph) and 3 g (lower graph) to facilitate the comparison with the CQA test. 
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is not correlated to the diversity of alloys, but rather to different modes 
of circulation. Different models on the circulation of metals tend to focus 
perhaps too much on metallurgy: If fragments were mainly exchanged as 
money their main purpose was to circulate, not to be recycled. More-
over, their circulation was certainly not limited to metallurgists. In 
theory, a single fragment could circulate for decades without ever 
ending up in a metallurgist’s hands. 

Economic theory does not explain why money has value. One way to 
justify why worthless pieces of paper can have the same monetary 
function of precious metals (the so-called ‘Hahn’s problem’; Hahn, 
1965) is to admit that ‘if people believe that money has value, it does’ 
(Velde, 2021: 201). Once money is acknowledged to be valuable, how-
ever, the market dictates how much value money has. It follows that, if 
money can be a worthless substance, its market value is not necessarily 
correlated to the substance of which money is made. Since the value of 
money (and commodities alike) is regulated by the market, that value 
will be determined by the most frequent use that the market makes of 
the substance of which money is made. Hence, if metallurgy is the 
prevalent use, then it is possible that different alloys will have different 
values. If monetary use is prevalent, then the difference of alloys will 
play a minor role in the determination of value. 

4.3. The origin of money? Towards a theoretical framework for money in 
BA Europe 

Weighed currency was not the first form of money in Europe. It was, 
however, the first that could be potentially accepted anywhere, pro-
vided that weighing technology was available. In other words, weighing 
technology does not originate money, but simply provides a universally- 
valid frame of reference for the quantification of its value (Rahmstorf, 
2016). The idea that the origin of money is correlated to technology or to 
the complexity of socio-economic systems implies an evolutionary 
paradigm, which hampers our understanding of the functions of 
pre-modern economies. There is nothing in economic theory that pre-
vents the emergence of money in any given market, in economies of any 
complexity, and at any point in history (e.g. Jones, 1976; Velde, 2021). 
Economic evolutionism has been shown to be based on a substantial 
misunderstanding of the social dynamics that regulate the modern 
economy (Bloch and Parry, 1989). On the contrary, it has been con-
tended that the modern western economy is still as much embedded in 
social institutions as only ‘primitive’ economies were previously 
believed to be (e.g. Appadurai, 1986), and that the economy in ‘primi-
tive’ societies is substantially less embedded than the evolutionary 
paradigm would predict (e.g. Granovetter, 1985). The contemporary 
approach to prehistoric money owes much to a seminal article by G. 
Dalton (1965), in which the author traces a sharp distinction between 
‘primitive’ and ‘modern’ money. Soon after, however, J. Melitz – an 
economist – demonstrated that Dalton failed to acknowledge that sup-
posedly ‘primitive’ and ‘modern’ monies have, in fact, the same func-
tions and limitations (Melitz, 1970). Since then, the functional 
equivalence between ‘primitive’ and ‘modern’ money is generally 
accepted by most economists, economic historians, and economic an-
thropologists (e.g. Jones, 1976; Velde, 2021; Zelizer, 2000). 

Money is not an evolutionary milestone, but simply a solution to the 
practical problem of the ‘double coincidence of wants’ (Jevons, 1875:3), 
stating that no one can trade with anyone who does not need or does not 
want whatever it is that they have to offer in payment. For example, if a 
pig breeder wants wheat and has only pigs to offer, they cannot obtain 
wheat if the crop farmer does not need or want pigs. The problem can be 
solved by agreeing upon using a third medium that everyone will 
eventually come to accept, as it is widely documented in many so-called 
primitive economies (e.g. Einzig, 1966; Pryor, 1977). Money is not 
inevitable but it is convenient, as it has no requirements other than being 
customarily accepted by most agents in a given market. Metals represent 
only a limited part of all the pre-coinage monies documented either 
historically or ethnographically, which include perishable materials 

such as barley (e.g. BA Mesopotamia: Steinkeller, 2004), textiles (e.g. 
Classic Maya: Baron, 2018), bark-cloth (e.g. Early Colonial West Africa: 
Pallaver, 2015), and dried fish (e.g. Medieval Iceland: Mehler and 
Gardiner, 2021). Money is merely a convention, whose embodied 
physical media can have intrinsic value (such as silver coins) as well as 
none at all (i.e. banknotes) (Velde, 2021). 

Concerning BA Europe, money is often believed to appear in some 
forms with the spread of mass metallurgy. The so-called Ösenringbarren 
(a type of ingot-like objects shaped as open rings common in Central 
Europe in the Early BA, c. 2150–1700 BC) are a common example. They 
show a noticeable regularity in shape, mass, and composition (Lenerz-de 
Wilde, 1995), and are regarded by some scholars as evidence of the 
earliest money in Europe (e.g. Pare, 2013; Kuijpers and Popa, 2021). 
Since they exist several centuries before the introduction of weighing 
technology in Central Europe, their approximate regularity can be 
explained by relatively standardised moulds, and by the intuitive ability 
of experienced users to determine the approximate mass-equivalence of 
two objects simply by holding them in both hands (Kuijpers and Popa, 
2021). If Ösenringbarren were indeed money – which we have no reason 
to doubt – their function was no different from the later, 
weight-regulated metal currencies. The difference is in their circulation. 
Since weighing technology was not available (until proven otherwise) 
there was no way to assess their value objectively or, for example, to 
calculate fractions and multiples. One can think of Ösenringbarren as a 
form of ‘fiduciary money’, i.e. a standard medium of exchange whose 
value is conventionally agreed upon, and whose intrinsic value is not 
relevant for the quantification of their exchange value. As it was recently 
proposed, fiduciary currencies can predate the emergence of commodity 
currencies, contrary to the common belief (Bresson, 2021). Whether 
classifying different types of money may or may not be the point, we 
would like to draw attention on the reasons why some monies are 
accepted in some regions and not in others. The Ösenringbarren relied on 
their recognisable shape, approximate size, and peculiar chemical 
composition in order to be accepted, because these characters were 
well-known and understood in the limited area where they were in 
common use, i.e. between southern Germany and the Czech Republic. 
The reason why we do not find Ösenringbarren outside this area is 
because those same characters were not recognised as ‘valid’ elsewhere. 
The spread of metallurgy undoubtedly expands trade networks, and 
increases the potential utility of money. The introduction of weighing 
technology, on the other hand, exponentially expands the user base by 
providing an objective frame of reference that transcends traditional 
cultural boundaries. At the same time, weighing technology does not 
alter the functions of money, and does not imply the erasure of other 
patterns of monetary and non-monetary exchange. Finally, if weighing 
technology is not a requisite for money, neither is metallurgy. By the 
same token, we should not prejudicially rule out a wide range of 
perishable commodities that are invisible in the archaeological record, 
but which could have been used as money before, during and after the 
introduction of metallurgy. 

5. Conclusions: a small change revolution? 

Based on statistical analyses, we suggest that bronze, in the Late BA, 
possesses the requisites of a Pan-European money. Metal fragments have 
regular mass values which, in turn, perfectly correspond to the metrical 
structure of balance weights. These results represent the first step into a 
potentially fruitful line of research. The analyses suggest that bronze in 
BA Europe had the same function as silver in BA Mesopotamia, and 
cuneiform texts attest that silver performed the basic functions of 
modern money as early as the 3rd millennium BC. 

A Pan-European weight system is mirrored by the metrical structure 
of bronze fragments, suggesting that the two phenomena are correlated. 
The widespread use of metals as media of exchange can also explain why 
local weight systems tend to converge on a continental scale: If metal 
trade is the main reason behind long-range connectivity, be it in its 
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commodity- or money-state, then frequent long-distance exchange may 
have favoured the formation of widespread indexes of value. The pro-
gressive relevance of the exchange of fragments may indicate that the 
focus of metal trade gradually shifted from bulky objects to light items. 
Moreover, metal circulated simultaneously as commodity and as money. 
This dual nature effectively doubled the demand for metal, ultimately 
producing the capillary distribution that we observe all over Europe. 
Fragmentation does not simply perform a practical function: By inten-
sifying the flow of ‘small change’, it opens the market to a larger number 
of economic agents (Fig. 11). Simply put, ‘small change’ moves faster 
than bulky objects because it is cheaper. 

In this article, our focus on metals is instrumental in addressing the 
bigger picture of trade in the BA. We focus on metal fragments to 
demonstrate that the spread of weighing technology profoundly changes 
the structure of commerce, by introducing a universally-valid frame of 
reference for the quantification of economic value. With the spread of 
weight systems, the circulation of a currency whose value can be 
assessed by weight was not limited anymore to those networks in which 
that currency was known and customarily accepted. The compliance of 
metal fragments with weight systems is simply the most 
archaeologically-visible proxy of monetary patterns of exchange, which 
could have potentially involved a wider array of commodities. 

Acknowledging the existence of monetary patterns of exchange 
neither implies that metallic money was the only way through which 
commodities and services were sold and purchased, nor that it was the 
most frequent one. For the time being, it is impossible to quantify how 
far different media and means of exchange contributed to the overall 
amount of transactions. Nonetheless, understanding money in BA 
Europe can substantially change our perception of economic and social 
development in prehistory. 
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