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Abstract
Although the birth of Classical Greece is often attributed to 
the constitutional reforms of Cleisthenes (508/507 BCE), 
the achievement of an economically minded government 
under the Peisistratid tyrant Hippias (527–510 BCE) poten-
tially paved the way by advancing Athenian silver for 
exportation in international trade. It is proposed here that 
new silver technology, which initiated the transition from 
acquiring silver from ‘dry’ silver ores to silver-bearing 
lead ores, was introduced to Greece during the time of 
the Peisistratids (561–510 BCE). Massive exploitation of 
silver-bearing lead ores at Laurion in Attica, which later 
financed the construction of a war navy, appears evident in 
the lead pollution records of Greenland ice, lead isotopic 
analyses of sixth-century BCE Attic silver coins and late 
Iron Age Levantine hacksilver, and is reflected in the 
numbers of lead votive figurines at sanctuaries in Sparta. 
Against the backdrop of the threat of war with Persia and 
an imminent Spartan invasion which resulted in the over-
throw of Hippias (510 BCE), it is considered that a political 
transition occurred because Greece was both geologically 
and politically disposed to adopt this labour-intensive 
silver technology which helped to initiate, fund and protect 
the radical social experiment that became known as Clas-
sical Greece.
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The transition from tyranny to the establishment of representative government was ‘annoyingly 
unheroic’, with the second-generation Peisistratid tyrant Hippias having been overthrown thanks to a 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in 
any medium, provided the original work is properly cited.

© 2022 The Author. Archaeometry published by John Wiley & Sons Ltd on behalf of University of Oxford.

Archaeometry. 2023;65:570–586.wileyonlinelibrary.com/journal/arcm570

https://orcid.org/0000-0001-6630-6916
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/arcm
http://crossmark.crossref.org/dialog/?doi=10.1111%2Farcm.12839&domain=pdf&date_stamp=2022-11-07


Spartan invasion of Attica in 510 BCE (Price & Thonemann, 2010: 130).
From the mid-sixth century BCE, political life in Athens had been controlled by the Peisistratid 

family, whose tyranny dominated public affairs, resulting not only in oppressive but also in 20 years 
of beneficent measures. According to Herodotus (Herodotus, 2007: 1.62.2–63.2; 1.64.1), Peisistratos 
(561–527 BCE) required external military support to defeat and exert control over his aristocratic 
opponents as well as for overseas operations including the defence of Sigeion (Herodotus, 2007: 
5.94.1) and the conquest of Naxos (Herodotus, 2007: 1.64.2). He collected debts and received dona-
tions while in exile (Herodotus, 2007: 1.61.3–4; 1.62.2). Patronage of the arts and support of national 
festivals, along with building programmes, which included an aqueduct and the beginnings of a temple 
dedicated to Zeus (Thucydides, 2008: 6.54.5; Kitto, 1962: 102–106), would have been expensive.

To finance these projects, it has been assumed that Peisistratos used revenue streams that were 
generated from mining silver at Mount Pangaeus in northern Greece and the silver mines located 
closer to home at Laurion in Attica, south of Athens (Figure 1, a) (Hopper, 1968). Herodotus states 
that the Peisistratids were ‘drawing increased revenues both from Attica itself and from the region of 
the River Strymon’ (Herodotus, 2007: 1.64.1: trans. A.L. Purvis). However, Hopper (1968) also notes 
that although silver was indeed produced at Laurion during this time, the amount is unclear for the 
years before when a rich vein of silver was discovered at Maroneia (484/483 BCE) in the vicinity of 
modern Agios Konstantinos and the neighbouring region of Laurion, and that historians and research-
ers may have overestimated the importance of mining in the Laurion district. In effect, it is difficult to 
determine when Laurion contributed significantly to the finances of Athens because Athenians only 
regularly inscribed their financial records on stone from 454 BCE (Price & Thonemann, 2010: 124).

The timing of the Maroneia silver strike is perhaps too fortuitous for the report to be completely 
reliable, especially when it considered that to dig a shaft and horizontal galleries sufficiently large for 
workers to follow veins (Figure 1, b) of argentiferous galena (PbS) could take years before exploita-
tion commenced; that is, an upper estimate of 9 m per month would perhaps provide an explanation 
to why Athenian mining leases were awarded for 10 years (Aperghis, 2013). This would suggest that 
the famous Maroneia discovery should be viewed not as a sudden occurrence but as the culmina-
tion of years of mining experience at Laurion resulting in a politically stimulated intensification of 
labour-intensive silver production, which later initiated the building of a war fleet of 200 triremes 
that were deployed at the battle of Salamis in 480 BCE against the Persians (Aristotle, 1952: Ath. Pol. 
22.7). With the process of extracting silver from argentiferous lead ores potentially beginning much 
earlier than 484/483 BCE, the view that lead ores were mined at Laurion for silver by the Peisistratids 
in Greece's late Archaic period (Davis, 2014; Doctor & Van Liefferinge, 2010; Kroll, 1981, 2008) 
becomes increasingly credible.

Silver was the main metal used for Greek coinage in the second half of the sixth century BCE. 
Attic coinage production was vastly expanded, and coin types changed from ‘Wappenmünzen’ (heral-
dic coins) to the ‘owl’ toward the end of the sixth century BCE (Kroll, 1981). However, although these 
changes were presumably related to the exploitation of silver from Laurion, it is difficult to deter-
mine whether these changes were a consequence of the tyrants or the new democracy (Davis, 2014). 
Kroll  (1981) suggests that the changing types were the devices of individual magistrates, notably 
co-opted elites, working in conjunction with the Peisistratids to oversee the production of coinage. 
Furthermore, he attributes Peisistratos’ son Hippias (527–510 BCE) the far-reaching policy that 
included not only the introduction of the gorgoneion and owl tetradrachms for exporting Attic bullion 
but also the increased exploitation of the Laurion mines that made such export possible. This would 
seem plausible against a backdrop that had placed Western Mediterranean silver in Carthaginian 
hands and out of reach of the Greeks following the battle of Alalia (540/535 BCE) (Herodotus, 2007: 
1.166; Gale et al., 1980), the depletion and probable exhaustion of the silver mines in Siphnos (c. late 
sixth century BCE) (Herodotus, 2007: 3.57–8; Pernicka & Wagner, 1985) and presumably the loss 
of Thraco-Macedonian silver sources after the invasion by the Persian King Darius (513/512 BCE) 
(Herodotus, 2007: 5.11; 5.23).
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F I G U R E  1   (a) Map of Attica in Greece showing the region of Laurion; (b) galena (PbS) mineral veins; (c) native silver 
dispersed in a lead-poor host rock; (d) lead isotope analysis (LIA) plot of Laurion ores (blue circles), Wappenmünzen coins 
(c.545–510 BCE) (dark squares) and Athenian owls from the Asyut hoard (fifth–fourth centuries BCE) (orange outlined circles) 
(data from Gale et al., 1980: tab. 6; and OXALID, 2022). The Athenian coins are consistent with Laurion ores. Six of the seven 
Wappenmünzen coins are not consistent with the Laurion ore field [Color figure can be viewed at wileyonlinelibrary.com]
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This article recognizes that Laurion was potentially exploited for silver from the sixth century 
BCE and aims to contribute to an understanding of the transition between the Peisistratids and Clas-
sical Greece through the examination of silver and lead, using types of data that are not usually 
presented together.

It is contended here that the birth of Classical Greece can be identified as when a change in silver 
extraction technology appeared at Laurion in Attica. This rather unqualified statement would seem to 
ignore that a sense of ‘Greekness’ (Price & Thonemann, 2010: 109) had been emerging throughout 
the late seventh and early sixth centuries BCE due to new threatening powers on the eastern horizons 
of the Greek world. However, it is proposed here that the exploitation of lead ores for their intrin-
sic silver at Laurion, which swelled the Athenian coffers in the absence of other sources of silver, 
was intimately connected to this growing identity, as it would have required organization, regula-
tion and perhaps the import of labour to release the commodity that would boost taxable trade and 
commerce. Moreover, such a new sector of wealth would have likely disrupted the dominance of the 
‘old agriculturally-wealthy elite’ in politics and law (Davis, 2014: 277). In effect, the constitutional 
reforms of Cleisthenes (508/507 BCE), which were set in motion only a few years after the exile of 
the tyrant Hippias (510 BCE), potentially arose due to the presence of the Persians and Spartans on 
Greek territory and the exploitation of silver-bearing lead ores at Laurion that had placed Athens on 
an international stage (Kroll, 1981) and was later to fund and protect the representative government 
of the world's first democracy.

TRANSITION TO SILVER-BEARING LEAD ORES

Conventional wisdom holds that argentiferous lead ores were the main source of silver in antiquity 
(e.g., Forbes, 1950: 180; Gale & Stos-Gale, 1981a, 1981b; Legarra Herrero, 2004; Meyers, 2003; 
Moorey, 1994; Pernicka & Bachmann, 1983; Stos-Gale & Gale, 1982; Strong, 1966: 3). This seems 
to have been the case at Laurion, at least from the mid-first millennium BCE. Installations at the site 
(e.g., washeries), slag heaps (deriving from argentiferous lead ores), historical records and coinage 
(such as Athenian coins; e.g., Gale et al., 1980) all attest to intensive silver production at the site (e.g., 
Ellis Jones, 1982; Healy, 1978; Hopper, 1968; Rehren et al., 2002).

The technology to extract silver from argentiferous lead ores is remarkable for several reasons. 
Unlike smelting lead ores (which generates lead metal and lead slag), the extraction of silver from 
argentiferous lead ores always requires the additional cupellation step (which generates silver and 
litharge) to separate the low amounts of silver that have partitioned into the lead metal during smelting 
argentiferous lead ores. However, it is very difficult to tell a priori how much silver, if any, there is in a 
lead ore (Zhou, 2010) such as the galena ores at Laurion, to warrant conducting this additional step on 
the lead metal; that is, concentrations of silver in argentiferous lead ores are invisible to the naked eye. 
In fact, extracting silver from lead ores in this manner would make it the first example of invisible trace 
amounts of one metal being separated from another. Gale and Stos-Gale (1981b: 217) advocated that 
test smelts were conducted by ancient silver producers on lead ores followed by cupellation of the lead 
produced. This mechanism was used to explain the absence of lead ores, but the presence of litharge 
with Laurion lead isotopic signatures, at Bronze Age sites such as those on the islands of Siphnos, 
Seriphos, Kea and Thera (Gale & Stos-Gale, 1981b), Limenaria on Thasos (Papadopoulos, 2008), and 
at Koropi, Lambrika and Markopoulo in Attica (Kakavogianni et al., 2008); that is, argentiferous lead 
ores (Forsyth, 1997) or lead metal were considered to have been transported for subsequent process-
ing to areas that did not have argentiferous lead ore deposits of their own. It should also be noted 
that lead smelting slag is generally absent at Bronze Age sites where litharge has been recovered, not 
only in Greece but also in Anatolia, Syria (Hess et al., 1998; Pernicka et al., 1998) and Iran (Nezafati 
& Pernicka, 2012; Weeks, 2013). This would already indicate that it is unlikely that lead ores were 
transported for subsequent smelting at other locations.
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This test-smelt scenario, however, would further imply that smelted lead could have been divided 
into lead and silver-bearing categories – a difficult task when silver concentrations are at trace levels—
to make lead and silver objects. Moreover, to produce 1 kg of silver from even the most argentiferous 
of lead ores at Laurion (4760 ppm Ag) would require a substantial amount of lead (at least 210 kg of 
argentiferous ores or 169 kg of smelted lead) (Wood et al., 2021). These weights would clearly have 
implications regarding the transport of ores or lead metal for subsequent processing at sites where 
litharge has been located. Furthermore, not only are finds of litharge often not located near argentifer-
ous lead ore deposits, but also galena is found in the primary sulfidic ore body below the oxidized zone 
and close to the water table (Gale & Stos-Gale, 1981b: fig. 1; Gale, 1980: 163; Meyers, 2003: 271–88), 
thereby requiring the application of technology associated with deeper mining. This would suggest 
that even if galena had been recognized as a silver source from the earliest times, lead ores would not 
have been particularly attractive to the ancient prospector. In fact, Gale and Stos-Gale (1981a) noted 
that of the 31 regions of lead-silver mineralization they studied around the Aegean, many were prob-
ably not worked in the Bronze Age and some not even in Classical times.

In effect, the labour-intensive stages of prospecting, mining, beneficiating and smelting large 
quantities of argentiferous lead ore, followed by cupellation, would have required industrialization 
of the process in order to make it worthwhile. This is particularly pertinent when it is considered that 
Bronze Age litharge is often found in domestic contexts, such as such as the private house at Thorikos, 
House A in rooms 30 and 39 on Ayia Irini, the ‘unexplored mansion’ on Crete, the West House in the 
room of the fisherman at Akrotiri, and at the Mousia farmhouse on Siphnos (Mussche, 1974: 44–66; 
Wood et al., 2021). This would support that the process of smelting and cupellation was potentially 
conducted at a much smaller scale than the later industrial processes associated with the extraction 
of silver from galena ores. Even accepting that absence of evidence is not evidence of absence, the 
paucity of Bronze Age litharge (Gale & Stos-Gale, 1981b; Kassianidou & Knapp, 2005: 220) and slag 
(e.g., Kakavogianni et al., 2008; Papadopoulos, 2008) around the Aegean and further afield (Hess 
et al., 1998; Nezafati & Pernicka, 2012; Pernicka et al., 1998; Weeks, 2013) is inconsistent with the 
level of production required to make the exploitation of argentiferous lead ores viable. This is the case 
irrespective of whether the Bronze Age silver prospectors were aware of the levels of silver in these 
ores which, as already mentioned, are invisible to the naked eye.

By relegating the acquisition of silver from lead ores to the introduction of industrial-scale 
processing, necessarily implies that silver objects before this advancement must have derived from 
other silver sources. It is not controversial to say that silver minerals (native silver, large silver miner-
als, such as horn silver AgCl, argentite Ag2S and so forth) were used to produce silver objects before 
the exploitation of lead ores. However, it must also be recognized that silver is present in dry silver 
ores (Figure 1, c); that is, native silver and/or silver minerals in the form of dendrites, grains, scales 
and tiny groups of crystals dispersed in lead-poor rock, such as quartz (Bastin, 1922; Patterson, 1971). 
Silver-bearing minerals in dry silver ores are often visible to the naked eye as inclusions. For exam-
ple, the ores of Siphnos, which occur in a gossan, do not have a particularly promising appearance, 
although compounds containing silver are often distinguishable as yellow ore inclusions (Gale & 
Stos-Gale, 1981b). Nonetheless, for lead-poor ores, the rocky matrix needs to be crushed and molten 
lead added as a silver collector, followed by cupellation of the lead metal, for the silver to be extracted. 
This process was described in treatises by Pliny the Elder in the first century CE, and by Agricola 
and Erker in the 16th century CE (Wood et al., 2021). Moreover, despite proposing that lead ores, 
especially galena, were the chief source of silver in antiquity, Stos-Gale and Gale (1982: 467 n. 1), the 
main champions of lead isotope analysis (LIA), also recognized: ‘It is very probable that lead would 
also have been very largely used in the production and purification of silver from native silver or the 
dry silver ores such as argentite and cerargyrite.’

Archaeological evidence for the addition of lead to extract silver from lead-poor ores can be 
found in Phoenician and Roman Iberia during the first millennium BCE (Anguilano et  al.,  2009; 
Murillo-Barroso et  al.,  2016; Wood et  al.,  2019, 2020; Wood & Montero-Ruiz,  2019). Moreover, 
the process seems to have originated further East. In Bronze Age Anatolia and northern Syria, lead 
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is found in association with slag and litharge. The lead metal recovered at Habuba Kabira in Syria 
(Pernicka et al., 1998), a site which has been identified as a possible location for the origin of cupella-
tion ( 14C dating determined a late Uruk period date of c.3300 BCE; Pernicka et al., 1998) has a silver 
concentration of 232 ppm. This low value would suggest that the lead was probably not used for its 
intrinsic silver. Moreover, the hazelnut-sized slag from Fatmali-Kalecik in East Anatolia not only 
looks similar to that found at Siphnos but also has silver-metal inclusions (Hess et al., 1998: fig. 5) 
with Au/Ag × 100 of 1.26. This indicator (which, due to its chemical inertness, can survive smelting 
and cupellation) does not suggest the smelting of argentiferous lead ores (which generally have Au/
Ag values around two orders of magnitude lower) to argentiferous lead (Wood et al., 2021), but rather 
the reduction of silver minerals ores (with their higher Au/Ag ratios) to silver by crushing rock and 
heating the mixture in the presence of lead, followed by cupellation. A similar argument can be made 
for the higher Au/Ag values in litharge than the associated lead at Thorikos in Laurion and on the 
Aegean Island of Kea (Wood et al., 2021: tab. 7); that is, the barely argentiferous lead recovered was 
more likely to have been used as a silver collector for dry silver ores rather than as a source of silver 
in its own right.

As with Siphnian ores (which were exploited from the Bronze Age to the late sixth century BCE), 
the exploitation of lead-poor jarosite ores on Iron Age Cyprus would have required the addition of 
lead to exploit silver (Bell & Wood, 2022; Wood et al., 2021). Furthermore, the process appears to 
have been adapted for the seventh-century BCE Lydian practice of adding lead to recover silver from 
the parting vessels and furnace linings after parting silver from gold using the ancient salt cementation 
process (Craddock, 2000: 200–211; Wood et al., 2017a). That dry silver ores were in widespread use 
even as late as the early Islamic period (Merkel, 2021; see also Meyers, 2003; Wood et al., 2021) and 
archaeological field surveys (De Jesus, 1980; Wertime, 1968, 1973; Yener et al., 1991) support the 
late adoption of smelting galena for silver in Anatolia and Iran, could suggest that the labour-intensive 
exploitation of argentiferous lead ores for silver was practiced only in locations that had limited access 
to other silver sources.

Confusion in the archaeological literature over which types of ore were exploited before the 
mid-first millennium BCE seems to have stemmed from long-held misconceptions that silver and 
lead objects found in association (e.g., in graves; Klein & Hauptmann, 2016: 136) and that the pres-
ence of litharge (PbO) at metallurgical sites must implicate the exploitation of argentiferous lead ores 
for their trace levels of silver. However, lead and silver artefacts recovered in the same archaeological 
context do not necessarily imply that both metals had derived from the same mineral, and litharge 
would be present from cupellation of lead used to collect silver from dry silver ores. A major problem 
for archaeological science, however, is that by accepting that silver could have been extracted by 
adding exogenous lead, provenance investigations can be frustrated; that is, if the lead used to collect 
silver derived from a different geological location to the silver ore, the extracted silver will have a 
lead isotopic signature associated with the location of the lead ore rather than the silver source (Wood 
et al., 2017b). In fact, the prevalence of Laurion LIA signatures in objects and technical debris recov-
ered around the Aegean (Wood et al., 2021) indicates that Laurion lead was the silver collector of 
choice. In effect, lead from Laurion (and its lead isotopic signature) may have been carried by ancient 
‘prospectors’ to use when they encountered dry silver ores worth exploiting.

How argentiferous lead ores were eventually recognized as being a source of silver is difficult 
to say. Regardless of whether this knowledge was first realized at Laurion or in other regions with 
argentiferous lead ores, such as Thrace or Anatolia, and was subsequently transmitted to Laurion, 
the addition of lead to collect silver from dry silver ores potentially resulted in the recognition that 
lead itself could be silver-bearing. This realization may have emerged when control over silver purity 
became integral for coinage as a store of value in the mid-first millennium BCE (Strong, 1966: 5; 
Hopper, 1968; Kraay, 1976; Healy, 1978; Treister, 1996: 23); that is, as progressively lower grade dry 
silver ores were processed with increasingly high amounts of lead, it was noticed that the amount of 
silver recovered during cupellation was greater than expected, and that this ‘extra’ silver must have 
been introduced from the lead source.
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There will be no unique date for the transition from prospectors targeting dry silver ores to the 
conscious exploitation of the trace levels of silver in argentiferous lead ores because lead-poor dry 
silver ores were still being exploited when it is proposed that lead ores were first mined intensively 
for silver at Laurion, that is, the sixth century BCE. However, the scarcity of Aegean silver objects in 
the archaeological record at the end of the Bronze Age (c.1200 BCE) (e.g., at Mycenae; Kelder, 2016: 
309–319) and throughout the Early Iron Age (c. 12th–9th centuries BCE) (Dickinson, 2006: 119–120) 
potentially reflect the gradual exhaustion of dry silver ores in the East Mediterranean, which stimu-
lated the search for similar silver ores in the West Mediterranean (Wood et al., 2021). For instance, 
the hacksilver hoards of the Early Iron Age southern Levant (c. 12th–9th centuries BCE) do not 
have compositional or isotopic signatures associated with argentiferous lead ores at Laurion, but 
with Anatolian ores and with silver-bearing jarosite ores found in the Western Mediterranean. This 
supports that lead ores were not exploited for their trace levels of silver at this time as well as impli-
cating Iberia as an important source of silver (Wood et al., 2019, 2020). In fact, Phoenician expansion 
in Iberia (Figure 2, b) eschewed argentiferous lead ores in favour of extracting silver from lead-poor 
jarosite ores at Huelva (a process which continued during Carthaginian and Roman times) (Wood 
et al., 2021; Wood & Montero-Ruiz, 2019). This is relevant here not only because it demonstrates 
that the technology of extracting silver with exogenous lead crossed the Mediterranean in the first 
half of the first millennium BCE, but also because direct access to Iberian and Etrurian silver was 
cut off to  the Greeks following defeat of the Phocaeans by the Carthaginians and the Etruscans at the 
Battle of Alalia in 540/535 BCE (Herodotus, 2007: 1.166; Gale et al., 1980). This would have made 
Athenian exploitation of silver at Laurion even more pressing, particularly since datable archaeo-
logical material reveals that mining in the Aegean island of Siphnos ceased in the late sixth century 
BCE (Herodotus, 2007: 3.57–8; Pernicka & Wagner, 1985), perhaps due to the flooding of mines 
mentioned by Pausanias (X, II.2; as quoted in Gale et al., 1980). This could have initiated exploitation 
of the more labour-intensive argentiferous lead ores (compared with silver minerals) at Laurion during 
the reigns of the Peisistratids in the sixth century BCE, in order to meet their fiscal needs.

Essentially, there appears to have been a transition in silver technology from using low amounts 
of lead to collect high concentrations of silver from dry silver ores to the massive exploitation of lead 
ores to extract their very low concentrations of intrinsic silver. This would suggest that the new tech-
nology advanced at Laurion was a consequence of new knowledge, that is, the recognition that lead 
ores were a source of silver in their own right; and the scaling up of existing know-how that had been 
used since the Bronze Age, that is, smelting and the silver-refining cupellation process.

The question that needs to be raised is therefore not whether there was a transition from using 
exogenous lead to extract silver from dry silver ores to the exploitation of massive quantities of lead 
ore for its intrinsic levels of silver, but rather when extracting silver from lead ores was adopted at 
Laurion. The following sections investigate when this transition could have occurred by using types 
of data that are not usually presented together.

ANCIENT WORLDWIDE LEAD PRODUCTION

Most emissions of pollutants to the global atmosphere occurred after the European Industrial Revolu-
tion, driven by the combination of unprecedented growth in the population of the Earth and massive 
technological and economic development (Candelone et al., 1995). Ancient lead production (tonnes (t) 
per year) has been estimated from stocks and losses of silver and copper (Patterson, 1971, 1972; Settle 
& Patterson, 1980) and from concentrations of atmospheric lead deposited in ice cores in Greenland 
(Hong et al., 1994, 1996a, 1996b; McConnell et al., 2018).

Patterson's (1972) economic approach assumes that the desire for silver in ancient times was the 
principal stimulus for lead production and that lead mined and smelted for lead itself has constituted 
a significant portion of total lead production only in modern times. This traditional view is disputed, 
with lead objects in the archaeological record indicating that lead ores may have been the first metal 
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to be smelted, probably in the Near East or Anatolia and perhaps as early as the seventh millennium 
BCE (Gale & Stos-Gale, 1981a), or at least as early as the late fifth millennium BCE in the Levant 
(Yahalom-Mack et al., 2015). Nonetheless, Figure 2 (a) shows that world lead production increased 
from a few tonnes to around 160 t/year after the invention of the silver-refining process of cupellation 
(i.e., c.5200 years ago; Pernicka et al., 1998). It then rose to 10,000 t with the introduction of coinage 
and again to 80,000 t during the flourishing of the Roman Republic and Empire 2000 years ago. Lead 

F I G U R E  2   (a) World lead production (t/year) during the past 5500 years based on estimates of silver and copper 
production determined from stocks and variation in loss constants during different chronological periods (adapted from Settle 
& Patterson, 1980). (b) Estimated lead emission data (t/year) derived from ice cores in Greenland (adapted from McConnell 
et al., 2018). Approximate chronologies for relevant events are signposted on both plots [Color figure can be viewed at 
wileyonlinelibrary.com]
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production declined during medieval times, but with the onset of the Industrial Revolution, production 
increased dramatically from 100,000 t annually 300 years ago to 1 million t in the early 20th century.

A similar pattern to Figure 2 (a) was determined by Hong et al. (1994) based on measurements 
of atmospheric lead (picograms (pg)/g) deposited in 18 discrete ice-core samples between 1100 BCE 
and 800 CE in Greenland. More recently, McConnell et al.  (2018) estimated lead emissions based 
on continuous measurements of lead pollution in deep Greenland ice (Figure  2, b). Their atmos-
pheric model demonstrated that European emissions of lead (to which they attribute the bulk of lead 
pollution measured in Greenland) closely varied with historical events, including imperial expansion, 
wars and major plagues. Furthermore, lead emissions decrease in parallel with a decline in the silver 
content of Roman denarius coins (Butcher & Ponting, 2015) during the Pax Romana and the onset of 
the Roman Imperial crisis, reflecting the importance of lead in the acquisition of silver for the Roman 
economy. Figure 2 (b) is adapted from the data published in McConnell et al. (2018) who highlight 
events mentioned in the current article.

Absolute values of lead emissions are different on the two plots in Figure  2. However, since 
lead emissions from locations other than Europe are considered less likely to have been deposited in 
Greenland ice, perhaps by an order of magnitude (McConnell et al., 2018), it is not surprising that 
worldwide lead production (Figure 2, a) would be higher than the values of lead deposited in Green-
land. Nonetheless, regardless of whether the assumptions behind these estimates of lead production 
(Hong et al., 1994; McConnell et al., 2018; Patterson, 1971, 1972; Settle & Patterson, 1980) reflect 
accurately the absolute amounts of lead smelted over the chronologies investigated, the two distinct 
approaches appear to generate similar patterns.

Of particular interest here is the increase in lead production c.500 BCE (dashed line in Figure 2, 
a, b; and shaded area in Figure b), as this is consistent with a transition from extracting silver from dry 
silver ores to the massive exploitation of lead ores for their trace amounts of intrinsic silver, such as 
argentiferous galena deposits at Laurion.

It is difficult to be completely definitive regarding the chronologies of lead production recorded 
in Greenland ice. The slope in Figure 2 (a) (from the discovery of cupellation to the introduction of 
coinage) and (b) (the shallow increase in lead production between 1000 and 700 BCE around the time 
of Phoenician expansion in Iberia) would suggest that lead ores were increasingly smelted from the 
Bronze Age. This would be consistent with the application of lead to collect silver or silver minerals 
from progressively lower grade dry silver ores, that is, lead was used to extract silver dispersed in a 
host rock (e.g., horn silver has around 75 wt% Ag) rather than extracting very low concentrations of 
silver (argentiferous galena ores have ≈ 0.2 wt% Ag; Wood et al., 2021: tab. 3) from large amounts of 
lead ore.

Figure 2 (b) indicates a significant increase in lead production to a peak around the time of the 
Battle of Salamis in 480 BCE. This increase is also found in world lead production after the introduc-
tion of coinage (Figure 2, a). This increase is consistent with the massive exploitation of lead ores for 
silver. Lead production appears to climb to this peak possibly within or before the reign of Peisistratos 
(561–527 BCE). Attributing this peak solely to lead smelting at Laurion, however, is problematic. 
For instance, it is possible that the peak could reflect Carthaginian mining in Iberia. However, unlike 
Iberia, which was exploited successively by the Phoenicians, Carthaginians and Romans, the peak 
appears to follow the trajectory of Laurion mining, that is, the decrease in lead emissions appears to be 
consistent with the cessation of mining activities at Laurion during the war between Athens and Sparta 
(431–404 BCE). This could suggest that this peak, at least in part, reflects the advance of Laurion 
mining as well as the loss of a workforce and closure of the Laurion mines (Carugati, 2020) during 
the Peloponnesian War (Figure 2, b).

In effect, Figure 2 is consistent with the view that argentiferous lead ores were recognized for the 
silver they contained during the sixth century BCE, and the know-how was developed to extract it. 
It is also consistent with the notion that Athenian Greece capitalized on this knowledge and that the 
increase to a peak in lead production, and the concomitant increase in silver production it suggests, 
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may not only reflect but also might have provided the stimulus for the constitutional reforms which 
led to Athenian democracy.

LAURION MINES, ATTIC SILVER COINS AND LEVANTINE SILVER

Another indicator of the first exploitation of lead ores for silver is the absence of archaeological 
evidence to suggest centralized control at Laurion until the Archaic period (Mussche, 1998: 17–55). 
Bearing in mind that centralized control would have only become necessary when the full poten-
tial of its silver-bearing lead ores was discovered, the dearth of archaeological evidence suggesting 
any centralized authority would support the notion that this region was considered principally as a 
source of lead until the Late Archaic Period. The industrial quarter at Thorikos (the coastal north-east 
of the Laurion area) only provides an archaeological footprint from the fifth century BCE. This 
absence of ergasteria (ore-washeries, cisterns, mine-annexes, living units, etc.) compared with those 
found in the Classical era could reflect an experimental stage during the Archaic period (Doctor & 
Van Liefferinge, 2010). Furthermore, if Aristotle's view (Aristotle, 1952: Ath. Pol. 16.7; Sogno, 2000) 
on Peisistratos is valid, and his reign was really a golden age because he was able to preserve peace 
both at home and abroad, it is probable that safeguarding would have extended to the silver mines of 
Laurion once that lead ores had been recognized for the silver they contained.

A Peisistratid chronology for the first exploitation of lead ores at Laurion, however, is not directly 
supported by LIA conducted on early Greek coins (Gale et  al.,  1980) (Figure  1, d). Early Greek 
Attic coins associated with the Peisistratids, the so-called Wappenmünzen coins (c.545–510 BCE; 
Price & Waggoner,  1975), are not generally consistent with argentiferous lead ores at Laurion in 
terms of both their LIA values (Figure 1, d) (Gale et al., 1980: tab. 6) and compositional signatures 
(Wood et al., 2021: tab. 5; Gale et al., 1980: tab. 10). Conversely, the slightly later Athenian owl coins 
from the Asyut hoard (fifth–fourth centuries BCE) are consistent with Laurion and with the view 
that the Laurion mines were an important source of revenue for Classical Greece (Ardaillon, 1897; 
Healy, 1978: 133; Conophagos, 1980; Domergue, 2008: 45). In fact, the Athenian coins (Figure 1, d) 
group tightly within the Laurion ore LIA field (as would be expected for silver and lead derived from 
the same ore at one location) which would support the view that the argentiferous lead ores at Laurion 
became only a valuable source of silver for Athens after the exile of Hippias (510 BCE).

However, one of the Wappenmünzen coins in Figure 1 (d), an obol with wheel obverse (Ashmolean 
Museum; Price & Waggoner,  1975), nestles within the LIA field of Laurion ores and among the 
later Athenian coins. Furthermore, the gold-to-silver ratio of this coin is commensurate with silver 
derived from argentiferous galena ores, such as those found at Laurion (Wood et al., 2021: tab. 5; 
Gale et  al.,  1980: tab. 10). The compositional and isotopic signature of this Wappenmünzen coin 
hints at ‘pure’ Laurion silver, that is, silver derived from silver-bearing lead ores was available to the 
Peisistradids.

The presence of ‘pure’ Laurion silver could indicate that silver minted for the Wappenmünzen 
coins derived from argentiferous lead ores which, in the majority of cases, had been mixed with silver 
from other locations (perhaps silver from Thrace and Siphnos, or by using lead from various geologi-
cal regions to extract it—or both). Recent lead isotope research on the various types of silver ore found 
around the Aegean (Vaxevanopoulos et al., 2022), as well as previous geological studies, indicate the 
Laurion district belongs to the Cycladic–Pelagonian belt with base and precious metal mineraliza-
tion in south Evia, Tinos and Siphnos (Skarpelis, 2002), as well as on Euboea, Mykonos, Tinos and 
Kythnos (Voudouris et al., 2008). This would support the proposition that minting coins was preceded 
by a period of trade and monetary use of bullion (Kroll, 2008); that is, the wide range of lead isotope 
values of the Wappenmünzen coins in Figure 1 (d) is potentially because substantial stocks of existing 
mixed and recycled silver from various sources were minted to make coins before discrete sources of 
silver were used (Davis, 2014). In effect, it is plausible that the Wappenmünzen coin that lies within 
the Laurion isotopic field (Figure 1, d) is one end of several mixing lines.
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 14754754, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/arcm

.12839 by T
est, W

iley O
nline L

ibrary on [31/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



These Archaic chronologies would bring the exploitation of Laurion closer to the later Iron Age 
hacksilver hoards of the southern Levant (i.e., Miqne-Ekron, c. seventh century BCE/c.600 BCE; and 
Ein Gedi, 630–586 BCE) which have LIA and compositional signatures that are consistent with ‘pure’ 
silver from galena ores at Laurion (Thompson, 2003; Thompson & Skaggs, 2013) as well as having 
mixed signatures (Wood et al., 2019: fig. 4). Essentially, if the Levantine silver hoard chronologies are 
correct, it would suggest that lead ores at Laurion were exploited for silver in the early sixth century 
BCE, before Attic coinage, presumably for bullion that could be traded, and that some of it ended up as 
hacksilver in the southern Levant. A peak in lead production at the beginning of the sixth century BCE 
supports this chronology (Figure 2, b). Furthermore, this provides further evidence for the presence 
of silver derived from Laurion lead ores in the Wappenmünzen coins: mixed signatures are exactly as 
one might expect in a state that had been collecting revenues and storing its accumulated wealth over 
time in silver bullion. This suggests that when the Athenians chose to mint coins, probably around 
the mid-sixth century BCE (Kroll, 2008), the stocks of metal available for minting would have been 
mixtures of local silver from Laurion and non-Attic silver from any number of producing centres.

LEAD ARTEFACTS IN GREECE

Another line of enquiry to investigate the exploitation of lead ores for their intrinsic silver is to exam-
ine changes in the applications of lead in the mid-first millennium BCE.

Figure  3 plots the numbers of lead figurines recovered at the sanctuary of Artemis Orthia in 
Sparta on the Peloponnese by their chronology (dated from pottery in the strata where they were 
recovered) (Wace, 1929: 249–284; Boardman, 1963; Gill & Vickers, 2001: 232; Leger, 2015: tab. 
1). Over 100,000 lead figurines (Figure 3, a) have been recovered at this sanctuary and at other sites 
in Laconia. Although the sanctuary was used from the eighth century BCE until the end of the Arte-
mis cult in the fourth century CE, the figurines date from the eighth century BCE to the end of 
the fourth century BCE. Figure  3 (b) shows that a peak of 68,822 figurines from strata dated to 
570/560–520 BCE (Lakonian III–IV) is followed by a dramatic decrease (10,016 were found from 
strata dated to 520 BCE?–425 BCE (Lakonian V) and a complete decline of the lead figures after 
425 BCE (Lakonian VI) (Gill & Vickers, 2001; Leger, 2015: tab. 1).

These small, flat, votive figurines of cast lead contain silver (0.057%wt Ag; Friend & 
Thorneycroft, 1929: 105–117), which means that the lead derived from argentiferous lead ores. LIA 
of the Laconian votives in the Ashmolean collection have shown that the lead they are made of derived 

F I G U R E  3   (a) Archaic (late seventh–sixth centuries BCE) lead figure of a winged goddess, possibly Artemis Orthia. 
Height 4.4 cm. The Metropolitan Museum of Art, New York, accession no. 24.195.42. Met. CC0. (b) Numbers of lead figures 
recovered at Artemis Orthia in Sparta on the Peloponnese, Greece. The peak is between 570/560 and 520 BCE (after Gill & 
Vickers, 2001: 232; Leger, 2015: tab. 1). [Color figure can be viewed at wileyonlinelibrary.com]
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from Laurion (Gill & Vickers, 2001). This would indicate that lead was mined at Laurion and exported 
in the seventh and sixth centuries BCE.

The patterning in Figure 3 (b) suggests that lead figurines were incredibly popular as offerings in 
the mid-sixth century BCE. If it is assumed that the numbers of figurines recovered at Artemis Orthia 
provides a proxy to assess how lead was valued by the Athenians and Spartans, the dramatic decrease 
around 520 BCE could reflect the Athenians’ reluctance to release lead from Laurion because of its 
silver value; that is, lead ores at Laurion were known for their silver at this time, and possibly earlier 
if the lead used for the earlier votives was already in circulation in Sparta.

The 520 BCE date for the drop in the numbers of figurines (Figure 3, b) would suggest that restric-
tions on lead exports were instigated during the reign of Hippias (527–510 BCE). It also suggests that 
lead ores were not selected at Laurion with regard to their silver concentrations, that is, test smelts to 
differentiate between lead ores allocated for silver and those for lead—the aforementioned scenario 
advocated by Gale and Stos-Gale (1981b: 217) and implied by the technical limits proposed for silver 
extraction in different chronological periods (Rehren & Prange, 1998)—were probably not conducted 
at this time, or presumably earlier. Moreover, it would also imply that lead was not retrieved routinely 
from processing debris after the silver had been extracted. This is indicative of a technology in its 
early stages.

DISCUSSION

Since Ardaillon's (1897) thesis on the mines of Laurion in antiquity, there have been questions over 
when the silver-bearing lead ore deposits at Laurion were first exploited for silver.

That lead would have been required in the extraction of silver from dry silver ores has often misled 
researchers into assuming that once native silver and large silver minerals had run out, lead ores were 
the predominant source of ancient silver. In fact, Laurion, due to the prevalence of its lead isotopic 
signature in the archaeological record, was considered to have been a significant silver-producing 
centre in the Bronze Age. However, mid-first millennium BCE chronologies for the exploitation of 
silver-bearing lead ores better represent the archaeological evidence. The absence of archaeology to 
suggest any centralized control over Laurion until the Archaic period and the scarcity of silver arte-
facts recovered in the Late Bronze Age and throughout the Early Iron Age Aegean would suggest that 
Laurion was not a silver-producing centre until the mid-first millennium BCE. Furthermore, the prac-
tice of adding lead to smelt lead-poor silver-bearing ores during the first millennium BCE in Iberia 
(perhaps following traditions developed during the Bronze Age in Anatolia, Siphnos and Bronze/
Iron Age Cyprus) and the seventh century BCE Lydian practice of adding lead to recover silver from 
production debris after gold parting, suggest that the predominant technology to acquire silver until 
the late Archaic period was to use lead (often from Laurion) as a silver collector to extract silver from 
dry silver ores found around the Aegean. In effect, Laurion was probably considered solely as a source 
of lead until it was discovered that lead ore could be also used as a source of silver in its own right.

A peak in lead pollution in Greenland ice that appears to rise during the sixth century BCE and 
the emergence of Laurion isotopic signatures in Attic Wappenmünzen coinage and in the late Iron 
Age hacksilver hoards of the southern Levant suggests that the chronology of this technological tran-
sition can be placed perhaps as early as the beginning of the sixth century BCE. This is clearly much 
later than Bronze Age chronologies that have been proposed previously, but it is also earlier than the 
archaeological remains of infrastructure and metallurgical debris associated with silver processing at 
Laurion (fifth–fourth centuries BCE), and the recorded use of silver to pay for the Greek war navy 
(c.480 BCE). Furthermore, these sixth-century BCE chronologies also appear to be supported by a 
drop in the numbers of lead votive artefacts recovered at Sparta c.520 BCE. If this sudden decrease 
can be interpreted as Athenians placing restrictions on the export of argentiferous lead ores, it would 
support the position that argentiferous lead ores at Laurion were exploited for silver and that lead 
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metal was reallocated (and not exported) in order to extract its intrinsic silver during the reigns of the 
Peisistradids.

It is likely that such restrictions would have had repercussions. Once the Athenians recognized 
that lead ores were a viable source of silver, this news potentially travelled quickly and contrib-
uted to the increased tensions between Spartans and Athenian Greeks that were to last for over a 
century (or officially, until a peace treaty was signed in 1996 CE). In fact, long before Thucydides 
(Thucydides, 2008: 1.101) reports a planned Spartan attack on Attica in the mid-460s BCE, which 
aimed to gain control over the silver mines (but was thwarted by an earthquake in Sparta), Cleomenes 
I (519–490 BCE) of Sparta attacked Attica and Athens in 510 BCE, which resulted in Hippias fleeing 
to Persia (Berthold, 2002). It is therefore conceivable that Sparta's well-known belligerence toward 
the growing Athenian Empire became amplified once it was known that lead ores at Laurion were a 
viable silver source, and that this knowledge is reflected in the dramatic decrease in the numbers of 
lead votive figurines recovered in Sparta.

Exploitation of lead ores for silver was potentially scaled up when access to Western Mediterra-
nean silver fell into the hands of the Carthaginians (540/535 BCE), when the mines of Siphnos became 
depleted (c. late sixth century BCE) and the Persians first curtailed Athenian access to Thracian silver 
sources (513/512 BCE), perhaps bringing a supply of skilled miners to Laurion. This would suggest 
that it is probable Hippias did establish a single, stable and economically minded government which 
developed a policy for encouraging the demand for Athenian silver in international trade (Kroll, 1981). 
Furthermore, such a new sector of wealth would have likely shifted the dominance of power from the 
‘old agriculturally-wealthy elite’ (Davis, 2014: 277) to those who had the authority to control sources 
of lead, build infrastructure and mobilize labour to acquire silver.

The recognition that lead ores could be exploited for their intrinsic silver and its associated tech-
nology may have been discovered at Laurion or in other regions with silver sources (such as Thrace 
or Anatolia). Nonetheless, its introduction at Laurion would have required the labour-intensive stages 
of finding, mining, beneficiating and smelting large quantities of argentiferous lead ore, followed by 
cupellation, before silver could be obtained. The Levantine hacksilver and the peak in lead pollution 
at the beginning of the sixth century BCE (Figure 2, b) suggests that Laurion lead ores may have been 
exploited from as early as the beginning of the sixth century BCE. If this were the case, however, 
there was probably not the political resolve at that time for it to continue. Nonetheless, exploitation 
at Laurion appears to have resumed during the reigns of the Peisistradids, which suggests that Attic 
Greece was not only a region that had sufficient deposits of argentiferous lead ore but also had the 
political will at that time to extract silver from them. In effect, when the Athenians found out that 
silver resided in a familiar and relatively ubiquitous lead mineral, adoption of new silver technology to 
extract it would have been almost inevitable for a state that could attract, organize, and regulate skilled 
and unskilled labour, particularly in a climate of conflict and potential invasions.

CONCLUSIONS

Silver had encouraged entrepreneurial trade around the Aegean, the Mediterranean and the Near 
East to make the mid-first millennium BC look very different to how it had been less than a millen-
nium earlier (Sherratt, 2016). The realization that lead ores at Laurion contained silver and that the 
scaling-up of known technology could be used to extract it would have been important to Greece at 
this time because silver was recognized as an exchange standard and a store of value.

Kroll's (1981) suggestion that silver exploitation was expanded at Laurion under the Peisistratids 
and that Hippias established a government which developed a policy for encouraging the demand 
for Athenian silver in international trade would appear consistent with the lead pollution records of 
Greenland ice, lead isotopic analyses of Attic silver coins and hacksilver in the late Iron Age hoards of 
the southern Levant, as well as being reflected in the numbers of lead votive figurines at sanctuaries 
in Sparta. In addition to the boost in taxable trade that silver would have generated, Athenian society 
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would have been affected by this new sector, probably to the detriment of the elites that had dominated 
politics and law during the reigns of the Peisistratids.

Davis  (2014: 276) summarizes well the geopolitical aspect of the exploitation of silver when 
he notes that ‘no one could do anything about the money sitting under their feet until certain things 
happened technically and politically to enable its extraction and sale. The right set of circumstances 
combined under the Peisistratids which contributed to their wealth and the prosperity of Athens’. It 
is proposed here that the knowledge and know-how to extract silver from vast amounts of lead was 
adopted in Greece because this region was predisposed, geologically and politically, to exploit its 
own argentiferous lead resources, and that the wealth it generated caused changes in power structures 
which were to lead to the constitutional reforms of Cleisthenes and the birth of democracy. In effect, 
the knowledge that lead ores at Laurion contained trace levels of silver, and the political resolve to 
scale-up existing know-how to extract it, resulted in the massive exploitation of lead ores for silver 
during the sixth century BCE that helped to initiate, fund and protect the radical social experiment that 
became known as Classical Greece.
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