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Abstract This paper reviews the research into the meth-
odology of lead isotope provenance studies carried out at
the University of Oxford between 1975 and 2002, at first in
the Department of Geology (Geological Age and Isotope
Research Laboratory), later in the Isotrace Laboratory based
in the Department of Nuclear Physics, and eventually part
of the Research Laboratory of Archaeology and the History
of Art. These 27 years of intensive work, funded initially by
the Stiftung Volkswagenwerk, and later from numerous UK
Government and Charitable funds and finally by the
Institute of Aegean Prehistory laid the foundations of the
lead isotope provenance methodology and resulted in a
large database of analytical isotope and elemental results. In
spite of the efforts of the authors, this database is still not
comprehensively published or easily accessible in a digital
format by all researchers interested in using this method for
their projects. The possibilities of advancing this situation
are discussed. The authors discuss in detail the basic
restrictions and advantages of using the lead isotope
compositions of ores in mineral deposits for finding the
origin of the raw materials used for making ancient
artefacts. Methods for the scientific interpretation of the
data are discussed, including attempts to use statistical
methods. The methodology of creating the Oxford lead
isotope database (OXALID) is outlined and a summary is
given of the lead isotope resource provided by OXALID.
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Introduction

From very early in the study of ancient metals, one
important goal was to establish the geological origin of
the metal used to make particular metal artefacts, thus,
directly addressing issues of trade, trade relationships and
movement of objects. Initially, the approach taken was
through chemical analysis, beginning in 1934 (Noddack
and Noddack 1934) and leading on to the large-scale
chemical analytical programmes of Otto and Witter (1952)
and the Stuttgart group (Junghans et al. 1960, 1968, 1974),
conveniently reviewed by Härke (1978). Valuable though
these studies were for establishing the development of
metallurgy through time, they did not contribute much to
establishing the metal ore sources used. Chemical analyses
by themselves fail to provenance metals due to chemical
heterogeneities in ore deposits and variable fractionation of
chemical elements between ores, slag and metal in
primitive smelting procedures, as discussed by Gale and
Stos-Gale (1982, 2000).

With the widespread recognition that chemical analysis
had failed as an approach to determining the geological
origin of the metal used to make metal objects, two research
groups independently suggested that this objective might be
achieved instead by the comparative lead isotope analysis
of artefacts and metal ores (Brill and Wampler 1965;
Grögler et al. 1966). The Swiss group of Grögler et al. did
not pursue this line of research further, while Brill and his
colleagues continued to publish lead isotope analyses of
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glass, coins and other metal objects but did not advance the
subject significantly because they failed to accompany their
work on artefacts with the sufficiently extensive lead
isotope analyses of metal ores that is also necessary.

Systematic studies and applications of lead isotope
provenancing began in the 1970s when a group at the
Max-Planck-Institut für Kernphysik in Heidelberg, com-
prising W. Gentner, G. A. Wagner and O. Müller, invited N.
H. Gale at the University of Oxford to join them in
collaborative work. This resulted in several years of close
collaboration between Oxford and Heidelberg, financed by
grants from the Stiftung Volkswagenwerk and focused on
studies of the provenance of ancient Greek silver coins
using both trace element and lead isotope analysis. A new
and central feature of this collaboration was the emphasis,
beyond the analytical work, on extensive fieldwork on
lead–silver deposits in and around the Aegean, involving
geological and mining archaeological field work, as well as
mineralogical studies of ores and metallurgical remains. A
paper summarising the early stages of the lead isotope side
of the project was presented at the 16th International
Symposium on Archaeometry in Edinburgh in 1976
(Chamberlain and Gale 1980) whilst further papers result-
ing from this collaboration were presented at the 18th
International Symposium on Archaeometry in Bonn in
1978 (Gale 1979; Muller and Gentner 1979; Wagner and
Weisgerber 1979). More detailed publications of this
research were published between 1980 and 1988 (Gale et
al. 1980; Wagner et al. 1980; Wagner and Weisgerber 1985,
1988).

During the fieldwork in the Aegean for the Oxford/
Heidelberg project, both Wagner and Gale independently
became interested in collecting obsidian from such sources
as Melos and Antiparos to explore new methods for its
provenancing (Wagner et al. 1976; Gale 1981). The
geographical range of the Oxford obsidian collection was
greatly extended by samples kindly provided by A.C.
Renfrew from his then unrivalled collection in South-
ampton. Renfrew suggested that beyond the initial joint
project on silver sources for the Greek Archaic/Classical
city states, there was an untapped potential field of research
for the Isotrace Laboratory at Oxford into the sources of
metals for the Bronze Age peoples of the Aegean and wider
Mediterranean. This began in Oxford with studies of the
sources of lead and silver for the Bronze Age Aegean (e.g.,
Gale 1980; Gale and Stos-Gale 1981a, b; Gale et al. 1984).
As Rehren and Pernicka (2008, 238) have written “The
breakthrough in provenancing by isotope ratios came with
the extension of lead isotope analysis to copper and copper-
based alloys (Gale and Stos-Gale 1982). By the combina-
tion of lead isotope ratios and trace element patterns it
became possible, for the first time, to relate with high
probability metal artefacts to specific ore deposits, some-

thing that had been aimed at for more than 100 years. The
work culminated with major syntheses for the metal from
Cyprus by Stos-Gale et al. (1997) and for the south-east
European Chalcolithic by Pernicka et al. (1997)” and one
can add, by Gale et al. (2000). The Isotrace Laboratory was
at first located at the University of Oxford in the
Department of Earth Sciences, from 1989 in the Depart-
ment of Nuclear Physics, and from 1994, it remained
physically in Physics but was for administrative purposes
part of the Research Laboratory of Archaeology.

Since the mid-1970s, all of the projects on lead isotope
provenance studies at Oxford and Heidelberg have been
based on parallel geological and archaeo-metallurgical
collection of samples for analysis and mapping the ore
deposits, ancient mines and slag heaps relevant to Bronze
Age archaeology. The main interest of both teams was in
the beginnings of metallurgy in the Mediterranean, South
East and South West Europe, Anatolia and the Near East
and resulted in many publications covering mineral
deposits in Greece, Cyprus, Sardinia, Turkey, the Arabah
Valley, Bulgaria, Italy and Spain.

An overview of the development of methods
for the measurement of lead isotope compositions

It was clear from the beginning of the work at Oxford that it
was necessary to achieve high accuracy (±0.1% or better)
and precision in the measurement of lead isotope ratios for
metal provenancing. The classic method for the measure-
ment of lead isotope ratios, developed largely for isotope
geochemistry (Faure 1986), is thermal ionisation mass
spectrometry with a magnetic sector mass spectrometer
(TIMS). It was usual before, around 1974, to mount the
sample as lead sulphide on a rhenium strip filament, which,
on heating emitted ions into the mass spectrometer. This
was a method which required microgramme amounts of
sample and achieved only about ±1% accuracy. In 1969–
1973, Cameron et al. and Barnes et al. devised a thermal
ionisation method based on the use of a silica gel/
phosphoric acid emitter on a rhenium filament which
allowed the sample size to be reduced by an order of
magnitude and the accuracy of lead isotope ratio measure-
ment to be greater than ±0.1% (Cameron et al. 1969;
Barnes et al. 1973; Arden and Gale 1974).1 A great advance
which allowed lead isotope analyses from different labora-
tories to be compared on the same absolute basis was the
introduction by the US National Bureau of Standards of

1 An improvement of the NBS silica gel/phosphoric acid emitter was
later reported (Gerstenberger and Haase 1997) which allowed 10
nanogram amounts of Pb to be analysed by TIMS with an improved
lead ion yield by a factor of 5 and the same accuracy.
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three isotope standards for lead (Catanzaro 1967a; Catanzaro
et al. 1968).2 Since 1975, the great majority of lead isotope
analyses for metal provenancing purposes have been made
with TIMS using essentially the methods of Barnes et al.
(1973) and Arden and Gale (1974). A further very
significant advance in sample throughput and accuracy of
isotopic analyses using TIMS was the routine introduction of
magnetic sector mass spectrometers using multi-collectors to
collect all isotopes simultaneously in different collectors.
The routine use of small samples necessitated also the
development of low blank chemical separative methods
carried out in special laboratories over-pressured by highly
filtered air to reduce contamination to very low levels. The
introduction of double-spike internal tracer [202 Pb–205 Pb]
techniques, not available for routine measurements, allowed
the reduction of absolute 2σ errors to ±0.002% for multi-
collector TIMS and the attainment of high accuracies for the
measurement of the lead isotope compositions of the NBS/
NIST lead isotope standards (Todt et al. 1996).

A more recent development has been the introduction of
an inductively coupled plasma source fitted to a magnetic
sector multi-collector mass spectrometer (MC-ICPMS) for
high precision isotopic analysis, amongst which was the
application to lead isotope mass spectrometry (Hirata 1996;
Rehkämper and Halliday 1998; Belshaw et al. 1998). Hirata
has shown that this technique can attain a precision of lead
isotope ratios of the order of ±0.01% using nanogramme
samples of lead in a comparatively rapid mass spectromet-
ric procedure. This technique has, for example, been
applied to study the possible variation of the isotope
compositions of lead in cores taken from copper ‘oxhide’
ingots (Gale 2005) to central European copper artefacts
(Niederschlag et al. 2003) and to demonstrate for the first
time that the isotopic composition of copper (Gale et al.
1999) and of tin (Nowell et al. 2002) is variable in some
ores and archaeological artefacts.

MC-ICPMS analyses are certainly the way ahead for lead
isotope provenancing and other applications of isotope
geochemistry to archaeology. However, the practical experi-
ence of one of the present authors in using this technique in
the advanced Earth Science laboratories, Oxford, would
suggest that Pollard and Heron (2008) were perhaps over
optimistic when they wrote “…widespread use of high-
resolution ICP-MS machines could herald a new age of rapid
and relatively cheap isotopic and chemical studies of
archaeological material.” The capital and running costs of
an MC-ICPMS instrument are if anything more than for a

TIMS machine, and many owners of such MC-ICPMS
machines are unwilling to allow the direct introduction of
directly dissolved samples into the ICP source (for good
economic and analytical reasons), so that the time-
consuming step of chemical separation of the element to be
analysed in an expensive low blank laboratory is usually still
required. This is not only a question of practicality and
economics but also because lack of chemical separation can
expose one to problems arising from the fact that large
amounts of matrix included with the sample may cause
differential mass bias behaviour between samples and
standards, as well as the possibility of introducing isobaric
interferences (e.g. Rehkämper and Mezger 2000).

Care should be taken not to confuse MC-ICPMS with an
ICP source fitted to a quadrupole mass spectrometer (ICP-
QMS) which, though very useful for the chemical analysis
of samples taken from archaeological objects, does not
possess the accuracy or precision needed for lead isotope
analyses applied to archaeological provenancing studies
and if misused for this purpose can lead to incorrect
conclusions. Hirata (1996) has briefly discussed the severe
restrictions of precision and accuracy of isotope ratio
measurements made by ICP-QMS and gives references to
work which has demonstrated this experimentally. Segal
and Halicz (2005) have shown that lead isotope analyses by
MC-ICPMS are an order of magnitude more accurate than
those made by using ICP-QMS.

Pollard and Heron (2008) are perhaps also overoptimis-
tic when they refer to the paper on the lead isotope analyses
of Roman silver coins by Ponting et al. (2003) as “…a clear
example of the way forward…”. Ponting et al. used high-
resolution MC-ICPMS with sampling by laser ablation
which in theory is very attractive, since it completely
avoids any chemical separation. However, it is well known
that there are often matrix effects to consider when using
laser ablation (e.g. Rehkämper and Mezger 2000), and
Ponting et al. (2003) did not investigate whether they were
measuring correct lead isotope ratios when using laser
ablation as the sampling method, for which they did not run
an external standard. A hasty reading of their paper, and the
good reproducibility for the lead isotope standard NBS981,
superficially suggests that all is well, but a careful reading
shows that they ran the standard in solution by injecting it
directly into the plasma, with no involvement at all of laser
ablation (Ponting et al. 2003). So their work did not at all
test the accuracy of the laser ablation lead isotope analyses
of the coins. A more professional investigation of matrix
effects in laser ablation source MC-ICPMS was given by
Baker et al. (2006), who took care to include an external
standard glass (NIST610) for normalisation of the laser
ablation isotopic analyses. They made new MC-ICPMS
lead isotope analyses of archaeological silver and copper
artefacts both by bulk solution (no chemical separation) and

2 The absolute isotope abundance ratios of these standards was first
determined by a very accurate and precise triple filament TIMS
technique (Catanzaro 1967b) which unfortunately requires large
samples for analysis and is thus not suitable for routine use in isotope
geochemistry.
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by laser ablation of solid samples using MC-ICPMS,
comparing the data with previous TIMS analyses of the
same samples by the Isotrace Laboratory, University of
Oxford. Baker et al. (2006) reported that comparison of
TIMS and MC-ICPMS solution results with laser ablation
MC-ICPMS data on the same samples is variable. For
relatively high-lead samples (>500 ppm), there is excellent
agreement between in situ data and previous TIMS results.
However, for lower-lead samples (<100 ppm), the laser
ablation data are considerably offset from TIMS and bulk
dissolution analyses, consistent with an inaccurate correc-
tion for instrumental mass bias when using the NIST610
glass as an external standard. The authors suggest that this
is probably an effect of relatively high matrix to lead ratios
which vary space-charge effects in the plasma. The
contrasting accuracy between the high-lead silver and
copper samples and the relatively low-lead Uluburun
copper ingot samples suggests that the laser ablation
method (using NIST610 glass as an external standard to
monitor instrumental mass bias) is suitable for metals
containing high concentrations of lead but must be used
with care for lower-lead metals.

Possible fractionation of lead isotopes during ancient
metallurgical processes

Lead isotope provenancing would fall at the first hurdle
should fractionation of lead isotopes occur during ancient
metallurgical processes, i.e. if the lead isotope composition
in the metal extracted from a metal ore should happen to be
different from the lead isotope composition in the metal ore
due to fractionation in smelting, refining, working, casting,
cupellation or corrosion processes.

In other words, it is necessary that whether the lead
occurs as a major element in the antiquity (lead metal, lead
pigments, lead bronzes) or as a minor element (e.g. copper,
iron, silver, or zinc artefacts, unleaded glasses, glazes), the
isotopic composition of that lead will be the same as the
isotopic composition of the lead in the ore deposit from
which it derives. This was called into question by Budd et
al. (1995a) and Pollard and Heron (2008), who hypoth-
esised that changes in lead isotope composition due to non-
equilibrium evaporation during smelting, for example,
could produce changes in lead isotope composition great
enough to move the isotopic composition in the smelted
metal quite outside the field of isotopic composition of the
ores being smelted (Pollard and Heron 2008, Fig. 9.6).
Their hypothetical calculations of fractionation relied on a
thermodynamic model (Mulliken and Harkins 1922)
designed to describe evaporation in a vacuum from a liquid
(mercury) where the vapour phase was efficiently removed
from the system by condensation on a cold surface. From

its inception by Pollard, it seemed inappropriate to apply
this model to ancient processes such as smelting, fire
refining and cupellation, and so it has proved from the
experimental investigation of such processes. Moreover
Macfarlane (1999), applying a somewhat more realistic
theoretical model of the smelting process, deduces that
evaporation of lead during the smelting process is unlikely
to fractionate the lead isotope composition of smelted metal
away from the isotopic composition of the lead in the ore
from which it was smelted.

Some direct evidence about possible lead isotope
fractionation in metallurgical processes had in fact long
been available. Experiments by Barnes et al. (1978) had
given empirical proof that in a particular case, anthropo-
genic processes produced no measurable change in lead
isotope composition. They heated a large sample of galena
with charcoal in a closed crucible at 900°C for 18 h and
then reduced it to lead at 900°C in 3 h in the presence of a
weak air blast. Part of this lead metal was reserved for
analysis; the remainder was oxidised at 900°C in 1 h to
litharge in a stronger air blast. Some of this litharge was
used to make a potassium lead silicate clear glass at 1,450°C,
while some of the litharge was used to make a yellow lead
antimonate pigment at 950°C. The lead isotope ratios of the
four products were found to be the same as that of the galena
to well within the quoted experimental error of ±0.05%;
thus, no isotopic fractionation of lead was observed in these
experiments. There is no doubt that the accuracy of the
lead isotope analyses of the products of these procedures
was as good as modern analyses. Barnes et al. (1978)
clearly state that they used TIMS with the then new silica
gel/phosphoric acid activation method which they had
themselves developed and which they fully describe and
evaluate in Barnes et al. (1973), a technique whose
accuracy was subsequently fully confirmed by such
authors as Arden and Gale (1974).

Thus, the work of Barnes et al. (1978) is analytically
beyond reproach. However, Pollard and Heron (2008) were
correct to observe that the loss of lead in the experiments of
Barnes et al. (1978) did not exceed circa 5%, so that it had
not been established that isotopic fractionation of lead
might not occur in procedures where the loss of lead was
large. Preliminary confirmation that lead is not measurably
fractionated by smelting or cupellation involving larger
losses of lead came from our own previously unpublished
work in 1983 with U. Zwicker. As shown in Table 1, the
lead isotope compositions of argentiferous lead metal
smelted by Zwicker in Erlangen from a lead–silver ore
from the Rammelsberg mine (Harz) and of litharge
resulting from the cupellation of that argentiferous lead
are identical to the lead isotope composition of the ore
within the error of ±0.1% established for our lead isotope
ratio measurements (made in the Isotrace Laboratory,
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Oxford, using TIMS with the silica gel/phosphoric acid
emitter method on rhenium filaments).

Later, direct experiments by Pernicka and Bachmann
(1983), with lead isotope analyses carried out by Todt, were
reported not to have shown any measurable change of lead
isotopic composition in silver cupelled from argentiferous
lead metal that had been smelted from galena from Lavrion;
unfortunately, they did not give any actual lead isotope data
to substantiate their claim. A series of metallurgical
processes on galenas and lead carried out in Bradford
(Budd et al. 1995b) was also claimed to show no
measurable change in lead isotope compositions, though
again no numerical isotopic data were reported so that this
work cannot be used either to prove or disprove fraction-
ation, as noted by Tite (1996). Pollard and Heron (2008)
also write about these lead metallurgical procedures carried
out in Bradford stating that “isotopic measurements showed
no significant change in the isotopic ratios (McGill et al.
1999)”, but again no lead isotope data are published either
by Pollard and Heron (2008) or by McGill et al. 1999, so
again nothing is proved.

Since knowledge of the exact details of metallurgical
processes practised in ancient times remains scarce and
modern simulations are thus uncertain, it seems clear that
the most rigorous tests of possible lead isotope fractionation
should involve the actual remains of ancient metallurgical
processes. To this end, isotopic analyses were made in the
Oxford Isotrace Laboratory of the traces of lead (from 0.5%
to a maximum of 3% Pb) in a series of Archaic and
Classical Athenian silver tetradrachms together with argen-
tiferous galena ores from the Lavrion mines (Marinos and
Petrascheck 1956) in Attica, south of Athens in Greece.
Athenian tetradrachms, the ‘owl’ coinage of the Archaic
and Classical city state of Athens, are silver coins of mass
about 17.15 g bearing on the obverse the helmeted head of
Athena and on the reverse an owl standing; in the field, an
olive branch and ΑΘΕ, all in an incuse square (see Kraay
1976). This Athenian silver coinage was the most copious
of the time, having a wide distribution all over the Greek
world and beyond. Contemporary written sources make it
quite clear that this coinage was made from silver obtained
from the argentiferous lead ores at Lavrion (see references
in Kraay 1976; Seltman 1977 and in Fischer-Bossert 2008).
It began to be minted around 525B.C. For the present
purpose, we are safe in including in our analytical
programme tetradrachms minted up to about 450–446B.C.,

when the Athenian currency decree was announced,
amongst the provisions of which were measures for the
collection of foreign silver and for its conversion into
Athenian coin (Kraay 1976).

The Athenian silver tetradrachms analysed in Oxford
form a particularly rigorous test of the possibility that lead
isotope fractionation may have occurred in ancient metal-
lurgical processes. They were certainly made (between 525
and 450B.C.) from silver that had been obtained from
Lavrion argentiferous lead ores, first by smelting to produce
argentiferous lead and then by cupelling this silver-rich lead
to produce the silver. Moreover, the study by Conophagos
(1980) of the remains of these ancient processes in Lavrion
argues persuasively that two successive cupellation stages,
in two different cupellation furnaces, were used (in both of
which lead losses might have occurred) and suggests that a
yet final stage of fire refinement then followed until the
silver was so pure as to exhibit the phenomenon of
‘rochage’ on cooling. Moreover, the trace element analyses
of Athenian silver tetradrachms, together with a detailed
experimental geochemical study of the cupellation process
made by Pernicka and Bachmann (1983), led them to
conclude that a final silver refining process (following
cupellation) was used by the Athenians. Consequently,
these silver tetradrachms appear to have been made of
silver which was produced by two successive cupellations
of argentiferous lead smelted from argentiferous Lavrion
lead ores, with a final stage of refinement of the silver. In
each of these processes, some lead will have been lost, with
the possible fractionation of the isotope composition of the
traces of lead in the final silver away from the isotopic
composition of lead in the Lavrion lead ores.

The range of lead isotope compositions for the
argentiferous lead ores at Lavrion is currently established by
thermal ionisation mass spectrometry of 112 ores from
different parts of the deposit. Of the ore data used, 17 ores
were published by Barnes et al. (1974); these ores were from
the regions of Plaka, Kamareza and Esperance in Lavrion.
For the more recent analyses in Oxford a modified VG
Isotech Isolab54, three-stage E-B-E, fully computer-
controlled, mass spectrometer was used, with samples of
highly purified lead of about 200 ng being loaded with the
usual silica-gel/phosphoric acid activator onto rhenium
filaments. All measurements reported here for silver Athe-
nian coins were made using four of the seven Faraday
collectors in this spectrometer to collect simultaneously the

Sample 208Pb/20óPb 207Pb/20óPb 206Pb/204Pb

Argentiferous galena, Rammelsberg: 61 E 2.08933 0.85586 18.220

Lead metal smelted from ore 61E 2.09097 0.85610 18.233

Litharge from cupelling the smelted lead metal 2.08937 0.85648 18.213

Table 1 Comparison of lead
isotope compositions, measured
in Oxford, of galena, lead and
litharge
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isotopes 204Pb, 206Pb, 207Pb and 208Pb in static multi-
collector mode. All isotope data were put on an absolute
basis by reference to many repeat measurements for the lead
isotope standard SRM981 issued by the US National
Institute of Standards and Technology (NIST, formerly
NBS). The absolute isotope ratio data used for SRM 981
was that reported by Todt et al. (1996).

Lead isotope analyses have also been made in the same
way for 22 Athenian silver tetradrachms and one Athenian
Wappenmünzen (an obol, for which the numismatic
evidence is that it also was made from Lavrion silver: M.
Price, private communication; unlike the Wappenmünzen
didrachms, which are associated with Pisistratus and his
silver mines in Thrace (Kraay 1976)). These lead isotope
data are given in Table 2. Previous less accurate analyses
for some of these coins were published in Gale et al. 1980
or in Gale and Stos-Gale 1996. All data used in the present
paper are either for coins not previously analysed or have
been reanalysed for the present paper using the new mass
spectrometer mentioned above. These analyses are plotted
in Fig. 1 in relation to lead isotope data for the Lavrion

ores. The lead isotope data for six didrachm Wappenmün-
zen published previously (Gale et al. 1980) fall outside the
Lavrion field, in accordance with the numismatic and
historical evidence that places these issues before the owl
coinage and disassociates them from the Lavrion mines. A
coin from the Asyut Hoard (Price and Waggoner 1975: no.
65) published (Gale et al. 1980) as being an Athenian
tetradrachm, and having a distinctly non-Lavrion lead
isotope composition, was mistakenly attributed to Athens;
its photograph in the photographic inventory of the Max-
Planck-Institut für Kernphysik, Heidelberg, of which a
duplicate is held in Oxford, shows it certainly to be an issue
of the Orrescii.

The conclusion from Fig. 1 is that the lead isotope
analyses for the tetradrachms all fall within the data for the
Lavrion ores; there certainly are no large-scale fractiona-
tions of the isotope ratios away from those characteristic of
the argentiferous lead ores from which the ancient authors
show that they were made. Consequently, these data
support the idea that there is no measurable fractionation
of lead isotopes through the smelting, two separate

No Coin 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb

1 Wappemunzen Obol-Wheel 2.05691 0.83129 18.861

2 14 Tetradrachm 4th C BC 2.05960 0.83220 18.851

3 17 Tetradrachm 450 BC 2.06110 0.83230 18.872

4 19 Tetradrachm 4th C BC 2.06195 0.83239 18.859

5 31 Tetradrachm (A) 2.05923 0.83133 18.855

6 32B Τetradrachm (A) 2.05770 0.83128 18.851

7 33B Tetradrachm (A) 2.05730 0.83116 18.841

8 34 Tetradrachm (A) 2.06116 0.83198 18.902

9 35B Tetradrachm (A) 2.05832 0.83148 18.853

10 36 Tetradrachm (A) 2.06120 0.83186 18.850

11 37 Τetradrachm (A) 2.05772 0.83126 18.852

12 39 Tetradrachm (A) 2.06206 0.83154 18.878

13 40 Τetradrachm (A) 2.05871 0.83120 18.858

14 63 Tetradrachm (A) 2.05863 0.83157 18.833

15 KIM (2) Τetradrachm 450 BC 2.06297 0.83231 18.869

16 KIM (4) Τetradrachm 450 BC 2.06230 0.83247 18.835

17 KIM (3) Tetradrachm 450 BC 2.06154 0.83229 18.838

18 21 Tetradrachm 450 BC 2.06249 0.83252 18.850

19 PARIS 8 Tetradrachm 2.06175 0.83264 18.833

20 KIM (1) Tetradrachm 450 BC 2.06275 0.83239 18.857

21 PARIS 323 Tetradrachm 2.05749 0.83186 18.777

22 41 Tetradrachm (A) 2.06024 0.83191 18.858

23 38 Tetradrachm (A) 2.05974 0.83247 18.829

24 AA (Turkish hoard) ~450 BC 2.06029 0.83234 18.812

25 BB (Turkish hoard) ~450 BC 2.05969 0.83183 18.834

26 CC (Turkish hoard) ~450 BC 2.06014 0.83224 18.818

27 DD (Turkish hoard) ~450 BC 2.05912 0.83094 18.847

Table 2 Measured lead isotope
ratios for some Archaic and
Classical Athenian silver coins

Coins marked (A) are from the
Asyut Hoard and are pre-475 BC
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cupellations, and one silver refining step which intervened
between the original Lavrion argentiferous lead ores and the
final minting of the Athenian silver coins.

Further recent analyses of ancient lead and copper slags,
lead and silver metal, and litharge prove that in spite of
possible substantial losses of lead, the processes of smelting
of copper, fire refining, and the cupellation of silver do not
affect the lead isotope compositions of the obtained metals
(Gale and Stos-Gale 1996, 2000; Stos-Gale et al. 1998a, b,
and references therein). All experimental work so far shows
that no measurable changes are detected between the lead
isotope compositions of the components in the chain: ore-
slag-metal and ore-lead metal-litharge-silver. We conclude
that there is now overwhelming evidence that anthropogenic
metallurgical processes do not measurably alter the isotopic
composition of lead and that the suggestions of Budd et al.
(1995a) to the contrary are incorrect. This question is
discussed at greater length by Gale and Stos-Gale (1996,
2000).

Based on the same inappropriate theoretical framework
(Mulliken and Harkins 1922), Budd et al. (1995c) and
Pollard and Heron (2008) suggested that there should be
relatively large alterations in the isotopic composition of tin
produced by extractive metallurgical processes. In fact,
Gale (1997), Yi et al. (1999), and Begemann et al. (1999)
have, by direct measurement, shown that such anthropo-
genic alterations of the isotopic composition of tin metal do
not occur at the level predicted by Budd et al. (1995c). On
the other hand, Nowell et al. (2002) have demonstrated that
there are variations of the isotopic composition of tin in
naturally occurring cassiterite tin ores.

There also exists direct experimental confirmation that
the weathering of glasses over periods of up to 2,600 years
does not result in altered lead isotope compositions in the
weathering product when compared with fresh interior glass
(Brill 1969). Our own observations show that the lead
isotope composition of the thick corrosion product on the
exterior of two Early Cycladic lead boat models from
Naxos, dating from about 4,800 years ago, is the same as
the isotopic composition of the interior uncorroded lead
metal (Gale and Stos-Gale 2000). Similar results have been
obtained by Snoek et al. (1999) in comparing the lead
isotope compositions of corrosion products with the
uncorroded metal from which they were formed.

Though corrosion does not alter lead isotope compositions
by fractionation, corroded samples of copper objects of low
lead content can be problematic for lead isotope analysis.
Corrosion affords the possibility of alteration of the true lead
isotope composition of an artefact by exchange of lead, of
differing isotopic composition, from the burial environment
(Gale and Stos-Gale 2000). Snoek et al. (1999) have
published similar caveats.

Ore deposits: homogeneity of lead isotope composition

In the formation of the majority of metal ore deposits,
which are uranium-poor, the lead contained in those ore
deposits is separated from the parent uranium and thorium.
The "frozen-in" isotopic composition of the lead thus
separated depends on the geochemical history of the source
materials, specifically on the U/Pb and Th/Pb ratios and the
timing of any variations in these ratios, including the time
of final separation of the lead (see Gale and Stos-Gale
2000). As Barnes (1979) has remarked, it is theoretically
possible for each ore deposit in the world to have its own
unique isotopic composition, though in many cases, the
differences between deposits may be so small as to demand
the utmost precision and accuracy in analytical techniques
in order to differentiate them.

It has sometimes been questioned by archaeometrists
whether the isotopic composition of lead in an ore deposit

Fig. 1 Lead isotope data for 27 Archaic and Classical Athenian silver
coins compared with data for ≈100 ores from the Lavrion ore deposit
in Attica. It is clear that the lead isotope data for the silver coins,
which were produced from Lavrion lead/silver ores by smelting,
cupellation and refining steps, match the isotopic data for the ores and
are not fractionated from them by smelting, cupellation or refining
processes
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is uniform throughout. Some have suggested that it is
mainly the geologically conformable massive sulphide
deposits which exhibit isotopic homogeneity, but this is
not so. Gulson (1986) records that lead isotope homogene-
ity is exhibited also, for example, by such diverse ore
deposits as carbonate-hosted deposits and vein deposits and
discusses the underlying reasons for isotopic homogeneity
in an ore deposit. Doubt has also been expressed whether
the lead in different minerals from the same ore deposit,
especially from the primary sulphides as opposed to
oxidised minerals, will have the same isotopic composition.
An investigation by Barnes et al. (1974) of the Lavrion ore
deposit shows that, for the 17 ore samples analysed, the
complete range of variation in lead isotopic composition is
0.28%, and the isotopic composition is not correlated with
geographical position or depth in the ore body, nor with ore
type. Further work that confirms these conclusions for the
Lavrion ore deposit, including the homogeneity of the
isotopic composition of lead in galena and cerussite ores
together with oxidised copper ores, has been reported by
Stos-Gale et al. (1986, 1996).

A number of similar investigations have been carried out
by other isotope geochemists. In one example for two
deposits in Australia, Gulson and Mizon (1979) have
shown that the complete range of lead isotope compositions
in the primary sulphide ores is less than 0.3% and that the
oxidised ores in the overlying gossan have lead isotope
compositions indistinguishable from the deep primary
sulphide ores. Many further examples are given by Gulson
(1986) in the course of illustrating the value of lead isotope
data in mineral exploration. The many copper ore deposits
in Cyprus (Stos-Gale et al. 1997; Gale et al. 1997) if
lumped together cover a relatively wide range of lead
isotope compositions, but individual mines have a relatively
small range of isotopic compositions.

There is of course an important caveat in that although
the majority of Pb, Ag or Cu deposits around the
Mediterranean are indeed uranium-poor relative to the lead
content, there do exist other ore deposits where present-day
U,Th/Pb ratios are high and variable, which leads to a wide
range of lead isotope compositions for different ore samples
within the same deposit. Examples are Timna in Israel
(Gale et al. 1990) and Feinan in Jordan (Hauptmann et al.
1992; Hauptmann 2007). These relatively rare situations
make lead isotope provenancing in those regions more
difficult, but useful conclusions have still been made from
lead isotope analyses of artefacts from EBA sites in the
Palestine region in relation to the copper deposits in Feinan
and Timna (Hauptmann 2007).

A misunderstanding exists in the archaeometric literature
(Pollard and Heron 2008; Hauptmann 2007) about what is
referred to as the large spread of lead isotope compositions
for the “ore deposit of the Mississippi valley”. First, the

Upper Mississippi Valley (UMV) is not a single ore deposit,
but a huge ore district of over 10,000 km2, containing many
individual ore deposits which individually have relatively
uniform lead isotope compositions—this is reviewed in
Gale (1989) and in Gale and Stos-Gale (2000). For
example, the Amelia mine within the UMV district shows
a variation in lead isotope composition of only about 0.25%
(Gale and Stos-Gale 2000). It is true that a single large
galena crystal from the Buick mine in this ore district has
been shown by Hart et al. (1981) to show a total variation
of about 4% in lead isotope ratios, but such variations
would be averaged out amongst the many galena samples
that would constitute the smelting charge of a furnace.
Isotopic heterogeneities across a large ore district do not
necessarily preclude lead isotope compositions from pin-
pointing the source of a metal artefact to an individual ore
deposit within that district. For example, Farquhar and
Fletcher (1980, 1984), Farquhar et al. (1995) have
successfully provenanced artefacts to UMV ore deposits in
a number of studies. To use the UMV as a model for
Mediterranean ore bodies would be a false comparison.

The extension of the concept of a lead isotope field for a
single ore deposit to cover an island or a geographical
region is fraught with difficulties, as is clearly illustrated by
the examples of Cyprus and Sardinia (Stos-Gale et al. 1997;
Gale 1999; Baxter 2003). It is the precise coincidence of
lead isotope compositions of particular artefacts with
particular ore deposits that is required before it can be
concluded that the metal of the artefact most probably came
from the named ore deposit. If some ore deposits have
overlapping lead isotope compositions, then the conclu-
sions for artefacts plotting in such regions must necessarily
be less well defined. It is largely a question of semantics to
engage in arguments that lead isotope analyses can only
exclude ore sources and can at best establish only that an
ore deposit is consistent with being the metal source for
particular artefacts. If a set of copper artefacts have lead
isotope compositions matching only one copper ore
deposit, among the set of copper ore deposits that it is
geographically/archaeologically reasonable to consider, the
normal application of scientific method would lead to the
conclusion that, given the present state of knowledge, those
artefacts were made of copper from that deposit. Naturally,
such conclusions must be based on a comprehensive lead
isotope investigation of all appropriate ore deposits.

The interpretation of lead isotope analyses
for provenance studies

From the very beginning, at Oxford, the interpretation of
the data for provenance studies in archaeology was based
on comparison of the three lead isotope ratios in two
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‘mirror’ plots: where the horizontal axis was always
207Pb/206Pb and the two vertical ones 208Pb/206 and
206Pb/204Pb, as plotted on Fig. 1. The choice of these
particular three independent ratios was partly derived from
the method of representation of lead isotope measurements
in isotope geology (see Gulson 1986), partly for conve-
nience, because these three ratios always differ by one order
of magnitude (e.g. 0.8…, 2.07…, 18.8...) and, therefore, are
easy to distinguish and remember. For roughly the first
10 years, the data were plotted by hand, but the use of the
graph plotting software SIGMAPLOT© in the mid-1990s
revolutionised the possibilities of quick comparisons of a
large number of data. In the first decade we were trying to
ease the task of comparisons by plotting the ore data as
‘fields’ enclosed by ellipses, followed by the use of
stepwise discriminant analysis (for examples, see Gale
and Stos-Gale 1992).

It is not an easy matter to establish the boundaries of the
range of lead isotope compositions for particular ore
deposits. Ideally, it requires analyses of about 30 to 50
different ore samples from a particular ore deposit to
establish its characteristic lead isotope field (the question of
sample size is discussed by Baxter (2003) and Baxter et al.
(2000)). Early works by Brill and Wampler (1965, 1967)
seem not to have appreciated these problems; for example,
they identified a so-called Group L of lead isotope
compositions that they associated loosely with the Lavrion
ore deposit in Attica. Later work in Washington and Oxford
showed that the true Lavrion ore deposit exhibited a much
more restricted range of lead isotope compositions (for a
comparison between Brill’s Group L and the true Lavrion
field see Gale, Fig. 8 (1980)), so that conclusions based on
the original Group L will have been in error.

Later interpretation of lead isotope analyses for prove-
nancing purposes has a strange history which resulted in a
fierce, but largely sterile, controversy when a paper using
multivariate statistics by Sayre et al. (1992) came under
attack in the pages of Archaeometry and the Journal of
Mediterranean Archaeology, particularly by Budd and
Pollard. Curiously, this was not the first paper to attempt
to use multivariate statistics for the interpretation of lead
isotope analyses in archaeology; those were in fact papers
by McGeehan-Liritzis and Pollard (1986) and Pollard and
Gale (1986; quoted by Budd et al. 1993). It was in fact
Pollard himself who first introduced multivariate statistical
interpretation into lead isotope provenance work (see
Fig. 13 in Gale 1989, and see the remarks of Cherry and
Knapp 1991 on this subject). Initially, a main problem
encountered when attempting to use multivariate statistics
for the interpretation of lead isotope data was the rather
small number of data points available for most of the ore
deposits. Therefore, in the early 1990s, when we started
using the new multi-collector mass spectrometer, much

effort in the Isotrace Laboratory was directed towards
analysing many ores and slags from the same location.

Later the Isotrace Laboratory began to use trivariate
discriminant statistical analysis, an example being the paper
by Gale (1991). In fact, the Isotrace Laboratory had
inadvertently used multivariate statistics in an elementary
way from early 1988. For some time, we had attempted to
guide the eye in lead isotope diagrams, by enclosing groups
of lead isotope data for ores by rather arbitrary hand drawn
closed curves (e.g. Gale et al. 1984). In 1988, Gulson
kindly provided us with the algorithm (devised by R.L.
Sandland) to construct the enclosing 95% confidence
ellipses which he used in his book on lead isotope mineral
exploration (Gulson 1986), which we thereafter used as a
convenient method to construct bounding ellipses surround-
ing ore data in graphical plots of lead isotope data (e.g.
Gale 1998). Since the numerical value of the confidence
level for these ellipses depends on the multivariate
normality of the data it surrounds, it will not be correct
for lead isotope data, which is not normally distributed
(Baxter and Gale 1998; Baxter 1999). Such ellipses can
still be useful, however, to guide the eye for complex
lead isotope diagrams. Before considering further the
statistical or graphical interpretation of lead isotope
provenancing, we should again emphasise a fundamental
point, which will seem obvious to most but which
nevertheless has sometimes been overlooked: the lead
isotope analyses of artefacts made of a particular metal
should be compared only with isotopic analyses of ores
which contain that metal (e.g. the lead isotope compo-
sition of a silver object should be compared only with
that for ores containing silver).

Before, about 1990, trivariate statistical analysis of lead
isotope data had rarely been used, save for the pioneering
work by Pollard referenced above. The majority of papers
made use of the two graphical presentations possible of the
three measured lead isotope ratios. Since 1993, only Sayre
et al. (2001) have continued to use multivariate statistical
methods in comparing lead isotope data for ores and
artefacts, since most have accepted that doubt has been
cast on the normality assumption and hence on those
procedures that use this assumption. The Bradford group
(Scaife et al. 1999) and Baxter et al. (2000) have
experimented with the use of kernel density estimation
(KDE) to represent lead isotope fields for ores, but to our
knowledge, this method has not as yet been applied to
comparisons of isotopic data for artefacts and ores. Baxter
(2003) discusses the technical difficulties (data smoothing,
etc.) with using KDE, and other statistical issues of lead
isotope provenancing. Baxter (2003) clearly writes that in
general, graphical analysis of comparative lead isotope data
seems preferable as it is less dependent on assumptions that
prejudge the shape of a field and about what constitutes an
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outlier. Baxter’s reservations throw doubt on the view
(Pollard and Heron 2008) that KDE techniques offer a
positive and more reliable way forward for the interpreta-
tion of lead isotope data in the future. It should be pointed
out that Pollard commits a major error in referring to KDE
work (Pollard and Heron 2008) when he writes, in relation
to his Fig. 9.12 which gives a KDE representation of the
ore data for Cyprus:

Shown for comparison on this figure is the original
'Oxford ellipse’ previously derived from the same
data. The KDE model appears to be a much better
representation of the original data than the imposed
ellipse, and suggests that use of this ellipse might
underestimate the true extent of the ore field, and
hence lead to misclassification of the source of
ancient artefacts.

But the KDE representation given in Pollard’s Fig. 9.12
is based on all the Cypriot ore deposit data (more than 200
data) which Oxford published in 1997, whilst Pollard's
superimposed 'Oxford ellipse' is based only on approxi-
mately 43 data points published up to 1997. This is an
incorrect comparison. If an ellipse is correctly constructed
using all the 1997 data, as shown by the black ellipse in
Fig. 2 of the present paper, it encloses the whole of the
KDE representation, the alleged discrepancy disappears,
and Pollard's misleading argument collapses. Of course, this
black ellipse should not be used to define an overall “Cypriot
field”, because the ellipse clearly encloses isotopic space not
occupied by any lead isotope data for Cypriot ores (for ease

of comparison, the blue ellipse on Fig. 2 is that based on the
43 data points for Cypriot ores published up to 1997.)

It should also be pointed out that Stos-Gale et al. (1997)
explained in 1997 and later papers (Gale 1999) that we no
longer used multivariate statistics and had reverted to the
simple two bivariate plots and point-by-point comparisons
of LIA for artefacts and ores as illustrated in Fig. 1 of this
paper (as is also the practice of Begemann, Hauptmann,
Pernicka, Schmitt-Strecker and other authors such as
Pinarelli (2004) and Valera et al. (2002)).

One further point is that lead isotope provenancing today
often requires the comparison of data for large numbers of
artefacts with data for large numbers of ores. We agree with
Baxter (2003) that it would be useful to use an initial
screening device to identify uncertain cases that could then
be subjected to more detailed graphical scrutiny, using
point-by point comparisons between isotopic data for ores
and artefacts, as illustrated above in Fig. 1. For this initial
screening, we use an algorithm which computes the
Euclidean distances (Baxter 2003) between the lead isotope
data for an artefact with the whole isotopic database for
ores containing the metal of which the artefact is made.
Currently, our procedure for interpreting the lead isotope
data for ancient artefacts is as follows:

1. Euclidean distances are calculated between the lead
isotope (LI) ratios of each artefact and all relevant
and currently available lead isotope data points for
ore and slag samples. The comparisons are made
using simple software (TestEuclid) that calculates the

Fig. 2 KDE of the Troodos ore deposits on Cyprus (constructed from
the data published by Gale et al. 1997). The black ellipse shown
embraces all of the 1997 data (≈240 data) but should not be used to
define an overall “Cypriot field”, because the ellipse clearly encloses
isotopic space not occupied by any lead isotope data for Cypriot ores.
In Fig. 9.12 of Pollard and Heron (2008), a smaller ellipse is drawn
around only the ≈43 Cypriot ore data published prior to Gale et al.

1997 and is incorrectly compared with the KDE representation based
on ≈240 data (for clarification, the smaller blue ellipse shown here is
that erroneously used by Pollard and Heron to compare with the KDE
representation for the totality of published lead isotope data for
Cypriot ores). Baxter (2003) has discussed the technical difficulties
standing in the way of using KDE for the interpretation of lead isotope
analyses. This is based on Scaife et al. (1999)
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Euclidian distance (TED) between the points in three-
dimensional space defined by the three independent
lead isotope ratios. The overall accuracy of the TIMS
lead isotope analyses is ± 0.1% for each of the three
LI ratios; the TED is expressed as the fraction of this
error. That means that two points at TED=1 are
identical within one analytical error; therefore, the
metal and the ore/slag can, in principle, have the same
geological origin.

2. The second stage of interpretation of the data must
include the comparison of data on two two-dimensional
plots of LI ratios to assess the patterns of distribution of
all ore data points for each of the deposits in relation to
the data points representing the artefacts.

3. Finally, the geochemistry and history of exploitation of
the ore deposits identified as possible sources has to be
evaluated.

In the great majority of cases at the end of these
procedures, all but one ore source can be eliminated.
Finally, the possibility of the metal originating from a
mixture of ores (or metals) from more than one source is
evaluated.

The Oxford scientific research and survey
plan (1978–2001)

At a conference in the late 1970s, and in Southampton,
Professor Colin Renfrew suggested to Noel Gale that it
would be interesting to apply lead isotope studies to the
earliest Aegean metallurgy to test the old theories of the
‘diffusion’ of metallurgy from the Near and Middle East to
Europe and generally to identify the sources of the earliest
metals and the Bronze Age metal trade routes. Following
this conversation, in1979, the authors of this paper started a
project funded by the UK Science and Engineering
Research Council on the Bronze Age sources of lead and
silver in the Mediterranean. The scientific plan for this
project included a survey of lead–silver mines and sampling
of lead and silver artefacts from Bronze Age sites excavated
in Greece. The comparison of lead isotope compositions of
ores and slags with those of the artefacts was to give the
answer to the origin of the metals (Gale and Stos-Gale
1981a, b; Gale et al. 1984) and to provide the first objective
proof that Lavrion in Attica was an important Bronze Age
source of lead and silver. A few years later, the team from
Heidelberg-Mainz started surveys of the mineral deposits of
Turkey which provided some essential lead isotope data for
comparisons in our research (Pernicka et al. 1984; Wagner
et al. 1986).

In 1982, the first results of lead isotope analysis of
copper-based artefacts were published (Gale and Stos-Gale

1982). By that time, we had already started a wide ranging
collaboration with the Greek Geological Service (Institute
of Geology and Mineral Exploration (IGME)) and Aegean
archaeologists from Europe and the USA. Through mem-
bership in the British School of Archaeology at Athens and
frequent participation in archaeological conferences, we
were identifying specific archaeological questions that
could be tackled by chemical and lead isotope analyses of
excavated Bronze Age metals and forming contacts with
the archaeologists excavating in the Mediterranean. Taking
samples in museums and at archaeological excavations was
achieved by obtaining permits from the relevant authorities
of each country. In Greece, in particular, the British School
at Athens helped us enormously in negotiations with the
authorities.

For the next 20 years (until 2001), we extended the
range of our surveys of metal deposits in the Aegean and
the wider Mediterranean, in Spain, Italy, Bulgaria and
Timna (Israel), mapping their lead isotope ratio composi-
tions and sampling metals from archaeological sites to
examine the time sequence of exploitation of various ore
sources of lead, silver, copper and (to a very limited extent)
tin in the Mediterranean in 3rd–1st millennia BC. At the
same time, the analysis of ore and slag samples was aimed
at examining the characteristics of the lead isotope finger-
prints of various mineralogical formations, checking for
possible ‘overlaps’ and the methodology of interpretation of
the data. The latter in particular became more and more
complicated with the increase in the number of data for
comparisons. The use of statistics was widely discussed,
carefully examined and eventually discarded because of the
lack of evidence for the lead isotope data of minerals in one
geologically uniform deposit being normally distributed
(Baxter and Gale 1998; Baxter et al. 2000). Also, in the
majority of cases, the numbers of samples of ores
characterising one deposit available for comparisons were
too small for statistically valid analysis.

Until 1988, we were using a single collector, single
source TIMS machine for the analytical work that was
capable of analysing only about six samples in a working
day. The relatively primitive preparative sample chemistry
then in use took much longer: from about six samples a day
for high lead samples to six samples a week for copper ores
and slags. In 1989, we received a UK Science Research
Council grant and bought one of the earliest multi-collector
TIMS machines that was capable of producing data for 10–
12 samples a day. Unfortunately, for various reasons, this
instrument was not fully operational until 1994. The
Research Council and British Academy grants that we
obtained during that time allowed for the construction of
new over-pressured low blank laboratories, the development
of superior low blank methods of extractive chemistry (e.g.
Gale 1996) and the employment of more laboratory staff, so
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that our output of lead isotope data increased rapidly in the
last years of existence of the Isotrace Laboratory.

Since 1988, we started recording all new lead isotope,
instrumental neutron activation analysis (INAA) and X-ray
fluorescence analysis (XRF) data obtained on samples in
the Isotrace Laboratory using the Borland computer
database PARADOX®. This database was gradually
updated also with the analytical data obtained before 1988
at the Geological Age and Isotope Research Laboratory in
the Department of Geology and included some important
lead isotope data published by other teams (for example for
Turkey, the Middle East, Germany, France, Italy, British
Isles). This digital database currently consists of more than
3,300 lead isotope data for ores and slags and over 5,500
for various archaeological artefacts. The majority of the
metal artefacts from Bronze Age contexts were also
analysed for their chemical composition using either INAA,
XRF or electron microprobe analysis.

The Oxford archaeometallurgical surveys
(in chronological order)

Greece (1979–1996)

All surveys in Greece were made possible by geologists
from the IGME. In particular, we collaborated in the
earlier years with the IGME chief chemist Ms. Artemis
Papastamataki who had excellent knowledge of the
ancient copper slag heaps scattered from the Rhodope
Mountains to the Cyclades, and later with Dr. Stavros

Papastavrou, whose geological knowledge of the Cyclades
and Mainland Greece including Lavrion was of paramount
importance.We also had the generous collaboration of various
IGME geologists for surveys in Euboea, in the Othrys
Mountains, in the Peloponnese, and in Crete, and of the chief
chemist of the National Archaeological Museum, Athens, Dr.
Eleni Mangou.

The mines of Lavrion were of particular interest because
of the large size of this deposit, the variety of mineral types
and their proven ancient exploitation in the Archaic/
Classical periods. During our surveys, it became apparent
that the mines of Lavrion were capable of providing not
only rich lead/silver ores to the prehistoric miners but also
rich-oxidised copper ores (see Gale et al. 2009; Lapis
1999). In particular, the mine of Kamareza, which we
visited in the early 1980s was still showing abundant
mineralization of azurite and malachite that was sold in the
souvenir shops of the port of Lavrion. To obtain as
complete information as possible about the lead isotope
characteristics of the minerals from Lavrion, we have
analysed a large number of ores, as well as samples of
lead and litharge from the archaeological excavations of 5th
c. BC silver extraction sites in Thorikos and Agrileza. The
numbers and types of samples analysed are listed in Table 3.

In 1996, we published a preliminary Aegean lead isotope
database as the third Isotrace Laboratory database (Stos-
Gale et al. 1996). This database does not include all of the
data from Greece that is in our records. It was numbered as
part 1 and included 262 lead isotope data from Lavrion,
Thasos and the Cyclades. The numbers of data do not
represent the size or importance of the mineralization. The

Table 3 List of samples of ores from the mines of Lavrion, silver extraction debris from the 5th c. BC site in Agrileza and Greek silver coins from
the Athenian mints that were analysed for their lead isotope composition in Oxford

Region Name of the location Type Numbers of samples
analysed for LI

Attica, Lavrion Agrileza Limonite/galena 6

Esperance Galena 3

Kamareza Malachite, azurite, galena, cerussite 71

Megala Pefka Galena 2

Plaka Galena, malachite/azurite 55

Soureza Limonite, galena 5

Sounion Galena 1

Various Galena (from IGME) 15

Zastena Galena 2

Total 160

Agrileza, 5th c. BC archaeological site of
silver extraction

Lead + Litharge 24 + 5

Thorikos 5th c. BC archaeological mine
and washery by the amphitheatre

Lead + Litharge 35 + 5

Total 69

Athens 5th–4th c. BC silver coins 27
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comparatively large number of analysis of galenas from
Kea (62), Seriphos (36), Kythnos (13) or Thera (17) are the
result of the methodological study of the range of lead
isotope ratios existing in these small occurrences, together
with investigation of the possibility of distinguishing
between them. So far, we have not had the opportunity to
publish Part 2 which would include comprehensive data for
all ores in Greece that was obtained in Oxford in the years
1976–2001. Some of that data was, however, published in
various archaeological journals and conference proceed-
ings, for example Kythnos copper slags and ores (Stos-Gale
1998), Crete copper and lead ores (Stos and Gale 2006), but
the data from Chalkidiki, Macedonia, Othrys Mountains,
Peloponnese, Pelion, Thrace and Rhodopi, in total 196
samples remains for the most part unpublished. All these
areas are important for the ancient European metallurgy,
because there is a considerable number of undated ancient
slag heaps, both copper and lead, in all these localities (e.g. see
Papastamataki 1984, 1985). Particularly important discover-
ies were our dating of copper smelting at Chrysokamino in
Crete to the Bronze Age (Stos-Gale 1998) and the proof that
Early Bronze Age smelting of copper at Raphina in Attica
used copper ores from Lavrion (Gale et al. 2008).

Cyprus (1982–1999)

Cyprus was a very important locality for research into the
Bronze Age metal trade; therefore, we made many trips to
this island, working with the archaeologists (Karageorghis,
Alison South, Webb, Åström, Coleman, Faschnacht),
metallurgists (Zwicker, Tylecote) and geologists (Panayiotou
and Constantinou of the Cyprus Geological Survey; Maliotis
of the Hellenic Mining Company). In 1997 (Stos-Gale et al.
1997; Gale et al. 1997), the database of lead isotope
compositions of ores was published, and in 1998, a summary
of the data on copper slags was reported (Stos-Gale et al.
1998a). Currently, there are 430 data recorded for ores from
the mines and slags from the slag heaps found in Cypriot
fields and woods. Additionally, we have analysed a number
of slags from the Bronze Age sites of Alambra, Apliki,
Enkomi and Ayios Dhimitrios Kalavassos (26 samples in
total). A preliminary list of analysed Bronze Age Cypriot
metal artefacts was published in 1994 (Stos-Gale and Gale
1994), but a large number of metals from various sites
(Lapithos, Kition, A. Iakovos, Nitovikla, etc.) still awaits
publication. In view of the new analyses of ores published
after 1994 (Gale et al. 1997), all data for Cypriot metal
artefacts should be reinterpreted, though this does not apply
to the copper oxhide ingots whether found in Cyprus or
elsewhere in the Mediterranean. A major triumph of lead
isotope provenancing has been the discovery that all post
1400 BC copper oxhide ingots, whether found in Cyprus,
Sardinia, Mycenae, Crete, or shipwrecks such as Cape

Gelidonya, etc., were made from copper coming from the
Apliki copper deposits in Cyprus (Stos-Gale et al. 1997;
Gale 1999, 2009; Gale and Stos-Gale 2005).

Timna (1982)

In the Spring of 1982, Professor Beno Rothenberg invited
us to visit his excavations of copper mines in Timna, Israel.
During the visit there, we collected a number of samples of
ores and slags and some samples of copper and iron
artefacts augmented later by samples from Dr. Paul
Craddock in the British Museum. Since we never had any
funding directly for the characterisation of this deposit, only
a few lead isotope analyses of this material were done in
Oxford (68 ore samples). In view of the geology of this
mineralisation (see Hauptmann 2007), this is not really
sufficient for a full lead isotope characterisation of this
important ancient mine. On the other hand, collaboration
with Rothenberg gave us an opportunity to experiment with
lead isotope analyses for provenancing iron metal artefacts
found in Timna (Gale et al. 1990). We analysed seven iron
and 26 copper artefacts excavated on this site.

Spain (1988)

A short archaeometallurgical survey in Spain was initiated
and organised for us by the excavator, Robert Chapman, of the
Bronze Age site Gatas in the south-east part of the country.We
collected samples from 12 localities; additionally, we received
some samples of ores from Rio Tinto from Rothenberg. We
did not see any ‘ancient’ slag heaps in this region and many of
the small galleries on the Gatas peninsula were clearly
relatively modern, one can say perhaps exploratory, mining
activities. The copper occurrences in the Sierras Almagro and
Cabrera seemed more interesting, but the lack of any metal
smelting activities was not consistent with pre-Roman mining
practices. The majority of the lead isotope data of minerals
from these mines were published in the Archaeometry
database (Stos-Gale et al. 1995).

Another set of data from copper slags and ores from
Andalusia was produced in our laboratory by Dr. Marcos
Hunt Ortiz (2003). We also collected samples of Bronze Age
artefacts from various sites, for which lead isotope analyses
were published by Stos-Gale (2001). Brenda Rohl, also
working in our laboratory, analysed for Beno Rothenberg 87
samples of silver extraction debris (lead, litharge, ore and
speiss) from the excavations in Monte Romero, Rio Tinto
and Corta Lago.

Italy (1985–1992)

In view of the importance of the origin of the late Bronze
Age ‘oxhide’ ingots (Gale 1991) and the interest in the
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Nuragic metallurgy on Sardinia, we conducted three short
archaeometallurgical surveys on this island with the
guidance of Fulvia Lo Schiavo and geologists both from
AGIP and from the Soprintendenza per i Beni Archeologici
per le province di Sassari e Nuoro.

Nearly all results of the lead isotope analyses for ores
collected during these surveys were published in the
Archaeometry LI database (Stos-Gale et al. 1995). Additional
data from the copper mines of Calabona, Capo Marargiu and
Castello di Bonvei were published (Gale 1999, 2006). In
total, we analysed at Oxford 266 samples of lead and copper
ores from Sardinia and 339 samples of copper based artefacts
from the Nuragic sites.

With the help of the geologists from AGIP (in particular
Vincenzo Naso), we also surveyed copper and lead mines
in Tuscany and mines in Liguria with Roberto Maggi.
There was considerable difficulty in finding good samples
of copper minerals in both of these localities; therefore,
most of the LI data for the Tuscan mines was made on co-
existing galena samples. Only in the Montecatini mine were
we able to collect excellent azurite and malachite from the
remains of minerals mined during the last years of the
operation of the old shafts in this mine. This mine was quite
memorable, because the entrance to the galleries was
through the well-preserved early nineteenth century build-
ing of the mine office. From Roberto Maggi, we also had a
number of samples of copper-based artefacts from Ligurian
archaeological sites that were also analysed for their lead
isotope composition (Campana et al. 1996).

Bulgaria (1990–1994)

Our survey of Bulgarian copper and lead mines and ancient
slag heaps was jointly funded by the British Academy and
the Bulgarian Academy of Sciences and organised by the
archaeologists and geologists from the Bulgarian Academy
of Sciences (Stos-Gale et al. 1998b). This project was
directed towards the earliest Balkan metallurgy and aimed
in particular at comparisons of the lead isotope composi-
tions of the ores from the well-described prehistoric mine of
Ai Bunar and copper artefacts from the Varna cemetery
(Gale et al. 1991, 2000, 2003). We collected samples of
ores from most mines and occurrences in central and south-
eastern Bulgaria listed by Chernykh (1978a, b). The mines
in Central Bulgaria were mostly not very impressive. On
the other hand, the copper mines of Ai Bunar, Varly Briag
and some other mines in the south east showed consider-
able potential as sources of copper in antiquity, though our
lead isotope analyses showed that no prehistoric artefacts
from Bulgaria or Serbia were obtained from smelting ores
from Ai Bunar. In the fields and woods of the eastern
Rhodope we have seen huge amounts of copper slags of
unknown age in the vicinity of galleries. Certainly, this part

of Bulgaria should be further investigated from the point of
archaeometallurgy.

The British Isles

Brenda Rohl worked for her D. Phil. in the Isotrace
Laboratory on a project concerned with the early metallurgy
of the British Isles. She published her database of lead
isotope data on British ores as the second in the
Archaeometry database series in 1996 (Rohl). The data
were interpreted in great detail by Rohl and Needham
(1998).

Current state of the Oxford lead isotope digital database

Apart from the data for ore deposits, the Oxford lead
isotope digital database (OXALID) database contains many
data for ancient metals, glass, paint and pigments. All data
obtained in the Isotrace Laboratory (and earlier by N.H.
Gale and V.E. Chamberlain) are at present kept in
PARADOX® data tables. These tables were devised some
20 years ago, and data were entered into them over 15 years
by various members of our research group. The result of
these two factors is lack of full and coherent information
about the samples in the database; each time when a group
of data is being prepared for publication, it is necessary to
cross-reference the information about the samples with our
sampling and field notebooks. For this reason, the database
cannot be made fully accessible to other researchers in its
current form. Until now, one of us has had to answer any
specific questions related to this database. We believe that
these data are a valuable resource for researchers who are
currently using the lead isotope method for archaeological
provenance studies. Various groups and numbers of
samples analysed at Oxford and some that were analysed
in other laboratories, but were entered on the digital
database in Oxford, are briefly listed in Tables 4, 5, 6 and 7.

Conclusions

The aim of this paper is to provide the twenty-first century
reader with an overview of the methodology and the results
of research in the application of lead isotopes for the
provenance studies of ancient materials carried out at
Oxford over a period of 27 years (1975–2002). This work
started as an application of isotope geochemical methods to
the study of ancient materials and has resulted in detailed
methodology and basic scientific verification of the
possibilities of its use in archaeological and art historical
projects. The results of this work provide an important
resource for future projects in this field.
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Over the past 20 years, some archaeometrists have
persistently raised objections to lead isotope provenance
studies. Some of these were justified and resulted in moving
forward the methodology by testing new approaches to data
collection and interpretation. Others persist in the literature as
mistaken approaches, often advanced by researchers not at all
familiar with isotope geology. Some years ago, Tite, one of the
founders and pillars of archaeometry, tried to bring some
objectivity to the debate raging at the time by publishing a
paper in defence of lead isotope provenance studies. There, he
wrote: “The recent Antiquity paper by Budd et al. (1996),
'Rethinking the quest for provenance', is the latest in a series
of polemical papers on archaeometallurgy by the Ancient
Metallurgy Research Group at Bradford. Having started with
the appearance of arsenical copper in Britain in the Early
Bronze Age (Budd et al. 1992), this series has now moved
on to the application of lead isotope analysis to copper
provenance studies. These papers contain very little, if any,
new scientific data but instead attack established procedures
and interpretations.” (Tite 1996). And further he adds:

“Although papers criticising earlier work can play an
important role in advancing a subject, it is crucial that such
papers provide a balanced overview of the current state of
research. An excess of partisan papers, attacking what are
essentially ‘straw men’, risks bringing lead isotope analyses,
and indeed archaeological science itself, into disrepute and is
thus a disservice to the subject.”

Unfortunately, the science on which lead isotope
provenance studies are based is still being misinterpreted
by some (see, for example, the errors pointed out in this
paper which appear in Pollard and Heron 2008); therefore,
the authors of this paper believe that it might be beneficial
for the archaeological and archaeometric community to
establish a web-based lead isotope forum led by the
scientists with hands on experience of isotope geology.
We would like to contribute our research experience and the
OXALID database to such a forum.

It is hoped that the researchers who are now interested in
using this method will take into account our experience and
will use the OXALID database for their research if
appropriate. We feel that, together with other scientists
who worked on similar research projects, we have started a

Table 7 Miscellaneous ancient artefacts analysed at Oxford and in
other laboratories entered on the database

Context Number of samples

British Roman and Mediaeval lead 100

Glass: Roman and Mediaeval 131

Glaze: Islamic and Roman 100

Greek silver coins 111

German silver coins 34

Hacksilber 133

Roman bronzes and lead 110

Metals from a Polish site c.200 AD 34

Sasanian silver 105

Iron Age Swiss copper based metals 60

Pigments 73

Total 991

Table 4 Lead isotope analyses of copper and lead ores and slags for
the Mediterranean

Country Region Total on the dbase

Greece Aegean Islands 444

Greece Mainland 353

Greece Crete 61

Cyprus Troodos 430

Near East Iran 96

Turkey Ergani 60

Spain Menorca & South 101

Italy Sardinia, Elba, Liguria 332

Bulgaria South-East 147

Total 2,024

Table 5 Lead isotope analyses of archaeological metal artefacts for
the Bronze Age Mediterranean project

Country Region Total on the dbase

Greece Aegean Islands 541

Greece Mainland 819

Greece Crete 694

Cyprus North & South 375

Near East Egypt, Israel, Syria 451

Turkey Aegean coast, shipwrecks 905

Spain South and Menorca 219

Italy Sardinia 339

Bulgaria South-East 329

Total 4,672

Table 6 Miscellaneous ores analysed in Oxford and in other
laboratories entered on the database

Deposits Number of samples

British Isles 464

Irish Cu ores 11

Turkey 307

Germany, Austria Bohemia 464

India and Iran 70

Red Sea region 74

Total 1,390
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valuable scientific path for answering some of the difficult
questions concerning the history of the technological
development of humanity. This work is by no means
complete and we hope that others will carry on with new
developments, as indeed seems to be happening. The MC-
ICPMS instruments currently used in geological laborato-
ries can provide lead and other isotope data on a range of
materials with much greater expediency.
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