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A B S T R A C T   

Recent analytical developments in the field of mass spectrometry have made possible accurate measurements of 
“non-traditional” isotopic ratios of elements such as Fe, Cu, Ag, Sn, Sb and Hg. The stable isotopes of these el
ements do not have any radioactive parents, but their ratios undergo limited fractionation from various causes, 
most of them mass-dependent. These effects can lead to variation in isotopic ratios of natural materials (minerals, 
rocks, ores, etc.) and in archaeological artifacts derived from them. Research since 2010 has investigated 
whether variation in these isotopic ratios can be used to infer the geological provenance of archaeological 
materials, including bronze and glass. Here we review recent research on these isotopic systems in archaeology, 
their principal applications, as well as expected future developments in their use. We conclude that none of these 
isotopic systems are likely to be very useful for provenance, mostly because of limited ranges of isotopic ratios 
and/or extensive overlap between the isotopic ratios of most geological sources. Copper isotope ratios are 
however a reliable method for inferring the type of ore (supergene versus hypogene) smelted to produce copper, 
and recent studies indicate that silver isotope ratios can also be applied to this effect.   

1. Introduction 

Isotopic analyses have a long history in archaeological science. Pb 
isotopes have been used for provenance of non-ferrous metals and glass 
since the late 1960’s (reviewed by Killick et al., 2020) and light stable 
isotopes (H, C, O, N) have been used since the 1970’s in reconstructions 
of past sea and air temperatures (e.g. Hays et al., 1976), and in inferring 
past diets (DeNiro, 1987; Jaouen and Pons, 2017; Makarewicz and 
Sealy, 2015; Tykot, 2004; Van der Merwe and Vogel, 1978). Sr isotopes 
have become very important since the early 1990’s as a tracer of 
mobility in humans and animals (e.g. Bentley, 2006; Ericson, 1985), and 
more recently in tracing the geological provenance of ancient glasses, 
marble and turquoise (e.g. Brilli et al., 2005; Henderson et al., 2010; 
Thibodeau et al., 2015). Neodymium (Nd) isotopes have been recently 
shown to be a useful complement to Sr isotopes and chemical analysis 
for tracing glass to its primary region of manufacture (e.g. Degryse, 
2014). There is also emerging interest in the use of osmium (Os) isotopes 
for provenance of iron and gold (e.g. Brauns et al., 2020; Jansen et al., 
2016). All of these isotopic techniques (some radiogenic, and others 
stable isotopic systems) are considered “traditional” isotopes – even if 

only recently used in archaeology – because they have a long history of 
use in geology, so their isotope systematics and ranges of natural vari
ation are well understood (Faure and Mensing, 2005). 

Unlike radiogenic isotopes, where an unstable parent nuclide decays 
to one or more stable daughter isotopes and the ratio of parent to 
daughter(s) decrease with time elapsed, differences in the relative 
abundance of “stable” isotopes are solely produced by physical, chem
ical, and biological processes. These processes can create slight imbal
ances between lighter and heavier isotopes of the same element 
(fractionation), and usually do so in proportion to the mass differences 
between them. Light stable isotopes are easily measured by gas-source 
mass spectrometers, and there are tens of thousands of individual 
measurements of these isotopes in the archaeological literature alone. 
Ratios of heavy stable isotopes are more difficult, and thus more 
expensive, to measure. Until the late-1990’s the primary instrument 
used to measure ratios of these elements was Thermal Ionization Mass 
Spectrometry (TIMS), which remains the gold standard for high preci
sion radiogenic isotopic measurement. However, TIMS instruments have 
a relatively low ionization efficiency and thus have not been particularly 
useful in studying the non-traditional stable isotopes discussed in this 
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review. The development of the multi-collector inductively coupled 
plasma mass spectrometer (MC-ICP-MS)1 in the late 1990’s has signifi
cantly expanded the range of stable isotope analysis to include elements 
with mid-to high-atomic number (Z) and high ionization energies; these 
include Fe, Cu, Sb, Ag, Sn and Hg, which are of interest to this review. 
MC-ICP-MS instruments also use multiple detectors to simultaneously 
collect multiple isotopes, and thus limit effects from instability of the 
plasma source (Albarède and Beard, 2004; Rehkämper et al., 2001; 
Vanhaecke et al., 2009). Additionally, spikes/dopants of elements with a 
known isotopic composition can be added to help resolve isotopic 
fractionation where not enough natural isotopes are available, and to 
correct for isobaric interferences (Vanhaecke et al., 2009). They also 
have the advantage of excellent ionization of the sample in argon 
plasmas (often 100% compared to the typical 1–2% in TIMS), and 
therefore samples analyzed with MC-ICP-MS can be one-tenth as large as 
those required for analysis on other instruments (Albarède and Beard, 
2004). The disadvantage is that mass fractionation in the instrument is 
poorly known and not constant (Albarède and Beard, 2004), and thus 
must be corrected by standard-sample-standard bracketing. In contrast, 
fractionation laws in a TIMS instrument are well known (Wasserburg 
et al., 1981). 

The magnitude of fractionation between non-radiogenic isotopes 
depends in large part upon the mass differences between the isotopes of 
each element. Light elements such as hydrogen, carbon, nitrogen, oxy
gen, and sulfur have a relatively large percent difference in the masses of 
their isotopes. This accounts for their tendency to undergo substantial 
mass-dependent fractionation during equilibrium (e.g. changes in redox 
state) or kinetic reactions (e.g. photosynthesis). For example, carbon (Z 
= 6) has two stable isotopes (12C and 13C) with a mass difference of 
8.33%, and an isotopic range of 120‰ in δ13C (values of +20‰ to 
− 100‰; Hoefs 2018, 61). In contrast, copper (Z = 29) has two stable 
isotopes (63Cu and 65Cu) and a mass difference of only 3.17%. The 
published range of natural variation in δ65Cu is less than 10‰ (from 
about +3‰ to − 6‰; Klein et al., 2010). However, most values fall be
tween +3‰ and − 2‰ (Powell et al., 2017). Because most heavy ele
ments undergo very limited mass-dependent fractionation, isotopic 
differences were essentially impossible to resolve prior to the develop
ment of MC-ICP-MS. In addition, some of the stable isotope fractionation 
effects seen in nature are mass-independent and related to other factors, 
such as photochemical reactions. This applies particularly to Hg isotopes 
(Bergquist and Blum 2007; Cooke et al., 2013, 4182). 

In equilibrium fractionation, the isotopes of an element are allowed 
to openly equilibrate and exchange between two or more phases of a 
system, usually during changes in temperature, pressure, oxygen 
fugacity, or speciation. This results in the preferential gain or loss of 
certain isotopes and establishes an equilibrium in accordance to the 
change. The partitioning of isotopes during equilibrium fractionation is 
largely governed by the subtle difference in the properties of a lighter 
and heavier isotope (ex: 63Cu and 65Cu). In particular, there is a differ
ence in the vibrational frequencies of each isotopic species at its zero, or 
ground state – lighter isotopes will have a slightly higher vibrational 
frequency and heavier isotopes will have a lower vibrational frequency. 
This makes it easier for the lighter isotope to preferentially leave with 
changes in the surrounding environment because the lighter isotope will 
have a slightly longer bond length (therefore requiring less energy to 
break). The ground state vibrational frequency of individual isotopes is 
referred to as the “Zero Point Energy” (ZPE) of an isotope, and the lighter 
isotope of an element always has a slightly higher ZPE than the heavier 
isotope because of its mass. 

Though there are many factors that govern equilibrium fraction
ation, there are two particularly important rules (for a more expansive 
overview of other rules, see Schauble, 2004). First, the heavier isotope 

will preferentially concentrate in the phase with a stiffer bond; this 
stiffer bond is correlated with a higher oxidation number (a higher ionic 
charge, for redox considerations), a lower bond coordination (less atoms 
bonded to the element in question), and shorter bonds (making the vi
bration between them shorter and requiring more energy to break). 
Second, equilibrium fractionation increases as temperature is decreased, 
roughly in accordance with 1/T2 (Schauble, 2004). As we shall see in the 
review of each isotopic system, this rule explains both the low range of 
fractionation observed in most high temperature magmatic ore samples, 
and the much greater range of fractionation observed in low tempera
ture supergene minerals. For the chalcophile (Cu, Ag, Sb, Hg) and 
siderophile (Fe) isotopes of interest to this review, low temperature 
processes (e.g. supergene enrichment) are particularly important, as 
redox equilibrium reactions transform minerals from hypogene sulfides 
and native metals to supergene oxides, carbonates, sulfides and other 
minerals (Schauble 2004). Interested readers should consult Schauble 
(2004), Hoefs (2018), Criss (1999), Blanchard et al. (2017), Shahar et al. 
(2017), and reference therein for additional information. 

The other mass dependent mechanism typically responsible for sta
ble isotope fractionation is kinetic fractionation. Unlike equilibrium 
fractionation, kinetic reactions are not open systems where isotopes can 
be exchanged between two or more phases until thermodynamic equi
librium is established. Instead, kinetic reactions are one way and 
incomplete, and usually operate on the difference in activation energy of 
lighter and heavier isotopes. Typically, a lighter isotope (e.g. 63Cu) has a 
lower activation energy than a heavier isotope of the same element (e.g. 
65Cu). Therefore, in a kinetic process like evaporation/condensation, 
rapid crystal formation, and mineral dissolution, the lighter isotope re
acts faster to form a new phase (e.g. the vaporization from liquid into 
gas) because it requires less energy for this change to be made. This 
usually has the effect of making the product phase of the reaction lighter 
in isotopic composition, while the reactant phase becomes enriched in 
heavy isotopes. Additional details are given in Schauble (2004), Hoefs 
(2018), Criss (1999), Watkins et al. (2017) and references therein. 

The degree of fractionation exhibited by isotopes of an element as 
they are partitioned into different phases at various temperatures can 
also be predicted. This can be accomplished using empirical force field 
models or ab initio quantum mechanical calculations (for reviews of 
these techniques, see Blanchard et al., 2017 and Schauble 2004). These 
can predict the partitioning of light and stable isotopes by modeling 
vibrational frequencies as force fields (empirical force field models) or 
by assessing the electronic structure of a molecule (ab initio quantum 
calculations) at various temperatures, with various ligands, and in 
different systems (closed versus open). Theoretical fractionation factors 
can then be experimentally tested and used to better understand the 
nuances of isotopic fractionation. The ab initio approach has gained in 
popularity since 2000, as it allows for more straightforward calculations 
that can be tested against known properties of the molecules in question 
(Blanchard et al., 2017). For archaeological purposes, the modeling of 
isotopic behavior is important, as it affords a theoretical understanding 
of the natural fractionation of an isotope in specific ore forming envi
ronments, which can then be experimentally tested with ore samples (e. 
g. Fujii and Albarède, 2018). A review of empirical force field models 
and ab initio quantum calculations is far beyond the scope of this paper, 
but interested readers should consult Blanchard et al. (2017) and 
Schauble (2004). Both Blanchard et al. (2017, 38–40) and Schauble 
(2004, 102–111) also contain lists (organized by isotopic system) of 
studies of theoretical fractionation. 

Geological and archaeological applications of stable isotopes of 
midrange (from Cl (Z = 17) through Zn (Z = 30)) and heavy (Z > 30) 
elements are still in the exploratory phase (Hoefs, 2018; Teng et al., 
2017), but we have learned enough about them at this point to merit a 

1 For a review of MC-ICP-MS and TIMS instrumentation, see Albarède and 
Beard (2004). 

2 Provenance studies of low-fired ceramics still rely on the proven - and cheap 
- methods of trace element analysis and optical petrography. 
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review of archaeological applications. We and many others call these 
applications “non-traditional stable isotopes”, to distinguish them from 
“traditional” isotopes whose use is well established (H, C, N, O, S, Sr, Nd, 
Os, Pb). We discuss recent archaeological studies of the isotopes of the 
transition metals Fe, Cu, Ag, and Hg, the metalloid Sb, and the 
post-transition metal Sn. We list the relative global abundance of the 
isotopes of each element, the range and causes of fractionation (where 
known), notations and standards, and to what archaeological questions 
these have been applied. 

Note also that we are interested here only in the use of these isotopes 
for provenance of inorganic artifacts, and for information of the type of 
resource utilized (e.g. supergene versus hypogene ores). The implica
tions in variation of some of these same isotopes (and of others, like 
calcium, zinc and magnesium) in human and other animal tissues has 
been reviewed elsewhere (Jaouen and Pons 2017). 

2. Principles of provenance analysis using isotopes 

In archaeological sourcing studies the provenance postulate is the key 
concept (Weigand et al., 1977, 24; Neff, 2001). This rule specifies that to 
unambiguously match an archaeological object to a geological source, 
the chemical or isotopic variation within individual sources must be 
smaller than variation between them. If a study is predicated on a 
reference group approach (see Bishop et al., 1982; Glascock and Neff, 
2003; Schneider et al., 1979) - where comparisons of unknowns are 
made to known production sites (e.g. pottery kilns) or to artifacts (e.g. 
potsherds that are assumed on archaeological criteria to have been 
locally manufactured), this rule still holds (Garrigós et al., 2001). Thus, 
great care must be taken to fully characterize the range of geochemical 
or isotopic variation within geological sources or reference groups 
(Baron et al., 2014; Budd et al., 1996; Garrigós et al., 2001; Ixer, 1999; 
Pearce, 2016). If geological sources or reference groups, cannot be 
distinguished from each other by chemical, mineralogical or isotopic 
data (or by combinations of them), then unique source attributions for 
archaeological samples cannot be credible. 

Over the last 40 years, archaeologists have made increasing use of 
radiogenic isotopic ratios (e.g. 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 
207Pb/204Pb and 208Pb/204Pb) to trace the origin of minerals, metals, 
glasses and glazes.2 For these isotopes, archaeologists can draw upon the 
large number of relevant isotopic measurements in the geological 
literature to define, at least provisionally, the range of variation within 
potential sources.3 For example, Killick et al. (2020) provide a database 
of 11,884 lead isotope measurements on ore minerals. But there are as 
yet comparatively little data in the geological literature for “non-tradi
tional” isotopes (such as Fe, Cu, Ag, Sn, Sb and Hg), because it has only 
been possible to acquire high-quality data for these since MC-ICP-MS 
became widely available in the 1990’s. 

There are other uncertainties associated with the use of these newer 
isotopic systems for inferring the provenance of archaeological mate
rials. Some elements, such as copper, tend to display more isotopic 
variability within ore deposits than between ore deposits. For copper 
this is because the low-temperature reduction-oxidation (redox) pro
cesses that form supergene ores from primary sulfides induce isotopic 
fractionation (Klein et al., 2010; see the Cu isotopes section below). A 
further concern that provenance studies must address is whether pyro
technological processes (e.g. smelting of metals, or primary melting of 
glass) can alter the isotopic signatures of the raw materials. This usually 
occurs when an element is reduced or oxidized during a pyrotechno
logical process. Antimony isotopes, for example, were recently shown to 
fractionate when antimony sulfide (stibnite) was added as an opacifier 
for glass (Dillis et al., 2019; see the Sb isotopes section below). Studies 

should also investigate whether the laboratory procedures used to 
extract the isotopes may induce fractionation. This was recently 
demonstrated in tin isotopes as the methods of Yamazaki et al. (2013), 
involving low temperature dissolution and ion-exchange chromatog
raphy, significantly fractionate the tin isotopic signature of cassiterite 
(see Sn isotopes section below). Attention to fractionation effects is 
therefore critical for non-traditional stable isotopes and needs to be well 
understood before engaging in destructive analysis of scarce or valuable 
archaeological artifacts. 

In situations where variation within sources exceeds variation be
tween them and/or pyrotechnological processes alter the isotopic 
signature (thus invalidating their use for inferring provenance), non- 
traditional stable isotope systems can still be extremely useful and 
applied to better understand the technology and practices used to craft 
archaeological objects. (For example, copper isotopes, as noted below, 
provide important evidence about past selection of copper ores). This 
approach operates by reconstructing the “technological styles”4 and 
“chaînes opératoires”5 of past peoples in order to answer anthropologi
cally driven questions including apprenticeship processes, interactions 
within and between communities, procurement practices and technol
ogies used, materiality, scale, etc. Archaeologists commonly study these 
questions with various theoretical lenses to help integrate them with the 
broader archaeological record, and we find community of practice 
(Gosselain, 2000, 2010, 2017; Kiriatzi and Knappett, 2016; Lave and 
Wenger, 1991; Roddick and Stahl, 2016; Wallaert, 2012; Wenger, 1998) 
and social constructionist (Dietler and Herbich 1998; Dobres and Hoff
man 1994; Hoffman and Miller 2014; Killick 2004) theories to be 
particularly helpful with this. It is beyond the scope of this article to 
further detail ways in which we can better integrate archaeometric data 
with an anthropological perspective and the archaeological record, but 
the reader can consult Freund (2013), Hughes (1998), Triadan et al. 
(2002), Zedeño (2002), Zedeño et al. (2003) for further discussion. 

3. A review of non-traditional Isotopic Analysis and applications 
to archaeology 

Though a wide variety of midrange and heavy stable isotopes have 
been applied in other fields of study, archaeological research with 
inorganic materials has primarily focused on the isotopes of copper (Cu), 
tin (Sn), iron (Fe), silver (Ag), antimony (Sb), and mercury (Hg). Our 
discussion here will highlight the nuances of each of these non- 
traditional isotopic systems utilized in archaeological research, 
including their geochemical and isotopic background; notations, stan
dards, and uncertainties; causes of fractionation; how they have been 
applied to study archaeological objects; and what needs to be taken into 
consideration for any future application of these isotopic systems. 

3.1. Cu isotopes 

3.1.1. Geochemical and isotopic background 
Copper (Z = 29) is a relatively rare metal (estimated abundance in 

the earth’s crust: 60 ppm) with usual valences of Cu+, Cu2+, and Cu0. 
Native copper (Cu0) is of archaeological importance in some regions, 
especially in eastern North America. Cu+ and Cu2+ occur in sulfides 
(chalcocite, chalcopyrite, bornite, etc.), sulfosalts (e.g. tennantite, 
tetrahedrite), oxides (cuprite) and carbonates (azurite, malachite). 
Copper only has two stable isotopes (63Cu – 69.1% and 65Cu – 30.9%), 

3 It should be noted, however, that provenance studies using radiogenic 
isotopes are often impeded by isotopic overlap, as was recently discussed by 
Killick et al. (2020). 

4 Technological style is defined as “culturally specific choices made between 
functionally equivalent production techniques which can actively or passively 
communicate social information, and which can be manifestations of cognitive 
processes,” (Hoffman and Miller 2014, 710).  

5 Chaîne opératoire is defined here as the socially contextualized sequence of 
steps and practices used to produce an object, however it typically extends into 
the realm of use, reuse, and discard in archaeological discourse. 
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which poses issues with quantifying instrumental fractionation. Despite 
this limitation, copper isotopic values work well to identify material 
selection of metal and possibly vitreous raw materials (Klein et al., 2010, 
51–52; Markl et al., 2006; Rodler et al., 2019), although they are 
inherently poor indicators of provenance for archaeological objects. 

3.1.2. Notations, standards, uncertainties 
Copper isotopic data is reported as δ65Cu, which quantifies the dif

ference between experimentally derived (sample) and known (standard) 
isotopic values: 

δ65Cu‰ =

⎡

⎢
⎢
⎢
⎣

(
65Cu
63Cu

)

Sample
(

65Cu
63Cu

)

Standard

− 1

⎤

⎥
⎥
⎥
⎦

*1000 

The standard used in previous δ65Cu analyses was NIST SRM 976, but 
this standard is no longer available. Standards currently in use are ERM- 
AE633 and ERM-AE647, which have been calibrated against NIST SRM 
976 for comparability (Möller et al., 2012). Precision of δ65Cu values is 
typically better than 0.1‰ (Jansen et al., 2017; Powell et al., 2017). 
δ65Cu values for ore minerals typically range from +3‰ to − 6‰, and 

data on the range of measurement in sediments, river and ocean water, 
and in magmatic rocks can be found in Hoefs (2018), and studies cited 
therein. 

3.1.3. Causes of fractionation 
Copper isotopes are poor indicators of provenance because there is 

more fractionation within copper deposits than between them. Frac
tionation within copper deposits is produced by redox reactions. Most 
primary (hypogene) copper sulfide minerals (i.e. those formed during 
high-temperature magmatic processes) have very similar isotopic ratios 
(around 0‰) which is expected by equilibrium fractionation mecha
nisms, and these ratios are also similar to those of the mantle (Hoefs, 
2018). Copper isotopic variation is largely created during low temper
ature redox processes at and above the water table. These convert hy
pogene sulfide ores to a wide array of supergene copper minerals, 
including native copper, supergene copper sulfides, and copper car
bonates and oxides (Ehrlich et al., 2004; Larson et al., 2003; Mathur 
et al., 2010). Copper isotopes thus violate the provenance postulate, 
since variation within a single ore deposit is usually as large or larger 
than variation between deposits. Although copper isotopes are a poor 
indicator of provenance, Klein et al. (2010) argue in a pioneering paper 

Fig. 1. Klein et al. (2010) and Powell et al. (2017) 
demonstrate that the fractionation of copper isotopes 
within a deposit is greater than between deposits, and 
that they pattern by stage in the weathering process 
of hypogene copper sulfides to supergene copper 
carbonates. The pattern established by Klein et al. 
(2010) holds for copper deposits formed in temperate 
climates, while copper deposits in arid climates 
behave by the pattern of Powell et al. (2017) (1a 
reproduced from Powell et al., 2017, Fig. 4. 1b 
reproduced from Powell et al., 2018a, Fig. 1).   
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that they are useful indicators of the type of ore used to produce copper. 
They conclude that supergene carbonate/oxide copper deposits typi
cally plot above the δ65Cu value of 0.3‰, while primary sulfide deposits 
plot between δ65Cu values of − 0.4 to 0.3‰ and supergene sulfide de
posits plot between δ65Cu values of − 1 to − 0.4‰ (Fig. 1a). 

Powell et al. (2017, 2018a) add several important points on how 
copper isotopic ratios vary according to environment of formation. They 
emphasize the importance of climate in development of classic super
gene copper deposits with a gossan cap, enriched oxide layer, supergene 
sulfide enrichment layer, and primary hypogene deposit. Such super
gene deposits are most fully developed in arid regions like Chile, Peru 
and the southwestern USA, where major changes in the level of the 
water table from the last glaciation to the present have promoted sub
stantial vertical transport of copper ions throughout the deposit (Powell 
et al., 2017, 42). Consistently humid environments, like those of Europe, 
do not favor the formation of a gossan cap, and often only produce only a 
thin layer of copper oxides (Powell et al., 2017, 43). The environmental 
difference directly impacts the range of copper isotopic ratios. Partially 
formed supergene deposits in humid zones would follow the pattern 
outlined in Klein et al. (2010), while fully formed supergene deposits in 
arid zones would exhibit δ65Cu values greater than +3‰ for supergene 
oxide and sulfides, and a value of 0‰ for primary sulfides (Fig. 1a). 
Archaeologists must therefore interpret copper isotope ratios with a full 
understanding of both the geology of potentially exploited deposits and 
the climate history of the region (Fig. 1b). We thus echo the suggestion 
by Jansen et al. (2017, 3) to pair copper isotopic analysis with a tech
nique which could establish the provenance of the archaeological metal 
object, such as lead isotopic analysis. These would work in a comple
mentary fashion to understand where the smelted ore originated and 
what mining and materials selection practices were used. 

Ever since the experiments of Gale et al. (1999), it has been assumed 
that copper isotopes do not fractionate further in smelting or refining. 
However, recent work by Klein and Rose (2020) indicates that this issue 
is more complex than previously believed. They conducted experimental 
smelts with both malachite and copper sulfides to investigate: 1) if 
fractionation occurs between ore and metal in archaeologically relevant 
smelting conditions; and 2) the ratios of copper isotopes in various raw 
materials and products of smelting (slag, clay from the furnace lining 
and/or tuyères, matte, trapped copper prills, charcoal and wood fuel). 
They conclude that there is no fractionation between ore and metal in 
smelts that achieve clear separation of copper from slag, but in smelts 
that do not fully separate – forming prills trapped in slag – the isotopic 
ratios of ores may show additional fractionation (the latter reflects ki
netic fractionation). They also show that smelting debris does not reli
ably reflect the original isotopic composition of the copper ore. Slag is a 
particular poor proxy and is typically enriched in 65Cu. Klein and Rose 
(2020) therefore conclude that significant fractionation can occur in 
metal produced from 1) the reworking of copper slag or 2) the extraction 
of trapped metal prills from slag, therefore obscuring any isotopic 
signature of the original ore. Future studies should thus investigate the 
metallurgical technology used to produce archaeological copper metal 
in the region under investigation before undertaking a copper isotopic 
study. Future studies should also pair copper isotopes with microprobe 
or SEM chemical analysis on inclusions in the copper metal for a robust 
determination of the ore used (see Bugaj et al., 2019). For a thorough 
review of these and other mechanisms responsible for copper isotopic 
fractionation, see Moynier et al. (2017). 

3.1.4. Applications 
Copper alloys: For studies of copper and copper alloys, sampling 

procedures are particularly important because of the role redox pro
cesses play in copper isotopic fractionation. Care needs to be taken to 
only sample the uncorroded core, as the corrosion layer is typically 
enriched in 63Cu (Bower et al., 2013; Mathur et al., 2014). 

The first application of copper isotopes to copper and bronze objects 
was in the late 1990’s (Gale et al., 1999; Woodhead et al., 1999), and 

was taken further by Klein et al. (2004, 2010), who focused on Roman 
coinage from ca. 50 BCE to 250 CE. They used both copper and lead 
isotopic analyses to understand changes in mining practices and sources. 
These analyses work particularly well together; lead isotopes may pro
vide clues about provenance, while copper isotopes show whether su
pergene or hypogene ores were used. In order to illustrate the use of 
copper isotopic analysis as an indicator of materials selection, they first 
analyzed supergene sulfides, hypogene sulfides, and carbonates/oxides 
to establish their model of fractionation among supergene and hypogene 
ore minerals. Analyses of a well seriated assemblage of Roman coins 
then allowed them to track the use of Iberian Copper Belt and Central 
Iberian Zone ores with a high degree of resolution. They concluded that 
an industrial scale mine was opened in the Central Iberian Zone during 
the reign of Augustus, which contributed both supergene carbonates and 
hypogene sulfides, and that new mines in the Iberian Copper belt 
contributed a large amount of copper smelted from supergene carbon
ates. (Previous Iberian Copper Belt copper production was primarily 
from supergene sulfides). Since 2010, there has been a surge of publi
cations which apply copper isotopes, many of which focus on 
copper-based metallurgy in the Mediterranean. 

Bower et al. (2013) followed the template of Klein et al. (2010) and 
used lead and copper isotopes to track changing mining practices and 
sources in the Levant through Judean coins. Their results indicate a shift 
from positive δ65Cu values to negative δ65Cu values in the Eastern 
Mediterranean during the 1st century CE, which they interpreted as a 
shift from a hydrocarbonate/oxide Cu source to a predominantly sulfide 
source for copper metal after the opening of an industrial mine at 
Faynan, Jordan. 

Balliana et al. (2013) employed copper isotopic analysis in their 
study of pre-Roman and Roman bronzes from sites in Teruel and Huesca, 
Spain to test the feasibility of both tin and copper isotopic analyses in 
archaeological studies. They concluded that the pre-Roman and Roman 
bronzes were predominantly smelted from primary and supergene 
copper sulfides. Unfortunately, no further conclusions can be drawn, as 
they do not indicate which samples are from pre-Roman versus Roman 
contexts. 

Jansen et al. (2017, 2018) applied copper and lead isotopic analyses 
to metals in the eastern Mediterranean Bronze Age, and Jansen et al. 
(2017) argued that copper isotopic data can complement lead isotopic 
analysis at the local level to help resolve areas of lead isotopic overlap 

Fig. 2. Jansen et al. (2017) argue that copper isotopes can complement lead 
isotopes at the local level where lead isotopic overlaps exist. They test this at 
the Timna and Wadi Amram deposits within the Amir formation and show that 
some differences do exist between sulfide and carbonate copper isotope data 
from the two deposits. However, studies wishing to take a similar approach 
should first characterize the potential geological deposits with both lead and 
copper isotopes to confirm overlap (lead isotopes) and separation (copper iso
topes), and complement their study with microprobe or SEM chemical analysis 
on inclusions in the copper metal to confirm the type of ore used (Bugaj et al., 
2019) (Reproduced from Jansen et al., 2017, Fig. 6). 
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(8–11). There appears to be some merit to this argument (Fig. 2), but it 
requires sufficient sampling of prehistoric mines within the geological 
district identified by lead isotopic analysis. Jansen et al. (2017) also used 
this data to understand ore selection practices from the site of Khirbat 
Hamra Ifdan near Faynan, Jordan. δ65Cu values from these ingots form a 
fairly tight distribution, matching the supergene oxide ore distribution 
from the Faynan deposit, so Jansen et al. (2017) concluded that super
gene carbonate materials were the dominant type of ore for the pro
duction of copper ingots at this site. Jansen et al. (2017, 2018) also 
analyzed a large assemblage of copper ingots from sites across the 
Mediterranean Sea, which were previously matched to deposits in 
Cyprus using LIA (Stos-Gale et al., 1997; Gale, 1999). The authors 
included reinterpreted copper isotopic data from Gale et al. (1999) and 
Woodhead et al. (1999) to illustrate a clear shift in material selection of 
oxide to sulfide ores in the 13th century BCE. 

In addition to their important contribution regarding the impact of 
climate on copper isotopic patterning, Powell et al. (2017) applied 
copper isotopic analysis in order to assess the change in mining and 
metallurgical practice over the longue durée in the Balkans, from the 
Eneolithic to the Late Bronze Age (5000–1000 BCE). Copper objects 
from the earlier Eneolithic (5000–3700 BCE) match the copper isotope 
signature of oxide ores. Powell et al. (2017) noted an apparent hiatus in 
copper production in the Balkans from about 3700 BCE until 2500 BCE, 
when the resumption of copper production marks the start of the Early 
Bronze Age (EBA). The renewed production of copper objects coincided 
with a shift to negative δ65Cu values, which Powell et al. (2017) inter
preted as evidence of a switch to the use of sulfide ores. They argued that 
the hiatus represented both the exhaustion of oxide ores and the 
inability of Eneolithic Balkan metallurgists to smelt sulfide ores. The 
resumption of smelting in the EBA reflects, in their view, introduction of 
new technology, likely brought into the Balkans from the Near East. 
Jansen (2018) rejected the argument for exhaustion of oxide ores, and 
instead suggested, following Pernicka et al. (1993), that the change re
flected a shift in cultural preference for type of ore. Powell et al. (2018a), 
armed with data from an additional 44 samples, reaffirmed their earlier 
conclusions. We find their argument to be more persuasive then that of 
Jansen (2018). 

Gold: Baron et al. (2019) combined lead, silver, and copper isotopes 
to investigate multiple generations of hypothermal gold mineralization 
within the French Massif Central. Specifically, they applied copper iso
topes to try to resolve overlaps in lead isotope data for the two gener
ations of gold mineralization. Baron et al. (2019) suggested that δ65Cu 
data on gold mirrors the fractionation mechanism established through 
copper minerals (Klein et al., 2010), and that copper isotopes could be 
used to identify placer vs. hard rock gold mining. They also suggested 
that copper isotopes could be used in situations where gold coins were 
debased with copper. Recent work by Saunders et al. (2016) showed that 
copper isotopes can be applied to understand the metal source of 
copper-rich epithermal gold deposits. The data presented by Baron et al. 
(2019) mirrors that of Saunders et al. (2016) and suggests a magmatic 
metal source for analyzed hypothermal gold deposits in the French 
Massif Central. Future applications of copper isotopes to understand 
gold mineralization should focus on placer gold deposition. Brügmann 
et al. (2019) recently applied silver isotopes to this effect (see section 
3.4.4), and it is possible that copper isotopes are similarly affected by the 
detrital transport of gold grains. 

Glass colorants: Copper was frequently used as a colorant in ancient 
glass. Lobo et al. (2014) tried to use copper isotopes for provenance of 
the copper in glass, but, as noted above, this tool is not suitable for this 
purpose. Our examination of their data (using the model established by 
Klein et al. (2010)) suggests that their glass samples from Bronze Age 
Egypt, Iron Age Georgia and Turkey, as well as most of the sampled glass 
from Bronze Age Mesopotamia, relied on colorants derived from su
pergene copper sulfides, although some Bronze Age Mesopotamian data 
does range into the hypogene sulfide field. Rodler et al. (2017, 2019) 
emphasized, however, that all interpretations of copper isotopic data in 

glass must be considered tentative. Currently there is no understanding 
of how copper isotopes behave throughout the glass-forming and 
weathering process in vitreous materials. Recently, Dillis et al. (2019) 
proved that antimony isotopes are subject to redox fractionation during 
the opacification process of ancient glasses. Since copper isotopes are 
also subject to redox fractionation, and corrosion impacts the isotopic 
value of copper metal (Bower et al., 2013; Mathur et al., 2014), we 
cannot rule out similar shifts for copper colorants (particularly for the 
production of Egyptian blue which involves the oxidation of Cu0 to 
Cu2+). 

Turquoise: A small suite of studies from the Southwestern USA 
attempted to use biplots of copper isotopic values against hydrogen 
isotopic values to infer the geological provenance of turquoise in 
archaeological sites (e.g. Hull et al., 2008; 2014; Hull and Fayek, 2012; 
Othmane et al., 2015). The attributions to source in these studies are not 
credible. Both copper and hydrogen isotopic ratios were measured by 
SIMS (Secondary Ion Mass Spectrometry), which has much lower pre
cision for copper isotopes (1–2‰) than that of MC-ICP-MS. Matrix ef
fects that fractionate the copper isotopic ratios are also difficult to 
account for when using SIMS, though Othmane et al. (2015) tried to 
develop a correction factor for turquoise. The most serious problem with 
these studies, however, is that this group made no attempt to establish 
the range of variation for copper isotopes within potential geological 
sources of turquoise. Most turquoise deposits in the Southwestern USA 
were formed by near-surface alteration of porphyry copper deposits. 
Mathur et al. (2010) reported a wide range in copper isotope ratios from 
the supergene zones of individual porphyry deposits in this region, and 
extensive overlap of values from different deposits, but Hull and col
laborators appear in many cases to have analyzed only one reference 
sample for each geological deposit (Hull et al., 2018, Fig. 2). 

3.2. Sn isotopes 

3.2.1. Geochemical and isotopic background 
Tin (Z = 50) has ten stable isotopes (112Sn – 0.97%, 114Sn – 0.66%, 

115Sn – 0.34%, 116Sn – 14.54%, 117Sn – 7.68%, 118Sn – 24.22%, 119Sn – 
8.59%, 120Sn – 32.58%, 122Sn – 4.63%, 124Sn – 5.79%), and valences 
from − 4 to +4, though − 4, +2 and + 4 are the most common. Native tin 
(Sn0) is extremely rare. Tin is most commonly found in the mineral 
cassiterite (SnO) – the only economic source of tin today – and less 
commonly as stannite (Cu2FeSnS4), although traces of Sn are found in 
many oxide ore minerals (Hoefs, 2018, 158–159). Tin is a rare element 
(2.3 ppm in the earth’s crust), so geological processes must concentrate 
it by at least four orders of magnitude to form deposits that could be 
exploited by prehistoric metallurgists. Many regions have no viable tin 
sources, so their inhabitants have to obtain it by long-distance trade 
(Franklin, 1978; Muhly, 1973). 

Despite the fact that tin has more stable isotopes than any other 
element, tin isotopic analysis saw little use in geology or archaeology 
until recently. This delay was largely caused by the difficulty of dis
solving cassiterite – a problem that also accounts for scarcity of lead 
isotope measurements for this mineral. A solution was found by Haus
tein et al. (2010, 819–823). They reduced cassiterite with KCN to form 
tin metal at 800 ◦C, and then dissolved the tin metal concentrate using 
6M HCl. This procedure was tested and further detailed by Brügmann 
et al. (2017), Mathur et al. (2017), and Mason (2020), and yields suf
ficient Sn for isotopic analysis without altering the tin isotopic ratios of 
the sample. In contrast, Yamazaki et al. (2013, 24) dissolved cassiterite 
at low temperature (100 ◦C) in solutions of HI and HCl before purifying 
the solution using ion-exchange chromatography. However, Brügmann 
et al. (2017), Mathur et al. (2017), and Mason (2020) concluded that this 
procedure does not produce sufficient yields for isotopic analysis and 
can induce isotopic fractionation. The low temperature method detailed 
by Yamazaki et al. (2013) should therefore not be used to purify samples 
for tin isotopic analysis. 

Berger et al. (2017) compared procedures for analyzing cassiterite, 
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tin metal, and bronze in the hope of finding an alternative to the toxic 
KCN method employed by Haustein et al. (2010). However, they 
concluded that the KCN method produces the most consistent and reli
able results. These experimental tests will be discussed further below, as 
they detail several important mechanisms for the fractionation of tin 
isotopes during pyrometallurgical processes. 

3.2.2. Notations, standards, uncertainties 
As tin isotopic analysis is a developing technique, agreement on a 

common notation is still pending and scholars have applied ratios of the 
ten stable isotopes on a case by case basis. The majority of studies use 
116Sn as the reference isotope, but some (Berger et al. 2017, 2018, 2019; 
Brügmann et al., 2017; Nessel et al., 2016; Yamazaki et al., 2014) use 
120Sn, as it is more abundant. Bower et al. (2019) also used the 120Sn 
denominator, however they reported their data in δSn/u where u is the 
mass difference between the numerator and denominator tin isotopes. 
Unfortunately, most studies did not provide their data (whether for 
cassiterite or archaeological metal) in both formats, which severely 
limits the comparability of datasets. Future studies either need to agree 
on a common format to present data or should endeavor to publish their 
data in both formats, as was recently done by Berger et al. (2019). 
Calculations for the standard δ notation are made using the following 
equation: 

δ1XXSn‰ =

⎡

⎢
⎢
⎢
⎣

(
1XX Sn
116Sn

)

Sample
(

1XX Sn
116Sn

)

Standard

− 1

⎤

⎥
⎥
⎥
⎦

*1000 

Standards used in tin isotopic studies also vary and include NIST 
3161a and commercial solutions by SPEX (CLSN-2 and PLSN5). Several 
studies also used Puratronic grade tin metal foil (PSn) as a standard 
(Berger et al., 2019; Bower et al., 2019; Haustein et al., 2010; Nickel 
et al., 2012). Solid leaded bronze reference material (BAM 211 and 
IARM 91D) has also been used for standardization purposes (Balliana 
et al., 2013; Brügmann et al., 2017). Future studies should consult 
Brügmann et al. (2017) when conducting a tin isotopic investigation, as 
they analyzed most of the above standards to define standardized iso
topic data which could be compared against. Future tin isotopic en
deavors should also use an Sb dopant in order to correct for instrumental 
mass bias (Haustein et al., 2010, 824; Mathur et al., 2017, 702; Nickel 
et al., 2012, 170). 

δ
124Sn
116Sn typically varies between − 1 and 2‰ in analyzed samples and 

errors range between 0.04 and 0.3‰ (Brügmann et al., 2017; Haustein 
et al., 2010; Mason et al., 2016; Mason 2020). However, error ranges 
continue to decrease as a result of the use of an antimony dopant during 
sample analysis. Further, Mathur et al. (2017) and Mason (2020) were 

able to record a greater amount of δ
124Sn
116Sn variation in cassiterite samples, 

hinting at the possibility for further discriminatory power. δ
124Sn
120Sn, on the 

other hand, varies between − 0.5 and 1‰ with much lower error 
(<0.01‰–0.03‰) (Berger et al., 2017, 9; Berger et al., 2019; Brügmann 
et al., 2017, 443–444). 

3.2.3. Causes of fractionation 
Berger et al. (2017, 2018) recently contributed a great deal to our 

understanding of tin isotopic fractionation in archaeologically relevant 
pyrometallurgical processes. They used CO reduction, cementation, and 
co-smelting of cassiterite/stannite and various copper minerals/metal to 
assess if these traditional metallurgical processes fractionate the tin 
isotopic signature. The results of their experiments clearly illustrate that 
redox conditions do induce tin isotopic fractionation, particularly during 
CO reduction. Berger et al. (2017) conducted a CO experimental smelt of 
cassiterite and stannite under laboratory conditions, and the resulting 

tin bead was enriched in heavy tin (Δ
124Sn
120Sn ≅ 0.1‰) as the lighter tin was 

preferentially volatized during the reduction process. The authors 
argued that the enrichment of reduced tin metal in heavy tin could be 
exacerbated by the presence of impurities in the tin ore, possibly 
resulting in increased evaporation rates of lighter tin. This result con
tradicts the assertions of Gale (1997), Haustein et al. (2010), and 
Yamazaki et al. (2014), who all argued that the reduction of tin ore to 
metal would not significantly fractionate the tin isotopic signature. The 
CO reduction results from Berger et al. (2017) were corroborated by 
Berger et al. (2018) using archaeological tin smelting techniques, and 

resulted in a δ
124Sn
120Sn isotopic shift of 0.09–0.18‰ towards a heavier tin 

signal. This shift changed with degree of reduction, as an incompletely 

reducing atmosphere resulted in a more drastic isotopic shift (Δ
124Sn
120Sn≅

0.88‰), while a completely reducing atmosphere resulted in less frac
tionation of the tin isotopic signature. Importantly, Berger et al. (2018) 
argued that the isotopic shift in completely reducing atmospheres is not 
drastic enough to obscure a source determination because the isotopic 
range of sources is usually much wider than the degree of fractionation 
during complete reduction. 

In their bronze alloying experiments using the cementation tech
nique,6 Berger et al. (2017) noticed a slight shift in tin isotopic signature 

(Δ
124Sn
116Sn= 0.02–0.03‰). They believe that this shift was caused by the 

purification of tin metal through ion exchange chromatography, rather 
than by the cementation procedure (see Brügmann et al., 2017, 446). 
This was also noted by Yamazaki et al. (2013, 2014). Berger et al. (2017) 
therefore concluded that cementation alloying should preserve the iso
topic signature of the tin ore. Their co-smelting7 experiments also suc
cessfully resulted in a bronze alloy, but some of the metallic tin 
segregated from the bronze component. This segregation was reflected 
in isotopic composition, as the tin metal component was isotopically 
heavier than the bronze bead. However, Berger et al. (2017) argued that 
the average of the tin isotopic values for the bronze bead and tin metal 
should approximate that of the original cassiterite mineral. Berger et al. 
(2017, 24–25) also noticed a correlation between the variance of tin 
isotopic signatures and percentage of tin in archaeological bronzes. 
Their data show that low-tin bronzes (<3 wt % Sn) are more signifi
cantly affected by the preferential volatilization of lighter tin isotopes 
(Fig. 3). This behavior makes it difficult to support analysis of low-tin 
bronzes for archaeological provenance studies using tin isotopes. 

Currently, it is unclear if casting bronze results in isotopic fraction
ation between core and surface. Both Yamazaki et al. (2014) and Nickel 
et al. (2012) detected a slight enrichment of heavy tin at the surface of 
cast bronze objects, and both interpreted this result as enrichment due to 
evaporation of lighter tin isotopes from the hot surface exposed to at
mospheric oxygen. Nickel et al. (2012) detected no difference between 
body metal and corroded surfaces in archaeological samples but noticed 
a slight enrichment in artificially grown patinas. Therefore, tin isotopes 
could potentially be used to identify artificially-patinated forgeries in 
museums, but further testing is required on the fractionation of tin 
isotopes from techniques of traditional bronze casting. 

Though the results of the above studies are extremely important in 
understanding and applying tin isotopic analysis to archaeological 
samples, they do raise several important issues to consider. 1) 
Completely reducing conditions did not significantly alter the tin isotopic 
composition, but complete reduction cannot be assumed for every 
archaeological smelt. 2) Although the average tin isotopic ratio of all co- 
smelting products is approximately equal to the isotopic ratio of the 
original cassiterite mineral, this experiment was conducted in laboratory 
conditions where one could recover both the bronze and unalloyed tin 

6 Cementation alloying involves heating cassiterite with copper metal and 
charcoal in a crucible.  

7 Co-smelting involves smelting cassiterite with copper oxide ores to produce 
a Cu–Sn alloy. 
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metal components. In archaeological situations the unalloyed tin metal 
component is unlikely to be recovered and would be almost impossible 
to match with its successful bronze component. Further, the remaining 
tin metal component could have simply been recycled into the next 
metal batch. 3) A difference was noted in tin recovery percentages from 
laboratory and archaeological smelts. Berger et al. (2018) addressed this 

difference by subtracting an isotopic value of 0.1‰ from the δ
124Sn
120Sn value 

(or − 0.2‰ for studies using δ
124Sn
116Sn; Mason et al. (2020); Mason (2020)). 

They argued that this should be the degree of isotopic fractionation 
during a smelt with 30% recovery and would thus account for low tin 
recovery and tin volatilization behavior. This fractionation correction 
value is lower than the variation observed in the orebodies of most in
terest to Berger et al. (2018), and subsequent studies have agreed that 
this correction factor helps to align archaeological and ore deposit data 
(Berger et al., 2019; Bower et al., 2019; Mason et al., 2020; Mason, 2020, 
37; Powell et al., 2019). But it is nevertheless an arbitrary correction, 
and there can be no assurance that it would apply to all archaeological 
tin and bronze. 

Subsequent geological studies have also added to our understanding 
of the fractionation of tin isotopes in geological environments. Yao et al. 
(2018) showed that redox processes enrich cassiterite minerals in heavy 
tin isotopes as they are precipitated from tin bearing fluids through the 
oxidation of Sn2+ to Sn4+, thus providing a stronger bonding environ
ment. Later forming (and much rarer) tin minerals, like stannite, exhibit 
a lighter tin isotopic signature because the prior precipitation of 
cassiterite has depleted the tin-bearing hydrothermal fluid in heavy tin 
isotopes (Yao et al., 2018). Thus, small deposits which formed quickly 
are expected to have a more homogenous distribution of tin isotopes 
while larger deposits, where the reaction front moves over time, exhibit 
a greater range of fractionation. Further, equilibrium fractionation in 
boiling tin bearing fluids has been observed and works to deplete these 
fluids in heavier tin isotopes by partitioning the heavier component to 
the gaseous SnCl4 molecule in the vapor phase. This has a shorter Sn–Cl 
bond length and therefore a stronger bond (She et al., 2020; Wang et al., 
2019). Thus, cassiterite deposits which crystallized slowly at depth, such 

as cassiterite emplaced in pegmatites, exhibit more homogenous tin 
isotope values because no vapor phase was formed and redox reactions 
were the primary driver of isotopic fractionation (Wang et al., 2019). For 
deposits which formed at shallow depth, such as volcanic deposits, both 
redox reactions and the generation of a vapor phase via boiling produce 
tin isotopic fractionation. Thus, deposits formed at shallow depth 
generally display more tin isotopic heterogeneity and more positive 

δ
124Sn
116Sn values8 (Wang et al., 2019). Variation in the tin isotopic signature 

of cassiterite minerals, therefore, appears to reflect the geological con
ditions under which they were formed, and Powell et al. (2018b, 2019) 
and Mason (2020) used this characteristic to discriminate between 
various European and west Asian tin deposits (Fig. 4). 

3.2.4. Applications 
Tin and Bronze Metal: Much effort, and much funding, has recently 

been devoted to tin isotopes because one of the major unsolved ques
tions in the archaeology of western Eurasia is the source (or sources) of 
tin for the Bronze Age. This has been intensely debated for almost fifty 
years (Franklin 1978; Muhly 1973). Although lead isotope measure
ments are useful in provenance studies of pure tin, they are usually not 
applicable to the analysis of bronze because the small amount of lead in 
the tin is usually overwhelmed by the larger amount of lead in the 
copper with which it is alloyed. There has therefore been an extraordi
nary level of interest in the application of tin isotopic analysis to bronze 
objects and tin ore deposits in Europe, around the Mediterranean, and in 
western Asia (Balliana et al., 2013; Berger et al., 2019; Bower et al. 
2013, 2019, 2019; Haustein et al., 2010; Mason et al. 2016, 2020; Mason 
2020; Powell et al. 2018b, 2019; Yamazaki et al. 2013, 2014). 

Earlier applications of tin isotopic analysis did not appreciate some 
of the difficulties discussed in the previous section, and so their con
clusions should be viewed with some caution. Haustein et al. (2010) 
claimed to distinguish Cornwall (England) and Erzgebirge (Germany) 
tin sources with tin isotopes. However, isotopic differences between 
regions are slight at best, and often overlap one another. Mason (2020) 
and Powell et al. (2018b, 2019) have since shown that overlap between 
Cornwall and Erzebirge tin are better resolved when the Erzgebirge data 
is broken down by geological pluton (east, west, and central; Fig. 4). 
Balliana et al. (2013) analyzed an assemblage of pre-Roman and Roman 
bronze metals from Spain using the same notation as Mason et al. 
(2016). Their data shows some clustering of isotopic values by source, 
but data produced by Mason et al. (2016) from the Balkans exhibits a 
similar isotopic distribution to that of Balliana et al. (2013). Tin from 
Spain and the Balkans cannot therefore be distinguished by any means 
other than context (Balliana et al., 2013, Fig. 3a; Mason et al., 2016, 
Fig. 4). Balliana et al. (2013) also conducted copper isotopic analysis on 
these bronzes, including an attempt to discriminate localities by plotting 

δ
122Sn
116Sn vs. δ65Cu, but no discrimination is apparent in this plot. 

Recent studies applying tin isotopes have predominantly originated 
from two camps: the U.S. group comprised of the American geologists 
Ryan Mathur, Wayne Powell, and Andrea Mason; and the German group 
headed by Ernst Pernicka. The U.S. group has focused on integrating 
statistics (distributional, multivariate, and Bayesian) and geological 
parameters to investigate the provenance of archaeological bronzes; 
particularly in objects from Austria, Bosnia and Herzegovina, Bulgaria, 
Czechia, Hungary, Romania, and Serbia dating to the Bronze and Iron 
Ages (Mason et al., 2020; Mason 2020; Powell et al., 2018b, 2019, 
Fig. 4). They have also significantly expanded the existing body of data 
for cassiterite ores. To understand the isotopic variation in European tin 

Fig. 3. Berger et al. (2017) demonstrate that low-tin bronzes are significantly 
impacted by the preferential volatilization of lighter tin isotopes in the bronze 
making process. This implies that low-tin bronzes are poor samples for tin 
isotopic analysis, and researchers are instead directed to the radiogenic isotopic 
methods employed by Berger et al. (2019) and Molofsky et al. (2014) (Repro
duced from Berger et al., 2017, Fig. 16). 

8 It should be noted, however, that She et al. (2020) achieved opposite results 
(enrichment of liquid phase in heavy tin isotopes) at sub-boiling temperatures 
(96 ◦C) and attribute this result to the back-reaction of SnCl4 at the liquid-vapor 
boundary. Thus, degree and type (equilibrium vs. kinetic) fractionation appears 
to be highly temperature dependent. 
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deposits, they relied on recent advances in the geological principles of 
tin isotopic fractionation (Yao et al., 2018; Wang et al., 2019) (Fig. 4). 
The integration of geological and statistical frameworks allowed them to 
assess the probability that archaeologically defined groups - organized 
regionally (Mason et al., 2020; Mason 2020; Powell et al., 2018b) or 
chronologically (Powell et al., 2019) - matched geological data at the 
level of individual ore deposits. However, this publication group also 
acknowledges that several limitations remain in tin isotopic analysis: 1) 
overlaps still exist, particularly between deposits formed under similar 
geological conditions (e.g. the Erzgebirge East Pluton and Cornwall); 2) 
there remains a need for further geological sampling, particularly of 
very small deposits which would be considered un-economical by 
modern mining standards; and 3) areas of overlap can at present only be 
resolved on the basis of which deposits are closest, or which make the 
most archaeological sense. The tin isotope data is not therefore a truly 
independent source of evidence for provenance. 

Publications from the German team, meanwhile, have focused on the 
provenance of bronze and tin objects from Europe and the Mediterra
nean (Berger et al., 2019; Nessel et al., 2016). Nessel et al. (2016) used 

both 116Sn and 120Sn as the denominator but were largely unable to 
assess where the tin in their German, Hungarian, Romanian, and Cretan 
samples originated. Berger et al. (2019) focused exclusively on the 
analysis of Late Bronze Age (LBA) tin ingots and objects from the Eastern 
Mediterranean and combined tin isotopic analysis with trace elements 
and lead isotopes. The tin isotopic data are inconclusive, but the lead 
isotopes for most of the ingots produced an isochron age consistent with 
the Variscan orogeny (320-280 My). This approach is consistent with 
previous studies on the provenance of tin using lead isotopes (e.g. 
Molofsky et al., 2014). Berger et al. (2019) then used tin isotopes and 
trace elements to narrow down the list of possible sources. LBA tin ingots 
from modern Israel most likely source to European tin deposits, and 
especially to those of Cornwall, while the oldest example (from Mochlos 
on Crete) might derive from tin deposits in either Afghanistan or 
Tadzhikistan. 

The results presented above highlight the difficulty of working with 
tin isotope data. There is a very limited range of natural variation, the 
sources for which tin isotope data is available exhibit a wide degree of 
overlap, and there is no data as yet for many potential geological sources 
of tin. Informed interpretation of tin isotopes requires a detailed 
geological understanding of tin mineralization within each potential tin 
deposit. For future studies using tin isotopes, we urge scholars to (1) use 
the KCN reduction method highlighted by Brügmann et al. (2017), 
Haustein et al. (2010), Mason et al. (2020), Mason (2020), and Mathur 
et al. (2017) and (2) to agree on a standard way of reporting results. 
Based on the state of tin isotopic analysis, we agree with Berger et al. 
(2019) that lead isotope analysis of tin metal should be considered the 
first line of analysis when conducting an investigation of tin provenance, 
with tin isotopes and trace elements in supporting roles. 

3.3. Fe isotopes 

3.3.1. Geochemical and isotopic background 
Whereas copper and tin are relatively rare elements, iron (Z = 26) is 

geochemically abundant (5.63 wt % of the earth’s crust) and can be 
found in many forms, including hydroxides, carbonates, oxides, sili
cates, and sulfides. The common valences are +2 and + 3, and more 
rarely+6. Terrestrial native iron (Fe0) is extremely rare, but forged iron- 
nickel meteorites are occasionally reported in archaeological contexts. 
Iron oxides, hydroxides, and carbonates were processed to produce 
ceramic, metal and glass objects, and used unprocessed as brown, yellow 
and red pigments in rock art. 

Iron isotopic analysis is a common analytical method in the fields of 
geochemistry and paleoceanography, but has yet to see wide application 
in the field of archaeology (Hoefs, 2018, 129–136). Interest in iron 
isotopes in the fields of geochemistry and paleoceanography is a result of 
iron’s high abundance in the natural world, and its role in high- and 
low-temperature geological processes (Hoefs, 2018). However, the in
fluence of temperature and fluid history in the formation of iron isotopic 
ratios would make it difficult for iron isotopes to be used in provenance 
studies (Rose et al., 2019), because a single mineral (e.g. hematite) could 
have different isotopic signatures within an individual deposit because 
of complex histories of deposition and subsequent weathering (see 
Anbar 2004; Beard et al., 2003; Beard and Johnson, 2004). It is currently 
unclear how useful iron isotopes can be for archaeological inference, but 
Rose et al. (2019) outline potential alternative uses for iron isotopes. 
This is discussed further below. 

3.3.2. Notations, standards, uncertainties 
Iron has four stable isotopes (54Fe – 5.84%, 56Fe – 91.76%, 57Fe – 

2.12%, 58Fe – 0.28%), and isotopic variations are typically reported as 
δ56Fe and δ57Fe values: 

Fig. 4. Mason (2020) and Powell et al. (2018a, 2019) use recent un
derstandings on the geological fractionation mechanism of tin (Wang et al., 
2019; Yao et al., 2018) to map the isotopic distribution of tin deposits in En
gland, Germany, and Serbia. Differences in tin isotopic distribution correspond 
to the scale and depth of tin mineralization, and these mechanisms appear to 
produce slight differences between various deposits in England, Germany, and 
Serbia. As is clear, overlaps still exist and Mason (2020) and Powell et al. 
(2018a, 2019) use the distance postulate and the archaeological record to assess 
the most likely tin source(s) for sampled objects. For a more expanded diagram, 
see Mason (2020, Fig. 9) (Reproduced from Powell et al., 2019, Fig. 3). 
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The standard most commonly used for this measurement is NIST 
IRMM-014. δ56Fe and δ57Fe values typically range between − 4 and 
+2‰ and can be measured with a precision of 0.05‰ (Craddock and 
Dauphas 2010; Hoefs 2018, 129; Milot et al., 2016a). Details on the 
range of plants, shales, river and ocean water, and magmatic rocks can 
be found in Hoefs (2018) and references therein. 

3.3.3. Causes of fractionation 
Fractionation of iron isotopes is largely caused by redox reactions. 

The more oxidized Fe3+ minerals and aqueous species are enriched in 
heavy isotopes of Fe, while Fe2+ minerals and species are typically 
depleted. However, the isotopic composition of iron minerals can vary at 
the mining district, deposit, vein, and even individual mineral-scale, and 
reflects the complex fluid alteration and precipitation processes to which 
the sample has been subjected (Horn et al., 2006; Markl et al., 2006). 
Given the role of fluid history in altering iron isotopic ratios and the 
ubiquity of iron minerals, we do not consider iron isotopes a viable in
dicator of provenance. We agree with Rose et al. (2019), who conclude 
that it is impractical and unfeasible to sample all potential iron deposits 
within a given landscape (or larger, if looking at wider networks of 
mobility and exchange). 

Experimental reconstructions by Eerkens et al. (2014), Milot et al. 
(2016a), and Rose et al. (2019) have shown that iron isotopic fraction
ation from anthropogenic processes (smelting or firing) is minimal, 
though one bloomery smelting experiment from Milot et al. (2016a) did 
produce a more positive (heavier) δ57Fe isotopic signature for the bloom 
than for slag, refined metal, and ore (16–17). They suggested that the 
difference in isotopic signature between bloom and other components 
could either have been a result of the incomplete nature of the smelt 
(lack of separation between bloom and slag) which resulted in kinetic 
fractionation of iron isotopic signature (though Milot et al. argue that 
this would result in a lighter, not heavier, isotopic signature), or that the 
high sulfur content of the 2009 bloom enriched it in heavy Fe and thus 
produced the higher δ57Fe value (Milot et al., 2016a, 17). Additional 
data from experimental kiln linings indicate that minimal isotopic 
diffusion should occur between iron bloom/slag and the clay used for 
the furnace, though Milot et al. (2016a) admit that this could change if a 
high-iron clay was used in the construction of the furnace. Rose et al. 
(2019) also note that other processes (pH of the ore forming environ
ment and intrusion of organic matter) can significantly enrich a mineral 
in heavy Fe isotopes. 

It appears that iron isotopic fractionation between corrosion pro
ductions and iron metal in marine and oxidizing environments is also 
minimal (Rose et al., 2020). The authors of this study admit that more 
samples are needed before this hypothesis can be considered proven, 
however initial results appear promising and show that sample sizes of 
at least 1 mg minimize micro-fractionation from iron dissolution and 
produce data that is comparable to iron isotopic values of the core metal. 
In future studies, the authors also plan to investigate iron isotopic 
fractionation in acidic and anoxic soils. For a thorough review of other 
mechanisms responsible for iron isotopic fractionation, see Dauphas 
et al. (2017). 

3.3.4. Applications 
Chert: Chert is one form of a common silica mineral (chalcedony). It 

has a very fine grain size and was therefore much prized for flaking small 
stone tools. Chert may incorporate impurities that lend the mineral its 
color. Among these are goethite (FeO(OH)), which gives chert a yellow 
color. Mathur et al. (2020) investigated the potential of iron isotopes as a 
method to provenance yellow cherts in the American Northeast. Their 
preliminary study focused on Bald Eagle chert in Pennsylvania, but also 

investigated a number of other chert deposits in Canada, Massachusetts, 
New Jersey, and Rhode Island. They showed that there is some isotopic 
separation between natural deposits of yellow chert, but they have few 
samples from deposits other than Bald Eagle. These results are prom
ising, and we look forward to seeing expanded sampling of other yellow 
chert deposits in the area to fully prove the provenance postulate. 

Though chert was often used in its natural state, it was also common 
practice to heat-treat chert to improve its mechanical properties (Mathur 
et al., 2020). This had the added effect of transforming yellow chert to 
red chert, as goethite was converted to hematite (Fe2O3). Mathur et al. 
(2020) experimentally tested if this process fractionates the isotopic 
signature of the chert and concluded that any changes to the iron iso
topic signature were not caused by redox processes, as iron remains in its 
Fe3+ state. Rather, it seems that the process of burying chert in the soil 
under a heat source is the primary contributor to iron isotopic frac
tionation. Mathur et al. (2020) showed that iron isotopes were 
exchanged between chert and iron-bearing soil to create a red chert that 
is typically 0.2‰ heavier than the original isotopic signature for yellow 
chert. However, their results also showed that iron fractionation is 
dependent on the type of soil (there was no isotopic shift when heated in 
soils with no measurable iron, while one soil type depleted the chert 
signature in heavy Fe). 

Further work is needed to understand the exchange mechanism be
tween soil and chert, and also to investigate the utility of this technique 
on other colors of chert. Future studies looking to apply this technique 
should understand the range of chert colors on a regional level and the 
likely composition of the soil where chert objects were heat treated. 

Pigments and Clay: Iron plays a major role in materials used for 
ceramic manufacture, as a pigment, as part of a glaze, or as a component 
of the clay. Eerkens et al. (2014) applied iron isotopic analysis to 
ceramic paints in an attempt to discriminate and reconstruct the tech
nological style of Peruvian ceramic producers between 1800 BCE – 1532 
CE. They combined mineralogical, chemical, and isotopic analyses, and 
found that no fractionation of iron isotopes occurs due to firing tem
perature or kiln atmosphere. No isotopic diffusion was observed be
tween the clay matrix and paint, either. The authors applied iron 
isotopic analysis to characterize both red (oxidized, Fe3+) and black 
(reduced, Fe2+) iron pigments, but only sampled nine hematite minerals 
from Peru. Thus, the explanatory power of their pigment analysis is 
limited, as iron isotopes can vary by mineral and fluid history, as the 
authors admit. Though their results intriguingly show that red and black 
pigments separate into distinct clusters (Eerkens et al., 2014, Fig. 4), the 
lack of an adequate geological sampling strategy and lack of under
standing of the mechanisms of fractionation of iron isotopes makes their 
assignments to particular sources unconvincing. 

Iron Metal: Milot et al. (2016a, 2016b) applied iron isotopic analysis 
in an attempt to infer the provenance of iron bars from the Les 
Saintes-Maries-de-la Mer Roman shipwreck, near the Montagne Noir 
massif. They assigned a local provenance (Montagne Noir) for most of 
these objects, and their groupings align with the conclusions that Baron 
et al. (2011) made using trace element analyses of slag inclusions in the 
same samples. However, this study has a number of important factors 
which make it perhaps an exceptional example of a provenance study. 
Not only were the archaeological mines known, still extant, and well 
understood from a mineralogical and fluid history standpoint, but these 
authors also possessed archaeological ores that could be matched to this 
mining area. They were also able to conduct their experimental smelts 
with ore from this region in order to study fractionation effects from the 
smelting process. The only unknowns left in their study were the isotopic 
variability of these ores (mostly gossans) at a micro- and macro-level 
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within the Montagne Noir massif, and the iron isotopic ratios for other 
possible areas of provenance.9 Milot et al. (2016a, 18) acknowledged 
this shortcoming and predicted that a regional scale approach would 
likely produce overlapping isotopic fields. 

In a follow-up study focused on bog iron ore from Germany and 
central Europe, Rose et al. (2019) confirmed the issue of overlapping 
isotopic fields from different deposits. Their goal was to investigate iron 
isotopic fingerprints of bog ores, which were a major resource for much 
of central and northern Europe. Their experiments showed minimal 
fractionation during the smelting process and make valuable contribu
tions to understanding the impact that organic matter has on the dis
tribution of heavy and light iron isotopes. Rose et al. (2019) ultimately 
defined several data fields which would overlap with the archaeological 
iron bar samples analyzed by Milot et al. (2016a, 2016b) (Fig. 5). Thus, 
they concluded that isotopic overlap of potential sources violates the 
provenance postulate and makes iron isotopic analysis unsuitable as a 
method for establishing the provenance of archaeological iron. Rose 
et al. (2019) did admit that there is potential for this technique as a 
complimentary method to investigate intra-deposit zonation and 
exploitation, and landscape reconstruction, but only in support of other 
approaches, such as trace element and osmium isotopic analyses. 

Non-ferrous Metals: Iron isotopes have also been tested as a comple
mentary tracer to lead isotopes for non-ferrous archaeological metals 
(Milot et al., 2018). For this study, Milot et al. analyzed galena, slag from 
lead-silver smelting, and furnace linings from Imiter mine, Morocco with 
both lead and iron isotopes. As expected, there is overlap in the lead 
isotope data from the Imiter mine and other Moroccan ore deposits, but 
gossan ore and other geological materials from these deposits (including 
Imiter itself) were not characterized using iron isotopes. This was a 
controlled study where the provenance of these materials was previously 
known, however if this combination is to be applied in future archaeo
logical scenarios then the proposed potential of the technique to resolve 
areas of lead isotopic overlap needs to be fully proven. This study has a 
number of other limitations, including a lack of experimental testing of 
the fractionation of iron isotopes throughout the non-ferrous metallur
gical process, and restricted sampling – only metallurgical debris and 

furnace linings were sampled. Milot et al. (2018) ultimately concluded 
that iron isotopic analysis is an adequate complimentary technique for 
determining the provenance of non-ferrous metallurgical remains. We 
are unconvinced. 

It is clear that ubiquity of iron sulfides, oxides, carbonates, and hy
droxides – and the potential for iron isotopic signatures to vary at the 
centimeter scale – inhibits the use of iron isotopic analysis for prove
nance of archaeological materials. Future studies should concentrate on 
first assessing this technique from a geological standpoint – by assessing 
the variation of iron isotopic data within the broader catchment of an 
archaeological study – before applying this technique to additional 
archaeological samples. Rose et al. (2019) also outlined several inter
esting avenues of future work which could make iron isotopic analysis a 
useful analytical technique, but at present it appears that osmium iso
topic analysis is a better technique for provenance of iron (Brauns et al. 
2013, 2020; Dillmann et al., 2017). But any advocate of isotopic or 
chemical methods for inferring the provenance of iron must at some 
point acknowledge the presence of the elephant in the room, which is 
the geochemical abundance of iron. While it is sometimes possible to 
distinguish between local deposits using these techniques (e.g. Dillmann 
et al., 2017), it seems extremely unlikely that any technique could 
convincingly establish the provenance of iron imported over long dis
tances – the number of potential sources will inevitably make it 
impossible for archaeometrists to characterize them all. In this we find 
ourselves in disagreement with the optimistic predictions of Charlton 
(2015). 

3.4. Ag isotopes 

3.4.1. Geochemical and isotopic background 
Silver (Z = 47) has two stable isotopes (107Ag – 51.4% and 109Ag – 

48.6%). It is a very rare element, with an abundance in the earth’s crust 
of only 0.05 ppm. It is found as a native metal (Ag0) and as a natural 
alloy with gold (electrum). It is also found as silver sulfides, sulfo- 
antimonides, and chlorides; the usual valence is Ag+1. It substitutes 
readily for lead, and most silver production today is from the lead sulfide 
galena. 

Interest in this isotopic system in archaeology and numismatics was 
fueled by hopes that it would be a better indicator of silver provenance 
than lead isotopes10 (Albarède et al., 2016, 130; Fujii and Albarède 
2018, 38), and more recently, it has also been used in efforts to prove
nance archaeological gold. 

3.4.2. Notations, standards, uncertainties 
Silver isotopic variation was previously reported in epsilon notation 

(ε), which measures the difference between samples and standards in 
parts per 10,000 (Albarède et al., 2016; Baron et al., 2019; Desaulty 
et al., 2011; Desaulty and Albarède 2013): 

ε109Ag =
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More recent investigation by Arribas et al. (2020), Chugaev and 
Chernyshev (2009), and Mathur et al. (2018) have expanded the isotopic 
range of silver isotopes. Therefore, these papers employ the delta no
tation, which measures the difference between samples and standards in 
parts per 1000 (‰): 

Fig. 5. Rose et al. (2019) test the ability of iron isotopes to provenance bog ore 
in central and northern Europe but show that the geological fractionation of 
iron is extremely varied. This creates wide overlaps between different iron 
deposits and prevents iron isotopes from being used to provenance iron objects 
(Reproduced from Rose et al., 2019, Fig. 6). 

9 Baron et al. (2011) identified a group of iron bars whose trace elemental 
composition did not match the Montagne Noir massif, though some of these 
samples overlapped with the iron isotopic “fingerprint” for the Montagne Noir 
massif. 

10 Silver purification technologies like cupellation often require the addition of 
lead, and thus complicate the application of lead isotopic analysis. 
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The standard is typically NIST SRM978a, and δ109Ag values vary 
between about from − 1 to +5‰ with errors typically less than 0.015‰ 
(Arribas et al., 2020; Mathur et al., 2018). 

3.4.3. Causes of fractionation 
Several studies have investigated the isotopic variability of native 

silver and various other hypogene and supergene silver bearing minerals 
(including silver-sulfides, -sulfosalts, and -chlorides) from a large range 
of deposits and districts (Arribas et al., 2020; Desaulty et al., 2011; 
Desaulty and Albarède 2013; Mathur et al., 2018). Their results 
demonstrate that silver isotopes are primarily fractionated by redox 
processes, including the weathering of primary hypogene ores to more 
frequently exploited supergene minerals (Arribas et al., 2020, 9–12; 
Fujii and Albarède 2018, 40; Mathur et al., 2018), but solid-state ion 
conduction and other less well-studied processes can also result in nat
ural fractionation of silver isotopes (Anderson et al., 2019). Redox 
fractionation behavior of silver isotopes is similar to that of copper 
isotopes, where oxidation of hypogene native silver and silver sulfide 
minerals typically results in the enrichment of 109Ag because of the 
stronger bonding environment. Data presented in Arribas et al. (2020) is 
particularly enlightening and shows that hypogene native silver and 
silver sulfides center around 0‰ (with a range of − 0.4‰ to +0.4‰). 
Supergene native silver also centers around 0 but with a larger overall 
range (at least − 1‰ to +2‰; Fig. 6). Supergene halides typically plot 
above 0.5‰. Thus, it appears that silver isotopic data within a single 
deposit varies based on the temperatures of mineralizing fluids. It is 
important to note that no patterns discriminate data by location, deposit 
type, or mineralization age, and thus all mined silver deposits will 
overlap with one another (Arribas et al., 2020). This precludes the use of 
silver isotopes as an indicator of provenance. Future studies should 
employ silver isotopes in a manner similar to current use of copper 
isotopes – to infer whether the ore was hypogene or supergene. 

For archaeological purposes, there is no fractionation of Ag as a 
result of metallurgical processes so long as Ag yields are high (Desaulty 
et al., 2011). Luckily, silver was considered a precious metal, so past 
craftsmen usually made a concerted effort to keep silver yields as high as 

possible (Desaulty et al., 2011, 9005). When processing samples for 
silver isotopic analysis, it is important to eliminate chlorine, as silver can 
complex with the Cl− ion to precipitate AgCl and thus impact the δ109Ag 
value (Baron et al., 2019; Fujii and Albarède 2018; Anderson et al., 
2019). 

3.4.4. Applications 
Silver Metal: Applications of silver isotopes in archaeology prior to 

2017 were spearheaded by Francis Albarède and colleagues at Uni
versité de Lyon (Desaulty et al., 2011; Desaulty and Albarède, 2013; 
Albarède et al., 2016). These studies took creative multi-isotopic ap
proaches in efforts to not only provenance the silver and lead compo
nents of the silver metallurgical process, but also to investigate the 
discriminatory power of various isotopic combinations.11 Initial results 
appeared promising, as all were able to illustrate a degree of separation 
between silver from Mexico, Peru and Europe. However, these studies 
were done before there was much data on variation in geological sources 
of silver or knowledge of the fractionation mechanism of silver isotopes, 
and differences between various categories were slight when only silver 
isotope data was plotted (Fujii and Albarède 2018) (Fig. 7). Subsequent 
work by Mathur et al. (2018), Fujii and Albarède (2018), and Arribas 
et al. (2020) have improved our understanding of natural variation in 
the silver isotopic system. It now appears that the data produced by 
Desaulty et al. (2011), Desaulty and Albarède (2013), and Albarède et al. 
(2016) match the range of variation in hypogene silver minerals and in 
supergene native silver. However, since these studies also employed lead 

Fig. 6. Mathur et al. (2018) expand the known range of silver isotopes and 
illustrate that they behave similar to copper isotopes. Thus, as silver migrates 
from hypogene to supergene, its silver isotopic ratio fractionates. This suggests 
that silver isotopes can be applied to identify the type of ore selected for silver 
metallurgical activities (Reproduced from Mathur et al., 2018, Fig. 7). 

Fig. 7. Previous to Mathur et al. (2018), archaeological studies using silver 
isotopes produced data within a very narrow band and used ε109Ag patterning 
to make provenance assessments. If reinterpreted based on the conclusions of 
Mathur et al. (2018) and Arribas et al. (2020), these data indicate the use of 
hypogene or supergene native silver (Reproduced from Fujii and Albarède, 
20186 Fig.1). 

11 These studies used a combination of Pb, Cu, and Ag isotopes. Cu isotopes 
were included, as copper is often alloyed with silver metal to improve hardness. 
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isotopic analysis, many of their provenance conclusions are still valid. 
Gold Metal: Since 2018, interest in silver isotopes has also focused on 

archaeological gold, as both silver and gold are transported by the same 
hydrothermal fluids at primary lode gold deposits and gold nuggets can 
host a wide range of silver concentrations (ppm to %). Mining of gold, 
both archaeological and current, has focused on primary hydrothermal 
deposits as well as secondary detrital placer deposits, which can be 
many hundreds of km from their primary source. 

Baron et al. (2019) and Brügmann et al. (2019) both tested silver 
isotopes as a potential tool for provenancing gold, and framed their 
studies as an initial investigation of if/how redox and low temperature 
processes fractionate silver isotopes in gold minerals across this miner
alization process (primary to placer). Baron et al. (2019) used a com
bination of lead, silver, and copper isotopes to investigate multiple 
generations of primary gold mineralization within the French Massif 
Central and applied silver isotopes to try and resolve deposit overlaps 
within the two generations of mineralization defined by lead isotopes. 
However, their ε109Ag data occupies an extremely narrow range 
consistent with other hypothermal ores (Mathur et al., 2018), is nega
tively correlated with δ65Cu, and does not pattern by groups established 
with lead isotopes. Therefore, Baron et al. (2019) concluded that the 
fractionation behavior of silver isotopes in gold is similar to that 
measured in silver minerals, and that the negative correlation of ε109Ag 
and δ65Cu can be explained by the higher mobility of copper during the 
gossan formation process. Silver, on the other hand, maintains its hy
pothermal signature in this primary deposit, regardless of stratigraphic 
position or generation of gold mineralization. 

Brügmann et al. (2019) added to these conclusions by sampling both 
primary hypothermal and secondary placer gold deposits, some many 
hundreds of km from the supposed primary source. Analyzed placer gold 
samples from Bolivia vary greatly and indicate that silver gain or loss in 
gold grains during their detrital transport can affect ε109Ag values. 
Conversely, ε109Ag values for placer gold samples from the Rhein river 
are homogenous, but Brügmann et al. (2019) suggested that this ho
mogeneity was produced from the mixing and deposition of gold from 
various sources. These issues illustrate the potential limitation of silver 
isotopic analysis to source gold, though integration with other isotopic 
systems could still lead to useful conclusions. 

3.5. Sb isotopes 

3.5.1. Geochemical and isotopic background 
Antimony (Z = 51) has two stable isotopes (121Sb – 57.21% and 123Sb 

– 42.79%) (Hoefs, 2018, 159) and its abundance in the earth’s crust is 
only 0.2 ppm. As an amphoteric metalloid, it has a very wide range of 
valences, from − 3 to +5. Native antimony (Sb0) is rare but has been 
recovered from archaeological contexts (Dillis et al., 2019). It is most 
commonly found as a sulfide (especially stibnite Sb2S3) or sulfosalt. The 
continuous solid solution series from tetrahedrite Cu6[Cu4(Fe,Zn)2] 
Sb4S13 to tennantite Cu6[Cu4(Fe,Zn)2]As4S13 is also of particular interest 
to archaeologists. Ore deposits dominated by these minerals are called 
fahlores, and smelting of them produced the copper/arsenic/antimony 
alloys that were important in the early history of metallurgy in western 
Eurasia (Dillis et al., 2019; Killick, 2014; Reguera-Galan et al., 2019). 
Antimony oxides were also used in prehistory as an opacifier and 
de-colorant in Greek, Roman, Egyptian, and Mesopotamian glass 
(Degryse et al., 2015; Lobo et al., 2013, 2014). 

3.5.2. Notations, standards, uncertainties 
Isotopic data is expressed as ε123Sb: 
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Studies applying antimony isotopic analysis have all used in-house 
standards (such as SPC Science, F2-SB03010; Lobo et al., 2014) and 
revised Russell’s law for mass bias correction (Degryse et al., 2015, 155; 
Lobo et al., 2012, 1305–1306; Lobo et al., 2013; Lobo et al., 2014). On 
present data, the range of natural variation of ε123Sb values is 10ε and 
the precision of measurements by MC-ICP-MS is typically less than 1ε. 
Details on the range of sediments, environmental samples, seawater, and 
magmatic rocks can be found in Rouxel et al. (2003). 

3.5.3. Causes of fractionation 
Fractionation among antimony isotopes is poorly understood but is 

thought to be caused by physicochemical and redox processes (Dillis 
et al., 2019; Lobo et al., 2012, 1305; Lobo et al., 2013). Rouxel et al. 
(2003) reported significant fractionation among various geological and 
environmental samples in differing redox environments and confirmed 
these results experimentally by reducing Sb5+ to Sb3+. Dillis et al. (2019) 
also conducted several experiments to evaluate how significantly redox 
processes fractionate the ε123Sb ratio. They make two important con
clusions. 1) There is significant risk in inducing fractionation during the 
digestion of samples for antimony isotopic analysis, as many procedures 
involve transformation from Sb5+ to Sb3+. Thus, for high Sb glass and 
metal, researchers should use digestion procedure 3 in Dillis et al. (2019, 
5–6). No fractionation was observed from this procedure because anti
mony remains in the Sb5+ valence. This procedure does fractionate the 
isotopic signature of stibnite ore, however, as it transforms Sb3+ to Sb5+

during the initial digestion. 2) Pyrotechnological processes (smelting of 
metals and opacification of glass) do fractionate antimony towards 
lighter isotopic values (usually by 0.5–2.5123ε), because stibnite is 
oxidized to its Sb5+ state. This does not necessarily happen every time a 
glass is opacified, but rather depends on how fully Sb3+ is oxidized to 
Sb5+ for glass, or reduced to Sb0 for metal. Future studies should also 
consult Dillis et al. (2019, 9–10) for direction on processing samples 
with Sb > 10 wt %. 

3.5.4. Applications 
Glass: Antimony was added to glass as an opacifier and colorant from 

the Late Bronze Age in Mesopotamia and Egypt (Dillis et al., 2019). Lobo 
et al. (2013, 2014) and Degryse et al. (2015) applied antimony isotopic 
analysis in an attempt to source the Sb opacifier incorporated into 
Mesopotamian, Egyptian, and Roman glass. Data produced by these 
studies were comparable, and initial results showed differences between 
Late Bronze Age Mesopotamian and Egyptian objects (with negative 
ε123Sb values) and Roman glass objects (which usually had positive 
values). Degryse et al. (2020) reevaluated these results against new 
stibnite data from Georgia, and existing stibnite data of Degryse (2014) 
and Lobo et al. (2012), to frame general conclusions regarding the 
provenance of antimony opacifiers. By applying a − 3 ε123Sb fraction
ation correction to account for fractionation during pyrotechnological 
processes, Degryse et al. (2020) argued that Mesopotamian and Egyp
tian glass opacifiers match ore deposits in the Racha-Lechkumi region of 
Georgia. These deposits are also associated with gold mineralization, 
and they argued that stibnite-opacified yellow glass could act as a 
skeuomorph for this material. However, the range of ore data from other 
stibnite deposits in the Mediterranean would also overlap this data with 
the − 3 ε123Sb fractionation (Fig. 8) (Degryse et al., 2020, Fig. 1). Given 
the demonstrated overlap of ε123Sb values from Georgia, Italy and Spain 
(Fig. 8), the lack of isotopic data for many other antimony deposits, and 
the shifts in ε123Sb produced in the making of glass and in the labora
tory, we believe that the results of Lobo et al. (2013, 2014), Degryse 
et al. (2015) and Degryse et al. (2020) should be reframed as evidence 
for the technological processes used during the opacification of these 
glasses, rather than as proof of provenance. Mesopotamian and Egyptian 
glasses show negative ε123Sb values as antimony was oxidized to its Sb5+

valence, while Roman glasses usually have antimony in its Sb3+ valence 
(Fig. 8). 

Metal: Copper-antimony alloys are much less commonly found in 
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prehistory than are copper-arsenic alloys, but are well represented in the 
Early Bronze Age (EBA) of Anatolia (Dardeniz, 2020) and Italy (Dillis 
et al., 2019), and in the extraordinary Chalcolithic hoard of cast copper 
alloys from Nahal Mishmar Cave, Israel. The latter objects are remark
able for their technical excellence, their very early date (4200-4000 cal 
BCE) and for the absence of sources of antimony (or antimonial copper) 
ores in the Levant (Tadmor et al., 1995). Antimony deposits are reported 
from Georgia, Anatolia and Armenia (Dardeniz, 2020). There has been 
no Sb isotopic data yet published for Chalcolithic or EBA copper alloys 
from Anatolia, nor from Nahal Mishmar. Metallic antimony beads have 
been recovered from the Chacolitihic of central Italy, and from the Late 
Bronze Age (LBA) of Georgia and Armenia. Degryse et al. (2015) have 
analyzed antimony slag from Georgia and a metallic antimony bead 
from Syria, and these results have been reinterpreted by Dillis et al. 
(2019) based on conclusions made from their fractionation experiments. 
Dillis et al. (2019) sampled Sb-rich items of archaeological jewelry from 
the Caucasus region, and results showed the expected isotopic shift to
wards lighter ε123Sb values because of the reduction of stibnite from an 
Sb3+ to Sb0 state. Both Dillis et al. (2019) and Degryse et al. (2020) 
argued for a provenance match to Georgian ore deposits for at least half 
of the jewelry when the − 3 ε123Sb fractionation offset from reduction is 
taken into account (Fig. 8). While this is certainly a likely conclusion 
given the catchment of possible ore deposits within reach of these sites 
and their social networks, there is as yet insufficient antimony isotope 
data on other potential sources of antimony, especially those of Turkey 
(Dardeniz, 2020). 

Reguera-Galan et al. (2019) also applied antimony isotopic analysis 
to complement their lead and copper isotopic study of Bronze Age Ibe
rian arsenical copper samples. ε123Sb values from their study appear to 
be randomly distributed and there are no ε123Sb data on ores from this 
region to compare them to. It is unclear if this variation of ε123Sb values 
is due to fractionation induced by procedural or metallurgical activities. 

Following Dillis et al. (2019, 11), we conclude that interpretations of 
antimony isotope data as fractionation caused by technological practices 
of glass opacification and antimonial metallurgy seem much more 
secure than as indicators of provenance, when we know so little about 
the range of isotopic values within and between antimony ore deposits. 
We also need further studies of the extent to which laboratory 

procedures and measurement may induce fractionation. 

3.6. Hg isotopes 

3.6.1. Geochemical and isotopic background 
Mercury (Z = 80) has seven stable isotopes (196Hg – 0.15%, 198Hg – 

9.97%, 199Hg – 16.87%, 200Hg – 23.10%, 201Hg – 13.18%, 202Hg – 
29.86%, 204Hg – 6.87%) (Hoefs 2018, 164). It is a very rare element 
(crustal abundance: 0.08 ppm), and has valences of − 1, 0, +1 and + 2. 
Archaeologically, it is most often noted as the blood red cinnabar (HgS), 
which was valued as a pigment in many regions, but especially in China, 
Peru and Mesoamerica. In each of these regions it is found especially in 
elite tombs. It also occurs in nature as a native metal, as halides, and as 
sulfosalts. An important technological innovation in the use of mercury 
occurred in 1550’s with the invention of the patio process in Mexico. 
This mixed liquid mercury with powdered ores of silver and gold. The 
mercury/silver/gold amalgam was easily recovered by washing away 
the silicate gangue, and the precious metals were then recovered by 
distilling off the mercury (Craddock 1995, 214–216; Nriagu 1993). 

3.6.2. Notations, standards, uncertainties 
Mercury stable isotopes are expressed in relation to the standard 

NIST SRM 3133 (Blum and Bergquist 2007). Reporting for this isotopic 
system is more complicated than for others, as natural materials may 
exhibit both mass-dependent and mass-independent variations in mer
cury isotope abundances. By convention, mercury isotope variations are 
reported in per-mil notation according to the equation below (where x is 
any mercury isotope with atomic mass between 199 and 204): 

δxHg‰ =

⎡

⎢
⎢
⎢
⎣

(
xHg

198Hg

)

Sample(
xHg

198Hg

)

Standard

− 1

⎤

⎥
⎥
⎥
⎦

*1000 

By convention, δ202Hg is used to denote mass-dependent fraction
ation. Mercury isotopes may also undergo mass-independent fraction
ation (MIF) by at least three different mechanisms (see Blum et al., 2014 
for a review). Although mass-independent variations have been 
observed for all isotopes of Hg, most natural materials only preserve MIF 
of the two odd-numbered isotopes 199Hg and 201Hg. MIF of mercury 
isotopes is reported using the capital-delta notation, ΔxHg, which is the 
difference between a measured δxHg and the δxHg value predicted by 
kinetic mass-dependent fractionation law. For values below 10‰, the 
following equation provides an adequate approximation of MIF12 

ΔxHg= δXHg −
(
δ202Hg×Z

)

For sediments and mercury ores, δ202Hg values typically range be
tween − 4.5 and 2.5‰ with errors between 0.01 and 0.6‰, and Δ199Hg 
typically ranges between − 0.5 and 0.5‰ with errors less than 0.1‰ 
(Blum et al., 2014; Cooke et al., 2013, 4182; Hoefs 2018, 164–168). 
Details on the range of mercury isotopic values measured in fish, moss, 
lichen, coal, and volcanic emissions can be found in Hoefs (2018), and 
references cited therein. 

3.6.3. Causes of fractionation 
Mass-dependent fractionation of mercury isotopes may occur as a 

result of almost any physical, chemical, or biological process (Bergquist 
and Blum 2007; Blum and Johnson 2017; Cooke et al., 2013, 4182; 
Hoefs 2018, 165–166). Large MIF in natural materials is usually 
attributed to photochemical processes (Bergquist and Blum 2007; Blum 
and Johnson 2017; Cooke et al., 2013, 4182; Hoefs 2018, 165–166). For 

Fig. 8. Dillis et al. (2019) indicate that pyrotechnological treatment of stibnite 
can fractionate (usually by 0.5–2.5 ε123Sb) the antimony isotopic signature, as 
Sb3+ was commonly oxidized to Sb5+ during the glass making process and Sb3+

reduced to Sb0 during the production of antimony metal. Dillis et al. (2019) and 
Degryse et al. (2020) argue that you can identify the provenance of glass and 
metal objects if you take a − 3 ε123Sb fractionation factor into account. We 
remain skeptical of this conclusion, however, due to isotopic overlaps between 
regions of interest, lack of isotopic data for many other antimony deposits, and 
potential for shifts in ε123Sb during in the making of glass and in the laboratory 
(Reproduced from Dillis et al., 2019, Fig. 8). 

12 Z in the MIF equation is a scaling constant dependent on the mercury 
isotope under investigation. Constant values can be found in Bergquist and 
Blum (2007). 
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reviews, see Blum and Johnson (2017) and Hoefs (2018). 

3.6.4. Applications 
Cinnabar: Cooke et al. (2013) applied mercury isotopic analysis to 

cinnabar sprinkled as grave offerings, and used as a pigment on ceramic, 
metal, and wood objects from the pre-Inca period (pre 1400 CE) to the 
colonial period (1532–1821 CE). Initial results from this study are 
complex and require additional investigation. Cinnabar ore samples 
from the Huancavelica mine in Peru produce a linear array13 (Cooke 
et al., 2013) (Fig. 9a) and mostly plot away from samples from Bolivia, 
Chile, Columbia, Honduras, and other parts of Peru. However, these 
other locations were limited to one sample per mine. If each of these is as 
variable in mercury isotopic values as Huancavelica, then the prove
nance postulate would be violated. Both colonial and pre-Incan objects 
plot within the Huancavelica ore grouping, but Incan cinnabar samples 
appear to come from an un-sampled source (or sources). Until other 
sources are fully characterized, these attributions must be regarded as 
tentative. Prieto et al. (2016) and Burger et al. (2016) built on this initial 
work with additional analyses of Peruvian pre-Incan archaeological 
samples, but they still relied on the few cinnabar samples analyzed by 
Cooke et al. (2013) for their interpretations regarding provenance. 

Mercury isotopic analysis has also been applied in the Old World, 
though not for analysis of inorganic materials. Emslie et al. (2015) used 
mercury isotopic analysis to investigate the high Hg concentrations 
observed in human bones from three Chalcolithic/Neolithic sites in 
southern Portugal. Their results matched the data field defined by Gray 
et al. (2013) for the Almadén mining district (Spain) and thus supported 
their argument that chronic exposure to mercury via mining and use of 
cinnabar can impart lasting biological markers in human bone. Impor
tantly, data from the Almadén mining district overlaps that of the 
Huancavelica (Peru) field defined by Cooke et al. (2013) (Fig. 9b). Large 
quantities of mercury were exported from Almadén to South America 
during the Spanish colonial period (Nriagu 1993), so further work will 
be needed to see if these sources can be distinguished by other methods. 

4. Conclusions 

This paper reviews applications of non-traditional heavy stable iso
topes in archaeological research on provenance and resource use. Ac
curate and precise measurement of these isotopes has only been possible 
since the advent of multicollector ICP-MS technology, and most of the 
papers reviewed here were published after 2010. Additional non- 
traditional stable isotopic systems of potential interest for archaeolo
gists include δ26Mg, δ30Si, δ66Zn, δ98Mo and δ60Ni. Thus far these iso
topic systems have only been applied in geochemistry, though Jaouen 
and Pons (2017) have considered how non-traditional isotopes 
(including some from this list) might be used in bioarchaeology. 
Devulder et al. (2013, 2014) have attempted to use boron (δ11B) isotopic 
analysis to provenance natron sources in ancient glass. Their results 
were largely inconclusive, as there can be more than one source of boron 
in the glass making process (e.g. both sand and natron). It is beyond the 
scope of this paper to provide detailed information on these systems, but 
researchers seeking further information should consult Hoefs (2018). 

None of the isotopic systems reviewed here have yet established 
themselves as reliable techniques for tracking the provenance of inor
ganic materials. We note a sharp contrast between the introduction of 
“traditional” isotopes for provenance studies in archaeology, and the 
introduction of the “non-traditional” isotopes. The former group were 
adopted in archaeology after they had been used for many years in ge
ology, so their mechanisms of fractionation and ranges of natural vari
ation were already well understood. The use of “non-traditional” 
isotopes in archaeology began before the range and causes of natural 

variation in these systems had been established by geologists. Archae
ologists also have to worry about fractionation induced by pyro
technological processing of these materials, which must be estimated 
through experimental reconstructions of these processes. In some cases, 
there are not even accepted international standard reference materials 
for isotopic analysis. 

There has been understandable excitement about the potential of 
these isotopic systems to answer long-standing archaeological questions 
that have resisted all other attempts to answer them. Tin isotopes were 
particularly attractive (Gale 1997) because they seemed to have the 
potential to solve a question that has been hotly debated in archaeology 
for more than fifty years. With the results from a well-funded European 
study now published (Berger et al., 2019) we can conclude that natural 
variation in tin isotopic ratios is not sufficient to allow tin isotopes to be 
used as a stand-alone method for provenance of tin and bronze, but that 
they are potentially a valuable complement to older methods, such as 
lead isotopes and trace elements (Artioli et al., 2020). Several studies 
cited in this review have conducted multi-isotopic investigations (e.g. 
Albarède et al., 2016; Baron et al., 2019; Desaulty et al., 2011; Desaulty 
and Albarède 2013; Klein et al., 2010; etc.), and we believe that their 
creative combination of isotopic systems points the way towards the 
future role of non-traditional stable isotopes. 

As far as copper and silver isotopes are concerned, we now know that 
variation within deposits (especially between hypogene and supergene 
mineral species) is greater than variation between them, so neither can 
be used to establish the provenance of archaeological or historical ma
terials. Copper isotopes have however become an established method for 
inferring whether a given artifact was smelted from carbonate/oxide/ 
hydroxide supergene ores, or sulfide ores from the zone of secondary 
enrichment (chalcocite) or the primary ores of the hypogene zone 
(chalcopyrite, bornite, etc.). This is a distinction of great importance for 
those who study prehistoric metallurgy (Killick 2014). It was recently 
shown that silver isotopes also fractionate during the weathering of 
hypogene to supergene ores, and we expect future silver isotopic studies 
to follow the lead of copper isotopic studies to infer the type of ore 
exploited for the manufacture of archaeological objects. Archae
ometallurgists have also been frustrated by the lack of established 
methods for establishing the provenance of iron, but it does not appear 
that Fe isotopes offer a solution to the problem. Although osmium iso
topes (Brauns et al., 2020), and laser-ablation ICP-MS chemical analysis 
of slag inclusions (Charlton 2015; Dillmann et al., 2017) may be able to 
distinguish between a limited number of local deposits, we do not 
believe that there will ever be a method that can reliably track 
long-distance trade of iron. The number of potential iron ore deposits is 
far too great for archaeologists to characterize them individually, and 
some types of iron ore (e.g. laterites and banded iron formations) may 
extend continuously over hundreds of kilometers. 

We are not yet in a position to judge whether antimony isotopes or 
mercury isotopes can become useful methods for archaeology. There is 
very little data as yet on the range of natural variation in Sb isotopic 
ratios, and there can be large fractionation effects when Sb is processed 
by pyrotechnology to make metal or glass. These effects are not yet fully 
understood. Mercury isotopes are certainly the most complex isotopic 
system of potential interest to archaeologists, as mercury forms a broad 
range of inorganic and organic compounds, and both mass-dependent 
and mass-independent fractionation occurs. We do not yet understand 
the implications of these for provenance, and in any case have very little 
data as yet on Hg isotopic variation within ore deposits. 

In order for meaningful archaeological provenance conclusions to be 
drawn, the following criteria must apply. Firstly, geological ore deposits 
need to comply with the provenance postulate, that there be greater 
variation between potential sources than within them. Copper, silver 
and iron fail this requirement, and there is insufficient data on variation 
within and between the ore deposits of the other isotopic systems dis
cussed here. Secondly, any fractionation produced by technological 
processes like smelting and glass making must be well understood 

13 It should also be noted that many ore samples were procured from museum 
collections without detailed information on geological contexts. 
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through experimental reproduction of those technologies. Thirdly, the 
laboratory procedures employed in the purification of samples for iso
topic analysis should not produce further fractionation, and fraction
ation within the ICP-MS instrument must be corrected for. Lastly, any 
inferences made about provenance, used of resources, or technology 
should be compatible with archaeological and other archaeometric ev
idence. None of the isotopic systems reviewed here yet meets all four of 
these requirements. 

Our major conclusion from this study is that none of these techniques 
is yet firmly established as a reliable, independent, technique for infer
ring the geological provenance of archaeological materials, but that 
some may provide reliable evidence on the types of minerals procured, 
and on human technological practice. “Non-traditional” stable isotopes 
can be creatively combined with “traditional” stable and radiogenic 
isotopes (e.g. Pb, Sr, Nd, Os), and with archaeological materials science, 
to infer both the geological provenance of raw materials and 

Fig. 9. Cooke et al. (2013) use mercury isotopic data 
to argue for the provenance of archaeological cinna
bar in South America. However, they relied on very 
few geological datapoints for their conclusions and 
did not properly identify the mercury isotopic distri
bution for most cinnabar deposits. When compared 
against the data presented in Emslie et al. (2015) it is 
clear that Huancavelica, Peru ore field overlaps with 
Almadén Mine, Spain and calls the conclusions of 
Cooke et al. (2013) into question (12a reproduced 
from Cooke et al., 2013, Fig. 2. 12b reproduced from 
Emslie et al., 2015, Fig. 4).   
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manufactured objects, and to more fully recreate human choices and 
technological abilities. In this sense, each approach is non-redundant, 
and all combine to afford a better understanding of the past. As more 
research floods into this new niche, we hope to see an influx of isotopic 
research engaging with anthropological questions aiming to reconstruct 
the social practices and technological styles of past miners, metal
workers, glassworkers, jewelers, and other craftspeople. These will 
complement provenance studies, which are better addressed with 
radiogenic isotopes and trace elements. 
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Unearthing Europe’s Bronze Age mining heritage with tin isotopes: a case study from 
Central Europe. Eur. Geol. 48. 

Prieto, G., Wright, V., Burger, R.L., Cooke, C.A., Zeballos-Velasquez, E.L., Watanave, A., 
Suchomel, M.R., Suescun, L., 2016. The source, processing and use of red pigment 
based on hematite and cinnabar at Gramalote, an early Initial Period (1500–1200 
cal. BC) maritime community, north coast of Peru. J. Archaeol. Sci.: Report 5, 45–60. 
https://doi.org/10.1016/j.jasrep.2015.10.026. 

Reguera-Galan, A., Barreiro-Grille, T., Moldovan, M., Lobo, L., de Blas Cortina, M.Á., 
García Alonso Ji, 2019. A provenance study of early bronze age artefacts found in 
asturias (Spain) by means of metal impurities and lead, copper and antimony 
isotopic compositions. Archaeometry 61 (3), 683–700. https://doi.org/10.1111/ 
arcm.12445. 
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