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Incomplete data
According to a recent meme, there are two types of people in this world: 1) Those 
who can extrapolate from incomplete data.

This is obviously flippant. Nonetheless, archaeology has no choice but to 
deal with incomplete data, and it could be argued that it became an academic 
discipline because of it. Archaeological science attempts to increase the amount 
of archaeological data. Analysing the chemical compositions of artefacts, for 
example, can provide information about objects that were invisible to the people 
who made them.

More data, however, can lead to competition between data types. For example, 
A. Bernard Knapp (2012, 14–25) provides an illustrative example of a copper axe/adze 
(KM 457) and a piece of copper ore (KM 633) found at Kissonerga-Mosphilia (Late 
Chalcolithic/Pre-Bronze Age 1), a site which provided crucial data for the earliest 
stages of indigenous metalworking and casting activities in Cyprus. Lead isotopic 
analyses (LIA) conducted on the ore were consistent with Cypriot sources, but the 
copper axe was not (Gale 1991; Fig. 6.1). The axe’s LIA signature does not overlap with 
Cypriot ores. It falls within hand-drawn and constructed ellipses but not within the 
kernel density estimates (KDE) that aim to represent Cyprus’ LIA ore field; in fact, it 
lies closer to the ores of the Troad in northwest Anatolia (Pernicka et al. 1984, 557–558; 
Wagner et al. 1985; Wagner et al. 1986; Gale 1991). Three years after the initial study, 
Zofia Stos-Gale and Noel Gale (1994) published a LIA data point for ore from Akoursos 
in the west of Cyprus (an area with known deposits of copper and malachite), just 
inland from Kissonerga, which plots midway between KM 457 and the Cypriot ore 
field. This new information was used to support that copper ores in Cyprus could 
have been exploited outside the Troodos belt and that the Kissonerga axe (KM 457) 
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was made from local ores, thereby 
negating the need for a foreign ore 
source requiring foreign contacts.

Axe/Adze KM 457, however, is 
considered typologically distinct 
within Cypriot metalwork: it has a 
significantly broader butt than the few 
known early axes from Cyprus, which 
suggests that it may not be Cypriot 
(Dikaios in Gjerstad 1972, fig. 84; 
Stewart in Gjerstad 1972, 249). In fact, 
in terms of size, it falls comfortably 
within the range of those found in 
the Aegean (Croft et al. 1998), thereby 
supporting a north Anatolian origin.

T h i s  e x a m p l e  h i g h l i g h t s 
that different types of data can 
be in conflict. It also shows that 
the same type of data, in this 
case LIA measurements, can be 
interpreted differently, particularly 
for provenance investigations. 
Furthermore, ruling one location 
out does not mean necessarily 
that the other should be ruled 
in, particularly when there are 
differences in the amounts of LIA 
sampling that make the number 
of viable alternatives difficult to 
determine without archaeological 

evidence. Disagreements over the provenance of KM 457 have yet to be resolved.
Hierarchy among data can also manifest itself in the methods of measurement and 

the analytical procedures applied to interpret the data they generate. For instance, 
Noel Gale et al. (2003) dealt with discrepancies in LIA measurements of Bulgarian 
ores, between those measured by the Oxford group and those by another laboratory 
(Amov et al. 1979), by only including data which clustered with their own. This was 
classified as ‘safe practice’ (Gale et al. 2003, 155). However, neither Amov’s laboratory 
nor the Oxford group found the extreme spread of data that was found in a third 
dataset by the Mainz group (Pernicka et al. 1993): that for Rudna Glava, attributed to 
a wide range in the U/Pb ratio of these ores. As the Oxford and Mainz groups took 
samples from different parts of the same shaft in the mine, the differences in values 
suggested that there were large differences in LIA measurements within one mine.

Fig. 6.1 LIA plot showing a copper axe/adze (KM 457) 
(large filled circle) and a piece of copper ore (KM 633) 
(large filled square) found at the Kissonerga-Mosphilia 
(Late Chalcolithic/Pre-Bronze Age 1), Cypriot ores (small 
filled circles) (OXALID 2022), ore from Akoursos (large 
filled triangle) (Stos-Gale and Gale 1994, 107) and ores 
from north western Anatolia (open diamonds) (Wagner 
et al. 1985). The contours represent the kernel density 
estimate for the Cypriot ores. The ellipse drawn around 
the Cypriot ore dataset includes all LIA ore data, but 
it also includes areas without ores, thereby losing its 
discriminatory power. Note that 204Pb values were not 
available for the Akoursos ore, the copper axe/adze (KM 
457) or the copper ore (KM 633).
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The issue here is not that different research groups using different instruments can 
produce conflicting results (unfortunately, this is common), but that these differences 
can threaten the provenance postulate (that is, variation within a source should not 
be greater than the variation between sources; Fig. 6.2) and, therefore, the application 
of LIA to trace objects to their geological sources. As there was less variation in the 
Oxford group’s measurements than the Mainz group’s, it was considered that the 
Oxford group’s samples might have been contaminated with exogenous lead prior 
to arriving at the laboratory (Gale et al. 2003, 156).

Nonetheless, the differences in the results obtained for the Bulgarian ores highlight 
that placing too much emphasis on one type of data can be problematic. This is 
particularly evident in the research conducted on the ritual bronzes of the Chinese 
Shang dynasty (c. 1500–1046 BC), which identified sources in Africa as a probable 
region for their provenance, by matching highly radiogenic LIA signatures (Sun et 
al. 2016; Sun et al. 2018). This radical proposition has been strongly refuted by other 
researchers (Liu et al. 2018a; 2018b) applying archaeological and geological data (and 
by recognising that the distance travelled was probably prohibitive for this Bronze 
Age society). Furthermore, a recent multivariate approach (Wood and Liu 2022) that 
analysed both lead isotopes and elemental data from these ritual bronzes has shown 
that interpretations emerging from LIA and elemental data are in conflict: whereas 
lead isotope analyses can suggest various origins around and beyond China, elemental 
analyses suggest that the same ore deposits were exploited throughout the Chinese 
Bronze Age – potentially ore deposits that lie within the heartland of the Shang and 
Zhou dynasties. In effect, if there is systematic zoning of radiogenic and common lead 
within a deposit (Cannon et al. 1963), any change in isotopic signature could simply 
mark the expansion of mining in the same deposit rather than signalling changes 
in geographical location (Wood and Liu 2022); that is, lead isotopes can lose their 
discriminatory power to provenance from ore to object.

Recycling
Matching chemical signatures can be further complicated by recycling. Until recently, 
recycling was regarded as being not particularly significant in prehistory. For example, 

Fig. 6.2 Distributions of a continuous trait: a) the variance within groups is greater than the variance 
between groups; b) the variance between groups is greater than the variance within groups.
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the practice of burying silver objects with their owners, thereby removing silver from 
circulation, was believed to have sustained a demand for new silver during the Aegean 
Bronze Age (Gale and Stos-Gale 1981). Furthermore, isotopic matches between oxhide 
ingots recovered around the Mediterranean and copper ore sources in Cyprus were 
considered sufficient to negate the possibility that similar signatures could emerge 
by mixing metals from different sources (Gale 2001). Recycling was also the first 
hypothesis to be rejected in favour of an assumed chemical compositional profile of 
an unprovenanced geological source to explain the presence of cobalt-copper glass in 
Egypt and Mycenae (Smirnou and Rehren 2013). As Mark Pollard et al. (2018, 38) highlight, 
many studies ‘have either ignored completely the potential complexities arising from 
the mixing or recycling of metal from different sources, or have acknowledged that 
such practices would invalidate the simple hypothesis of provenance, but have then 
largely dismissed the problem.’

Recycling is difficult to identify when mixing is involved. However, examination 
of continuous data, such as chemical and isotopic data, can be used to identify 
mixed signatures associated with episodes of recycling. Nonetheless, despite being 
common in the archaeological literature, care must be taken with bivariate plots of 
elements and compounds used to identify mixing lines, as their application can lead 
to erroneous interpretations (Wood 2022).

To demonstrate this point, the bivariate plot shown in Figure 6.3 plots iron oxide 
against silica for glazes from Parthian and Sasanian glazed pottery (Wood and Hsu 
2020). As these glazes are from many different archaeological sites, they are unlikely 
to have derived from the same melting pot. Nevertheless, a linear relationship can 
emerge (Fig. 6.3). Here, the three graphs plot exactly the same data (FeOwt% vs 
SiO2wt%): the first plot closes the data to 1 (or 100%) for the following variables 
(SiO2, Al2O3, FeO, MgO, CaO, K2O and Na2O); the second plot closes the data around 
the first four oxides (SiO2, Al2O3, FeO and MgO); and the third plot closes the data 
around the two plotted variables (SiO2 and FeO). The plots clearly show that closing 
a sub-composition does not necessarily produce similar or compatible patterns, even 
if some of the components are irrelevant to the variables being studied. This occurs 
because of a geometrical artefact of compositional data: the relationship between 
variables is not a real relation but one which is compelled, i.e. as the proportion 
of one component increases, the proportions of other components must decrease, 
which in the extreme case of a two-component system would always result in a 
correlation coefficient of -1. Although this ‘spurious correlation’ (Chayes 1949) may 
seem evident to many researchers, it is perhaps worth reiterating that it means that 
any regression lines drawn to represent the interaction between the two components 
(in this case SiO2 and FeO) cannot be trusted, i.e. such an induced correlation may 
conceal true relationships among variables. Furthermore, the plots highlight that 
absolute compositional percentages are difficult to compare when different numbers 
of components are analysed. This issue has been approached by applying logratio 
analysis (Wood and Greenacre 2020).
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In addition to issues surrounding mathematical operations of closure or 
normalisation, linearity can emerge erroneously from plotting mathematically 
inconsistent combinations of compositional variables. Figure 6.4 shows data plotted 
by Ian Freestone (2015) for one of the few large sets of data from the Roman period 
that include analyses from a single archaeological assemblage of both antimony- and 
manganese-decolourised glasses, together with green-blue glasses (Silvestri 2008; 
Silvestri et al. 2008). This assemblage is the glass in the cargo of the lulia Felix, a ship 
that sank in the Adriatic in the 2nd or 3rd century AD.

On first inspection, the plot of MnO/(Sb2O3+MnO) vs. Al2O3 produces what Freestone 
(2015) considered to be a mixing line between batches of low-alumina-antimony 
decolourised glass and high-alumina-manganese decolourised glass (Fig. 6.4). However, 
there is no reason for the percentages of decolourisers in glass to add up to a unique 
value, which makes limiting values difficult to interpret: that is, if MnO approaches 
zero, MnO/(Sb2O3+MnO) approaches zero, regardless of the amount of Sb2O3; similarly, 

Fig. 6.3 Plots of glaze legacy data normalised to 1 (or 100%): closed around seven oxides (left), four 
oxides (middle) and two oxides (right). Note the change in scales and the emergence of linearity in 
the data as the number of elements used to close the data decreases. Refer to Wood and Hsu 2020 for 
details regarding the legacy data.
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when Sb2O3 approaches zero, MnO/(Sb2O3+MnO) will always approach 1, regardless of 
the amount of MnO. Furthermore, when the denominator is zero, the limiting value is 
undefi ned. In eff ect, although mixing may have occurred, forced linearity can aff ect 
archaeological interpretations as it could imply, perhaps incorrectly, the mixing of two 
components (or batches) rather than simply non-structured variation.

To address issues such as these, compositional data can be combined with 
lead isotope analytical data as both can refl ect episodes of recycling but are not
interdependent. For example, silver is often geologically associated with low 
concentrations of gold which, due to its chemical inertness, can survive silver smelting 
and refi ning operations. Moreover, silver is often geologically linked with lead, and 
lead is often used in silver extraction and cupellation. The isotopic signatures of the 
lead and the concentrations of gold associated with silver can therefore be used to 
provenance silver (Wood et al. 2019).

This method of combining compositional data and LIA data has been used to 
investigate silver from Iron Age hoards in the southern Levant (Fig. 6.5) by applying 
the following strategy (Wood et al. 2017; Wood et al. 2019): (1) LIA values are used to 
calculate the Pb crustal age (also known as the model age) of the ore, measured in 
millions of years (Ma), from which the silver (or, more correctly, the lead associated 
with the silver) derived; this age is then (2) plotted against the levels of gold found in 

Fig. 6.4 Proportions of manganese and antimony in the glass of the Iulia Felix versus the alumina 
content. The data was considered to show a mixing line between the low-alumina antimony-decolorised 
glass and the high-alumina manganese-decolorised glass (Freestone 2015). Data from Silvestri 2008 
and Silvestri et al. 2008.
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silver, given that gold is a useful geological indicator for a silver source as it is likely 
to survive silver processing. This approach allows two types of data to be plotted 
together, providing two parameters which would encourage any variation due to the 
mixing of components to form mixing lines. In effect, since time (Pb crustal age) and 
concentration (Au/Ag) are linear variables, linear mixing lines should emerge when two 
components are mixed. In effect, if it is assumed that endmembers are non-recycled 
silver (which, in some cases, can be related to archaeologically attested locations that 
produced silver), the relatively linear lines represent mixtures of these components.

Recycling and silver isotopes
Recently, archaeological science has approached silver coinage through the lens of 
geological provenance (e.g., Birch et al. 2020; Albarède et al. 2021; Milot et al. 2022; 
Vaxevanopoulos et al. 2022). However, as with the hacksilver from the southern Levant 
in Figure 6.5, it needs to be recognised that any object which could be thrown back 
into a melting pot might have been recycled before it entered the archaeological 

Fig. 6.5 Au/Ag × 100 versus Pb crustal age (Ma) for the Late Bronze Age/Early Iron Age silver hoards of 
the southern Levant. The density map at around 380 Ma is derived from compositional data (measured 
by ED-XRF) (OXALID 2022) and lead isotope data for Bronze Age silver found in Iberia (Bartelheim 
et al. 2012; Murillo-Barroso 2013; Comendador Rey et al. 2014, 285–308; Murillo-Barroso et al. 2015). 
For further details refer to Wood et al. 2019.
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record. Furthermore, an archaeological artefact made from recyclable material, 
such as glass or metal, may neither be the original object nor resemble it, with the 
consequence that a successful ancient recycling economy can become invisible when 
recycling is synonymous with re-melting rather than reuse (Freestone 2015; Ponting 
and Levene 2015).

Silver isotopes have been proposed as possible geochemical tracers of silver for 
silver coinage (e.g., Desaulty et al. 2011, Albarède et al. 2016; Vaxevanopoulos et al. 
2022) in part because lead used for refining silver does not necessarily derive from the 
same location as the source of the silver (that is, LIA signatures are likely to reflect 
the source of the lead rather than the source of silver). Unfortunately, Ag isotopic 
variation appears to be controlled by ore genesis rather than geology (Arribas et al. 
2020), making them of marginal interest for provenance studies (Milot et al. 2022). 
Despite this limitation, some research groups have continued to pursue silver isotopes 
for provenance investigations (Albarède et al. 2021; Eshel et al. 2022; Vaxevanopoulos 
et al. 2022). Galena ores from Iberia, for example, have been proposed by Jean Milot 
et al. (2022) as the source of silver for Roman denarii of different origins and ages of 
minting, based on the narrow range of ɛ109Ag (that is, the deviation per 10,000 of the 
109Ag isotope of a given sample relative to the U.S. National Institute of Standards and 
Technology [NIST] 978a Ag standard), compared to the wider range of ɛ109Ag in silver-
bearing base metal (Pb, Zn, and Cu) ores. Concentrations of antimony, bismuth, and 
arsenic in the silver coins, which have been attributed to pre-existing galena acting 
as a trap for fluids containing these elements in argentiferous ores (Milot et al. 2022), 
have been considered to further support this provenance.

Despite the application of two types of data (isotopic and elemental), this geological 
mechanism perhaps becomes moot when archaeological/historical evidence and 
recycling is taken into consideration. First, although it is well-known that Iberia was 
a major source of silver for the Phoenicians, Carthaginians and Romans, silver was 
derived from deposits of silver-bearing jarosite ore (especially around the mining 
region of Riotinto in southwest Iberia) rather than solely argentiferous lead ores, such 
as galena (e.g., Rothenberg and Blanco-Freijeiro 1981; Hunt Ortiz 2003; Anguilano et al. 
2009; Murillo-Barroso et al. 2015; Wood and Montero-Ruiz 2019). Roman lead ingots 
stamped with the Cartagena mark (Salkield 1982, 137–147; Salkield 1987, 15), some 400 
km away in southeast Iberia, recovered at Riotinto and production slag (Anguilano 
2012) exhibiting a potential influence of a Cartagena LIA signature, support that lead 
was added to these lead-poor jarosite ores to extract silver.

Second, silver was often debased with copper to make coinage (Butcher and 
Ponting 2015). This debasement process could have conceivably introduced antimony 
and arsenic into the silver if the copper derived from fahlore (that is, a solid solution 
of tetrahedrite Cu12Sb4S13 and tennantite Cu12As4S13; Pernicka et al. 2016). Moreover, 
concentrations of bismuth in silver coinage are perhaps better explained by 
recognising that the lead used in the cupellation process to refine silver can contain 
bismuth (L’Heritier et al. 2015).
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Third, and perhaps most significant, silver coinage was most likely recalled, 
reminted, and reissued (Butcher and Ponting 2015). Mixing of silver and/or silver 
coinage would have affected elemental and isotopic signatures. Figure 6.6 presents 
changes associated with mixing for any continuous variable (Perreault 2019) and 
highlights that the provenance postulate (Figs 6.2a and 6.2b) can be affected by mixing. 
Figure 6.6a shows that if silver and/or silver coins all derived from one silver source 
and were smelted and refined using the same raw materials over time, the mean 
would remain relatively constant after recycling, even if differences in processing 
(e.g., between batches) caused fluctuations in the variance of the distributions. In fact, 
a stable mean but changing variance would result in a time-averaged distribution in 
which the central values are overrepresented. However, if silver coins from different 
origins were mixed together (perhaps during reminting and/or debasement), the 
mean values of the coins would likely fluctuate over time and the variance in the 
time-average assemblage would be much larger than it ever was at any single point 
in time (Fig. 6.6b): that is to say, even for a constant variance, the distribution of the 
mixture would be wider, flatter and converging to a uniform distribution. The mean 
of this mixture would lie between the means of the individual batches.

Essentially, recycling can explain the narrow range of silver isotope values with 
respect to the standard (that is, ɛ109Ag) not only for Roman coins (Milot et al. 2022) 
but also for Hellenistic, medieval and modern silver coins and hacksilver (Desaulty 
et al. 2011; Desaulty and Albarede 2013; Albarède et al. 2016; Albarède et al. 2021; Milot 
et al. 2021; Eshel et al. 2022; Milot et al. 2022; Vaxevanopoulos et al. 2022) which all 
report ɛ109Ag values that have narrower ranges than those reported for hypogene and 
supergene ores (Mathur et al. 2018; Arribas et al. 2020). This would cast doubt on the 
regions in Iberia identified for the provenance of the silver used for Roman coinage 
(Milot et al. 2022), or at least the procedure used to arrive at this provenance.

In summary, refining, debasement, and recycling of silver coinage would potentially 
negate the need for a geochemical mechanism to explain the concentrations of 

Fig. 6.6 Mixing increases variance: a) a stable mean and fluctuating variance (i.e., the mean of the 
mixture remains constant); b) a fluctuating mean and stable variance (i.e., the means of the individual 
groups converge in the mixture). (Adapted from Perreault 2019, fig. 3.12).
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antimony, arsenic and bismuth, and the narrow range in the silver isotopic signatures 
of coins compared to those found in argentiferous ore deposits. To some extent, the 
issues raised here regarding the interpretation of silver isotopes when recycling is 
involved are similar to those levelled against lead isotopes over 40 years ago.

Approaches to dealing with recycled objects
Recycling is now being addressed by not focusing exclusively on the provenancing of 
objects (Pollard et al. 2018) and through the development of theoretical frameworks 
which advocate the inclusion of the mutability of artefacts in the chaîne opératoire 
(Sainsbury et al. 2021). Nonetheless, before any discussion can be held on the 
motivating factors for and the implications of recycling, it is necessary to identify 
whether the artefacts, which provide evidence for such discussions, have been 
recycled or not.

There are two main ways in which archaeology can approach recycling: the first 
is to identify material that is out of place in an archaeological context which can be 
deduced to have been recycled; the second is by investigating the recycling event 
(such as those events suggested by the emergence of mixing lines in Figure 6.5), as 
episodes of recycling can result in the deliberate or accidental introduction, dilution, 
and loss of components compared with those in the original object. Both scenarios 
require that something is known about the original non-recycled material, such as its 
chemical composition (often referred to as an endmember when discussing recycling 
in terms of mixing) before it can be suggested that recycling must have occurred.

Out-of-context material
An example of an out-of-context material is that of Roman glass being recycled and 
reused to glaze Parthian pottery. First, the archaeological context supports that this 
process could have occurred: Parthian glazed pottery was recovered at the Roman 
military outpost of Ain Sinu in northern Mesopotamia (modern-day Iraq), which was 
contested territory for both the Parthian and Sasanian empires and was occupied by 
the Romans between AD 197 and 364 (Oates and Oates 1959). Second, some of the 
Parthian glazes recovered at this site exhibit not only different chemical compositional 
signatures to other Parthian and Sasanian glazes (Fig. 6.7a–c) but also have similar 
compositions to Roman glass (Table 6.1); that is, since Roman glaze production used 
lead-based glazes (Hatcher et al. 1994; Walton and Tite 2010), this would indicate that 
Roman natron glass was recycled to glaze Parthian pottery.

The analyses of the glaze data are presented elsewhere (Wood and Hsu 2020; Wood 
and Greenacre 2021). However, it is perhaps the differences between Roman glass and 
the glazed pottery that are most relevant to recycling. The K2O concentration is several 
times higher in the ‘natron’ glazes than for Roman glass. This could indicate that 
another source of potash entered the glaze systems, other than that associated with 
plant ash used for Mesopotamian glazed pottery, i.e., a source unrelated to the initial 
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composition of the glaze. Sarah Paynter (2009) suggests that differences between 
Mesopotamian glasses and glazes could be a consequence of contamination from fuel 
ash or vapour, especially hard-wood fuel. Since glazes have a higher surface area-
to-volume ratio compared to glass heated in a crucible, ash or vaporised potassium 
compounds are more likely to affect the composition of a glaze by adhering to the 
molten surface. This would suggest that levels of K2O in the glazes investigated (legacy 
and Ain Sinu glazes) could be a consequence of potassium compounds from the plant 

Fig. 6.7 (a–c) Logratio plots of the glaze compositions for the legacy data and the Ain Sinu glazed 
sherds. (d) is a bivariate plot of K2O (potash) vs. MgO (magnesia). Open circles are from the legacy 
data. Triangles show the samples from Ain Sinu (Wood and Hsu 2020). Open triangles are those glazes 
from Ain Sinu which appear to have been fluxed using natron, i.e., Roman glass.

Table 6.1 Composition of typical Roman glass (Freestone 1991) with Sb2O5 values from Jackson and 
Paynter (2016) and the mean compositions of the three ‘natron’ samples which fall outside the legacy 
data bands and the remaining five samples from Ain Sinu (Fig. 6.7). n denotes the number of sherds. 
BDL denotes levels below the detection limit. Note the similarity between the Ainu Sinu ‘natron’ glazes 
and the typical composition of Roman glass for these oxides, apart from K2O.

Na2O MgO SiO2 K2O CaO Sb2O5

Typical Roman glass (Freestone 1991) 16 0.5 68 0.5 8 0.54

Ain Sinu ‘natron’ glazes (n=3) 12.88 0.92 68.10 2.68 8.56 0.41

Ain Sinu (n=5) 11.93 3.08 64.84 3.86 6.97 BDL
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ash flux and the type of fuel used in Parthian and Sasanian kilns. This is supported 
by the invariance of K2O with increasing concentrations of MgO on a bivariate plot 
for the legacy data and the majority of the Ain Sinu glazes (Fig. 6.7d). Essentially, the 
contamination argument outlined above could suggest that the three ‘natron’ samples 
(open triangles in Fig. 6.7) were produced in the same tradition as the other glazes, 
but that the starting composition of the glass was different to the other glazes from 
Ain Sinu and to those of the legacy data.

To some extent this scenario feeds into the theoretical approaches on mutability 
(Sainsbury et al. 2021), in that changes in function can be viewed through variation 
in chemical markers that occur during recycling (in this case, increases in K2O with 
the change from glass to glaze) in a similar fashion to how volatile compounds such 
as arsenic compounds found in copper alloys (McKerrell and Tylecote 1972; Bray and 
Pollard 2012) and in cobalt-blue glass (Wood and Hsu 2019) can be lost on remelting. 
In effect, the three samples from Ain Sinu started out with lower concentrations of 
K2O (because they are Roman glass, fluxed using natron) but were contaminated with 
K2O because they were produced in the same tradition as the other glazes.

The presence of Roman glass reapplied as a glaze on Parthian pottery is a good 
example of a material which is out of context and provides convincing evidence that 
glass was being recycled at Ain Sinu. In fact, if Parthian potters had not used Roman 
glass, it would have been much more difficult to identify that recycling had occurred. 
As only eight samples from Ain Sinu were offered by the British Museum for testing, 
it could be argued that the data generated from these few samples should be used to 
support a larger study. However, it is perhaps here that archaeological science needs to 
resist attempts to create a series of compositional typologies for materials from various 
chronologies and regions; that is, instead of searching for artefacts that support the 
hypothesis that ‘all swans are white’ (Popper 2002, 82–83) it may be better to look for 
the ‘black swan’ and recognise that ancient recycling will disturb any attempts at neat 
categorisation. In effect, archaeological science might be better utilised to investigate 
the repercussions of exceptions. For instance, extending recycling from Roman glass 
to indigenous glass production could provide an additional reason to weathering of 
glass as to the relatively low numbers of Parthian and Sasanian glass artefacts in the 
archaeological record (that is, each glass vessel could have been recycled to glaze two 
or three pots of equivalent size). Furthermore, evidence of recycling indicates that 
glass and glaze were regarded as the same material in Mesopotamian production and 
that potters made their own frit specifically to glaze pottery, with recycling potentially 
reflecting interruptions in supply chains from, as yet undiscovered, glass production 
sites in Mesopotamia.

Recycling with mixing
Variation in compositional data of artefacts can be interrogated using histograms 
(e.g., Pollard et al. 2019; Wood and Hsu 2019), with the caveat that samples must derive 
from many different objects. This condition may sound trivial; however, differences 
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in compositional signatures from, say, sherds of glass or glass beads found in the 
same context are unlikely to represent variation related to provenance or recycling 
but to represent variation in processing within a batch. Furthermore, the underlying 
assumptions behind distributions can affect the identification of recycling, as 
mixing affects distributions by increasing variance (Perreault 2019). This increase is 
potentially irrespective of whether mixing was a consequence of an ancient melting 
pot (Fig. 6.6) or whether archaeologists combine artefacts from several contexts into 
one mixed assemblage after excavation. If several archaeological contexts deposited at 
different points in time are analysed together, the variance within each chronological 
context will collapse into the variance that exists between chronological contexts. In 
fact, a similar increase in variance would happen if the same process occurred when 
different locations (perhaps on the same site) were combined, that is, different areas 
with different means and/or variance from the same chronological setting. Essentially, 
an archaeologist measuring and recording a continuous trait, such as the diameter, 
weight, or chemical composition of artefacts etc., may combine different contexts, 
probably inadvertently, in the analysis. The greater the between-contexts variance, the 
more inflated the variance would be when assemblages are mixed together (Fig. 6.6b). 

A punctuated shift in the mean or a gap in the sequence of mixed contexts, 
however, would lead to a bimodal distribution. Figures 6.8a and 6.8b show slow change 
punctuated with a period of rapid change. For compositional data, this means that 
if it can be assumed that punctuation is not a consequence of missing data (i.e., the 
absence of part of the sequence), a bimodal distribution for compositional data could 
suggest a sudden change in recipe.

The following histograms (Fig. 6.9) plot cobalt-blue glass from New Kingdom 
Egypt (Wood and Hsu 2019), showing a very similar pattern to those in Figure 6.8. 
The upper plot shows 30 compositional analyses from Abe et al. (2012): 26 different 
18th-Dynasty objects from museum collections in Japan, provenanced to Malkata 
and Amarna, and four 18th-Dynasty objects recovered at the site of Dashur. The 
lower figure plots 20 compositional analyses from different objects from 19th–

Fig. 6.8 Mixing increases variance in archaeological assemblages: a) Noncontinuous time averaging; 
b) Slow change with punctuated period of rapid change (adapted from Perreault 2019, fig. 3.12).
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20th-Dynasty contexts at Dashur. 
Although differences in composition 
between the two periods have been 
attributed to the exploitation of a 
new cobalt source in the 19th Dynasty 
(Abe et al. 2012), it is proposed that 
glass recycling is perhaps a more 
parsimonious interpretation. 

Figure 6.9 (upper) shows that the 
distribution of cobalt oxide concentration 
in the 18th-Dynasty glass appears to be 
bimodal, with the lower peak having 
about half the CoO level of the higher 
peak. The 19th–20th-Dynasty glass 
(Fig. 6.9 – lower) has a distribution which 
is similar to the lower peak of the 18th-
Dynasty cobalt-blue glass. Assuming that 
the bimodality is not due to missing data 
(which seems a reasonable assumption 
for sites which have been thoroughly 
excavated), this could suggest that 
the original glass was the higher peak 
in the upper plot (i.e. the peak with a 
mean around 0.16wt%CoO), which was 
diluted in a 1:1 ratio with a base glass 

(i.e. glass without cobalt colourant) thereby diluting the amount of cobalt in the mixture 
to about 0.8wt%CoO. The 19th–20th-Dynasty glass objects were potentially made from 
this mixture (or perhaps from a 1:1 dilution of remelted glass from both distributions 
found in 18th-Dynasty contexts with a base glass). This dilution is also reflected in the 
concentrations of other oxides associated with the colourant, such as NiO and MnO 
(Wood and Hsu 2019). In effect, this bimodal distribution would be consistent with a 
recycling process which also included dilution. Although such dilutions were probably 
derived empirically, it is interesting to note that the cobalt level in the glass from 19th–
20th-Dynasty Dashur (average CoO = 533ppm) was around the lower limit to maintain 
a rich, deep blue (Henderson 2000). This fits well with the narrative that glass was not 
produced in significant amounts after c. 1250 BC (Shortland 2016, 95), with glassmakers 
reducing the levels of cobalt through dilution with a base glass to the point where the 
colour was still effective. Recycling is also supported by broad distributions of PbO and 
Sb2O3, which indicate unintentional mixing due to the failure to separate all the white 
opaque glass (calcium antimonate) as well as yellow glass (lead antimonate) from cobalt-
blue glass during recycling (Wood 2022). 

Fig. 6.9 Frequency histograms of the cobalt oxide 
(CoO %) in cobalt-blue glass from Egypt in the 18th 
and 19th–20th Dynasties. Data from Abe et al. (2012). 
The upper plot exhibits a bimodal distribution 
with the higher peak having about twice the 
concentration of CoO as the lower peak from the 
18th-Dynasty objects. The 19th–20th-Dynasty cobalt 
glass has similar levels of CoO to the lower peak from 
the 18th-Dynasty cobalt glass.
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Essentially, the compositional data suggests recycling and dilution (and its 
associated accidental introduction of contaminants) rather than a deliberate reduction 
in the amounts of cobalt added to new glass in this later period. It would also suggest 
that certain Egyptian and Mycenaean blue glasses, which have both copper and cobalt 
as colourants, are not deliberate mixtures to produce specific shades of blue or due to 
compositional variability in the geology of the colourant source (Smirnou and Rehren 
2013) but rather the accidental mixing of different types of blue glass during recycling. 

This mechanism further indicates that recycling became necessary in New Kingdom 
Egypt and that the change in composition of cobalt-blue glass was not because a new 
source of cobalt was exploited in later periods (Abe et al. 2012) but because cobalt 
sources were no longer available to provide the colour cobalt-blue. In effect, if a source 
was no longer available, but cobalt glass continued to be used, and a new source was 
not exploited, then recycling must have occurred. This would question conventional 
wisdom concerning the accepted sources of cobalt for the New Kingdom period, that 
is the Kharga and Dakhla Oases of Egypt’s Western desert (e.g., Kaczmarczyk 1986, 
369–376; Shortland 2000; Rehren 2001), and raise the possibility that less local sources 
were used (e.g., Lucas 1962;  Dayton 1981; 1993; Stern and Schlick-Nolte 1994; Lee and 
Quirke 2000, 111; Wood and Hsu 2019) which would have been more susceptible to 
interruptions due to changes in the political landscape affecting supply chains.

Other compositional investigations such as those conducted by Varberg et al. 
(2015; 2016) demonstrate that glass of Mesopotamian origin reached Egypt. However, 
it is perhaps the archaeological evidence in Egypt that tips the balance regarding 
the provenance of the cobalt-blue colourant used for New Kingdom Egyptian glass. 
The Hall of the Annals at the Temple at Karnak, in Thebes, has a scene on one wall 
depicting Thutmosis III’s spoils from his successful campaigns in the Levant and Syria 
(Fig. 6.10), including gold, silver and glass (Sherratt and Sherratt 1991), with glass 
referred to as ‘stones of casting’ in the Amarna letters. Three baskets are dark-blue, 
and their contents are depicted in two forms: one basket has five round objects, the 
other two are baskets of irregularly shaped lumps. The round objects appear human-
made and are potentially dark-blue glass ingots (Shortland 2012, 140–145). Although 
one of the baskets with irregularly shaped lumps could be lapis lazuli, the second is 
denoted differently, which suggests that it is not lapis lazuli but is also dark-blue glass.

Concluding remarks
The main point made in this article is that recycling needs to be considered before any 
type of archaeological data is extrapolated to make interpretations about societies, 
economies, and trade, even though it can make interpretations less definitive. As 
Perreault (2019, 2) puts it, ‘archaeologists often settle on an explanation on the sole 
basis it can be made consistent with their data, thereby ignoring the fact that there 
are a number of alternative explanations that are just as consistent with the data.’ It 
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Fig. 6.10 (upper) Depiction of the Hall of the Annals scene at Karnak showing the tribute given by 
Thutmosis III to the temple. (lower) Close-up showing baskets of glass and precious stone. The scene 
reads right to left: basket 1 with the five round objects is at the far right with two baskets of irregularly 
shaped lumps to its left (adapted from a drawing in Wreszinski 1931). See also https://www.flickr.
com/photos/manna4u/20629027214/in/photostream.

is clear that without considering recycling, the numbers of alternative explanations 
required for blurred elemental and isotopic signatures increases dramatically. 
However, this blurring cannot be attributed solely to variation in the signatures 
of geological sources; that is, although it may be possible to match the analytical 
signature of an artefact to a geological source (especially when the source exhibits 
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high variation), this does not mean necessarily that the source was exploited to make 
that artefact. In effect, analytical signatures of artefacts should only be attributed to 
specific geological sources when there is archaeological and/or historical evidence to 
support that these sources were exploited at the time when the objects were made. 
Furthermore, this article highlights that placing too much emphasis on one type of 
data can lead to erroneous archaeological interpretations, which may remain in the 
academic literature long after the limitations of the techniques and analyses that 
produced the data are well known. Nonetheless, although there is no one-size-fits-
all approach to investigate ancient recycling, there are methods that align with the 
data available that may provide insight well beyond elemental composition that can 
delimit and inform on raw material availability and supply chains over time, the 
process of manufacture and how these might relate to external economic and political 
circumstances. It is therefore imperative that recycled material can be identified with 
some certainty in the archaeological record.
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