
The transmission of silver and silver extraction technology across the 
Mediterranean in Late Prehistory: An archaeological science approach to 

investigating the westward expansion of the Phoenicians. 

Jonathan Robert Wood 

 

Thesis submitted to University College London 

 for the degree of Doctor of Philosophy (PhD)  

UCL Institute of Archaeology, September 2018. 



 

 

 

 

 

Declaration of authorship: 

I, Jonathan Robert Wood confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been indicated in 

the thesis. 

 

Signature: 

 

Date: 

 

 

 

 

 
 
 
(Cover illustration from The Encyclopedia of History – David Darling, 1999)



1 
 

Abstract 

The hypothesis that Phoenician expansion across the Mediterranean resulted in the 

movement of technological ideas from East to West and materials from West to East is 

explored through investigating ancient silver and silver extraction technologies. An approach 

which combines both compositional and lead isotope data is applied to identify recycled silver 

from the Early and Late Iron Age hoards of the southern Levant. Signatures indicate that 

components of this mixed silver derived from Anatolia, Iberia and Cyprus in Early Iron Age, 

and Greece and Iberia in the Late Iron Age. Iberian signatures from the Early Iron Age hoards 

are consistent with native silver and silver extracted from jarosite ores. With these hoards 

dating from the 11th century BC, this situates the Phoenicians in Iberia much earlier than is 

usually attested and suggests that smelting and cupellation technologies travelled with them. 

A silver ingot recovered from La Rebanadilla in south-east Iberia, exhibiting a similar signature 

to the hoard silver, may indicate that silver was transported in a semi-refined form.  

Silver from the Tel Dor hoard in the southern Levant, with signatures consistent with jarosite 

ores on Cyprus, indicates that technologies to exploit the silver ores of south-west Iberia may 

have been first practised on Cyprus. The Phoenician technological base, prior to any westward 

expansion, is consistent with that of silversmiths who procured and refined silver, rather than 

that of prospectors, miners and smelters. It is suggested that cobalt-rich silver ores in Iran 

were sourced to supply silver and glass colourants to the ancient world, thereby providing an 

explanation for the synchronicity of events regarding transitions between the types of silver 

ore exploited in antiquity, the almost complete disappearance of cobalt-blue glass at the end 

of the Late Bronze Age and Phoenician expansion across the Mediterranean in search of other 

silver sources in the Early Iron Age.  
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Impact Statement 

Museums very rarely have a section dedicated to the Phoenicians, probably because their 

influence was predominantly maritime and commercial, rather than land-based and political. This 

thesis aims to contribute to the understanding of the Phoenicians and their movement across the 

Mediterranean in the 1st millennium BC. It questions some of the prevailing views in the academic 

literature regarding the movement of silver and its associated technologies and provides 

alternative interpretations derived from an archaeomaterials data-driven perspective. Different 

approaches were employed to address the archaeological questions, including statistical 

procedures not often used in archaeology, the application of parameters more commonly 

associated with other fields such as geology, as well as the examination of different types of 

material using a variety of analytical techniques. It is believed that the interdisciplinary approach 

applied here will benefit future archaeological science research generally, including re-analyses 

of data already in the academic literature. Articles have been published in international peer-

reviewed journals and the research has been presented at international conferences and at 

seminars within UCL Institute of Archaeology and at other universities. Further articles are 

presently under review or are in preparation. The first published article has already received 

citations and resulted in a productive academic debate, instigating directly a journal publication 

from a competing group and a second article in response to their critique. In essence, many of the 

conclusions of this thesis should advance debate and stimulate discussion, specifically with regard 

to how Phoenician expansion affected trade and the movement of people in Late Prehistory. This 

will benefit all concerned with the Mediterranean in the 1st millennium BC and will complement 

recent holistic approaches to the Mediterranean which have started to explore how its societies, 

cultures and economies first came into being. 
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150 mainly silver bowls and cups, silver ingots as well as raw and worked lapis lazuli (Image from 
Broodbank, 2013:437; Fig. XXIX). 
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on the first millennium BC silver database (Oxalid, 2018) using the two-stage evolution model with 
parameters from Desaulty et al. (2011). 

Figure 5.3. Frequency histogram of the Pb crustal age (Ma) for ores from Laurion, as calculated from 
the lead isotopes from the Greek ores database (Oxalid, 2018) using the two-stage evolution model 
with parameters from Desaulty, et al. (2011). The range of calculated Pb crustal ages for Athenian 
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Figure 5.4. Au/Ag x 100 versus Pb crustal age (Ma) for the seventh century BC hoards of Miqne-
Ekron and Ein Gedi. The density map (high density: red - low density: green) is derived from 
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The black dotted line shows the detection limits from the ED-XRF technique used to measure the 
composition of the hoard data. Other lines are described in the text. The error bar was determined 
from propagating the error on lead isotope ratios (±0.1%) to the Pb crustal age. 

Figure 5.5. LIA mirror plots showing that Athenian coins (●) and some silver from hoard at Miqne-
Ekron (●) is consistent with ores from Laurion (●), and that the remainder of the Miqne-Ekron silver 
hoard lays on a line that extends to the argentiferous ores of the Pyritic Belt in south-west Iberia 
(●). The error bars indicate ±0.1%. 

Figure 5.6. Au/Ag x 100 versus Pb crustal age (Ma) for the Late Bronze Age/Early Iron Age hoards. 
The density map (high density: red - low density: green) is derived from compositional data 
(measured by ED-XRF) and lead isotope data for Bronze Age silver found in Iberia (Comendador Rey 
et al. 2014; Bartlelheim et al., 2012; Murillo-Barroso et al., 2015, Murillo-Barroso, 2013). The black 
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dotted line shows the detection limits from the ED-XRF technique used to measure the composition 
of the hoard data. Other lines and numbered points are described in the text. The error bar was 
determined from propagating the error on lead isotope ratios (±0.1%) to the Pb crustal age. 

Figure 5.7. LIA mirror plots showing that silver from Athenian coins (●) is consistent with ores from 
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(cluster 1 in Figure 6) derives from the Taurus mountains, whereas the single silver sample from Tell 
Keisan (●) in the same cluster could derive from either Laurion or the Taurus mountains. The error 
bars indicate ±0.1%.  

Figure 5.8. Frequency histogram of the Pb crustal age (Ma) for ores from Iberia and Sardinia (from 
LIA data in Thompson and Skaggs, 2013) showing overlapping areas, as calculated from the lead 
isotopes using the two-stage evolution model with parameters from Desaulty, et al. (2011).  

Figure 5.9. Frequency histogram of the Pb crustal age (Ma) for Argaric and Orientalising silver 
(eighth-sixth centuries BC) from Iberia showing overlapping areas, as calculated from the lead 
isotopes using the two-stage evolution model with parameters from Desaulty, et al. (2011). LIA and 
compositional data for orientalising silver from Murillo-Barroso et al., 2016).  LIA and compositional 
data for Argaric silver from Comendador Rey et al. (2014); Bartlelheim et al., 2012; Murillo-Barroso 
et al., 2015; Murillo-Barroso, 2013. 

Figure 5.10. Frequency histogram of the Pb% for data at (7) in Figure 5.6 lying between 300 and 
410Ma, i.e. low gold-high crustal age silver from the hoards of Ein Hofez, Eshtemoa, Tel Dor and Tell 
Keisan (Oxalid, 2018). 

Figure 6.1. On display in the British Museum: (left) Hacksilver hoard from Amathus tomb 198 in 
southern Cyprus (ca. 900-750BC); (right) Amarna letter EA35 (ca. 1350BC) from king of Alashiya to 
the Egyptian Pharaoh requesting great quantities of silver in return for copper and timber. 

Figure 6.2. Map of Cyprus showing the pillow lava formation where copper ore deposits, ancient 
mines and slag heaps are located (adapted from Kassianidou, 20122). 

Figure 6.3. Adapted from Koucky and Steinberg’s (1989: 149-180; Fig.5) modified version of a 
diagram illustrating secondary enrichment described in Healy (1978: 25), i.e. mineral deposits being 
altered by weathering on Cyprus. Bright blue chalcanthite and the green brochantite tend to form 
in the secondary enrichment zones. These sulphate minerals are often mistaken for azurite and 
malachite, which are rare on Cyprus. The levels of the ancient galleries on Cyprus are also indicated. 

Figure 6.4. Elements enriched in secondary zones. Adapted from Koucky and Steinberg (1982: 149-
180; Fig.25). 

Figure 6.5. The South Mathiatis mine on Cyprus. Ancient adits have been revealed by modern mining 
and weathering.  

Figure 6.6. General view of Room 12 at Kition, showing the bench along the west wall and the pit 
filled with bone ash, visible in section (from Floor III – c. late 13th century BC). Bone ash was also 
found pits in a storeroom west of Room 12. In the courtyard of a storeroom was a circular kiln, built 
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of mudbricks, and containing bone ash and carburised animal bones next to it (from Karageorghis, 
1976; Fig. XIII). 

Figure 6.7. Reconstruction of Roman silver hearth at Silchester (adapted from Tylecote, 1962). 

Figure 6.8. LIA plot showing a copper axe/adze (KM 457) (red) and a piece of copper ore (KM 633) 
(green) found at the Kissonerga-Mosphilia (Late Chalcolithic/Pre-Bronze Age 1), Cypriot ores (black) 
(Oxalid, 2018), ore from Akoursos (brown triangle) (Stos Gale and Gale in Knapp and Cherry, 1994: 
107) and ores from north western Anatolia (orange)(Wagner et al., 1985). The contours represent 
the kernel density estimate for the Cypriot ores. Clearly the ellipse drawn around the entire Cypriot 
ore dataset includes everything, but it would include 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).  

Figure 6.9. LIA mirror plots of Cypriot ores, copper objects (predominantly Early to Late Cypriot) 
found on Cyprus and copper slag from the MC site of Alambra and LC site of Enkomi (Oxalid, 2018). 
Although some points are clearly inconsistent with Cypriot ores, there appears to be a systematic 
offset between the ores and the objects for the majority of objects on the 206Pb/204Pb vs 207Pb/206Pb 
plot which is less apparent on the 208Pb/206Pb vs 207Pb/206Pb plot. 

Figure 6.10. Schematic signal and noise: The larger peak is a fit over a signal well in excess of the 
noise (in pale blue). The arrow highlights the flattening of the fit of a signal just above the noise, i.e. 
noise affects the fit, decreasing the accuracy in determining the peak. 

Figure 6.11. LIA mirror plots for Mycenaean shaft grave silver measured using TIMS (Oxalid) and MC-
ICP-MS (this study). The LIA ratios are much closer between the two measurements on the 
208Pb/206Pb vs 207Pb/206Pb plot than on the 206Pb/204Pb vs 207Pb/206Pb plot, especially for SG472 and 
SG480. 

Figure 6.12. Differences in LIA ratios between TIMS (Oxalid) and MC-ICP-MS (this study) plotted 
against the lead concentration of the sample. Note that at low lead concentrations the differences 
are highest for those ratios which include 204Pb. 

Figure 6.13. Frequency plots for two LIA ratios for objects in which the principal metal was copper, 
ancient slag from Cyprus irrespective of its find location and chronology, and Cypriot ores (Oxalid, 
2018): a) 208Pb/206Pb (above) and b) 206Pb/204Pb (below). Comparing the two plots, it can be seen that 
the 208Pb/206Pb plot suggests that the ores and objects are from the same population, while the 
206Pb/204Pb plot suggests that the objects are from two main populations, with the only the lower 
ratio value commensurate with the Cypriot ores. However, the broad distribution for the slags on 
the 206Pb/204Pb plot, which appears commensurate with both the higher and lower peaks of the 
objects, suggests that this spread is due to larger analytical errors in determining the 206Pb/204Pb 
ratio, i.e. the objects and the slags both come from Cyprus. 

Figure 6.14. LIA mirror plots for objects in which the principal metal was copper, for finds on Cyprus 
and Syria (Ugarit and Ras Ibn Hani) and Cypriot ores (Oxalid, 2018). The offset noted for the copper 
objects from Cyprus is similar to that of the objects found in Syria, supporting that the objects found 
at Ugarit and Ras Ibn Hani were made from Cypriot copper.  
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Figure 6.15. 208Pb/206Pb vs. 207Pb/206Pb for Cypriot ores, silver recovered from Pyla and lead objects 
recovered on Cyprus, with lead droplets found at Maa-Paleokastro highlighted. It can be seen that 
some of the lead is not consistent with Cyprus. However, the Pyla silver, some of the lead objects 
and one lead droplet from Maa-Paleokastro appear to have a provenance consistent with Cyprus. 

Figure 6.16. LIA plots for Cypriot ores, ores from the Taurus mountains in Anatolia and Laurion ores, 
plotted with the lead droplet from Maa-Paleokastro which appears consistent with Cypriot ores and 
the silver from Pyla. 

Figure 7.1. Map showing the geographical area with sites mentioned in the text (from Bell, 2016).  

Figure 7.2. Chronological distribution of Tyre Type 12 storage jars at Tyre. Source: Bikai (1978: 44, 
Table 10A); Gilboa and Sharon (2003, Figures 4: 1 and 2). (Image from Bell, 2016). 

Figure 7.3. LIA mirror plots showing the ores of Timna (southern Israel) and Feynan (Jordan) 
alongside copper-based objects from the Jatt hoard and the copper bowl from the Berzocana hoard. 
LIA data for Timna and Feynan ores collated by I. Montero-Ruiz. LIA data for Berzocana bowl from 
Montero-Ruiz (unpublished) and for Tell Jatt hoard from Artzy (2006). 

Figure 7.4. Au/Ag x 100 versus Pb crustal age (Ma) for the Late Bronze Age/Early Iron Age hoards. 
The density map (high density: red - low density: green) is derived from compositional data 
(measured by ED-XRF) and lead isotope data for Bronze Age silver found in Iberia (Comendador Rey 
et al. 2014; Bartlelheim et al., 2012; Murillo-Barroso et al., 2015, Murillo-Barroso, 2013). The black 
dotted line shows the detection limits from the ED-XRF technique used to measure the composition 
of the hoard data. The silver from the Tel Dor hoard is highlighted with red symbols and is presented 
separately in the lower plot for clarity. Other lines and numbered points are described in the text. 
Error bars were calculated from propagating errors on lead isotope ratios (±0.1%) to the Pb crustal 
age. 

Figure 7.5. Lead isotope mirror plots showing Cypriot ores, copper objects found on Cyprus, silver 
from Tel Dor which falls on a vertical mixing line in Figure 7.4, the remaining silver from Tel Dor, and 
ores from the Pyritic belt in south-west Iberia. The silver from Tel Dor which falls on the vertical 
mixing line in Figure 7.4 appears to cluster with ores from the Kalavasos mining area on Cyprus, and 
with artefacts found on Cyprus (Table 7.3). The remaining silver from Tel Dor appears to fall on a 
trajectory with ores from the Pyritic belt of south-west Iberia. The one piece of silver from Tel Dor 
(Oxalid code: DOR004/97.3320/1) with a signature consistent with Iberian native silver (Δ) lies 
slightly above the line of trajectory, suggesting that this silver did not derive from the Pyritic belt in 
Iberia. 

Figure 8.1. Figure 8.1. (left) The Iberian Peninsula and the north-western African coastline showing 
the sites of La Rebanadilla and Huelva (adapted from Pappa, 2012). (right) La Rebanadilla silver ingot 
(courtesy of I. Montero-Ruiz). 

Figure 8.2. EPMA map for the La Rebanadilla silver ingot, showing phase segregation of both lead 
and gold at the grain boundaries. This inhomogeneity makes both lead and gold difficult to use as 
indicators as different magnifications would result in different compositional signatures. Further 
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cupellation would result in lead being removed from the silver (as it oxidises to litharge), but the 
gold would return to the silver as it forms a solid solution.  

Figure 8.3. EPMA map for the Las Arenillas silver, showing phase segregation of both lead and 
bismuth at the grain boundaries. This inhomogeneity makes bismuth a difficult compositional 
indicator, as different magnifications would result in different compositional signatures and further 
cupellation would result this element being removed from the silver. 

Figure 9.1. LIA plot of silver artefacts recovered from a MBA burial (Burial 27) at Sidon, showing the 
range of values for the artefacts tested (data from Veron and Le Roux, 2004), eleven silver objects 
from the Tod treasure (Menu,1994), and LIA values of ores from the Taurus mountain region in 
Anatolia, and the islands of Siphnos and Cyprus. Error bars on the ores are +/- 0.1%. Note that only 
the range of values were available for the Sidonian silver, not individual points. 

Figure 9.2 (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, so basket 1 with the five round objects is at the far right with two baskets of 
irregularly shaped lumps to its left (from Shortland, 2012: 142; Figures 7.2 and 7.3). 

Figure 9.3. Bivariate plot of NiO vs. CoO in weight % for cobalt-coloured blue glass. The linearity of 
the relationship between NiO and CoO for the Egyptian glass has been considered consistent with 
the use of cobalt alum from the Western Desert of Egypt (adapted from Duckworth, 2011: 146; Fig. 
5.14).  

Figure 9.4. Map of Egypt showing the locations of the Kharga and Dakhla Oases as well as other 
places associated with glass mentioned in this text. 

Figure 9.5. (top) Photograph from Petrie Museum (UCL) – Acc. no. UC36457 described as a fragment 
of broken pottery fritting pan enveloped by a mass of dark blue unfinished frit with visible chips of 
uncombined silica from crushed quartz pebbles and numerous air bubbles; shape of frit indicates 
pan profile. (middle) Images from Weatherhead and Buckley courtesy of Petrie Museum (UCL) 
(1989:220): On the left (UC 36457) is described as a spongy light-purple frit with small white 
inclusions, with attached sherd (possibly the remains of a fritting pan). UC24684 is described as a 
section from (circular?) cake of blue frit and UC36459 as a circular cake of blue frit. All are described 
as having a coarse texture. (bottom) Images from Weatherhead and Buckley courtesy of Liverpool 
Museum (1989:220): described as potsherds as containers of blue frit; left: Acc. No. 56.21.280.1; 
right: Acc. No. 56.21.281. 

Figure 9.6. Photographs from Petrie Museum (UCL). All recovered from Amarna (18th Dynasty): (top) 
UC25042 – described as a fragment of dark blue glass; also described as raw glass. (middle) UC6524 
– described as glass rods: turquoise, lapis blue and red. (bottom) UC6523 – described as a fragment 
of cobalt-blue glass ring. 

Figure 9.7. Bivariate plots of NiO, MnO, ZnO and Al2O3 vs. CoO in weight % for cobalt-coloured blue 
glass measured using pXRF. The relationships between NiO, MnO, ZnO and CoO show very linear 
interactions. Al2O3 shows more variation over the same concentration range (data from Abe et al., 
2012). 
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 Figure 9.8. Bivariate plot of Al2O3 vs. CoO in weight % for cobalt-coloured blue glass from Amarna 
and Malkata measured using LA-ICPMS and WDS. WDS and LA-ICPMS was conducted on the same 
samples for the Malkata glass, highlighting the differences in concentration between these 
techniques, with WDS recording both lower and higher values than from LA-ICPMS. Note that 
sample UPP38 from Malkata is not included here because, although previously classified by WDS as 
a cobalt-blue glass (i.e. WDS: CoO = 0.05%), LA-ICPMS measured 0.0028%, suggesting that CoO was 
not the main colourant. As with the pXRF data in Figure 9.7, the interaction between Al2O3 vs CoO 
does not show a particularly good linear relationship. (Amarna: LA-ICPMS data from Varberg et al., 
2015 and 2016; Malkata: WDS and LAICPMS data from Shortland and Eremin (2006) and Shortland 
et al., 2007, respectively).  
 
Figure 9.9. Dendrogram derived from the variation matrix of 26 samples of 18th Dynasty Egyptian 
glass from museum collections in Japan, probably originating from Amarna and Malkata (data from 
Abe et al., 2012). Note the close association between CoO, NiO, MnO and ZnO. K2O and Na2O are 
not well associated, as would be expected from a plant-ash fluxed glass. Al2O3 and MgO are closely 
associated with TiO2, SiO2 and Fe2O3. CuO and PbO are not well associated with the other 
components in the glasses or with each other.  
 
Figure 9.10. Dendrogram derived from the variation matrix of 20 samples of 19th-20th Dynasty 
Egyptian glass from Dahshur (data from Abe et al., 2012). Note the close association between CoO, 
NiO, MnO and ZnO. K2O and Na2O are better associated with each other and Al2O3 is less well 
associated with MgO, TiO2, SiO2 and Fe2O3 than in the 18th Dynasty glasses in Figure 9.9. 
 
Figure 9.11. Dendrogram derived from the variation matrix of 50 samples of the 18th Dynasty glass 
from museum collections in Japan and the 18th and 19th-20th Dynasty Egyptian glass from Dahshur 
(data from Abe et al., 2012). When the dendrogram is cut high (>10), the 18th Dynasty glass forms 2 
distinct groups, one main (24 samples) and one group (2 samples) associated with the 19th-20th 
Dynasty glass from Dashur. The 19th-20th Dynasty glass from Dahshur forms a distinct group (19 
samples), with one sample falling within the main 18th Dynasty group. Two 18th Dynasty glasses are 
associated with the 19th-20th Dynasty group from Dahshur. All 18th Dynasty Dahshur glasses lie 
within the main 18th Dynasty group (4 samples). 
 
Figure 9.12. Bivariate plot of TiO2 vs Al2O3 in weight % (data from Abe et al., 2012) for the Egyptian 
glasses. The dashed lines show relative amounts of TiO2 and Al2O3 for granite and basalt determined 
from Daly (1914:563). The 19th-20th Dynasty glass from Dahshur fall on the basalt line, while the 18th 
Dynasty glass from museum collections in Japan and the 18th Dynasty glass from Dahshur generally 
fall on the granite line.   
 
Figure 9.13. Bivariate plot of TiO2 vs Al2O3 in weight % for the Egyptian glass from Amarna (Varberg 
et al., 2015, 2016) and Malkata (Shortland et al., 2007) and Mesopotamian glass from Nippur 
(Walton et al., 2012). The dashed lines show relative amounts of TiO2 and Al2O3 for granite and 
basalt determined from Daly (1914). The Mesopotamian glass falls on the basalt line and the 
granites lines, while the Egyptian glass Amarna and Malkata falls between the basalt and granite 
lines.   
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Figure 9.14. Density plot for the 18th Dynasty glass from museum collections in Japan and 19-20th 
Dynasty glass from Dahshur. The blue dotted lines show the peaks of the bimodal distribution of 
the 18th Dynasty glass. The dashed lines show the average CoO concentration in weight % for each 
dataset (data from Abe et al., 2012). 
 
Figure 9.15. Density plots for the 18th Dynasty glass from museum collections in Japan and 19-20th 
Dynasty glass from Dahshur for NiO, MnO, ZnO and Al2O3. The dashed lines show the average 
concentrations in weight % for each dataset (data from Abe et al., 2012). 
 
Figure 9.16. Plot of TiO2/Al2O3 vs CoO for the 18th Dynasty glass and 19th-20th Dynasty glass from 
Dahshur (data from Abe et al., 2012). The horizontal dotted lines show the ratios of TiO2/Al2O3 for 
Nile silt (Shortland, 2000), body clays from Amarna and Malkata (Shortland et al., 20062: 91-99) and 
Ballas clay found on the edge of the Western Desert near Luxor (Baba, 2009: 1-23). 
 
Figure 9.17. Density plot of TiO2/Al2O3 for the 18th Dynasty glass from museum collections in Japan 
and 19-20th Dynasty glass from Dahshur. The 19th-20th Dynasty glass from Dahshur has a much 
broader distribution than the 18th Dynasty glass (data from Abe et al., 2012). 
 
Figure 9.18. Density plot of PbO for the 18th Dynasty glass from museum collections in Japan and 19-
20th Dynasty glass from Dahshur. The 19th-20th Dynasty glass from Dahshur has a much broader 
distribution than the 18th Dynasty glass (data from Abe et al., 2012). 
 
Figure 9.19. Bivariate plots and associated density plots of the major glass-forming oxides for the 
18th Dynasty glass from museum collections in Japan. SiO2 and CaO show bimodal distributions. 
Na2O shows some evidence of a shoulder. Dashed lines on the bivariate plots are linear regressions 
applied to the data. The dotted lines on the density plots show the average concentrations of each 
component in weight % (data from Abe et al., 2012). 
 
Figure 9.20. Ternary diagrams for the subcompositions SiO2-Na2O-K2O and CoO-Na2O-K2O exhibiting 
one-dimensional patterns joining the vertices Na2O and K2O. The red lines display the direction of 
the principal component of the subcomposition. The ellipse shows the variance structures through 
95% probability regions. Data from Tite et al., 1998: 111-120. 
 
Figure 9.21. Dendrogram derived from the variation matrix of 11 samples of frit from Amarna O45.1. 
(data from Tite et al., 1998: 111-120). Note the close association between CoO, SiO2, MgO, Na2O, 
TiO2, Al2O3 and MnO. CaO is not well associated with any of the other components, presumably 
because of contamination from the lime coating on the cylindrical vessels where the frit was found. 
 
Figure 9.22. Bivariate plot of K2O vs CoO in weight % for the frit found at Amarna O45.1 (Tite et al., 
1998) using WDS, and for glass from Amarna (Nicholson and Henderson, 2000: 195-224) using a 
probe, and Malkata (Shortland et al., 2007) and Amarna (Tite et al, 1998: 111-120; Shortland and 
Eremin, 2006) using WDS. Higher levels of CoO appear commensurate with lower levels of K2O, 
potentially converging on the composition of the frit. The scatter in the data is probably a 
consequence of contamination from burning wood during recycling, increasing the variation in the 
K2O data. Note the possible positive linear relationship between K2O and CoO for the frit 
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measurements, suggesting that they entered the system together (two measurements overlap 
where indicated).  
 
Figure 9.23. Ternary diagram for the subcomposition CoO-Na2O-SiO2 of the frit. The ellipse shows 
the variance structure through 95% probability regions. The tight clustering indicates the low 
compositional variability between these components. The red line displays the direction of the 
principal component of the subcomposition. Data from Tite et al., 1998: 111-120. 
 
Figure 9.24. Bivariate plot potentially indicating that silica and soda were added in proportions 
relative the total volume of the system to form the frit. Data from Tite et al., 1998: 111-120. 
 
Figure 9.25. Bivariate plot of NiO vs CoO for glass from 18th Dynasty Egypt and Nippur in 
Mesopotamia using LA-ICPMS. The linear line for the Nippur axes (blue dashed line) shows that NiO 
and CoO potentially derived from skutterudite (gradient ~0.3). The gradient of the Egyptian glass 
data (dark red dashed line) is about twice high (gradient ~0.6), which could suggest that the five-
element ore mineralisation is dominated more by a nickel mineral, such as nickeline. Although it is 
difficult to place the rest of the Nippur data on lines, they are still consistent with a five-element 
system which has variable levels of nickel and cobalt in the mineralisation. LA-ICPMS data for cobalt-
blue glass from Amarna and Malkata (from Varberg et al., 2015, 2016; Shortland et al., 2007) and 
Nippur (Walton et al., 2012). 
 
Figure 9.26. Bivariate plot potentially showing a possible linear relationship between FeO and CoO 
in the frit found at Amarna O45.1, supporting that cobalt entered the system from the mineral 
skutterudite ((Co, Ni, Fe) As2-3) as suggested by the linear interaction between NiO and CoO in 
Figures 9.3 and 9.7. Data from Tite et al., 1998: 111-120. 
 
Figure 9.27. Ternary diagram for the sub-composition CuO-Fe2O3-CoO exhibiting a broad pattern 
suggesting that the compositional variance is shared between each of the components. The ellipse 
shows the variance structure through 95% probability regions. The red line displays the direction of 
the principal component of the subcomposition. Data from Tite et al., 1998: 111-120. 
 
Figure 9.28. Energy dispersive X-ray spectrum for an opaque blue glass from Amarna showing X-Ray 
peaks above background. In addition to the major components of soda, lime and silica, the 
significant antimony peak reflects the presence of calcium antimonate as an opacifier. The presence 
of cobalt, silver and nickel is suggestive of a Ag-Ni-Co-As ore. As arsenic is volatile its absence is not 
unexpected. Any bismuth and uranium present are likely to have been below the detection limits. 
(adapted from Nicholson and Henderson, 2000: 195-224; Fig. 8.10). 
 
Figure 9.29. Lead isotope mirror plots. Glass from Mesopotamia (i.e. Tell Brak and Tell Rimah) 
(Shortland, 2006), Egypt and Susa (data from Lilyquist and Brill, 1993: 66); green glass frit from El 
Rakham, Egypt (19th Dynasty) (Shortland, 2006); Tappeh Sialk objects and litharge (data from 
Nezafati et al. 2008: 329-350); silver from Egypt and Syria (data from Oxalid, 2018); silver from Sidon 
(data from Véron and Roux, 2004 – Note there were no 204Pb values); silver from Ur (data from Klein 
et al., 2016: 89-97); Iran ores and litharge (Stos-Gale, 2001: 56); Anarak ores (data from Pernicka et 
al., 2011: 633-705; Nezafati et al. 2008: Fig 4c); Arisman litharge and Nakhlak lead ores and slag 
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(Pernicka et al., 2011: 633-705); Iran ores from UDZ and SSZ zones in Iran (Mirnejad et al., 2011); 
copper and lead objects found in Egypt (data from Shortland, 2006). Glass from Egypt and Susa and 
silver from Egypt, Syria, Ur and Sidon are consistent with ores in Iran, particularly the Anarak district 
of central Iran. Silver from Sidon shows a tight range of values which covers all the silver artefacts 
tested from Burial 27. Copper and lead objects found at Amarna also fall near Iranian ores. Note 
colours depicted on plot do not represent the colours of the glasses. 
 
Figure 9.30. The faces of the ore slab from the Silverfields mine, Cobalt, Canada (upper). Images 
captured using the Dino-Lite imager showing the native silver and cobalt arsenide phases (lower).  

Figure 9.31. XRD diffractogram for a representative section of the ore, showing skutterudite as the 
main mineral phase. 

Figure 9.32. The sectioned sample showing the cobalt-blue glass and the metallic bead. Unreacted 
silica can be seen in the glass part. Note that the sample has been inverted from its position in the 
conical carbon crucible, i.e. the metallic phase was at the bottom. 

Figure 9.33. Backscattered images of the ore showing the phases described in the text: a) the 
variable composition of the ore; b) the silver rich phase; c) and d) Cobalt and nickel were found in 
association with arsenic in two discrete phases with sulphur and iron; d) Mg and Ca was also present 
in the ore. All compositions are in normalised wt%. 
 
Figure 9.34. Silver prill entrapped in the glass part of the sample. Copper is also present in the silver. 
Note that the lower amounts of silver in this prill are a consequence of penetration depth and area 
of the EDS, which at this magnification has scanned part of the area around the prill. 
 
Figure 9.35 (top) Backscattered image of the metallic bead showing silver-rich (brighter) and cobalt-
nickel-arsenic rich (darker) areas. The round, dark areas are voids possibly indicating the presence 
of silver prills which were lost during polishing (see Figure 9.36). Silver-rich Area A (lower left) had 
a composition of 70%Ag, 13.6%As, 3.2%Cu, 0.6%S and 11%O (normalised by element); the cobalt-
nickel-arsenic rich Area B (lower right) had a composition of 33.5%Co, 51.7%As, 6.7%Ni, 0.2%S and 
5.7%O (normalised by element).  

Figure 9.36 A spherical void possibly indicating a lost silver prill in the metallic part of the sample. 
Surrounding the spherical void, the dark grey area was Co-Ni-As (normalised by element: 56%Co, 
37%As, 5%Ni, 0.25%S) and a light grey silver-rich phase (normalised by element: 92%Ag, 5.5%As, 
0.3%Co, 2.3%O) suggesting that some silver and arsenic had oxidised. The loss of the prill could 
indicate that the interface between metallic silver and the surrounding phases was weak. 

Figure 9.37. Cobalt-blue glass part of sample (Figure 9.32) after re-heating to 1300oC. Silica-rich 
needles are present in the glass. Bright areas are Co-As phases which appear react with the silica 
(top) producing a cobalt silicate phase surrounding the particle without detectable levels of arsenic 
(middle and bottom). 

Figure 9.38. Maps showing Iran in the wider geopolitical context of the Sasanian Empire (c. 226-651 
AD) and a map of Iran showing ancient sites and mines mentioned in the text (from Nezafati and 
Pernicka, 2012). 
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Figure 9.39. LIA ratio plots showing ores from Laurion () and the Taurus Mountains () alongside 
Athenian coins () and silver objects with iridium greater that 44ppb (). Error bars show the 
analytical errors (+/- 0.1%) (from Wood et al., 20171; Fig. 11). 
 
Figure 9.40. LIA mirror plots used to propose an Iranian ore field (see Data Table: DT21). Note the 
ore field extends to higher 207Pb/206Pb values (see Figure 9.29). Glass from Mesopotamia (i.e. Tell 
Brak and Tell Rimah) (data from Shortland, 2006) and Susa (data from Lilyquist and Brill, 1993: 66); 
Tappeh Sialk objects and litharge (data from Nezafati et al. 2008: 329-350); silver from Syria (data 
from Oxalid, 2018); silver from Sidon (data from Véron and Roux, 2004); silver from Ur (data from 
Klein et al., 2016: 89-97); Iran ores and litharge (Stos-Gale, 2001: 56); Anarak ores (data from 
Pernicka et al., 2011: 633-705; Nezafati et al., 2008: Fig. 4c) and Arisman litharge and Nakhlak lead 
ores and slag (data from Pernicka et al., 2011: 633-705); Iran ores from UDZ and SSZ zones in Iran 
(Mirnejad et al., 2011); silver from objects with iridium levels greater than 44ppb (data from Oxalid, 
2018 – see Data Table 22). Note colours depicted on plot do not represent colours of the glasses. 
 
Figure 9.41. Lead isotope mirror plots showing the central part of Figure 9.29 alongside silver from 
the Mycenaean shaft graves (Stos-Gale, 2014: 183-208), the Tod silver (Menu, 1994) and the 
Uluburun shipwreck (Oxalid, 2018). The black squares denote the proposed Iranian ore field plotted 
in Figure 9.40. 
 
Figure A1.1. Map of the Mediterranean basin showing the Alpine regions (grey) overlaying the 
Hercynian basement (from Desaulty et al., 2011). 

Figure A1.2. Plots of legacy data normalised to 100%: closed around 7 oxides (left) and 4 oxides 
(middle) and 2 oxides (right). Note the emergence of linearity in the data as the number of elements 
used to close the data decreases. Note differences in scales.  

Figure A1.3. Graph showing the log transformation used to convert a variable which must be 
positive into a variable which can take any real (positive or negative) value. 

Figure A2.1. Pb crustal ages in millions of years (Ma) of ores from around the Mediterranean. 

Figure A2.2. Histogram of Pb crustal ages of ores from the Central Iberian Zone (CIZ) in Spain. 

Figure A2.3. Pb crustal ages of ore Rio Tinto ore, slag found at Corta Lago mining site (Rio Tinto) and 
ore from area of Murcia (Cartagena). 

Figure A2.4. Map of Spain showing the young Betic domain overlaying the older Hercynian belt 
(from Albarède et al., 2012). 

Figure A2.5. Pb crustal age (Ma) vs the fraction of exogenous lead (Cartagena) added. The Pb crustal 
ages were calculated from Oxalid (2018) data for ores from Murcia (Cartagena) and Rio Tinto. The 
slag LIA came from Anguilano (2012). 

Figure A2.6. Palacio III hoard: Note the amber beads (h) and the silver pendant (i). From Murillo-
Barroso et al., 2015. 

Figure A2.7. Visual representation of the variation matrix.  
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Figure A2.8. Cluster dendrogram based on a Ward algorithm for the elements in Sasanian silver. The 
coloured branches show the results of the significance test with a value of = 0.05. 

Figure A2.9. Cluster dendrogram based on a Ward algorithm for the Sasanian objects. 

Figure A2.10. Covariance biplot based on the variation matrix for the Sasanian objects. 
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was found to have a crustal age of 356Ma, which is consistent with the Hercynian orogeny of its find 
location (see Appendix A2.2).  

Table 9.1. Main chemical characteristic associations found for cobalt pigments used in glass and 
glaze productions in Western Europe and Mediterranean regions. Groups 4 and 5 characterise Near 
East cobalt pigments, while the other groups are associated with glasses found in Europe from the 
Halstatt period to the nineteenth century (adapted from Gratuze, 2013: 311-343; Table 5.1.4). Note 
that the top group probably has an error, in that the chemical association is with Mn rather than 
Mg. 

Table 9.2. Composition of granite, basalt and igneous rock calculated as a 1:1 ratio of granite and 
basalt (from Daly, 1914:563 in Parker, 1967). 

Table 9.3. Composition of the cobalt-blue frit from Amarna O45.1. The upper table shows the mean, 
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(2003) alongside the composition of glass from the same site. The differences between the mean 
values of the frit in the two tables is because some data were omitted in Tite and Shortland (2003) 
because of possible contamination from the lime lining found on the inside of the cylindrical vessels. 
 
Table 9.4. Variation matrix for the cobalt-blue frit from Amarna O45.1. Note that SnO2, P2O5 and 
PbO are not included as they were at the lower limits of detection for WDS, with only a few samples 
having non-zero values. Note the strong co-dependence (low values) between CoO and MgO, Al2O3 
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Table A1.4. Compositional measurements from Corning A showing certified values, means and 
standard deviations of the normalised measured values from the EDS and the percentage errors. 
Conducted at x200 magnification. 

Table A1.5. Compositional measurements from two soda-lime-silica glasses with high arsenic levels. 
The top table shows the compositions measured by SEM-EDS, EDXRF and ICPMS. The lower table 
shows the measured normalised values from these standards on the Hitachi S-3400N SEM attached 
to an INCA EDS, which were conducted in the same session and at the same magnification (x200) as 
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and the LIA analysis and the calculated Pb crustal age. 
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Preface  

A recent book called ‘In search of the Phoenicians’ (2018) by ancient historian Josephine 

Quinn can be summarised in one line – There were no such people as the Phoenicians. She 

argues that the Phoenicians, widespread temporally and geographically throughout the 

Mediterranean in antiquity, never formed a cohesive society and ‘did not in fact exist as a 

self-conscious collective’ (Quinn, 2018: xviii). Instead, their perceived character as explorers, 

traders and inventers, who make their entrance onto the literary stage in the Iliad and literary-

historical stage with a first-page mention in the Histories of Herodotus, has been repeatedly 

co-opted by latter-day nationalists from Lebanon to Tunisia to Ireland seeking prestigious 

forebears for their own nations: ‘In the case of the Phoenicians’, Quinn suggests (2018: xviii), 

‘modern nationalism invented and then sustained an ancient nation,’ citing 19th-century 

French, English and German historians who spoke of the Phoenician ‘people’ and ‘nation’ in 

the age of the nation state. Nevertheless, by focussing on the non-existence of Phoenicians, 

Quinn’s work can be placed comfortably within the academic frame which has sought to 

redress the balance of scholarship that focussed on Greeks throughout most of the 19th and 

20th centuries.  
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Admittedly, no one called themselves ‘Phoenician’ in Phoenician, not least because the word 

derived from Greek and there is little evidence that they saw themselves as a distinct people 

or what is often referred to as an ethnic group. Nonetheless, the Phoenicians are at the heart 

of the 1st millennium BC Mediterranean and are potentially best viewed as some sort of 

confederation of maritime traders and explorers based in the East Mediterranean with major 

cities in Byblos, Berytus (Beirut), Tyre, Sidon and Arwad. Phoenicians certainly existed as 

individuals and in communities, regardless of how much we know about how they saw 

themselves. In essence, lines of enquiry on the malleable ‘multiple, fragmented and fluid’ 

identities in recent decades, or even ‘the concept of identity’, is as much a product of its time 

as the historical narrative of Herodotus or the 19th century European nationalists with their 

definition of the Phoenicians as a people. It is therefore out of convenience that this thesis 

uses the term Phoenician. It is also for this reason that an archaeological science approach is 

employed to investigate them, where physical parameters are used to investigate human 

actions associated with the exploitation of ores and the mixing of metals, rather than the fluid 

concepts associated with the mixing of cultures. An archaeological science approach focussing 

on materials, however, is not necessarily more straightforward. Scientific data are not neutral, 

with each measurement technique and methodology having its own intrinsic bias. It is for this 

reason that this thesis is best viewed as an exercise in methodological development (often 

using data from different materials, chronologies and archaeological locations), which is 

applied to conduct a prehistorical investigation into the Phoenicians, or whatever the people 

responsible for the archaeological footprint around the Mediterranean in the Early Iron Age 

called themselves. 

Jonathan Robert Wood 

UCL Institute of Archaeology, 2018. 
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Conventions, notations, abbreviations and chemical formulae 
 
Conventions 
 
All chemical compositions in this thesis are in weight percent (wt%) unless otherwise stated.  

Chronologies are highlighted in the text and in Table 1.1. Chronological terms such as Early, 

Middle and Late Bronze/Iron Ages are provided with their respective approximate date ranges 

in the text. When these terms are used without absolute dates they refer to the approximate 

dating associated with the Levant (Aruz et al., 2014: xxiv-xxv): 

Bronze Age (c. 3300 BC- 1200 BC)  - Middle Bronze Age: 2000 BC – 1550 BC 
 Late Bronze Age: 1550 BC – 1200 BC 

Iron Age (c. 1200 BC – 550 BC) - Early Iron Age (Iron Age I): 1200 BC – 900 BC 
      Middle Iron Age (Iron Age II): 900 BC – 700 BC 
      Late Iron Age (Iron Age III): 700 BC – 550 BC 

Egyptian chronology is used in Chapter 9. Approximate absolute dating was taken from the 

Digital Egypt for Universities website (http://www.ucl.ac.uk/museums-static/digitalegypt/): 

New Kingdom (c. 1550 BC-1069 BC)  - 18th Dynasty: c. 1550 BC - 1292 BC 
19th Dynasty: c. 1292 BC -1185 BC 
20th Dynasty: c. 1186 BC - 1069 BC  

Relative dating is also used for other regions. The table below is a chronological chart for the 

Levant, Tel Dor, Phoenicia and Cyprus. This is a synthesis of the stratigraphic and pottery 

phases for key sites (Bell, 2016: 91-105). There are slight differences from the dates presented 

in Figure 1.1 (Aruz et al., 2014) regarding the transition between Iron Age I and Iron Age II. 

However, these discrepancies do not affect any of the interpretations or conclusions drawn 

in this thesis.  

 



28 
 

Chronological chart: Synthesis of the chronology of the stratigraphic and pottery phases for key Phoenician 
sites in Lebanon and Tel Dor in the southern Levant. The relative chronology for Cyprus is also presented. Note 
the LBA/EIA transition appears to be missing at Tel Dor (from Bell, 2016: 91-105; Fig.5.2).  

 

The term ‘Orientalising’ is also used in this thesis with a chronological association. Although 

it has been used to describe a historical ‘period’ in Greece (c. 750 BC – 600 BC), the term here 

is not attached to a single culture but is rather a phase of experimentation and change within 

several Mediterranean cultures. In general, this vague term (see Purcell, 2006: 21-30 and 

Osborne, 2006: 153-158, and more generally other essays in Riva and Vella, 2006) has been 

used here to reflect the equally generalised and opaque perception of what was ‘Oriental’ in 
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antiquity. Therefore, the chronologies reflect the phenomenon at each location under 

discussion. For Iberia, this has been considered to be approximately the 8th-6th centuries BC 

(e.g. Murillo-Barroso et al., 2016).  

It is appreciated that the term ‘colonial’ has political overtones and although it has been 

avoided as much as possible, it has been used in some instances for brevity. In relation to its 

use by the current author, the terms ‘colony’, ‘colonisation’ and ‘colonial’ are used to describe 

‘a community established away from home, with the emphasis placed on the distinctive 

cultural element, not the political’ (Pappa, 2013: 10). The use of this albeit limited get-out 

clause stems from an understanding of the view stated by Osborne (2008: 281-282): ‘we have 

no reason to think that there were any Phoenician colonies [in Iberia] …There was no 

Phoenician empire in the sense that modern imperialists would recognise’. In other words, 

there was no colonial context. By the same rationale, ‘pre-colonial’ is not used as the first step 

in an evolutionary process towards colonisation but refers to contacts occurring prior to 

establishment of overseas settlements, and it does not necessarily imply that these contacts 

led to the establishment of settlements nor that there was any economic or political control 

over the host society at a later stage. 
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Notations and abbreviations 

BC/AD – chronological notation 

c. – circa 

EBA/MBA/LBA – Early/Middle/Late Bronze Age 

EIA – Early Iron Age 

 

bdl – below detection limits 

CV – coefficient of variation 

ppb- parts per billion (by weight) 

ppm – parts per million (by weight) 

Ma – millions of years 

n - number of samples/analyses 

~ - approximately 

s or st. dev. – standard deviation 

 

14C dating – radiocarbon dating 

EPMA – electron probe microanalysis 

LA-ICPMS/ICPMS – (Laser induced) inductively coupled plasma mass spectroscopy 

LIA – Lead isotope analysis  

NAA – neutron activation analysis 

PIXE – proton (particle) induced x-ray emission 

pXRF/XRF – (portable) x-ray fluorescence (spectroscopy) 

SEM-EDS – scanning electron microscopy- energy dispersive spectroscopy 

TIMS – thermal ionisation mass spectroscopy 

WDS – wavelength dispersive spectroscopy 

XRD – x-ray diffraction
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Chemical formulae 
 
 
Alum – XAl(SO4)2.12H2O, X can be K, Na or NH4. 

Alumina – Al2O3 

Anglesite – PbSO4 

Argentite – Ag2S 

Arsenopyrite – FeAsS 

Asbolite/Asbolane - (Ni,Co)2-xMn4+(O,OH)4. nH2O 

Cerargyrite - AgCl 

Cerussite – PbCO3 

Chalcopyrite – CuFeS2 

Cobaltite - CoAsS 

Fahlore – Cu2S-Ag2S-Sb2S3-ZnS 

Galena – PbS 

Jamesonite – Pb4FeSb6S14 

Jarosite - XFe3+
3 (OH)6 (SO4)2, X can be K, Na, Pb, 

Ag or NH4 

Litharge – PbO 

Lime - CaO  

Limonite – FeO (OH).nH2O 

Linnaeite – Co3S4 

 

Malachite – Cu2CO3(OH)2 

Natron – Na2CO3.10H2O 

Nickeline - NiAs 

Plagioclase – NaAlSi3O8-CaAl2Si2O8 

Potash - K2O  

Proustite – Ag3AsS3 

Pyragyrite – Ag3SbS3 

Pyrite – FeS2 

Quartz - SiO2 

Safflorite – CoAs2 

Skutterudite – ((Co, Ni, Fe) As2-3) 

Smithsonite – ZnCO3 

Soda – Na2O 

Sphalerite – ((Zn, Fe) S) 

Stannite – Cu2FeSnS4 

Stephanite – Ag5SbS4 

Stibnite – Sb2S3 

Tennantite – Cu12As4S13 

Tetrahedrite – (Cu, Fe)12Sb4S13
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1. A historical background 

This introduction is not a summary of the Phoenicians. It is a simplified view of a complex 

scenario which is still under debate. Overall, the aim here is to provide points of reference 

from which to navigate this thesis and situate its main theme - Phoenician movement across 

the Mediterranean in the Early Iron Age (EIA: c. 1200 – 900 BC). 

Phoenicia emerged along the Levantine coast following the disruptions at the end of the 

Bronze Age. During the 12th century BC the Syro-Canaanites (a convenient term to describe 

the people who lived in this Semitic-speaking region), occupying much of the interior and 

coastal Levant, faced internal collapse, external pressure from an influx of refugees after the 

collapse of the Hittite Empire including Aramaeans and Assyrians (Aubet, 2001: 13-15; Joffe, 

2002; Kuhrt, 1995: 393-395), as well as possible attacks from a mysterious (and 

archaeologically elusive) coalition of cultures known as the Sea Peoples, some of whom 

settled to the south of modern Lebanon along the same coast (Kuhrt, 1995: 425-426; Bell 

2006: 15-16). To the south east, nomadic and displaced populations, including the Israelites, 

moved in (Aubet, 2001: 13-14; Kuhrt, 1995: 425-426), contributing to the destabilisation of 

the entire Syro-Canaanite region (Kuhrt, 1995: 430). By the end of the 12th century BC the 

territory controlled by the Syro-Canaanites consisted of a narrow stretch of land in modern 

Syria and Lebanon, bounded by the Mediterranean Sea to the west and the mountains of 

Lebanon to the east (Aubet, 2001: 13-17; Joffe 2002) (Figure 1.1).  

By the Early Iron Age (EIA: c. 1200 – 900 BC), the remnants of this Canaanite civilization had 

re-established many of the Late Bronze Age (LBA: c. 1550 – 1200 BC) trading contacts, a 

network which included Cyprus (e.g. Karageorghis, 1982: 53, 56), Egypt (e.g. Lipinski, 1977), 

the Aegean (e.g. Bell, 2006) and North Africa (e.g. Warren, 1995), with archaeological 
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evidence suggesting that maritime trade was maintained between Cyprus, Sarepta, and Tyre 

between the end of the LBA and the 10th century BC (e.g. Joffe, 2002; Bell, 2006). In essence, 

the archaeology indicates that there was much more continuity than the term ‘Bronze Age 

collapse’ would suggest. It is around this time that Biblical references comment on joint trade 

expeditions between the Tyrian king Hiram I and Solomon (e.g. Sommer, 2010: 114-137; Joffe, 

2002; 1 Kings, 10:22; 2 Chronicles, 9:21) in the 'Ships of Tarshish', and that the Syro-Canaanites 

become synonymous with their Greek name - the Phoenicians (Aubet, 2001: 6-13). 

 

Figure 1.1. Levant, Cyprus and the Nile Delta (from Aruz et al., 2014) 
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The 9th century BC has been proposed as the time when the Phoenicians began their move 

westward (Figure 1.2) (e.g. Broodbank, 2013: 489; Ruiz-Galvez, 2015: 196-214) engaging in 

the systematic procurement of raw and cultural resources including metals, ivory, animals, 

hides, wood, salt, and slaves, which were brought back to the Near East (Ezekiel, 27). As with 

most Phoenician archaeology, the chronology of these ventures is contentious. For example, 

Carthage’s late 9th century BC establishment date is unattested by radiocarbon (14C) dating 

and from any pottery finds, which have failed to produce dates earlier than 770 BC (Docter et 

al., 2008: 379-422). Recent 14C dates from Utica (Tunisia), a site with Phoenician pottery, 

suggest an earlier horizon (925-900 BC) for the Phoenicians in the central and western 

Mediterranean (Lopez Castro et al., 2016). Considering both archaeology and ancient literary 

evidence, beginning with the colonisation of Kition on Cyprus (Karageorghis, 1982: 123-7; 

Aubet, 2001: 52), the Phoenicians can be placed in Carthage (modern Tunis) and other North 

African colonies, as well as Sardinia (Negbi, 1992) from the beginning of the 9th century BC. 

Iberia could be earlier, with modern sources proposing dates which have begun to edge closer 

to Strabo’s foundation date for Gadir (Cadiz) (Geography 3.5.5) in relation to the aftermath 

of the Trojan war (c. 12th century BC). These possible exploratory missions suggest a 

Phoenician presence in Iberia by the late 10th or early 9th centuries BC, before 'colonising' 

Iberia, Sicily, Sardinia, and North Africa by the 9th or 8th centuries BC (Kuhrt 1995: 403; Aubet 

2001: 161-7, 197-201; Schubart 2002: 3-29; Mata, 20021: 263-298; Brody 2002, 76-7; Procelli 

2008: 461-86; Docter et al. 2008: 379-422; Nijboer 2008: 365-378; Gonzalez de Canales et al., 

2008: 631-655; Pappa, 2013: 1-8; Broodbank, 2013: 489; Ruiz-Galvez 2015: 196-214; 

Perez‑Jorda et al., 2017; Delgado-Hervás, 2018: 139-170). The Iberian 'colonies' were secured 

and expanded during the 7th century BC, the peak of Phoenician expansion (although 

Sardinian colonies began to thrive later [van Dommelen, 1997]), before declining and 
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collapsing during the 6th century BC when an unexplained crisis, probably related to Babylon's 

siege and capture of Tyre between 585 and 572 BC (Aubet, 2001: 59), tore the trade network 

apart. Greek colonists moved into Phoenician sites in the West, such as Huelva in Iberia. Here 

the Phocaeans are believed to have settled (Gonzalez de Canales et al. 2008: 631-55; Dietler 

2009, 3-48), although their presence is only attested archaeologically in north-east Iberia 

(Vives-Ferrándiz Sanchez, 2015: 299-315). Nevertheless, there was a decline of the trade 

colonies (Mata, 20021: 263-298; Mata, 20022: 155-198; Ramon 2002: 127-52), with Carthage 

emerging as the primary successor to Phoenician control of the western and central 

Mediterranean. 

Regardless of exact chronologies, the Phoenicians established themselves around the 

Mediterranean and parts of the Atlantic in what has been neatly described as 'maritime 

urbanisation' (Price and Thonemann, 2010:92) (Table 1.1 provides approximate chronological 

markers for the main time-frame discussed in this thesis). Settlements were established 

especially in regions abundant in mineral resources (Gras, et al., 1995: 126), which could 

supply the market for precious metals in their East Mediterranean homeland by tapping into 

existing trading routes. Silver, as the basis of commercial transactions in the ancient East 

(Moorey, 1994: 237; Sherratt, 2016: 289-301), was potentially one of the main objectives, and 

new silver-smelting technology allowed massive acceleration of activity at the mines of the 

Huelva and Guadalquivir regions in the Iberian Peninsula (Hernández, 2013). The disparity 

between the few silver objects recovered in these regions (Murillo-Barroso et al., 2016) and 

the huge amounts of silver slag found (6-15 million tonnes) (Rothenberg and Blanco-Freijeiro, 

1981; Salkield, 1987: 13-14; Domergue, 1990; Anguilano, 2012), corresponding to 

approximately 2-3 million tonnes of silver-ore mined (Williams, 1950; Salkield, 1987: 13-14; 
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Dutrizac et al. 1985, 78), evokes a simple hypothesis: Phoenician expansion across the 

Mediterranean resulted in the movement of technological ideas from East to West and the 

movement of materials from West to East. 

This thesis explores this hypothesis from an archaeomaterials science perspective. However, 

as discussed in the following chapter, it is clear that no one approach can answer all the 

questions that have been raised by the archaeological evidence – evidence which relies 

predominantly on artefacts rather than texts. Silver and the roles the Phoenicians could have 

played in its acquisition are examined in Chapter 3, which highlights the difficulties in 

determining what silver and silver extraction technologies could have been available to the 

Phoenicians in the Near East, the Aegean and the Iberian Peninsula. The theoretical 

framework applied to examine the legacy data from the academic literature is described in 

Chapter 4 and reference is made to this framework in Chapters 5-9. Chapters 5-8 aim to 

provenance silver recovered in areas of the southern Levant by combining compositional and 

lead isotope data. Connections between the southern Levant, the Iberian Peninsula and 

Cyprus are also examined through other materials, such as pottery and copper, to make the 

case for movement of silver, not only across the Mediterranean but also between Cyprus and 

Tel Dor in the southern Levant, from the 11th century BC. Chapter 9 investigates the 

technological baseline of the Phoenicians prior to any expansion westward and examines the 

possibility that their move across the Mediterranean was in response to depleting silver 

sources in Iran - sources with a by-product which enabled cobalt-blue glass to be produced in 

Egypt and Mesopotamia. The narrative which has emerged from this thesis and a proposed 

direction for future work is discussed in Chapters 10 and 11. 
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Figure 1.2. Map of the Phoenician world showing the regions 
mentioned in the text. Italics show areas where raw materials 
were present (best viewed on a monitor). 
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Table 1.1. Chronological markers for the main time-frame discussed in this thesis (all dates are approximate) (Adapted from Aruz et al., 2014: xxiv-xxv). 

 
 

Mesopotamia Iran Syria and the Levant Anatolia/North Syria Egypt Cyprus Greece Western 
Mediterranean 

1200 BABYLONIA 
Nebuchadnezzar I (1125-1104) 
ASSYRIA 
Tilgath-Pileser I (1114-1076) 

Iron Age II, 1250-800 Iron Age I, 1200-900  
Sea Peoples incursions 

Syro-Hittite and Aramaean 
kingdoms, 1200-800  
Traditional date of Trojan 
War, 1184 

Ramesses III (1184-1153) Late Bronze Age, 1600-1050 Late Helladic (LH) period on 
mainland/Late Minoan (LM) 
IIIC period on Crete, 1200-
1125  

SPAIN 
Middle and Later Bronze 
Age, 1500-700 

1100     Third Intermediate Period 
1070-712 (or 664) 
Dynasty 21, 1070-945 

Phoenician colonies on 
Cyprus c. 1100 
Cypro-Geometric period, 
1050-750 

Submycenenaean period on 
mainland/ Subminoan 
period on Crete  

 

1000 Neo-Babylonian period, 1000-539 
Neo-Assyrian empire, 911-612 
Adad-nirari II (911-891) 

Neo-Elamite period, 1000-
539 

Philistine city-states founded 
in 10th century 

 Libyan period/Dynasty 22, 
945-712 
Sheshonq I (945-924) 
Osorkon I (924-889) 

 Protogeometric period, 
1000-900 
Lefkandi “heroon”, 950 
Tekke bowl, late10th early 
9th century 

ITALY 
Iron Age, 1000-750 

900 ASSYRIA 
Ashurnasirpal II (883-859) 
Assyrian capital moved to 
Nimrud/Kalhu 878 
Shalmaneser III (858-824) 
 
 

 Iron Age II, 900-700 
 
Battle of Qarqar, 853 
 
Hazael of Aram-Damascus 
(843-806) 

 
 
 
 
 
Sarduri I (840-830) founds 
royal dynasty of Uratu 
 

 
 
 
Osorkon II (874-850) 

 
 
 
Phoenician colony at Kition 
founded mid-9th century 

Geometric period, 900-700  ITALY 
Villanovan culture, 900-500 
SARDINIA 
Earliest possible date for 
Nora stele 
NORTH AFRICA 
Traditional date for 
foundation of Carthage, 814 

800 Assyrian rule in Babylonia, 729-625 
ASSYRIA 
Tiglath-Peliser III (744-727) 
Sargon II (721-705) 
Assyrian capital moved to 
Khorsabad/Dur-Sharrukin, 717 
BABYLONIA 
Marduk-apla-iddina II, 721-711 
ASSYRIA 
Sennacherib (704-681) 
Assyrian capital moved to 
Nineveh/Kuyunjik, 704 

Iron Age III, 800-550  
 
 
Assyria conquers Samaria, 
722 
 
Assyria conquers Philistine 
city states, 714-712 
 
Assyrian sieges of Lachish 
and Jerusalem, 701 

URARTU 
Argishti (785/780-756) 
Sarduri II (756-730) 
Rusa I (730-714/713) 
PHRYGIA 
Midas (contemporary with 
Sargon II of Assyria) 
Assyrian sack of Haldi 
Temple, Musasir, 714 

 
 
 
 
 
 
 
 
Kushite period/Dynasty 25 
712-664 
 
Late Period, 713-332 

 
 
Salamis “royal” tombs, 8th-
7th century 
 
Cypro-Archaic I period, 750-
600 
 
 
Cypriot kings pay tribute to 
Sargon II, 707 

Iliad and Odyssey composed, 
8th-7th century 
 
Olympic games established, 
776 
 
Orientalising period, 750-
600 

SPAIN 
Tartessian rule, 800-540 
ITALY 
Etruscan culture 750-90 
Orientalising period, 750-
575 
Nestor’s cup inscription, 
750-725 

700 Sennacherib destroys Babylon, 689 
ASSYRIA 
Esarhaddon (680-669) 
Ashurbanipal (668-627) 
War between Ashurbanipal and 
Shamesh-shuma-ukin, 652-649 
Fall of Nineveh, 612 
BABYLONIA 
Nabopolassar (626-605) 
Neo-Babylonian kingdom, 626-612 
Neo-Babylonian empire, 612-539 
Nebuchadnezzar II (604-562) 

Battle of Til Tuba, 653 
 
Assyrian sack of Susa, 646 
 
Median empire, 625-550 

Iron Age III, 700-550 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Babylonian rule, 605-539 

URARTU 
Rusa II (first half of 7th 
century) 
 
LYDIA 
Mermnad Dynasty, 680-546 
 
 
 
 
 
 
 
 
 
Battle of Carchemish, 605 

 
 
 
Taharqo (690-664) 
 
Assyria invades Egypt, 671-
663 
 
Saite period/Dynasty 26, 
664-525 
 
Greek settlement at 
Naukratis, second half of 7th 
century 
 
Necho II (610-595) 

  SPAIN 
Iron Age, 700-200 
 
 
 
Mazarron shipwrecks, 
second half of 7th century 
 
 
 
 
Bajo de La Campana 
shipwreck, late 7th-early 6th 
century 

600 Nabonidus (555-539) 
Persian conquest of Babylon, 539 
Archaemenid rule, 539-330 

 
Achaemenid dynasty, 559-
330 
Bisitun relief of Darius I, 521 

Babylonian sack of 
Jerusalem and destruction 
of Temple, 587 
Achaemenid rule, 550-330 

LYDIA 
Croesus (560-546) 
 
Achaemenid rule, 546-330 

Amasis (Ahmose II) (570-
526) 
 
Achaemenid rule, 525-404 

Cypro-Archaic II period, 600-
480 
Egyptian rule, 570-526 
Achaemenid rule, 526-333  

Archaic period, 600-480 
Polykrates of Samos (538-
522) 

ITALY 
Archaic period, 575-490 

500    Ionian revolt, 499-498  Cypro-Classical period, 480-
310 

Classical period, 480-323 ITALY 
Classical period, 490-300 
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2. Approaches to studying the Phoenicians 

Edward Said's thesis, based on Michel Foucault's concept of the ‘affiliation of knowledge with 

power’ (Said, 1981: ix), was a critique on the arguments put forward by Orientalist scholars 

who contended that their interpretation of the Arab/Islamic world represented knowledge 

without bias, free from any power motive. Scholarship on the Phoenicians has faced similar 

criticism, primarily as a consequence of the predominant ways Greek history has been 

modelled - one considering Greece as essentially European (or Aryan), the other seeing it as 

Levantine, on the periphery of the Egyptian and Semitic cultural area (Bernal, 1991: 1). In 

essence, classical accounts describe Greek culture as the result of colonisation by Egyptians 

and Phoenicians who along with influences from the Near East dominated the indigenous 

population in about 1500 BC (Herodotus: Histories VI). The 19th century AD European model 

also attributes Greek culture to external influences - a Dorian invasion from the North, 

overwhelming the local culture (e.g. Childe, 1926).  

The European model aimed to close the gap on the Greek 'Dark Age', a period resulting from 

the alleged Bronze Age collapse to the emergence of Archaic Greece (c. 12th- 8th centuries BC), 

when settlements in the Aegean became fewer and smaller, pottery became stylistically 

simpler and evidence of writing, monumental construction and figurative art disappeared 

(Celestino and López-Ruiz, 2016:134; Dickinson, 2006: 238; Papadopoulos, 2016). However, 

whereas the Ancient model is supported by Herodotus, who in his Histories VI states that the 

Egyptians made themselves kings in the Peloponnese, the Dorian invasion is not only 

unattested in ancient sources but has also never been established archaeologically (Cartledge, 

2002:68). Despite this 'Dark Age' becoming progressively less dark in recent years (Dickinson, 

2006: 238; Galaty et al., 2015: 157-177), one reason for the European version being accepted 
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throughout the 20th century AD potentially had its roots in the anti-Semitism which prevailed 

in Europe in the 1890s and again in the 1920s and 1930s (Bernal 1991: 367). This manifested 

itself in the view that the Orient was the childhood of mankind and Greece its adolescence 

(and, by inference, Europe its zenith), influencing philosophers such as Marx (1939 [1973: 

471-513]) and archaeologists such as Gordon Childe to extol the Aryan model (Childe, 1926). 

A tone was set which objected to giving credit to the Semitic Phoenicians for anything of 

importance found in the ancient Greek world, while at the same time denigrating their role 

to 'mere' traders (see Marsh (1885) in the first volume of The American Journal of Archaeology 

for a diatribe against Phoenician material culture). This is somewhat paradoxical, in that the 

more 19th and 20th century AD scholarship revered the Greeks, the less it appeared to respect 

the ancient accounts of their history.  

Despite their Semitic roots, Mesopotamians did not face the same prejudice as the 

Phoenicians, with the result that irreducible elements in Greek and other European cultures 

began to be attributed to the Assyrians and Babylonians (Reinach, 1893). Accepting that some 

cultural transfer to Greece originated in Mesopotamia (via the non-Semitic Indo-European 

Hittites of Anatolia), negated the need for transmission by sea through Phoenicia (Walcot, 

1966: 1-54). These arguments were developed in the 20th century AD climate when there was 

the prodigious application of positivism to archaeological data (Beloch, 1894), viewed 

increasingly as the one 'scientific' source of information on pre-history. The rigid adherence 

to material proof for the remnants of the Ancient model, introduced the 'argument of silence' 

(Carpenter, 1933), i.e. the belief that if something is not found, it cannot have existed. Since 

it is difficult to prove absence in archaeology (in the same way that it is difficult to prove the 

null hypothesis in mathematics), this has had several knock-on effects. The spurious denial of 
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Near Eastern loan words for nautical terms in Greek (Beloch, 1894), the absence of 

Phoenicians from the list of Troy's barbarian allies in Homer's Iliad and the alleged lack of 

Greek (i.e. deriving from the Semitic alphabet) inscriptions predating the 8th century BC 

(Carpenter, 1933), not only limited views on Phoenician sea-faring to excursions along the 

North African coast, but also lowered the chronology of when the Phoenicians could have 

crossed the Aegean to the end of the 8th century BC. This late date, after the formation of the 

first Greek city-states (the first 'date' in Greek history being 776 BC - the year of the first 

Olympic Games), relegated Phoenician involvement in Greece to after Greek colonisation and 

the formation of the polis, as well as cementing the narrative that the Phoenicians sailed West 

only because they were directed to do so by their less-Semitic Assyrian overlords 

(Frankenstein, 1979:263-294; Niemeyer, 1990: 469-489; Kourou, 2012; Fantalkin, 2006: 199-

235). As the Assyrian Empire had only major influence on the Phoenician coast in the mid-8th 

century BC (Figure 2.1), Assyrian imperialism has since been dismissed as the initial driving 

force behind the Phoenician search for silver and other metals in the West Mediterranean 

(e.g. Fletcher, 2012), thereby providing opportunities for other models to emerge that more 

closely fit the evidence (see Chapter 9). 
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Figure 2.1. Map of the Phoenician cities on the Levantine coast which came under the influence of the 
expanding Assyrian Empire in the mid-8th century BC, an empire which reached the peak of its influence in the 
7th century BC (from Cunliffe, 2011: 239; Fig. 8.6). 

 

2.1 Legacy of bias 

The fundamental dichotomy regarding the role of the Phoenicians and Greeks in the ancient 

world has had implications for the study of colonisation and the transmission of materials and 

ideas throughout the Mediterranean in the 1st millennium BC. The virtual impasse reached in 

the academic literature has resulted predominantly from conceiving the Semitic Phoenicians 

and the Indo-European Greeks as rivals in conquering the Mediterranean (Niemeyer, 2004: 

38-50). This is perhaps best evidenced by considering the differences of opinion over Al Mina, 

an 8th century BC coastal development in North Syria at the mouth of the Orontes river (Figure 

2.2). Virtually all excavated pottery from the earliest phase of the settlement is of Greek 

(specifically, Euboean) origin, while later phases consist of pottery about half of which is 
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Euboean, the rest deriving from Cyprus and Syria (Price and Thonemann, 2010: 87, Lehmann, 

2005: 61-92). Sir Leonard Woolley, who excavated the site in the 1930s, argued that it was a 

Greek trading post (emporium) (Woolley, 1938), a view that remained dominant until the 

1980s (see Boardman, 1999: 38-54).  

 

Figure 2.2. Map of the Eastern Mediterranean showing locations in Phoenicia, the coastal development of Al 
Mina and the proximity of the Levant to Alashiya (Cyprus). The red dots show that Euboean pottery has been 
found close to urban sites on Cyprus and the Levant as well as locations around the Aegean (from Cunliffe, 
2011: 244; Fig. 8.9).  

 

However, with its Near Eastern mud-brick rather than Greek stone architecture, its absence 

of Greek-style burials or cults, and the lack of day-to-day domestic pottery, this site has more 

recently been used to support the view that Greek drinking cups were brought to Al Mina by 

Levantine traders, probably Phoenicians, who found Euboean wares particularly desirable 

(Price and Thonemann, 2010: 88). This removes the need for any Greek presence at Al Mina, 

 Al Mina  
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resulting in two distinct stereotypes that extend well beyond the transmission of drinking 

vessels: the first identifies the Greeks as a dynamic and enterprising group who came to the 

'Orient' allowing them to select and assimilate the skills and technologies of the civilisations 

of the Near East; the second views the Greeks as passive and promotes the Phoenicians to 

penetrators of the Aegean, flooding Greek harbour-towns with both their material and 

cultural products (Markoe, 1996; Kourou, 2012), while bringing back fashionable items to the 

Levantine coast. Both views appear to be driven by ideology (Sciortino, 2009: 51-55) with the 

latter attempting to redress the balance of viewing the 1st millennium BC entirely from a 

Greek perspective, although perhaps, in the process, enacting retrospective positive 

discrimination in favour of the Phoenicians. Nevertheless, they both emerge from the same 

archaeological data. 

More recent approaches to Phoenician-Greek ‘colonial engagements’ (Hodos, 2009) have 

focussed on interactions in a less binary way than that of competition and rivalry. 

Nevertheless, how these interactions are viewed affects interpretations. For example, as will 

be discussed later, an early Phoenician presence in Iberia is attested archaeologically partly 

in terms of a number of Attic and Euboean skyphoi recovered at a site in central Huelva (i.e. 

Plaza de las Monjas-Mendez Nunez St). This pottery contributed to the dating of the 

Phoenician material found with it to the 10th or early 9th centuries BC (Gonzalez de Canales et 

al., 2008: 631-655). However, an interesting inference resulting from the discovery of these 

finds is a clear indication of apparently peaceful Phoenician contact with Euboea and Attica 

at the time (Kourou, 2012). Furthermore, Attic skyphoi found together with Phoenician 

material at the harbour site of La Rebanadilla near Malaga (Arancibia Román et al. 2011: 130–

132; Pappa, 2012: 36-37; Sanchez, et al. 2012) could suggest that the Phoenicians' route to 
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Iberia sometimes traversed the central Aegean. This could clearly have repercussions on 

transmissions models of silver exploited in Iberia and transported across the Mediterranean 

by the Phoenicians (see Chapter 8). 

2.2 Approaches to interpreting archaeological data 

From a positivist point of view, there is a correct answer to a scenario like Al Mina - an 

objective reality, separate from the investigators’ perceptions of it, that can be revealed by 

observing structure or patterns in data which, in a strict empiricist paradigm, 'speaks for itself' 

and doesn't speak at all when absent (Binford and Sabloff, 1982). Post-positivists move to a 

position of critical realism when it comes to what is inherently knowable (Clark, 1993) - the 

investigator's job is to move closer and closer to this absolute truth but also recognise, since 

the Heisenberg Uncertainty Principle (Heisenberg, 1927, reproduced in English in Hawking, 

2011), that complete objectivity is impossible (see Chapter 4). This leads to different schools 

within an intellectual community, each investigating different and potentially competing 

hypotheses. This is what appears to be happening in the case of Al Mina (see Sciortino 2009: 

51-55), with both sides using artefacts (or absence of them) as the principal analytical unit of 

investigation to support their view and equating these artefacts with ethnic or social entities 

known from ancient historical sources (the same ancient sources that are often considered 

as unreliable).  

At present, the archaeological evidence cannot resolve this stalemate (see Lehmann, 2005: 

61-92), and it is unlikely that there will be any objective proof of who brought Euboean pots 

to Al Mina and who used them once they arrived there. Al Mina is recognised as being a 

harbour for Mediterranean trade with northern Syria and Mesopotamia (and may have been 

a multicultural hub that was neither Greek, Phoenician nor indigenous – Sommer, 2010: 129), 
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but the jury is still out on who controlled the port (Lehmann, 2005: 61-92). That is not to say 

the question of who controlled Al Mina cannot be solved, although it appears to rely on 

discovering whether Greek-style vessels were attractive or not to natives of the Levant. This 

sounds as if it requires a rejection of objectivity in favour of subjective paradigms often 

associated with post-processualism (e.g. Shanks and Tilley, 1987; Sciortino, 2009: 51-55). 

However, a comprehensive study on the types and quantity of Greek ceramics being exported 

to the Near East in the 8th century BC would perhaps be a step closer to the ‘truth’, even if it 

is a generalised objective reality tempered by a western, capitalist, positivist tradition. 

Furthermore, there is the question of scale, in that studies which emphasise social and micro-

cultural activities can de-emphasise single world and systemic socio-cultural meta narratives 

(Hodos, 2008) and vice versa. The main problem, however, is that the archaeology is 

essentially incomplete at both an observational and explanation level. The issue here is how 

much additional material needs to be discovered and catalogued to satisfy the criteria that 

the Near East had a fondness for Euboean wares in order for a consensus to emerge (generally 

within academia, by invested specialists), especially when it is considered that the distribution 

of finds, local imitations and the role of itinerant craftsmen would necessarily feed into any 

'fondness for a type' metric. 

How the archaeological evidence is interpreted at Al Mina (and at other sites around the Iron 

Age Mediterranean) affects directly how Phoenician expansion across the Mediterranean is 

understood. The search for metals as a motivator for both the Phoenicians and the Greeks 

has been criticised as providing ‘a convenient, almost mechanical correlation between 

mineral rich resources in the west and the commercial expansion in the Mediterranean’ 

(Fletcher, 2012: 212), with a suggestion that investigating the connectivity between the 
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largely static regions around the Mediterranean would be a better line of enquiry. In essence, 

it is suggested that movement was instigated from intensifications of movements and 

structures that already existed (Purcell, 1990: 29-58), which encouraged commercial 

expansion. Fletcher (2012) hints that the breakdown of Assyrian power after 824 BC provided 

a favourable environment which facilitated Phoenician expansion. Admittedly, the EIA may 

have been ‘intricate and multifarious’ as reflected in ‘the growing emphasis in current 

scholarship upon context, consumption, the role of native peoples, and an understanding of 

the sheer complexity of the Mediterranean world (in particular Riva and Vella, 2006)’ 

(Fletcher, 2012: 212). However, these studies do not necessarily provide alternatives to 

Assyrian imperialism for the motivation behind Phoenician expansion per se, especially when 

it is considered that the chronologies of the initial movements westward are still under debate 

and may be much earlier than the 9th century BC (see Chapter 5). Furthermore, Morris’ (2006: 

67) statement ‘at least we have outgrown the lame use of trade as a self-explanatory force’ 

in the analysis of the EIA, does not necessarily negate that trade was the main motivator 

behind the Phoenician search for silver in the West Mediterranean, in order to take part in 

existing trade networks around the East and Central Mediterranean. In effect, although 

Assyrian imperialism may not have been the driving force for the Phoenician search for silver 

(Fletcher, 2012; contra Frankenstein 1979: 263-294), the search for metals may have still been 

the main driver for the movement westward (contra Fletcher, 2012), while assemblages of 

Phoenician and Greek pottery on Cyprus (Bikai, 1983: 396-406; Bell, 2016: 91-105), around 

the East Mediterranean (Coldstream, 1988: 90-96), in Syria (Luke, 2003), including at Al Mina 

(Lehmann, 2005: 61-92), and the central Mediterranean (Hodos, 2015) reflect a later 

intensification of trade in other commodities, in part, because of the availability of Iberian 
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silver. A calculation of the approximate amount of silver exploited in south-west Iberia 

perhaps best demonstrates this point: 

The amount of silver production slag at Rio Tinto is in the region of 6-15 million tonnes 

(Rothenberg and Blanco-Freijeiro, 1981; Domergue, 1990; Anguilano, 2012) with Salkield 

calculating about 9 million tonnes (Salkield, 1987: 13-14). Williams (1950) states that Roman 

and ‘Ancient’ miners could have exploited about 2 million tonnes of silver-ore (Williams, 1950; 

Salkield, 1987: 13-14). Other authors propose up to 3 million tonnes, e.g. Dutrizac et al. (1985: 

28). Assuming that ancient silver-ore had approximately the same amount of silver as modern 

ores, i.e. 0.2% silver (range: 0.016-0.68% Salkield, 1987: 14), this suggests that 4000-6000 

tonnes (i.e. 4-6 million kilograms) of silver metal could have been produced at Rio Tinto alone.  

Even though this is a very approximate calculation, and accepting that Roman exploitation of 

silver in south-west Iberia was considerable, what it demonstrates is that potentially a lot of 

silver was extracted in the Orientalising period (c. 8th-6th centuries BC) or earlier (see Chapter 

5), as evidenced by the Phoenician slag levels at mining sites such as Corta Lago (Rothenberg 

and Blanco-Freijeiro, 1981; Anguilano, 2012). With only a few tens of silver objects recovered 

in Iberia (Murillo-Barroso et al., 2016) from this time, this suggests that most of the silver 

moved East. In fact, the circulation of ‘[silver], which had provided a standard of exchange 

(and, in a growing number of circumstances, a medium of exchange) in the Near East since at 

least the end of the 3rd millennium’ (Sherratt, 2016: 297) potentially resulted in a growing 

network of commercial traders and routes.  Essentially, a net increase in silver circulation, as 

silver from Iberia fed into the system, would have potentially facilitated entrepreneurial 

trade. This would have made the middle of the 1st millennium BC in the eastern 

Mediterranean and the Near East look very different to it how had been less than a 
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millennium earlier (Sherratt, 2016: 289-301). Understanding the sources and movement of 

silver is therefore prerequisite in order to appreciate the subsequent movements and 

interactions of the 1st millennium BC Mediterranean and, therefore, to appreciate sites such 

as Al Mina. 

2.3 Phoenician silver and hybridisation 

Phoenician silver has often been investigated to assess how ideas diffused from the Near East 

to the Mediterranean (e.g. Markoe, 1985; 1996). As the focus was generally on objects, rather 

than technological processes, the main focus was on the aesthetic (Riva and Vella, 2006: 1-

20), with most studies using style and iconography to address archaeological questions which 

often equated objects with identity. The earliest studies were on the 'Phoenician' bronze and 

silver bowls discovered in Italy and Cyprus in the 19th century AD (e.g. Markoe, 1985). In 1849, 

Layard discovered over a hundred bowls at Nimrud, many of them without designs and a few 

just fragments. He considered the bowls to be Phoenician because their style was halfway 

between Assyrian and Egyptian (Riva and Vella, 2006: 1-20). A Phoenician inscription below 

the rim on one of the Nimrud bowls instigated a connection between these Nimrud bowls 

and the others, with commonalities in style being used as a measure of how Oriental they 

were, with the term Orientalising becoming a variable chronological label to be applied to 

areas where Oriental artefacts appeared in non-Oriental settings, alongside local adaptations 

or imitations (see Conventions: 27-29). In essence, ‘pure’ Oriental forms were considered to 

support the static conceptions of neatly bounded ‘pure’ cultures and identities (see Knapp 

and van Dommelen, 2015: 250), in which variation was minimised with the aim of normalising 

a culture to become an analytical unit (Willey and Sabloff, 1980) from which other forms could 

be compared. 
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The most complete study on metal bowls is Markoe's monograph entitled Phoenician Bronze 

and Silver Bowls from Cyprus and the Mediterranean (1985). After studying a set of 84 bowls 

from very disparate regions and contexts – Anatolia, Cyprus, the Aegean, the Italian Peninsula, 

the Levant and Iran – he concluded that there was a uniformity which betrayed a common 

artistic heritage which he assigned to the Phoenicians. In other words, the Phoenicians should 

be treated as a single cultural unit whose differences can be explained in terms of chronology. 

Although this remarkable work is supported by contextual information, it conflates ethnicity 

with style which results in methodological and empirical problems: it sets up an East-West 

distinction prior to one existing, i.e. such a divide is only historically evident from the 6th and 

5th centuries BC during Persian hegemony (Hodos, 2009); it also prevented style being used 

to identify more empirical labels, which could be used subsequently to address differences in 

workshops and sources of production. As a result of an ethnicity-style equivocation, the 

Nimrud bowls, classified as purely Phoenician, were placed in one group and the Cypriot 

(Cypro-Phoenician) bowls, Italian and Iranian bowls in another (despite the geographical 

incongruity of Iraq being between Iran and Cyprus).  
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Figure 2.3. A Late Geometric terracotta shield from Tiryns (right), datable to the very end of the 8th century BC 
alongside a line drawing of a Phoenician gilt-silver bowl (left) from Praeneste, Rome, Museo di Villa Giulia 
(Inv. no. 61574). Comparisons were made in relation to the syntax or formal structure of the Greek artistic 
composition, rather than in the style or iconography of the scene, to reveal the presence and influence of the 
Oriental model (from Markoe, 1996). 

 

The initial aims of those studying these bronze and silver bowls was to understand their 

origins, primarily with regard to how 'Oriental' they were. This approach, based on an art-

historical paradigm, is still in use. For example, Figure 2.3 shows a Late Geometric terracotta 

shield from Tiryns, datable to the very end of the 8th century BC, alongside a line drawing of 

a Phoenician gilt-silver bowl. Markoe (1996: 50) comments that ‘A comparison of the Tiryns 

shield scene with Phoenician bowl depictions reveals the debt of the former to the latter’, 

before concluding that the source material of the Orientalising Greek artist was in imported 

Oriental goods. 

An alternative to Markoe’s (1985; 1996) essentially diffusionist approach is that of 

hybridisation. Hybridisation approaches permit investigation into the reasons behind aspects 

of a culture being adopted or adapted, such as artefacts, technology or practices, at the 

expense of others (Dietler, 2009: 3-48; van Dommelen, 2005: 109-141; 2006: 135-52; Hodos, 
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2006; Knapp and van Dommelen, 2015: 249-251). In terms of the bowls, hybridisation 

eschews neat groupings by accepting that the bowls moved and that, if they need to be called 

Phoenician at all, it is in their mobility and not their ethnicity where identity should be 

recognised (Vella, 2010). Furthermore, viewing materials through the process of hybridisation 

(e.g. van Dommelen, 2005: 109-141; 2006: 135-52) within the archaeological context, rather 

than considering material evidence purely as a binary choice between the coloniser and 

colonised may confront the assumption that the ethnic and social entities known from history 

can be identified purely from the diagnostic parts of an assemblage. By considering 

displacement, the metal bowls are no longer originally Oriental but acquire an Orientalising 

identity through the intercultural movements experienced by either the craftsman who made 

them, or how the objects themselves affect the groups they came in contact with (Vella, 

2010). In effect, through their significantly heterogeneous morphology and contexts of 

deposition, they reflect an increasing connectivity between different peoples and centres 

across the Mediterranean world in the EIA - potentially peoples who either gave or received 

these bowls as gifts as part of diplomatic processes of interaction between local and global 

elites (Aubet, 2001: 136-137). 

The post-colonial concept of hybridisation is a useful way from which to view Orientalising 

material culture in terms of appropriation and hybridity, rather than by setting up an Oriental-

indigenous culture divide. Furthermore, hybridisation approaches also eschew the neat core-

periphery models, as championed by World Systems theories (Wallerstein, 1974; Kohl, 1979: 

55-85) which propagated the aforementioned Assyrian model for Phoenician expansion (i.e. 

Frankenstein, 1979: 263-294) and viewed south-west Iberia as a margin of a commercial 

system with the islands of Sardinia and Sicily as the periphery (Sherratt and Sherratt, 1993).  
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Specifically, hybridisation is an approach which could potentially identify the presence of the 

Phoenicians in the archaeological record as well as benefit a deeper understanding of their 

role as they interacted with indigenous populations across the Mediterranean (see Chapters 

5 and 6).  

However, bringing movement to the fore regarding material culture raises greater problems 

than those faced by advocates of the art-historical approach, especially with regard to 

understanding the scenarios that led to the distribution of objects. In the case of the 

aforementioned silver and bronze bowls, four potential ways have been proposed by Vella 

(2010): The bowls were made: 

 in the East and from there they travelled. 

 by itinerant craftsmen in different places at different times. 

 by local craftsmen at the place where the artefacts entered the archaeological 

record: Assyria, Cyprus, Crete, Etruria etc. 

 in one place but then travelled, possibly more than once, in exchange networks or 

as war booty. 

The problem is differentiating between these scenarios, as each will have fundamental 

repercussions on how the archaeological evidence is interpreted. For example, the first 

scenario almost automatically favours a simple diffusionist explanation (e.g. Markoe’s (1996) 

interpretation of the Tiryns shield), whereas evoking itinerant craftsmen is a useful tack to 

explain the lack of silver finds in Phoenicia proper. Hybridisation theories emerge from local 

craftsmen interacting with other cultures, but this tends to rely on the fact that their work 

can be differentiated in terms of style from either itinerant craftsmen or direct movement, 
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while objects attributed to exchange, tribute or booty almost always require the acquirer to 

modify (i.e. re-work, re-engrave etc.) the object to reflect its new ownership (Vella, 2010).  

Hybridisation approaches are often somewhat hamstrung by the lack of evidence regarding 

the social structures of the local population prior to foreign elements arriving and, in the case 

of the Phoenicians, the 'colonisers' themselves. This has been noted at the site of Lixus (see 

Figure 8.1) on the Atlantic shores of North Africa (c. mid-8th century BC), where a lack of 

information about the indigenous inhabitants encountered by newcomers has resulted in two 

interpretations regarding the presence of ‘close parallels’ between handmade indigenous 

pottery recovered at Lixus and southern Iberia (Vives-Ferrándiz Sanchez, 2015: 299-315). 

Essentially, the evidence could suggest that the indigenous inhabitants of Lixus were well-

connected and that there was mobility across the Straits of Gibraltar. Alternatively, it could 

suggest that trade and exchange was instigated by the Phoenicians, as Phoenician pottery 

types were also identified in the early levels at Lixus. Furthermore, identification of pottery 

which did not fit with the binary classifications of Phoenician wheel-made vs. indigenous 

handmade pottery, could suggest that there was technological knowledge transfer (and 

thereby an ‘intensity of contact between the two groups’ [Vives-Ferrándiz Sanchez, 2015: 

307]) to produce these ‘hybrid’ objects. Conversely, the ‘far from homogenous’ hand-

modelled pottery (Cañete and Vives-Ferrándiz, 2011: 131) could also suggest there was a high 

level of variation in the indigenous technological processes prior to the arrival of the 

Phoenicians. These approaches are further confounded when the hybrid material discovered 

in the archaeological record is the very evidence which made the local culture visible in the 

first place (e.g. as with the Tartessic culture in Iberia) (Arruda, 2015: 263-278).  
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Recognition of hybrid technological processes suggests that there was more than transient 

contact between native agents and newcomers, as new technologies take time to acquire, 

e.g. wheel-made pottery (Jeffra, 2013). Technological processes are examined in the following 

chapter with regard to silver extraction. Furthermore, silver ores were not necessarily mined 

at the same location as where objects were made, thereby suggesting long-distance trade. 

Moreover, unlike pottery, which can be reused but not recycled, metal (and glass) objects can 

be re-melted and fashioned into other objects. These objects are not necessarily hybrid in 

terms of typology or iconography- although a new object has been created at the expense of 

another – but the material may reflect the components from which the new object was 

produced as well as situating recycling processes within the social and cultural contexts. In 

effect, provenancing silver from ore to object and an appreciation of recycling and mixing 

processes may provide evidence of connectivity and networks across time and space (see 

Chapter 4). These factors are considered in Chapters 5-9. 

2.4 Identifying the Phoenicians 

To some extent, focussing on hybridisation detracts from the search for the cultural identities 

that took part in the interaction. In spite of their well-known name, recognised primarily 

because of their association with the modern alphabet, identifying the Phoenicians in the 

archaeological record is not straightforward. This, in part, is related to nomenclature, with 

the Phoenicians being referred to as Phoinikes by Greeks and as Punici by the Romans in their 

respective texts, although more recently the term Punic refers exclusively to the 

Carthaginians and their areas of influence in the central and western Mediterranean after the 

6th century BC (e.g. Aubet, 2001: 12-13). However, despite the issues surrounding what or 

who constitutes the Phoenician label, it needs to be remembered that the Phoenicians lived 



58 
 

in independent city-states, such as Akko, Tyre, Sidon, Byblos, Beirut and Arwad along the 

Levantine coast, some of which had been inhabited since the 2nd millennium (as attested by 

the 14th century BC Amarna tablets [Tsirkin, 2001]). The Phoenicians were considered by the 

Israelites as a group within the broader Canaanite population of the area, by the Greeks as 

traders and colonists (especially the Homeric Sidonians), although probably referred to 

themselves by their respective city-states (Broodbank, 2013: 449). Nevertheless, their 

common script, common gods (with regional and local variants) as well as their religious 

practices, pottery and artwork, suggest an element of cohesion (Celestino and López-Ruiz, 

2016: 133) which, according to ancient and Biblical sources, manifested itself in proficient use 

of purple dye from murex shells for dyeing cloth, exploitation and trade in timber, salt and 

ivory as well as the production of fine jewellery (and metal bowls). In other words, although 

the Phoenicians had regionally diverse cultural expressions, they shared traits, beliefs, 

customs and practices. In effect, there may be sufficient common denominators to consider 

the Phoenicians a single entity, although not a unified one in the political sense, thereby 

enabling the conception and discussion of ‘a global concept of Phoenician culture, while 

concurrently acknowledging regional variations of that global Phoenician notion’ (Hodos, 

2008: 274). 

Regarding the indigenous populations the Phoenicians encountered, it seems that applying a 

continuum to investigate cultural influence will always be somewhat problematic, as culture 

being adopted or adapted can be viewed through the lens of inequality and exploitation, or 

collaboration and co-operation (Arruda, 2015: 263-278). Nevertheless, it is perhaps here that 

it is necessary to give the benefit of the doubt to the indigenous culture. In other words, if the 

archaeology suggests that hybridisation is evident (in this case, Orientalised), then it may be 
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beneficial to search for other evidence that supports some kind of reciprocal relationship and 

assume that there was sufficient complexity and cultural cohesion in the indigenous society 

to promote a symbiotic (or at least a more inter-dependent) relationship.   

2.4.1 Phoenicians and mining of silver 

This 'benefit of the doubt' approach was afforded to the Tartessians over the Phoenicians 

regarding mining and metallurgy in Iberia, although it was not framed in terms of 

hybridisation. Beno Rothenberg, after 10 years of excavating silver and copper mining sites in 

south-west Iberia, concluded that the LBA smelting technology of the indigenous Tartessians 

underwent no real changes as a consequence of Phoenician 'colonisation', despite this culture 

being 'Orientalised' by the 8th century BC at the latest (Rothenberg and Blanco-Freijeiro, 

1981). This assertion was based primarily on the continuity of metallurgical slag at the Corta 

Lago site in the area of Rio Tinto (Figure 2.4), in spite of increasing amounts of Phoenician 

pottery. 
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Figure 2.4. View of the Rio Tinto, Spain (top) (from Aruz et al.,2014:6) and map of the Gulf of Cadiz and its 
metalliferous hinterland around 800 BC (bottom) (from Cunliffe, 2011:290; Fig. 9.9). 
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The supporting evidence for Rothenberg and Blanco-Freijeiro’s (1981) premise, although not 

data which would be recognised within the positivist paradigm, contributed (and still 

contributes) to the narrative that the Phoenicians stimulated the economy from East to West 

but did not contribute at all to technological innovations: the Hebrew prophet Ezekiel is cited 

as testament to the Phoenicians being involved only in metal trading; the Book of Kings is 

used to support that Phoenicians were forgers of metal (i.e. not smelters); it is proposed that 

knowledge of extractive metallurgy in ancient times was acquired only when there was a long-

standing indigenous tradition of metal making (presumably based on Rothenberg's 

excavations at Timna in Jordan) (Rothenberg, 1988); and many of the 'so-called' Phoenician 

art and craft objects found in the West were of local non-Phoenician workmanship (probably 

a subjective assessment).  

Once again, this relegates the Phoenicians to purely trading across the Mediterranean rather 

than prospecting, extracting and processing metals, by removing any Phoenician involvement 

in the development of the technologies associated with these operations. From a theoretical 

perspective the question is, however, whether an absence of hybridisation (in this case, in 

terms of technological variation) equates to one party's domination over the other. If it does, 

it suggests that the Phoenicians played no role in the introduction of new technologies, 

thereby indirectly championing the role of the indigenous Tartessians. Of course, this leads to 

the question of what technology the Tartessians or their predecessors were using before the 

Phoenicians arrived, and more significantly, when they started using it. Moreover, it sets up 

a scenario where the Phoenicians travelled to a place with abundant material resources which 

the indigenous population knew how to extract and process but had decided not to fully 

exploit until the Phoenicians arrived. Such a scenario is also difficult to reconcile from the 
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Phoenician angle, as it suggests that the Phoenicians set off on these risky, time-consuming 

and costly journeys without knowing where they were sailing to, what they were looking for 

or how they would exploit it when they found it. 

There is no unanimity in the academic literature on the Phoenician role in the Iberian 

Peninsula with regards to mining and metallurgy: silver production is considered as either an 

indigenous technology expanded because of external demand, or as an imported technology. 

Advocates of both sides of the argument utilise ancient sources, such as the aforementioned 

Biblical texts to suggest that the Phoenicians were solely traders, and Diodorus Siculus’s 

Bibliotheca historica (V, 35, 4-5) to support that Phoenician expansion in the West was to 

obtain silver and that, slightly ambiguously, Tartessians did not know how to exploit silver 

before the Phoenicians arrived.  

Rothenberg's interpretations have been questioned within the positivist paradigm as well, 

mainly by those advocating for the exclusive use of native silver ores by the indigenous 

Tartessians (Bartelheim et al. 2012; Murillo-Barroso et al., 2014; 2016), ores which did not 

require refining by cupellation, and because of the absence of indigenous settlements near 

the ore bodies exploited by the Phoenicians and later by the Romans (Rothenberg and Blanco-

Freijeiro, 1981; Hunt Ortiz, 2003). However, Rothenberg's central tenet makes sense: the 

Phoenicians, originating from the narrow coastal strip of their Near Eastern homeland were 

mainly mariners and traders, though they excelled in the manufacture of textiles, glass and 

ornaments (Woolmer, 2017; Aubet 2001, 52-56). In other words, they were not prospectors, 

miners or smelters. In fact, any attempt to apply the chaîne opératoire to Phoenician metal-

working in the Levant, would have to reconcile the natural parameters, such as accessibility 

to a sufficient quantity of quality ores (which were not located anywhere near Phoenicia), 
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with the human parameters, such as the know-how of how to use certain tools, to a 

community whose technical expertise in metals focussed on making intricate jewellery and 

what appear to be luxury items (Feldman, 2014: 157-162). In essence, Phoenicia, without 

significant mineral resources, is not the ideal geographical or environmental setting from 

which potential ore prospectors, miners or smelters would naturally emerge, especially when 

it is considered that these Phoenicians appear to have fashioned metals into works of art, i.e. 

requiring different cognitive motor skills to mining or metal extraction. This lack of 

opportunity for Phoenicians to mine and smelt ores in Phoenicia prior to any move westward 

is perhaps the most overlooked factor to understanding the Phoenician quest for silver across 

the Mediterranean in the 1st millennium BC. 
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3. Phoenicians and silver 

Several explanations have been proposed for the reasons behind the Phoenician move 

westward, such as to disperse an excess population from the Levant and to acquire Tartessian 

territory in Iberia for agriculture and a workforce (Lopez Castro, 1993: 39-68; Gonzalez 

Wagner and Alvar, 2003: 187-203). However, with most Phoenician settlements laying on the 

coast or on islands away from the best agricultural land, it is now largely accepted that the 

main impetus for the Phoenicians to travel to Iberia, at least initially, was to procure metals, 

including silver (Ruiz-Galvez, 2015: 196-214; contra Fletcher, 2012). In order to appreciate the 

magnitude of the endeavour, however, it is necessary to understand what, in terms of 

knowledge of mining and metallurgy, the Phoenicians could have brought with them and how 

this concurs with the archaeological record. This is particularly pertinent when it comes to 

understanding how (accepting that the Phoenicians took part in smelting operations) the 

Phoenicians exploited the complex argentiferous jarositic ores of south-west Iberia - ores 

which are rarely found elsewhere in either the Mediterranean or the Near East. As Craddock 

(2014) highlights, the great achievement of the Phoenicians was to discover jarosite’s 

potential and to develop ways of successfully smelting it. In essence, the Phoenicians must 

have gained and practiced the necessary skills to recognise and exploit this type of ore, prior 

to any westward reconnaissance missions across the Mediterranean to the Iberian Peninsula. 

The issue is further compounded by the difficulty in placing the Phoenicians at particular 

places and points in time - places where these ore-prospecting and processing skills could be 

honed. In effect, any attempt to identify the Phoenician technological base for exploiting 

silver ores requires delimiting where silver was mined in antiquity and whether there was a 

Phoenician presence at these locations. In other words, the ability to locate silver and the 
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technology to mine, smelt and refine argentiferous ores was pre-requisite to the success of 

Phoenicians in the West. 

3.1 Smelting and cupellation of argentiferous ores  

The rapid adoption of silver coinage throughout the ancient world from the middle of the 1st 

millennium BC created an unprecedented demand for silver (Healy, 1978: 241). Silver 

production increased dramatically resulting in rapid developments in the mining industry in 

terms of both scale and technical sophistication (Craddock, 1995: 205-233). However, even 

prior to the introduction of coinage, silver was in demand which encouraged a series of 

developments across various technologies from the late Uruk period (c. 3300 BC; Pernicka et 

al., 1998: 123-134), primarily because silver is often associated with other metals. With gold, 

copper, lead and zinc being closely related regarding the genesis and geological occurrence 

of their ores, a single deposit potentially contains ores with two or more of the metals in such 

intimate association that they are necessarily mined together. This association can remain 

even when reduced to the metal during smelting (Cronshaw, 1921: 16).  

In the smelting process, argentiferous galena (PbS) and cerussite (PbCO3) use intrinsic lead to 

collect silver (Figure 3.1). Jarosite ores (XFe3+3 (OH)6 (SO4)2, where X can be K, Na, Pb, Ag and 

NH
4
) and possibly the complex sulphosalt ores such as that on Siphnos (Anguilano et al., 2009; 

Gale et al., 1980: 3-49) require lead to be added. Lead in the form of metal, galena, or litharge 

with high lead concentrations, can be used as silver collectors because molten lead is able to 

dissolve silver as well as copper, arsenic, antimony, bismuth, tin etc. The silver extracted from 

smelting an argentiferous ore is therefore contained in the lead. Any flux added to react with 

the gangue to produce a slag would ideally be separate from the argentiferous lead.  
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Figure 3.1. (top left) Cerussite veins (widest bands about 2 cm across) (top right) Argentiferous galena from 
Coeur d’Alene, Idaho. The specimen is about 6.4cm across.  
(Images from https://geology.com/minerals/galena.shtml. (bottom) Silver in quartz. Silver is in the dark grey 
areas and the host rock is quartz. Image from http://www.mine-engineer.com/mining/mineral/silver.htm. 
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Extracting the silver from argentiferous lead in ancient times required cupellation - a process 

of oxidising the lead to litharge (PbO) by heating the molten lead to temperatures of about 

1000-1100oC under a stream of air (Figure 3.2) (Craddock, 1995: 205-233; L’Heritier et al., 

2015). With a melting point of 888oC, litharge is molten and oxidises base metals readily, 

which dissolve in it. Being more chemically inert, silver (and gold) are not oxidised and remain 

in the pure state, separate from the litharge. Silver (and any gold impurities) can then be 

alloyed, usually with copper, and fashioned into objects. 

 

 

Figure 3.2. Schematic of the cupellation process. Argentiferous lead, derived from either smelting 
argentiferous lead ores (such as cerussite or galena), or by smelting an argentiferous ore (such as jarosite) 
with exogenous lead, is oxidised under a stream of air at a temperature of about 1000oC. The molten litharge 
is absorbed, along with any other metal impurities which oxidise (e.g. copper), by the cupel (possibly made of 
bone ash), leaving the silver and any inert impurities (such as gold) as a separate phase (adapted from 
Moureau and Thomas, 2016).  
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Although Figure 3.2 makes the process look straightforward, there are variations and 

complexities. To some degree, the process could be simplified if pure argentiferous galena 

(PbS) or cerussite (PbCO3) were used as the raw material. Neither would have to be reduced 

through smelting to lead before cupellation, as direct oxidation of PbS or PbCO3 to PbO (i.e. 

litharge) during cupellation would allow direct separation of the silver, i.e. without smelting. 

In the case of galena, however, this would require careful control of the oxidising atmosphere 

to avoid producing lead sulphate (see Craddock, 1995: 206). Furthermore, as will be 

discussed, galena and cerussite are often mixed with other minerals, and embedded as veins 

in the surrounding host rock (Figure 3.1). There is also the main issue with both galena and 

cerussite in that they are opaque and generally dark, making it impossible to tell a priori how 

much silver, if any, the ores contain (Figure 3.3). In fact, extracting silver from these lead ores 

was the first time that invisible trace amounts of one metal were separated from another.  

 

Figure 3.3. Galena has about 86.6% lead and 13.4% sulphur by weight. Argentiferous galena can contain up to 
a few percent silver by weight in which silver can substitute for lead in the atomic structure of the galena or 
is present as tiny grains of silver minerals included in the galena.  
(Image from https://geology.com/minerals/galena.shtml) 
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Another complexity is that cupellation is not completely efficient, with lead (and other metals) 

often remaining in the silver. This can be circumvented to some degree by cupellating the 

extracted silver more than once (L’Heritier et al., 2015), but it also depends on the skill of the 

worker and the materials used to conduct the operation (e.g. the ability of the cupel to absorb 

lead oxide) and, essentially, the purity required from the end product.     

3.2 Sources of silver 

There are several sources of silver and not all require smelting and cupellation. Native silver, 

which is rare and is generally considered rare even in antiquity, at least in the Near East 

(Forbes, 1950: 169-230), can be almost pure but is more frequently associated with copper, 

gold, bismuth and antimony (Phillips, 1867: 247-251; Bartelheim et al., 2012). The natural 

gold-silver alloy electrum, often with traces of copper, was another source of silver, especially 

in Egypt (Ogden, 2001: 170). However, the geological basis of Egyptian aurian silver has been 

questioned (Rehren et al., 1996), with the suggestion that most auriferous silver in Egypt 

derived from unintentional recycling (see Section 5.2).  

Most silver derives from silver-bearing ores. These can be classified in two major groups: silver 

ores proper, and argentiferous base metal ores. Dry or siliceous ores (also known as quartzose 

ores, as they are often associated with quartz – see Figure 3.1), comprising silver ores proper, 

such as argentite (i.e. silver sulphide- Ag2S) and cerargyrite (i.e. silver chloride- AgCl), and 

mixed ores, such as pyragyrite (Ag3SbS3), proustite (Ag3AsS3), stephanite (Ag5SbS4), are often 

associated with very small amounts of copper, lead and zinc. Although not colourful in 

comparison with copper ores, they are dense and were probably quite distinctive to an 

ancient prospector (e.g. pyragyrite is known as ruby silver). Silver is also found in pyrite ores 

such as pyrite (FeS2), chalcopyrite (CuFeS2) or arsenopyrite (FeAsS). However, these are 
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usually considered to be sources of gold rather than silver (Craddock, 1995: 205-233) and are 

unlikely to have been sources of silver until modern times (Gale et al., 1980: 3-49). Smith 

(1967: 20-52) has argued that the earliest silver objects were made of native metal or of 

cerargyrite, both of which form silver on melting under a cover of charcoal. 

Argentiferous base metal ores include lead, copper and zinc ores, and can incorporate silver 

ores proper as well as comprising various mixtures of argentiferous ores. Copper and lead 

ores are often found together. It should be noted that the appearance of silver objects, in 

both space and time, coincides with an increasing number of lead artefacts (Pernicka et al., 

1998: 123-134), suggesting that silver may have derived from argentiferous lead from very 

early on. Argentiferous lead ores mined in antiquity for their silver, include the 

aforementioned galena (PbS) and cerussite (PbCO3) as well as anglesite (PbSO4). 

Argentiferous fahlores (literally, grey ore) are complex sulpho-salts based on the quaternary 

system Cu2S-Ag2S-Sb2S3-ZnS. Similarly, jarosites are sulphate minerals formed in ore deposits 

by the oxidation of iron sulphides with the formula XFe3+3 (OH)6 (SO4)2, where X can be K, Na, 

Pb, Ag and NH4 (Anguilano et al., 2009).  

Silver is also found associated with nickel, bismuth, arsenic and cobalt in what are somewhat 

confusingly known as five-element ores (Ag-Co-Ni-Bi-As +/- U), although only Co-Ni arsenides 

in association with native silver are generally pre-requisite for the classification (Kissin, 1992), 

often in the form of minerals such as skutterudite ((Co, Ni, Fe) As2-3), cobaltite (CoAsS), 

safflorite (CoAs2) and nickeline (NiAs). Occurrences of these ores are probably world-wide 

(Bastin, 1939; Kissin, 1992; Badham, 1976: 559-571; Ramdohr, 1969: 1174), with well-

established examples found in North America, central Europe and more recently the Anarak 

district of Iran (Tarkian et al., 1983). Mines in the central part of eastern Iran (e.g. Qaleh Zari 
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mine), have quartz-copper veins associated with bismuth, gold, silver and galena (Suzuki et 

al., 1976) and have been classified as a copper-silver-lead-bismuth sulphosalt systems 

(Karimpour, 2016).   

3.2.1 Finding indicators 

The main issue regarding silver deriving from different silver sources is that it is difficult to 

differentiate between them from analysing silver objects. Craddock suggests that silver with 

lead concentrations below 0.05%Pb derives from native silver (Craddock, 2014), i.e. 

cupellation with lead is not required. However, this implies that lead is not associated with 

the mineralisation of native silver or silver minerals, which may not be the case (Patterson, 

1971; Montero-Ruiz et al., 1995). For example, cerargyrite has been found to contain up to 

2.5% lead, which would appear in the smelted silver (Gale and Stos-Gale, 19811). Murillo-

Barroso et al. (2014) differentiated native silver or silver chloride minerals (mainly cerargyrite) 

from silver smelted and cupellated found in Argaric contexts in 2nd millennium Iberia, from 

their significant levels of mercury (up to 0.3%Hg), i.e. the premise is that if the silver had 

undergone cupellation, mercury with its low boiling point would have evaporated. However, 

such a method would only be applicable if the silver ore had mercury present in the first place. 

Mercury would also evaporate when silver is melted to make objects. Gold levels in silver 

have been used to differentiate between cerussite and galena (Pernicka, 1981; Gale et al., 

1980: 3-49; Meyers, 2003: 271-288; Craddock, 1995: 213) with empirical limits of <0.1%Au 

suggesting a galena source. However, to some degree, this relies on the premise that gold 

becomes concentrated as galena oxidises to cerussite, i.e. the absolute levels of gold in the 

oxidised cerussite depend on the amount of gold present in the galena. It also does not 

consider that gold could be introduced into silver through recycling (see Chapters 5 and 7). 
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In effect, there are very few elements which survive the smelting and cupellation process 

which can be used to link an ore to an object (see Pernicka, 20141,2 – although see Wood et 

al. (20171,2), Appendix A2.4 and Chapter 9 for the proposed application of iridium as an 

indicator). Some metals will partition between the slag and the argentiferous lead (e.g. 

copper, bismuth and antimony, tin and manganese) in the smelting process, often oxidising 

and being removed into the slag.  Others will either vaporise or form compounds that are 

subsequently partially or completely lost from the furnace, e.g. mercury, arsenic, zinc 

(Craddock, 1995: 284). It is difficult to assess the degree of partitioning a priori in order to 

make quantitative predictions regarding the composition of the smelted lead or the slag from 

the ore.  However, inert metals such as gold will accompany silver in the lead (Gale et al., 

1980: 3-49) (see Chapter 5).  

During the cupellation process, partitioning occurs between the silver and the litharge 

(McKerrell and Stevenson, 1972: 195-210). Some lead and bismuth remain in the silver 

(typically, 0.5-1%, although unrefined silver can be much higher) irrespective of their initial 

concentration, although further cupellation can reduce this. A high bismuth content may be 

indicative of a bismuth-rich ore (L'Heritier et al., 2015) (see Chapter 8). Tin and copper are 

readily removed (below 0.1% Sn and 0.2-0.5%Cu) while the volatility of zinc, even when initial 

concentrations are high (e.g. 5%) in the ore, results in low amounts in the cupellated silver 

(<0.1%). Antimony has a tendency to be enriched in the litharge (Gale et al., 1980: 3-49).  

Alloying silver with copper may introduce additional metals such as antimony, iron and zinc 

from copper ores such as tetrahedrite and chalcopyrite, or arsenic from tennantite, as well as 

sulphur (Healy, 1978: 36-38; Forbes, 1950: 295). Impurities often associated with copper 

include tin and selenium (Rehren and Northover, 1991). However, gold is generally not 
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associated with copper. Gold can be therefore attributed solely to silver in the system. As 

mentioned above, this has been exploited successfully in distinguishing between silver from 

galena and cerussite, with galena, as evidenced by the analysis of galena ore, lead smelting 

slag and litharge from Laurion and other sites, having gold/silver ratios less than 10-4 and 

never more than 10-3 (Pernicka, 1981; Gale et al., 1980: 3-49), i.e. silver produced from galena 

would never exceed 0.1%Au (Meyers, 2003: 271-288). Copper ores are often found in 

association with lead ores, which suggests that alloying copper with silver can result in a 

mixture of lead isotope signatures. However, the percentages of copper in silver objects are 

generally low (<5%Cu) which suggests that any LIA signature from an object will be swamped 

by the signal associated with the lead associated with the silver. 

Distilling this information down essentially implies that although some elements may delimit 

ore sources (e.g. bismuth – see Chapter 8) it is difficult to determine empirical values (as may 

be possible with gold concentrations) to assist in the location of ore sources, as their 

behaviours are dependent on unknown variables in the smelting, cupellation and alloying 

operations. In effect, although some elements found in silver recovered from archaeological 

contexts can be used to delimit an ore source, it is difficult to assign provenance based on 

compositional data alone. Nevertheless, certain element combinations may delimit a deposit. 

This is discussed in Chapter 9. 

3.2.2 Silver-bearing ores in the Near East 

The Phoenicians in the Levant, an area which undoubtedly produced silver objects from the 

Early Bronze Age (Veron and Le Roux, 2004), did not have direct access to argentiferous ores. 

Silver-bearing ores were present to greater or lesser degrees in the Near East, Asia Minor and 

the Aegean. Forbes (1950: 169-230), supported primarily by number of classical sources but 
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also silver artefact finds, highlights possible areas in Asia Minor as well as Greece, Assyria and 

Mesopotamia, Iran, Thrace, India and Afghanistan, which he considers had galena or other 

lead ores. It is difficult to ascertain which of these ores were sufficiently argentiferous to be 

ascribed a silver source, or which would have been accessible to the Phoenicians and 

exploited extensively in antiquity. In general, it is possible to say that Mesopotamia had few 

silver sources (although rich mines existed in Armenia and Kurdistan), Asia Minor had many 

(especially in the Taurus mountains and near the Black Sea), Greece had galena sources (with 

argentiferous galena prodigiously exploited at Laurion on the Attic peninsula), India either 

exploited its own ores or those of Bactria and Transoxiana (Afghanistan), Persia (Iran) had 

significant argentiferous lead ore sources, while Palestine and Syria were very poor in ores, 

with no identified ore sources in Phoenicia proper. 

More recent surveys conducted to determine lead isotope signatures also provide some 

indication of the type of ores around the Mediterranean (e.g. Oxalid, 2018) (see Appendices 

– Data Tables). Care must be taken however, as the ores sampled were part of a survey for 

lead isotope analyses rather than to provide an elemental analysis of each deposit. 

Furthermore, not all ores tested were lead or argentiferous lead ores because other ores can 

provide lead isotopic signatures. Various research groups also use different terminology to 

classify deposits. Nevertheless, considering ores in which the dominant metal is lead, 

including multi-metal ores which could have been exploited for lead and silver, suggests that 

the majority of lead ores in Greece were galena (although there are also ores of galena and 

cerussite, or just cerussite), while Anatolian ores are classified predominantly as galena, with 

some as jamesonite (Pb4FeSb6S14) and anglesite, a few simply listed as lead ore (cerussite?) 

and reddish soft ore, with about half of the samples described as a mixture of galena with 
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other ores (i.e. sphalerite ((Zn,Fe)S), stannite (Cu2FeSnS4), stibnite (Sb2S3) and smithsonite 

(ZnCO3)). The few ores tested from Syria have been classified as metalliferous sediments.    

There is some debate whether the lead ores of the Egypt's Eastern Desert were sufficiently 

argentiferous for successful ancient exploitation (Garland and Bannister, 1927:31; Gale and 

Stos-Gale, 19812).  Lead ores generally contain silver, although the levels are highly variable 

(Gale et al., 1980), but for it to be worth exploiting it needs to be above a certain threshold - 

a threshold determined by the available technology, cost of fuel and labour and available level 

of craft skill (Rehren and Prange, 1998: 183-196). Whereas modern limits fall between 50-

100ppm, according to Tylecote (1976: 140) the limit of economic de-silvering of lead was 

about 600ppm for the Roman period and 400ppm for the Aegean Middle to Late Bronze Ages. 

The fact that such limits can be determined at all implies that not only must ancient 

prospecting been a valued profession, one with knowledge of how to identify argentiferous 

ores worth exploiting, but also that prospectors had the skills to assay potential ore 

candidates. Egypt's viability as silver producer is highlighted by the silver artefacts found in 

the Middle Kingdom 'Tod treasure' (c. 1900-1700 BC), found in a temple foundation deposit 

at Tod near Thebes, Egypt (Figure 3.4). These silver artefacts have been attributed by LIA to 

ores from either northern Greece or Anatolia, possibly collected by a ruler in North Syria 

before being sent to Egypt (Maxwell-Hyslop, 1995), although an Iranian provenance has also 

been suggested based primarily on the amount of lapis lazuli found in association (Moorey, 

1999: 90).  
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Figure 3.4. Part of the early Middle Kingdom temple foundation deposit known as the Tod treasure, 
discovered at the ancient town of Tod, in Upper Egypt, near Thebes. Several copper boxes held over 150 
mainly silver bowls and cups, silver ingots as well as raw and worked lapis lazuli (Image from Broodbank, 
2013:437; Fig. XXIX). 

 

An Anatolian ore origin not only supports the view that Egypt's silver sources were limited but 

would also suggest a journey from Aleppo in Syria to the Islahiye region on the eastern slopes 

of the Amanus mountains, and on to the Taurus mountains - a route very similar to any ore 

prospector travelling from the Levant. Furthermore, the gold contents (generally under 0.2%, 

and maximum of 0.65%Au) of these silver artefacts suggests that the ore was not galena 

(Pernicka, 1981; Gale et al., 1980: 3-49) and was potentially cerussite, while the lead content 
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(<1% and generally <0.2%Pb in Ogden, 2001:170) indicates that cupellation was employed, 

i.e. based on Craddock’s 0.05%Pb threshold for lead in native silver (Craddock, 2014). 

It is acknowledged that the highland regions of Anatolia's Taurus mountains, known as the 

'silver mountains' from Akkadian times, were among the earliest environments in which 

metallurgy developed (Craddock, 1985: 122-155) and have often been cited as a likely source 

of raw materials such as metal, minerals and wood, critical to the populations of the resource-

poor environments of the early urban areas of the Levant, Anatolia and Iraq (Muhly, 1973, 

1976; Charles, 1985: 21-28; Moorey, 1985). Four central Taurus ore fields and numerous 

mines, showing evidence of being worked in antiquity (Yener and Özbal, 1986: 309-320; 

1987), have been identified, with lead isotope ratios of a series of silver artefacts from Turkey, 

North Syria and Mesopotamia tentatively related to these fields (Sayre et al., 1992). The area 

has been described as a highly complex geological zone (Akay and Uysal, 1988) with 

'polymetallic' ores having the potential to serve as sources of lead, copper, tin, iron and zinc 

- although zinc would not have been mined in antiquity (Sayre et al., 1992). One of the main 

areas (the Bolkardag valley of mines) has a series of caves, cavities and tunnels where massive 

secondary and detrital deposits of oxidized ores, layered like sedimentary deposits, have gold 

contents between 1-100ppm and silver contents reaching in excess of 6000ppm, the majority 

falling between 100-1000ppm. These deposits were found to be quite soft and easily mined 

(Yener and Özbal, 1986: 309-320; Yener et al., 1991). This ore field and an associated site of 

Habuba Kabira in Syria have been identified as a possible location for the origin of cupellation, 

using 14C dating to determine a late Uruk period date of around 3300 BC (Pernicka et al., 1998: 

123-134).  
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Although the Taurus mountains have argentiferous cerussite and galena, the silver from the 

Tod treasure (Figure 3.4) is not necessarily from this region, based on its isotopic signature 

(see Chapter 9, Figure 9.1). Furthermore, as mentioned earlier, although high lead levels in 

silver are indicative of cupellation (thereby suggesting the smelting and refining of 

argentiferous lead ores), lower lead levels in silver do not necessarily negate the use of native 

silver or silver ores (contra Craddock, 2014). The repercussions of questioning the provenance 

of the Tod silver are addressed in Chapter 9. 

3.2.3 Ore Transitions 

In essence, the locations that potentially provided silver for the Phoenicians of the Levant 

prior to any westward expansion are primarily those of sources associated with either galena 

and/or cerussite, although they are rarely found in isolation (Sections 3.2 and 3.2.2). 

However, galena is often used as a nom de convenance for silver ores and lead ores, mainly 

because of the complexity of ore deposits but also because there is very little mineralogical 

information regarding the Ancient Near East sources (Forbes, 1950: 169-230; Meyers, 2003: 

271-288). Furthermore, identifying galena is not always straightforward - for example, the 

entry for Keos in the Handbook accompanying the Metallo-genetic Map of Greece, Institute 

of Geological and Mineral Exploration, Athens 1965, has been shown to be erroneous by 

Avdis, who suggests that specular haematite was mistakenly identified as galena (Gale et al., 

1984). Craddock (1995: 214) has re-evaluated use of the term galena in texts by Pliny (1st 

century AD) and Kautiliya (4th century BC), proposing that the ores cited were oxidised, and 

therefore most likely cerussite. Some lead ore deposits in the Taurus mountains described 

above were oxidised despite being recorded as galena, suggesting cerussite (perhaps 

associated with galena) is likely to have been present. Wertime (1968), who conducted a 
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metallurgical expedition through the Persian Desert (Iran), distinguished two eras of mining 

associated with cerussite and galena, respectively. He noted that even modern traditional 

miners concentrated on surface fault lines which, owing to hydrothermal deposition and 

geologic weathering, contained cerussite ore (PbCO3) with a considerably lower silver content 

than the galena deposits. The reasons for mining this lower grade ore was that it was at the 

surface (while galena lies below the water table, requiring pumping or bailing operations) and 

was much more readily smelted than galena, as well as giving off less noxious fumes (i.e. SO2). 

Furthermore, he found evidence where mining activity had actively avoided the brown 

sphalerite ores (ZnS), which was an unwanted and chemically complex partner of lead 

smelting operations, digging both below and above them to get to the speckled galena ores. 

Wertime (1973: 883) states that the ancient 'lead miner in Anatolian-Iranian highlands seems 

to have eschewed galena and to have concentrated his energies on the rare cerussites that 

are rich in silver', despite potentially higher concentrations of silver in the galena deposits. 

Noting that ancient and traditional practice coincided, Wertime (1968) states explicitly that 

cerussite was the first ore exploited for lead and silver.  

There is some direct evidence that cerussite, along with anglesite (PbSO4), was actively 

worked for silver production in antiquity outside the Near East. Conophagos (1982) states 

that the upper levels of the ores at Laurion were cerussite, with Craddock (2014) claiming that 

if such sources were present they had been worked out in the Bronze Age. Rehren et al. (2002) 

advocate for galena as the ore mined, with cerussite recovered at the site considered to be a 

consequence of post-depositional weathering. 

Meyers (2003: 271-288) developed a model to describe the trajectory of ore use for silver in 

antiquity, based primarily on the empirical observation that gold levels are generally much 
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lower in galena than in cerussite (Pernicka, 1981) - the silver objects analysed with gold 

contents greater than 0.1% gold were considered to come from cerussite rather than galena. 

This model proposed changes from a technology which first exploited silver ores (e.g. 

cerargyrite), followed by oxidised lead ores (e.g. argentiferous cerussite) to finally primary 

sulphide ores (e.g. argentiferous galena). Figure 3.5 is a visual representation of Meyers’ 

model showing that the first transition took place in the 3rd millennium BC for the regions of 

Laurion/Aegean, Anatolia and Iran/Afghanistan while the second transition took place in 

about 1000 BC for Laurion/Aegean but not until the Arab conquest (c. 700 AD) for Anatolia 

and Iran/Afghanistan. 
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Figure 3.5. Visual representation of Meyers' model (2003: 271-288) for the exploitation of silver. 
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This model implies that unless the Phoenicians had intimate contact with the Mediterranean 

and particularly the Aegean during the 1st millennium BC, their knowledge of processing ores 

to acquire silver would come solely from experience associated with any native silver and 

silver ores proper which still remained, and with argentiferous cerussite, i.e. deposits that 

generally lay close to or at the surface and not associated with problematic sphalerite ores 

(i.e. ZnS). 
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3.2.4 Ores in the Aegean 

Extending the Phoenician sphere to the EIA Aegean (Figure 3.6) could have potentially 

introduced the Phoenicians to peoples exploiting galena on a regular basis, i.e. locations 

where any oxidised ores would potentially have been exhausted sometime between the 

Mycenaean and Archaic periods (c. 1200-800 BC) (Craddock, 2014; Rehren et al., 2002). One 

LIA survey in Greece of 211 ores records 208 as galena while only 3 are classified as 

galena/cerussite, although cerussite and anglesite have also been recorded in other surveys 

(Oxalid, 2018; Thompson and Skaggs, 2013) (see Appendices - Data Tables). Galena deposits 

on the Greek islands are mostly fairly small (Stos-Gale et al., 1995) and any evidence for their 

exploitation in the Bronze Age or EIA, in the shape of securely dated lead slags, is limited. 

However, litharge, implying cupellation for silver, has been found on Siphnos and Seriphos as 

well as on Kea and Thera in Bronze Age sites (Gale and Stos-Gale, 19811), although these sites 

are not necessarily in any way connected to the Phoenicians. According to Herodotus, Thasos 

had a Phoenician presence, although he is ambiguous regarding which metal was mined. 

Wagner et al. (1981) analysed lead ores (galena) giving levels of 0.4-10ppm for gold and 7-

1500ppm for silver, but radiocarbon dates place the mines at about 300 AD (i.e. Roman), 

thereby placing doubts on a Phoenician role.  
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Figure 3.6. Map of the Aegean and the eastern Mediterranean showing the centres at Laurion (Lavrion) and 
Siphnos and areas where silver, gold and copper were exploited. 

 

The most well-known mines of ancient Greece were those of Laurion on Attica. These mines 

were once considered to be only active since the introduction of coinage (i.e. the mid-1st 

millennium BC). However, it is now accepted that mines were operating at Laurion from the 

Bronze age times of the Mycenaeans (c. 2000-1500 BC) (Shepherd, 1993: 75), possibly solely 

for lead and silver associated with galena (Kassianidou and Knapp, 2005: 220). Michell (1957: 

89-124) stated that Phoenicians were the first to extract silver from argentiferous lead at 

Laurion. Although this is unsubstantiated archaeologically, it might be argued that perhaps it 

was here that Phoenicians learned the technologies associated with mining and processing 

this 'new' ore: deeper mining (possibly below groundwater level) to access galena; the 

introduction of a fuel-demanding separate roasting step to not only oxidise the lead sulphide 

to lead oxide, but to remove zinc which could sinter the slag together during smelting, 

entrapping and reducing the lead yield, i.e. a roasting step would oxidise zinc sulphide to zinc 

oxide which in the subsequent reduction step would convert the oxide to zinc vapour at a 

temperature of around 950 °C (Greenwood and Earnshaw, 1997). Other technologies which 

 . Siphnos 
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may have been used could include developing stronger oxidising atmospheres to oxidise the 

lead sulphide to the oxide before reduction to the metal in the same furnace (Craddock, 1995: 

206), i.e. a less efficient dual-oxidation reduction technique that avoided prior roasting of the 

ore - in essence, giving up lead for wood. 

Unlike the galena of Laurion and most islands in the Aegean, the silver producing ores of 

Siphnos were primarily a complex mixture consisting of lead-antimony-sulphosalts that 

contained silver (Meyers, 2003: 271-288). Iron compounds of pyrite and limonite are also 

recorded, with silver described as being disseminated rather sparsely in the host iron ore 

(Gale et al., 1984). Galena and cerussite are also listed although it is generally accepted that 

there are very few galena sources on Siphnos (Wagner et al., 1980: 63-85).  A few analyses of 

jarosite are recorded in LIA surveys from Siphnos (e.g. Stos-Gale et al., 1996) (although this 

could be confusion with the lead-antimony-sulphosalt ores as jarosite is not mentioned on 

the database which collated these values, i.e. Oxalid). The period of silver production from 

the lead-antimony-sulphosalt ores extends from the Early Bronze Age (EBA) to the 5th century 

BC (Wagner et al., 1980; Gale and Stos-Gale, 19811). Whether there was a Phoenician 

presence on Siphnos is difficult to ascertain. However, the island was also known as Merope 

and Akis, with Pliny noting that 'Siphnos ante Meropia et Acis appellata' (Ganor, 2009: 273-

281). Akis means healing in Greek which could be a transcription of the semitic word 'marpe' 

meaning healing-medicine which was corrupted into Meropia. This type of etymology is at 

best tentative. Nonetheless, silver mining, smelting and cupellation to produce silver 

(presumably introduced from the Near East) was practised on the island from the 3rd 

millennium BC.  
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Summarising the discussion above and respecting the difficulty in attributing any Phoenician 

involvement in mining silver, it would appear that there was almost a natural order in terms 

of acquiring silver for the Phoenicians prior to their westward expansion to Iberia, governed 

by accessibility to the ore sources and complexity of extracting silver from them:  

 There were no silver-bearing ores in the Levant (Forbes, 1950: 169-230). 

 Silver-bearing ores exploited in the Near East were generally silver ores proper (e.g. 

cerargyrite), which were exhausted by the LBA (Craddock, 2014) or earlier (Meyers, 

2003: 271-288), followed by cerussite and galena (Wertime, 1968; Wertime, 1973; 

Meyers, 2003: 271-288), suggesting that cerussite is likely to have been exploited 

exclusively by any Phoenicians involved in prospecting, extracting and smelting prior 

to any move westward.  

 Silver-bearing ores in the Aegean are predominantly galena (e.g. Laurion) (Kassianidou 

and Knapp, 2005:220), although Siphnos has ores based on lead-antimony-sulpho- 

salts (Meyers, 2003: 271-288). A Phoenician presence is possible on Siphnos, although 

this is based only on tentative etymological evidence (Ganor, 2009). 

There are some incongruities, however, that disrupt this neat view of the Phoenicians’ 

technological base. Regardless of whether Greeks transferred the skills to smelt galena to the 

Phoenicians (something that would perhaps have vexed any Phoenician miners who would 

have been more than familiar with this ore from the Near East) or whether the Greeks were 

the recipients of Near Eastern knowledge regarding how to exploit galena (after any silver ore 

proper and cerussite had run out), this would not apply to the lead-antimony-sulphosalt ores 

on Siphnos nor the jarosite ores of Iberia, which are not found in the Near East or Anatolia (or 

at least have not been recorded in geological surveys). First, neither jarosites nor lead-
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antimony-sulphosalt ores have the appearance of a promising ore (an ore which is often 

difficult to differentiate from a gossan cap), being either a soft clay or hard rock with a low 

density and wide colour range (Figure 3.7).  

 

Figure 3.7. Two samples of jarosite from Rio Tinto (courtesy of J. Merkel). Note that one sample is dark grey, 
while the other is yellow/brown. Both samples were friable. 

 

Furthermore, neither necessarily have sufficient intrinsic lead to collect any silver which may 

be present (Gale et al., 1980: 3-49; Gale and Stos-Gale, 19811). This suggests two scenarios: 

either these ores had sufficient lead for silver to be collected in situ, or extra lead was brought 

in from elsewhere and added as a silver collector. The former scenario suggests that the 

Phoenicians would not necessarily have acquired the smelting skills until they needed to 

negotiate the complex argentiferous jarosite ores of Iberia (as these lead-poor ores do require 
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additional lead, lead ores or recycled litharge in order to collect silver (e.g. Salkield, 1987: 6) - 

Pliny states explicitly that lead needed to be added to extract silver: Natural History 33.95), 

while the latter scenario suggests that Phoenicians were exposed to (or developed) the new 

technology of adding lead specifically as a silver collector in order to exploit the ores of the 

Huelva region in Iberia. It should be noted that this change in technology (i.e. adding lead to 

a smelt) is more radical than the transition from cerussite to galena, which could be 

considered an engineering issue related to the location of ores below the water table, and 

highlights the deficiencies in the technological base of the Phoenicians before moving 

westward.  

Another consideration regarding ore types is that when the Phoenicians arrived in the Iberian 

Peninsula, they did not exploit the argentiferous galena sources in the south-east which were 

later prodigiously mined by the Carthaginians and the Romans (Salkield, 1982). They went to 

the south-west and exploited the jarositic ores of the Huelva region around Rio Tinto (Figures 

2.4 and 3.7), even though an early Phoenician presence is attested in the south-east (e.g. La 

Rebanadilla – see Chapter 8). Even the galena ores recovered from the c. 6th century BC 

Phoenician shipwreck (Bajo de la Campana), which have been provenanced to the mines of 

Almeria province in south-eastern Iberia, were found to be devoid of silver (Polzer, 2014: 230-

242), i.e. galena was mined solely for lead. This hints at the possibility that the Phoenicians 

acquired the knowledge how to extract silver from jarosite prior to any attempts to extract 

silver from galena or even cerussite. In fact, as outlined above, it is very difficult to find 

evidence of Phoenician exploitation of any cerussite or galena sources in the EIA. In other 

words, the Phoenicians may have jumped a step, in effect moving from the exploitation of 

native silver and siliceous silver ores that were supposedly exhausted by the EIA, or by 
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procuring silver directly from third parties, to exploiting silver from jarosite. This leap in 

technology should leave a Phoenician archaeological footprint, a footprint which has so far 

not been found in the Near East or the Aegean. This is investigated in Chapters 6-9. 

3.3 Pre-Phoenician silver production in Iberia 

The mineral wealth of Iberia is predominantly in the provinces of Huelva and Seville, the area 

which the Greeks knew as Tartessos (Figure 2.4) (e.g. Herodotus: Histories I and IV). The 

Iberian Pyrite belt which stretches from south-west Spain into southern Portugal has gold, 

iron, copper and silver sources (Jones, 1981: 33-4), with the richest minerals being found 

concentrated between the iron-sulphate/iron oxide gossans and the unaltered primary 

deposits, in zones of secondary enrichment (Jones, 1981:33; Healy, 1978: 24-27).  

It is likely that the first mining operations were conducted in the 4th-3rd millennium BC, 

extracting and smelting copper (Rothenberg and Blanco-Freijeiro, 1981:164-165). LBA sites 

(c. 10th-7th centuries BC), including Chinflon (approximately 12 km east of Rio Tinto), also show 

evidence of copper production, often located on top of the Chalcolithic sites. The absence of 

Phoenician imports at Chinflon, in addition to the lack of silver production in these 10th-9th 

century BC sites, has been used to support arguments that it was not until the establishment 

of the first Phoenician colonies in Iberia that silver was mined in Huelva on a large scale, during 

the so-called Orientalising period (Rothenberg and Blanco-Freijeiro, 1980; Rothenberg and 

Blanco-Freijeiro, 1981: 36-42), i.e. c. 8th - 6th centuries BC. The early 8th century BC was 

considered to be the beginning of the Orientalising period, until the discovery of the central 

Huelva (Plaza de las Monjas- Mendez Nunez St) site in 1998 (Gonzalez de Canales et al., 2008: 

631-655), of which about half of the artefacts are considered to be Mediterranean. This 

pushed dates back to the 10th or early 9th centuries BC (see Chapter 7 for more details on this 
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assemblage). These dates are disputed, primarily because the earliest levels were disturbed 

during the excavations (Gilboa et al., 2008; Pappa, 2013: 32-35). However, Heltzer (in 

Gonzalez de Canales et al., 2004:133) uses a two-letter inscription recovered at the Huelva 

Plaza de las Monjas deposit, with one letter resembling a ‘beth’ on the Teke bowl (a proto-

Canaanite bowl recovered on Crete), to date the ‘graffiti’ on pottery from some of the earliest 

levels to the 11th-10th centuries BC.  

Further support for mining in south-west Iberia prior to the Phoenicians is the deposit of 

bronze objects discovered in the harbour of Huelva city in 1923 (Ruiz-Galvez, 1995: 79–83) 

and dated to late 10th century BC (Figure 3.8). This hoard contained over 400 objects, mostly 

weapons, of the Atlantic Bronze Age type, with the exception of fibulae considered to be of 

Mediterranean origin. The predominant Atlantic orientation of the hoard suggests that 

copper sources in the south-west supplied the copper-poor but tin-rich areas of north-west 

Iberia to produce bronze, thereby setting up Huelva as a metallurgical and commercial centre 

prior to massive exploitation of silver in the subsequent centuries (Neville, 2007:135-158). 

However, modest copper production suggests that only readily accessible deposits (i.e. 

malachite in the superficial veins) were exploited. Furthermore, it is still far from certain 

whether the copper sources of Huelva were exploited until the exploitation of silver, i.e. lead 

isotope analyses (LIA) do not indicate that the copper from the Huelva hoard came from 

Huelva (Montero-Ruiz et al., 2015). This could suggest that copper production only moved (or 

at least concentrated) in the Huelva region because of silver mining (Perez Macias, 2015).  
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Figure 3.8. Hilted swords of the European and Atlantic type were among the masses of objects and scrap metal 
dredged from the river at Huelva in 1923 (from Broodbank, 2013: 483; Fig. 9.25). 

 

To some extent, the evidence regarding copper production is largely circumstantial when it 

comes to determining whether silver production at Huelva preceded the Phoenicians and 

whether the cupellation technique used in the Orientalising period (c. 8th - 6th centuries BC) 

was a prior indigenous development or introduced during this period. Nevertheless, massive 

silver exploitation in the mid-8th to mid-6th centuries BC coincides with the presence of 

Phoenicians in Iberia, as evidenced from pottery finds and Oriental objects at Huelva and 

other metallurgical sites, as well as the few literary sources that are available (Neville, 

2007:135-158; Hunt Ortiz, 2003). In other words, there is little doubt that silver was extracted 

and exploited on a large scale from the 8th century BC onwards in the area of Rio Tinto at the 

same time as pottery became ‘Orientalised’. Even if Rothenberg and Blanco Freijeiro 's (1981) 

assertions are correct in assigning the start of silver smelting prior to the Phoenicians, the 

evidence around Rio Tinto (e.g. Cerro Salomon, Corta Lago, Quebratahueosos) and the 

seasonal metallurgical site of San Bartolome de Almonte in Huelva suggest that the amount 

of imported wheel-made pottery (considered as indicative of Phoenician influence) increased 
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significantly in association with silver production (Rothenberg and Blanco Freijeiro, 1981: 101-

106;  Kassianidou, 1992; Neville, 2007:135-158). 

Whether cupellation was indigenous or not is slightly more contentious. The assemblage of a 

Middle Bronze Age (MBA: mid-2nd millennium) pit associated with the burial site of La Parrita 

near Rio Tinto includes typical MBA pottery as well as a crucible with silver still adhering to it. 

Open pottery containers with concentrations of silver (273ppm), copper (204ppm) and lead 

(613ppm) have been interpreted as cupels (Perez Macias, 1995:432-434), i.e. the vessels in 

which silver was separated from lead (see Figure 3.2). Slag with silver and lead was also found 

in one of the tombs. One kilometre north of La Parrita is the settlement of Cerro de las Tres 

Aguilas, again dated to the 2nd millennium BC, where large amounts of mineral, scoria (slag?) 

and ‘cupels’ similar to those found at La Parrita have been found (Perez Macias, 1995:432-

434). The mineral was the readily-accessible gossan, containing high levels of gold, silver and 

lead. Both these sites suggest that silver was extracted through cupellation in the 2nd 

millennium, well before the attested arrival of the Phoenicians. However, both sites are 

complex, with disturbances during excavations possibly suggesting 9th-8th century BC 

chronologies (Hunt Ortiz, 1995; 2003).  

Beyond these MBA dates, the fact that there is very little evidence of cupellation at the 

beginning of the 8th century BC, just before the Phoenicians started to exploit silver in large 

quantities, raises questions regarding the independent development of indigenous 

cupellation. Nevertheless, there is some evidence from this time for silver production: litharge 

and metallurgical remains adhering to crucibles have been found at Huelva city (Blazquez et 

al., 1992:256). However, as mentioned above, new finds are suggestive of Phoenician 

penetration into Huelva earlier than previously considered (i.e. c. 10th to early 9th century BC) 
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(Gonzalez de Canales et al., 2008: 631-655) making this metallurgy less likely to be indigenous 

than initially attributed. Furthermore, silver slag has been recovered at the site of Cerro del 

Castillo near the modern village of Aznalcollar (Hunt Ortiz, 1995: 448-449), a mineral-rich area 

in the province of Seville. Although an absence of wheel-made ware supported a pre-

Phoenician date, the integrity of the archaeological context has been questioned (Neville, 

2007: 148) and the presence of ‘free-silica’ slag may indicate a Phoenician association (see 

below) (Hunt Ortiz, 1995: 448-449). Other objections have been raised regarding pre-

Phoenician cupellation, based primarily on the lack of continuity for evidence of cupellation, 

or society in general (Izquierdo de Montes, 1997:96), between the MBA and LBA in southern 

Iberia (i.e. c. 1500 – 700BC). 

To some extent only Rothenberg and Blanco-Freijeiro's investigation (1981) of the 

stratigraphy at Corta Lago (Rio Tinto) provides explicit evidence for cupellation pre-dating the 

Phoenicians in the Iberian LBA (10th-7th centuries BC). However, the dating of the pre-

Phoenician levels has been contested mainly by Ruiz Mata (1989:232-3) who claims that 

wheel-made pottery was present in the lowest levels, as well as claiming that the initial 

analysis was based on an incomplete appraisal of the material evidence, with Phoenician 

amphorae also being present at these lowest levels (Izquierdo de Montes, 1997:92). This 

would indicate that the Phoenicians were involved from the start of silver production at Rio 

Tinto. However, a large fragment of a plain shouldered bowl, also found at the lowest levels 

and only known from 11th-10th century BC contexts, again swings the argument in favour of 

pre-Phoenician production (Neville, 2007: 202). Clearly, the material evidence at Corta Lago 

feeds both sides of the argument. It should be pointed out that the current author 

experienced first-hand the difficulties in relating the stratigraphy from the assigned catalogue 
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numbers with the excavated material from Corta Lago (see Appendix A2.2 for a re-evaluation 

of exogenous lead use at Corta Lago, and Chapter 8 for data on silver recovered at the Roman 

site of Las Arenillas, near Corta Lago). 

More recently, arguments have been put forward which claim that all pre-Phoenician silver 

derived from native silver or silver chloride minerals (mainly cerargyrite) rather than being 

smelted and cupellated (Murillo-Barroso et al., 2014). This is partly based on the paucity of 

documented evidence of cupellation debris in 2nd millennium contexts and significant levels 

of mercury (up to 0.3%Hg) in the indigenous Argaric silver from these contexts, i.e. the 

premise is that if the silver had undergone cupellation, mercury with its low boiling point 

would have evaporated. As mentioned earlier, it needs to be noted that most mercury would 

also evaporate when silver is melted to make objects. It should also be noted that it is difficult 

to determine lead isotope analyses (LIA) for silver with appreciable amounts of mercury, as 

there is isobaric interference between 204Hg and 204Pb. Nevertheless, these authors (Murillo-

Barroso et al., 2014) note that most Argaric objects were mostly manufactured by mechanical 

working of silver wires and plates, thereby building on the rudimentary silver and copper-

based metallurgies already native to Iberia, i.e. open cast procedures which did not require 

any fluxes to retrieve the silver. Contrary arguments to native silver exploitation tend to focus 

on the rarity and inaccessibility of native silver (generally below the phreatic zone, because it 

readily reacts with water) and the fact that silver is often associated with lead which acts as a 

silver collector (Tylecote, 1987: 87-88). However, according to Murillo-Barroso et al. (2014), 

there are numerous native silver and silver chloride deposits still present in Iberia which may 

have been exploited in prehistoric times.  
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Taking all the evidence at face value, suggests two competing hypotheses: 

a) Only native silver and silver chlorides were exploited prior to the arrival of the Phoenicians 

in Iberia. 

b) Cupellation was employed during the Iberian MBA to extract silver from argentiferous lead 

(alongside the use of native silver and silver chlorides) but the technology was lost until it was 

re-introduced nearly a millennium later by the Phoenicians in the 8th century BC. 

The first scenario fits well with the sudden exploitation of silver on a massive scale around 

the same time as the Phoenicians are believed to have settled in Iberia, i.e. the Orientalising 

period (c. 8th-6th centuries BC). In fact, there is little doubt that the Phoenicians were aware 

of this Near Eastern technology as evidenced by silver production debris at the Phoenician 

settlement of Castillo de Dona Blanca and Monte Romero near Cadiz (Hunt Ortiz, 2003: 83). 

The second scenario maintains the status quo as to whether cupellation was an indigenous 

invention, this time by the MBA inhabitants of Iberia rather than the indigenous LBA 

Tartessians, or the consequence of technological transmission from the East much earlier 

than is usually accepted, i.e. prior to the attested arrival of the Phoenicians. 

As alluded to above, whether it was the Phoenicians who first exploited silver and employed 

cupellation in the Iberian Peninsula is somewhat unclear from both the archaeological and 

scientific evidence. Primarily, this is because they both require solid evidence of when the 

Phoenicians (or at least people from the eastern Mediterranean) arrived in the Iberian 

Peninsula. Finds of diagnostic pottery from the eastern Mediterranean and metallurgical 

debris from silver extraction suggest that Phoenicians were involved in silver extraction. 

However, such synchronous remains are unlikely to signify the first attempts at exploitation 
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but, in effect, date the earliest time that dateable pottery and silver production debris were 

found together in the archaeological record. Similarly, attempts have been made to use free-

silica slag (i.e. smelting residues with inclusions of crystallised quartz ranging from less than 

one millimetre to centimetres in diameter - Bachmann, 1998; Craddock 2014), as a proxy for 

the presence of the Phoenicians at smelting sites (Rovira and Hunt, 2006: 217-222). The issue 

here again, however, is that although the majority of free-silica slag is associated with 8-7th 

century BC smelting sites (Anguilano, 2012: Table 6.2) in south-west Iberia (thereby 

implicating the Phoenicians), this type of slag has also been recovered from pre-Phoenician 

levels at Corta Lago (Perez-Macias, 1996:81-82), i.e. levels with no wheel-made pottery and 

‘atypical’ pottery. Anguilano (2012: 122) highlights the contradictory opinions concerning 

whether ‘free-silica’ slags belong to either the local Bronze Age tradition or to Phoenician 

smelting processes. Hunt Ortiz (2003) commented that free-silica slags are always related to 

extractive silver metallurgy and that they also reflect the use of a specific technology to 

extract silver, applied to various types of argentiferous ores (thereby explaining their 

heterogeneity). What this specific technology entailed is still debated (Rothenberg and 

Blanco-Freijeiro, 1981: 177; Anguilano, 2012: 120-124) as well as the genesis of the free-silica 

(quartz) itself within the slag (Bachmann, 1998; Rovira and Hunt, 2006: 217-222). 

Nonetheless, free-silica slag appears in association with silver extraction and jarosite in Iberia 

from both large massive sulphide deposits (such as Rio Tinto, Tharsis and Aznalcollar) and 

small deposits with gossan on the surface, such as at Hondurillas (Hunt Ortiz, 2003), i.e. sites 

associated with a Phoenician presence in south-west Iberia.  
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With this rather mixed picture regarding the role of the Phoenicians and the exploitation of 

silver in Iberia, a different tack is perhaps required. Hunt Ortiz (2003), as with the later work 

of Murillo-Barroso et al. (2014), suggests that no silver pieces that would have been produced 

by cupellation have been found in contexts in Iberia dated to the period prior to the arrival of 

the Phoenicians. However, to provenance silver recovered in locations in the East 

Mediterranean with known Phoenician contact could inform not only on whether Iberian 

silver was transported across the Mediterranean, but also provide an independent date of 

when it arrived there. Furthermore, it is perhaps in the East Mediterranean that evidence for 

a Phoenician association with the required technologies to extract silver from jarosite should 

be sought. In fact, a potentially significant observation is that the earliest identified bellows’ 

nozzles associated with Hunt’s (2003) cupellated silver in Iberia, are of three known types 

(cylindrical, curved or horn-shape, and cubic shapes) from the 13th century BC Apliki site on 

Cyprus (Hunt Ortiz, 2003: 360-361, 392; Fig. 146; Muhly, 1991: 183). As Pappa (2013: 111) 

highlights, this cannot be mere coincidence. The provenancing of silver from the hoards of 

the southern Levant (i.e. object to ore source) and the possible early connections between 

Cyprus, the Levant and Iberia are discussed in Chapters 5-8. 
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4. Research questions and theoretical framework 

The aim of this thesis is to examine the hypothesis that Phoenician expansion across the 

Mediterranean resulted in the movement of technological ideas from East to West and the 

movement of materials from West to East. The approach applied here is based firmly in 

archaeological science. Silver is the main conduit of this investigation, and many of the 

interpretations have been based on compositional and lead isotopic data found in the 

academic literature. However, other materials have been investigated, new data have been 

generated, and analyses have been conducted in ways to encourage new patterns to emerge. 

In essence, the line taken in this thesis aims to complement other archaeological approaches 

to understand movement and interactions, by providing a springboard to investigate the 

Phoenician expansion westward in the EIA from an archaeomaterials science data-driven 

perspective. 

4.1 Research questions 

‘Phoenician silver’ can mean different things to different groups of people: silver mined and 

extracted by the Phoenicians which was subsequently refined and traded in the form of 

ingots, and silver that has been fashioned into objects with a 'Phoenician style' (e.g. Markoe, 

1985), possibly by Phoenicians. To complement any stylistic interpretations, it would be 

beneficial to have more information on the material the craftsmen were working with and, 

more significantly, from where it was acquired. In effect, by recognising that silver objects can 

have different trajectories from ore to object delimits interpretations. For example, a silver 

object recovered at a site made in a local style from silver mined in the local area suggests 

that neither the object nor the artisan travelled, while an object recovered in a locale far from 

its ore source in a style that reflects the location of the find site suggests that the silver 
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travelled in the form of ingots or other objects (which were melted down) and was fashioned 

near where it was discovered. 

This sort of analysis relies implicitly on being able to trace silver metal to its ore source. In 

essence, silver, which should have a unique metallurgical signature, can complement the 

grouping of objects based on style and iconography and provide information on the 

movement of the materials and craftsmen that culminated in the final deposition of the 

artefact. Tracing objects to their ores is not straightforward. As described in Chapter 3, the 

high-temperature processes involved in extracting and refining silver make finding 

compositional indicators problematic. Furthermore, subsequent mixing and recycling can 

affect compositional and isotopic signatures not only for silver, but of any material which can 

be re-melted. On first inspection, these issues seem to be insurmountable. However, as will 

be shown in the following chapters, compositional indicators which survive from ore to object 

can be used alongside lead isotopes to examine the human actions of mixing and recycling, 

thereby providing additional information on silver both prior to and after becoming an object.  

Against this background, the main research question is:  

Can an archaeological science approach to investigating silver inform on the 
westward expansion of the Phoenicians? 
 

To address this question, the following sub-questions are asked: 

From where did silver recovered in the hoards of the southern Levant derive? 

If the Phoenicians prospected, mined, extracted and refined silver from 
argentiferous ores in the Iberian Peninsula, when and from where could they 
have acquired these skills? 

What was the Phoenician technological base regarding the extraction and 
processing of argentiferous ores prior to their westward expansion? 
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4.2 Theoretical framework 

Artefacts are often classified in terms of typologies, chronologies or the physical 

characterisation of objects, ceramic sherds or metal fragments found at an excavation, with 

an aim to categorise them in terms of time and space, or at least provide a relative order, 

sequence or grouping which can be used as a reference frame for other finds. This focus often 

aims to relate fragments of objects to the missing whole. However, as each fragment can 

provide an array of data, the approach adopted in this thesis is centred on the relationships 

among datasets, recognising that the materials analysed hold information that may be 

independent of the whole object. For example, the fact that a fragment of silver has survived 

deposition or is a mixture of silver from different ore sources is not necessarily dependent on 

the form of the object but can still inform on archaeological questions. As Kristiansen and 

Larsson (1998:35) commented: 

Perhaps the time has now come – finally – when we have enough published evidence to define 

a research strategy by asking a question, by formulating historical problems to be analysed. 

Or put simply: letting theoretical categories instead of find contexts to determine research. 

Such a call for unity may seem redundant, as theory and methodology-focussed approaches 

are evident in the academic literature, in some cases launching from Kristiansen and Larsson’s 

broad-base syntheses (e.g. Galaty et al., 2015: 157-177). Regarding ‘enough published 

evidence’, however, it is necessary to consider the limitations of the data that have been 

collected (e.g. accuracy, precision) and how they have been, or can be, analysed. For example, 

patterning in data is often required for analysis and interpretation which, almost by definition, 

is nothing more than a manifestation of collective practice (Hodos, 2009). Any approach 

which seeks to identify groupings in the data (as is often the case in archaeological science), 

will therefore result in collective descriptions of the phenomena under investigation 
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(especially if outliers are not included). Moreover, the interpretations from these generalised 

patterns can only be as reliable as the data from which they derive. 

In fact, the overarching research question in this thesis is perhaps better rephrased as ‘Can 

an archaeological science approach to investigating silver be applied with sufficient 

confidence to inform on the westward expansion of the Phoenicians?’. Nevertheless, this 

thesis attempts to use ‘published evidence’ to analyse ‘historical problems’ but is also aware 

that the utility of any ‘research strategy’ or theoretical category is reliant on the precision and 

accuracy of the data available. With this in mind, an attempt to produce a coherent narrative 

for the Phoenician movement westward is presented. Interpretations have been led 

predominantly by compositional and isotopic data analyses in order to produce this narrative. 

This was deliberate, and there is an open invitation for interpretations to be refuted and 

rebutted. Nonetheless, it is believed that the data and the re-analyses presented in this thesis 

raise interesting questions, especially with regard to the amount of material which could have 

been mixed and recycled in antiquity, regardless of how the interpretations are received. In 

effect, other narratives and interpretations will need to recognise the implications of the re-

analyses presented here. 

The theoretical framework for the research in this thesis recognises the limitations outlined 

in Heisenberg’s uncertainty principle (Heisenberg, 1927 [reproduced in English, Hawking: 

2011]). The principle states that a fundamental limit exists between the precision with which 

we can understand complementary variables simultaneously. In physics, this is usually 

expressed as the relationship between momentum and position. In terms of archaeology, 

time and distance in space are comparable parameters in that time and linear momentum 

both have direction and magnitude, while position relates to the distance or locations which 
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delimit the focus of investigation. Heisenberg argued that one cannot know simultaneously 

and with great precision both momentum and position. A particle’s momentum might be 

measured but the position of a particle is lost because it has not been arrested in one position. 

Conversely, constraining where the particle is located, prevents what can be known about its 

momentum because it may be different at any given point. Thus, at a single archaeological 

excavation, the position is arrested, but the conclusions do not necessarily address the wider 

locale (e.g. regional or Mediterranean-wide phenomena) and extrapolation could result in 

erroneous interpretations. For example, at the c. 7th century BC site of Monte Prama on 

Sardinia, the life-size statues recovered were initially explained by looking beyond Sardinia to 

the wider Mediterranean world (particularly Greece) for antecedents (Sismondo Ridgway, 

1986: 61-71; Balmuth, 1986: 273-279), before it was accepted that these statues were 

unparalleled and that the Nuragic bronzetti (bronze statuettes) offered the nearest 

connection (Tronchetti and van Dommelen, 2005). Conversely, a narrow time-frame, such as 

limiting consideration to a particular period, allows for a manageable date range but may omit 

events or activities that occur before or after the period under investigation. For instance, 

even after the local roots of the Monte Prama statues became evident, they became 

emblematic of Phoenician colonial impact on Sardinian Iron Age society (Webster, 1996: 192), 

even though political and social organisation in the Nuragic society was in flux prior to the 

first Phoenician foundations (van Dommelen, 1997: 243-278). In other words, without an 

appreciation of the changes in the Nuraghic society (e.g. a cease in the construction of the 

large settlement towers - nuraghi), Monte Prama could be used as evidence for Phoenician 

colonial influence on indigenous Nuraghic traditions, rather than as evidence for directed 

activities by the local Iron Age elite which were influenced by the nearby presence of 

Phoenician settlers (Tronchetti, 2015: 266-284).  
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How these two basic complementary variables (time and distance) are managed will 

determine the precision of any complex problem and any related research models, 

recognising that precision is scale-dependent and that there will be a decrease in precision at 

large temporal or geographical scales. In fact, as alluded to above with Monte Prama, a 

globalising overview of Phoenician colonisation (i.e. large temporal and geographical scales) 

(e.g. Gosden, 2004: 24-25) is unlikely to unravel the hybrid intricacies of colonial situations 

(Tronchetti and van Dommelen, 2005; Tronchetti, 2015: 266-284). On the other hand, it is 

doubtful whether focussing on a specific site and a narrow time-frame would inform 

significantly on collective descriptions of geographically and temporally-wide phenomena.  

Chronology often refers to some discrete time range (e.g. Late Bronze Age) regardless of the 

precision to which it is defined by the fragments or objects which provide the data. However, 

it can be defined narrowly (such as the date of a destruction level) and broadly (such as the 

duration of a culture). The problem is that the movement from one time-span to another is 

not marked by some precise criteria. Similarly, space or distance can be shallow (e.g. one 

funerary context) or deep (e.g. Phoenician settlements around the Mediterranean). 

Considering both time and space parameters suggests that there are four distinct research 

frameworks (Martinez, 2016: 233-248):  

 shallow time-shallow spatial distance  

 deep time-shallow spatial distance 

 shallow time-deep spatial distance  

 deep time-deep spatial distance  

The first is the most restrictive, while the last is the most expansive, with their 

interconnectedness being a function of scale. Traditionally, research is conducted at one of 
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these scales. For example, at the small scale, the object data can support a model which falls 

within small spatial and geographic parameters (e.g. pottery consumption at a specific site 

from a foundation deposit). When viewed diachronically, however, within a small 

geographical system, or synchronically in a broad geographical system but within a fixed time 

frame, distinct but related meanings can emerge from the same datasets. The challenge is 

comparing data from across these models or to find patterns in the data which allow 

inferences to be made at different scales.  

To investigate silver, enough of the object must remain in the archaeological record to make 

typological inferences, or the archaeologist (or archaeological scientist) must rely on 

compositional and isotopic data. As compositional and isotope analyses generate a lot of data, 

they can potentially answer questions not previously considered, if attention is paid to how 

the data are categorised and how they are interpreted. These types of data have been 

generally treated separately (although they may have both been measured and presented), 

with the main proponents being different research groups advocating for the use of one data-

type over the other (e.g. see Pollard, 2009). However, compositional and lead isotope data 

address archaeological questions at different scales: For example, lead isotope data have 

basically been used to provide information on provenance (i.e. a spatial parameter); 

compositional data may also provide information on provenance (i.e. the chemical 

composition of the object relates to its source components) but it can also relate to the history 

of the object (i.e. whether metal had been alloyed, worked, deposited in a corrosive 

environment etc.) as well as allowing examination of changes or developments in technology 

(i.e. a time parameter). Both datasets are therefore complementary as long as they are 

transformed into something that allows patterns in the datasets to be identified, which can 
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enable concepts such as provenance to be investigated. The time to combine such datasets is 

not only opportune but long overdue as, in effect, compositional and isotopic data connect 

the most restrictive framework (shallow time-shallow spatial distance), in that the data derive 

from an object or fragment recovered from a particular site from a particular period, to the 

most expansive framework (deep time-deep spatial distance) by provenancing the materials 

from which the object was made, materials which changed or were developed over time. 

This is not to suggest that placing focus on compositional or isotopic data should be at the 

expense of any additional information. However, additional information needs to be at the 

scale it intends to support. For example, a shallow time-shallow spatial distance framework 

could be reinforced by providing more samples from the same stratigraphic level. To 

strengthen the connection between scales, however, requires that any additional information 

encompasses each framework. This may require the introduction other forms of data (e.g. 

ancient texts, pottery typologies etc.) or data generated from other materials (e.g. copper, 

glass etc.) that may shed light on the archaeological questions.  

4.3 Investigating the Phoenicians at various scales 

The chapters which follow present re-analyses of legacy data which are available in the 

archaeological, geological and ancient historical literature, and the experimental work carried 

out. The research frameworks to which each study best adheres are presented alongside their 

respective time and distance frames as well as the types of data which have been used to 

inform on the interpretations. The data used in the re-analyses can be found as Data Tables 

(DT) in the Appendices. A brief synopsis of each study is presented.  
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The first four studies cover the range of scales of the four research frameworks outlined in 

the theoretical section, i.e. shallow time-shallow spatial distance; deep time-shallow spatial 

distance; shallow time-deep spatial distance; and deep time-deep spatial distance. The fifth 

study, focussing mainly on glass, provides additional information for the deep time-deep 

spatial distance framework and is used to identify the possible technological baseline of the 

Phoenicians when they emerged at the end of the LBA. The re-analyses apply compositional 

and lead isotope datasets to these studies, although other types of data are also used. In some 

cases, traditional representations of the data are presented, such as tables, elemental 

bivariate plots and lead isotope mirror plots. In other cases, the data have been transformed 

(e.g. log ratios; Pb crustal ages) before being presented. How the data have been treated can 

be found in the main text but is described in more detail in Appendices A1 and A2. Similarly, 

the methods used to acquire new data are found in the main text, but the experimental 

protocols are presented in more detail in Appendix A1. 

The following chapter (Chapter 5) investigates the first of the research sub-questions: From 

where did silver recovered in the hoards of the southern Levant derive? Re-analyses of 

compositional and lead isotopic data from the Early and Late Iron Age silver hoards of the 

southern Levant are presented, including those recovered in areas with Phoenician contact. 

It also investigates the possible ore sources for this silver including the ore fields of south-

west Iberia, Anatolia and Laurion.  

Chapter 6 investigates the second of the research sub-questions: If Phoenicians prospected, 

mined, extracted and refined silver from argentiferous ores in the Iberian Peninsula, when and 

from where could they have acquired these skills? In essence, Chapter 6 explores the ores of 

Cyprus as a potential silver source for some of the silver in the southern Levant, despite this 
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island not previously being included in silver transmission models, as well as examining the 

similarities between these argentiferous ores and those of south-west Iberia. The sustained 

Phoenician presence on Cyprus from the LBA/EIA transition is examined in Chapter 7 in 

relation to the movement of silver from Cyprus to Tel Dor in the southern Levant. Chapter 8 

presents an analysis of silver from an ingot recovered at La Rebanadilla in south-east Iberia to 

determine its possible provenance, to provide compositional and lead isotopic anchors for 

silver found in the eastern Mediterranean and to examine in what form that silver was 

potentially transported.  

Chapter 9 focusses on the third sub-question: What was the Phoenician technological base 

regarding the extraction and processing of argentiferous ores prior to their westward 

expansion? The Phoenician technological base prior to any movement westward is explored, 

in order to build a picture of what technological knowledge (and silver) the Phoenicians could 

have had access to and taken with them as they moved westward across the Mediterranean. 

Silver recovered at various ancient sites, including Egypt, Mycenae, Ur and the Levant is 

investigated alongside other materials (glass, glass frit, copper and lead) to evaluate what 

types of silver and technology were potentially available to the Phoenicians at the LBA/EIA 

transition.  

Chapters 10 and 11 discuss the implications of the narrative which developed from the 

research questions and the hypothesis that Phoenician expansion across the Mediterranean 

resulted in the movement of technological ideas from East to West and the movement of 

materials from West to East. 
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5. Hacksilver in the Early and Late Iron Age hoards of the southern Levant 

As discussed in Section 3.3, there are clearly differences of opinion regarding the roles of the 

Phoenicians in the exploitation of silver in the Iberian Peninsula, especially with respect to the 

smelting of argentiferous ores and cupellation. An alternative approach to ascertain whether 

the Phoenicians could have exploited Iberian silver is to verify independently if silver 

recovered in areas of the eastern Mediterranean associated with a Phoenician presence 

derived from Iberian argentiferous ores and, if so, when it arrived there. This chapter re-

analyses silver legacy data from the hoards of the southern Levant in order to provenance the 

deposited silver. 

Research framework:  deep time – deep spatial distance 

Early and Late Iron Ages – pan-Mediterranean 

Data types:   Lead isotope and compositional data from silver and ores. 

Data tables: DT1: Silver hoards; DT2: Clusters 1 and 7; DT3: Athenian coins; DT10: 

Ores from Laurion; DT11: Ores from Taurus; DT12: Ores from Sardinia; 

DT13: Ores from Spain; DT17: Bronze Age silver from Spain; DT18: 

Orientalising silver from Spain. 

Synopsis: Silver recovered from hoards in Israel dated to the Early and Late Iron Ages are 

investigated by combining lead isotope and compositional data to construct mixing lines with 

nodes which suggest the provenance of silver (the Aegean, Anatolia and the western 

Mediterranean) and the types of silver used (native silver, silver from jarosite ores, 

argentiferous galena). The role of the Phoenicians in the acquisition of this silver is examined. 
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5.1 Silver hoards 

In terms of geographical and chronological distributions, the largest identified concentration 

of silver hoards in the ancient Near East is in the Iron Age of the southern Levant (Thompson, 

2003). Unlike the Bronze Age hoards of this region, as well as those of Cyprus and the Aegean, 

which tend to be more mixed in terms of metals and materials, silver appears to be the 

preferred metal in these Iron Age contexts. The increasing frequency of silver in hoards in the 

Iron Age (in some cases to the exclusion of other metals) becomes all the more remarkable 

when it is considered that the southern Levant has no geological silver sources of its own 

(Thompson, 2003). This raises questions regarding the origins of the hoard silver as well as 

how and when it arrived in this region, with obvious implications for the understanding of the 

broader geopolitical context. 

The hoards of Tel Miqne and Ein Gedi are both dated to the 7th – 6th centuries BC and can 

therefore find their significance in East-West Mediterranean trade (Gitin and Golani, 2001: 

27-48), with its Assyrian and Phoenician connections (Aubet, 1993: 45-76; 266-73). By 

contrast, the hoards of Akko, Ashkelon, Bet Shean, Ein Hofez, Tel Dor, Tell el ‘Ajjul, Tel Keisan 

and possibly Shechem and Eshtemoa are much earlier (Figure 5.1; Table 5.1) (Thompson, 

2003), deposited at a time prior to the 9th century BC, which is the commonly accepted period 

of Phoenician movement westward (e.g. Broodbank, 2013: 489; Ruiz-Galvez, 2015: 196-214). 

Determining the source of this silver is thus potentially critical to the understanding of the 

origins of this trade. A western Mediterranean signature would suggest that western silver 

was acquired and conveyed much earlier than is usually accepted. 

In essence, a western origin for the silver in these EIA southern Levantine hoards would 

provide some evidence for interactions between the East and West Mediterranean at a time 
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when there is scant archaeological evidence of such interactions. Furthermore, the nature of 

such interactions between east and west would also be potentially significant. Russell and 

Knapp (2017) recently advocated that archaeologists should ‘decouple foreign objects from 

foreign agents’ by scrutinising the commonly held belief that prestigious or exotic goods 

necessarily indicate trade, whilst pottery or metallurgical tools somehow must indicate the 

presence of foreigners. However, these authors also recognise Jones et al.’s (2014) work on 

the presence and development of Italo-Mycenaean pottery, which proposed that Aegean 

people who settled on the Italian Peninsula (c. 1600-1000 BC) helped facilitate the 

technological transfer required for the local potters to manufacture such wares. By the same 

rationale, any silver with a western Mediterranean signature found in the hoards of the 

southern Levant, which can also be recognised as having been smelted and cupellated by non-

local agents, could suggest more than transient contact between the east and west.  

This chapter is based on a re-analysis of isotopic and compositional data for silver hoards from 

the southern Levant and relevant data from geological sources in a new attempt to investigate 

their geological origins. A new approach to data processing and visualisation is proposed (see 

Appendices A1 and A2) that allows the identification of mixing lines when silver from different 

sources is mixed, and suggest how variable economic contexts may be hypothesised from the 

arrangement of such mixing lines. Behind the noisy signatures of recycled and mixed metals 

it is possible to identify potential sources and interesting patterns, throwing some light on the 

interaction between peoples both within the southern Levant and across the Mediterranean. 

The results indicate that recycling of silver was prolific throughout the Iron Age, and that the 

components of this mixed silver originated from the Aegean, Anatolia and the western 

Mediterranean. While acknowledging problems of dating, evidence is presented to 
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potentially show that the west-east movement of silver potentially started as early as the 11th 

century BC. The implications of this new evidence are discussed for Mediterranean 

archaeology and archaeometallurgy.  
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Figure 5.1. Maps of the southern Levant with the sites of hoards mentioned in the text. Adapted from 
Thompson (2003). The red ellipse in the lower map highlights the location of three hoards in Philistia. The 
photograph shows the Tel Dor hoard as displayed in the Israel Museum (Photo by I. Hirshberg, Israel Museum). 
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5.2 Previous work 

In the 1980s and 1990s, thirteen seasons of excavations at Tel Miqne in modern day Israel, 

identified as the ancient Biblical city of Ekron, resulted in finds of six hoards comprising 305 

pieces of silver (Gitin, 1995: 61-71). The assemblages of pottery, ingots, hacksilver 

(deliberately broken silver objects) and damaged and fragmented pieces of jewellery predate 

the final destruction of the city by the Neo-Babylonian King Nebuchadnezzar during one of 

his campaigns to Philistia (most probably in 604 BC). Researchers concluded that most of the 

silver was collected for its value as bullion, perhaps for safe-keeping prior to the impending 

Babylonian attack (Porten, 1981). Tel Miqne-Ekron, with its sanctuary and royal dedicatory 

inscription reflecting Phoenician contact (Gitin et al., 1997), is one of several sites in the 

ancient Near East with silver hoards dating from the late 8th century to the end of the 

7th/beginning of the 6th century BC. Of those in the southern Levant, the Ein Gedi hoard has a 

secure date (630-582BC) (Mazar, 1993: 399-405), while the date for hoard of Eshtemoa has 

been proposed as the 11th-9th centuries (Thompson, 2003), the 10th-9th centuries (Yeivin, 

1993: 423-426) and the 8th century BC (Kletter and Brand, 1998). As such, these hoards could 

be considered as part of the corpus of late Iron Age II silver currency hoards that are found 

across the Near East, pointing to the growing fiscal needs of an international economy in the 

7th century BC, with silver being the commodity that was required to develop Neo-Assyrian 

economic interests (Postgate, 1973:25; 1979: 193-222, Frankenstein, 1979: 263-294; 

Niemeyer, 1990: 469-489; Fletcher, 2012) (see Figure 2.1). 

Thompson (2003) investigated 35 Iron Age silver hoards from 13 sites across Cis-Jordan (Israel 

and the lands under the Palestinian Authority), including those mentioned above. 

Importantly, some of these hoards are earlier than Tel Miqne-Ekron, Ein Gedi and possibly 
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Eshtemoa and Shechem; Thompson suggested that the dramatic increase of silver deposition 

in the Levant started in the Early Iron Age. This hypothesis appears to be supported by the 

replacement of gold with silver as the main metal for complex jewellery (Gilboa, 2013 citing 

Golani, 2009). Furthermore, lead isotope analyses (LIA) were used to support the argument 

that some of the silver from these EIA contexts originated from ores in the Aegean and 

Sardinia (Thompson and Skaggs, 2013, citing Thompson, 2007). The basic argument was that 

Philistine sites such as Ashkelon and Phoenician sites such as Tell Keisan and Tel Dor, although 

not in Phoenicia proper (Gilboa, 2013), had silver that was isotopically consistent with the 

West Mediterranean. More recently, Thompson and Skaggs (2013) used LIA data from 25 of 

the sampled artefacts (from Akko, Ein Hofez, Tel Dor and Tell Keisan) to show that they are 

consistent with ores of the central and western Mediterranean, and are inconsistent with the 

ore deposits of Anatolia (Taurus) and the Aegean (Laurion). Relating this evidence to ancient 

documents, which suggest that the land of Tarshish was the source of King Solomon's silver, 

these authors proposed a location for Tarshish in Iberia or Sardinia as part of a transient, pre-

colonial Phoenician metals trade.  

Analyses based solely on lead isotopes, however, have proved to be controversial, owing to 

issues of recycling, alloying and mixing (Gale et al., 1984), as well as the possible use of 

exogenous lead for cupellation (Murillo-Barroso et al., 2016). As such, even though an object 

may match the isotopic signature of an ore field, this does not necessarily mean that the ore 

field was mined for silver, or even that silver was (or is) present in extractable amounts. 

Furthermore, only some of the silver samples in the hoards analysed seems to have this West 

Mediterranean isotopic signature, raising the question of where the rest of the silver came 

from. Nevertheless, Thompson and Skaggs' (2013) method of iteratively matching isotopic 
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signatures of the silver in the hoards to a selection of ores (predominantly lead ores) from the 

western Mediterranean strongly suggests that silver from the West Mediterranean was being 

brought to the southern Levant in the EIA.  

Mixing of metals is problematic not only for LIA but also for minor or trace element 

compositional signatures, which may be diagnostic of an ore when the metal is unalloyed but 

can become blurred when another metal (or the same metal from another ore source) is 

introduced into the melting pot. Even so, as any mixture can only be made when each 

component is accessible to the people doing the recycling, the identification of mixing can 

provide a window from which to view connectivity, as well as delimiting the chronology of 

such connections.  

Mixing can be intentional or unintentional. Whereas copper is often deliberately alloyed to 

silver in order to improve the mechanical properties of the alloy (Rehren et al., 1996), and 

levels of lead in silver are affected by the efficiency of cupellation process (Pernicka, 1990), 

gold is present in silver as a natural trace element - an element considered to be associated 

solely with silver sources and not significantly altered by the smelting and cupellation 

processes (Gitler et al., 2009). The variability in gold concentrations between silver artefacts 

has been used successfully to differentiate between generic lead-silver ore types, with an 

empirical value of 0.1%Au in silver objects being the upper limit for silver derived from galena 

(Gale et al., 1980: 3-49; Pernicka 1981; Meyers, 2003: 271-288; Butcher and Ponting, 2014: 

102). In such cases, the gold content of silver is a useful discriminator when trying to reconcile 

LIA and compositional data, provided that no gold is added intentionally. 

From a functionalist perspective, gold is unlikely to be added deliberately to silver for several 

reasons. First, it does not change the colour of silver unless very high amounts are added 
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(20%, or even 30%, of gold would not alter the colour of a silver alloy). Furthermore, it does 

not make processing easier, as it raises the melting point of the system (Rehren et al., 1996). 

It is also a metal that was valued in its own right. This suggests that elevated levels of gold in 

ancient silver are either from silver-bearing ores with high levels of gold, or that gold was 

added unintentionally through recycling of objects with gilt or gold parts that were not 

removed prior to being mixed with other silver.  

Lucas (1928) advocated for exploitation of extremely rich electrum deposits, long since 

exhausted, from the Eastern Desert region of Egypt as a potential source of auriferous silver 

in ancient silver. Rehren et al. (1996), however, noted that Egyptian aurian silver does not 

appear to have a geological basis, highlighting the rarity of gold-bearing metallic silver 

generally. Rehren and colleagues suggested unintentional alloying as the origin of most 

auriferous silver, especially in areas where silver was not available locally, accentuating the 

need to economise on scarce raw materials through recycling. In other words, gold 

concentrations of the silver will rise if, for example, a silver cup with gilded parts (a few 

micrometres thick) or a handle made of gold (or electrum) was not removed before being 

melted and mixed together, culminating in the less bulky ingots and hacksilver that are more 

easily concealed in a hoard.  

5.3 Re-analysing the compositional and lead isotope data 

The LIA results of the silver hoards of the southern Levant are openly available as part of the 

corpus of 1st millennium BC silver on the Oxalid (2018) database, along with compositional 

analyses of the gold, copper and lead concentrations of the silver. Compositional data were 

not used explicitly until recently, however, when a study of the composition and 

microstructure of silver hoards from Tel Bet-Shean, Tel Dor and Tel Miqne-Ekron noted that 
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the typical composition is silver with several percent of Cu and Au and less than 1% lead 

(Shalev et al., 2014). This study also noted that the concentrations of these metals vary 

significantly within each hoard. It was concluded that only the silver from Tel Miqne-Ekron 

had a low gold content consistent with values typical of Greek silver (from argentiferous 

galena), while the higher gold content in the silver samples from Bet-Shean and especially Tel 

Dor were proposed to be much closer to those of ancient Egyptian silver, possibly from alluvial 

deposits (Shalev et al., 2014).  

In some respects, the results of the LIA and the compositional analyses are in conflict. LIA data 

suggest ores sources from the Aegean and the West Mediterranean for a part of the hoard 

corpus, while compositional analyses point toward silver from the Aegean and a presumably 

exhausted Egyptian ore source. The gold content of the silver appears to be the main issue 

when trying to reconcile LIA and compositional data. For example, from LIA, the silver used 

to make the objects in the hoards from Bet Shean indicate an Anatolian or, to a lesser degree, 

a Laurion ore source (Thompson, 2009) but the gold content of this silver (up to 3%Au) is in 

excess of that found in silver from these areas. Thompson and Skaggs (2013), discussing silver 

found in the hoards, emphasises that the high levels of gold (mean=1.8%Au, max=35%Au) in 

some samples are not well understood. 

To address some of the inconsistencies between the LIA and compositional analyses, the two 

datasets have been combined and analysed together (Appendices A1 and A2; Wood et al., 

20171). In order to facilitate this, lead isotopes (207Pb, 206Pb and 204Pb) were used to calculate 

the Pb crustal age of the ore from which the silver originated. This calculation omits 

information from 208Pb and thus cannot considered as a replacement for traditional lead 

isotope plots in all cases (which may allow variability in specific ratios to identify differences 
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between objects and ores). However, it is an alternative way that reduces the complexity of 

lead isotopes to a single variable and thus makes it easier to analyse alongside trace element 

data. 

Crustal ages (also known as model ages) were calculated from lead isotope data using a two-

stage evolution model with the common Pb isotope composition and the 238U/204Pb of the 

crust (Stacey and Kramers, 1975; Albarède and Juteau, 1984; Desaulty et al., 2011). The 

calculations were performed using the approach outlined by Desaulty et. al. (2011) and by 

applying their parameters to determine the Pb crustal age (see Appendices A1.2). Different 

parameters are used by different groups of researchers, and the same groups often update 

the parameters they use (e.g. Albarède, et al. 2012). The aim here, however, is not to calculate 

crustal ages per se but to define a value for both the ore sources and the associated objects: 

both should have the same lead isotope ratios and hence the same Pb crustal age, whether 

or not this corresponds with the actual geological date. In fact, the calculations sometimes 

yield negative values (i.e. future ages). This could mean that these leads have had a more 

complicated history than what may be expected from the predicted rate of addition of 

radiogenic lead in the source region, during which they acquired extra amounts of radiogenic 

lead. Alternatively, it could mean that the model or the parameters are not refined sufficiently 

to represent the full range of ages. Nevertheless, for the purposes here, the parameters used 

to calculate crustal ages for both the ores and objects were the same. 

All available data from the Oxalid (2018) 1st millennium BC silver database (Oxalid, 2018) were 

used from the hoards found in Israel and the lands under the Palestinian Authority (Data Table 

DT1). This lack of selection (i.e. by site, chronology etc.) was deliberate, as it is the connectivity 

potentially illustrated by the whole dataset that was of interest, before more nuanced 
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interpretations. Table 5.1 shows the sites and chronology for each hoard, with tentative dates 

denoted by a question mark. The weight of the silver in the hoards is also listed. Figure 5.1 

shows a map of the locations of the hoards. All compositional and isotopic data used in the 

re-analysis can be found in the Data Tables in the Appendices, along with the calculated Pb 

crustal ages and the gold to silver fraction of the artefacts. The lead isotope analyses of the 

ores and Athenian coins can also be found in the Data Tables. 
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Table 5.1. Sites and chronology for each hoard mentioned in the text (adapted from Thompson, 2003). The 
number of samples corresponds to number of artefacts which were analysed, i.e. fragments from various 
types of ingots, hacksilver, silver sheet, wires, rods, tokens, jewellery as well as indeterminate fragments. The 
total weight of silver is also shown. The proportion of silver pieces analysed for each hoard varied. As a guide, 
50 out of 305 pieces of silver from Miqne-Ekron were analysed for LIA.  

Location Chronology Number of samples (N=150) Weight of silver (g) 

Akko ninth-eighth century BC 10 257.6 

Ashkelon Late twelfth century BC ?/1100BC 7 Bundle 1: 44.9 

Bundle 2: 55.05 

Bet Shean twelfth century BC 5 Bet Shean: A 2423.8; B 
2434.65; C 1332. 

Ein Gedi 630 - 586 BC 5 1078 

Ein Hofez tenth-ninth century BC ? 15 >1200 

Eshtemoa eleventh-ninth (or tenth-eighth) 
century BC 

15 26000 

Miqne-Ekron seventh century BC/c. 600BC 50 Miqne-Ekron A: 24.5; B 
259.4; C 954; D 89.7; E 73; 

F 19. 

Shechem Late Bronze Age/Iron Age or 1000-
200 BC 

10 >45.16 

Tel Dor eleventh-tenth century BC 15 8500 

Tell el ‘Ajjul twelfth-eleventh century BC 10 ? 

Tel Keisan Second half of the eleventh c. BC 8 354 

 

Reliable chronology is clearly essential to interpret the significance of these hoards, and 

unfortunately this is not always available with the desired precision. As such, the most 

accepted chronological attributions are used but it is accepted that some may be revisited in 

the future. The preferred date used here of the Eshtemoa hoard, for example, is the earlier 

date (i.e. 11th-9th centuries BC), because the 8th century BC re-dating by Kletter and Brand 

(1998) was suggested as it was closer to the dates of the hoards already published, i.e. prior 

to publication of the hoard from Tel Dor. For this reason, it has been re-analysed alongside 

the earlier hoards (see Figure 5.6). Similarly, the Shechem hoard is probably earlier than the 
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8th-7th centuries BC, as the site has occupational phases around this time and because coins, 

often found in assemblages from later periods, were not found in the hoard (Gitin and Golani, 

2001: 27-48). The Bet Shean hoard has been dated to the 13th-11th centuries BC (Shalev et al., 

2014) which is commensurate with the 12th century BC chronology reported by Thompson 

(2003). The two hoards found at Philistine Ashkelon are suggested to be from around 1100 

BC (King and Stager, 2001: 174-175). A recent article on the hoards at Tell Keisan, Tel Dor, Ein 

Hofez and Akko (Eshel et al., 2018) present slight modifications of dates. 

5.4 Mixing Lines 

Figure 5.2(a) is a frequency distribution histogram of Au/Ag x 100 for the full dataset. Au/Ag 

was plotted rather than Au% to account for dilution, mainly due to variable addition of 

copper. As copper is not generally associated with gold, the Au/Ag ratio can facilitate 

comparisons between objects and argentiferous ores. In any case, as the majority of samples 

are predominantly silver (>95%Ag), the Au/Ag x 100 and Au% are similar in most cases.  

This figure shows that Au/Ag levels are very low for most of the samples. Au/Ag x 100 >1, 

however, holds for about a third of the samples, with two outliers having very high levels. 

Figure 5.2(b) is a histogram of the Pb crustal ages (Ma) determined from the LIA ratios for the 

full dataset. The majority of the samples show very young crustal ages, with those around 

zero being consistent with the ores at Laurion (Figure 5.3). However, a range of ages is evident 

with those around 200 and 350Ma exhibiting higher frequencies. There are three outliers at 

around 600Ma.  
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Figure 5.2. Frequency histograms of a) Au/Ag x 100 (top) and b) Pb crustal age (Ma)(bottom) for the full 
dataset of silver hoards found in the southern Levant. Pb crustal age calculated from LIA data on the first 
millennium BC silver database (Oxalid, 2018) using the two-stage evolution model with parameters from 
Desaulty et al. (2011). 
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Figure 5.3. Frequency histogram of the Pb crustal age (Ma) for ores from Laurion, as calculated from the lead 
isotopes from the Greek ores database (Oxalid, 2018) using the two-stage evolution model with parameters 
from Desaulty, et al. (2011). The range of calculated Pb crustal ages for Athenian coins from the Asyut hoard 
(Gale at al., 1980) is also presented which shows that these coins are commensurate with silver mined from 
Laurion. 

 

Figure 5.4 shows Au/Ag vs. Pb crustal age for the two most recent hoards, Ein Gedi and Miqne-

Ekron, which are dated to the 7th century BC. A cluster is apparent at low crustal ages (around 

0 Ma) and low gold concentrations (Au/Ag x 100 ~ 0.2) from the hoards at Miqne-Ekron. It 

should be noted that the detection limit for these ED-XRF measurements was about 0.2%Au 

as indicated by the horizontal black dotted line. As such, the cluster appears more 

pronounced as any value described as <0.2Au% was given the value 0.2Au% on the plot. In 

other words, the green dashed line extends to even lower levels of Au/Ag than indicated by 

the plot. This line highlights that although many samples have various levels of Au/Ag, the 

crustal age is relatively constant (around 0 Ma). This pattern could be a consequence of the 

use of different ore sources with similar crustal ages but different gold levels (up to Au/Ag x 

100 ~1.25). Nonetheless, although ores with high gold levels exist (e.g. argentiferous cerussite 
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sources have gold levels which could cover this range – Meyers, 2003), it is unlikely that 

different ore sources even within the same deposit would have crustal ages that result in such 

an invariant plot with such a wide range of gold levels (i.e. the green dashed line).  

 

Figure 5.4. Au/Ag x 100 versus Pb crustal age (Ma) for the seventh century BC hoards of Miqne-Ekron and Ein 
Gedi. The density map (high density: red - low density: green) is derived from compositional data (measured 
by NAA) and lead isotope data for Athenian coins found in the Asyut hoard (c. 475 BC), which are taken here 
as representative of Laurion silver (Gale et al., 1980: 3-49). The black dotted line shows the detection limits 
from the ED-XRF technique used to measure the composition of the hoard data. Other lines are described in 
the text. The error bar was determined from propagating the error on lead isotope ratios (±0.1%) to the Pb 
crustal age. 
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A more probable interpretation is that the variation in gold concentration along the green 

dashed line is a consequence of silvers from the same ore source (but with different gold 

levels) being mixed together, i.e. higher levels of Au/Ag probably resulted from silver from 

the same ore source being mixed with gold unintentionally. The cluster of silver with low gold 

levels around 0 Ma suggest that one of the components was silver derived from the galena 

ores of Laurion on the Attic peninsula (i.e. the cluster is commensurate with the Pb crustal 

ages of Laurion ores shown in Figure 5.3). This is further supported by the density plot which 

shows the density of Athenian coins, which are believed to derive from the silver ores of 

Laurion (Gale et al., 1980: 3-49). Although these coins show a much lower Au/Ag level than 

the hoard silver, this is probably because the coins were measured using neutron activation 

analysis (NAA), which has lower (i.e. better) detection limits than ED-XRF. In other words, in 

agreement with Thompson and Skaggs’ (2013) traditional LIA plots, which showed that some 

of sampled silver from Miqne-Ekron was consistent with the ores of Laurion, Figure 5.4 

indicates that Miqne-Ekron had access to silver from Laurion in the 7th century BC.  

More evidence of mixing can be observed for silver running along the Pb crustal age axis (the 

red dashed line). If silver with a higher crustal age was mixed in various proportions with silver 

from the cluster at 0 Ma, a series of silvers with relatively invariant gold levels but large 

differences in crustal ages would be produced. The silver from these mixtures ended up, 

perhaps unsurprisingly, in hoards at Miqne-Ekron as well as at Ein Gedi.  As no cluster is 

present at high crustal ages on this plot it is difficult to determine the end member of such a 

mixing line. Even so, this is clearly over 300Ma, which discounts Aegean and Anatolian ores. 

The blue dashed line shows, perhaps optimistically, a mixing line between silver from a high 

crustal age source with a low crustal age source which has a higher gold level than that from 
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Laurion, i.e. potentially silver from Laurion that had been mixed with gold to a level of Au/Ag 

x 100 ~ 0.9. This mixing produced silver with intermediate levels of both gold concentration 

and Pb crustal age. The intersection of the blue and red dashed line supports that a high 

crustal age - low gold, silver source was available at the Phoenician-influenced Miqne-Ekron 

during the 7th century BC. 

To further support the suggestion that the silver from Miqne-Ekron hoard is made up of 

argentiferous ores from Laurion and mixed silver from elsewhere, Figure 5.5 shows LIA mirror 

plots for Laurion ores, Athenian coins and silver from the Miqne-Ekron hoard. The Athenian 

coins and some of the Miqne-Ekron hoard are consistent with Laurion ores on both plots.  

What is also apparent is that the remainder of the Miqne-Ekron hoard lies on a line toward 

LIA values derived from the ores of the Pyritic Belt of south-west Spain (Stos-Gale et al., 1995; 

Pomiès et al., 1998), areas which have crustal ages which range between 376-418Ma 

(calculated from the LIA data – Oxalid, 2018), i.e. reflecting their Hercynian orogeneses. This 

suggests that the some of the silver found in the hoard of Miqne-Ekron was a mixture of silver 

from the Iberian Peninsula and Laurion in Greece, i.e. the red and blue dotted lines in Figure 

5.4. 

   



128 
 

 

Figure 5.5. LIA mirror plots showing that Athenian coins (●) and some silver from hoard at Miqne-Ekron (●) is 
consistent with ores from Laurion (●), and that the remainder of the Miqne-Ekron silver hoard lays on a line 
that extends to the argentiferous ores of the Pyritic Belt in south-west Iberia (●). The error bars indicate ±0.1%. 

 

This approach is now applied to the rest of the dataset (i.e. the samples from the Late Bronze 

Age and Early Iron Ages) (Figure 5.6). The two extremely high Au/Ag values from Ein Hofez 

(Au/Ag x 100 ~ 27 and 56) are not shown due to scale, but also because such high gold levels 

could have resulted from intentional mixing, perhaps to alter the colour of the alloy. As with 

Figure 5.4, Ag/Au x 100 is plotted against the Pb crustal age (Ma). 
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Figure 5.6. Au/Ag x 100 versus Pb crustal age (Ma) for the Late Bronze Age/Early Iron Age hoards. The density map (high density: red - low density: green) is derived from 
compositional data (measured by ED-XRF) and lead isotope data for Bronze Age silver found in Iberia (Comendador Rey et al. 2014; Bartelheim et al., 2012; Murillo-
Barroso et al., 2015, Murillo-Barroso, 2013). The black dotted line shows the detection limits from the ED-XRF technique used to measure the composition of the hoard 
data. Other lines and numbered points are described in the text. The error bar was determined from propagating the error on lead isotope ratios (±0.1%) to the Pb crustal 
age.
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The cluster at (1) in Figure 5.6 includes silver from hoards at the Bronze Age site of Tell el ‘Ajjul 

and one sample from Tell Keisan. In terms of Pb crustal age, this cluster is similar to the Miqne-

Ekron cluster in Figure 5.4. As in Figure 5.4, the gold content of this cluster of hoard silver 

appears higher than that of the Athenian coins. A potential reason for this is in the 

aforementioned differences in measurement technique (i.e. ED-XRF vs. NAA). This cluster 

(Au/Ag x 100 ~ 0.5), however, is higher than that from Miqne-Ekron. This could be a result of 

more intense mixing (i.e. increasing average gold levels) but could also reflect the exploitation 

of more auriferous ores. Examining these data in conventional LIA plots, it can be observed 

that the most likely source for the bulk of the silver in this cluster is in the Taurus mountains 

of southern Anatolia, rather than Laurion (Figure 5.7).  

More importantly, this silver with a low crustal age and low levels of gold appears to be one 

component of a series of mixing lines generated throughout the EIA (Figure 5.6), i.e. this type 

of silver was available as early as the 12th century BC in the southern Levant. In other words, 

although several other clusters are evident in Figure 5.6, it is the relatively linear lines which 

provide the rationale behind the plot. Basically, the plot shows a series of mixing lines 

deduced from the silver deposited in these EIA hoards. These mixing lines are now addressed. 
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Figure 5.7. LIA mirror plots showing that silver from Athenian coins (●) is consistent with ores from Laurion 
(●) and that Laurion ores are generally distinct from the ores of the Taurus mountains in Anatolia (●) on the 
208Pb/206Pb vs 207Pb/206Pb plot. This suggests that the silver from Tell el ‘Ajjul (●) (cluster 1 in Figure 5.6) derives 
from the Taurus mountains, whereas the single silver sample from Tell Keisan (●) in the same cluster could 
derive from either Laurion or the Taurus mountains. The error bars indicate ±0.1%.  

 

a) The dashed blue line extending vertically from (1) corresponds closely to the previous 

explanation of the dashed green line in Figure 5.4.  This suggests that the type of silver 

available for the Bronze Age hoards at Tell el ‘Ajjul was mixed with silver of a similar crustal 

age containing higher levels of gold (4). Silver from three objects from the hoard at Akko 

appear to fall on this vertical mixing line, having Au/Ag x 100 levels of about 2.3, 3.2 and 4.3. 
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Silver from Bet Shean and Tel Dor also appear to lay on this line. Such a mixing line further 

supports the suggestion that silver originating from the Taurus mountains (see Figure 5.7) was 

available at Tell el ‘Ajjul in the 12th-11th centuries BC, Bet Shean in the 12th century BC, Tel Dor 

in the 11th -10th centuries BC as well as at Akko in the 9th -8th centuries BC. 

b) The cluster at (3) comprises silver from hoards at Tel Dor and Akko, with a vertical line (red 

dashed) extending to (2). The hoards along this mixing line are predominantly from Tel Dor, 

potentially suggesting that the mixing took place there. The Pb crustal age of this mixing line 

appears too young for the silver source to be from Laurion (see Figure 5.3) and is therefore 

potentially from another argentiferous deposit. Again, the Taurus mountains in Anatolia could 

be a candidate as the crustal ages range from -130 to 172Ma (calculated from Oxalid data, 

2018), although Thompson and Skaggs (2013) discounted an Anatolian source for the hoard 

silver from the Tel Dor. From LIAs of ores around the Aegean (Oxalid, 2018), only Thera (-51 

to -99Ma) and Kythnos (-28 to -61Ma) appear to have silver-bearing ores (Gale and Stos-Gale, 

19811) and Pb crustal ages commensurate with this mixing line. Further afield, Cyprus has Pb 

Crustal ages (190 to -225Ma) that also match, potentially re-opening the debate as to whether 

silver on Cyprus was mined during this period (see Chapters 6 and 7 for a more detailed 

discussion on Cyprus and Tel Dor). However, it should be emphasised that there is no 

archaeological evidence for silver mining at this time in any of these locations (Gale and Stos-

Gale, 19811). 

c) The solid blue line extends from the cluster at (1) through silver found in the hoards at 

Ashkelon, Shechem, Tel Dor, Tell Keisan and Bet Shean. In this case, the linear mixing line 

suggests that two components with very different gold levels and Pb crustal ages were mixed 

together, with the lower component being similar to the silver found in the hoards of Tel el 
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‘Ajjul and Tell Keisan, i.e. silver from Taurus. The orange mixing line between (3) and (5) also 

suggests that two components with very different gold levels and Pb crustal ages were mixed 

together. Although it is difficult to determine whether the orange line extends from (3) or (4), 

a mixing line can be drawn through silver from hoards at Shechem, Tell Keisan, Ashkelon, 

Akko, Tel Dor and Eshtemoa. It is interesting to note that both the blue line and orange line 

appear to converge at (5), which would represent an end member of these mixtures. There is 

no cluster at (5), but the intersect suggests that silver from older ores (about 380Ma) with 

high levels of gold (Au/Ag x 100 ~5.8) was not only mixed with 'pure' silver from Taurus ores 

(blue line) but also with silver with elevated levels of gold (orange line).  The silver with 

elevated gold levels could have derived from Taurus (4) or from one of the younger ore 

sources discussed earlier (3). Again, regardless of the exact mixing mechanism, these two 

mixing lines (blue and orange lines) suggest that silver with high gold and a high crustal age 

(380Ma) was available throughout this region at least as early as the 11th century BC.  

Figure 5.8 shows a frequency distribution histogram of the crustal ages of ores from Iberia 

and Sardinia, clearly showing the bimodal distribution resulting from Alpine (<90Ma) and 

European Hercynian orogeneses (~250-400Ma) found in Iberia (Desaulty et al., 2011) (see 

Appendices), and the Hercynian and Caledonian orogeneses found in Sardinia (Valera and 

Valera, 2005: 35-42; De Caro et.al, 2013). Silver with a Pb crustal age of 380Ma could have 

originated from ores in either of these regions, and thereby any silver laying on the orange 

and blue mixing lines was potentially mixed with silver deriving from Iberia or Sardinia. This 

would support Thompson and Skaggs' (2013) hypothesis indicating ‘the Western 

Mediterranean as a silver-supplying region to Phoenicia prior to colonisation’.  
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Figure 5.8. Frequency histogram of the Pb crustal age (Ma) for ores from Iberia and Sardinia (from LIA data in 
Thompson and Skaggs, 2013) showing overlapping areas, as calculated from the lead isotopes using the two-
stage evolution model with parameters from Desaulty, et al. (2011).  

 

The vertical black dotted line on Figure 5.6 (above, between points 5 and 7) shows that the 

intersection of the blue and orange mixing lines at (5) are coincident in terms of Pb crustal 

age with a cluster of silver from hoards at Ein Hofez, Tel Keisan and Eshtemoa (7). Despite 

their similar Pb crustal ages, the cluster at (7) has much lower gold levels (≤0.2%). One 

question is whether the silver with high (Au/Ag x100 ~5.8) and low (Au/Ag x 100 ≤0.2) 

concentrations of gold at 380Ma derive from the same ore source. If it is from the same ore 

source, it would suggest that silver from the low-gold ore had been mixed to produce silver 
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with Au/Ag x 100 of nearly 6. However, as there is not a convincing number of samples that 

lie on a vertical mixing line between 5.8 (5) and 0.2 (7) at 380 Ma, it is speculated that the 

silver with the 380Ma crustal age reflects two different types of silver from the same area. 

This could be an ore source with discrete gold levels, potentially resulting in one batch with 

very low levels of gold, and another batch with around 6% gold. Such a wide range of gold 

concentrations negates argentiferous galena or cerussite ores, thereby ruling out the Aegean 

and Anatolia as potential ore sources (both have gold levels generally less than 1.5% and much 

lower Pb crustal ages). As an alternative, silver produced from some of the jarositic ores from 

Rio Tinto in the Iberian Pyrite Belt has been found to contain 0.3 to 16% of gold, with different 

colours of this ore potentially reflecting very different gold levels (Gale et al., 1980: 3-49), i.e. 

the silver that makes up (7) could be from black or grey jarositic ore from Iberia (~0.3%Au), 

while the silver laying on the intersecting lines which converge at (5) could have derived from 

yellow jarosite (up to 16%Au).  

Nonetheless, the early chronology of the EIA hoards makes another possibility plausible. The 

density map at (7) shows the distribution of crustal ages and Au/Ag for silver artefacts from 

indigenous Bronze Age contexts in Iberia, and widely thought to derive from native silver 

(calculated from LIA and compositional data from: Comendador Rey et al. 2014; Bartelheim 

et al., 2012; Murillo-Barroso et al., 2015, Murillo-Barroso, 2013). It can be seen that the 

density map and the cluster at (7) are very close both in terms of Pb crustal age and Au/Ag. 

This suggests that some of silver in the hoards of Ein Hofez, Tel Keisan and Eshtemoa could 

have derived from the same native silver sources exploited by the indigenous Bronze Age 

inhabitants of Iberia.  
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This proposition is supported in three ways:  

 Unlike argentiferous jarositic ores, which were smelted and cupellated, the processing 

of native silver does not require the addition of lead (Murillo-Barroso et al., 2014; 

2016). Consequently, a narrow spread in Pb crustal age is anticipated for silver derived 

from native silver, whereas a much wider spread would result from cupellated silver, 

especially if exogenous lead from a different region was used as the silver collector. 

Figure 5.9 shows the relatively narrow range of Bronze Age silver compared to silver 

from the Orientalising period (8th-6th centuries BC) in Iberia (i.e. when cupellation was 

used to extract silver from the argentiferous lead). Clearly, in terms of crustal age, a 

native silver source for the cluster at (7) is a more likely interpretation. 
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Figure 5.9. Frequency histogram of the Pb crustal age (Ma) for Argaric and Orientalising silver (eighth-sixth 
centuries BC) from Iberia showing overlapping areas, as calculated from the lead isotopes using the two-stage 
evolution model with parameters from Desaulty, et al. (2011). LIA and compositional data for orientalising 
silver from Murillo-Barroso et al., 2016).  LIA and compositional data for Argaric silver from Comendador Rey 
et al. (2014); Bartelheim et al., 2012; Murillo-Barroso et al., 2015; Murillo-Barroso, 2013. 

 

 Native silver tends to have lower levels of gold compared to Orientalising silver. This 

seems to be supported by the 55 out of the 58 Bronze Age silver samples from Iberia 

in Figure 5.9 with a mean Au/Ag x 100 of 0.08 (range: 0-0.37 Au/Ag x 100), compared 

to Orientalising silver which is an order of magnitude higher (Au/Ag x 100 = 0.83; 

range: 0-8.22 Au/Ag x 100). Three silver samples, however, found in a predominantly 
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gold Bronze Age hoard of Tesoro de Villena have been shown to have much higher 

gold levels (3.6, 4.7 and 25.3%Au) (Montero-Ruiz et al., 2016), possibly reflecting their 

later chronology than the rest of the silver in the Bronze Age dataset. Nevertheless, 

high gold levels tend to support that (5) in Figure 5.6 (above) is potentially reflective 

of Iberian jarosite as this intersect is not only commensurate in terms of Pb crustal age 

with a Hercynian argentiferous ore deposit (Figure 5. 8, above), but also the Au levels 

are in the range found in jarositic ores (0.3-16%Au) and Orientalising silver objects (0-

6.4%Au). 

  

 A compositional feature that further supports that both native silver and smelted 

silver from jarosite are represented in the dataset is that cupellated silver often has 

higher levels of lead. Considering the cluster of points which make up (7) (i.e. ~300-

410Ma), it can be seen (Figure 5.10) that most samples are made up of silver with low 

concentrations of lead (i.e. <1%Pb). These include the two samples from early hoard 

of Tell Keisan (late 11th century BC) and are suggestive of native silver from Iberia, i.e. 

low lead <0.3%Pb, low gold<0.3%Au and high crustal age ~400Ma. The potentially 

later hoards of Eshtemoa and Ein Hofez include silver with both low and high lead 

contents (<0.2-2.44%Pb), perhaps indicating that these hoards contained both silver 

from jarositic ores and from native silver. 
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Figure 5.10. Frequency histogram of the Pb% for data at (7) in Figure 6 (above) lying between 300 and 410Ma, 
i.e. low gold-high crustal age silver from the hoards of Ein Hofez, Eshtemoa, Tel Dor and Tell Keisan (Oxalid, 
2018). 

 

It is therefore proposed that the Iberian silver that ended up in the Levantine hoards included 

native silver acquired directly from the Bronze Age inhabitants of the Iberian Peninsula, as 

well as silver mined from jarosite ores. Moreover, it appears that both of these ways of 

acquiring silver were occurring at a similar time: for example, the hoards of Tell Keisan contain 

silver potentially derived from native silver (7) and from jarosite (orange mixing line). This 

again suggests that silver from Iberia was available throughout this region from the late 11th 

century BC. 

d) The red mixing line in Figure 5.6 connects, albeit imperfectly, the cluster at (1) to silver 

deposited at Akko, with crustal ages over 600Ma (6). This suggests that silver from a very old 
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ore source was available in Akko between the 9th and 8th centuries BC. The red line appears 

to connect this group with the silver used at Tel el ‘Ajjul (1) through silver mixtures deposited 

at Akko, Tel Dor, Ashkelon and Tell Keisan, some of which predate the Akko hoard deposition. 

This mixing line would therefore suggest that silver from the high crustal age ore (>600Ma) 

making the end member of this line was available when the mixtures were made in the 11th 

century BC, even though some of this mixed silver was deposited at Akko much later. Such a 

high crustal age reflects Caledonian orogeneses (Valera and Valera, 2005). Silver-bearing ores 

with high ages are not common throughout the Mediterranean, with the younger Alpine 

domain generally overlaying the Hercynian and Caledonian basement. Figure 5.8 (above) 

shows that ores of this age are present in Iberia and Sardinia. Sardinian ores, however, are 

predominantly lead-zinc-silver galenas, which would result generally in objects with <0.1%Au 

(De Caro et al., 2013). Furthermore, no silver objects certainly dated to the Nuragic age have 

been discovered in Sardinia (Artzeni et al., 2005: 113-185). Therefore, it seems more probable 

that the cluster at (6) reflects silver-bearing jarositic ores in Iberia with crustal ages of over 

600Ma that were mined in the EIA. Again, like the blue and orange mixing lines, this would 

reflect the idea that silver from argentiferous jarositic ores was available for mixing from the 

11th century BC. Essentially, this would imply that jarosite was smelted and silver was refined 

through cupellation in Iberia at least from the late 11th century BC. 

e) Point (7) in Figure 5.6 is made up of silver from Ein Hofez, Eshtemoa, and Tell Keisan and 

(1) comprises silver from Tel el ‘Ajjul and Tell Keisan. Despite being close to the detection 

limits of the ED-XRF measurements, a black mixing line can be drawn through silver deposited 

in hoards at these locations as well as at Ashkelon. The end members suggest silver derived 

from ores at Taurus (1) and silver from Iberia (7), either native or derived from gold-poor 
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jarositic ores. The line is similar to the red mixing line in Figure 5.4 for the Miqne-Ekron and 

Ein Gedi hoards of the 7th century BC and may thus point to some continuity in the sourcing 

of silver from the EIA.  

In summary, the plots (Figures 5.4 and 5.6, above) suggest that four ore sources of silver are 

represented (and widely mixed) in the dataset of 150 samples from Levantine hoards, with 

crustal ages of about -80, 0, 380 and 620Ma. The first is from an unknown source, the second 

is consistent with ores from the Taurus mountains of Anatolia in the early hoards and Laurion 

in the later hoards, the third is consistent with ores from Iberia and the fourth with ores from 

either Sardinia or Iberia. In most cases, different gold levels can be explained by silver being 

mixed (probably unintentionally) with gold. This explanation would seem appropriate for all 

silver laying on the mixing lines. The silver with a Pb crustal age of 620Ma could reflect a still 

unknown silver-bearing jarosite from Iberia rather than an argentiferous galena ore from 

Sardinia with added gold. Silver exhibiting crustal ages around 380Ma were probably derived 

from silver from different Iberian sources: low gold, low lead and crustal ages commensurate 

with Iberia indicate a native silver source (as used by the indigenous LBA/EIA inhabitants of 

Iberia), whereas higher levels of gold and lead are potentially the consequence of smelting 

jarosite ores. Both types of silver appear to have ended up in the EIA hoards, which suggests 

that cupellation was a process used to acquire silver in Iberia from at least the late 11th 

century BC. 

5.5 Interpreting the re-analyses of the hacksilver hoards 

The combination of estimated crustal ages based on lead isotope analyses and gold 

concentrations in ancient silver makes it possible to identify groups of objects that are likely 

to derive from the same source or batch, and allows the identification of mixing lines between 
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groups. By considering the mixing lines it becomes clear that in order to explain the relatively 

high gold level of some silver found in the southern Levant there is no need for gold to have 

come from some ancient, now exhausted, mine in the Eastern Desert of Egypt (Lucas, 1928; 

Shalev et al., 2014). For example, a silver mount from a jar from a site in pre-dynastic Egypt, 

despite having high levels of gold (Au=33.74%) (Gale and Stos-Gale, 19811; Gale and Stos-

Gale, 19812) has a crustal age which is too low (194Ma) to be consistent with the silver in 

Figure 5.6 (above) at (5) and (7). Lead objects from Egypt show similar crustal ages, thus 

making it unlikely that Egyptian metal is in any way prevalent in the silver hoards discussed 

here. 

A linear mixing line suggests that two components were mixed together, i.e. two batches of 

silver with differing crustal ages and/or gold concentrations. By this rationale, any silver found 

on a linear mixing line must have been deposited after both component batches were 

available in the region. Furthermore, when clusters or intersections are found as the end 

members of these mixing lines (i.e. groups of silver with similar crustal ages and gold levels 

which were subsequently deposited in hoards as received or mixed), they potentially 

delineate where each batch of silver was from. For example, the fact that the cluster at low 

crustal ages and low gold levels (1) is predominantly from silver deposited at Tell el ‘Ajjul, 

suggests that this type of silver was common at this location. Since this type of silver is 

probably from silver mines in the Taurus mountains, it suggests that the area around Tell el 

‘Ajjul (which became part of Philistia) had some kind of connection with this area in the 12th-

11th centuries BC. Similarly, the silver responsible for the cluster at Tell Keisan, Ein Hofez and 

Eshtemoa (7), suggests that these locations had some kind of connection with Iberia from the 

late 11th century BC.  



143 
 

The mixtures of silver between (1) and (7) were predominantly deposited in hoards at Ein 

Hofez, but not Tell el ‘Ajjul. This is not surprising. Tell el ‘Ajjul was a Canaanite site that ‘ceased 

to function’ in the LBA (Dessel 1997: 38), although it was still occupied during the EIA 

(Albright, 1938; Fischer and Sadeq, 2006: 1565-1566). Since the hoard is probably from the 

LBA, this suggests that any mixing of this type of silver occurred after this hoard was 

deposited. In other words, Iberian silver may not have been available at the time when the 

Tell el ‘Ajjul hoard was deposited, although it was clearly available in the EIA as the mixing 

line between (1) and (7) demonstrates, i.e. silver with the same signature as silver hoarded at 

Tell el ‘Ajjul was mixed with Iberian silver and found in the hoards at Ashkelon, Eshtemoa, Tell 

Keisan and Ein Hofez. 

The nature of the connections between production and consumption centres is difficult to 

interpret, and more work will be needed to contextualise the findings and discuss their 

significance. Nonetheless, it is interesting to note that Ein Hofez and Tell Keisan are in the 

north, while Tell el ‘Ajjul is in the south (i.e. in the general area of Philistia). This patterning 

could indicate that silver from different ore sources was supplied to these different areas, i.e. 

Taurus supplied the south and Iberia supplied the north. This interpretation seems supported 

by the fact that only one piece of 'unmixed' silver from the cluster at (1) ended up in the north, 

in a hoard at Tell Keisan. Such a north-south scenario is difficult to pursue, however, as more 

hoards have been discovered in the North and any conclusions drawn along these lines would 

be strongly affected by sampling bias. Furthermore, a more historical/archaeological 

approach might perhaps explore the differences between those areas under the influence of 

the Philistines (i.e. Gaza, Ashkelon, Ashdod, Ekron and Gat on the eastern plain) and those 
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outside it. Nevertheless, the only EIA Philistine city where a silver hoard has been discovered 

is Ashkelon.  

Another point deserving further discussion is the possible impact of Laurion on silver 

recovered in the Levant. It was noted above that Miqne-Ekron, which was in Philistine 

territory, used silver from Laurion in the 7th century BC.  The silver deposited in the earlier Tell 

el ‘Ajjul hoard, however, appears to derive from Anatolian ores. Unfortunately, as shown in 

Figures 5.4 and 5.6 above, calculated crustal ages cannot discriminate conclusively between 

those two sources (Laurion and Taurus), and the traditional LIA plots (Figure 5.7) are also open 

to interpretation. Thompson (2009, citing Coldstream 1977:70) suggests that the infrequency 

of Aegean silver in the EIA hoards from Cisjordan corresponds to the lack of evidence for 

mining activities at Laurion and nearby Thorikos between the Mycenaean period and the mid-

9th century, and that any silver in the EIA hoards which can be shown to derive from Laurion 

is most likely residual from trade that took place during the LBA, rather than an indication of 

continuing trade with the Aegean after ca. 1200 BC. The re-analysis of the data here suggests 

that the Taurus mountains in Anatolia (Figure 5.7) is the more likely candidate to have 

supplied the silver for the predominant component of the EIA mixing lines (i.e. cluster 1 in 

Figure 5.6), while Laurion supplied the silver which was subsequently mixed in the later 

hoards (Figures 5.4 and 5.5).  

While the identification of the source of silver in the clusters is important, it is the relatively 

linear mixing lines which provide the rationale behind the plots, as they reveal trends that 

would not be easily discernible with more common approaches to the data. Inevitably, some 

of the suggested mixing lines are more obvious than others, and there are outliers that may 

derive from analytical errors and/or silver that was mixed from more than two sources. 
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However, the fact that mixtures are found in all hoards, including that at Philistine Ashkelon, 

suggests that all sites had access to the different types of silver which made up these mixtures, 

probably through the port cities of Ashkelon, Tel Dor and Akko. This could imply some form 

of mercantile trade in silver.  

Vertical mixing lines are also evident on the plots, representing variable Au/Ag ratios but 

relatively constant crustal ages (Figures 5.4 and 5.6, above). In Figure 5.6 these are shown as 

the vertical dashed lines between (2) and (3) and (1) through (4). Whereas the blue dashed 

line, probably reflects the mixing and recycling of silver from Taurus ores (with various levels 

of gold), the red dashed line suggests that a further source was exploited in the EIA, i.e. 

potentially Thera, Kythnos or Cyprus (see Chapters 6 and 7). Most of the silver on this mixing 

line ended up in the hoards of Tel Dor, which suggests that not only was mixing conducted 

there but also that it may have had a special relationship with the suppliers of silver from this 

particular ore source. The interesting issue here is that silver of similar crustal ages was mixed 

together, increasing the gold concentration and thereby resulting in a vertical mixing line. 

Such a scenario is much more likely if finished objects were being melted down, for example 

to make ingots to trade or hoard. The hoard at Miqne-Ekron (Figure 5.4, above) may be such 

an example, where the deposition site of the mixtures is the same as the source component, 

with mixing potentially conducted just prior to the Neo-Babylonian attack in 604BC. 

Where find sites are different from one of the source components, a vertical mixing could be 

interpreted as the melting down of silver and the mixing of booty from conflict, e.g. if silver 

was secured in the form of objects with styles not favoured by those who acquired them. In 

this particular case (Figure 5.6 points (2) and (3) and (1) through (4)), this interpretation is 

supported to some extent by the fact that no silver from the mixtures (either the blue or red 
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dashed mixing lines) was found at the Philistine city of Ashkelon. This absence could suggest 

that the silver in these mixtures was acquired and melted down from objects deriving from 

Philistia (i.e. objects made of silver with an initially low gold concentration but with gold parts) 

to inadvertently produce alloys with the same Pb crustal age as the initial silver, i.e. 0Ma (1) 

and -80Ma (2), but with Au/Ag concentrations of several percent. In other words, silver of this 

composition, which was not available at Ashkelon, was generated from melting down silver 

objects at Tel Dor that had been acquired from Philistia and subsequently deposited in hoards 

at Tel Dor, Bet Shean and Akko. That this silver (3 and/or 4) also appears as an end member 

of another mixing line (orange line) suggests that a large amount of silver of this unusual 

composition was available at Tel Dor, which was subsequently mixed with Iberian silver with 

even higher gold levels, ending up at hoards in non-Philistine areas, particularly at the 

commercial centre of Shechem. It is probable that this commercial centre, due to its position 

in the middle of vital trade routes through the region from the MBA (Wood, 1997: 245-256), 

disseminated silver back throughout the northern region. Furthermore, the fact that some of 

this silver ended up in hoards at Bet Shean and Tell Keisan supports the suggestion that silver 

from this mixing line, and thereby Iberian silver, was available during the 11th century BC. 

5.5.1 The role of the Phoenicians 

The question of who shipped silver to the East from Iberia, of course, is an entirely different 

issue. Iron Age Phoenician overseas contacts, demonstrated mainly in Cyprus, but also 

including a 10th century BC pre-colonial presence at Huelva in south-eastern Spain (Gonzalez 

de Canales et al., 2004) suggest potential connections between the Phoenicians and Tel Dor 

(Gilboa, 2013), and thereby, the cities of the Carmel coast with Iberia. Furthermore, the Tel 

Dor hoard (about 8.5kg silver in a clay jar, resembling small coins and stored in linen bags) has 
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been speculated to have belonged to a Phoenician merchant (Stern, 1998). A container found 

at the Andalusian site of Purullena, comparable to pithoi found on the Uluburun (14th century 

BC), Cape Gelidonya and Point Iria shipwrecks (13th century BC) could suggest that traders 

from the eastern Mediterranean had been frequenting the Iberian shores for several 

centuries. Moreover, wheel-made sherds of Mycenaean origin at local Cogotas I sites in 

Montoro (i.e. 13th-10th centuries BC) were potentially transported by Cypriots (Ruiz-Galvez, 

2015: 196-214). However, isolated finds are probably not the best way to decouple foreign 

objects from foreign agents (Russell and Knapp, 2017). By contrast, technological innovations 

may provide more convincing evidence of sustained contact, as they may require direct 

knowledge transmission. It is not the intention here to get into the generally binary debates 

regarding the socio-economic and cultural impact of the east on the west at the end of the 

LBA. However, it is worth noting that the adoption in the western Mediterranean of a complex 

technology for metallurgical exploitation (rather than just trading) prompted by foreign 

contacts would appear to challenge the minimalist view (e.g. Russell and Knapp, 2017) and 

support the proposal of more substantial networks stimulated by the movement of metals 

(Sherratt and Sherratt, 1991: 351-386; Lo Schiavo, 1990: 15-40). This is irrespective of who 

were the conveyers of the silver.  

With regard to the Phoenicians, a fundamental question would be whether the Phoenicians 

knew that there was silver in the west prior their well-attested presence at the coastal sites 

of Iberia by the last quarter of the 9th century BC (according to carbon dating) (Ruiz-Galvez, 

2015: 196-214) and whether the presence of native and cupellated silver in the EIA hoards of 

the southern Levant can shed some light on this question.  
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The breakdown of the palatial system around 1200 BC discharged not only merchants 

(Sherratt, 1998: 292-313; Sherratt, 2016: 289-301) but also skilled craftsmen (Zaccagnini, 

1983), hence the first explorations of the West Mediterranean may have been associated not 

only with trade but also with technology. Both the Bronze Age Berzocana and Villena hoards 

in Iberia suggest technology with Cypriot or Canaanite/Levantine origins. The Berzocana 

hoard shows connections with the Cypriot-Levantine area, with a bronze bowl of the Cypriot-

Canaanite type (Ruiz-Galvez, 2015:196-214 citing Torres, 2012), made using the lost-wax 

technique, bearing close resemblance to bowls from the Jatt hoard in Israel and bowls at 

Megiddo, both from around the end of the 11th century BC (Artzy, 2006) (see Section 7.2). 

These hoards support the view that Megiddo was a Canaanite city involved in maritime trade 

with both Phoenicians and Cypriots (Artzy, 2006). Atlantic objects found in graves in Cyprus 

(Karageorghis and Lo Schiavo, 1989) tend to support this position. The Villena hoard (c. 1000 

BC) contains exotic elements such as a nail (unknown in Iberia at this time, having been 

developed in Cyprus c. 1200BC) and a gold-inlaid iron object (with iron being rare in Iberia 

during the LBA) (Ruiz-Galvez, 2015: 196-214). In terms of knowledge transmission and 

therefore sustained contact, the very presence of iron metallurgy more broadly has been 

highlighted as a technological innovation for this period, with the earliest artefacts, including 

tools, dating to the 11th century BC (Vilaça, 2006; 2013: 39-64). Further indications of 

sustained interaction between the eastern Mediterranean and Iberia is found at Monte de 

Ramada 1 (southern Portugal): here, a 10th century BC assemblage includes unusual bronze 

alloys as well as glass, faience, and ostrich shell beads, which have been interpreted as 

testifying to ancient trade with the Mediterranean region before the establishment of the 

first Phoenician colonies on the southern Iberian coast (Valério et al., 2018). 
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The growing body of evidence for Cypriot or Canaanite/Levantine presence in Iberia suggests 

that the Phoenicians might not have been the protagonists in the first exchanges, and that 

when the Phoenicians arrived in the west, they already knew exactly where they were sailing 

to and what they were looking for (Ruiz-Galvez, 2015: 196-214). In fact, just as it may be 

argued that Cypriot or Canaanite/Levantine traders and craftsmen were searching for new 

markets and expanding their networks westward (Almagro-Gorbea, 2001: 239-270), the 

indigenous inhabitants of Iberia, in turn, may have seen in this an opportunity to export 

products and resources towards the Mediterranean, to supplement their Atlantic trade 

routes. This opportunity could be reflected in the presence of Iberian native silver found in 

the EIA hoards of the southern Levant.  

This is perhaps the point where the Phoenicians reveal themselves. The presence of silver in 

Iberia, as alerted by native silver arriving in the Levant in the 11th century BC, could have 

provided the impetus for risky and costly ventures west, with existing commercial dealings 

paving the way (e.g. information regarding ports of call, routes, resources and local 

populations). Since argentiferous jarosite ores are not located in the triangular area of Huelva, 

the Guadalquivir valley and Cadiz, but farther inland (Figure 2.4), it is possible that the coastal 

indigenous groups played a mediating role for the Phoenicians with groups in the interior of 

the country (Celestino and López-Ruiz, 2016: 152). In other words, the Phoenicians, bringing 

their knowledge of refining silver through cupellation, could have negotiated their way to the 

ore deposits using the information they had acquired before they set sail. This is in agreement 

with Hunt Ortiz's (2003) field research which highlighted that there is no evidence of 

cupellation prior to the arrival of the Phoenicians (see Section 3.3 for an alternative but 
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disputed view). However, the new evidence presented here would push the dates further 

back.  

According to current archaeological evidence, the Phoenicians first arrived at the end of the 

10th century BC to Huelva, and to Cadiz a century later (Celestino and López-Ruiz, 2016: 303). 

However, some of the silver found in the southern Levantine hoards dated back to the 11th 

century BC appears to have been mixed with silver from jarosite sources, which would have 

required cupellation. As noted by Broodbank (2013: 485), the Phoenicians were ‘as much the 

creations as the creators of the evolving culture and networks associated with them’. As such, 

it may be appropriate to consider them a composite of the aforementioned Cypriot and 

Canaanite/Levantine traders. This is especially pertinent before the 11th century BC, prior to 

time of the common language and script commonly known as Phoenician, when distinctions 

are more difficult to delineate (e.g. Bell, 2009). The traders who travelled to Iberia and 

transmitted the lost wax casting technique, iron metallurgy and other technologies to the 

indigenous population in the 11th century BC, having witnessed first-hand the wealth around 

Huelva, could have decided to exploit the natural resources by introducing cupellation. 

Irrespective of the label we use for these traders, if this proposal is correct, then there must 

be earlier evidence of cupellation in the archaeological record in Iberia that has yet to be 

discovered or identified.  

Overall this hypothesis implies that the first conveyors of silver to the southern Levant from 

the western Mediterranean were not miners, but traders who had acquired silver directly 

from the indigenous Bronze Age inhabitants of Iberia, who supplied native silver (with high 

crustal ages, low lead and low gold levels) perhaps in return for new technology and access 

to the Mediterranean trade routes. Considering that the transmission of wheel-made pottery 
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is generally accepted to be a process requiring close contact between master and apprentice 

(Jeffra, 2013), its presence in Iberia, alongside other technology (the lost wax technique, the 

use of nails, as well as iron objects) supports the view that eastern Mediterranean craftsmen 

permanently, or perhaps seasonally, installed themselves among the native population (Ruiz-

Galvez, 2015: 196-214). It is perhaps these contacts which allowed the Phoenicians (or 

perhaps a Cypriot-Canaanite/Levantine composite which became the Phoenicians), along 

with the method of cupellation, to exploit silver ore resources that had been previously 

inaccessible to the native inhabitants almost at the same time as the arrival of native silver in 

the Levant. If this is correct, it would also confer validity, at least in terms of chronology, to 

the hypothesis of Phoenicians carrying precious metals from Tarshish to the southern Levant 

at the time of Solomon (c. 10th century BC) (Beitzel, 2010; Thompson and Skaggs, 2013), 

potentially building on existing trade relations with the Bronze Age inhabitants of Iberia from 

the 11th century BC. 

5.6 Summary 

Compositional and lead isotope data from silver found in the Iron Age hoards of the southern 

Levant have been combined to refine hypotheses about the ore sources and clarify evidence 

of mixing. Mixing lines suggest that the Late Iron Age silver found at Miqne-Ekron and Ein 

Gedi was sourced from the Laurion and a much older ore with a signature commensurate with 

jarosite ores in Iberia. The Laurion ores have a signature commensurate with argentiferous 

galena. Similarly, EIA silver recovered from Akko, Ashkelon, Bet Shean, Ein Hofez, Tel Dor, Tell 

el ‘Ajjul, Tell Keisan, Shechem and Eshtemoa can be sourced to the Taurus mountains in 

southern Anatolia, Iberia and possibly Sardinia. Furthermore, the mixing lines and 

compositional analyses indicate that two types of Iberian silver were used in the EIA hoards: 
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native silver and silver from jarositic ores. This suggests that early contact between eastern 

Mediterranean peoples and the Iberian Peninsula involved the negotiation of silver from the 

indigenous Bronze Age inhabitants of Iberia, but also the mining of jarosite ores which 

required cupellation, as early as the 11th century BC. 
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6. Silver on Cyprus – Questioning the prevailing view 

Chapter 5 demonstrated that silver recovered from hoards in the southern Levant was 

predominantly mixed. Silver with signatures consistent with ores from the Iberian Peninsula 

suggest that one component of these mixtures was silver derived from jarosite ores of the 

Pyritic belt, i.e. ores with Hercynian ages and gold levels consistent with those from areas 

such as Rio Tinto in south-west Iberia. The question which is now addressed is: If the 

Phoenicians prospected, mined, extracted and refined silver from argentiferous ores in the 

Iberian Peninsula, when and from where could they have acquired these skills? Essentially, 

where did the Phoenicians learn how to extract silver from jarosite? This is pertinent because 

the Phoenicians did not exploit the argentiferous galena deposits of south-east Iberia, despite 

argentiferous lead sources of silver, such as galena and cerussite, being more prevalent in 

both the Aegean and Near East (see Chapter 3).  

Although the general consensus is that silver was not exploited on Cyprus until modern times, 

this island is one of the only places in the Phoenician sphere where jarosite is found in 

association with silver. This chapter not only examines the possibility of silver being exploited 

on ancient Cyprus, but also investigates the evidence which has supported the reasons behind 

the prevailing view, in order to present new hypotheses. 
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Research framework: deep time – shallow spatial distance 

   Ancient to modern times - Cyprus 

Data types:  Lead isotopes and compositional data from silver and ores, ancient 

texts, mining and metallurgical data.  

Data tables: DT4: Ores from North Anatolia; DT5: Ores from Cyprus; DT6: Copper 

slag on Cyprus; DT7: Copper objects on Cyprus; DT8: Copper objects in 

Syria; DT9: Lead and silver objects on Cyprus; DT10: Ores from Laurion; 

DT11: Ores from Taurus. 

Synopsis: The common belief that none of the silver sources on Cyprus were exploited in 

antiquity is challenged by noting that a) some ancient texts do not necessarily corroborate 

the view that silver was not mined in ancient times, b) silver artefacts recovered on Cyprus 

were not certainly foreign imports, and c) metallurgical installations may not have been used 

solely for the processing of copper. The consistency of some lead isotope legacy data is also 

questioned. 

6.1 Forms of archaeometallurgical evidence 

Archaeological science (or archaeometry) has been viewed as atheoretical, providing 

‘answers in search of questions’ or merely generating ‘facts’ for archaeologists to interpret 

(Martinón-Torres and Killick, 2015). As a materials-oriented subdiscipline within 

archaeological science, archaeometallurgy has been also considered as solely empirical. 

Nonetheless, archaeometallurgical investigations have been shown to provide evidence for 

both the nature and scale of ancient mining, smelting, refining and metalworking trades, and 
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many other aspects that are key to social behaviour in different contexts. 

Archaeometallurgical finds, which can range from ores, slags and charcoal to fragments of 

hearth and furnaces as well as crucibles, moulds, metalworking tools, metal stock and scrap, 

can inform on the economy of a site and the technological capabilities of its occupants, as 

well as their broader environmental and cultural connections. In fact, identifying raw 

materials and techniques is often a key starting point to investigate the cultural traditions and 

the social embeddedness of technological practice (Martinón-Torres, 2008: 15-36). 

Essentially, the quantity and nature of the metalworking evidence, including the chemical or 

mineralogical composition and microstructure of the finds recovered, can provide evidence 

to elucidate the processes which produced the metals as well as the fabrication methods used 

to make the metal artefacts (Historic England, 2015).  

Archaeometallurgical approaches do not have to be conducted in isolation. For example, a 

number of archaeometric studies have drawn on data from ancient written sources to 

reconstruct full chaîne opératoire, or specific choices or technical steps, within their wider 

sociocultural contexts, i.e. an integration of text- and materials-oriented research (e.g. 

Martinón-Torres and Rehren, 2008). As is well known, neither texts nor archaeometric data 

should be accepted at face value, which makes critical comparison and integration even more 

necessary. The plethora of ancient recipes recorded in historical sources, ranging from the 

production of glass to metals and medicines, have been shown to not always be accurate, 

comprehensive or unbiased accounts of how things were done. For example, a recent 

archaeometric study stated explicitly that the sands of the coastal strip near the River 

Volturno (Italy) could not have been used to produce glass, despite Pliny the Elder’s writings 

to the contrary (Brems et al., 2016). Furthermore, Bayley (2008: 131-150) noted that 
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alternative recipes or solutions to technical problems are often presented by ancient authors 

– and only archaeology can help identify which one was the more established, and why. The 

opposite may also occur. When only one written description of a process is available, there is 

risk of accepting that this was the ‘standard’ way of doing things, whereas in fact it may just 

represent a given author’s view or own experience (Martinón-Torres, 2008: 15-36). The same 

rationale can be applied to academic traditions in general, and the use of archaeometric 

methods in particular. For example, as Pernicka (1995: 59) wrote at the height of the debates 

on the application of lead isotopes to provenance ancient artefacts ‘…there has been an 

increasing tendency to give the impression that lead isotope analysis can only be performed 

and correctly interpreted at Oxford’, clearly recognising but criticising the dominance of the 

Oxford research group and their ‘standard’ analytical approach in this area of archaeometry 

at that time.  

As with any technical text, from the ancient treatise to modern journal paper, there is a 

natural tendency to accept the validity of texts written in formal and systematic style, 

sometimes overlooking the fact that any written document has gone through the subjective 

lenses of humans who have done, observed, experienced, transmitted, copied and 

documented what is being described or depicted (Martinón-Torres, 2008: 15-36). At the same 

time, just as it would be naïve to ignore what has come before in the sciences, it would be 

equally naïve to neglect the content of both ancient and modern accounts of evidence that 

may no longer be accessible, such as descriptions of the ancient mines that have since been 

obliterated. In other words, although there is clearly difficulty in how to weight each piece of 

evidence, it is imperative that evidence is neither accepted nor ignored based on its form, 

irrespective of whether it is supplied by a text in an ancient treatise, as a table of experimental 
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results in an archaeometallurgical journal or a modern description of a landscape that has 

since been destroyed by industrialisation. In essence, texts and descriptions offer an 

incomplete set of hypotheses for technological processes and events in the past, while 

artefacts offer an incomplete empirical record. However, as long as there is a common 

research interest, communication should be enabled among different specialists who may 

address similar problems with dissimilar sources and methodologies.  

Against this background, the prevailing view that silver was not exploited on ancient Cyprus 

is questioned. In effect, it revisits some of the archaeometallurgical evidence, regardless of 

its form, that has led to the widespread belief that silver was not exploited on Cyprus before 

modern times. The approach presented below is not strictly hypothesis-driven, nor is it 

without bias. The aim here is to validate the other side of the argument regarding whether 

silver could have been exploited on Cyprus in antiquity, by questioning the consistency of the 

evidence available in the academic literature. It should be pointed out from the outset that 

this is not an exercise in highlighting bad practice, nor is it merely conducting research through 

hindsight. Rather, it shows that as more evidence becomes available, regardless of its form or 

source (so long as critical rigour is exercised), it is necessary to zoom out and view how the 

entire picture can change. 

6.2 Silver on Cyprus 

Around five tons of gold and over twenty-five tons of silver were exported from Cyprus in the 

20th century AD, most of it in the ten years following its first modern exploitation in the early 

1930s (Cyprus Mines Service, 2017; Constantinou, 1992: 353; Kassianidou, 2013; Belgiorno et 

al., 2012: 26-34). Although silver is present in mineable amounts on Cyprus, the general 

impression gained from the archaeological literature is that Cyprus’s silver deposits were not 
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exploited in antiquity (e.g. Kassianidou, 20121: 229-259; 2013; Stos-Gale and Gale, 2010). In 

fact, the arguments seem so convincing and are so varied in their scope that the issue would 

seem to be closed, leaving the ancient silver recovered on Cyprus to be attributed to 

prehistoric exchange networks.  

The following subsections re-examine these arguments through five categories: ancient 

textual sources; silver artefacts recovered on Cyprus; the geology of Cyprus and modern 

mining sources; the archaeometallurgical evidence for the smelting and refining silver; and 

provenance data derived from lead isotope analyses (LIA). Table 6.1 summarises the 

arguments and counter arguments presented below. 

Table 6.1. A summary of the arguments for and against the ancient exploitation of silver on Cyprus. 

Silver exploitation on Cyprus Arguments against: Arguments for: 

Textual Amarna Letter 35 – the king of 
Alashiya requests silver from Egypt. 

Accounts of silver mining on Cyprus 
from Strabo and Pseudo-Aristotle. 

Archaeological/ 

Archaeometallurgical 

No indigenous silver objects found on 
Cyprus.  

Silver objects found on Cyprus. 

Absence of direct evidence of silver 
mining in antiquity. 

‘Ancients’ stripped off the Devil’s 
mud containing high levels of Ag. 

LIA of silver objects from Cyprus are 
not consistent with Cypriot ores. 

LIA of silver objects from Cyprus are 
consistent with Cypriot ores when 
possible analytical errors are 
accounted for. 

Copper is the only metal with 
evidence of extraction on ancient 
Cyprus. 

Bone-ash lined pits, ‘conglomerate’ 
slag and elevated lead in 
metallurgical ceramics is consistent 
with metallurgy of other metals. 

Geological No argentiferous lead ores on 
Cyprus.  

Silver present in high concentrations 
at base of gossan in a jarosite 
mineral.  

Silver concentrations in ores too low 
to be exploitable. 

Silver was exploited from similar 
minerals in Iberia. 
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6.2.1 Ancient textual sources 

The arguments against Cyprus producing silver in antiquity are quite pervasive. For example, 

the British Museum’s description for the hacksilver hoard from the Amathus tomb 198 (ca. 

900-750BC) is coupled with a quote from EA35, one of the Amarna Letters (ca. 1350BC), which 

states ‘Say to the king of Egypt…I send you 500 talents of copper…may your messenger send 

me silver in great quantities’, along with a caption explaining that the king of Alashiya - most 

probably Cyprus (Knapp, 1996:8; Muhly, 1996:49) - traded copper in return for precious 

metals such as silver ‘that were unavailable on the island’ (Figure 6.1).  

 

Figure 6.1. On display in the British Museum: (left) Hacksilver hoard from Amathus tomb 198 in southern 
Cyprus (ca. 900-750BC); (right) Amarna letter EA35 (ca. 1350BC) from king of Alashiya to the Egyptian Pharaoh 
requesting great quantities of silver in return for copper and timber. 

 

However, two ancient authors mention the silver mines of Cyprus: Pseudo-Aristotle 

(Arist.Fragm.Ph.2 66) and Strabo (XIV.6.5) (Wallace and Orphanides, 1990: 54-55; 131). 

Pseudo-Aristotle (4th century BC) mentions the Troodos mountain range on Cyprus explicitly, 
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highlighting all of the economically-significant mineral deposits (Constantinou, 1992: 332) and 

stating: ‘... it was found on the island of Cyprus that there was a mountain larger and higher 

than all others, which was called Troodos … It has various mines of gold and silver, and copper, 

and stypteria (alum), split and white, and true stypteria. And sory (green vitriol, often 

impregnated in black earth) and yeast of gold, and misy (an impure yellow sulphate of iron) 

and khalkitis (an impure iron and copper sulphate) and other metals’ (Wallace and 

Orphanides, 1990: 54-55; explanations of some substances have been added in italics). Strabo 

(1st century BC - 1st century AD), quoting Eratosthenes (3rd century BC), states that wood from 

the Cypriot forests was used among other things to burn copper and silver (Wallace and 

Orphanides, 1990:131).  

Kassianidou (2009: 48-57) states explicitly that, based on modern geological studies, the 

information from both Pseudo-Aristotle and Strabo regarding the silver and gold resources of 

Cyprus is incorrect, advocating strongly for silver, along with gold, being imported to the 

island in antiquity. This has important repercussions. If silver deposits were not accessible to 

the prehistoric inhabitants of Cyprus, it may be interpreted that requests for exogenous silver 

recorded in ancient texts reflect that silver was necessary to take part in ancient trade. The 

letters from Tell el Amarna, recording the king of Alashiya’s requests for silver from the 

Egyptian Pharaoh in return for copper (EA 35: 19-22, 43-44 and EA 37: 18) and timber (EA 35: 

27-29) could be read along those lines. In fact, Kassianidou (2009: 48-57) advocates for silver’s 

importance as an index of value, since the metal was used as a means for exchanges, 

payments and commercial transactions. This is further supported by texts found in the Ras 

Shamra archives (RS 20.168: 10-25) which describe the receipt of 1000 silver shekels from 

Cyprus for olive oil from Ugarit (Padgham, 2014: 7). Moreover, silver seems to have been 

stored or used on Cyprus as suggested by a Hittite text, originally written on a statue of 
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Tudhaliya but then re-copied onto a tablet from the time of Tudhaliya’s son Suppiluliuma II, 

which reads: ‘I seized the king of Alashiya with his wives, his children, … All the goods, 

including silver and gold, and all the captured people I removed and brought home to Hattusa’ 

(Cline, 2014: 99-100).  

While the above argument seems plausible, it should be emphasised that it rests primarily on 

the premise that Cyprus could not have had silver sources of its own because the king of 

Alashiya demanded great quantities of silver from the Egyptian Pharaoh. This is clearly not 

cogent as the demand could just reflect the importance of silver, with the production of silver 

on Cyprus being lower than demand, i.e. the ‘great quantities’ of silver received from Egypt 

could have been simply added to the amounts of silver extracted from local ores.  

6.2.2 Silver artefacts recovered on Cyprus 

According to Kassianidou (2009: 48-57), evidence of the direct use of silver by the Cypriots to 

make objects is not well-attested by the archaeological record. To some extent, by 

differentiating the role of silver as currency from that used to make objects, Kassianidou 

(2009) appears to suggest that silver, despite having an index-value, was not used for objects 

because there were no silver sources on the island. This point is quite difficult to argue as, 

presumably, if silver was exploited on Cyprus, it could have been used for both currency and 

to make objects, unless silver was not the preferred material for objects. The main argument 

is that silver was not the metal of choice on Cyprus throughout the Middle Cypriot (c. 2000-

1650 BC) and Late Cypriot I and II periods (1650-1200 BC). The few objects recovered 

(Keswani, 2004: 186-248) were used primarily for objects which fall into ‘simple categories’ 

(Kassianidou, 2009: 50) - a phrase used to support the limited use of silver on Cyprus. A further 

thread is that many of the silver objects found in Late Cypriot sites ‘whose provenance can be 
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ascertained’ are foreign imports (Kassianidou, 2009: 51). The issue of science-based 

provenance will be discussed below. For now, it suffices to say that, in terms of evidence for 

an absence of indigenous silver, this line of reasoning is problematic. Admittedly, there are 

silver objects which strongly hint at a foreign provenance: a silver ring found in a shaft grave 

in Hala Sultan Tekke (Late Cypriot III) with a design suggesting Levantine (Meskine-Emar, 

Syria) influence, a silver bowl hidden in the wall of the town with an inscription below the rim 

stating 'Aky, son of Yiptahaddou made this bowl', names of Hurrian and Semitic origin, a silver 

figurine of a Hittite male on the back of a deer from Tomb 12 of Kalavasos-Ayios Demetrios 

(c. 13th century BC), and a silver 'Vapheio' cup and a bowl (both considered to be Mycenaean 

imports) found at Enkomi (Kassianidou, 2009: 48-57), tend to suggest foreign imports. 

However, the plain silver cups found with the ‘Vapheio’ cup, a folded sheet of silver found at 

Kition from Cypriot IIIa level of Temple 2 (Karageorghis and Demas, 1985), and the tweezers, 

pins, toggle pins, earrings, finger rings, bracelets, armlets, anklets, some funnel shaped 

objects and different types of vessels (Åström, 1972: 496-499; Bailey and Hockey, 2001:109-

133) as well as the previously mentioned hacksilver from the Amathus hoard (Figure 6.1) have 

not been identified independently as foreign imports and are clearly from a range of 

categories. Furthermore, silver ingots hidden together with fragments of a silver bowl 

discovered during excavations at Pyla-Kokkinokremos, a site with evidence of substantial 

metallurgical activity, have been interpreted as part of a 13th century silversmith's hoard 

(Karageorghis and Demas, 1984; Karageorghis et al., 1983) or as possibly the immediate 

forerunner of the hacksilver hoards deposited in the Levant (Sherratt, 2016: 297) and 

elsewhere in the East Mediterranean from the 12th century BC onwards (Thompson, 2003), 

as discussed in the previous chapter (Chapter 5). This evidence would suggest that silver was 

at least being worked on Cyprus, even though it does not necessarily signal that the silver was 
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extracted from Cypriot ores. In any case, considering the intrinsic value of silver as a metal 

and the presence of silver objects on the island, whether foreign or local, indicates that silver 

objects were valued on LBA/EIA Cyprus.  

Admittedly, the number of silver objects found on Cyprus in the archaeological record is not 

large (Åström, 1972: 565; Keswani, 2004: 186-248; Kassianidou, 2009: 48-57). However, there 

are several potential reasons for this, which are not necessarily connected to whether local 

silver ores were exploited. Sherratt and Sherratt (1991: 360) regard the paucity of silver on 

Crete as a consequence of silver being retained in circulation and mobilised when required, 

again reflecting its index of value since Akkadian times (Moorey, 1994: 237). A similar 

situation could be true for Cyprus and explain the similar pattern on this island. Furthermore, 

silver is more likely to be underrepresented in the archaeological record than gold because of 

its propensity to corrode (Patterson, 1971). A more nefarious explanation for the lack of silver 

finds is that some objects may never have made it from the excavation site to the catalogue 

(i.e. looted), such as some silver items from British Museum Tomb 73 at Curium (Bailey and 

Hockey, 2001:109-133).  

Overall, regardless of whether silver was used as an exchange metal or its possible 

underrepresentation in the archaeological record, it appears that it was a metal that was 

sought after and valued on ancient Cyprus. By this rationale, if the desire to acquire silver was 

great on Cyprus during the LBA/EIA, it would be expected that attempts would have been 

made to identify and exploit silver ore sources with similar resolve applied to the successful 

exploitation of copper. In other words, the question is perhaps why shouldn’t we believe 

Pseudo-Aristotle and Strabo’s accounts of silver and gold exploitation on Cyprus, especially 

when their texts appear to have been descriptive accounts of mineralogy and geography, 
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rather than politically-driven records which describe the commercial and/or ceremonial 

exchanges of its leaders (Zaccagnini, 1987: 63). 

6.2.3 Geology and modern mining sources 

To a significant extent, the argument regarding the exploitation of Cyprus’ silver in ancient 

times rests on whether the silver extraction technology was available to deal with the type of 

argentiferous ores occurring on Cyprus, and whether there is any evidence of the use of this 

technology.  

There is no doubt that there are silver deposits on Cyprus, as modern mining attests. Deposits 

of mixed sulphide ores, such as iron pyrites and copper pyrites, are linked to the groups of 

pillow lavas of the Troodos ophiolite complex. These deposits lie on the slopes of Troodos 

(Figure 6.2) in six mining areas: Limni, Skouriotissa-Mavrovouni, Agrokipia-Mitsero, Kalavasos, 

Kampia and Sia-Mathiatis (Geological Survey Department, 2005).  
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Figure 6.2. Map of Cyprus showing the pillow lava formation where copper ore deposits, ancient mines and 
slag heaps are located (adapted from Kassianidou, 20122). 

 

The gossan (Figure 6.3) was exploited from the 4th millennium BC, in spite of the relatively 

higher complexity of smelting sulphidic as opposed to oxidic ores. Silver, along with gold, 

occurs on Cyprus in a jarositic mineral which consists mainly of sulphates and sulphuric acid, 

and is found between the gossan and copper sulphide deposits (Constantinou, 1992: 352) 

(Figure 6.3). A zone of secondary enrichment such as this was exploited successfully at Rio 

Tinto in Spain by the Phoenicians and the Romans (Healy, 1978: 27; Salkield, 1982: 137-147; 

Anguilano et al., 2009; Murillo-Barroso et al., 2016). The mechanism of secondary enrichment 

is that oxygen-rich rain water percolates down through the massive sulphide ore oxidising the 

portion of the ore above the water table (Healy, 1978:25). The iron pyrite rusts to a red iron 

oxide, and most of the silica remains as jasper or chalcedony (Salkield, 1982: 137-147). This 
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bright red residue called 'gossan' marks the remains of the oxidised ore body (mainly 

haematite and goethitic clay). The sulphur freed by oxidising sulphide minerals reacts to form 

a strong acid environment, mobilising most elements (except iron and silicon) which are 

washed down to the water table where the acid is diluted or neutralised. This process allows 

precipitation of some of the dissolved elements that form the zone of secondary enrichment. 

With the gossan leached of the more electronegative metal ions (e.g. copper, zinc) and 

sulphur, it becomes more concentrated in elements such as gold, silver and lead, with the 

more soluble silver tending to precipitate along the lower contact of the gossan with the 

pyrites in the form of argentojarosite (although this could be mixed with plumbojarosite and 

anglesite). 

 

Figure 6.3. Adapted from Koucky and Steinberg’s (1982: 149-180; Fig. 5) modified version of a diagram 
illustrating secondary enrichment described in Healy (1978: 25), i.e. mineral deposits being altered by 
weathering on Cyprus. Bright blue chalcanthite and the green brochantite tend to form in the secondary 
enrichment zones. These sulphate minerals are often mistaken for azurite and malachite, which are rare on 
Cyprus. The levels of the ancient galleries on Cyprus are also indicated. 
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One of the main geological arguments against the ancient exploitation of silver is that the 

metalliferous region of the Troodos mountain range, which is extremely rich in copper 

(Constantinou, 1992: 352), is unusually poor in lead (Kassianidou, 2009: 48-57; 20121: 229-

259; Bear, 1963: 126, 184). As discussed in Chapter 3, the argument is twofold: First, the 

prevailing model is that silver metallurgy developed out of lead smelting technology, and that 

silver was extracted from silver-bearing lead ores (Gale and Stos-Gale, 19811), with oxidised 

lead ores such as cerussite (PbCO3), potentially preceding the use of argentiferous galena 

(PbS) (Meyers, 2003: 271-288; Wertime, 1968). Galena is generally considered to be the main 

source for the production of silver in antiquity (Craddock, 1995: 205-233; Gale and Stos-Gale, 

19811); Second, lead is known to be essential for the extraction of silver from its ores, as a 

noble metal collector and to drive the cupellation process. If the ores are poor in lead, then 

exogenous lead has to be added. Essentially, these arguments rest on the assumption that 

since the source of silver in antiquity was predominantly argentiferous lead ores (Tylecote, 

1987: 87-88; Craddock, 1995: 211) and silver sources without intrinsic lead would require 

exogenous lead as a collector, then the scarcity of lead on Cyprus would thereby suggest that 

silver could not have been exploited.  

These arguments, however, would be more significant if silver could only be extracted from 

argentiferous lead ores such as argentiferous galena and cerussite. Kassianidou (2009: 48-57, 

20121: 244) states that gold and silver on Cyprus would have to retrieved through 'a series of 

fairly complex metallurgical procedures'. To some extent this is true, as the extraction of silver 

from jarosite requires different technology to smelting argentiferous lead ores. Jarosite ores 

are sulphate minerals formed in ore deposits by the oxidation of iron sulphides with the 

formula XFe3+
3 (OH)6 (SO4)2, where X can be K, Na, Pb, Ag and NH4 (Anguilano et al., 2009). 
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Without intrinsic lead to collect silver, the trace levels of silver in jarositic ores require lead to 

be added (Note: plumbo-jarosite may have sufficient lead to act as a silver collector, although 

natro-jarosite is the main type on Cyprus). In other words, lead in the form of metal, galena 

or litharge, would have needed to be added during smelting to act as a silver collector to 

enable the molten lead to dissolve silver and gold as well as copper, arsenic, antimony and 

any other metals present in the charge and reduced during the smelting. Once the silver was 

collected in the lead, extraction of the silver could have been achieved by cupellation, a 

method known throughout the Near East since at least 3300 BC (Pernicka et al., 1998).   

The process of adding lead to smelt silver-bearing ores is not without precedent in antiquity. 

In Roman Spain, lead from Cartagena was added to silver-bearing ores from the Corta Lago 

mine of Rio Tinto, some 400km away (Salkield, 1982: 137-147) (see Appendix A2.2). Slag from 

the earlier Phoenician levels at the same site suggests that exogenous lead was added even 

in cases when the ores appear to have been sufficiently lead-rich to collect silver (Anguilano 

et al., 2009; Murillo-Barroso et al. 2016). In the Near East, during the 7th century BC, the 

Lydians at Sardis added lead to recover silver from the parting vessels and furnace linings after 

parting it from gold using the ancient salt cementation process (Craddock, 2000: 200-211; 

Wood et al., 20172). According to Pernicka (20141: 259), there is circumstantial evidence that 

exogenous lead was used from the 2nd millennium BC.  

Despite the general belief that lead is totally absent on Cyprus, it should be noted that galena 

occurs on Cyprus in a few areas (Bear 1963: 48; 101; Doe and Zartman, 1979: 22-70; Stos-Gale 

et al., 1986: 122-144; Gale et al., 1997). Furthermore, more than 95 lead objects have been 

found on Cyprus which date from the Bronze Age (Buchholz, 1972; Stos-Gale et al., 1986: 122-

144). Although lead is generally attributed to sources outside Cyprus (Kassianidou, 2009: 48-
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57), most Middle Cypriot (MC) lead objects appear to have a lead isotope signature consistent 

with Cyprus (Stos-Gale et al. 1986: 122-144). In any case, even though lead is required to 

extract silver from jarosite, this does not mean that the lead used had to originate from 

Cyprus. As a matter of fact, only two out of fourteen lead objects dated to the Late Cypriot 

(LC) period (c. 1650-1050 BC) were found to be consistent with Cyprus ores, with the 

remainder deriving potentially from Anatolia or Sardinia (Stos-Gale et al., 1986: 122-144; 

Zwicker, 1988:427-438), i.e. lead in the form of objects was arriving in Cyprus in the LBA. 

All in all, the scarcity of lead on Cyprus does not necessarily preclude the possibility that 

Cypriot silver sources were exploited. However, such a possibility clearly has repercussions 

for any provenance signature determined by LIA from silver objects, as it will identify the 

source of the exogenous lead rather than that of the silver.  

Another argument against exploitation of local ores is that the silver present on Cyprus is in 

such low concentrations that it can only be extracted by complicated processes 

(Constantinou, 1992: 351), with the ‘nature of minerals’ (Kassianidou, 2006) being beyond the 

technological reach of ancient smelters (Kassianidou, 2009: 49, citing Kassianidou and 

Michaelides, 1996). This is most likely true for the primary, pyrite-rich sulphide ore, which 

was not exploited until modern times. However, miners in the early 20th century AD used the 

term Devil's mud to describe the 'soft, sticky, puttylike clay that looked dry but when 

squeezed in a man's hand turned to liquid slime' that was found at the interface of Cyprus’s 

gossans and the massive sulphide deposits (Lavender, 1962:124). The gold to silver ratio in 

this jarositic mineral ranged between 1:8 and 1:10 (Bruce, 1948: 212) or between 1:6 and 1:10 

(Karageorghis et al., 1983; Gale and Stos-Gale, 1984: 96-103), with up to 286 g/tonne 

(286ppm) of gold and 466 g/tonne (466ppm) of silver (Constantinou, 1992: 352). It should be 
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noted that Davidson recorded 8200ppm Au in the Devil’s mud on Cyprus, with gold particles 

ranging between 10-100m across (in U.S. Geological Survey, 1969: 5). These particle sizes 

would be visible as flecks of gold and presumably of interest to ancient miners. Up to 1% lead 

has also been found in black bands within the Devil’s mud at the Skouriotissa mine (Bear, 

1963: 45).  According to Tylecote (1976: 140), the limit of economic de-silvering of lead was 

about 600ppm for the Roman period and 400ppm for the Aegean Middle to Late Bronze Ages, 

whereas modern limits fall between 50-100ppm. Although these limits refer to silver levels in 

argentiferous lead, the amounts found in the Devil’s mud are also above the residual silver 

content found in ancient re-worked litharge (i.e. the chemical and physical combination of 

lead oxide, bone ash and clay) due to incomplete separation of silver metal and lead oxide 

during cupellation, which are in the range of 100ppm or less (Pernicka, 1987; Rehren and 

Prange, 1998). This suggests that if metallic lead was added as a collector to the argentiferous 

jarosite ore in ratio of 1:1, silver would be collected in approximately the same amount of 

lead. In other words, if levels of silver down to around 100ppm appear to have been 

recoverable from ancient litharge, it is perhaps not unreasonable to suggest that levels of 

silver and gold found in the zone of secondary enrichment (Devil’s mud) could have been 

extracted. 

Silver and gold on Cyprus within the secondary enrichment layer are related to the weathering 

of the massive sulphide ore (FeS2) under the Mediterranean climate (Figure 6.3). Jarosite ores 

at Rio Tinto in southwest Iberia also result from similar phenomena. The comparisons here 

are significant since jarosite ores are rarely found elsewhere in either the Mediterranean or 

the Near East (although Hess et al. (1998) hint at the possibility of jarosite in Anatolia), and 

there is increasing evidence that jarosite was exploited in Iberia much earlier than the 
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Orientalising period (8th-6th centuries BC) (Chapter 5). Figure 6.4 shows the elements enriched 

in the secondary zone on Cyprus and at Rio Tinto, along with the locations of ancient galleries.  

 

Figure 6.4. Elements enriched in secondary zones. Adapted from Koucky and Steinberg (1982: 149-180; Fig. 
25). 

 

Essentially, if jarosite was mined for silver in Iberia in the early 1st millennium BC, then by the 

same rationale it could have also been mined on Cyprus at the same time or earlier. The 

Phoenician presence on Cyprus is discussed in Chapter 7. However, against the backdrop 

outlined in the previous section regarding the exploitation of jarosite ores in south-west 

Iberia, and the movement of silver derived from these ores to the southern Levant from the 

11th century BC, suggests that Craddock’s (2014: 1086) comment is quite prescient: ‘the great 
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achievement of the Phoenicians was to discover the jarosite’s potential and to develop ways 

of successfully smelting them’. In other words, regardless of whether or not the Phoenicians 

were the agents in Iberia, the exploitation of jarosite in the Huelva region of south-west Iberia 

is typically discussed in the context of influences and contacts from the eastern 

Mediterranean (e.g. Anguilano et al., 2009; Murillo-Barroso et al. 2016), hence finding similar 

technology in the Eastern Mediterranean should not be surprising. Moreover, the Phoenician 

presence on Cyprus at the LBA/EIA transition, which is discussed in Chapter 7, suggests that 

Phoenicians on Cyprus may have learnt how to extract silver from jarosite prior to moving 

west to Iberia. In fact, since the jarositic ores of Rio Tinto in Iberia have been shown to have 

silver levels which range from 160-3110 ppm (Gale et al., 1980: 3-49), the extraction of silver 

from ores on Cyprus would have provided an ideal training ground before the subsequent 

exploitation of silver from Iberian jarosite. 

A further point to consider is that the presence of argentiferous ores (i.e. the Devil’s mud) on 

Cyprus does not necessarily mean that they were exploited in antiquity. The schematic Figures 

6.3 and 6.4 show the levels of ancient galleries, commonly assumed to have been exploited 

solely for copper. Kassianidou (20121) recognises that ancient workings are present, but states 

that the geological stratum containing the Devil's mud was of no interest to the ancients 

because 'their galleries usually cut through it, in an effort to reach the copper deposits below' 

(Kassianidou, 20121: 244 –emphasis added). Although very little survives of the ancient mining 

landscapes of Cyprus because of the modern open cast mining which started in earnest in the 

1970s, there are several reports prior to this phase which describe in detail the vestiges of the 

ancient mines. Bruce (1948), the resident director of the Cyprus Mining Corporation, noted 

that almost all of the modern copper deposits had already been exploited in antiquity, while 



173 
 

also noting that at many mines the overlying gold-bearing Devil's mud had been stripped off. 

Pantazis (1967: 144; emphasis added) describing the Platies Mine of the Kalavasos district, 

noted that the ancient ore deposit, under the gossan, had been originally mined for gold and 

silver. Hills (1928: 53-56; emphasis added), describing the Skouriotissa mine, states that the 

'ancients' worked the top of the present pyrite body, and probably extracted oxidised ores 

where gold and silver was concentrated. Ancient underground galleries discovered at the 

Skouriotissa and Mavrovouni mines suggest that the ore mined was from the sulphide 

secondary enrichment zone (above the water table). Koucky and Steinberg's (1982:149-180) 

field evidence, gained from studying early mining sites, supports the possibility that copper 

sulphide ores from secondary enrichment zones were mined early and continuously on 

Cyprus along with abundant silver-gold-rich oxidised ores. This early mining evidence is 

perhaps not so surprising when it is considered that visible flecks of gold made these deposits 

potentially quite attractive. All of these studies indicate that ancient miners were extracting 

gold and silver-bearing ores in addition to the copper-rich sulphide ore from the oxidised 

secondary enrichment zone, while the pyrite-rich sulphide ore below the enriched layer was 

not mined until modern times. 

Once again, comparisons with Rio Tinto in Iberia are useful. The zone of secondary enrichment 

on Cyprus has many colourful sulphate minerals which form in this zone, in accordance with 

Pseudo-Aristotle's account, e.g. natrojarosite is yellow, misy forms as a golden-yellow 

efflorescence, khalkitis (chalcitis) is red or copper-coloured (Pliny says it resembles copper - 

Natural History 37.73). William's (1950) description of jarosite at the base of the gossans at 

Rio Tinto states that the layer consisted of yellow, red, grey and black earths (Williams, 1950 
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cited in Gale et al., 1980: 3-49). This is interesting as it suggests that the ores were quite 

colourful, and presumably recognisable to a prospector. 

Figure 6.5 shows the South Mathiatis mine on Cyprus, a site of a modern gold mine, 

illustrating not only the colours described by Pseudo-Aristotle but also some of the galleries 

dug into the gossan above the level of the acidic lake. The South Mathiatis mine was reported 

as a source of antiquities from the earliest years of the Department of Antiquities on Cyprus 

with the earliest horizon around this mine dating to a LBA cemetery in Mathiatis village 

(Hadjicosti, 1991). Furthermore, lead is present here in association with oxyhydroxysulphate 

minerals, i.e. jarosite or plumbo-jarosite (Hudson-Edwards and Edwards, 2005; Hudson-

Edwards et al, 2005), which could suggest, as with the black bands containing lead of up to 

1% within the Devil’s mud at Skouriotissa (Bear, 1963: 45), that the smelting of predominantly 

copper ores could have led to the production of argentiferous lead, too. Ancient copper 

working evidence, including scattered slag, furnace lining, tuyere fragments and more than 

10 galleries exposed by modern mining activities, have been found in three areas, on the 

North, South and East face of the open cast mine (Fasnacht and Georgiou, 2006). The 

presence of a smelting installation on one of the terraces of the opencast mine suggests that 

at least some of the galleries are ancient, such as the small, trapezoidal sectioned adit in 

Figure 6.5 (Kassianidou, 2013) although exact dating of these passages is difficult without 

timber beams which can be carbon-dated. However, the date of the smelting installation at 

the South Mathiatis mine was probably Cypro-Archaic or Cypro-Classical (Fasnacht, 

1996:109). 
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Figure 6.5. The South Mathiatis mine on Cyprus. Ancient adits have been revealed by modern mining and 
weathering.  
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6.2.4 Archaeometallurgical evidence for the smelting and refining of silver 

Another argument against the ancient exploitation of silver on Cyprus is that there is no 

archaeometallurgical evidence to suggest that any silver deposit on Cyprus was exploited in 

antiquity (Kassianidou, 2009:49). However, there is evidence that is consistent with at least 

small-scale silver processing.  

At the 2nd millennium BC site of Pyrgos-Mavrorachi, a furnace exhibited elevated gold levels 

in the soil within the furnace hole (Belgiorno et al., 2012: 26-34). Using energy dispersive 

spectroscopy (EDS) on the soil, the authors state explicitly that ‘the furnace was utilized to 

treat precious metals’ (Belgiorno et al., 2012: 32). Since this site was probably not re-occupied 

after its abandonment around 1800 BC, this is what one would expect if the zone of secondary 

enrichment (i.e. the Devil’s mud) was exploited from the MBA. 

Maa-Paleokastro is an Iron Age site (c. 1200-1150 BC) located on a peninsula on the west 

coast of Cyprus. Metallic artefacts were discovered as well as the remains of metallurgical 

activity, with copper metallurgy being evident from slag, droplets of copper metal as well as 

fragments of copper oxhide ingots (Muhly and Maddin, 1988: 471-472). Copper ores can be 

found within 8-30km of the site (Zwicker, 1988: 427-438), supporting the possibility that both 

smelting and melting were conducted at this site. Lead slag was also found (Georgiou, 2012: 

65-83). A fragment of a large pot bellows and part of a tuyere were also recovered. However, 

the tip of the tuyere, where encrusted slag usually develops, was missing – thus making it 

difficult to determine what metal was processed. Although no silver metal was found at Maa-

Paleokastro, the site report (Karageorghis and Demas, 1988: 65) suggests that cupellation 

could have been conducted at this EIA site, as indicated by droplets of argentiferous lead. Two 

of the six lead samples tested by spectroscopic analysis were found to have silver levels of 



177 
 

around 0.05% (i.e. 500ppm) (Zwicker, 1988: 427-438, in Karageorghis and Demas, 1988). 

Although the site report concludes this was not sufficient for the extraction of silver, those 

silver concentrations are well within the limits of economic de-silvering of lead for the period 

(Tylecote 1976: 140) (see Section 3.2.2).  

It is worth noting, in this sense, that very similar evidence elsewhere has been taken as 

indicative of silver extraction: droplets of lead of a similar shape and size to those found at 

Maa-Paleokastro have been found in association with metallurgical activity at Ras Ibn Hani, a 

Levantine coastal site about a two hour walk from Ugarit, where a mould for an oxhide ingot 

was found (Karageorghis and Kassianidou, 1999). Although these droplets were initially 

interpreted as an agent to be used in the extraction of silver from argentiferous copper ores 

by liquation (a process which is generally considered not to have been employed until the 

Middle Ages, although see Rovira and Renzi (2017) for its possible use in Phoenician Iberia), 

according to Gale (1987, cited as a personal communication in Karageorghis and Demas, 1988: 

222), ‘cupellation seems at present to be the most reasonable explanation’. Interestingly, 

even if tenuously, one fragment of lead at Maa-Paleokastro was found in association with 

bone (Oxalid, 2018), a material which is often crushed, fired to ash and compacted to line 

cupellation hearths (Tylecote, 1962: 80). 

6.2.4.1 Bone ash, slag and lead at Kition. 

Although the hearth linings in early silver production (e.g. 4th millennium silver production in 

East Anatolia) seem to have used quartz and marl (Hess at al., 1998), molten lead tends to 

bind with silica and so the use of bone ash, or more generally the use of natural materials 

with low silica content, would have been a useful empirical development to the silver refining 

process, though its origin is not known (Artzeni et al., 2005: 113-185).  
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Figure 6.6. General view of Room 12 at Kition, showing the bench along the west wall and the pit filled with 
bone ash, visible in section (from Floor III – c. late 13th century BC). Bone ash was also found pits in a storeroom 
west of Room 12. In the courtyard of a storeroom was a circular kiln, built of mudbricks, and containing bone 
ash and carburised animal bones next to it (from Karageorghis, 1976; Fig. XIII). 

 

Attempts to explain the presence of bone ash at a number of metallurgical sites on Cyprus 

from the Bronze and Early Iron Ages has led to several suggestions. Excavations at Athienou-

Pamboularin tis Koukkouninas on Cyprus revealed a building (c. 16th-12th century BC) with its 

courtyard and an area east of the building with pits constituting a cultural site connected with 

metallurgy (Dothan and Ben-Taylor, 1983). Bones, shells, and sea urchins were found in pit 

543, which the excavators associated with the metal working processes (Dothan and Ben-

Taylor, 1983: 140). This possibility has been disputed by others who interpreted it as the 

remnants of feasting (Karageorghis, 2011: 29-40), although the two scenarios are clearly not 

mutually exclusive. The situation at Kition’s Northern workshops has perhaps received the 

most attention. Here a number of pits were found in Room 12, most of which were lined with 
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hard-fired clay and filled with ash and/or charcoal and bones (Karageorghis and Demas 1985, 

115) (Figure 6.6). 

Questions were raised as to why there were so many deposits of burned bones and bone ash 

in the industrial quarters (the Northern workshop and in some of the installations of the 

western workshops) and whether these materials had a metallurgical function. Stech et al. 

(1985, 399) suggested that bone ash may have been used as a flux in the smelting furnace, in 

order to lower the melting point of the slag. However, citing Bachmann (1982:9), Karageorghis 

and Kassianidou (1999) highlights that bone ash would not have made a good flux as the 

viscosity of the slag would increase, potentially trapping the copper. Furthermore, in this case, 

the composition of the slag found at the site would have had elevated levels of phosphorus 

(one of the main components of bone ash), which was not found to be the case (in fact none 

was detected, something later confirmed by Hauptmann (2011: 194) who measured <0.2% 

P2O5), and the furnaces themselves would have much less bone ash as it would have reacted 

to form slag. The tentative conclusions made by Karageorghis and Kassianidou (1999:180-83) 

were that the presence of large quantities of bone ash in Kition’s workshops may reflect its 

use as a de-oxidising agent in the production of oxhide ingots and bronze objects, or as a fuel 

source. 

Using bones as fuel is possible (Tylecote, 1976: 80), although charcoal inclusions were found 

in the slag at Kition (e.g. (CY-1/2) Hauptmann, 2011) and charred wood or charcoal has been 

found at other Cypriot metallurgical sites, such as at the South Mathiatis mine mentioned 

above (Fasnacht, 1996:109), suggesting that wood or charcoal was the more likely fuel. 

Turning to the suggestion that bone could have been used as a de-oxidising agent, this 

proposition is interesting in terms of examining what constitutes archaeometallurgical 
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evidence. Karageorghis and Kassianidou (1999:180-83) tentatively suggested that bone was 

used as an oxidising agent at Kition, calling for chemical analyses of bronze objects and oxhide 

ingots to be conducted which included analysing for phosphorus. In essence, as Hauptmann 

et al. (2002) recognised, the fact that phosphorus was not measured in the oxhide and bun 

ingots (Stos-Gale and Gale, 1994: 215-216; Lo Schiavo et al., 1990: 15-40; Muhly, et al. 1988), 

including those on the Uluburun shipwreck (Maddin, 1989, 99-106), was used as an indicator 

by Karageorghis and Kassianidou (1999:180-83) to support the suggestion that bone ash may 

have been used as a deoxidising agent during the re-melting of copper. To some extent this 

was an application of abductive reasoning – as Conan Doyle’s famous detective said, ‘Once 

you eliminate the impossible, whatever remains, no matter how improbable, must be the 

truth.’  However, this type of reasoning requires all options to be on the table to make definite 

conclusions. In this case, the possibilities for pyrotechnological processes taking place at the 

Northern workshops had already been reduced to primary smelting, secondary smelting, 

refining of black copper and/or casting and recycling of bronze (Karageorghis and Kassianidou, 

1999:180-83), all of which can be conducted successfully without bone ash.  

Since Karageorghis and Kassianidou’s publication (1999), the oxhide ingots have been tested 

for phosphorus (Hauptmann et al., 2002). The levels were found to be below the detection 

limit (50ppm) for all 25 samples from the Uluburun shipwreck (oxhide and bun ingots), 

thereby suggesting that bone was not used as a de-oxidising agent in neither the smelting nor 

casting of the copper ingots. Perhaps more significantly, is that the presence of bone ash 

makes it far from certain that copper smelting was carried out at Kition at all (Karageorghis 

and Kassianidou, 1999; Hauptmann, 2011: 189-202). Furthermore, copper ores were not 

found in the workshops and the presence of roasting products was assumed, not proven 
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(Hauptmann, 2011: 189-202). The amount of slag recovered from the Northern workshops at 

Kition is also quite meagre compared to the copper workshops at Enkomi (Dikaios, 1969:46), 

and the lack of furnace lining has provoked the suggestion that the tuyures may be associated 

with other processes, such as refining or melting (Karageorghis and Kassianidou, 1999).  

Doubts over whether smelting was conducted at Kition, in effect, re-open the debate on what 

process was conducted at these metallurgical workshops. An explanation which takes the 

bone ash into account is that the bone-ash lined pits were used as cupellation hearths for 

refining silver. In fact, Furnace J with a diameter of 95cm and preserved height of 26cm, a 

smaller pit inside, a clay lining, a mudbrick border and filled with bone ash, is not only 

considered too large for smelting (Karageorghis and Kassianidou, 1999) but also suggests 

parallels with Tylecote’s (1962:80) reconstruction of a Roman cupellation hearth at Silchester 

(Figure 6.7) or the large scale furnace described by Agricola (Hoover, 1912: 468-474), i.e. the 

hearth must be shallow so that the maximum amount of molten lead is exposed to the 

oxidising blast of air provided by the bellows, and charcoal or wood must be used to maintain 

the temperature at about 1000-1100oC (Tylecote, 1962: 80). The platform built south of 

Furnace J (Figure 6.6) could have been the place where the person operating the bellows once 

stood.  
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Figure 6.7. Reconstruction of Roman silver hearth at Silchester (adapted from Tylecote, 1962). 

 

Furthermore, the ‘slag’ found at Kition is quite unusual, often being classified as ‘furnace 

conglomerate’ to describe the fist-sized lumps crusted by a whitish-yellow layer. Although 

considered to be of no significance, this material contained up to 100ppm of silver in addition 

to other elements found in the zones of secondary enrichment (Devil’s mud), i.e. Zn, Pb, and 

Bi, with XRD analyses identifying minerals that occur in the gossans of the sulphidic ore 

deposits on Cyprus, including: calcite, gypsum and quartz (white); jarosite, goethite, limonite 

and akageneite (brown); melanterite (yellow); atacamite and malachite (green) (Hauptmann, 

2011: 189-202). These materials have been considered to be a product of the smelting 

operation (i.e. slag or matte) that were transported for further processing to produce metallic 

copper (Stech et al., 1985: 388-402), and/or as a product from the roasting of ores (Knapp et 

al., 1999; Karageorghis and Kassianidou, 1999). Since the LIA of some of this material is 

consistent with Apliki-Skouriotissa-Mavrovouni mines (Gale and Stos-Gale, 2005: 117-131), 

the amount of copper that can be recovered from this copper-rich slag needs to be reconciled 
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with the distance that this heavy material was transported for this further treatment (in this 

case, over 80 km around the Troodos mountains). The fact that some of these ‘slags’ do not 

have high levels of copper and others are not homogeneously rich in copper, (e.g. one piece 

ranges across the thickness from 0.51%Cu on the top, 0.73%Cu in the middle to 13.2-25.9%Cu 

at the bottom) could suggest that the further extraction of copper was not the main reason 

that these materials were collected and transported across the country. A possible 

interpretation is that the conglomerate was utilised not for its copper (which would have been 

recovered at the primary smelting sites near the mines) but for its silver, which warranted its 

transport to the coast where it was cupellated with lead in, for example, Furnace J in Room 

12 at the Northern workshops at Kition.  

This hypothesis is supported by the detection of lead in metallurgical ceramics at Kition, in 

which 24 out of 29 samples of metallurgical ceramics (e.g. furnace linings, tuyères, crucibles) 

from the LBA and Iron Age strata (13th to the late 4th century BC) were found to have elevated 

levels of lead (Ioannides et al., 2016). Although lead is often overrepresented in technical 

ceramics due to its volatility and chemical reactivity with silica (Kearns et al., 2010), the 

authors attributed these elevated lead levels to its deliberate addition in order to improve 

the fluidity and castability of copper alloys. Furthermore, the fact that bone ash was also a 

component of the crucible fragments found in Room 12 (Zwicker, 1985: 415 in Karageorghis 

and Demas, 1985) again raises the possibility that silver refining was carried out there. 

Regardless of lead’s specific metallurgical function at Kition, its presence in metallurgical 

ceramics on Cyprus is illuminating as it shows that lead was available (either imported or 

indigenous) on Cyprus for use in metallurgy.  
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In sum, the evidence presented above perhaps makes it less outlandish to suggest that silver 

extraction may have taken place in LBA/EIA Cyprus. The absence of litharge perhaps weakens 

the argument. However, sites such as Kition were excavated before the routine collection of 

archaeometallurgical debris, and litharge was often recycled to make lead objects 

(Kassianidou and Knapp, 2005:227). In effect, what other metallurgical model accounts for 

activities at the Kition workshop given the identification of: 1) a conglomerate containing 

silver and minerals that are consistent with the Devil’s mud (sourced 80km away); 2) 

metallurgical ceramics with elevated levels of lead; 3) crucibles with bone ash as a 

component; and 4) bone ash-containing furnaces too large for copper smelting? None that 

do not require a litany of special exceptions.  

6.3 Lead isotope analysis 

A further argument raised against the production of silver in Cyprus is that the lead isotopic 

signatures of silver and silver objects found on Cyprus are considered inconsistent with 

Cypriot ores (e.g. Stos-Gale and Gale, 2010). A similar argument has been put forward for lead 

metal and objects. It is clear that some unresolved problems remain with LIA: isotopically 

indistinguishable ore deposits, unknown ore deposits, lead contamination from exogenous 

sources, mixing of ores from different deposits and mixing during re-melting of metals, can 

all result in objects being misassigned to ore deposits. In addition to all of those complications, 

however, it may be appropriate to consider if LIA data are sufficiently robust to generate such 

precise hypotheses.  
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6.3.1 Random errors 

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 on Cyprus. The LIA on the ore was consistent with Cypriot sources but 

the copper axe was not (Gale, 1991) (Figure 6.8). The axe’s LIA signature does not overlap 

with Cypriot ores, nor does it fall within the hand-drawn or multivariate-constructed ellipses, 

or the kernel density estimates (KDE) that aim to represent Cyprus’ LIA ore field (Figure 6.8). 

In fact, it falls closer to the ores of the Troad in northwest Anatolia (Gale, 1991; Pernicka et 

al., 1984: 557-558; Wagner et al., 1985; 1986). The question, however, is whether this 

evidence is sufficient to say that the axe (or the metal from which it was made) was imported 

to Cyprus, or whether the Cypriot LIA ore field that excluded axe/adze KM 457 was 

insufficiently defined.  

As Knapp (2000) points out, this is perhaps where the science-based archaeologists have been 

inconsistent. When LIA were first initiated as a provenance technique, it was maintained that 

the only conclusive LIA evidence was negative (Gale and Stos-Gale, 1982), i.e. in the case of 

axe/adze KM 457, this means that the axe was not consistent with Cypriot ores (or, more 

correctly, with the Cypriot ores that had been measured). Extending this to the positive, by 

saying that its LIA value is consistent with another location (i.e. northwest Anatolia), is clearly 

contentious, as ruling one location out does not mean that the other is necessarily ruled in, 

especially when the number of viable alternatives is unknown (again, the limitations of 

abductive reasoning), and when the number of LIA measurements which define each ore field 

are different.  
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Three years after the initial study, Stos-Gale and 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 fell midway between KM 457 and the Cypriot 

ore field. This new information highlighted that Cypriot copper ores could have been 

exploited outside the Troodos belt, and rendered it plausible that the Kissonerga axe (KM 

457) was more likely to have been made from local ores, therefore negating the need for a 

foreign ore source requiring foreign contacts.  

While the growing body of scientific data should be welcome and exploited, other lines of 

evidence such as typology are not necessarily worth less. For example, axe KM 457 is 

considered to be 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, et al., 1972: fig. 84; Stewart in Gjerstad, et al., 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 source for the axe. The challenge is how to weight each 

piece of evidence (i.e. the LIA data vs. the typological data) in order to decide whether the 

axe is an import or not.  It could be argued that a quantitative approach to typologies, for 

example through geometric morphometric analyses (e.g. Martinez-Carrillo and Barcelo, 

2017), would allow more rigorous comparisons with numerical data such as LIA. However, 

neither approach would necessarily provide ‘truths’. In fact, even LIA quantitative data have 

their own limitations, which in essence pivot on the same fundamental question: How far 

away/ close does the object have to be from a given ore on LIA plots to conclude that it is 

inconsistent /consistent with that ore source? These questions have become more pertinent 

since Baxter and Gale (1998) demonstrated that points within an isotopic field are not 



187 
 

necessarily normally distributed, thereby restricting the use of multivariate statistics and the 

ellipses they generated to represent ore fields. Furthermore, there are still questions 

regarding the application of the kernel density estimate (KDE) to estimate the true extent of 

a parent lead isotopic field (Pollard, 2009: 181-189; Gale 2009: 191-196). According to Gale 

(2009: 192) the answer to these questions is only found through point-by-point comparisons 

on two bivariate plots (208Pb/206Pb vs 207Pb/206Pb and 206Pb/204Pb vs 207Pb/206Pb), i.e. the LIA 

of the object and the ore should be coincident. By this criterion, the axe (KM 457) is not 

consistent with the ores of Akoursos, nor the main Cypriot ore field of the Troodos belt, nor 

the majority of the LIA ore data from north-western Anatolia, apart from a single LIA data 

point from Doǧancilar in Turkey. 
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Figure 6.8. LIA plot showing a copper axe/adze (KM 457) (red) and a piece of copper ore (KM 633) (green) 
found at the Kissonerga-Mosphilia (Late Chalcolithic/Pre-Bronze Age 1), Cypriot ores (black) (Oxalid, 2018), 
ore from Akoursos (brown triangle) (Stos Gale and Gale in Knapp and Cherry, 1994: 107) and ores from north 
western Anatolia (orange)(Wagner et al., 1985). The contours represent the kernel density estimate for the 
Cypriot ores. Clearly the ellipse drawn around the entire Cypriot ore dataset includes everything, but it would 
include 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).  

 

To some extent, the LIA of the object and the ore could be considered coincident when their 

measurement errors overlap. However, larger error bars are indicative of lower analytical 

accuracy with respect to the ‘true’ value, even if they mean that it is easier to find ‘matches’. 

The Oxford group used thermal ionisation mass spectrometry (TIMS), which is one of the most 
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accurate instruments for measuring LIA: errors when the instrument is performing repeated 

measurements on an isotopic standard are generally +/-0.1% or lower (Stos-Gale, 2014: 183-

208). Based on this value, the most recent approach used by the Oxford group is that an 

ancient artefact is regarded as fully consistent with the origin from a given ore deposit if the 

three independent lead isotope ratios of the artefact are identical within the +/-0.1% 

analytical error for each ratio with a group of lead isotope ratios obtained for the ores from 

this deposit (Stos-Gale, 2014: 183-208) (emphasis added). Within-run errors, where the same 

sample is measured more than once in the same experimental session, will possibly have 

higher errors than the conventional +/-0.1%; and repeated measurement errors run on the 

same sample (perhaps several years apart) and errors between the same type of instrument 

conducted on the same sample in different laboratories are likely to be even higher. In fact, a 

cursory look at repeated measurements on the Oxalid database (2018) for Cypriot artefacts 

show that the isotopic ratios can be +/- 0.2% from the average (i.e. the average of the LIA 

ratios, not the ratio of the averages of each isotope), even excluding those where the run 

quality of one of the measurements was considered poor by the analysts. In sum, the error 

bars on Figure 6.8 are potentially twice as large as plotted, if repeat measurements on the 

samples are considered, with differences probably stemming from improvements in 

technology (hardware) and protocols in resolving peaks (software) as well as variability in 

operator proficiency.  

The best way to address this issue is through repeat analyses of the same samples within and 

between laboratories. Although comparisons of this kind are quite rare, Gale et al. (2003) 

emphasised the good agreement between lead isotope compositions in Oxford and Mainz for 

the same artefacts (citing, Gale, 1989). However, comparison of the results for three of the 
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Mycenaean shaft grave silver objects which were analysed by Pernicka, et al. (1983, Table 1, 

Fig.2) at Mainz and also by the Oxford group show results which ‘are by no means identical’ 

(Stos-Gale and MacDonald, 1991: 249-288). These differences were explained as resulting 

from different vessels with the same National Museum number having been analysed. 

Furthermore, Gale et al. (2003) emphasises the ‘excellent agreement’ of the lead isotopic 

compositions of ores made at Oxford and other TIMS laboratories in Zurich, Florence and the 

US Geological Survey, highlighting that the LIA of ores taken from different parts of a given 

mine were identical with a ‘small range of about 0.5% or less’. If this refers to variation around 

a mean value, then it would suggest that a single LIA data point representing the ore from a 

mine (such as that from Doǧancilar in Figure 6.8) could be about 0.25% higher or lower on 

each axis, in addition to the errors anticipated from repeated measurements.  

It is appropriate to ask what should be done when there is no good agreement in data 

between laboratories. Gale et al. (2003) dealt with discrepancies in Bulgarian ore 

measurements between the Oxford and Amov’s laboratory (Amov et al., 1979) by only 

including data which clustered with their own data. The data that did not cluster was 

discarded. 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 found in a third 

dataset: that for the Rudna Glava by the Mainz group (Pernicka et al., 1993), and which had 

been attributed to a wide range in U/Pb ratio in these ores. As the Oxford and Mainz groups 

took samples from different parts of the same shaft in the mine, the distinct differences in 

values suggested that there were large differences in LIA measurements within one mine. 

However, 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 
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with exogenous lead prior to arriving at the laboratory (Gale et al., 2003: 156). To some 

degree, in terms of provenancing objects to ores, sample contamination provided an 

acceptable explanation that did not challenge the provenance postulate, i.e. that variations 

in the LIA within a source should not be greater than the variation between sources. However, 

the risks associated with taking this postulate as a universal rule are well-known. Equally 

worrying is that contamination can be confused with precision, in that samples contaminated 

with lead from the same source would be difficult to differentiate from uncontaminated 

samples showing tight clustering in their LIA values. Nevertheless, regardless of which groups’ 

results were correct (the jury is still out), what emerges from the examples above is that 

approaches to dealing with irreconcilable data are far from consistent.  

6.3.2 Systematic errors 

The arguments above may be related to random errors and isolated objects or ores, but it 

should be considered that errors with LIA may be more systematic and affect larger datasets. 

As mentioned above, when lead levels in an ore are low, the risk of errors deriving from 

exogenous contamination are higher (Gale et al., 2003). In other words, small amounts of 

extraneous lead could result in incorrect lead isotope analyses for such samples as compared 

with the true lead isotope compositions of uncontaminated ores, regardless of whether the 

contamination occurs at the collection or laboratory stage. Furthermore, during copper 

smelting and processing, a small amount of exogenous lead supplied by some material other 

than the ore (e.g. a flux or furnace lining) can result in a distorted isotopic signature that may 

no longer match that of the ores. This was recently illustrated when it was noted that Apliki 

copper (i.e. the same location as the conglomerate mentioned above originated) may be a 

consequence of Apliki copper's low lead content being overshadowed by the lead content of 
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any tin added during alloying when making objects, a proposition supported by the fact that 

copper with an Apliki signature has only been found in ingot form and as two prills trapped in 

crucible slag and not any objects outside Cyprus (Rademakers et al., 2017). In other words, 

even if that lead content is only minor, Apliki copper becomes ‘invisible to archaeologists’ 

(Rademakers et al., 2017:68). The archaeological repercussions are apparent: previously 

measured isotopic measurements which were subsequently used to support archaeological 

hypotheses, such as the common speculation that the oxhide ingots were never re-melted 

and cast into objects, are suddenly called into question. 

Even where contamination is not an issue, the possibility of increased analytical errors where 

the analyte is in low concentrations should be considered, i.e. it is more difficult to get an 

accurate reading in samples with low lead levels. This should not be a problem for lead objects 

and lead ores and is presumably less problematic for silver objects deriving from argentiferous 

lead ores than for copper objects. Nonetheless, it still raises the fact that low amounts of lead, 

in absolute terms, may affect the accuracy of the LIA value. This would presumably require 

quite strict protocols for any analytical system which is regularly flushed with lead from a 

variety of sources.  

Figure 6.9 is a LIA mirror plot for copper ores and objects where the principal metal was 

copper sampled in Cyprus. Copper slags with provenance from the Middle Cypriot site of 

Alambra and the Late Cypriot site of Enkomi are also plotted. The first observation is that both 

the copper objects and copper slag extend to higher 207Pb/206Pb values than the copper ores. 

For the objects, this could be a consequence of copper deriving from a different location (e.g. 

Sardinia), or mixing of Cypriot copper with copper from outside Cyprus. For the slag, a 

different explanation is required. Slag is unlikely to have been transported from another 
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location to Cyprus or to have resulted from Cypriot ores having been mixed with ores from 

elsewhere. This may indicate contamination from technical ceramics (i.e. those contaminated 

with lead from other regions), but it could also suggest that the LIA copper ore field is 

incomplete and that some of the copper with higher 207Pb/206Pb values may be from 

unknown/unmeasured Cypriot ores, rather than from a non-Cypriot ore source or mixed 

copper.  

The second observation is that the copper objects appear to lay above the ores on the 

206Pb/204Pb vs 207Pb/206Pb plot. This can be accounted for in two ways. If it considered that LIA 

analyses are fully consistent, representing both ores and objects accurately, then it can be 

concluded that clearly some objects were not made from Cypriot copper. Stos-Gale’s recent 

paper (2015: 111-122) on the patterns in trade in Cypriot copper in the Bronze Age subscribes 

to this point of view.  She highlights that 67% of EBA copper from Cypriot sites is local, which 

increases in LBA to 70%. In other words, Stos-Gale (2015: 111-122) suggests that about 30% 

of Bronze Age copper objects recovered on Cyprus did not derive from Cypriot copper ores. 

Furthermore, Stos-Gale (2015: 111-122) notes that the number of copper objects with a 

Cypriot LIA signature found at Near Eastern sites is surprisingly low (i.e. 24% of 200 LBA 

copper-based artefacts) in view of the connections between Cyprus and the Near East in the 

LBA, especially with Ras Shamra -Ugarit and Ras Ibn Hani in modern-day Syria (see Bell, 

2005;2006;2009;2012;2016). 
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Figure 6.9. LIA mirror plots of Cypriot ores, copper objects (predominantly Early to Late Cypriot) found on 
Cyprus and copper slag from the MC site of Alambra and LC site of Enkomi (Oxalid, 2018). Although some 
points are clearly inconsistent with Cypriot ores, there appears to be a systematic offset between the ores 
and the objects for the majority of objects on the 206Pb/204Pb vs 207Pb/206Pb plot, which is less apparent on the 
208Pb/206Pb vs 207Pb/206Pb plot. 
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An alternative view which could explain why many of the copper objects lay above the copper 

ores on LIA plots is that there is some kind of systematic difference between how the copper 

objects and the ores were measured, resulting in an offset on LIA plots between Cypriot ores 

and objects. In other words, if it is assumed that the majority of copper objects found on 

Cyprus in Figure 6.9 were produced from Cypriot ores, the discrepancies between the Cypriot 

ore field and the copper objects recovered would need to be addressed. This offset is less 

apparent on the 208Pb/206Pb vs 207Pb/206Pb plot. On the 206Pb/204Pb vs 207Pb/206Pb, however, 

the offset could be remedied by a decreased 206Pb/204Pb ratio for the objects, or by an 

increase in the same ratio for the ores.  

One possibility to be considered is that the offset is related to the difficulty in measuring 204Pb, 

whose mole fraction (0.014) is an order of magnitude lower than 206Pb (0.241), 207Pb (0.221) 

and 208Pb (0.524). This would not be related to fractionation (where lighter isotopes are lost 

preferentially, generally when the system is in the liquid state), which has been shown to have 

negligible effect on the LIA ratios (Cui and Wu, 2011), but a signal-to-noise issue. In other 

words, lower absolute amounts of lead are often measured for objects (i.e. small samples) 

compared to ores (where getting access to larger samples is less problematic). A lower signal 

results in a less well-defined peak above the noise (Figure 6.10). This is more of a problem for 

204Pb than the more abundant isotopes, spreading the peak out and underestimating the 

amount of 204Pb, thereby elevating the 206Pb/204Pb ratio. In essence, the slopes between ores 

and objects will be offset if insufficient lead is measured to produce distinct peaks for both 

objects as well as ores. If this is the case, the problem may be more acute with older lead 

isotope analyses, because 204Pb was often not easy to measure on older spectrometers, with 

archaeologists generally using ratios involving 206Pb, 207Pb and 208Pb being plotted. 
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Figure 6.10. Schematic signal and noise: The larger peak is a fit over a signal well in excess of the noise (in pale 
blue). The arrow highlights the flattening of the fit of a signal just above the noise, i.e. noise affects the fit, 
decreasing the accuracy in determining the peak. 

 

6.3.3 Investigating the offset 

To investigate whether a systematic offset may be the consequence of differences in the 

analytical procedures employed, five silver samples from the Mycenaean shaft graves, which 

had been originally measured by the Oxford group in the 1980s and were provided by Zofia 

Stos-Gale from that group (Shaft Grave - Oxalid), were remeasured using MC-ICP-MS (Shaft 

Grave-remeasured) at the SGIker of UPV/EHU, Bilbao. The procedure is described in Appendix 

A1.3. Although these silver samples probably have no origin in Cyprus, they provided a rare 

opportunity to investigate whether there are systematic differences in measurements as LIA 

procedures developed, and are therefore presented here for methodological purposes.  

The samples were all from grave circle A: shaft grave IV (SG469, SG472, SG479, SG480, 

SG520a). Table 6.2 shows the LIA ratios for each sample. Figure 6.11 shows LIA mirror plots 

of 208Pb/206Pb vs 207Pb/206Pb and 206Pb/204Pb vs 207Pb/204Pb. The values of the ratios for Shaft 
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Grave-Oxalid are generally similar or lower than the values of the ratios for Shaft Grave-

remeasured, apart from SG472 which has higher Oxalid LIA values. 

Table 6.2. LIA ratio values of Mycenaean shaft grave silver determined by TIMS (Oxalid, 2018) and MC-ICP-MS 
(this study). 

TIMS (Oxalid) MC-ICP-MS (this study) 
Sample 
codes 

208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 208Pb/204Pb 207Pb/204Pb 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 208Pb/204Pb 207Pb/204Pb 

SG 469 2.06741 0.83261 18.827 38.9231 15.6755 2.06878 0.83296 18.8272 38.9493 15.6823 

SG 472 2.07231 0.83502 18.834 39.0299 15.7268 2.07069 0.83429 18.8101 38.9499 15.6931 

SG 479 2.06702 0.8329 18.842 38.9468 15.6935 2.06875 0.83275 18.8398 38.9749 15.6889 
SG 480 2.06554 0.83243 18.806 38.8445 15.6547 2.06927 0.83290 18.8442 38.9937 15.6953 

SG 520a 2.0615 0.83245 18.827 38.8119 15.6725 2.06339 0.83271 18.8354 38.8648 15.6844 

 

 

Figure 6.11. LIA mirror plots for Mycenaean shaft grave silver measured using TIMS (Oxalid) and MC-ICP-MS 
(this study). The LIA ratios are much closer between the two measurements on the 208Pb/206Pb vs 207Pb/206Pb 
plot than on the 206Pb/204Pb vs 207Pb/206Pb plot, especially for SG472 and SG480. 

 

Table 6.3 presents the relative differences in the LIA measurements for each LIA ratio 

expressed as a percentage, i.e. (Oxalid LIA ratio – remeasured LIA ratio)/ remeasured LIA ratio 

x 100. The table shows that the Oxalid values for SG472 are higher (i.e. positive) than those 

from the current study for all the LIA ratios. Table 6.3 also shows the lead concentrations in 
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each sample, measured using an electron probe microanalyser (EPMA). The procedure for 

measurement and calibration of the EPMA can be found in Appendix A1.3. It should be noted 

that the lead value for SG520 was not included as two samples with the same code were 

found to have large differences in lead concentrations, thereby placing doubt on which lead 

concentration corresponded to the LIA values, i.e. sample SG520 was found to have been 

previously designated as SG520a and SG520b, but that the silver fragments at some stage 

during storage had been placed in one phial.   

Table 6.3 Differences in LIA ratios between TIMS (Oxalid) and MC-ICP-MS (this study), i.e. (Oxalid LIA ratio – 
remeasured LIA ratio)/ remeasured LIA ratio x 100 and the lead concentration.  

Sample 
codes 

208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 208Pb/204Pb 207Pb/204Pb Pb (%) 
(EPMA) 

SG 469 -0.06605 -0.04195 -0.00124 -0.06730 -0.04319 0.16 
SG 472 0.07821 0.08760 0.12695 0.20526 0.21466 0.05 
SG 479 -0.08359 0.01809 0.01154 -0.07206 0.02963 0.47 
SG 480 -0.18009 -0.05607 -0.20283 -0.38255 -0.25879 0.16 
SG 520a -0.09148 -0.03105 -0.04467 -0.13611 -0.07571 - 

 

Plotting the lead concentration in the samples against the relative differences between the 

two measurement procedures for each ratio shows that for the lowest lead concentration 

(500ppm) the Oxalid LIA values are higher than those from the current study (Figure 6.12). 

The differences are highest for those ratios which include 204Pb. For the sample with the 

highest lead concentrations (i.e. SG479: 0.47%Pb), the values are similar for both the Oxalid 

and current study. Although the sample size is small, the disparity indicates that low levels of 

lead possibly resulted in either low LIA values for our analyses, or elevated LIA values for 

Oxalid samples, especially for those ratios which include 204Pb. Given the discussion above of 

the signal-to-noise ratio, the latter option seems more likely. On the other hand, sufficient 

lead (i.e. >0.05%) results in comparable values between the Oxalid and remeasured values, 
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although there is clearly some variation at intermediate lead levels. It should be highlighted 

that the elevation in the Oxalid LIA values is not a consequence of detection limits per se, as 

a few parts per million of lead in a few milligrams of metal should be sufficient to measure 

the LIA (Stos-Gale and Gale, 1994: 99). As mentioned above, it is more likely to be a 

consequence of signal-to-noise and the flattening of peaks, especially the 204Pb peak, as the 

signal peak competes with the noise at low concentrations and peak heights are therefore 

underestimated.  

Furthermore, it is likely that such differences would be more of an issue for metals rather 

than ores. Firstly, smaller fragments of metal are often used as they have more archaeological 

value than ores. Lead in ores is also often concentrated by chemical separative techniques, 

involving the dissolution of natural silicates (Arden and Gale, 1974). Secondly, metals like 

silver and copper corrode, and therefore, as they revert to their more stable state, the levels 

of lead are likely to approach those of their ores as the Pb migrates to the surface (Chen, 

2010: 36; Fig.4.21), which in the case of copper compounds can have ‘notoriously low lead 

content (between 1 and 50ppm on average)’ (Stos-Gale and Gale, 1994:105). Moreover, 

whereas lead separation is used for ores which can concentrate the amount of lead to 

produce a good signal, this is unlikely (or considered unnecessary) to be used with 

archaeological valuable metal samples. Overall, this suggests that any elevation in the Oxalid 

samples would be higher in LIA measurements from copper metal than silver or lead, and thus 

potentially explain the offset in metal vs ores noted above.   
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Figure 6.12. Differences in LIA ratios between TIMS (Oxalid) and MC-ICP-MS (this study) plotted against the 
lead concentration of the sample. Note that at low lead concentrations the differences are highest for those 
ratios which include 204Pb. 

 

The explanation of a systematic offset is further supported by plotting slag finds from Cyprus 

(Figure 6.13). As any lead from an ore will partition between the metal and the slag during 

smelting, it would be expected that some slag will have a measured isotopic signature similar 

to ores (i.e. with sufficient lead to get a good 204Pb signal) while some slags will yield a 

signature closer to the copper objects. Moreover, unlike ores, slags are still archaeological 

finds and are not necessarily plentiful. In other words, the amounts of slag available for LIA is 

site-dependent, potentially resulting in as little being used as possible for LIA. Figures 6.13a 

and 6.13b show histograms for the 208Pb/206Pb and 206Pb/204Pb for the copper objects and 

ores in Figure 6.9 as well as the LIA of all slag found on Cyprus, regardless of the chronology 
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and provenance. Although it is not suggested that LIA ratios are distributed normally, the ores, 

slags and objects appear to show a similar central tendency on the 208Pb/206Pb plot, possibly 

suggesting that they derive from one population. Regardless of any assumptions about how 

LIA data are distributed, the 206Pb/204Pb ratios would be expected to be similar for the slags 

and the ores (i.e. they both derive from Cyprus). However, Figure 6.13b shows that there is a 

broad distribution 206Pb/204Pb values for the slags, which appear to be commensurate with 

the both the higher and lower peak values of 206Pb/204Pb for the copper objects. In other 

words, the spread in the 206Pb/204Pb values for the objects (which have been suggested to 

originate from Cyprus and other locations) is no greater than the spread in the 206Pb/204Pb for 

the slags found on Cyprus, and it is contended that at least some of that spread may be due 

to larger analytical errors.  
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Figure 6.13. Frequency plots for two LIA ratios for objects in which the principal metal was copper, ancient 
slag from Cyprus irrespective of its find location and chronology, and Cypriot ores (Oxalid, 2018): a) 208Pb/206Pb 
(above) and b) 206Pb/204Pb (below). Comparing the two plots, it can be seen that the 208Pb/206Pb plot suggests 
that the ores and objects are from the same population, while the 206Pb/204Pb plot suggests that the objects 
are from two main populations, with the only the lower ratio value commensurate with the Cypriot ores. 
However, the broad distribution for the slags on the 206Pb/204Pb plot, which appears commensurate with both 
the higher and lower peaks of the objects, suggests that this spread is due to larger analytical errors in 
determining the 206Pb/204Pb ratio, i.e. the objects and the slags both come from Cyprus. 



203 
 

Treating the offset in Figure 6.9 as a systematic measurement error has repercussions for how 

some Mediterranean archaeology has been interpreted. It is not the aim to go through each 

of these, but it is perhaps worth demonstrating that a similar offset can be observed for 

copper objects recovered at Ugarit and Ras Ibn Hani, which would make it possible that there 

may be more imports of Cypriot copper represented at these sites than hitherto assumed 

(Figure 6.14). 
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Figure 6.14. LIA mirror plots for copper-base objects, for finds on Cyprus and Syria (Ugarit and Ras Ibn Hani) 
and Cypriot ores (Oxalid, 2018). The offset noted for the copper objects from Cyprus is similar to that of the 
objects found in Syria, supporting that the objects found at Ugarit and Ras Ibn Hani were made from Cypriot 
copper.  
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6.4 Silver and LIA 

Returning to the Cypriot silver, as mentioned above, the lead required to extract silver from 

jarosite, did not necessarily have to originate from Cyprus. According to Stos-Gale and Gale 

(2010) lead and silver artefacts found on Bronze Age Cyprus ‘must have been imported, 

because there are no lead or silver ores on Cyprus’. Presumably, this comment does not take 

into account the LIA of five Middle Cypriot lead finger rings which showed that ‘they were all 

made of lead coming from the Cypriot lead ores’ (Stos-Gale, 1985, cited in Stos-Gale et al., 

1986: 122-144) or the seven out of eight analysed MC objects which fall within the Cypriot 

ore field (Stos-Gale et al., 1986: 122-144) which were also speculated to come from the Troulli 

deposits just north of Kition, i.e. one of the localities where Bear (1963:48) found galena. 

Furthermore, of the five pieces of lead analysed for lead isotopes from Maa-Paleokastro, two 

fall into the field defined by Cypriot ores (Zwicker, 1988: 427-438; Stos-Gale et al., 1986: 122-

144) while the others are consistent with the main lead ore body of Sardinia (Zwicker, 1988: 

427-438) or possibly Anatolia (Stos-Gale et al., 1986: 122-144). Figure 6.15 shows the LIA of 

the silver ingots and vessel recovered from Pyla which appear to be consistent with the 

Cypriot ores and some lead objects found on Cyprus on the 208Pb/206Pb vs 207Pb/206Pb plot. As 

with the lead found associated with metallurgical activity at Maa-Paleokastro, lead objects 

also appear to come from at least two different locations. 

 

 



206 
 

 

Figure 6.15. 208Pb/206Pb vs. 207Pb/206Pb for Cypriot ores, silver recovered from Pyla and lead objects recovered 
on Cyprus, with lead droplets found at Maa-Paleokastro highlighted. It can be seen that some of the lead is 
not consistent with Cyprus. However, the Pyla silver, some of the lead objects and one lead droplet from Maa-
Paleokastro appear to have a provenance consistent with Cyprus. 

 

As some of the lead droplets from Maa-Paleokastro were found to be argentiferous, with 

around 500ppm Ag (Zwicker, 1988), this could suggest that Cyprus used its own lead and/or 

acquired lead from Sardinia or Anatolia to smelt the jarositic silver ores on Cyprus, i.e. to act 

as a silver collector in the smelting of jarositic ores before the silver was extracted by 

cupellation. The long-distance trade between Cyprus and Sardinia at the LBA/EIA transition is 

further supported by lead isotope analyses from the LBA sites of Kition, Hala Sultan Tekke and 

Pyla-Kokkinokremos, as well as from bronze objects (Zwicker, 1985: 430 in Karageorghis and 

Demas, 1985; Lo Schiavo et al., 1985).  

2.04

2.06

2.08

2.10

2.12

2.14

0.82 0.83 0.84 0.85 0.86 0.87 0.88

20
8P

b/
20

6P
b

207Pb/206Pb

Cypriot ores

silver from Pyla

lead objects

lead from Maa

+/- 0.1%



207 
 

The plots in Figure 6.16 show LIA analyses of the silver ingots and silver vessel from Pyla 

alongside the LIA of ores from Laurion, the Taurus mountains in Anatolia and the ores of 

Cyprus, i.e. potential ore sources for the silver from Pyla. Based primarily on LIA, Laurion has 

been suggested as the possible origin of the Pyla silver (Karageorghis et al., 1983). The 

208Pb/206Pb vs 207Pb/206Pb and 206Pb/204Pb vs 207Pb/206Pb plots suggested by Gale are 

presented alongside the 206Pb/204Pb vs 207Pb/204Pb vs 208Pb/204Pb, which according to Artioli 

et al. (2013) bear a more direct relationship to the geological and geochemical significance of 

deposits and allow far better discrimination between deposits, and therefore the objects that 

derive from these deposits. What is apparent is that there is a lot of overlap in the ore fields, 

even without considering the errors on each measurement. Furthermore, although Laurion 

ores are consistent with the Pyla silver on some of the plots, this is clearly not the case for all 

the plots. Close inspection could suggest that the Pyla silver (or the lead used to extract silver 

from the ore) is not consistent with ores from the Taurus mountains in Anatolia, as the Pyla 

silver tends to lay below these ores on all the plots. This difference would be further 

exaggerated if the 204Pb was underestimated due to the previously mentioned signal-to-noise 

issues, i.e. the Pyla silver would be higher on any axis where 204Pb is the denominator.  

In effect, the silver from Pyla was probably assumed to derive from Laurion because it was 

accepted a priori that Cyprus did not have silver (and lead) sources of its own. This, as shown 

above, is not the case, which means that Cyprus has to be included in the list of possibilities 

for provenance. To some extent, the onus should not be placed on the find-location to 

hypothesise provenance using LIA, but rather on the prospective locations for provenance.  

There are a few pieces of evidence which may throw light on the provenance of the Pyla silver. 

According to Zwicker (1988: 427-438) no Bronze Age lead from Cyprus appears to have an ore 
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signature commensurate with Laurion. Stos-Gale and Gale (2010) suggest that one lead ring 

is consistent with Laurion. This is significant as it suggests that Laurion, a known lead and 

silver producer in the Classical Period, may not have had such close connections with Cyprus 

during the Bronze Age. Furthermore, the silver ingots from Pyla have significant amounts of 

copper (7.8 and 6.6%) and more significantly, gold (0.1% and 1.4%) (Gale and Stos-Gale, 1984: 

96-103). Although the gold levels may be affected by mixed recycling, if they are natural 

impurities from the ore then they would make Laurion less tenable since galena, which was 

the predominant argentiferous ore at Laurion, is very low in gold, with silver deriving from 

galena rarely having gold levels which exceed 0.1%. It should also be noted that the 

argentiferous lead found at Maa-Paleokastro in association with bone was found to be 

relatively consistent with Cypriot ores and close to the Pyla silver (Figure 6.15; Figure 6.16).  

If Anatolia is discounted as the source of the Pyla silver in term of LIA, and Laurion is 

discounted based on the lack of Bronze Age lead objects with a Laurion signature found on 

Cyprus and also because of high gold levels in the Pyla silver, Cyprus as the find site remains 

as a potential source of the Pyla silver. In other words, Cyprus remains a viable option for the 

Pyla silver, not only in terms of LIA but also in terms of lead with a similar signature being 

available on Cyprus and silver and gold being present in the jarosite minerals. Moreover, and 

this should of course not be ignored, the Pyla silver was found on Cyprus. 
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Figure 6.16. LIA plots for Cypriot ores, ores from the Taurus mountains in Anatolia and Laurion ores, plotted 
with the lead droplet from Maa-Paleokastro which appears consistent with Cypriot ores and the silver from 
Pyla. 

 

6.5 Formulating a new hypothesis 

The predominant hypothesis regarding silver on Cyprus in the archaeological literature is that 

silver was not exploited until modern times because the ancient Cypriots could not extract 

the silver from the argentiferous ores. This chapter has reviewed some of the geological, 
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textual and archaeological evidence both for and against this hypothesis. In effect, this was 

an attempt to present different forms of evidence with equal weighting. In other words, 

although this Chapter clearly advocates in favour of silver being exploited on ancient Cyprus, 

it has not selected evidence based on its form. This was difficult to do. To some extent, any 

researcher working in a particular area prefers to deal with the form of evidence which that 

area generates, and is more likely to read and publish in journals which deal with this form of 

evidence. However, before everyone is consigned to a ‘black box’ (Jones, 2002:33) it may be 

worth considering the repercussions of this scenario. The fallacy of incomplete evidence, 

which can result from selective attention to the type of evidence one feels comfortable 

dealing with, is a form of confirmation bias or cherry-picking, regardless of whether or not it 

is intentional. This may seem an unsurmountable problem, especially in a subject such as 

archaeology where hard sciences and their associated protocols are used alongside social and 

historical science methods to interpret the dynamics of the past. For example, archaeological 

science sets its own goals and standards of evidence and proof, filters everything through a 

web of existing assumptions and beliefs and makes its own decisions about which questions 

to ask (although still driven by historical phenomena) and what counts as a good answer. Even 

accepting that archaeological goals cannot be met by empirical means alone, that is by 

limiting oneself to the exclusive or narrowly scientific analysis of material data (Knapp, 2000), 

there is still a need to decide the assumptions behind what evidence is or is not relevant and 

which evidence should be included. This decision, however, should not be based on whether 

a researcher can read a specific ancient language or analyse spectroscopic data, i.e. their 

preferred form of evidence. Furthermore, as the cultural and social embeddedness of the 

sciences becomes more apparent in archaeology, with no ‘neutral’ facts and with every 

observation being theory-laden, the thick covering of existing belief and theory obscures the 



212 
 

neat line between theory and data. Moreover, this is exacerbated by poor study designs which 

fail to allow a logically sound theory to become hypotheses which can be adequately assessed 

by empirical evaluation. Even hypothesis-driven archaeometallurgy projects (i.e. problem-

oriented research), despite appearing to be more ‘objective’, still retain problems which arise 

regarding the consistency of archaeometallurgical data, which has a knock-on effect to how 

the archaeometallurgical data are interpreted. Furthermore, variability in this consistency is 

not always presented by the scientific community as overtly as it should be, or made 

sufficiently accessible to allow non-scientists to question the robustness of the interpretation. 

This is not the scientific community’s fault, alone. Some archaeologists (and even some 

archaeological scientists) still find it acceptable to submit samples for scientific analyses and 

‘wait for the digested results or answers for them to interpret’ without necessarily 

appreciating ‘in their complacency as consumers’ (Martinón-Torres and Killick, 2015: 9) that 

the analytical techniques can vary widely in terms of the degree of quantification (i.e. 

qualitative or quantitative) as well as in terms of their accuracy, precision, detection limits 

and the range of elements that can be detected (Wilson 1973; Killick and Young 1997). This 

presumably reflects Dunnell’s (1993: 164) comment that physical scientists working in 

archaeological science have been ‘trying to escape the confines of science’. In other words, 

an unquestioning approach to any archaeological technique can not only lead to erroneous 

interpretations of the evidence but also perpetuate the belief that archaeological science is a 

‘black box’ (Jones, 2002:33). The solution to this problem is relatively apparent: either we all 

become Renaissance polymaths, or we work together and endeavour to find common ground 

at paradigm level. 
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Another well-known issue in archaeological research is the danger of using absence of 

evidence to support hypotheses. The fact that there is no archaeological evidence to suggest 

that any silver deposit on Cyprus was exploited in antiquity (Kassianidou, 2009:49) basically 

evokes the 'argument of silence' (Carpenter, 1933), i.e. the belief that if something is not 

found, it cannot have existed. Even though this is rarely used as the sole argument in 

archaeometallurgical studies, the prodigious application of positivism can close down further 

discussion to the detriment of interpretations.  Moreover, there is the issue regarding what 

happens to evidence which does not support the prevailing hypothesis. As a case in point, 

when viewed on their own, the LIA results presented in Figure 6.16 are inconclusive regarding 

the origin of the Pyla silver. However, LIA surveys will always be incomplete and without 

recourse to some kind of statistical measure there will be always subjective matching of LIA 

values between objects and ores. This incompleteness is at field-level, where one sample may 

be taken to represent a vast geological (and geographical) area, and at regional-level where 

LIA surveys have been conducted at specific locations because they were selected a priori as 

regions of interest to explore particular archaeological hypotheses. This tends to suggest that 

LIA should revert to its original and more conservative remit of making interpretations about 

the provenance of objects only when they are not consistent with ores of the location from 

where the object was recovered. By this rationale, once it is accepted that silver could have 

been exploited by the ancient Cypriots, the Pyla silver is most likely to have derived from 

Cypriot ores because this was the place where it was found.  

The aim of this chapter was not to say that silver was definitely extracted from argentiferous 

ores on Cyprus in antiquity, but to suggest that it is possible, and therefore consider it when 

making archaeological interpretations and future hypotheses. One such hypothesis is now 
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presented: The people who first extracted silver from jarosite ores in south-west Iberia may 

have acquired and practiced the necessary skills to recognise and exploit this type of ore on 

Cyprus, prior to any westward reconnaissance missions across the Mediterranean to Iberia. 

In other words, unless they learned these skills from the indigenous Iberians, the miners, 

smelters and refiners of Iberian silver in the EIA potentially derived their expertise from 

mining and extracting the silver from the jarosite ores of Cyprus in the LBA/EIA.  

Regardless of whether this hypothesis turns out to be supported or dismissed by future 

evidence, it is important to note that it could not have been presented without questioning 

the different forms of evidence which support the prevailing view regarding the ancient 

exploitation of silver on Cyprus. 
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7. Tel Dor, Cyprus and Iberia 

It was shown in Chapter 5 that silver from the hoard at Tel Dor (c. 11th-10th centuries BC) in 

the Phoenician-influenced area of the southern Levant, fell on mixing lines which indicated 

that it derived from an unknown ore source. Some of the silver from this hoard appeared to 

form a vertical line (red dashed line in Figure 5.6), i.e. a relatively invariant crustal age but 

with different concentrations of gold in the silver. The crustal age (-80Ma) suggested that the 

source was a young ore and that this silver had been contaminated with gold through mixing 

before being deposited (e.g. gold handles, rims or gilt had not been removed prior to re-

melting silver objects). Furthermore, this unknown source produced sufficient silver to be a 

component of another mixing line, with mixtures exhibiting compositional and isotopic 

signatures consistent with silver from this unknown source and silver from south-west Iberia. 

These mixtures were deposited in the hoards of Akko (c. 9th-8th centuries BC), Eshtemoa (c. 

11th-9th or 10th-8th centuries BC), Tel Keisan (c. late 11th century BC), Shechem (LBA/IA?), 

Ashkelon (c. late 12th ?/1100 BC) and Tel Dor itself (c. 11th-10th centuries BC) (orange line in 

Figure 5.6).  

A potential provenance of this unknown ore source is Cyprus which, despite its wide range in 

crustal ages (190 to -225Ma), encompasses the Tel Dor silver. Chapter 6 presented 

archaeological, geological and archaeometallurgical evidence, alongside ancient and modern 

accounts of silver mining, supporting not only that silver could have been mined on Cyprus in 

ancient times but that it would have derived from a jarositic ore similar to that exploited in 

south-west Iberia by the Phoenicians. Silver recovered at Pyla on Cyprus was also shown to 

have LIA signatures which were consistent (or at least not inconsistent) with Cyprus, 

suggesting that it derived from local ores. 
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This chapter examines the hypothesis presented at the end of Chapter 6. In effect, if it were 

the Phoenicians who first extracted silver from jarosite in south-west Iberia, having acquired 

and practised the skills to recognise and exploit this type of ore on Cyprus, then silver with a 

Cypriot signature may have travelled to the areas of the Levant with a Phoenician presence. 

The presence of the Phoenicians on Cyprus and Iberia in the EIA is examined through pottery 

finds and the movement of copper across the Mediterranean, as well as examining whether 

silver in the Tel Dor hoard could have derived from ores on Cyprus. In effect, this chapter 

investigates the connections between Iberia, Cyprus and areas of the southern Levant 

associated with the Phoenicians in the EIA. 

Research framework: shallow time – deep spatial distance 

   12th- early 10th centuries BC – pan-Mediterranean 

Data types:   pottery typologies, lead isotopes on silver, copper and ores. 

Data tables: DT1: Silver hoards; DT5: Ores from Cyprus; DT7: Copper objects on 

Cyprus; DT13: Ores from Spain; DT14: Ores from Timna; DT15: Ores 

from Feynan; DT16: Tell Jatt and Berzocana copper; DT17: Bronze Age 

silver from Spain.  

Synopsis: The majority of silver analysed from the hoard at Tel Dor in the southern Levant 

appears to derive from deposits on Cyprus. The presence of Cypriot silver in the southern 

Levant in the 11th century BC not only complements finds of Phoenician pottery, supporting 

that there was continuity of trade from the end of the Bronze Age to the beginning of the Iron 

Age (12th-early 10th centuries BC) between Cyprus and the Levant, but that similar technology 

required to smelt and cupellate argentiferous jarosite ores was first practised on Cyprus 
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before risky and costly ventures further west to Iberia, suggesting that the Phoenicians 

started their westward expansion earlier than previously thought, perhaps using Cyprus as 

their base. 

7.1 Movement of pottery, copper and silver 

The earliest period of the Iron Age marks the flourishing of Phoenician city states with a 

considerable degree of continuity from its LBA Canaanite antecedents (Bell, 2016: 91-105). 

Until recently, this earliest period (c. 1200-900 BC) has been thinly covered in the 

archaeological literature primarily because of the limited number of excavations conducted 

at many of the still-inhabited key sites (such as Tyre, Sidon and Arwad), and, of course, due 

to modern-day geopolitics (Bell, 2016: 91-105). 

Bell (2006: 5, 99-100) has noted the remarkable continuity in settlement and material culture 

exhibited by the geographical region on the Levantine coast between Arwad in the north to 

Tel Dor in the south (see Figure 7.1), the generally accepted boundaries of Phoenicia, across 

the LBA/Iron Age transition. To the north, the important LBA port of Ugarit was razed from 

the map permanently while coastal cities such as Ashdod and Ashkelon in southern modern-

day Israel were rebuilt rapidly and exhibited new and distinctive architecture, lifeways, and 

ceramics (consistent with the settlement of the Philistines) compared with surrounding areas 

that were still (at least notionally) under Egyptian control (Bell, 2006: 4-6). 

This lack of destruction at the end of the LBA in Phoenicia would have given resident 

merchants engaged in seaborne trade a distinct advantage in the earliest Iron Age. Bell (2006: 

95-101) put forward the hypothesis that contact between Phoenicia and particularly western 

Cyprus continued across the LBA/Iron Age transition. Tyre, Sidon and the other Phoenician 
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ports would have been able to continue to engage in maritime ventures to obtain necessary 

commodities, of which copper from Cyprus would have been one, in exchange for locally 

sourced products such as high-quality timber, wine and purple dye.  

It is now generally accepted, further to recent excavations, that Tel Dor in northern Israel was 

part of the Phoenician cultural area in Iron 1 rather than a Sea Peoples’ settlement, as was 

initially thought based on textual evidence (Gilboa and Sharon, 2017: 285-298). Moreover, 

results from the Tel Dor excavations (directed since 2003 by Gilboa and Sharon) and the 

Palaepaphos Urban Landscape project (initiated in 2006 by Iacovou) have demonstrated that 

connections between Phoenicia and western Cyprus did, indeed, continue to be strong in the 

EIA. 

Inevitably, ceramics, such as the diagnostic containers in which wine was shipped and other, 

decorated containers, have been critical in establishing the chronology of these relationships. 

The evidence from Tel Dor has been particularly valuable in establishing the timeline of 

Phoenician westward maritime expansion (Gilboa and Sharon, 2001, 2003; Gilboa, et al., 

2008: 113-204). The direction and extent of these networks and their expansion through time 

is particularly relevant to the question being dealt with here, namely the origin of the silver 

in the Tel Dor hacksilver hoard. Given that there is no known source of silver in the immediate 

vicinity of Phoenicia, it is reasonable to assume that the silver in this hoard arrived at Tel Dor 

as a result of long distance trade of some kind.  
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Figure 7.1.  Map showing the geographical area with sites mentioned in the text (from Bell, 2016). 

The Tel Dor silver hoard was contained in a clay jug (Figure 5.1) and was found in a space 

between two large buildings dating to the late 11th-early 10th centuries BC, close to the 

settlement’s main harbour (Stern, 2001: 19-26). An assemblage of Phoenician Bichrome ware 

was found in an associated building, as well as sherds from imported Cypriot wares and Greek 

wares from Euboea, which assisted the dating of the context and confirmed that long distance 

maritime trade was being conducted at this time (Stern, 2001: 19-26) 

The Tel Dor hoard silver was re-analysed in Chapter 5, together with examples from other 

hoards of similar date from the southern Levant (12th-9th centuries BC) (Table 5.1; Figure 5.6), 

using compositional and lead isotope legacy data. This analysis concluded that not only was 

most of this hacksilver mixed, but also that it probably derived from three main silver ore 
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sources: the Pyritic belt of southern Iberia, the Taurus mountains in Anatolia and a third 

unknown source (Chapter 5).  

7.2. Sources of silver 

This section deals with the two known sources of silver (Anatolia and Iberia) from the hoards 

in Table 5.1 with regard to contact between these regions and the southern Levant and 

examines the rationale behind identification of the third.  

i) Anatolia 

As described in Section 3.2.2, the highland region of Anatolia’s Taurus mountains was known 

as the 'silver mountains' and is considered to be one the earliest environments in which 

metallurgy developed (Craddock, 1985: 122-155). The Taurus mountains have often been 

cited as a likely source of raw materials such as metal, minerals and wood, critical to the 

populations of the resource-poor environments of the early urban areas of the Levant, 

Anatolia and Iraq (Muhly, 1973, 1976; Charles 1985: 21-28; Moorey, 1985).  

The abundance of silver objects from tombs in Sidon, to the north of Tel Dor, has been used 

to support that there was extensive and sustained trade with Anatolia during the Middle 

Bronze Age (Véron and Le Roux, 2004; Doumet-Serhal, 2004) (although see Chapter 9 for a 

potential Iranian provenance for this silver). Of the hoards of the southern Levant previously 

re-analysed (Chapter 5), the silver recovered from the 12th-11th century BC site of Tell el ‘Ajjul 

was found to have compositional and lead isotopic signatures consistent with the Taurus 

Mountains of Anatolia. It is therefore uncontroversial and may be viewed as a continuation 

of these earlier trade routes.  
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ii) Iberia 

If the Anatolian signature detected in the samples tested was unsurprising, such an early 

context for the discovery of hacksilver with a silver signature from Iberia (c. 11th century BC) 

is novel (Chapter 5), as many consider that the initiation of westward movement of 

Phoenician maritime enterprises began no earlier than the 9th century BC (e.g. Broodbank, 

2013: 489; Ruiz-Galvez, 2014: 196-214).  

The possibility of an earlier Phoenician presence in Iberia has been raised, however, following 

rescue excavations in the city of Huelva in Spain in 1998 (a port through which metal derived 

from the Rio Tinto ore deposits would have been exported) (Gonzalez de Canales, et al., 2004, 

2006, 2008: 631-655). Finds included ceramic imports, ivory, silver and other materials. Of 

the over 8000 pottery sherds catalogued, half were Mediterranean imports, with Phoenician 

imports representing the largest group (over 3000). Lesser quantities of other imports were 

present: Greek (33), Cypriot (8), Sardinian (30) and Italian (2).  

The excavators identified many similarities between the Phoenician ceramics of Huelva and 

those of, specifically, Tyre (Gonzalez de Canales et al., 2008:634). Although the bulk of the 

Phoenician sherds have been attributed to later dates, the presence of 11 examples of the 

Tyre Type 12 Storage Jar, which has a reasonably well-defined chronological distribution and 

is virtually unknown at Tyre after Stratum IX, resulted in the excavators attributing some of 

the earliest Phoenician pottery of Huelva to the Kouklia Horizon (Tyre Strata XIII-X or 1050-

900 BC)  (Gonzalez de Canales et al., 2006; Bikai, 1978: 44 Table 10A; Bell 2016: Figure 5.3) 

(Figure 7.2, below). 
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Figure 7.2. Chronological distribution of Tyre Type 12 storage jars at Tyre. Source: Bikai (1978: 44, Table 10A); 
Gilboa and Sharon (2003, Figures 4: 1 and 2) (Image from Bell, 2016). 

 

Furthermore, the Huelva Type 12 Storage Jars are practically identical to those at Tel Dor 

(where they are abundant in Ir 1a, present in Ir 1b and virtually absent thereafter (Gilboa and 

Sharon, 2003: Table 17) – a picture that is chronologically consistent with that seen at Tyre. 

Three radiocarbon dates were taken from cattle bones from the earliest horizon from which 

Phoenician pottery was recovered in Huelva that suggested a date range of 1000-820 BC with 

the weighted average of the three dates being 930-830 BC (Gonzales de Canales, et al., 2009; 

Bell, 2016). These few dates, therefore, do not exclude the possibility of Phoenician contacts 

with Iberia in the 10th century BC. 

iii) The third source of silver 

Conventional wisdom has been that silver was not mined in Cyprus until modern times (e.g. 

Kassianidou, 20121; 2013). The possibility of Cyprus being one of the sources of silver of the 

Tel Dor hoard was mentioned in Chapter 5. As Bell (2016: 91-105) has pointed out, contacts 
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between the geographical area of Phoenicia across the LBA/Iron Age transition were 

maintained, particularly with the west of the island. There are also allusions to early 

connections between Cyprus and the Levant with Iberia. Both the Bronze Age Berzocana and 

Villena hoards in Iberia, suggest technology with Cypriot or Canaanite/Levantine origins. The 

Berzocana hoard shows connections with the Cypriot-Levantine area, with a bronze bowl of 

the Cypriot-Canaanite type (Ruiz-Galvez, 2014:196-214 citing Torres, 2012), made using the 

lost-wax technique, bearing close resemblance to bowls from the Jatt hoard in Israel and 

bowls at Megiddo, both from around the end of the eleventh century BC (Artzy, 2006). These 

hoards support the view that Megiddo was a Canaanite city actively involved in maritime 

trade with both Phoenicians and Cypriots (Artzy, 2006). Atlantic objects found in graves in 

Cyprus (Karageorghis and Lo Schiavo, 1989) tend to support this position.  

There is also archaeometric evidence that the Berzocana bowl has its origins in the eastern 

Mediterranean. Lead isotope analyses were conducted on the bronze bowl at the 

CurtEngelhorn Centre for Archaeometry (CEZA) in Mannheim (Germany) for lead isotope 

ratios with Multi-Collector Inductively-Coupled Plasma Mass Spectrometry (MC-ICPMS) using 

the established instruments and protocols of the CEZA laboratories. The results are presented 

in Table 7.1 and Figure 7.3. 

The following graphs (Figure 7.3) show lead isotope analyses (LIA) of ores from Timna 

(southern Israel) and Feynan (Jordan) plotted alongside copper-based objects from the Jatt 

hoard in Israel and the bronze bowl from the Berzocana hoard (LIA in Table 7.1 from 

unpublished data from I. Montero-Ruiz). 
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Table 7.1. Lead isotope ratios for the bronze bowl from the Berzocana hoard. LIA data for the Berzocana bowl 
from I. Montero-Ruiz (unpublished). 

Berzocana ID 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

2226/MA-165664 2.1202 0.8701 17.962 15.629 38.082 

 

The LIA plots clearly indicate that the Berzocana bowl, as with the copper-based objects from 

the Jatt hoard, are consistent with Timna and Feynan ores. This movement of objects 

demonstrates that the trade in copper, which was recently demonstrated by the identification 

of Feynan copper used in the production of tripod cauldrons at Olympia in south-west Greece 

(c. 950-750 BC) (Kiderlen et al., 2016), also extended to the movements of objects as far as 

Iberia. 
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Figure 7.3. LIA mirror plots showing the ores of Timna (southern Israel) and Feynan (Jordan) alongside copper-
based objects from the Jatt hoard and the copper bowl from the Berzocana hoard. LIA data for Timna and 
Feynan ores collated by I. Montero-Ruiz. LIA data for Berzocana bowl from Montero-Ruiz (unpublished) and 
for Tell Jatt hoard from Artzy (2006). 
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As discussed in Chapter 5, further evidence for such long-distance contact is found with the 

Villena hoard which contains exotic elements such as a nail (unknown in the Bronze Age, 

having been developed in Cyprus c. 1200 BC) and a gold-inlaid iron object (with iron being 

rare in Iberia during the LBA) (Ruiz-Galvez, 2014: 196-214). This evidence, coupled with a 10th 

century BC assemblage at Monte de Ramada 1 (southern Portugal), including unusual bronze 

alloys as well as glass, faience, and ostrich shell beads, testify to particularly early trade and 

potentially sustained contact between the eastern Mediterranean and Iberia before the 

establishment of the first Phoenician colonies on the southern Iberian coast (Valério et al., 

2018; Vilaça, 2006; 2013: 39-64). 

Sustained contact between the East and Iberia is also apparent when it is considered that 

silver from Iberia found in the hoards of the southern Levant (from c. 11th century BC) was 

potentially of two types (Chapter 5): native silver (which was available to the indigenous 

Bronze Age Iberians) and silver deriving from the silver-bearing jarositic ores of south-west 

Iberia which needed to smelted (in some cases with exogenous lead) to produce argentiferous 

lead metal, before cupellation to extract the silver. Furthermore, although the Phoenicians 

have yet to be situated at sites in Iberia with chronologies earlier than c. 10th to early 9th 

century BC (Gonzalez de Canales et al., 2008: 631-655), it needs to be recalled (Section 3.3) 

that the earliest identified bellows’ nozzles recovered in southern Iberia are of three known 

types (cylindrical, curved or horn-shape, and cubic shapes) from the 13th BC Apliki site on 

Cyprus (Hunt 2003: 360-361, 392; Fig. 146) (Muhly, 1991: 183). As Pappa (2012: 111) 

highlights, this cannot be mere coincidence. 

The technological as well as the material evidence described above becomes even more 

significant when it is noted that the argentiferous jarosite ores of the pyritic belt of south-
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west Iberia are exceptionally rare around the Mediterranean and the Near East. One of the 

only places where similar mineralisation occurs is on Cyprus, where silver is present in a 

jarositic mineral known as the ‘Devil’s mud’ at the base of the gossan. The common belief was 

that the silver-bearing ores on Cyprus were not exploited in antiquity. This assumption was 

challenged in Chapter 6.  In essence, this section proposes that the information described 

above can be used to support the hypothesis that the people who first extracted silver from 

jarosite ores in south-west Iberia may have acquired and practiced the necessary skills to 

recognise and exploit this type of ore, prior to any westward reconnaissance missions across 

the Mediterranean to Iberia. In other words, unless they learned these skills from the 

indigenous Iberians, the prospectors, miners, smelters and refiners of Iberian silver in the EIA 

(c. 11th century BC) potentially derived their expertise from mining and extracting the silver 

from the jarosite ores of Cyprus in the LBA/EIA.  

The repercussions of a similar technology being applied in both Cyprus and Iberia is significant 

in that it suggests that an early Phoenician presence on Cyprus cannot be viewed as purely 

demic diffusion where indigenous Cypriot culture is largely supplanted by that of the Levant 

(Gjerstad, 1979: 230-254), but that the Late Cypriot communities played a formative role in 

the process of becoming 'Phoenician'. In other words, the Phoenician identity, which to some 

extent is defined by their pursuit of acquiring metals and was potentially a composite of 

identities even in the Levant (Broodbank, 2013: 485), became realised through their 

association with other groups, in particular the Cypriots who had been mining ores on Cyprus 

since the 4th millennium. 
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7.3 Silver in the southern Levant 

As mentioned in Chapter 5, in terms of geographical and chronological distributions, the 

largest identified concentration of silver hoards in the ancient Near East is in the Iron Age of 

the southern Levant. This is remarkable when it is considered that the southern Levant has 

no geological silver sources of its own (Thompson, 2003).  

7.3.1 Investigating mixing lines 

From a technical point of view, the provenance of silver is more difficult to identify when it is 

mixed with silver from a different ore source rather than silver from a single ore source. Using 

the approach described in Chapter 5 and in Appendices A1 and A2, the following graph (Figure 

7.4) plots the Au/Ag ratio against the Pb crustal age of the ore (Ma: millions of years), 

illustrating that the silver from the EIA hoards from the southern Levant lies on a series of 

mixing lines.  
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Figure 7.4. Au/Ag x 100 versus Pb 
crustal age (Ma) for the Late Bronze 
Age/Early Iron Age hoards. The 
density map (high density: red - low 
density: green) is derived from 
compositional data (measured by 
ED-XRF) and lead isotope data for 
Bronze Age silver found in Iberia 
(Comendador Rey et al. 2014; 
Bartelheim et al., 2012; Murillo-
Barroso et al., 2015, Murillo-
Barroso, 2013). The black dotted 
line shows the detection limits from 
the ED-XRF technique used to 
measure the composition of the hoard data. The silver from the Tel Dor hoard is highlighted with red symbols 
and is presented separately in the lower plot for clarity. Other lines and numbered points are described in the 
text. Error bars were calculated from propagating errors on lead isotope ratios (±0.1%) to the Pb crustal age.
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Details of how Figure 7.4 was constructed and how each line can be interpreted has already 

been described in Chapter 5 but are summarised here. The data cluster at point 1 corresponds 

to the crustal ages and levels of gold within the silver which are consistent with the Taurus 

mountains in Anatolia, and the cluster at point 7 is not only consistent with ores from the 

Pyritic belt in south-west Iberia, but with native silver found at Bronze Age sites in Iberia (as 

shown by the density plot). Points 5 and the cluster at point 6 are also consistent with Iberian 

silver-bearing ores, with low to high gold levels (up to 16%Au) being found in argentiferous 

jarosite ores (Gale et al., 1980: 3-49). Silver at point 6 is possibly from a Sardinian source, 

reflecting a Caledonian orogeny. Sardinian ores, however, are predominantly lead-zinc-silver 

galenas, which would result generally in objects with <0.1%Au (De Caro et al., 2013). 

Furthermore, no silver objects certainly dated to the Nuragic age have been discovered in 

Sardinia (Artzeni et al., 2005). Therefore, it seems more probable that the cluster at (6) 

reflects silver-bearing jarositic ores in Iberia with crustal ages of over 600Ma that were mined 

in the EIA. For example, there are ores in the Alcudia valley in central Spain, an active mining 

area in the LBA, which have equivalent crustal ages (calculated from the LIA data of Santos 

Zalduegui et al., 2004). 

The silver in the hoards with high crustal ages and high gold levels are particularly significant 

in terms of processing silver, as it suggests that argentiferous jarosite was exploited from the 

11th century BC. These ores require cupellation to extract silver from the lead used as a silver 

collector to smelt the jarosite ores, and thereby this technique must have been available in 

Iberia from the 11th century BC. In other words, although silver could have been acquired 

through trade (as evidenced from the Iberian native silver signature in the hoards at point 7, 

i.e. silver with low gold, low lead and high crustal age), additional technology was required to 
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extract silver from jarosite, methods that were probably not available to the indigenous 

inhabitants of Iberia until the arrival of smelting and cupellation technology from the East. 

Tel Dor silver lays on several mixing lines, exhibiting not only differences in gold 

concentrations but also in crustal ages. However, at least 6 of the 15 samples from Tel Dor 

appear to lay on a vertical mixing line on the Au/Ag vs. Pb crustal age plot (the red dashed 

line from points 2-3 in Figure 7.4). Interestingly, a similar vertical mixing line to this was 

observed for the later hoard of Miqne-Ekron, a hoard potentially deposited just prior to the 

Babylonian attack of 604BC (Figure 5.4 in Chapter 5). This vertical alignment was considered 

to be a consequence of silver objects with gilt or gold parts were melted down, thereby 

unintentionally increasing the gold levels in the silver while retaining the LIA signature of the 

silver ore (see Chapter 5). 

Table 7.2 shows the LIA values of six silver pieces from Tel Dor which lie on the vertical mixing 

line in Figure 7.4. Without making any assumptions regarding how the data are distributed, it 

is interesting to note that 208Pb/206Pb and 207Pb/206Pb have a lower coefficient of variation 

compared to 206Pb/204Pb, potentially a consequence of the difficulty in measuring the low 

abundance 204Pb accurately (Chapter 6). This will become relevant later when considering the 

LIA plots presented below (Figure 7.5), as the offset between ores and objects on these LIA 

plots is potentially a systematic error deriving from signal-to-noise issues when measuring the 

204Pb isotope. 
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Table 7.2. LIA ratios for the 6 silver samples from Tel Dor (Oxalid, 2018) which lay on the vertical mixing line 
(red-dashed) in Figure 7.4. 

Location 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

Tel Dor 2.05502 0.82736 18.944 

Tel Dor 2.05645 0.82681 19.009 

Tel Dor 2.05709 0.82717 18.997 

Tel Dor 2.05511 0.82676 18.985 

Tel Dor 2.05576 0.82689 18.977 

Tel Dor 2.05465 0.82651 18.992 

mean 2.05568 0.82692 18.9839 
st. deviation 0.00094 0.00031 0.02241 
CV 0.0457% 0.0375% 0.1180% 

 

7.3.2 Silver on Cyprus 

Until recently, it was generally accepted that silver, although present in mineable amounts on 

Cyprus, was not exploited in antiquity (Kassianidou, 20121:229-259; 2013). The re-

examination of textual and modern mining sources as well as a re-evaluation of geological 

and archaeometallurgical evidence in Chapter 6 re-opens this debate, giving rise to the 

possibility that silver mined, smelted and cupellated on Cyprus could have ended up in the 

Tel Dor hoard. 

The main issue is whether point 2 in Figure 7.4, with its low crustal age and low gold 

concentration, is not only consistent with a Cypriot silver ore source but whether it is also the 

signature of unmixed silver from this source. First, Anatolian ores from the Taurus mountains 

have already been discounted as a possible source for Tel Dor silver through a point-by-point 

comparison of LIA data on two samples carried out by Thompson and Skaggs (2013). Although 

this small sample cannot represent the entirety of the Tel Dor silver, it is consistent with Figure 

7.4, which shows that the cluster associated with the Anatolian source which supplied silver 

for the Tell el ‘Ajjul hoard (i.e. cluster 1) is from an older source than the Tel Dor silver falling 
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on the red-dashed vertical line between points 2 and 3. Furthermore, Laurion on the Attic 

peninsula in Greece, has a relatively narrow range of crustal ages which are higher than those 

of point 2 (Figure 5.3; Oxalid, 2018). However, this does not automatically rule in Cyprus as 

the ore source from which the Tel Dor silver derives (Figure 7.4). This requires examining both 

the mixing plot (Figure 7.4) and traditional LIA plots (Figure 7.5). 

Figure 7.5 shows LIA mirror plots of the Tel Dor silver which lay on the vertical mixing line in 

Figure 7.4 and Table 7.2 (unfilled triangles) alongside the remaining silver from Tel Dor (filled 

triangles). Copper objects recovered from Cyprus, Cypriot ores and ores from the Pyritic belt 

in south-west Iberia are also plotted (Oxalid, 2018; Stos-Gale et al., 1995; Pomiès et al., 1998). 

It should first be noted that the 206Pb/204Pb vs 207Pb/206Pb plot exhibits differences between 

copper objects found on Cyprus and Cypriot ores, which has led to the speculation that about 

30% of Bronze Age copper objects found on Cyprus derived from other locations (Stos-Gale, 

2015: 111-122). However, as discussed in Chapter 6, the difference is perhaps better 

explained as an offset resulting from signal-to-noise issues when measuring the 204Pb for 

objects with low amounts of lead (e.g. small samples from copper artefacts). The upshot of 

this reassessment is two-fold: 1) a much lower percentage of Bronze Age copper objects 

recovered on Cyprus require an explanation which demands recourse to exogenous ore 

sources; 2) if it is accepted that the MBA and LBA copper objects found on Cyprus are 

consistent with Cypriot ores, then, by the same rationale, the silver from Tel Dor is also 

consistent with these ores (Figure 7.5).  

Figure 7.5 shows that the silver from the vertical mixing line is clustered suggesting a single 

ore source, while the remaining silver from Tel Dor appears to lay on a trajectory towards 

ores from the Pyritic belt of south-west Spain. By using a point-by-point comparison against 
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the Cypriot ores recorded on the Oxalid database, the only region on Cyprus with LIA ratios 

that correspond closely to the LIA ratios from the Tel Dor silver in Table 7.2 is the mining 

district of Kalavasos on the southern edge of the Troodos mountain range. Again, without 

making assumptions on how the LIA data are distributed, the 27 ore measurements from the 

Kalavasos region (Oxalid, 2018) have the following mean values: 208Pb/206Pb = 2.0507 (st.dev 

= 0.0032) and 207Pb/206Pb = 0.8236 (st.dev = 0.0017) and 206Pb/204Pb = 18.9401 (st.dev= 

0.0371). This makes it plausible that the Tel Dor silver (Table 7.2) was mined at Kalavasos or 

that lead from this region was used to extract the silver, with the former scenario being 

supported by Pantazis (1967: 144) who noted that the ancient ore deposit, under the gossan, 

had been originally mined for gold and silver at the Platies Mine in Kalavasos. 

A further line of evidence to support the Cypriot origins of the Tel Dor silver is presented in 

Table 7.3, which shows objects found on Cyprus with similar LIA to the Tel Dor silver. Although 

none of these artefacts are silver (silver objects are rare on Cyprus – see Chapter 6 for an 

explanation), what is particularly of note is that nearly all were recovered to the east of the 

Troodos mountains, areas with potential access to the Kalavasos ore district located at the 

southern edge of this mountain range. Furthermore, a lump of lead from the harbour town 

of Hala Sultan Teke from LCIIIA (c. 1200-1100 BC) has very similar LIA values to the Tel Dor 

silver (c. 11th-early 10th century BC), which could indicate that lead from the same deposit was 

used to extract this silver. Two possible scenarios emerge: either the silver-bearing ores had 

sufficient lead to act as a carrier for silver extraction or lead with a similar signature to ores 

at Kalavasos was added as an exogenous carrier. Either way, it is notable that the silver at Tel 

Dor in Table 7.2 and Figure 7.4 (red-dashed between points 2 and 3) appears to be consistent 

with both objects and ores found on Cyprus. 
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Table 7.3. LIA ratios and information on artefacts recovered from Cyprus with similar LIA values to the silver 
from Tel Dor which fall on a vertical mixing line (red-dashed in Figure 7.4) (Table 7.2). The shaded data show 
the LIA values for a lump of lead from Hala Sultan Teke which are highly consistent with the silver samples 
from Tel Dor which fall on the vertical mixing line (Table 7.2).  

Metal artefacts recovered on Cyprus (Oxalid, 2018) 

Museum 

or 

excavation 

No. 

Region Site Find 

spot 

Type Principal 

metal 

Description Chronology 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

Statue G, 

Enkomi 

1960, No. 

126 

Mesaoria, 

East 

Enkomi unknown Statue Cu Statue LBA 

(Mycenaean) 

2.05504 0.82656 18.995 

F1552 

(1980)b 

South-

East 

Hala Sultan 

Tekke 

Well, 

2nd 

metre, 

layer 5 

Fragments Cu Lump of 

metal 

LC IIIA 2.05526 0.82640 19.004 

N1424 South-

East 

Hala Sultan 

Tekke 

Site Fragments Pb Lump of 

lead 

LC IIIA 2.05808 0.82841 18.955 

N1432 South-

East 

Hala Sultan 

Tekke 

Site Fragments Pb Lump of 

lead 

LC IIIA 2.05587 0.82732 18.975 

KAD15 

(80-T.5-

3.1) 

South Kalavasos, 

Agios 

Dhimitrios 

Site Fragments Cu Metal 

fragments 

LCIIC? 2.05659 0.82743 18.981 

702;131 Kyrenia, 

North 

Lapithos Tomb 

702 

Weapon/tool Cu Axe MC III 2.05742 0.82624 18.951 

PH9 Mesaoria Pera Hoard Tombs Tool Cu Awl MC III/LC I? 2.05451 0.82621 18.982 

 

The remaining silver samples from the Tel Dor hoard (i.e. 9 of the 15 samples) seem to lie on 

mixing lines which result in both varying levels of gold and increasing crustal ages (Figure 7.4). 

The orange mixing line suggests that Tel Dor silver with elevated levels of gold (i.e. the top of 

the vertical mixing line at point 3) was present in sufficient amounts to mix with silver from 

Iberia (point 5). This would suggest that silver with a Cypriot ore signature was re-melted with 

silver objects from the same source (thereby unintentionally increasing the gold 

concentration, see above) before being mixed with silver from the Iberian source. This silver 
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mixture was subsequently deposited in several hoards in the southern Levant, i.e. Tel Keisan, 

Ashkelon, Beth Shean, Shechem, Akko, Eshtemoa and Tel Dor itself.  

One piece of silver (Oxalid code: DOR004/97.3320/1) falls on the black mixing line, within the 

cluster at point 7. This silver, with its low gold and lead concentrations (<0.2%Au, <0.2%Pb) 

and crustal age comparable with Hercynian orogeneses (327Ma) suggests that it may have 

been ‘pure’ Iberian native silver. It is also one of the only pieces of the analysed Tel Dor silver 

with a recognised form (i.e. a finger (?) ring fragment), rather than being classified as 

‘indeterminate’ silver.  Regarding the early chronology of the Tel Dor hoard, it is feasible that 

the presence of native silver reflects that some of its silver was acquired through trade with 

the indigenous Iberians.  

Another piece of silver (Oxalid code: DOR0013/97.3325/10) found at Tel Dor may be a mixture 

of Anatolian and Iberian (or Sardinian) silver (red line). As mentioned above, it is more 

probable that this piece of silver is a mixture of Anatolian and Iberian silver, rather than silver 

extracted from Sardinian ores. However, more significantly, this appears to be the only piece 

of silver from Tel Dor that could potentially lie on a mixing line with an Anatolian source. This 

is because the remaining 5 pieces of silver from the Tel Dor are more difficult to attribute to 

a specific mixing line: The blue line could suggest that these 5 pieces of Tel Dor silver were a 

mixture of Anatolian (low gold, low crustal age) and Iberian silver (high gold and high crustal 

age). However, the green dashed line suggests that silver from Cyprus was mixed directly with 

silver from Iberia, some of it ending up in the commercial centre of Shechem in the middle of 

vital trade routes through the region (Wood, 1997: 245-256). As mentioned above, Thompson 

and Skaggs (2013) discounted the Taurus region of Anatolia for the Tel Dor silver based on LIA 

alone. This interpretation is supported by extrapolation of the mixing line (green-dashed) to 



237 
 

the vertical mixing line (red-dashed line through points 2 and 3) which would suggest that the 

levels of gold expected in Cypriot silver prior to any mixing would be low. The fact that one of 

the Pyla silver ingots found on Cyprus was found to have a gold concentration of 0.1%Au (Gale 

and Stos-Gale, 1984: 96-103), supports the possibility that the intersection of the green-

dashed with the red-dashed line is the end member of the mixing line, i.e. the signature of 

unmixed Cypriot silver. Although this is not meant to suggest that the ingots and the 

associated hemispherical silver bowl recovered at Pyla derived from the same ore deposits as 

the silver at Tel Dor (although their Pb crustal model ages range between 10Ma and -50Ma, 

which is not entirely inconsistent with this speculation), it shows that silver with low ages and 

low gold concentrations has been recovered on Cyprus. 

In summary, the traditional LIA plots (Figure 7.5) show that the Tel Dor silver is consistent 

with ores from Cyprus, while extrapolating the green-dashed mixing lines on the Au/Ag vs Pb 

crustal age plot (Figure 7.4) suggests that unmixed silver from Cyprus has levels of gold 

commensurate with a silver ingot recovered from Cyprus.  Furthermore, the trajectory of the 

Tel Dor silver on traditional LIA plots (Figure 7.5) suggests that silver deriving from Cypriot 

ores was mixed with silver deriving from Iberian ores, while the mixing lines (Figure 7.4) show 

that in some cases this silver was mixed directly with Iberian silver (green-dashed mixing line), 

and in other cases it was first mixed with silver from the same source (increasing the gold 

levels) before being re-melted with silver from an Iberian source (red-dashed vertical mixing 

line and orange mixing line). The one piece of silver found at Tel Dor with an Iberian native 

silver signature (within the cluster at point 7 in Figure 7.4) potentially lies above the trajectory 

on the 206Pb/204Pb vs 207Pb/206Pb plot (Figure 7.5), supporting that it does not derive from the 

Pyritic belt. Furthermore, only one piece of silver appears to lie on a mixing line with an 
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Anatolian source (red solid line in Figure 7.4). Although it is not possible to extrapolate from 

one sample, a direct mixing line between point 2 (i.e. unmixed Cypriot silver) to the Akko 

cluster at point 6, would suggest that none of the Tel Dor silver derived from Anatolian 

sources, an assertion which clearly has repercussions regarding the connections that Tel Dor 

had in the 11th and early 10th centuries BC. 
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Figure 7.5. Lead isotope mirror plots showing Cypriot ores, copper objects found on Cyprus, silver from Tel 
Dor which falls on a vertical mixing line in Figure 7.4, the remaining silver from Tel Dor, and ores from the 
Pyritic belt in south-west Iberia. The silver from Tel Dor which falls on the vertical mixing line in Figure 7.4 
appears to cluster with ores from the Kalavasos mining area on Cyprus, and with artefacts found on Cyprus 
(Table 7.3). The remaining silver from Tel Dor appears to fall on a trajectory with ores from the Pyritic belt of 
south-west Iberia. The one piece of silver from Tel Dor (Oxalid code: DOR004/97.3320/1) with a signature 
consistent with Iberian native silver (Δ) lies slightly above the line of trajectory, suggesting that this silver did 
not derive from the Pyritic belt in Iberia. 
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7.4 Westward movement of silver technology 

The re-analysis presented suggests that the unknown silver source identified in the mixing 

graphs as the main component of the silver from Tel Dor is the Kalavasos mining district of 

south Cyprus. Some of this hacksilver would have been mixed directly with Iberian silver, 

while in other cases this silver would have been re-melted with silver originating from the 

same ore source before being mixed with silver derived from Iberian ores. In the case of the 

vertical mixing line, the increase in gold concentration is potentially due to the failure to 

remove gold rims, handles or gilt prior to melting down silver from the same source, while 

the other lines reflect the gold levels of the constituent components. The mixing lines and the 

LIA mirror plots suggests that the coastal town of Tel Dor predominantly received silver that 

came from Cyprus and Iberia, thereby lending support to the view that the conveyers of the 

silver to Tel Dor were the Phoenicians. This has important repercussions. In terms of 

technological transfer, the fact that similar technologies are required to extract silver from 

jarosite ores suggests that the smelting technology (which probably required the addition of 

exogenous lead for the ores from Cyprus and Iberia) as well as the cupellation technique were 

transmitted over the same maritime trade routes. The established connection of both Cyprus 

and Iberia with Phoenician maritime trade suggests that these routes may have been used to 

convey silver in the Tel Dor hoard to its point of deposition. 

Furthermore, the chronology of the Tel Dor hoard (11th-10th century BC) suggests that 

Phoenician maritime ventures may have accessed Iberian silver earlier than the ceramic and 

the radiocarbon dates recovered from Huelva attest, and that know-how with respect to 

exploiting jarositic ores travelled with them. Whether western Cyprus was a way station for 

western expansion and/or part of a settled Phoenician presence on Cyprus at the beginning 
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of the Iron Age is difficult to ascertain. However, individuals with knowledge of how to 

prospect, mine and smelt jarositic ores, and with the know-how to cupellate silver from 

argentiferous lead, would be a necessary component of such technology transfer. This implies 

close collaboration between the mines both in Cyprus and Iberia and those controlling the 

trade routes. Furthermore, a Cypriot origin for the Tel Dor silver provides direct evidence of 

a reciprocal movement of materials between Cyprus and Phoenicia, with timber, wine and 

purple dye (and potentially the know-how to use it) going one way from the Levant to Cyprus 

and silver and copper going the other way. Moreover, as Bell has put forward elsewhere (Bell, 

2016: 91-105), the Phoenicians may have used Palaepaphos, and western Cyprus generally, 

to start their westward expansion in the earliest years of the Iron Age. In essence, such a 

location for ventures westward would provide an explanation not only for the large amounts 

of Phoenician pottery found in western Cyprus from the earliest Iron Age but also to how the 

technology to exploit jarositic ores was transmitted from the East to south-west Iberia. 

7.5 Summary 

It is proposed that the people with the know-how to exploit jarosite for silver were also the 

same people with an archaeological footprint in both Cyprus and Iberia in the EIA. It is further 

proposed that these people were Phoenicians, tempered by sustained presence on Cyprus 

where they developed (or acquired) this know-how. The silver which was brought back east 

to the Phoenician homeland, a homeland which included Tel Dor, was essentially procured 

through smelting and cupellation technology moving west. 

This proposition would argue that the Phoenicians who ventured west to exploit silver in 

Iberia, who had been alerted by native silver arriving through trade with the indigenous 
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Iberians to the Levant in the 11th century BC, already knew exactly where they were sailing 

to, what they were looking for and how they were going to get it.  
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8. La Rebanadilla ingot 

A silver ingot recovered from the Phoenician settlement of La Rebanadilla, near Malaga, in 

south-east Iberia became available for lead isotope and compositional analyses. The ingot, 

which was found at the lowest levels of the site, is potentially from as early as the late 11th 

century BC, placing it alongside the hacksilver found in the southern Levant described in 

Chapter 5 in terms of chronology. This chapter provides evidence for the movement of semi-

refined silver from the Pyritic belt of south-west Iberia to the south-east. It discusses the 

significance of transporting silver in a form which would have required further refining. 

Research framework: shallow time – shallow spatial distance 

   Late 11th century BC – 9th century BC – south Iberia 

Data types:  Lead isotopes and compositional data from silver and ores 

Synopsis: The aim of this study was to further test the Iberian node in the mixing model 

outlined in Chapter 5 by examining a silver ingot recovered recently from La Rebanadilla, near 

Malaga, south-east Iberia. Comparisons are made with silver found at Las Arenillas (Iberia), 

near the mining site of Corta Lago, which, despite its later Roman chronology, provides 

compositional data suggesting that the La Rebanadilla ingot derived from ores at Rio Tinto in 

the region of Huelva, south-west Iberia. The Pb crustal age (from lead isotope data) further 

suggests that the La Rebanadilla ingot derived from ores of Hercynian age (as found in the 

Pyritic belt of south-west Iberia). The analyses also indicate that the ingot is consistent with 

silver found in the EIA hoards of the southern Levant discussed in Chapter 5. It is proposed 

that this silver was extracted from jarosite ores at Rio Tinto, where it was coarsely refined 
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through cupellation into an ingot still retaining high levels of lead, before being transported 

to La Rebanadilla, which was a potential point of departure back to the Phoenician homeland. 

8.1 Background 

A silver ingot recovered from La Rebanadilla, near Malaga, Iberia (Figure 8.1) was found to 

have high levels of lead (over 16%) using portable x-ray fluorescence spectroscopy (pXRF), 

indicating strongly that the silver had undergone cupellation (Montero-Ruiz, unpublished). As 

an ingot, this suggests the silver is less likely to have been mixed with silver from different 

locations and that its composition should therefore reflect the signature of its ore source, or 

that of the lead added to extract the silver. Levels of lead in silver have been used to 

differentiate cupellated silver and native silver, with low lead levels suggesting a native silver 

source (Craddock, 2014; Murillo-Barroso et al., 2014; Bachmann, 1993: 487-497). However, 

the efficiency of cupellation, in particular the number of times silver is refined by cupellation, 

is also reflected in the lead concentration as well as the presence of other metals (e.g. 

bismuth) which can contaminate the silver (L’Heritier et al., 2015). An ingot with a high 

concentration of lead, therefore, reflects low levels of refining, perhaps being cupellated once 

in a simple scorifier. 

At present, the site where the ingot was recovered is known through a brief preliminary 

report, describing the main phases of occupation and the finds (Arancibia Román et al. 2011: 

130–132; Pappa, 2012: 36-37). It has been described as a Phoenician settlement (Sanchez et 

al., 2012: 67-85). In the Phoenician period, the settlement would have been located on an 

islet in the Guadalhorce estuary — prior to its sedimentary infilling. Four phases of occupation 

were identified: The earliest phase (IV) yielded only evidence for metallurgical activities and 

large depressions dug into the ground, interpreted as clay pits or ‘fondos de cabaña’ (hut 



245 
 

foundations). Domestic units developing around patios, made of mudbrick walls and 

occasionally stone foundations, only appear in the subsequent phase (III), along with two 

separate rectangular buildings that had a religious function and can thus be interpreted as 

small sanctuaries within the settlement or parts of a larger ritual complex. Phase II 

corresponds to a rebuilding and re-orientation of the settlement. With the discovery of kilns 

and tuyères, the last phase (I) appear commensurate with a transformation into an area of 

industrial activities, perhaps as a satellite production centre of the large nearby colony of 

Malaga (Arancibia Román et al. 2011: 130–132). Attic skyphoi were found in association with 

Phoenician material (Arancibia Román et al. 2011: 130–132; Sanchez et al, 2012; Pappa 2012: 

36-37). It should be noted that there is no evidence of silver metallurgy conducted at this site, 

such as galena ore, cupels or litharge. 

Radiocarbon determinations are available for phases IV and I obtained by different methods 

(Arancibia Román et al. 2011: 130–132; Pappa, 2012: 36-37). The earliest phase produced two 

calibrated date ranges of 1040–840 BC and 1010–830 BC at 2σ from two measurements. The 

last phase is anchored by another set, calibrated at 2σ as 920–800 BC and 890–870 BC/850–

780 BC. All this points to a brief occupation of the site. Therefore, according to the present 

radiometric results, the earliest possible date is between 1040/1010 and the latest possible 

is 800/780. Despite the uncertainty in the chronology, the ingot was recovered from the 

lowest levels of the site.  
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Figure 8.1. (left) The Iberian Peninsula and the north-western African coastline showing the sites of La 
Rebanadilla, Huelva and Las Arenillas (adapted from Pappa, 2012). (right) La Rebanadilla silver ingot (courtesy 
of I. Montero-Ruiz). 

 

8.2 Experimental  

In the current investigation compositional analyses were conducted on the La Rebanadilla 

ingot using EPMA to complement the preliminary XRF measurement studies, in order to 

provide the range of elements to ascertain the probable provenance of the ore from which 

the ingot derived. Silver from Las Arenillas (site RT103: also known as Cerro del Moro, a 

prominent steep hill next to the small mining town of Nerva, about 3km from the main slag 

heaps of the Rio Tinto mine - recovered by Beno Rothenberg for the Institute of Archaeology, 

UCL) was also tested, to provide a compositional signature for the Corta Lago mining area (i.e. 

Huelva). This small piece of semi-refined silver, although probably Roman, was recovered 

from the same area where the Phoenicians had mined several centuries earlier (Craddock et 

al., 1987). The experimental protocols for EPMA can be found in Appendix A1.3. 
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8.3 Results 

XRF measurements from Renzi and Montero-Ruiz (unpublished) are presented in Table 8.1 

for the La Rebanadilla ingot. The sample was described as a Ag-Pb cake, reflecting the high 

levels of lead in this semi-refined ingot. LIA values were used to calculate the Pb crustal age 

from the two-stage evolution model described in Appendix A1.1 (Table 8.1). EPMA permits 

measurement of elements not detected by XRF, e.g. Au (Table 8.1).  Some elements show 

appreciably different concentrations (e.g. Cu) between XRF and EPMA. Although this may be 

a consequence of issues surrounding corrosion that can affect surface techniques like XRF or 

overlapping X-ray peaks affected by the large amounts of lead in this semi-refined ingot (both 

of which are less of a problem for EPMA on sectioned material), it is also possible that the 

inhomogeneity of copper in the AGA standards (see Appendix A1.3) used to calibrate the 

EPMA increased the errors for this element.  
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Table 8.1. Composition of the La Rebanadilla ingot from ED-XRF (Renzi and Montero-Ruiz, unpublished) and 
EPMA, and the LIA analysis and the calculated Pb crustal age. 

La Rebanadilla (ED-XRF) - Renzi and Montero-Ruiz (unpublished) 
 

% Fe Ni Cu Zn As Ag Sn Sb Au Pb Bi 
other 

elements 
mean 1.34 bdl 0.35 bdl bdl 77.01 bdl bdl bdl 18.98 1.95 bdl 

 

 

 

Figure 8.2 shows a compositional EPMA map for the La Rebanadilla ingot. The map shows that 

lead and gold migrate to the grain boundaries, highlighting the inhomogeneity of the sample. 

 

La Rebanadilla (ICPMS) - Renzi and Montero-Ruiz (unpublished) 
 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb crustal age (Ma) 

mean 2.10545 0.85797 18.19251 15.60863 38.30340 371 

La Rebanadilla (EPMA) 
% Au Ag Zn Cu Sn Pb Sb Bi Totals 
mean (5) 0.119 78.712 0.107 1.346 bdl 16.065 0.071 3.889 100.309 
st.dev. 0.005 1.099 0.017 0.163 bdl 1.670 0.017 2.570 1.172 
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Figure 8.2. EPMA map for the La Rebanadilla silver ingot, showing phase segregation of both lead and gold 
at the grain boundaries. This inhomogeneity makes it difficult to provide a representative composition as 
different magnifications would result in different compositional signatures. Further cupellation would result 
in lead being removed from the silver (as it oxidises to litharge), but the gold would return to the silver as it 
forms a solid solution across the full range of concentrations.  

 

Table 8.2 shows the SEM-EDS analysis conducted by Craddock et al. (1987) for the 

composition of the Las Arenillas silver (RT103) recovered by Beno Rothenberg. Table 8.3 

shows the EPMA results conducted here. The EPMA results (Table 8.3) are similar to the EDS 

results for those elements above the detection limit of the SEM-EDS. However, the 

inhomogeneity of the sample is clearly reflected in the absolute errors of the EPMA results 

(Table 8.3). The EPMA map (Figure 8.4) shows clearly that bismuth is concentrated at the grain 

boundaries and that lead is not distributed homogenously, and generally located within the 

bismuth.  
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Table 8.2. Composition of silver from Las Arenillas (RT103) determined from SEM-EDS (Craddock et al., 1987).  

 

Table 8.3. Composition of the Las Arenillas (RT103) silver from EPMA conducted at x1000. The absolute error 
due to inhomogeneity is shown. Note that from LA-ICPMS measurements, this silver was found to have a 
crustal age of 356Ma, which is consistent with the Hercynian orogeny of its find location (see Appendix A2.2).  

RT103 (%) Au Ag Zn Cu Sn Pb Sb Bi Totals 

EPMA (mag: 
x1000) (n=5) 
absolute error 

1.37 

±0.11 

77.36 

±2.98 

0.09 

±0.02 

0.51 

±0.63 bdl 

0.17 

±0.06 

0.08 

±0.01 

21.77 

±4.34 

101.3 
(st.dev 
=2.1) 

 

 

Figure 8.3. EPMA map for the Las Arenillas silver, showing phase segregation of both lead and bismuth at the 
grain boundaries. This inhomogeneity makes bismuth a difficult compositional indicator, as different 
magnifications would result in different compositional signatures and further cupellation would result this 
element being removed from the silver.  

RT103 (%) Au Ag Cu Pb Bi Fe 

Craddock et al. (1987) 1.75 84.0 0.12 0.14 15.4 0.01 
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8.4 Interpreting the results 

In terms of archaeological significance, the La Rebanadilla ingot provides further support for 

the movement of silver from Iberia to the southern Levant in the EIA. The crustal age of the 

silver in this ingot (371Ma) and the ratio of Au/Ag (0.15%) determined from EPMA is 

commensurate with point 7 in Figure 5.6 (Chapter 5). This coupled with its potential late 11th 

century BC chronology suggests that this ingot is very similar to pieces of hacksilver found in 

some of the southern Levantine hoards. The fact that it has a high concentration of lead (over 

16%) suggests that the silver was refined using cupellation. In other words, this supports the 

premise that cupellated silver from Iberia was transported in the form of semi-refined ingots 

to the southern Levant. Furthermore, this ingot was recovered in south-east Iberia, i.e. La 

Rebanadilla. However, it has a crustal age more consistent with the Huelva region, i.e. a 

Hercynian (250-400Ma) rather than a Betic (Alpine) (<90Ma) orogeny (see Figures A1.1 and 

A2.4). This indicates that the ingot travelled to La Rebanadilla from Huelva, perhaps in 

preparation for shipment across the Mediterranean, a proposition supported by the absence 

of evidence of silver metallurgy debris (i.e. ore, cupels or litharge) at La Rebanadilla. This 

absence of silver metallurgy also provides further support to the view that the Phoenicians 

exploited the jarosite ores of south-west Iberia and not the argentiferous galena ores of 

south-east Iberia. 

A Huelva provenance for the La Rebanadilla ingot is further supported from its bismuth levels. 

Although there is high variation in the concentration of Bi in the La Rebanadilla ingot, its 

presence in significant amounts (3-4%Bi) suggests an ore source with an appreciable bismuth 

content. Rio Tinto ores have been shown to have high bismuth levels (Bi: trace - 0.25%), where 

refined silver found on the slag heaps has levels of Bi of 0.42% (Salkield, 1982: 137-147). The 
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semi-refined silver found at the site of Las Arenillas has high levels of bismuth (15.4% from 

Table 8.2; Craddock et al., 1987) and around 22% from the EPMA results in Table 8.3. This 

suggests, like the La Rebanadilla ingot, the silver from Las Arenillas has been cupellated, but 

only to some degree, i.e. poorly cupellated or cupellated only once.  

Refining affects the bismuth and lead levels due to phase segregation (Figure 8.3). The solid 

solubility is not reciprocal for bismuth and silver: silver will dissolve up to 5% bismuth but the 

solubility of silver in bismuth is negligible (Wanhill, 2001). In essence, the lower melting point 

element segregates to grain boundaries during solidification (Bi 271.5oC; Ag 961.78oC) due to 

its low solubility in a parent metal. This phenomenon, often known as hot shortness (Wanhill, 

2001), is the main reason for bismuth's limited use as an indicator for provenancing silver, as 

thorough smelting and cupellation would result in bismuth losses as the silver is refined. 

However, its presence or absence may still delimit the deposit from which the silver derived 

(L’Heritier et al., 2015). Furthermore, it also provides an explanation as to why different 

research groups record different compositions, in that measurements conducted at different 

magnifications are at different levels of homogeneity, i.e. Craddock et al. (1987) recorded a 

bismuth concentration for the Las Arenillas silver of 15.4%Bi, lower than the value presented 

here (21.77%Bi), suggesting that the analyses were conducted at different magnifications.  

Figure 8.2 shows similar inhomogeneity for the La Rebanadilla ingot. As with the Las Arenillas 

silver, lead has segregated to the grain boundaries. Gold has also migrated with the lead. 

Although this makes it difficult to determine a representative composition due to the 

inhomogeneity of this semi-refined ingot, the fact that gold is completely soluble in silver 

means that further cupellation (or even melting) will result in the gold returning to the silver 

as the lead oxidises to form litharge. In other words, gold in silver will reflect the ore source 
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from where the silver derives, while the bismuth concentration reflects its solubility in silver 

(which has an upper limit of about 5%Bi). 

Although the inhomogeneity of the La Rebanadilla ingot appears to be primarily an 

inconvenience in determining a representative composition which can be compared with 

silver from other locations, it provides important information on what the Phoenicians traded 

as a raw material. In effect, from the ED-XRF and the EPMA results, this ingot has about 77-

79% silver, 16-19%Pb and 2-4%Bi. Copper was probably not a deliberate addition, ranging 

between 0.35-1.35%Cu, and thereby derived from the ore along with iron, antimony, zinc and 

gold. This suggests that jarosite ores were smelted with excess lead (which probably derived 

from the area around Rio Tinto) to produce argentiferous lead which then underwent 

cupellation (i.e. the lead was oxidised to litharge resulting in separation of the silver). The fact 

that so much lead remains in the ingot, suggests that this process was not conducted to 

produce high quality silver, such as the silver found in silver objects which contain silver levels 

often over 90%. In other words, the traded raw material which came out of Iberia was 

effectively a coarse silver-lead alloy which only later in the chaîne opératoire was purified 

through further cupellation, and deliberately alloyed with copper to produce objects.  

There appears to be continuity in the practice of producing semi-refined ingots. A silver ingot 

from the 7th century BC site of El Risco in the province of Extremadura also exhibits high levels 

of lead (25-34%Pb from XRF), suggesting that this practice continued into the Orientalising 

period (c. 8th-6th centuries BC) (Murillo-Barroso, 2013: 225-226). Hunt Ortiz (2003:208) 

published the composition of an ingot from Castrejones (a site in the Aznalcóllar mining 

district c. 8th century BC) with 25.3%Pb (from atomic absorption spectroscopy), with an 

external concentration of 23.47%Pb and internal concentration of 16.87%Pb (from PIXE) (the 
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difference potentially reflecting lead migration during post-deposition, e.g. Chen, 2010: 

Fig.4.21). A silver ‘drop’ from Huelva was found to have 40.77%Pb (from SEM-EDS) (Gonzalez 

de Canales et al., 2004). Moreover, a silver ingot from Cerro del Villar, a Phoenician site near 

Malaga which was inhabited after La Rebanadilla, had 5.17%Pb (from SEM-EDS) (Renzi et al., 

2007:5). These high lead levels in silver ingots not only indicate that it was common to 

produce semi-refined silver but that the Phoenicians were involved in this practice. 

The repercussions of transporting ingots which were effectively silver-lead alloys is that 

anyone who procured this silver, such as the Phoenicians in the Levant, must have known 

how to conduct cupellation as a refining method and alloy silver with copper in order to 

produce silver with the desired aesthetic and mechanical properties. In other words, those 

who produced the ingots were probably adept at prospecting, mining, smelting and producing 

large quantities of semi-refined silver, while those who acquired and worked with the ingots 

were silversmiths who not only worked silver metal into objects but also knew how to refine 

and alloy it. The association of Phoenician and Greek material at La Rebanadilla could suggest 

that these silversmiths may have been resident around the Aegean as well as the Levant. 

8.5 Summary 

The recovery of a silver ingot from the Phoenician settlement of La Rebanadilla, a site with no 

evidence of silver metallurgy debris (i.e. ore, cupels or litharge), supports the proposition that 

the Phoenicians did not exploit the argentiferous galena ores of south-east Iberia. Bismuth’s 

presence in the La Rebanadilla ingot is indicative of a bismuth-rich silver ore, which coupled 

with the Hercynian crustal age (371Ma) suggests that both the ore and the lead used for 

cupellation potentially came from the Rio Tinto mining area before being transported to La 

Rebanadilla. The Au/Ag ratio in the La Rebanadilla ingot, along with its crustal age, is 
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consistent with some of the pieces of silver found in the hoards of the southern Levant. This 

is consistent with movement of silver ingots from south-west to south-east Iberia before 

travelling across the Mediterranean. Although the chronology of the find site is not precise, 

the fact that the ingot was found at the lowest levels could suggest that the La Rebanadilla 

ingot was potentially part of the same movement of silver which resulted in the subsequent 

deposition of silver in the hoards of the southern Levant, i.e. Ein Hofez (c. 10th-9th centuries 

BC), Eshtemoa (c. 11th-9th or 10th-8th centuries BC) and Tell Keisan (late 11th century BC). 

However, before any of this silver was deposited, the ingot it derived from was refined 

through further cupellation and alloyed with copper, potentially by silversmiths who may not 

have had any working knowledge of prospecting, mining or smelting argentiferous ores.  
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9. The technological baseline 

In order to make inferences on the movement of technology as well as the movement of silver 

it is necessary to understand what technology the Phoenicians were familiar with and what 

silver sources they had access to when they emerged at the end of the LBA.  

It is often assumed that the Phoenicians worked with silver which had been extracted from 

argentiferous lead ores, such as cerussite and galena, primarily because the general 

consensus is that native silver and silver ores proper were exhausted by the beginning of the 

1st millennium BC (Craddock, 2014) or earlier (Meyers, 2003: 271-288, see Section 3.2.3) and 

silver derived from smelting argentiferous lead ores from early on (e.g. 3300 BC - Pernicka et 

al., 1998; Tylecote, 1976:45; Meyers, 2003: 271-288). This fits with the narrative that there 

was trade between the Lebanese coast and Anatolia, an area with argentiferous lead ores, 

from the MBA (Véron and Le Roux, 2004). Furthermore, it supports the provenance of silver 

finds such as that found in the Middle Kingdom (MBA) Tod treasure which was recovered in 

Egypt, i.e. silver was collected from Anatolia or northern Greece by a ruler in North Syria 

before being sent to Egypt (Maxwell-Hyslop, 1995). This narrative is quite persuasive. It 

supports the view that Egypt's silver sources were limited, and that silver came from the 

Taurus mountain region of Anatolia. Moreover, it is also consistent with an early development 

of metallurgy in Anatolia (Tylecote, 1987; Craddock, 1985: 122-155), the suggestion of 

regional trade of silver and lead from the Taurus mountains to Mesopotamia between 2500 

BC and 1500 BC (Yener et al., 1991) and Anatolia as the destination for any ore prospector 

travelling from Phoenicia to acquire silver. However, of the eleven Tod silver objects tested 

for LIA (Menu, 1994), only one or two fit with ores from the Taurus region in Anatolia, with 
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one falling closer to ores from Cyprus. The majority are not entirely consistent with the LIA 

fields of either region (Figure 9.1).  

 

Figure 9.1. LIA plot of silver artefacts recovered from a MBA burial (Burial 27) at Sidon, showing the range of 
values for the artefacts tested (data from Véron and Le Roux, 2004), eleven silver objects from the Tod 
treasure (Menu,1994), and LIA values of ores from the Taurus mountain region in Anatolia, and the islands of 
Siphnos and Cyprus (Oxalid, 2018). Error bars on the ores are +/- 0.1%. Note that only the range of values 
were available for the Sidonian silver, not the individual points. 

 

It has been shown so far that there is very little evidence for the practice of extracting silver 

from argentiferous lead ores by the Phoenicians, who focussed their efforts on jarosite ores 

in Iberia (at least from the 11th century BC – Chapter 5), probably after learning how to exploit 

similar ores on Cyprus (Chapter 6), and eschewing galena deposits in south-east Iberia 

(Chapter 8). Furthermore, it appears that in the 11th century BC, the Phoenicians may have 

also acquired native silver in Iberia, perhaps independently or from the indigenous Iberians, 

2.04

2.05

2.06

2.07

2.08

2.09

2.1

0.82 0.825 0.83 0.835 0.84 0.845 0.85

20
8P

b/
20

6P
b

207Pb/206Pb

Silver from Sidon

Tod silver

Taurus ores

Cyprus ores

Siphnos ores

+/- 0.1%



259 
 

which was then brought back to Phoenicia where it was deposited subsequently in hoards of 

the southern Levant (Chapter 5). This could suggest that their technological base at the end 

of the LBA was limited to extracting silver from more accessible minerals, such as native silver 

or siliceous silver ores, or procuring silver through trade, before they first exploited jarosite 

on Cyprus and later Iberia.  

Section 3.2.4 describes the change from extracting silver from native or siliceous silver 

sources to exploiting silver from jarosite as a leap in technology. To some degree this is true, 

in that the addition of lead to jarosite is perhaps not the most obvious development for two 

main reasons: it is not a conspicuous ore (Figure 3.7); and there was supposedly no precedent 

for adding lead, since silver deriving from galena or cerussite had its own intrinsic lead to 

collect silver during smelting. However, as mentioned earlier, the jarosite ores on Cyprus had 

gold particles of sufficient size to make these ores potentially attractive (Section 6.2.3). 

Moreover, the Phoenicians would have needed to add lead to refine silver from coarsely 

cupellated ingots in their roles as silversmiths (Chapter 8). In effect, the addition of lead is, in 

itself, an extraction process, where unwanted impurities are removed from silver. The 

extension of this process to the jarosite ores of Cyprus and Iberia was perhaps not such a 

radical leap for the Phoenicians. As described by Erker in 1580 AD in his treatise on ores and 

assaying (Sisco and Smith, 1951: 37-38), ‘grind the ore with a hammer until it is fine as 

flour…[add] granulated lead…mix the lead and ore in a scorifier’. Erker goes on to describe 

how the mixture is heated and the slag (from the gangue) which forms on the surface of the 

lead is ‘knocked off’, leaving the lead to be cupellated. In other words, the Phoenicians, who 

were proficient in refining the silver they acquired to make objects, adapted the techniques 

they knew, perhaps to initially extract the flecks of gold they observed in the Devil’s mud on 
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Cyprus, before discovering that there was about ten times as much silver associated with 

those gold flecks (Chapter 6). In fact, the process of grinding ores (as opposed to breaking 

them up in the beneficiation process, as would be case for galena and cerussite), essentially 

increasing the surface area of interaction between lead and silver, may account for some 

incidences of free-silica in Phoenician silver smelting slags in Iberia (e.g. Bachmann, 1998) 

(Section 3.3), i.e. the ores were ground up with a hard igneous stone (to ensure that the added 

lead and silver in the low-density jarosite ores interacted), some of which chipped off, 

becoming incorporated into the mixture.     

In effect, the Phoenicians who emerged at the end of the LBA may not have been prospectors, 

miners or smelters of silver until they moved to Cyprus, where they adapted their refining 

skills to ores. In fact, it could be suggested that prior to any move west, the Phoenicians were 

silversmiths, who potentially traded other commodities to acquire silver ingots which they 

refined using cupellation and alloyed with copper before working into objects. This hypothesis 

is supported by the silver found in the hoards of the southern Levant (Chapter 5). Although 

the silver from the LBA Tell el ‘Ajjul hoard (12th-11th centuries BC) was possibly from an 

Anatolian source, Tell el ‘Ajjul cannot be classified as Phoenicia, or even Phoenician-

influenced (i.e. compared to the sites in the North). In fact, the Tell el ‘Ajjul hoard was 

probably Canaanite (Dessel 1997: 38). However, even at Phoenician Tel Dor, only one of the 

15 samples tested from the 8.5kg of silver found in the hoard (11th-10th centuries BC) had a 

signature which could possibly lie on a mixing line that included Anatolian silver (i.e. the 

majority being consistent with silver extracted from jarosite ores from Cyprus and Iberia) 

(Chapter 7). Furthermore, it is likely that silver from Anatolia was still in circulation and was 

mixed with silver from Iberia and Cyprus, ending up in hoards at the other southern Levantine 
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sites of Akko, Tel Keisan and Ein Hofez. Essentially, it appears that the Phoenician 

technological base had very little to do with argentiferous ores from Anatolia, the main 

candidate for supplying silver to the Near East and Egypt prior to the arrival of silver from 

south-west Iberia and Laurion in Greece, which also places doubt on whether the Phoenicians 

would have prospected and mined in Anatolia.  

This line of argument requires that silver recovered from what would later be called Phoenicia 

(i.e. prior to LBA/EIA transition) can be attributed not only to another silver source, but that 

there was active movement of silver from this source to supply the silversmiths of the Levant. 

Moreover, assuming that the Levant did not have a monopoly on this silver, it would be 

expected that silversmiths from other regions would have also acquired silver from the same 

source. This is clearly difficult to pursue, primarily because there is so little silver recovered 

from Phoenicia proper (mainly because the sites are still occupied, limiting excavations). 

However, a number of silver artefacts recovered from a Middle Bronze Age burial at Sidon 

(Burial 27) may provide relevant evidence on this issue. Véron and Roux’s (2004) analyses 

provided a tight range of LIA values on 208Pb/206Pb vs 206Pb/207Pb plots (Figures 1 and 2: Véron 

and Le Roux, 2004) which could suggest that this silver derived from a unique source which 

potentially provided silver for the Levant at this time. The issue, of course, is matching the 

signature from this silver with known ore sources. Iberia (including Rio Tinto), France, Jordan, 

Syria, Greece (including Laurion), Egypt, Sardinia and Mesopotamia were ruled out based on 

LIA (Véron and Le Roux, 2004). Siphnos in the Aegean and Cyprus were considered possible 

candidates, with the preferred provenance of this Sidonian silver being the Taurus mountains 

in Anatolia (Véron and Le Roux, 2004). However, plotting the LIAs of the Sidonian silver 

artefacts shows that neither the ores of the Taurus mountains, Cyprus nor Siphnos are 
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completely consistent with the Sidonian silver (Figure 9.1), especially when it is considered 

that the authors considered the 207Pb/206Pb values to be the more accurate ratio (Note: only 

the range of values were available for the Sidonian silver, not the individual values. 

Furthermore, no 204Pb values were available). In fact, Figure 9.1 indicates that a completely 

different source is possible. Moreover, a different source could perhaps provide some kind of 

explanation as to why new silver sources were sought by the Phoenicians in the EIA, 

something which is difficult to reconcile with Anatolian ores, which were actively exploited 

for silver throughout the Greek, Roman and Byzantine periods (Yener and Toydemir, 1986: 

155-156). Essentially, although it is recognised that the Phoenician initiative to find new silver 

sources may reflect political and economic issues of the time, it is also important to consider 

that if Anatolian silver sources were available and accessible to the Phoenicians in the EIA, 

there may have been fewer reasons to venture west across the Mediterranean.  

From LIA of the Sidonian MBA silver (Figure 9.1) and the absence of an Anatolian signature in 

the majority of Tel Dor EIA silver (Figure 5.4) could suggest that the argentiferous ores of 

Anatolia were not viable sources to supply the Levant. This would suggest that other silver 

deposits which became inaccessible or exhausted may have provided the impetus to find new 

silver sources across the Mediterranean and, in the process, initiated or advanced a 

mercantile approach by the Phoenicians to acquire it. 

Against the background of the Phoenicians exploiting silver in Cyprus and Iberia discussed in 

Chapters 5-8, the possibility of a disruption in silver sources prior to this movement is now 

investigated. Furthermore, such a disruption may have not only affected the Phoenicians, nor 

solely silver. As mentioned above, it is possible that an area supplying silver to the Levant 

would have supplied other regions around the ancient world with silver and other 
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commodities. Evidence of such widespread disruption may reflect a common cause and allow 

the triangulation of the root of the disruption to be determined.   

A material which disappears almost completely in the third quarter of the 2nd millennium BC 

is glass (Shortland, 2016:95). Glassmaking and metalworking have been considered to be 

intimately connected. Peltenburg’s theory of interaction (1987: 5-29) between 2nd millennium 

BC glassmakers and contemporary metalworkers in Egypt has to some extent been 

substantiated by Mass et al. (2002), who noted a possible connection between bronze dross, 

corrosion products or scale as the colourant for blue opaque glasses, and between cupellation 

litharge and lead antimonate in green and yellow glasses from 18th Dynasty Egypt. Although 

disputed (for example, see Nikita and Henderson, 2006 and Kaczmarczyk and Hedges, 1983), 

Dayton (1981; 1993) attempted to link the silver-bearing cobalt ores of Erzgebirge on the 

Czech-Germany border with Egyptian and Mycenaean glass. It is therefore feasible that 

another material, such as glass, can provide additional information to inform on the 

movement of silver and silver technology available at the end of the LBA, i.e. when the 

Phoenicians arrived on the scene.  

It is well recognised that Phoenician glass was a commodity which was highly lauded and 

prized in antiquity (Woolmer, 2017: 153-156; Caubet, 2014: 167-170). Strabo (Geography, 

16.2.25) records that the southern coastal dunes between Tyre and Akko contained 

particularly high-quality sand which was ideally suited for glassmaking. Pliny (Natural 

Histories, 36.190-9) writing in the first century AD, praised the Sidonians for their unrivalled 

skill at glassmaking, a proficiency which he attributed to the fact that the Phoenicians were 

the first to discover glass. Although their characteristic stratified glass eye beads are found all 

over the Mediterranean world (Spaer, 2001: 81), the discovery of glass took place long before 
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the Phoenicians (Pliny was probably referring to a tradition - Trowbridge, 1930: 95-96). 

Nevertheless, the material and literary records pertaining to the LBA and EIA indicate that 

Pliny was right to allude to the long history of glassmaking in Phoenicia (O’ Shea, 2011). For 

example, the Amarna correspondences record that large quantities of raw glass were sent 

from Tyre and its neighbours to Egypt (e.g. EA 148); the Report of Wenamun (45-50) notes 

that the Byblian king had a large glass window; and a large quantity of raw glass ingots and 

beads (as well as hacksilver) were recovered from the Uluburun wreck. It also needs to be 

remembered that, although not classified as Phoenicia at this time, Levantine cities first 

emerged as urban entities around 1500 BC, with Byblos flourishing from the 3rd millennium 

BC (Dept. of Ancient Near Eastern Art, 2004). Furthermore, according to Egyptian and Near 

Eastern documents (e.g. the 14th century BC Amarna correspondences [Tsirkin, 2001]), the 

Late Bronze Age (c. 1600–1200 BC) was a time of economic prosperity for these centres.  

The following section recognises that it is difficult to determine what technological base the 

Phoenicians had regarding silver prior to their westward expansion to Iberia or their presence 

on Cyprus from the limited amounts of silver recovered in the archaeological record in 

Phoenicia. However, a regional and chronologically-wide approach that examines other 

materials (deep time-deep spatial distance), has been applied to open other avenues of 

investigation. It is proposed here that additional information from ancient glass and its 

associated technology evaluated at the same scale as silver may allow data to be triangulated, 

thereby informing on what sources supplied the Levant with silver prior to any Phoenician 

westward expansion. 
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9.1 Using the earliest glass to investigate silver 

Research framework:  deep time – deep spatial distance 

   MBA-8th century BC – Egypt-Near East 

Data types:  compositional analyses and lead isotopes of LBA Egyptian and Near 

Eastern glass and early silver, copper and lead from Egypt, Syria and 

Phoenicia. 

Data tables: DT19: Cobalt-blue glass and frit; DT20: Mycenaean shaft grave silver. 

DT21: Proposed Iranian ore field; DT22: Iridium 

Synopsis: Re-analysis of the compositions of cobalt-blue glass frit found at Amarna, as well as 

other Egyptian and Mesopotamian glass, suggests that the cobalt colourant was a by-product 

of silver extraction from five-element ores deposits (potentially from Iran) and can therefore 

be considered as a concentrated cobalt glass slag, which travelled in the form of a frit to glass 

producers who added it to locally derived base glasses and/or their precursors. It is suggested 

that the exhaustion of native silver and siliceous silver ore deposits during the Bronze Age, 

with argentiferous lead ores becoming the main source of silver, depleted the amount of 

cobalt available, thereby reducing the amount of glass produced. This, in turn, led to increases 

in recycling during the New Kingdom period. The availability of siliceous silver ores at the end 

of the LBA suggests that the Phoenician technological base could have derived from native 

silver and siliceous silver ores rather than argentiferous lead ores. It is also suggested that the 

depletion in these silver sources may have instigated the Phoenician quest for silver, first on 

Cyprus and later in Iberia, as well as initiating or advancing a mercantile approach to acquire 

it. 
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9.2 Background 

The earliest known glass objects are beads, perhaps initially created as accidental by-products 

of metal-working (slags) or during the production of faience, a pre-glass vitreous material 

made by a process similar to glazing. Although there is evidence of glass since the 3rd 

Millennium BC (Peltenburg, 1987: 5-29; Lilyquist and Brill, 1993: 5), the first significant finds 

of human-made glass are in Egypt and the Near East around the end of the 15th century BC 

and into the 14th century BC. The objects associated with glass at this time are mainly opaque 

and/or coloured. That some of the words for glass in the Amarna letters are Hurrian or 

Akkadian (Oppenheim, 1973) has led to the belief that the early glass was imported to Egypt. 

This is supported by the fact that although there is some evidence of glass-working there was 

no experimental period, which could suggest imports or that glass was made by foreign glass 

workers, perhaps brought over by Thutmosis III (1479-1425 BC) (Nicholson, 2006; Jackson, 

2018). 

Until recently, there was no clear physical evidence of Egyptian glass in Mesopotamia, nor 

Mesopotamian glass in Egypt (Walton et al., 2009; Freestone and Rehren, 2015). However, 

Varberg et al. (2015; 2016) have demonstrated that glass of Mesopotamian origin reached 

Egypt and Europe. Nonetheless, just as the innovation spread and became established 

throughout Egypt and the Near East, after around 1250 BC, the number of glass finds 

dramatically drops, indicating that glass production had massively declined by the end of the 

2ndmillennium (Moorey 1994:198; Shortland, 2012:169-173; Rehren, 2018). As Shortland 

(2016:95) highlights, ‘There therefore remains a short flowering of this technology in the third 

quarter of the 2nd millennium BC, and then it disappears almost completely’. 



267 
 

Sudden transitions between material types in the archaeological record are often attributed 

to changes in the accessibility of the raw materials, or the material being replaced by other 

materials which are easier to process and/or provide better functional properties. However, 

issues surrounding accessibility are unlikely to be pertinent to glass per se, as all early glass 

appears to be of the same compositional type (soda-lime-silica) with glass becoming only a 

truly utilitarian functional material after the invention of glass blowing (c. 50 BC). This could 

suggest that the low amounts of glass recovered after c. 1250 BC (Shortland, 2016: 95), with 

production not resuming for about five centuries, was because glass objects were no longer 

in demand. This is clearly a difficult proposition to substantiate from the archaeological record 

of the LBA and EIA. However, it is proposed here that this was the main reason for the 

disappearance of glass at the end of the LBA, not because glass itself went out of fashion but 

because the raw material precursors required to render the glass opaque and produce the 

colour combinations desired from glass objects were no longer readily accessible. In 

particular, it is proposed that the disappearance of cobalt-blue, a major colourant in early 

glasses, is directly related to the exhaustion of native silver and dry (also known as siliceous 

or quartzose) silver ores at the end of the LBA, affecting glass production across the ancient 

world.  

9.3 Provenancing cobalt-blue glass and trade 

Making inferences on provenance of the ingredients for glass depends on predicting how 

elements partition during glass making and glass working which, coupled with the often 

heterogeneous nature of the ores themselves, complicates the relationship between the 

composition of the glass and the ore source, perhaps making it untenable (Jackson and 
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Nicholson, 2007: 101-116). However, provenance is important because it is tied up with trade. 

There are several possibilities when considering the glass trade.  

Trade in: 

 raw materials for glass making 

 colourless glass ingots and colourants 

 coloured glass ingots  

 finished glass objects (e.g. beads, vessels etc.) 

 

Although plant ash was transported to Italy from the Levant in the mid-14th Century AD, there 

is no evidence of raw materials (i.e. silica, plant ash and possibly natron) being traded in the 

LBA (Barkoudah and Henderson, 2006). There is evidence of objects and coloured ingots being 

transported, e.g. Uluburun shipwreck (Jackson and Nicholson, 2010) but, so far, no colourless 

ingots (which fits well with the dearth of colourless glass prior to mid-1st millennium) implying 

that glass was pre-coloured before being transported. Since silica and fluxes were readily 

available in Egypt and the Near East, the colourant was potentially the more valuable 

commodity, which could suggest that it was the colourant that travelled and was added to 

locally derived base glass or its precursors before the ingots were transported.  

In addition to Varberg et al.’s work (2015; 2016) there are some indications that glass travelled 

to Egypt. 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, 

including gold, silver and glass (Sherratt and Sherratt, 1991: 351-386), 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 5 round objects, the other two are baskets of 
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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 (Figure 9.2). 

 

Figure 9.2. (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, 
so basket 1 with the five round objects is at the far right with two baskets of irregularly shaped lumps to its 
left (from Shortland, 2012: 142; Figures 7.2 and 7.3). 
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Finished glass objects (or fragments thereof) are those most recognised in the archaeological 

record. Mycenaean blue glass was analysed in the 1970s using neutron activation analysis 

(NAA), indicating the Western Egyptian Desert as the origin for cobalt (Sayre and Smith, 1974: 

47-70). However, Nikita and Henderson (2006), examining a larger sample, identified five 

additional cobalt compositional groups based on manganese, nickel and zinc levels as well as 

the presence or absence of the volatile arsenic, which they attributed to additional cobalt 

sources. According to Shortland (2012) these new groups may be a consequence of the 

detection limits of their microprobe analysis, a view supported by the LA-ICPMS work of 

Walton et al. (2009) which showed that (for the cobalt Mycenaean glass they analysed) the 

Western Egyptian Desert was the most likely origin for cobalt, with trace elements of 

chromium and lanthanum, which are not colour-derived but derive from the base glass raw 

materials, supporting an Egyptian source (Shortland et al., 2007). This suggests that 

Mycenaean glass was imported from Egypt and the Near East, probably in the form of ingots, 

and then worked into the styles required by local glass workers. 

LBA and EIA cobalt glass beads have been found in France, which have elevated levels of 

alumina, nickel, manganese and zinc, again suggesting an Egyptian Western Desert origin 

(Gratuze, 2006: 8-14). This is interesting as the later Iron Age glass was being made when the 

Egyptian oases sources were no longer being used. A similar conundrum can be found in Iron 

Age Nimrud and Kaman-Kalehöyük in Turkey where cobalt-blue glasses have been found 

which appear to have been made with cobalt alum from Egypt much later than when it was 

being exploited in Egypt (Brill, 1999, 47-49; Henderson et al., 2018). This perhaps suggests 

another as yet undiscovered cobalt source with similar composition to that of the Western 

Desert oases. Furthermore, the absence of cobalt blue glass is notable at the late New 
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Kingdom site of Lisht in Egypt (Smirnou et al., 2018). Another complicating factor is that 

different compositional signatures could also be a consequence of recycling.  

By the Late Period (mid-7th century BC), cobalt-blue re-emerged as one of the commonest 

colours, although with different compositions to the earlier 18th Dynasty glasses 

(Kaczmarczyk, 1986: 369-376; Shortland et al., 20061). Furthermore, iron is often elevated in 

Roman blue glasses and it is speculated that magnetite was introduced to glasses along with 

cobalt (Freestone, 2008: 77-100). The Iranian deposits at Kashan have elevated levels of 

magnetite - a deposit suggested by Garner (1956) as a possible source for cobalt glass found 

at Eridu, Iraq c. 2300 BC – which was subsequently exploited in medieval Islamic world 

(Freestone, 2008: 77-100). With regard to central European deposits, however, these are 

geologically less well defined, making the cobalt sources for Iron Age European glass, as 

exemplified by the La Tene types from Manching, Bavaria, difficult to provenance. Although 

the Black Forest region has cobalt ores in association with nickel and arsenic, i.e. skutterudite 

(Co, Ni, Fe) As2-3), which have similar compositions to glasses recovered by Hahn-Weinheimer 

(1955, in Henderson, 2013: 73), the composition varies too much (0.0003-0.16% NiO) to 

define an average ore composition.  

Gratuze (2013: 311-343) outlined the main chemical associations with cobalt pigments used 

in glass and glaze production in western Europe and Mediterranean regions from the Bronze 

Age through to the 18th century BC. Table 9.1 provides a useful way to not only identify the 

provenance but also the chronology through the major element oxides. For example, glass 

which contains uranium as a major oxide, has associations with ores that are unlikely to be 

have been mined before the 16th century AD.  
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However, Table 9.1, as with many of the provenance studies outlined above, relies on 

compositional anchors which rarely connect objects to specific mineral deposits, but generally 

associate objects with other objects which have been assumed to derive from specific mineral 

deposits. For example, the discovery of 175 glass ingots in the cargo of a late 14th century BC 

shipwreck off Uluburun, Turkey, suggests trade in glass. Their shape and size have clear 

parallels with Egyptian production sites, indicating that glass was being transported from 

Egypt to Mycenaean Greece. However, although the presence of cobalt-blue glass on board 

the Uluburun is generally taken to be evidence of Egyptian provenance, this is based on the 

fact that these ingots have similar composition to Egyptian and Mycenaean cobalt-blue glass. 

Therefore, unless it can be shown with certainty that cobalt in cobalt-blue Egyptian glass 

comes from Egypt, thereby implicating an Egyptian source at least for the colourant, the 

similarity in chemical composition between cobalt-blue glass from Egypt and the Uluburun 

shipwreck points to a common, but not necessarily an Egyptian origin. 
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Table 9.1. Main chemical characteristic associations found for cobalt pigments used in glass and glaze 
productions in western Europe and Mediterranean regions. Groups 4 and 5 characterise Near East cobalt 
pigments, while the other groups are associated with glasses found in Europe from the Halstatt period to the 
nineteenth century (adapted from Gratuze, 2013: 311-343; Table 5.1.4). Note that the top group probably has 
an error, in that the chemical association is with Mn rather than Mg. 
 

Chemical association Period Provenance 

Co-Ni-Zn-Mg-Al Middle Bronze Age and beginning of 
Halstatt 

Cobalt from alum deposits in Egyptian 
oasis, associated with plant-ash-soda 
lime glass and first Halstatt natron-
soda-lime glass. 

Co-Ni-As Late Bronze Age European, (may be Erzgebirge in 
Germany), associated with mixed 
soda-potash glass from Frattesina 

Co, Co-Sb?Co-Cu? Co-Mn? From the beginning of Iron Age until 
the end of the twelfth century in 
Europe 

Unknown?, Near East, associated 
with natron-soda-lime glass 

Co-As-Ni-Fe + Pb-Sb-Sn-Zn From the end of the seventh or 
beginning of the eighth century in the 
Near East 

May be Iranian ores from Kashan, 
associated with Medieval ceramics. 

Co-As-Fe, and sometimes Cr and Zn From the twelfth century to the 
fifteenth century in Near Eastern 
glaze pottery 

Erzgebirge (Germany) Freiberg? 

Co-Zn-Pb-In-Fe From the end of the twelfth century 
to the end of the fifteenth 

Erzgebirge (Germany)? 

Co-Ni-Mo-Fe Around 1500 (transition group) Erzgebirge (Germany) 

Co-As-Ni-Bi-W-Mo-U-Fe From the beginning of the sixteenth 
century to the eighteenth century 

Erzgebirge (Germany) Schneeberg 

Co-Ni (less As) Nineteenth century ? 
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Against this background, this chapter reviews published evidence and re-analyses legacy data, 

in addition to presenting experiments that will lead to the following arguments: 

- The alumina concentration in cobalt-blue glass is not diagnostic of the cobalt source, 

thereby questioning Egypt’s Western desert as the location from where cobalt was 

sourced. 

- Recycling glass was prevalent in Egypt during the 18th and 19th-20th Dynasties, thereby 

negating the need to attribute compositional variability to new cobalt sources or to 

suggest that the LBA production of cobalt-blue glass continued after 1250 BC.  

- Cobalt-blue glass was produced by adding a vitreous concentrated frit containing high 

levels of cobalt to base glasses or their precursors. This frit derived from smelting silver 

ores and was, in effect, the slag of the system. 

- Cobalt-blue frit from Amarna is consistent with the mineralisation of argentiferous 

five-element ores (Ag-Co-Ni-Bi-As +/- U) found in the Anarak district of central Iran. 

These ores were used primarily to extract silver using a non-plant ash, soda-based flux 

which produced the concentrated cobalt-blue glass slag as a by-product used to colour 

glass. 

- The exhaustion of these five-element ores at the end of the LBA resulted in 

exploitation of silver from other sources, such as argentiferous lead, which depleted 

the amount of cobalt available and resulted in extensive recycling just prior to the 

disappearance of glass around 1250 BC. 
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9.4 Glass, colour and the source of cobalt 

Hot liquid glass is a solvent for metal oxides. Dissolved transition metal oxides, with their 

incomplete inner electron shells, can colour glass, with cobalt being the strongest (Biron and 

Chopinet, 2013: 49-65). With an absorption coefficient several times higher than any other 

transition metal, very little cobalt (Co2+) is needed to colour glass, with 0.05% cobalt oxide 

(CoO) being sufficient to produce a rich, deep blue (Henderson, 2000: 29), i.e. compared to 1-

2% CuO. Cobalt has been used for over 4000 years as a colourant not only in glasses but also 

in glazes, faience and enamels. The chromophore in these blue pigments, however, was not 

identified as cobalt until 1733 AD (Taylor, 1977). 

Cobalt is found in minerals and often in association with other minerals of copper, arsenic, 

nickel, iron, manganese and zinc. For example, the commonest source of cobalt oxide is the 

mineral asbolane (also known as asbolite) (Hodges, 1981: 45), an impure oxide of manganese. 

Less common is the sulphide, linnaeite. Cobalt introduced to a glass by linnaeite could 

therefore be expected to have low levels of manganese, while glasses coloured using cobalt 

from asbolane would contain a relatively high proportion of manganese (Hodges, 1981: 204). 

Sayre (1964: 1-25) distinguished between 'western' Roman cobalt-blue glass containing 

elevated manganese levels from those in Mesopotamia and south-west Iran which had 

significant levels of arsenic, with impurity levels of iron, nickel, copper, tin and lead oxides 

also supporting these regional provenances. Cobalt is also found associated with nickel, 

bismuth, arsenic and silver in what are somewhat confusingly known as five-element ores 

(Ag-Co-Ni-Bi-As +/- U), although only Co-Ni arsenides in association with native silver are 

generally pre-requisite for the classification (Kissin, 1992), often in the form of minerals such 

as skutterudite ((Co, Ni, Fe) As2-3), cobaltite (CoAsS), safflorite (CoAs2) and nickeline (NiAs). 
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Occurrences of these ores are probably world-wide (Bastin, 1939; Kissin, 1992; Badham, 1976: 

559-571; Ramdohr, 1969: 1174), with well-established examples found in North America, 

central Europe and more recently the Anarak district of Iran (Tarkian et al., 1983).  

Cobalt has been found in association with manganese, zinc, nickel and alumina in Egyptian 

New Kingdom vitreous materials (Kaczmarczyk and Hedges, 1983) with elevated levels being 

present in cobalt-coloured glasses. Figure 9.3 shows the relationship between cobalt and 

nickel for Egyptian glasses (LBA Egyptian and 'early' 1st millennium BC) compared to Italian 

and Greek glass from the 10th to the 7th centuries BC and a few samples from Ur, Mesopotamia 

(10th-6th Centuries BC) (Duckworth, 2011: 146). It can be seen that CoO increases almost 

linearly with NiO for Egyptian glasses (apart from one find - dated between the 8th-5th 

centuries BC), indicating that both have been introduced into the glasses from the same ore 

source. However, the turquoise, blue and black samples from Italy (10th-7th Centuries BC), do 

not show the same correlation, indicating that the cobalt in these samples was from another 

source. 
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Figure 9.3. Bivariate plot of NiO vs. CoO in weight % for cobalt-coloured blue glass. The linearity of the 
relationship between NiO and CoO for the Egyptian glass has been considered consistent with the use of 
cobalt alum from the Western Desert of Egypt (adapted from Duckworth, 2011: 146; Fig. 5.14).  
 

 
 
Figure 9.4. Map of Egypt showing the locations of the Kharga and Dakhla Oases as well as other places 
associated with glass mentioned in this text. 
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Cobalt-bearing alums found in the oases of the Western Desert of Egypt are thought the most 

likely source of the cobalt used to colour LBA Egyptian glass (Shortland, 2000) (Figure 9.4), 

despite these minerals being a dull pink colour and not the deep blue found in glass. This was 

initially proposed by Farnsworth and Ritchie (1938) who realised that cobalt was a deliberate 

additive to 18th Dynasty cobalt-blue glass suggesting an Egyptian alum source might have 

been used as the source of the cobalt-bearing mineral. Garner (1956) also suggested that a 

cobalt bearing ore was used for the colouration of Egyptian glass. Lucas and Harris (1962: 189) 

suggested a Persian source for a cobalt colourant, with Stern and Schlick-Nolte (1994: 20) also 

endorsing a source in Iran or Asia Minor. Dayton (1981; 1993) suggested a central European 

source, although this was rejected by Kaczmarczyk and Hedges (1983: 301-302) and Nikita 

and Henderson (2006). Kaczmarczyk (1986: 369-376) and Rehren (2001) supported that 

cobalt-bearing alum from the Western Oases was source of Egyptian cobalt, with the Kharga 

and Dakhla Oases considered to be the most likely source of the cobalt used to colour LBA 

Egyptian glass (Shortland, 2000).  

Glass compositional signatures, however, are not entirely consistent with either oasis. The 

ED-XRF analyses on which Kaczmarczyk (1986: 369-376) based his interpretation, were to 

some extent questioned by Lilyquist and Brill (1993) as the relative levels of the impurities in 

the final glass were not consistent with this view. For example, the elevated levels of alumina 

which were assumed to be a consequence of the cobalt-bearing alum source, were found in 

all 21 cobalt-blue glasses (>1.2%Al2O3) they analysed but were also present in seven of the 43 

Egyptian non-cobalt glasses. Furthermore, cobalt-blue glass has low potash levels (i.e. K2O), 

something shared by both New Kingdom and cobalt-blue glass found at Nimrud (Reade et al., 

2005: 23-27). Shortland and Tite (2000) argued that the low K2O levels in the Egyptian glass 
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indicated that the soda source derived from natron, as plant ash imparts a concentration well 

in excess of 1.5%K2O. The high magnesium content of these glasses was considered to result 

from the cobalt alum. This view was challenged, however, by Rehren (2001) who advocated 

a plant ash source. Tite and Shortland (2003) modified their position suggesting that Egyptian 

cobalt glass contained both natron and plant ash. Reade et al. (2005: 23-27) considered the 

early 1st millennium BC Nimrud glass derived its soda from natron as its lime contents was 

much lower than that expected in glass where the alkali is added in the form of plant ash. This 

leaves an open question regarding the soda source in the Egyptian glass, as these glasses 

contain high lime.  

Several ideas have been proposed to explain the disparities between the New Kingdom glass 

cobalt glass compositions and those of the alum sources of the Western Desert, which contain 

effectively no lime. Henderson (2013: 71) suggested that the ores may have been modified 

before use by roasting, similar to the common practice in medieval Europe to remove volatiles 

such as sulphur and arsenic. Kaczmarczyk (1986: 369-376) realised that in order to incorporate 

the cobalt into glass, the cobalt in the alums would need to be converted from the sulphate. 

Using Noll’s (1981: 143-154) suggestion for the preparation of cobalt aluminate for producing 

blue-painted pottery, Kaczmarczyk (1986: 369-376) proposed that the alum was first 

dissolved in water before being mixed with an alkali (such as natron) which would result in a 

precipitate. Experiments have shown that if the reaction is taken to 100% completion, the 

proportions of aluminium, cobalt, manganese and magnesium (nickel and zinc were not 

analysed) in the precipitate do not change, thereby reflecting the ore source (Shortland et al., 

20061). However, the CoO/Al2O3 levels were found to be about 4 times lower in the alums 

from the Western Oases than in the New Kingdom cobalt blue glasses and frit (semi-reacted 
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glass) (i.e. the New Kingdom glasses and frit are much richer in cobalt that any of the alums 

analysed), which suggests that large amounts of alum would have needed to be added. It was 

proposed the alums from these sources were much richer in cobalt in the past (Shortland et 

al., 20061), or that in order to accommodate the larger amounts of alum in the crucible 

required to attain the archaeologically attested amounts of cobalt, the amount of plant ash 

in the recipe was decreased, thereby explaining the low levels of K2O in the cobalt-blue glass 

but not the comparable levels of MgO found in non-cobalt glasses (Rehren, 2001). 

Alternatively, adopting Occam’s razor, it is reasonable to suggest that the New Kingdom 

cobalt did not derive from the alum deposits of the Western Desert. This is discussed in 

Section 9.6.1. 

9.5 Colouring glass and frit 

The way that cobalt, or any other colourant, was introduced to colour ancient glass has not 

yet been fully resolved. Early glass was made by heating a mixture of silica which acts as a 

network former, soda (plant ash or natron) as a flux to reduce the melting temperature of the 

silica, and lime, which acts a stabiliser preventing the glass product from dissolving in water, 

in a furnace to around 1000oC. Lime was introduced in the form of shell with the sand, possibly 

inadvertently. Furnace temperatures were achieved by burning wood, or a waste product of 

some other process (e.g. pressed olive cakes from olive oil manufacturing), thereby 

introducing contaminants such as potash (K2O) and phosphorus oxides into the system 

(Paynter, 2009: 93-108). Furthermore, the presence of iron compounds, often associated with 

the silica source, caused glass to take on a blue-green hue, which along with entrapped 

bubbles, airborne carbon particles from the burning fuel and particulate material deriving 
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from the furnace walls, crucibles, shaping utensils and workshop areas, potentially resulted 

in the production of a dirty, translucent glass. 

Colouring and opacifying glass effectively alleviated many of these undesired problems. Most 

of the earliest glass was opaque and coloured, e.g. in Egypt during the 18th dynasty coloured 

containers were used for perfume or cosmetics (Shortland, 2000; Nicholson and Henderson, 

2000: 195-224). Opaque glass was generally achieved by introducing antimony compounds in 

the base glass. Two fundamental mechanisms have been proposed to explain how antimony 

was introduced to render glass opaque. The traditional explanation is that antimony (in the 

form of an oxide or sulphide) was mixed into the silica-soda-lime glass melt where it reacted 

in situ (Shortland, 2002) with the calcium compounds from the lime, resulting in the 

separation in the melt of calcium antimonate crystals of about 10 m in diameter. Crystals of 

these dimensions interact with visible light and, when randomly distributed, reflect and 

scatter the incident light rendering glass opaque. Laboratory experiments, however, have 

shown that when antimony compounds were added to the melt in order to react with the 

calcium of the base glass, the dominant phase of calcium antimonate (Ca2Sb2O7) which is 

found in Egyptian glass, was distributed unevenly (due to preferential nucleation around 

bubbles and poorly dissolved antimony) and failed to produce crystals of appropriate size for 

opacity (Lahlil et al., 2010). 

More recently, a mechanism has been proposed in which calcium antimonate crystals were 

mixed directly into a translucent glass (Lahlil et al., 2010). This method does not require the 

simultaneous control of the reaction between antimony and calcium compounds and the 

kinetics surrounding the nucleation and growth of calcium antimonate crystals to the 

appropriate size in the melt, but requires that calcium antimonate, a mineral not found in 
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nature, to be synthesised a priori (probably produced by heating calcium carbonate and 

antimony compounds together). Semi-finished white opacified glass has been recovered from 

Amarna which suggests that that calcium antimonate had been added to a base glass to make 

a semi-reacted glass frit. Whether this frit was produced at Amarna or had arrived there 

through trade is uncertain (Smirnou and Rehren, 2011). Although still debated, the making of 

a frit has been considered to be an intermediate step in the production of glass (Petrie, 1909: 

124), allowing bubbles and any contamination to be removed before reheating the frit to 

make glass proper (Nicholson, 2007: 121).  

Regardless of the mechanism to render glass opaque, the resulting white opaque glass would 

require the addition of cobalt (blue), lead (yellow) and copper (blue/green) compounds to 

attain the basic colour palette used for early glass vessels and beads (red requires different 

processing conditions). In both New Kingdom Egyptian yellow glasses and Roman yellow 

glasses, a significant proportion of lead antimonate particles were found to exhibit an 

irregular, ragged morphology and clumped distribution, while other particles were found to 

have euhedral morphologies suggesting that they were formed during cooling from the melt. 

It was therefore argued that lead antimonate (which colours glass yellow) was made ex-situ, 

rather than separate lead and antimony compounds being added to the melt. Some of these 

compounds dissolved in the melt before crystallising to form the euhedral particles, i.e. the 

clastic particles were those that did not dissolve (Mass et al., 2002; Shortland, 2002; Freestone 

and Stapleton, 2013: 61-76). Furthermore, as renormalized compositions (i.e. after 

subtraction of lead, antimony and iron oxides) of yellow Roman glass (Freestone and 

Stapleton, 2013: 61-76) were found to have elevated levels of silica (and reduced values of 

lime, potash and magnesia, relative to the reduced values for other colours), it was proposed 
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that a yellow colourant was added to colourless glass in the form of a lead-antimony-silica 

mixture (called anima to suggest parallels with the Venetian production of yellow glass in the 

18th and 19th centuries AD). Similarly, a calculation of reduced compositions from analytical 

data for 1st to 4th century AD Roman glass published by Mass et al. (1998) shows that, as 

compared to white and turquoise glasses, opaque yellow and green glasses, the latter 

coloured by a combination of lead antimonate and copper oxide, exhibit elevated silica 

contents. Although most (but not all) of the yellow glass analysed from the New Kingdom 

period did not generally exhibit the same reduced compositions and elevated silica levels 

(Shortland and Eremin, 2006), suggesting that lead antimonate was generally added directly 

into the base glass, cobalt-blue frit (semi-reacted glass) has been found at Amarna O45.1 with 

an unusual composition: high levels of silica (often with unreacted quartz pushing the silica 

concentration up to as high as 84% - i.e. greater than faience and glass found at the site), 

lower levels of soda (average 8.7%) and lime (average 0.7%) than found in glass, and levels of 

cobalt (average 0.21%) much higher than required to colour glass deep blue (Tite et al., 1998: 

111-120; Tite and Shortland, 2003). Figures 9.5 and 9.6 show examples of blue frit in fritting 

pans, glass rods and cobalt-blue glass objects recovered at Amarna (18th Dynasty). 
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Figure 9.5. (top) Photograph from Petrie Museum (UCL) – Acc. no. UC36457 described as a fragment of broken 
pottery fritting pan enveloped by a mass of dark blue unfinished frit with visible chips of uncombined silica 
from crushed quartz pebbles and numerous air bubbles; shape of frit indicates pan profile. (middle) Images 
from Weatherhead and Buckley courtesy of Petrie Museum (UCL) (1989:220): On the left (UC 36457) is 
described as a spongy light-purple frit with small white inclusions, with attached sherd (possibly the remains 
of a fritting pan). UC24684 is described as a section from (circular?) cake of blue frit and UC36459 as a circular 
cake of blue frit. All are described as having a coarse texture. (bottom) Images from Weatherhead and Buckley 
courtesy of Liverpool Museum (1989:220): described as potsherds as containers of blue frit; left: Acc. No. 
56.21.280.1; right: Acc. No. 56.21.281. 
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Figure 9.6. Photographs from Petrie Museum (UCL). All recovered from Amarna (18th Dynasty): (top) UC25042 
– described as a fragment of dark blue glass; also described as raw glass. (middle) UC6524 – described as glass 
rods: turquoise, lapis blue and red. (bottom) UC6523 – described as a fragment of a cobalt-blue glass ring. 
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Tite et al. (1998: 111-120) using wavelength dispersive spectroscopy (WDS), examined some 

of the cobalt frit found in Petrie’s excavations at Amarna and traditionally assumed to 

represent the first stage of glass manufacture (Petrie, 1894: 25-6). Petrie speaks of the frit as 

a colourant and then goes on to place it in the context of glass manufacture. Tite et al. (1998: 

111-120), however, proposed that its composition matched more closely with the blue-

bodied vitreous or glassy faience described by Lucas (1962:163-64) although the grain size of 

the quartz in these frits (often unreacted, pushing up the average bulk silica concentration to 

84.4%) was found to be greater than that of faience. Furthermore, as frit, faience and glass 

sometimes occurred at the same workshops, as shown by the excavations at Amarna site 

O45.1, could suggest that this frit was used in the manufacture of glass, with the ‘fritting pans’ 

recovered at the site having multifunctional purposes as crucibles for fritting or melting glass 

and as moulds for glass ingots (Nicholson et al., 1997). This was supported by crucibles found 

at Qantir, which matched the size of a glass ingot (Rehren and Pusch, 1997), along with semi-

fused remains (the authors do not use the term frit). Semi-finished glass recovered from 

Amarna has also been used as evidence for the primary production of glass at the site 

(Smirnou and Rehren, 2011). Furthermore, Tite and Shortland (2003: 285, 305-306) now 

suggest that the frit was indeed used in glass colouring, stating ‘the compositions of the 

cobalt-blue glass and frit are consistent with the hypothesis that the cobalt-blue glass was 

produced from a mixture of cobalt-blue frit with additional plant ash and quartz’. 

The cylindrical vessels recovered at Amarna were also internally lined with a white slip 

containing high levels of CaO (probably applied as lime silicates or lime - Rehren and Pusch, 

1997), perhaps to prevent glass from being contaminated by iron from the clay vessel, and/or 

to facilitate the release of glass after cooling. This not only suggests that crucibles/melting 
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pots were being re-used rather than being deliberately broken to extract the glass, but also 

that the colourant, in the form of frit, may have been added during this melting process in 

these crucibles, allowing the low-soda content vitreous colourant to be distributed evenly in 

the viscous base glass before melting. A fragment of cobalt-coloured semi-finished glass from 

Nicholson’s excavations in Amarna (Jackson and Nicholson, 2007: 109, 115) supports that 

cobalt could have been introduced to a base glass in the form of a frit.  

To some extent, addition of colourant in the form of a frit into a base glass (rather than adding 

a mineral or its precursors directly to a base glass) circumvents the difficulties surrounding 

the addition, mixing and even-distribution of low amounts of additive into larger volumes, i.e. 

the bulk base glass melt or the silica-soda-lime precursors. For example, streaking found in 

yellow Egyptian glass has been considered to be related to the relatively high viscosity and 

the resultant difficulty in mixing in the pigment (Molina Giralt, 2014: 47). As mentioned above, 

the fact that Egyptian does not exhibit the same reduced compositions as the later Roman 

glass (Shortland and Eremin, 2006), suggesting that pigment was added directly into the base 

glass without additional silica, highlights the aesthetic issues surrounding the even-

distribution of colourants. This is particularly pertinent for the addition of cobalt where only 

a few hundred ppm are required to colour the glass deep blue, as long as it is distributed 

homogenously. In effect, 1kg of glass (around the mass of a glass ingot) requires only around 

0.05kg of CoO (assuming that cobalt was readily available in its oxide form), which would need 

to be distributed throughout the bulk. Using cobalt glass frit, such as that found at Amarna, 

would not only introduce a granular additive of a similar composition to the base glass solvent 

but also provide a much greater volume of material to distribute, thereby providing a larger 

area of interaction to colour the base glass evenly. 
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In sum, higher levels of silica in some glasses could suggest that colourant was added to a 

base glass or its precursors at the fritting stage of glass manufacture in the form of a vitreous 

material. This stage not only allowed bubbles and any contamination to be removed and 

colourants to be introduced but also permitted the colourant to distribute throughout the 

base glass during reheating to make glass proper. The frit found in the fritting pans at Amarna 

O45.1, with its low levels of calcium stabiliser, was probably not used directly for making 

objects. In fact, its high cobalt concentration suggests that it could be a concentrated vitreous 

colourant, which only later would be mixed with a base glass. This would suggest that the frit 

at Amarna was placed in fritting pans for another reason. This is now examined with regard 

to cobalt blue glass and frit. 

9.6 Re-analysing glass data 

A recent compositional analysis of Egyptian cobalt-blue glass from museum collections in 

Japan (18th Dynasty, probably made at Malkata or Amarna), and from the site of Dahshur (18th 

and 19-20th Dynasties), measured using pXRF in a vacuum atmosphere, concluded that a new 

source of cobalt was exploited in Egypt after 1250 BC (Abe et al., 2012). These datasets were 

selected for re-analysis here as they are one of the only larger modern datasets which were 

measured by the same research group using the same instrument. Moreover, this instrument 

was calibrated using a calibration curve method for each element using standard reference 

materials (NIS) 610, 612, 621, 1412, 1830 and 1831 and BR-A4, BR-B2, BR-C3, BR-D3, BR-E3 

and BR-F3 from the Breitländer Eichproben und Labormaterial GmbH (Germany), as well as 

20 synthetic glasses that had been quantitatively analysed using ICP-AES to obtain calibration 

curves for 19 elements (Na, Mg, Al, K, Ca, Ti, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Sn, Sb, and 

Pb). The accuracy of their analytical method was measured using Corning archaeological 
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reference glass (Corning A) and was found to have analytical uncertainties of ≤10% precision 

and accuracy (Table 2 in Abe et al., 2012). Furthermore, the main colourant of these blue 

glasses was cobalt, exhibiting low copper concentrations (mean = 0.12%CuO; s = 0.16) for all 

apart from one sample, which had 2.28%CuO. These criteria (i.e. cobalt-coloured/low copper-

concentration) were placed on all the data re-examined in this chapter (i.e. means of all 

samples: 0.19%CuO, s = 0.31; CoO = 0.15%, s = 0.1).  

Figure 9.7 shows bivariate plots of the 18th Dynasty cobalt glass for CoO vs. NiO, MnO, ZnO 

and Al2O3. The linearity of these plots suggests that these components entered the system 

together and has been used to support that cobalt can be provenanced to the alum sources 

of the Western Desert Oases mentioned above (Figure 9.4).  

The relationships between CoO and NiO, MnO and ZnO are remarkably linear, with the 

intercepts of the linear fits being close to the origin, supporting that these components not 

only entered the glass system together but derived from a common source. Ternary diagrams 

of these components were found to cluster tightly for these glasses along with an analysis 

from a faience object from the 18th Dynasty (Figure 4: Abe, et al., 2012). However, a linear 

relationship between cobalt oxide and alumina is less apparent. The variation is not only 

higher than the plots of NiO, MnO and ZnO, but the data also indicates a plateau. 
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Figure 9.7. Bivariate plots of NiO, MnO, ZnO and Al2O3 vs. CoO in weight % for cobalt-coloured blue glass 
measured using pXRF. The relationships between NiO, MnO, ZnO and CoO show very linear interactions. Al2O3 
shows more variation over the same concentration range (data from Abe et al., 2012).  

 

Figure 9.8 shows that a similar interaction is also apparent with LA-ICPMS measurements on 

Egyptian cobalt-blue glass from Malkata (green triangles) and Amarna (red triangles) 

(Shortland et al., 2007; Varberg et al., 2015, 2016). WDS measurements for the same Malkata 

samples (blue triangles) are also plotted (Shortland and Eremin, 2006), highlighting not only 

the differences found between the results from different techniques but also why a linear 

interaction between Al2O3 and CoO has gained so much traction in the academic literature. In 

essence, taken together, these results suggest that the interaction between cobalt oxide and 
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alumina is not particularly linear, which in turn questions whether this oxide entered the 

system with the cobalt, or at least whether alumina can be considered as diagnostic to 

provenance cobalt. 

 

Figure 9.8. Bivariate plot of Al2O3 vs. CoO in weight % for cobalt-coloured blue glass from Amarna and Malkata 
measured using LA-ICPMS and WDS. WDS and LA-ICPMS was conducted on the same samples for the Malkata 
glass, highlighting the differences in concentration between these techniques, with WDS recording both lower 
and higher values than from LA-ICPMS. Note that sample UPP38 from Malkata is not included here because, 
although previously classified by WDS as a cobalt-blue glass (i.e. WDS: CoO = 0.05%), LA-ICPMS measured 
0.0028%, suggesting that CoO was not the main colourant. As with the pXRF data in Figure 9.7, the interaction 
between Al2O3 vs CoO does not show a particularly good linear relationship. (Amarna: LA-ICPMS data from 
Varberg et al., 2015 and 2016; Malkata: WDS and LAICPMS data from Shortland and Eremin (2006) and 
Shortland et al., 2007, respectively).  
 

A re-analysis of cobalt-blue glass data has been conducted treating the system as a series of 

sub-compositional components, by transforming the data to a log-ratio scale (Aitchison, 1986; 

2005). This approach removes the effects of the constant sum constraint (which compels the 

data to lay between 0 and 100%) in order to eliminate any 'spurious correlations' (Chayes, 

1949). In essence, it considers from the outset that the interest lies in the relative magnitudes 

and variations of components, instead of in their absolute values. Multivariate analyses were 
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performed using the ‘Compositions’ package in R created by van den Boogaart (2013), 

applying Aitchison's geometry (i.e. the centred log-ratio transformation) to the raw 

compositional data (see Appendix A1.2). The dendrograms and ternary diagrams presented 

use the association of variables from variation matrices in order to detect similar patterns of 

variation between them. The Ward algorithm was applied as the clustering criterion for the 

dendrograms (i.e. minimum variance), using the Euclidean distance method as the clustering 

option. The R package ‘clustsig’ (Whitaker and Christman, 2014) was used to determine which 

(if any) clusters were significantly different. The null hypothesis was that there was no a priori 

group structure. The alpha level at which to reject the null hypothesis was 0.05. Dendrograms 

for individual samples are also presented, derived using the same method. 

The distributions of the concentrations of oxides in glasses and frit were investigated by 

plotting kernel density plots based on a Gaussian function using a bandwidth equal to the 

standard deviation of the dataset. The y-axis was scaled so that the total area of the plot was 

unity. Y-axis values have not been included on these plots as it was the shapes of the plots 

(i.e. the density values add little to the understanding of the distribution profile) which were 

used to assess the compositional profiles of each component in the datasets examined. 

9.6.1 Egyptian glass from museums in Japan (18th Dynasty) and Dahshur (18th and 19th-20th 

Dynasties) 

A multivariate analysis was performed of the full chemical dataset from Abe et al. (2012), 

apart from SnO2, which was below the detection limit for the majority of samples. The 

dendrogram in Figure 9.9 shows the 18th Dynasty glass from museum collections. As expected 

NiO, CoO, MnO and ZnO are closely associated, i.e. the cluster is based on their similar 

patterns of variation. As anticipated from the bivariate plots above (Figure 9.7), alumina had 



293 
 

lower co-dependence and is less well associated with all these element oxides, being better 

associated with the refractory oxides, e.g. MgO and TiO2. CuO and PbO are not well associated 

with the other components or with each other. 

 

Figure 9.9. Dendrogram derived from the variation matrix of 26 samples of 18th Dynasty Egyptian glass from 
museum collections in Japan, probably originating from Amarna and Malkata (data from Abe et al., 2012). 
Note the close association between CoO, NiO, MnO and ZnO. K2O and Na2O are not well associated, as would 
be expected from a plant-ash fluxed glass. Al2O3 and MgO are closely associated with TiO2, SiO2 and Fe2O3. 
CuO and PbO are not well associated with the other components in the glasses or with each other. 

  

Figure 9.10 shows the dendrogram for the 19-20th Dynasty glass from Dahshur. As with the 

18th Dynasty museum pieces in Figure 9.9, NiO, MnO, CoO and ZnO are well associated. 

However, there are also differences between the two dendrograms: K2O is better associated 

with Na2O (discussed in Section 9.7) and, Al2O3 is less well associated with MgO and TiO2 
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(discussed in Section 9.6.2) in the 19th-20th Dynasty glass from Dahshur than the 18th Dynasty 

glass from museum collections. 

 

 

Figure 9.10. Dendrogram derived from the variation matrix of 20 samples of 19th-20th Dynasty Egyptian glass 
from Dahshur (data from Abe et al., 2012). Note the close association between CoO, NiO, MnO and ZnO. K2O 
and Na2O are better associated with each other and Al2O3 is less well associated with MgO, TiO2, SiO2 and 
Fe2O3 than in the 18th Dynasty glasses in Figure 9.9. 

 

Using the variation matrix for each sample to construct a dendrogram shows that the 18th 

Dynasty glass and the 19th-20th Dynasty glasses fall into two distinct groups when the 

dendrogram is cut high (> 10) (Figure 9.11), apart from one 19th-20th Dynasty and two 18th 

Dynasty samples. All the 18th Dynasty glass found at Dashur falls within the main 18th Dynasty 

group. It will be shown that these groups are a consequence of recycling rather than different 

recipes or practices and will be discussed in Sections 9.6.2 and 9.6.3.  
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Figure 9.11. Dendrogram derived from the variation matrix of 50 samples of the 18th Dynasty glass from 
museum collections in Japan and the 18th and 19th-20th Dynasty Egyptian glass from Dahshur (data from Abe 
et al., 2012). When the dendrogram is cut high (>10), the 18th Dynasty glass forms 2 distinct groups, one main 
(24 samples) and one group (2 samples) associated with the 19th-20th Dynasty glass from Dashur. The 19th-20th 
Dynasty glass from Dahshur forms a distinct group (19 samples), with one sample falling within the main 18th 
Dynasty group. Two 18th Dynasty glasses are associated with the 19th-20th Dynasty group from Dahshur. All 
18th Dynasty Dahshur glasses lie within the main 18th Dynasty group (4 samples).  

 

To examine this dataset further, the following plot (Figure 9.12) shows the relationship 

between alumina and titania using the 18th Dynasty glass plotted above, alongside 18th 

Dynasty glass and glass from the Ramesside Period (19th-20th Dynasties) found at Dahshur. 
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Figure 9.12. Bivariate plot of TiO2 vs Al2O3 in weight % (data from Abe et al., 2012) for the Egyptian glasses. 
The dashed lines show relative amounts of TiO2 and Al2O3 for granite and basalt determined from Daly 
(1914:563). The 19th-20th Dynasty glass from Dahshur fall on the basalt line, while the 18th Dynasty glass from 
museum collections in Japan and the 18th Dynasty glass from Dahshur generally fall on the granite line.   

 

Both the 18th Dynasty data (red triangles) and Ramesside data from Dahshur (blue triangles) 

show interactions which are relatively linear and potentially converge at the origin. This could 

suggest that these two components enter the system together. Although a linear regression 

could have been used to represent these interactions, the lines on the plots are not linear 

regressions applied to the data but were derived from the average compositions of granite 

and basalt, the main components of igneous rocks (Table 9.2; Daly, 1914:169 in Parker, 1967). 
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In other words, these dashed lines are independent measurements of igneous materials, 

determined from the average compositions of basalt and granite rocks (Table 9.2). 

 

Table 9.2. Composition of granite, basalt and igneous rock calculated as a 1:1 ratio of granite and basalt (from 
Daly, 1914:563 in Parker, 1967). 

 
% SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 

Granite 70.47 0.39 14.90 1.63 1.68 0.13 0.98 2.17* 3.31 4.10 0.24 

Basalt 49.65 1.41 16.13 5.47 6.45 0.30 6.14 9.07 3.24 1.66 0.48 

Igneous 60.06 0.90 15.52 3.55 4.06 0.21 3.56 5.62 3.28 2.88 0.36 

*  includes 0.06% BaO and 0.02% SrO. 
ratios of TiO2/Al2O3:  0.026 (granite); 0.087 (basalt); 0.058 (average igneous rock - basalt:granite 1:1) 

 

The proximity of the 18th Dynasty dataset to the granite line might be taken to suggest that 

alumina and titania entered the glass system together as a consequence of contamination 

from grinding tools. The proximity of the Ramesside data to the basalt line could suggest that 

grinding tools of different compositions were used at Dahshur compared to those at Malkata 

or Amarna. Granite and basalt are both common in Egypt. As hard, igneous rocks have 

compositions between granite and basalt (i.e. often in a ratio of 65:35, respectively (Mead, 

1914 in Parker, 1967)), some variation would be expected between the two lines. However, 

the absolute levels of Al2O3 appear quite high (~ 0.5-5%Al2O3) to be explained by 

contamination from grinding tools alone (i.e. ~30-330g of igneous rock for a 1kg glass ingot), 

suggesting that another mechanism is responsible for igneous material entering the system.  

Similar interactions between TiO2 and Al2O3 are also found with another dataset for Egyptian 

cobalt-blue glass from Malkata and Amarna (Varberg et al., 2015, 2016; Shortland et al., 2007) 

measured using LA-ICPMS (Walton, et al., 2012) (Figure 9.13). Mesopotamian cobalt-blue 
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glass axes recovered from Nippur measured using the same method are also plotted. Both 

datasets show relatively linear interactions, which again indicates that these two components 

entered the glass system together. Most of the glass from Nippur falls very close to the granite 

line while most of the glass samples from Egypt lie mid-way between the basalt and granite 

lines, i.e. indicative of the average composition of igneous rocks. 

 

Figure 9.13. Bivariate plot of TiO2 vs Al2O3 in weight % for the Egyptian glass from Amarna (Varberg et al., 
2015, 2016) and Malkata (Shortland et al., 2007) and Mesopotamian glass from Nippur (Walton et al., 2012). 
The dashed lines show relative amounts of TiO2 and Al2O3 for granite and basalt determined from Daly (1914). 
The Mesopotamian glass falls on the basalt line and the granites lines, while the Egyptian glass Amarna and 
Malkata falls between the basalt and granite lines.   
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As mentioned above, Egyptian cobalt-blue glass has elevated levels of alumina (>1.2%Al2O3 – 

Lilyquist and Brill, 1993: 58) compared to glasses of other colours, which has been attributed 

to the alum source. The question now arises as to, if titania and alumina entered the glass 

through contamination during grinding, why cobalt-blue glass would generally have elevated 

levels of igneous material compared with glass not coloured by cobalt. This will be discussed 

in Section 9.7. However, regardless of whether grinding or some other mechanism resulted 

in the elevated levels of alumina and titania in these glass systems, what is apparent is that 

contamination by the elements found in igneous rocks is sufficient to explain the presence of 

alumina without recourse to the sophisticated chemistry required to extract cobalt from the 

cobaltiferous alums. Furthermore, since Mesopotamian cobalt-blue glass is less likely to have 

been derived from the alum deposits in Egypt, the linearity of the plot supports that the 

alumina levels are related to contamination from igneous rocks, for both Egyptian and 

Mesopotamian glass. Essentially, there is no need to provenance the cobalt to alum mines in 

Egypt’s Western Oases, which are sedimentary deposits with much higher levels of alumina 

and lower levels of cobalt than cobalt-blue glass and have not been found to contain titania 

(Shortland et al., 20061). Furthermore, without the need to accommodate alumina as part of 

the suite of elements used to identify the cobalt source, the number of potential sources from 

where the cobalt derived increases. 

Discounting the alum sources of the Egypt’s Western Desert, in effect, opens up the argument 

regarding where the cobalt originated. What is clear, however, is that cobalt is associated 

with Ni, Mn, and Zn, and this suite of elements and the minerals from which they derive is 

diagnostic of cobalt’s source. Moreover, although alumina is probably not part of this 

mineralisation package, it must still be present in sufficiently high amounts to have entered 
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the system along with these other components, in the same way as the components of 

gangue enter the slag when metals are extracted from ores.  

9.6.2 Mixing glass 

The different compositional signatures between the Ramesside (19th-20th Dynasty) and 18th 

Dynasty glass discussed above has been used to support the view that a different cobalt 

source was used in the later period at Dahshur (Abe et al., 2012), predominantly because the 

Al2O3 levels in the Ramesside glass were significantly lower than the empirical limit of 

1.2%Al2O3 found in most cobalt glasses. Furthermore, and more significantly, this would 

suggest that glass production continued after the New Kingdom period. To investigate this, 

density plots were constructed for the data plotted in Figure 9.7.  

The following density plots show the distribution of CoO, NiO, MnO and ZnO in the 18th 

Dynasty glass plotted in Figure 9.7. Figure 9.14 shows that the cobalt oxide concentration in 

the 18th Dynasty glass is bi-modal, with two distinct peaks around 0.07 and 0.16% cobalt, i.e. 

the lower peak having about half the CoO level of the higher peak. Both NiO and MnO show 

similar bimodal distributions (Figure 9.15). Furthermore, as with CoO, the peaks at lower 

concentrations for both NiO and MnO appear to be about a factor of 2 lower than the peaks 

at higher concentrations. Although more difficult to discern, Al2O3 and ZnO exhibit broad 

distributions commensurate with more than one peak. This suggests that the lower 

concentration peaks could be simply a dilution of the higher concentration peaks, i.e. cobalt 

glass with 0.16% cobalt was mixed with a base glass (containing only trace levels of CoO, NiO, 

MnO and ZnO) in approximately a 1:1 ratio. ZnO is consistent with this interpretation, with its 

broader distribution perhaps reflecting that it can be reduced when heated to 950oC 

(Greenwood and Earnshaw, 1997) in the presence of carbon, resulting in the volatile Zn metal. 
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The lower concentration peak of the Al2O3 distribution, however, is less than a factor of 2 

lower (2.8%) than the upper peak (3.9%), which could reflect additional grinding with the base 

glass before dilution, the use of a silica source with higher alumina levels for the base glass, 

or contamination from the crucible during re-melting. Again, regardless of the mechanism, 

the data suggest that that the 18th Dynasty glass had an initial average composition of around 

0.16%CoO, 0.11%NiO, 0.38%MnO and about 0.15%ZnO and 3.9%Al2O3 (i.e. the higher peaks) 

prior to any dilution. Some of this composition of cobalt-blue glass would have been used 

directly to make objects, while some was re-melted and diluted, potentially a consequence of 

recycling broken objects. In effect, these distributions would support that some of the cobalt-

blue glass was re-melted during the 18th Dynasty. 
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Figure 9.14. Density plot for the 18th Dynasty glass from museum collections in Japan and 19-20th Dynasty glass 
from Dahshur. The blue dotted lines show the peaks of the bimodal distribution of the 18th Dynasty glass. The 
dashed lines show the average CoO concentration in weight % for each dataset (data from Abe et al., 2012). 
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Figure 9.15. Density plots for the 18th Dynasty glass from museum collections in Japan and 19-20th Dynasty 
glass from Dahshur for NiO, MnO, ZnO and Al2O3. The dashed lines show the average concentrations in weight 
% for each dataset (data from Abe et al., 2012). 

 

What is also apparent from the density plots is that the distribution of the glass from the 

Ramesside period at Dahshur is lower in concentration for all these oxides compared to the 

18th Dynasty glass. Although it is difficult to state with certainty whether this is a consequence 

of further dilution of existing 18th Dynasty glass, this interpretation is supported to some 

degree by the average compositions (dashed vertical lines in Figures 9.14 and 9.15) for each 

oxide during both periods, i.e. CoO, NiO and MnO potentially show further dilution by a factor 

of about 2 for this later glass. In other words, the difference in the average concentrations 
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could be interpreted as glass from both compositional distributions from the 18th Dynasty 

being separated by colour before further dilution with a base glass. This would suggest that 

the Ramesside (19-20th Dynasty) glass from Dahshur in Figure 9.12 derives from glass that 

originally fell on the granite line with the 18th Dynasty glass, before subsequently shifting to 

lower levels of alumina after dilution. If this was the case, then it would suggest that the 

Ramesside blue glass was not made with cobalt from a different source but derived from re-

melting existing 18th Dynasty glass. This proposition is now further examined. 

The dilution practice of re-melting 18th Dynasty glass in the 19th-20th Dynasties is to some 

degree revealed by examining the alumina and titania distributions. As noted above, the 

lower peak of the Al2O3 distribution for the 18th Dynasty glass is less than a factor of 2 lower 

(2.8%) than the upper peak (3.9%) (Figure 9.15). Furthermore, the average Al2O3 level of the 

whole 18th Dynasty distribution is more than twice as high as the average of the 19th-20th 

Dynasty glass (3.2% and 1.05%Al2O3, respectively). This suggests that the lower peak of the 

18th Dynasty glass (and thereby the average level of the all the 18th Dynasty glass) is higher 

than expected from the first 1:1 dilution. This higher alumina level is potentially due to 

contamination from the furnace lining or crucible during recycling which would increase both 

the alumina and titania concentrations (but not the ZnO, NiO, MnO or CoO concentrations), 

i.e. Nile silt has average Al2O3 and TiO2 concentrations of about 15% and 2%, respectively 

(Shortland et al., 20062). This glass was diluted again to produce the 19th-20th Dynasties glass. 

The range of the TiO2/Al2O3 ratio for both Nile silt (Shortland, 2000), Ballas clay (from the edge 

of the Western Desert near Luxor) (Baba, 2009: 1-23) and pottery found at Amarna and 

Malkata (Shortland et al., 20062: 91-99) are plotted in Figure 9.16, which shows that 

decreasing cobalt oxide levels (i.e. more dilution) results in an increase in the TiO2/Al2O3 ratio 
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approaching a level consistent with materials used for the furnaces and crucibles. Figure 9.17 

shows that the TiO2/Al2O3 distribution is much narrower for high cobalt concentrations (i.e. 

18th Dynasty glass) but covers a wider range at lower CoO concentrations resulting in a much 

wider distribution for the later Ramesside period glass, i.e. more mixing results in more 

contamination and, therefore, more variation. 

 

Figure 9.16. Plot of TiO2/Al2O3 vs CoO for the 18th Dynasty glass and 19th-20th Dynasty glass from Dahshur (data 
from Abe et al., 2012). The horizontal dotted lines show the ratios of TiO2/Al2O3 for Nile silt (Shortland, 2000), 
body clays from Amarna and Malkata (Shortland et al., 20062: 91-99) and Ballas clay found on the edge of the 
Western Desert near Luxor (Baba, 2009: 1-23). 
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Figure 9.17. Density plot of TiO2/Al2O3 for the 18th Dynasty glass from museum collections in Japan and 19-
20th Dynasty glass from Dahshur. The 19th-20th Dynasty glass from Dahshur has a much broader distribution 
than the 18th Dynasty glass (data from Abe et al., 2012). 

 

In essence, Figures 9.16 and 9.17 suggest that alumina and titania, derived from minerals 

found in the furnace or crucible materials (e.g. feldspar, rutile etc.), contaminated the 18th 

Dynasty glass, raising the alumina and titania levels to higher than expected from the first 

dilution, before subsequent dilution again in the Ramesside period. This is supported by the 

fact that alumina and titania are less well associated with further dilution (i.e. recycling) as 

evidenced by the differences in the dendrograms for the 18th Dynasty and 19th-20th Dynasty 

glass in Figures 9.9 and 9.10.  In other words, alumina and titania initially entered the glass 
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system together but contamination from re-melting and reworking affected the strength of 

this association.  

Further support for mixing is found by examining possible contamination from lead. Recycling 

coloured glass requires that colours are separated prior to re-melting. This is unlikely to be a 

completely efficient process, with elements required to make other colours potentially 

contaminating the cobalt-blue glass. Although an indirect measure, the fact that the 18th 

Dynasty glass from the museum collections has an average of 0.021%PbO while 19th-20th 

Dynasty glass from Dahshur has an average of 0.041%PbO strongly suggests that yellow glass 

(coloured by lead antimonate) entered the system. Furthermore, PbO is not well associated 

with the other components, clustering only with copper (Figures 9.9 and 9.10). The 

distribution (Figure 9.18) shows that most of the 18th Dynasty glass has low levels of PbO 

which is potentially the trace levels prior to any recycling (the peak in Figure 9.18 is about 

0.01%PbO). Some 18th Dynasty glass has elevated levels of PbO, providing further support 

that recycling occurred during this period. The 19-20th Dynasty glass has a much broader 

distribution than the 18th Dynasty glass, suggesting that the majority of this glass has been 

contaminated with lead, which is consistent with recycled glass. The weak association of 

copper with the other components (Figures 9.9 and 9.10) is also indicative of contamination, 

from copper-blue glasses. Interestingly, Sb2O3 clusters with the other components than with 

PbO (Figure 9.9 and 9.10). This is probably a consequence of contamination from white 

opaque glass, where antimony is associated with calcium thereby weakening its association 

with lead, i.e. calcium antimonate (white glass) and lead antimonate (yellow glass) both 

entered the system during the recycling process. 
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Figure 9.18. Density plot of PbO for the 18th Dynasty glass from museum collections in Japan and 19-20th 
Dynasty glass from Dahshur. The 19th-20th Dynasty glass from Dahshur has a much broader distribution than 
the 18th Dynasty glass (data from Abe et al., 2012). 

 

In effect, the initial 18th Dynasty glass (the higher peak concentrations of CoO, NiO, MnO and 

Al2O3 in Figures 9.14 and 9.15) was diluted at least twice (by a factor of around 4) by the 

Ramesside period. From the distributions in Figures 9.14, 9.15, 9.17 and 9.18 it is also possible 

that more than one dilution occurred during the Ramesside period. Although such dilutions 

were probably derived empirically, it is interesting to note that the cobalt level in the 

Ramesside glass (average CoO = 533ppm) was around the limit to maintain a rich, deep blue 

(Henderson, 2000). This fits well with the narrative that glass was not produced in significant 
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amounts after c. 1250 BC, with glass-makers reducing the levels of cobalt through dilution 

with a base glass to the point where the colour was still effective. 

This mixing mechanism means that there is no need to propose a new cobalt source during 

the Ramesside period to explain the different compositional signatures, nor to require the 

production of cobalt-blue glass to continue after the New Kingdom period. Furthermore, the 

relationship between TiO2 and Al2O3, in similar proportions to those found in igneous rocks, 

is sufficient to suggest that the alum mines in Egypt’s Western Oases were not the source of 

cobalt for either the 18th Dynasty or 19th-20th Dynasty cobalt-blue glass. The repercussions 

regarding the provenance of cobalt glass will be discussed below. However, it immediately 

resolves one archaeological issue surrounding the presence of cobalt in glass, in that it is no 

longer necessary to speculate on why such accessible sources as the Kharga and Dakhla oases, 

with their proximity to both Amarna and Malkata and even Dahshur (Figure 9.4), stopped 

being exploited by around 1250 BC: the claim being made here is that they had not been used 

for colouring glass before, and they remain unused. However, it raises several archaeological 

science issues with regard to how to provenance the cobalt and deal with glasses which have 

been mixed. First, alumina can no longer be considered a reliable indicator among the suite 

of oxides used to inform on the cobalt source, as igneous rocks are not unique to Egypt and 

contamination from furnaces and crucibles are probably inevitable. Moreover, it is much 

more difficult to make sense of groups clustering on bivariate plots if glass has been mixed, 

as some points will fail to cluster in a compositional group because of dilution, irrespective of 

provenance. For example, from the LA-ICPMS data for the Egyptian and Mesopotamian 

glasses, the average ZnO level of the Nippur axes is 0.015%, which is approaching an order of 

magnitude lower than the Egyptian cobalt glass (ZnO= 0.114%). Although this appears to be 
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a useful discriminator to differentiate between groups, the low ZnO values for the Nippur axes 

could be indicative of dilution as well the loss of volatile zinc due to re-melting and re-working 

the glass. This implies that if the glass which was used for the Nippur axes was diluted more 

than once (or experienced higher temperatures or more reducing conditions during 

processing), the cobalt source may have been zinc-rich. Section 9.9 discusses this in more 

detail with regard to arsenic levels.  

9.6.3 Mixing frit with a base glass 

Smirnou and Rehren (2011) refer to the cobalt-blue frit found by Petrie and studied by 

Shortland and Tite (Tite et al., 1998; Shortland, 2000; Shortland and Tite, 2000; Tite and 

Shortland, 2003; Shortland et al., 2006) and Jackson and Nicholson (2007: 101-116) as 

‘enigmatic’, with its presence underlying ‘the possible existence of local glass-making, but also 

the potentially complex nature of the materials and processes involved in LBA glass-making, 

as indicated by the cuneiform texts (Oppenheim et al. 1970)’. However, considering the 

cobalt-blue frit found at Amarna O45.1 as a vitreous concentrated colourant, which was 

added to base glasses or their precursor materials, means that it is potentially the key to 

discovering the complex nature of these materials and processes. 

If the concentrated cobalt frit from Amarna and base glass mixture potentially provided the 

initial composition of the cobalt-blue glass that was used for some objects, any subsequent 

dilutions should be reflected in plots of the main compositional components of glass against 

the CoO concentration (Figure 9.19). The pXRF analyses on 26 blue glass samples from the 

18th Dynasty plotted above present the opportunity to examine this. Although it is recognised 

that pXRF is a surface technique and that soluble species are more likely to be depleted at the 
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surface (i.e. leaching of alkali oxides), the overall trends with CoO support the introduction of 

cobalt via a frit. 

 

 

 

 

 

Figure 9.19. Bivariate plots and associated density plots of the major glass-forming oxides for the 18th Dynasty 
glass from museum collections in Japan. SiO2 and CaO show bimodal distributions. Na2O shows some evidence 
of a shoulder. Dashed lines on the bivariate plots are linear regressions applied to the data. The dotted lines 
on the density plots show the average concentrations of each component in weight % (data from Abe et al., 
2012). 
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Despite the scatter in the data, Figure 9.19 shows that the silica concentration is lower at 

lower concentrations of CoO. Moreover, there is potentially a bimodal distribution, with the 

higher SiO2 concentrations potentially reflecting the presence of unreacted quartz from the 

frit entering the glass, as found in the cobalt-blue frit at Amarna site 045.1 and the shoulder 

on the SiO2 distribution potentially reflecting the subsequent dilution with a base glass of 

lower SiO2 concentration. The CaO and Na2O concentrations appear to increase with 

decreasing CoO concentration. The CaO also exhibits a bimodal distribution, which suggests 

that the initial glass (shoulder) had a lower CaO concentration because it was a mixture of frit 

(with low CaO) with a base glass, followed by dilution with a base glass with higher CaO 

concentration. The Na2O level is quite low (Na2O~ 3%) which is probably a consequence of 

the pXRF detecting leaching at the surface (or the limits of pXRF to detect sodium even under 

vacuum conditions). Na2O also does not exhibit a bimodal distribution, although the peak is 

non-symmetrical and there is possible evidence of a shoulder. Nevertheless, the analysis is 

consistent with the hypothesis that the initial glass derived from mixing concentrated cobalt 

in the form of a frit (with low soda, low lime and high silica) to a base glass. 

In essence, the plots in Figure 9.19 support the premise that a base glass was mixed with 

cobalt glass frit (with higher silica, lower soda, lower lime and concentrated cobalt) to produce 

the initial blue glass used for objects, which was later diluted with a base glass in the 18th 

Dynasty and again in the Ramesside period. Assuming that the 18th Dynasty dilution is the 

result of mixing blue glass with 5%CaO (shoulder) and 78%SiO2 (upper peak) in a ratio of 1:1 

with a base glass, suggests that the base glass would have had a CaO concentration of 11% 

and a SiO2 concentration of 72%. These are reasonable values for a stable base glass.  In 

summary, based on the pXRF data from Abe et al. (2012), 18th Dynasty cobalt-blue glass had 
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an initial average composition of around 78%SiO2, 5%CaO, 0.16%CoO, 0.11%NiO, 0.38%MnO 

and about 0.15%ZnO and 3.9%Al2O3 (i.e. the higher peaks in Figures 9.14 and 9.15; the higher 

peak for CaO and the shoulder for SiO2 in Figure 9.19) prior to any dilution.  

The mixing of a cobalt-concentrated frit with a base glass opens up the possibility that 

although the base glass may have been made locally the concentrated frit colourant may have 

derived from elsewhere. On first inspection this would appear to contradict the work of 

Shortland et al. (2007) and their use of Ti, Cr, Zr and La to discriminate between Egyptian and 

Mesopotamian sources of glass. However, as shown above in Figure 9.16, higher levels of Ti 

are associated with clays derived from Nile river silt. Similarly, elevated levels of La and Zr 

found in Egyptian glasses have been attributed to this Nile source while elevated Cr levels 

found in Mesopotamian glasses have been attributed to alluvial soils derived from the 

weathering of ultramafic rocks in Turkey at the head waters of the Tigris and Euphrates rivers 

(Shortland et al., 2007; Walton et al. 2009).  Since these elements most likely enter the glass 

by the partial melting of the clay crucible (i.e. contaminating the glass in a similar way to 

Al2O3), they will potentially source where the colourant was added to the base glass, and not 

necessarily where the colourant derived. The same rationale can be applied to the Sr and Nd 

isotope analyses conducted on glasses from Egypt and the Near East by Degryse et al. (2010), 

which can identify the base glass precursors and not necessarily the additives. In other words, 

these studies do not rule out a Bronze Age trade network of a vitreous cobalt frit colourant, 

in a similar fashion to how smalt was traded to China from Europe in the Qing Dynasty period 

for porcelain (Giannini et al., 2017). 
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9.7 Frit composition 

Although the re-analyses in Sections 9.6.1 and 9.6.2 have shown that differences in alumina 

concentrations between the 18th and 20th Dynasties are potentially related to glass recycling, 

this does not explain why the alumina levels are generally higher in cobalt glass (i.e. alumina 

>1.2%) compared to other colours, i.e. all colours were presumably re-melted and reworked 

and were therefore subject to similar amounts of contamination from crucibles and furnaces. 

This is now investigated through re-analysing compositional data from the cobalt-blue frit 

recovered from Amarna O45.1.  

The compositions of the cobalt frit found at Amarna are difficult to compare directly with the 

pXRF or LA-ICPMS data in Figures 9.7, 9.8, 9.12 and 9.13, because the frit samples were 

measured using a different technique (WDS). The compositional ranges from WDS were: CoO: 

0.14-0.28% (average=0.2%); MnO: 0.1-0.4% (average=0.2%); Al2O3: 2.3-4.7% (average=3.1%) 

(Note: NiO and ZnO were not measured). Nonetheless, the highest cobalt level found in the 

18th Dynasty cobalt glasses described was 0.18% (average 0.1%CoO), which is lower than the 

frit found at Amarna site 045.1 and is consistent with the addition of a concentrated colourant 

in the form of a glass frit to a base glass. In effect, the cobalt concentrations in the frit 

measured by WDS frit support that it can be considered as a vitreous concentrated cobalt 

additive. 

Table 9.3 shows the full composition of the frit (n=11) which was recorded by Tite et al. (1998: 

111-120), as well as averages presented in later publications (e.g. Tite and Shortland, 2003). 

Despite differences in the average results (discussed below), the compositional data clearly 

show that the frit found at Amarna has much lower soda and lime concentrations and as well 

as higher silica than the glass found at the same site. Moreover, the coefficient of variation is 
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high for some of the components measured, in contrast to the quite standardised recipes for 

making glass. However, the coefficient of variation for silica is quite low (CV: 3.8%). 

Table 9.3. Composition of the cobalt-blue frit from Amarna O45.1. The upper table shows the mean, standard 
deviation and coefficient of variation from the 11 measurements recorded in Tite et al. (1998: 111-120). The 
lower table shows the average composition recorded in Tite and Shortland (2003) alongside the composition 
of glass from the same site. The differences between the mean values of the frit in the two tables is because 
some data were omitted in Tite and Shortland (2003) because of possible contamination from the lime lining 
found on the inside of the cylindrical vessels. 

  
n=11 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO CoO CuO SnO2 PbO 

mean (%) 8.57 1.44 3.14 83.21 0.04 0.38 2.10 0.12 0.24 0.46 0.2 0.02 0.02 0.02 

st.dev. 2.13 0.52 0.76 3.15 0.05 0.21 1.66 0.10 0.09 0.22 0.05 0.01 0.06 0.04 

CV (%) 24.8 36.5 24.1 3.8 138.7 56.0 79.1 83.1 39.1 46.5 24.4 67.4 331.7 222.5 

 

mean (%) Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO CoO CuO 

Frit 8.7 1.4 3.3 84.4 0.4 0.7 0.14 0.28 0.5 0.21 0.00 

Glass (n=24) 19.6 4.3 2.5 63.8 1.0 7.6 0.08 0.20 0.6 0.13 0.18 

 

As a glass, frit has a very unusual composition. It neither contains significant amounts of 

magnesia nor potash, which is generally the signature of the use of a soda-rich plant ash as a 

flux. Furthermore, the burning of halophytic plants (those adapted to growing in a saline 

environment) from the desert, or from a brackish water environment, generally produces 

ashes which are typically rich in both soda and lime (Brill 1970: 105-128; Verità 1985), neither 

of which are found with similar levels in the frit. To produce glass with low-magnesia and low-

potash glass, a relatively pure inorganic or mineral soda source would be required, such as an 

evaporite, like natron from the Wadi Natrun in Egypt. However, such minerals are usually 

associated with high soda levels. It is therefore not possible to classify the frit as a variant of 
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a known type of glass. Furthermore, with its low calcium level, it would not have been used 

directly as a glass as it would have probably been soluble in water (Freestone et al., 2008: 29-

46). 

In effect, the low amounts of potash in the frit tend to suggest that plant ash was not used to 

make the frit. This is supported by looking at the compositional variation matrix (Table 9.4) 

and the dendrogram derived from it (Figure 9.21), which show that there is lower co-

dependence (higher value) between K2O and Na2O (0.530) than between most components. 

Plotting the SiO2-K2O-Na2O sub-composition on a ternary diagram (Figure 9.20) shows a 

narrow variance ellipse, with the data appearing to follow a one-dimensional pattern joining 

the vertices Na2O and K2O. Such a narrow ellipse suggests that the ratios involving SiO2 have 

an almost constant value, and that most compositional variance is due to variation in 

Na2O/K2O. A similar ternary plot with CoO, which as a colourant is probably independent of 

the glass formers, shows a similar pattern. This suggests that the system was not fluxed using 

plant ash (or that a number of different types of plant ash were used at this site for these 

cobalt glasses). In other words, the system was most probably fluxed with a soda-based 

mineral, even though the soda levels are quite low. This suggests that Tite and Shortland’s 

(2003) modified position is effectively supported– Egyptian cobalt-blue glass contained both 

natron (or some type soda mineral) and plant ash, the former from the frit and the latter from 

the base glass to which the frit was subsequently mixed. 
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Table 9.4. Variation matrix for the cobalt-blue frit from Amarna O45.1. Note that SnO2, P2O5 and PbO are not 
included as they were at the lower limits of detection for WDS, with only a few samples having non-zero 
values. Note the strong co-dependence (low values) between CoO and MgO, Al2O3 and SiO2, and the between 
Na2O and SiO2. The co-dependence between Na2O and K2O is not strong (0.530) suggesting that these two 
components are not associated. CaO has low co-dependence with all other components, presumably due to 
contamination from the lime coatings on the cylindrical vessels where the frit was found. Data from Tite et 
al., 1998: 111-120. 

 
 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO CoO CuO 

Na2O 0.000 0.167 0.193 0.077 0.530 0.475 0.339 0.355 0.265 0.140 0.276 

MgO 0.167 0.000 0.273 0.176 0.401 0.789 0.277 0.262 0.201 0.091 0.393 

Al2O3 0.193 0.273 0.000 0.043 0.271 1.126 0.319 0.193 0.578 0.078 0.644 

SiO2 0.077 0.176 0.043 0.000 0.341 0.847 0.239 0.194 0.410 0.059 0.401 

K2O 0.530 0.401 0.271 0.341 0.000 1.631 0.409 0.561 0.842 0.271 0.856 

CaO 0.475 0.789 1.126 0.847 1.631 0.000 0.879 1.204 0.438 0.919 0.636 

TiO2 0.339 0.277 0.319 0.239 0.409 0.879 0.000 0.314 0.422 0.240 0.534 

MnO 0.355 0.262 0.193 0.194 0.561 1.204 0.314 0.000 0.450 0.126 0.600 

FeO 0.265 0.201 0.578 0.410 0.842 0.438 0.422 0.450 0.000 0.279 0.314 

CoO 0.140 0.091 0.078 0.059 0.271 0.919 0.240 0.126 0.279 0.000 0.420 

CuO 0.276 0.393 0.644 0.401 0.856 0.636 0.534 0.600 0.314 0.420 0.000 
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Figure 9.20. Ternary diagrams for the subcompositions SiO2-Na2O-K2O and CoO-Na2O-K2O exhibiting one-
dimensional patterns joining the vertices Na2O and K2O. The red lines display the direction of the principal 
component of the subcomposition. The ellipse shows the variance structures through 95% probability regions. 
Data from Tite et al., 1998: 111-120. 
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The dendrogram for the frit (Figure 9.21) is quite different to those of the glasses in Figures 

9.9 and 9.10, with most components falling in one significant cluster. Moreover, CoO is much 

better associated with the glass formers (SiO2, Al2O3, MgO) than in the glasses. In fact, there 

is better co-dependence between CoO and these oxides than with MnO (in contrast to its 

behaviour in glass). It should be noted that there is little co-dependence between lime and 

the other components in the frit system as evidenced by CaO failing to cluster with any other 

component. The probable reason is that the frit was found in association with cylindrical 

vessels at Amarna O45.1, which had a lime coating. The slight differences in average 

concentrations (apart from lime) presented by Tite and Shortland (2003) compared to the 

earlier paper (Tite et al., 1998: 111-120) is a consequence of data being excluded, i.e. the 

authors have removed analyses where they believed the glass were contaminated by this 

coating. No data were removed in the current re-analysis. In essence, contamination has 

occurred making the variation in CaO an unreliable indicator in these samples. Nevertheless, 

its absolute level in the system is still remarkably low (average 0.7%CaO), which suggests that 

the silica source was not the same as that used to manufacture the base glass.  
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Figure 9.21. Dendrogram derived from the variation matrix of 11 samples of frit from Amarna O45.1. (data 
from Tite et al., 1998: 111-120). Note the close association between CoO, SiO2, MgO, Na2O, TiO2, Al2O3 and 
MnO. CaO is not well associated with any of the other components, presumably because of contamination 
from the lime coating on the cylindrical vessels where the frit was found. 

 

The use of a soda-based flux for the frit (as evidenced by the variation between K2O and Na2O 

in Figure 9.20) may go some way to explaining why Egyptian cobalt glass has lower amounts 

of K2O compared to glasses of other colours. K2O concentrations for Egyptian cobalt glass 

generally lie below 2%K2O (Lilyquist and Brill, 1993: 57). Non-cobalt coloured glasses generally 

have K2O levels which fall between 2-3%K2O, which suggests that adding frit colourant to a 

base glass made using plant ash as a flux, would reduce the K2O levels in the cobalt-blue glass 

produced. A simple rule of mixture calculation for mixing frit (K2O~0.4%) with a plant ash 

fluxed base glass (K2O~2.5%) in a 1:1 proportion shows that the glass produced would have 

around 1.5%K2O, as found in most Egyptian cobalt-blue glass (Note a 1:1 proportion would 
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produce a blue-coloured glass with about 0.1%CoO, which is about the average of cobalt-blue 

glass from 18th Dynasty Egypt).  

Figure 9.22 shows K2O vs CoO for 18th Dynasty glass from Amarna and Malkata and frit from 

Amarna, measured using WDS and electron microprobe. The scatter in the data is somewhat 

expected as the consequence of the inevitable K2O contamination from burning wood during 

recycling (Paynter, 2009: 93-108). However, it can be seen, perhaps optimistically, that higher 

levels of cobalt appear to correspond to lower levels of potash, potentially converging on the 

levels of K2O found in the frit. Such an interaction would support that frit made with a soda-

based mineral (with low K2O) was mixed with a base glass thereby lowering the K2O level with 

respect to the base glass to make the initial glass. Subsequent dilution with a base glass, would 

decrease the CoO concentration and increase the K2O levels. This is further supported by the 

two dendrograms for the 18th and 19th-20th Dynasty glasses in Figures 9.9 and 9.10: with more 

dilution, K2O becomes more associated with Na2O and clusters with MgO, as would be 

expected if a plant ash flux was used to make the base glass. Although the potential linear 

relation of the frit (red triangles) on the K2O vs CoO plot (Figure 9.22) may be spurious (i.e. 

their co-dependence in the variation matrix is not high (0.271), predominantly a consequence 

of one possible outlier) it may indicate that these components have a common origin, which 

suggests that they derive from the same source.  
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Figure 9.22. Bivariate plot of K2O vs CoO in weight % for the frit found at Amarna O45.1 (Tite et al., 1998) using 
WDS, and for glass from Amarna (Nicholson and Henderson, 2000: 195-224) using a probe, and Malkata 
(Shortland et al., 2007) and Amarna (Tite et al, 1998: 111-120; Shortland and Eremin, 2006) using WDS. Higher 
levels of CoO appear commensurate with lower levels of K2O, potentially converging on the composition of 
the frit. The scatter in the data is probably a consequence of contamination from burning wood during 
recycling, increasing the variation in the K2O data. Note the possible positive linear relationship between K2O 
and CoO for the frit measurements, suggesting that they entered the system together (two measurements 
overlap where indicated).  

 

The higher levels and greater variation of K2O for the Nippur cobalt-blue axes 

(average=3.6%K2O; range: 1.68-5.55%K2O with one outlier at 8.59) suggests a different type 

of plant ash for the base glass, more contamination from processing, or possibly more 
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recycling. However, these differences do not necessarily suggest a different colourant source. 

In other words, the cobalt-coloured soda-based frit may have been something that the glass 

makers of both Mesopotamia and Egypt needed to acquire in order to colour blue their 

glasses derived from their own local base glass precursors.  

The variation matrix for the Amarna frit also shows that there is good co-dependence 

between CoO and MgO (0.091), Al2O3 (0.078) and SiO2 (0.059). This could suggest that cobalt 

was added to a silica source containing high alumina and low magnesia in known proportions. 

However, the large variation in the cobalt levels in the frit suggests that this unlikely, i.e. CoO: 

0.14-0.28% (average=0.2%). Furthermore, the low amounts of lime tend to discount the Nile 

River as the silica source for the frit, while the high alumina levels tend to discount its 

introduction through a silica source of quartz pebbles. Another possibility is that there was a 

common source for each of these pairs, a source with Co, Si, Al and Mg in the proportions 

required to produce a high silica, high alumina, low magnesia cobaltiferous frit. This could 

suggest that the silica source was a siliceous rock containing cobalt compounds and high 

alumina. Furthermore, although the co-dependence between CoO and MnO is not as high as 

that for SiO2, Al2O3 and MgO, MnO still forms a significant group with these components, 

which, as with the glasses, suggests they entered the system together. This provides further 

support for an alternative to the alum deposits for the source of cobalt, in that it suggests 

that the cobalt was embedded in a siliceous rock - a rock which contained sufficient levels of 

alumina to elevate its concentration in the glass system. In other words, cobalt-blue glass had 

elevated alumina compared to other colours because it derived from a system where alumina 

was a natural component of a siliceous rock, such as an igneous rock, as mentioned previously 

(Figures 9.12 and 9.13). 
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This association between cobalt and the components found in igneous rocks is also supported 

by examining the absolute values of the concentrations in the frit and igneous rocks (i.e. 

Tables 9.2 and 9.3). The ratio of the average concentration of Al2O3 in the frit to its average 

composition in igneous rock is 3.3/15.52 (i.e. 0.21). Similar ratios are found with K2O, TiO2 and 

CaO, i.e. 0.14, 0.16 and 0.12, respectively. The similarity in these ratios suggests that these 

components, found in the cobalt-blue frit from Amarna, not only entered the system together 

but were introduced directly by contamination from igneous material. In other words, the 

igneous rock was diluted by a factor of between 5 and 8 during the frit forming process. The 

ratios for Na2O and SiO2 in the frit to their levels in igneous rock are 2.65 and 1.41, 

respectively, suggesting that these glass formers were added to the cobaltiferous igneous 

rock, adding to any silica and soda already present, thereby diluting the concentrations of 

Al2O3, K2O, TiO2 and CaO to the levels found in the frit. The presence of unreacted silica in the 

frit (average=29% unreacted quartz, from visual inspection - Tite and Shortland, 2003) 

supports that silica was added. Assuming that the host rock was igneous, and that its dilution 

calculated from the Al2O3, K2O, TiO2 and CaO can be used as a scaling factor for elements 

associated with the mineralisation within the rock, suggests that the concentrations of cobalt, 

manganese, nickel and zinc were 5-8 times higher in the rock than in the frit. This would 

suggest that the host rock contained 1-1.6% CoO and 4-6.4% MnO. Although ZnO and NiO 

were not measured in the frit from Amarna, assuming that a base glass was mixed with frit in 

a 1:1 ratio suggests that the concentrations of these components in undiluted glass (i.e. the 

higher peaks of Figures 9.15) can be used to estimate the concentrations of these components 

within the host rock, i.e. 1.1-1.75% NiO and 1.5-2.4% ZnO. Incidentally, the CoO calculated by 

this method would be 1.6-2.56%, which, considering that this is based on a distribution, is 

close to that calculated directly from the frit (1-1.6% CoO). In other words, the signature of 
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the host rock from which the cobalt derived was potentially an igneous rock with CoO, NiO 

and ZnO of concentrations around 1% to 2.6%, and MnO between 4% and 6.5%. Despite the 

higher levels of MnO with respect to CoO, this is not the signature of asbolane (which has a 

ratio of MnO:CoO of about 14.2) but is more likely to be another ore system with NiO, MnO, 

CoO and ZnO. This is discussed in Section 9.8. 

The remarkably good co-dependence between Na2O and SiO2 in the frit (0.077) also supports 

that silica and soda were added to cobaltiferous rock in that the association suggests SiO2 and 

the Na2O entered the system together, either from a common source or in measured 

proportions. 

 

Figure 9.23. Ternary diagram for the subcomposition CoO-Na2O-SiO2 of the frit. The ellipse shows the variance 
structure through 95% probability regions. The tight clustering indicates the low compositional variability 
between these components. The red line displays the direction of the principal component of the 
subcomposition. Data from Tite et al., 1998: 111-120. 

 

The ternary diagram (Figure 9.23) does not demonstrate any obvious one-dimensional 

pattern for the CoO-Na2O-SiO2 sub-composition, suggesting that the variation is not 
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dominated by any of the component pairs. This is supported by the low coefficient of variation 

of SiO2 (CV=3.8%) in the frit samples which indicates that a controlled (and probably fixed) 

amount of silica was used, with the most probable scenario being that it was placed in a vessel 

of fixed volume, i.e. a crucible. The coefficient of variation of Na2O is also not high (24.8%). 

The relationship between Na2O and SiO2 can be seen on the bivariate plot (Figure 9.22), 

suggesting that higher amounts of silica are associated with lower amounts of Na2O. This 

would seem contrary to what would be required, in that a higher silica content would suggest 

that more flux should be added. However, this interaction is exactly what would be expected 

if a vessel of fixed volume was used, i.e. in this case, the concept of compositions adding up 

to 100% may inform on the proportions of the silica and soda added to the cobaltiferous rock 

in a crucible. 
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Figure 9.24. Bivariate plot potentially indicating that silica and soda were added in proportions relative the 
total volume of the system to form the frit. Data from Tite et al., 1998: 111-120. 
 

 

Furthermore, these added components must have been fairly pure, as there is low co-

dependence between Fe2O3 and SiO2 (0.410), the opposite to what would be expected if, say, 

sand had been added, i.e. iron is often present in the silica source, and would therefore be 

associated with silica. In other words, silica, probably sourced from quartz (possibly pebbles, 

but more likely quartz associated with the rock), and soda possibly from an evaporite or a 

soda-rich mineral, was added to a cobaltiferous rock which already contained Al2O3, K2O, TiO2, 

and CaO.  Fe2O3 generally clusters with silica in the glasses (Figure 9.9 and 9.10). This is 
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consistent with mixing of frit with a base glass, when it is considered that the silica source 

used for the base glass was potentially associated with iron compounds, which would result 

in a closer association between iron and silica after the frit had been mixed with the base 

glass components. 

CuO is also not particularly well associated with any component in the frit but it clusters with 

Fe2O3. Low co-dependence of CuO is also found in the glasses (Figures 9.9 and 9.10), which 

could be due to the deliberate addition of copper or bronze as a colourant (Mass et al., 2002). 

However, this is less likely for the frit, primarily because the levels of CuO in the frit (average: 

0.02%CuO; range: 0-0.05%Cu) are much lower than would be expected for an additive, 

bearing in mind that 1-2%CuO is required to colour glass. In other words, copper probably 

entered the system with the cobalt.  

Despite the low concentration of CuO, which suggests that it is a natural component of the 

system, the low co-dependences and the clustering of CuO and Fe2O3 in the frit system would 

suggest that neither appear to be part of the mineralisation of the cobalt source. This could 

suggest their presence in the frit is due to contamination, such as from the fritting pans or 

from post-deposition. However, it is also possible that both were components of the cobalt 

source but their associations with the other components were weakened during the 

formation of the frit.  

This leads to the inevitable question as to why anyone would deliberately mix a siliceous rock 

with silica and a soda flux and heat it up to about 1000oC to make a glassy material unless 

they were trying to remove another component from the system. It is therefore proposed 

that cobalt frit colourant, such as that found at Amarna O.45, was not manufactured 

deliberately in order to produce a glass frit with low soda, low lime and high silica to which 
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cobalt was added, but that this frit was a natural by-product of a smelting system in which a 

soda-based mineral acted as a flux to melt cobaltiferous rock in order to remove a metal. By 

this rationale, the blue glass produced from melting the siliceous rock was, in essence, the 

slag of the system. Considering that the cobalt-blue frit was a slag rather than a deliberately 

made glass, not only goes someway to explaining the variation in the concentrations and close 

associations of most components but also its unusual composition. This scenario would also 

provide a reason for the low co-dependences of CuO with the other components in the frit 

system and why they cluster - unlike refractory oxides, CuO would potentially partition during 

the extraction process, thereby reducing its co-dependences with the other components in 

the system. This is examined in the next section. Furthermore, if the colourant which arrived 

in Egypt was already a glassy slag (perhaps in the form of irregular shaped rocks – see Figure 

9.2), then the purpose of melting this raw material in fritting pans could have been to remove 

contaminants and debris. In other words, the cobalt blue slag needed to be purified before it 

was subsequently added to a base glass. 

As mentioned earlier, relating glass to metal production is not a new concept (e.g. Peltenburg, 

1987: 5-29; Mass et al., 2002), with Dayton (1981; 1983) being the first person to claim that 

Egyptian and Mycenaean cobalt-blue glass derived from a silver ore, i.e. the silver-bearing 

cobalt ores of Erzgebirge on the Czech-Germany border. Although these studies had their 

detractors, it is proposed here that regardless of the archaeological veracity of the silver-

cobalt ore source identified by Dayton (1981; 1983), re-examination of cobalt-blue frit is a 

potential window to view whether cobalt-blue glass and frit found at Amarna are related to 

the extraction of metal. 
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9.8 The origin of the frit 

The compositional signature of the cobalt-blue frit found at Amarna is probably significantly 

more indicative of cobalt’s provenance than the composition of glass proper, which has not 

only been diluted but may have been contaminated during recycling. The compositional 

analysis of the cobalt-blue frit shows that CoO is well associated with most of the components 

in the frit which, apart from MnO, is generally not observed in 18th Dynasty glass (see 

dendrograms Figure 9.9 and 9.10). This suggests that CoO derived from a siliceous rock which 

included Al, Ti, Mg, Co and Mn and possibly Fe and Cu.  It is also probable that Ni and Zn were 

present, but at levels too low to be measured by the WDS technique, as observed generally 

in cobalt-blue glass (e.g. Figure 9.7). Even the low concentrations of potash appear related to 

cobalt, as evidenced by the possible linear interaction (red triangles) between K2O and CoO 

in Figure 9.22, suggesting they derive from a common source. In essence, it is these 

components which can be used to provenance cobalt. Even the trace levels of P2O5, SnO2 and 

PbO found in some of the frit samples (Table 9.3) may be diagnostic regarding the source of 

the cobalt, despite being at the limits of detection for WDS.  Moreover, the presence of 

sulphur found in the cobalt-blue Malkata glasses (n=12) at an average level of 0.35%SO3 

(range: 0.24-0.56%SO3) using WDS, suggests that some of the components may have been 

initially in the form of sulphides or sulphates (Shortland and Eremin, 2006). Arsenic has been 

detected in Egyptian cobalt-blue glasses from Malkata which, despite the low concentrations 

and high variability, are higher than the concentrations in colourless glass (n=7) found at the 

same site (colourless=1.16ppm, s=0.97; cobalt-blue=6.43ppm, s= 4.28) (Shortland et al., 

2007). This could indicate that some of the components of the cobalt system were arsenides 

prior to any high temperature processing. These components and their associations are 
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suggestive of a five-element mineralisation in which Ni, Co and As have a high degree of 

correlation with each other (Kissin, 1992). For the case of the Egyptian glasses, NiO and CoO 

are definitely well associated (Figure 9.7). A linear relationship is also found between these 

components in Mesopotamian glass from Nippur using LA-ICPMS data (Figure 9.25, data from 

Walton et al., 2012). Any association with arsenic, however, is likely to be diminished during 

processing as it is volatile, especially if the ores were roasted (Yin et al., 2014; Wilson and 

Mikhail, 1989). Furthermore, arsenic losses from melt systems have been shown to increase 

on further re-melting, with fluctuations in temperature resulting in significant arsenic losses 

(Mödlinger et al., 2017). This could indicate that heating and cooling during processing (as 

would be expected in the working of glass into objects) as well as recycling, would result in 

large but unpredictable arsenic losses. For example, European cobalt-blue beads (17th century 

AD) were found to have arsenic levels of between 400 and 7000ppm, with concentrations 

potentially depending on the shape of bead produced (Hancock et al., 2000). These beads, 

which were provenanced to the cobalt-arsenide minerals found in the Hartz mountains of 

eastern Germany (i.e. high arsenic levels in the ores), not only demonstrate that low arsenic 

concentrations are found in cobalt-blue glasses but may also suggest that large variations in 

arsenic levels are related to times in the furnace (and the number of times the glass is heated 

and cooled) to form different types of bead, i.e. some shapes are presumably worked more 

than others. Section 9.9 investigates how arsenic levels vary on re-heating an arsenic-rich 

cobalt-blue glass. In essence, an absence of arsenic can still indicate a five-element ore 

provenance for cobalt-blue glass, a mineralisation which is also often associated with 

manganese, zinc, lead, copper and sulphur in a variety of host lithological environments 

(Kissin, 1992; Bagheri et al., 2006; Tarkian et al., 1983; Mazaheri Kuhanestani et al., 2014).   
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Five-element deposits are found in various locations around the world such as Cobalt in 

Ontario, Canada, the districts of Freiberg, Jachymov and Erzgebirge in Germany (Kissin, 1992) 

and the Anarak district in central Iran (Tarkian et al., 1983; Bagheri, et al., 2006). Records 

regarding the exploitation of these deposits dates back to the Middle Ages for Erzgebirge (Ore 

Mountains). The mines in the Cobalt district of Canada exploited silver and uranium in the 

20th century (Kissin, 1992). No records of when the deposits in the Anarak district of central 

Iran began to be exploited are known but the Talmessi and Meskani mines have been dormant 

since 1960 (Bagheri et al., 2006). This type of mineral deposit contains a distinctive suite of 

minerals (Ag-Co-Ni-Bi-As +/- U). However, such mineral deposits often show some variation 

and the entire suite is not always present. Moreover, in the Anarak district, copper arsenides 

also appear to be associated with this mineralisation (Bagheri et al., 2006; Mazaheri 

Kuhanestani et al., 2014). These deposits in central Iran are particularly relevant to the 

discussion here. Not only are they more likely to be associated with the glass production in 

Mesopotamia and Egypt, but Pb and Zn in these deposits are believed to have derived from 

schist while geochemical and petrography indicate that Ni, Co, Cu and As derived from 

ultramafic rocks (Mazaheri Kuhanestani, et al., 2014). This suggests that a greater co-

dependence would be expected between Ni and Co (as parts of the mineralisation), than 

between Zn and Co. These associations are evident in Figure 9.9 and 9.10. Furthermore, the 

abundances of the major elements for rocks and veins from the vicinity of the Talmessi and 

Meskani mines in the Anarak district (Bagheri et al., 2006) have levels of SiO2 (42.65-

61.55%SiO2), which are lower than the frit (84.4%SiO2), and insufficient Na2O (0.96-

4.26%Na2O) for the system to be self-fluxing. In other words, if Anarak was the source of 

cobalt, SiO2 and Na2O would have had to be added to extract any metal from this system, as 

discussed in Section 9.7.  
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To examine this further, the linear relationship in the Egyptian 18th Dynasty glasses between 

NiO vs CoO (Figures 9.3 and 9.7) has a gradient of about 0.6 (0.56 for the elements). Figure 

9.25 shows the interaction using the LA-ICPMS data for cobalt-blue glass from Amarna and 

Malkata (from Varberg et al., 2015, 2016; Shortland et al., 2007) and Nippur (Walton et al., 

2012). 

 
 
Figure 9.25. Bivariate plot of NiO vs CoO for glass from 18th Dynasty Egypt and Nippur in Mesopotamia using 
LA-ICPMS. The linear line for the Nippur axes (blue dashed line) shows that NiO and CoO potentially derived 
from skutterudite (gradient ~0.3). The gradient of the Egyptian glass data (dark red dashed line) is about twice 
high (gradient ~0.6), which could suggest that the five-element ore mineralisation is dominated more by a 
nickel mineral, such as nickeline. Although it is difficult to place the rest of the Nippur data on lines, they are 
still consistent with a five-element system which has variable levels of nickel and cobalt in the mineralisation. 
LA-ICPMS data for cobalt-blue glass from Amarna and Malkata (from Varberg et al., 2015, 2016; Shortland et 
al., 2007) and Nippur (Walton et al., 2012). 
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In Figure 9.25, the gradient for the Amarna/Malkata LA-ICPMS glass is similar to the 18th 

Dynasty pXRF data in Figure 9.7, i.e. about 0.6, and passes through the origin (dark red dashed 

line). The glass from Nippur is more difficult to interpret. There appears to be an interaction 

with a gradient of about 0.3 (blue dashed line) which can pass through the origin, i.e. the 

Mesopotamian glass and the Egyptian glass appear to converge. There also appears to be 

lower groups from Nippur where it is difficult to apply linear lines.  

These interactions are consistent (or at least not inconsistent) with a five-element ore system 

which has variable levels of nickel and cobalt. The ratio of Co to Ni at Meskani and Talmessi 

in the Anarak region of Iran range from 1:0.3 to 11:35.4 (Khoei et al., 1994, in Matin, 2015), 

i.e. Ni/Co: 0.3-3.22, respectively. This wide range would encompass both the Egyptian and 

Mesopotamian cobalt blue glasses. The fraction of nickel to cobalt in skutterudite (one of the 

main cobaltiferous minerals in these deposits (Tarkian, et al., 1983; Mazaheri Kuhanestani et 

al., 2014) is 0.33, i.e. empirical formula: Co0.75Ni0.25As2.5; wt%: Co=17.95%, Ni=5.96%, 

As=76.09%). This is similar to the gradient for the Mesopotamian glass data, suggesting 

strongly that the cobalt in the Nippur glass was from an almost pure deposit of skutterudite. 

The higher gradient for the Egyptian data is potentially a consequence of variable amounts of 

nickel and iron replacing cobalt in this mineral, i.e. skutterudite has a variable formula ((Co, 

Ni, Fe) As2-3)). Less cobalt could suggest more nickel, and therefore a higher slope on the NiO 

vs CoO plot. However, the presence of another nickel-based mineral (such as nickeline) in 

association with the cobalt mineral could also increase the gradient for the Egyptian glass, 

potentially suggesting less rich cobalt ore was exploited for export. Nevertheless, the ratio of 

Ni to Co found in both Mesopotamian and 18th Dynasty glass is consistent with minerals found 

in five-element deposits and provides an explanation for the high association and linear 
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relationship between CoO with NiO. On the other hand, although ZnO is clearly associated 

with CoO in Egyptian glass, it is better associated with MnO (e.g. Figure 9.9). In essence, 

whereas Ni and Co are potentially part of the five-element ore mineralisation, Zn and Mn are 

found in associated minerals (which may or may not be present). FeO in glass is likely to have 

a variable concentration of iron, due to the iron associated with silica used to make the base 

glass and is therefore difficult to relate to the ore. Figure 9.26, however, shows that FeO in 

the frit increases with CoO. Although the linearity is questionable, it is still consistent with the 

frit deriving iron from skutterudite, one of the main minerals in a five-element ore system.  

 

Figure 9.26. Bivariate plot potentially showing a possible linear relationship between FeO and CoO in the frit 
found at Amarna O45.1, supporting that cobalt entered the system from the mineral skutterudite ((Co, Ni, Fe) 
As2-3) as suggested by the linear interactions between NiO and CoO in Figures 9.3 and 9.7. Data from Tite et 
al., 1998: 111-120. 
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Differentiating the components which are integral to the five-element mineralisation (e.g. Co 

and Ni, Fe when the main cobalt mineral is skutterudite, and Cu in the case of the Anarak 

deposits) from those minerals which are associated with some deposits (e.g. Mn and Zn), such 

as in the post-ore stage, could potentially explain the differences between Egyptian and 

Mesopotamian glass. The Nippur axes, for example, have very little manganese or zinc and 

the interaction between MnO and ZnO with CoO is not linear (although the absence of 

linearity could be a limit of detection issue). However, the linear relationship prevails between 

NiO and CoO (Figure 9.25). Similarly, the early 1st millennium BC Nimrud blue glasses studied 

by Reade et al. (2005: 23-27) also do not exhibit the relationship between Mn and Co, despite 

being elevated in the same suite of elements as the 2nd millennium Egyptian cobalt glasses. 

This could be (and has been) interpreted as different cobalt minerals being exploited (e.g. 

asbolane vs linnaeite). However, it could also indicate the variability and the variation in the 

associated minerals which are found in five-element deposits. Although from a different 

period, seven types of cobalt blue pigments used in Islamic ceramics and glass have been 

identified (Wen, 2012, 249-251). These pigments, which are considered to have an Iranian 

provenance, have various combinations of elements (Co, Fe, Zn, Cu, Pb, As, Ni, Sb, Mn and Bi) 

in variable proportions, often with some elements being absent. These variations potentially 

reflect the Iranian cobalt ore sources exploited (see Matin and Pollard, 2017). 

Copper, although being well associated with the five-element ore mineralisation at mines in 

Anarak, is not well associated with cobalt in the frit or in glass. In glass, this lack of association 

is potentially due to contamination. In the case of the frit, although the compositional 

signature has yet to be influenced by dilution and its associated contamination from recycling, 

it has still undergone high temperature processing. As with any smelting system, the absolute 
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amounts of each component in the frit would be dependent on how each component 

partitions (i.e. concentrates) between the metal being extracted and the glassy slag phase. 

For those elements which concentrate in the metal, associations with the elements in the 

glass slag would be diminished. This suggests that any component which partitions primarily 

with the extracted metal will have lower co-dependence in the glass with those components 

that partition with the glass. In other words, the low levels of copper in the frit (0-0.02%) and 

its low association with cobalt is because some proportion of it was extracted.  

Plotting the CuO-FeO-CoO sub-composition of the cobalt-blue frit on a ternary diagram 

(Figure 9.27) shows a broad variance ellipse. Such a broad ellipse suggests that the 

compositional variance is shared between each of the components in this sub-composition. 

In effect, although the variation is high between each component, none of these components 

dominates the compositional variance. This broader variance structure would be expected if 

the association of CuO and Fe2O3 with CoO was diminished due to partitioning. 
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Figure 9.27. Ternary diagram for the sub-composition CuO-Fe2O3-CoO of the cobalt-blue frit exhibiting a broad 
pattern suggesting that the compositional variance is shared between each of the components. The ellipse 
shows the variance structure through 95% probability regions. The red line displays the direction of the 
principal component of the subcomposition. Data from Tite et al., 1998: 111-120. 

 

This also suggests that the other two components generally associated with the five-element 

system (i.e. Ag and Bi) may also have partitioned with the metal during the extraction process. 

In fact, for these metals, which are found in their native form in five-element systems, it is 

quite probable that both bismuth and silver would not partition with the glass. Furthermore, 

any metal (or metal compound reduced to the metal) found in the glass would be in the form 

of entrapped prills, rather than dissolved in the glassy covalently-bonded matrix. In essence, 

this suggests that the extracted metal (and potentially the principal reason for processing the 

ore) would be absent, or present only as a rare discrete phase within the glassy slag, taking 

with it components that partition predominantly in the metal phase. Moreover, in terms of 

archaeology, considering that the cobalt frit was a by-product which was valued and traded, 
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the metal which had been extracted may not even form part of any assemblage at the location 

where the frit was recovered.  

There are indications that any metal removed from the system was not difficult to extract. 

Considering that the glass slag had value as a colourant, supports the previous suggestion that 

the process occurred in a crucible, in order to avoid contamination. The low levels of K2O, 

MgO and P2O5 in the frit (Table 9.3) further suggest that it was produced in an environment 

where contamination from the products of burning wood to fire the furnace was minimised. 

This suggests that crucibles containing the ore minerals, the host rock and any soda-based 

flux additive were heated from the outside and that the main component for recovery was 

easily reduced, or was already in the metallic form, but embedded in the cobaltiferous 

siliceous rock.   

As one of the main components of the five-element ore system, silver is a potential candidate 

for the metal which was extracted. Fahlore (a copper arsenic sulphosalt) has been found in 

association with significant silver and zinc contents at the Talmessi and Meskani mines in 

Anarak, with host rocks of dacite (an igneous volcanic rock containing plagioclase and quartz) 

and andesite (an intermediate between basalt and granite). Interestingly, the silver from Early 

Bronze Age silver objects recovered at Ur were interpreted to have originated from a fahlore, 

objects which suggested a silver, copper, lead and zinc mineralisation and contained trace 

levels (< 100-500ppm) of Co, As, Ni, Mn, Fe and Sn (Salzmann et al., 2016: 141-145; also see 

Pernicka and Bachmann (1983) for a similar interpretation at Laurion). Furthermore, of the 

element suite, only silver could be extracted without a strong reducing atmosphere. Cobalt, 

zinc, manganese, lead and nickel would require smelting with charcoal in intimate contact 

with the charge and, apart from lead, were not metals that were smelted deliberately in 
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antiquity. Moreover, if copper was predominantly in the form of a sulphide, as is possible 

since SO3 was measured in the Malkata samples, it would be very difficult to reduce to a metal 

using heat alone. It was also a metal that was being readily extracted from other sources.  

Silver, when in association with Ni-Co-As ores, is in the form of native silver and would 

therefore, not need to be reduced. Even cerargyrite (i.e. silver chloride- AgCl), would be 

readily reduced to silver metal. Smith (1967: 20-52) argued that the earliest silver objects 

were made of native metal or of cerargyrite, both of which form silver on melting under a 

cover of charcoal. Furthermore, despite the trace levels found in the LA-ICPMS studies, silver 

is not always found in low concentrations in cobalt-blue glass. Figure 9.28 shows an energy 

dispersive X-ray spectrum of cobalt-blue glass found at Amarna (Nicholson and Henderson, 

2000: 195-224). The fact that silver was detected with this analytical technique suggests that 

silver was present at levels greater than 0.1%, and probably higher. Moreover, it was not 

detected in the white and yellow glasses investigated. However, although silver was detected 

in cobalt-blue glass does not mean that it is was distributed homogenously throughout the 

glass matrix. As mentioned above, a metallic phase will not be soluble in the glass but is more 

likely to be in the form of entrapped prills.  
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Figure 9.28. Energy dispersive X-ray spectrum for an opaque blue glass from Amarna showing X-Ray peaks 
above background. In addition to the major components of soda, lime and silica, the significant antimony 
peak reflects the presence of calcium antimonate as an opacifier. The presence of cobalt, silver and nickel is 
suggestive of a Ag-Ni-Co-As ore. As arsenic is volatile its absence is not unexpected. Any bismuth and uranium 
present are likely to have been below the detection limits.  (adapted from Nicholson and Henderson, 2000: 
195-224; Fig. 8.10). 

 

The difference in measurement techniques used by different research teams is therefore 

significant. LA-ICPMS is generally used to determine the composition of the glass matrix. Spot 

or line ablations would be constructed to avoid any particulate phases and de-spiking of LA-

ICPMS data would also result in any particulate phase being smoothed out of the data in order 

to determine a more representative composition for the glass matrix. In essence, LA-ICPMS 

has been used to determine major, minor and trace elements in the matrix, while methods 
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such as SEM-EDS, WDS and EPMA provide bulk analyses on the major components of the 

matrix as well as the presence of major elements in specific particulate phases, albeit at higher 

(i.e. worse) detection limits. This would suggest that any silver prills present in the glass slag 

would generally be detected only by an instrument focussing on an area, or if specific phases 

were being investigated.  Furthermore, assuming the main reason to smelt silver-bearing ores 

was to extract silver, any prills observable to the naked eye (around 50 m in diameter) would 

have been removed from the glass (breaking the coloured glass frit up into small 

transportable ‘stones of casting’). Moreover, considering that the cobalt glass slag is a 

concentrate which would have been diluted with a base glass to produce cobalt-blue glass 

(probably in a 1:1 ratio) would explain not only the low amounts of silver found in cobalt glass 

in the archaeological record but also its high variation and low co-dependence with any other 

component. In essence, the EDS spectrum in Figure 9.28 is probably rare, as it suggests that 

this bulk measurement of the glass must have scanned a potentially isolated silver prill.  

In summary, the re-analysis of the cobalt-blue frit found at Amarna suggests that it was the 

slag of a smelting system. The components found in the frit are consistent with a five-element 

ore mineralisation in which Ni and Co are intimately associated. As these systems contain 

native silver dispersed and embedded within a rocky matrix, it is suggested that the silver was 

the main reason to process these ores, with the cobalt-blue glassy slag being the by-product 

of the smelt. The five-element ore deposits of central Iran have the components that are 

found associated with the frit, suggesting that such deposits may have been exploited to 

extract silver and a cobalt-concentrated vitreous slag (frit). The fact that both Mesopotamia 

and Egyptian glass show linear relationships between CoO and NiO and also appear to have 

similar host rocks (i.e. the interaction in Figure 9.13) could suggest that they both derived 
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from a five-element ore system but with different post-ore stage mineralisations. In essence, 

although it is not the purpose here to directly link the deposits at Anarak with all cobalt-blue 

glass found in the archaeological record, there do appear to be some compositional 

similarities which may have so far been overlooked. Furthermore, the fact that cobalt glass 

has been found at Eridu with 0.15%CoO (Garner, 1956) and at Nippur with very high cobalt 

levels (0.93%CoO) (von Neumann, 1929), may also suggest that the use of a vitreous 

concentrated cobalt-blue colourant was not confined to Egypt.  

There is also indirect evidence which supports that the cobalt-blue frit from Amarna could 

have derived from the Near East. Some copper blue (turquoise) glasses opacified with calcium 

antimonate found in Egypt have no tin. Near Eastern glass is generally tin-free (Lilyquist and 

Brill, 1993:71). This makes it plausible that the Egyptian turquoise glass may have derived 

from the Near East before being re-coloured during recycling in Egypt with bronze (perhaps 

after dilution), thereby introducing tin into the system. This would also provide a reason for 

the composition of some Egyptian blue glasses which have copper and cobalt as colourants 

(Smirnou and Rehren, 2013), where the presence of both is clearly redundant in terms of 

colouring glass. Perhaps more significantly, is that early lead antimonate yellow glasses found 

in Egypt have higher lead isotope ratios than galena ore deposits from the lead mines in Gebel 

Zeit in Egypt’s Eastern desert and are close to the few yellow glasses found in the Near East 

(Shortland et al., 2000), i.e. from Tell Brak and Tell Rimah (c. 13th century BC). Lilyquist and 

Brill (1993: 59-65) considered that there was a Mesopotamian ore field defined by glass. 

Figure 9.29 shows LIA mirror plots for the Mesopotamian glasses as well as glass from Egypt 

and from Susa in Iran (Lilyquist and Brill, 1993: 66), green frit from Egypt (19th Dynasty) 

(Shortland, 2006), objects and litharge recovered from Sialk in central Iran (Nezafati et al., 
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2008: 329-350) and from Arisman (Pernicka et al., 2011: 633-705), lead ores and slag from 

Nakhlak (Pernicka et al., 2011: 633-705), silver from Egypt and Syria (Oxalid, 2018) and the 

royal tombs at Ur (Klein et al., 2016: 89-97), copper and lead objects found at Amarna (Oxalid, 

2018), and ores from Iran (Stos-Gale, 2001: 53-76), ores specifically from the Anarak district 

(Pernicka et al., 2011: 633-705; Nezafati et al., 2008: 329-350) and ores from the Zn-Pb 

deposits (with sections associated with Ag) from the Urumieh-Dokhtar and Sanandaj-Sirjan 

zones extending from NW-SE Iran (Mirnejad et al., 2011). All archaeological samples are LBA 

or earlier. The 208Pb/206Pb vs 207Pb/206Pb plot also includes MBA silver from Sidon (Véron and 

Le Roux, 2004), i.e. data where 204Pb values were not available. 
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Figure 9.29. Lead isotope mirror plots. Glass from Mesopotamia (i.e. Tell Brak and Tell Rimah) (Shortland, 
2006), Egypt and Susa (data from Lilyquist and Brill, 1993: 66); green glass frit from El Rakham, Egypt (19th 
Dynasty) (Shortland, 2006); Tappeh Sialk objects and litharge (data from Nezafati et al. 2008: 329-350); silver 
from Egypt and Syria (data from Oxalid, 2018); silver from Sidon (data from Véron and Roux, 2004 – Note 
there were no 204Pb values); silver from Ur (data from Klein et al., 2016: 89-97); Iran ores and litharge (Stos-
Gale, 2001: 56); Anarak ores (data from Pernicka et al., 2011: 633-705; Nezafati et al. 2008: Fig 4c); Arisman 
litharge and Nakhlak lead ores and slag (Pernicka et al., 2011: 633-705); Iran ores from UDZ and SSZ zones in 
Iran (Mirnejad et al., 2011); copper and lead objects found in Egypt (data from Shortland, 2006). Glass from 
Egypt and Susa and silver from Egypt, Syria, Ur and Sidon are consistent with ores in Iran, particularly the 
Anarak district of central Iran. Silver from Sidon shows a tight range of values which covers all the silver 
artefacts tested from Burial 27. Copper and lead objects found at Amarna also fall near Iranian ores. Note 
colours depicted on plot do not represent the colours of the glasses. 

 

About half of the Egyptian glass samples are not only consistent with Iranian ores, with three 

being close to the ore values of the Anarak region, but this glass is also consistent with glass 

from Susa and silver from Syria, Sidon, Ur and Egypt. The eight samples closest to the Iranian 

ores, in order of ascending 207Pb/206Pb (i.e. > 0.82) are samples 2168 (Wadt Qirud – Tomb of 

foreign wives of Thutmosis III – red part – c. 1425 BC), 2169 (Assasif Tomb 37 – glass from a 

tin bead – c. 1460 BC), 2166 (Susa, c. 15th century BC), 1119 (Lisht excavations – Later New 

Kingdom), 2184 (Thutmosis III’s tomb c. 1425 BC), 2178 (Lisht excavations – Later New 

Kingdom), 1118 (Lisht excavations – Later New Kingdom) and 2177 (Lisht excavations – Later 

New Kingdom) (Lilyquist and Brill, 1993: 59-70).  

The issue with ore ‘fields’ is that they often overlap with other geographically separated areas 

(see Chapter 6). However, the fact that the some of the glass from Egypt is also consistent 

with glass from Susa, silver from Syria, Sidon, Ur and Egypt as well as ores, slag and litharge 

from Iran, is consistent with the suggestion that some of the Egyptian yellow glass and red 

glass derived its isotopic signature from Iranian lead, lead found in areas with similar isotopic 

signatures to silver. Although the default position would suggest silver derived from an 

argentiferous lead ore, it needs to be considered that the lead used for lead antimonate (i.e. 
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yellow glass) was not necessarily argentiferous. In other words, lead associated with the five-

element ore mineralisation would provide a similar LIA signature to the silver. These LIA data 

clearly support that there was movement of silver and yellow and red glass to Egypt as well 

as silver to Sidon and Syria. Green glass frit and copper recovered in Egypt also appears to be 

consistent with glass from Egypt, silver from Egypt, Syria and Ur, and Iranian ores, which could 

suggest that copper-based frit was also produced in the Near East, especially when it 

considered that the Anarak mining district has two unusually large deposits of native copper 

at Talmessi and Meskani (Piggot, 2004: 28-43). In fact, both copper and lead objects recovered 

from 18th Dynasty Amarna also appear to fall close to Iranian ores, litharge and objects. It is 

therefore conceivable that cobalt-blue frit made a similar journey to Egypt. 

9.9 Experimental 

Experiments and analyses were carried out on a five-element ore system in order to:  

a) to determine whether it was feasible to flux a five-element ore system in order to 

extract silver and produce a concentrated cobalt-blue glass. 

b) to determine how elements from the ore partition into the glass slag and the silver 

metal.  

Ore from the Silverfields deposit in Cobalt, Ontario in Canada was obtained for the 

experiments, as this system is well-characterised and was available. The ore occurs as nearly 

vertical veins in Huronian sedimentary rocks below a sill-like body of Nipissing diabase. The 

ore veins are composed of carbonates, arsenides, native silver and sulfides, and are zoned 

with respect to type of arsenides and grade of silver ore. The predominant arsenides in the 

upper parts of the ore veins are those of nickel, in the mid-portions, cobalt, and in the lower 

parts, iron. High-grade silver ore is generally associated with mixtures of nickel and cobalt 
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arsenides, medium-grade with cobalt arsenides, and low- to very low-grade with either iron 

or nickel arsenides. Textural relations suggest that the arsenides and native silver have a 

common origin, while the sulphides were in the rocks prior to ore deposition but re-mobilised 

and redeposited in and around the ore veins as grains during the mineralization period 

(Petruk, 1968).  

Figure 9.30 shows photographs of the ore slab and the ore surface using a Dino-Lite digital 

microscope. In terms of silver, it can be classified as a high-grade ore, exhibiting dendritic 

growth of silver into a cobalt-arsenide matrix with some silver growing at the core of large 

arsenide ‘rosettes’. Figure 9.30 shows that the ore was heterogenous at a macroscopic scale. 

A section of the ore was removed which contained all the phases that could be observed 

macroscopically. No attempt was made to examine representative sections in terms of the 

amount of each phase, i.e. the analyses were not conducted as a quantitative measure of the 

grade of the silver ore.  
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Figure 9.30. The faces of the ore slab from the Silverfields mine, Cobalt, Canada (upper). Images captured 
using a Dino-Lite digital microscope showing the native silver and cobalt arsenide phases (lower).  

 

A small section of ore was cut from the slab and crushed to flakes and analysed using XRD 

(see Appendix A1.3). The resulting diffraction pattern (Figure 9.31) was matched to databases 

to aid identification. The results show that apart from silver, the main component of the ore 

were cobalt arsenides, with skutterudite having the highest confidence in terms of identified 

minerals. The remainder of the crushed ore was placed in a conical carbon crucible with 



351 
 

laboratory grade silica, sodium carbonate and calcium carbonate to produce the sample 

described below (see Appendix A1.3). Figure 9.32 shows the sectioned sample, demonstrating 

clear separation of the cobalt-blue glass and a large shiny silvery bead, which collected at the 

base of the crucible (i.e. the sample has been inverted for the photograph).   

A small section of the ore and a section of the sample with both glass and metallic parts were 

mounted and examined using SEM-EDS (see Appendix A1.3) (Figures 9.33 and 9.34). Parts of 

the remaining glassy part were re-heated to 1300oC without any dwell time to determine the 

effects of re-heating on the arsenic levels. Three re-heating cycles were conducted (Appendix 

A1.3). 

 

 

Figure 9.31. XRD diffractogram for a representative section of the ore, showing skutterudite as the main 
mineral phase. 
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Figure 9.32. The sectioned sample showing the cobalt-blue glass and the metallic bead. Unreacted silica can 
be seen in the glass part. Note that the sample has been inverted from its position in the conical carbon 
crucible, i.e. the metallic phase was at the bottom. 

 

9.9.1 Results 

As mentioned above, the ore was macroscopically heterogenous and glass formers had been 

added. The SEM-EDS analyses were therefore not conducted as a quantitative assessment of 

the grade of the silver ore, nor to determine the composition of the sample produced per se, 

but as an exploratory investigation to determine how elements present in the ore partitioned 

between the glassy and metallic phases of the sample (see Table 9.7).  

Back scattered images showed that the ore had a variable composition (Figure 9.33a). Table 

9.5 presents the normalised results in weight percent based on three analyses from low 

magnification scans. At least four separate phases were discernible. The silver rich phase in 

the ore (Figure 9.33b) had a normalised composition of: Ag (91.9%), Hg (4.9%), Sb (3.2%). 

Cobalt and nickel were found in association with arsenic in two discrete phases with sulphur 

and iron (Figure 9.33c and 9.33d). A phase composed primarily of Mg and Ca was also present 

in the ore (Figure 9.33e), which by stoichiometry of oxides was composed of mainly of 

36.7%MgO and 57.9%CaO, the remainder being 3.6%Fe2O3, 1.1%MnO and 0.5%As2O3. 
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Figure 9.33. Backscattered images of the ore showing the phases described in the text: a) the variable 
composition of the ore (field of view); b) the silver rich phase; c) and d) Cobalt and nickel were found in 
association with arsenic in two discrete phases with sulphur and iron; e) Mg and Ca was also present in the 
ore. All compositions are in normalised wt%. 
 
Table 9.5. The bulk chemical composition of silver ore by SEM-EDS in normalized wt%. Note that the 
inhomogeneity is reflected in the elements analysed. Note Area a) is the field of view in Figure 9.33. 

 

% (n=3) O Mg Si S Ca Mn Fe Co Ni As Ag Totals 
Area a)  18.3 3.7 0.5 1.4 4.4 0.2 3.6 10.6 1.2 51.5 8.0 100.7 
st.dev. 15.1 - - 0.6 3.9 - 1.0 1.7 0.1 12.0 5.8 5.1 

 

% (n=5) O Mg S Ca Mn Fe Co Ni As Ag Sb Hg Totals 

Area b)  bdl bdl bdl bdl bdl bdl bdl bdl bdl 91.9 3.2 4.9 104.4 
st.dev. - - - - - - - - - 0.3 0.2 0.1 1.1 
Area c)  bdl bdl 17.6 bdl bdl 30.2 3.1 0.5* 49.0 bdl bdl bdl 105.6 
st.dev. - - 0.2 - - 0.5 0.6 - 0.3 - - - 1.0 
Area d)  bdl bdl 0.3 bdl bdl 2.5 15.5 2.0 79.8 bdl bdl bdl 107.8 
st.dev. - - 0.1 - - 0.9 1.7 0.9 0.2 - - - 1.9 
Area e) 68.0 11.0 bdl 19.1 0.4 1.28 bdl bdl 0.2 bdl bdl bdl 111.6 
st.dev. 0.3 0.2 - 0.2 0.1 0.1 - - 0.2 - - - 1.8 

* Ni detected in one of the 5 area scans. 
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Table 9.6 shows the composition of the glass slag. Small silver-rich prills were also found in 

the glass. Figure 9.34 shows a prill of about 6m in diameter surrounded by the glass matrix. 

Silica-rich needles were observed in the glass (Figure 9.37). These needles were avoided for 

bulk compositional measurements. 

Table 9.6. The bulk chemical composition of glass part by SEM-EDS in normalised wt% oxides by stoichiometry. 

% Na2O MgO SiO2 CaO Fe2O3 CoO As2O3 Totals 
mean (n=5) 11.1 1.4 60.0 11.3 2.9 5.2 8.1 91.5 
st.dev. 0.2 0.2 0.3 0.4 0.4 1.0 2.0 0.5 

 

 
Figure 9.34. Silver prill entrapped in the glass part of the sample. Copper is also present in the silver. Note that 
the lower amounts of silver in this prill are potentially a consequence of penetration depth and area of the 
EDS, which at this magnification has scanned part of the area around the prill. 
 

The metallic bead had a variable composition comprising two main phases: one silver-rich, 

the other cobalt-rich. The cobalt-rich phase was mainly composed of cobalt-nickel arsenides. 

The presence of a cobalt-rich phase suggests that the glass slag could not dissolve any more 

cobalt (i.e. around 5% CoO may have saturated the glassy matrix). The silver-rich phase 
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contained arsenic, copper and some sulphur. Antimony and some cobalt-nickel arsenides 

were present only in small discrete phases within the silver-rich phase. In essence, the 

metallic bead was a composite of silver and Co-Ni-As.  

Figure 9.35 shows the bulk of the metallic bead with brighter silver-rich areas (e.g. Area A) 

and the darker Co-Ni-As phase (e.g. Area B). Many spherical voids were found (Figure 9.36), 

possibly suggesting that metallic silver prills were lost during the polishing (very dark areas), 

indicating a weak interface between the Co-Ni-As phase and the silver-rich phases. 
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Figure 9.35 (top) Backscattered image of the metallic bead showing silver-rich (brighter) and cobalt-nickel-
arsenic rich (darker) areas. The round, dark areas are voids possibly indicating the presence of silver prills 
which were lost during polishing (see Figure 9.36). Silver-rich Area A (lower left) had a composition of 70%Ag, 
13.6%As, 3.2%Cu, 0.6%S and 11%O (normalised by element); the cobalt-nickel-arsenic rich Area B (lower right) 
had a composition of 33.5%Co, 51.7%As, 6.7%Ni, 0.2%S and 5.7%O (normalised by element).  
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Figure 9.36 A spherical void possibly indicating a lost silver prill in the metallic part of the sample. Surrounding 
the spherical void, the dark grey area is predominantly Co-Ni-As (normalised by element: 56.6%As, 37.0%Co, 
5.6%Ni, 0.58%O, 0.25%S) and a light grey silver-rich phase (normalised by element: 91.9%Ag, 5.5%As, 
0.26%Co, 2.3%O). The loss of the prill could indicate that the interface between metallic silver and the 
surrounding phases was weak. 

 

The following table (Table 9.7) shows how the components from the ore partitioned into the 

glass and the metallic parts of the sample. Ticks denote whether an element was detected, 

even if it was only a minor component. More details are presented in the following text: 
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Table 9.7. Ticks represent the components detected in each phase or the ore, the glass and the bead. The 
components added are also presented. 

 
 Raw materials Products 

slag/glass metal 

Element bulk 
ore 

 

silver phase 
in ore 

added to 
ore 

glass metallic prills 
in glass 

silver phase non-silver phase 

Silicon  X   * X X 

Sodium X X   X X X 

Calcium  X   * X X 

        

Silver   X X   X 

Copper X X X X X  X 

Nickel  X X X    

Manganese  X X X X X X 

Iron  X X  X X X 

Mercury   X X X X X 

Antimony   X X X  X 

Magnesium   X  X  X 

Sulphur  X X X    

Cobalt  X X     

Arsenic  X X     

Tin ** X X X X X X 

        

Aluminium X X  X    

* probably from glass surrounding the prill 
**only found in one analysis at 0.57%Sn 
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The added glass forming materials (silica-soda-lime) were found predominantly in the glass 

part of the sample, with only very low amounts in the metallic bead. Alumina was not added 

or found in the ore but was used as an abrasive to polish the sample. Its presence in the 

metallic bead can therefore be attributed to contamination.  

Silver was only detected in the metallic bead, apart from some small isolated prills found in 

the glass (Figure 9.34). Copper, which had not been detected in the ore, was only found in the 

metallic bead (Figure 9.35), suggesting that the low amounts in the ore concentrated in the 

metallic bead with the silver. Nickel also appears to concentrate in the metallic part as it was 

not detected in the glass. However, apart from some discrete particles found at high 

magnification, it was not found in the silver-rich phases. Manganese, which was detected at 

low percentages (0.4%) in one phase of the ore was not found either in the glass or the 

metallic part of the sample, suggesting that it must form an unfound discrete phase, or that 

it was diluted beyond the limits of detection of the instrument. Iron was only detected in the 

glass. Mercury was detected in the silver phase of the ore, but not in the sample. This is 

probably because it is volatile and boiled off during processing. Antimony was found in the 

metallic bead as one of the phases within the silver-rich phase. Magnesium was found 

predominantly in the glass, with only low concentrations found in the non-silver phases of the 

metallic bead. Sulphur was only detected in the metallic bead, where it appeared to be 

associated with copper. Arsenic was detected in the glass and metallic bead. Cobalt was 

detected in the glass at quite high percentages (average 5.2%CoO). It was not found in the 

silver-rich phase of the metallic bead, apart from a few isolated particles of cobalt arsenide 

found at high magnifications (x5000). CoO was present at high concentrations (up to 30%CoO) 
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in the cobalt-rich phase of the metallic part in association with nickel (4.4%NiO) and arsenic 

(42.9%As2O3) (Figure 9.36). 

The main conclusion from these experiments is that a five-element ore can be fluxed to 

produce a cobalt-rich glassy material, and to separate the silver from components found in 

the ore. Although the metallic bead still contained cobalt in association with arsenic and 

nickel, it was malleable as the silver formed a discrete phase from the Ni-Co arsenides, i.e. 

working the bead or re-heating it would easily remove the silver. 

In terms of partitioning, the experiments and the analytical method used suggest that any 

object made from the silver from such an ore system would have only copper, arsenic and 

sulphur distributed with the bulk, with antimony, nickel and cobalt being in discrete phases. 

The glass would have the usual base glass components, with arsenic in association with the 

cobalt. No silver was found in the glass, apart from isolated prills, suggesting that it would 

also not generally be detected in archaeological cobalt glass or frit.  Iron would be elevated in 

the glass, although this may be difficult to ascertain because the silica source has variable 

levels of iron. However, it provides a possible explanation for the semblance of linearity 

between CoO and FeO in the frit (Figure 9.26), in that iron from skutterudite maintains some 

association with the cobalt in the glass phase. Furthermore, the fact that copper partitions 

with the silver provides an explanation for its low co-dependence with cobalt and with the 

other components in the glasses and frit in Sections 9.6, 9.7 and 9.8. However, the 

experiments also show that when cobalt and nickel arsenides are abundant in the ore, they 

separate out into a discrete phase with the silver (probably because they have reached their 

solubility limit within the glass). This will not affect the relationship between cobalt and nickel 

found in cobalt-blue glass from both Egypt and Mesopotamia, as both separate out together. 
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In other words, nickel only appears to partition in association with cobalt, which potentially 

explains why the linear relationship between nickel and cobalt prevails in the glasses (Figure 

9.3, 9.7 and 9.25). However, it will clearly affect the absolute amounts of cobalt, nickel and 

arsenic present in the glassy slag (and therefore any glass subsequently coloured with this 

frit), potentially depending not only on the initial concentrations of these components but 

also on the processing conditions.  

Re-heating experiments (Appendix A1.3) conducted on the glassy part of the sample showed 

that arsenic and cobalt levels decreased, and silica levels increased with respect to the sample 

produced (Table 9.8). The increase in silica concentration is probably a consequence of silica-

rich phases dissolving into the glassy matrix, as evidenced by a noted decrease in the number 

of silica needles on each successive re-heating cycle. Arsenic levels decreased from 8% in the 

produced sample to just over 1% after the first re-heating cycle, to 0.6% after the second re-

heating and below the detection limit after the third cycle (highlighted in Table 9.8). These 

decreases in arsenic concentration were associated with decreases in the size and number of 

the bright phase (Figure 9.37). This was particularly evident after the third re-heating cycle. 

Closer examination of this bright phase showed that it was predominantly cobalt and arsenic 

with a low percentage of nickel (58%Co, 28%As and 2%Ni, by element in normalised weight 

percent). 

Figure 9.37 (top) shows a Co-As rich particle on a silica-rich needle, indicating that the silica 

provided a substrate for a reaction between cobalt and silica, potentially forming cobalt 

silicate, the compound responsible for the dark blue colour. The darker area surrounding the 

bright particle in Figure 9.37 (middle and bottom) was predominantly cobalt and silica, 

without any detectable arsenic. This suggests that arsenic within the Co-As phase oxidised 
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(probably forming As2O3, which has a boiling point of 465oC) as cobalt reacted with silica. 

Table 9.8 shows the composition of the original sample (from Table 9.6) and after three 

successive re-heating cycles. 
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Figure 9.37. Cobalt-blue glass part of sample (Figure 9.32) after re-heating to 1300oC. Silica-rich needles are 
present in the glass. Bright areas are Co-As phases which appear to have reacted with the silica (top) producing 
a cobalt silicate phase without detectable levels of arsenic surrounding the particle (middle and bottom). 
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Table 9.8. The bulk chemical composition of glass part by SEM-EDS in normalised wt% oxides by stoichiometry 
of the produced sample, and after three successive re-heating cycles. 

% Na2O MgO SiO2 CaO Fe2O3 CoO As2O3 Totals 
sample (n=5) 11.1 1.4 60.0 11.3 2.9 5.2 8.1 91.5 
st. dev. 0.2 0.2 0.3 0.4 0.4 1.0 2.0 0.5 
         
reheat 1 (n=5) 11.3 1.7 68.6 11.5 2.7 3.1 1.1 93.8 
st. dev. 0.2 0.0 0.1 0.1 0.1 0.1 0.1 0.6 
         
reheat 2 (n=5) 10.9 1.7 69.2 12.0 2.8 2.7 0.6 95.9 
st. dev. 0.0 0.0 0.4 0.2 0.0 0.3 0.1 0.3 
         
reheat 3 (n=5) 10.6 1.8 70.8 11.9 2.5 2.4 bdl 95.0 
st. dev. 0.1 0.1 0.3 0.1 0.1 0.2 - 0.4 

 

These experiments suggest that arsenic deriving from the Co-Ni-As ore is volatile. CoO levels 

also decreased on re-heating (Table 9.8). Although cobalt oxides may convert to different 

forms at higher temperatures, they are unlikely to form volatile compounds. It is more likely 

that cobalt in the bulk glass reacted with the silica with successive heating as observed in 

Figure 9.37 (i.e. areas which were avoided for bulk measurements), thereby reducing the 

amount of cobalt in the bulk. This is supported by the decrease in variation in cobalt 

concentrations after re-heating (Table 9.8). In effect, successive re-heating of the glass 

resulted in further dissolution of silica, reactions between silica and cobalt, and the release of 

arsenic, probably in the form of a gaseous product. It should also be noted that these re-

heating experiments were conducted without stirring or working the glass, which would 

presumably remove arsenic even more readily. 

In effect, these re-heating experiments suggest that arsenic is not a reliable indicator to 

provenance glass, and that glass with low arsenic levels could have derived from an arsenic-

rich ore as suggested in Section 9.8 with regard to archaeological cobalt-blue glasses and frit.  
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9.10 Cobalt and silver 

Cobalt introduced in New Kingdom times almost disappears as a constituent of faience in the 

Third Intermediate period (Kaczmarczyk and Hedges, 1983: 259), at the same time when there 

is little evidence of glass production. Several possibilities have been proposed for cobalt’s 

short time-span of use. Blom-Boer (1994:62 in Lee and Quirke, 2000: 104-120) suggested that 

it may be linked to a connection between cobalt-blue and the sun-cult as interpreted in the 

reign of Akhenaten. Lee and Quirke (2000: 111) noted that, apart from the Predynastic period, 

pottery was commonly painted only in the late 18th to early 19th Dynasties, and therefore the 

absence of cobalt as a pigment in other periods might relate more to the choice of surface 

than to the availability of the mineral within Egypt. To some extent, this is something 

substantiated by its presence on pottery of the Amarna period but not on the so-called talalat 

blocks in temples or the temple chapel wall reliefs of the same period (Lee and Quirke, 2000: 

111). 

Limits on accessibility have also been considered by questioning the cobalt source itself. 

However, this suggests that the cobalt source is known. Although generally accepted to derive 

from the Kharga Oasis (e.g. Rehren, 2001), a central European provenance has also been 

proposed as there seems to have been more intensive Aegean-Egyptian contacts – either 

direct or via Syria – during the reigns of Amenhotep III and Akhenaten in the late 18th Dynasty, 

thereby providing the trading network for a short-lived cobalt supply from the far side of the 

Balkans (Lee and Quirke, 2000:111). However, there are also other locations where cobalt 

could have been derived. One of these locations could be the Anarak district of central Iran, 

which not only has deposits with the same suite of elements found in cobalt-blue glasses but 

has Ni and Co in close association due to its mineralisation (i.e. skutterudite). Furthermore, 
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with variability in its associated minerals, this could provide an explanation to why the 

relationship between NiO and CoO prevails for both Egyptian and Mesopotamian cobalt-blue 

glasses, but only Egyptian glass exhibits linearity between CoO and MnO and ZnO.  Despite 

these differing speculations, what is clear is that the appearance and disappearance of glass 

and cobalt seem chronologically linked, at least in Egypt. 

The re-analyses of the cobalt-blue glass data from the 18th and 19-20th Dynasties show quite 

convincingly that a lot of glass was recycled. This is particularly noticeable in the Ramesside 

period, suggesting that glass was no longer being produced. This recycling was probably 

specialised. For example, despite some contamination, cobalt-blue glass appears to have 

been separated by colour before re-melting. Recycling also appears to be accompanied with 

dilutions using a base glass, but only to the point where the deep blue colour was unaffected. 

This may have been common practice, although by the 19-20th Dynasties most glass seems to 

have been mixed, which suggests that dilutions may have been through necessity in the later 

Ramesside period. This necessity appears to coincide with the disappearance of cobalt, not 

only for glass but for other materials, suggesting that the full suite of colours was prerequisite 

for the glass-making to flourish. In other words, without the basic colour palette, glass was no 

longer considered a valuable commodity. This is supported when it is considered that blue 

was the colour of supplication and ‘lapis-like’ was a metaphor for great riches in both Egypt 

and Mesopotamia (Wengrow, 2018: 32-40), with lapis lazuli itself having been part of ancient 

trade routes between Afghanistan and the Mediterranean from the third millennium BC. 

The reasons behind the decrease in the appearance of cobalt glass after 1250 BC is still 

debated. However, from the re-analyses presented above, it appears that it is unrelated to 

the alum sources of Egypt’s Western Desert. The elevated alumina levels cobalt-blue glass, 
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which for so long has been used to identify the Dakhla and Kharga oases as the source of 

Egyptian cobalt, can be better explained by the presence of compounds in the glass associated 

with igneous rocks. Igneous rocks are not unique to Egypt, nor is the titania, which is found in 

association with the alumina. However, titania has not been detected in the alum sources. 

Furthermore, the low levels of K2O, which have also been used as a discriminator for cobalt-

blue glass can be explained through the addition of a vitreous cobalt-rich frit with low soda, 

high silica and low K2O being added to local plant-ash fluxed base glasses.  

This opens up the debate about where the cobalt used in Egyptian and Mesopotamian glass 

derived, or more precisely where and how the cobalt frit was produced which was 

subsequently used as a concentrated vitreous colourant to produce cobalt-blue glass. 

The compositional re-analyses of both cobalt-blue glass and cobalt-blue frit provide some 

indication of potential cobalt sources. Nickel, zinc, and manganese are potentially found with 

the cobalt along with compounds associated with aluminium, titanium, magnesium, 

potassium and silicon. Concentrations of sulphur and arsenic found in the glasses and frit 

suggest that some of these elements were in the form of arsenides and sulphides. This 

suggests Co-Ni-As mineralisation within a siliceous igneous rock which contains alumina, 

titania, magnesia and potassium oxide. Such mineralisation is often associated with metallic 

bismuth, native silver and sometimes uranium in what are known as five-element ores with 

cobalt arsenide minerals often being associated with sphalerite (ZnS). The low levels of 

arsenic in cobalt-blue glass, although higher than associated colourless glass, is probably due 

to the volatility of arsenic under oxidising conditions.  

It is likely that interest in the five-ore system was for its visible but dispersed silver 

concentration rather than directly for cobalt. It should be noted that connections between 
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silver and cobalt have been made before. Although criticised (Kaczmarczyk and Hedges, 

1983), the work of Dayton (1981; 1993) attempted to link the silver-bearing cobalt ores of 

Erzgebirge on the Czech-Germany border (i.e. the far side of the Balkans) with Egyptian and 

Mycenaean glass. The criticism, however, was perhaps directed at how the connection was 

presented based on the limited analyses conducted rather than the fact that silver and cobalt 

are intimately associated in these ore deposits. Nevertheless, to quote Nikita and Henderson 

(2006: 76) ‘The information on the provenance of cobalt in Mycenaean blue provided by 

Dayton is confusing at best and inaccurate at worst’. This criticism, of course, does not provide 

any validation for Egypt’s Western Desert as the source of cobalt.  

To retrieve the silver from five-element ores a flux, such as soda, would need to be added to 

the ore charge in order to melt the siliceous rock in a similar way to how glass was used to 

extract metals from associated minerals in 7th century AD Islamic contexts in West Africa 

(Rehren and Nixon, 2014). Silica was probably added when it was noticed that the glassy 

phase produced was coloured blue. This scenario would explain the close compositional 

variation between Na2O and SiO2 found in the frit found at Amarna. The experimental work 

presented in Section 9.9 shows that a five-element ore can be fluxed in order to retrieve the 

silver and produce a concentrated cobalt-blue glass slag. It was also shown that copper 

partitioned preferentially into the metallic phase, potentially the reason for the low 

association that copper has with the other components in cobalt-blue frit and glass. It is 

proposed that this slag, the by-product of the system, was in effect a valuable and traded 

commodity. However, this also suggests that its availability to the glass-makers was 

determined directly by the accessibility to and availability of the silver-bearing ores. 
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This leads to the question as to why such silver-cobalt sources would suddenly become 

unavailable. It is here that it needs to be considered how, where and when silver was 

exploited in antiquity. Native silver or minerals concentrated enough to be smelted directly 

only occur in very limited quantities (Patterson, 1972) and were probably rare even in 

antiquity (Forbes, 1950: 169-230). This has led many researchers to assume that silver derived 

from argentiferous lead, such as cerussite or galena, from very early on (Pernicka et al., 1998; 

Tylecote, 1976:45; Meyers, 2003: 271-288). Meyers (2003: 271-288), however, developed a 

model, which attempted to describe the trajectory of use of silver-based ores (Section 3.2.3; 

Figure 3.5). This was based primarily on the empirical observation that gold levels are 

generally much lower in galena than in cerussite due to the gold content concentrating in the 

oxidised ores, i.e. cerussite. The model suggested that objects analysed with gold contents 

greater than 0.1% gold derive potentially from cerussite rather than galena, allowing 

transitions in the technologies to exploit silver-bearing ores to be identified. The transitions 

proposed were that silver ores (e.g. cerargyrite) were exploited first followed by oxidised lead 

ores (e.g. cerussite) and finally, the primary sulphide ores (e.g. galena), in line with the view 

that near-surface deposits would be expected to be the first exploited. 

As well as suggesting that surface deposits were more likely to be exploited earlier, Meyers’ 

model also implies that extracting silver from native silver and siliceous silver ores is relatively 

straightforward compared to the extraction of silver from argentiferous lead, which was in 

effect the first time that trace amounts of one metal were separated from another. On first 

inspection, this would seem to be true, with the process of cupellation, by which the 

argentiferous lead was subjected to an oxidising blast at around 1000°C, oxidising the lead to 

litharge (PbO) but leaving small quantities of silver as a separate metal phase, being a more 
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complex operation that direct melting or smelting. Although evidence of this operation has 

been found from 3300BC (Pernicka et al., 1998), the issue here is not when argentiferous lead 

ores were first exploited, but when certain ores were exhausted, thereby reducing the 

number of feasible methods to acquire silver. 

As mentioned earlier, Smith (1967: 20-52) argued that the earliest silver objects were made 

of native metal or of cerargyrite, both of which form silver on melting under a cover of 

charcoal. Such a method is true for relatively pure silver ores containing large crystals of the 

silver mineral. However, native silver and siliceous ores are not only present as wires and large 

crystals but also as plates over quartz, as dendrites inside quartz fissures, and as grains, scales 

and as tiny groups of crystals (Figure 3.7) within volcanic basalt minerals such as plagioclase, 

i.e. minerals with appreciable alumina concentrations. Native silver, for example, is well 

known to be often mixed with quartz (Bastin, 1922). This suggests that even though the silver 

may be visible to the naked eye, unless it is possible to separate out by mechanical means 

(e.g. concentrating by selecting the purest ores and/or by crushing and milling to extract silver 

or silver minerals), extraction requires the removal of the surrounding siliceous matrix. This 

requires smelting the ores at high temperatures in a furnace with a flux to reduce the melting 

point of the silica matrix, i.e. silver is unlikely to be extracted completely from the host mineral 

over a simple charcoal fire.  

In effect, this suggests another early transition is required in Meyers’s model: once the 

relatively pure and mechanically refineable silver minerals had been exhausted, there would 

have been a need to extract potentially visible silver/silver minerals that were embedded and 

dispersed within a siliceous matrix. To place this transition onto the timeline mentioned 

above, it would have been most prodigiously applied after the exhaustion of native silver and 
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easily accessible dry silver ores, and before the purposeful exploitation of argentiferous lead-

bearing ores such as cerussite and galena. In other words, it could have occurred around the 

same time as when cerussite began to be exploited, reflecting the need to employ more 

complicated processes to maintain the demand for silver, i.e. around the middle of the 2nd 

millennium. Moreover, considering that it later became more judicious to exploit cerussite 

and galena, suggests that the exploitation of these increasingly difficult to exploit native and 

dry silver sources had a limited time-frame. 

Evidence for the use of native silver or siliceous silver ores is generally indirect. As described 

above, Meyers (2003: 271-288) uses gold levels as a proxy to assign silver to silver ore types. 

However, it should be noted that despite the limited amounts of Egyptian silver (and the even 

fewer analyses that record elements other than silver, gold and copper), early Egyptian silver 

is often effectively lead-free (Mishara and Meyers, 1974: 29-45). This could suggest that some 

silver, deriving from five-element ore deposits, travelled with the cobalt. Despite low lead 

levels (most Egyptian objects on the Oxalid (2018) database have <0.1%Pb; Mishara and 

Meyers, 1974:29-45), the low gold levels have led to the suggestion that Egyptian silver which 

was not from an electrum source, must have derived from argentiferous galena (e.g. Gale and 

Stos-Gale, 19811; Gale and Stos-Gale, 19812). However, if the data are taken at face value, the 

absence of lead is more indicative of native silver or silver-bearing ores which do not contain 

much lead, unless the cupellation process was so sophisticated to remove all the lead (as it 

may have been in later periods). As mentioned earlier, the silver from Early Bronze Age silver 

objects recovered at Ur were interpreted to have originated from a fahlore (Salzmann et al., 

2016: 141-145), similar to the mineralisation found at five-element deposits in central Iran, 

objects which suggested a silver, copper, lead and zinc mineralisation, as well as traces of 
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cobalt. However, this silver is still viewed as product of cupellation despite lead levels being 

as low as 0.1% for some samples (Salzmann et al., 2016: 141-145). Furthermore, in Egypt there 

is very little evidence of any metal being added deliberately to silver at this time. The copper 

concentration of ancient Egyptian silver has levels below those required to modify the 

mechanical properties (<5%) until the Late period. This suggests that silver was not 

intentionally alloyed at all, which along with the absence of lead could be interpreted as 

deliberate avoidance of contaminating silver (Ransom Williams, 1924: 28-30), in a similar 

fashion to how tin-bronze was resisted in Egypt until the 2nd millennium BC and, even at that 

time, was accorded a lower value to pure (unalloyed) copper (Wengrow, 2018: 94). There is 

also no evidence that Egypt went through the stage of using coarse alloys of silver and lead 

as found on Cyprus (about 2000-1500BC) (Ransom Williams, 1924: 28), which could suggest 

that silver used in Egypt derived from native silver or siliceous silver ores throughout the New 

Kingdom period. Moreover, lead isotope analyses show that some Egyptian yellow and red 

glass is consistent with Mesopotamian glass from Tell Brak and Tell Rimah, glass from Susa 

and ores, litharge and slag from Iran, as well as silver recovered in Egypt, Sidon, Ur and Syria, 

copper and lead objects recovered at Amarna and green frit from El Rakham in Egypt (Figure 

9.29). Thus, silver could have travelled from Iran to Egypt along with yellow glass, cobalt-blue 

glass and frit perhaps using similar trade routes to those for lapis lazuli from Afghanistan. 

In essence, the arguments presented above suggest that the exhaustion of easily accessible 

silver provoked a need to exploit native silver and silver minerals in visible but less accessible 

sources. This resulted in the production of cobalt-blue frit as a by-product of this extraction 

process. This vitreous concentrated colourant was used to colour base glasses across the 

ancient world, until even these less accessible silver sources became depleted. The demand 
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for silver was maintained by exploiting argentiferous lead ores and eventually the jarosite 

ores of south-west Iberia. New sources of cobalt, however, were not utilised for glass for 

another five hundred years. 

9.11 Summary 

It should be noted that there are very few convincing explanations for the unusual 

composition of cobalt-blue glass, with respect to other colours. Furthermore, there are very 

few attempts to explain the disappearance of glass from the archaeological record at the end 

of the LBA. What has been shown here is that the cobalt-blue colourant connects these two 

issues. Furthermore, the exhaustion of easily accessible silver-bearing ores, thereby requiring 

the expeditious exploitation of less accessible silver sources, potentially resulted in the 

development of a system where the by-product was also a valuable commodity. Cobalt frit as 

a transportable and valued commodity is verified to some degree in the illustration in the 

Annals of Thutmosis III at Karnak (Figure 9.2). Here, the king lists glass after gold and silver, 

suggesting its importance (Nolte, 1968: 12-13). Some of the glass is seen as circular pieces of 

fairly consistent size, perhaps ingots, while other pieces are shown as irregular lumps. 60 

kilograms of the dark blue glass is represented as ingots, with an additional 55 kilograms 

appearing as lumps, for a total of 115 kilograms (Bianchi, 2002: 20). This could suggest that 

two forms of dark blue glass were travelling: coloured ingots and concentrated vitreous 

colourants (i.e. frit). Furthermore, the fact that the Hurrian and Akkadian words ehlipakku 

and mekku, recorded in the Amarna letters regarding the ‘stones-of-casting’, were both used 

to denote glass (Oppenheim, 1973), not only suggest that New Kingdom glass was a foreign 

import, but may also hint at the two distinct forms which were imported to Egypt (possibly as 

tribute), along with other raw materials including lapis lazuli, malachite and silver, from an 
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unknown land after Thutmosis III’s campaigns into the Near East from the middle of the 15th 

century BC. This unknown land may have been in modern-day Iran, where native silver ores 

in association with cobalt were exploited, exported and exhausted within the time frame of 

the New Kingdom.  

The repercussions of the cobalt colourant for ancient glass deriving from the Near East will 

clearly have ramifications on the understanding of how ancient trade networks worked. The 

glass found at Mycenae and on the Uluburun, for example, may have been made with base 

glasses from Egypt, but the cobalt required to provide value to this glass required interactions 

with those regions exploiting five-element ores for both silver and cobalt. As the five-element 

ores in Iran appear to have a compositional signature consistent with the elements found in 

ancient glass of both Egypt and Mesopotamia, this region must therefore re-emerge as a 

potential source for the concentrated cobalt frit.  

The transition from native silver to argentiferous lead sources reflects the exhaustion of easily 

extracted silver, which in turn affected the production of cobalt-blue frit in the form of slag. 

The exploitation and exhaustion of these cobaltiferous silver-bearing ores would have been 

sandwiched between the exploitation of easily extracted silver from native silver and dry 

silver sources and those requiring the smelting and refining of silver from argentiferous lead. 

This suggests a short flowering of these sources before they were exhausted, in a similar 

fashion to cobalt glass’ sudden arrival and departure in the New Kingdom period in Egypt, and 

its limited presence in the archaeological record from Mesopotamia. In essence, the depletion 

of cobalt resulted in a decrease in glass production and an increase in recycling after the 18th 

Dynasty until both cobalt and glass almost completely disappear around 1250 BC, as 

demonstrated above. 
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9.12 Repercussions for the Phoenicians and silver 

The arguments presented above suggest that silver and glass were intimately associated until 

the end of the LBA. They further suggest that Iran was a possible source for both the silver, 

coloured frit, yellow and red glass, and copper and lead objects recovered in Egypt. This 

potentially indicates that the Egyptians who worked with silver, copper, lead and glass derived 

some of their raw materials from the same place. Furthermore, lead isotope analyses suggest 

that silver (predynastic to LBA) and glass (LBA) found in Egypt have similar ratios to silver 

found at Sidon (MBA), Syria (2000BC and LBA) and Ur (c. 2500-2000BC), glass found at Susa 

(c. 15th century BC), Tell Brak and Tell Rimah (c. 13th century BC) and litharge and ores found 

in Iran. This is consistent with these commodities deriving from five-element ore deposits in 

central Iran which have mineralisations which include native silver, cobalt and copper. The 

fact that Egyptian silver has low amounts of lead (Oxalid, 2018), is also consistent with such a 

native silver source, i.e. where a soda-based evaporite or soda-based mineral was used rather 

than lead to separate the silver from its valuable slag.  

9.12.1 Defining an Iranian ore field 

As mentioned previously, there are issues with making definitive interpretations based on 

lead isotope analyses alone, mainly related to overlapping ore fields. Although Iran appears 

to be a prime candidate for this common source based on its mineralisation as well as LIA, the 

number of Iranian ore lead isotope measurements limit the definition of the LIA ore field. 

Even including litharge and slag (which are unlikely to have travelled), the Iranian ore field is 

much less well delineated than some other areas in the literature (e.g. Laurion).  
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Figure 9.38 shows two maps of Iran: a map of the Sasanian Empire (c. 226-651 AD) and a map 

of the ancient sites and mines in Iran mentioned in the text. An attempt to define an Iranian 

LIA ore field relevant to the discussion here is presented in Figure 9.40 (Note the scale has 

been adjusted to focus on the centre of the previous plots in Figure 9.29). The LIA plots used 

here to delineate an Iranian ore field include Mesopotamian glass, glass from Susa, Iranian 

ores and litharge, Anarak ores, litharge from Arisman, objects and litharge from Sialk, silver 

from Syria, Sidon and Ur and silver with iridium levels over 44ppb (Data Tables: DT21). First, 

it must be noted that this ore field does not represent solely five-element ore deposits but 

includes LIA data which may have associations with ores in Iran (but would presumably 

encompass those from five-element ore deposits). Furthermore, apart from the ores and 

litharge, it is difficult to be certain whether all samples derived from Iranian ores. However, 

there appear to be commonalities in some LIA values, such as Mesopotamian glass and Iranian 

ores and litharge (Figure 9.40), which could delimit the ore field of interest, and glass from 

Susa and silver from Ugarit in Syria which have very close LIA values on both LIA plots (Figure 

9.40). The silver from Sidon also appears to consistent with Iranian ores and litharge. 
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Figure 9.38. Maps showing Iran in the wider geopolitical context of the Sasanian Empire (c. 226-651 AD) and 
a map of Iran showing ancient sites and mines mentioned in the text (from Nezafati and Pernicka, 2012). 
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Plotting the LIA data of silver objects with iridium levels greater than 44ppb LIA data in Figure 

9.40 is perhaps more contentious. These silver objects are not only from over a millennium 

later than the other samples but are also unprovenanced. The group is composed of Sasanian 

and Byzantine silver artefacts from museum collections, and coins found in the Asyut hoard 

in Egypt (c. 475 BC), including Persian sigloi from Sardes, coins from Corinth, Athens and 

Mallus or Caria (western Anatolia) as well as coins from the islands of Aeginetan and Lesbos. 

This chronological and geographical disparate dataset was found to have compositional 

signatures which suggested a unique source (i.e. iridium levels are above 44ppb). 

Furthermore, with the predominant Near Eastern orientation of this silver (Note that Lesbos 

is just off the coast of Anatolia, and Aeginetan had no silver sources of its own) it has been 

suggested this silver derived from a common ore (Wood et al., 20171,2). Areas of southern 

Iran have been found to have iridium levels over 300ppb in some host rocks (Jannessary et 

al., 2012), which suggests that elevated iridium may be a unique indicator for this region, 

especially when it is considered that iridium is likely to concentrate in an extracted metal.  

These objects and the application of iridium for provenancing silver is discussed in Wood et 

al. (20171,2) and in Appendix A2.4. LIA values have indicated that the ore source could be in 

the Taurus mountain region of Anatolia. However, the LIA values are not entirely consistent 

with this region (Figure 9.39).  
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Figure 9.39. LIA ratio plots showing ores from Laurion () and the Taurus Mountains () alongside Athenian 
coins () and silver objects with iridium greater that 44ppb (). Error bars show the analytical errors (+/- 0.1%) 
(from Wood et al., 20171; Fig. 11). 

 

In fact, this silver appears to lay on a trajectory which includes many of the other data points 

in the proposed Iranian ore field (Figure 9.40). It is therefore suggested that the silver from 

these artefacts derived from Iran and can therefore be used to define the Iranian ore field. 

Although this is a somewhat circular argument, in that the ores which fit the field are used to 

delimit the field, it must be remembered that the Sasanian objects were made when this 

empire encompassed the area of Iranian silver ore deposits (Figure 9.38), with most of the 

Sasanian objects having motifs independently assessed as royal production. Moreover, 
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extensive workings at Nakhlak from the Parthian and Sasanian periods near the metallurgical 

sites at Sialk and Arisman (Nezafati et al., 2008: 329-350) support that silver was mined in this 

period in central Iran. Furthermore, silver from the Sasanian period was potentially melted 

down to produce Byzantine objects (Wood et al., 20171). In effect, it is proposed that these 

silver objects with elevated iridium concentrations fill in the gaps of the Iranian ore field as 

delimited by the ores, litharge, glass and other silver associated with the Near East (Figure 

9.40). 



381 
 

 

18.4

18.5

18.6

18.7

18.8

18.9

19

19.1

19.2

0.82 0.825 0.83 0.835 0.84 0.845 0.85 0.855

20
6P

b/
20

4P
b

207Pb/206Pb

Glass from Susa Mesopotamian glass

Sialk objects/litharge Silver from Syria

Iran ores and litharge silver from Ur

Iran ores Zn-Pb Anarak ores (central Iran)

Arisman litharge and Naklak (lead ores and slag) silver Ir>44ppb



382 
 

 

2.04

2.05

2.06

2.07

2.08

2.09

2.1

0.82 0.825 0.83 0.835 0.84 0.845 0.85 0.855

20
8P

b/
20

6P
b

207Pb/206Pb
Glass from Susa Mesopotamian glass

Sialk objects/litharge Silver from Syria

Silver from Sidon Iran ores and litharge

silver from Ur Iran ores Zn-Pb

Anarak ores (central Iran) Arisman litharge and Naklak (lead ores and slag)

silver Ir>44ppb



383 
 

Figure 9.40. LIA mirror plots used to propose an Iranian ore field (see Data Table: DT21). Note the ore field 
extends to higher 207Pb/206Pb values (see Figure 9.29). Glass from Mesopotamia (i.e. Tell Brak and Tell Rimah) 
(data from Shortland, 2006) and Susa (data from Lilyquist and Brill, 1993: 66); Tappeh Sialk objects and litharge 
(data from Nezafati et al. 2008: 329-350); silver from Syria (data from Oxalid, 2018); silver from Sidon (data 
from Véron and Roux, 2004); silver from Ur (data from Klein et al., 2016: 89-97); Iran ores and litharge (Stos-
Gale, 2001: 56); Anarak ores (data from Pernicka et al., 2011: 633-705; Nezafati et al., 2008: Fig. 4c) and 
Arisman litharge and Nakhlak lead ores and slag (data from Pernicka et al., 2011: 633-705); Iran ores from UDZ 
and SSZ zones in Iran (Mirnejad et al., 2011); silver from objects with iridium levels greater than 44ppb (data 
from Oxalid, 2018 – see Data Table 22). Note colours depicted on plot do not represent colours of the glasses. 

 

Furthermore, an Iranian provenance for the materials in Figure 9.29 is perhaps supported by 

questioning whether other areas would also have similar LIA values for the silver and the 

other materials that have been presented (Figure 9.29). The fact that silver, copper and lead 

objects found in Egypt have signatures which fit with an Iranian provenance perhaps limits 

interpretations. Although an argument could be made for these materials deriving from the 

polymetallic ores of the Taurus mountains (and it is not disputed that Anatolia could have also 

supplied silver to these regions), the same argument is difficult to make for yellow and red 

glass as well as green frit which also fall within the Iranian ore field but were recovered in 

Egypt. Furthermore, the scenario presented previously regarding cobalt-blue frit deriving 

from five-element ore deposits, again pointing to Iran, delimits interpretations even further. 

In effect, there are very few other locations other than Iran for such a disparate set of 

materials recovered in different regions which can explain a common source as suggested by 

the compositional and lead isotope analyses. 

With regard to the Levant in pre-Phoenician times, the lead isotope analyses for the silver 

from the MBA Sidonian tomb exhibit a tight range of values, which are entirely consistent 

with silver deriving from Iran, in particular, the Anarak district. In effect, it is possible that 

silver was traded, and that the pre-Phoenicians - or whatever term best describes the people 

living in the Levant in the Bronze Age, emerging from cities such as Sidon (c. 1500 BC) - had 
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no need to prospect, mine or smelt the argentiferous ores of the Near East, Anatolia or the 

Aegean, regardless of whether they were in the form of galena, cerussite or native silver from 

the five-element ore deposits of Iran. This could explain their absence in the archaeological 

record at any mining locales in the Near East, Anatolia or the Aegean throughout the EIA. In 

other words, the silver that ended up in the Sidonian tomb not only travelled to the Levant 

but that it derived from native silver in siliceous ores from five-element deposits in Iran, 

possibly travelling with glass and coloured glass frit, and utilised to make objects. 

With such a close association between glass, silver and the Levantine cities from early on, it 

is therefore not completely outlandish to speculate that the peoples living in these areas, and 

later the Phoenicians themselves, may initially have acquired their silver (and glass and glass 

colourants) from the same region which supplied silver, copper, lead and glass frit to the 

Egyptians both prior to and up to the 18th Dynasty, silver to the peoples of Ugarit (LBA) and 

Amuq (c. 2000 BC) in Syria and those who furnished the royal tombs at Ur (c. 2500-2000 BC). 

This suggests that the Iranian silver deposits were supplying silver across the ancient world 

prior to the end of the LBA. This proposition is further supported by examining the lead 

isotopes of the Mycenaean shaft grave silver (c. 16th century BC) (Stos-Gale and Gale, 1982; 

Stos-Gale and Macdonald, 1991: 249-288; Stos-Gale, 2014: 183-208), the Tod treasure (c. 

1900-1700 BC) (Menu, 1994) and the silver from the Uluburun shipwreck (c. 1300 BC). 

Figures 9.41 plots the 30 LIA values of the Mycenaean shaft grave silver (Stos-Gale, 2014: 183-

208), 11 LIA values from the Tod silver (Menu, 1994) and 31 LIA values from silver from the 

Uluburun shipwreck, alongside the other components plotted in Figure 9.29 (Again, note the 

scale has been adjusted to focus on the centre of the previous plots). Black squares denote 

the proposed ore field defined in Figure 9.40.  
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Some of the Uluburun silver lies close to silver, lead and green frit recovered in Egypt, as well 

as data from the proposed ore field. The plot (Figure 9.41) also shows Mycenaean shaft grave 

silver: 23 silver samples are from Circle A, shaft graves III, IV and V (2nd half of 16th century BC 

(LHI)), 3 samples from Circle B, shaft grave V (1st half of 16th century BC (LHI) and 4 from 

undetermined find locations. Silver from the Mycenaean shaft graves falls close to the 

proposed Iranian ore field as well as silver, copper, lead, glass and green frit lead recovered 

in Egypt. This suggests that at least some of the Mycenaean shaft grave silver potentially 

derived from Iran, rather the locations proposed previously, i.e. Laurion, Chalkadiki (Greece) 

(Stos-Gale and Gale, 1982; Stos-Gale and Macdonald, 1991: 249-288), Taurus in south-west 

Anatolia and Balya in north-west Anatolia (Stos-Gale and Macdonald, 1991: 249-288) and the 

south-eastern Carpathians in Romania (Stos-Gale, 2014: 183-208). Furthermore, EPMA 

measurements (Data Table 20), support a five-element ore silver source, with detectable 

levels of bismuth (average= 0.3%) and lead levels ranging from below the detection limit to 

maximum of around 1% (average=0.25%) in the majority of samples. In other words, at least 

some of the Mycenaean shaft grave silver potentially derived from a five-element ore deposit, 

such as that found in central Iran, i.e. silver which does not require cupellation with lead. 

Interestingly, the variation in the levels of gold and copper in these shaft grave silver samples 

potentially show evidence of mixing silvers which may explain the variability of the LIA values 

(i.e. those which lay outside the cluster between 0.83 and 0.835 on the 207Pb/206Pb axis in 

Figure 9.41).  

An Iranian provenance of the Mycenaean shaft grave silver is further supported by the 

presence of cobalt-blue glass and by cobalt-blue frit recovered at Thebes, Mycenae (LHIIIB1: 

c. 1310/1300 -1190/1180 BC) (Nikita and Henderson, 2006; Walton et al., 2009). Of the three 



386 
 

cobalt-blue frit samples (Nikita and Henderson, 2006) recovered at Thebes (Mycenae) (CoO 

levels: 0.58%, 0.321% and 0.03%CoO), measured using an electron microprobe, all three had 

low levels of copper (0.17%, 0.21%, 0.00%CuO) which suggests that it was not a deliberate 

colourant but part of the mineralisation, and low concentrations of lead (0.15%, 0.00% and 

0.04%PbO) and levels of MnO (0.37%, 0.29%, 0.13%MnO) similar to those found in the cobalt-

blue frit at Amarna (0.02%PbO, s= 0.04; 0.24%MnO, s=0.09; Table 9.3), and TiO2/Al2O3 ratios 

consistent with an igneous host rock. This suggests that the Mycenaean and Amarna blue frit 

had a common source, a source consistent with cobalt deriving from the five-element ores of 

the Anarak region of Iran, again suggesting that silver and cobalt-blue frit travelled together. 

The silver from the Tod treasure recovered in Egypt lies slightly below than the other data 

points on the 206Pb/204Pb axis but is still with the limits of the Iranian LIA ore values on the 

207Pb/206Pb axis. This is consistent with Moorey’s (1999: 90) assertion that some of the Tod 

treasure derived from Iran. Furthermore, some of the Tod silver appears to be consistent with 

Mesopotamian yellow glass (i.e. glass which contains lead antimonate), with LIA values 

exhibiting a similar trajectory to this yellow glass on the 208Pb/206Pb vs 207Pb/206Pb plot. This 

could be coincidental. However, the compositional analysis conducted on 53 Tod silver 

samples (Menu, 1994), showed that the majority had detectable bismuth levels (between 

0.05% and 0.25%Bi), with two samples having very high levels (0.683% and 1.34%Bi), and 

copper concentrations at levels below those expected from a deliberate additive (i.e. only 7 

samples had copper levels greater than 1.5%Cu, with 23 samples having less than 0.2%Cu and 

23 samples between 0.3% and 0.8%Cu). This indicates that for most samples, the silver came 

from an ore with bismuth and copper. Moreover, the 53 samples had low levels of lead (the 

majority being 0.2%Pb or lower, with only two samples having lead levels at 0.847% and 
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0.843%Pb), suggesting that the lead was not necessarily introduced through cupellation and 

was introduced from the ore directly. In sum, the Tod silver, which so far has yet to find an 

agreed ore provenance, could have derived from the five-element ore system found in Iran.  
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Figure 9.41. Lead isotope mirror plots showing the central part of Figure 9.29 alongside silver from the 
Mycenaean shaft graves (Stos-Gale, 2014: 183-208), the Tod silver (Menu, 1994) and the Uluburun shipwreck 
(Oxalid, 2018). The black squares denote the proposed Iranian ore field plotted in Figure 9.40. 
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9.12.2 Synchronicity of events 
 

In terms of chronology, there is some broad synchronicity between the disappearance of glass 

in Egypt and the Near East in the LBA (Shortland, 2016: 95), the exhaustion of native silver 

and siliceous silver ores sources by the beginning of the 1st millennium (Craddock, 2014), and 

the Phoenicians moving westward in the EIA (Chapter 5). The hypothesis that contact 

between the Levant and particularly western Cyprus, continued across the LBA/Iron Age 

transition (Bell, 2009) could suggest that Tyre, Sidon and the other Phoenician ports engaged 

in maritime ventures to obtain necessary commodities, of which copper and silver from 

Cyprus would have been important, in exchange for locally sourced products such as high-

quality timber, wine and purple dye. This indicates that evidence of a Phoenician presence on 

Cyprus at the LBA/EIA transition was due to the need to acquire raw materials such as silver, 

as it was later in Iberia, because other sources of silver were no longer available. If these 

exhausted sources were from five-element ore deposits in Iran, where cobalt and silver were 

intimately associated, the disappearance of glass across the region and the increase in 

recycling of cobalt-blue glass in Egypt at the end of the LBA would potentially reflect the need 

to find new silver sources. In effect, silver sources from Iran may have provided the Levant 

with silver in the MBA, Mycenae in the mid-second millennium (c. 16th century BC), the Middle 

Kingdom Tod silver (c.1900-1700 BC), Ur (c. 2500-2000 BC) and at Amuq (c. 2000 BC) and 

Ugarit (LBA) in Syria, until these sources ran out, as evidenced by the almost complete 

disappearance of cobalt-blue glass. It would also suggest that the movement of commodities 

such as silver and cobalt-blue frit across the ancient world was part of a trade network 

(perhaps similar to the lapis lazuli route from Afghanistan to the Mediterranean) rather than 

through the movement of people from each of these areas to Iran in order to exploit these 

resources themselves.  
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In essence, it is proposed that the Phoenicians who emerged at the end of the LBA were 

procurers and consumers of silver, which they worked into objects. Furthermore, it is likely 

that the Phoenicians knew how to refine the silver they acquired. In other words, they 

potentially acquired semi-refined silver, perhaps initially with high levels of lead (as found in 

silver derived from argentiferous lead ores in Anatolia) or high levels of cobalt arsenide (i.e. 

from five-element ore deposits in Iran). This was, in effect, their raw material. Adding lead as 

a collector to remove the impurities, perhaps cupellating several times, produced a material 

with over 90% silver, to which they added about 5% copper to strengthen the metal they used 

to make objects. Cupellation would undoubtedly have been required for any silver-lead ingots 

deriving from the argentiferous lead ores of Anatolia. Silver from fluxed five-element ores, 

was probably removed from any residual cobalt arsenide matrix in the form of prills (Figure 

9.36) before any subsequent refining.  

It is proposed the Phoenicians technological base prior to moving west to Cyprus and Iberia 

was acquisition of semi-refined silver (and perhaps blue and green frit, and yellow and red 

glass), using lead to refine it to a purity required to make silver objects. In essence, these 

silversmiths not only knew how to conduct cupellation, but it is also likely that they brought 

this technology with them to Cyprus, and later, Iberia. This suggests that the Phoenicians who 

arrived in Iberia knew how to purify silver using cupellation (Section 2.4.1). However, the 

Phoenicians, coming from a place without mineral resources, may have not been miners and 

smelters of ores before any movement out of Phoenicia. What they learnt on Cyprus was to 

apply the method of adding lead directly to the argentiferous jarosite ores. Grinding 

argentiferous ores and lead together, as described by Erker over two millennia later (Sisco 

and Smith, 1951: 37-38), was perhaps an extension of the cupellation technology in which 
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lead was used to raise the purity of coarsely refined silver ingots. The Phoenicians prodigiously 

exploited the argentiferous jarosites of south-west Iberia. Whether they knew how to exploit 

cerussite and galena, or even siliceous ores, can only be speculated. However, there is no 

evidence in the Near East or the Aegean that they did, and the fact that there is no evidence 

that they extracted silver from argentiferous galena deposits in south-east Iberia further 

suggests that the Phoenician movement to Iberia was in search of silver deposits which they 

already knew how to exploit.  
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10. Discussion 

The analyses conducted in this thesis focus on different scales of interaction, from the broad 

to the narrow, in order to build a picture of the Phoenicians and their movements in the EIA. 

Silver has been used as the main conduit, although other metals, ores and glass have 

contributed to the overall narrative, largely through re-examination of compositional and 

lead isotope data. Pottery typologies, ancient texts, accounts of mining and silver processing, 

as well as new experimental data, have also been used to delimit not only a Phoenician 

presence but also their technological base both prior to and during their expansion across the 

Mediterranean.  

The following discussion examines the research questions asked in Chapter 4, starting with 

the overarching question: 

Can an archaeological science approach to investigating silver inform on the westward 

expansion of the Phoenicians? 

It became apparent that neither compositional nor isotopic data in isolation could provenance 

silver from ore to object. However, examining datasets provided other parameters which 

encouraged identification of patterns. One pattern to emerge is that of extensive mixing and 

recycling in antiquity, not only for silver but also for glass. This suggests that many 

interpretations in the archaeological literature which have relied on lead isotopic or 

compositional data to provenance artefacts may need to be re-assessed (e.g. Section 6.3). On 

the positive side, recognition of when and where mixing and recycling occurred encourages 

discussion of the reasons behind it. For example, the mixing and dilution of cobalt-blue glass 

may indicate the exhaustion of argentiferous cobalt sources, and therefore a depletion in the 



394 
 

amount of cobalt and silver available at the end of the LBA. The inability to produce cobalt-

blue glass may have had a long-lasting effect on glass-making generally (Chapter 9). Mixing 

lines, based on compositional and isotopic data, appear to be able to identify the source 

components, thereby assisting in the provenance of silver with mixed signatures. 

Furthermore, vertical mixing lines potentially provide an opportunity to assess the context of 

recycling, with the melting down and hoarding of silver perhaps reflecting times of social 

and/or political unrest (Chapters 5 and 7).  

In conducting the re-analyses several prevailing views in archaeology have been questioned. 

For example, re-analysing the compositional and isotopic signatures of silver in the hoards of 

the southern Levant has pushed back the chronology of western expansion to Iberia by almost 

two centuries, i.e. from the 9th to the 11th century BC. In effect, this provides further evidence 

against the existence of a ‘Dark Age’ between c. 1200-800 BC (Chapter 5). Furthermore, 

reassessing Cyprus’ role as an ancient silver producer has fed in to how the Phoenicians 

potentially acquired the technology to exploit silver from jarosite ores when they arrived in 

Iberia (Chapter 6). Other prevailing views may have initially appeared peripheral to main 

topic. However, examining the source of colourants for glass in LBA Egypt highlighted that 

commodities, such as silver and glass, could have moved from the Near East to supply the 

Levant, Mycenae and Egypt (Chapter 9). Furthermore, the possibility that cobaltiferous silver 

sources in Iran were not exhausted until the LBA, not only provides an alternative to an 

Egyptian cobalt source for colouring glass but also re-evaluates the common view that most 

early silver derived from argentiferous lead ores. The proposition that silver and glass may 

have been acquired through trade prior to the Phoenician movement westward, perhaps 

along similar routes to that of lapis lazuli, questions the tacit acceptance that anyone who 



395 
 

worked with silver must have been au fait with ore prospecting, mining, smelting and refining. 

Moreover, evidence of semi-refined ingots in Iberia (Chapter 8) suggests that the technical 

skills of the Phoenicians who extracted silver from the ores in the Iberian Peninsula were 

different from those who worked the metal into objects. 

What was the Phoenician technological base regarding the extraction and processing of 

argentiferous ores prior to their westward expansion? 

It has been proposed that technological base of the Phoenicians at the beginning of the Iron 

Age in the Levant was that of silversmiths, rather than ore prospectors, miners and smelters. 

This was initially considered a feasible proposition based on the dearth of silver with an 

Anatolian signature in the Tel Dor hoard and the presence of silver-lead ingots which would 

have required further refining. However, additional evidence emerged through the analysis 

of glass data from Egypt and the Near East. Cobalt-blue colourant and silver appear to be 

intimately connected through a common mineralisation (i.e. five-element ores found in Iran, 

especially the Anarak region) suggesting that they were exploited for silver, with cobalt-blue 

frit being a valuable by-product. Silver which has been recovered from Bronze Age sites (i.e. 

silver from the Mycenaean shaft graves and the Tod treasure) are consistent, or at least not 

inconsistent, isotopically and compositionally with silver deriving from siliceous silver ores in 

Iran. The Sidonian silver from burial 27, as well as silver from Ugarit and Amuq in Syria are 

particularly relevant to the Phoenicians, as it shows that silver with LIA values consistent from 

the Near East was available in the Levant at the same time as the emergence of the Levantine 

cities, i.e. cities which would later become part of Phoenicia. This silver was refined and 

worked, but not necessarily mined and extracted from ores by the craftworkers of these 

Levantine cities and was probably procured through trade. The exhaustion of this silver source 
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appears to be reflected by three transitions: the increase in the use of argentiferous lead ores 

(i.e. galena and cerussite) in the EIA in the East;  the recycling and eventual disappearance of 

the five-element ore by-product, cobalt-blue glass, as evidenced by the dearth of cobalt and 

glass after the New Kingdom period in Egypt at the LBA/EIA transition; the movement of the 

Phoenicians to Cyprus and then Iberia in search of new sources of silver.  

It is not suggested that Iran was the only source of silver in the ancient world, nor that all 

silver from Iran came from five-element ore deposits. Anatolia and Iran both have 

argentiferous lead ores, which coupled with evidence of cupellation from the late 4th 

millennium BC suggests that these sources were exploited. However, it must also be 

considered that exploiting argentiferous galena or cerussite ores and extracting trace 

amounts of silver from them was not necessarily the only way to acquire silver, especially if 

visible and more easily accessible siliceous silver ores were still available. In fact, it is probable 

that the Phoenicians of the Levant in the EIA, as procurers of silver, acquired silver from 

wherever they could. In some cases, this silver potentially required refining to remove any 

lead from crudely cupellated ingots in order to get the levels of purity required for silver 

objects. Moreover, the lead used for refining these ingots did not necessarily derive from the 

same location as the ores, thereby affecting the lead isotope signatures. For silver deriving 

from siliceous ores, refining may have been conducted simply by melting or working any silver 

out of the raw material that had been procured. Nonetheless, these Phoenician silversmiths 

refined the silver they acquired and added copper to improve its mechanical properties 

before fashioning this alloy into various ornaments such as bowls and plates.  
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From where did silver recovered in the hoards of the southern Levant derive? 

With the exhaustion of silver from Iranian sources, probably at the same time as the 

disappearance of glass in Egypt at the end of the LBA, the Phoenicians required new silver 

sources. The origins of the silver trade across the Mediterranean, and the role of the 

Phoenicians in this phenomenon, remain contentious. This is partly because of difficulties 

encountered when trying to assign archaeological silver to its geological sources. At the most 

expansive scale, the re-analysis of Iron Age silver hoards in the southern Levant demonstrated 

that not only was recycling of silver prolific in the Early and Late Iron Ages, but that the 

components of this mixed silver originated from the Aegean, Anatolia and the western 

Mediterranean. Furthermore, an assessment of lead isotope analyses combined with 

compositional data allowed the identification of mixing lines based on gold levels in the silver 

and the Pb crustal age (or, more loosely, geological age) of the ore from which the silver 

originated. It was shown that, from as early as the 11th century BC, these mixed silver 

signatures derived from the Taurus mountains in Anatolia and from Iberia – with Sardinia and 

Cyprus, as additional possibilities. Silver in the Late Iron Age hoards has signatures that are 

more consistent with Laurion in Greece, although mixing with Iberian silver is still apparent. 

Unlike the deliberate alloying of silver with copper, gold appears to have been mixed 

unintentionally, through the melting down of silver objects with gold parts.  

Gold and lead concentrations and LIA in the silver indicate that native silver from Iberia was 

most likely used in the EIA, suggesting that the first conveyors of silver to the southern Levant 

were not miners, but traders who had acquired silver directly from the indigenous Bronze Age 

inhabitants of Iberia. However, evidence of the exploitation of jarosite also supports that 

silver ore mining and cupellation was ongoing in Iberia at a similar time and continued in Late 
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Iron Age – potentially a result of technological transfer from the East. In essence, the western 

Mediterranean origin of the silver in these EIA southern Levantine hoards supports an 

emerging picture of Mediterranean interactions and trade relations in the increasingly bright 

Dark Ages (c. 1200-800 BC). This is further evidenced by the presence of a silver ingot 

recovered at La Rebanadilla in south-east Iberia, which not only potentially derived from the 

jarosite ores of Huelva in the south-west, but also has a similar compositional and isotopic 

signature to some of the silver found in the hoards of the southern Levant. The semi-refined 

condition of this ingot, effectively a silver-lead alloy, indicates that silver was only coarsely 

cupellated before being transported across the Mediterranean from Iberia. This suggests that 

the recipients of silver ingots in the East (and perhaps elsewhere en route) were proficient in 

further refining the silver using cupellation, as well as alloying it with copper. This strongly 

suggests two forms of knowledge were present among the Phoenicians who dealt with silver: 

knowledge of how to prospect, mine, and smelt argentiferous ores and coarsely refine the 

argentiferous lead to make ingots, and knowledge of how to further refine, alloy and work 

silver into objects. These forms of knowledge at the beginning of the EIA were probably quite 

separate. In other words, each group were specialists in their respective fields. 

If the Phoenicians prospected, mined, extracted and refined silver from argentiferous ores in 

the Iberian Peninsula, when and from where could they have acquired these skills? 

A new hypothesis emerged regarding when, where and how the Phoenicians acquired the 

technological knowledge to make their ventures to Iberia successful. This required 

challenging the common belief that the silver-bearing ores on Cyprus were not exploited in 

antiquity by examining ancient texts and modern mining sources, as well as geological and 

archaeometallurgical evidence. To some extent, this raised issues about how 
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archaeometallurgical evidence is often compartmentalised into different disciplines making 

it difficult to identify and question the prevailing view in order to formulate new hypotheses. 

It was proposed that some ancient texts do not necessarily corroborate the view that silver 

was not mined in ancient times. Moreover, silver artefacts recovered on Cyprus were not 

certainly foreign imports, and metallurgical installations may not have been used solely for 

the processing of copper. Furthermore, this investigation also showed that lead isotope data 

are perhaps not as robust as they are generally portrayed, with some issues of consistency 

regarding how they are interpreted generally, and particularly for silver on Cyprus. New data 

were presented in order to demonstrate that some lead isotope measurements in the 

literature may have been affected by signal-to-noise issues, which have affected conclusions 

drawn regarding the provenance of both copper and silver objects found on Cyprus and 

elsewhere in the Mediterranean in the Bronze and Early Iron Ages. 

The re-evaluation of Cyprus as a prospective ancient silver producer, opens up the possibilities 

regarding silver sources available to the Phoenicians. For example, some of the silver from Tel 

Dor hoard (c. 11th - early 10th centuries BC) in the southern Levant was found to have a similar 

isotopic and compositional signature to the Kalavasos mining area on Cyprus. The remaining 

silver from Tel Dor was predominantly found to be mixed with silver exhibiting a signature 

consistent with the Pyritic belt of south-west Iberia. The presence of Cypriot silver in the 

southern Levant in the 11th century BC not only complements finds of Phoenician pottery on 

Cyprus, supporting the view that there was continuity of trade from the end of the Bronze 

Age to the beginning of the Iron Age (12th - early 10th centuries BC) between Cyprus and the 

Levant, but that similar technology required to smelt and cupellate argentiferous jarosite ores 

was first practised on Cyprus before risky and costly ventures further west to Iberia. In effect, 
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the movement of technology from East to West required to exploit these ores, and the 

movement of silver from West to East, along with finds of increasingly early Phoenician 

pottery on both Cyprus and in Iberia, supports the view that the Phoenicians (or an early 

incarnation of them) started their westward expansion earlier than previously thought, using 

Cyprus as their base. 

Although Cyprus was potentially where the Phoenicians first learnt how to exploit jarosite, 

this does not necessarily explain why the argentiferous galena deposits of south-east Iberia 

were eschewed in favour of the jarosite ores of Huelva, especially when it is considered that 

they would not have had to pass through the Straits of Gibraltar to get to them. However, the 

absence of silver metallurgy at early Phoenician settlements such as La Rebanadilla, a site 

where a silver ingot with a signature consistent with Huelva was recovered, suggests that 

silver was mined from the jarosite deposits of the Pyritic belt in the south-west and 

transported to the south-east. This could suggest that the Phoenicians, unlike the later 

Romans, were unaware of the argentiferous galena deposits in south-east Iberia. However, it 

could also mean that the Phoenicians had no experience of extracting silver from galena and 

therefore did not recognise them as a potential silver source (and the indigenous peoples did 

not use or were also unaware of this silver source). This would suggest that the Phoenicians 

who travelled to Iberia had experience of extracting silver solely from jarosite ores. Moreover, 

the Phoenicians who exploited the silver sources at Huelva knew how to add lead to extract 

the silver from the jarosite ores and cupellate the resulting argentiferous lead to extract the 

silver (even if the ingots produced were only semi-refined). This suggests that the Phoenicians 

who went to Iberia not only had learnt how to identify jarosite and add lead to it during the 

smelting operation but must have also previously acquired the knowledge to cupellate 
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argentiferous lead. They did not necessarily know, however, how to identify and mine 

argentiferous galena or cerussite. This points towards a scenario where the prospectors, 

miners and smelters of silver in south-west Iberia were those who had already been tempered 

by time on Cyprus, an island with silver associated with jarosite ores. Regardless of whether 

the charged term ‘Cypro-Phoenician’ is appropriate, it suggests that the Phoenicians were not 

prospectors, miners or smelters prior to arriving on Cyprus.  

Overall, there appears to be some synchronicity between when the Phoenicians started their 

westward expansion (i.e. LBA/EIA transition on Cyprus), the almost complete disappearance 

of cobalt-blue glass in Egypt at the end of the LBA and transitions between types of silver ore 

exploited around the beginning of the 1st millennium BC. In effect, the narrative proposed in 

this thesis provides a cause behind Phoenician expansion, with the depletion in silver from 

Iran providing the impetus to search for new sources of silver.  The lack of destruction at the 

end of the LBA in the Levant, along with its silversmiths, traders and mariners would have 

given the Phoenicians a distinct advantage in the earliest Iron Age over other regions around 

the East Mediterranean to venture forward with an aim to locate and exploit ore sources for 

metals such as silver.  

A Phoenician quest for silver may be based ‘upon a rather outmoded Marxist disposition of 

exploitation and materialist determinism’ (Fletcher, 2012: 216). However, Phoenician 

movement westward may not have been initiated in order to trade with the indigenous 

inhabitants of Iberia per se, but to acquire silver in order to take part in existing trade 

networks in the central and East Mediterranean. The Phoenicians were not forced into this 

by the Assyrians (contra Frankenstein, 1979:263-294), nor because there was a breakdown of 

Assyrian power after 824 BC that provided a favourable environment which facilitated 
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Phoenician expansion (contra Fletcher, 2012), but because the Phoenicians needed a new 

source of silver at the beginning of the Iron Age. Furthermore, it is not disputed that 

movements and structures already existed around the Mediterranean (Purcell, 1990: 41), but 

it is suggested that the driver for Phoenician expansion was more than a consequence of 

fluctuations in a connected network coupled with favourable conditions. As Purcell would 

have it, there was ‘a general increase in the ‘kinetic energy’…and a lubrication of mobility and 

material and people’ (Purcell, 1990: 41). It is suggested that the increase in ‘kinetic energy’ 

was in reaction to a disruption in the silver supply from Iran which initiated or at least 

advanced Phoenician expansion, and was expended in the practice of exploiting silver from 

argentiferous jarosite, first on Cyprus and later in south-west Iberia. This indicates that other 

silver sources (such as argentiferous lead ores) were not as significant to the Phoenicians, or 

perhaps even to their antecedents and contemporaries, as previously viewed. Moreover, it is 

suggested that the silver exploited in Iberia intensified trade and movement in the Iron Age, 

and that the manifestation of these intensifications is found in the silver hoards of the 

southern Levant and in the Phoenician and Greek pottery assemblages recovered on Cyprus, 

and at locations around the Mediterranean and the Near East, including sites such as Al Mina, 

where commodities were traded.  

These intensifications are considered to have been affected by Phoenician expansion and by 

silver moving from west to east. However, although silver in the hoards of the southern Levant 

demonstrate that Iberian silver was moving across the Mediterranean from the 11th century 

BC, the paucity of silver in the archaeological record still needs to be reconciled with the 

approximate 6 to 15 million tonnes of silver slag found around ancient mining sites at Huelva 

in Iberia. In effect, the large amount of silver extracted in south-west Iberia was probably 
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more than enough to stimulate the economy of the 1st millennium BC Mediterranean. It 

would therefore seem appropriate for any studies aiming to describe movement, interactions 

and trade in the 1st millennium BC Mediterranean to focus on where this silver ended up. The 

final chapter describes how this could be approached through future work. 
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11. Concluding remarks and Future work 

The main aim of this thesis was to investigate the westward expansion of the Phoenicians 

using archaeomaterials data as the foundation from which narratives could emerge. The 

narrative proposed is that people living in the Levant in the Bronze Age did not know how to 

recognise, mine or smelt argentiferous ores, including galena or cerussite, but they knew how 

to refine silver using the cupellation technology, a process which had been known throughout 

the Near East since the late 4th Millennium BC. They worked with silver which included silver 

derived from ore sources in Iran. These Iranian sources also supplied a cobaltiferous by-

product used for colouring glass to Egypt and other areas around the East Mediterranean. 

Once this Iranian silver became unavailable around the LBA/EIA transition, the Phoenicians 

moved westward in search of other silver sources, first honing their skills by exploiting 

argentiferous ores on Cyprus. As silversmiths, the Phoenicians applied their knowledge of 

cupellation to the process of extracting silver from argentiferous jarosite, which lay at the 

base of the gossans in the zones of secondary enrichment, by adding lead directly to the 

smelt. With this knowledge the Phoenicians were well prepared to not only recognise the 

jarosite ores of south-west Iberia, but perhaps also to negotiate and trade with indigenous 

communities, as they must have done on Cyprus. The argentiferous lead produced was 

subsequently cupellated in order to produce semi-refined silver ingots which were 

transported east, where the ingots were further refined, alloyed and made into objects. Some 

of these objects were recycled and mixed with silver from other sources. In some cases, silver 

was cut up into pieces and deposited in hoards, as evidenced from the 11th – 6th centuries BC 

silver hoards of the southern Levant.  
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Compositional and lead isotopic datasets derived from fragments of silver, other metals, ores 

and glass recovered at archaeological sites were used to build the frame for this narrative, 

within which other forms of evidence such as pottery typologies, ancient texts, geological and 

mining records, chronological markers and contextual evidence were placed. Different 

methods of re-analysing this legacy data were applied alongside traditional approaches in 

order to identify previously unknown patterns in the data. This was found to be particularly 

effective when dealing with the prevalence of mixing and recycling that appears to have 

clouded archaeological interpretations in the past. Furthermore, new experimental data were 

generated and analysed to not only increase the amount of data available but to also 

investigate the consistency of some of the interpretations generated from legacy data. 

Existing narratives were questioned, partly to show that explanations of scientific data are 

not neutral and have their own intrinsic biases, but also to highlight that commonly held views 

in the archaeological literature can prevent competing narratives from emerging.  

The preferred narrative presented in this thesis, however, as with many provenance studies, 

is based on a limited number of indicators. Lead isotopes and gold concentrations in silver, 

although combined in a relatively novel way, provide only a rudimentary signature. For 

example, although the silver ingot recovered at La Rebanadilla (Chapter 8) has a comparable 

chronology, gold concentration and crustal age to silver in the hoards Ein Hofez, Eshtemoa 

and Tell Keisan, it is still difficult to say with certainty whether this ingot was part of the same 

movement of silver from south-west Iberia which culminated in deposition in the hoards of 

the southern Levant. Furthermore, the Pyla silver recovered on Cyprus (Chapter 6) is probably 

best described as having LIA signatures which are not inconsistent with Cyprus. Other 

indicators, such as bismuth and lead, have been used to delimit the ore sources from which 
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silver could have derived, and elevated levels of iridium in silver perhaps indicate a unique 

ore source in Iran or Anatolia. However, isolated finds, or those without contextual 

information, are difficult to provenance based on data from a limited number of indicators, 

as no information on the variation in these indicators can be determined. Silver assemblages 

generally provide more data and contextual information, and mixed and recycled silver, often 

viewed as an inconvenience to provenancing, may indicate what type of silver was available 

as well as situating the human actions behind these operations in a social and/or political 

context. In fact, investigating the mixing of silver and dilution of glass has contributed to the 

overarching narrative presented in this thesis. Nevertheless, further examination of this 

narrative should form part of future work as it has repercussions for the extent of LBA and 

EIA trade and exchange around the Near East and Mediterranean. The following describes 

some areas which would be useful to pursue. In essence, it is proposed that the focus of future 

work is methodological in order to break deadlocks in archaeological interpretations. 

With regard to additional data, lead isotope analyses conducted on cobalt-blue glass 

recovered from 18th Dynasty Egypt could determine whether it derived from outside Egypt. 

Signatures consistent with Iran, or mixed signatures indicating that cobalt-blue frit was mixed 

with locally-derived base glasses, may provide further evidence for the movement of 

commodities such as glass and silver between the Near East and Egypt from the Bronze Age. 

As mentioned above, elevated levels of iridium have been identified in silver from the Near 

East (Chapter 9, Appendix A2). Ground-truthing iridium levels in the ores of the ancient 

Parthian and Sasanian silver mines in Iran may provide signatures consistent with that found 

in the associated silver objects. Related to this, is the need to further question the common 

view that galena ores accounted for most of the silver mined in antiquity. This has 
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repercussions not only for Phoenician silver, but also for any silver recovered in Bronze Age 

and Iron Age contexts. A systematic multi-indicator approach which investigates silver derived 

from argentiferous lead ores (e.g. galena and cerussite) compared with those from other 

silver-bearing ores (e.g. jarosites, five-element ores, lead antimony-sulphosalts etc.) would 

benefit the development of robust protocols to discriminate between types of silver. 

Extracting silver from ores around the Mediterranean and Near East to determine 

compositional and isotopic signatures could generate the trace element (e.g. from ICPMS) 

and isotopic data (e.g. lead, silver and copper isotopes) required to provide the additional 

indicators to assess the prevalence of certain silver types found in the archaeological record, 

i.e. the types of ore from which silver objects derived. In effect, an empirical approach to 

determine what elements partition into the silver (and the metallurgical debris) during the 

smelting and cupellation of different types of ores could provide more robust signatures to 

categorise silver already in the archaeological record. This could be used to investigate, for 

example, where most of the silver exploited in the Iberian Peninsula eventually ended up. 

Furthermore, an approach which includes silver isotopes could potentially provide a more 

direct method to provenance silver sources than lead isotopes which, by definition, always 

provenance lead. This may provide a window from which to better identify silver where lead 

is intimately associated with the silver ore and exogenous lead added to extract silver. 

Applications of new indicators, whether compositional or isotopic, still require that the 

provenance postulate is upheld, i.e. variations within a source should not be greater than the 

variation between sources. This requires that experimental and analytical protocols are 

sufficiently robust to not only measure significant differences between silver derived from 

different ore types, but to also consider that there is variability within ores and in the 
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extraction processes. Practically, this type of investigation would require non-destructive 

techniques (e.g. LA-ICPMS) to get access to silver in the archaeological record and the 

development of protocols and matrix-matched certified reference materials in order to 

acquire reliable and reproducible data from often inhomogeneous materials.  

Overall, additional compositional and isotopic indicators would assist in the development of 

more robust approaches for tracing objects to their ores (or at least the types of ore used) as 

well as providing nodes to determine how much of this silver had been mixed and recycled. 

With these factors in place, silver in the archaeological record, including silver objects now on 

display in museums, could be analysed/re-analysed to not only determine their ore 

provenance but also to provide a quantitative assessment of the degree to which these 

sources were exploited in antiquity. Essentially, determination of how much silver derived 

from a particular ore deposit could provide a valuable metric from which to assess the social 

and political dynamics behind the movement of commodities and people in Late Prehistory. 
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Appendices 

The Appendices have been divided into three sections.  

A1 presents the procedures used in the main body of the thesis. This includes the procedures 

applied to the legacy data and the methods and protocols to acquire new data. The re-

analyses conducted on compositional and lead isotope data applied some mathematical 

operations to extract more information from the legacy data. These treatments are not new 

per se, in that they are used routinely in other fields, such as geology. However, they are less 

commonly applied to archaeological data and are therefore described below.  

A2 presents case studies of how these procedures were applied to archaeological data. In 

some cases, these studies are directly relevant to the study of the Phoenicians (and reference 

has been made to them in the main text). In other cases, they were used to investigate the 

applicability of procedures described in A1 to legacy data. Two articles have been published 

applying the methods described in sections A1 and A2.  

1Wood, J.R., Charlton, M.J., Murillo-Barroso, M. and Martinón-Torres, M. (2017) Iridium to 

provenance ancient silver, Journal of Archaeological Science, 81, 1-12. 

2Wood, J.R., Charlton, M.J., Murillo-Barroso, M. and Martinón-Torres, M. (2017) Gold parting, iridium 

and provenance ancient silver: A reply to Pernicka, Journal of Archaeological Science, 86, 127-130. 

A3 presents tables of the data used in the re-analyses. 
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A1 Procedures and methods 

A1.1 Lead isotopes and Pb crustal age 

A method which has been used successfully to provenance ores to objects is lead isotope 

analysis (LIA). Lead is distributed widely throughout the Earth and also forms its own minerals 

in which radiogenic Pb has been separated from its parent isotopes of U and Th, e.g. galena, 

cerussite etc. The isotopic compositions of Pb in rocks and ore deposits (i.e. the abundance 

ratios between different isotopes of Pb) display variation that reflects the chemical 

environments in which the lead may have resided and passed through before being sampled. 

Lead is also present in significant amounts in ancient metallurgical artefacts made from ores 

containing these minerals. Lead isotopic studies have been increasingly used to provenance 

metal artefacts from the ancient world, focussing mostly on the Bronze Age and comparing 

isotopic signatures of ores and artefacts (e.g. Gale and Stos-Gale, 1987: 135-179). In recent 

years the Oxford Isotrace Laboratory has produced a database (Oxalid) of lead isotope 

measurements of mainly European ores (e.g. Stos-Gale and Gale, 2009). 

Lead has four isotopes, the stable 204Pb and the radiogenic 206Pb, 207Pb, and 208Pb produced 

by radioactive decay of 238U, 235U, and 232Th, respectively. The choice of plots used to 

represent the data is particularly important: the traditional 207Pb/204Pb vs. 206Pb/204Pb, and 

208Pb/204Pb vs. 206Pb/204Pb diagrams are used in geochemistry, as they are based on the well-

understood control by the age of the ore and the U/Pb and Th/Pb ratios of its source (crust 

vs. mantle). In contrast, archaeologists use different plots, i.e. 208Pb/206Pb vs. 207Pb/206Pb, 

which reduce the analytical noise by removing the correlations induced by relatively higher 

counting errors associated with the low abundances of 204Pb. However, those used for 
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archaeological purposes are more difficult to relate to the geological history of the ore source 

(Albarède, et al., 2012; Albarède and Juteau, 1984; Desaulty et al., 2011).  

A parameter which can be derived from lead isotope ratios is the model age T (referred to as 

the Pb crustal age in the main text to emphasise it is related to the isotopes of lead). The 

model age T is a geochemical measure of the geological age of the province in which the ores 

are found. As a consequence of the simple assumptions involved, the values of T provide 

approximate geological dates. However, they are usually precise enough to identify provinces 

by their tectonic formation ages. Model ages have been used in archaeometry, but rarely 

(Pernicka et al., 1993). Nevertheless, the model age T is useful for fingerprinting the tectonic 

ages of the geological sources of the ores (Figure A1.1), such as the young Alpine belts (<90 

Ma) which are present around the Mediterranean versus the older Hercynian (~300 Ma old) 

basement of the European Atlantic façade (Desaulty et al., 2011). 

 

Figure A1.1. Map of the Mediterranean basin showing the Alpine regions (grey) overlaying the Hercynian 
basement (from Desaulty et al., 2011). 
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There are different ways to calculate the model age, often differing in the way the parameter 

 is approached.  is a measure of how U and Pb separated through time in each geological 

province. It has been shown that for samples less than 1000Ma (which is appropriate for most 

archaeological purposes around the Mediterranean),  can be treated as a constant (Albarède 

and Juteau, 1984), in line with the assumptions made by Stacey and Kramers (1975). In 

essence, differences in model ages from using different modern Pb values are only a few tens 

of Ma. 

The one-stage evolution model to calculate the crustal age, assumes that Pb in sample i 

evolved from geological age T0 until now (Albarède et al., 2012).   

xi = x0 +  (𝑒

yi = y0 + 
.

 (𝑒 

where, x is 206Pb/204Pb, y is 207Pb/204Pb,  is the ratio 238U/204Pb extrapolated to the present 

time, i.e. zero, (e.g., Dickin 2005; Allègre 2008),  and ' are the decay constants for 238U and 

235U, respectively. The subscript 0 indicates the value of the variable at T=T0. 

 

Combining the two equations, yields and  

yi = y0 + (xi - x0) s(T0, 0)

where the slope s(T0, 0) is, 

s(T0, 0)
.

 
 

   

The ratio 207Pb/206Pb (y/x), often used in archaeology, may now be determined: 

(y/x)i = 
.

  
  

 +y0  - 
.

  
  

 x  
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This expression shows that, for different values of  and given values of T0, 207Pb/206Pb varies 

linearly with 1/xi = 204Pb/206Pb.  

The one-stage evolution model assumes that the Earth’s mantle had a single Pb isotopic 

composition that evolved over time (because it has a single U/Pb ratio), and thereby different 

ages are reflected in the change in these isotopic compositions. In the mid-70’s Stacey and 

Kramers (1975) took the Pb isotopic compositions of a various galenas and other types of Pb 

ores, as well as feldspars, developing a two-stage model of the evolution of common Pb on 

Earth. This model is similar to the single-stage one, except at 3.7 Ga there was a big change 

in the  of the reservoir from which all Pb is extracted (considered to be related to the peak 

of crust-forming events). Most Pb deposits fall on this second stage trend and therefore a 

two-stage model is often assumed for a modern sample, i.e. in the first stage, there was 

negligible Pb isotopic growth; at the end of the first stage, Pb isotopic ratios were still similar 

to the initial Pb ratios in the solar system at 4.5 Ga; in the second stage,  was high and 

constant. Hence, Pb isotopic ratios only grew in the second stage and the growth is 

characterized by a constant . 

Considering the evolution of a geological ore deposit to evolve in two stages (1 and 2) with 

evolution starting at T0 (the age of the Earth or a more appropriate old age) and with 

fractionation of U from Pb (through magmatic or hydrothermal activity) at age Ti, the present-

day values of 206Pb/204Pb and 207Pb/204Pb for a two-stage evolution are: 

 

xi = x0(𝑒 − 𝑒 )( 𝑒 

yi = y0 + 
.

(𝑒 𝑒 
i

.
(𝑒 

i1
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A simplifying assumption, states that most metallic ores are in the form of sulphides, which 

accommodate large concentrations of Pb but, in nearly every case, have very low U and Th 

contents. It can therefore be assumed that, for sulphides, 2 ≈ 0 from Ti to the present. This 

assumption would also appear to be valid for silver extracted from galena ores, from ores 

where the precursor was originally galena (e.g. cerussite) and ores lying above a sulphide 

massive (e.g. jarosite). 

Considering T0 is the age at which the Earth’s mantle and crust formed, and Ti is the geological 

model age of ore sample i, the model age Ti for the geological basement using the Pb isotope 

composition of any given ore with respect to modern upper continental crust can be 

determined. The subscript 0 refers to primordial Pb, and the superscript asterisk (*) to modern 

common Pb (Cumming and Richards 1975; Stacey and Kramers 1975; Albarède and Juteau 

1984). 

Defining: 

∆𝜇  = 𝜇 −  𝜇∗ 

The equations for the two-stage evolution of the U–Pb systems between T0 and Ti, with no U 

being present after that time, are as follows: 

xi = x0 + i (𝑒𝑒
i

Therefore,  

xi x0 + 𝜇∗(𝑒1𝜇∗(𝑒i1∆𝜇 (𝑒𝑒i

 

A similar equation can be derived for yi. 
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The two equations for the two-stage evolution system of sample i are: 

xi = x* + 𝜇∗(𝑒
i1+ ∆𝜇 (𝑒𝑒

i

yi = y*- 
∗

.
 (𝑒 i 

∆

.
(𝑒 𝑒 i

 

The geological parameter i is eliminated between the last two equations, to give: 

 

f(Ti) =   ∗

 ∗ − s(T0, 0
∗  (   )

 ∗  s(T0, Tis(T0, 0 = 0 

 

or rearranging and substituting, to give: 

 

yi = y* + 
.

(    )

(    )
(𝑥 −  𝑥∗) + 𝜇∗(𝑒

i1

X  
.

(    )

(    )
 - 

.

(   )

(   )
 

 

This equation can be solved for Ti with the values T0 = 4.5 Giga-year (Ga), x*= 18.7500, y*= 

15.63, μ*=9.66, λ = 0.155125 × 10−9 year (a)−1, and λ′ = 0.98485 × 10−9 a−1 (Stacey and 

Kramers, 1975; Albarède and Juteau, 1984) using an iterative procedure run in R. Ten 

iterations were found to produce stable solutions. 

In essence, the model or Pb crustal age combines three lead isotopes into one parameter 

(207Pb, 206Pb and 204Pb). It is not considered as a replacement for traditional lead isotope plots 

(which may allow variability in specific ratios to identify differences between objects and ores) 

but as an alternative way of presenting on one plot the variability within lead isotope 

measurements alongside trace element data. Generally, ages determined from the two-stage 
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model are in reasonable agreement with other radiometric age determinations, but 

sometimes they produce negative values (i.e. future ages). This could mean that these leads 

have had a more complicated history than from the predicted rate of addition of radiogenic 

lead in the source region, during which they acquired extra amounts of radiogenic lead. 

Alternatively, it could mean that the model or the parameters are not refined sufficiently to 

represent the full range of ages. The calculations in this thesis were performed using the 

approach outlined by Desaulty et. al. (2011) and by applying their parameters to determine 

the Pb model age. Different parameters are used by different groups of researchers, and the 

same groups often update the parameters they use (e.g. Albarède, et al. 2012). Nevertheless, 

for the purposes of the analyses in this thesis, the parameters used to calculate crustal ages 

for both the ores and objects were the same. In other words, the aim here is not to calculate 

crustal ages per se but to define a value for both the ore source and the associated object - 

both should have the same lead isotope ratios and hence the same crustal age- as well as 

comparing silver from different find sites. In essence, the calculations are used to define 

numerical values which allows comparisons to be made, values which are generally related to 

the age of the ore body.  
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A1.2. Compositional data with Aitchison geometry 

Compositions are multivariate in nature. Even if one part of a composition is reported, it is 

implicitly related to the other components. By this rationale, an individual variable, such as 

the percentages of silica in a glass or gold in silver, has no meaning unless it is related to the 

whole compositional dataset. However, the whole dataset is rarely (if ever) measured. In 

other words, the amounts do not add up to a real total. This makes comparisons difficult, as 

different datasets will have been measured in different ways, often focussing on different 

parts of the composition. This means that the total amount varies due to missing data, and 

since the total cannot be determined, the percentage of non-missing variables cannot be 

calculated.  

This implies that all compositional data are actually sub-compositional, e.g. silica is part of a 

sub-composition of the glass components measured. As long as any analysis conducted on a 

sub-composition produces the same results regardless of whether only that sub-composition 

is measured or a larger composition containing other parts, then it should be possible to 

compare different groups. However, this is not the case, which makes it very difficult to 

compare results from different studies.  A simple example of this problem is where the 

percentage of a component (e.g. silica in glass) is not measured directly but calculated by 

subtracting the sum of the other components from 100%. This clearly gives a useful 

approximation of the amount of component but is difficult to compare accurately with other 

studies which have measured additional components.  

A further example of this problem is shown in Figure A1.2, in which a compositional legacy 

dataset, plotting iron oxide against silica in glazes, demonstrates a fundamental issue with 

bivariate plots for multivariate systems. The three graphs plot exactly the same data (FeOwt% 
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vs SiO2wt%): the first plot closes the data to 100% for the following variables (SiO2, Al2O3, FeO, 

MgO, CaO, K2O, and Na2O); the second plot closes the data around the first 4 oxides (SiO2, 

Al2O3, FeO and MgO); 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. This 'spurious correlation' (Chayes, 1949) 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. This is also an issue with ternary plots, especially when one or 

more of the vertices is made up of a number of different components (e.g. 

MgO+K2O+CaO+Na2O) which essentially forces a one-dimensional pattern on the data.  In 

effect, compositional data are not normally distributed, as they must always lay between zero 

and 100%. This has major repercussions for statistical methods that depend on such 

normality, e.g. principal component analysis (PCA). 
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Figure A1.2. Plots of legacy data normalised to 100%: closed around 7 oxides (left) and 4 oxides (middle) and 
2 oxides (right). Note the emergence of linearity in the data as the number of elements used to close the data 
decreases. Note differences in scales. 
 

The main issue is that most compositional approaches treat compositional data as if they were 

just multivariate real datasets that incidentally happen to be positive and sum to 1 (or 100%). 

This is because these methods focus on representing transfer of 'mass' between parts. 

However, the total mass in each observation is not so relevant (i.e. it is not necessarily useful 

to know there is Xg of SiO2 in the sample), especially when it is considered that most measured 

compositions will not contain all possible components. However, if it is considered that the 

interest lies in the relative magnitudes and variations of components instead of in their 
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absolute values, it is possible to treat compositions on a log-ratio transformed scale, which 

can then be back-transformed into compositions when interpreting the results. This method 

was first proposed by Aitchison (1986) who defined a relative geometry where only the ratios 

of the different components were considered. A few years later it was realised that the 

mathematical structure Aitchison had defined was a vector space structure in its own right, 

which allowed compositions consisting of D parts to be converted to a classic multivariate 

problem involving real vectors of (D-1) co-ordinates, i.e. the principle of working in 

coordinates (Pawlowsky-Glahn et al., 2007). 

Aitchison (1986; 2005) showed that the effects of the constant sum constraint on covariance 

and correlation matrices disappear if the raw percentage data are expressed as logarithms of 

ratios, where the denominator is the geometric mean of the percentages in each sample. This 

works on the principle that transformations are usually used to remove constraints, and the 

log transformation is used to convert a variable which must be positive into a variable which 

can take any real (positive or negative) value.   

The graph below (Figure A1.3) shows that even though x1 must lie between zero and one, the 

log-ratio 

log (x2/x1) = log (1-x1/x1) 

 

can take on any real value. In other words, the log-ratio transformation is effective in 

removing constraints on x1, which is an essential prerequisite for normality. 
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Figure A1.3. Graph showing the log transformation used to convert a variable which must be positive into a 
variable which can take any real (positive or negative) value. 

 

Aitchison's approach can be demonstrated using a simple example: 

For a sample S made up of N components 

    S = (x1, x2, ... xN )  

where xi are the percentages of N components. The transformed sample can be expressed as: 

     Str = ln[x1/g], ln[x2/g], ...,ln[xi/g] 

where g, the geometric mean of sample S, can be calculated as: 

    gs = (x1 * x2 *...xN)1/N 

or equivalently as, 

              (lnx1+lnx2+...+lnxN)/N 
    gs = e 
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For a sample with three components whose respective percentages are 50, 30, and 20, the 

geometric mean is 31.07, i.e. (50*30*20)1/3 or e (ln50+ln30+ln20)/3. The raw percentage data are 

then replaced by the logarithms of the ratios between these percentages and the geometric 

mean, i.e. ln(50/31.07) = 0.4757, ln(30/31.07) = -0.0351, and ln(20/31.07)= -0.4406. After 

application of this centred log-ratio transformation, the variables in each sample sum to zero, 

i.e. (0.4757-0.0351-0.4406=0). It should be noted that this property does not derive from the 

constant sum constraint but is a consequence of the log-ratio transformation and would occur 

for any set of numbers subjected to such a transformation (Aitchison, 1986). Hence, while a 

correlation or covariance matrix calculated from raw compositional data suffer from the 

effects of the constant sum constraint, a centred log-ratio covariance matrix, based on log-

ratio transformed variables, retains the proper covariance structure of any compositional 

data. In essence, this transformation puts compositional data onto a scale where they can be 

normal, i.e. the log-ratio removes the constraint of summing to 100%. With the data 

transformed to a log-ratio scale, the mean and variance of the (multivariate) normal 

distribution can be estimated using the full range of standard methods available for statistical 

inference. 
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A1.3. Experimental methods 

Experiments were conducted to generate new data which supplemented existing legacy data 

found in the literature. The procedures and techniques used are referred to in the main body 

of the thesis and are described below in more detail. 

 Analysing silver: Electron probe microanalysis (EPMA) 

EPMA was used to determine the compositional signature of the silver samples in Section 

6.3.3 (i.e. Mycenaean shaft grave silver) and Section 8.3 (i.e. La Rebanadilla ingot and Las 

Arenillas silver). Silver samples were mounted in epoxy resin, polished down to 1m using 

alumina paste and observed under the optical microscope throughout the polishing process.  

Four silver standards were used for calibration purposes: MBH131XPAg1 is a pure silver 

standard (99.9%Ag) with trace elements, including gold (120ppm). AGA1, AGA2 and AGA3 

have major and minor elements including gold, as well as trace elements (Table A1.1). 

Table A1.1. Compositions of the AGA silver standards in weight percent.   

Element % Ag Cu Pb Au Zn Sn Sb Bi 

AGA1 77.372 19.95 0.207 1.48 0.211 0.291 0.050 0.194 

AGA2 86.968 10.00 1.02 0.507 0.502 0.520 0.192 0.113 

AGA3 90.546 4.91 1.89 0.258 0.816 0.921 0.459 0.048 

MBH131XPAg1 99.9 0.0075 0.004 0.012 0.005 0.004 0.005 0.004 

 

A JEOL JXA-8100 electron probe microanalyser with a wavelength dispersive X-ray 

spectrometer (WDS) was run with a 20kV accelerating voltage and a probe current of 5x10-8 

A. Samples were examined at a working distance of 11mm. The system was calibrated at 
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x1000 magnification (about 100m x 100m) by curve-fitting to three known standards 

(AGA1, AGA3 and MBH131XPAg1) for each of the following elements: Ag, Au, Zn, Cu, Pb, Sn, 

Sb and Bi. Emission lines were chosen to minimise overlapping peaks, and peak/background 

acquisition times (in seconds) reflected the absolute concentrations present: Ag (La) 30/10, 

Au (Ma) 60/20, Zn (Ka) 60/20, Cu (Ka) 30/10, Sn (La) 60/20, Pb (Ma) 60/20, Sb (La) 60/20 and 

Bi (Ma) 60/20. Nine areas were measured on each standard. Linear and quadratic fits were 

compared for each element during the calibration set up. A linear regression was adopted for 

all elements as differences between the two fits were found to be negligible.  

As different standards had differences in homogeneity for some elements (e.g. copper), limits 

of detection (LOD) were determined using the standard deviations from all standards plotted 

against the mean concentrations of each element. A linear regression was applied to each 

plot, from which the intercept (So) allowed a more realistic LOD to be determined (i.e. 

LOD=3So) across a concentration range (Table A1.2), rather than using one standard to 

determine the LOD. Note that the high LOD level for silver reflects the extrapolation from the 

silver standards, which, by definition, have very high concentrations of silver, i.e. the 

calibration is only appropriate for silver-dominant systems. 

Table A1.2. Limits of detection from a linear fit through the standard deviations of each standard for each 
element in weight percent. 

    Au      Ag       Zn        Cu       Sn       Pb      Sb        Bi    
Limit of 
detection % 

0.020 1.577 0.031 0.140 0.065 0.042 0.023 0.019 

 

With the LOD calculated for each element, measurements below this value were classified as 

below the detection limit (bdl). Errors incurred from curve fitting the standards to calibrate 

the EPMA (systematic error) and errors in sample measurements (statistical error) were 

combined using sum in quadrature: 
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Xtotal = √ (X sys 2+X stat 2) 

⟨ΔXtotal
2⟩=⟨(ΔXsyst+ΔXstat)2⟩=σstat

2+σsyst
2 

 

During sample measurements, errors on each element were determined measuring an 

internal standard (AGA2) before (3 area scans) and after (2 area scans) all sample 

measurements, i.e. AGA2 was used solely as a secondary calibrant. The percentage error for 

each element on the internal standard (AGA 2) are shown in Table A1.3. Note the higher error 

on copper and antimony due to their inhomogeneity in the standards. 

Table A1.3. Composition of AGA2: standard composition, measured values from EPMA and the linear 

calibration, and the percentage error of the measured values from the standard composition. The measured 
totals were 99.87%, st.dev=0.38.  
 

Elements Au Ag Zn Cu Sn Pb Sb Bi 
Std. composition (%) 0.507 85.968 0.502 10.00 0.52 1.02 0.192 0.113 
Measured % (n=5) 0.521 85.707 0.498 11.22 0.52 1.06 0.223 0.116 

% error  2.82 -0.30 -0.86 12.19 -0.14 4.17 15.95 2.71 
 

 Glass-silver experiments 

 
XRD was conducted on the ore from Silverfields, Cobalt, Ontario (Section 9.9). A small section 

of ore was cut from the slab and crushed to flakes. Some of these flakes were ground up using 

a mortar and pestle to determine which mineral phases were present using XRD. A sample 

(about 0.1g) was placed in a Rigaku Miniflex 600, with a scan range of 5o-90o, a scan step of 

0.1o and scan speed of 1.5o per minute. The resulting diffraction pattern (Figure 9.31) was run 

through the in-built databases which ranked the identified minerals in terms of confidence. 

The remainder of the crushed ore was placed in a conical carbon crucible with laboratory 

grade silica, sodium carbonate and calcium carbonate. As it was unknown a priori which 
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components of the ore would enter the glass slag, the amounts of silica, sodium carbonate 

and calcium carbonate were selected based on percentages to form a glass (i.e. 65%SiO2; 

20%Na2CO3; 15%CaCO3). The percentage of each component were as follows: ore (31.3%), 

silica (44.6%), Na2CO3(13.8%) and CaCO3(10.3%). The crucible charge was heated in a closed 

furnace at a rate of about 10oC/hour. The temperature was held at 750oC for 1 hour in order 

to allow partial vitrification and removal of entrapped air before being heated to 1100oC 

where it was held for 1 hour before cooling down to room temperature. The sample was 

removed from the partially oxidised carbon crucible, before being sectioned for SEM analysis 

(Figure 9.32). The metallic and glassy parts were analysed. The remaining glassy part of the 

sectioned sample was re-heated to determine any compositional changes in this glassy 

material on subsequent re-heating cycles. The glass was re-heated in a carbon crucible at a 

rate of about 10oC/hour to 1300oC and cooled without any dwell time to simulate 

reprocessing of glass. Part of this glass was removed, mounted and polished for SEM-EDS 

analysis. The other parts were reheated two further times under the same processing 

conditions. In effect, the reheating experiments produced three glass samples (in addition to 

the originally produced sample) which had been re-heated to 1300oC from one to three times. 

SEM-EDS was conducted on the ore from Silverfields, Cobalt, Ontario and the sample 

produced (Section 9.9). SEM-EDS analyses were not conducted as a quantitative assessment 

of the grade of the silver ore, nor to determine the composition of the sample produced per 

se, but as an exploratory investigation to determine how elements present in the ore 

partitioned between the glassy and metallic phases of the produced sample. The ore, the 

produced sample and the re-heated glasses were mounted in resin and polished down to 1m 
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using alumina paste. In the case of the produced sample, the section of the sample with the 

silvery phase still attached (Figure 9.32) was mounted and polished for SEM-EDS analysis.  

A Hitachi S-3400N SEM attached to an INCA EDS (Oxford Instruments, UK) was used. A 

conductive carbon-coating was applied to the sample, which was examined at working 

distance of 10mm using a voltage of 20keV. Carbon was removed subsequently from all 

elemental analyses. Backscattered electron imaging (BSE) was used to help identify 

differences in phase and particle composition. EDS was used to generate elemental 

composition of certain areas of the samples to understand the chemical structure and the 

distribution of elements. An acquisition time of 100 seconds was used with a dead time 

between 35-40%. The SEM-EDS was optimised using cobalt prior to any analytical work, and 

approximately every 90 minutes during scanning. The count rate on the cobalt was 3500 

counts/second.  

Corning A was used as a certified reference material, primarily because it was a soda-lime-

silica glass with measurable cobalt levels for SEM-EDS, i.e. 0.17%CoO. All standard 

measurements were conducted at the same magnification as the bulk sample measurements 

(x200). Table A1.4 shows the elements of interest and the percentage errors in their 

measurements. All measurements were significant (3) apart from cobalt which was at the 

detectable limits of the analysis (2). 
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Table A1.4. Compositional measurements from Corning A showing certified values, means and standard 
deviations of the normalised measured values from the EDS and the percentage errors. Conducted at x200 
magnification. 

Corning A 
% 

Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 MnO Fe2O3 CoO CuO Totals 

Certified  
 

14.3 2.66 1.0 66.56 0.1 2.87 5.03 0.79 1.00 1.09 0.17 1.17  

Measured 
(n=7) 

14.4 2.7 0.8 70.1 0.2* 3.0 4.7 1.0 1.1 1.0 0.2** 0.8 97.5 

St.dev. 0.2 0.1 0.0 0.4 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.3 1.7 

% error -0.6 -0.8 20.2 -5.3 -133.2 -5.6 6.6 -21.0 -6.2 5.0 -21.0 28.2  

* detected in 3 of 7 measurements. ** detected to 2 

Two additional soda-lime-silica glass reference materials were used to determine 

measurement errors, specifically for arsenic. These standards (LOP07-C006 and LOP07-C057) 

were recovered from a known 19th century AD plate glass works and were analysed by David 

Dungworth at English Heritage (SEM-EDS and EDXRF) and by the British Geological Society 

(ICPMS). These standards were selected as they have much higher arsenic concentrations 

than any other soda-lime-silica glass standard reference materials. Table A1.5 shows the 

standard values in compound percent. Elements not measured are denoted as nr. All standard 

measurements were conducted at the same magnification as the bulk sample measurements 

(x200). The errors on measurements were calculated from the EDS standard values for Na2O, 

SiO2, SO3, K2O and CaO. SO3 had the highest error. Errors on As2O3 measurements were 

calculated from both the EDXRF and ICPMS standard values. Although the errors are high (i.e. 

different techniques were used), large changes in arsenic concentration were measured 

(Section 9.9). 
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Table A1.5. Compositional measurements from two soda-lime-silica glasses with high arsenic levels. The top 
table shows the compositions measured by SEM-EDS, EDXRF and ICPMS. The lower table shows the measured 
normalised values from these standards on the Hitachi S-3400N SEM attached to an INCA EDS, which were 
conducted in the same session and at the same magnification (x200) as the sample bulk measurements. All 
measurements are in weight (compound) percent. 

EDS Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 BaO 

C.006 13.3 <0.1 0.3 75.1 <0.2 0.35 <0.1 <0.1 10.42 <0.1 <0.1 

C.057 13.6 <0.1 0.9 76.0 <0.2 <0.1 1.0 3.72 4.32 <0.1 <0.1 

ICPMS            

C.006 14.8 0.08 0.35 nr 0.02 <1.2 nr 0.06 12.16 0.031 0.048 

C.057 14.3 0.11 0.87 nr 0.05 <1.2 nr 3.79 4.49 0.043 0.014 

XRF MnO Fe2O3 CoO NiO CuO ZnO As2O3 Rb2O SrO ZrO2 PbO 

C.006 0.02 0.15 <0.02 <0.02 <0.02 <0.02 0.53 <0.01 0.02 <0.01 <0.02 

C.057 <0.02 0.11 <0.02 <0.02 <0.02 <0.02 0.32 <0.01 <0.01 <0.01 <0.02 

ICPMS            

C.006 0.011 0.151 <0.001 <0.001 <0.001 0.001 0.431 <0.001 0.014 0.010 <0.001 

C.057 0.002 0.081 <0.001 <0.001 0.001 <0.001 0.265 0.005 0.004 0.004 0.009 

 

EDS 
measured 

Na2O SiO2 SO3 K2O CaO As2O3 Totals 

C.006 
(n=5) 

12.0 76.2 0.5 bdl 10.5 0.6 95.5 

St. dev. 0.08 0.18 0.09  0.10 0.04 0.3 

% error 9.45 
(EDS) 

-1.45 
(EDS) 

-37.75 
(EDS) 

- -1.05 
(EDS) 

-14.05 
(XRF) 

-40.25 
(ICPMS) 

 

C.057 
(n=5) 

12.6 77.3 bdl 3.7 4.4 0.3 94.5 

St.dev. 0.10 0.13  0.02 0.06 0.05 0.27 

% error 7.36 
(EDS) 

-1.64 
(EDS) 

- 0.42 
(EDS) 

-2.63 
(EDS) 

-5.43 
(XRF) 

-27.31 
(ICPMS) 
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 Mycenaean shaft grave silver: Multi-collector Inductively coupled plasma mass 

spectroscopy (MC-ICPMS) 

MC-ICPMS was conducted at the SGIker of UPV/EHU, Bilbao on five Mycenaean shaft grave 

silver samples to provide comparative lead isotope measurements to those carried out by 

Oxalid on the same samples using thermal ionisation mass spectrometry (TIMS) in the 1980s 

(Section 6.3.3). Purified Pb samples were dissolved in 1.5 mL of 0.32M HNO3 and diluted to 

obtain a concentration of about 200 ng Pb/g solution. The samples were introduced as wet 

aerosols into a Thermo Neptune MC-ICP-MS using an ESI 100 microliters min-1 PFA nebulizer 

and a dual cyclonic-Scott double pass spray chamber. Instrumental mass bias was corrected 

online after the addition of a proportional amount of a solution of the thallium certified 

reference material NBS-997, and using 205Tl/203Tl = 2.3889 (Thirlwall, 2002). The accuracy 

and reproducibility of the method was verified under the same conditions for the lead 

certified reference material NBS 981 using the average ratios of 2 determinations during the 

same analytical session. 
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A2: Applying the procedures to legacy data 

 

The procedures in Appendix A1 were applied to a number of legacy datasets in order to 

determine their validity as well as to explore the data through the re-analyses. In effect, these 

case studies inform on the problems associated with provenancing silver. The iridium case 

study was used to determine the viability of trace elements to provenance from ore to object. 

This study was published in 2017 (Wood et al., 20171) and a rebuttal to the article was 

published later in the same year (Pernicka, 2017). A response to the rebuttal was published 

(Wood et al., 20172) which supports the conclusions of the initial publication (Wood et al., 

20171).  

The following subsections provide the background of each study, the methods behind the re-

analyses and the archaeological interpretations drawn from the re-analyses: 

 

- Geological ages of ores 

- Exogenous lead 

- Silver from Palacio III 

- Re-analysis of legacy silver data 
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A2.1 Geological ages of ores 

A2.1.1 Background 

Lead isotopes analyses found in archaeological literature can be used to calculate Pb crustal 

ages. In the case of ores, the Pb crustal age reflects the ages of ore genesis. The 

Mediterranean is predominantly made up of the Alpine region which is less than 90 million 

years old (<90Ma) and is found, for example, in the Aegean, Basque-Cantabrian region of 

North-West Spain, and the Betic region of south Spain, and the older western Hercynian 

region (250-400Ma) which the Alpine region overlays (Desaulty et al., 2011). The 

metalliferous ores in these areas should reflect these geological ages. Some of these ores 

were potentially mined by the Phoenicians, in particular those in south-west Spain. 

A2.1.2 Re-analysis 

Figure A2.1 shows the crustal ages for some countries around the Mediterranean where LIAs 

have been conducted (Oxalid, 2018). Generally, ages determined from the two-stage model 

(Stacy and Kramers, 1975; Desaulty, 2011) are in reasonable agreement with other 

radiometric age determinations, but sometimes they do not yield meaningful crustal ages, i.e. 

negative values. Nevertheless, they can be compared (see Section A1.1). 
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Figure A2.1. Pb crustal ages in millions of years (Ma) of ores from around the Mediterranean. 

As with traditional lead isotope plots, there is a range of values (often with outliers). In other 

words, when investigating an unknown (ore, slag, metal etc.) it must be remembered that the 

unknown can only be consistent with a particular location, as some lead isotope fields (and 

therefore the crustal ages) overlap. Nevertheless, both LIA and the associated Pb crustal ages 

are useful to delineate interpretations. Furthermore, as more LIA data are generated, some 

of the gaps in the ages are filled. For example, Spain in Figure A2.1 appears to be bi-modal in 

that the Alpine zone (<90 Ma) is distinct from the Hercynian (250-400Ma). However, at the 

interface of these two zones there will be areas where ore genesis overlaps, and therefore 

the crustal ages will reflect this. This has been found in the Central Iberian Zone, an area 



470 
 

including the Alcudia valley, Los Pedroches, Los Pedroches batholith, Los Pedroches 

exocontact batholith and Los Linares-La Carolina, where the majority of the data 

(Comendador Rey et al., 2014) lie midway between the Alpine and Hercynian zones (about 

200Ma) (Figure A2.2), i.e. the Central Iberian Zone seems to be a mixture of two zones. 

 

Figure A2.2. Histogram of Pb crustal ages of ores from the Central Iberian Zone (CIZ) in Spain. 

A2.1.3 Summary  

 The Pb crustal ages of metalliferous ores around the Mediterranean tend to fall within 

the range of the geological ages of the orogenies of these regions. 

 Ore deposits between two fields with different crustal ages tend to have Pb crustal 

ages which lay between the two, i.e. a mixture. As more LIA data become available, 

different areas become more difficult to differentiate in terms of their geographical 

location, i.e. overlaps in the LIA signature. 
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A2.2 Exogenous Lead 

A2.2.1 Background 

Rio Tinto was the main mining area for silver in Spain in antiquity, of which the Corta Lago 

mine was a part. The Corta Lago site was discovered during recent open-cast mining which 

revealed metallurgical debris and the old underground workings. The site dates from the 

Bronze Age up to the 2nd century AD, consisting mainly of silver and copper production slag, 

but also including litharge cakes, tuyéres and pottery. The mineral exploited was jarosite. 

Hunt Ortiz (2003, 35) and Domergue (1990) state that, according to the Rio Tinto company 

archive, the concentration of plumbo-jarosite within the jarosites varies between 3 and 30%. 

In other words, there could have been veins relatively poor in lead to which lead metal needed 

to be added for efficient silver collection and extraction.  

The use of exogenous or foreign lead has been discussed in detail in Lorna Anguilano's thesis 

‘Roman lead silver smelting at Rio Tinto: The case study of Corta Lago’ (2012). She noted that 

lead isotope analyses of slags from the site suggested different sources of lead for the 

collection of silver, with this extra source of lead metal in the system used to increase the 

overall amount of lead and improve the collection of silver (Anguilano et al., 2009). LIA 

signatures of Sardinian, British and German mines were found to plot along a mixing line very 

close to those of the Corta Lago slags, but slightly offset. However, as both Pliny and Strabo 

had highlighted the importance of the site of Cartagena (New Carthage) in Murcia (SE Spain) 

for the production of silver and lead during Roman times, lead from this area was considered 

the prime candidate for this additional lead. Cartagena signature exhibited a very plausible 

correlation with a mixing line between Rio Tinto and Cartagena ores (Stos-Gale et al., 1995).  
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 Anguilano (2012) used an empirical calculation to determine the amount of exogenous lead 

added to the system. The method used was a simple proportion in which the average isotopic 

signature of the Rio Tinto mines was 100 and from Cartagena zero; proportionally, the value 

for each sample was calculated. This was considered to be a qualitative method employed to 

visualise which chronological periods for Corta Lago were associated with higher additions of 

‘extra’ lead. The tentative conclusions drawn were that there were three main periods when 

foreign ‘extra’ lead was added at Corta Lago: Phoenician, Iberian, a portion of Republican phase I 

tapped slag, and Republican phase II plate slag. During the first three periods there was no 

evidence of connections between ores poor in lead and the addition of extra lead; Conversely, in 

the Republican phase II plate period there were indications of such a connection when the ore 

had higher potash levels. It was concluded that geological and chemical knowledge was of a higher 

level during the Republican phase II plate slag period, than prior to the plate smelters. This 

suggests that the Phoenicians were adding lead to smelt ores even when it was not required. 

It should be noted that details of this 'rule of mixtures' procedure were not provided, making 

it difficult to determine how the average isotopic signature was derived. It is assumed that a 

particular lead isotope ratio was used, although it is difficult to ascertain the criteria for 

choosing one ratio over another. 

A2.2.2 Re-analysis 

Lead isotopes were used to calculate Pb crustal ages of the ores from Rio Tinto and the 

Cartagena area as well as the slags from Corta Lago. 
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Figure A2.3. Pb crustal ages of ore Rio Tinto ore, slag found at Corta Lago mining site (Rio Tinto) and ore from 
area of Murcia (Cartagena). 

 

Figure A2.3 shows that the crustal ages from the ore samples from Rio Tinto cover a range of 

about 50Ma (from around 420-370Ma, with one outlier at about 300Ma). This is in agreement 

with the age of the Hercynian zone. The slag from the same site ranges from 400-250Ma, 

suggesting strongly that in some cases younger material (i.e. exogenous lead) had been added 

to the system. The plot also shows the crustal ages for ores from Murcia (i.e. Cartagena) (Stos-

Gale et al. 1995). The range is approximately between 140Ma and 40Ma, with one outlier 

providing a negative age. This is in agreement with an ore from the Betic region of south Spain 

(Figure A2.4). Figure A2.3 also highlights the overlap between the Rio Tinto ore and the slag 
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crustal ages, suggesting strongly that not all slags (and therefore the smelting process) used 

lead from the Cartagena area to extract silver.  

 

Figure A2.4. Map of Spain showing the young Betic domain overlaying the older Hercynian belt (from Albarède 
et al., 2012). 

 

Figure A2.5 uses the mean of the respective datasets to suggest that a mixture of Cartagena 

lead and Hercynian age ore could result in slag with a range of crustal ages (i.e. 400-250Ma). 

As with Anguilano's method (2012), this is an approximation based on the rule of mixtures. 

The maximum amount of lead added to achieve a mixture corresponding to the slag would 

be about 50% of the total lead in the system. Interestingly, using LIA analyses of two lead 

ingots found at Corta Lago (not argentiferous lead), crustal ages of 81Ma and 340Ma can be 

calculated. The former clearly fits with the Cartagena argument (i.e. that lead ingots were 
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brought from Cartagena to extract the silver from jarosite ores), while the latter must have 

been lead from a Hercynian ore source, i.e. potentially a local lead source. There is a galena 

source at Rio Tinto from the altered porphyry wall rocks along the surface of the North, South 

and San Dionisio lodes, which are scored with ancient tool marks (Allan, 1970).  

 

 

 

 

 

Figure A2.5. Pb crustal age (Ma) vs the fraction of exogenous lead (Cartagena) added. The Pb crustal ages were 
calculated from Oxalid (2018) data for ores from Murcia (Cartagena) and Rio Tinto. The slag LIA came from 
Anguilano (2012). 

 

Furthermore, a silver find from the current study (RT103) from a hill overlooking Las Arenillas 

(a Roman site) near the Corta Lago site was found to have a crustal age of 356Ma (determined 

from LA-ICP-MS), which is just below the main ore group from Rio Tinto. This suggests that 

either:  

1) Low amounts of Cartagena lead (below 20%) were added to extract this silver from the 

jarosite.  

2) There was sufficient lead in the jarosite from Rio Tinto to smelt the ore (i.e. plumbo-

jarosite).  

3) Lead with a similar Pb crustal age to the argentiferous ore was added to the system.  
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It is difficult to be certain which of these scenarios is correct. However, it seems unlikely that 

lead would be added in such low amounts relative to the amount of intrinsic lead. A more 

probable explanation, based on the crustal age of the ore, is that the silver was derived from 

a jarosite with sufficient lead to smelt it, or that extra lead derived from an ore within the 

Hercynian region (as evidenced from the crustal age of the one of the lead ingots found at 

Corta Lago), i.e. possibly lead from galena at Rio Tinto, or re-used litharge.  

A2.2.3 Summary 

Very similar conclusions can be drawn from considering the Pb crustal Age to traditional lead 

isotope plots, i.e. in some cases exogenous lead from Cartagena was added to extract silver. 

This is perhaps not so surprising since stamps on lead ingots marked NOVA CARTHAGO, 

attributed to the Linares lead-mining region and shipped from Cartagena, have been found at 

Corta Lago (Salkfield, 1982: 146). However, to some extent, dealing with crustal ages is 

perhaps more physically meaningful than using a specific lead isotope ratio as a measure to 

determine the addition of exogenous lead. 
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A2.3 Palacio III 

A2.3.1 Background 

Part of a silver pendant became available from the site Palacio III, a funerary complex in 

Almaden de la Plata, Seville, from the Orientalising period (carbon dating placing it at 980-660 

BC (1), 1044-538 BC (2)). As it lays just outside the Laurion ore isotopic fields, the silver has 

been tentatively attributed to derive from Laurion (Murillo-Barroso et al., 2015), i.e. the 

object was a Phoenician or Greek import. The silver was found in association with Baltic amber 

(Figure A2.6). 

 

Figure A2.6. Palacio III hoard: Note the amber beads (h) and the silver pendant (i). From Murillo-Barroso et 
al., 2015. 
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A2.3.2 Re-analysis 

The silver from the pendant found at Palacio III (near Seville) has a crustal age of 23Ma and 

Au/Ag of 0.4% (Tables A2.1 and A2.2).  

Table A2.1. Mean composition of the Palacio III pendant from SEM-EDS (Murillo-Barroso et al., 2015) and the 
LIA analysis and the calculated Pb crustal age. 

208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb crustal age 
(Ma) 

2.05314 0.83355 18.8354 15.7002 38.6718 23 

 

Cu% As% Ag% Sn% Au% Pb% 

0.4 bdl 99.6 bdl 0.4 bdl 

 

Table A2.2. Mean composition and standard deviation of the Palacio III pendant from EPMA. 

 Au% Ag% Zn% Cu% Sn% Pb% Sb% Bi% Total 
mean 
(n=5) 0.389 96.566 bdl 0.827 bdl 0.058 0.031 0.085 97.951 

st. dev. 0.020 2.384 bdl 0.030 bdl 0.012 0.005 0.011 2.404 

 

A2.3.3 Summary 

With its associated amber beads, provenanced as Baltic amber, its provenance of outside 

Spain is clearly probable. The presence of Baltic amber is not exceptional in Spain with its 

occurrence increasingly reported from the 1st millennium BC, particularly in the South. This 

has been considered to reflect the intensification of trade with the central and eastern 

Mediterranean rather than direct contacts with the Baltic (Murillo-Barroso et al., 2015). The 

fact that this silver is also commensurate with the cluster in Figure 5.4, could suggest that the 
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silver from this pendant derived from cerussite ores at Laurion, as tentatively suggested by 

Murillo-Barroso et al. (2015). This is supported to some extent not only by its gold content 

(0.389%) and similar crustal age (23Ma) to silver deriving from Laurion, but also by its 

similarity to the compositions of some of the objects from Mycenae, which also potentially 

derived from argentiferous ores at Laurion, i.e. low Bi, Sb, Sn, Zn and Cu levels. As copper was 

often an intentional additive negating its utility as an indicator for the ore it can be seen that 

several of the Mycenaean samples are similar in terms of composition. For example, Table 

A2.3 shows two Mycenaean samples with similar gold values to Palacio III silver, negligible Bi, 

Zn, Sn, and Sb levels and crustal ages commensurate with the Palacio III silver. In other words, 

regardless of whether the Mycenaean silver and the Palacio III silver derived from Laurion, 

the similarity in the data suggest a common ore source that is more commensurate with the 

Eastern Mediterranean than the West, i.e. ores with low crustal age, Au around 0.4-0.5%, and 

with negligible Bi levels (although see Section 9.12.1 and Data Table 20 for a possible Iranian 

provenance for some of the Mycenaean silver where Bi levels are higher). 

Table A2.3. Composition and crustal ages of the Palacio III pendant alongside two silver samples from the 
Mycenaean shaft graves. 

 Au%  Ag% Zn% Cu%  Sn%  Pb%  Sb% Bi% Totals% Pb crustal age (Ma) 

Palacio 
III 0.389 96.566 bdl 0.827 bdl 0.058 0.031 0.085 97.951 23Ma 

SG 481 0.510 82.430 bdl 4.263 bdl 0.166 bdl 0.064 87.434 18-22Ma 

SG 876  0.405 92.534 bdl 1.172 bdl 0.042 bdl bdl 94.153 26Ma 
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A2.4. Re-analysis of legacy silver data 

Analyses of ancient silver artefacts have in general been limited to the determination of the 

major components silver, copper, gold and sometimes lead. This has often provided valuable 

information on questions related to ancient metallurgical methods, economic situations, 

trade relations, origin of raw materials, and authenticity of objects. In order to determine a 

parent-ore indicator from silver objects, however, compositional data from minor and trace 

elements are also required. Meyer's work on Sasanian silver artefacts (Harper and Meyers, 

1981; Meyers et al., 1975: 22-23) is one of the few investigations that has measured major, 

minor and some trace elements in silver objects (38 objects from several museums around 

the world) - objects made of silver from potentially a single ore source (i.e. region). Using 

neutron activation analysis (NAA) and multivariate statistical methods, Meyers highlighted 

the usefulness of various elements with regard to indicating different silver ores: sodium and 

potassium varied without any understandable pattern, while bromine, manganese, chromium 

and scandium could not be determined sufficiently accurately; variations in arsenic, antimony 

and selenium concentrations seemed to depend more on temperature profiles rather than 

their initial concentration in the ore, which relates to their volatility; zinc and cobalt were 

most probably introduced with the addition of copper to the silver; iron and mercury could 

possibly indicate different ores (although mercury's volatility and the association of iron with 

both copper and silver ores may make this problematic). Meyers concludes that gold, as a 

natural impurity of silver, may give information on the ore source, although variability in gold 

is often quite low, while the platinum group metal (PGE) iridium, being chemically similar to 

silver will not be greatly affected by cupellation. This last point is supported by the view that 

PGE metals will not be removed from gold or silver at normal cupellation temperatures (1000-
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1100oC) (Ogden, 1977), a consequence of the inert nature of iridium and its high melting point 

(2447oC).   

Meyers' analysis, although recognising that the system is multivariate in nature, treats the 

components as a closed system which add up to one hundred percent. This makes general 

comparisons difficult, as different datasets will have been measured in different ways, often 

focussing on different parts of the composition. This section uses Aitchison’s approach 

(Aitchison, 1986; 2005) described in Appendix A1.2. The following re-analysis of Sasanian 

silver data ultimately has the same objective as Meyers' initial study - to identify relationships 

that can be used to indicate whether objects are from a common source. It also reaches many 

of the same conclusions. However, by considering that the interest lies in the relative 

magnitudes and variations of components at the outset, instead of in their absolute values, it 

recognises that it is the concentration of elements relative to the amount of silver which has 

survived the processing that is of interest, rather than absolute concentrations, i.e. with the 

data transformed to a log-ratio scale, the mean and variance of the (multivariate) normal 

distribution can be estimated using the full range of standard methods available for statistical 

inference. 

In Meyers' original study which complemented Harper's stylistic analyses (Harper and 

Meyers, 1981), Sasanian compositional data was split into specific groups delineated by style, 

shape and iconography (Harper and Meyers, 1981). Four vessel groups were identified: early 

Sasanian bowls or plates, central Sasanian hunting plates, provincial hunting plates, provincial 

bowls or plates with enthronement scenes. The central Sasanian hunting plates were 

produced in the paired-line drapery style, with kings wearing correctly rendered Sasanian 

crowns, and were probably made onward from the time of Shapur II (309-379AD) up until the 
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sixth or seventh century AD. It was concluded that there existed both a central Sasanian, royal 

production, subject to state controls, and an independent, provincial industry that was the 

source of a related class of vessels. Since it is not the intention of the current re-analysis to 

investigate phases of Sasanian iconography per se, but to identify the utility of a method on a 

dataset from a well-defined region (as well as to avoid any circular arguments regarding 

artefacts where both style and composition appear to have contributed to their grouping), 

the central Sasanian hunting plates have been placed in one group (SAS-CENTRAL), while all 

others have been placed in another (SAS). One analysis from the central Sasanian hunting 

plates, focussing on an ancient repair (with silver), has been coded separately (SAS-CENTRAL-

Rep). The data used in the re-analysis can be found in Data Table 21: Iridium in the 

Appendices. 

A multivariate analysis was performed using the Compositions package in R created by van 

den Boogaart (2013). Applying Aitchison's geometry (i.e. the centred log-ratio 

transformation) to the raw compositional data, it is possible to determine the compositional 

mean of each component: 

Table A2.4. Compositional means of the elements in Sasanian silver objects. 

Ag Cu Au Ir Zn Sn As Sb Se Fe Co Hg 

0.9374 0.0565 5.91e-3 5.37e-8 4.3e-5 1.27e-4 6.99e-6 2.39e-6 2.05e-6 1.45e-5 1.82e-7 4.16e-7 

 

Table A2.4 shows the dimensionless compositional mean values for each element and, as 

expected, highlights that the samples are dominated by silver, copper and gold. To find out 

about the spread of the compositional data, Aitchison (1986) recommends the variation 

matrix, i.e. the variation in the log-ratios. 
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Table A2.5 Variation matrix for the Sasanian silver objects. 

 Ag Cu Au Ir Zn Sn As Sb Se Fe Co Hg 

Ag 0 0.586 0.034 1.737 2.353 2.442 5.213 4.060 1.537 0.970 3.821 2.224 

Cu 0.586 0 0.545 1.294 1.332 1.659 3.020 2.267 0.637 0.824 2.222 2.532 

Au 0.034 0.545 0 1.564 2.256 2.307 4.997 3.870 1.473 0.940 3.650 2.155 

Ir 1.737 1.294 1.564 0 3.054 2.407 4.418 3.441 2.150 1.821 3.199 2.818 

Zn 2.353 1.332 2.256 3.054 0 2.085 2.491 2.308 1.259 2.183 2.034 3.814 

Sn 2.442 1.659 2.307 2.407 2.085 0 3.120 2.392 1.595 2.613 3.119 3.584 

As 5.213 3.020 4.997 4.418 2.491 3.120 0 0.838 2.035 4.047 2.947 6.561 

Sb 4.060 2.267 3.870 3.441 2.308 2.392 0.838 0 1.543 2.820 2.790 5.054 

Se 1.537 0.637 1.473 2.150 1.259 1.595 2.035 1.543 0 1.365 2.068 3.204 

Fe 0.970 0.824 0.940 1.821 2.183 2.613 4.047 2.820 1.365 0 2.876 2.508 

Co 3.821 2.222 3.650 3.199 2.034 3.119 2.947 2.790 2.068 2.876 0 5.504 

Hg 2.224 2.532 2.155 2.818 3.814 3.584 6.561 5.054 3.204 2.508 5.504 0 

 

 

Figure A2.7. Visual representation of the variation matrix.  
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Table A2.5 and the associated image plot (Figure A2.7) highlight the co-dependence between 

Ag and Au (0.034), Ag and Cu (0.586), Cu and Au (0.545) and Cu and Se (0.637), i.e. low values 

in the variation matrix. The co-dependence between copper and silver is probably related to 

consistency in alloying, while the co-dependences of Cu and Se, and Ag and Au are 

consequences of their respective copper and silver ore sources. Similarly, there is co-

dependence of Fe and Ag (0.970), Au (0.940) and Cu (0.824). This is more difficult to interpret 

as both silver and copper ore sources could be associated with iron and iron-based fluxes 

could have be used during the processing. Furthermore, gold is a siderophile (iron-loving). 

Iridium is also siderophilic, as noted by its association with iron (1.821). Iridium also exhibits 

co-dependence with silver (1.737), Au (1.564) and Cu (1.294), but low co-dependence with all 

other elements in the analysis. Since iridium's association with copper could relate to copper's 

association with silver (and gold) through the alloying process, iridium's potential as an 

indicator for silver and gold is highly likely. Arsenic was removed from the following analyses 

as there is clearly little co-dependence with the metals of interest, i.e. silver (5.213) and gold 

(4.997), probably due to its volatility. Mercury was also removed because many of the 

Sasanian objects were gilded, i.e. it was suspected that mercury could have been related to 

this operation, rather than the ore source of the silver. All other elements were included in 

the subsequent analyses. 

The associations of elements in the dataset can also be examined using a cluster dendrogram, 

an exploratory technique devised to uncover groups in data. The dendrogram (Figure A2.8) 

was obtained with a Ward algorithm using the variation array as the distance matrix between 

parts. The coloured branches show the results of the significance test with a value of = 0.05 

to reject the null hypothesis (i.e. no groups are assumed a priori). An algorithm based on 
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average linkage clustering shows a similar pattern. Although the decision at which level to cut 

a dendrogram (and thereby define the number of groups) is quite subjective, there seem to 

be patterns of variation suggesting that iron is more associated with copper than silver or 

gold, and iridium is more associated with gold and silver than copper. This suggests that iron 

was introduced into the system with the copper, while iridium was introduced with silver and 

gold. Copper is associated with selenium, which is indicative of a copper sulphide ore (Rehren 

and Northover, 1991). The cluster of tin and zinc without copper could suggest that copper 

was introduced to silver in its pure state, i.e. not as scrap from bronze or brass.  

 

Figure A2.8. Cluster dendrogram based on a Ward algorithm for the elements in Sasanian silver. The coloured 
branches show the results of the significance test with a value of = 0.05. 
 

The cluster dendrogram for each analysis is shown in Figure A2.9. Again, it is a subjective 

decision at what level to cut the dendrogram, however, most of the analyses on central 

Sasanian hunting plates appear to cluster together, indicating a strong association.  
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Figure A2.9. Cluster dendrogram based on a Ward algorithm for the Sasanian objects. 
 

The covariance biplot (Figure A2.10) lends itself to exploratory analysis and the finding of 

projections that describe the particular structure of the dataset. In a non-compositional, 

'standard' covariance biplot, the arrow lengths are proportional to the variances of each 

variable, and the cosine of the angle between any two arrows is the correlation coefficient 

between those two variables. For compositional data, the data have been transformed and 

so the rays of the plot cannot be directly interpreted in this way, i.e. a low value does not 

mean an absence of dependence. For example, the first principal component may affect or 

depend on Ir despite its low value.  
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Figure A2.10. Covariance biplot based on the variation matrix for the Sasanian objects. 
 

The links between the arrow heads, which represent the log-ratios between the involved 

parts are intimately connected with the variation matrix. Therefore, two proportional 

variables have a quasi-constant log ratio and thus their link should be very short, i.e. the arrow 

heads lie together. Three or more components lying on a common line have links forming 

either 0o or 180o, thus are perfectly correlated (directly or inversely). Clearly Ag, Au, Cu and Ir 

are highly proportional as seen in the covariance plot. In other words, the biplot should be 

able to identify a one-dimensional pattern on a subcomposition laying on a common link. This 

means it is possible to find a projection of the selected variables onto a particular direction 

that is quasi-constant.  
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The common links in the covariance biplot (Figure A2.10) suggest possible a one-dimensional 

pattern for Ag-Au-Ir, three components intimately associated with the ore from which silver 

derived. These links for the Sasanian silver are further explored, along with Byzantine silver 

and silver from the Asyut hoard, in Wood et al. 20171,2. 
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A3 – Data Tables 

 

DT1:  Silver hoards 

DT2:  Clusters 1 and 7 

DT3:  Athenian coins 

DT4:  Ores from northern Anatolia 

DT5:  Ores from Cyprus 

DT6:  Copper slag on Cyprus 

DT7:  Copper objects on Cyprus 

DT8:  Copper objects in Syria 

DT9:  Lead and silver objects on Cyprus 

DT10:  Ores from Laurion 

DT11:  Ores from Taurus 

DT12:  Ores from Sardinia 

DT13:  Ores from Spain 

DT14:  Ores from Timna 

DT15:  Ores from Feynan 

DT16:  Tell Jatt and Berzocana copper 

DT17:  Bronze Age silver from Spain 

DT18: Orientalising silver from Spain 

DT19:  Cobalt-blue glass and frit and LIA from Chapter 9 

DT20:  Mycenaean shaft grave silver 

DT21:  Proposed Iranian ore field 

DT22:  Iridium 
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Data Table 1: Silver from hoards in the southern Levant. Data from Oxalid, 2018; Thompson, 2003; Thompson and Skaggs, 2013. Pb crustal age calculated 
from two-stage evolution model using parameters from Desaulty et al., 2011. The two shaded samples were not included in the re-analyses because the 
Au/Ag ratio indicate that gold may have been added intentionally. 

 
Location Au % Ag % Cu % Pb % 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) Au/Ag x100 
Akko_9th-8th 2.82 95.91 1.27 0.2 2.1219 0.8744 17.9000 15.6520 37.9810 618 2.94 
Akko_9th-8th 2.61 95.67 1.25 0.48 2.0582 0.8292 18.9290 15.6960 38.9610 -49 2.73 
Akko_9th-8th 2.72 95.31 1.79 0.19 2.0578 0.8280 18.9750 15.7110 39.0460 -64 2.85 
Akko_9th-8th 1.14 96.48 2.23 0.15 2.0819 0.8411 18.6960 15.7260 38.9220 151 1.18 
Akko_9th-8th 2.17 95.89 1.79 0.2 2.0716 0.8319 18.8810 15.7070 39.1140 -1 2.26 
Akko_9th-8th 2.83 95.4 1.36 0.41 2.1265 0.8752 17.9330 15.6940 38.1340 640 2.97 
Akko_9th-8th 2.61 95.95 1.3 0.2 2.1252 0.8749 17.9290 15.6870 38.1010 635 2.72 
Akko_9th-8th 2.87 95.32 1.8 0.2 2.0556 0.8271 18.9910 15.7060 39.0370 -81 3.01 
Akko_9th-8th 3.91 91.8 3.55 0.74 2.0710 0.8318 18.8860 15.7100 39.1130 -2 4.26 
Akko_9th-8th 3.03 93.57 2.93 0.46 2.0697 0.8333 18.8500 15.7080 39.0140 22 3.24 
Ashkelon_late 
12th?/1100BC 

2.7 95.3 2 0.2 2.1114 0.8626 18.2150 15.7130 38.4600 469 2.83 

Ashkelon_late 
12th?/1100BC 

3.1 73.9 23 0.2 2.0821 0.8400 18.8030 15.7950 39.1490 156 4.19 

Ashkelon_late 
12th?/1100BC 

0.2 96.2 3.7 0.2 2.0745 0.8384 18.6780 15.6600 38.7480 88 0.21 

Ashkelon_late 
12th?/1100BC 

4.1 94.4 1.6 0.2 2.0934 0.8530 18.3730 15.6720 38.4630 316 4.34 

Ashkelon_late 
12th?/1100BC 

3.2 95 1.8 0.2 2.0850 0.8468 18.5090 15.6730 38.5920 222 3.37 

Ashkelon_late 
12th?/1100BC 

1.8 97.9 0.4 0.2 2.0704 0.8380 18.6950 15.6660 38.7070 83 1.84 

Ashkelon_late 
12th?/1100BC 

0.4 98.6 1 0.2 2.0805 0.8414 18.6630 15.7030 38.8280 148 0.41 

Beth Shean_12th 1.19 57.68 41.13 0.2 2.0736 0.8390 18.7040 15.6920 38.7840 107 2.06 
Beth Shean_12th 1.23 96.34 2.43 0.2 2.0662 0.8316 18.8940 15.7120 39.0380 -5 1.28 
Beth Shean_12th 1.52 95.49 2.99 0.2 2.0661 0.8337 18.8000 15.6720 38.8420 15 1.59 
Beth Shean_12th 3 95.68 1.32 0.2 2.0661 0.8335 18.8360 15.7000 38.9170 23 3.14 
Beth Shean_12th 1.07 95.45 3.24 0.24 2.0764 0.8367 18.7330 15.6730 38.8970 64 1.12 
Ein Gedi-630/586BC 0.3 99.5 0.2 0.2 2.0898 0.8485 18.4640 15.6670 38.5850 247 0.3 
Ein Gedi-630/586BC 0.4 93.6 3 3.1 2.0635 0.8328 18.8540 15.7010 38.9050 11 0.43 
Ein Gedi-630/586BC 0.2 97.9 1.7 0.5 2.0841 0.8408 18.6380 15.6710 38.8430 129 0.2 
Ein Gedi-630/586BC 0.3 83.3 7.6 8.7 2.0622 0.8328 18.8240 15.6760 38.8190 2 0.36 
Ein Gedi-630/586BC 0.3 93.4 3.4 3 2.0828 0.8390 18.7390 15.7230 39.0290 117 0.32 
Ein Hofez_10-9th? 0.23 97.7 0.54 1.53 2.0883 0.8459 18.4900 15.6390 38.6110 197 0.24 
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Ein Hofez_10-9th? 0.2 97.15 0.41 2.44 2.0996 0.8554 18.2390 15.6010 38.2930 330 0.21 
Ein Hofez_10-9th? 0.3 98.21 0.49 1 2.0886 0.8453 18.5190 15.6550 38.6800 194 0.31 
Ein Hofez_10-9th? 0.44 93.81 0.83 4.91 2.0864 0.8460 18.4990 15.6500 38.5970 202 0.47 
Ein Hofez_10-9th? 0.36 97.01 0.46 2.17 2.0965 0.8512 18.3800 15.6450 38.5340 281 0.37 
Ein Hofez_10-9th? 0.16 97.83 0.54 1.48 2.1030 0.8536 18.2970 15.6190 38.4780 309 0.16 
Ein Hofez_10-9th? 1.56 97.6 0.53 0.31 2.0857 0.8439 18.5760 15.6750 38.7450 178 1.6 
Ein Hofez_10-9th? 20.79 75.97 3.24 0.2 2.0830 0.8439 18.5260 15.6340 38.5890 165 27.37 
Ein Hofez_10-9th? 35.03 61.86 3.11 0.2 2.0956 0.8511 18.3930 15.6540 38.5440 282 56.63 
Ein Hofez_10-9th? 0.2 99.15 0.72 0.2 2.1005 0.8527 18.2980 15.6030 38.4350 291 0.2 
Ein Hofez_10-9th? 0.15 97.99 0.93 0.93 2.0969 0.8523 18.3300 15.6220 38.4350 290 0.15 
Ein Hofez_10-9th? 0.22 98.23 0.23 1.32 2.1009 0.8539 18.2970 15.6230 38.4410 314 0.22 
Ein Hofez_10-9th? 0.2 98.84 0.39 0.76 2.1060 0.8572 18.2620 15.6540 38.4590 372 0.2 
Ein Hofez_10-9th? 0.24 97.33 0.3 2.13 2.1028 0.8558 18.2570 15.6250 38.3910 344 0.25 
Ein Hofez_10-9th? 0.2 100 0 0.2 2.1046 0.8569 18.2710 15.6570 38.4530 370 0.2 
Eshtemoa_11th-9th 
(or 10th-8th) 

0.29 96.47 0.32 2.92 2.0551 0.8263 18.9790 15.6820 39.0030 -102 0.3 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.2 98 0.33 1.67 2.1059 0.8570 18.2380 15.6300 38.4070 363 0.2 

Eshtemoa_11th-9th 
(or 10th-8th) 

3.05 95.32 1.39 0.23 2.0668 0.8295 18.9280 15.7000 39.1220 -43 3.2 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.52 96.59 1.29 1.6 2.0877 0.8462 18.4610 15.6210 38.5400 197 0.54 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.18 99.4 0.42 0.2 2.1059 0.8577 18.2070 15.6160 38.3410 369 0.18 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.2 95.77 3.79 0.44 2.1014 0.8559 18.2460 15.6180 38.3420 344 0.21 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.25 99 0.54 0.2 2.0916 0.8486 18.4430 15.6510 38.5760 243 0.25 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.15 98.66 0 1.18 2.1028 0.8572 18.2120 15.6110 38.2960 361 0.15 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.19 99.25 0.56 0.2 2.1078 0.8583 18.1760 15.6010 38.3120 374 0.19 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.2 99 0.8 0.2 2.0980 0.8530 18.2800 15.5920 38.3510 291 0.2 

Eshtemoa_11th-9th 
(or 10th-8th) 

1.64 91.6 6.76 0.2 2.0786 0.8409 18.6400 15.6750 38.7460 132 1.79 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.28 98.54 0.47 0.71 2.1032 0.8552 18.1920 15.5580 38.2610 315 0.28 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.2 99.37 0.63 0.2 2.1114 0.8577 18.2120 15.6200 38.4530 370 0.2 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.27 98.68 1.04 0.2 2.0951 0.8509 18.3130 15.5830 38.3680 258 0.27 

Eshtemoa_11th-9th 
(or 10th-8th) 

0.33 98.18 1.03 0.46 2.0819 0.8432 18.5630 15.6530 38.6470 161 0.34 
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Miqne-Ekron_7th 0.4 98.9 0.4 0.3 2.0624 0.8332 18.7920 15.6570 38.7560 2 0.4 
Miqne-Ekron_7th 0.5 98.8 0.5 0.3      NaN 0.51 
Miqne-Ekron_7th 0.3 96.7 0.8 2.2 2.0666 0.8353 18.7810 15.6880 38.8120 48 0.31 
Miqne-Ekron_7th 0.2 98.1 0.9 0.8 2.0640 0.8326 18.8580 15.7000 38.9230 7 0.2 
Miqne-Ekron_7th 0.3 97.1 1.5 1.1 2.0610 0.8324 18.8280 15.6720 38.8030 -6 0.31 
Miqne-Ekron_7th 0.47 96.7 1.5 1.3 2.0649 0.8343 18.8020 15.6870 38.8250 31 0.49 
Miqne-Ekron_7th 0.2 99.9 0.1 0.2 2.0642 0.8335 18.8340 15.6990 38.8770 22 0.2 
Miqne-Ekron_7th 0.2 97.4 1.3 1.3 2.0628 0.8329 18.8370 15.6890 38.8570 8 0.21 
Miqne-Ekron_7th 0.5 99.4 0.2 0.2 2.0624 0.8334 18.7980 15.6660 38.7680 9 0.5 
Miqne-Ekron_7th 0.2 97.9 1.5 0.6 2.0617 0.8324 18.8340 15.6770 38.8300 -4 0.2 
Miqne-Ekron_7th 0.3 97.8 1.7 0.2 2.0830 0.8417 18.5930 15.6510 38.7290 137 0.31 
Miqne-Ekron_7th 0.89 97.9 1.21 0.2 2.0596 0.8320 18.8300 15.6670 38.7840 -13 0.91 
Miqne-Ekron_7th 0.37 99.25 0.38 0.2 2.0829 0.8431 18.5720 15.6590 38.6840 162 0.37 
Miqne-Ekron_7th 0.26 97.08 2.36 0.29 2.0755 0.8378 18.7350 15.6960 38.8840 89 0.27 
Miqne-Ekron_7th 0.24 99.56 0.2 0.2 2.0629 0.8326 18.8570 15.7000 38.8990 7 0.24 
Miqne-Ekron_7th 0.81 96.3 1.89 1 2.0639 0.8332 18.8140 15.6770 38.8310 10 0.84 
Miqne-Ekron_7th 0.6 98.57 0.6 0.22 2.0630 0.8329 18.8090 15.6660 38.8020 1 0.61 
Miqne-Ekron_7th 0.2 96.11 3.88 0.2 2.0634 0.8327 18.8530 15.7000 38.9010 10 0.21 
Miqne-Ekron_7th 0.2 98.46 1.3 0.24 2.0646 0.8329 18.8500 15.7000 38.9180 13 0.2 
Miqne-Ekron_7th 0.26 94.84 2.72 2.18 2.0986 0.8539 18.3550 15.6740 38.5210 330 0.27 
Miqne-Ekron_7th 0.27 95.62 3.14 0.97 2.0610 0.8320 18.8760 15.7050 38.9050 -1 0.28 
Miqne-Ekron_7th 0.3 94.46 4.14 1.1 2.0610 0.8323 18.8510 15.6890 38.8530 -2 0.32 
Miqne-Ekron_7th 0.24 98.01 1.58 0.17 2.0928 0.8495 18.4490 15.6720 38.6090 263 0.24 
Miqne-Ekron_7th 0.23 96.78 2.27 0.73 2.0619 0.8322 18.8680 15.7020 38.9030 2 0.24 
Miqne-Ekron_7th 0.26 96.12 2.77 0.85 2.0610 0.8320 18.8690 15.6990 38.8890 -3 0.27 
Miqne-Ekron_7th 0.23 97.13 2.08 0.56 2.0579 0.8313 18.8460 15.6660 38.7830 -26 0.24 
Miqne-Ekron_7th 0.24 95.7 3.29 0.76 2.0582 0.8312 18.8510 15.6690 38.7990 -26 0.25 
Miqne-Ekron_7th 0.22 98.39 1.16 0.23 2.0631 0.8327 18.8370 15.6850 38.8630 4 0.22 
Miqne-Ekron_7th 0.15 94.54 3.71 1.6 2.0846 0.8400 18.6940 15.7020 38.9690 125 0.16 
Miqne-Ekron_7th 0.51 98.19 1.29 0.2 2.0905 0.8457 18.5100 15.6540 38.6940 200 0.52 
Miqne-Ekron_7th 0.41 97.33 2.26 0.2 2.0964 0.8487 18.4600 15.6660 38.6990 249 0.42 
Miqne-Ekron_7th 1.21 94.69 1.28 2.82 2.0638 0.8294 18.9130 15.6870 39.0340 -48 1.28 
Miqne-Ekron_7th 0.2 99.78 0.22 0.2 2.1001 0.8494 18.4070 15.6350 38.6560 251 0.2 
Miqne-Ekron_7th 0.2 98.03 1.97 0.2 2.0779 0.8357 18.6460 15.5830 38.7440 19 0.2 
Miqne-Ekron_7th 0.34 99.3 0.35 0.2 2.0991 0.8503 18.4340 15.6750 38.6940 277 0.34 
Miqne-Ekron_7th 0.2 99.99 0.14 0.2 2.0623 0.8325 18.8520 15.6950 38.8790 4 0.2 
Miqne-Ekron_7th 0.2 100 0.12 0.2 2.0592 0.8317 18.8410 15.6700 38.7970 -17 0.2 
Miqne-Ekron_7th 0.2 99.99 0.17 0.2 2.0623 0.8327 18.8140 15.6670 38.8000 -1 0.2 
Miqne-Ekron_7th 0.2 99.82 0.17 0.2 2.0592 0.8315 18.8450 15.6680 38.8050 -22 0.2 
Miqne-Ekron_7th 0.33 97.56 1.75 0.36 2.0710 0.8372 18.7410 15.6910 38.8140 79 0.34 
Miqne-Ekron_7th 0.3 95.37 3.37 0.96 2.0606 0.8323 18.8500 15.6880 38.8420 -3 0.31 
Miqne-Ekron_7th 0.31 98.23 1.07 0.39 2.0592 0.8322 18.8340 15.6740 38.7820 -7 0.32 
Miqne-Ekron_7th 0.43 95.64 2.5 1.43 2.0611 0.8323 18.8780 15.7120 38.9090 7 0.45 



493 
 

Miqne-Ekron_7th 0.18 94.74 4.02 1.06 2.0596 0.8319 18.8500 15.6810 38.8240 -11 0.19 
Miqne-Ekron_7th 0.2 96.75 2.23 1.02 2.0644 0.8328 18.8780 15.7220 38.9730 19 0.21 
Miqne-Ekron_7th 0.2 96.5 2.16 1.14 2.0606 0.8322 18.8530 15.6880 38.8470 -4 0.21 
Miqne-Ekron_7th 0.31 97.24 1.86 0.58 2.0612 0.8324 18.8430 15.6840 38.8400 -1 0.32 
Miqne-Ekron_7th 0.38 95.57 2.74 1.31 2.0599 0.8317 18.8590 15.6840 38.8480 -13 0.4 
Miqne-Ekron_7th 0.46 89.52 8.8 1.22 2.0605 0.8318 18.8670 15.6930 38.8750 -8 0.51 
Miqne-Ekron_7th 0.23 95.57 3.15 1.05 2.0602 0.8320 18.8430 15.6780 38.8190 -9 0.24 
Shechem_LBA /IA? 4.3 89 6 0.5 2.1007 0.8577 18.2660 15.6670 38.3710 384 4.83 
Shechem_LBA /IA? 4.9 85 9.8 0.3 2.0993 0.8547 18.3930 15.7200 38.6130 355 5.76 
Shechem_LBA /IA? 3 88 8.7 0.2 2.0829 0.8447 18.5670 15.6830 38.6740 193 3.41 
Shechem_LBA /IA? 3.7 90 6 0.2 2.0736 0.8392 18.7310 15.7190 38.8400 119 4.11 
Shechem_LBA /IA? 2.4 93 6 0.2 2.0802 0.8415 18.6510 15.6940 38.7970 146 2.58 
Shechem_LBA /IA? 3.8 90.5 5.6 0.2 2.1015 0.8579 18.2110 15.6230 38.2700 374 4.2 
Shechem_LBA /IA? 3.7 77 19 0.2 2.0833 0.8444 18.6050 15.7100 38.7600 197 4.81 
Shechem_LBA /IA? 4 74 22 0.2 2.0854 0.8454 18.5530 15.6860 38.6910 206 5.41 
Shechem_LBA /IA? 4 89 6.6 0.2 2.0831 0.8435 18.6390 15.7220 38.8270 187 4.49 
Shechem_LBA /IA? 0.8 93 4 0.5 2.0591 0.8286 18.9610 15.7120 39.0430 -53 0.86 
Tel Dor_11th-10th 2.8 96.34 0.66 0.2 2.0605 0.8278 19.0670 15.7830 39.2870 -43 2.91 
Tel Dor_11th-10th 2.11 96.77 1.11 0 2.0742 0.8390 18.6940 15.6840 38.7740 104 2.18 
Tel Dor_11th-10th 0.93 98.18 0.89 0.2 2.0635 0.8304 18.9020 15.6950 39.0030 -31 0.95 
Tel Dor_11th-10th 1.62 97.03 0.94 0.42 2.0550 0.8274 18.9440 15.6740 38.9300 -87 1.67 
Tel Dor_11th-10th 1.87 96.25 1.54 0.34 2.0927 0.8529 18.3630 15.6620 38.4290 311 1.94 
Tel Dor_11th-10th 3.22 95.2 1.18 0.4 2.0709 0.8333 18.8190 15.6820 38.9710 13 3.38 
Tel Dor_11th-10th 2.63 95.49 1.64 0.23 2.0802 0.8437 18.6040 15.6950 38.7000 181 2.75 
Tel Dor_11th-10th 2.04 96.51 1.19 0.26 2.0565 0.8268 19.0090 15.7170 39.0910 -81 2.11 
Tel Dor_11th-10th 2.77 94.08 2.47 0.68 2.0571 0.8272 18.9970 15.7130 39.0780 -77 2.94 
Tel Dor_11th-10th 0.2 99.79 0.21 0.2 2.0964 0.8520 18.4990 15.7610 38.7820 327 0.2 
Tel Dor_11th-10th 2.8 95.06 1.83 0.31 2.0551 0.8268 18.9850 15.6960 39.0170 -89 2.95 
Tel Dor_11th-10th 2.11 94.62 2.96 0.31 2.0803 0.8421 18.6280 15.6870 38.7510 154 2.23 
Tel Dor_11th-10th 1.17 96.47 1.71 0.65 2.0558 0.8269 18.9770 15.6910 39.0110 -89 1.21 
Tel Dor_11th-10th 2.09 96.36 1.38 0.17 2.0547 0.8265 18.9920 15.6970 39.0230 -93 2.17 
Tel Dor_11th-10th 0.93 96.01 3.06 0 2.0651 0.8320 18.8340 15.6700 38.8950 -12 0.97 
Tell el Ajjul_12th-11th 0.43 87.6 11.54 0.43 2.0709 0.8321 18.8970 15.7250 39.1330 8 0.49 
Tell el Ajjul_12th-11th 0.4 94.4 4.8 0.41 2.0762 0.8335 18.9380 15.7860 39.3190 51 0.42 
Tell el Ajjul_12th-11th 0.32 88.55 10.71 0.43 2.0706 0.8321 18.8950 15.7220 39.1240 6 0.36 
Tell el Ajjul_12th-11th 0.52 96.8 2.09 0.6 2.0753 0.8355 18.8090 15.7150 39.0340 59 0.54 
Tell el Ajjul_12th-11th 0.75 96.91 2.12 0.23 2.0697 0.8313 18.8690 15.6870 39.0530 -17 0.77 
Tell el Ajjul_12th-11th 0.51 95.27 3.9 0.32 2.0693 0.8322 18.8780 15.7110 39.0660 5 0.54 
Tell el Ajjul_12th-11th 0.52 96.54 2.79 0.2 2.0698 0.8326 18.8700 15.7120 39.0580 12 0.54 
Tell el Ajjul_12th-11th 0.4 97.31 2.29 0.2 2.0673 0.8303 18.9010 15.6940 39.0750 -31 0.41 
Tell el Ajjul_12th-11th 0.46 95.42 3.66 0.46 2.0704 0.8333 18.8790 15.7320 39.0870 29 0.48 
Tell el Ajjul_12th-11th 0.53 92.83 6.26 0.38 2.0717 0.8324 18.9100 15.7400 39.1750 17 0.57 
Tell Keisan_late 11th 0.2 92.96 6.75 0.29 2.1020 0.8581 18.3440 15.7410 38.5570 411 0.22 
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Tell Keisan_late 11th 2.32 64.08 33.37 0.23 2.0839 0.8462 18.5200 15.6710 38.5930 212 3.62 
Tell Keisan_late 11th 0.3 31.4 68.3 0.2 2.0741 0.8389 18.6700 15.6620 38.7240 96 0.96 
Tell Keisan_late 11th 1.9 70.7 27.1 0.3 2.0941 0.8529 18.3610 15.6610 38.4500 312 2.69 
Tell Keisan_late 11th 1 18.9 80.1 0.2 2.0907 0.8505 18.4250 15.6700 38.5200 277 5.29 
Tell Keisan_late 11th 0.3 80.7 19 0.2 2.1012 0.8582 18.2890 15.6950 38.4280 399 0.37 
Tell Keisan_late 11th 0.3 99.2 0.5 0.2 2.0632 0.8313 18.9250 15.7320 39.0460 -3 0.3 
Tell Keisan_late 11th 3.2 84.4 12.4 0.2 2.0690 0.8348 18.7940 15.6890 38.8830 39 3.79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



495 
 

Data Table 2: LIA silver cluster point 1 (i.e. Tell el 'Ajjul and Tell Keisan) -Data from Oxalid (2018) 
 
Site 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
Tell Keisan_late 11th 2.0632 0.8313 18.9250 15.7323 39.0456 
Tell el Ajjul_12th-11th 2.0709 0.8321 18.8970 15.7247 39.1333 
Tell el Ajjul_12th-11th 2.0762 0.8335 18.9380 15.7859 39.3193 
Tell el Ajjul_12th-11th 2.0706 0.8321 18.8950 15.7220 39.1240 
Tell el Ajjul_12th-11th 2.0753 0.8355 18.8090 15.7151 39.0340 
Tell el Ajjul_12th-11th 2.0697 0.8313 18.8690 15.6867 39.0533 
Tell el Ajjul_12th-11th 2.0693 0.8322 18.8780 15.7105 39.0656 
Tell el Ajjul_12th-11th 2.0698 0.8326 18.8700 15.7118 39.0575 
Tell el Ajjul_12th-11th 2.0673 0.8303 18.9010 15.6939 39.0749 
Tell el Ajjul_12th-11th 2.0704 0.8333 18.8790 15.7318 39.0868 
Tell el Ajjul_12th-11th 2.0717 0.8324 18.9100 15.7398 39.1752 
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Data Table 2: LIA cluster point 7 (i.e. low gold-high crustal age) from Ein Hofez, Eshtemoa, Tell Keisan and Tel Dor (Data from Oxalid, 2018; Thompson and 
Skaggs, 2013). Pb crustal age calculated from two-stage evolution model using parameters from Desaulty et al., 2011. 
 
Location Au % Ag % Cu % Pb % 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) Au/Ag x100 
Ein Hofez_10-
9th? 0.2 97.15 0.41 2.44 2.0996 0.8554 18.2390 15.6010 38.2930 330 0.21 
Ein Hofez_10-
9th? 0.16 97.83 0.54 1.48 2.1030 0.8536 18.2970 15.6190 38.4780 309 0.16 
Ein Hofez_10-
9th? 0.22 98.23 0.23 1.32 2.1009 0.8539 18.2970 15.6230 38.4410 314 0.22 
Ein Hofez_10-
9th? 0.2 98.84 0.39 0.76 2.1060 0.8572 18.2620 15.6540 38.4590 372 0.2 
Ein Hofez_10-
9th? 0.24 97.33 0.3 2.13 2.1028 0.8558 18.2570 15.6250 38.3910 344 0.25 
Ein Hofez_10-
9th? 0.2 100 0 0.2 2.1046 0.8569 18.2710 15.6570 38.4530 370 0.2 
Eshtemoa_11th-
9th (or 10th-
8th) 0.2 98 0.33 1.67 2.1059 0.8570 18.2380 15.6300 38.4070 363 0.2 
Eshtemoa_11th-
9th (or 10th-
8th) 0.18 99.4 0.42 0.2 2.1059 0.8577 18.2070 15.6160 38.3410 369 0.18 
Eshtemoa_11th-
9th (or 10th-
8th) 0.2 95.77 3.79 0.44 2.1014 0.8559 18.2460 15.6180 38.3420 344 0.21 
Eshtemoa_11th-
9th (or 10th-
8th) 0.15 98.66 0 1.18 2.1028 0.8572 18.2120 15.6110 38.2960 361 0.15 
Eshtemoa_11th-
9th (or 10th-
8th) 0.19 99.25 0.56 0.2 2.1078 0.8583 18.1760 15.6010 38.3120 374 0.19 
Eshtemoa_11th-
9th (or 10th-
8th) 0.28 98.54 0.47 0.71 2.1032 0.8552 18.1920 15.5580 38.2610 315 0.28 
Eshtemoa_11th-
9th (or 10th-
8th) 0.2 99.37 0.63 0.2 2.1114 0.8577 18.2120 15.6200 38.4530 370 0.2 
Tell Keisan_late 
11th 0.2 92.96 6.75 0.29 2.1020 0.8581 18.3440 15.7410 38.5570 411 0.22 
Tell Keisan_late 
11th 0.3 80.7 19 0.2 2.1012 0.8582 18.2890 15.6950 38.4280 399 0.37 
Tel Dor_11th-
10th 0.2 99.79 0.21 0.2 2.0964 0.8520 18.4990 15.7610 38.7820 327 0.2 
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Data Table 3: Athenian coins from Asyut hoard (Gale et al., 1980). Pb crustal age calculated from two-stage evolution model using parameters from 
Desaulty et al., 2011. 
 
Coin-type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) Au/Ag x 100 
Athenian  2.0596 0.8322 18.8510 15.6878 38.8255 -3 0.257 
Athenian 2.0611 0.8323 18.8720 15.7072 38.8971 5 0.344 
Athenian 2.0620 0.8324 18.8590 15.6980 38.8863 4 0.021 
Athenian 2.0592 0.8313 18.8550 15.6747 38.8268 -22 0.037 
Athenian 2.0577 0.8313 18.8510 15.6705 38.7897 -24 0.002 
Athenian 2.0573 0.8312 18.8410 15.6599 38.7616 -30 0.020 
Athenian 2.0612 0.8320 18.9020 15.7261 38.9600 6 0.032 
Athenian 2.0583 0.8315 18.8530 15.6759 38.8055 -19 0.019 
Athenian 2.0612 0.8319 18.8500 15.6806 38.8536 -11 0.002 
Athenian 2.0577 0.8313 18.8520 15.6709 38.7921 -24 0.021 
Athenian 2.0597 0.8325 18.8290 15.6746 38.7828 -3 0.039 
Athenian 2.0621 0.8315 18.8780 15.6978 38.9276 -10 0.047 
Athenian 2.0587 0.8312 18.8580 15.6748 38.8232 -24 0.044 
Athenian 2.0602 0.8319 18.8580 15.6882 38.8520 -8 0.051 
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Data Table 4: Ores from North-West Anatolia (Troad)- Wagner et al. 1985. 
 
Code Location Reference Mineral-type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
TG 12 C-1 Altinoluk Wagner et al., 

1985 
galena 2.0704 0.8363 18.75 15.681 38.820 

TG 12 D-2 Altinoluk Wagner et al., 
1985 

galena 2.0704 0.8367 18.74 15.680 38.799 

TG 13 A-2 Handeresi Maden Wagner et al., 
1985 

galena 2.073 0.8354 18.77 15.680 38.910 

TG 14 E-1 Karaaydin Wagner et al., 
1985 

galena 2.0721 0.8366 18.73 15.670 38.810 

TG 16 A-2 Kurttaşi Wagner et al., 
1985 

galena 2.0746 0.8358 18.76 15.680 38.919 

TG 17 A-2 Sofular Wagner et al., 
1985 

galena 2.0731 0.8357 18.75 15.669 38.871 

TG 18 C Balya* Wagner et al., 
1985 

galena 2.0707 0.8342 18.82 15.700 38.971 

TG 18 D-1 Balya* Wagner et al., 
1985 

galena 2.0696 0.8341 18.81 15.689 38.929 

TG 18 D-2 Balya* Wagner et al., 
1985 

galena 2.0696 0.8341 18.81 15.689 38.929 

TG 18 D-3 Balya* Wagner et al., 
1985 

galena 2.0691 0.8341 18.81 15.689 38.920 

TG 18 E Balya* Wagner et al., 
1985 

galena 2.0713 0.8346 18.8 15.690 38.940 

TG 128 B-2 Avcilar Wagner et al., 
1985 

galena 2.0655 0.8334 18.79 15.660 38.811 

TG 133-E Doǧancilar Wagner et al., 
1985 

galena 2.064 0.8332 18.76 15.631 38.721 

TG 134 A-1 Kocayayla Wagner et al., 
1985 

galena 2.0661 0.8341 18.75 15.639 38.739 
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TG 137 A-1 Hacibekirler Wagner et al., 
1985 

galena 2.0654 0.8336 18.81 15.680 38.850 

TG 140 A-1 Daǧoba Wagner et al., 
1985 

galena 2.0661 0.8338 18.77 15.650 38.781 

TG 141-12 Kuştepe Wagner et al., 
1985 

galena 2.0617 0.835 18.79 15.690 38.739 

TG 142 H-1 Kozcaǧiz Wagner et al., 
1985 

galena 2.0719 0.8348 18.77 15.669 38.890 

TG 143 B-2 Maden adasi Wagner et al., 
1985 

galena 2.0661 0.8342 18.76 15.650 38.760 

TG 144 D-1 Halilar Wagner et al., 
1985 

galena 2.0736 0.8358 18.76 15.680 38.901 

TG 145 A-1 Küserlik Wagner et al., 
1985 

galena 2.0751 0.8359 18.77 15.690 38.950 

TG 146 A-1 Baǧurkaç Wagner et al., 
1985 

galena 2.0731 0.8356 18.74 15.659 38.850 

TG 147 A-1 Kiraçoba Wagner et al., 
1985 

galena 2.0731 0.8357 18.75 15.669 38.871 

TG 150 Arapuçandere Wagner et al., 
1985 

galena 2.0741 0.8357 18.75 15.669 38.889 

TG 151-1 Bekten Wagner et al., 
1985 

galena 2.073 0.8353 18.76 15.670 38.889 

TG 152-1 Menteșdere Wagner et al., 
1985 

galena 2.0763 0.8362 18.74 15.670 38.910 

TG 153 D Madenbelenitepe-
Soǧukpinar 

Wagner et al., 
1985 

galena 2.0753 0.8381 18.72 15.689 38.850 

TG 155 C Gümüşköy Wagner et al., 
1985 

galena 2.0763 0.8372 18.74 15.689 38.910 
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Data Table 5: Ores from Cyprus – Oxalid, 2018. 
 
Sample 
Number 

Country Region Deposit Mine Collected by Type  Main 
constituent 

Description 
208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

ANG 2a Cyprus Kalavasos   Anglisides Near old 
galleries 

Maliotis ore Cu Malachite 2.0548 0.8270 18.8680 

ANG 1a Cyprus Kalavasos   Anglisides Near old 
galleries 

Maliotis ore Cu Malachite 2.0551 0.8270 18.8750 

LAND A2 Cyprus Kalavasos   Landaria mine Maliotis ore Fe, S Pyrite 2.0495 0.8229 18.9310 
LAND B2 Cyprus Kalavasos   Landaria mine Maliotis ore Fe, S Pyrite 2.0524 0.8252 18.8724 
LAND B1  Cyprus Kalavasos   Landaria mine Maliotis ore Fe, S Pyrite 2.0540 0.8255 18.8748 
CY303 Cyprus Kalavasos   Mangaleni Mine From the 

mine 
Zwicker Ore Fe, S Pyrite 2.0576 0.8271 18.9020 

CY304 Cyprus Kalavasos   Mangaleni Mine From the 
mine 

Zwicker Ore Fe, Cu Pyrite (Fe, Cu, Zn, As) 2.0580 0.8270 18.9030 

CY306 Cyprus Kalavasos   Mangaleni Mine From the 
mine 

Zwicker Ore Fe, S Pyrite, solid 2.0574 0.8269 18.8935 

KMS 1  Cyprus Kalavasos   Mavri Sykia Dump NHG/SSG/Maliotis Ore Fe, S Pyrite 2.0492 0.8226 18.9490 
KMS 2 Cyprus Kalavasos   Mavri Sykia Dump NHG/SSG/Maliotis Ore Fe, S Pyrite 2.0498 0.8227 18.9520 
KMS 3 Cyprus Kalavasos   Mavri Sykia Dump NHG/SSG/Maliotis Ore Fe, S Pyrite 2.0492 0.8227 18.9370 
KMS 4 Cyprus Kalavasos   Mavri Sykia Dump NHG/SSG/Maliotis Ore Fe, S Pyrite 2.0495 0.8225 18.9490 
KMS 6 Cyprus Kalavasos   Mavri Sykia Dump NHG/SSG/Maliotis Ore Fe, S Pyrite 2.0491 0.8223 18.9500 
            
MVD d1 Cyprus Kalavasos   Mavridhia Dump Maliotis Ore Fe, S Pyrite 2.0459 0.8207 19.0160 
MVD c1 Cyprus Kalavasos   Mavridhia Dump Maliotis Ore Fe, S Pyrite 2.0496 0.8236 18.9140 
CY75/102 Cyprus Kalavasos   Mousoulos Stock work, 

100m depth 
Spooner ore Fe/Cu Chalcopyrite 2.0499 0.8237 18.9143 

CY75/103 Cyprus Kalavasos   Mousoulos Stock work, 
100m depth 

Spooner ore Fe/Cu Chalcopyrite 2.0519 0.8242 18.9227 

CY75/101 Cyprus Kalavasos   Mousoulos Stock work, 
100m depth 

Spooner ore Fe/Cu Chalcopyrite 2.0520 0.8241 18.9328 

CY75/100 Cyprus Kalavasos   Mousoulos Stock work, 
100m depth 

Spooner ore Fe/Cu Chalcopyrite 2.0537 0.8245 18.9460 

MOU1 Cyprus Kalavasos   Mousoulos  Mine dump 
at the 
entrance 

NHG/SSG/Maliotis ore Fe Pyrite 2.0482 0.8227 18.9670 

MOU3 Cyprus Kalavasos   Mousoulos  Mine dump 
at the 
entrance 

NHG/SSG/Maliotis ore Fe Pyrite 2.0483 0.8216 19.0086 

MOU2 Cyprus Kalavasos   Mousoulos  Mine dump 
at the 
entrance 

NHG/SSG/Maliotis ore Fe Pyrite 2.0503 0.8232 18.9559 

Petra1 Cyprus Kalavasos   Petra mine  Mine dump Maliotis Ore Fe, Cu Pyr, Chalp 2.0475 0.8216 18.9960 
Petra2 Cyprus Kalavasos   Petra mine  Mine dump Maliotis Ore Fe, Cu Pyr, Chalp 2.0462 0.8213 19.0020 
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Petra3 Cyprus Kalavasos   Petra mine  Mine dump Maliotis Ore Fe, Cu Pyr, Chalp 2.0505 0.8237 18.9350 
Petra4 Cyprus Kalavasos   Petra mine  Mine dump Maliotis Ore Fe, Cu Pyr, Chalp 2.0517 0.8242 18.9280 
Platies1 Cyprus Kalavasos   Platies  Mine dump Maliotis Ore Fe, Cu? Pyr, Chalp? 2.0478 0.8221 18.9680 
Platies2 Cyprus Kalavasos   Platies  Mine dump Maliotis Ore Fe, Cu? Pyr, Chalp? 2.0496 0.8237 18.9240 
Platies3 Cyprus Kalavasos   Platies  Mine dump Maliotis Ore Fe, Cu? Pyr, Chalp? 2.0431 0.8210 19.0090 
Platies4 Cyprus Kalavasos   Platies  Mine dump Maliotis Ore Fe, Cu? Pyr, Chalp? 2.0503 0.8236 18.9400 
            
CY 1147 Cyprus Kokkinorotsos Chromite mine Mine Zwicker Metal Cu Native copper 2.0766 0.8389 18.6320 
MEN 96/1 Cyprus Larnaca Lythrodhondas/ 

Menetou 
Borehole 1 Maliotis Ore Fe Pyrite 2.0658 0.8313 18.7640 

            
AGRO 21 Cyprus Larnaca   Agrokipia  Mine dump Gale Ore Cu Pyrite 2.0779 0.8413 18.5330 
AGRO 22 Cyprus Larnaca   Agrokipia  Mine dump Gale Ore Cu Pyrite 2.0749 0.8398 18.5390 
AGRO 23 Cyprus Larnaca   Agrokipia  Mine dump Gale Ore Cu Pyrite 2.0772 0.8420 18.5410 
AGRO 24 Cyprus Larnaca   Agrokipia  Mine dump Gale Ore Cu Pyrite 2.0782 0.8400 18.5860 
            
AP 3A Cyprus Larnaca   Astri Pit Near the Sha 

mine 
Gale Gossan Fe Gossan 2.0653 0.8292 18.8230 

AP 3B Cyprus Larnaca   Astri Pit Near the Sha 
mine 

Gale Gossan Fe Gossan 2.0654 0.8298 18.7963 

CY238 Cyprus Larnaca   Kambia Mine Zwicker Ore Fe Pyrite 2.0734 0.8375 18.6004 
CY23 Cyprus Larnaca   Kambia  6th c. BC 

gallery 
Zwicker Ore Cu Chalcopyrite 2.0750 0.8384 18.5900 

CY480b Cyprus Larnaca   Kambia Mine 1 Ancient 
gallery 
650BC 

Zwicker Ore Fe Pyrite 2.0746 0.8382 18.5787 

CY31 Cyprus Larnaca   Kambia Mine 1 Ancient 
gallery 
650BC 

Zwicker Ore Fe, Cu 6% Powdered copper ore 2.0764 0.8383 18.6015 

CY316 Cyprus Larnaca   Kambia Mine 2 Ancient 
gallery 
650BC 

Zwicker Ore Fe Pyrite 2.0735 0.8371 18.6140 

CY317b Cyprus Larnaca   Kambia Mine 2 Ancient 
gallery 
650BC 

Zwicker Ore Fe Chalcopyrite 2.0744 0.8379 18.6020 

HKL 77 Cyprus Larnaca   Klirou Shallow 
(south) 
deposit 

Maliotis ore Fe pyrite 2.0720 0.8371 18.6150 

HKL 1 Cyprus Larnaca   Klirou Shallow 
(south) 
deposit 

Maliotis ore Fe pyrite 2.0725 0.8377 18.5990 

            
KOKP 1 Cyprus Larnaca   Kokkinopezoula  Mine dump Maliotis Ore Fe Pyrite 2.0769 0.8418 18.4860 
KOKP 2 Cyprus Larnaca   Kokkinopezoula  Mine dump Maliotis Ore Fe Pyrite 2.0757 0.8400 18.5400 
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KOKP 3 Cyprus Larnaca   Kokkinopezoula  Mine dump Maliotis Ore Fe Pyrite 2.0757 0.8401 18.5360 
KOKP 4 Cyprus Larnaca   Kokkinopezoula  Mine dump Maliotis Ore Fe Pyrite 2.0767 0.8403 18.5270 
            
CY504 Cyprus Larnaca   Kokkinoya  Mine dump Zwicker Ore Fe, Cu Copper ore 2.0781 0.8415 18.5035 
CY550 Cyprus Larnaca   Kokkinoya  Mine dump Zwicker Ore Fe Pyrite 2.0763 0.8400 18.5390 
KOK 1 Cyprus Larnaca   Kokkinoya Kokkinoya 

underground 
Maliotis Ore Fe Azurite 2.0772 0.8383 18.6810 

KOK 2 Cyprus Larnaca   Kokkinoya Kokkinoya 
underground 

Maliotis Ore Fe Pyrite 2.0776 0.8416 18.5060 

KOK 3 Cyprus Larnaca   Kokkinoya Kokkinoya 
underground 

Maliotis Ore Fe Pyrite 2.0766 0.8410 18.5080 

KOK 4 Cyprus Larnaca   Kokkinoya Kokkinoya 
underground 

Maliotis Ore Fe Pyrite 2.0775 0.8426 18.4750 

KOK 5 Cyprus Larnaca   Kokkinoya Kokkinoya 
underground 

Maliotis Ore Fe Pyrite 2.0763 0.8411 18.5160 

KOK 6 
repeat 

Cyprus Larnaca   Kokkinoya Kokkinoya 
underground 

Maliotis Ore Fe Pyrite 2.0735 0.8398 18.5410 

KOK 6a Cyprus Larnaca   Kokkinoya Kokkinoya 
underground 

Maliotis Ore Fe Pyrite 2.0746 0.8400 18.5540 

CY.75.87    Cyprus Larnaca   Mathiati Mining 
dump 

Zwicker Ore Cu Copper ore 2.0726 0.8369 18.6610 

CY.75.89    Cyprus Larnaca   Mathiati Mining 
dump 

Zwicker Ore Cu Copper ore 2.0715 0.8360 18.6580 

MAT A1 Cyprus Larnaca   Mathiati Mining 
dump 

NHG/SSG Ore Fe Pyrite, solid 2.0719 0.8359 18.6590 

MAT A2 Cyprus Larnaca   Mathiati Mining 
dump 

NHG/SSG Ore Fe Pyrite, solid 2.0720 0.8360 18.6780 

MAT B1 Cyprus Larnaca   Mathiati Mining 
dump 

NHG/SSG Ore Fe Pyrite, solid 2.0720 0.8360 18.6710 

MAT B2 Cyprus Larnaca   Mathiati Mining 
dump 

NHG/SSG Ore Fe Pyrite, solid 2.0740 0.8364 18.6540 

MAT C1 Cyprus Larnaca   Mathiati Mining 
dump 

NHG/SSG Ore Fe Pyrite, solid 2.0718 0.8356 18.6989 

MAT C2 Cyprus Larnaca   Mathiati Mining 
dump 

NHG/SSG Ore Fe Pyrite, solid 2.0718 0.8360 18.6670 

            
MPOST 17 Cyprus Larnaca   Milepost 17 Outcrop SSG& Maliotis Ore Cu Malachite, azurite 2.0685 0.8317 18.7460 
CY551 Cyprus Larnaca   Mitsero Mitsero 

Mine 
Zwicker Ore Fe Pyrite 2.0735 0.8393 18.6166 

CY550 Cyprus Larnaca   Mitsero Mitsero 
Mine 

Zwicker Ore Fe Pyrite 2.0763 0.8400 18.5390 

CY553 Cyprus Larnaca   Mitsero Mitsero 
Mine 

Zwicker Ore Fe Pyrite 2.0793 0.8437 18.5007 
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CY.75.91    Cyprus Larnaca   Peristerka Mining 
dump 

Spooner Ore Cu Pyrite 2.0750 0.8401 18.5260 

MCY 6    Cyprus Larnaca   Peristerka Mining 
dump 

Tylecote Ore CuS Sulphidic copper ore 2.0746 0.8388 18.5590 

PERM 2 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe Pyrite 2.0751 0.8383 18.5875 

PERM 3 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe Pyrite 2.0750 0.8387 18.5746 

PERM 4 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe Pyrite 2.0753 0.8385 18.5800 

PERM 5 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0742 0.8384 18.5750 

PERM 6 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe Pyrite 2.0733 0.8379 18.5875 

PERM 10 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe Pyrite 2.0743 0.8376 18.6110 

PERM 11 Cyprus Larnaca   Peristerka Mining 
dump 

Gale Ore Fe Pyrite 2.0735 0.8375 18.6240 

PCP1 Cyprus Larnaca   Peristerka crushing 
plant 

Gale Ore Fe Pyrite 2.0759 0.8393 18.5775 

            
PIH1a Cyprus Larnaca   Pitharochoma Mining 

dump 
Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0750 0.8382 18.5990 

PIH1b Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0726 0.8374 18.6040 

PIH3 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0733 0.8373 18.6170 

PIH5 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0739 0.8379 18.5840 

PIH5a Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0754 0.8382 18.5940 

PIH5b Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0745 0.8381 18.5950 

PIH6 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0748 0.8381 18.5996 

PIH7a Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0737 0.8379 18.5770 

PIH7b Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0721 0.8367 18.6180 

PIH8 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0744 0.8378 18.5930 

PIH9 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0733 0.8380 18.5840 
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PIH10 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0734 0.8376 18.6270 

PIH11 Cyprus Larnaca   Pitharochoma Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0759 0.8386 18.6030 

            
SHA 22 Cyprus Larnaca   Sha Mining 

dump 
Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0693 0.8323 18.7380 

SHA 23 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0651 0.8294 18.8030 

SHA 24 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0672 0.8309 18.7640 

SHA 25/95 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0653 0.8296 18.7960 

SHA 40 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0662 0.8299 18.7917 

SHA 41 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0708 0.8311 18.8170 

SHA 42 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0691 0.8317 18.7540 

SHA 43 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0678 0.8314 18.7580 

SHA 44 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0700 0.8332 18.6923 

SHA 45 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0684 0.8315 18.7500 

SHA 46 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0682 0.8314 18.7440 

SHA 47 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0698 0.8317 18.7676 

SHA 48 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0705 0.8320 18.7550 

SHA 49 Cyprus Larnaca   Sha Mining 
dump 

Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0672 0.8305 18.7860 

            
SSP 10 Cyprus Larnaca   Sha Small pit Gale Ore Zn sand coloured powder 2.0790 0.8440 18.4390 
SSP 10 
repeat 

Cyprus Larnaca   Sha Small pit Gale Ore Cu Copper ore 2.0800 0.8439 18.4566 

SSP 14 Cyprus Larnaca   Sha Small pit Gale Ore Cu/Zn Pyrite, Chalcopyrite 2.0773 0.8393 18.5960 
            
CY267d Cyprus Larnaca   Troulli West side of 

the mine 
Zwicker Ore Cu Chalcocite 2.0764 0.8387 18.5424 

CY39 Cyprus Larnaca   Troulli Centre of 
Troulli mine 

Zwicker Ore Cu Red copper ore 2.0745 0.8371 18.5780 
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CY40 Cyprus Larnaca   Troulli Centre of 
Troulli mine 

Zwicker Ore Cu Malachite, azurite 2.0774 0.8389 18.5390 

TROU 11    Cyprus Larnaca   Troulli   Gale Ore Cu Malachite, azurite 2.0749 0.8390 18.4970 
TROU 12    Cyprus Larnaca   Troulli Gossan near 

ancient 
dump 

Gale Ore Cu Malachite, azurite 2.0743 0.8387 18.5060 

TROU 14    Cyprus Larnaca   Troulli   Gale Ore Fe, Cu Pyrite, Chalcopyrite 2.0759 0.8383 18.5160 
            
KAL 96/1 Cyprus Larnaca   Kallikades/Klirou Mine dump Maliotis ore Fe pyrite 2.0743 0.8389 18.5670 
CY.75.93 Cyprus Larnaka Ayia Marina, west 

of Mitsero 
Outcrop Spooner umber Fe/Mn Umber 2.0786 0.8434 18.4500 

            
PTMO 
8/97 

Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0674 0.8335 18.7430 

PTMO 
6/97 

Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0691 0.8335 18.7704 

PTMO 
7/97 

Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0695 0.8354 18.6964 

PTMO 
3/97 

Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0696 0.8360 18.6840 

PTMO 
4/97 

Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0700 0.8350 18.7375 

pm3 Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0750 0.8429 18.6432 

pm1 Cyprus Limassol Petromoutti/Yerasa mine above 
the slag 

NA/ Maliotis/NG/SSG ore Cu mixed Cu ore 2.0752 0.8367 18.7916 

            
LAX 1 Cyprus Limassol 

Forest 
Laxia tou Mavrou  Mine dump Panayotou Ore Fe Powdered black ore 2.0713 0.8354 18.7200 

LTM 13 Cyprus Limassol 
Forest 

Laxia tou Mavrou Upper dump Gale Ore Fe Good ore from upper 
dump.53%Fe 

2.0820 0.8448 18.4650 

LTM 14 /p 
powder 

Cyprus Limassol 
Forest 

Laxia tou Mavrou Upper Dump Gale Ore Fe Powdered black ore 2.0747 0.8397 18.5600 

LTM 14/s 
solid 
mineral 

Cyprus Limassol 
Forest 

Laxia tou Mavrou Upper Dump Gale Ore Fe 60% Ni 0.2%, Cu 0.5%, Cr 0.4% 2.0760 0.8405 18.5670 

LTM 15 Cyprus Limassol 
Forest 

Laxia tou Mavrou Upper Dump Gale Ore Fe 51% Good ore from upper 
dump 

2.0704 0.8358 18.6630 

LTM 2a Cyprus Limassol 
Forest 

Laxia tou Mavrou Upper Dump Gale Ore Fe 50% Ni 0.2%, Cr 0.1%, Ni 0.2%, 
Co  

2.0733 0.8369 18.6698 

LTM 2b Cyprus Limassol 
Forest 

Laxia tou Mavrou Middle 
Dump 

Gale Ore Fe 60% Good ore from middle 
dump 

2.0735 0.8385 18.6090 

LTM 2c Cyprus Limassol 
Forest 

Laxia tou Mavrou Middle 
Dump 

Gale Ore Fe Powdered black ore 2.0718 0.8375 18.5940 
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LTM D Cyprus Limassol 
Forest 

Laxia tou Mavrou Middle 
Dump 

Gale Ore Fe Grey metallic mineral, 
disseminated 

2.0716 0.8355 18.6990 

CY 311 Cyprus Limassol 
Forest 

Pevkos Pevkos A, 
mine 

Zwicker Ore Fe, Ni, S Complex ore 2.0818 0.8439 18.5100 

CY 313 Cyprus Limassol 
Forest 

Pevkos Pevkos B Zwicker Ore Cu/Ni, As Complex ore 2.0726 0.8365 18.6770 

CY 608c Cyprus Limassol 
Forest 

Pevkos Mine dump Zwicker Ore Fe, Ni, Cu Heavy, metallic ore 2.0813 0.8451 18.5280 

PEV 1 Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Panayotou Ore Fe Solid bits of ore 2.0734 0.8369 18.6820 

PEV 100A Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Gale Ore Fe dark brNHG/SSG powder 2.0745 0.8396 18.6510 

PEV 
100B/1 

Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Gale Ore Fe 54% Fe54% Cu3% Ni0.7% 
Co0.2% As0.2 

2.0751 0.8385 18.6370 

PEV 
100B/2 

Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Gale Ore Fe Nearly black powder 2.0788 0.8403 18.6100 

PEV 100D Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Gale Ore Fe Nearly black powder 2.0717 0.8361 18.6700 

PEV 100E Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Gale Ore Fe Dark brNHG/SSG powder 2.0773 0.8413 18.5550 

PEV 100F Cyprus Limassol 
Forest 

Pevkos Lowest 
dump 

Gale Ore Fe Black powder 2.0737 0.8383 18.6305 

PEV 100G Cyprus Limassol 
Forest 

Pevkos Upper dump 
85 

Gale Ore Fe Grey metallic mineral, 
dissemi 

2.0752 0.8376 18.6720 

PEV 17/94 Cyprus Limassol 
Forest 

Pevkos Upper dump 
85 

Gale Ore Cu Cu15.26% Ni0.2% Cr0.6% 2.0769 0.8415 18.6140 

PEV 18/94 Cyprus Limassol 
Forest 

Pevkos Upper dump 
85 

Gale Ore Fe Cu1% Ni10% Cr0.3% 
Cr4.8% As4.0 

2.0815 0.8426 18.5940 

PEV 20/93 Cyprus Limassol 
Forest 

Pevkos Upper dump 
85 

Gale Ore Fe grey powder 2.0757 0.8405 18.5490 

            
EVL2 Cyprus Limni   Evloumeni  Mine dump 

in the mine 
NHG/SSG ore Fe Pyrite 2.0795 0.8426 18.5450 

EVL3 Cyprus Limni   Evloumeni  Mine dump 
in the mine 

NHG/SSG ore Fe Pyrite 2.0806 0.8427 18.5008 

EVL4 Cyprus Limni   Evloumeni  Mine dump 
in the mine 

NHG/SSG ore Fe Pyrite 2.0803 0.8426 18.5467 

EVL6 Cyprus Limni   Evloumeni  Mine dump 
in the mine 

NHG/SSG ore Fe Pyrite 2.0799 0.8424 18.5457 

EVL7 Cyprus Limni   Evloumeni  Mine dump 
in the mine 

NHG/SSG ore Fe Pyrite 2.0812 0.8427 18.5510 

EVL8 Cyprus Limni   Evloumeni  Mine dump 
in the mine 

NHG/SSG ore Fe Pyrite 2.0835 0.8444 18.5234 

CY944A    Cyprus Limni   Kinousa Mine Zwicker Ore Pb Galena 2.0735 0.8413 18.5050 
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Kin 1 Cyprus Limni   Kinousa Mine NHG/SSG ore Fe Pyrite 2.0769 0.8419 18.5345 
Kin 2 Cyprus Limni   Kinousa Mine NHG/SSG ore Fe Pyrite 2.0771 0.8420 18.5320 
Kin 4 Cyprus Limni   Kinousa Mine NHG/SSG ore Fe Pyrite 2.0785 0.8425 18.5441 
CY6903b1 Cyprus Limni   Kinousa Open pit Zwicker Ore Fe Pyrite 2.0783 0.8420 18.5353 
CY939 Cyprus Limni   Kinousa  Kinousa 

Mine 
Zwicker Ore Fe Pyrite 2.0752 0.8406 18.5800 

CY944B    Cyprus Limni   Kinousa North Mine Zwicker Ore Pb Galena 2.0744 0.8414 18.5050 
            
LAONA 1 Cyprus Limni   Laona dumps Limni mine: 

Dumps of 
mining 
waste 

SSG& Maliotis iron ore 
in a 
rock 

Fe Iron ore 2.0785 0.8460 18.5020 

CY.75.33A    Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Pyrite 2.0772 0.8413 18.5330 

CY.75.33    Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Pyrite 2.0773 0.8410 18.5430 

CY.75.70    Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Pyrite 2.0773 0.8422 18.5240 

CY 1419 b Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Native copper 2.0777 0.8419 18.5100 

LIM95/4 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0778 0.8419 18.5390 

MCY 5    Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Tylecote Ore Cu Chalcopyrite 2.0778 0.8422 18.5190 

LIM21 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0779 0.8418 18.5553 

LIM95/5 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0785 0.8420 18.5370 
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LIM95/6 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0784 0.8425 18.5250 

LIM95/7 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0781 0.8422 18.5270 

LIM1a Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0791 0.8422 18.5440 

LIM2a Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0785 0.8421 18.5537 

LIM3 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0792 0.8422 18.5455 

LIM4 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0793 0.8423 18.5914 

LIM5 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0788 0.8421 18.5440 

LIM6 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0786 0.8422 18.5561 

LIM7 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0797 0.8425 18.5575 

LIM8 Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Gale Ore Cu Chalcopyrite 2.0787 0.8422 18.5740 

CY.75.12    Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Copper ore 2.0792 0.8430 18.5250 
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CY.75.69A    Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Copper ore 2.0813 0.8430 18.5460 

CY.75.69B Cyprus Limni   Limni Limni mine: 
Dumps of 
mining 
waste 

Zwicker Ore Cu Copper ore 2.0817 0.8432 18.5440 

CY905a Cyprus Limni   Limni Mine Zwicker Ore Fe Pyrite 2.0789 0.8422 18.5380 
            
PER2 Cyprus Limni   Perevasa   Gale Ore Cu Copper ore 2.0786 0.8415 18.4960 
PET 96/2 Cyprus Limni   Petalas/Ayios 

Nicolaos 
Mine Maliotis Ore Fe Pyrite crystals 2.0749 0.8411 18.5450 

PET 96/1 Cyprus Limni   Petalas/Ayios 
Nicolaos 

Mine Maliotis Ore Fe Pyrite crystals 2.0751 0.8410 18.5450 

            
VRECO 1 Cyprus Limni   Vreccia Vreccia mine  Maliotis/SSG ore FeS Pyrite ore 2.0772 0.8435 18.5077 
            
TC7 Cyprus Solea Ambelikou Sigma 1 

dumps 
NHG Ore Cu, Fe Pyrite 2.0699 0.8426 18.4779 

TC26 Cyprus Solea Ambelikou Sigma 1 
dumps 

NHG Ore Cu, Fe Pyrite 2.0704 0.8428 18.4043 

TC25/2 Cyprus Solea Ambelikou Sigma 1 
dumps 

NHG Ore Cu, Fe Pyrite 2.0706 0.8428 18.4431 

TC2 Cyprus Solea Ambelikou Sigma 1 
dumps 

NHG Ore Cu, Fe Pyrite 2.0715 0.8431 18.4524 

TC18 Cyprus Solea Ambelikou Sigma 1 
dumps 

NHG Ore Cu, Fe Pyrite 2.0717 0.8431 18.4779 

TC25/1 Cyprus Solea Ambelikou Sigma 1 
dumps 

NHG Ore Cu, Fe Pyrite 2.0731 0.8431 18.4620 

TC17 Cyprus Solea Ambelikou Sigma 1 
dumps 

NHG Ore Cu, Fe Pyrite 2.0735 0.8432 18.4724 

TC28 Cyprus Solea Ambelikou Stoa 1 NHG Ore Cu, Fe Pyrite 2.0717 0.8429 18.4685 
CY442 Cyprus Solea   Ambelikou Mine dump Zwicker Ore Cu Copper ore2 2.0699 0.8426 18.4190 
APLW 
97/5 

Cyprus Solea   Apliki West Mine dump NA/ Maliotis/NG/SSG Ore Fe pyrite 2.0785 0.8426 18.5065 

KON 2 Cyprus Solea   Konizi Mine dump Maliotis Ore Fe Pyrite crystals 2.0718 0.8412 18.5350 
            
DR711 Cyprus South Drapia Mine Gale umber Fe/Mn Umber 2.0703 0.8363 18.6300 
CY605a Cyprus North West, 

near Lefka 
Mazokambos East Mine Zwicker Copper 

ore 
Fe, Cu Malachite stains, poor ore 2.0516 0.8252 18.8956 

            
ALM 89 Cyprus South-East Almyras Mine dump Fasnacht ore Cu Pyrite/chalcopyrite 2.0755 0.8365 18.6433 
ALM 96/2 Cyprus South-East Almyras pit Fasnacht ore Fe Pyrite 2.0718 0.8362 18.6510 
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ALE 2 Cyprus Solea   Alestos  Mine dump Gale/Maliotis Ore Fe Pyrite 2.0752 0.8409 18.5260 
ALE 1 Cyprus Solea   Alestos  Mine dump Gale/Maliotis Ore Fe Pyrite 2.0756 0.8411 18.5240 
CY.75.98A    Cyprus Solea   Alestos  Mine dump Spooner Ore Cu Pyrite 2.0793 0.8432 18.4540 
CY.75.98B    Cyprus Solea   Alestos  Mine dump Spooner Ore Cu Pyrite 2.0758 0.8422 18.4670 
CY.75.98D    Cyprus Solea   Alestos  Mine dump Spooner Ore Cu Pyrite 2.0764 0.8421 18.4930 
            
APL 3 Cyprus Solea   Apliki  Mine dump Gale Ore Cu Chalcopyrite 2.0696 0.8410 18.5127 
MCY 7    Cyprus Solea   Apliki  Mine dump Tylecote Ore Cu Chalcopyrite 2.0698 0.8403 18.4800 
APLKOR 4 Cyprus Solea   Apliki  Mine dump Kortan Ore Fe Chalcopyrite 2.0707 0.8406 18.5140 
APLKOR 2 Cyprus Solea   Apliki  Mine dump Kortan Ore Fe Chalcopyrite 2.0708 0.8405 18.5280 
APLKOR 3 Cyprus Solea   Apliki  Mine dump Kortan Ore Fe Chalcopyrite 2.0717 0.8408 18.5220 
APLKOR 1 Cyprus Solea   Apliki  Mine dump Kortan Ore Fe Chalcopyrite 2.0719 0.8410 18.5140 
APL 21 Cyprus Solea   Apliki Region 1 Gale Ore Fe Pyrite 2.0734 0.8413 18.5136 
APL 22 Cyprus Solea   Apliki Region 1A Gale Ore Fe Pyrite 2.0736 0.8414 18.5099 
APL 23 Cyprus Solea   Apliki Region 1B Gale Ore Fe Pyrite 2.0746 0.8420 18.5030 
APL 24 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0755 0.8422 18.4882 
APL 25 Cyprus Solea   Apliki Region 3 Gale Ore Fe Pyrite 2.0691 0.8400 18.5410 
APL 26 Cyprus Solea   Apliki Region 4 Gale Ore Fe Pyrite 2.0749 0.8420 18.4890 
APL 27 Cyprus Solea   Apliki Region 5 Gale Ore Fe Pyrite 2.0707 0.8404 18.5297 
APL 28 Cyprus Solea   Apliki Region 1 Gale Ore Fe Pyrite 2.0735 0.8416 18.5110 
APL 29 Cyprus Solea   Apliki Region 1A Gale Ore Fe Pyrite 2.0757 0.8418 18.5256 
APL 30 Cyprus Solea   Apliki Region 1B Gale Ore Fe Pyrite 2.0749 0.8419 18.5055 
APL 31 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0754 0.8422 18.4920 
APL 32 Cyprus Solea   Apliki Region 3 Gale Ore Fe Pyrite 2.0757 0.8420 18.5170 
APL 33 Cyprus Solea   Apliki Region 4 Gale Ore Fe Pyrite 2.0725 0.8414 18.5112 
APL 34 Cyprus Solea   Apliki Region 5 Gale Ore Fe Pyrite 2.0718 0.8406 18.5410 
APL 35 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0685 0.8394 18.5684 
APL 36 Cyprus Solea   Apliki Region 3 Gale Ore Fe Pyrite 2.0729 0.8416 18.5010 
APL 37 Cyprus Solea   Apliki Region 4 Gale Ore Fe Pyrite 2.0769 0.8424 18.5130 
APL 38 Cyprus Solea   Apliki Region 5 Gale Ore Fe Pyrite 2.0666 0.8391 18.5550 
APL 39 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0738 0.8419 18.4990 
APL 40 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0728 0.8414 18.5040 
APL 41 Cyprus Solea   Apliki Region 5 Gale Ore Fe Pyrite 2.0694 0.8402 18.5250 
APL 42 Cyprus Solea   Apliki Region 5 Gale Ore Fe Pyrite 2.0736 0.8415 18.5050 
APL 43 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0717 0.8406 18.5280 
APL 44 Cyprus Solea   Apliki Region 2 Gale Ore Fe Pyrite 2.0730 0.8415 18.5070 
APLW 
97/4 

Cyprus Solea   Apliki West mine NA/ Maliotis/NG/SSG Ore Fe pyrite 2.0735 0.8423 18.5000 

APLW 
97/7 

Cyprus Solea   Apliki West mine NA/ Maliotis/NG/SSG Ore Fe pyrite 2.0737 0.8422 18.4740 

            
MAV1 Cyprus Solea   Mavrovouni Mine Mine dump Maliotis ore Fe,Cu Pyrite, chalcopyrite 2.0751 0.8418 18.4840 
MAV2 Cyprus Solea   Mavrovouni Mine Mine dump Maliotis ore Fe,Cu Pyrite, chalcopyrite 2.0746 0.8417 18.4893 
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MAV3 Cyprus Solea   Mavrovouni Mine Mine dump Maliotis ore Fe,Cu Pyrite, chalcopyrite 2.0758 0.8421 18.4820 
MAV4 Cyprus Solea   Mavrovouni Mine Mine dump Maliotis ore Fe,Cu Pyrite, chalcopyrite 2.0747 0.8419 18.4810 
MAV 15A Cyprus Solea   Mavrovouni mine Mine dump Pulak Ore Fe pyrite 2.0760 0.8434 18.4653 
MAV 14A Cyprus Solea   Mavrovouni mine Mine dump Pulak Ore Fe pyrite 2.0765 0.8432 18.4725 
MAV 11A Cyprus Solea   Mavrovouni mine Mine dump Pulak Ore Fe pyrite 2.0783 0.8431 18.4954 
Memi2 Cyprus Solea   Memi Mine dump Maliotis Ore Fe, Cu Pyrite, chalcopyrite 2.0797 0.8428 18.4670 
Memi3 Cyprus Solea   Memi Mine dump Maliotis Ore Fe, Cu Pyrite, chalcopyrite 2.0784 0.8425 18.4730 
Memi4 Cyprus Solea   Memi Mine dump Maliotis Ore Fe, Cu Pyrite, chalcopyrite 2.0792 0.8425 18.4680 
Mem5 Cyprus Solea   Memi Mine dump Maliotis Ore Fe, Cu Pyrite, chalcopyrite 2.0784 0.8422 18.4730 
Mem6 Cyprus Solea   Memi Mine dump Maliotis Ore Fe, Cu Pyrite, chalcopyrite 2.0803 0.8434 18.4510 
            
SKO58 Cyprus Solea   Skouriotissa Mine dump NHG/SSG Ore Fe Chalcopyrite 2.0749 0.8427 18.4627 

MCY 9 Cyprus Solea   Skouriotissa Mine dump Tylecote Ore Cu Chalcopyrite 2.0768 0.8426 18.4742 

MCY 8    Cyprus Solea   Skouriotissa Mine dump Tylecote Ore Cu Rich sulphidic ore 2.0791 0.8442 18.4720 

CY561 Cyprus Solea   Skouriotissa Ancient 
gallery 

Zwicker Ore Fe, Cu Chalcopyrite 2.0746 0.8428 18.4471 

CY577a Cyprus Solea   Skouriotissa Mine Zwicker Ore Cu Secondary oxidised ore, 
poor 

2.0743 0.8419 18.4840 

CY578 Cyprus Solea   Skouriotissa New mine Zwicker Ore Cu Low grade ore 2.0782 0.8430 18.4770 

SKO4 Cyprus Solea   Skouriotissa  Mine dump 
on the top 

NHG/SSG Ore Fe Chalcopyrite 2.0760 0.8433 18.4820 

SKO2 Cyprus Solea   Skouriotissa  Mine dump 
on the top 

NHG/SSG Ore Fe Chalcopyrite 2.0764 0.8423 18.4728 

SKO1 Cyprus Solea   Skouriotissa  Mine dump 
on the top 

NHG/SSG Ore Fe Chalcopyrite/bornite 2.0765 0.8424 18.4650 

SKO5 Cyprus Solea   Skouriotissa  Mine dump 
on the top 

NHG/SSG Ore Cu Bornite? 2.0768 0.8439 18.4406 

SKO3 Cyprus Solea   Skouriotissa  Mine dump 
on the top 

NHG/SSG Ore Fe Chalcopyrite 2.0769 0.8442 18.4820 

CY 51A Cyprus Troodos Chromite Mine Mine Zwicker Metal Cu Native copper 2.0794 0.8390 18.6487 

KAP 96/2 Cyprus Troodos East Kapedhes Mine dump Maliotis Ore Fe Pyrite 2.0739 0.8388 18.5570 
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KAP 96/1 Cyprus Troodos East Kapedhes Mine dump Maliotis Ore Fe Pyrite 2.0753 0.8389 18.5635 

APLE 1 Cyprus Troodos 
North 

Apliki East Mine dump  Maliotis ore Fe Pyrite 2.0810 0.8433 18.5350 

APLW 1 Cyprus Troodos 
North 

Apliki West Mine dump  Maliotis ore Fe Pyrite 2.0734 0.8423 18.4820 

CY328p Cyprus Troodos 
South 

Kato Lefkara Outcrop Zwicker Ore Cu Copper ore 2.0736 0.8359 18.7484 

AG16 Cyprus Troodos 
south-east 

Ayios Eftychios Mine dump Walter Fasnacht Ore Cu Copper ore 2.0666 0.8304 18.7716 

EFT 2/97 Cyprus Troodos 
south-east 

Ayios Eftychios pyrite ore 
dump 

NA/ Maliotis/SSG/NG Ore Fe Pyrite 2.0644 0.8292 18.8123 

AE 1 Cyprus Troodos 
south-east 

Ayios Eftychios  Mine dump NA/ Maliotis/SSG/NG Ore Fe solid pyrite 2.0640 0.8294 18.7997 

EFT 1/97 Cyprus Troodos 
south-east 

Ayios Eftychios  Mine dump NA/ Maliotis/SSG/NG Ore Fe Pyrite crystals 2.0659 0.8379 18.6033 

AE 2 Cyprus Troodos 
south-east 

Ayios Eftychios  Mine dump NA/ Maliotis/SSG/NG Ore Fe solid pyrite 2.0666 0.8304 18.8070 

AE 3 Cyprus Troodos 
south-east 

Ayios Eftychios  Mine dump NA/ Maliotis/SSG/NG Ore Fe solid pyrite 2.0671 0.8309 18.7698 

AE 4 Cyprus Troodos 
south-east 

Ayios Eftychios  Mine dump NA/ Maliotis/SSG/NG Ore Fe solid pyrite 2.0674 0.8317 18.7896 

CY.75.83 Cyprus Troodos, East Kataliondas  Mine dump Spooner umber Fe/Mn Umber 2.0770 0.8394 18.5600 

CY.75.84 Cyprus Troodos, East Kataliondas  Mine dump Spooner umber Fe/Mn Umber 2.0812 0.8415 18.4800 
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Data Table 6: Copper slag found on Cyprus – Oxalid, 2018. 
 
Museum or 
excavation 
No. Country Region Site Find spot Courtesy of Type 

Principal 
metal Description Chronology  208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

A 10 03 (SS 
80.17) Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu 

Slag 
(unstratified) MC I 2.0741 0.8382 18.6229 

A 10 06 (SS 
82.11) A27 7 
analysed in 
1990 Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu 

3 pieces of 
slag 
(unstratified) MC I 2.0718 0.8356 18.6640 

A 10 06 (SS 
82.11) A27 7 
analysed in 
1995 Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu 

3 pieces of 
slag 
(unstratified) MC I 2.0706 0.8347 18.6940 

A 10 08 (SS 
82.8) Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu 

Slag with 
charcoal 
(unstratified) MC I 2.0705 0.8336 18.7060 

A 10 11 (SS 
82.7) Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu Slag MC I 2.0696 0.8327 18.6860 

A 10 14 (SS 
82.4) Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu 

Crucible 
fragment 
with slag 
(unstratified) MC I 2.0765 0.8367 18.6403 

A 10 16 (SS 
82.2) A27 6, 
A22 Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe/Cu 

Crucible 
fragment 
with slag MC I 2.0732 0.8402 18.6350 

A 12 5  (SS 
97) Cyprus 

Troodos, 
East Alambra 

Site of 
Alambra Coleman Slag Fe 

Slag 
(unstratified) MC I 2.0739 0.8351 18.7130 

2316 Cyprus 
Mesaoria, 
East Enkomi Room 101 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with Myc IIIB 
pottery LC 2.0621 0.8324 18.7627 

2603 Cyprus 
Mesaoria, 
East Enkomi Room 8b 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with LCIIIA/B 
pottery LC IIIA/B 2.0656 0.8385 18.6101 

2713 Cyprus 
Mesaoria, 
East Enkomi Room 1 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with 
MycIIIB/C 
pottery LC 2.0867 0.8504 18.4667 

5209 Cyprus 
Mesaoria, 
East Enkomi Room 12 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with LC 2.0815 0.8483 18.4120 
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MycIIIB/C 
pottery 

5629 Cyprus 
Mesaoria, 
East Enkomi Room 30 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with LCIIIA/B 
pottery LC IIIB 2.0980 0.8554 18.3510 

5804 Cyprus 
Mesaoria, 
East Enkomi Room 39c 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with MycIIIC1 
pottery LC 2.0833 0.8481 18.4527 

2458/1 Cyprus 
Mesaoria, 
East Enkomi Room 45 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with LCIIIC 
pottery LC IIIC 2.0715 0.8385 18.7180 

2704b Cyprus 
Mesaoria, 
East Enkomi Room 1 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with 
MycIIIB/C 
pottery LC 2.0682 0.8365 18.7333 

2795b Cyprus 
Mesaoria, 
East Enkomi Room 1 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with 
MycIIIB/C 
pottery LC 2.0866 0.8508 18.3965 

737a Cyprus 
Mesaoria, 
East Enkomi Room 9 

Cyprus 
Museum slag Fe/Cu 

Slag piece 
associated 
with Myc 
IIIC2 pottery LC 2.0692 0.8372 18.7485 

KAD51 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0741 0.8398 18.6255 

KAD52 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0687 0.8357 18.6838 

KAD53 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0633 0.8351 18.7150 

KAD54 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0670 0.8373 18.6390 

KAD55 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0735 0.8412 18.5850 
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KAD56 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0717 0.8405 18.5356 

KAD57 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0733 0.8409 18.5698 

KAD58 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South slag Fe/Cu Copper slag LCIIC? 2.0694 0.8387 18.5914 

             
PETS 1 Cyprus Kalavasos   Petra slag 

heap 
Slag heap Maliotis slag Fe, Cu Copper slag 

 
2.04695 0.82261 19.016 

PLATS 1 Cyprus Kalavasos   Platies slag heap Maliotis slag Fe, Cu Copper slag  2.05253 0.82681 18.854 
AGRO 3    Cyprus Larnaca   Agrokipia  Mine dump Gale Slag Cu Copper slag  2.07504 0.84143 18.493 
Arp4 Cyprus Larnaca   Arpera/Klav

dia 
surface find Al Leonard 

Jr. 
slag Fe/Cu copper slag 

 
2.06960 0.83854 18.704 

Arp2 Cyprus Larnaca   Arpera/Klav
dia 

surface find Al Leonard 
Jr. 

slag Fe/Cu copper slag 
 

2.07232 0.83873 18.704 

Arp1 Cyprus Larnaca   Arpera/Klav
dia 

surface find Al Leonard 
Jr. 

slag Fe/Cu copper slag 
 

2.07391 0.84135 18.574 

KMI 96/1 Cyprus Larnaca   Kokkinomou
tti 

slag heap Maliotis slag Fe copper slag 
 

2.06719 0.83156 18.763 

MS1 Cyprus Larnaca   Mathiati, 
Strongylo 

Mining 
dump 

Gale Slag Fe, Cu Copper slag 
 

2.06813 0.83311 18.652 

PAPS 1 Cyprus Larnaca   Papoutsi Slag heap 
(scatter) 

 
Maliotis&SS
G 

Slag Fe, Cu Copper slag, 
glassy, black 

 

2.07035 0.83821 18.657 

PHOR C Cyprus Larnaca   Phorades Bronze Age 
slag heap 

 Maliotis Slag Fe, Cu Slag 
 

2.07429 0.84037 18.608 

PHOR B Cyprus Larnaca   Phorades Bronze Age 
slag heap 

 Maliotis Slag Fe, Cu Slag 
 

2.07547 0.84057 18.791 

TROU 15B Cyprus Larnaca   Troulli, 
Mavromoutt
i 

Slag heap Gale Slag Fe, Cu Copper slag 

 

2.07398 0.83709 18.547 

TROU 15A Cyprus Larnaca   Troulli, Spili Slag heap Gale Slag Fe, Cu Copper slag  2.07531 0.84010 18.592 
XYSTS 1 Cyprus          Xystarokamb

os 
Slag heap SSG& 

Maliotis 
Slag Fe/Cu Copper slag 

 
2.07654 0.83976 18.660 

ARAKS 97/2 Cyprus Limassol Arakapas/Spi
lio 

Slag heap SSG/NA/NH
G/ Maliotis 

Slag Fe/Cu Copper slag 
 

2.06981 0.83639 18.686 

ARAKS 97/1 Cyprus Limassol Arakapas/Spi
lio 

Slag heap SSG/NA/NH
G/ Maliotis 

Slag Fe/Cu Copper slag 
 

2.07309 0.83928 18.608 

AMAMS1 Cyprus Limassol Ayios 
Mamas 

slag heap  
Maliotis&SS
G 

Slag Cu Slag 

 

2.08008 0.84215 18.475 
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MAM1 Cyprus Limassol Ayios 
Mamas 

slag heap NHG&SSG Slag Cu Slag 
 

2.08295 0.84815 18.398 

AMAMS4 Cyprus Limassol Ayios 
Mamas 

slag heap  
Maliotis&SS
G 

Slag Cu Slag 

 

2.08323 0.84737 18.321 

MLNS 1 Cyprus Limassol Melini Slag heap  
Maliotis&SS
G 

copper slag Fe/Cu Copper slag 

 

2.06223 0.83078 18.779 

PTMS 4 Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag with 
metallic 
inclusions  

2.06792 0.83521 18.702 

PTMS 12a Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag 
 

2.07274 0.84107 18.658 

PTMS 16 Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag 
 

2.07308 0.84133 18.641 

PTMS 8 Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag 
 

2.07390 0.84001 18.815 

YER 1 Cyprus Limassol Petromoutti
/Yerasa 

slag heap Gale slag Fe/Cu Copper slag 
 

2.07619 0.84248 18.554 

PTMS 2 Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag 
 

2.07695 0.84500 18.536 

PTMS 9 Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag 
 

2.08224 0.85191 18.573 

PTMS 7 Cyprus Limassol Petromoutti
/Yerasa 

slag heap  
Maliotis/SSG 

slag Fe/Cu Slag 
 

2.08244 0.84673 18.455 

ZOOS 1 Cyprus Limassol Zoopyi Slag heap SSG& 
Maliotis 

Slag Fe/Cu Copper slag 
 

2.07098 0.83738 18.705 

KKMS 1 Cyprus Limni Asproyia Slag heap SSG& 
Maliotis 

Slag Fe/Cu Copper slag 
 

2.07040 0.83327 18.689 

ASPS 1 Cyprus Limni Asproyia Slag heap SSG& 
Maliotis 

Slag Fe/Cu Copper slag 
 

2.07603 0.84215 18.530 

ASPO 1 Cyprus Limni Asproyia Slag heap SSG& 
Maliotis 

Slag Fe/Cu Copper slag 
 

2.08122 0.85013 18.547 

AYCHS 1 Cyprus Limni Ayios 
Charalambos 

slag heap   slag Cu,Fe Copper slag 
 

2.07720 0.83926 18.704 

KINVS 1 Cyprus Limni   Kinousa 
village 

Slag heap SSG& 
Maliotis 

Slag Fe/Cu Copper slag 
 

2.08292 0.84516 18.555 

LISO 1 Cyprus Limni   Lyso near 
Limni 

Slag in the 
village 

 
Maliotis/SSG 

Slag Fe, Cu Copper slag 
 

2.07202 0.83816 18.678 

PPNYS4 Cyprus Limni   Pano 
Panaghia 

Slag heap  
Maliotis&SS
G 

Slag Fe, Cu Copper slag 

 

2.08070 0.84417 18.504 

PPNYS2 Cyprus Limni   Pano 
Panaghia 

Slag heap  
Maliotis&SS
G 

Slag Fe, Cu Copper slag 

 

2.08279 0.84586 18.472 
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VRECS 3 Cyprus Limni   Vreccia Slag heap 1  
Maliotis/SSG 

Slag Fe, Cu Copper slag 
 

2.08271 0.84803 18.458 

             
VRECS 1 Cyprus Limni   Vreccia Vreccia mine 

(Mala) 
 
Maliotis/SSG 

Slag Fe, Cu Copper slag 
 

2.07615 0.84127 18.612 

             
VRECS 2 Cyprus Limni   Vreccia Vreccia 

village loc. 2 
 
Maliotis/SSG 

Slag Fe, Cu Copper slag 
 

2.07094 0.83933 18.668 

AYGEOS 2 Cyprus North-West 
Troodos 

Ayios 
Georghios 
Emnon 

Slag around 
the church 

 
Maliotis/SSG 

slag Cu/Fe Copper slag 
 

2.07913 0.84428 18.579 

ALM S26 Cyprus South-East Almyras Mine dump Fasnacht Slag Cu Copper slag 
 

2.07543 0.83856 18.570 

AYGEOS 1 Cyprus South-East 
Troodos 

Ayios 
Georghios 
(Lefkara) 

Slag 
between the 
roads 

 
Maliotis/SSG 

slag Cu/Fe Copper slag 
 

2.06521 0.83505 18.760 
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Data Table 7: Copper objects found on Cyprus - Oxalid, 2018.  
 
Museum or 
excavation 
No. Country Region Site Find spot Courtesy of Type 

Principal 
metal Description Chronology  208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

1 Geneva 
Axe  Cyprus unknown 

Geneva 
Museum unknown W. Fasnacht Tool Cu Axe, Shaft-Hole LBA 2.08297 0.84416 18.505 

A 10 17 (AO 
325) A42 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Fragment Cu Metal fragment MC I 2.06754 0.83863 18.613 

A 10 18 (AO 
428) Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Implement Cu Pin/Needle MC I 2.07019 0.83601 18.643 

A 10 19 (AO 
383) Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Implement Cu Knife/Scraper MC I 2.07484 0.83876 18.673 

A 10 20 (AO 
380) Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Weapon Cu Axe MC I 2.0798 0.84245 18.504 

A 10 21 (AO 
378) A36 
analysed in 
1984 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Jewellery Cu Ring fragments (3) MC I 2.09178 0.84814 18.42 

A 10 21 (AO 
378) A36 
analysed in 
1995 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Jewellery Cu Ring fragments (3) MC I 2.09478 0.84872 18.44 

A 10 22 (AO 
381) Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Weapon Cu Dagger, tanged MC I 2.06953 0.83531 18.677 

A 10 23 (AO 
230) AO428, 
A4 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Implement Cu Needle MC I 2.06856 0.83476 18.672 

A 10 24 (AO 
340) AO230, 
A3 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Implement Cu Needle/Awl/pin MC I 2.06719 0.83785 18.616 

A 10 25 (AO 
427) Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Implement Cu Pin/Needle MC I 2.0762 0.84068 18.601 

A 10 27 (AO 
388), A34 
analysed in 
1984 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Jewellery Cu 

Ring fragments 
(10) MC I 2.09045 0.84832 18.411 

A 10 27 (AO 
388), A34 
analysed in 
1995 Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Jewellery Cu 

Ring fragments 
(10) MC I 2.09491 0.8489 18.447 

A 10 29 (AO 
324) Cyprus Troodos, East Alambra 

Site of 
Alambra Coleman Implement Cu Scraper MC I 2.06943 0.83611 18.602 
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A 12 85 Cyprus Troodos, East Alambra 
Site of 
Alambra Coleman ore Cu Malachite MC I 2.08128 0.8442 18.524 

SS 90.81 Cyprus Troodos, East Alambra 
Site of 
Alambra Coleman Ore Cu Copper ore MC I 2.07643 0.83753 18.677 

Apliki III 3/7 Cyprus Solea 
Apliki-
Karamallos Site 

Cyprus 
Museum sheet Cu Bronze sheet 

LCIIC - 
LCIIIA 2.06543 0.83359 18.8056 

Apliki No Nb Cyprus Solea 
Apliki-
Karamallos 

Site, room 
A1, AJ 
32p.136 

Cyprus 
Museum fragment Cu Metal fragment 

LCIIC - 
LCIIIA 2.07513 0.83817 18.7121 

10;A14 Cyprus North-East 
Agios 
Iakovos 

Tomb 10, 
Chamber A Stockholm Implement Cu Tweezer LC IA 2.06267 0.82627 19.01097 

10;A2 Cyprus North-East 
Agios 
Iakovos 

Tomb 10, 
Chamber A Stockholm Implement Cu Tweezer LC IA 2.07229 0.84291 18.437 

13;32 Cyprus North-East 
Agios 
Iakovos 

Tomb 13, 
Period II Stockholm Jewellery Cu 

Pin, thickening 
top LC IIA 2.08063 0.84099 18.655 

4;B10 Cyprus North-East 
Agios 
Iakovos 

Tomb 4, 
Chamber B Stockholm Implement Cu 

Needle, middle 
perforated LC IA 2.08209 0.842445 18.659 

6;140 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group I, Floor Stockholm Jewellery Cu Pin, plain MC IIIA 2.07231 0.83548 18.71 

6;141 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group I Stockholm Jewellery Cu 

Pin, thickening 
top MC IIIA 2.07289 0.83552 18.722 

6;152 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group I, Floor Stockholm Jewellery Cu 

Pin, thickening 
top MC IIIA 2.07152 0.83535 18.704 

6;153 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group I, Floor Stockholm Jewellery Cu 

Pin with Cu wire 
round middle MC IIIA 2.07308 0.83566 18.721 

6;77 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group II, 
Floor Stockholm Implement Cu 

Needle, middle 
perforated MC 3B 2.07097 0.83511 18.798 

6;91 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group I, Floor Stockholm Jewellery Cu Pin, plain MC IIIA 2.07154 0.8355 18.726 

6;99 Cyprus North-East 
Agios 
Iakovos 

Tomb 6, 
Group I, Floor Stockholm Jewellery Cu 

Pin with button 
head (nail?) MC IIIA 2.07147 0.83531 18.706 

8;60 Cyprus North-East 
Agios 
Iakovos 

Tomb 8, 
Period II Stockholm Weapon Cu Knife? LC IA 2.04856 0.82251 19.07458 

8;65 Cyprus North-East 
Agios 
Iakovos 

Tomb 8, 
Period I Stockholm 

Weapon/to
ol Cu 

Axe, flat with 
straight edge MC IIIC 2.0676 0.83135 18.887 

8;89 Cyprus North-East 
Agios 
Iakovos 

Tomb 8, 
Period I, Floor Stockholm Weapon Cu Dagger MC IIIC 2.07579 0.83861 18.657 

8;91A Cyprus North-East 
Agios 
Iakovos 

Tomb 8, 
Period I Stockholm Weapon Cu Dagger MC IIIC 2.08052 0.84036 18.695 

8;91B Cyprus North-East 
Agios 
Iakovos 

Tomb 8, 
Period I Stockholm Tool Cu Awl MC IIIC 2.0723 0.84144 18.512 

AY IAK BAS 
43 Cyprus North-East 

Agios 
Iakovos unknown Stockholm weapon Cu Spear butt LC II? 2.05915 0.82902 18.937 
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AY IAK BAS 
48 Cyprus North-East 

Agios 
Iakovos unknown Stockholm weapon Cu Spear butt LC II? 2.06044 0.83116 18.882 

E112  Cyprus 
Mesaoria, 
East Enkomi 

Foundry 
Hoard 

British 
Museum Implement Cu Tongs LC III 2.08297 0.84492 18.576 

E12= 97, 4-1 
1520.12  Cyprus 

Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.0694 0.84099 18.492 

E13 Cyprus 
Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.06966 0.83983 18.549 

E14= 97, 4-1 
1520.14  Cyprus 

Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.06919 0.84026 18.497 

E15= 97, 4-1 
1520.15  Cyprus 

Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.07195 0.84123 18.497 

E1535= 97, 
4-1 1535  Cyprus 

Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.06993 0.84089 18.485 

E33= 97, 4-1 
1520.33   Cyprus 

Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.07134 0.84071 18.577 

E36= 97, 4-1 
1520.36  Cyprus 

Mesaoria, 
East Enkomi unknown 

British 
Museum 

Oxhide 
Ingot Cu Oxhide ingot LC 2.06969 0.84071 18.481 

Statue G, 
Enkomi 
1960, No. 
126 Cyprus 

Mesaoria, 
East Enkomi unknown Karageorghis Statue Cu Statue 

LBA 
(Mycenean
) 2.05504 0.82656 18.995 

Sword A, 
Enkomi 
1967, No.1 Cyprus 

Mesaoria, 
East Enkomi unknown Karageorghis Weapon Cu Sword 

LBA 
(Mycenean
) 2.08077 0.84606 18.51871 

Sword B, 
Enkomi 
1967, No.2 Cyprus 

Mesaoria, 
East Enkomi unknown Karageorghis Weapon Cu Sword 

LBA 
(Mycenean
) 2.076 0.84086 18.599 

Sword C, 
Enkomi 
1967, No.3 Cyprus 

Mesaoria, 
East Enkomi unknown Karageorghis Weapon Cu Sword 

LBA 
(Mycenean
) 2.0763 0.84389 18.536 

Sword D, 
Enkomi 
1967, No.4 Cyprus 

Mesaoria, 
East Enkomi unknown Karageorghis Weapon Cu Sword 

LBA 
(Mycenean
) 2.09872 0.85933 18.2411 

C128  Cyprus North-East Famagusta unknown 
Ashmolean 
Museum Tool Cu Shovel LC 2.10419 0.85958 18.271 

F1508  Cyprus South-East 
Hala Sultan 
Tekke Layer 5 Astrom Fragments Cu Lump of metal LC IIIA 2.07565 0.842081 18.52388 

F1537 (1980)  Cyprus South-East 
Hala Sultan 
Tekke 

Area 8, layer 
5 Astrom Fragments Cu Lump of copper LC IIIA 2.080832 0.84246 18.34688 

F1548  Cyprus South-East 
Hala Sultan 
Tekke Layer 4 Astrom Fragments Cu Lump  of bronze LC IIIA 2.122 0.871105 17.996 

F1552 
(1980)a  Cyprus South-East 

Hala Sultan 
Tekke 

Well, ash 
layer, 0.9m. Astrom Fragments Cu Lump of metal LC IIIA 2.05884 0.82915 18.922 
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F1552 
(1980)b  Cyprus South-East 

Hala Sultan 
Tekke 

Well, 2nd 
metre, layer 5 Astrom Fragments Cu Lump of metal LC IIIA 2.05526 0.8264 19.004 

F1609 (1981)  Cyprus South-East 
Hala Sultan 
Tekke 

Layer 36- 
layer 4 Astrom Fragments Cu Lump of metal LC IIIA 2.07342 0.84053 18.544 

N1328  Cyprus South-East 
Hala Sultan 
Tekke Site Åstrom Fragments Cu Strip  of bronze  LC IIIA 2.109719 0.863619 18.15125 

N1430  Cyprus South-East 
Hala Sultan 
Tekke Site Åstrom Fragments Cu Hinge fragment? LC IIIA 2.0716 0.84216 18.497 

N1443  Cyprus South-East 
Hala Sultan 
Tekke Site Åstrom Fragments Cu Lump of copper LC IIIA 2.06382 0.83474 18.69 

N1459  Cyprus South-East 
Hala Sultan 
Tekke Site Åstrom Fragments Cu Hinge fragment? LC IIIA 2.10478 0.85879 18.242 

N1486 Cyprus South-East 
Hala Sultan 
Tekke Site Åstrom Fragments Cu Lump of copper LC IIIA 2.08452 0.85006 18.38373 

N6060 
(1976)  Cyprus South-East 

Hala Sultan 
Tekke Area 22 Åstrom Fragments Cu Pieces of bronze  LC IIIA 2.093008 0.851433 18.4065 

N6060B  Cyprus South-East 
Hala Sultan 
Tekke Site Åstrom Fragments Cu Copper pieces LC IIIA 2.0988 0.85739 18.275 

KAD X, (82-
01A 6.4) 
labNo.92 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios 

Site, date 
23.07.82 

Cyprus 
Museum Fragments Cu 

Lump of copper, 
perhaps from 
oxhide? LC 2.06909 0.83967 18.5558 

KAD1    (80-
A45-3.2)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of bronze LCIIC? 2.07333 0.83901 18.677 

KAD10 (80-
A45-3.2)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of bronze LCIIC? 2.07158 0.83524 18.813 

KAD1000 
(83-P50C-
2.2/2) lab. 
No 109 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios 

Site, date 
18.07.83 A. South Fragments Cu 

Perhaps oxhide 
fragments LCIIC? 2.07231 0.84073 18.5544 

KAD10a (80-
A45-3.2) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of copper LCIIC? 2.07124 0.8351 18.8105 

KAD11  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of copper LCIIC? 2.06297 0.83284 18.847 

KAD12   (80-
A50E-4.1)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South 

Sphere 
(metal ball) Cu 

Spherical heavy 
object LCIIC? 2.07354 0.8398 18.578 

KAD13   (80-
A51-3.1)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Metal fragments LCIIC? 2.07539 0.83995 18.656 
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KAD14   (80-
A50E-3.1)   Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Metal fragments LCIIC? 2.07093 0.84044 18.546 

KAD15 (80-
T.5-3.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Metal fragments LCIIC? 2.056591 0.827425 18.98067 

KAD16 (80-
A46-
3.1west) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of copper LCIIC? 2.071576 0.840738 18.53223 

KAD2    (80-
A45-3.2)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of copper LCIIC? 2.06988 0.84081 18.518 

KAD20    
(A45-3.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Fragments Cu Lump of copper LCIIC? 2.07117 0.840483 18.53812 

KAD205  (80-
A45-3.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site 

Cyprus 
Museum Fragments Cu 

Fragment of a 
small axe LCIIC? 2.07331 0.83928 18.6592 

KAD207a  
(80-A50-3.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site 

Cyprus 
Museum Fragments Cu 

Bowl (7 very 
corroded 
fragment) LCIIC? 2.060652 0.829305 18.92929 

KAD207b  
(80-A50-3.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site 

Cyprus 
Museum Fragments Cu 

Bowl (7 very 
corroded 
fragment) LCIIC? 2.072379 0.839743 18.66555 

KAD233  (80-
A45-5.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site 

Cyprus 
Museum 

copper 
metal Cu Tip of a spearhead LCIIC? 2.06717 0.83467 18.772 

KAD3    (80-
A50-3.1)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South fragments Cu Metal fragments LCIIC? 2.07443 0.84217 18.511 

KAD4    (80-
A45-3.2) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South fragments Cu Metal fragments LCIIC? 2.070836 0.840107 18.56173 

KAD459  
(82.A204;5.1
) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site 

Cyprus 
Museum fragments Cu Chain fragments LCIIC? 2.076397 0.843903 18.49376 

KAD468  (82-
A50-baulk 
4.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Ingot Cu 

Oxhide ingot 
fragment. LCIIC? 2.072445 0.84077 18.509 

KAD471  (82-
A50-baulk 
3.2) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South Ingot Cu 

Horn of an oxhide 
ingot LCIIC? 2.07583 0.84257 18.506 

KAD5    (80-
A50E-4.1)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South lump Cu Lump of copper LCIIC? 2.06947 0.84057 18.507 
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KAD6    (80-
A50E-3.2)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South lump Cu Lump of copper LCIIC? 2.06998 0.84037 18.503 

KAD7 (80-
A52-layer 
3.1) Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South fragments Cu Metal fragments LCIIC? 2.068271 0.839131 18.63369 

KAD8 (80-
A45-3.3) 
analysed in 
1982 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South lump Cu Lump of copper LCIIC? 2.06614 0.83761 18.611 

KAD8 (80-
A45-3.3) 
analysed in 
1995 Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South lump Cu Lump of copper LCIIC? 2.06655 0.83743 18.65721 

KAD9 (80-
A46-3.3)  Cyprus South 

Kalavasos, 
Agios 
Dhimitrios Site A. South lump Cu Lump of copper LCIIC? 2.06363 0.83861 18.592 

C114  Cyprus Mesaoria S-E Kalopsida 
Given by 
Myres 

Ashmolean 
Museum Weapon Cu Dagger (dirk) MC I 2.07646 0.83864 18.686 

C467  Cyprus Mesaoria S-E Kalopsida 
Site C, Tomb 
21 

Ashmolean 
Museum Tool Cu Pin MC I-II 2.07207 0.83702 18.652 

C470  Cyprus Mesaoria S-E Kalopsida 
Site C, Tomb 
21 

Ashmolean 
Museum Weapon Cu Dagger MC I-II 2.09154 0.84841 18.437 

C471  Cyprus Mesaoria S-E Kalopsida 
Site C, Tomb 
21 

Ashmolean 
Museum Weapon Cu Tip of Dagger MC I-II 2.09294 0.84719 18.568 

C475  Cyprus Mesaoria S-E Kalopsida 
Site C, Tomb 
21 

Ashmolean 
Museum Fragments Cu Toggle pin MC I-II 2.08011 0.84429 18.565 

1953.1302 Cyprus 
North-East 
(Karpasia) 

Karpass? 
(Galinoporn
i?) 

Found by 
G.Petrakides 

Ashmolean 
Museum Pin Cu Eylet pin MC III? 2.06178 0.82214 19.148 

Katydhata 
No Nb Cyprus Solea Katydhata Site 

Cyprus 
Museum Pin Cu fragment of a pin LC 2.05905 0.83023 18.9209 

1888.1315 Cyprus 

Troodos, 
South-West 
coast 

Kouklia 
tombs 

Tomb, found 
with 6 others 

Ashmolean 
Museum Weapon Cu Tangless Dagger LC 2.06922 0.83639 18.696 

301;C14  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 301, 
Chamber C Stockholm Implement Cu Tweezers 

EC IIIB or 
later 2.07102 0.83542 18.673 

301;C15 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 301, 
Chamber Stockholm Implement Cu Pin EC 2.08503 0.848 18.406 

301;C3 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 301, 
Chamber C Stockholm Weapon Cu Sword 

EC IIIB or 
later 2.07775 0.83793 18.776 

301;C5 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 301, 
Chamber C Stockholm Tool Cu Scraper 

EC IIIB or 
later 2.07668 0.83616 18.749 

301;C6  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 301, 
Chamber C Stockholm Weapon Cu Two-edged knife 

EC IIIB or 
later 2.08376 0.84348 18.548 
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301;C7 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 301, 
Chamber C Stockholm Weapon Cu Two-edged knife 

EC IIIB or 
later 2.07046 0.83466 18.737 

302;A38  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 302, 
Chamber A Stockholm Weapon Cu Dagger, Rat-tang EC IIIB 2.07864 0.8374 18.733 

309;A12a  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 309, 
Chamber A Stockholm Jewellery Cu Pin EC IIIB-MC I 2.07689 0.83624 18.724 

309;A12b  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 309, 
Chamber A Stockholm Jewellery Cu Pin EC IIIB-MC I 2.07363 0.83794 18.613 

309;A52b  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 309, 
Chamber A Stockholm Jewellery Cu Pin EC IIIB-MC I 2.0607 0.83177 18.8852 

309;A53a  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 309, 
Chamber A Stockholm Jewellery Cu Pin EC IIIB-MC I 2.07165 0.83516 18.679 

309;A53b Cyprus 
Kyrenia, 
North Lapithos 

Tomb 309, 
Chamber A Stockholm Jewellery Cu Pin EC IIIB-MC I 2.07002 0.83794 18.613 

313;A10  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Tool Cu Chisel MC I 2.06375 0.83278 18.812 

313;A102 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Tool Cu Scraper MC I 2.07472 0.83744 18.662 

313;A104 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dagger MC I 2.07239 0.83543 18.715 

313;A110  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm 

Weapon/to
ol Cu Axe MC I 2.07126 0.83723 18.706 

313;A12  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Sword, Rat-tang MC I 2.07007 0.83757 18.581 

313;A37 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Jewellery Cu Pin MC I 2.07593 0.83714 18.756 

313;A4  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Tool Cu Axe MC I 2.06989 0.83498 18.604 

313;A53 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Jewellery Cu Pin MC I 2.07884 0.83577 18.825 

313;A59  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dirk, Rat-tang MC I 2.06801 0.83351 18.787 

313;A60 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dagger MC I 2.07861 0.83761 18.747 

313;A66  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Sword, Rat-tang MC I 2.06791 0.8347 18.661 

313;A67  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dagger MC I 2.07583 0.83879 18.671 

313;A7 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dagger MC I 2.07513 0.83594 18.728 

313;A72c Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Jewellery Cu Pin MC I 2.08204 0.84042 18.677 

313;A74 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Sword, Rat-tang MC I 2.07406 0.8364 18.691 
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313;A78a Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Jewellery Cu Pin MC I 2.07865 0.83668 18.769 

313;A78b Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Jewellery Cu Pin MC I 2.07501 0.83588 18.731 

313;A79  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Tool Cu Awl MC I 2.08117 0.84335 18.562 

313;A89  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dirk, Rat-tang MC I 2.08164 0.83967 18.59 

313;A9 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Implement Cu Tweezer MC I 2.09409 0.84781 18.451 

313;A90 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Weapon Cu Dagger MC I 2.07013 0.83511 18.806 

313;A99 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber A Stockholm Fragment Cu Metal fragment MC I 2.07372 0.83207 18.934 

313;B106 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm 

Weapon/to
ol Cu Axe EC III-MC I 2.0786 0.83751 18.754 

313;B11a Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Jewellery Cu Pin EC III-MC I 2.07226 0.83551 18.723 

313;B11b Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Jewellery Cu Pin EC III-MC I 2.07327 0.83628 18.698 

313;B71  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Jewellery Cu Pin EC III-MC I 2.07016 0.83534 18.688 

313;B84 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Implement Cu Tweezer EC III-MC I 2.08448 0.84315 18.595 

313;B86 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Tool Cu Awl EC III-MC I 2.09543 0.84917 18.439 

313;B87 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Weapon Cu Dagger EC III-MC I 2.08046 0.83974 18.704 

313;B89 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Weapon Cu Sword, Rat-tang EC III-MC I 2.06463 0.82978 18.936 

313;B93 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Weapon Cu Dagger, Rat-tang EC III-MC I 2.07734 0.83861 18.702 

313;B95 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm 

Weapon/to
ol Cu Axe EC III-MC I 2.07155 0.83542 18.677 

313;B99 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber B Stockholm Implement Cu Tweezers EC III-MC I 2.06735 0.83436 18.8425 

313;C-D29  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 313, 
Chamber C-D 

Cyprus 
Museum Weapon Cu 

Sword, blade, 
lower part LC 2.07221 0.83563 18.724 

315;20  Cyprus 
Kyrenia, 
North Lapithos Tomb 315 Stockholm Tool Cu Awl MC II? 2.07127 0.83598 18.672 

315;3  Cyprus 
Kyrenia, 
North Lapithos Tomb 315 Stockholm Weapon Cu Dagger, Rat-tang MC II? 2.06949 0.83545 18.671 

315;40  Cyprus 
Kyrenia, 
North Lapithos Tomb 315 Stockholm Weapon Cu Dagger, Rat-tang MC II? 2.06884 0.83879 18.527 
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315;A55a Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber A Stockholm Jewellery Cu Pin MC II? 2.08626 0.84199 18.738 

315;A56 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber A Stockholm Implement Cu Spatula MC II? 2.07967 0.84038 18.775 

315;A80 
analysed in 
1990 Cyprus 

Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber A Stockholm Weapon Cu Dagger MC II? 2.06889 0.83425 18.81 

315;A80 
analysed in 
1995 Cyprus 

Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber A Stockholm Weapon Cu Dagger MC II? 2.06937 0.83452 18.8085 

315;A81 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber A Stockholm Jewellery Cu Pin MC II? 2.0863 0.84328 18.608 

315;B-C13 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber B-C Stockholm Fragments Cu Metal fragment MC II? 2.08428 0.84322 18.536 

315;B-C16  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber B-C Stockholm Weapon Cu Dagger MC II? 2.0816 0.8405 18.72 

315;B-C21 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber B-C Stockholm Tool Cu Awl MC II? 2.07309 0.83697 18.755 

315;B-C4 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 315, 
Chamber B-C Stockholm 

Weapon/to
ol Cu Axe MC II? 2.09595 0.85426 18.35 

316;109  Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Weapon Cu Dagger MC II-III 2.07324 0.83833 18.656 

316;115 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Tool Cu Awl MC II-III 2.07055 0.83559 18.697 

316;116  Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm 

Weapon/to
ol Cu Axe MC II-III 2.07986 0.83945 18.718 

316;142  Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Cu Pin MC II-III 2.10223 0.86593 18.684 

316;160 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Weapon Cu Dagger, Rat-tang MC II-III 2.07716 0.83918 18.6298 

316;167 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Cu Pin MC II-III 2.09018 0.84445 18.587 

316;173 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Cu Pin MC II-III 2.09376 0.84963 18.4139 

316;175  Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Cu Pin MC II-III 2.08967 0.84802 18.44 

316;62 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Cu Earring MC II-III 2.0815 0.84273 18.633 

316;63 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Weapon Cu Dagger, Rat-tang MC II-III 2.07131 0.83516 18.717 

316;65 Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Weapon Cu Dagger, ?Rat-tang MC II-III 2.07037 0.83593 18.655 

316A;65 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 316, 
Chamber A?? Stockholm Weapon Cu Sword MC II-III 2.07019 0.83559 18.6875 
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320;100  Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.07277 0.837 18.723 

320;102  Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Tool Cu Awl MC II 2.07959 0.84096 18.651 

320;17 Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm 

Weapon/to
ol Cu Axe MC II-III 2.07281 0.83556 18.719 

320;21 
analysed in 
1988  Cyprus 

Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.07176 0.83732 18.687 

320;21 
analysed in 
1996 Cyprus 

Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.0717 0.83559 18.6997 

320;5  Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Jewellery Cu Pin MC II-III 2.07924 0.84292 18.587 

320;50 Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.06898 0.8449 18.7277 

320;51 Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger, Rat-tang MC II-III 2.07075 0.83536 18.7085 

320;52 Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.07646 0.83965 18.66 

320;58  Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm 

Weapon/to
ol Cu Axe MC II-III 2.07425 0.83813 18.675 

320;6 
analysed in 
1990 Cyprus 

Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.07157 0.83357 18.964 

320;6 
analysed in 
1995 Cyprus 

Kyrenia, 
North Lapithos Tomb 320 Stockholm Weapon Cu Dagger MC II-III 2.06504 0.8324 18.90028 

320;96  Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm 

Weapon/to
ol Cu Axe MC II-III 2.07323 0.83816 18.696 

320;98  Cyprus 
Kyrenia, 
North Lapithos Tomb 320 Stockholm Jewellery Cu Pin MC II-III 2.08963 0.84821 18.41 

322;A9  Cyprus 
Kyrenia, 
North Lapithos 

Tomb 322, 
Chamber A 

Cyprus 
Museum ring Cu 

Fragment of a flat 
spiral ring LC 2.06497 0.8317 18.8885 

322;B1 Cyprus 
Kyrenia, 
North Lapithos 

Tomb 322, 
Chamber B/1 

Cyprus 
Museum tool Cu 

Knife with broken 
top, 2 rivets LC 2.07211 0.83584 18.7044 

701;24 Cyprus 
Kyrenia, 
North Lapithos Tomb 701 Stockholm Fragments Cu Metal fragment EC 2.10902 0.86335 18.116 

702;128  Cyprus 
Kyrenia, 
North Lapithos Tomb 702 Stockholm Jewellery Cu Pin MC III 2.08973 0.84668 18.466 

702;131  Cyprus 
Kyrenia, 
North Lapithos Tomb 702 Stockholm 

Weapon/to
ol Cu Axe MC III 2.05742 0.82624 18.951 

702;132  Cyprus 
Kyrenia, 
North Lapithos Tomb 702 Stockholm Weapon Cu Dagger MC III 2.06539 0.82783 18.961 
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702;33  Cyprus 
Kyrenia, 
North Lapithos Tomb 702 Stockholm Tool Cu Scraper? MC III 2.06426 0.83692 18.609 

1888.1318 Cyprus 
Kyrenia, 
North 

Leondari 
Vouno 
tombs Unknown 

Ashmolean 
Museum pin Cu Toggle pin MC II-III 2.0875 0.84534 18.575 

Linou 
c.5.1639 Cyprus Solea Linou Tombs 

Cyprus 
Museum tool Cu 

Punch, round 
cross-section MC? 2.07136 0.83555 18.716 

Maa 
1983(2);189/
2, LN518/95 Cyprus South-West 

Maa-
Palaeokastr
o 

sq E25, 
bedrock, 
d.430 Karageorghis ingot Cu 

Small ingot 
fragment LC 2.07089 0.83993 18.5513 

Maa 
1983(2);LN5
89/95, 
unnumbered Cyprus South-West 

Maa-
Palaeokastr
o 

depth 404, sq 
H25, floor II Karageorghis Metal Cu lump of bronze LC 2.06854 0.83928 18.5484 

Maa 
1985;450/LN
962/95 Cyprus South-West 

Maa-
Palaeokastr
o 

sq.g, ant.27, 
floor II Karageorghis pin Cu pin fragment LC 2.06554 0.83409 18.772 

Maa 
1985;551/LN
1065/95 Cyprus South-West 

Maa-
Palaeokastr
o 

sq 128, depth 
470 Karageorghis tool Cu top of a small axe LC 2.06768 0.83336 18.8374 

Maa 
83/LN526/8
3 Cyprus South-West 

Maa-
Palaeokastr
o 

1983/2, tr.bg 
23-24,d.370 Karageorghis Ingot Cu 

Small fragment. of 
an oxhide LC 2.06547 0.8381 18.59985 

1969.64 Cyprus South-West 
Magounda, 
Paphos 

bought from 
Campbells 

Ashmolean 
Museum Weapon Cu 

Dagger with 
traces of wood MC II-III 2.04682 0.8282 19.261 

3198.108 Cyprus South Maroni Unknown 
British 
Museum Weapon Cu Dagger LC 2.05923 0.82227 19.16 

3198.123 Cyprus South Maroni Unknown 
British 
Museum Weapon Cu Dagger LC 2.07478 0.84409 18.469 

MV/M 201 Cyprus South 
Maroni, 
Vournes 

J19 Level 24 
#2391 SF38 Cadogan Ingot Cu Oxhide LC IIC? 2.07262 0.84094 18.525 

MV/M 210 Cyprus South 
Maroni, 
Vournes 

J19 Level 21 
#2385 Sam4 Cadogan Ingot Cu Oxhide LC IIC? 2.06811 0.8393 18.566 

MV/M 216A 
8 Cyprus South 

Maroni, 
Vournes 

K19 Level 12 
Sample 9 Cadogan Ingot Cu Oxhide LC IIC? 2.07021 0.83989 18.566 

MV/M 216B Cyprus South 
Maroni, 
Vournes 

K19 Level 12 
Sample 9 Cadogan Debris Cu Spillage LC IIC? 2.07367 0.84128 18.53 

MV/M 81 Cyprus South 
Maroni, 
Vournes ? Cadogan ingot Cu Oxhide ingot? LC IIC? 2.07137 0.84047 18.532 

MV/M 97 Cyprus South 
Maroni, 
Vournes 

J19 Level 14 
#2376 SF28 Cadogan Tool Cu Rod LC IIC? 2.0638 0.83594 18.6696 

Mat 1 (NM 
1936/VII-
17/9) Cyprus Troodos, East Mathiati 

Mining 
gallery? 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07288 0.83997 18.508 
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analysed in 
1983 
Mat 1 (NM 
1936/VII-
17/9) 
analysed in 
1996 Cyprus Troodos, East Mathiati 

Mining 
gallery? 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07088 0.84035 18.537 

Mat 2 (NM 
1936/VII-
17/9)  Cyprus Troodos, East Mathiati 

Mining 
gallery? 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07267 0.84139 18.492 

Mat 3 (NM 
1936/VII-
17/9) 
analysed in 
1983 Cyprus Troodos, East Mathiati 

Mining 
gallery? 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07828 0.84218 18.535 

Mat 3 (NM 
1936/VII-
17/9) 
analysed in 
1996 Cyprus Troodos, East Mathiati 

Mining 
gallery? 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07337 0.84135 18.5157 

Mat 4 (NM 
1936/VII-
17/9)  Cyprus Troodos, East Mathiati 

Mining 
gallery? 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07338 0.84117 18.516 

NIT GR.2.35 Cyprus Karpasia Nitovikla Tomb 2 Stockholm Weapon Cu Knife MC III/LC I? 2.07838 0.83988 18.649 
NIT 
GR.2.58B Cyprus Karpasia Nitovikla Tomb 2 Stockholm Jewellery Cu Pin MC III/LC I? 2.05249 0.82393 19.04 
NIT GR.2.58C  
(T258c) Cyprus Karpasia Nitovikla Tomb 2 Stockholm Jewellery Cu Pin MC III/LC I? 2.07834 0.83979 18.662 
NIT GR.2.65 Cyprus Karpasia Nitovikla Tomb 2 Stockholm Weapon Cu Knife MC III/LC I? 2.0728 0.83486 18.796 
NIT GR.2.70 Cyprus Karpasia Nitovikla Tomb 2 Stockholm Weapon Cu Knife MC III/LC I? 2.09276 0.84973 18.416 
NIT GR.2.8, 
11 Cyprus Karpasia Nitovikla Tomb 2 Stockholm Jewellery? Cu Pin? MC III/LC I? 2.08675 0.84489 18.507 

C123  Cyprus 

North-East, 
Famagusta 
district 

Nitovikla, 
Korovia Unknown 

Ashmolean 
Museum Tool Cu Shovel LC III A? 2.10418 0.85958 18.271 

PALEOSKOU
TELLA 7.5 Cyprus Karpasia 

Paleoskout
ella Tomb 7 Stockholm Jewellery Cu Pin MC III/LC I? 2.06539 0.83594 18.694 

PALEOSKOU
TELLA 7.6 Cyprus Karpasia 

Paleoskout
ella Tomb 7 Stockholm Jewellery Cu Pin MC III/LC I? 2.07147 0.83563 18.686 

LUHM 
14057C Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Sword MC III/LC I? 2.06973 0.83526 18.767 
LUHM 
14057F Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Dagger MC III/LC I? 2.0729 0.83519 18.804 
LUHM 
14057K Cyprus Mesaoria Pera Hoard Tombs Stockholm 

Weapon/to
ol Cu Axe, Shaft-hole MC III/LC I? 2.08991 0.84649 18.4863 
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PH12 Cyprus Mesaoria Pera Hoard Tombs Stockholm 
Weapon/to
ol Cu Axe, Shaft-hole MC III/LC I? 2.08644 0.84076 18.63 

PH13 Cyprus Mesaoria Pera Hoard Tombs Stockholm 
Weapon/to
ol Cu Axe, flat MC III/LC I? 2.05245 0.82447 19.083 

PH14 Cyprus Mesaoria Pera Hoard Tombs Stockholm 
Weapon/to
ol Cu Axe, flat MC III/LC I? 2.07647 0.83789 18.7183 

PH15 Cyprus Mesaoria Pera Hoard Tombs Stockholm 
Weapon/to
ol Cu Axe, flat MC III/LC I? 2.06891 0.8351 18.732 

PH16 
(analysis 1) Cyprus Mesaoria Pera Hoard Tombs Stockholm 

Weapon/to
ol Cu Axe, flat MC III/LC I? 2.07755 0.84063 18.659 

PH16 
(analysis 2) Cyprus Mesaoria Pera Hoard Tombs Stockholm 

Weapon/to
ol Cu Axe, flat MC III/LC I? 2.07832 0.84078 18.6645 

PH3 Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Dagger MC III/LC I? 2.07136 0.83626 18.683 
PH4 Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Dagger MC III/LC I? 2.07085 0.833518 18.72 
PH41 
(analysis 1) Cyprus Mesaoria Pera Hoard Tombs Stockholm Tool Cu Awl MC III/LC I? 2.06138 0.83114 18.885 
PH41 
(analysis 2) Cyprus Mesaoria Pera Hoard Tombs Stockholm Tool Cu Awl MC III/LC I? 2.06292 0.83148 18.891 
PH42 
(analysis 1) Cyprus Mesaoria Pera Hoard Tombs Stockholm Implement Cu Spatula MC III/LC I? 2.0625 0.82929 18.988 
PH42 
(analysis 2) Cyprus Mesaoria Pera Hoard Tombs Stockholm Implement Cu Spatula MC III/LC I? 2.0632 0.8297 18.918 
PH5 Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Dagger MC III/LC I? 2.06962 0.83799 18.627 
PH52 Cyprus Mesaoria Pera Hoard Tombs Stockholm Implement Cu Tweezer MC III/LC I? 2.07204 0.84058 18.534 
PH6 Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Dagger MC III/LC I? 2.08381 0.84269 18.604 
PH61 Cyprus Mesaoria Pera Hoard Tombs Stockholm Tool Cu Awl MC III/LC I? 2.06888 0.83955 18.554 
PH7 Cyprus Mesaoria Pera Hoard Tombs Stockholm Weapon Cu Dagger MC III/LC I? 2.06865 0.83161 18.891 
PH9 Cyprus Mesaoria Pera Hoard Tombs Stockholm Tool Cu Awl MC III/LC I? 2.05451 0.82621 18.982 

1961.314 Cyprus Mesaoria 
Politiko-
Lambertis 

Surface find 
(Popham) 

Ashmolean 
Museum tool Cu Copper awl MBA (MC) 2.06564 0.83307 18.763 

1981;8  Cyprus South-East 

Pyla 
Kokkinokre
mos Site Karageorghis Tool(?) Cu 

Fragment, 
engraved LC IIC 2.10524 0.86325 18.126 

1982;65(L)  Cyprus South-East 

Pyla 
Kokkinokre
mos Site Karageorghis Ingot Cu Oxhide, fragment LC IIC 2.07281 0.84162 18.528 

1982;65(S)  Cyprus South-East 

Pyla 
Kokkinokre
mos Site Karageorghis Ingot Cu Oxhide, fragment LC IIC 2.07196 0.84174 18.518 

PY81  Cyprus South-East 

Pyla 
Kokkinokre
mos Site Karageorghis Fragments Cu Metal fragment LC 2.10524 0.86325 18.126 
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PY82  Cyprus South-East 

Pyla 
Kokkinokre
mos Site Karageorghis Fragments Cu Metal fragment LC 2.07196 0.84147 18.518 

SK6   (1976-
I-20/6) Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.0725 0.84084 18.527 

SK7A  (1976-
I-20/7a) 
analysed in 
1985 Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.06911 0.83935 18.528 

SK7A  (1976-
I-20/7a) 
analysed in 
1996 Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07364 0.84123 18.52 

SK7B  (1976-
I-20/7b) 
analysed in 
1983 Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07495 0.8413 18.497 

SK7B  (1976-
I-20/7b) 
analysed in 
1996 Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07251 0.84098 18.5232 

SK7C  (1976-
I-20/7c) 
analysed in 
1983 Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.07255 0.84288 18.45 

SK7C  (1976-
I-20/7c) 
analysed in 
1996 Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC II-III? 2.06699 0.83821 18.60004 

SK7D  (1976-
I-20/7d)  Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC IIC? 2.0752 0.84389 18.469 

SK7E  (1976-
I-20/7e) Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC IIC? 2.06742 0.83667 18.646 

SK7F  (1976-
I-20/7f) Cyprus North-West 

Skouriotiss
a or 
Mathiatis? Mine area 

Cyprus 
Museum Ingot Cu Oxhide LC IIC? 2.07001 0.84049 18.545 

1953.1303 Cyprus Karpasia? 

Trachomes 
(Galinoporn
i?) Unknown 

Ashmolean 
Museum Pin Cu 

Eylet pin, similar 
to 1953.1302 MC III? 2.07081 0.82765 19.026 

Sword E, 
Met.18 Cyprus unknown unknown 

Private 
colection Karageorghis Weapon Cu Sword 

LBA 
(Mycenean
) 2.07242 0.83973 18.588 



532 
 

Sword F, 
Severis 
collection Cyprus unknown unknown 

Private 
colection Karageorghis Weapon Cu Dagger 

LBA 
(Mycenean
) 2.06475 0.83319 18.603 

1957.21 Cyprus 
Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Weapon Cu Dagger 

Philia 
Culture 2.05959 0.83331 18.795 

1957.22 
(analysis 1) Cyprus 

Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Weapon Cu Dirk, Rat-tang 

Philia 
Culture 2.06655 0.83241 18.843 

1957.22 
(analysis 2) Cyprus 

Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Weapon Cu Dirk, Rat-tang 

Philia 
Culture 2.06481 0.83307 18.799 

1957.23 Cyprus 
Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Jewellery Cu Bracelet 

Philia 
Culture 2.07691 0.8398 18.641 

1957.24 
(analysis 1) Cyprus 

Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Jewellery Cu Bracelet 

Philia 
Culture 2.06304 0.82941 18.898 

1957.24 
(analysis 2) Cyprus 

Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Jewellery Cu Bracelet 

Philia 
Culture 2.05964 0.82941 18.911 

1957.24/88 Cyprus 
Kyrenia, 
North Vasilia 

Tomb 1, 
Dromos 

Ashmolean 
Museum Jewellery Cu Bracelet 

Philia 
Culture 2.05985 0.82883 18.863 

111;52  Cyprus 
Kyrenia, 
North Vounous Tomb 111 

Birmingham 
Museum Weapon Cu Dagger EC IC 2.07043 0.83542 18.676 

111;53  Cyprus 
Kyrenia, 
North Vounous Tomb 111 

Birmingham 
Museum Weapon Cu Dagger EC IC 2.07275 0.83767 18.634 

143;40 
(analysis 1) Cyprus 

Kyrenia, 
North Vounous Tomb 143 

Birmingham 
Museum Jewellery Cu Pin ECIII-MC I 2.06795 0.8347 18.66 

143;40 
(analysis 2) Cyprus 

Kyrenia, 
North Vounous Tomb 143 

Birmingham 
Museum Jewellery Cu Pin ECIII-MC I 2.06896 0.83487 18.657 

143;54 
(analysis 1) Cyprus 

Kyrenia, 
North Vounous Tomb 143 

Birmingham 
Museum Weapon Cu Dagger, Rat-tang ECIII-MC I 2.07067 0.83494 18.681 

143;54 
(analysis 2) Cyprus 

Kyrenia, 
North Vounous Tomb 143 

Birmingham 
Museum Weapon Cu Dagger, Rat-tang ECIII-MC I 2.06827 0.83476 18.655 

148;7  Cyprus 
Kyrenia, 
North Vounous Tomb 148 

Birmingham 
Museum Weapon Cu Dagger, Rat-tang 

EC III or 
later 2.06753 0.83506 18.664 

15;73 
(analysis 1) Cyprus 

Kyrenia, 
North Vounous Tomb 15 

Cyprus 
Museum Weapon Cu Dagger, Rat-tang EC IIIB 2.0607 0.83186 18.86 

15;73 
(analysis 2) Cyprus 

Kyrenia, 
North Vounous Tomb 15 

Cyprus 
Museum Weapon Cu Dagger, Rat-tang EC IIIB 2.05722 0.83112 18.832 

15;80  Cyprus 
Kyrenia, 
North Vounous Tomb 15 

Cyprus 
Museum tool Cu 

scraper with 2 
rivets EC IIIB 2.06396 0.83368 18.713 

161;45  Cyprus 
Kyrenia, 
North Vounous Tomb 161 

Birmingham 
Museum Tool Cu Axe EC IB 2.08295 0.84486 18.514 

161;48  Cyprus 
Kyrenia, 
North Vounous Tomb 161 

Birmingham 
Museum Tool Cu Axe EC IB 2.08385 0.84579 18.492 

45;23 
(analysis 1) Cyprus 

Kyrenia, 
North Vounous Tomb 45 

Cyprus 
Museum Weapon Cu 

Dagger, small 17 
cm long 

EC II ?and 
later 2.06878 0.83532 18.653 

45;23 
(analysis 2) Cyprus 

Kyrenia, 
North Vounous Tomb 45 

Cyprus 
Museum Weapon Cu 

Dagger, small 17 
cm long 

EC II ?and 
later 2.07236 0.83595 18.697 
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Data Table 8: Copper objects found in Syria – Oxalid, 2018. 
 

Location 
Sample 
Number 

Country Region Source Object Principal 
metal 

Type  Chronology 
208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

Ras Ibn Hani RIH1 Syria West Coast La Garce Mould Cu Copper 
droplet 

LBA 2.0708 0.8405 18.4960 

Ras Ibn Hani RIH2 Syria West Coast La Garce Mould Cu Copper 
droplet 

LBA 2.0677 0.8400 18.5010 

Ras Ibn Hani RIH2/repeat Syria West Coast La Garce Mould Cu Copper 
droplet 

LBA 2.0708 0.8405 18.5060 

Ras 
Shamra/Ugarit 

14523/AO 
11613 

Syria West Coast Louvre tool Cu Hoe LBA, 14th c. 2.0750 0.8397 18.6647 

Ras 
Shamra/Ugarit 

14524/AO 
11625 

Syria West Coast Louvre weapon Cu Spearhead LBA 2.0652 0.8350 18.7180 

Ras 
Shamra/Ugarit 

14526/AO 
17212 

Syria West Coast Louvre tool Cu Socketed axe LBA 18th c. 2.0680 0.8342 18.8350 

Ras 
Shamra/Ugarit 

14527/AO 
14755 

Syria West Coast Louvre weapon Cu Rat-tang 
blade, Cypriot 
type 

LBA 18th c. 2.0658 0.8355 18.7077 

Ras 
Shamra/Ugarit 

14529/AO 
83/405 

Syria West Coast Louvre Implement Cu Round 
headed pin 

LBA 18th c. 2.0791 0.8399 18.6540 

Ras 
Shamra/Ugarit 

14533/AO 
11639 

Syria West Coast Louvre slag?ingot Cu Copper slag? 
Ingot frgm? 

LBA 14th c. 2.0734 0.8414 18.5210 

Ras 
Shamra/Ugarit 

14535/AO 
83/418 

Syria West Coast Louvre tool Cu Socketed axe, 
narrow 

LBA 18th c. 2.0451 0.8149 19.3095 

Ras 
Shamra/Ugarit 

14538/AO 
83/244 

Syria West Coast Louvre implement Cu Bull's hoof -
part of 
furniture 

LBA 2.1035 0.8508 18.5440 

Ras 
Shamra/Ugarit 

14539/AO 
83/453 

Syria West Coast Louvre implement Cu Strip or blade LBA 14th c. 2.0957 0.8503 18.4101 

Ras 
Shamra/Ugarit 

14540/AO 
83/451 

Syria West Coast Louvre implement Cu Blade LBA 2nd 
millenium 

2.0543 0.8269 18.9890 

Ras 
Shamra/Ugarit 

14541/AO 
83/331 

Syria West Coast Louvre implement Cu Scale of 
bronze 
armour 

LBA 14th c. 2.0600 0.8298 18.9065 

Ras 
Shamra/Ugarit 

14542/AO 
17336 

Syria West Coast Louvre weapon Cu Dagger LBA 13th c. 2.0606 0.8301 18.9051 

Ras 
Shamra/Ugarit 

14544/AO 
83/467 

Syria West Coast Louvre implement Cu Fibulae 6th c BC 2.0833 0.8424 18.5920 

Ras 
Shamra/Ugarit 

14545/AO 
83/468 

Syria West Coast Louvre implement Cu Blade, curved, 
narrow 

LBA? 2.0583 0.8298 18.8720 

Ras 
Shamra/Ugarit 

14546/AO 
83/384 

Syria West Coast Louvre weapon Cu Dagger with 
hooked shaft 

LBA 18th c. 2.0967 0.8503 18.4670 
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Ras 
Shamra/Ugarit 

14547/AO 
83/367 

Syria West Coast Louvre implement Cu Pointed punch 
with a socket 

LBA 2nd 
millenium 

2.0790 0.8361 18.8280 

Ras 
Shamra/Ugarit 

14548-1/AO 
83/265 

Syria West Coast Louvre implement Cu Edge of 
cauldron with 
handle 

Iron Age? 2.0710 0.8387 18.6470 

Ras 
Shamra/Ugarit 

14548-2/AO 
83/265 

Syria West Coast Louvre implement Cu Edge of 
cauldron with 
handle 

Iron Age? 2.0706 0.8352 18.7283 

Ras 
Shamra/Ugarit 

14548-3/AO 
83/265 

Syria West Coast Louvre implement Cu Edge of 
cauldron with 
handle 

Iron Age? 2.0893 0.8500 18.4112 

Ras 
Shamra/Ugarit 

83 AO 132 Syria West Coast Louvre implement Cu Long pin LBA 2.0704 0.8354 18.7053 

Ras 
Shamra/Ugarit 

83 AO 211/RS 
11395 

Syria West Coast Louvre weapon Cu Socketed 
spearhead 

LBA 2.0230 0.8227 19.0960 

Ras 
Shamra/Ugarit 

83 AO 212/RS 
11805 

Syria West Coast Louvre weapon Cu Long socketed 
spearhead 

LBA 2.0633 0.8259 19.0050 

Ras 
Shamra/Ugarit 

83 AO 213/RS 
11866 

Syria West Coast Louvre weapon Cu Flat dagger, 
three rivets 

LBA 2.0694 0.8351 18.7040 

Ras 
Shamra/Ugarit 

83 AO 214/RS 
11499 

Syria West Coast Louvre weapon Cu Flat dagger, 
three rivets 

LBA 2.0796 0.8413 18.5780 

Ras 
Shamra/Ugarit 

83 AO 215/RS 
11805 

Syria West Coast Louvre weapon Cu Flat dagger, 
two rivets 

LBA 2.0626 0.8279 18.9480 

Ras 
Shamra/Ugarit 

83 AO 216/RS 
11398 

Syria West Coast Louvre weapon Cu Dagger frgm. 
with rivet 

LBA 2.0625 0.8302 18.9125 

Ras 
Shamra/Ugarit 

83 AO 217/RS 
11527 

Syria West Coast Louvre weapon Cu Narrow 
dagger with 
tang 

LBA 2.0558 0.8293 18.8360 

Ras 
Shamra/Ugarit 

83 AO 221/RS 
11584 

Syria West Coast Louvre weapon Cu Narrow 
dagger with 
tang 

LBA 2.0618 0.8332 18.7490 

Ras 
Shamra/Ugarit 

83 AO 222 Syria West Coast Louvre weapon Cu Small dagger 
with shaft 

LBA 2.0758 0.8429 18.5620 

Ras 
Shamra/Ugarit 

83 AO 228 Syria West Coast Louvre tool Cu Pointed punch 
with shaft 

LBA 2.0592 0.8286 18.9764 

Ras 
Shamra/Ugarit 

83 AO 231  
(RS 11502) 

Syria West Coast Louvre   Cu   ? 2.0668 0.8344 18.7630 

Ras 
Shamra/Ugarit 

83 AO 234/RS 
11313 

Syria West Coast Louvre tool Cu Axe, curved 
blade, long 
shaft 

LBA 2.0580 0.8291 18.9060 

Ras 
Shamra/Ugarit 

83 AO 235  
(RS 11762) 

Syria West Coast Louvre   Cu   ? 2.0656 0.8342 18.7393 

Ras 
Shamra/Ugarit 

83 AO 237 Syria West Coast Louvre tool Cu Flat 
axe/broad 
chisel 

LBA 2.0587 0.8280 18.9330 
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Ras 
Shamra/Ugarit 

83 AO 269/RS 
6325 

Syria West Coast Louvre tool Cu Flat 
axe/broad 
chisel 

LBA 2.0837 0.8437 18.5816 

Ras 
Shamra/Ugarit 

83 AO 275 Syria West Coast Louvre Jewellery? Cu Fibula? 3 
pieces 

LBA 2.0659 0.8299 18.8840 

Ras 
Shamra/Ugarit 

83 AO 276 Syria West Coast Louvre Jewellery? Cu Bead? LBA 2.0935 0.8493 18.4366 

Ras 
Shamra/Ugarit 

83 AO 292 Syria West Coast Louvre ingot Cu Copper ingot 
frgm 
(oxhide?) 

LBA 2.0742 0.8403 18.5778 

Ras 
Shamra/Ugarit 

83 AO 366  
(RS 8245) 

Syria West Coast Louvre   Cu   LBA 2.0627 0.8312 18.8806 

Ras 
Shamra/Ugarit 

83 AO 369/RS 
5053 

Syria West Coast Louvre implement Cu Pin LBA 2.0815 0.8484 18.3906 

Ras 
Shamra/Ugarit 

83 AO 370/RS 
9015 

Syria West Coast Louvre weapon Cu Anatolian 
slotted spear 

LBA 2.0808 0.8422 18.6160 

Ras 
Shamra/Ugarit 

83 AO 373/RS 
55 

Syria West Coast Louvre implement Cu Knife/dagger 
blade curved 
up 

LBA 2.0651 0.8355 18.7190 

Ras 
Shamra/Ugarit 

83 AO 376 Syria West Coast Louvre implement Cu ? LBA 2.0574 0.8281 18.9463 

Ras 
Shamra/Ugarit 

83 AO 387 Syria West Coast Louvre implement Cu Knife/dagger LBA 2.0711 0.8349 18.7857 

Ras 
Shamra/Ugarit 

83 AO 395  
(RS 7406) 

Syria West Coast Louvre Jewellery Cu Pin, 
decoration 
from 

LBA 2.0668 0.8291 18.9310 

Ras 
Shamra/Ugarit 

83 AO 
401B/RS 9094 

Syria West Coast Louvre Jewellery Cu Large pin with 
round head 

LBA 2.1264 0.8752 17.9329 

Ras 
Shamra/Ugarit 

83 AO 406/RS 
4512 

Syria West Coast Louvre implement Cu Pin B2 LBA? 2.0925 0.8477 18.5224 

Ras 
Shamra/Ugarit 

83 AO 407/RS 
4531 

Syria West Coast Louvre implement Cu Eyed pin, 
rounded head 

LBA 2.0847 0.8465 18.4670 

Ras 
Shamra/Ugarit 

83 AO 410/RS 
7410 

Syria West Coast Louvre implement Cu Pin LBA 2.0685 0.8306 18.8810 

Ras 
Shamra/Ugarit 

83 AO 415 (RS  
6172) 

Syria West Coast Louvre implement Cu Curved blade LBA 2.0672 0.8361 18.7416 

Ras 
Shamra/Ugarit 

83 AO 416 Syria West Coast Louvre implement Cu Curved blade LBA 2.0782 0.8404 18.6098 

Ras 
Shamra/Ugarit 

83 AO 419/RS 
6069 

Syria West Coast Louvre implement Cu Bracelet or 
cauldron 
handle 

LBA 2.0867 0.8446 18.5309 

Ras 
Shamra/Ugarit 

83 AO 93 Syria West Coast Louvre   Cu   LBA 2.0843 0.8459 18.5400 

Ras 
Shamra/Ugarit 

83 AO 94 Syria West Coast Louvre   Cu   LBA 2.0647 0.8339 18.7974 
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Ras 
Shamra/Ugarit 

AO 11178 Syria West Coast Louvre   Cu   LBA 2.0746 0.8369 18.6922 

Ras 
Shamra/Ugarit 

AO 11606 Syria West Coast Louvre Stand Cu Tripod   2.0606 0.8297 18.9190 

Ras 
Shamra/Ugarit 

AO 11612 Syria West Coast Louvre Weapon Cu Axe, shaft-
hole, 
inscribed 

LBA 14th-13th 
c. 

2.0714 0.8362 18.7627 

Ras 
Shamra/Ugarit 

AO 14553 Syria West Coast Louvre   Cu   ? 2.0600 0.8313 18.8593 

Ras 
Shamra/Ugarit 

AO 14763 
(462) = 20644 

Syria West Coast Stuttgart   Cu   LBA 2.1062 0.8671 17.9280 

Ras 
Shamra/Ugarit 

AO 15713 Syria West Coast Louvre weapon Cu Spearhead, 
Iranian 
parallels 

LBA 2.0658 0.8334 18.8163 

Ras 
Shamra/Ugarit 

AO 17337 Syria West Coast Louvre weapon Cu Dagger with 
cast handle 

LBA 2.0691 0.8348 18.7440 

Ras 
Shamra/Ugarit 

AO 17380 = 
20713 

Syria West Coast Stuttgart   Cu   LBA 2.0814 0.8411 18.6350 

Ras 
Shamra/Ugarit 

AO 18520/RS 
7421 

Syria West Coast Louvre Weapon Cu Axe, shaft-
hole 

LBA 2.0819 0.8395 18.6690 

Ras 
Shamra/Ugarit 

AO 18523 = 
20646 

Syria West Coast Stuttgart   Cu   LBA 2.0646 0.8376 18.5900 

Ras 
Shamra/Ugarit 

AO 19093 = 
20711 

Syria West Coast Stuttgart   Cu   LBA 2.0741 0.8401 18.6670 

Ras 
Shamra/Ugarit 

AO 19210 = 
20712 

Syria West Coast Stuttgart   Cu   LBA 2.0690 0.8354 18.7780 

Ras 
Shamra/Ugarit 

AO 19215/RS 
8531 

Syria West Coast Louvre Weapon Cu Axe LBA 2.0598 0.8281 18.9504 

Ras 
Shamra/Ugarit 

AO 19322/RS 
9713/00 

Syria West Coast Louvre Weapon Cu Axe, shaft-
hole 

LBA 2.0519 0.8243 19.0380 

Ras 
Shamra/Ugarit 

AO 19322/RS 
9713/96 

Syria West Coast Louvre Weapon Cu Axe, shaft-
hole 

MBII 2.0533 0.8240 19.0437 

Ras 
Shamra/Ugarit 

AO 19328 = 
20647 

Syria West Coast Stuttgart   Cu   LBA 2.0604 0.8325 18.8330 

Ras 
Shamra/Ugarit 

AO 19341/RS 
9870 

Syria West Coast Louvre Weapon Cu Axe, shaft-
hole 

LBA 2.0884 0.8460 18.5150 

Ras 
Shamra/Ugarit 

H66/184 = 
20715 

Syria West Coast Stuttgart   Cu plaque LBA 2.0634 0.8313 18.8500 

Ras 
Shamra/Ugarit 

RS 7078 = 
20710 

Syria West Coast Stuttgart tool Cu flat axe LBA 2.0616 0.8320 18.8040 
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Data Table 9: Lead objects found on Cyprus – Oxalid, 2018. 
 
Museum 
or 
excavation 
No. Country Region Site Find spot Courtesy of Type 

Principal 
metal Description Chronology  208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

A 10 26 
(AO 323) Cyprus 

Troodos, 
East Alambra Site of Alambra Coleman Jewellery Pb Ring MC I 2.0612 0.8322 18.8200 

AP1 
(T8/308)  Cyprus 

Mesaoria, 
Nicosia Agia Paraskevi Tomb 8 

Cyprus 
Museum Jewellery Pb Ring (1) MC 2.0934 0.8523 18.3740 

AP2 
(T8/308)  Cyprus 

Mesaoria, 
Nicosia Agia Paraskevi Tomb 8 

Cyprus 
Museum Jewellery Pb Ring (2) MC 2.0878 0.8468 18.5480 

AP3 
(T8/308)  Cyprus 

Mesaoria, 
Nicosia Agia Paraskevi Tomb 8 

Cyprus 
Museum Jewellery Pb Ring (3) MC 2.0828 0.8437 18.5980 

AP4 
(T8/308)  Cyprus 

Mesaoria, 
Nicosia Agia Paraskevi Tomb 8 

Cyprus 
Museum Jewellery Pb Ring (4) MC 2.0815 0.8431 18.6130 

C496A  Cyprus 
Mesaoria, 
Nicosia Agia Paraskevi Tomb I 

Ashmolean 
Museum Jewellery Pb Spiral ring MC 2.0800 0.8432 18.5830 

C496B  Cyprus 
Mesaoria, 
Nicosia Agia Paraskevi Tomb I 

Ashmolean 
Museum Jewellery Pb Spiral ring MC 2.0808 0.8431 18.5920 

LN92/88 Cyprus 
Mesaoria, 
East Enkomi unknown Zwicker? ingot Pb lead ingot LC 2.1305 0.8761 17.9981 

N1168 A  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Astrom Fragments Pb Net weight LC IIIA 2.1233 0.8742 17.8959 

N1170 A Cyprus 
South-
East 

Hala Sultan 
Tekke Site Astrom Fragments Pb Net weight LC IIIA 2.1245 0.8749 17.9268 

N1177 A Cyprus 
South-
East 

Hala Sultan 
Tekke Site Astrom Fragments Pb Net weight LC IIIA 2.0927 0.8542 18.3416 

N1185 A  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Astrom Fragments Pb Multiple Cross LC IIIA 2.0856 0.8477 18.5250 

N1210  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Astrom Fragments Pb Irregular piece LC IIIA 2.0604 0.8279 18.9977 

N1273 Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Net weight LC IIIA 2.1218 0.8742 17.9098 

N1273  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Net weight LC IIIA 2.1228 0.8751 17.9046 

N1276 Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Net weight LC IIIA 2.0692 0.8337 18.8255 

N1424  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Lump of lead LC IIIA 2.0581 0.8284 18.9550 

N1432 Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Lump of lead LC IIIA 2.0559 0.8273 18.9754 

N1461/4  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Strip LC IIIA 2.1260 0.8748 17.9132 
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N1461/5  Cyprus 
South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Piece of lead LC IIIA 2.1216 0.8728 17.9302 

N1480    
(1981.35)  Cyprus 

South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Piece of lead LC IIIA 2.0709 0.8373 18.7620 

N1483    
(1981.38)  Cyprus 

South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Lump of lead LC IIIA 2.0663 0.8345 18.7930 

N1487    
(1981.42)  Cyprus 

South-
East 

Hala Sultan 
Tekke Site Åstrom Fragments Pb Lump of lead LC IIIA 2.1383 0.8798 17.9440 

C466  Cyprus 
Mesaoria 
S-E Kalopsida Tomb 11 

Ashmolean 
Museum Jewellery Pb Spiral ring MC II-III 2.0834 0.8436 18.6150 

1972;AR 
II/3230  Cyprus 

South-
East Kition Temenos A, floor III Zwicker Fragments Pb Attachment+I338 LC IIIA 2.1224 0.8741 17.8920 

1975;AR 
II/4301  Cyprus 

South-
East Kition 

Temple 5, below Floor 
3A Zwicker Weight? Pb 

Oblong, pointed 
object LC IIC-IIIA 2.1311 0.8749 17.9410 

AR I/962  Cyprus 
South-
East Kition R.30F, Floor IIIA-IV Zwicker Fragments Pb Scrap LC IIC-IIIA 2.1299 0.8753 17.9620 

AR I/962/1  Cyprus 
South-
East Kition R.30F, Floor IIIA-IV Zwicker Fragments Pb Sheet LC IIC-IIIA 2.1222 0.8744 18.8970 

CY 88FA  Cyprus 
South-
East Kition Excavation Zwicker Fragments Pb Metal LC 2.0740 0.8382 18.7730 

CY 88FB  Cyprus 
South-
East Kition Excavation Zwicker Fragments Pb Metal LC 2.0725 0.8381 18.7490 

L-10 L316 
Dr.C.2;3(f)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0834 0.8442 18.6080 

L-11 L316 
Dr.C.2;3(g)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0859 0.8465 18.5500 

L-12 L320 
Dr.C.1;3  Cyprus 

Kyrenia, 
North Lapithos Tomb 320 Stockholm Jewellery Pb Lead ring MC II-III 2.0882 0.8472 18.5530 

L-13 L316 
Dr.C.2;3(a)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0823 0.8439 18.6050 

L-3  L316 
Dr.C.3;1(c)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0877 0.8463 18.9500 

L-4  Cyprus 
Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0852 0.8454 18.5860 

L-5 (L316 
Dr.C.3;1(e)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0888 0.8486 18.6070 

L-6  L316 
Dr.C.2;3(e)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0842 0.8461 18.5210 

L-7  L316 
Dr.C.2;3(b)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0833 0.8441 18.6150 

L-8  L316 
Dr.C.2;3(c)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0826 0.8437 18.6090 

L-9  L316 
Dr.C.2;3(d)  Cyprus 

Kyrenia, 
North Lapithos Tomb 316 Stockholm Jewellery Pb Lead ring MC II-III 2.0837 0.8438 18.6010 
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C486  Cyprus 
Kyrenia, 
North Laxia tou Riou Tomb I 

Ashmolean 
Museum Jewellery Pb Bracelet MC II-III 2.0803 0.8415 18.7160 

C487  Cyprus 
Kyrenia, 
North Laxia tou Riou Tomb I 

Ashmolean 
Museum Jewellery Pb Spiral ring MC II-III 2.0770 0.8425 18.5980 

1980;26  Cyprus 
South-
West 

Maa-
Palaeokastro Unknown Karageorghis Fragments Pb lead fragment LC IIC 2.1251 0.8748 17.9060 

1982;111  Cyprus 
South-
West 

Maa-
Palaeokastro Unknown Karageorghis Fragments Pb lead fragment LC IIC 2.0961 0.8509 18.4580 

Maa 
1983;222, 
LN583/83  Cyprus 

South-
West 

Maa-
Palaeokastro 

sq.228 in pitB, 
mudbrick Karageorghis Metal Pb 

Fragments of Pb 
with bones LC 2.0712 0.8372 18.7590 

Maa 
1984;249, 
LN206/84  Cyprus 

South-
West 

Maa-
Palaeokastro sqth27, depth 373 Karageorghis Metal Pb 

Fragment, 
molten LC 2.1238 0.8730 18.8050 

Maa 
1984;272, 
LN293/84  Cyprus 

South-
West 

Maa-
Palaeokastro 

sq 224, room 
61,d.400,floor II Karageorghis Metal Pb 

Fragment, 
molten sheet LC 2.1203 0.8714 17.9790 

1982;131  Cyprus 
South-
East 

Pyla 
Kokkinokremos Site Karageorghis Fragments Pb Scrap LC IIC 2.1276 0.8753 17.9450 

1982;34  Cyprus 
South-
East 

Pyla 
Kokkinokremos Site Karageorghis Weight Pb 

Cylinder, 
inscribed LC IIC 2.1200 0.8731 17.9010 

 

 

Silver objects found on Cyprus – Oxalid, 2018. 
 
Museum or 
excavation 
No. Country Region Site Find spot Courtesy of Type 

Principal 
metal Description Chronology  208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 

1982;112a  Cyprus South-East 
Pyla 
Kokkinokremos 

South of 
Complex C Karageorghis Vessel Ag 

Bowl, 
hemispherical LC IIC 2.06286 0.83402 18.72 

1982;112b  Cyprus South-East 
Pyla 
Kokkinokremos 

South of 
Complex C Karageorghis Vessel Ag 

Bowl, 
hemispherical LC IIC 2.06033 0.82988 18.875 

1982;113a  Cyprus South-East 
Pyla 
Kokkinokremos 

South of 
Complex C Karageorghis Ingot Ag 

Small silver 
bar LC IIC 2.0662 0.83277 18.831 

1982;114a  Cyprus South-East 
Pyla 
Kokkinokremos 

South of 
Complex C Karageorghis Ingot Ag 

Small silver 
bar LC IIC 2.0655 0.83358 18.784 
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Data Table 10: Ores from Laurion on the Attic peninsula, Greece – Oxalid, 2018. 
 

Location 
Sample 
Number Region Mine Collected by Type  Mineral 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

Lavrion AGR A Attica 

Agrileza, 
Waste 
heap near 
the gate NHG&ZSG Pb/Fe Galena in limonite 2.0675 0.8347 18.8070 15.6984 38.8838 

Lavrion AGR D/1207 Attica 

Agrileza, 
Waste 
heap near 
the gate NHG&ZSG Pb/Fe Galena in limonite 2.0671 0.8347 18.7980 15.6898 38.8568 

Lavrion AGRL C Attica 

Agrileza, 
Waste 
heap near 
the gate NHG&ZSG Pb/Fe Galena in limonite 2.0666 0.8341 18.8358 15.7101 38.9260 

Lavrion 388 Attica Esperance S. Papastavrou Pb Galena 2.0611 0.8321 18.8330 15.6709 38.8167 
Lavrion 389 Attica Esperance S. Papastavrou Pb Galena 2.0600 0.8315 18.8460 15.6703 38.8228 
Lavrion 390 Attica Esperance S. Papastavrou Pb Galena 2.0606 0.8313 18.8510 15.6705 38.8444 
Lavrion 396 Attica Kamaresa V. Avdis Pb Galena 2.0593 0.8322 18.8220 15.6633 38.7601 
Lavrion 397 Attica Kamaresa V. Avdis Pb Galena 2.0594 0.8317 18.8420 15.6699 38.8032 
Lavrion 398 Attica Kamaresa V. Avdis Pb Galena 2.0580 0.8317 18.8750 15.6983 38.8448 
Lavrion 399 Attica Kamaresa V. Avdis Pb Galena 2.0579 0.8308 18.8640 15.6728 38.8202 
Lavrion 22287 Attica Kamaresa S. Papastavrou Pb Galena 2.0571 0.8322 18.8730 15.7054 38.8242 
Lavrion 22386 Attica Kamaresa S. Papastavrou Pb Galena 2.0578 0.8321 18.8240 15.6631 38.7353 
Lavrion 22287 L 287 Attica Kamaresa S. Papastavrou Pb Galena 2.0605 0.8326 18.8400 15.6860 38.8194 

Lavrion 
22354 KAM 
354 Attica Kamaresa S. Papastavrou Pb Galena 2.0597 0.8314 18.8680 15.6870 38.8624 

Lavrion 22362A/86 Attica Kamaresa S. Papastavrou Pb Galena 2.0588 0.8316 18.8180 15.6492 38.7431 
Lavrion 22386 L 386 Attica Kamaresa S. Papastavrou Pb Galena 2.0598 0.8324 18.8470 15.6884 38.8214 
Lavrion AZ1 published Attica Kamaresa NHG&ZSG Cu Azurite 2.0585 0.8319 18.8220 15.6582 38.7451 
Lavrion AZ2 published Attica Kamaresa NHG&ZSG Cu Azurite 2.0550 0.8318 18.7760 15.6184 38.5845 
Lavrion K 202 Attica Kamaresa NHG&ZSG Cu Azurite&Malachite 2.0585 0.8313 18.8680 15.6840 38.8388 
Lavrion K 204 Attica Kamaresa NHG&ZSG Cu Malachite 2.0551 0.8306 18.8939 15.6933 38.8292 
Lavrion K 206 Attica Kamaresa NHG&ZSG Cu mal/az 2.0659 0.8342 18.8399 15.7167 38.9205 
Lavrion K 207 Attica Kamaresa NHG&ZSG Cu Azurite 2.0595 0.8323 18.8460 15.6857 38.8128 
Lavrion K 208 Attica Kamaresa NHG&ZSG Cu Azurite&Malachite 2.0579 0.8313 18.9430 15.7473 38.9828 
Lavrion K 50 Attica Kamaresa NHG&ZSG Cu mal/az 2.0609 0.8320 18.8761 15.7046 38.9021 
Lavrion K11  (L2) Attica Kamaresa NHG&ZSG Cu mal/az 2.0592 0.8323 18.8470 15.6858 38.8096 
Lavrion K16 published Attica Kamaresa NHG&ZSG Cu Malachite 2.0612 0.8319 18.8680 15.6970 38.8915 

Lavrion 
K17/83 
published Attica Kamaresa NHG&ZSG Cu Malachite 2.0644 0.8345 18.8600 15.7377 38.9336 

Lavrion K18/87 Attica Kamaresa NHG&ZSG Cu Mal, Az 2.0567 0.8321 18.7910 15.6360 38.6476 
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Lavrion K19 Attica Kamaresa NHG&ZSG Cu Mal, Az 2.0589 0.8320 18.8210 15.6583 38.7507 
Lavrion K20 Attica Kamaresa NHG&ZSG Cu Mal, Az 2.0598 0.8321 18.7910 15.6360 38.7053 
Lavrion kam G Attica Kamaresa NHG&ZSG Cu mal/az 2.0601 0.8327 18.8462 15.6923 38.8248 
Lavrion KK 101 Attica Kamaresa NHG&ZSG Cu mal/az 2.0580 0.8311 18.9030 15.7105 38.9025 
Lavrion KK 101 Attica Kamaresa NHG&ZSG Cu mal/az 2.0683 0.8350 18.8272 15.7212 38.9409 
Lavrion KK 102 Attica Kamaresa NHG&ZSG Cu mal/az 2.0599 0.8324 18.8422 15.6845 38.8124 
Lavrion KK 103a Attica Kamaresa NHG&ZSG Cu mal/az 2.0610 0.8320 18.8751 15.7042 38.9011 
Lavrion KK 103b Attica Kamaresa NHG&ZSG Cu mal/az 2.0606 0.8316 18.8952 15.7133 38.9361 
Lavrion KK1 Attica Kamaresa NHG&ZSG Pb Galena 2.0585 0.8322 18.8240 15.6661 38.7485 
Lavrion KK10/C Attica Kamaresa NHG&ZSG Pb Cerussite 2.0554 0.8304 18.8450 15.6493 38.7334 

Lavrion 
KK10/G/83 
publishedished Attica Kamaresa NHG&ZSG Pb Galena 2.0530 0.8296 18.8390 15.6286 38.6767 

Lavrion KK10/G/90 Attica Kamaresa NHG&ZSG Pb Galena 2.0552 0.8304 18.8870 15.6834 38.8168 
Lavrion KK2  published Attica Kamaresa NHG&ZSG Pb Galena 2.0562 0.8312 18.8470 15.6656 38.7524 

Lavrion 
KK2/C 
published Attica Kamaresa NHG&ZSG Cu Cerussite 2.0579 0.8310 18.8680 15.6799 38.8283 

Lavrion KK8 published Attica Kamaresa NHG&ZSG Pb Cerussite 2.0622 0.8318 18.8880 15.7105 38.9506 
Lavrion KK9 published Attica Kamaresa NHG&ZSG Pb Cerussite 2.0563 0.8308 18.8380 15.6500 38.7358 
Lavrion L1 published Attica Kamaresa NHG&ZSG Cu Mal, Az 2.0585 0.8319 18.8220 15.6582 38.7451 
Lavrion L2 published Attica Kamaresa NHG&ZSG Cu Mal, Az 2.0550 0.8318 18.7760 15.6184 38.5845 

Lavrion L4 published Attica Kamaresa NHG&ZSG Ni? 
Ni Arsenite? 
(Cabrerite) 2.0602 0.8313 18.8750 15.6915 38.8863 

Lavrion K 1 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Mal/az 2.0609 0.8331 18.8210 15.6788 38.7873 

Lavrion K 100 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu mal/az 2.0615 0.8330 18.8375 15.6919 38.8327 

Lavrion K 101 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Azurite 2.0586 0.8315 18.8718 15.6919 38.8485 

Lavrion K 104 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Mal/az 2.0611 0.8320 18.8750 15.7032 38.9040 

Lavrion K 105 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Mal/az 2.0579 0.8307 18.8890 15.6916 38.8715 

Lavrion K 13 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Powdered azurite 2.0609 0.8314 18.9084 15.7206 38.9683 

Lavrion K 14 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Powdered azurite 2.0566 0.8304 18.9560 15.7411 38.9851 
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Lavrion K 15 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu mal/az 2.0541 0.8297 18.9400 15.7138 38.9047 

Lavrion K 201 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Chalcanthite 2.0660 0.8327 18.8480 15.6955 38.9398 

Lavrion K 5 Attica 

Kamareza, 
130m 
deep NHG&ZSG Cu Powdered azurite 2.0606 0.8323 18.8493 15.6888 38.8414 

Lavrion KAM 100 Attica 

Kamareza, 
130m 
deep NHG&ZSG Pb Galena 2.0630 0.8320 18.9000 15.7239 38.9898 

Lavrion KAM 101 Attica 

Kamareza, 
130m 
deep NHG&ZSG Pb Galena 2.0611 0.8316 18.8870 15.7059 38.9282 

Lavrion KAM 102 Attica 

Kamareza, 
130m 
deep NHG&ZSG Pb Galena 2.0600 0.8314 18.8720 15.6904 38.8758 

Lavrion K 200 Attica 

Kamareza, 
130m 
Deep, 
Christiania NHG&ZSG Cu Azurite 2.0588 0.8315 18.8640 15.6856 38.8378 

Lavrion 
D1/75 
published Attica 

Kamareza, 
Lower 
marble Dayton Pb Galena 2.0586 0.8321 18.8510 15.6867 38.8061 

Lavrion D1/91 Attica 

Kamareza, 
lower 
marble Dayton Pb Galena 2.0593 0.8315 18.8980 15.7135 38.9159 

Lavrion TG60A-1 /90 Attica 
Kamareza, 
Quarry 6 NHG/Gentner/Wagner Pb Galena 2.0587 0.8313 18.8650 15.6819 38.8368 

Lavrion 
TG60A-3/78 
published Attica 

Kamareza, 
Quarry 6 NHG/Gentner/Wagner Pb Galena& Cerussite 2.0555 0.8313 18.9150 15.7233 38.8802 

Lavrion TG60A-3/87 Attica 
Kamareza, 
Quarry 6 NHG/Gentner/Wagner Pb Galena/Cerussite?? 2.0583 0.8316 18.8300 15.6592 38.7568 

Lavrion TG60A-2 /90 Attica 
Kamareza, 
Quarry 7 NHG/Gentner/Wagner Pb Cerussite 2.0587 0.8310 18.8950 15.7025 38.8993 

Lavrion TG60A-3/90 Attica 
Kamareza, 
Quarry 8 NHG/Gentner/Wagner Pb Galena/Cerussite?? 2.0621 0.8320 18.9060 15.7294 38.9853 

Lavrion 22221 Attica 
Megala 
Pevka S. Papastavrou Pb Galena 2.0582 0.8320 18.8080 15.6484 38.7110 

Lavrion 22221 MP 221 Attica 
Megala 
Pevka S. Papastavrou Pb Galena 2.0604 0.8322 18.8540 15.6907 38.8468 

Lavrion 22246 Attica 
not 
known S. Papastavrou Pb galena 2.0596 0.8318 18.8512 15.6798 38.8259 
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Lavrion 22262 Attica 
not 
known S. Papastavrou Pb galena 2.0620 0.8321 18.8779 15.7075 38.9267 

Lavrion 22269 Attica 
not 
known S. Papastavrou Pb Galena 2.0569 0.8314 18.8270 15.6518 38.7253 

Lavrion 22277 Attica 
not 
known S. Papastavrou Pb Galena 2.0580 0.8315 18.8230 15.6515 38.7383 

Lavrion 22283 Attica 
not 
known S. Papastavrou Pb Galena 2.0577 0.8315 18.8410 15.6657 38.7687 

Lavrion 22295 Attica 
not 
known S. Papastavrou Pb Galena 2.0581 0.8319 18.8170 15.6533 38.7263 

Lavrion 22309 Attica 
not 
known S. Papastavrou Pb Galena 2.0572 0.8314 18.8320 15.6569 38.7412 

Lavrion 22317 Attica 
not 
known S. Papastavrou Pb Galena 2.0579 0.8318 18.8180 15.6536 38.7246 

Lavrion 22339 Attica 
not 
known S. Papastavrou Pb galena 2.0604 0.8317 18.8674 15.6924 38.8739 

Lavrion 22344 Attica 
not 
known S. Papastavrou Pb Galena 2.0563 0.8311 18.8320 15.6505 38.7250 

Lavrion 22355 Attica 
not 
known S. Papastavrou Pb Galena 2.0580 0.8328 18.7850 15.6438 38.6593 

Lavrion 22377 Attica 
not 
known S. Papastavrou Pb Galena 2.0553 0.8309 18.8400 15.6534 38.7211 

Lavrion 22388 Attica 
not 
known S. Papastavrou Pb Galena 2.0579 0.8320 18.8180 15.6564 38.7246 

Lavrion 22386B Attica 
not 
known S. Papastavrou Pb Galena 2.0566 0.8317 18.8380 15.6679 38.7426 

Lavrion 383 Attica Plaka V. Avdis Pb Galena 2.0600 0.8313 18.8660 15.6827 38.8640 
Lavrion 384 Attica Plaka V. Avdis Pb Galena 2.0604 0.8314 18.8310 15.6567 38.7994 
Lavrion 22251 Attica Plaka S. Papastavrou Pb Galena 2.0575 0.8318 18.8460 15.6755 38.7753 
Lavrion 22257 Attica Plaka S. Papastavrou Pb Galena 2.0579 0.8315 18.8230 15.6509 38.7349 
Lavrion 22345 Attica Plaka S. Papastavrou Pb Galena 2.0582 0.8317 18.8190 15.6510 38.7325 
Lavrion 22365 Attica Plaka S. Papastavrou Pb Galena 2.0580 0.8314 18.8350 15.6598 38.7626 
Lavrion 22235 PL 235 Attica Plaka S. Papastavrou Pb Galena 2.0592 0.8314 18.8630 15.6819 38.8421 
Lavrion 22251 PL 251 Attica Plaka S. Papastavrou Pb Galena 2.0607 0.8321 18.8430 15.6794 38.8298 
Lavrion 22252/86 Attica Plaka S. Papastavrou Pb Galena 2.0566 0.8310 18.8340 15.6511 38.7338 
Lavrion 22252/91 Attica Plaka S. Papastavrou Pb Galena 2.0606 0.8316 18.9230 15.7369 38.9925 

Lavrion 
22252a PL 
252A Attica Plaka S. Papastavrou Pb Galena 2.0603 0.8320 18.8480 15.6813 38.8320 

Lavrion 22252b L 252B Attica Plaka S. Papastavrou Pb Galena 2.0606 0.8316 18.8740 15.6956 38.8914 
Lavrion 22345 PL 345 Attica Plaka S. Papastavrou Pb Galena 2.0607 0.8327 18.8500 15.6968 38.8448 
Lavrion 22352 PL 352 Attica Plaka S. Papastavrou Pb Galena 2.0582 0.8309 18.8840 15.6911 38.8678 
Lavrion Filon 80 Attica Plaka S. Papastavrou Pb galena 2.0603 0.8314 18.9159 15.7267 38.9730 
Lavrion LAV 100 Attica Plaka NHG&ZSG Cu mal/az 2.0622 0.8325 18.8649 15.7058 38.9040 
Lavrion Lav 85 Attica Plaka NHG&ZSG Pb Galena 2.0581 0.8310 18.8572 15.6707 38.8092 
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Lavrion PL 10 Attica Plaka NHG&ZSG Pb Galena 2.0624 0.8325 18.8580 15.7000 38.8927 
Lavrion PL 11 Attica Plaka NHG&ZSG Pb Galena 2.0594 0.8311 18.8850 15.6951 38.8912 
Lavrion PL 12 Attica Plaka NHG&ZSG Pb Galena 2.0607 0.8322 18.8490 15.6858 38.8425 
Lavrion PL 16 Attica Plaka NHG&ZSG Cu mal/az 2.0656 0.8326 18.9121 15.7468 39.0656 
Lavrion PL 6 Attica Plaka NHG&ZSG Pb Galena 2.0605 0.8321 18.8510 15.6850 38.8427 
Lavrion PL 7 Attica Plaka NHG&ZSG Pb Galena 2.0585 0.8309 18.8800 15.6866 38.8637 
Lavrion PL 8 Attica Plaka NHG&ZSG Pb Galena 2.0610 0.8321 18.8580 15.6917 38.8671 
Lavrion PL 9 Attica Plaka NHG&ZSG Pb Galena 2.0609 0.8321 18.8480 15.6836 38.8437 
Lavrion PL1/81 Attica Plaka NHG&ZSG Pb Galena 2.0614 0.8302 18.8260 15.6284 38.8079 
Lavrion PL1/90 Attica Plaka NHG&ZSG Pb Galena 2.0612 0.8314 18.9060 15.7183 38.9689 
Lavrion PL2 Attica Plaka NHG&ZSG Pb Galena 2.0618 0.8317 18.8860 15.7069 38.9399 
Lavrion PL3 Attica Plaka NHG&ZSG Pb Galena 2.0634 0.8321 18.9010 15.7270 38.9999 
Lavrion 385 Attica Plaka 33 V. Avdis Pb Galena 2.0605 0.8318 18.8310 15.6627 38.8013 
Lavrion 386 Attica Plaka 33 V. Avdis Pb Galena 2.0602 0.8320 18.8200 15.6575 38.7730 
Lavrion 387 Attica Plaka 33 V. Avdis Pb Galena 2.0637 0.8320 18.8320 15.6684 38.8636 
Lavrion 391 Attica Plaka 80 V. Avdis Pb Galena 2.0596 0.8312 18.8570 15.6739 38.8379 
Lavrion 392 Attica Plaka 80 V. Avdis Pb Galena 2.0591 0.8304 18.8740 15.6737 38.8635 
Lavrion 393 Attica Plaka 80 V. Avdis Pb Galena 2.0598 0.8310 18.8770 15.6864 38.8828 
Lavrion 394 Attica Plaka 80 V. Avdis Pb Galena 2.0614 0.8320 18.8490 15.6831 38.8553 

Lavrion PL 16 Attica 
Plaka 
Christiana NHG&ZSG Pb Galena 2.0601 0.8317 18.8560 15.6829 38.8443 

Lavrion PL 17 Attica 
Plaka 
Christiana NHG&ZSG Pb Galena 2.0600 0.8314 18.8560 15.6774 38.8439 

Lavrion PL 13 Attica 
Plaka 
Filon 80 NHG&ZSG Pb Galena 2.0559 0.8304 18.8840 15.6813 38.8236 

Lavrion PL 14 Attica 
Plaka 
Filon 80 NHG&ZSG Pb Galena 2.0585 0.8313 18.8680 15.6840 38.8402 

Lavrion PL 15 Attica 
Plaka 
Filon 80 NHG&ZSG Pb Galena 2.0561 0.8307 18.8820 15.6860 38.8233 

Lavrion PL F85 Attica 
Plaka 
Filon 85 NHG&ZSG Pb Galena 2.0575 0.8308 18.8780 15.6840 38.8415 

Lavrion 
A6/78 
published Attica 

Plaka N., 
in 
limestone NHG&ZSG Pb Galena 2.0638 0.8327 18.8460 15.6933 38.8934 

Lavrion 
A5/78 
published Attica 

Plaka N., 
Upper 
marble NHG&ZSG Pb Galena 2.0629 0.8320 18.8860 15.7137 38.9594 

Lavrion A5/91 Attica 

Plaka N., 
Upper 
marble NHG&ZSG Pb Galena 2.0615 0.8312 18.8970 15.7076 38.9562 

Lavrion 
C3/78 
published Attica 

Plaka S. in 
mica 
schist NHG&ZSG Pb Galena 2.0590 0.8304 18.9110 15.7043 38.9381 



545 
 

Lavrion C3/91 Attica 

Plaka S. in 
mica 
schist NHG&ZSG Pb Galena 2.0611 0.8307 18.9550 15.7463 39.0683 

Lavrion 395 Attica 

Plaka, 
Filon 
Sklives V. Avdis Pb Galena 2.0614 0.8320 18.8490 15.6831 38.8553 

Lavrion 
B2/78 
published Attica 

Plaka, in 
calcareous 
schist Dayton Pb Galena 2.0568 0.8312 18.8820 15.6942 38.8357 

Lavrion B5 published Attica 

Plaka, 
upper 
marble Dayton Pb Galena 2.0595 0.8313 18.8570 15.6753 38.8362 

Lavrion S12 published Attica Sounion NHG&ZSG Pb Galena 2.0611 0.8307 18.9100 15.7080 38.9754 
Lavrion SO1 published Attica Souresa NHG&ZSG Pb Galena 2.0555 0.8304 18.8850 15.6817 38.8177 

Lavrion SOU 1 Attica 

Soureza, 
ancient 
waste 
heaps NHG&ZSG Pb/Fe Galena in limonite 2.0656 0.8333 18.8767 15.7307 38.9915 

Lavrion SOU 5a Attica 

Soureza, 
ancient 
waste 
heaps NHG&ZSG Pb/Fe Galena in limonite 2.0661 0.8335 18.8573 15.7178 38.9614 

Lavrion SOU 7a Attica 

Soureza, 
ancient 
waste 
heaps NHG&ZSG Pb/Fe Galena in limonite 2.0636 0.8326 18.8890 15.7264 38.9788 

Lavrion SOUL 7a Attica 

Soureza, 
ancient 
waste 
heaps NHG&ZSG Pb/Fe Galena in limonite 2.0611 0.8320 18.8681 15.6989 38.8889 

Lavrion 22374 ZA 374 Attica Zastena S. Papastavrou Pb Galena 2.0648 0.8323 18.9020 15.7323 39.0286 
Lavrion 22374 Attica Zastena S. Papastavrou Pb Galena 2.0638 0.8322 18.8440 15.6812 38.8893 
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Data Table 11: Ores from the Taurus mountains, Turkey - Thomspon and Skaggs, 2013; Oxalid, 2018. 
 

TYPE 
Sample 
Number Country Region/Deposit Collected by Type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

Taurus AOB152 Turkey Taurus 1A 
Yener et al., 
1991 Galena 2.0594 0.8271 19.0000 15.7153 39.1286 

Taurus AON078 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0558 0.8262 19.0110 15.7059 39.0824 

Taurus AON103 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0584 0.8266 19.0180 15.7199 39.1459 

Taurus AON106 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0550 0.8253 18.9680 15.6533 38.9783 

Taurus AON109 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0576 0.8261 18.9510 15.6545 38.9940 

Taurus AON119 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0549 0.8256 19.0000 15.6868 39.0425 

Taurus AON125 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0582 0.8273 18.9880 15.7086 39.0811 

Taurus AON129 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0563 0.8262 18.9390 15.6480 38.9433 

Taurus AON134 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0611 0.8272 18.9850 15.7050 39.1290 

Taurus AON135 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0565 0.8259 19.0230 15.7117 39.1198 

Taurus AON137 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0538 0.8247 19.0190 15.6852 39.0612 

Taurus AON141 Turkey Taurus 1A 
Yener et al., 
1991 Other minerals 2.0567 0.8269 18.9870 15.7011 39.0513 

Taurus AON116 Turkey Taurus 1B 
Yener et al., 
1991 Galena 2.0718 0.8334 18.8190 15.6841 38.9890 

Taurus AON159 Turkey Taurus 1B 
Yener et al., 
1991 Other minerals 2.0736 0.8350 18.7880 15.6872 38.9595 

Taurus AON399 Turkey Taurus 1B 
Yener et al., 
1991 Other minerals 2.0722 0.8344 18.7910 15.6783 38.9395 

Taurus AON463 Turkey Taurus 1B 
Yener et al., 
1991 Other minerals 2.0724 0.8355 18.7750 15.6859 38.9097 

Taurus AON466 Turkey Taurus 1B 
Yener et al., 
1991 Other minerals 2.0726 0.8345 18.7780 15.6702 38.9193 

Taurus AON157 Turkey Taurus 2A 
Yener et al., 
1991 Other minerals 2.0776 0.8407 18.7150 15.7330 38.8821 

Taurus AON455 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0830 0.8407 18.6950 15.7174 38.9408 

Taurus AON456 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0757 0.8400 18.6740 15.6860 38.7614 
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Taurus AON461 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0835 0.8429 18.6370 15.7082 38.8294 

Taurus Cevrim B1 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0824 0.8406 18.7290 15.7430 39.0011 

Taurus Cevrim B7 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0758 0.8400 18.7850 15.7800 38.9930 

Taurus Cevrim B12 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0805 0.8406 18.6830 15.7049 38.8690 

Taurus Cevrim B14 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0788 0.8407 18.7050 15.7249 38.8840 

Taurus Cevrim B16 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0791 0.8404 18.7040 15.7181 38.8880 

Taurus Cevrim B17 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0848 0.8414 18.7200 15.7501 39.0271 

Taurus Cevrim B18 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0851 0.8420 18.6950 15.7410 38.9809 

Taurus Cevrim B26 Turkey Taurus 2A 
Yener et al., 
1991 Galena 2.0844 0.8415 18.7420 15.7720 39.0660 

Taurus AON419 Turkey Taurus 2B 
Yener et al., 
1991 Other minerals 2.0602 0.8293 18.9560 15.7206 39.0530 

Taurus AON442 Turkey Taurus 2B 
Yener et al., 
1991 Galena 2.0620 0.8310 18.9310 15.7317 39.0350 

Taurus Cevrim B22 Turkey Taurus 2B 
Yener et al., 
1991 Galena 2.0641 0.8323 18.9080 15.7369 39.0271 

Taurus Cevrim B24 Turkey Taurus 2B 
Yener et al., 
1991 Galena 2.0601 0.8310 18.9980 15.7870 39.1380 

Taurus Cevrim B30 Turkey Taurus 2B 
Yener et al., 
1991 Galena 2.0637 0.8313 18.9560 15.7579 39.1201 

Taurus AON1001 Turkey Taurus, E_tepe 
Yener et al., 
1991 Galena 2.0844 0.8363 18.8070 15.7274 39.2007 

Taurus AON411 Turkey Taurus, E_tepe 
Yener et al., 
1991 Galena 2.0821 0.8366 18.8080 15.7348 39.1599 

Taurus TG 237-E3 Turkey Taurus 2B 
Wagner et al., 
1992 Lead Ore 2.0600 0.8291 18.9250 15.6908 38.9856 

Taurus 5 Turkey Taurus 2A 
Hirao et al., 
1995 Galena 2.0816 0.8407 18.6850 15.7081 38.8939 

Taurus 9 Turkey Taurus 1A 
Hirao et al., 
1995 Galena/Sphalerite 2.0570 0.8269 18.9790 15.6937 39.0397 

Taurus 15 Turkey Taurus 1B 
Hirao et al., 
1995 Galena/Sphalerite 2.0727 0.8351 18.8040 15.7033 38.9752 

Taurus 17 Turkey Taurus 1B 
Hirao et al., 
1995 Galena/Sphalerite 2.0724 0.8348 18.8110 15.7035 38.9842 

Taurus 21 Turkey Taurus 1B 
Hirao et al., 
1995 Galena 2.0745 0.8366 19.1280 16.0023 39.6806 
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Taurus 23 Turkey Taurus 1B 
Hirao et al., 
1995 Galena 2.0721 0.8361 18.7900 15.7103 38.9346 

Taurus 11 Turkey Taurus 2A 
Hirao et al., 
1995 Smithsonite/Galena 2.0786 0.8399 18.7130 15.7167 38.8960 

Taurus 16 Turkey Taurus 2A 
Hirao et al., 
1995 Galena 2.0781 0.8398 18.6850 15.6913 38.8285 

Taurus 18 Turkey Taurus 2A 
Hirao et al., 
1995 Galena 2.0789 0.8400 18.6780 15.6892 38.8289 

Taurus 24 Turkey Taurus 2A 
Hirao et al., 
1995 Galena 2.0755 0.8383 18.7300 15.7014 38.8743 

Taurus 25 Turkey Taurus 2A 
Hirao et al., 
1995 Galena 2.0789 0.8404 18.6810 15.6996 38.8362 

Taurus 19 Turkey Taurus 2B 
Hirao et al., 
1995 Galena 2.0623 0.8307 18.9500 15.7419 39.0809 

Taurus 22 Turkey Taurus 2B 
Hirao et al., 
1995 Galena 2.0589 0.8284 18.9720 15.7162 39.0609 

Taurus AON243 Turkey Taurus 1B 
Sayre et al., 
2001 Galena 2.0746 0.8342 18.8250 15.7041 39.0550 

Taurus AON250 Turkey Taurus 1B 
Sayre et al., 
2001 Galena 2.0728 0.8337 18.7690 15.6475 38.9039 

Taurus AON256 Turkey Taurus 1B 
Sayre et al., 
2001 Galena 2.0742 0.8338 18.7650 15.6465 38.9229 

Taurus AON377 Turkey Taurus 1B 
Sayre et al., 
2001 Galena/Sphalerite 2.0730 0.8360 18.8220 15.7350 39.0175 

Taurus AON126 Turkey Taurus 2B 
Sayre et al., 
2001 Galena/Sphalerite 2.0618 0.8290 18.9210 15.6859 39.0123 

Taurus AON130 Turkey Taurus 2B 
Sayre et al., 
2001 Galena/Sphalerite 2.0620 0.8291 18.9250 15.6908 39.0235 

Taurus AON378 Turkey Taurus 2B 
Sayre et al., 
2001 Galena/Sphalerite 2.0633 0.8308 18.9360 15.7319 39.0703 

Taurus AON379 Turkey Taurus 2B 
Sayre et al., 
2001 Galena/Stannite 2.0634 0.8294 18.9360 15.7054 39.0721 

Taurus AON380 Turkey Taurus 2B 
Sayre et al., 
2001 Galena/Sphalerite 2.0610 0.8291 18.9180 15.6848 38.9898 
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Data Table 12: Ores from Sardinia - collated by Thompson and Skaggs, 2013.  Pb crustal age calculated from two-stage evolution model using parameters 
from Desaulty et al., 2011. 
 
Location Investigator Sample No.  Region/Deposit Mineral type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) 

Sardinia Swainbank et al., 1982 1a 
Masua Mine, 
SW Sardinia Galena Pb-Zn 2.1284 0.8742 17.8800 15.6307 38.0558 610 

Sardinia  1b 
Masua Mine, 
SW Sardinia 

Galena Pb-Zn-
Ag 2.1155 0.8725 17.8820 15.6020 37.8294 579 

Sardinia  2 

Campu Spina, 
Masua region, 
SW Sardinia Galena 2.1176 0.8744 17.8920 15.6448 37.8881 617 

Sardinia  3a 

Montevecchio 
Mine, SW 
Sardinia Galena Pb-Zn 2.1127 0.8621 18.1620 15.6575 38.3709 446 

Sardinia  3b 

Montevecchio 
Mine, SW 
Sardinia 
(Casargius 
<<Filone>>) Galena  2.1103 0.8625 18.1540 15.6578 38.3104 452 

Sardinia  4 

Funtana 
Raminosa, SE 
Sardinia 

Galena 
massive 
sulphide Cu-
Pb-Zn orebody 2.1025 0.8585 18.2400 15.6590 38.3496 394 

Sardinia  5 

Silius, SE 
Sardinia 
(<<cantiere>> 
Gennas Tres 
Montis) 

Galena Ba-Pb-
F 2.1103 0.8582 18.3100 15.7136 38.6396 405 

Sardinia  6 
Lula, N. 
Sardinia 

Galena Pb-Zn 
vein 2.1159 0.8509 18.4190 15.6727 38.9728 285 

Sardinia 
Boni and Koeppel, 
1985 1 Nanni Frau O. Galena 2.1119 0.8654 18.0670 15.6352 38.1557 487 

Sardinia 
Iglesiente-Sulcis Area 
(SW Sardinia) 2 Su Sollu O. Galena 2.1245 0.8744 17.8970 15.6491 38.0222 618 

Sardinia  3 Bau Mannu O. Galena 2.1186 0.8698 17.9950 15.6521 38.1242 554 

Sardinia  4 
Terra Niedda 
O. Galena 2.1119 0.8656 18.0760 15.6466 38.1747 493 

Sardinia  5 
Terra Niedda 
O. Galena 2.1145 0.8668 18.0480 15.6440 38.1625 510 

Sardinia  6 Gutturu Pala C. Galena 2.1223 0.8739 17.8960 15.6393 37.9807 608 

Sardinia  7 
Candiazzus Sa 
Niva C. Galena 2.1233 0.8751 17.8370 15.6092 37.8733 617 

Sardinia  7  Galena 2.1253 0.8756 17.8280 15.6102 37.8898 624 
Sardinia  Mean  Galena 2.1243 0.8753 17.8330 15.6092 37.8826 620 
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Sardinia  7  Galena 2.1222 0.8742 17.8580 15.6115 37.8982 605 
Sardinia  7  Galena 2.1237 0.8750 17.8520 15.6205 37.9123 619 
Sardinia  Mean   Galena 2.1229 0.8749 17.8550 15.6213 37.9044 618 

Sardinia  8 
Canali Bingias 
C. Galena 2.1236 0.8740 17.8980 15.6429 38.0082 611 

Sardinia  9 M. Serrau C. Galena 2.1242 0.8654 17.9090 15.4984 38.0423 448 
Sardinia  10 Arenas O. Galena 2.1129 0.8654 18.0910 15.6560 38.2245 493 

Sardinia  11 

Serra de 
Baudeddu (P-T) 
(?) Galena 2.1185 0.8695 18.0130 15.6623 38.1605 553 

Sardinia  12 Scalittas C. Galena 2.1193 0.8715 17.9430 15.6373 38.0266 574 

Sardinia  13 
Pira-Roma-S. 
Luigi C. Galena 2.1234 0.8747 17.8690 15.6300 37.9430 617 

Sardinia  14 
Pira Roma-S 
Luigi C. Galena 2.1227 0.8739 17.8880 15.6323 37.9709 607 

Sardinia  14 
Pira Roma-S 
Luigi C. Galena 2.1218 0.8738 17.8870 15.6297 37.9526 604 

Sardinia  Mean   Galena 2.1223 0.8738 17.8870 15.6297 37.9616 604 
Sardinia  15 Canalgrande C. Galena 2.1232 0.8761 17.8170 15.6095 37.8291 631 
Sardinia  15  Galena 2.1246 0.8767 17.8050 15.6096 37.8285 640 
Sardinia  15  Galena 2.1220 0.8758 17.8150 15.6024 37.8034 625 
Sardinia  Mean  Galena 2.1233 0.8762 17.8120 15.6069 37.8202 632 
Sardinia  16 Masua Marx C. Galena 2.1250 0.8748 17.8780 15.6397 37.9908 621 
Sardinia  17 Masua Marx C. Galena 2.1232 0.8745 17.8740 15.6308 37.9501 614 

Sardinia  18 
Malacalzetta P-
T vein-type Galena 2.1141 0.8668 18.0410 15.6379 38.1405 508 

Sardinia  19 
Malacalzetta P-
T vein-type Galena 2.1144 0.8668 18.0450 15.6414 38.1543 509 

Sardinia  20 
Malacalzetta P-
T vein type Galena 2.1140 0.8666 18.0550 15.6465 38.1683 507 

Sardinia  21 
S'Ega S'Acqua 
C. Galena 2.1243 0.8743 17.9090 15.6578 38.0441 619 

Sardinia  22 S. Benedetto C. Galena 2.1224 0.8737 17.9050 15.6436 38.0016 607 
Sardinia  23 M. Bega C. Galena 2.1234 0.8742 17.9010 15.6491 38.0110 615 

Sardinia  24 

S. Giovanni 
Cont. Carolina 
C. Galena 2.1240 0.8743 17.9000 15.6500 38.0196 617 

Sardinia  25 
S. Giovanni 
Ricchi Ag P-T Galena 2.1150 0.8673 18.0370 15.6435 38.1483 517 

Sardinia  26 
S. Giovanni 
Idina C. Galena 2.1247 0.8748 17.8800 15.6414 37.9896 621 

Sardinia  26  Galena 2.1176 0.8711 17.9470 15.6336 38.0046 568 
Sardinia  26  Galena 2.1194 0.8718 17.9420 15.6418 38.0263 580 
Sardinia  Mean  Galena 2.1184 0.8714 17.9450 15.6373 38.0147 573 
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Sardinia  27 
S. Giovanni 
Vena tetto O. Galena 2.1242 0.8743 17.9020 15.6517 38.0274 617 

Sardinia  27  Galena 2.1266 0.8744 17.9180 15.6675 38.1044 623 
Sardinia  Mean   Galena 2.1254 0.8744 17.9100 15.6605 38.0659 621 

Sardinia  28 

S. Giovanni 
Massa Pozzo 4 
C. Galena 2.1222 0.8740 17.8940 15.6394 37.9746 610 

Sardinia  29 
S. Giovanni 
Cont. WC. Galena 2.1246 0.8746 17.8920 15.6483 38.0133 620 

Sardinia  29  Galena 2.1231 0.8745 17.8830 15.6387 37.9674 617 
Sardinia  Mean   Galena 2.1240 0.8746 17.8870 15.6440 37.9920 619 
Sardinia  30 Sa Bagattu C. Galena 2.1235 0.8741 17.8940 15.6411 37.9979 612 
Sardinia  31 Barega P-T Galena 2.1191 0.8707 17.9640 15.6413 38.0675 564 
Sardinia  31  Galena 2.1183 0.8712 17.9560 15.6433 38.0362 572 
Sardinia  Mean   Galena 2.1187 0.8710 17.9600 15.6432 38.0519 569 
Sardinia  32 Barega P-T Galena 2.1188 0.8710 17.9410 15.6266 38.0134 564 
Sardinia  33 M. Arcau C. Galena 2.1236 0.8741 17.9030 15.6490 38.0188 614 

Sardinia  34 
M. S'Orcu C. 
metam. Galena 2.1220 0.8738 17.8970 15.6384 37.9774 607 

Sardinia  34  Galena 2.1212 0.8739 17.8920 15.6358 37.9525 607 
Sardinia  Mean   Galena 2.1215 0.8739 17.8950 15.6384 37.9642 608 

Sardinia  35 
Mont-Ega P-T 
veing type Galena 2.1024 0.8562 18.2910 15.6608 38.4550 360 

Sardinia  36 

M. Atzei-
S.Croce C. 
metam Galena 2.1001 0.8572 18.2570 15.6499 38.3415 372 

Sardinia  37 

Rosas-Sa 
Marchesa C. 
metam. Galena 2.1023 0.8584 18.2430 15.6598 38.3523 392 

Sardinia  37  Galena 2.1024 0.8582 18.2610 15.6716 38.3919 393 
Sardinia  Mean   Galena 2.1023 0.8583 18.2520 15.6657 38.3712 393 

Sardinia Ludwig et al., 1989 MP-6 

S. Giovanni 
main vein lv 
255 Galena 2.1243 0.8743 17.8850 15.6369 37.9931 613 

Sardinia 
Southern Central 
Sardinia MP-5 

S. Giovanni 
well 3, lv- 95 Galena 2.1226 0.8742 17.8810 15.6316 37.9542 610 

Sardinia  SG1 

S. Giovanni S. 
Barb. Cv, 
contatto Galena 2.1282 0.8743 17.9040 15.6535 38.1033 618 

Sardinia  IGL-3 

Seddas 
Moddizzis, lv + 
172 Galena 2.1255 0.8747 17.8950 15.6528 38.0358 623 

Sardinia  IGL-2 
Monteponi - 
100 lv Galena 2.1253 0.8745 17.8930 15.6474 38.0280 619 
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Sardinia  IGL-1 
Monteponi - 
100 lv Galena 2.1239 0.8743 17.8970 15.6473 38.0114 616 

Sardinia  BS11 Monte Tausa  Galena 2.1219 0.8742 17.8900 15.6394 37.9608 613 

Sardinia  MP32 

Acquaresi m., 
Rampa 
Scalittas Galena 2.1184 0.8712 17.9510 15.6389 38.0274 570 

Sardinia  MP-8 

S. Giovanni, 
Idina, S. 
Antonio Galena 2.1238 0.8742 17.8840 15.6342 37.9820 611 

Sardinia  DN1 
Domusnovas 
(Reigraxius) Galena 2.1225 0.8741 17.9010 15.6473 37.9949 613 

Sardinia  MP-13 
Guttura Pala, 
lv. + 157 Galena 2.1231 0.8766 17.8710 15.6657 37.9419 652 

Sardinia  IG-S-5 
Monteponi, 
Scavo Congiaus Galena 2.1187 0.8706 17.9780 15.6516 38.0900 565 

Sardinia  IG-S-1 
Su Zurfuru, 114 
level Galena 2.1192 0.8700 18.0110 15.6696 38.1689 562 

Sardinia  MP-16 
Masua, lv + 
110, Marx Sud Galena 2.1244 0.8738 17.8970 15.6384 38.0204 607 

Sardinia  MP-14 
Masua lv +190, 
Marx Sud Galena 2.1234 0.8744 17.8720 15.6273 37.9494 612 

Sardinia  SL1 
San Lorenzo 
mine Galena 2.1226 0.8740 17.9090 15.6525 38.0136 613 

Sardinia  MP-11 
S. Giovanni, lv 
+ 6 Galena 2.1207 0.8741 17.8800 15.6289 37.9181 608 

Sardinia  MP-10 
S. Giovanni, W 
cntct, lv + 48 Galena 2.1242 0.8748 17.8770 15.6388 37.9743 621 

Sardinia  MP-7 
S. Giovanni, 
roof v., lv + 6 Galena 2.1277 0.8740 17.8940 15.6394 38.0731 610 

Sardinia  SGal  S. Gabriele m Galena 2.1040 0.8586 18.2530 15.6720 38.4043 399 

Sardinia  FR4 
Funtana 
Raminosa Galena 2.1032 0.8585 18.2550 15.6719 38.3939 397 

Sardinia  MP-4 
Montevecchio, 
lv + 188 Galena 2.1076 0.8611 18.1730 15.6488 38.3014 429 

Sardinia  MV1 

Montevecchio, 
Rampa 
Casargiu Galena 2.1090 0.8605 18.2110 15.6706 38.4070 426 

Sardinia  MP31 

Montevecchio, 
Rampa 
Casargiu Galena 2.1100 0.8608 18.2240 15.6872 38.4526 435 

Sardinia  MV2 
Montevecchio, 
Ingortosu Galena 2.1104 0.8630 18.1500 15.6635 38.3038 460 

Sardinia  TMV-01 
Montevecchio, 
Tintillonis v. Galena 2.1102 0.8634 18.1300 15.6534 38.2579 463 
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Sardinia  MP26 
Montevecchio, 
Arburese v. Galena 2.1071 0.8588 18.2570 15.6791 38.4693 404 

Sardinia  MAC-GB 
Maciurru v., 
lower tunnel Galena 2.1201 0.8719 17.9510 15.6515 38.0579 584 

Sardinia  MP30 
Maciurru v. 
(dump) Galena 2.1167 0.8702 17.9750 15.6418 38.0477 557 

Sardinia  BS10 
Mont'Ega 
v./Ceroide LS Galena 2.0984 0.8554 18.2810 15.6376 38.3609 342 

Sardinia  IG-S-6 
Mont'Ega m., 
main v.  Galena 2.1020 0.8563 18.2980 15.6686 38.4624 364 

Sardinia  IG-S-2 
Su Zurfuru, in 
Hercyn. Skarn Galena 2.1212 0.8718 17.9690 15.6654 38.1158 586 

Sardinia  MP20 
Masua, 
Fortuna v. Galena 2.1155 0.8676 18.0480 15.6584 38.1805 525 

Sardinia  MP33 Malacalzetta Galena 2.1136 0.8537 18.0430 15.4033 38.1357 243 

Sardinia  MP18 
S. Giovanni m., 
252 lv, R. Arg. Galena 2.1161 0.8679 18.0500 15.6656 38.1956 531 

Sardinia  MP19 
S. Giovanni m., 
252 lv, R. Arg. Galena 2.1199 0.8713 17.9720 15.6590 38.0988 577 

Sardinia  MP-9 
S. Giovanni m., 
R. Argento Galena 2.1189 0.8704 17.9570 15.6298 38.0491 557 

Sardinia  SG3 
S. Giovanni m., 
Scavo S. Maria Galena 2.1159 0.8684 18.2060 15.8101 38.5221 576 

Sardinia  IG-S-3 
Nebida, Phaff1 
cave Galena 2.1244 0.8752 17.8630 15.6337 37.9482 625 

Sardinia 
Stos-Gale, Gale and 
Houghton, 1995 MM 1004A 

Sardinia, 
Arburese Galena, etc. 2.1010 0.8594 18.1950 15.6368 38.2277 400 

Sardinia  MM 1004B 
Sardinia, 
Arburese Galena, etc. 2.1041 0.8598 18.2320 15.6759 38.3620 417 

Sardinia  MCA1 
Sardinia, 
Arburese Galena, etc. 2.1053 0.8592 18.2050 15.6417 38.3270 399 

Sardinia  MV 
Sardinia, 
Arburese Galena, etc. 2.1055 0.8602 18.1790 15.6376 38.2759 412 

Sardinia  MGAS1 
Sardinia, 
Arburese Galena, etc. 2.1078 0.8634 18.1070 15.6336 38.1659 458 

Sardinia  MTE1 
Sardinia, 
Arburese Galena, etc. 2.1070 0.8603 18.2080 15.6643 38.3643 422 

Sardinia  MPI1 
Sardinia, 
Arburese Galena, etc. 2.1054 0.8601 18.1700 15.6280 38.2551 408 

Sardinia  MSA1 
Sardinia, 
Arburese Galena, etc. 2.1073 0.8606 18.2030 15.6655 38.3592 426 

Sardinia  MSN1 
Sardinia, 
Arburese Galena, etc. 2.1063 0.8626 18.0970 15.6105 38.1177 440 
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Sardinia  MSN1 
Sardinia, 
Arburese Galena, etc. 2.1112 0.8637 18.1360 15.6641 38.2887 471 

Sardinia  MSN2 
Sardinia, 
Arburese Galena, etc. 2.1061 0.8634 18.0830 15.6129 38.0846 452 

Sardinia  MSN3 
Sardinia, 
Arburese Galena, etc. 2.1070 0.8603 18.2080 15.6643 38.3643 422 

Sardinia  MSN3 
Sardinia, 
Arburese Galena, etc. 2.1116 0.8642 18.1050 15.6463 38.2305 473 

Sardinia  FRM 
Sardinia, 
Barbagia Galena, etc. 2.1033 0.8587 18.2140 15.6404 38.3095 391 

Sardinia  SARD 40a 
Sardinia, 
Barbagia Galena, etc. 2.0986 0.8577 18.2120 15.6204 38.2197 371 

Sardinia  SARD 41 ca 
Sardinia, 
Barbagia Galena, etc. 2.0950 0.8560 18.2030 15.5818 38.1353 334 

Sardinia  SARD 41d 
Sardinia, 
Barbagia Galena, etc. 2.1000 0.8581 18.2250 15.6389 38.2725 382 

Sardinia  SARD 43 
Sardinia, 
Barbagia Galena, etc. 2.1018 0.8581 18.2440 15.6552 38.3452 387 

Sardinia  SARD 50a 
Sardinia, 
Barbagia Galena, etc. 2.1002 0.8573 18.2360 15.6337 38.2992 369 

Sardinia  SARD 9 
Sardinia, 
Barbagia Galena, etc. 2.1036 0.8592 18.2430 15.6744 38.3760 408 

Sardinia  FR 1011A 
Sardinia, 
Barbagia Galena, etc. 2.0990 0.8568 18.2540 15.6400 38.3151 363 

Sardinia  FR 1011B 
Sardinia, 
Barbagia Galena, etc. 2.0976 0.8574 18.1970 15.6021 38.1700 361 

Sardinia  PS 1013A 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.0978 0.8558 18.2800 15.6440 38.3478 349 

Sardinia  PS 1013D 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.1001 0.8561 18.2900 15.6581 38.4108 358 

Sardinia  PS 1013E 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.1001 0.8562 18.2960 15.6650 38.4234 362 

Sardinia  PS 1013F 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.1015 0.8564 18.3000 15.6721 38.4575 367 

Sardinia  PS 1013G 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.1016 0.8564 18.3240 15.6927 38.5097 372 

Sardinia  PS 1013H 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.1050 0.8581 18.3210 15.7213 38.5657 405 
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Sardinia  PS 1013K 

Sardinia, 
Barbagia-
Gerrei Galena, etc. 2.1010 0.8562 18.3170 15.6830 38.4840 367 

Sardinia  CB 1007B 
Sardinia, 
Baronia Galena, etc. 2.0987 0.8484 18.4750 15.6742 38.7735 247 

Sardinia  CB 1007C 
Sardinia, 
Baronia Galena, etc. 2.0990 0.8482 18.4750 15.6705 38.7790 243 

Sardinia  CB1007D 
Sardinia, 
Baronia Galena, etc. 2.0992 0.8483 18.4800 15.6766 38.7932 246 

Sardinia  CB 1007E 
Sardinia, 
Baronia Galena, etc. 2.1010 0.8487 18.4970 15.6984 38.8622 259 

Sardinia  CB 1007H 
Sardinia, 
Baronia Galena, etc. 2.1001 0.8486 18.4910 15.6915 38.8329 255 

Sardinia  CB 1007I 
Sardinia, 
Baronia Galena, etc. 2.1019 0.8489 18.5040 15.7080 38.8936 265 

Sardinia  PSO 100 
Sardinia, 
Fluminese Galena, etc. 2.1089 0.8628 18.1360 15.6477 38.2470 453 

Sardinia  PS0 101 
Sardinia, 
Fluminese Galena, etc. 2.1080 0.8631 18.1240 15.6428 38.2054 456 

Sardinia  PSO 1014A 
Sardinia, 
Fluminese Galena, etc. 2.1062 0.8628 18.1050 15.6210 38.1328 446 

Sardinia  PSO 1015A 
Sardinia, 
Fluminese Galena, etc. 2.1101 0.8654 18.0590 15.6283 38.1063 485 

Sardinia  PSO 1016A 
Sardinia, 
Fluminese Galena, etc. 2.1063 0.8633 18.1030 15.6283 38.1303 455 

Sardinia  PSO 102 
Sardinia, 
Fluminese Galena, etc. 2.1094 0.8642 18.1230 15.6619 38.2287 477 

Sardinia  SZF1 
Sardinia, 
Fluminese Galena, etc. 2.1234 0.8709 18.0230 15.6962 38.2700 581 

Sardinia  SZU 100 
Sardinia, 
Fluminese Galena, etc. 2.1201 0.8713 17.9840 15.6695 38.1279 580 

Sardinia  SZU 101 
Sardinia, 
Fluminese Galena, etc. 2.1177 0.8710 17.9520 15.6362 38.0170 567 

Sardinia  CA 1017A 
Sardinia, 
Iglesiente Galena, etc. 2.1193 0.8736 17.8800 15.6200 37.8931 599 

Sardinia  CARI 
Sardinia, 
Iglesiente Galena, etc. 2.1205 0.8739 17.8890 15.6332 37.9336 607 

Sardinia  COR1 
Sardinia, 
Iglesiente Galena, etc. 2.1227 0.8742 17.9090 15.6560 38.0154 617 

Sardinia  COR2 
Sardinia, 
Iglesiente Galena, etc. 2.1230 0.8744 17.8980 15.6500 37.9975 618 

Sardinia  COR3 
Sardinia, 
Iglesiente Galena, etc. 2.1263 0.8747 17.9210 15.6755 38.1054 629 

Sardinia  FES1 
Sardinia, 
Iglesiente Galena, etc. 2.1053 0.8588 18.2330 15.6585 38.3859 398 
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Sardinia  FS1 
Sardinia, 
Iglesiente Galena, etc. 2.1025 0.8584 18.2290 15.6478 38.3265 389 

Sardinia  FS3 
Sardinia, 
Iglesiente Galena, etc. 2.1068 0.8607 18.2080 15.6716 38.3606 429 

Sardinia  FS12 
Sardinia, 
Iglesiente Galena, etc. 2.1072 0.8594 18.2520 15.6858 38.4606 414 

Sardinia  FS13 
Sardinia, 
Iglesiente Galena, etc. 2.1037 0.8588 18.2510 15.6740 38.3946 402 

Sardinia  FS14 
Sardinia, 
Iglesiente Galena, etc. 2.1041 0.8601 18.2240 15.6745 38.3451 421 

Sardinia  FS15 
Sardinia, 
Iglesiente Galena, etc. 2.1044 0.8590 18.2520 15.6785 38.4095 407 

Sardinia  FS16 
Sardinia, 
Iglesiente Galena, etc. 2.1033 0.8590 18.2550 15.6810 38.3957 407 

Sardinia  FS18 
Sardinia, 
Iglesiente Galena, etc. 2.1036 0.8590 18.2410 15.6690 38.3718 404 

Sardinia  FS20 
Sardinia, 
Iglesiente Galena, etc. 2.1038 0.8591 18.2320 15.6631 38.3565 404 

Sardinia  FS5 
Sardinia, 
Iglesiente Galena, etc. 2.1070 0.8609 18.2130 15.6796 38.3748 435 

Sardinia  FS6 
Sardinia, 
Iglesiente Galena, etc. 2.1039 0.8593 18.2160 15.6530 38.3246 404 

Sardinia  FS8 
Sardinia, 
Iglesiente Galena, etc. 2.1031 0.8601 18.2090 15.6616 38.2953 418 

Sardinia  FS9 
Sardinia, 
Iglesiente Galena, etc. 2.1048 0.8608 18.2410 15.7019 38.3937 439 

Sardinia  FSAC 
Sardinia, 
Iglesiente Galena, etc. 2.1043 0.8596 18.2070 15.6507 38.3130 407 

Sardinia  MAL2 
Sardinia, 
Iglesiente Galena, etc. 2.1194 0.8691 18.0440 15.6820 38.2425 552 

Sardinia  MAL2 
Sardinia, 
Iglesiente Galena, etc. 2.1215 0.8695 18.0620 15.7049 38.3185 564 

Sardinia  MAL1 
Sardinia, 
Iglesiente Galena, etc. 2.1174 0.8679 18.0750 15.6873 38.2720 537 

Sardinia  BMMP 
Sardinia, 
Iglesiente Galena, etc. 2.1219 0.8744 17.9150 15.6649 38.0138 622 

Sardinia  MNP1 
Sardinia, 
Iglesiente Galena, etc. 2.1223 0.8742 17.8850 15.6351 37.9573 611 

Sardinia  MNP2 
Sardinia, 
Iglesiente Galena, etc. 2.1226 0.8746 17.8900 15.6466 37.9733 620 

Sardinia  NIE 100 
Sardinia, 
Iglesiente Galena, etc. 2.1152 0.8684 18.0060 15.6364 38.0863 530 

Sardinia  NIE 101 
Sardinia, 
Iglesiente Galena, etc. 2.1094 0.8628 18.1390 15.6503 38.2624 454 
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Sardinia  NIE 102 
Sardinia, 
Iglesiente Galena, etc. 2.1110 0.8626 18.1590 15.6640 38.3336 455 

Sardinia  NIED1 
Sardinia, 
Iglesiente Galena, etc. 2.1085 0.8623 18.1560 15.6559 38.2819 448 

Sardinia  SARD 52A 
Sardinia, 
Iglesiente Galena, etc. 2.1213 0.8743 17.8950 15.6456 37.9607 616 

Sardinia  SGV4 
Sardinia, 
Iglesiente Galena, etc. 2.1187 0.8737 17.8670 15.6104 37.8548 598 

Sardinia  SGV5 
Sardinia, 
Iglesiente Galena, etc. 2.1230 0.8740 17.9030 15.6472 38.0081 612 

Sardinia  SGV3A 
Sardinia, 
Iglesiente Galena, etc. 2.1203 0.8741 17.8690 15.6193 37.8876 606 

Sardinia  SGV3B 
Sardinia, 
Iglesiente Galena, etc. 2.1245 0.8747 17.9000 15.6571 38.0286 624 

Sardinia  SGV2 
Sardinia, 
Iglesiente Galena, etc. 2.1195 0.8734 17.8700 15.6077 37.8755 593 

Sardinia  GEO1 
Sardinia, 
Lanusei Galena, etc. 2.1021 0.8567 18.2720 15.6536 38.4096 366 

Sardinia  GEO1 
Sardinia, 
Lanusei Galena, etc. 2.1002 0.8565 18.2650 15.6440 38.3602 360 

Sardinia  GEO3 
Sardinia, 
Lanusei Galena, etc. 2.1033 0.8570 18.2770 15.6634 38.4420 373 

Sardinia  ARN1/1 
Sardinia, 
Oridda Galena, etc. 2.1095 0.8638 18.1140 15.6469 38.2115 467 

Sardinia  ARN1/2 
Sardinia, 
Oridda Galena, etc. 2.1103 0.8640 18.1170 15.6531 38.2323 472 

Sardinia  ARN3/1 
Sardinia, 
Oridda Galena, etc. 2.1096 0.8643 18.1000 15.6438 38.1838 474 

Sardinia  ARN3/2 
Sardinia, 
Oridda Galena, etc. 2.1117 0.8642 18.1180 15.6576 38.2598 476 

Sardinia  SD 1006A 
Sardinia, 
Oridda Galena, etc. 2.1161 0.8706 17.9460 15.6238 37.9755 558 

Sardinia  SD 1006C 
Sardinia, 
Oridda Galena, etc. 2.1277 0.8741 17.9260 15.6691 38.1412 619 

Sardinia  SD 1006D 
Sardinia, 
Oridda Galena, etc. 2.1183 0.8727 17.9000 15.6213 37.9176 587 

Sardinia  SD 1006D1 
Sardinia, 
Oridda Galena, etc. 2.1214 0.8730 17.9210 15.6450 38.0176 597 

Sardinia  TUV1 
Sardinia, 
Sarrabus Galena, etc. 2.0984 0.8529 18.3770 15.6737 38.5623 315 

Sardinia  TUV1 
Sardinia, 
Sarrabus Galena, etc. 2.1005 0.8533 18.3950 15.6965 38.6387 328 

Sardinia  IL 1019A Sardinia, Sulcis Galena, etc. 2.1002 0.8589 18.1960 15.6285 38.2152 391 
Sardinia  IL 1019B Sardinia, Sulcis Galena, etc. 2.1030 0.8595 18.2320 15.6704 38.3419 412 
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Sardinia  IL 1019D Sardinia, Sulcis Galena, etc. 2.1048 0.8596 18.2290 15.6696 38.3684 413 
Sardinia  IL 1019E Sardinia, Sulcis Galena, etc. 2.1044 0.8595 18.2270 15.6661 38.3569 410 
Sardinia  R 1000A Sardinia, Sulcis Galena, etc. 2.1008 0.8577 18.2450 15.6487 38.3291 379 
Sardinia  R 1000B Sardinia, Sulcis Galena, etc. 2.1043 0.8586 18.2430 15.6634 38.3887 396 
Sardinia  R 1000C Sardinia, Sulcis Galena, etc. 2.0986 0.8574 18.2370 15.6364 38.2722 371 
Sardinia  R1000D Sardinia, Sulcis Galena, etc. 2.0996 0.8577 18.2470 15.6505 38.3114 379 
Sardinia  R1000E Sardinia, Sulcis Galena, etc. 2.1024 0.8580 18.2590 15.6662 38.3877 388 
Sardinia  R1000F Sardinia, Sulcis Galena, etc. 2.0991 0.8574 18.2460 15.6441 38.3002 373 
Sardinia  R1000J Sardinia, Sulcis Galena, etc. 2.1027 0.8581 18.2830 15.6886 38.4437 396 
Sardinia  R1000M Sardinia, Sulcis Galena, etc. 2.1018 0.8580 18.2770 15.6817 38.4146 393 
Sardinia  SM 1001A Sardinia, Sulcis Galena, etc. 2.0974 0.8578 18.2200 15.6291 38.2146 375 
Sardinia  SM 1001B Sardinia, Sulcis Galena, etc. 2.0956 0.8561 18.2470 15.6213 38.2384 347 
Sardinia  SM 1001C Sardinia, Sulcis Galena, etc. 2.0974 0.8570 18.2900 15.6745 38.3614 376 
Sardinia  SM 1001D Sardinia, Sulcis Galena, etc. 2.1010 0.8582 18.2210 15.6373 38.2823 383 
Sardinia  SM 1001G Sardinia, Sulcis Galena, etc. 2.0989 0.8567 18.2880 15.6673 38.3847 370 
Sardinia  TRB1 Sardinia, Sulcis Galena, etc. 2.0980 0.8572 18.2320 15.6285 38.2507 366 
Sardinia  TRB2 Sardinia, Sulcis Galena, etc. 2.1001 0.8577 18.2500 15.6530 38.3268 380 
Sardinia Begemann et al., 2001 SARD100 Nuoro 24 Pb 2.1004 0.8545 18.3180 15.6527 38.4751 333 

Sardinia  SARD 42 
Funtana 
Raminosa 25 Pb 2.1023 0.8553 18.3730 15.7144 38.6256 362 

Sardinia  SARD 240-B 
Baccu Arrodas 
26 Pb 2.0985 0.8534 18.3650 15.6727 38.5390 322 

Sardinia  SARD 580-B Baccu Locci 27 Pb 2.1003 0.8564 18.3390 15.7055 38.5174 376 

Sardinia  SARD 170-B 
Baccu Monte 
Lora 28 Pb 2.0969 0.8491 18.4500 15.6659 38.6878 255 

Sardinia  SARD 100-B 
Bruncu Lionaxi 
29 Pb 2.0989 0.8559 18.2980 15.6613 38.4057 356 

Sardinia  SARD 140-B 
Bruncu 
Molentinu 30 Pb 2.0979 0.8471 18.5150 15.6841 38.8426 230 

Sardinia  SARD 70-B 
Bruncu 
Ventura 31 Pb 2.0993 0.8489 18.4570 15.6681 38.7468 253 

Sardinia  SARD 280-B 
Monte Narba 
32 Pb 2.0990 0.8540 18.3490 15.6700 38.5146 330 

Sardinia  SARD 390-B Serra S'Illixi 33 Pb 2.0980 0.8532 18.3650 15.6690 38.5298 318 
Sardinia  SARD 370-B Tacconis 34 Pb 2.1036 0.8549 18.3820 15.7148 38.6684 357 

Sardinia  SARD 1080-B 
Campo Pisano, 
Iglesias 35 Pb 2.1224 0.8740 17.8990 15.6437 37.9888 611 

Sardinia  SARD 109b 
Domusnovas 
36 Pb 2.1212 0.8735 17.9050 15.6400 37.9801 603 

Sardinia  SARD 1020-B Ingurtosu 37 Pb 2.1088 0.8607 18.2020 15.6665 38.3844 428 

Sardinia  SARD 1060-B 
Monte Poni, 
Iglesias 35 Pb 2.1228 0.8742 17.8950 15.6438 37.9875 614 

Sardinia  SARD 1010-B 
Montevecchio 
38 Pb 2.1070 0.8611 18.1750 15.6505 38.2947 429 
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Sardinia  SARD 1090-B Rosas 39 Pb 2.1014 0.8579 18.2680 15.6721 38.3884 389 

Sardinia  SARD 48a 
St. Giovanni, 
Iglesias 35 Pb 2.1233 0.8742 17.8890 15.6386 37.9837 612 
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Data Table 13: Ores from Spain - collated by Thompson and Skaggs, 2013.  Pb crustal age calculated from two-stage evolution model using parameters 
from Desaulty et al., 2011. 
 
Location Investigator Sample No.  Region/Deposit Type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) 

Spain 
Arribas Jr. and 
Tosdal, 1994 
Betic 
Cordillera, S. 
Spain 

Min 
Sierra de Gádor 
(Ga) Galena 2.1025 0.8548 18.3490 15.6849 38.5780 347 

Spain Tolv-1 
Sierra de Gádor 
(Ga) Galena 2.1030 0.8546 18.3390 15.6720 38.5669 339 

Spain 

 

Clai-1 
Sierra Alhamilla 
(Alh) Galena 2.1005 0.8546 18.3230 15.6590 38.4880 336 

Spain Clai-2 
Sierra Alhamilla 
(Alh) Galena 2.1005 0.8546 18.3210 15.6569 38.4840 335 

Spain Ptno-1 
Sierra Alhamilla 
(Alh) Galena 2.1006 0.8546 18.3270 15.6630 38.4981 338 

Spain Spn 10 Cartagena (Ca) Galena 2.0849 0.8377 18.7310 15.6910 39.0530 86 
Spain Spn12 Cartagena (Ca) Galena 2.0837 0.8379 18.7010 15.6699 38.9671 83 
Spain Spn 14 Cartagena (Ca) Galena 2.0837 0.8376 18.7220 15.6810 39.0110 81 
Spain R16A Mazzarón (Mz) Galena 2.0842 0.8371 18.7650 15.7080 39.1100 82 
Spain Spn11 Mazzarón (Mz) Galena 2.0831 0.8368 18.7530 15.6931 39.0640 73 

Spain Almg-1 
Sierra Almagrera 
(Alm) Galena 2.0799 0.8360 18.7580 15.6809 39.0140 55 

Spain Almg-2 
Sierra Almagrera 
(Alm) Galena 2.0795 0.8359 18.7580 15.6791 39.0071 53 

Spain Almg-3 
Sierra Almagrera 
(Alm) Galena 2.0804 0.8361 18.7640 15.6880 39.0370 59 

Spain Almg-4 
Sierra Almagrera 
(Alm) Galena 2.0797 0.8361 18.7580 15.6839 39.0110 59 

Spain Agl-1 
Sierra del Aguilón 
(Ag) Galena 2.0797 0.8361 18.7550 15.6811 39.0050 58 

Spain Agl-2 
Sierra del Aguilón 
(Ag) Galena 2.0807 0.8362 18.7580 15.6860 39.0290 61 

Spain LB-1 Loma de Bas (LB) Galena 2.0866 0.8365 18.7460 15.6801 39.1149 63 
Spain 87A48 Rodalquilar (Ro) Galena 2.0658 0.8318 18.8720 15.6970 38.9850 -7 
Spain 87A88 Rodalquilar (Ro) Galena 2.0645 0.8315 18.8620 15.6839 38.9398 -16 
Spain 87A90 Rodalquilar (Ro) Galena 2.0646 0.8317 18.8490 15.6760 38.9151 -16 
Spain Trfo-1 Rodalquilar (Ro) Galena 2.0649 0.8319 18.8550 15.6849 38.9329 -9 
Spain 87A-240-1 Rodalquilar (Ro) Galena 2.0639 0.8318 18.8620 15.6900 38.9291 -8 
Spain CG-1 San José Galena 2.0743 0.8351 18.7820 15.6839 38.9601 42 
Spain CG-3 San José Galena 2.0743 0.8349 18.7890 15.6869 38.9740 40 

Spain 
Stos-Gale, 
Gale and SP12 Almeria Galena, etc. 2.0707 0.8347 18.7670 15.6643 38.8601 29 
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Houghton, 
1995 

Spain 

  
  
  
  
  
  
  
  
  
  

SP13 Almeria Galena, etc. 2.0739 0.8352 18.7980 15.7008 38.9852 50 
Spain SP15 Almeria Galena, etc. 2.0698 0.8348 18.7680 15.6673 38.8453 32 
Spain SP16 Almeria Galena, etc. 2.0733 0.8351 18.7870 15.6883 38.9511 43 
Spain SP17A Almeria Galena, etc. 2.0723 0.8348 18.7780 15.6764 38.9136 36 
Spain SP17B Almeria Galena, etc. 2.0748 0.8354 18.8040 15.7079 39.0145 54 
Spain SP18 Almeria Galena, etc. 2.0710 0.8349 18.7680 15.6688 38.8689 34 
Spain SP19A Almeria Galena, etc. 2.0725 0.8350 18.7830 15.6846 38.9272 42 
Spain SP19D Almeria Galena, etc. 2.0739 0.8352 18.7970 15.6983 38.9827 48 
Spain SP19C Almeria Galena, etc. 2.0738 0.8351 18.7920 15.6940 38.9708 46 
Spain SP 19B Almeria Galena, etc. 2.0737 0.8351 18.7940 15.6949 38.9727 46 
Spain SP41 Almeria Galena, etc. 2.0660 0.8321 18.8540 15.6884 38.9526 -4 
Spain SP44 Almeria Galena, etc. 2.0664 0.8316 18.8880 15.7080 39.0309 -5 
Spain SP40 Almeria Galena, etc. 2.0665 0.8320 18.8580 15.6895 38.9702 -6 
Spain SP38 Almeria Galena, etc. 2.0671 0.8323 18.8520 15.6900 38.9680 -1 
Spain SP3A Almeria Galena, etc. 2.0735 0.8354 18.7290 15.6468 38.8340 35 
Spain SP4A Almeria Galena, etc. 2.0732 0.8353 18.7400 15.6539 38.8510 36 
Spain SP6A Almeria Galena, etc. 2.0738 0.8357 18.7340 15.6564 38.8498 43 
Spain SP7A Almeria Galena, etc. 2.0734 0.8354 18.7420 15.6567 38.8595 38 
Spain SP9A Almeria Galena, etc. 2.0741 0.8356 18.7400 15.6584 38.8677 41 
Spain SP2 Almeria Galena, etc. 2.0753 0.8361 18.7230 15.6539 38.8551 48 
Spain SP26 Almeria Galena, etc. 2.0661 0.8318 18.8710 15.6963 38.9901 -7 
Spain SP25 Almeria Galena, etc. 2.0650 0.8316 18.8810 15.7013 38.9895 -8 
Spain JDLL Andalusia Galena, etc. 2.1101 0.8583 18.2580 15.6714 38.5255 395 
Spain ALH1/295 Andalusia Galena, etc. 2.1125 0.8582 18.3560 15.7529 38.7776 416 
Spain ALH1/67 Andalusia Galena, etc. 2.1104 0.8578 18.3380 15.7296 38.7009 403 
Spain RTe Huelva Galena, etc. 2.1010 0.8575 18.2540 15.6521 38.3512 376 
Spain RTf Huelva Galena, etc. 2.1029 0.8590 18.2150 15.6475 38.3051 398 
Spain RTj Huelva Galena, etc. 2.1022 0.8598 18.1720 15.6251 38.2014 404 
Spain RTl Huelva Galena, etc. 2.1020 0.8595 18.2050 15.6469 38.2671 405 
Spain RTm Huelva Galena, etc. 2.1043 0.8603 18.1970 15.6546 38.2914 419 
Spain RTn Huelva Galena, etc. 2.1007 0.8592 18.1960 15.6344 38.2230 397 
Spain RTo Huelva Galena, etc. 2.1036 0.8600 18.1860 15.6397 38.2547 410 
Spain RTq Huelva Galena, etc. 2.1017 0.8595 18.1980 15.6406 38.2465 403 
Spain RTr Huelva Galena, etc. 2.1017 0.8595 18.1970 15.6400 38.2456 403 
Spain RTs Huelva Galena, etc. 2.1006 0.8593 18.1880 15.6290 38.2063 397 
Spain JDA Murcia Galena, etc. 2.0885 0.8388 18.7560 15.7316 39.1713 116 
Spain HALLIDAY 1 Murcia Galena, etc. 2.0877 0.8395 18.7440 15.7354 39.1309 129 

Spain SP58B 

Murcia, Mazzaron 
Mine: 202 Mina 
Piedra Amarilla Galena, etc.  2.0774 0.8358 18.7220 15.6478 38.8943 42 
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Spain SP58A 

Murcia, Mazzaron 
Mine: 202 Mina 
Piedra Amarilla Galena, etc.  2.0801 0.8368 18.7250 15.6689 38.9491 65 

Spain SP61A 

Murcia, Mazzaron 
Mine: 217 Pozo de 
la Aquja Galena, etc.  2.0814 0.8369 18.7300 15.6757 38.9841 69 

Spain SP61B 

Murcia, Mazzaron 
Mine: 217 Pozo de 
la Aquja Galena, etc.  2.0799 0.8366 18.7220 15.6626 38.9397 59 

Spain SP61C 

Murcia, Mazzaron 
Mine: 217 Pozo de 
la Aquja Galena, etc.  2.0806 0.8365 18.7320 15.6686 38.9745 59 

Spain SP60B 

Murcia, Mazzaron 
Mine: 217 Pozo de 
la Aquja Galena, etc.  2.0800 0.8366 18.7130 15.6547 38.9234 56 

Spain SP60A 

Murcia, Mazzaron 
Mine: 217 Pozo de 
la Aquja Galena, etc.  2.0795 0.8361 18.7290 15.6586 38.9466 49 

Spain 

Velasco, 
Pesquera and 
Herrero, 1996 GAL-1  Reocin Galena 2.0691 0.8372 18.7140 15.6680 38.7210 71 

Spain 

 

GAL-5  Reocin Galena 2.0686 0.8371 18.7140 15.6650 38.7110 68 
Spain REO-1GR3  Reocin Galena 2.0677 0.8369 18.7280 15.6730 38.7230 67 
Spain REO-222  Reocin Galena 2.0671 0.8366 18.7230 15.6630 38.7020 59 
Spain REO-22R3  Reocin Galena 2.0684 0.8368 18.7450 15.6860 38.7720 70 
Spain REO-A10  Reocin Galena 2.0665 0.8363 18.7420 15.6730 38.7300 57 
Spain REO-A11  Reocin Galena 2.0690 0.8372 18.7280 15.6800 38.7480 76 
Spain REO-A4  Reocin Galena 2.0652 0.8360 18.7630 15.6850 38.7500 57 
Spain REO-A6  Reocin Galena 2.0664 0.8361 18.7520 15.6780 38.7500 56 
Spain UDIAS3  Reocin Galena 2.0656 0.8361 18.7330 15.6620 38.6950 51 
Spain UDIAS-R13  Reocin Galena 2.0675 0.8365 18.7610 15.6930 38.7890 67 
Spain 3 Matienzo Galena 2.0846 0.8427 18.5860 15.6630 38.7450 156 
Spain 3 Txomin Galena 2.0852 0.8434 18.5640 15.6570 38.7100 165 
Spain 3 Anselma Galena 2.0851 0.8431 18.5810 15.6650 38.7430 162 
Spain 4 Siete Puertas Galena 2.0852 0.8427 18.6060 15.6790 38.7970 161 
Spain 4 La Rasa Corta Galena 2.0845 0.8425 18.5840 15.6570 38.7380 151 
Spain 4 El Somo Galena 2.0842 0.8424 18.5870 15.6570 38.7390 149 
Spain 4 La Rasa    Galena 2.0845 0.8425 18.5980 15.6680 38.7670 154 
Spain 5 Jugo Galena 2.0790 0.8423 18.5800 15.6500 38.6280 146 
Spain 5 Jugo Galena 2.0799 0.8412 18.6080 15.6530 38.7020 129 
Spain 6 Katabera Galena 2.0825 0.8425 18.5980 15.6690 38.7300 155 
Spain 6 Katabera Galena 2.0804 0.8429 18.5460 15.6320 38.5840 149 
Spain 6 Aitzgorri Galena 2.0825 0.8433 18.5670 15.6580 38.6650 164 
Spain 6 Aitzgorri Galena 2.0828 0.8438 18.5810 15.6780 38.7000 177 
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Spain 7 Troya Galena 2.0795 0.8428 18.5910 15.6680 38.6600 159 
Spain 7 Troya Galena 2.0822 0.8418 18.6080 15.6650 38.7460 143 
Spain 7 Troya Galena 2.0811 0.8426 18.5910 15.6650 38.6890 155 
Spain 7 Troya Galena 2.0852 0.8425 18.5930 15.6640 38.7710 153 
Spain 7 Troya Galena 2.0815 0.8410 18.6210 15.6600 38.7590 128 
Spain 7 Troya Galena 2.0818 0.8420 18.5950 15.6570 38.7120 143 
Spain 8 Legorreta Galena 2.0830 0.8407 18.6180 15.6520 38.7820 121 
Spain 8 Legorreta Galena 2.0840 0.8434 18.5530 15.6480 38.6640 162 
Spain 9 Otxamentegi Galena 2.0986 0.8495 18.4420 15.6670 38.7020 262 
Spain 9 Otxamentegi Galena 2.0987 0.8496 18.4210 15.6510 38.6600 259 
Spain 9 Otxamentegi Galena 2.0978 0.8500 18.4100 15.6490 38.6200 264 
Spain 10 Oportuna Galena 2.0987 0.8492 18.4570 15.6740 38.7350 260 
Spain 10 Oportuna Galena 2.0950 0.8494 18.4370 15.6610 38.6250 259 
Spain 10 Sta. Barbara Galena 2.0975 0.8494 18.4440 15.6670 38.6870 261 
Spain 10 Sta. Barbara Galena 2.0999 0.8499 18.4200 15.6550 38.6800 264 
Spain 10 Sta. Barbara Galena 2.0979 0.8508 18.4510 15.6990 38.7090 292 
Spain 10 Sta. Barbara Galena 2.0999 0.8497 18.4250 15.6550 38.6900 261 
Spain 11 Modesta Galena 2.0983 0.8498 18.4230 15.6560 38.6570 263 
Spain 11 Modesta Galena 2.0981 0.8492 18.4430 15.6620 38.6950 256 
Spain 12 Carmina Galena 2.1295 0.8762 17.8160 15.6100 37.9390 632 
Spain 13 Najerilla Galena 2.1014 0.8501 18.4240 15.6630 38.7170 270 
Spain 13 Najerilla Galena 2.1012 0.8501 18.4110 15.6510 38.6860 266 
Spain 14 St. Cristobal Galena 2.1059 0.8575 18.2400 15.6400 38.4120 373 
Spain 14 St. Cristobal Galena 2.1059 0.8575 18.2230 15.6260 38.3760 369 
Spain Marcoux, 1998  

Iberian Pyrite 
Belt 

El Carmen (1) Iberian Pyrite Belt Galena 2.0999 0.8590 18.1890 15.6240 38.1951 391 

Spain Santa Ana (1) Iberian Pyrite Belt Galena 2.0997 0.8592 18.1880 15.6269 38.1899 395 
Spain 

 

Sierrecilla (1) Iberian Pyrite Belt Galena 2.0941 0.8579 18.2330 15.6421 38.1810 380 
Spain San Telmo  Iberian Pyrite Belt Galena 2.0980 0.8582 18.1880 15.6089 38.1581 375 
Spain id Iberian Pyrite Belt Galena 2.0947 0.8572 18.1920 15.5940 38.1061 355 
Spain id Iberian Pyrite Belt Galena 2.0973 0.8285 18.1830 15.0641 38.1350 -310 

Spain 
Lomero-
Poyatos Iberian Pyrite Belt Galena 2.1009 0.8563 18.2170 15.5998 38.2719 344 

Spain La Zaraza id Iberian Pyrite Belt Galena 2.1001 0.8595 18.1830 15.6290 38.1860 400 
Spain Concepción Iberian Pyrite Belt Galena 2.1000 0.8587 18.1760 15.6079 38.1700 382 
Spain San Platón Iberian Pyrite Belt Galena 2.0980 0.8582 18.1880 15.6089 38.1581 375 

Spain 

Rio Tinto San 
Dionisio 
orebody (open 
pit) id Iberian Pyrite Belt Galena 2.1003 0.8591 18.1910 15.6270 38.2069 393 

Spain id Iberian Pyrite Belt Galena 2.1033 0.8597 18.1980 15.6439 38.2749 406 

Spain 
Rio Tinto, San 
Dionisio Iberian Pyrite Belt Galena 2.1030 0.8597 18.1920 15.6400 38.2570 406 
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orebody (level 
30) 

Spain id Iberian Pyrite Belt Galena 2.0991 0.8589 18.1800 15.6150 38.1620 387 
Spain Herrerias Iberian Pyrite Belt Galena 2.0973 0.8578 18.2250 15.6330 38.2229 376 
Spain Almagrera  Iberian Pyrite Belt Galena 2.1338 0.8598 18.1970 15.6460 38.8289 409 
Spain Torerera (1)  Iberian Pyrite Belt Galena 2.1032 0.8602 18.1750 15.6340 38.2249 411 
Spain Sotiel  Iberian Pyrite Belt Galena 2.1033 0.8603 18.1660 15.6289 38.2080 412 
Spain Sotiel-Migollas Iberian Pyrite Belt Galena 2.1070 0.8615 18.1470 15.6329 38.2359 430 

Spain 
Campanario 
(1) Iberian Pyrite Belt Galena 2.1059 0.8611 18.1490 15.6279 38.2200 423 

Spain Montinho (1) Iberian Pyrite Belt Galena 2.0965 0.8582 18.1900 15.6099 38.1359 374 
Spain Los Frailes Iberian Pyrite Belt Galena 2.1003 0.8597 18.1710 15.6211 38.1640 400 

Spain 
Pomiès et al., 
1998 11 Rio Tinto Galena 2.1036 0.8597 18.2060 15.6520 38.2980 409 

Spain   
  
  
  
  
  

12 Rio Tinto Galena 2.0999 0.8592 18.1690 15.6110 38.1530 390 
Spain 13 Rio Tinto Galena 2.1007 0.8593 18.1820 15.6240 38.1950 396 
Spain 14 Rio Tinto Galena 2.1025 0.8597 18.1960 15.6430 38.2570 407 
Spain 16 Rio Tinto Galena 2.1038 0.8596 18.2150 15.6580 38.3200 410 
Spain 17 Rio Tinto Galena 2.1008 0.8592 18.1860 15.6260 38.2050 395 
Spain 19 Rio Tinto Galena 2.1026 0.8592 18.2140 15.6500 38.2960 402 
Spain Tornos and 

Chiaradia, 
2004 
Ossa Morena 
Zone 
Southern 
Portugal, 
Southwest 
Spain 

PR-2 Puebla Reina Galena 2.1102 0.8758 17.7470 15.5420 37.4490 609 
Spain AR-7 Aracena Galena 2.1520 0.8854 17.5550 15.5430 37.7780 742 

Spain AR-8 Aracena Galena 2.1484 0.8849 17.5170 15.5000 37.6340 724 
Spain 

 

AR-8a Aracena Galena 2.1529 0.8858 17.5510 15.5460 37.7850 747 
Spain LM-1 Las Minas Galena 2.1458 0.8829 17.5680 15.5100 37.6980 699 
Spain LM-2 Las Minas Galena 2.1455 0.8602 17.5770 15.1200 37.7120 249 
Spain PAR-1 Nav-aredon Galena 2.1271 0.8674 17.9500 15.5700 38.1810 498 
Spain NP-1 Nav-aredon Galena 2.1250 0.8670 17.9270 15.5420 38.0950 484 

Spain 68-72-1 
El Aguila 
(Monesterio) Galena 2.1075 0.8571 18.1470 15.5530 38.2450 341 

Spain 68-49-1 
El Nogalito 
(Monesterio) Galena 2.1107 0.8584 18.1230 15.5560 38.2530 361 

Spain 68-51-1 
El Aguilar 
(Monesterio) Galena 2.1072 0.8582 18.0970 15.5310 38.1340 352 

Spain SU-21 Sultana Galena 2.1034 0.8475 18.4380 15.6270 38.7820 219 
Spain 248-4 Matachel Galena 2.1394 0.8714 17.9650 15.6540 38.4340 577 
Spain SM-1 Santa Marta Galena 2.0955 0.8536 18.2160 15.5500 38.1720 289 
Spain SM-1a Santa Marta Galena 2.0972 0.8540 18.2290 15.5670 38.2290 299 
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Spain SM-2 Santa Marta Galena 2.1030 0.8572 18.1660 15.5710 38.2030 348 
Spain SM-2b Santa Marta Galena 2.1010 0.8567 18.1460 15.5460 38.1250 334 
Spain 213-2 Afortunada Galena 2.1150 0.8597 18.1590 15.6110 38.4070 397 
Spain 213-10 Afortunada Galena 2.1145 0.8595 18.1580 15.6070 38.3950 394 
Spain 213-10a Afortunada Galena 2.1118 0.8590 18.1360 15.5780 38.3000 377 
Spain 215-4 Arroyo Conejo Galena 2.1115 0.8569 18.2000 15.5960 38.4300 352 
Spain 215-4a Arroyo Conejo Galena 2.1121 0.8570 18.2090 15.6060 38.4590 357 
Spain CEN-1 Centenillo Galena 2.1121 0.8580 18.2010 15.6160 38.4430 373 
Spain CEN-2 Centenillo Galena 2.1087 0.8563 18.2410 15.6200 38.4650 350 
Spain AS-1041 Asturiana Galena 2.0997 0.8474 18.4560 15.6390 38.7520 221 
Spain AS-1042 Asturiana Galena 2.1005 0.8475 18.4710 15.6540 38.7980 227 
Spain Santos 

Zaldeuegui et 
al., 2004 
Alcudia Valley, 
Los Pedroches 

GAL-41  Lomo de Perro  Pb-Zn 2.1029 0.8565 18.2360 15.6191 38.3485 353 

Spain GAL-40  Tetuán  Pb-Zn 2.1082 0.8586 18.1630 15.5948 38.2912 377 
Spain 

 

GAL-38  El Peñoncillo  Pb-Zn 2.1079 0.8585 18.1860 15.6127 38.3343 380 
Spain GAL-37  El Rayo  Pb-Zn 2.1083 0.8587 18.1680 15.6009 38.3036 380 
Spain GAL-39  La Herrumbrosa  Pb-Zn 2.1042 0.8574 18.2100 15.6133 38.3175 364 
Spain 835–143  La Salvadora   Pb-Cu-Ag 2.1055 0.8582 18.1940 15.6141 38.3075 376 
Spain 809–004  Navalcuerno Cu-Pb 2.1253 0.8695 17.9870 15.6397 38.2278 547 
Spain 860–030  San José   Pb-Zn-Ag 2.1061 0.8597 18.1570 15.6096 38.2405 397 
Spain 860–031  Polvorilla Pb-Zn-Ag 2.1054 0.8582 18.2070 15.6252 38.3330 380 

Spain 835–088  

El Horcajo 
(Formación 
Alberto)  Pb-Ag 2.1043 0.8575 18.1850 15.5936 38.2667 360 

Spain    2.1048 0.8578 18.1850 15.5991 38.2758 366 

Spain 835–088 
El Horcajo (María 
Del Pilar) Pb–Ag  2.1042 0.8576 18.1830 15.5937 38.2607 361 

Spain 783–004  
Villagutiérrez (San 
Alberto)  Pb–Zn–Ag  2.1041 0.8589 18.1420 15.5822 38.1726 377 

Spain 783–004  Buenpensamiento Pb–Zn–Ag  2.1060 0.8595 18.1400 15.5913 38.2028 389 

Spain 783–004  

Villagutiérrez 
(Formación 
Bonita)  Pb–Zn–Ag  2.1066 0.8600 18.1380 15.5987 38.2095 398 

Spain 835–105  
Mina de los 
Dolores  Pb–Zn  2.1064 0.8580 18.1960 15.6122 38.3281 373 

Spain 835–101  Mina Tres Ventas  Pb–Zn  2.1256 0.8773 17.7520 15.5738 37.7337 639 
Spain 835–101  Mina Tres Ventas  Pb–Zn  2.1271 0.8774 17.7730 15.5940 37.8049 645 
Spain    2.1254 0.8772 17.7550 15.5747 37.7365 637 
Spain    2.1258 0.8772 17.7590 15.5782 37.7521 638 
Spain 835–121  Cerro Verde  Pb–Zn  2.1040 0.8578 18.1980 15.6102 38.2886 369 
Spain 809–10  Victoria  Pb–Zn–Ag  2.1062 0.8601 18.1120 15.5781 38.1475 394 
Spain 835–093  Los Ángeles  Pb–Zn  2.1061 0.8582 18.1850 15.6064 38.2994 374 
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Spain 835–085  Mina Encarnación  Pb–Zn  2.1052 0.8578 18.1880 15.6017 38.2894 367 
Spain 860–21  La Prometida  Pb–Zn  2.1206 0.8691 17.9860 15.6316 38.1411 539 
Spain   Pb–Zn  2.1206 0.8689 17.9870 15.6289 38.1432 535 
Spain 835–092  La Veredilla  Pb–Zn  2.1058 0.8575 18.2410 15.6417 38.4119 374 
Spain 835–092  La Veredilla  Pb–Zn  2.1070 0.8584 18.1870 15.6117 38.3200 379 
Spain 835–039  La Emperatriz  Pb–Zn  2.1068 0.8590 18.1750 15.6123 38.2911 388 

Spain 809–058  
Suroeste de 
Fortuna  Pb–Zn  2.1030 0.8580 18.1960 15.6122 38.2662 373 

Spain 860–1  
San 
Bartolomé/Ingles  Pb–Zn  2.1218 0.8681 18.0200 15.6432 38.2348 528 

Spain 835–030  
Romanilla (San 
Rafael)  Pb–Zn  2.1085 0.8592 18.1950 15.6331 38.3642 397 

Spain 835–030  
Romanilla (San 
Rafael)  Pb–Zn  2.1059 0.8582 18.1920 15.6124 38.3105 376 

Spain 835–030  
Romanilla (San 
Rafael)  Pb–Zn  2.1080 0.8594 18.1740 15.6187 38.3108 395 

Spain 835–030  
Romanilla (San 
Rafael)  Pb–Zn  2.1078 0.8601 18.1650 15.6237 38.2882 407 

Spain 809–20  Abundancia  Pb-Zn-Ag 2.1228 0.8759 17.7870 15.5796 37.7582 621 
Spain 809–024  San Froilán  Pb–Zn  2.1110 0.8559 18.2460 15.6168 38.5173 343 
Spain 809-24B  Pb–Zn  2.1082 0.8604 18.1260 15.5956 38.2132 403 

Spain 809–027  
La 
Cazadora/Campillo  Pb–Zn  2.1056 0.8585 18.2190 15.6410 38.3619 388 

Spain 860–16  
Mina de 
Navalajeta  Pb–Zn  2.1206 0.8701 18.0080 15.6688 38.1878 563 

Spain 835–010  La Reina  Pb–Zn  2.1057 0.8583 18.1970 15.6185 38.3174 379 
Spain 835–010  La Reina  Pb–Zn  2.1041 0.8576 18.2120 15.6186 38.3199 369 
Spain 835–54  Mina Pepita  Pb–Zn  2.1260 0.8767 17.7770 15.5851 37.7939 633 

Spain 835–82  
Laguna del 
Retamar  Pb–Zn  2.1146 0.8681 18.0720 15.6883 38.2151 540 

Spain 835–001  La Panadera  Pb-Zn 2.1047 0.8580 18.2070 15.6216 38.3203 375 
Spain 835–001  La Panadera  Pb-Zn 2.1044 0.8579 18.2120 15.6241 38.3253 375 

Spain 835–015 
Nuestra Señora de 
la Paz  Pb–Zn  2.1045 0.8573 18.2400 15.6372 38.3861 370 

Spain 835–011 Joffre Pb 2.1078 0.8593 18.1740 15.6169 38.3072 393 
Spain 835–011 Joffre Pb 2.1048 0.8583 18.2010 15.6219 38.3095 380 
Spain 835–012 San Luis  Pb–Zn  2.1060 0.8585 18.2000 15.6247 38.3292 384 
Spain 809–037 Villazaide Pb-Zn 2.1099 0.8600 18.1840 15.6382 38.3664 410 
Spain 835–007 La Jarosa  Pb–Zn  2.1058 0.8583 18.1930 15.6151 38.3108 378 

Spain 860–033 
Mina 
Navalcaballejo  Pb–Zn  2.1240 0.8773 17.7350 15.5589 37.6691 635 

Spain 835–70 Precaución  Pb-Zn 2.1236 0.8756 17.7900 15.5769 37.7788 616 

Spain 861–055 
Cora Pearl/La 
Romana  Pb–Zn–Ag  2.1075 0.8599 18.1560 15.6123 38.2638 401 
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Spain 836–33 
San Luis (Las 
Parras)  Pb–Zn  2.1242 0.8767 17.7620 15.5719 37.7300 630 

Spain 861–30 Mina Eufrasia  Pb–Zn  2.1214 0.8678 18.0140 15.6325 38.2149 521 
Spain 836–007 La Hipólita  Pb–Zn  2.1075 0.8595 18.1710 15.6180 38.2954 397 
Spain 836–010 Niña Diógenes  Pb-Zn 2.1019 0.8574 18.2170 15.6193 38.2903 366 
Spain 836–012 Niña Diógenes  Pb-Zn 2.1029 0.8577 18.1950 15.6059 38.2623 366 
Spain 836–034 La Boticaria  Pb–Zn–Ag  2.1058 0.8589 18.1700 15.6062 38.2624 384 
Spain 836–034 El Encinarejo  Pb–Zn–Ag  2.1055 0.8585 18.1840 15.6110 38.2864 380 
Spain 861–29 Mina de la Nava  Pb-Zn 2.1221 0.8693 18.0450 15.6865 38.2933 556 
Spain 861–66 El Risquillo  Pb-Zn 2.1206 0.8696 18.0080 15.6598 38.1878 553 

Spain 836–103 
Arroyo de la 
Higueruela  Pb-Zn 2.1254 0.8771 17.7600 15.5773 37.7471 637 

Spain 861–60 
Arroyo del 
Nacedero  Pb-Zn 2.1239 0.8770 17.7510 15.5676 37.7013 633 

Spain 861–43 Mina Atilana  Pb-Zn 2.1206 0.8672 18.0690 15.6694 38.3171 522 
Spain 836–050 La Gitana  Pb-Zn 2.1052 0.8587 18.1680 15.6009 38.2473 380 
Spain 836–051 Grupo el Guijo  Pb-Zn 2.1014 0.8559 18.2690 15.6364 38.3905 349 
Spain 836–065 El Burcio  Pb-Zn 2.1049 0.8576 18.2140 15.6203 38.3386 369 
Spain 836–085 Santa Rosa  Pb-Zn 2.1063 0.8588 18.1690 15.6035 38.2694 382 
Spain 836–82 San Serafín  Pb-Zn 2.1026 0.8575 18.2040 15.6099 38.2757 365 
Spain 836–079 Mina Villalba  Pb-Zn 2.1054 0.8586 18.1850 15.6136 38.2867 382 
Spain 861–38 Mina las Llaves  Pb-Zn 2.1193 0.8677 18.0290 15.6438 38.2089 522 
Spain 861–48 Pozo Rico  Pb-Zn 2.1197 0.8673 18.0520 15.6565 38.2648 520 
Spain 861–13 San Benito  Pb-Zn 2.1199 0.8673 18.0720 15.6738 38.3108 525 

Spain 861–12 
Pontones/Santa 
Isabel  Pb-Zn 2.1197 0.8672 18.0640 15.6651 38.2903 521 

Spain   Pb-Zn 2.1203 0.8678 18.0360 15.6516 38.2417 526 
Spain 861–5 San Justo  Pb-Zn 2.1198 0.8672 18.0730 15.6729 38.3111 523 
Spain   Pb-Zn 2.1195 0.8671 18.0710 15.6694 38.3015 521 
Spain 861–7 Los Diegos  Pb-Zn 2.1199 0.8674 18.0590 15.6644 38.2833 524 
Spain 861–7  Pb-Zn 2.1198 0.8671 18.0740 15.6720 38.3133 521 

Spain 861–025 
Mina María 
Aurora  Pb-Zn 2.1018 0.8564 18.2360 15.6173 38.3284 351 

Spain 836–89 Las Minillas  Pb-Zn 2.1161 0.8686 18.0560 15.6834 38.2083 546 

Spain 861–022 
Mina de los 
Galayos  Pb-Zn 2.1076 0.8599 18.1590 15.6149 38.2719 402 

Spain 861–36 
Paraje el 
Contadero  Pb-Zn 2.1199 0.8694 18.0020 15.6509 38.1624 548 

Spain 836–93 
Arroyo Pena del 
Lobo  Pb-Zn 2.1178 0.8690 18.0490 15.6846 38.2242 552 

Spain 836–92A Mina Santa Rita  Pb-Zn 2.1164 0.8688 18.0500 15.6818 38.2010 548 
Spain 836–92B  Pb-Zn 2.1171 0.8691 18.0450 15.6829 38.2031 553 
Spain 862–001 Mina Rica Nueva  Pb-Zn 2.1099 0.8598 18.1810 15.6320 38.3601 405 
Spain 837–2 Virgen del Socorro  Pb-Zn 2.1152 0.8669 18.0920 15.6840 38.2682 522 
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Spain 837–3 Navalahiguera  Pb-Zn 2.1152 0.8668 18.0930 15.6830 38.2703 520 
Spain Santos 

Zaldeuegui, et 
al., 2004 
Los Linares, La 
Carolina 

LIN-1  Grupo Matacabras  Pb-Zn 2.1022 0.8562 18.2240 15.6034 38.3105 343 
Spain LIN-2  Grupo Matacabras  Pb-Zn 2.1022 0.8550 18.3020 15.6482 38.4745 339 

Spain LIN-3  
Lavadero 
Matacabras  Pb-Zn 2.1063 0.8577 18.2110 15.6196 38.3578 370 

Spain 

 

CAR-4  El Centenillo  Pb-Zn 2.1042 0.8571 18.2040 15.6026 38.3049 357 
Spain LIN-4 BIS  La Esperanza  Pb-Zn 2.1062 0.8576 18.2110 15.6178 38.3560 368 
Spain LIN-5  Filón el Cobre  Pb-Zn 2.1037 0.8562 18.2730 15.6453 38.4409 356 

Spain LIN-14  
Mina Santa 
Margarita  Pb-Zn 2.1047 0.8574 18.1900 15.5961 38.2845 359 

Spain LIN-6  Grupo Matacabras  Pb-Zn 2.0987 0.8540 18.2830 15.6137 38.3705 314 
Spain LIN-7A  Grupo Matacabras  Pb-Zn 2.1018 0.8559 18.2310 15.6039 38.3179 339 
Spain LIN-7B   Pb-Zn 2.1034 0.8563 18.2390 15.6181 38.3639 349 
Spain LIN-8  Grupo La Cruz  Pb-Zn 2.0999 0.8543 18.2930 15.6277 38.4135 322 
Spain LIN-9  Grupo La Cruz  Pb-Zn 2.1051 0.8574 18.2050 15.6090 38.3233 363 
Spain LIN-10  Grupo La Cruz  Pb-Zn 2.1006 0.8551 18.2630 15.6167 38.3633 331 
Spain CAR-3  Los Guindos  Pb-Zn 2.1044 0.8567 18.2440 15.6296 38.3927 359 
Spain LIN-11  Filón Arrayanes  Pb-Zn 2.1046 0.8573 18.1980 15.6011 38.2995 359 
Spain LIN-12  La Fernandina  Pb-Zn 2.1044 0.8573 18.1920 15.5960 38.2832 358 
Spain CAR-2  El Sinapismo  Pb-Zn 2.1024 0.8561 18.2620 15.6341 38.3940 351 
Spain LIN-13  Mina San Andrés  Pb-Zn 2.0981 0.8542 18.2910 15.6242 38.3763 320 
Spain CAR-1  El Sinapismo  Pb-Zn 2.1053 0.8575 18.2030 15.6091 38.3228 364 
Spain SE-4  Mina la Aliseda  Pb-Zn 2.1067 0.8579 18.2040 15.6172 38.3504 373 
Spain SE-3  Mina la Trinidad  Pb-Zn 2.1052 0.8575 18.1990 15.6056 38.3125 363 
Spain SE-2  Mina la Venta  Pb-Zn 2.1047 0.8570 18.2030 15.6000 38.3119 354 
Spain SE-1  San Gabriel  Pb-Zn 2.1019 0.8558 18.2480 15.6166 38.3555 341 

Spain ARQ-1A  
Grupo Minero 
Arquillos  Pb-Zn 2.1047 0.8574 18.1920 15.5978 38.2887 360 

Spain Santos 
Zaldeuegui, et 
al., 2004 
Los Pedroches 
Beolith Area 

BRI  Santa Brígida  Pb-Zn 2.1002 0.8559 18.2510 15.6210 38.3308 344 

Spain SOL El Soldado  Pb-Zn 2.1011 0.8559 18.2400 15.6116 38.3241 341 
Spain 

 

MOR-2  Morras de Cuzna  Pb-Zn 2.1005 0.8554 18.2550 15.6153 38.3446 335 
Spain MOR  Guadalupe Pb-Zn 2.1021 0.8562 18.2310 15.6094 38.3234 345 
Spain GAL-36  Norte Torrecampo  Pb-Zn 2.0968 0.8544 18.2970 15.6330 38.3651 325 
Spain GAL-33  Membrillejos Pb 2.0918 0.8475 18.4420 15.6296 38.5770 220 
Spain GAL-34  El Águila  Pb 2.0921 0.8474 18.4520 15.6362 38.6034 220 
Spain GAL-32  San Caetano  Pb 2.0930 0.8472 18.4640 15.6427 38.6452 219 
Spain GAL-31  San Rafael  Pb 2.0910 0.8466 18.4690 15.6359 38.6187 208 
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Data Table 14: Ores from Timna – collated by Montero-Ruiz. 
 
Code Mine Mineral/Info Region 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb Reference 
4 Timna Iron ore Timna 17.9220 15.5980 37.9220 0.8703 2.1159   
7 Timna Iron ore Timna 18.1420 15.6710 38.2980 0.8638 2.1110   
10 Timna Iron ore Timna 17.9820 15.6070 37.9830 0.8679 2.1123   
11 Timna Iron flux Timna 18.1930 15.6150 38.2080 0.8583 2.1001   
12 Timna Manganese ore Timna 17.8710 15.5890 37.8690 0.8723 2.1190   
68 1332 Copper ore Timna 18.0100 15.5070 37.8950 0.8610 2.1041   
69 1336 Copper ore Timna 17.9290 15.5590 37.8950 0.8678 2.1136   
70 Mine T1 Copper ore Timna 18.0380 15.6010 38.0660 0.8649 2.1103   

79 Mt. Timna TIC_Djur./cov. Timna   18.2060 15.6210 38.3000 0.8580 2.1037 
Yehudit Harlavan 
et al 2017 

80 Mt. Timna TIC_Djur./cov. Timna   18.2260 15.6450 38.3570 0.8584 2.1045 
Yehudit Harlavan 
et al 2017 

81 Mt. Timna TIC_Djur./cov. Timna   18.2150 15.6410 38.3070 0.8587 2.1030 
Yehudit Harlavan 
et al 2017 

82 Mt. Timna TIC_Malach./parata. Timna   18.2350 15.6140 38.3590 0.8563 2.1036 
Yehudit Harlavan 
et al 2017 

83 Mt. Timna TIC_Malach./parata. Timna   18.3020 15.6440 38.3720 0.8548 2.0966 
Yehudit Harlavan 
et al 2017 

84 Mt. Timna TIC_Malach./parata. Timna   18.2230 15.6410 38.3300 0.8583 2.1034 
Yehudit Harlavan 
et al 2017 

85 Mt. Timna TIC_Malach./parata. Timna   18.2220 15.6450 38.3590 0.8586 2.1051 
Yehudit Harlavan 
et al 2017 

86 Mt. Timna TIC_Malach./parata. Timna   18.5630 15.5830 38.5710 0.8395 2.0778 
Yehudit Harlavan 
et al 2017 

87 Plant Dolomite_Djur./cov. Timna   18.6610 15.6890 38.2370 0.8407 2.0490 
Yehudit Harlavan 
et al 2017 

88 Plant Dolomite_Djur./cov. Timna   18.6720 15.6660 38.1770 0.8390 2.0446 
Yehudit Harlavan 
et al 2017 

89 Har Michrot Dolomite_Djur./cov. Timna   18.7470 15.5980 38.0430 0.8320 2.0293 
Yehudit Harlavan 
et al 2017 

90 Har Michrot Dolomite_Djur./cov. Timna   18.7880 15.6590 38.1970 0.8335 2.0331 
Yehudit Harlavan 
et al 2017 

91 Har Michrot Dolomite_Djur./cov. Timna   18.7310 15.6620 38.2200 0.8362 2.0405 
Yehudit Harlavan 
et al 2017 

92 Har Michrot Dolomite_Djur./cov. Timna   18.6690 15.6500 38.1860 0.8383 2.0454 
Yehudit Harlavan 
et al 2017 

93 Har Michrot Dolomite_Djur./cov. Timna   18.6650 15.6440 38.1810 0.8381 2.0456 
Yehudit Harlavan 
et al 2017 

94 Har Michrot Dolomite_Djur./cov. Timna   18.7700 15.6680 38.0150 0.8347 2.0253 
Yehudit Harlavan 
et al 2017 
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95 Har Michrot Dolomite_Djur./cov. Timna   18.7210 15.6670 37.9970 0.8369 2.0296 
Yehudit Harlavan 
et al 2017 

96 Har Michrot Dolomite_Djur./cov. Timna   18.8600 15.6690 38.0050 0.8308 2.0151 
Yehudit Harlavan 
et al 2017 

97 Har Michrot Dolomite_Djur./cov. Timna   18.7500 15.6580 38.2060 0.8351 2.0377 
Yehudit Harlavan 
et al 2017 

98 Har Michrot Dolomite_Malachite Timna   18.6820 15.6600 38.2410 0.8382 2.0469 
Yehudit Harlavan 
et al 2017 

99 Har Michrot Dolomite_Malachite Timna   18.6670 15.6620 38.0070 0.8390 2.0361 
Yehudit Harlavan 
et al 2017 

100 Plant Dolomite_Malachite Timna   18.5220 15.6930 38.2200 0.8473 2.0635 
Yehudit Harlavan 
et al 2017 

101 N. Mangan Dolomite_Parata. Timna   19.7980 15.7400 37.9970 0.7950 1.9192 
Yehudit Harlavan 
et al 2017 

102 N. Mangan Dolomite_Parata. Timna   21.2040 15.8010 37.9920 0.7452 1.7917 
Yehudit Harlavan 
et al 2017 

103 N. Mangan Dolomite_Parata. Timna   20.0660 15.7530 37.9930 0.7851 1.8934 
Yehudit Harlavan 
et al 2017 

104 Pit K Dolomite_Parata. Timna   18.0370 15.6220 38.0920 0.8661 2.1119 
Yehudit Harlavan 
et al 2017 

105 Pit K Dolomite_Parata. Timna   18.1430 15.6310 38.1930 0.8615 2.1051 
Yehudit Harlavan 
et al 2017 

106 Step faults Dolomite_Parata. Timna   18.7770 15.6620 38.2280 0.8341 2.0359 
Yehudit Harlavan 
et al 2017 

107 Step faults Dolomite_Parata. Timna   18.5750 15.6540 38.1560 0.8427 2.0542 
Yehudit Harlavan 
et al 2017 

108 Step faults Dolomite_Parata. Timna   18.5940 15.6540 38.1760 0.8419 2.0531 
Yehudit Harlavan 
et al 2017 

109 Pitriya Dolomite_Parata. Timna   17.9580 15.6210 37.9880 0.8699 2.1154 
Yehudit Harlavan 
et al 2017 

110 Har Michrot Sandstone_Chryso. Timna   19.7125 15.7250 38.2460 0.7977 1.9402 
Yehudit Harlavan 
et al 2017 

111 Har Michrot Sandstone_Chryso. Timna   18.8193 15.6950 38.1840 0.8340 2.0290 
Yehudit Harlavan 
et al 2017 

112 Har Michrot Sandstone_Chryso. Timna   19.0323 15.6880 38.2850 0.8243 2.0116 
Yehudit Harlavan 
et al 2017 

113 Har Michrot Sandstone_Chryso. Timna   18.9711 15.6830 38.1830 0.8267 2.0127 
Yehudit Harlavan 
et al 2017 

114 Pit D Sandstone_Chryso. Timna   18.2670 15.6510 38.1500 0.8568 2.0885 
Yehudit Harlavan 
et al 2017 

115 Pit D Sandstone_Chryso. Timna   18.2480 15.6710 38.1500 0.8588 2.0906 
Yehudit Harlavan 
et al 2017 

116 Pit D Sandstone_Chryso. Timna   19.0050 15.6800 38.1360 0.8250 2.0066 
Yehudit Harlavan 
et al 2017 



571 
 

117 Pit D Sandstone_Chryso. Timna   19.0410 15.6800 38.1660 0.8235 2.0044 
Yehudit Harlavan 
et al 2017 

118 Pit K Sandstone_Chryso. Timna   18.7910 15.6670 38.1120 0.8338 2.0282 
Yehudit Harlavan 
et al 2017 

119 Pit K Sandstone_Chryso. Timna   18.0000 15.6110 38.0530 0.8673 2.1141 
Yehudit Harlavan 
et al 2017 

120 Pit K Sandstone_Chryso. Timna   17.9970 15.6160 38.0300 0.8677 2.1131 
Yehudit Harlavan 
et al 2017 

121 Pit K Sandstone_Chryso. Timna   17.9830 15.6170 38.0270 0.8684 2.1146 
Yehudit Harlavan 
et al 2017 

122 Pit K Sandstone_Chryso. Timna   17.9100 15.6070 37.8910 0.8714 2.1156 
Yehudit Harlavan 
et al 2017 

123 Pit K Sandstone_Chryso. Timna   18.3010 15.6570 38.1630 0.8555 2.0853 
Yehudit Harlavan 
et al 2017 

124 Pit K Sandstone_Chryso. Timna   18.2380 15.6410 38.3560 0.8576 2.1031 
Yehudit Harlavan 
et al 2017 

125 Pit K Sandstone_Chryso. Timna   18.2020 15.6430 38.3260 0.8594 2.1056 
Yehudit Harlavan 
et al 2017 

126 Pit K Sandstone_Chryso. Timna   18.1990 15.6400 38.3150 0.8594 2.1053 
Yehudit Harlavan 
et al 2017 

49  
Amir- / Avrona-Fm.  
Cu Timna   --- 17.8850 15.6020 37.9710 0.8723 2.1231   

28 D18 
Amir- / Avrona-Fm.  
Cu Timna,  site 18 18.1460 15.6370 38.2580 0.8618 2.1084   

15 A1 
Amir- / Avrona-Fm.  
Cu / Fe Timna, area A 18.2730 15.6740 38.4490 0.8578 2.1041   

16 D17 
Amir- / Avrona-Fm.  
Cu Timna, area D 18.2890 15.6400 38.3750 0.8552 2.0983   

17 D31 
Amir- / Avrona-Fm.  
Cu Timna, area Dl 18.1860 15.6500 38.3110 0.8605 2.1066   

71 23065U    
Amir- / Avrona-Fm.  
Cu Timna, area I 18.0910 15.6300 38.1830 0.8640 2.1106   

72 23069X   
Amir- / Avrona-Fm.  
Cu Timna, area M 18.0920 15.6320 38.1790 0.8640 2.1103   

74 23070P  
Amir- / Avrona-Fm.  
Cu Timna, area P 18.1760 15.6670 38.3630 0.8620 2.1106   

31 T11 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 17.9110 15.6370 38.0710 0.8731 2.1256   

32 T5 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 17.9070 15.6340 38.0070 0.8731 2.1225   

33 T8 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 17.9330 15.6300 38.0680 0.8716 2.1228   

34 T9 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 17.8970 15.6160 38.0180 0.8726 2.1243   
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35 T16 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 18.0280 15.6240 38.1350 0.8666 2.1153   

36 W18 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 18.2150 15.6340 38.2830 0.8583 2.1017   

37 T23 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 17.8980 15.6360 38.0590 0.8736 2.1264   

38 T24 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 17.9100 15.6490 38.1120 0.8737 2.1280   

39 T26 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 18.0750 15.6480 38.2420 0.8657 2.1157   

40 C3 
Amir- / Avrona-Fm.  
Cu Timna, area S/T 18.1240 15.6710 38.3230 0.8646 2.1145   

22 T23 
Amir- / Avrona-Fm.  
Cu Timna, area T 17.9380 15.6520 38.1100 0.8726 2.1245   

46  
Amir- / Avrona-Fm.  
Cu Timna, area T 17.9430 15.6430 38.0710 0.8718 2.1218   

50  Amir- / Avrona-Fm. Timna, area T 17.9010 15.6280 38.0580 0.8730 2.1260   

24 U6 
Amir- / Avrona-Fm.  
Cu Timna, area U 17.9330 15.6520 38.1440 0.8728 2.1270   

25 U8 
Amir- / Avrona-Fm.  
Cu/Fe Timna, area U 18.0030 15.6350 38.1360 0.8685 2.1183   

43  
Amir- / Avrona-Fm.  
Cu Timna, mine T1 18.0380 15.6020 38.0660 0.8649 2.1103   

48  
Amir- / Avrona-Fm.  
Fe 

Timna, near site 
25 17.9610 15.6100 37.9430 0.8691 2.1125   

47  
Amir- / Avrona-Fm.  
Cu Timna, shaft 14 18.0820 15.6690 38.2140 0.8666 2.1134   

44  
Amir- / Avrona-Fm.  
Cu Timna, site 33b 18.0110 15.6250 38.0010 0.8675 2.1099   

45  
Amir- / Avrona-Fm.  
Cu Timna, site 88a 18.0660 15.6420 38.1850 0.8659 2.1136   

30 ARB9 
Amir- / Avrona-Fm.  
Cu Timna, site 9 17.8970 15.6160 38.0180 0.8726 2.1243   

14 D6 
Amir- / Avrona-Fm.  
Cu Timna. --- 18.1120 15.6270 38.1570 0.8628 2.1067   

41  
Amir- / Avrona-Fm.  
Cu Timna. --- 17.8520 15.6010 37.9180 0.8739 2.1240   

42  
Amir- / Avrona-Fm.  
Cu Timna. --- 18.2260 15.6320 38.3430 0.8577 2.1038   

21 T2 
Amir- / Avrona-Fm.  
Cu Timna. site 2 17.9800 15.6080 38.0680 0.8681 2.1172   

26 D33a 
Amir- / Avrona-Fm.? 
Cu 

Wadi Amram. 
site 33A 18.1850 15.6580 38.2930 0.8611 2.1057   
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Data Table 15: Ores from Feynan - collated by Montero-Ruiz. 
 
Code Additional. Id Type/Info Region 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb Reference 

51  
Top wall cb2 
(DLS) Cu + Mn Wadi Khalid 18.009 15.652 38.189 0.8691 2.1206   

52  
Top wall cb2 
(DLS) Cu Wadi Khalid 18.007 15.636 38.12 0.8683 2.117   

53  Footwall cb3    Cu Wadi Khalid 18.447 15.663 38.055 0.8491 2.0629   
54  Footwall cb3    Cu Wadi Khalid 18.069 15.61 37.979 0.8639 2.1019   

55  
Top wall cb2 
(DLS) Cu + Mn Wadi Khalid 18.015 15.638 38.132 0.8681 2.1166   

56  
Top wall cb2 
(DLS) Cu Wadi Khalid 17.987 15.618 38.056 0.8683 2.1157   

57  
Top wall cb2 
(DLS) Cu + Mn Wadi Khalid 17.906 15.585 37.944 0.8704 2.119   

58  
Top wall cb2 
(DLS) Cu Wadi Khalid 18.019 15.637 38.143 0.8678 2.1168   

60  cb4 (MBS)  Cu Wadi Ratiye 18.693 15.677 38.804 0.8387 2.0758   
61  cb4 (MBS)    Cu Wadi Ratiye 18.67 15.669 38.757 0.8393 2.0759   
62  cb4 (MBS)    Cu Wadi Ratiye 18.508 15.684 38.667 0.8474 2.0893   

63  
Top wall cb2 
(DLS) Cu + Mn Wadi Dana 17.986 15.615 38.071 0.8682 2.1167   

64  
Top wall cb2 
(DLS) Cu Wadi Dana 18.003 15.622 38.103 0.8677 2.1165   

65  
cb3/cb4 (MBS)   
Cu 

Wadi Abu 
Kusheibah 19.14 15.698 39.155 0.8202 2.0457   

66  
cb3/cb4 (MBS)   
Cu 

Wadi Abu 
Kusheibah 19.108 15.698 39.114 0.8215 2.047   

76 JD-8/2c Chalcolithic/EBA I Wadi Fidan 4 17.952 15.617 38.046 0.8699 2.1193 Hauptmann 2007 
77 JD-8/3a Chalcolithic/EBA I Wadi Fidan 4 17.951 15.628 38.068 0.8706 2.1207 Hauptmann 2007 
78 JD-8/5a Chalcolithic/EBA I Wadi Fidan 4 17.973 15.618 38.024 0.869 2.1156 Hauptmann 2007 
128 276/3a Chalcolithic/EBA I Wadi Fidan 4 17.95 15.617 38.031 0.87 2.1188 Hauptmann 2007 
129 276/3b Chalcolithic/EBA I Wadi Fidan 4 17.965 15.62 38.037 0.8695 2.1173 Hauptmann 2007 
130 JD-38/1c Chalcolithic/EBA I Wadi Fidan A 17.98 15.6 38.052 0.8676 2.1163 Hauptmann 2007 
131 JD-5/1 EBA II/III Ras en Naqb 18.042 15.641 38.141 0.8669 2.114 Hauptmann 2007 
132 JD-5/4a EBA II/III Ras en Naqb 17.945 15.619 38.042 0.8704 2.12 Hauptmann 2007 
133 JD-13/13 MBA/IA I Wadi Dana 17.968 15.624 38.066 0.8696 2.1186 Hauptmann 2007 
134 JD-1/17 IA-III Faynan 5 17.958 15.611 38.044 0.8693 2.1185 Hauptmann 2007 
135 Jd-2/19c IA-III Kh en Nahas 17.945 15.627 38.064 0.8708 2.1211 Hauptmann 2007 
136 Jd-2/19d IA-III Kh en Nahas 17.98 15.639 38.098 0.8696 2.1183 Hauptmann 2007 
137 Jd-1/2c Mamlukk Faynan 6 17.868 15.635 38.108 0.8702 2.1208 Hauptmann 2007 
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Data Table 16: Copper-base objects from Tell Jatt hoard (Artzy, 2006). 
 
Code Location Object Inventory no. 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

403 Tell Jatt 
Cuenco con 
mango J46 2.1170 0.8688 18.0110 15.6472 38.1300 

404 Tell Jatt Caldero J48 2.1205 0.8697 18.0130 15.6650 38.1957 
405 Tell Jatt Jarro globular J15 2.1054 0.8608 18.2070 15.6717 38.3337 
406 Tell Jatt Jarro globular J16 2.1184 0.8688 18.0070 15.6450 38.1455 
407 Tell Jatt Jarro globular J17 2.1197 0.8700 17.9750 15.6381 38.1007 
408 Tell Jatt Punta lanza J30 2.1198 0.8700 17.9710 15.6353 38.0944 
409 Tell Jatt Punta lanza J33 2.1191 0.8696 17.9840 15.6380 38.1103 
410 Tell Jatt Punta flecha J19 2.1203 0.8696 17.9930 15.6464 38.1500 
411 Tell Jatt Punta flecha J22 2.1194 0.8693 18.0050 15.6523 38.1596 
412 Tell Jatt Espada J52 2.0995 0.8575 18.2670 15.6636 38.3516 
413 Tell Jatt Cuchillo J53 2.1028 0.8577 18.2770 15.6760 38.4329 

 

 

Copper bowl from the Berzocana hoard (Montero-Ruiz, unpublished). 
 
Code Location Object Inventory no. 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

2226 Berzocana Cuenco 
PA12209/MA-
165664 2.1202 0.8701 17.962 15.629 38.082 
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Data Table 17: Bronze Age ‘Argaric’ silver objects recovered in Spain.  
Compositional data (measured by ED-XRF) and lead isotope data from Comendador Rey et al. 2014; Bartlelheim et al., 2012; Murillo-Barroso et al., 2015, 
Murillo-Barroso, 2013. Pb crustal age calculated from two-stage evolution model using parameters from Desaulty et al., 2011. Data from Cabezo 
Redondo and Tesoro de Villena (Montero-Ruiz, unpublished) 
 
Chronology Site Code Type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) Au % Ag % Au/Ag x 100 

Bronze Age 
Penolosa gr 7 
Jaen MA-081330 ring 2.1086 0.8576 18.1970 15.6050 38.3702 364 0.070 99.00 0.07 

Bronze Age 
Penolosa gr 7 
Jaen MA-081331 spiral 2.1072 0.8574 18.2020 15.6066 38.3553 362 0.100 99.00 0.10 

Bronze Age 
Penolosa gr 7 
Jaen MA-081332 bracelet 2.1068 0.8567 18.2170 15.6065 38.3796 352 0.020 94.00 0.02 

Bronze Age 
Penolosa gr 7 
Jaen MA-081333 bracelet 2.1073 0.8575 18.2000 15.6063 38.3529 363 0.090 99.00 0.09 

Bronze Age 
Penolosa gr 
21 Jaen MA-081334 ring 2.1119 0.8598 18.1350 15.5923 38.2993 393 0.060 99.00 0.06 

Bronze Age 
Penolosa gr 
21 Jaen MA-081336 spiral 2.1096 0.8583 18.1750 15.6001 38.3420 374 0.310 99.00 0.31 

Bronze Age 
Penolosa gr 
21 Jaen MA-081337 ring 2.1124 0.8600 18.1350 15.5956 38.3084 397 0.090 99.00 0.09 

Bronze Age 

Cerro de la 
Encina gr 21 
Granada MA-081338 

spiral 
ring 2.1086 0.8588 18.1880 15.6206 38.3512 388 0.160 99.00 0.16 

Bronze Age 

Cerro de la 
Encina gr 21 
Granada MA-081339 

hair 
spiral 
ring 2.1082 0.8579 18.1900 15.6056 38.3482 370 0.360 98.00 0.37 

Bronze Age 

Cerro de la 
Encina gr 21 
Granada MA-081340 rivet 2.1083 0.8579 18.1960 15.6103 38.3626 371 0.060 92.00 0.07 

Bronze Age 

Cerro de la 
Encina gr 21 
Granada MA-081341 

spiral 
ring 2.1108 0.8586 18.1710 15.6009 38.3553 378 0.080 99.00 0.08 

Bronze Age 

Cerro de la 
Encina gr 21 
Granada MA-081343 bracelet 2.1082 0.8574 18.2060 15.6106 38.3819 364 0.080 97.00 0.08 

Bronze Age 

Cerro de la 
Encina gr 21 
Granada MA-081344 rivet 2.1079 0.8571 18.2060 15.6051 38.3764 358 0.100 75.00 0.13 

Bronze Age 
Antas silver 
objects  

ring 
2.1014 0.8585 18.1960 15.6210 38.2470 382 0.003 99.88 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1027 0.8589 18.1960 15.6290 38.2700 391 0.068 99.09 0.07 
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Bronze Age 
Antas silver 
objects  

ring 
2.0992 0.8547 18.2780 15.6230 38.3780 327 0.076 99.55 0.08 

Bronze Age 
Antas silver 
objects  

ring 
2.1033 0.8593 18.1810 15.6240 38.2490 396 0.073 98.41 0.07 

Bronze Age 
Antas silver 
objects  

ring 
2.1032 0.8588 18.2000 15.6310 38.2870 391 0.275 98.67 0.28 

Bronze Age 
Antas silver 
objects  

ring 
2.1038 0.8595 18.1830 15.6280 38.2640 399 0.214 93.60 0.23 

Bronze Age 
Antas silver 
objects  

ring 
2.1034 0.8592 18.1900 15.6290 38.2680 395 0.012 99.78 0.01 

Bronze Age 
Antas silver 
objects  

ring 
2.1034 0.8592 18.1870 15.6260 38.2630 394 0.018 99.76 0.02 

Bronze Age 
Antas silver 
objects  

ring 
2.1038 0.8591 18.1720 15.6120 38.2380 389 0.006 99.78 0.01 

Bronze Age 
Antas silver 
objects  

ring 
2.0999 0.8572 18.2290 15.6260 38.2870 365 0.001 99.14 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1031 0.8592 18.1890 15.6280 38.2640 395 0.002 97.41 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1026 0.8591 18.2060 15.6410 38.2860 397 0.002 99.94 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1026 0.8591 18.1810 15.6200 38.2370 392 0.064 99.29 0.06 

Bronze Age 
Antas silver 
objects  

ring 
2.0990 0.8568 18.2340 15.6220 38.2810 357 0.077 99.29 0.08 

Bronze Age 
Antas silver 
objects  

ring 
2.1034 0.8594 18.1830 15.6260 38.2550 397 0.001 97.87 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1036 0.8594 18.1810 15.6240 38.2550 396 0.034 98.91 0.03 

Bronze Age 
Antas silver 
objects  

ring 
2.1054 0.8587 18.1800 15.6110 38.2840 383 0.114 97.53 0.12 

Bronze Age 
Antas silver 
objects  

ring 
2.1035 0.8592 18.1890 15.6280 38.2690 395 0.004 99.05 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1025 0.8585 18.2160 15.6380 38.3090 387 0.023 99.50 0.02 

Bronze Age 
Antas silver 
objects  

ring 
2.1039 0.8595 18.1790 15.6250 38.2560 399 0.001 98.68 0.00 

Bronze Age 
Antas silver 
objects  

ring 
2.1030 0.8589 18.1850 15.6200 38.2530 389 0.036 98.66 0.04 

Bronze Age 
Antas silver 
objects  

ring 
2.1032 0.8592 18.1700 15.6100 38.2230 388 0.136 97.71 0.14 

Bronze Age 
CASE DEL 
CARPIO 31546 vase 2.1110 0.8520 18.4850 15.7580 39.0290 333 0.000 98.22 0.00 

Bronze Age PENALOSA PA20105 remache 2.1040 0.8551 18.2395 15.5968 38.3765 325 0.000 99.70 0.00 
Bronze Age EL OFICIO MA114720 ring 2.0682 0.8364 18.7420 15.6760 38.7620 61 0.220 95.00 0.23 
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Bronze Age 
Cerro de la 
Encina 

MA-
081345/DJ0
0765 

 

2.1094 0.8580 18.1542 15.5771 38.2945 363 0.150 98.00 0.15 

Bronze Age 
Cerro de la 
Encina 

MA-
081342/DJ0
0760 

 

2.1021 0.8555 18.2329 15.5971 38.3269 330 0.050 99.00 0.05 

Bronze Age 

Pantano de 
los 
Bermejales PA20241 

 

2.1084 0.8580 18.1849 15.6032 38.3412 371 0.000 99.90 0.00 

Bronze Age Cerro Encina 

MA-
081338?DJ0
0744 

 

2.1086 0.8584 18.1874 15.6130 38.3500 380 0.157 99.00 0.16 
Bronze Age Cerro Encina MA-081344  2.1079 0.8571 18.2058 15.6050 38.3760 358 0.097 75.00 0.13 
Bronze Age Cerro Encina MA-081340  2.0882 0.8475 18.4454 15.6320 38.5177 220 0.056 92.00 0.06 

Bronze Age 
Argar (El 
Oficio) MA-114721 

 
2.1095 0.8574 18.2100 15.6140 38.4140 365 0.060 98.00 0.06 

Bronze Age Argar MA-114722  2.1051 0.8561 18.2270 15.6030 38.3700 341 0.180 94.00 0.19 
Bronze Age Cerro Encina MA-114736  2.1072 0.8583 18.1890 15.6110 38.3280 376 0.150 98.00 0.15 

Bronze Age 
Cerro de la 
Encina MA-081339 

 
2.1082 0.8579 18.1899 15.6060 38.3480 370 0.365 98.00 0.37 

Bronze Age La Papua PA7354 PU1 Brazalete 2.1003 0.8587 18.1840 15.6142 38.1919 383 0.000 99.30 0.00 

Bronze Age La Papua PA7356 PU2 
Espiral 
3V 2.1008 0.8585 18.2220 15.6429 38.2802 388 0.000 99.40 0.00 

Bronze Age Las Cumbres TH3 Espiral 2.1031 0.8556 18.2970 15.6544 38.4812 349 0.060 97.87 0.06 
Bronze Age Las Cumbres TH4 Espiral 2.0749 0.8382 18.5970 15.5874 38.5867 59 0.000 99.90 0.00 
Bronze Age Las Cumbres TH5 Espiral 2.0905 0.8582 18.1690 15.5921 37.9828 369 0.000 98.60 0.00 
Bronze Age Las Cumbres TH6 Espiral 2.0998 0.8574 18.2540 15.6506 38.3305 375 0.000 98.80 0.00 

Bronze Age 
Cabezo 
Redondo  CR-TU Tutuli 2.0954 0.8520 18.3804 15.6592 38.5139 296 0.000 98.10 0.00 

Bronze Age 
Tesoro de 
Villena  nº45 

Vasija 
Plata 
nº45 2.0886 0.8475 18.4304 15.6203 38.4931 217 4.700 95.00 4.95 

Bronze Age 
Tesoro de 
Villena  nº44 

Vasija 
Plata 
nº44 2.0959 0.8529 18.3270 15.6309 38.4116 302 3.600 95.90 3.75 

Bronze Age 
Tesoro de 
Villena  nº43 

Vasija 
Plata 
nº43 2.0987 0.8540 18.3102 15.6375 38.4281 321 25.300 73.90 34.24 
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Data Table 18: Orientalising silver objects recovered in Spain. 
Compositional data (measured by ED-XRF) and lead isotope data from Murillo-Barroso et al., 2015, Murillo-Barroso, 2013. Pb crustal age calculated from 
two-stage evolution model using parameters from Desaulty et al., 2011. 
 
Chronology Site Type Code 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age (Ma) Au % Ag % Au/Ag x 100 
Orientalising Ampurias  PA12292 2.0958 0.8529 18.3480 15.6480 38.4540 306 6.42 78.1 8.22 

Orientalising 

Coll del 
Moro Serra 
d'Almos 

Pendant 
(arracada) 5047 2.1003 0.8542 18.3200 15.6500 38.4800 328 0.53 97.5 0.54 

Orientalising 

Coll del 
Moro Serra 
d'Almos Ingot 5879 2.0905 0.8458 18.5440 15.6800 38.7700 205 0.37 90.9 0.41 

Orientalising Palacio III Signet ring   2.1011 0.8541 18.3095 15.6387 38.4697 323 0 98.1 0.00 
Orientalising Palacio III ring 3   2.1048 0.8590 18.2110 15.6424 38.3310 396 0.7 97.5 0.72 
Orientalising Palacio III ring 4   2.1030 0.8578 18.2478 15.6534 38.3745 382 1.5 97.4 1.54 
Orientalising Palacio III pendant   2.0531 0.8336 18.8354 15.7002 38.6718 23 0.4 99.6 0.40 

Orientalising 
Casa del 
Carpio Vessel AA 1477 2.1110 0.8520 18.4850 15.7580 39.0290 333 0 98.22 0.00 

Orientalising Can Canyis Disco Ag PA13534 2.0992 0.8500 18.3979 15.6378 38.6226 260 0 95.2 0.00 

Orientalising 
Casa del 
Carpio AA  

Ag ring - 
Casa del 
Carpio AA 
1478 AA 1478 2.1030 0.8530 18.3090 15.6110 38.5010 292 0 96.89 0.00 

Orientalising La Ayuela Anillo Ag PA20440 2.1055 0.8571 18.2215 15.6166 38.3655 360 0 99 0.00 

Orientalising 
Palomar de 
Pintado Anillo Ag PA13524 2.0871 0.8436 18.5761 15.6701 38.7708 172 0 94 0.00 

Orientalising Poble Nou 
Anillo 
cerrado 

PA13991 
OO3399 2.0804 0.8429 18.5845 15.6641 38.6627 159 0 99.9 0.00 

Orientalising Poble Nou 
Colgante en 
8 

PA13993  
OO3397 2.0830 0.8405 18.6385 15.6665 38.8236 123 0.68 99.3 0.68 

Orientalising Poble Nou 
Brazalete 
frag. 

PA13995 
0011021 2.0657 0.8355 18.7544 15.6690 38.7402 44 0 99.9 0.00 
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Data Table 19: Composition of cobalt blue glass and frit from Egypt and Mesopotamia. References in table. 
 
Locati
on Ref Method Info Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SnO2 Sb2O3 PbO 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 6.7 3.58 2.86 76.3    1.56 8.14 0.1  0.1 0.44 0.049 0.031 0.02 0.056  0 0 0.025 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 5.4 3.44 3.93 73.9    2.91 8.76 0.09  0.21 0.47 0.136 0.109 0.039 0.234  0 0.31 0.012 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 4.4 3.08 3.27 78.1    2.1 7.97 0.09  0.18 0.42 0.109 0.053 0.062 0.109  0 0 0.01 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 2.8 4.28 2.25 80.4    1.37 7.98 0.1  0.11 0.38 0.055 0.04 0.012 0.085  0 0 0.004 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 5.1 4.02 3.21 77.7    1 7.3 0.18  0.18 0.7 0.078 0.054 0.046 0.109  0 0.21 0.015 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 9.1 3.39 2.14 74.2    1.32 8.34 0.11  0.16 0.49 0.047 0.029 0.16 0.069  0 0.24 0.108 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 5.7 3.13 2.81 78    2.09 6.61 0.1  0.18 0.5 0.087 0.056 0.252 0.134  0 0.22 0.024 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 7.1 4.18 2.28 75    1.64 8.37 0.09  0.13 0.44 0.088 0.049 0.028 0.144  0 0.29 0.021 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 4.7 3.71 3.24 76.1    1.47 9.85 0.07  0.18 0.34 0.056 0.036 0.01 0.062  0 0 0.009 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 4.6 5.21 2.53 75.4    2.07 9.07 0.08  0.12 0.42 0.076 0.048 0.012 0.093  0 0.24 0.01 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 8.9 3.53 1.66 73.9    2.2 8.67 0.12  0.09 0.49 0.03 0.017 0.263 0.045  0 0 0.009 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 2.6 3.72 3.56 80.1    0.66 7.95 0.12  0.16 0.57 0.055 0.031 0.123 0.065  0 0.17 0.061 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 6.4 3.72 2.65 75.1    2.57 8.57 0.09  0.2 0.43 0.061 0.029 0.021 0.072  0 0 0.006 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 0 4.79 3.82 82.5    1.02 5.65 0.1  0.25 0.48 0.129 0.065 0.173 0.168  0 0.75 0.056 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 0 3.81 4.31 81.4    1.49 6.29 0.11  0.3 0.66 0.171 0.096 0.17 0.202  0 0.91 0.013 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 2.9 2.37 3.8 80    1.88 7.32 0.1  0.17 0.49 0.063 0.037 0.02 0.067  0 0.58 0.101 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 3.6 6.36 4.05 77.5    2.54 3.41 0.1  0.41 0.58 0.17 0.121 0.039 0.176  0 0.81 0.006 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 3.4 3.75 3.98 80.2    2.14 3.98 0.1  0.42 0.58 0.178 0.119 0.058 0.177  0 0.77 0.006 
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Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 2.8 4.89 4.35 78.6    2.73 4.2 0.09  0.39 0.56 0.165 0.113 0.028 0.171  0 0.82 0.005 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 3.3 5.46 3.77 77.2    2.73 5.09 0.1  0.41 0.57 0.169 0.118 0.038 0.176  0 0.81 0.004 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 4 3.08 2.55 80.2    1.19 7 0.06  0.22 0.32 0.148 0.077 0.016 0.138  0 0.87 0 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 4.5 4.81 3.99 78.8    1.72 4.36 0.13  0.17 0.55 0.077 0.053 0.012 0.091  0 0.6 0 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 3.6 4.6 3.83 79.8    1.43 4.91 0.12  0.2 0.55 0.107 0.067 0.034 0.16  0 0.47 0.009 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 3.2 4.58 4.81 77.8    2.6 4.9 0.12  0.37 0.52 0.173 0.096 0.149 0.144  0 0.47 0.005 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 6 3.24 2.55 77.8    1.2 7.19 0.05  0.21 0.34 0.146 0.076 0.017 0.143  0 0.91 0.004 

Egypt 

Abe et 
al. 
(2012) pXRF 18th Dyn 2.6 4.42 3.08 79.2    2.18 5.62 0.08  0.32 0.36 0.136 0.073 0.05 0.13  0 1.74 0.022 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
Late 18th 
D 5.3 2.4 3.16 80.5    0.96 5.7 0.09  0.18 0.48 0.092 0.051 0.035 0.12  0 0.78 0.062 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
Late 18th 
D 5.6 3.11 3.23 78.3    0.69 6.2 0.1  0.34 0.5 0.233 0.107 0.05 0.274  0 1.17 0.011 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
Late 18th 
D 4 3.42 2.68 77.5    0.41 8.95 0.27  0.36 0.52 0.191 0.116 0.02 0.33  0 1.12 0.011 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
Late 18th 
D 6.5 4.35 2.88 77.7    0.6 5.52 0.06  0.28 0.39 0.154 0.095 0.01 0.267  0 1.11 0.006 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3.2 1.68 1.17 89    0.16 3.42 0.08  0.09 0.64 0.035 0.018 0.12 0.01  0 0.28 0.09 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3 13.97 0.75 77.7    0.22 2.82 0.12  0.11 0.7 0.035 0.021 0.133 0.011  0 0.23 0.1 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3 5.95 0.96 84.1    0.35 3.3 0.09  0.14 0.57 0.066 0.053 0.609 0.017  0.06 0.71 0.011 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 4 4.68 0.96 85.2    0.4 2.5 0.09  0.13 0.58 0.058 0.05 0.55 0.018  0.06 0.68 0.012 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 2.3 4.81 0.83 86.5    0.24 3.75 0.11  0.1 0.75 0.036 0.021 0.141 0.012  0 0.22 0.099 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 2 2.66 0.94 87.8    0.2 5.03 0.09  0.1 0.6 0.032 0.02 0.118 0.01  0 0.26 0.092 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 2.8 4.09 0.88 87.5    0.16 3.16 0.11  0.09 0.67 0.03 0.018 0.12 0.01  0 0.27 0.087 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3.6 5.71 0.91 84.6    0.18 2.7 0.08  0.11 0.53 0.051 0.041 0.5 0.016  0.07 0.82 0.01 
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Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 13.5 2.56 3.15 71.1    1.31 6.53 0.1  0.26 0.6 0.058 0.037 0.254 0.086  0.04 0.27 0.016 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 2.2 2.01 1.45 87.3    0.28 3.88 0.1  0.3 1.1 0.091 0.046 0.072 0.028  0 1.08 0.007 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 1.7 10.41 0.94 80.8    0.17 4.57 0.1  0.11 0.62 0.035 0.021 0.129 0.011  0 0.21 0.095 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3.5 4.38 1 82    0.24 6.93 0.07  0.09 0.46 0.049 0.044 0.482 0.019  0.05 0.62 0.013 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 1.8 9.1 1.27 82.3    0.32 3.81 0.11  0.08 0.66 0.028 0.018 0.118 0.011  0 0.21 0.086 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3.6 7.74 0.79 83.1    0.32 2.26 0.08  0.11 0.52 0.054 0.046 0.533 0.018  0.05 0.72 0.011 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 1.9 10.31 0.59 68.3    0.32 17.62 0  0.13 0.51 0.043 0.032 0.011 0.014  0 0.14 0 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 0 7.6 0.78 79.7    0.24 9.96 0.05  0.17 0.55 0.065 0.039 0.024 0.025  0 0.75 0.008 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 1.8 7.89 1.13 82.2    0.25 4.84 0.08  0.19 0.66 0.068 0.046 0.034 0.027  0 0.73 0.007 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 3.2 7.91 1.57 81.6    0.27 3.56 0.1  0.16 0.71 0.073 0.045 0.028 0.026  0 0.71 0.006 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 2.9 5.09 0.8 72.3    0.12 16.67 0.05  0.19 0.77 0.068 0.038 0.118 0.017  0 0.81 0.026 

Egypt 

Abe et 
al. 
(2012) pXRF 

Dashur N 
19th20th
D 2.2 0.94 0.43 89.6    0.08 2.92 0.04  0.23 0.48 0.091 0.067 2.276 0.023  0.19 0.38 0.04 

Egypt 

Nichol
son 
and 
Hende
rson 
(2000) probe Amarna 21.6 3.9 5.9 55.9 0.3 0.7 1.8 0.9 5.8 0.1 0 0.3 1.1 0.21 0.08 0.5 0.31 0.04 0 0.7 0.08 

Egypt 

Nichol
son 
and 
Hende
rson 
(2000) probe Amarna 19.5 3.3 3.4 62.8 0.1 0.37 1.5 0.9 5.7 0.06 0.02 0.31 0.57 0.15 0.04 0.83 0.11 0.03 0.01 1.21 0.03 

Egypt 

Nichol
son 
and 
Hende
rson 
(2000) probe Amarna 18.8 3.6 3.4 62.5 0.1 0.2 0.6 0.7 6.8 0.06 0.02 0.7 0.56 0.19 0.03 0.22 0.14 0 0.01 0.33 0.11 

Egypt 

Nichol
son 
and 
Hende
rson 
(2000) probe Amarna 18.6 3.8 0.9 62.4 0.1 0.2 0.7 3.3 5.2 0.04 0.02 0.05 0.62 0.12 0.02 0.36 0.02 0 0.08 0.17 1.01 
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Egypt 

Nichol
son 
and 
Hende
rson 
(2000) probe Amarna 19.1 5 2.4 62.9 0 0.2 0.5 2.3 4.7 0 0 0.08 0.3 0.08 0 0.1 0 0 0 0.2 0.3 

Egypt 
Tite et 
al WDS Amarna 16.9 2.6 2 67.6 0.1   0.9 8.9 0.1  0.2 0.3 0.14  0.09   0  0.1 

Egypt 
Tite et 
al WDS Amarna 21.2 2.6 2 67.9 0.1   0.6 4.6 0.1  0.2 0.4 0.16  0.1   0.1  0 

Egypt 
Tite et 
al WDS Amarna 15.9 3.6 1.7 67 0.1   1.3 9.3 0.1  0.1 0.4 0.09  0.36   0  0 

Egypt 
Tite et 
al WDS Amarna 17 5.9 1.6 63.3 0.1   1.9 9.1 0.1  0.1 0.5 0.2  0.02   0  0.1 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 17.2 4.06 2.42 64.1  0.32 0.95 1.29 7.44 0.06  0.32 0.38 0.11 0.08 0.58 0.11  0 1.44 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 18.4 4.13 3.65 61.1  0.4 0.83 0.83 8.1 0.1  0.26 0.66 0.19 0.12 0 0.27  0 1.42 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 17.8 4.28 3.98 61.5  0.44 0.73 0.76 7.76 0.09  0.31 0.68 0.28 0.23 0.47 0.36  0 1.87 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 21.6 3.14 3.01 61.9  0.45 1.27 0.72 6.44 0.09  0.23 0.61 0.15 0.15 0.09 0.33  0 1.12 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 19.9 4.64 2.42 62.3  0.37 1.1 1.63 6.92 0  0.22 0.36 0.14 0.09 0 0.14  0 1.4 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 18.7 4.71 2.52 62.5  0.54 1.13 1.56 6.48 0  0.23 0.37 0.19 0.19 0.1 0.15  0 1.5 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 20.6 4.74 1.91 62.1  0.43 1.07 1.46 6.33 0.05  0.19 0.36 0.17 0.15 0.08 0.14  0 1.58 0 

Egypt 

Liliquis
t & 
Brill EDS 

pre-
Malkata 23.4 4.62 3.72 58.6  1.12 1.2 1.42 3.37 0.06  0.38 0.42 0.13 0.07 0.07 0.08  0 1.41 0 

Egypt 
Lahil 
et al EDS 

Louvre 
18thDyn 17.2 4 3.9 62  0.8 1.5 0.6 7.2 0.1  0.5 0.6 0.5  0.2    0.9  

Egypt 
Lahil 
et al EDS 

Louvre 
18thDyn 14.7 4 2.6 63.3  0.3 0.7 0.8 10.9 0.1  0.3 0.9 0.3  0.4    0.5  

Egypt 
Lahil 
et al EDS 

Louvre 
18thDyn 16.3 4.3 2.4 63.9  0.3 0.9 1.3 8.5 0.2  0.2 1.2 0.2  0.1    0.4  

Egypt 
Lahil 
et al EDS 

Louvre 
18thDyn 16.5 4 2.8 58  0.4 0.6 2 12.3 0  0.6 0.4 0.1  0.4    1.7  

Egypt 
Lahil 
et al EDS 

Louvre 
18thDyn 14.2 4.3 1 65.9  0.5 1 1.4 10.2 0.1  0.2 0.7 0.1  0.3    0.5  

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Malkata 18.3 4.6 2.2 62.8 0.25 0.21 1.11 1.8 7.6 0.09 0.01 0.17 0.5 0.06 0.04 0.08 0.05 0.06 0.01 0 0.03 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 17.1 4.7 0.7 60.6 0.19 0.42 0.86 1.8 8.3 0.04 0 0.01 0.5 0.08 0.01 0.03 0.25 0.02 0.01 0.26 3.98 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 18.7 3.4 1.6 65.3 0.07 0.36 1.12 0.8 7.9 0.06 0.02 0.08 0.4 0.09 0.06 0 0 0 0.03 0.02 0 
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Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 17.4 4.8 2.3 64.1 0.05 0.21 0.82 0.7 8.3 0.09 0.01 0.11 0.7 0.09 0.06 0.1 0.04 0 0.01 0.03 0.03 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 21.6 4.7 2 62.3 0.15 0.26 0.96 1 5.7 0.08 0.01 0.14 0.6 0.12 0.12 0.02 0.23 0.02 0.01 0.05 0 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 18.1 6.5 1.6 61.5 0.11 0.44 0.36 1.8 8.5 0.06 0.02 0.09 0.5 0.13 0.1 0.02 0.1 0.03 0.02 0.01 0.03 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 19.8 4.8 1.9 60.7 0.22 0.36 1.04 1.7 6.5 0.06 0.02 0.21 0.3 0.17 0.09 0.04 0.12 0.06 0.01 1.86 0 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Malkata 18.6 4.4 3.1 59.6 0.19 0.2 1.09 1.2 9.9 0.16 0.02 0.28 0.7 0.17 0.04 0.05 0.2 0.05 0.01 0 0.01 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 18.4 2.9 2.1 65.9 0.05 0.27 1.34 0.8 7.1 0.06 0.02 0.18 0.5 0.2 0.02 0.1 0 0 0 0.06 0.01 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 17.9 3.9 4 64 0.05 0.26 0.5 0.6 5.8 0.04 0.03 0.4 0.4 0.28 0.14 0.02 0.22 0.02 0 1.44 0 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Malkata 17.8 5 2.8 60 0.22 0.22 0.69 1.6 9.2 0.15 0 0.37 0.6 0.24 0.07 0.02 0.57 0.06 0.03 0.33 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 18.2 5.1 4.4 59.8 0.09 0.31 0.93 0.5 8.8 0.1 0.03 0.11 0.3 0.12 0.1 0.03 0.1 0.02 0.02 0.86 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS Amarna 18 5.1 4.3 59.4 0.11 0.3 0.9 0.6 8.6 0.1 0.01 0.23 0.7 0.28 0.16 0.03 0.27 0.02 0.02 0.83 0 

Egypt 

Varber
g et al. 
(2015/
2016) LAICPMS Amarna 14.1 3.77 2.63 66.6 0.12  0.83 1.14 9.04 0.1686 0.0007 0.1231 0.82 0.1022 0.054 0.1926 0.14 

0.0007
5 0.0116 0.062 0.0066 

Egypt 

Varber
g et al. 
(2015/
2016) LAICPMS Amarna 17.4 4.12 2.19 60.6 0.15  0.92 1.25 9.31 0.1003 0.001 0.2396 0.57 0.1021 0.0569 1.8545 0.151 0.0075 0.1468 0.4816 0.2778 

Egypt 

Varber
g et al. 
(2015/
2016) LAICPMS Amarna 14.9 4.35 2.38 68 0.09  1.08 0.79 7.04 0.1173 0.0011 0.1973 0.6 0.0895 0.0391 0.0367 0.099 

0.0002
5 0.0053 

0.0000
3 0.0012 

Egypt 

Varber
g et al. 
(2015/
2016) LAICPMS Amarna 17.9 4.04 1.78 62.6 0.13  1.1 1.17 9.67 0.094 0.0012 0.1148 0.51 0.0606 0.0311 0.2794 0.086 0.0015 0.0151 0.2891 0.0884 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  9.2 0.7 2.8 80.7 0.1   0.1 5.5 0.1  0.2 0.4 0.14  0.02   0  0 
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Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  11.9 2 2.4 78.4 0   0.3 3.8 0.1  0.2 0.6 0.2  0.04   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  11.5 1.2 2.6 80.4 0   0.2 3 0.1  0.2 0.6 0.17  0.03   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  10.4 2 2.5 80.4 0   0.4 3.1 0.1  0.2 0.6 0.21  0.05   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  10.3 1.8 2.3 81.4 0   0.3 2.8 0.1  0.1 0.7 0.19  0.03   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  6.7 2.2 3.4 83.3 0.1   0.7 1.7 0.4  0.4 0.8 0.28  0.02   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  7.1 1.2 3.6 85.5 0   0.5 0.8 0.1  0.3 0.4 0.26  0.02   0  0.1 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  7.4 1.5 4.7 84.2 0.1   0.4 0.7 0  0.3 0.4 0.27  0.01   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  6.6 1.5 3.1 86.8 0   0.2 0.6 0.1  0.3 0.2 0.17  0.01   0.2  0.1 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  6.4 1 3 87.9 0   0.3 0.5 0.1  0.3 0.3 0.19  0   0  0 

Egypt_
Frit 

Tite et 
al. 
(1998) WDS Amarna  6.8 0.7 4.1 86.3 0.1   0.8 0.6 0.1  0.1 0.1 0.14  0.01   0  0 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.17 4.57 1.02 65.04    3.3 4.78 

0.0442
0465  

0.0342
1752  

0.1618
6044 

0.0352
4825  0.019 

0.0105
624   

0.0021
544 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.37 4.83 1.02 64.68    3.49 5.48 

0.0296
9218  

0.0395
1156  

0.1623
6904 

0.0286
3125  0.019 

0.0105
624   

0.0024
7756 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.34 5.23 1.27 63.97    2.9 6.43 

0.0490
4214  

0.0370
5822  

0.1566
4734 

0.0311
7625  0.011 

0.0121
4676   

0.0019
3896 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.83 4.6 1 64.66    3.58 4.85 

0.0460
3956  

0.0352
5051  

0.1633
8623 

0.0316
8525  0.02 

0.0102
9834   

0.0020
4668 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 15.53 4.6 1.65 65.97    3.69 5.51 

0.0412
0207  

0.0321
5156  

0.2067
4397 

0.0222
6875  0.011 

0.0116
1864   

0.0052
7828 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.46 4.83 1.04 63.58    3.48 5.61 

0.0330
2838  

0.0364
1261  

0.1561
3875 

0.0293
9475  0.019 

0.0117
5067   

0.0024
7756 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.88 4.27 0.99 64.48    2.81 5.2 

0.0370
3182  

0.0353
7963  

0.1692
3507 

0.0381
75  0.022 

0.0138
6315   

0.0023
6984 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.21 4.65 0.96 63.83    2.94 5.97 

0.0285
2451  

0.0324
0981  

0.1739
3958 

0.0309
2175  0.016 

0.0121
4676   

0.0022
6212 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.86 3.88 1.43 63.66    4.98 5.13 

0.0417
025  

0.0280
1963  

0.2085
2406 

0.0257
045  0.009 

0.0126
7488   

0.0064
632 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 12.84 4.85 1.07 68.49    3.3 6.17 

0.0346
9648  

0.0378
3296  

0.1993
6934 

0.0319
3975  0.017 

0.0120
1473   

0.0020
4668 
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Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.92 4.14 1.06 64.08    3.02 5.56 

0.0328
6157  

0.0330
5542  

0.1707
6086 

0.0307
945  0.015 

0.0122
7879   

0.0019
3896 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.78 5.25 1.02 63.27    2.43 6.31 

0.0380
3268  

0.0379
6208  

0.1973
3496 

0.0201
055  0.013 

0.0095
0616   

0.0016
158 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 15.35 4.77 1.01 65.85    3.1 5.92 

0.0330
2838  

0.0365
4173  

0.1825
857 

0.0358
845  0.016 

0.0141
2721   

0.0021
544 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.91 4.21 1.51 64.49    3.37 5.22 

0.0395
3397  

0.0272
449  

0.2156
4439 

0.0213
78  0.013 

0.0137
3112   

0.0053
86 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.1 3.95 0.97 60.1    8.59 5.96 

0.0335
2881  

0.0313
7682  

0.1575
3738 

0.0283
7675  0.018 

0.0128
0691   

0.0023
6984 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 20.22 5.96 1.22 62.16    1.68 5.73 

0.0353
6372  

0.0426
105  

0.1529
6002 

0.0309
2175  0.006 

0.0087
1398   

0.0636
6252 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 14.66 6.2 1.27 66.55    1.78 5.89 

0.0875
7525  

0.0402
8629  

0.1598
2606 

0.0353
755  0.008 

0.0093
7413   

0.0705
566 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 2.23 8.22 1.59 77.57    3.4 4.07 

0.0495
4257  

0.0715
3399  

0.2534
0759 

0.0362
6625  0.018 

0.0047
5308   

0.0345
7812 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 15.76 5 1.09 61.69    3.42 9.57 

0.0403
6802  

0.0397
698  

0.2921
8798 

0.0848
7575  0.012 

0.0134
6706   

0.3506
286 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 11.77 5.86 1.02 68.85    3.49 4.91 

0.0336
9562  

0.0419
6489  

0.2189
5026 

0.0827
125  0.017 

0.0134
6706   

0.4588
872 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.74 4.94 1.03 61.48    3.37 6.74 

0.0365
3139  

0.0424
8138  

0.3145
6617 

0.1062
5375  0.014 

0.0122
7879   

0.3589
2304 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.56 5.23 0.82 60.1    2.28 8.54 

0.0877
4206  

0.0418
3576  

0.2483
2164 

0.0788
95  0.014 

0.0209
9277   

0.5284
7432 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 11.93 5.53 1.02 67.67    3.78 5.91 

0.0500
43  

0.0417
0664  

0.1913
5897 

0.0713
8725  0.016 

0.0134
6706   

0.4685
82 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.91 5.22 0.83 60.5    2.49 7.44 

0.0809
0285  

0.0435
1436  

0.2553
1482 

0.0872
935  0.011 

0.0190
1232   

0.5496
9516 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.23 5.23 0.99 61.41    3.91 6.53 

0.0568
8221  

0.0435
1436  

0.1794
0698 

0.0678
2425  0.014 

0.0099
0225   

0.4036
2684 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.28 5.68 1.07 63.03    2.46 5.62 

0.0929
1317  

0.0374
4559  

0.1883
074 

0.0690
9675  0.012 

0.0120
1473   

0.4322
8036 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.94 5.15 0.92 60.22    4.52 7.82 

0.0383
663  

0.0373
1647  

0.1814
4136 

0.0626
07  0.011 

0.0114
8661   

0.3625
8552 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 15.82 5.42 1.15 63.26    3.75 6.7 

0.0392
0035  

0.0395
1156  

0.1877
988 

0.0683
3325  0.014 

0.0143
9127   

0.4104
132 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 19.06 5.05 0.83 60.08    3.38 7.04 

0.0361
9777  

0.0441
5997  

0.2628
166 

0.0818
2175  0.015 

0.0186
1623   

0.5347
2208 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.36 5.4 0.99 61.12    3.61 6.82 

0.0363
6458  

0.0395
1156  

0.1880
531 

0.0679
515  0.013 

0.0113
5458   

0.4015
8016 
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Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.71 5.06 0.97 61.66    3.47 6.43 

0.0351
9691  

0.0387
3682  

0.1866
5446 

0.0587
895  0.016 

0.0122
7879   

0.3956
5556 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.68 5.11 1.02 61.15    3.48 6.98 

0.0350
301  

0.0391
2419  

0.1799
1557 

0.0603
165  0.01 

0.0126
7488   

0.3886
5376 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 18.55 5.22 0.96 61.86    3.52 6.31 

0.0331
9519  

0.0373
1647  

0.1808
0562 

0.0562
445  0.014 

0.0117
5067   

0.3894
078 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 9.61 9.38 1.68 69.28    2.87 3.28 

0.0440
3784  

0.0507
4523  

0.3724
1888 

0.1014
1825  0.015 

0.0154
4751   

0.6183
128 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 9.44 5.45 1.15 69.5    4.26 5.84 

0.0397
0078  

0.0451
9296  

0.2164
0728 

0.0736
7775  0.017 

0.0150
5142   

0.4893
7196 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 16.36 5.88 1.27 62.61    4.16 5.98 

0.0418
6931  

0.0497
1225  

0.1917
4041 

0.0606
9825  0.013 

0.0484
5501   

0.5414
0072 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 10.41 6.5 1.38 70.61    3.3 4.06 

0.0452
0551  

0.0578
4698  

0.2064
8968 

0.0627
3425  0.016 

0.0448
902   

0.5504
492 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 15.96 5.97 1.31 62.36    3.98 6.71 

0.0453
7232  

0.0522
9471  

0.1980
9785 

0.0648
975  0.02 

0.0425
1366   

0.5535
7308 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 13.77 6.33 1.51 65.53    5.14 3.18 

0.0417
025  

0.0537
1506  

0.2371
3254 

0.0760
955  0.021 

0.0537
3621   

0.6708
8016 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 17.47 6.16 1.56 61.31    4.82 4.93 

0.0478
7447  

0.0542
3155  

0.1982
25 

0.0662
9725  0.017 

0.0447
5817   

0.5718
8548 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 15.64 6.22 1.51 61.86    5.55 5.44 

0.0457
0594  

0.0548
7716  

0.1852
5582 

0.0617
1625  0.02 

0.0417
2148   

0.5658
5316 

Mesop
otamia 

Walto
n et al. 
(2012) LAICPMS Nippur 16.31 6.03 1.36 61.75    5.28 5.53 

0.0427
0336  

0.0521
6558  

0.1843
6578 

0.0609
5275  0.02 

0.0419
8554   

0.5551
8888 

Mesop
otamia Garner   Eridu 17 3.4 2.5 65    4.5 3.5 0.09  0.04 2.4 0.15 0.01 0.49     0.02 
Mesop
otamia 

Neum
ann   Nippur 17.37 2.52 2.13 65.03  1.7  1.68 5.65   0.65 0.97 0.93  1.94   0  0.19 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP30 20 5.8 2 59.8 0.08 0.32 0.99 0.7 9.2 0.07 0.01 0.06 0.3 0.05 0.04 0.15 0.07 0.04 0.04 0.29 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP31 20.8 4.5 0.7 60.3 0.31 0.44 1.03 2.7 6.3 0.05 0.01 0.03 0.4 0.02 0.02 0.67 0.01 0.03 0.34 1.28 0 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP32 19.9 4 1.7 63.3 0.07 0.24 1.23 0.7 7.5 0.06 0.01 0.09 0.5 0.08 0.03 0.44 0.06 0.02 0.03 0.01 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP33 19.7 4 1.8 63.4 0.09 0.27 1.23 0.7 7.5 0.07 0.01 0.1 0.5 0.12 0.04 0.46 0.03 0.01 0.02 0 0 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP34 19.9 4 1.7 63.5 0.07 0.24 1.18 0.7 7.5 0.07 0 0.05 0.5 0.05 0.02 0.34 0 0 0.01 0 0.08 



587 
 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP35 20.9 4 2.2 61.6 0.19 0.42 0.97 1.3 7 0.05 0.01 0.23 0.4 0.2 0.18 0.04 0.25 0.02 0.01 0 0.04 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP36 20 4 1.8 63.4 0.07 0.25 1.24 0.7 7.4 0.07 0 0.06 0.4 0.05 0.04 0.38 0.08 0.01 0.01 0.01 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP37 18.6 4.8 2.6 63.7 0.11 0.32 0.9 1.1 7 0.06 0 0.11 0.4 0.1 0.08 0.03 0.07 0.03 0.01 0 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP39 17.5 4.1 0.6 62 0.13 0.32 0.77 1.9 8.8 0.06 0.02 1.17 0.5 0.01 0.01 1.8 0.01 0.01 0.16 0.06 0.02 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP40 23.3 4.8 4.2 57.2 0.27 0.54 0.98 1 4.9 0.08 0.04 0.35 0.7 0.21 0.15 0.03 0.25 0.04 0 0.89 0.01 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP41 23.4 4.7 4.7 56.6 0.31 0.56 0.98 1 4.4 0.17 0.02 0.33 1.4 0.21 0.19 0 0.23 0.06 0.04 0.8 0.01 

Egypt 

Shortla
nd and 
Eremin 
(2006) WDS 

Malkata 
UPP42 18.5 4 2.5 62.2 0.11 0.29 0.99 1.2 9 0.07 0.01 0.2 0.5 0.17 0.05 0.02 0.13 0.01 0.01 0.02 0.04 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP30   1.7176  0.0596   0.7  0.0852 0.0007 0.0730  0.0749 0.0477 0.2033 0.1095 0.0017   0.0044 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP31   1.5658  0.0850   2.7  0.0846 0.0006 0.1091  0.0793 0.0448 0.0335 0.1273 0.0005   0.0020 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP32   2.3086  0.0800   0.7  0.1211 0.0011 0.1717  0.1270 0.0849 0.0688 0.1458 0.0010   0.0045 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP33   1.5280  0.0717   0.7  0.0856 0.0005 0.0892  0.0837 0.0407 0.4340 0.0642 0.0007   0.0009 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP34   1.4950  0.0731   0.7  0.0839 0.0006 0.0846  0.0796 0.0384 0.4518 0.0604 0.0008   0.0009 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP35   1.9925  0.1636   1.3  0.0737 0.0007 0.2049  0.1957 0.1481 0.0501 0.2670 0.0003   0.0037 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP36   1.5902  0.0621   0.7  0.0759 0.0005 0.0763  0.0718 0.0347 0.3844 0.0500 0.0006   0.0009 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP37   2.5797  0.0717   1.1  0.0777 0.0009 0.0968  0.0959 0.0601 0.0356 0.1176 0.0001   0.0014 
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Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP39   1.9736  0.0438   1.9  0.1146 0.0008 0.0688  0.0805 0.0527 0.1401 0.0848 0.0017   0.0058 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP40   2.5119  0.0770   1.0  0.1293 0.0009 0.2092  0.1246 0.0898 0.0113 0.1642 0.0015   0.0065 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP41   3.3960  0.1102   1.0  0.2010 0.0014 0.1876  0.1095 0.0802 0.0113 0.1439 0.0012   0.0058 

Egypt 

Shortla
nd et 
al. 
(2007) LAICPMS 

Malkata 
UPP42   2.3213  0.0717   1.2  0.0829 0.0004 0.1626  0.1194 0.0676 0.0085 0.1300 0.0001   0.0109 
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Data Table 19: Lead isotope data used Chapter 9. Glass, frit, silver, copper, lead, ores and metallurgical debris. 
   

LIA values 
Sample information Location 208Pb/206 Pb 207Pb /206 Pb 206Pb /204 Pb 208Pb/204Pb 207Pb/204Pb        

Glass recovered in Egypt (Lilyquist and Brill, 1993) 
     

Pb-1116 Malkata 2.0223 0.8096 19.3521 39.1355 15.6671 
Pb-1117 Malkata 2.0188 0.8088 19.3128 38.9882 15.6202 
Pb-1118 Lisht 2.1190 0.8714 17.9289 37.9909 15.6237 
Pb-1119 Lisht 2.0767 0.8351 18.7800 39.0003 15.6825 
Pb-1368 Dyn18/19 2.0205 0.8091 19.3311 39.0576 15.6406 
Pb-1369 Amenhotep III 2.0235 0.8102 19.3319 39.1181 15.6633 
Pb-2168 Wady Qirud 2.0613 0.8226 19.1022 39.3754 15.7140 
Pb-2169 Assasif 2.0574 0.8253 19.1022 39.3009 15.7645 
Pb-2177 Lisht 2.1207 0.8720 17.9369 38.0391 15.6412 
Pb-2178 Lisht 2.0988 0.8438 18.7769 39.4085 15.8434 
Pb-2180 Amenhotep II tomb 2.0215 0.8098 19.3080 39.0307 15.6354 
Pb-2181 Amenhotep II tomb 2.0291 0.8126 19.2901 39.1416 15.6753 
Pb-2182 Amenhotep II tomb 2.0318 0.8146 19.2160 39.0423 15.6541 
Pb-2183 Thuthmosis IV tomb 2.0216 0.8113 19.2189 38.8521 15.5931 
Pb-2184 Thuthmosis III tomb 2.0791 0.8381 18.6592 38.7946 15.6373 
Pb-2185 Thuthmosis III tomb 2.0789 0.8380 18.6581 38.7876 15.6355        

Glass recovered at Susa, Iran c. 15th century BC (Lilyquist and Brill, 1993) 
     

Pb-2166 Susa 2.07410 0.83427 18.82318 39.04115 15.70361        

Mesoptamian glass - 13th century BC yellow glass (Shortland, 2006) 
     

TB1 Mesop Tell Brak 2.0709 0.8350 18.7360 38.8004 15.6446 
TB2 Mesop Tell Brak 2.0720 0.8303 18.9250 39.2126 15.7134 
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BRAK 4434 Mesop Tell Brak 2.0926 0.8467 18.4980 38.7089 15.6623 
BRAK 4434 A Mesop Tell Brak 2.0933 0.8473 18.4820 38.6884 15.6598 
BRAK 1878 Mesop Tell Brak 2.0662 0.8229 19.1300 39.5264 15.7421 
RIMAH 5432 Mesop Rimah 2.0686 0.8264 19.0200 39.3448 15.7181        

Green frit recovered in Egypt - 19th Dynasty (Shortland, 2006) 
     

ZUR 1548 El Rakham 2.0643 0.8340 18.8080 38.8254 15.6859 
ZUR 15313 El Rakham 2.0598 0.8316 18.8570 38.8416 15.6815 
ZUR 15413 El Rakham 2.0649 0.8330 18.8320 38.8862 15.6871 
ZUR 15413 a El Rakham 2.0636 0.8338 18.8570 38.9133 15.7230        

Silver recovered in Egypt (Oxalid, 2018) 
     

_1966.1066 Abydos - Middle Kingdom 2.0849 0.8436 18.6452 38.8728 15.7300 
E2220 Abydos - Middle Kingdom 2.0767 0.8404 18.7000 38.8334 15.7160 
E2314 Abydos - Middle Kingdom 2.0677 0.8333 18.8250 38.9252 15.6863 
E3293 Abydos - Middle Kingdom 2.0809 0.8428 18.6050 38.7157 15.6803 
E3294 Abydos - Middle Kingdom 2.0727 0.8387 18.6800 38.7175 15.6669 
_1925.568 Amarna - 18th Dynasty 2.0645 0.8326 18.8680 38.9522 15.7095 
E1745 Dendera - Middle Kingdom 2.0611 0.8290 18.9070 38.9696 15.6733 
E1962 Dendera - Dynasty XI 2.0591 0.8305 18.8270 38.7674 15.6364 
MeP 93/73 Qantir - Rameses II 2.0609 0.8303 18.8990 38.9493 15.6913 
MeP 93/74 Qantir - Rameses II 2.0607 0.8288 18.9180 38.9838 15.6796 
QC1123 Unknown - Predynastic 2.0813 0.8441 18.5880 38.6872 15.6896 
Met40-3-19 ? 2.0638 0.8316 18.9108 39.0274 15.7266        

Silver recovered in Syria (Oxalid, 2018) 
     

Amuq Amuq - 2000BC 2.0684 0.8369 18.7650 38.8141 15.7052 
14530/AO 83/428 Ras Shamra/Ugarit -LBA 2.0626 0.8299 18.9160 39.0158 15.6986 
14532/AO 83/433 Ras Shamra/Ugarit -LBA 2.0740 0.8345 18.8483 39.0918 15.7293 
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Silver recovered at Sidon - MBA (Veron and Roux, 2004) 
     

Sidon Sidon - Burial 27 (max) 2.0790 0.8439 
   

Sidon Sidon - Burial 28 (min) 2.0950 0.8382 
   

Sidon Sidon - Burial 29 (mean) 2.0870 0.8410 
   

       

Silver recovered at Ur - c. 2500-2000BC (Klein et al., 2016) 
     

1928-10-10-132/A Royal tombs at Ur 2.0808 0.8407 18.6230 38.7490 15.6570 
1928-10-10-132/B Royal tombs at Ur 2.0833 0.8419 18.6190 38.7880 15.6760 
1928-10-10-132/C Royal tombs at Ur 2.0829 0.8429 18.5820 38.7030 15.6620 
1929-10-10-562 Royal tombs at Ur 2.0725 0.8332 18.8230 39.0120 15.6830 
1929-10-17-63 Royal tombs at Ur 2.0801 0.8402 18.6370 38.7650 15.6580 
1928-10-10-149 Royal tombs at Ur 2.0842 0.8424 18.6050 38.7760 15.6730 
1928-10-10-133 Royal tombs at Ur 2.0942 0.8437 18.7320 39.2390 15.8060 
1935-1-16-17 Royal tombs at Ur 2.0804 0.8405 18.6340 38.7650 15.6620        

Lead recovered in Egypt - 18th Dynasty (Oxalid, 2018) 
     

E2712c Amarna  2.0619 0.8305 18.9160 39.0029 15.7097 
E2712b  Amarna  2.0632 0.8321 18.8650 38.9223 15.6976 
E2712a Amarna  2.0638 0.8329 18.8430 38.8882 15.6943 
E2712d Amarna  2.0667 0.8330 18.8730 39.0048 15.7212        

Copper recovered in Egypt (Oxalid, 2018) 
     

_1921.1132 Amarna 2.0593 0.8312 18.8620 38.8425 15.6781 
_1935.595 Amarna 2.0596 0.8317 18.8440 38.8111 15.6726 
_1921.115 Amarna 2.0614 0.8307 18.8870 38.9337 15.6894 
1927.4104A Amarna 2.0623 0.8325 18.8180 38.8084 15.6660 
_1924.77 Amarna 2.0690 0.8345 18.8090 38.9158 15.6961        
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Iran ores and litharge (Stos-Gale, 2001) 
     

 
Anguran (NW Iran)-sulphide 2.0560 0.8285 18.9930 39.0487 15.7365  
Larassam (Nr. Teheran)-galena 2.0676 0.8326 18.8720 39.0197 15.7130  
Khaneh Sormeh, Isfahan-galena 2.0842 0.8395 18.6190 38.8057 15.6310  
Herzarabad (NE of Arak, Tofresh distr.)-galena 2.0812 0.8428 18.6920 38.9016 15.7544  
Nakhlak-Pb slag 2.0871 0.8446 18.5350 38.6842 15.6552  
Nakhlak-Pb slag 2.0868 0.8447 18.5290 38.6663 15.6507  
Farrokhi-Pb slag 2.0892 0.8447 18.5770 38.8103 15.6916  
Nakhlak-Pb slag 2.0874 0.8447 18.5320 38.6835 15.6536  
Fortress of Nakhlak-Pb slag/litharge 2.0879 0.8448 18.5220 38.6725 15.6472  
Fortress of Nakhlak-galena 2.0903 0.8448 18.5190 38.7103 15.6449  
Fortress of Nakhlak-cerussite 2.0906 0.8451 18.5660 38.8143 15.6899  
Fortress of Nakhlak-litharge 2.0886 0.8453 18.5390 38.7213 15.6701  
Lakan, Arak-Kashan -galena 2.0930 0.8488 18.4500 38.6159 15.6604  
Ahangaran, Arak-Kashan-galena 2.0980 0.8492 18.4160 38.6368 15.6389  
Darreh Noghre Silver valley, Arak Kashan-galena 2.0942 0.8504 18.4030 38.5396 15.6499  
Hosseinabad, Arak Kashan-galena 2.0944 0.8511 18.4090 38.5558 15.6679  
Muteh-Pb slag 2.1018 0.8582 18.3080 38.4798 15.7114  
Mine of Tars - cerussite 2.1246 0.8700 18.0060 38.2561 15.6643  
Kouchke (Ne of Bafq) - galena 2.1273 0.8755 17.9590 38.2049 15.7231        

Iran ores Zn-Pb from USZ, SSZ and ZFB zones, Iran (Mirnejad et al., 2011) 
     

 
Ahangaran-Area SSZ 2.0955 0.8497 18.4070 38.5710 15.6410  
Kohkolangeh-Area SSZ 2.0920 0.8499 18.3890 38.4700 15.6280  
Taeh sorkh-Area SSZ 2.0936 0.8483 18.4500 38.6270 15.6510  
Kolah darvazeh-Area SSZ 2.0936 0.8488 18.4190 38.5620 15.6340  
Doshkharat-Area SSZ 2.0956 0.8492 18.4400 38.6420 15.6590  
Darah noghreh-Area SSZ 2.0920 0.8501 18.3980 38.4880 15.6400  
Babasheikh-Area SSZ 2.0918 0.8492 18.4240 38.5390 15.6460 
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Chah talkh-Area SSZ 2.0917 0.8472 18.4540 38.6000 15.6350  
Saleh peighambar-Area SSZ 2.0925 0.8474 18.4710 38.6500 15.6520  
Angouran-Area UDZ 2.0567 0.8300 18.9190 38.9110 15.7020  
Saryaghol-Area UDZ 2.0751 0.8385 18.6670 38.7360 15.6520  
Pasar-Area UDZ 2.0686 0.8352 18.7350 38.7550 15.6480  
Iqalesi-Area UDZ 2.0624 0.8316 18.8430 38.8610 15.6690  
Sungun-Area UDZ 2.0675 0.8313 18.8310 38.9330 15.6540  
Lak-Area UDZ 2.0737 0.8369 18.6470 38.6680 15.6060  
Senjedeh-Area UDZ 2.0709 0.8344 18.7300 38.7880 15.6280  
Khalf-Area UDZ 2.0703 0.8342 18.7220 38.7610 15.6170  
Ghebchagh-Area UDZ 2.0619 0.8286 18.8670 38.9010 15.6340  
Kuh-e Sormeh - Area ZFB 2.1166 0.8683 18.0620 38.2300 15.6840        

Anarak ores (Pernicka et al., 2011; Nezafati et al., 2008) 
     

 
Naklak 2.0877 0.8446 18.5290 38.6830 15.6496  
Naklak 2.0867 0.8446 18.5050 38.6144 15.6293  
Naklak 2.0874 0.8450 18.5050 38.6273 15.6367  
Naklak 2.0894 0.8450 18.5320 38.7208 15.6595  
Naklak 2.0874 0.8449 18.5050 38.6273 15.6349  
Bababozorghi 2.0865 0.8448 18.4380 38.4709 15.5772  
Baghorogh 2.0859 0.8446 18.5330 38.6580 15.6535  
Cah Mileh 2.0898 0.8437 18.5790 38.8264 15.6744  
Cah Mileh 2.0908 0.8436 18.5830 38.8533 15.6770  
Cah Mileh 2.0908 0.8436 18.5810 38.8492 15.6749  
Khuni 2.0897 0.8477 18.3990 38.4484 15.5966  
Khuni 2.0921 0.8480 18.4090 38.5135 15.6110  
Khuni 2.0914 0.8478 18.4100 38.5027 15.6087  
Ghebleh 2.0896 0.8449 18.5170 38.6931 15.6446  
Rassur 2.1164 0.8652 17.9860 38.0656 15.5611 
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Talkhe 2.1095 0.8650 18.1130 38.2094 15.6677  
Cah Gorbeh 2.0833 0.8430 18.5930 38.7348 15.6730  
Pateyar 2.0738 0.8392 18.6730 38.7241 15.6694        

Arisman ores and litharge (Pernicka et al., 2011) 
     

 
Arisman - litharge 2.0872 0.8447 18.5237 38.6627 15.6472  
Arisman - litharge 2.0871 0.8447 18.5215 38.6562 15.6459  
Arisman - litharge 2.0872 0.8448 18.5235 38.6622 15.6477  
Arisman - litharge 2.0870 0.8447 18.5229 38.6573 15.6456  
Arisman - litharge 2.0870 0.8447 18.5235 38.6585 15.6464  
Arisman - litharge 2.0872 0.8448 18.5206 38.6562 15.6466  
Arisman - litharge 2.0871 0.8447 18.5251 38.6637 15.6476  
Naklak - lead ore 2.0884 0.8454 18.5150 38.6667 15.6517  
Naklak - lead ore 2.0880 0.8447 18.5330 38.6969 15.6545  
Naklak - lead ore 2.0881 0.8449 18.5250 38.6821 15.6525  
Naklak - lead ore 2.0882 0.8452 18.5200 38.6735 15.6524  
Naklak - lead slag 2.0881 0.8449 18.5290 38.6904 15.6555  
Naklak - lead slag 2.0880 0.8452 18.5430 38.7178 15.6716  
Naklak - lead slag 2.0877 0.8449 18.5240 38.6726 15.6500  
Naklak - lead ore 2.0878 0.8448 18.5300 38.6869 15.6538  
Naklak - lead ore 2.0867 0.8446 18.5192 38.6440 15.6413  
Naklak - lead ore 2.0863 0.8445 18.5217 38.6418 15.6406  
Naklak - lead ore 2.0866 0.8447 18.5172 38.6380 15.6415  
Naklak - lead ore 2.0866 0.8446 18.5236 38.6513 15.6445  
Naklak - lead ore 2.0865 0.8446 18.5283 38.6593 15.6483  
Naklak - lead ore 2.0868 0.8446 18.5255 38.6590 15.6470  
Naklak - lead ore 2.0864 0.8444 18.5261 38.6529 15.6442  
Naklak - lead slag 2.0863 0.8446 18.5227 38.6439 15.6443  
Naklak - lead slag 2.0866 0.8446 18.5290 38.6626 15.6496 
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Sialk objects/litharge, Iran (Nezafati et al., 2008) 
     

SRP 82 NP-34225 Northern mound Sialk I3 Lip bead  2.0439 0.8299 18.9380 38.7074 15.7163 
SRP 83 NML85 Sialk I Copper rod  1.9840 0.8041 19.5440 38.7753 15.7153 
SRP 82 SMR 19-340045 Southern mound Sialk VI Arrow head 2.0907 0.8480 18.5570 38.7971 15.7369 
SRP 81 SM-L 12-21001 Southern mound Sialk III5 Dagger 2.0861 0.8463 18.5140 38.6221 15.6690 
SRP-TB Trench B, 220-240 Sialk III, IV litharge 2.0865 0.8445 18.5130 38.6274 15.6339 
SRP-Reg.22 Strat. section A(1), 400 S  Sialk IV litharge 2.0868 0.8446 18.5180 38.6434 15.6399 
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Data Table 20: EPMA results from the Mycenaean shaft grave silver following the procedure described in Appendix A1.3. Heavily corroded samples are 
highlighted white. Asterisks denote samples with low totals because the EPMA field of view was higher than the sample width. 
 

EPMA COMPOSITIONAL DATA: 
 

Circle A 
 

Sample codes Au%  Ag% Zn% Cu%  Sn%  Pb%  Sb% Bi% Totals% 
Shaft grave III 

 
SG 66b 0.072 97.371 bdl 1.010 bdl 0.084 bdl 0.040 98.577 
SG 151 0.740 63.917 bdl 4.282 bdl 0.472 bdl 1.223 70.634 

Shaft grave IV 
 

SG 479 -1 0.288 70.815 bdl 0.639 bdl 0.054 bdl 0.166 71.963* 
SG 479 -2 0.620 95.651 0.033 3.079 0.095 0.475 0.029 0.509 100.492 
SG 480 0.228 94.388 bdl 5.620 bdl 0.155 0.030 0.274 100.695 
SG 520a 17.306 80.113 0.095 1.115 0.119 0.043 0.051 0.278 99.119 
SG 520b bdl 95.563 bdl bdl bdl 1.028 bdl bdl 96.591 
SG 472 0.255 61.845 bdl 3.024 bdl 0.051 bdl 0.197 65.372 
SG 469 0.213 92.174 bdl 5.147 bdl 0.155 bdl 0.243 97.932 
SG 388 0.577 83.213 bdl bdl bdl 0.182 bdl bdl 83.972* 
SG 478 12.041 49.275 bdl 11.541 bdl 0.547 bdl 0.348 73.752 
SG 481 0.510 82.430 bdl 4.263 bdl 0.166 bdl 0.064 87.434* 
SG 505 0.426 95.829 0.032 1.171 bdl 0.093 bdl 0.033 97.584 
SG 605-7 0.546 67.882 0.135 2.874 bdl 0.321 bdl 0.902 72.660* 

Shaft grave V 
 

SG 865a 2.747 88.120 bdl 1.314 bdl bdl bdl 0.035 92.215 
SG 865b 13.002 48.087 bdl 8.808 bdl 0.228 bdl 0.463 70.588 
SG 863 0.182 70.780 bdl 1.901 bdl 0.047 bdl 0.364 73.274 
SG 867 1.570 95.808 bdl 1.265 bdl 0.052 bdl 0.051 98.745 
SG 868 8.620 56.019 bdl 8.572 bdl 0.099 bdl 0.307 73.617 
SG 869 17.556 77.113 0.083 1.083 0.146 bdl 0.071 0.299 96.351 
SG 869-71 11.300 54.188 bdl 6.100 bdl 0.412 bdl 0.357 72.358 
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SG 876 0.405 92.534 bdl 1.172 bdl 0.042 bdl bdl 94.153 
SG 880 1.418 75.057 bdl 1.062 bdl bdl bdl bdl 77.536* 

Circle B 
 

Shaft grave V (delta) 
 

Sample codes Au%  Ag%  Zn%  Cu%  Sn%  Pb%  Sb% Bi% Totals% 
SG 9563 7.405 30.262 bdl 3.384 bdl 0.269 bdl bdl 41.319 
SG 9588 0.439 92.183 bdl 1.823 bdl bdl bdl 0.028 94.474 
SG 9594 1.515 68.569 bdl bdl bdl bdl bdl bdl 70.084 

 
Undetermined find locations 

 
Sample codes Au%  Ag%  Zn%  Cu%  Sn%  Pb%  Sb% Bi% Totals% 
3013 2.201 46.206 bdl 10.613 bdl 0.724 bdl 0.120 59.863 
2810 0.307 59.799 bdl bdl bdl bdl bdl bdl 60.107 
3109 bdl 14.259 bdl 46.697 24.386 bdl 0.025 bdl 85.367 
4919 2.736 50.306 bdl 7.981 bdl 0.140 bdl 0.202 61.364 
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Data Table 20: Lead isotope analyses from Stos-Gale, 2014. Pb crustal age calculated from two-stage 
evolution model using parameters from Desaulty et al., 2011. 
 

CIRCLE A 
 

Sample codes 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb Pb crustal age (Ma) 
Shaft grave III 

 
SG 66b 2.05728 0.83299 18.852 15 
SG 151 2.06642 0.83312 18.771 -5 

Shaft grave IV 
 

SG 479 -1 2.06812 0.83347 18.813 15 
SG 479 -2 2.06702 0.8329 18.842 10 
SG 479 (?) 2.06847 0.83341 18.813 14 
SG 480 2.06554 0.83243 18.806 -11 
SG 520a 2.0615 0.83245 18.827 -4 
SG 520b 2.05704 0.83099 18.777 -52 
SG 472 2.07231 0.83502 18.834 55 
SG 469 2.06741 0.83261 18.827 -1 
SG 388 2.08029 0.84194 18.65 156 
SG 478 2.06566 0.83149 18.857 -17 
SG 478 ? 2.06536 0.83105 18.875 -22 
SG 481 2.06757 0.83386 18.794 18 
SG 481 ? 2.06737 0.83403 18.793 22 
SG 505 2.05915 0.83171 18.825 -22 
SG 605-607 2.06723 0.83317 18.777 -2 

Shaft grave V 
 
SG 865a 2.06886 0.83778 18.677 73 
SG 865b 2.06935 0.83702 18.692 60 
SG 863 2.07025 0.83395 18.812 25 
SG 867 2.07118 0.83403 18.802 24 
SG 868 2.0708 0.83591 18.746 51 
SG 869 2.06093 0.83257 18.818 -4 
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SG 869-71 2.06574 0.83164 18.856 -14 
SG 876 2.06516 0.83413 18.799 26 
SG 880 2.07874 0.84361 18.552 166 

CIRCLE B 
 
Shaft grave V (delta) 
 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb Pb crustal age (Ma) 
SG 9563 2.05647 0.83094 18.846 -33 
SG 9588 2.06602 0.83324 18.762 -5 
SG 9594 2.06286 0.83393 18.779 16 

Undetermined find locations 
 
 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb Pb crustal age (Ma) 
3013 2.06481 0.83148 18.858 -17 
2810 2.06594 0.83558 18.763 48 
3109 2.0727 0.84163 18.557 125 
4919 2.06361 0.83382 18.78 14 
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Data Table: 21: Proposed Iranian ore field 
Data from Shortland, 2006; Liliyquist and Brill, 1993; Veron and Roux, 2004; Oxalid, 2008; Harper and Meyers, 1981; Stos-Gale, 2001; Nezafati et al., 2008; 
Pernicka et al., 2011, Klein et al., 2016, Mirnejad, et al. 2011. 

 

Chronology Site Code/Details Type 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 
13th C. BC Tell Brak TB1 Yellow glass 2.0709 0.8350 18.736 
13th C. BC Tell Brak TB2 Yellow glass 2.072 0.8303 18.925 
13th C. BC Tell Brak BRAK4434 Yellow glass 2.0926 0.8467 18.498 
13th C. BC Tell Brak BRAK4434A Yellow glass 2.0933 0.8473 18.482 
13th C. BC Tell Brak BRAK1878 Yellow glass 2.0662 0.8229 19.13 
13th C. BC Tell Rimah RIMAH 5432 Yellow glass 2.0686 0.8264 19.02 
c. 15th C. BC Susa Pb-2166 Yellow opaque glass 2.0741 0.83427 18.8232 
MBA Sidon Burial 27 Silver – range of LIA 

silver analyses. 
2.0875 

(+/- 0.0075) 
0.84104  

(+/- 0.0028) 
 

2000BC Amuq (Dayton) silver 2.06843 0.83694 18.765 
LBA Ugarit 14530/AO 83/428 silver 2.06258 0.82991 18.916 
LBA Ugarit 14532/AO 83/433 silver 2.07402 0.83452 18.848 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08724 0.84423 18.585 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08774 0.8476 18.497 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08045 0.84162 18.615 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08297 0.83765 18.576 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08176 0.84346 18.542 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08259 0.84139 18.632 
224-651AD Sasanian Unprovenanced Silver (>44ppb Ir) 2.08697 0.84763 18.483 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0739 0.8383 18.7336 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0741 0.8386 18.6463 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0719 0.8380 18.6289 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0704 0.8368 18.6811 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0802 0.8390 18.7336 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0804 0.8422 18.6209 
4th-7th centuries AD Byzantine Unprovenanced Silver (>44ppb Ir) 2.0736 0.8374 18.6905 
c.475BC Athenian Asyut hoard Silver (>44ppb Ir) 2.0596 0.8322 18.851 
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c.475BC Corinthian Asyut hoard Silver (>44ppb Ir) 2.0669 0.8335 18.787 
c.475BC Corinthian Asyut hoard Silver (>44ppb Ir) 2.0666 0.8348 18.767 
c.475BC Lesbos coin Asyut hoard Silver (>44ppb Ir) 2.0703 0.8342 18.79 
c.475BC Sigloi Asyut hoard Silver (>44ppb Ir) 2.0683 0.8351 18.74 
c.475BC Sigloi Asyut hoard Silver (>44ppb Ir) 2.0684 0.8357 18.786 
c.475BC Mallus or Caria Asyut hoard Silver (>44ppb Ir) 2.069 0.8352 18.73 
c.475BC Aeginetan Asyut hoard Silver (>44ppb Ir) 2.0745 0.8385 18.677 
c.475BC Aeginetan Asyut hoard Silver (>44ppb Ir) 2.0766 0.8371 18.771 
c.475BC Aeginetan Asyut hoard Silver (>44ppb Ir) 2.0704 0.835 18.758 
c.475BC Aeginetan Wells hoard Silver (>44ppb Ir) 2.0698 0.8341 18.796 
c. 2500-2000BC Royal tombs at Ur 1928-10-10-132/A Silver 2.0808 0.8407 18.623 
c. 2500-2000BC Royal tombs at Ur 1928-10-10-132/B Silver 2.0833 0.8419 18.619 
c. 2500-2000BC Royal tombs at Ur 1928-10-10-132/C Silver 2.0829 0.8429 18.582 
c. 2500-2000BC Royal tombs at Ur 1929-10-10-562 Silver 2.0725 0.8332 18.823 
c. 2500-2000BC Royal tombs at Ur 1929-10-17-63 Silver 2.0801 0.8402 18.637 
c. 2500-2000BC Royal tombs at Ur 1928-10-10-149 Silver 2.0842 0.8424 18.605 
c. 2500-2000BC Royal tombs at Ur 1928-10-10-133 Silver 2.0942 0.8437 18.732 
c. 2500-2000BC Royal tombs at Ur 1935-1-16-17 Silver 2.0804 0.8405 18.634 
c. 7000-6100 BC Sialk I3 SRP 82 NP-34225 Lip bead 2.0439 0.82988 18.938 
c. 7000-6100 BC Sialk I SRP 83 NML85 Copper needle 1.984 0.8041 19.544 
c. 2600 BC Sialk VI SRP 82 SMR 19-

340045 
Arrow head 2.0907 0.84803 18.557 

c. 6000 BC Sialk III5 SRP 81 SM-L 12-
21001 

dagger 2.0861 0.84633 18.514 

late 5th-4th 
millennia BC 

Sialk III, IV SRP-TB Trench B, 
220-240 

litharge 2.0865 0.84448 18.513 

4th millennium BC Sialk IV SRP-Reg.22 Strat. 
section A(1), 400 S 

litharge 2.0868 0.84458 18.518 

 Anguran (NW 
Iran) 

Pb-823_Stos-Gale, 
2001 

sulphide 2.05595 0.82854 18.993 

 Larassam (Nr. 
Teheran) 

Pb-820_Stos-Gale, 
2001 

galena 2.06760 0.83261 18.872 
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 Khaneh Sormeh, 
Isfahan. 

Pb-112_Stos-Gale, 
2001 

galena 2.08420 0.83952 18.619 

 Herzarabad (NE 
of Arak, Tofresh 
distr.) 

Pb-821_Stos-Gale, 
2001 

galena 2.08119 0.84284 18.692 

 Nakhlak PI 2_Stos-Gale, 2001 Pb slag 2.08709 0.84463 18.535 
 Nakhlak PI 1b_Stos-Gale, 

2001 
Pb slag 2.08680 0.84466 18.529 

 Farrokhi PI 3_Stos-Gale, 2001 Pb slag 2.08916 0.84468 18.577 
 Nakhlak PI 1a_Stos-Gale, 

2001 
Pb slag 2.08739 0.84468 18.532 

 Fortress of 
Nakhlak 

Pb-833_Stos-Gale, 
2001 

Pb slag/litharge 2.08792 0.84479 18.522 

 Fortress of 
Nakhlak 

Pb-834_Stos-Gale, 
2001 

galena 2.09030 0.8448 18.519 

 Fortress of 
Nakhlak 

Pb-832_Stos-Gale, 
2001 

cerussite 2.09061 0.84509 18.566 

 Fortress of 
Nakhlak 

Pb-835_Stos-Gale, 
2001 

litharge 2.08864 0.84525 18.539 

 Lakan, Arak-
Kashan 

Pb-824_Stos-Gale, 
2001 

galena 2.09300 0.8488 18.45 

 Ahangaran, Arak-
Kashan 

Pb-825_Stos-Gale, 
2001 

galena 2.098 0.8492 18.416 

 Darreh Noghre 
Silver valley, Arak 
Kashan 

Pb-827_Stos-Gale, 
2001 

galena 2.0942 0.8504 18.403 

 Hosseinabad, 
Arak Kashan 

Pb-826_Stos-Gale, 
2001 

galena 2.0944 0.8511 18.409 

 Muteh PI 27_Stos-Gale, 
2001 

Pb slag 2.1018 0.85817 18.308 

 Mine of Tars Iran 16_Stos-Gale, 
2001 

cerussite 2.12463 0.86995 18.006 
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 Kouchke (NE of 
Bafq) 

Pb-822_Stos-Gale, 
2001 

galena 2.12734 0.8755 17.959 

4th millennium BC Arisman Pernicka et al., 2011 litharge 2.0872 0.84471 18.5237 
4th millennium BC Arisman Pernicka et al., 2011 litharge 2.0871 0.84474 18.5215 
4th millennium BC Arisman Pernicka et al., 2011 litharge 2.0872 0.84475 18.5235 
4th millennium BC Arisman Pernicka et al., 2011 litharge 2.087 0.84466 18.5229 
4th millennium BC Arisman Pernicka et al., 2011 litharge 2.087 0.84468 18.5235 
4th millennium BC Arisman Pernicka et al., 2011 litharge 2.0872 0.84482 18.5206 
4th millennium BC Arisman Pernicka et al., 2011 litharge 2.0871 0.84467 18.5251 
 Naklak Pernicka et al., 2011 lead ore 2.0884 0.84535 18.515 
 Naklak Pernicka et al., 2011 lead ore 2.088 0.84468 18.533 
 Naklak Pernicka et al., 2011 lead ore 2.0881 0.84494 18.525 
 Naklak Pernicka et al., 2011 lead ore 2.0882 0.84516 18.52 
 Naklak Pernicka et al., 2011 lead slag 2.0881 0.84492 18.529 
 Naklak Pernicka et al., 2011 lead slag 2.088 0.84515 18.543 
 Naklak Pernicka et al., 2011 lead slag 2.0877 0.84485 18.524 
 Naklak Pernicka et al., 2011 lead ore 2.0878 0.84478 18.53 
 Naklak Pernicka et al., 2011 lead ore 2.0867 0.8446 18.5192 
 Naklak Pernicka et al., 2011 lead ore 2.0863 0.84445 18.5217 
 Naklak Pernicka et al., 2011 lead ore 2.0866 0.8447 18.5172 
 Naklak Pernicka et al., 2011 lead ore 2.0866 0.84457 18.5236 
 Naklak Pernicka et al., 2011 lead ore 2.0865 0.84456 18.5283 
 Naklak Pernicka et al., 2011 lead ore 2.0868 0.84462 18.5255 
 Naklak Pernicka et al., 2011 lead ore 2.0864 0.84444 18.5261 
 Naklak Pernicka et al., 2011 lead slag 2.0863 0.8446 18.5227 
 Naklak Pernicka et al., 2011 lead slag 2.0866 0.8446 18.529 
 Naklak Pernicka et al., 2011 erz 2.0877 0.8446 18.529 
 Naklak Pernicka et al., 2011 erz 2.0867 0.8446 18.505 
 Naklak Pernicka et al., 2011 erz 2.0874 0.845 18.505 
 Naklak Pernicka et al., 2011 erz 2.0894 0.845 18.532 
 Naklak Pernicka et al., 2011 erz 2.0874 0.8449 18.505 
 Bababozorghi Pernicka et al., 2011 erz 2.0865 0.84484 18.438 
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 Baghorogh Pernicka et al., 2011 erz 2.0859 0.84463 18.533 
 Cah Mileh Pernicka et al., 2011 erz 2.0898 0.84366 18.579 
 Cah Mileh Pernicka et al., 2011 erz 2.0908 0.84362 18.583 
 Cah Mileh Pernicka et al., 2011 erz 2.0908 0.8436 18.581 
 Khuni Pernicka et al., 2011 erz 2.0897 0.84769 18.399 
 Khuni Pernicka et al., 2011 erz 2.0921 0.84801 18.409 
 Khuni Pernicka et al., 2011 erz 2.0914 0.84784 18.41 
 Ghebleh Pernicka et al., 2011 erz 2.0896 0.84488 18.517 
 Rassur Pernicka et al., 2011 erz 2.1164 0.86518 17.986 
 Talkhe Pernicka et al., 2011 erz 2.1095 0.865 18.113 
 Cah Gorbeh Pernicka et al., 2011 erz 2.0833 0.84295 18.593 
 Pateyar Pernicka et al., 2011 erz 2.0738 0.83915 18.673 
 Ahangaran Mirnejad et al., 2011 Area SSZ 2.0955 0.8497 18.407 
 Kohkolangeh Mirnejad et al., 2011 Area SSZ 2.0920 0.8499 18.389 
 Taeh sorkh Mirnejad et al., 2011 Area SSZ 2.0936 0.8483 18.45 
 Kolah darvazeh Mirnejad et al., 2011 Area SSZ 2.0936 0.8488 18.419 
 Doshkharat Mirnejad et al., 2011 Area SSZ 2.0956 0.8492 18.44 
 Darah noghreh Mirnejad et al., 2011 Area SSZ 2.0920 0.8501 18.398 
 Babasheikh Mirnejad et al., 2011 Area SSZ 2.0918 0.8492 18.424 
 Chah talkh Mirnejad et al., 2011 Area SSZ 2.0917 0.8472 18.454 
 Saleh peighambar Mirnejad et al., 2011 Area SSZ 2.0925 0.8474 18.471 
 Angouran Mirnejad et al., 2011 Area UDZ 2.0567 0.8300 18.919 
 Saryaghol Mirnejad et al., 2011 Area UDZ 2.0751 0.8385 18.667 
 Pasar Mirnejad et al., 2011 Area UDZ 2.0686 0.8352 18.735 
 Iqalesi Mirnejad et al., 2011 Area UDZ 2.0624 0.8316 18.843 
 Sungun Mirnejad et al., 2011 Area UDZ 2.0675 0.8313 18.831 
 Lak Mirnejad et al., 2011 Area UDZ 2.0737 0.8369 18.647 
 Senjedeh Mirnejad et al., 2011 Area UDZ 2.0709 0.8344 18.73 
 Khalf Mirnejad et al., 2011 Area UDZ 2.0703 0.8342 18.722 
 Ghebchagh Mirnejad et al., 2011 Area UDZ 2.0619 0.8286 18.867 
 Kuh-e Sormeh Mirnejad et al., 2011 Area ZFB 2.1166 0.8683 18.062 
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Data Table 22: Iridium 
Sasanian compositional data: Harper, P. O. and Meyers. P. (1981) Silver vessels of the Sasanian Period Vol.1 Royal Imagery, The Metropolitan Museum of Art, 
Princeton University Press. 
Byzantine compositional data: Meyers, P. (1992) Elemental compositions of the Sion treasure and other Byzantine silver objects, In S. A. Boyd and M.M. Mango 
(Eds.) Ecclesiastical silver plate in sixth century Byzantium, Dunbarton Oaks Research Library and Collection, Washington D.C; Scott, D. (1990) A Technical and 
Analytical Study of Two Silver Plates in the Collection of the J. Paul Getty Museum, The J. Paul Getty Museum Journal, 18, 33-52.;  
Archaic coin compositional and LIA data: Gale, N.H., Gentner, W. and Wagner, G.A. (1980) Mineralogical and Geographical silver sources of archaic Greek coinage, 
In: Metcalf, D.M. and Oddy, W.A. (eds.), Metallurgy in Numismatics I, The Royal Numismatics Society.; Stos-Gale, Z.A., Gale, N.H. and Annetts, N. (1996) Lead 
isotope data from the Isotrace Laboratory, Oxford: Archaeometry data base 3, ores from the Aegean, part 1, Archaeometry, 38, 381-90.  
Islamic plate compositional data: Meyers, P. (2003) Production, distribution, and control of silver: Information provided by elemental composition of ancient silver 
objects Patterns and Process. In: A Festschrift in Honor of Dr. Edward V. Sayre, 271–288. 
Byzantine object LIA data: Scott, D. (1990) A Technical and Analytical Study of Two Silver Plates in the Collection of the J. Paul Getty Museum, The J. Paul Getty 
Museum Journal, 18, 33-52. 
The Sasanian LIA data derives from unpublished data from Pieter Meyers (Stos-Gale, 2001). Highlighted cells denote uncertainty regarding which compositional analyses 
correspond to the LIA. 

Pb crustal age calculated from two-stage evolution model using parameters from Desaulty et al., 2011. 
 

Silver Objects Type Ag% Au% Ir ppb log(Ag/Ir) log(Au/Ir) 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Pb Crustal Age 
(Ma) 

1a Sasanian 95.1 0.469 18 17.783 12.471 
      

1b Sasanian 95.1 0.467 18 17.783 12.466 
      

2a Sasanian 95.1 0.494 4.5 19.169 13.909 
      

2b Sasanian 90.1 0.463 20 17.623 12.352 
      

3d Sasanian 94.9 0.645 5.2 19.022 14.031 
      

4d Sasanian 98 0.498 1.3 20.441 15.159 2.08527 0.84513 18.525 15.656 38.63 191 

5c Sasanian 97.7 0.805 1.9 20.058 15.259 
      

6c Sasanian 93.4 0.59 170 15.519 10.455 
      

6c Sasanian 94.5 0.586 170 15.531 10.448 
      

6c Sasanian 92.2 0.584 190 15.395 10.333 
      

8a Sasanian 98.1 0.56 2.5 19.788 14.622 
      

8b Sasanian 97.1 0.567 2.9 19.629 14.486 
      

9a Sasanian 95.7 0.531 6.9 18.748 13.554 
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9b Sasanian 96.9 0.593 14 18.053 12.956 
      

13a Sasanian 95.6 0.669 16 17.906 12.944 2.08067 0.84213 18.597 15.661 38.695 146 

13b Sasanian 95.8 0.647 6 18.889 13.891 2.08067 0.84213 18.597 15.661 38.695 146 

14a Sasanian-Royal 90.5 0.612 100 16.018 11.022 
      

14b Sasanian-Royal 86.8 0.579 71 16.319 11.309 
      

15a Sasanian-Royal 94.3 0.55 140 15.723 10.579 
      

15b Sasanian-Royal 94.4 0.691 82 16.259 11.342 
      

16a Sasanian-Royal 96.2 0.764 110 15.984 11.148 2.08724 0.84423 18.585 15.69 38.791 188 

16b Sasanian-Royal 97.3 0.678 100 16.091 11.124 2.08724 0.84423 18.585 15.69 38.791 188 

16b Sasanian-Royal 97.3 0.676 93 16.163 11.194 2.08724 0.84423 18.585 15.69 38.791 188 

17a Sasanian-Royal 94 0.673 160 15.586 10.647 2.08774 0.8476 18.497 15.678 38.617 236 

17b Sasanian-Royal 93.4 0.676 170 15.519 10.591 2.08774 0.8476 18.497 15.678 38.617 236 

17b Sasanian-Royal 93.4 0.672 160 15.58 10.645 
      

17e Sasanian-Royal-Repair 92.9 1.49 520 14.396 10.263 
      

18a Sasanian-Royal 93.9 0.7 120 15.873 10.974 
      

18b Sasanian-Royal 95.1 0.623 98 16.088 11.06 
      

19a Sasanian-Royal 90.4 0.552 92 16.101 11.002 2.08045 0.84162 18.615 15.667 38.728 140 

19a Sasanian-Royal 91.4 0.55 130 15.766 10.653 2.08045 0.84162 18.615 15.667 38.728 140 

19b Sasanian-Royal 89.5 0.551 170 15.477 10.386 2.08045 0.84162 18.615 15.667 38.728 140 

20a Sasanian 61.7 0.364 50 16.328 11.195 
      

20b Sasanian 61.8 0.366 45 16.435 11.306 
      

22a Sasanian 92.2 0.693 170 15.506 10.616 
      

22b Sasanian 95.6 0.694 140 15.737 10.811 
      

23a Sasanian 92.1 0.703 120 15.853 10.978 
      

23f Sasanian 93.3 0.498 24 17.476 12.243 
      

24a Sasanian 94.4 0.586 17 17.832 12.75 
      

24b Sasanian 94.3 0.584 130 15.797 10.713 
      

25a Sasanian 96.4 0.634 22 17.596 12.571 
      

26a Sasanian 90.8 0.371 160 15.552 10.051 
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27a Sasanian 88.1 0.659 100 15.991 11.096 2.08297 0.83765 18.576 15.56 38.693 41 

27a Sasanian 88 0.661 170 15.46 10.568 2.08176 0.84346 18.542 15.64 38.6 161 

28a Sasanian 90 0.672 120 15.83 10.933 
      

28b Sasanian 93.9 0.738 66 16.471 11.625 
      

29a Sasanian 91.7 0.617 240 15.156 10.155 
      

29b Sasanian 88.7 0.616 92 16.082 11.112 
      

30a Sasanian 98 0.295 12 18.218 12.412 
      

30b Sasanian 91.1 0.632 27 17.334 12.363 
      

31a Sasanian 81.6 0.555 100 15.915 10.924 
      

32a Sasanian 92.2 0.604 160 15.567 10.539 
      

32b Sasanian 93.8 0.59 140 15.718 10.649 
      

35a Sasanian 96.1 0.541 110 15.983 10.803 2.08259 0.84139 18.632 15.677 38.803 140 

35a Sasanian 96.2 0.537 120 15.897 10.709 2.08259 0.84139 18.632 15.677 38.803 140 

35b Sasanian 94.3 0.402 91 16.154 10.696 2.08259 0.84139 18.632 15.677 38.803 140 

36a Sasanian 91.6 0.66 87 16.17 11.237 
      

36b Sasanian 94.6 0.668 26 17.41 12.457 
      

37a Sasanian 96.6 0.164 8.5 18.549 12.17 2.08207 0.84293 18.601 15.679 38.729 164 

37b Sasanian 96.2 0.598 48 16.813 11.733 2.08207 0.84293 18.601 15.679 38.729 164 

38a Sasanian 90.6 0.677 54 16.636 11.739 2.08697 0.84763 18.483 15.667 38.573 233 

38b Sasanian 72.4 0.611 520 14.146 9.372 2.08697 0.84763 18.483 15.667 38.573 233 

1 Byzantine 6thC 91 0.66 140 15.687 10.761 
      

2i Byzantine 6thC 96.3 0.594 43 16.924 11.836 
      

2ii Byzantine 6thC 96.3 0.597 47 16.835 11.752 
      

3i Byzantine 6thC 95.1 0.649 85 16.23 11.243 
      

3ii Byzantine 6thC 95.3 0.643 82 16.268 11.27 
      

4i Byzantine 6thC 97 0.678 49 16.801 11.838 
      

4ii Byzantine 6thC 97 0.678 55 16.685 11.722 
      

5 Byzantine 6thC 96.9 0.539 83 16.273 11.081 
      

6 Byzantine 6thC 96.5 0.452 290 15.018 9.654 
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7 Byzantine 6thC 96.9 0.605 31 17.258 12.182 
      

8 Byzantine 6thC 97 0.695 180 15.5 10.561 
      

9 Byzantine 6thC 97.5 0.496 55 16.691 11.41 
      

10 Byzantine 6thC 97.2 0.478 89 16.206 10.891 
      

11 Byzantine 6thC 97 0.634 270 15.094 10.064 
      

12 Byzantine 6thC 96.9 0.444 79 16.322 10.937 
      

13i Byzantine 6thC 96.7 0.746 11 18.292 13.427 
      

13ii Byzantine 6thC 96.7 0.744 12 18.205 13.337 
      

14i Byzantine 6thC 97.2 0.425 61 16.584 11.152 
      

14ii Byzantine 6thC 97.2 0.427 58 16.634 11.207 
      

15i Byzantine 6thC 98 0.162 25 17.484 11.079 
      

15ii Byzantine 6thC 97.9 0.164 31 17.268 10.876 
      

16 Byzantine 6thC 96.8 0.555 100 16.086 10.924 
      

17 Byzantine 6thC 96.6 0.566 130 15.821 10.681 
      

18i Byzantine 6thC 96.9 0.561 77 16.348 11.196 
      

18ii Byzantine 6thC 96.7 0.569 100 16.085 10.949 
      

19i Byzantine 6thC 97.1 0.559 66 16.504 11.347 
      

19ii Byzantine 6thC 97.1 0.565 64 16.535 11.388 
      

20 Byzantine 6thC 96.9 0.561 64 16.533 11.381 
      

21 Byzantine 6thC 97 0.59 58 16.632 11.53 
      

22i Byzantine 6thC 95.5 0.576 76 16.346 11.236 
      

22ii Byzantine 6thC 95.2 0.662 100 16.069 11.1 
      

23i Byzantine 6thC 96.7 0.635 150 15.679 10.653 
      

23ii Byzantine 6thC 94.2 0.58 140 15.722 10.632 
      

23iii Byzantine 6thC 95.6 0.631 80 16.296 11.276 
      

24i Byzantine 6thC 95.3 0.647 77 16.331 11.339 
      

24ii Byzantine 6thC 94.3 0.561 59 16.587 11.463 
      

25 Byzantine 6thC 95.3 0.609 72 16.398 11.345 
      

26 Byzantine 6thC 96.5 0.71 110 15.987 11.075 
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27 Byzantine 6thC 99.7 0.166 0.41 21.612 15.214 
      

28 Byzantine 6thC 99.7 0.166 0.71 21.063 14.665 
      

29 Byzantine 6thC 93.9 0.613 33 17.164 12.132 
      

30 Byzantine 6thC 92.5 0.68 120 15.858 10.945 
      

31 Byzantine 6thC 94.2 0.654 24 17.485 12.515 
      

32 Byzantine 6thC 94.6 0.747 67 16.463 11.622 
      

33 Byzantine 6thC 95.1 0.645 68 16.454 11.46 
      

34 Byzantine 6thC 94.3 0.313 160 15.589 9.881 
      

35 Byzantine 6thC 97.2 0.648 46 16.866 11.856 
      

36 Byzantine 6thC 94.8 0.882 44 16.886 12.208 
      

37i Byzantine 6thC 97.3 0.503 73 16.405 11.14 
      

37ii Byzantine 6thC 96.9 0.478 54 16.703 11.391 
      

38 Byzantine 6thC 96 0.513 24 17.504 12.273 
      

39 Byzantine 6thC 94.5 0.488 66 16.477 11.211 
      

40 Byzantine 6thC 96 0.484 68 16.463 11.173 
      

41 Byzantine 6thC 96 0.488 77 16.339 11.057 
      

42 Byzantine 6thC 93.9 0.614 88 16.183 11.153 
      

43 Byzantine 6thC 97.4 0.73 110 15.996 11.103 
      

44 Byzantine 6thC 96.7 0.495 76 16.359 11.084 
      

45 Byzantine 6thC 93.8 0.548 85 16.217 11.074 
      

46 Byzantine 6thC 93.9 0.591 44 16.876 11.808 
      

47 Byzantine 6thC 95.2 0.598 68 16.455 11.384 
      

48 Byzantine 6thC 96.2 0.533 42 16.947 11.751 
      

49 Byzantine 6thC 96 0.5 23 17.547 12.289 
      

50 Byzantine 6thC 96.7 0.659 45 16.883 11.894 
      

51i Byzantine 6thC 97.1 0.56 100 16.089 10.933 
      

51ii Byzantine 6thC 94.2 0.655 150 15.653 10.684 
      

52i Byzantine 6thC 97 0.69 65 16.518 11.573 
      

52ii Byzantine 6thC 95.2 0.555 140 15.732 10.588 
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53 Byzantine 6thC 97.4 0.665 100 16.092 11.105 
      

69i Byzantine 7thC 96.9 0.0479 3.3 19.498 11.886 
      

69ii Byzantine 7thC 94 0.0513 4.3 19.203 11.689 
      

70i Byzantine 7thC 96 0.6 280 15.048 9.972 2.0739 0.8383 18.7336 15.7044 38.8516 100 

70ii Byzantine 7thC 96 0.61 310 14.946 9.887 
      

71i Byzantine 7thC 95.5 0.65 240 15.197 10.207 
      

71ii Byzantine 7thC 95.3 0.66 290 15.005 10.033 
      

72i Byzantine 7thC 95.6 0.59 270 15.08 9.992 
      

72ii Byzantine 7thC 95.6 0.59 270 15.08 9.992 
      

73i Byzantine 7thC 95.8 0.53 310 14.944 9.747 
      

73ii Byzantine 7thC 96.2 0.52 280 15.05 9.829 
      

74i Byzantine 7thC 95.4 0.88 350 14.818 10.132 
      

74ii Byzantine 7thC 95.4 0.87 390 14.71 10.013 
      

75i Byzantine 7thC 95.3 0.88 490 14.481 9.796 2.0741 0.8386 18.6463 15.6368 38.6742 83 

75ii Byzantine 7thC 95.3 0.89 310 14.939 10.265 
      

76i Byzantine 7thC 95.5 0.76 710 14.112 9.278 
      

76ii Byzantine 7thC 95.5 0.77 700 14.126 9.306 2.0719 0.838 18.6289 15.611 38.5972 65 

54 Byzantine 5-7thC 94.3 0.726 17 17.831 12.965 
      

55 Byzantine 5-7thC 94.1 0.721 66 16.473 11.601 
      

56 Byzantine 5-7thC 96.4 0.58 150 15.676 10.563 
      

57i Byzantine 5-7thC 96.3 0.581 170 15.55 10.439 
      

57ii Byzantine 5-7thC 97.3 0.616 150 15.685 10.623 
      

58 Byzantine 5-7thC 97.1 0.749 110 15.993 11.129 
      

59 Byzantine 5-7thC 94.1 0.635 96 16.098 11.1 
      

60 Byzantine 5-7thC 96.1 0.532 82 16.277 11.08 
      

61i Byzantine 5-7thC 97.3 0.766 86 16.242 11.397 
      

61ii Byzantine 5-7thC 97.4 0.782 130 15.829 11.005 
      

62i Byzantine 5-7thC 93.8 0.303 60 16.565 10.83 
      

62ii Byzantine 5-7thC 93.2 0.309 58 16.592 10.883 
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63i Byzantine 5-7thC 96.7 1.05 130 15.822 11.299 
      

63ii Byzantine 5-7thC 97.1 1.05 98 16.109 11.582 
      

64 Byzantine 5-7thC 96.6 0.808 91 16.178 11.394 2.0704 0.8368 18.6811 15.6324 38.6774 52 

65 Byzantine 5-7thC 96.3 0.565 120 15.898 10.76 
      

66i Byzantine 5-7thC 96.4 0.621 130 15.819 10.774 
      

66ii Byzantine 5-7thC 91.7 0.574 260 15.076 10.002 2.0802 0.839 18.7336 15.7175 38.9697 115 

67 Byzantine 5-7thC 95.4 0.689 180 15.483 10.553 
      

68 Byzantine 5-7thC 96.1 0.689 300 14.98 10.042 
      

Fishermans 
plate 

Byzantine 2-4thC? 96.46 0.59 400 14.696 9.599 2.0804 0.8422 18.6209 15.6816 38.739 153 

Philosophers 
plate 

Byzantine 4-6thC? 94.11 0.48 900 13.86 8.582 2.0736 0.8374 18.6905 15.652 38.7567 69 

Plate with 
king on 

horseback 

Islamic plates 91.9 0.019 0.55 21.237 12.753 
      

Plate with 
king and 

musicians 

Islamic plates 93.6 0.018 0.4 21.573 13.017 
      

             

             

COINS 
            

62 Orrescii 98 0.0084 4 19.317 9.952 2.0669 0.8323 18.802 15.6495 38.8624 -14 

65 Orrescii 97.6 0.0076 2 20.006 10.545 2.0656 0.8322 18.814 15.6568 38.8614 -14 

64 Orrescii 97.8 0.0088 10 18.398 9.083 2.0668 0.8322 18.808 15.6528 38.872 -14 

63 Orrescii 98.4 0.0044 4 19.321 9.306 2.0674 0.8321 18.821 15.6613 38.9096 -13 

92 Orrescii 98.1 0.0041 4 19.318 9.235 2.066 0.8324 18.799 15.6489 38.838 -13 

88 Orrescii 97.3 0.0046 10 18.393 8.434 2.0672 0.8325 18.798 15.6486 38.8588 -12 

4th C BC Athenian 99.4 0.046 10 18.415 10.736 
      

4th C BC Athenian 93.5 0.24 320 14.888 8.923 2.0596 0.8322 18.851 15.6878 38.8255 -3 

4th C BC Athenian 99.4 0.021 4.5 19.213 10.751 
      

4th C BC Athenian 99.3 0.014 3.5 19.463 10.597 
      

450-400 BC Athenian 96 0.33 10 18.38 12.707 2.0611 0.8323 18.872 15.7072 38.8971 5 
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4th C BC Athenian 99.1 0.038 5 19.105 11.238 
      

4th C BC Athenian 99.3 0.021 5 19.107 10.645 2.062 0.8324 18.859 15.698 38.8863 4 

4th C BC Athenian 99.5 0.015 6 18.926 10.127 
      

450-400 BC Athenian 99.1 0.007 1 20.714 11.156 
      

4th C BC Athenian 99 0.011 5 19.104 9.999 
      

341 Athenian 97.4 0.036 4 19.311 11.408 2.0592 0.8313 18.855 15.6747 38.8268 -22 

407-421 Athenian 97.9 0.002 10 18.399 7.601 2.0577 0.8313 18.851 15.6705 38.7897 -24 

407-421 Athenian 97.4 0.019 10 18.394 9.852 2.0573 0.8312 18.841 15.6599 38.7616 -30 

272 Athenian 99.1 0.032 7 18.768 10.73 2.0612 0.832 18.902 15.7261 38.96 6 

407-421 Athenian 98.8 0.019 5 19.102 10.545 2.0583 0.8315 18.853 15.6759 38.8055 -19 

407-421 Athenian 97.9 0.0016 4 19.316 8.294 2.0612 0.8319 18.85 15.6806 38.8536 -11 

407-421 Athenian 97.8 0.021 4 19.315 10.869 2.0577 0.8313 18.852 15.6709 38.7921 -24 

407-421 Athenian 97.7 0.038 10 18.397 10.545 2.0597 0.8325 18.829 15.6746 38.7828 -3 

288 Athenian 99.4 0.047 7 18.771 11.115 2.0621 0.8315 18.878 15.6978 38.9276 -10 

357 Athenian 96.9 0.043 4 19.305 11.585 2.0587 0.8312 18.858 15.6748 38.8232 -24 

397 Athenian 99.3 0.051 8 18.637 11.063 2.0602 0.8319 18.858 15.6882 38.852 -8 

571 Corinth 97.8 0.026 7 18.755 10.523 2.0715 0.8357 18.706 15.6334 38.7485 36 

568 Corinth 99 0.026 7 18.767 10.523 2.0604 0.8319 18.883 15.7078 38.9063 -2 

575 Corinth 99.4 0.028 5 19.108 10.933 2.0594 0.8319 18.864 15.6926 38.8481 -7 

579 Corinth 98.6 0.26 7 18.763 12.825 2.0657 0.8339 18.787 15.6661 38.8087 17 

595 Corinth 99.2 0.041 7 18.769 10.978 2.0582 0.8313 18.875 15.6914 38.8493 -16 

587 Corinth 97.7 0.13 70 16.452 9.829 2.0669 0.8335 18.787 15.6588 38.8314 8 

594 Corinth 96.1 0.13 1 20.683 14.078 2.0688 0.8337 18.766 15.645 38.8224 7 

558 Corinth 97.3 0.14 20 17.7 11.156 2.0779 0.8387 18.685 15.6707 38.8257 95 

Slater 4th C 
BC 

Corinth 91.8 0.39 50 16.726 11.264 2.0666 0.8348 18.767 15.6658 38.7843 31 

181 Acanthus 99 0.14 10 18.411 11.849 2.0742 0.8383 18.708 15.6822 38.8039 92 

183 Acanthus 99.1 0.05 35 17.159 9.567 2.0685 0.8332 18.806 15.6686 38.9002 6 

187 Acanthus 99.6 0.17 35 17.164 10.791 2.0686 0.8335 18.802 15.6707 38.8931 12 
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82 Thasos 97.6 0.017 4 19.313 10.657 2.0576 0.8366 18.685 15.6317 38.4455 49 

123 Thasos 98 0.06 4 19.317 11.918 2.0828 0.8376 18.77 15.7218 39.0945 95 

124 & 87 Thasos 97.5 0.067 7 18.752 11.469 2.0727 0.835 18.717 15.6278 38.7942 21 

107 Thasos 96.4 0.39 7 18.741 13.231 2.0814 0.8375 18.796 15.7411 39.1224 99 

647 Samos 99.1 0.035 4 19.328 11.379 2.0581 0.8314 18.847 15.6686 38.7884 -23 

651 Samos 99.1 0.15 10 18.412 11.918 2.0752 0.8376 18.673 15.6411 38.7506 69 

654 Samos 95.2 0.015 3 19.575 10.82 2.0614 0.8337 18.791 15.6651 38.7354 13 

650 Samos 98.8 0.04 5 19.102 11.29 2.0572 0.8314 18.836 15.6593 38.75 -27 

659 Samos 99.1 0.011 4 19.328 10.222 2.0574 0.8309 18.858 15.6684 38.7988 -31 

614 Lesbos 97.4 0.35 70 16.448 10.82 2.0703 0.8342 18.79 15.6754 38.9006 26 

791 Salamis 96.6 0.28 10 18.386 12.543 2.0651 0.8328 18.826 15.679 38.8768 4 

716 Sigloi 97.2 0.17 100 16.09 9.741 2.0683 0.8351 18.74 15.6501 38.7603 31 

722 Sigloi 96.8 0.35 350 14.833 9.21 2.0684 0.8357 18.786 15.6991 38.857 57 

715 Sigloi 96.1 0.16 12 18.199 11.801 2.0688 0.8343 18.784 15.6719 38.8611 26 

672 Mallus or Caria 95.2 0.41 820 13.965 8.517 2.069 0.8352 18.73 15.6424 38.7524 29 

673 Mallus or Caria 99.1 0.027 3 19.616 11.408 2.0603 0.832 18.878 15.7065 38.8942 0 

685 Mallus or Caria 98.8 0.028 4 19.325 11.156 2.0631 0.8325 18.869 15.7086 38.9286 9 

684 Mallus or Caria 97.7 0.32 28 17.368 11.646 2.0705 0.8352 18.795 15.6981 38.9154 49 

680 Mallus or Caria 99.6 0.091 25 17.5 10.502 2.0613 0.8337 18.825 15.695 38.8047 24 

745 Lycia 98.2 0.21 10 18.403 12.255 2.0736 0.8366 18.76 15.6952 38.9015 71 

748 Lycia 98.6 0.022 1 20.709 12.301 2.0639 0.8344 18.741 15.6367 38.6795 15 

12 Zankle 98.7 0.082 10 18.408 11.314 2.065 0.8337 18.782 15.6587 38.7846 12 

13 Zankle 98 0.31 10 18.4 12.644 2.0709 0.835 18.753 15.6578 38.8354 31 

11 Zankle 96 0.51 20 17.687 12.449 2.0771 0.839 18.653 15.6495 38.744 93 

Messana Zankle 95.5 0.25 36 17.094 11.148 2.064 0.8335 18.829 15.693 38.8631 19 

822 Cyrene 97.1 0.121 30 17.293 10.605 
      

824 Cyrene 98.9 0.029 2 20.019 11.884 
      

823 Cyrene 99.3 0.028 3 19.618 11.444 
      

429 Aeginetan 99.1 0.4 10 18.412 12.899 2.0712 0.8407 18.707 15.726 38.7459 144 
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431 Aeginetan 99.3 0.47 4 19.33 13.977 2.068 0.8345 18.672 15.5818 38.6139 -2 

432 Aeginetan 98.2 1.32 210 15.358 11.049 2.0745 0.8385 18.677 15.6607 38.7462 89 

433 Aeginetan 98.1 0.4 23 17.569 12.066 2.0743 0.8383 18.664 15.6453 38.7155 80 

435 Aeginetan 97.1 0.013 1 20.694 11.775 2.0795 0.8385 18.671 15.6562 38.8263 88 

436 Aeginetan 97.7 0.51 1 20.7 15.445 2.0784 0.8386 18.694 15.6762 38.8534 95 

437 Aeginetan 97.9 0.52 5 19.093 13.855 2.0709 0.8349 18.77 15.6701 38.8708 34 

438 Aeginetan 98.1 0.38 1 20.704 15.151 2.0727 0.8356 18.808 15.7156 38.983 61 

443 Aeginetan 95.3 0.94 0.4 21.591 16.973 2.0712 0.8335 18.794 15.6646 38.9263 10 

446 Aeginetan 98.9 0.1 3 19.614 12.717 2.0742 0.8382 18.7 15.6751 38.7872 90 

447 Aeginetan 99.6 0.15 10 18.417 11.918 
      

448 Aeginetan 98.8 0.068 5 19.102 11.82 2.0602 0.8319 18.84 15.6734 38.8149 -12 

449 Aeginetan 95.8 0.172 26 17.422 11.1 2.0706 0.8369 18.71 15.658 38.7406 62 

462 Aeginetan 99.5 0.227 2 20.025 13.942 2.0826 0.84 18.694 15.7037 38.9314 127 

463 Aeginetan 98.9 0.326 6 18.92 13.205 2.0699 0.835 18.753 15.6578 38.8165 31 

471 Aeginetan 97.4 1.58 4 19.311 15.189 2.0712 0.8389 18.729 15.7114 38.7911 112 

482 Aeginetan 99.5 0.14 10 18.416 11.849 
      

484 Aeginetan 99.2 0.044 3 19.617 11.896 2.0622 0.832 18.856 15.688 38.8843 -6 

485 Aeginetan 98.9 0.016 8 18.633 9.903 2.0593 0.8327 18.859 15.7033 38.8362 10 

507 Aeginetan 99.2 0.37 30 17.314 11.723 
      

511 Aeginetan 99.2 0.03 40 17.026 8.923 2.0578 0.8311 18.845 15.6628 38.7796 -29 

512 Aeginetan 98.7 0.012 7 18.764 9.749 2.0774 0.8377 18.647 15.6208 38.7377 63 

513 Aeginetan 98.8 0.03 40 17.022 8.923 2.0619 0.8321 18.866 15.6984 38.8992 -1 

514 Aeginetan 99.3 0.13 160 15.641 9.003 2.0766 0.8371 18.771 15.7123 38.9791 83 

517 Aeginetan 97.1 0.027 10 18.391 10.204 2.0729 0.8369 18.701 15.6512 38.7644 61 

518 Aeginetan 98.8 0.086 2 20.018 12.972 2.0723 0.835 18.837 15.7289 39.0359 56 

522 Aeginetan 98.2 0.23 6 18.913 12.857 
      

529 Aeginetan 98.1 0.025 16 17.931 9.657 2.0637 0.8327 18.833 15.6822 38.8653 3 

534 Aeginetan 95.8 0.013 1 20.68 11.775 2.0773 0.8375 18.715 15.6742 38.8769 78 

537 Aeginetan 96.9 0.026 4 19.305 11.082 2.0825 0.8384 18.879 15.8287 39.3161 141 
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538 Aeginetan 98.9 0.02 1 20.712 12.206 2.0764 0.8369 18.737 15.6817 38.9061 71 

539 Aeginetan 99.1 0.24 2 20.021 13.998 2.0725 0.835 18.826 15.7203 39.0159 53 

540 Aeginetan 98.1 0.35 2 20.011 14.375 2.0657 0.8341 18.758 15.6453 38.7475 13 

542 Aeginetan 98.2 0.91 0.4 21.621 16.94 2.0778 0.8372 18.692 15.6486 38.8373 64 

544 Aeginetan 97.6 0.59 2 20.006 14.897 2.0698 0.8361 18.721 15.6528 38.7491 48 

546 Aeginetan 97.3 0.016 5 19.086 10.373 2.0761 0.8376 18.682 15.6486 38.7857 71 

547 Aeginetan 97.6 0.31 1 20.699 14.947 2.0699 0.8354 18.728 15.6459 38.7649 35 

548 Aeginetan 98.1 0.11 2 20.011 13.218 2.0612 0.8325 18.802 15.6532 38.7537 -9 

549 Aeginetan 97.9 0.26 20 17.706 11.775 2.0736 0.8388 18.692 15.6792 38.7592 100 

550 Aeginetan 95.5 0.084 10 18.375 11.339 
      

554 Aeginetan 96.5 0.028 5 19.078 10.933 2.0587 0.8317 18.865 15.6906 38.837 -10 

555 Aeginetan 97.3 0.42 140 15.754 10.309 2.0704 0.835 18.758 15.6637 38.8371 35 

LBT Ox Wells 
hoard 

Aeginetan 97.8 0.055 90 16.201 8.718 2.0698 0.8341 18.796 15.6781 38.9047 25 

140A Aeginetan 99.4 0.17 30 17.316 10.945 
      

140B Aeginetan 99.5 0.19 4 19.332 13.071 
      

140C Aeginetan 99.2 0.18 5 19.106 12.794 
      

 

 

 

 

 

 

 

 

 


