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An Old Problem in a New Light: Elemental and Lead Isotopic Analysis of 1 

Luristan Bronzes 2 

 3 

Abstract 4 

The emergence and provenance of the Luristan Bronzes has been a subject of interest for 5 

many decades. This paper presents the results of elemental and lead isotopic analysis of a 6 

series of Luristan Bronzes discovered from recent excavations in the Sangtarashan 7 

sanctuary, as well as an extensive comparative study on technology and provenance of the 8 

Luristan Bronzes. This study was performed in order to better understand tin bronze 9 

production technology in the Luristan region during the Iron Age. It focuses on the artefacts 10 

themselves, as no mining or production evidence has been discovered in Luristan so far. 11 

For this purpose, 46 samples from different pieces of thin sheet vessels from Sangtarashan 12 

were analysed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) for 13 

their elemental composition and by multi-collector inductively coupled plasma-mass 14 

spectroscopy (MC-ICP-MS) for their lead isotopic composition. The results of elemental 15 

analysis showed that tin bronze with variable tin content was used to produce these 16 

artefacts. The comparative study of the alloy composition also shows that tin bronze may 17 

have been the main material to produce ritual artefacts during the Iron Age of western Iran. 18 

Furthermore, the lead isotope ratios of the Sangtarashan artefacts partially overlap with 19 

those of different copper ore deposits on the Iranian Plateau, including deposits close to 20 

Luristan (such as Deh Hosein) and ore deposits further away, in central and eastern Iran. In 21 

fact, the results revealed that it is not possible at this stage in the research to identify one 22 

specific ore deposit or region as the source of copper for tin bronze metallurgy during the 23 

Iron Age of Luristan. Thus, the research suggests that ancient metalworkers apparently used 24 

different copper sources to produce the bronze artefacts specific to the region of Luristan in 25 

western Iran.  26 

 27 
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Introduction 1 

For a century, the Luristan Bronzes have been an enigma in the prehistoric archaeology of 2 

the Near East. Although they appeared in 1920’s on the antiquities market in the western 3 

world as artefacts attributed to an ancient region in western Iran, namely Luristan 4 

(Overlaet, 2006; Muscarella, 1988: 112; Muscarella, 1990: 478; Moorey, 1964:72), their 5 

archaeological context remained unknown until about the 1960s and 1970s, when it was 6 

illuminated by a number of archaeological excavations of necropoli, particularly by the 7 

Belgian Archaeological Mission in Iran (BAMI) under supervision of Louis Vanden 8 

Berghe in Pusht-i Kuh, Luristan (Haerinck and Overlaet, 2004a; Haerinck, 2009; 9 

Muscarella, 1988).Various historical and archaeological studies and excavations during the 10 

1930s up to the 1970s in western Iran and central Zagros has led to some level of 11 

understanding of the probable origins of the Luristan Bronzes (e.g., Schmidt et al., 1989; 12 

Calmeyer, 1969; Godard, 1931; Goff, 1968; Moorey, 1969; Muscarella, 1988a; 1988b; 13 

Vanden Berghe, 1971; 1981; 1987; Haerinck and Overlaet 1998; 1999; 2004b; Haerinck et 14 

al., 2004). One important issue in the archaeology of the Luristan Bronzes is that the 15 

majority of artefacts attributed to this region in museums worldwide have not been obtained 16 

from controlled excavations, but rather from illegal activities, and thus their origin cannot 17 

be confirmed (Overlaet, 2004; 2005; 2006). It should be noted that the artefacts discovered 18 

from earlier archaeological excavations are not numerous (Muscarella, 1988a; 1990). 19 

Examples include Luristan Bronzes excavated from Surkh Dum, an Iron Age sanctuary 20 

(Schmidt et al., 1989; Overlaet, 2011), War Kabud graveyards (Haerinck and Overlaet, 21 

2004a) and Baba Jan (Goff, 1968). Of course, recent archaeological work in the Luristan 22 

region has led to the discovery of significant numbers of bronzes in particular from 23 

Sangtarashan and Baba Jilan (Hashemi et al., 2021; Hasanpur et al., 2015).  24 

Careful assessment of archaeological excavations in ancient Luristan showed that the 25 

Luristan Bronzes are artefacts of ritual significance that have been deposited in graves and 26 

sanctuaries during the Iron Age, ca. 1500-500 BCE, or according to more recent dating, ca. 27 

1300-650 BCE in western Iran (Overlaet, 2004; 2005; 2006). Still, there are some 28 

unanswered (or incompletely answered) questions about the Luristan Bronzes such as: 29 

Which peoples or tribes manufactured these artefacts? Where were they produced? What 30 
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was the metallurgical technology underlying their production? Which ore resources 1 

provided the raw materials, i.e., tin and copper, for the production of these artefacts? Of 2 

course, it should be mentioned that a series of archaeological and analytical studies have 3 

been undertaken during recent decades to address these questions (e.g., Fleming et al., 4 

2005; 2006; Oudbashi and Davami, 2014; Oudbashi and Hasanpour 2018; Oudbashi et al., 5 

2016a; Nezafati, 2006; Moorey, 1964), but the technology and provenance of tin bronze 6 

production in the Iron Age of Luristan remains an underresearched topic in the archaeology 7 

of prehistory on the Iranian Plateau.  8 

The aims of this paper are first to offer a preliminary overview of the technology of tin 9 

bronze production in the Iron Age of western Iran with particular reference to Luristan, and 10 

secondly to study the metallurgy of the excavated Sangtarashan bronzes and their 11 

provenance. The technological study is based, in part, on the chemical analysis of a series 12 

of bronze artefacts from the Sangtarashan sanctuary and its comparison to the available 13 

data on other artefacts from Luristan and elsewhere in the wider region. Provenance is 14 

assessed using lead isotopic analysis of a group of the Sangtarashan artefacts and by 15 

comparison with available lead isotope ratio data from other artefacts from prehistoric sites 16 

and ore deposits on the Iranian Plateau. Thus, this paper aims to shed new light on tin 17 

bronze technology in Luristan during the Iron Age by combining new and already available 18 

analytical data.  19 

 20 

Sangtarashan Archaeological Site 21 

Recent archaeological research in the Pish-i Kuh region of Luristan (Figure 1a and 1b) has 22 

led to the identification of new Iron Age sites, such as Sangtarashan and Baba Jilan, at 23 

which metal artefacts were discovered including different types attributed to the Luristan 24 

Bronzes’ style such as vessels, finials, weapons and decorative artefacts (Hashemi et al., 25 

2021; Oudbashi et al., 2013; Malekzadeh et al., 2017; Hasanpur et al., 2015).  26 

Sangtarashan is located southeast of Khorramabad, the capital of the modern Lorestan 27 

province (Figure 1b). The Sangtarashan (or Patakht-e Sangtarashan) site is located at the 28 

north of the Sangtarashan village in the Papi district of Khorramabad county (geographic 29 

coordinates 33° 15ʹ 15ʺ N and 48° 33ʹ 748ʺ E), about 50 km southeast of Khorramabad city 30 
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(Figure 2a). It lies 1650 m above sea level in the southern part of the Luristan’s Pish-i Kuh 1 

region. The archaeological site is located in a flat farming area on the southern slope of a 2 

mountain. Farming activities have covered the archaeological remains over time with a 3 

partially thick layer of dark soil. The area of the archaeological site is estimated to be 4 

around one hectare (Figure 2b). It has been excavated in six seasons from 2006 to 2011, 5 

which has led to the discovery of an Iron Age sanctuary constructed from stone fragments 6 

(Figure 2b and 2c) in which numerous metallic artefacts attributed to the Luristan Bronzes 7 

were found. The excavation site report is soon to be published by Dr. Zahra Hashemi and 8 

colleagues (Dr. Ata Hasanpour and Dr. Mehrdad Malekzadeh) and earlier preliminary 9 

publications on the excavations include: Oudbashi et al., 2013; Oudbashi et al., 2016a; 10 

Malekzadeh et al., 2017; 2018; Hasanpur and Malekzadeh, 2019). Archaeological 11 

excavations yielded no evidence of graves, but rather, more than 2000 diverse metal 12 

artefacts attributed to the Luristan Bronzes’ style, ranging in character from simple to 13 

sophisticated types. These were all found associated with several architectural structures at 14 

the site (Figure 3) (Malekzadeh et al., 2017; Oudbashi et al., 2013). Also, results of 14C 15 

dating on two animal bone samples from the site provided two dates of ca. 15th-14th and late 16 

9th- early 8th centuries BCE i.e., ranging from Iron Age I to early Iron Age III (Hashemi et 17 

al., 2021). Archaeological finds including the metal artefacts and the simple stone 18 

architecture suggest that the site’s main period of activity is Iron Age II-III. Accordingly, 19 

the site has been identified as an Iron Age II-III sanctuary and is compared with the only 20 

other known Iron Age sanctuary site discovered in Luristan, in the Pish-i Kuh, namely 21 

Surkh Dum (or Surkh Dum-e Lori), excavated by E. F. Schmidt in the 1930s (Schmidt et 22 

al., 1989).  23 

The metal artefacts from Sangtarashan include different types made of a tin bronze alloy 24 

that represent well the variability in elemental composition of the Luristan Bronzes. In total 25 

2349 artefacts were found in Sangtarashan during the six seasons of excavation as 26 

associated groups (caches) or as scattered finds. One hundred and two artefacts, mainly 27 

metallic, were found in sixteen caches (Figure 3a and 3b). The rest (2247 artefacts), 28 

belonged to the second group, that of scattered finds. A significant number of the excavated 29 
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artefacts were metallic artefacts, including numerous bronzes and some iron artefacts 1 

(Malekzadeh et al., 2017; 2018; Hasanpur and Malekzadeh, 2019).  2 

Some artefacts from Sangtarashan were analysed by microscopic and elemental analysis 3 

methods, showing that binary tin bronze alloys were used to produce these artefacts 4 

(Oudbashi et al., 2013; Oudbashi and Davami, 2014; Oudbashi et al., 2016a). Furthermore, 5 

as noted above, other artefacts from the Luristan Bronzes collection from different 6 

archaeological sites or unprovenanced collections were analysed by various researchers 7 

using different elemental analysis and microscopic methods to understand the alloy 8 

composition and manufacturing methods. The data reported clarified some technological 9 

aspects of this invaluable metal collection, such as strongly variable tin concentrations in 10 

similar artefacts. Nevertheless, the technology of tin bronze metallurgy of the Luristan 11 

Bronzes and the provenance of the raw materials used has not been studied widely and the 12 

Sangtarashan collection provides a rare opportunity to perform an extensive analytical 13 

study on the technology and provenance of the Luristan Bronzes.  14 

 15 

Materials and Methods 16 

Samples 17 

A total of 46 samples from 31 broken metal vessels excavated during different seasons of 18 

the Sangtarashan excavation were selected (Figure 4). These vessels are broken artefacts 19 

that could be sampled easily by cutting a small fragment from broken pieces using a 20 

jeweller’s saw.  The very thin corrosion crust from the surface was mechanically removed 21 

before further treatment of each sample. These corrosion crusts were studied previously and 22 

revealed to be very thin (less than 100 µm overall) without indications of active corrosion 23 

in the burial environment such as significant amounts of chlorine (Oudbashi et al., 2016b; 24 

Oudbashi, 2018). The samples include vessel edges (7 samples), bodies (29 samples), 25 

spouts (3 samples), a base (one sample) and a handle (one sample) and other types of 26 

metallic pieces, such as a simple pin or rod (one sample) and shield pins (4 samples). 27 

Sample details are presented in Table 1. In some vessels, the body and the edge were both 28 

selected for analysis because the artefact was heavily fragmented and transformed into 29 

many pieces and, in many cases, the appearance of the edges and bodies was different 30 
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enough to suggest that these pieces may originate from different artefacts (e.g., ST.10-10 1 

and ST.20-10 see Table 1) although other artefacts show similar appearance in their pieces 2 

including edge and body (e.g., ST.01-10, ST.03-10, ST.04-10 and ST.08-10, see Table 1). 3 

Other pieces such as pins, spouts and handles are obviously made of separate pieces (e.g., 4 

ST.02-10, ST.18-10 and ST-KH, see Table 1). Some of the samples were previously 5 

analysed by elemental analysis methods such as Inductively Coupled Plasma – Optical 6 

Emission Spectroscopy (ICP-OES) and Scanning Electron Microscopy – Energy Dispersive 7 

Spectroscopy (SEM-EDS) (Oudbashi et al., 2013; Oudbashi and Davami, 2014; Oudbashi 8 

et al., 2016a), but some others have not been analysed before (10 samples) and their 9 

compositions are reported for the first time here. Nevertheless, all samples were analysed 10 

here again to obtain comparable results, as the majority of previous results were obtained 11 

by semi-quantitative SEM-EDS whereby trace elements were not determined.  12 

 13 

Analytical Methods 14 

To identify the elemental composition of the metal artefacts, quantitative elemental analysis 15 

was performed using ICP-OES to determine the concentrations of major, minor and trace 16 

elements. The detection limit of the method was 0.001 weight percent (wt.%). For the 17 

purpose of ICP-OES analysis, about 0.5 g of the metallic core of each artefact was taken 18 

and the corrosion layer was removed mechanically. Subsequently, the sample was first 19 

dissolved in pure aqua regia (HCl + HNO3, 3:1) and then diluted after complete dissolution. 20 

The solution thus obtained was measured using a Varian 735 model ICP-OES instrument in 21 

operation at the Zarazma Mineral Studies Company, Tehran.  22 

Separate samples (ca. 0.05 g) from the same artefacts were dissolved for lead isotopic 23 

analysis at the Geochemical Laboratory of KU Leuven (Belgium). Dissolved samples were 24 

taken to a class-10 clean lab facility at Ghent University (Belgium) for chromatographic 25 

lead isolation (De Muynck et al. 2008) relying on the use of Pb-SPEC resin (Eichrom 26 

Technologies). Single-collector ICP-MS was used to determine the Pb concentration to 27 

evaluate target element recovery and allow adequate dilution, such that the Pb 28 

concentration (150 g/kg) in all sample and standard solutions measured matched within ± 29 

12%. Lead isotope ratios were determined using a Thermo Scientific Neptune Multi-30 
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Collector – Inductively Coupled Plasma – Mass Spectrometer (MC-ICP-MS) in operation 1 

at Ghent University. The bias introduced by instrumental mass discrimination was 2 

corrected for by using a combination of internal correction (with Tl as an internal standard 3 

and following Russell’s law) and external correction, based on replicate sample-standard 4 

bracketing measurements of the NIST SRM 981 common lead standard (using the 5 

commonly accepted isotope ratio values from Galer and Abouchami (1998). Full details for 6 

sample preparation and analytical procedures are provided in Rademakers et al. (2020). 7 

Relative errors (, calculated from 60 replicate measurements) on the data presented here 8 

are better than 0.02% for the corrected ratios to 204Pb, and better than 0.005% for ratios to 9 

206Pb. 10 

 11 

Results and Discussion 12 

Elemental Composition 13 

The results of ICP-OES analysis of 46 samples from Sangtarashan are presented in Table 2. 14 

These data reveal that all samples consist of binary tin bronze alloys. Tin concentrations 15 

vary between 1.78 and 14.5 wt%. It is noteworthy that other metallic elements such as 16 

arsenic and lead do not represent major constituents in any of the samples. In fact, all other 17 

elements are detected as minor or trace constituents only.  18 

The metallurgy of tin bronze emerged in the Early Bronze Age (early third millennium 19 

BCE) in western Iran (Luristan) and spread slowly across the Iranian Plateau, as observed 20 

from evidence of tin bronze metallurgy during the Late Bronze Age (ca. 2000-1500 BCE) 21 

and Early Iron Age in many regions of the Iranian Plateau (Pigott, 2004; Pigott, 2011; 22 

Helwing, 2013; Oudbashi, 2019a). Many analytical studies of archaeological materials 23 

from the third and second millennium BCE from the Iranian Plateau show that, although 24 

evidence of tin bronze in Luristan exists from the Early Bronze Age, the main copper-base 25 

metallurgical activity in most of the Plateau region concerns copper and arsenical copper 26 

production during that period, sometimes alongside tin bronze.  27 

Analysis of several copper-base artefacts dated to the Early and Middle Bronze Age from 28 

west of the Iranian Plateau revealed that tin bronze with varying Sn concentrations 29 

appeared there. This is observed in artefacts from Early Bronze Age Luristan graveyards 30 
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such as Kalleh Nisar and Bani Surmeh, Susa dated to period IVa (second half of third 1 

millennium BCE) and at Godin Tepe III:6 (ca. 2600–2400 BCE), as well as the Bronze Age 2 

graveyard of Deh Dumen, south-western Iran (Frame, 2010; Fleming et al., 2005; Malfoy 3 

and Menu, 1987; Oudbashi et al., 2016c). It is worth noting that these tin bronze artefacts 4 

occurred alongside arsenical copper artefacts, which were common during the Early and 5 

Middle Bronze Age of western and south-western Iran.  6 

The earliest evidence of tin bronze in the central Iranian Plateau and southern highlands of 7 

Iran emerges at the end of third millennium BCE into the beginning of the second 8 

millennium BCE. Earlier examples of tin bronze are very rare in the Early and Middle 9 

Bronze Age in central Iran. Nevertheless, a few analysed artefacts from the Bronze Age site 10 

Qoli Darvish (middle and late Bronze Age) show that there is no specific system of copper 11 

alloying at that time and one low tin bronze artefact illustrates the early use of tin bronze at 12 

this site (Nezafati and Stöllner, 2017).  13 

Chemical analysis of numerous copper-base artefacts from the Late Bronze Age sites of 14 

Tappeh Bazgir and Shahrak-e Firouzeh in north-eastern Iran revealed that apart from a few 15 

low-tin bronze artefacts, all of the analysed artefacts were probably made of copper and an 16 

arsenical copper alloy (Lorenz, 2008; Oudbashi et al., 2020). The use of tin bronze is 17 

observed in south-central Iran during the early second millennium BCE in the Kaftari phase 18 

at Malyan (ca. 2200-1800 BCE), and at Tappeh Yahya IVA (Pigott et al., 2003; Thornton et 19 

al., 2002). The analytical studies reveal that tin bronze metallurgy rarely occurred during 20 

the Bronze Age, and this is especially true in more eastern regions.  21 

Analysis of various artefacts and slags from the Bronze Age sites such as Shahdad, Shahr-i 22 

Sokhta and Tappeh Hissar gave little to no evidence of tin bronze metallurgy during the 23 

third and second millennium BCE in the north-eastern Iran and in the eastern part of the Lut 24 

desert, while arsenical copper (or arsenical bronze) was common at these sites during the 25 

Bronze Age (Hauptmann et al., 2003; Meier, 2011; Meier, 2015; Pigott et al., 1982; 26 

Thornton 2009). Nonetheless, it is worth noting that a limited number of tin-containing 27 

copper artefacts (tin bronzes) is observed among the analysed artefacts from Khenaman or 28 

Khinaman, a Bronze Age cemetery located in the Lut Desert,which is related to the 29 

Shahdad culture (Curtis, 1988; Maxwell-Hyslop, 1988). In summary, these studies show 30 



10 
 

that tin bronze was the main copper-base alloy for metal artefact production on the Iranian 1 

Plateau during the Iron Age, but less so during the Bronze Age (Oudbashi, 2019a; 2019b).  2 

Figure 5 presents binary diagrams of main elemental constituents of some Iron Age 3 

artefacts from different sites of the Iranian Plateau, in which most artefacts are from the 4 

Luristan region, except for Haft Tappeh (south-western Iran), Marlik and Sagzabad 5 

(northern Iran) and Hasanlu IVB level (north-western Iran). Background information on the 6 

data used for comparison in Figure 5 are presented in Table 3. In Figures 5a and 5b, the 7 

scatter plot of Cu versus Sn shows that the majority of the analysed Iron Age artefacts are 8 

made of tin bronze and that tin concentrations vary in a wide range in different artefacts 9 

from different sites. Figures 5c and 5d present a scatter plot of Sn versus As, the main alloy 10 

constituents of prehistoric copper-base artefacts. It is obvious that arsenic did not play an 11 

important role in the metallurgy of copper alloys during the Iron Age. Evidence of impure 12 

copper and arsenical copper, alongside tin bronze, is found only in some cases, such as 13 

Godin Tepe (western Iran), Luristan Bronzes from the Ashmolean museum with no 14 

archaeological provenance, Sagzabad and Marlik (northern Iran), Hasanlu (north-eastern 15 

Iran) and Haft Tappeh (south-western Iran). Furthermore, the scatter plot presented in 16 

Figures 5e and 5f (Sn versus Pb) shows the limited role of lead as an alloying ingredient in 17 

the metallurgy of copper alloys during the Iron Age of the Iranian Plateau. Lead has been 18 

measured as a major constituent (> 1 wt%) in the composition of a few artefacts from the 19 

Ashmolean museum (5 artefacts), Haft Tappeh (4 artefacts), War Kabud (7 artefacts) and 20 

Baba Jilan (one artefact) and Hasanlu (5 artefacts) only.   21 

Figure 6 shows scatter plots of trace elements measured in the majority of the artefacts 22 

analysed stemming from Iron Age Iran. From the diagram of Ag versus Ni (Figure 6a), it is 23 

clear that the Sangtarashan artefacts exhibit a variable and wide range, partially overlapping 24 

with the ranges observed for other artefacts from different sites. The largest overlap can be 25 

noted with War Kabud, Baba Jilan and the Ashmolean collection (Luristan Bronzes) and 26 

partially with Haft Tappeh and Marlik (Iron Age I), as well as Hasanlu. Furthermore, the 27 

diagram indicates that some Sangtarashan artefacts differ strongly from others from a trace 28 

element perspective. Figure 6b shows a scatter plot of As versus Sb. Here, it is again 29 

obvious that the Sangtarashan artefacts encompass a wide range of compositional 30 
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variability. However, a linear relationship in the As-Sb ratio is visible in the diagram. The 1 

Sangtarashan artefacts partially overlap with many artefacts from different sites, such as 2 

Haft Tappeh, Marlik, Baba Jilan, Ashmolean collection, War Kabud, and even with 3 

Sagzabad and Hasanlu. It can be derived from both diagrams that, although artefacts from 4 

each site/collection overlap with each other to some extent, the Sangtarashan artefacts are 5 

strongly variable from a (trace) elemental perspective and overlap with artefacts from most 6 

of the different sites/collections. Although this variability is partially visible in artefacts 7 

from Marlik and Haft Tappeh as well, it is far more pronounced in the Sangtarashan 8 

bronzes, indicating the probable use of various copper sources to manufacture the copper 9 

alloy artefacts.  In sum, this study of trace elements can be indicative of the possible origin 10 

(ore source) of the copper used in the ancient alloys (Pernicka, 2014; Pollard and Bray, 11 

2014), however, in this article we have placed our emphasis on the use lead isotope analysis 12 

in an effort to define the provenance of the copper alloy artefacts analysed and presented 13 

herein.  14 

 15 

Lead Isotopic Analysis 16 

The lead isotope ratios for the Sangtarashan samples, presented in Table 4, vary between 17 

18.051 and 18.904 for 206Pb/204Pb, 15.121 and 15.716 for 207Pb/204Pb, and 37.472 and 18 

39.004 for 208Pb/204Pb. As illustrated in Figure 7, the lead isotope ratios in the Sangtarashan 19 

samples follow a linear trend line, apart from three samples which deviate substantially 20 

from the trend line in both the 206Pb/204Pb versus 207Pb/204Pb and 206Pb/204Pb versus 21 

208Pb/204Pb scatter plots (samples ST-06, ST-10 and ST-34).  22 

The lead isotope ratio data available for archaeological objects and metallurgical materials 23 

from prehistoric sites in Iran are limited and only some data are available for comparison 24 

(see Table 5 for further information). It is worth noting that lead isotope ratios used for 25 

comparative studies are from a range of sites across the Iranian Plateau from late 26 

Chalcolithic/Bronze Age to Iron Ages. Furthermore, lead isotope ratio data for Iranian ore 27 

deposits (ancient and modern) are also limited. Nevertheless, the data available provide a 28 

useful comparison to the lead isotope ratios obtained for the Sangtarashan bronzes, as 29 

presented in Figure 8. The scatter plots are presented in three formats: full isotopic range 30 
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(Figures 8a and 8b), reduced range of archaeological objects (e.g., copper alloy artefacts, 1 

slag and matte) (Figures 8c and 8d) and reduced range of ore deposits (Figures 8e and 8f) in 2 

comparison with Sangtarashan lead isotope ratio data. Figures 8a and 8b illustrate that, 3 

apart from some cases, the lead isotope ratios of the majority of objects and ores are in a 4 

similar range and plot along the same trend line. It is noteworthy that the three outliers from 5 

Sangtarashan have lead isotope ratios not previously observed for Iranian objects or ore 6 

deposits. 7 

Plots of 206Pb/204Pb versus 207Pb/204Pb (reduced to a range of 17.8 to 19.4 for 206Pb/204Pb 8 

and of 15.5 to 16 for 207Pb/204Pb, respectively, as presented in Figures 8c and Figure 8e) 9 

and 208Pb/204Pb (reduced to a range of 38 to 39.4, as presented in Figures 8d and 8f), reveal 10 

two interesting aspects. First, the majority of samples (both archaeological objects and ores) 11 

plot on a broad trend line, and second, the distribution for the Sangtarashan samples is 12 

almost as wide as the entire distribution observed for objects from different areas overall, 13 

and wider than most individual groups previously characterised. The lead isotope ratios for 14 

objects from Arisman (second half of fourth millennium and beginning of third millennium 15 

BCE) and sites in the Pusht-i Kuh region equally exhibit a wide range, similar to the 16 

Sangtarashan objects. The lead isotope ratios for five samples from Arisman and two 17 

samples from the Pusht-i Kuh deviate more strongly from the others of these groups. This 18 

is also visible for one sample from Tappeh Sialk. The lead isotope ratios of Sangtarashan 19 

artefacts agree well with some of the other data, especially for the Pusht-i Kuh region, the 20 

Louvre collection, Qoli Davrish, Tappeh Sarm, Shahr-i Sokhta, etc. However, there is no 21 

complete overlap between the data for the Sangtarashan artefacts and those from other 22 

archaeological sites, with part of the data being different, for instance, when comparing 23 

samples from Arisman, the Pusht-i Kuh and Shahr-i Sokhta.  24 

By comparing lead isotope ratios for ore deposits to those for Sangtarashan artefacts 25 

(reduced range), it becomes clear that a significant number of samples from Sangtarashan 26 

show relatively poor agreement with the known lead isotope ratios of Iranian copper ores. 27 

The western ore deposits in the spread along the Astaneh-Sarband area are the nearest 28 

copper sources to Luristan that may have been used in prehistory based on evidence 29 

observed from the copper-tin ore deposits at Deh Hosein (Nezafati, 2006). There is a partial 30 
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(but limited) overlap between lead isotope ratios for some samples from Sangtarashan and 1 

Deh Hosein deposits, as well as with those for copper ore sources from Astaneh. 2 

Furthermore, the Sangtarashan lead isotope ratios partially overlap with those for copper 3 

ore sources located further away in central Iran, such as ore deposits in Anarak, Karkas and 4 

Veshnaveh, Kerman (south-central Iran) and even with eastern ore deposits located in the 5 

Lut blocks (Pernicka et al., 2011; Nezafati and Stöllner, 2017; Shafiei, 2010; Hauptmann et 6 

al., 2003). However, none of the lead isotope ratio data for these deposits individually 7 

follows the trend line observed for the Sangtarashan artefacts. 8 

Finally, it is important to highlight that three samples from Sangtarashan have completely 9 

different lead isotope ratios, showing no overlap with any data for archaeological objects or 10 

ore deposits available to the authors. Comparable published lead isotope ratios are very rare 11 

not only for Iranian deposits, but exist for others much further afield (Killick et al., 2020), 12 

including a few Cenozoic and Mesozoic lead ores from China (Hsu and Sabatini, 2019) and 13 

a Palaeozoic azurite/malachite deposit from Asturias, Spain (Huelga-Suarez et al., 2014). 14 

These instances do not represent convincing source areas, and the lead isotope ratios for 15 

these three artefacts remain to be explained. 16 

 17 

Luristan Bronzes: Technology and Provenance 18 

Copper-base metallurgy during the Iron Age in Luristan (western Iran) can be considered 19 

primarily a tin bronze metallurgy, including the manufacture of various ritual artefacts with 20 

different shaping methods, such as casting and thermo-mechanical processes. Although this 21 

seems to be the commonplace metallurgical process for this time period, some interesting 22 

aspects can be highlighted based on the analytical studies presented here and in previous 23 

research. One of the important aspects of tin bronze metallurgy in Luristan is that 24 

manufacturing artefacts with a binary alloy is the main metallurgical process and other 25 

alloying or metallic elements play little or no important role in this technology. In fact, 26 

although tin bronze emerged and slowly spread during the Bronze Age, it was selected as 27 

the main copper-base alloy by ancient Iranian metalworkers in the Iron Age for producing 28 

routine and ritual artefacts. Of course, it is worth noting that (impure) copper and arsenical 29 

copper are also observed in some archaeological sites as main metals for producing 30 
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artefacts during the Iron Age, such as at Marlik, Haft Tappeh and Sagzabad (Oudbashi and 1 

Hessari, 2017; Oudbashi et al., 2019; Oudbashi and Mishmastnehi, 2020; Oudbashi et al., 2 

in press; Vatandoost-Haghighi, 1977). However, this is not observed among the Luristan 3 

Bronzes. The results of elemental analysis of different collections from the Luristan 4 

Bronzes (see Table 3) reveal that among the 164 artefacts belonging to the archaeological 5 

sites (War Kabud, Bard-i Bal, Godin Tepe, Sangtarashan and Baba Jilan), as well as 6 

museum collections (Ashmolean and Iran National Museum), only 3 artefacts – from the 7 

Ashmolean collections – and 5 artefacts from Iron Age of Godin Tepe have low amounts of 8 

tin. Furthermore, arsenic has been measured as a major constituent (˃1 wt.%) only in a few 9 

artefacts from archeological sites, including War Kabud (4 artefacts), Ashmolean 10 

collections (4 artefacts), Godin Tepe (6 artefacts), Baba Jilan (2 artefacts), Marlik (4 11 

artefacts), Haft Tappeh (2 artefacts), Sagzabad (one artefacts) and Hasanlu (2 artefacts).  12 

Another interesting aspect of tin bronze metallurgy in Luristan is the variable tin content in 13 

the artefacts. Based on previously published works, it has been suggested that the 14 

prehistoric tin bronze artefacts from the Bronze Age and Iron Age (Iron Age tin bronzes 15 

from Luristan) were produced using an uncontrolled (or uncontrollable) alloying process 16 

(Oudbashi et al., 2016a; Oudbashi and Hessari, 2017; Oudbashi and Hasanpour, 2018). In 17 

literature, different procedures to produce tin bronze alloy in the ancient time have been 18 

suggested (Pigott 2004; Rovira et al., 2009; Valério et al., 2013; Murillo-Barroso et al., 19 

2010; Erb-Satullo et al., 2015; Nezafati 2006; Figueiredo et al., 2010; Berger et al., 2019; 20 

Farci et al., 2017, Rademakers and Farci 2018; Rademakers et al., 2018):  21 

- co-smelting of copper and tin ores;  22 

- cementation of metallic copper with cassiterite;  23 

- the use of a complex Sn-bearing copper ore for the smelting of copper;  24 

- metal recycling or re-melting of broken metal pieces; 25 

- and direct melting of copper and tin metal together in the crucible.  26 

Apart from the final method that may have allowed ancient metalworkers to control the 27 

Cu/Sn ratio precisely in the final products, it may have been relatively difficult for 28 

metalworkers to control the tin content in the final product (artefact/ingot). However, the 29 

direct alloying of metallic copper and tin appears to have been unlikely in Luristan (see 30 
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further below). This is in contrast with the ancient cuneiform texts from Mesopotamia, in 1 

which recipes for the constant proportion of Cu/Sn for groups of artefacts from a 2 

typological/functional viewpoint are described (Potts 1997; Joannes 1997; Helwing 2009).  3 

However, the results of analytical studies on Mesopotamian copper-base artefacts show that 4 

proportional control is not commonplace and an uncontrolled alloying process for tin 5 

bronze production appears to have been used for the Mesopotamian artefacts during the 6 

same period (Hauptmann and Pernicka, 2004). In fact, it can be assumed that the ancient 7 

writers may well have referred to the tin oxide (cassiterite) and copper ores (sulphidic or 8 

oxidic) instead of metallic coper and tin (Oudbashi and Hasanpour, 2018; Oudbashi et al., 9 

2019).  10 

It is important to note that all artefacts from Sangtarashan analysed are vessels (or vessel 11 

accessories such as pins, handles and spouts) and tin concentrations vary among the 12 

samples from 1.78 to 14.5 wt%, showing no correlation between tin concentration and 13 

artefacts typology. This variability was observed previously in other copper-base artefacts 14 

from prehistoric Iran, including Marlik and Deh Dumen (Oudbashi and Hessari, 2017; 15 

Oudbashi et al., 2016c), and particularly in vessels from War Kabud and Sangtarashan 16 

(Oudbashi, 2019b).  17 

For the artefacts presented in this study, the variability in tin concentrations can be 18 

highlighted for vessels from which multiple samples were taken. Examples such as ST.02-19 

10, ST.10-10 and ST.20-10 deonstrate differences in tin concentrations of up to 7 wt%. 20 

These differences are accompanied by distinct lead isotope ratios for the different parts, 21 

suggesting that these vessels are either composite artefacts, combining different pieces of 22 

tin bronze, or some of the pieces analysed may not belong to the same vessel. In contrast, 23 

parts from other vessels, such as ST-285, have more homogeneous tin concentrations, 24 

despite having distinct lead isotope ratios. Finally, some vessels illustrate the use of the 25 

same bronze composition for different parts of the vessel. For example, the same metal 26 

batch was used for the vessel body and one shield pin in ST-KH, while another shield pin 27 

from the same vessel was made from a distinct tin bronze: this may indicate the flexible use 28 

of different raw materials in the manufacture of a single vessel and/or its repair over time. 29 

Similarly, lead isotope ratios for the vessel body and edge fragments from ST.04-10 and 30 
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ST.08-10 are indistinguishable, although minor variations in tin concentrations can be 1 

noted. 2 

Furthermore, the elemental analysis of the artefacts of Sangtarashan presents a wide range 3 

of compositional properties with apparent similarities with different groups of artefacts 4 

from other archaeological sites. In fact, the majority of Sangtarashan bronzes are similar to 5 

artefacts from Luristan (such as War Kabud and unprovenanced artefacts), while some 6 

samples are comparable to artefacts from non-Luristan sites such as Sagzabad or Marlik in 7 

northern Iran, from an elemental composition viewpoint (see Figure 6).  8 

Accordingly, it can be suggested from the available alloy composition data for Luristan (as 9 

well as other Iron Age sites in Iran) that Luristan metalworkers did not systematically 10 

control tin concentrations in the final products: they may not have been able to do so given 11 

the raw materials and technological knowledge available to them, or were not interested in 12 

doing so, possibly due, in part, to the ritual function of the Luristan Bronzes. Adding less 13 

than about 15 wt% tin to copper to make binary alloy leads to a material with physical 14 

properties, colour, in particular, that are not strongly but partially influenced by the tin 15 

concentration, although the change in these properties increases at higher tin 16 

concentrations, as in the decorative artefacts manufactured from high-tin bronzes (Scott 17 

2010; Meeks 1993a; Meeks 1993b). However, it is possible that the Luristan craftspeople 18 

may have varied the tin concentrations intentionally to obtain a variety of properties, such 19 

as some variable colour and workability, which may have been of technical, as well as of 20 

ritual interest (e.g., Mödlinger et al., 2017; Radivojević et al., 2018). Consequently, the 21 

Luristan metalworkers didn’t systematically control the alloying process which lead to the 22 

production of tin bronze artefacts with variable tin contents, perhaps because it was not 23 

possible to do so or perhaps because such a treatment was of lesser importance to them.  24 

With regard to the lead isotope ratio distribution of the Sangtarashan artefacts, the data for 25 

nearly all samples fall along a wide trend line, and only three samples show divergent lead 26 

isotope ratios (samples ST-06, ST-10 and ST-34). These are the edge of artefacts ST.03-10, 27 

the vessel base from artefacts ST.06-10 and the body of a large handled kettle (sample 28 

ST.22-11), respectively. Interestingly, the elemental composition of these three samples 29 

doesn’t appear distinct from the other Sangtarashan artefacts. The wide distribution of 30 

https://www.sciencedirect.com/science/article/abs/pii/S0305440317301759#!
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Sangtarashan lead isotope ratios is most likely indicative of the use of different copper ore 1 

deposits to obtain copper metal. The comparative analysis of the lead isotope ratios also 2 

indicates similarity with numerous artefacts and ore deposits from different regions on the 3 

Iranian Plateau.  4 

Comparison with lead isotope data from Bronze and Iron Age objects from different 5 

locations from Iran revealed that some Sangtarashan artefacts are consistent with artefacts 6 

from western Iran (Luristan in particular), while strong similarity is observed as well with 7 

some objects from archaeological sites located further away in central and eastern Iran, 8 

such as Tappeh Sialk, Arisman, Tappeh Sarm and Qoli Darvish, and even further away at 9 

Shahr-i Sokhta.  10 

The lead isotope ratios of several ore deposits from different regions of Iran are partially 11 

consistent with those of the Sangtarashan bronzes. In fact, it is not possible to attribute the 12 

Sangtarashan artefacts to one or more specific ore deposits from a lead isotope ratio 13 

perspective. However, some artefacts of the collection analysed are consistent with ore 14 

deposits close to the Luristan region and located in the Astaneh-Sarband area (e.g., Deh 15 

Hosein and Astaneh), while some other samples are consistent with lead isotope ratios of 16 

ore deposits that are located further away from the Luristan region in central Iran (Karkas 17 

and Veshnaveh), as well as in the Anarak region on the central Iranian Plateau (Pernicka et 18 

al., 2011; Nezafati and Stöllner, 2017; Shafiei, 2010; Hauptmann et al., 2003). Some are 19 

even weakly consistent with ore deposits located very far away in the eastern part of the 20 

Plateau located in the Lut block. It is worth noting that the ore deposits used for comparison 21 

include both sulphidic and oxidic copper ores (see Table 5). While a partial overlap exists 22 

between these different ore deposits and the Sangtarashan artefacts in terms of lead isotope 23 

ratios, insufficient trace element data is available to validate them further as possible source 24 

candidates. An interesting matter is the presence of tin ores (cassiterite) and high tin 25 

concentrations in copper ores of the Astaneh-Sarband area (Deh Hosein and Nezam Abad), 26 

which has been identified as a potential source area for direct production of tin bronze 27 

during prehistoric times in Iran (Nezafati, 2006). 28 

During the last decade, the Astaneh-Sarband area (Sanandaj-Sirjan metamorphic belt), and 29 

in particular its Deh Hosein ancient copper mines, have been introduced as a potential ore 30 
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deposit used for tin bronze production in the Bronze Age and Iron Age of Luristan, 1 

presumably during the second and first millennium BCE (Nezafati, 2006: 2, Fig. 1.1; 2 

Nezafati et al., 2006). The ancient mining sites at Deh Hosein are located about 45 km from 3 

Arak city, the eastern part of central Zagros on the north-eastern border of ancient Luristan. 4 

Numerous ellipsoidal open depressions from ancient mining activities have been 5 

documented, distributed over an area of 27 km2. Analytical studies suggest that it was may 6 

have been in use from the 3rd millennium BCE onwards as a major supplier of tin (bronze) 7 

for Iran and Mesopotamia, as well as regions further west (Nezafati et al., 2006; Nezafati et 8 

al., 2011). It is worth noting that ancient cuneiform texts mention “tin from the East” of 9 

Mesopotamia, that may possibly be matched with the Deh Hosein mines (Muhly, 1973; 10 

Moorey, 1994; Pigott 2011: 284-285; Weeks, 1999; 2004). Its proximity to Luristan and the 11 

presence of complex copper-tin ores at Deh Hosein, as well as the matching lead isotope 12 

ratios of some (especially Bronze Age) Luristan artefacts with those of Deh Hosein ores, 13 

have argued for it as one of the main known copper-tin ore deposits used in prehistoric 14 

times on the Iranian Plateau. The specific elemental composition of the (Cu-Sn-W-Au) Deh 15 

Hosein ores presents the possibility that the direct smelting of complex copper-tin ores was 16 

an important alloying method for tin bronze production from Deh Hosein ores 17 

(Momenzadeh, 2004; Nezafati, 2006; Pigott 2021). However, Deh Hosein has yet to yield 18 

any evidence of prehistoric copper smelting activity. Nevertheless, the lead isotope ratios of 19 

tin bronze artefacts from Sangtarashan presented here revealed only a partial overlap with 20 

those of the Astaneh-Nezam Abad area (especially Deh Hosein), while the lead isotope 21 

ratio data for a significant number of the Sangtarashan artefacts show little consistency with 22 

the signature of the ore deposits in this area. It may be suggested, therefore, that the 23 

Astaneh-Sarband ore deposits may have been used during the Iron Age as a resource for tin 24 

bronze production in Luristan, but not exclusively.  25 

The elemental and lead isotopic analyses of the Sangtarashan bronzes show that it is not 26 

possible to identify one specific ore deposit or region as the source of copper for tin bronze 27 

metallurgy in the Iron Age of Luristan. No evidence of smelting or metal working has been 28 

discovered in Luristan yet and it is not clear as yet where the Luristan Bronzes were 29 

produced. From an archaeological perspective, the Luristan Bronzes show a specific artistic 30 
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style, but the analytical data show that they were most likely produced from a variety of ore 1 

sources, and possibly in different workshops. Accordingly, the following hypotheses can be 2 

suggested:  3 

1. The Luristan Bronzes are ritual/funerary artefacts that have been produced in 4 

different regions using local ore deposits and were exported from / transported to 5 

Luristan to be placed in graves or sanctuaries.  6 

2. The copper (and tin) ores have been imported from different regions of the Iranian 7 

Plateau (or even elsewhere) and smelted in the local workshops in Luristan and then 8 

the ingots in copper and tin were used to manufacture the Luristan Bronzes.  9 

3. The metallic raw materials (possibly including tin bronze ingots) were produced 10 

elsewhere and then brought to Luristan to produce artefacts in the Luristan style. 11 

The first is less likely because of the unique and homogeneous artistic style of the Luristan 12 

Bronzes, and it is difficult to imagine the production of highly similar artefacts in different 13 

regions on the Plateau or further afield. However, no local smelting and/or metal working 14 

workshops have there been located in Luristan yet, although it is possible that future 15 

archaeological and field studies may yield new evidence in this regard. The lack of 16 

(hitherto known) local metallurgical activity has been ascribed to the difficult topography 17 

of the Luristan region (with high mountains and deep valleys), possibly hindering the 18 

establishment of large-scale production during prehistory (Begemann et al., 2008; Moorey, 19 

1969). Nevertheless, the results of the analytical studies show that the Luristan Bronzes 20 

technology cannot be interpreted as an entirely local industry, as the raw materials used (or, 21 

less probably, the final artefacts) have been imported from different regions of Iran. In fact, 22 

this region was very important (or sacred) during the Iron Age and people from different 23 

regions may have presented these artefacts as gifts in the graves/sanctuaries. It is possible 24 

that these artefacts were transported by ancient nomadic peoples that may have been 25 

responsible for the formation of Luristan culture during the Iron Age. These artefacts could 26 

have been manufactured by them elsewhere and then aggregated in the sacred places in 27 

Luristan. This is already an old hypothesis developed by archaeologists as early as the last 28 

century due to absence of Iron Age settlement evidence in Luristan (e.g., Godard 1931; see 29 
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also Overlaet, 2004; Porada, 1964). Recent excavation evidence, however, argues against 1 

this hypothesis.  2 

Based on currently available evidence, it is thus most likely that raw metals, copper and tin, 3 

were brought to Luristan for the production of these vessels. Apart from copper, tin and/or 4 

tin bronze ingots, the possibility of recycled bronze from different regions in Iran being 5 

used for the production of these bronzes in Luristan could equally fit the picture painted by 6 

the new data presented here. 7 

A notable possibility is that tin may have been imported to Luristan from the southern 8 

lowlands. The Elamite civilization was located in southern and south-eastern Luristan and 9 

provided a trade route between the Mesopotamian lowlands and the Iranian Plateau during 10 

third to first millennium BCE. One avenue of further research is the potential interaction of 11 

Elam with Luristan as arguments have been made for the potential control of the tin trade 12 

‘from the East” by the Elamites (Pigott, 2021; Helwing, 2009).  13 

Overall, these data suggest that the Luristan Bronzes found at Sangtarashan were produced 14 

following a variety of tin bronze recipes and a wide range of raw materials. The variability 15 

in alloy compositions may be a reflection of these different raw materials (including bronze 16 

ingots) arriving in Luristan and being used to produce the artefacts, without any systematic 17 

selection by the Luristan metalworkers. Variability between different workshops may have 18 

existed as well. To elucidate this further, future study of production remains will be 19 

essential. Regardless, the results presented here shed a new light on the provisioning 20 

systems underlying the Luristan Bronzes, which were of key importance in the technology, 21 

religion and trade underway on the Iranian Plateau during the Iron Age. 22 

 23 

Conclusion  24 

This paper has presented the results of an extensive archaeometallurgical study on Luristan 25 

Bronzes dating back to the first millennium BCE and excavated from the Sangtarashan 26 

sanctuary located in the Pish-i Kuh region of Luristan (western Iran). This study aimed to 27 

investigate the alloying technologies and provenance of the raw materials used, based on 28 

elemental and lead isotopic analysis of a series of copper-base artefacts from the site along 29 

with a broad-based comparison with available data from previous studies on copper-base 30 
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artefacts and copper ore deposits from the Iranian Plateau. The results of elemental analysis 1 

showed that the Sangtarashan artefacts are made of tin bronze alloys with variable tin 2 

concentrations, while other metallic constituents are only visible as impurities in the 3 

composition of these artefacts. Such variation in the tin content has been observed 4 

repeatedly for prehistoric tin bronze artefacts of Iran from the third to first millennia BCE. 5 

Other materials such as arsenical copper and impure copper were used during the Bronze 6 

Age and Iron Age in some regions of Iran as well, although during the Iron Age (ca. 1500-7 

550 BCE). tin bronze was the main copper-base technology. The provenance studies on the 8 

Sangtarashan tin bronze artefacts have shown that this collection -as well as other artefacts 9 

attributed to the Luristan Bronzes- may not have been produced by using a specific ore 10 

deposit and it is more probable that these artefacts have been produced from different 11 

copper (ore) sources from widespread ore deposits across Iran (and presumably 12 

neighbouring regions). This production may have relied on the import of ores from 13 

different regions or, more likely, the trading of raw metals (including copper and tin ores, 14 

but possibly also tin bronze ingots and recycled tin bronzes) from other regions to Luristan 15 

to manufacture the individual artefacts by Luristan metalworkers. The variability in alloy 16 

compositions for similar artefacts (for example the Sangtarashan vessels) may be a 17 

reflection of using different raw materials (including copper and tin ores) arriving in 18 

Luristan to produce these artefacts, or perhaps the weak control of tin concentrations during 19 

the alloying process by the Luristan metalworkers. It is worth noting that it is not possible 20 

to specify one or more places as metallurgical workshops for manufacturing the Luristan 21 

Bronzes due to a lack of archaeological data on this subject, but it is quite possible that they 22 

have been manufactured by peoples who lived in Luristan, including perhaps ancient 23 

nomads who migrated to Luristan during the Iron Age, using ores and raw materials from 24 

different regions. Given the importance of the Elamite empire (not civilization) and its 25 

widespread influence in south-western Iran and beyond, tin in particular may have reached 26 

Luristan via Elam as the empire lies immediately to the south and appears to have been 27 

actively involved in the tin trade. Finally, the present study clarified more details about the 28 

technology and provenance of the Luristan Bronzes, especially by showing the use of 29 

widespread copper sources on the Plateau apparently used to produce these the 30 
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Sangtarashan and other related Luristan Bronzes. Nevertheless, it is necessary to expand 1 

archaeometallurgical and archaeological research on the Luristan Bronzes to obtain a 2 

clearer picture of their copper-base metallurgy during the prehistoric period of western Iran.  3 
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Figure Captions 1 

Figure 1- a) Map of Iran indicating the location of the Sangtarashan sanctuary in western 2 

Iran, as well as major archaeological sites and ore deposits mentioned in the paper, b) 3 

detailed map of Luristan and archaeological sites mentioned in the text.  4 

Figure 2- a) Aerial view of the Sangtarashan region and location of the site at the north of 5 

the Sangtarashan village, b) Photo of the excavated area from the northern mountain, 6 

showing remains of the circular architecture of the Iron Age sanctuary, c) Architectural 7 

plan of Iron Age sanctuary discovered in six seasons of excavations at Sangtarashan.  8 

Figure 3- a and b) Two examples of associated groups of bronze artefacts (caches) 9 

discovered during the first season of excavations at Sangtarashan, c) Drawing of some 10 

types of Sangtarashan bronze artefacts including vessels, axe-heads and sculptural artefacts.  11 

Figure 4- Some metallic vessels and their selected samples analysed in this study. 12 

Figure 5- Scatter plots of the concentrations of the main metallic elements in the 13 

composition of the Sangtarashan bronzes and copper alloys from other archaeological sites 14 

from Iron Age Iran, a and b) general and reduced range for Cu versus Sn, c and d) general 4 15 

and reduced range for Sn versus As, e and f) general and reduced range for Sn versus Pb. 16 

Figure 6- Scatter plots of trace element concentrations in the composition of the 17 

Sangtarashan bronzes and other archaeological sites from the Iron Age of Iran, a) Ag versus 18 

Ni, b) As versus Sb. The reduced range scatter plots are provided to present potential 19 

correlations in details. 20 

Figure 7- Three-isotope plot showing lead isotope ratios of the Sangtarashan samples. 21 

Three outlier samples are marked in the lead isotope graphs. 22 

Figure 8- Three-isotope plots of lead isotope ratios for Sangtarashan and data available for 23 

archaeological sites (including copper alloys, slag, matte) and ore deposits from Iran, a and 24 

b) full isotope ratio range of all available data based on Table 5, c and d) reduced isotope 25 

ratio range of Sangtarashan artefacts and objects from other archaeological sites/collection, 26 

e and f) reduced isotope ratio range of Sangtarashan samples and ore deposits from the 27 

Iranian Plateau.  28 


