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A discussion considering to what extent developments in ancient metallurgy coincide with evidence of changing concentrations of metals in bone.
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This discussion will explore to what extent the development of metallurgy in ancient societies can be identified through the increased appearance of certain metals within human and animal bones of different epochs. Initially, the study will explore the characteristics of both bones and metals, to present what we can define as constants and variation within both materials. Following which this study will present a series of studies exploring metal concentrations in bone as evidence for the development of ancient metallurgy, from a series of viewpoints. Beginning with, ‘Concentrations of Selected Heavy Metals in Bones of voles’ (Martiniaková, 2011), which investigates a modern example of differing environmental metal pollutants and their effect on the concentrations of metals in bones of voles.
The development of metallurgy has been necessary to the story of man’s management of his environment since the Chalcolithic times. Advances in agriculture, warfare, transport, even food preparation were facilitated by the discovery and use of metals. The integration of metals into society has been a constant throughout human history. Increasing amounts of metals have been discovered across the world in bone evidence. It is theorised that this increase in trace metals is directly related to the development of metal-working technology. 
This increasing concentration of trace metals within bone, is attributable primarily to the process of smelting ‘the act or process of getting a metal from rock by heating it to a very high temperature, or of melting objects made from metal in order to use the metal to make something new’ (Cambridge 1995) and mining ‘the industry or activity of removing substances such as coal or metal from the ground by digging’ (Cambridge 1995). The absorption of metals into bone can occur in two ways: direct contact (interacting with metal directly through physical contact, etc) and proximity (the by-product of refinement and metalwork leaching into the air, soil, and water). The majority of this study will focus on bones found within places of metal refinement from the past, from what we can identify as previous areas of mining, ores, and metalworking, as seen from fig.3.
There are a great many variables to this study. The living body, be it human or animal, is essentially too good at absorbing materials from our environments, in that absorption can occur in a great variety of ways. As a result, it is very difficult to determine the main source of the contamination. For example, the properties of metals make for different absorption rates. Iron is harder to absorb, but can found in edible forms, while lead is easier to absorb due to its softer nature. This leads to a higher lead content occurring naturally in bone (Rastogi, 1976). The zinc concentration on the other hand varies very little acting as a base line for the other metals in our system to measure against. However, an excess of any metal is toxic. As we can see in fig.1 in some cases, exposure to metals, can lead to bone disorders from degeneration to deformation.
This study states that there are correlations without causation. Whilst the contamination of water and food sources may be caused by the metal refinement process, it may also be the result of metal deposits in the source water supply, we cannot tell. Another issue is the choice of crops by individuals of the time, due to them leaching trace metals from water and the soil from the environment and sharing the metal content. This changes the environmental results.  Hunter gatherers (for example) would have a more varied diet over a wider area, leading to a more average metal content. In contrast, their farming counterparts are limited by their produce and space.
At a macro level bone is bone and whilst there are other variables, its base form is collogen. However, the variables of this aspect come from age (differences in decay and its propensity to absorb metals), and life cycle (for example, a vole with a life cycle of about four years will display in its bones the metals it has been exposed to in its entire life cycle, whereas a human with a life cycle of 30 to 90 years will display in its bone the metals it has been exposed to in roughly the last 10 years). 
When born the majority of human and animal bones are cartilage which dissolves in soil over time. As humans and animals mature this becomes collogen which has greater survivability and metal memory. This acts as a form of ecological memory, because of its ability to retain absorbed metals in comparison to most other aspects of the human body. Unlike blood and metal, bone retains a greater number of heavy metals. Whilst the capacity may change over time, this absorption of metal can be a great indicator of the living conditions and the actions of the individual during their lifetime. This is observed through the positive and negative effects of the bone metabolism these metals have on the main structure and composition of the bone. The most common of these metals found within the bone are cadmium (Cd), zinc (Zn), copper (Cu), nickel (Ni), mercury (Hg), chromium (Cr), lead (Pb), titanium (Ti), and metallic arsenic (As). 
 [image: ]
fig.1 show the absortion form of metals into the body though Polluted soil and atmosphere, contaminated food, and drinking water. And presenting the effect of these metals in the body presenting the risk of degenerative bone diseases (Martiniaková, 2011)
This can be further presented though a modern scientific study termed ‘Concentrations of Selected Heavy Metals in Bones’ (Martiniaková, 2011). The study focuses on polluted biotopes in Slovakia. The relevance of this study is the presentation of the toxic and nontoxic percentages of metals in bone, and how they change in accordance with the change in polluted atmosphere, water and produce, due to the studied vole populations being next to a power station, seen in fig.1, leading to a variety of results suggesting the environment itself can lead to the absorption of the products of the metallic prosses.
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Fig 2 showing concentrations of selected heavy metals in femoral bones of Microtus arvalis (common vole) from polluted biotopes in Slovakia of the towns of Klinany and Novaky presenting the differences between local pollutants (Martiniaková, 2011) 
[bookmark: _Hlk70773664]The results of this study present this idea as two contrasting forms of data, Novaky in fig.2 shows the mean concentration of metals (Pb, Cd, Ni, Fe, Cu and Zn) in a village far away from the main airborne metal pollutions of the country, giving a base on the average amount the local vole population receive from the surrounding area. Whereas Kolinany presents a mean concentration of the metals found in the bones of voles who inhabited an area next to a fully functional power station present the increased amounts of Pb, Cd, Ni, Fe, Cu and Zn all increasing due the contamination of the food, water, and air around them enabling the profiling of environmental conditions through bone analysis. This as a result, indicates clear evidence of the absorbtion of metals from the envionment from local pollutants. It also argues for the further application of archeo-metallurgical bone study in both human and animal remains. Whilst there are very few academics who approach this study from an animal bone-analysis standpoint, this explanation furthers the possibilities and connections this study can support in the representation of the advancement of metalworking technologies.
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fig.3 Showing a mean concentration of metals in bone from analysis of Byzantine period remains, presenting differences in the amounts of metals (Martınez-Garcıa 2005)
[bookmark: _Hlk70884880]Thus, we find that to analyse the development and change of metal concentrations and their linkages to periods of history, one must look into studies that analyse these concentrations against the known historical context. This is presented from Martınez-Garcıa’s ‘Heavy metals in human bones in different historical epochs’ (Martınez-Garcıa, 2005) which analyses ancient bone metal concentrations and exhibits them against the development of metal production. This is presented through their results in the increase in the metal percentage of certain metals from the Neolithic Period, the increased copper and lead content of the Byzantine fig.6 and the shift into the Iron Age, developments of metalworking technologies in Rome with increased amounts of lead and iron as presented though fig.3. Suggesting overall, that there is a correlation between the succession of metalworking and technological metalogical developments and the increase of the concentrations of certain metals. 
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fig.4 showing a mean concentration for the results of bone metal analysis of individuals prior to the bronze age and the differences from those after the bronze age; presenting differences between epochs (Martınez-Garcıa 2005)
Within this study there are many examples of consonance with the rise and fall of certain percentages of metals in bone and developments in metallurgy, which over time, present in patterns indicating different epochs. One of the most significant of these is the shift from the Neolithic and Chalcolithic to the Bronze Age which present as a significant increase in all metal concentrations in the bone, in particular, that of lead and iron. Lead itself when taken into an archaeological context follows both the production and evolution in the use of the material. This is further supported by the results of Settle and Patterson (1980) who reported a similarity between the results of lead concentrations and its production throughout history. Global lead production was around 160 tonnes/year in approximately 2000 B.C.E. This increased to 10,000 tonnes/year by 700 B.C.E. due to the appearance of silver coinage. Global lead production grew during the subsequent flourishing of the Roman Empire when it reached 80,000 tons/year (Bindler, 2008). This clearly follows the same trend of fig.4, with a substantial increase in the percentage of Lead and that of fig.5 and fig.4 with the dramatic increases in lead furthering this correlation between material/historical knowledge and the developments in lead production. 
From this it can be understood that environmental pollutants can be used as indicators of both the placement and the discovery of mining and metal production. This establishes a relationship between atmospheric pollutants and human activity (Nriagu, 1996). Thus, we find that there is a clear association within this study between the advancements of metallurgy leaving a mark on the ecology of the world around the smelting, smithing, and mining sites (López-Costas, 2020) as pollutants in the soil and air and the concentrations of metals in bone, directly associating the development of lead production and an increased concentration in bone metal data.
Fig.4 reflects not only this lead development but also the increasing percentage of iron development alongside the appearance of the increasing use of the metal in Roman society with high lead content. This acts as evidence of the great environmental contamination at an already existing possible primitive settlement standing on the site within Jordan, caused by mining and metallurgical activities throughout different periods, which must have negatively affected the health of the inhabitants of the city (Pyatt, 2005) The high lead content in the bone rests found at archaeological excavations in the city from periods when the metallurgical activity was strong (Martínez-García, 2005). As seen in figure 4 with such a great amount of lead in the Roman period and whilst this may be dwarfed in the amount of iron it does indicate a significant association between the increased levels in the particles per million (PPM) of lead in the system and the increased appearance of certain metals in ancient cultures.
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fig.5 showing a mean concentration for the results of bone metal analysis for individual of the Roman period, presenting differences in the amounts between metals (Martınez-Garcıa 2005)
However, Waldron’s ‘Investigations of skeletons’ (Waldron, 1983) which focuses on bone evidence from Worcestershire, discovered significant correlations between skeletal and soil lead levels of the current local environment and the modern pollutants, suggesting post-mortem diagenetic alteration (Waldron, 1979). This is further supported by Lambert who stated that copper concentration has also been prone to misdiagnoses due to interference with natural soil metal content (Lambert, 1984). The studies of which indicated that thought there could be connection of current metal concentration in bone and metal developing areas the issues of cross-contamination from later involvement would disprove the result.
[bookmark: _Hlk70856527]This is further argued by Millard (Millard, 2006) who more recently argued against the usage of studies on the heavy metal and arsenic concentration in bones for the analysis of the mining centres of Cartagena a previously mentioned study on metals and their relation to different historical epochs (Martínez-García 2005) for not addressing a possible change in results due to the local environment and not accounting for these potential changes, focusing only on the bone evidence producing, in his opinion, wildly inaccurate results. ‘An analysis of the lead and iron levels they report shows that they are physiologically implausible and must therefore result from diagenesis’ (Millard, 2006). Thus, the presence of these metals in such concentration in bone could indicate a lack of accurate results in the amounts and timeline of bone analysis if the artifacts themselves change as the soil does around them. Thus, according to Millard there can be no possible evidence or result achieved from this form of study unless clear forms of method and analysis are in place first, but until done so, the results produce no linkage between the increased levels of certain metals and the developments of metallurgy.
Studies into dietary analysis from bone metal remains, which links towards the association of metal-rich plants in the diet and meat and changes in the metal concentration of bones like that of Al-Khafif’s study termed ‘Reconstructing Ancient Egyptian Diet through Bone’ (Al-Khafif D, 2015). Analyses focuses on the concentrations of metals in bones and applies ecological reasoning to determine common food types and diets. This indicates a clear issue with the direct usage of these results without a baseline measurement to separate between ecological factors and the presence of metal development. Thus, presenting that until there is an average for either human or animal metal concentrations for each era there must be a sample without the effects of metal contamination during that time like the first study of ‘Concentrations of Selected Heavy Metals in Bones’ (Martiniaková, 2011). Arguing there can be no real study into the correlation between the results and the development of metallurgy in historical epochs and whist there may be a correlation it cannot be realised until these conditions are met.
This stated contamination whilst underground causing post-mortem diagenesis (meaning the exchange of ions between bone and the soil), is very likely to be very minimal changes in the amount. This change is also very dependent on the length of time the bone was inhumed in the ground. This is due to the lack of metabolic activity of the bones themselves. Together with a much lower value of predicted change for metal concentration one could account for the metal loss or gain whilst inhumed gain a viable result. 
There is also a chance of certain types of farming (leaching minerals from the soil due to plant), interfering from later eras. Drought is also a factor that could also increase the stability and mobilisation of these pollutants. It is interesting to note that in the more recent Byzantine skeletal material found in fig.5, greater concentrations of both copper and lead were discovered than in the results of Bronze Age remains presented in fig.6. This is likely to reflect the extent of environmental pollution by copper and lead in the latter period as a consequence of pre-existing metallurgical enterprises, furthering the conclusion that there is a positive linkage between metal concentrations and developments in metallurgy.
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Fig.6 showing a mean concentration for the results of bone metal analysis in Bronze Age remains, presenting differences in the amounts between metals (Martınez-Garcıa 2005)
Overall, we can perceive a link between the increase in trace metals found in bone and the development of metalworking technology across history. Studies such as Martınez-Garcıa study on ‘Heavy metals’ (Martınez-Garcıa, 2005) and Pyatt’s ‘The heavy metal content of skeletons’ (Pyatt, 2005) argue a correlation of evidence that matches the archaeometallurgical context.
However, studies such as Millard (Millard, 2006) and Al-Khafif (Al-Khafif D, 2015) raise question marks about the validity of the analysis and findings due to environmental degradation of the evidence through soil composition. It brings the results of other studies like that of Martınez-Garcıa into question. In essence one cannot analyse bones like they are recent and have not been affected by diagenesis. Any future study would require new analysis and techniques to gain a greater degree of certainty for the source of the changes in the concentration of metal in bone, to prove they have been affected by development of metallurgy. In addition, we can also question if any changes in concentration are specifically due to developments metallurgy rather than changes in diet and environment such as local crops and meat. Though this study offers proof of a correlation between the developments in metallurgy and the changing concentration of metal in bone evidence, as it cannot validate these results as directly causal with the environmental pollutant of metal innovation. A next step could be establishing a baseline measurement for the concentrations of metals in human and animal bone for each era in a locality to help distinguish between metal innovation and the natural environment.
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