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Abstract 

An information survey was conducted in the areas of natural analogues, vitrified 
forts, combustion technology and vitrified waste. The main purpose was to 
identify if vitrified stone material in hillforts might be used as anthropogenic 
analogues for glass containing waste. Such comparisons are needed in order for 
predictions to be made regarding the long-term integrity of the waste forms. The 
scope was to compare the chemistry as well as the processes used for the 
generation of the glasses.  
     It was found that the vitrified forts contain glass material with wide variations 
in composition of the major elements. They cover and exceed those in the 
glasses made of waste with only the exception of phosphorus. Natural glasses as 
well as archaeological glasses show much narrower ranges of compositions, and 
they do not coincide with those of the glasses containing waste.  
     Quality of heat analyses indicated that it is likely that the stone material in the 
forts was melted for the purpose of obtaining long-lasting structures. This 
narrows the range of possible processes used, and facilitates reconstruction of the 
ancient methods by means of testing. This, in turn, provides possibilities of 
comparison between ancient and modern methods, which can then be used as a 
basis for validation of the use of the analogue.   
Keywords: long-term, analogue, vitrification, hillfort, glass, leaching. 

1 Introduction   

Sustainability implies that waste is recycled as far as is reasonably achievable, 
and that the residues that cannot be used are landfilled in such a way that no 
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burden is put on future generations. This implies that any hazardous substances 
are contained by means of immobilization and by impervious technical and 
natural barriers.  
     In general, glasses have a good capability of incorporating various elements 
in their structures. Glasses can also be given compositions that are very resistant 
to corrosion and weathering.  
     However, the evaluation and assessment of the functioning of such resistant 
structures over long times is fundamentally difficult, and we largely have to rely 
on natural and anthropogenic analogues, i. e. structures and materials that are 
similar and that have been in the environments in question for long times.  
     There are at least three waste forms comprising waste that has been vitrified, 
often together with additives: 
• Ash from incineration of domestic waste and similar [1–6].  
• Contaminated soil [7–10].  
• Fission products from reprocessing of spent nuclear fuel [7, 11–14].  
     There are three types of analogues that might be utilised for assessment of the 
long-term behaviour: 
• Natural glasses  
• Glasses in archaeological specimens 
• Glasses in vitrified hillforts 
     So far, studies have focussed on glass containing nuclear waste together with 
natural glasses and archaeological specimens as analogues. No rationale has been 
found in the literature for not including glass from vitrified forts. No studies have 
been found on studies of analogues in conjunction with vitrified ash and vitrified 
soil.  

2 Objectives 

The main objective of the present work is to evaluate the feasibility of using 
glass material in vitrified forts as anthropogenic analogues for vitrified waste.  
     The properties of a glass are strongly dependent on the chemical composition 
together with the details of the process in which the glass was generated.  
     Analysis of the significance of the chemical composition is quite 
straightforward since chemical analysis data are available, and since such data 
can also be readily obtained.  
     It is less straightforward to determine the likely process used, and this issue 
has been a matter of controversy for more than a century [15–18]. Some 
scientists have maintained that the vitrification was deliberate and served the 
purpose of joining the rocks. Others have maintained that vitrification occurred 
inadvertently and as a result of enemies burning the reinforcing timbers in the 
forts.  
     The objective of the present work is therefore also to identify the nature of the 
process used. Hopefully, such an identification would enable comparisons to be 
made between anthropogenic glass and similar contemporary glass.  
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3 Vitrified waste forms 

3.1 Vitrified incinerator ash and additives 

Incinerator fly ash and bottom ash are generated as a result of incineration of 
domestic waste together with certain industrial waste (wood, paper and plastic) 
in a grate fired incinerator. Examples of compositions of such ashes are 
presented in Figure 1 [1]. Ashes are also obtained from fluidized bed 
incinerators. In such cases, the chemical composition of the bottom ash is 
influenced by the composition of the sand in the bed.  
     In some facilities in Japan, incinerator ash is melted together with additives at 
high temperatures to form a glass that is stable in ordinary outdoors 
environments [1–6]. In this way, trace elements are immobilized so that they 
cannot influence health and the environment. See also References [19–36].  

3.2 Vitrified contaminated soil 

In some cases in the United States, contaminated soil is stabilized in situ by 
means of an electric current that runs between graphite electrodes spaced a few 
metres apart [7–8]. The soil is made electrically conducting by introducing a 
current through a track of graphite, thus heating the adjacent soil to such 
temperatures that it starts to melt. Such partially melted soil contains ions that 
conduct electricity, and thus the process is made to escalate.  
     The chemical composition of soil can vary considerably, and not all 
compositions are suitable. Soils can have compositions similar to those in Figure 
1 for incinerator ash, but with less sodium and perhaps also less potassium.  

3.3 Vitrified nuclear fission products and additives 

Glass containing nuclear fission products [7, 11–14] is generated in a few 
countries, including France, Japan and the United States. The spent nuclear fuel 
is dissolved and the fission products are separated. They are then heated together 
with additives to form a glass that constitutes a durable waste form in the 
intended environment.  
     Nuclear waste glasses differ considerably from other waste glasses by their 
loading of fission products and by their high content of phosphorus, see Figure 1.  

4 Natural and anthropogenic analogue glasses   

4.1 Natural glasses 

Obsidian is a natural glass that has been used in studies as a natural analogue to 
nuclear waste glass. It was used for sharp tools in the neolithic era in areas where 
flint was not available [37]. Obsidian is formed from lava when it is cooled 
relatively rapidly so that crystallization does not take place. All obsidians have 
quite similar chemical compositions [37], and an example is presented in  
Figure 1.  
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     Obsidian has a high content of silica and low contents of sodium and 
potassium, and is therefore very resistant to corrosion and weathering [38].  

4.2 Archaeological glass artefacts 

Most of the archaeological glass objects were prepared from potash and sand rich 
in silica. Ash and sand could also be used. Such glasses have a high content of 
potassium and also sodium, and this makes the glass easy to melt. An example of 
a composition of this type of glass is presented in Figure 1 [38].  
     The composition of ancient Egyptian glass is somewhat different, however. 
Egypt has natural deposits from which people collected soda for the glass. It was 
used instead of potash or ash. Thus, Egyptian glass is high in sodium and low in 
potassium, see Figure 1 [38].  
     The high contents of sodium and potassium in ancient glasses make them 
susceptible to corrosion and weathering [38].  

4.3 Vitrified forts 

Glasses in vitrified forts show a large variety in chemical composition, between 
different forts as well as within a single fort. Examples of compositions can be 
found in Figure 1 [39–40].  

5  Vitrified forts 

5.1 Hillforts and vitrified forts 

An example of a vitrified fort is shown in Figure 2.  
     A hillfort is an ancient fortification made from stone and earth and usually 
also logs [15–18, 39–42]. They date from 1000 BC to 1400 AD with most of the 
estimates in the period 500 - 0 BC [39, 41]. It has been assessed [15] that there 
are up to 30 000 hillforts in Europe. The number of forts with artificially vitrified 
walls has been estimated to 200, about half of them in Scotland, and 17 in 
Sweden [17]. There are two categories of "vitrification" depending on the 
composition of the rock material used [15]. Rock having a high content of 
calcium carbonate is calcined on heating. This implies that the material looses 
carbon dioxide and becomes reactive with water and air, and this leads to 
cementation of the structure in question. Rock low in calcium carbonate is 
instead susceptible to melting, and this leads to the stones in the structure 
becoming welded together by molten material that has re-solidified on cooling.  
It is likely that the number of vitrified forts is grossly underestimated since one 
has to dig and look for the vitrification in order to observe it.  
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5.2 Heat quality considerations 

It was mentioned above that there has been a century long scientific dialogue 
regarding the reason for the vitrification. It has been argued on one hand that 
people had access to charcoal and bellows for beneficiation and forging of iron, 
and that such practices were very widespread. On the other hand, tests have been 
carried out involving tons of stones and at least hundreds of kilograms of wood 
with little results in terms of vitrification. This has been interpreted to imply that 
a very large and destructive fire would be necessary.  
     It is put forward in the following, that it is not the number of Joules or Watts 
that is most crucial, but the quality of the heat.  
     In ordinary combustion of wood (i. e. without pre-heating) the maximum 
temperature becomes 700 - 1100 ºC. [43] The temperature needed for partial 
melting of typical stone material in a vitrified fort is 900 - 1100 ºC  
[39–41, 44–46]. Much of the heat required is consumed for the melting. The 
numbers indicate that only a small fraction of the heat in the fumes could have 
been utilized to melt stone material.  
     Charcoal has a combustion temperature of perhaps 1300 - 1500 ºC [43]. Thus 
fumes from burning of charcoal can lose a lot of heat before reaching the 
temperature of partial melting of the stone material. The ancient people had a 
good knowledge of the behaviour of charcoal.  
     The efficiency of the heating can be further improved by pre-heating. This 
requires arrangements such that already treated stones would give away heat to 
the incoming air, which in turn would heat previously unheated stones on 
exiting. Such arrangements have been known to man for many millennia in 
conjunction with burning of limestone [47].  
Further considerations indicate that the space between the stones might have 
been sufficient for filling-in with the charcoal required for the fusion process.  

6 Discussion 

6.1 Comparison of chemical composition 

A comparison between the vitrified waste forms discussed in Section 3 with the 
analogues discussed in Section 4 shows the following (see also Figure 1 and 
Section 5.1).  
     The natural glass obsidian has higher levels of silicon plus aluminium and 
lower levels of sodium plus potassium than any of the wastes. It is therefore 
much more durable than the different waste forms, and may show different 
corrosion and weathering behaviour, depending on the vitrified waste in question 
together with the particular environment.  
     The glasses in the archaeological artefacts have higher levels of sodium plus 
potassium as compared to the waste glasses and are known to corrode with 
different mechanisms at least compared to nuclear waste glasses [48–50].  
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     The glasses in vitrified forts show large ranges of variation for the various 
elements that they contain [39–40], see also Figure 1. These ranges appear to 
cover those of the various waste forms reasonably well with the exception of 
nuclear glass which contains high levels of phosphorus. It should not be ruled 
out, however, that such anthropogenic glass might be found since the stone walls 
in the hillforts are known to sometimes contain considerable amounts of bone 
material (generated as a residue from the consumption of meat).  

6.2 Method used for vitrification 

The properties of a glass do not depend only on its chemical composition, but 
also on the manufacturing process [51]. The rate of cooling at different 
temperatures is particularly important. It is therefore warranted to analyse 
whether the ancient processes might be reproduced, and comparisons be made 
with modern waste glasses.  
     The quality of heat based analysis in Section 5.2 shows that it is unlikely that 
the vitrification in the hillforts was achieved by enemies just burning the 
reinforcing logs in the ramparts. Too little heat would have been supplied at the 
relevant high temperatures.  
     Instead, charcoal was probably used in combination with preheating. It is also 
possible that bellows were used. Another possibility is the addition of simple 
clay stoves at the inlets of air to the stone structures.  
     The feasibility of such arrangements can be tested relatively easily. The 
results of such tests would allow comparison to be made with modern waste 
vitrification processes, and conclusions to be drawn regarding the relevance of 
the analogues and the validity of the comparison of durability.  

7 Conclusions 

The main conclusion of the present work is that vitrified stone material in a large 
number of hillforts constitutes good analogues for vitrified waste. The 
compositions vary considerably from site to site and even within any particular 
site so that the range of parameters for the chemical composition covers those of 
the waste glasses for most major elements.  
     Natural glass as well as archaeological glass artefacts shows much narrower 
ranges that also deviate substantially from those of the glasses containing waste.  
No record has been found in the literature on the use of glass in vitrified forts as 
anthropogenic analogues for vitrified waste. The results in this paper indicate 
that such work may be highly warranted.  
     Quality of heat based analyses in this paper has resulted in conclusions on the 
types of methods that might have been used for the melting of the glass. No 
record has been found in the literature on anyone using this approach. As a 
consequence of the analysis, it appears plausible that the ancient methods used 
may be reasonably reproduced today, such that comparisons can be made 
between the genesis of the glass in the vitrified forts and the generation of 
glasses containing waste. This can, in turn, be expected to enable comparisons to 
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be made with regard to durability, thus providing validation of the use of the 
analogue. Such tests are therefore also highly recommended.  

8 Further work 

The authors are in the process of submitting a more comprehensive account of 
this work to the International Journal of Sustainable Development and Planning.  
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