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Abstract  

 

In comparison to the rest of Britain and Europe, there has been relatively little research 

investigating Scottish medieval and post-medieval window glass. It is thought that all 

glass was imported into Scotland prior to the first known glass furnace being established 

in 1610 AD. There is limited documentary evidence for the importation of window glass 

prior to this although there has been more substantial examination of the documentary 

evidence for the Scottish glass industry in the Post Medieval period. Minimal scientific 

work to corroborate the documentary evidence for window glass importation and 

production had been previously carried out.  

 

Evidence for window glass in Scotland during the medieval and post medieval period is 

reviewed and placed in the wider context of window glass production in Europe. A 

summary of the evidence of window glass production in Scotland up to the first known 

excavated glasshouse in Scotland is also presented. Previous scientific analysis of 

medieval window glass from European contexts have been reassessed and a model to 

provenance location manufacture, based on major elemental composition and rare earth 

element profiles, is proposed. Glass from the post medieval period is compared to an 

existing model proposed for English window glass manufacture. 

 

Window glass found in Scottish contexts from the 12th – 18th centuries was chemically 

characterised to shed light on the origin of window glass used in Scotland. Two hundred 

and forty-nine samples of medieval window glass and two hundred and two samples of 

post-medieval window glass fragments were analysed by portable-X-Ray Fluorescence 

(p-XRF), Scanning Electron Microscopy–Energy Dispersive X-ray Spectroscopy (SEM-

EDS) and fifty nine of these samples were analysed by Laser-ablated Inductively Coupled 

Mass Spectroscopy (LA-ICP-MS).  

 

The main type of glass in the 13th century appears to have been a potassium rich glass 

made in North Western France (Normandy). However, there was an increase in the use 

of high lime low alkali (HLLA) glass in Scotland as early as the 14th century. This glass 

type was likely made in North-West Germany/Rhineland or in the Lorraine/Argonne 

region of France. Later monastic sites continued to use this cheaper HLLA glass which 

was most likely imported into Perth from Bruges and Antwerp in the late 14th and 15th 
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centuries. Coloured glass was still predominantly made in the North West France, 

although blue coloured glasses were made in a variety of locations using different base 

glass and colourant recipes. 

 

The composition of post medieval window glass primarily follows the English model 

from the start of the 17th century.  Imported HLLA 1 glass is replaced by a HLLA 2 glass 

manufactured in Britain.  The level of strontium increases in HLLA glass during the 17th 

century with levels higher than seen in similar glass types made in English furnaces, 

suggesting that kelp was increasingly used during this period as a flux and may be a sign 

of Scottish manufacture. By the start of the 18th century, a mixed alkali type glass was 

being made fluxed with kelp., 

 

This work therefore represents the largest analytical study of Scottish medieval and post-

medieval window glass undertaken and presents insights into the transfer of materials, 

technologies and trade routes during the period as well as the early glass manufacturing 

industry in Scotland.   
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1. Introduction 

 

In comparison to other parts of Britain and Europe, there has been relatively little recent 

research on Scottish medieval and post-medieval window glass. In part, this is due to the 

scarcity of window glass, both in situ and excavated from archaeological sites, but it is 

also due to lack of comprehensive cataloguing and integrated study of the window glass 

that has been found (Graves, 1985a).    

 

Window glass was not common in Scotland during the medieval period; even as late as 

the early 18th century, some Scottish palaces were not fully glazed (Murdoch, 2010). Most 

medieval Scottish cathedrals and monastic buildings would have been at least partly 

glazed, although virtually all window glass was lost from these buildings, either before 

or during the reformation. However, a large number of excavated ecclesiastical sites have 

yielded hundreds of sherds of plain, coloured and painted glass (Murdoch, 2013, Graves, 

1994, Reid, 1988, Stones et al., 1989).  From the 16th century, window glass began to be 

used more frequently in high-status domestic properties and more recent excavations have 

uncovered window glass sherds from post medieval buildings such as Tower and Bastle 

Houses, as well as lower status properties such as farmsteads and industrial buildings 

(Murdoch 2010).  

 

There is also a lack of archaeological and documentary evidence to show that glass was 

either manufactured or worked, in medieval Scotland, before the establishment of the first 

documented post-medieval glasshouse in 1610 AD (Turnbull, 2001). This leads to the 

assumption that all glass was imported into Scotland prior to the indigenous 

manufacturing base becoming established. There is limited documentary evidence that 

suggests glass for use in church buildings was imported to Scotland and decorated locally 

before the final installation (Graves, 1985a). However, this has not been corroborated 

scientifically. Whilst some limited, predominantly archival, research has previously taken 

place accounting for these factors from 1610 onwards, very little research has taken place 

focusing on the pre-1610 era. 

 

While there is little window glass from this period found in Scotland, what does remain 

is an important resource. Scientific analysis in particular has the potential to tell us much 

about the glass that cannot be gleaned from typological study or documentary evidence. 
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Elemental analysis can quantitatively or semi-quantitatively determine the concentration 

of the main and trace elements in the glass. These results can then be interpreted to 

provide information about the raw materials and the change in technologies over time 

used to make the glass. The scientific analysis of medieval window glass can answer 

questions such as where the glass was manufactured and can therefore provide new 

information about the trade routes through which window glass was bought into Scotland. 

Chemical characterisation of Scottish window glass can then be compared with similar 

scientific studies of glass from England and Europe e.g. (Brill and Pongracz, 2004b, 

Wedepohl and Simon, 2010, Caen et al., 2006, Dungworth, 2012a). 

 

1.1 Research questions 

 

This thesis aims to identify similarities and differences in glass compositions and use this 

information to inform our knowledge of where window glass used in Scotland was made.  

 

The principle objective of this research was to scientifically characterise a representative 

selection of window glass from as wide a range of sites and dates as possible dating from 

the 12th to the 18th century. The work has concentrated on fragments of glass from 

archaeological excavations, the majority of which are currently stored in museum 

collections 

 

This thesis comprises two main sections:  

 

a. Study of medieval window glass found in Scottish ecclesiastical and monastic 

sites.   

b. Study of Post-medieval window glass found in Scottish domestic sites.    
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 Study of medieval window glass found in Scottish ecclesiastical and monastic 

sites.  

 

The first part of this research focusses on increasing our knowledge of where high 

medieval window glass used in Scotland was made. While there has long been the 

assumption that the window glass used in Scottish buildings, prior to the development of 

an indigenous glass industry, came from either England or continental Europe (France, 

Germany or the Low Countries) there is little documentary or scientific evidence to 

confirm this. In order to identify where window glass that was used in Scotland may have 

been manufactured, the chemical characterisation of medieval stained window glass from 

a number of Scottish ecclesiastical and monastic sites dated between 12th – 15th centuries 

has been carried out. Similarities and differences between the elemental composition of 

window glass between sites and within sites has been identified and geographical and 

chronological patterns have been explored. Potential trade routes and mechanisms by 

which glass was brought into Scotland will be discussed along with evidence for how the 

supply of window glass may have changed during the period.  

 

 Study of post-medieval window glass found in Scottish domestic sites.    

 

This research has also carried out scientific analysis of window glass excavated from a 

range of domestic settlement types across Scotland dated to post-medieval 16th – 18th 

century contexts. While the manufacture of glass in Scotland has been more 

comprehensively studied from a documentary and historical perspective (Graves, 1985, 

Turnbull 2001), little direct materials research on post-medieval window glass finds and 

domestic glass production in Scotland has been carried out. The aim of the research is to 

characterize the types of window glass in use at sites – from simple dwellings and 

farmsteads to larger houses and castles. The results of the analysis have been used to 

identify the raw materials and recipes from which the glass was made and how the 

technology of window glass production changed over time. Of particular interest for this 

period, is dating when the use of seaweed (kelp), as a major source of alkali starts and 

how this may differ in Scotland compared to other regions.  
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1.2 Structure and Methodology of Research   

   

This work has provided the most comprehensive study yet of high medieval and early 

post-medieval window glass in Scotland, and is the first wide-ranging study on window 

glass from this period in Scotland, since that carried out by Graves (1985a) over thirty 

years ago.  

 

The initial chapters of this thesis set the scene and provide a summary of how glass has 

been manufactured in antiquity and a more detailed discussion of the manufacture of glass 

in Medieval Europe. Particular emphasis is given to how the final chemical composition 

of glass is dependent on the choice of recipes, raw materials and technology used to 

produce the glass and how the analysis of the chemical composition can be used to 

provenance the area of glass production.  The third and fourth chapters briefly discusses 

the evidence for the use and manufacture of window glass in medieval and post medieval 

Europe, finally focussing in more detail on the use and production of window glass in 

Scotland. A range of information from existing documentary and archeological evidence 

has been interpreted alongside the largest program of chemical characterization of the 

window glass yet carried out in Scotland. This work also provides a summary of the 

evidence of window glass production in Scotland up to the first known excavated 

glasshouse in Scotland – that at Morison’s Haven in East Lothian (Cressey et al., 2012). 

This literature review provides a comprehensive review of what is currently known about 

window glass in Scotland during the medieval and Post medieval period.   

 

In the fifth and sixth chapters an attempt is made to critically review in more depth 

previous work to scientifically analyse medieval and post-medieval window glass. 

Analytical results and historical data are also used to determine potential groups of 

medieval and post medieval window glass compositions and to highlight how previous 

limited analysis of a few fragments of Scottish glass fits into the wider picture.  

 

The seventh chapter is a critical analysis of the range of scientific techniques used to 

chemically analyse glass. It discussed the advantages and disadvantages of a number 

of methods most relevant to this study and why the techniques used in this study were 

chosen. This leads on to an outline  of the methodology of this research in detail, followed 

by a description of each of the sites where the window glass to be analysed was taken 

from. Glass samples taken from the archaeological record were chosen to cover the 
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wide chronological period of 12th to 18th century.   Elemental analysis was carried out on 

these samples using a number of techniques. Electron Dispersive X-ray analysis coupled 

with a Scanning Electron Microscopy (EDX-SEM) was carried out alongside 

complementary analysis with portable X-ray Fluorescence (p-XRF). The combination of 

the two techniques allowed for the semi-quantitative analysis of a wide range of elements, 

with the SEM-EDX having a good sensitivity for the lower atomic number elements such 

as sodium and magnesium, with the p-XRF having better sensitivity for the higher atomic 

elements e.g. glass colourants such as copper and cobalt or elements such as strontium, 

which may be indicative of specific raw materials such as kelp. However, neither of these 

techniques were able to analyse trace elements and are not fully quantitative, 

therefore, quantitative trace element analysis using, laser ablated, inductively coupled 

plasma mass spectrometry (LA-ICP-MS) was also carried out on 60 samples. The results 

from all these analyses were then interrogated to determine if similarities and differences 

could be seen across the sites, colours and date of the window glass. Comparisons were 

made with previous authors work.  

 

The final chapters provide a detailed discussion of the results of the scientific work carried 

out for this thesis. The conclusions bring together the different threads of this thesis and 

assess the success of the work and highlighting areas for future study. 
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2 Glass Composition in the Western World 

 

To understand how the elemental composition of glass changes by the use of different 

raw materials it is essential to understand the basic chemistry of glass and how the recipes 

and technologies for making glass have changed over time and place. The following 

section is a brief summary of glass chemistry, the change in recipes over time and the 

effect of glass corrosion on composition.  

 

2.1 Chemistry of glass 

 

Glass is composed primarily of silica dioxide (SiO2) predominantly from sand. While 

other elemental oxides such as boron and germanium can form glass the technology and 

raw materials were not so readily available to produce glass from these elements in 

antiquity. Silica dioxide forms a tetrahedral pyramidal structure, with silicon at the centre 

of four oxygen atoms that are tetrahedrally bonded to create a network of SiO4. When 

molten silica glass is rapidly cooled through its glass transition temperature (the point at 

which a viscous state material becomes solid), it is inhibited from forming a regular and 

ordered crystalline structure and thus forms irregular and random networks (Henderson, 

2013b). As it is unable to reach a regularly ordered lattice crystalline state glass is often 

called a super-cooled liquid or a vitreous solid (Fernandez-Navarro and Villegas, 2013).  
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Pure silica dioxide - or quartz - only melts at temperatures in excess of 1700°C which 

were impossible to create using early pyro technological processes. Therefore, the 

addition of an alkali, known as a flux or network former, was required both to reduce the 

melting temperature and to improve the working properties of the molten glass. In 

antiquity, this flux was usually in the form of sodium or potassium compounds. A planar 

diagram of the structure of silica glass is shown in figure 1. These alkali ions sit in 

interstitial sites and are surrounded by the oxygen atoms. This weakens the structure and 

makes the glass less stable than pure silica, as an even more complex disordered atomic 

structure is formed which has a lower melting point than pure silica (Rasmussen, 2012).   

 

≡ Si-O-Si ≡   +   Na2O    →     ≡Si-O- Na2+    +    Na+  -O - Si≡ 

 

Further stabilisers or network modifiers, usually in the form of calcium and magnesium 

oxides, can also influence the melting point, long term stability and properties of the glass. 

These divalent cations enter the silica network, bonding with two non-bridging oxygens 

which in effect make the structure more stable as well as resistant to water and corrosion. 

Modifiers can be added intentionally, but are often already present in many sands, for 

example calcium in particles of finely ground shells or limestone. Therefore, using certain 

Figure 1 Planar plot of the structure of a soda-silica glass 
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sand sources could naturally provide enough modifier required to produce good quality 

glass.  

  

Sand also contains other elements that are beneficial to the formation of glass. 

Aluminium, titanium and zirconium can all become co-ordinated as tetrahedral groups, 

replacing the silicon in the network. Aluminium ions have a 3+ valence, rather than the 4+ 

valence of silicon and require non-bridging oxygens to bind with them to complete their 

coordination which makes the glass stronger.  The combination of the random network 

and irregular distribution of the chemical bonds means that glasses do not have a defined 

melting point, unlike metals for instance, but soften over a wide temperature range. 

 

2.2 Glass recipes  

 

Glass is thought to have been first deliberately made by humans around 2000 BC in the 

Near East and by 1650-1550 BC glass was being mass produced to consistent recipes in 

an organised manufacture in Mesopotamia (Henderson 2013b). The earliest glasses were 

made from sand and plant ashes with high sodium content as the alkali source. High levels 

of alkali earth metals, such as aluminium and magnesium are characteristic of these sodic 

plant ash glasses.  By the end of the second millennium BC a range of glass objects such 

as core formed vessels are found across Egypt and Mesopotamia and eventually with the 

discovery of glass blowing techniques glass started to be mass produced for practical 

purposes (Rasmussen, 2012).  Glass was readily recycled from the earliest times as it 

could be re-melted and new objects formed. Broken glass or ‘cullet’ was also often added 

to the raw material batch which helped to lower the melting temperature (Degryse et al., 

2006). 

 

From around the 5th century BC glass began to be made using a mineral form of alkali, 

known as natron, which was found in the Wadi El Natrum area of Egypt. Chemically 

these glasses can be distinguished from soda-plant glasses as they have fewer impurities, 

such as magnesium and phosphorus, present (Dussart et al., 2004). Until the end of the 

Roman period, almost all glass made in the western world is thought to have been made 

from raw materials in the Mediterranean, Egypt and Levant regions. The manufacture 

was carried out on an industrialised scale using widely available raw materials, with the 

glass then transported around Europe and the Near East to be made into vessels and other 

items as required (Rehren and Freestone, 2015). There is evidence of raw glass blocks 
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being transported to Europe which have been found on Bronze Age ship-wrecks such as 

the Uluburun Shipwreck (Jackson and Nicholson, 2010). Only small scale attempts to 

produce glass from its raw materials were attempted in Western Europe before the end of 

the Roman period (Tite et al., 2006).  

 

In the early medieval period the use of natron stopped and plant ashes were once again 

used as the main alkali ingredient (Shortland et al., 2006). In the Mediterranean region, 

plants with a high sodium content, often marine plant ashes, were again used. However, 

in North and Western Europe, a new source of ash from trees and other vegetation such 

as bracken and shrubs began to be exploited. The glass produced from these potassium 

rich plants is known as ‘forest glass’ and was made in Northern and Western Europe 

throughout the medieval period for windows and vessels (Velde, 2013). In the post-

medieval period the range of plant ashes used increased and glass makers experimented 

with other alkali sources.  Tartare from wine barrels, potassium borate minerals and ashes 

left over from the production of soap were all used as an alkali source.  

Sayre and Smith (1961) produced the first accepted broad chronological and geographical 

glass compositional groupings as summarised in table 1. They found that only major 

element concentrations (silicon, sodium, magnesium, potassium and calcium oxides) 

were needed to distinguish between natron glass, sodic plant ash and potassic plant ash 

glasses.  

 

  Plant ash (%) Natron (%) Wood Ash 

(%) 

SiO2 Silica  70 66 55 

     

Na2O soda 16 17 2 

MgO magnesia 5.0 0.5 6 

K2O potash 3.5 0.5 17 

CaO lime 6 8 15 

 

 

  BC    AD  

 1500 1000 500 0 500 1000 1500 

Plant ash                                 

Natron         

Wood Ash         

 
Table 1 Simplified chronological glass compositions (after Sayre and Smith 1961) 
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In following years minor, trace and rare earth elements have been used to identify and 

distinguish between sub-types of glass (Brill, 1999). Improved analytical sensitivity of 

equipment now allows a higher precision of quantitative analysis of an increasing suite 

of elements. In addition, more original glass production sites have been identified and 

excavated, where glass waste of known date and origin can be analysed (Hartmann, 1994, 

Dungworth, 2006). Most recently isotope studies have been carried out, comparing the 

isotopic ratio of elements such as neodymium, strontium, oxygen and lead in glass 

artefacts and in potential raw materials (Degryse et al., 2010b, Henderson et al., 2015). 

Future isotopic analysis has the potential to determine the original location of different 

raw materials – for example where the sand and fluxes used came from and if they were 

found local to the place of manufacture or were imported.  

 

Some glass in antiquity was created with lead oxide (made from burning metallic lead) 

added instead or as well as an alkali flux. Lead rich glasses are known from the Far East, 

as well as European medieval green vessel glass (Mecking 2013). In 1674 AD a new 

method of creating a high lead ‘crystal’ glass was patented by George Ravenscroft and 

this became to be known as flint glass, with 18-40% of lead (II) oxide used as a flux 

(Wilmott, 2005).   

 

2.3 Colourants and opacifiers 

 

Coloured glass is usually created by the addition of transition metal ions into the glass 

melt, for example, copper, cobalt and iron. Glass absorbs part of the visible spectrum and 

the different colours of glass are produced when optical absorption species, usually 

transition elements, absorb different wavelengths of light in their ionic states (Biron and 

Chopinet, 2013).  Transition element cations have partially filled 3d orbitals and the 

number of electrons and the energy levels of the orbitals influence the formation of 

ligands (Fernandez & Villegas 2011). The resulting ligands stimulate electrons to move 

between different energy states within d-orbitals and this results in light of wavelength 

equal to the difference in energy levels being absorbed. The wavelength of the light 

absorbed thus removes that part of the colour spectrum from the incident light and 

therefore determines the colour perceived. The transition state of the element is critical in 

determining the colour produced.  A single element can impart a range of colours in glass 

depending on the cation present, which is dependent on the redox conditions in the 

furnace when the glass is made. For example, the addition of copper, a common colourant, 
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can produce a range of colours from light blue in an oxidising atmosphere through to a 

range of greens in a reducing environment. A strongly reducing atmosphere causes the 

deposition of crystals of metallic copper and produces a deep red colour with the size and 

the number of the copper nano-particles determining the richness and depth of the red 

(Kunicki-Goldfinger et al., 2014b). 

 

Some colourants are present naturally in deposits of sand and quartz and the choice of 

raw material will impact on the colour and clarity of the glass. Iron is often present as a 

natural impurity in sands and its concentration and redox conditions coupled with its 

interaction with other ions can produce unintended colouration (Brill and Schreurs, 1984, 

Longworth et al., 1982, Zoleo et al., 2015). A higher proportion of Fe3+, the oxidised 

form, compared to the reduced form Fe2+ in the glass will lead to a light green/blue colour. 

When furnace conditions are more reducing, an increasing proportion of Fe2+ is formed 

and the glass will become darker and greener (Doyle 1979). A dark amber glass can even 

be produced in highly reducing conditions, due to an interaction of Fe2+ and the ligand 

S2- (Brill and Schreurs, 1984). During the medieval period the colours produced by the 

presence of these impurities would have been hard to control in the furnaces and clear 

‘white’ glass is uncommon until after this period. 

 

Using specifically chosen or purified raw materials, with a low iron content is one way to 

reduce colouration. The choice to use quartz pebbles, rather than sand at Murano 

successfully produced the white glass known as vitrum blanchum (Šmit et al., 2004). Iron, 

however, is present in most sands in small quantities and there are few sources with low 

enough iron contents to produce colourless glass. It is therefore essential to maintain a 

highly oxidising atmosphere in the furnace to try to limit the formation of Fe2+. 

Alternatively, glassmakers could add another element into the glass melt to compensate 

for the blue/green colour produced by the Fe2+. This is commonly manganese Mn3+ which 

both imparts a purple colour, and thus cancels out the green tinge created by the iron, but 

also helps reduce the Fe3+ to Fe3+ (Donald et al., 2006).   

 

Colours can develop during the cooling or annealing stage of the glass manufacturing 

process as elements in the melt change oxidation state and character during this process 

and new crystals can form within the glass melt (Biron and Chopinet, 2013). 
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Opacifying agents may also be added to glass. These encourage the formation of crystals, 

which reduce the transparency of the glass by stopping the transmission of light as the 

opacifying agents have a different refractive index to the glass. Elements such as 

antimony, tin and lead have all been used as opacifiers for glass objects usually by adding 

compounds such as calcium and lead antimonates or stannates. Opacifiers and colouring 

agents can be added to the glass melt as crystals or as a powder. When added to the mix 

at the right moment in the glass cooling stage the crystals do not get the chance to melt 

and these remain in situ inside the glass melt. Opacifiers are unlikely to have been 

deliberately added to window glass, so glass containing these is likely to have been made 

using a significant amount of recycled cullet.  

 

The complex interactions and properties of opacifiers mean that extensive knowledge and 

experience is required by the glassmakers to enable them to select the desired colouring 

and opacifying agents. The selection and preparation of suitable raw materials, with only 

small amounts of impurities which could affect the colour, is also critical for window 

glass production. The temperature and the redox conditions in the furnace need to be 

tightly controlled to produce the desired colour or effect and the correct time chosen to 

introduce the colouring agents into the glass making process.   

Table 2 summarises the major and minor elements in most historic glass and their prime 

source/raw material.  

 

Name Oxide Comes from 

Silicon  SiO2 Sand 

Aluminum Al2O3 Sand 

Iron FeO / Fe2O3 Sand (or colourant) 

Titanium TiO2 Sand 

Sodium NaO Alkali flux (plant ash or mineral) 

Potassium K2O Alkali flux (wood ash) 

   

Magnesium MgO Sand / flux 

Calcium CaO Sand / flux / or added as lime  

Phosphate P2O5 Flux (plant ash) 

   

Lead PbO Colourant / flux 

Manganese MnO Colourant/decolourant 

Cobalt, copper, 

lead 

CoO, CuO, PbO Colourants 

Antimony, Tin Sb2O5, SnO2 Opacifier /colourant 
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Table 2 Origin of the main elemental oxides in ancient and historic glass 

 

 

2.4 Corrosion of glass 

 

When carrying out chemical characterisation of glass it is important to understand the 

phenomenon of glass corrosion and the effect this has on the survival of glass in the 

archaeological record and any potential change to the composition of glass that remains. 

While glass can be considered a relatively robust material, it undergoes degradation and 

corrosion both in the atmosphere and in the burial environment. Corrosion of 

archaeological glass is a complex process which depends on many aspects including the 

original composition of the glass, atmospheric conditions which it has been exposed to 

prior to burial as well as the type of burial environment itself (Knight, 1996). Much of the 

window glass studied for this research will have been subject to atmospheric corrosion 

for up to 300 years prior to burial, as well as corrosion in the burial environment for a 

further 400 years or more.  

 

There are three main corrosion processes for glass which are summarised in figure 2. In 

order for the corrosion of glass to begin there needs to be the presence of water. For 

window glass in situ in buildings, water is present, as well as water vapour in the 

atmosphere, as rain on external surfaces and condensation droplets on interior surfaces. 

Hydrolytic attack by the H+ ions (H3O
+) in water allows them to replace the alkaline ions 

(Na+ and K+) in the structure of the glass (Cox, 1993). In the atmosphere, the losses of 

alkali ions in the surface structure are filled due to reactions with both carbon dioxide and 

sulphur dioxide in the air, which leads to the formation of a range of carbonate and 

sulphates on the surface of the glass (Mills, 1995). The surface then becomes richer in 

hydrated silica. Atmospheric corrosion usually results in granular weathering crusts and 

over time small pits are formed on the surface. As the size of the pits increase the glass 

can be reduced in thickness, which if unchecked can result in the destruction of the glass. 

Corrosion rates are increased, as in most thermodynamic processes, by increased water 

and higher temperatures. Pollutants in the air such as carbon dioxide and sulphur dioxide, 

as well as particles on the surface (dust, soil etc.) will each affect the type and rate of 

corrosion (Garcia-Valles et al., 2003). 

 



   

 

14 

 

 

Figure 2 Overview of the three main corrosion processes for archaeological glasses © Anaf (2010) 

 

During burial the ground water causes a similar initial reaction where the hydrogen ions 

attack the glass and replace the larger alkaline ions leaving gaps in the structure. In order 

to compensate for this, alkaline and alkaline earth ions (Ca2+ and Mg2+) in the body of the 

glass migrate to the surface (Cox 1993). The pH of the burial environment is critical for 

the ongoing glass degradation. As the alkaline ions are leached out of the glass the surface 

increases in alkalinity. At pH >9 the dissolution of the silica network occurs with the Si-

O bonds being broken. However, as the solubility limits of silica, alumina and other 

network formers are reached the pH is regulated and the corrosion slows down. Once the 

pH rises again the leaching accelerates and the process continues cyclically (Anaf, 2010).  

 

 

Discrete layers of corrosion due to this cyclical corrosion can be clearly seen in 

Scanning Electron Microscopy images (figure 3).  
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Potassium-rich forest glass, most common in the medieval period, has a more rapid 

corrosion rate than earlier or later soda-rich glass. The greater ionic radius of potassium 

compared to the smaller sodium ions, makes it more mobile and it quickly leaches from 

the surface (Cílová et al., 2015). This leaves larger gaps in the structure increasing the 

rate of hydrolysis, as well as providing bigger spaces for contaminants to enter allowing 

the formation of a thicker corrosion crust. Potassium present in soils can also react with 

the hydrolysed glass surfaces to form insoluble minerals such as syngenite 

(K2SO4.CaSO4.H2O) and gorgeyte (K2SO4.5CaSO4.H2O) (Melcher and Schreiner, 2004).   

Figure 3 Back Scattered Electron Scanning Electron Microscope image showing multiple corrosion layers of a 

medieval glass sample 
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Figure 4 A sample of potassium rich medieval window glass from St Andrews Cathedral showing thick opaque black 

corrosion crusts rich in manganese 

 

Visually the corrosion on most potassium rich medieval glass appears black and opaque 

as in figure 4. This is primarily due to the presence of Mn2+ ions which are present in 

soils and under anaerobic conditions rapidly enter the porous surfaces of the corroded 

glass to form dark insoluble compounds (Watkinson et al., 2005). Microbial activity and 

increased oxygen content can result in the Mn2+ ions forming these insoluble manganese 

compounds. Brown staining also occurs due to interaction with the burial environment 

(Weber et al., 2007). Other elements such as phosphorus may be enriched in some 

burial environments where there has been increased human activity and can be enriched 

in the corrosion layers. In addition, glass may also be subject to microbial and biological 

decay in the burial environment and it is seen through experimental corrosion studies 

that very slight differences in the burial environment as well as the original composition 

of the glass, micro cracking and damage to the glass can all lead to different corrosion 

patterns (Anaf, 2010).   

 

Glass from the post-medieval period in general is lower in potassium and higher in 

sodium. It therefore does not suffer the same level of corrosion during burial. Surface 

corrosion is usually composed of thin layers of iridescence (figure 5) which often easily 

delaminate, rather than the thick opaque crusts observed on excavated on high-medieval 

glass. This process has been largely unexplained but more recently a model has been 

proposed where small differences in colour, density, elemental composition or surface 
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roughness of glass leads to different packing densities of nano-sized particles of silica, 

which leads to the formation of the lamellae (Schlalm and Anaf, 2016).  

 

 

Figure 5 A piece of post-medieval window glass excavated from Fetternear. The glass is still transparent in the main 

with thin delaminating layers of iridescent corrosion on the surface 

 

It is therefore critical when carrying out scientific analysis to ensure that glass 

representative of the original composition is analysed, and areas of corrosion or 

degradation avoided. This is discussed in more detail in chapter 7 in relation to the 

techniques chosen for this study.  
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3 Medieval window glass production and use in Europe   

 

3.1 Window glass in Northern Europe  

 

Glass is first thought to have been cast into sheets and used to make windows in the mid-

1st century AD. Grand public Roman buildings, such as bath houses and fora, would have 

been extensively glazed, as well as high status private residences (Whitehouse, 2001). 

The earliest post-Roman evidence for window glass production in Europe comes from 

Monastic and Palace sites with examples of coloured crown window glass from Ravenna, 

Italy dated to the 6th century (Cramp, 2000). The earliest examples of ornamental 

medieval window glass in northern Europe have been found at the monastic sites of 

Müstair and Sion in modern day Switzerland (Goll, 2001). Analysis of window glass from 

Sion dating to the 5th and 6th centuries AD suggest that the glass was recycled from a 

nearby Roman building, with mosaic tiles added to produce different colours (Wolf et al., 

2005).  

 

The earliest documentary evidence for medieval window glazing in Britain is a letter 

written by Bishop Wilfred who writes of the glazing of St Peters in York between 669-

672 AD. Shortly after this there is further evidence, in the form of the works of Venerable 

Bede, that in 676 AD Bishop Biscop wrote to glass makers on the continent to ask that 

they travel to England to glaze the newly built monasteries at Jarrow and 

Monkwearmouth (Bede). Excavations in the 1970’s led to the discovery of the largest and 

most studied window glass assemblage from this period in Britain with over 900 pieces 

found at Jarrow alone (Cramp, 2005).  

 

Window glass became used increasingly in the churches and monasteries of Europe. 

Architectural developments allowed large spaces to be left for the installation of vast 

colourful windows which were works of devotional art. By the 12th century window glass 

also started to be used in high-status domestic buildings (Willmott, 2005). The most 

prolific period for the production of stained glass was in the 12th - 13th century when the 

advances in architecture and the use of flying buttresses and pointed arches, meant less 

supportive stone-work was needed and open expanses could be created and filled with 

multi-coloured glass (Stanley, 2006). 
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There was a gradual change in the use of raw materials from the early to the high medieval 

period. Evidence shows that by the start of the first millennia there was little use of natron-

based glass in Europe. Plant ash was now the main source of alkali (Velde, 2013).  

 

In the South and Mediterranean regions glass makers continued to make use of coastal 

halophytic plants - such as Salicornia which are rich in sodium – similar to the plants that 

would have been in used to make the first glasses in the Bronze Age (Gimeno et al., 2008). 

However, in the northern regions of Europe where these plants were not available, plants 

and trees from forests were exploited instead. The glass made from this resource is 

commonly described as ‘forest glass’ being made from trees such as beech and birch, and 

also from ferns and brackens. By the 11th century, this new type of glass being made 

extensively in Northern Europe (Rasmussen, 2012). 

 

3.2 Glass making in Europe 

 

There is evidence for glass manufacture from raw materials in Europe from the 10th and 

11th centuries onwards. Traditionally it was thought that most glass produced during this 

period was made in the Rhineland area of continental Europe before being exported to 

the rest of Europe (Harden, 1978, Heyworth, 1991).  

 

However, there are now numerous excavated medieval glass making sites in Germany 

and France as well as in Bohemia and central Europe (Hartmann, 1994, Smrček, 1999).  

Glass was most likely to have been made from locally sourced ingredients and 

‘glasshouses’ would have been sited at locations where the raw materials were available. 

Manufacturing sites were also set up adjacent to new ecclesiastic and monastic buildings 

(Foy, 1989). As the technology to produce better quality glass improved, the importance 

of high-quality raw materials was realized. Over time more sophisticated centres of 

production were established which were more reliant on the import of suitable raw 

materials. In the late medieval period forest glass was still produced in many areas using 

locally sourced materials, but higher quality vessels were made in these new centres of 

production from imported materials. For example in the production of late medieval 

façon-de-Venise glassware the purity of the sand and the ash component was understood 

to be crucial to obtain a clearer, more translucent white glass (Šmit et al., 2004).  
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 Production of medieval window glass  

 

The writings of the German Monk Theophilus provide the most well-known and studied 

description of glass making in medieval period (Dodwell, 1961). Writing in the early 12th 

Century Theophilus gave descriptions for making soda glass and potash glass including 

details for the construction of kilns as well as for making, annealing and flattening glass 

(Dodwell, 1961). To make ‘potash’ glass he stated that beech wood logs should be dried 

out first and then burnt. Two parts of the beech wood ash should be mixed with one part 

of sand. Theophilus also included recipes for making different coloured glass. For 

example, he explained how to make a brown flesh coloured glass that when fired for a 

short period becomes light purple and when fired for six hours turns deep purple red.  

 

During the medieval period flat sheets of window glass could be made using molten glass 

by either the cylinder (muff) or the crown method. To make crown glass, a blob of molten 

glass was gathered, blown and spun rapidly on the end of an iron rod, with sufficient 

velocity until it formed a large, round, flat sheet of glass (figure 6). Crown glass can 

usually be identified by the presence of bubbles and ripples running in the direction the 

glass was spun. The closer to the outside of the crown the longer, more curved and 

elongated the bubbles. Ripples on the glass surface appear as concentric rings. The 

thickness of the glass can vary across a crown glass shard with the glass becoming thinner 

the closer to the outside edge of the circular crown. Sometimes the curved edges of the 

crown glass can be identified and occasionally a ‘bullseye’ the central piece which was 

once attached to the blowpipe is found.  The crown glass method was associated with the 

Normandy region of France and also appears to be the main method of manufacture in 

English glasshouses of the medieval period (Willmott, 2005). Crown glass is only known 

to be have been made in Scotland from 1680 onwards (Turnbull, 2001). 
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The cylinder method involves first blowing a large bubble of glass. The other end of the 

bubble is then attached to a second iron, and the molten glass then slowly stretched out 

to form a hollow cylinder (figure 7). The cylinder is then cut open and the glass laid out 

flat on a table to form a rectangular sheet. This method could produce larger sheets of 

glass than the crown method. Cylinder glass can be identified by straight parallel ovoid 

bubbles. The edges of the glass sheet are usually slightly thicker and are straight. In the 

medieval period, the cylinder method was associated with the Lorraine region of France 

and also thought to be the main method used to produce flat glass in Burgundy and 

Rhineland (Vose, 1980).  

Figure 6 The stages in crown glass production from Verrerie en bois (Diderot and D’Alembert, 1751-1766) 
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Figure 7 The stages in cylinder glass production from Verriere en bois (Diderot and D’Alembert, 1751-1766) 1772)  

 

The glass sheets would then be used to create the windows. A life-size, cartoon drawing 

would be made and laid on a board, pieces of glass placed on top so the shapes could 

then be drawn on using a paint  and then cut out using a hot iron (Veronesi et al., 2012). 

Edges would be smoothed or refined by grozing to create the desired shape. Grozing is a 

manual technique using iron pincers which are used to snip small pieces off the edge of 

the cut glass shards and in most useful for making concave and irregular shapes which 

are difficult to make by cutting straight lines with the hot iron. The pieces would then be 

painted if required before being fitted together using H-shaped strips of lead known as 

cames. The cames would be soldered together to produce a panel and each panel 

secured within a larger iron frame if required.   

 

 Glass paint and stains 

 

Grisailles is a term used for the painted decoration on window. The designs painted on 

early grisaille were foliate or geometric. ‘White’ glass predominated with highlights of 

coloured glass. Leaves, trefoils and flowers were common patterns, with the choice of 

leaves and styles and the naturalism being used to typologically date decoration. Later 

windows incorporated architectural and figurative designs with an increasing use of 

coloured glass. 



   

 

23 

 

 

Theophilus describes the method by which the glass was painted (Dodwell, 1961). The 

paint was usually made from a mixture of metallic oxides that were ground and prepared 

at room temperature, mixed with a binder, diluted as necessary with water or another 

solvent and painted onto the glass. The grisaille decoration could be applied in two 

different ways – either by applying the paint as outline drawings or by painting the whole 

glass with the paint and using tools to remove the paint creating a design in reverse -

known as stick work (Marks, 1993).  

 

The glass would then be heated to around 500ºC in a furnace. This would cause the oxides 

to turn to a glassy state, in a similar fashion to the creation of an enamel. Grisaille paint 

is heterogeneous in nature – with deposits of different grain sizes – some more or less 

vitrified, clearly visible when viewed using back-scattered microscopy (Verita, 2009). As 

the grisaille paint is heterogeneous in nature, it is more problematic to determine a mean 

composition. The ground iron oxide and lead pigments would have been ground together 

with scrap glass and then mixed with an organic binder, such as egg white. It was then 

used as a paint and the decoration applied with brushes before being fired in a low 

temperature furnace as described by Theophilus (Dodwell, 1961). The lead-rich silica 

would melt at a much lower temperature than the body of the glass, allowing it to fuse 

and form a glassy phase that adheres to the surface. The level of vitrification would 

depend on the temperature of the furnace, with a higher temperature promoting better 

vitrification and increased homogeneity.  

 

In the later medieval period yellow silver stain became common. It was made by painting 

silver chloride and sulphide on the surface of the glass and firing to produce the colour. 

This allowed the painting of more detailed and naturalistic scenes, especially facial 

features and drapery (Marks 1986).   

 

3.3 Window glass making in England 

 

Kenyon (1967) reports that glass making from raw materials was taking place in England 

by 1240 AD, but there are earlier documentary references to individuals whose name may 

suggest they were involved in glass making earlier than this (Charleston, 1984). For 

example in 1153 AD Henry 'vitriarius' was installed as Abbot of St Bennet at Holm 

(Charleston, 1984). In 1284 AD, a glass works was established on the Cistercian monastic 
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site of Vale Royal Cheshire to provide glass although it is not clear if this is to 

manufacture glass or to cut and make glazed windows (Vose, 1980). A glass painter is 

also recorded as working at a Cistercian house in England  during the 13th century (Marks, 

1986). 

 

There was certainly glass manufacture from raw materials in the Weald from the late 13th  

century, if not earlier (Crossley, 1994) as well as  in North Staffordshire by the mid-

1300’s (Welch, 1997).  It is possible that furnaces were built to directly supply window 

glass for new buildings. For example at Salisbury, there are records of a 15th century 

glasshouse which was likely to have been used exclusively for glazing the cathedral 

(Vose, 1980). Large English cities such as York and Canterbury have substantial 

documentary evidence of glazier’s workshops and staff. The glaziers in York for instance 

were known to be based around the Stonegate area and worked on windows for York 

churches, monasteries and the Minster, but also on buildings much further away in the 

North of England such as Beverley (Yorkshire), Cartmel (Cumbria) and Morpeth 

(Northumberland) (Graves, 2001).  

 

 Sixteenth Century  

 

The glass industry continued in the Weald and other areas of England into the sixteenth 

century, with window glass increasingly produced for use in private dwellings. For 

instance there are records of window glass being installed in the Rose Tavern in Bristol 

in 1504 when it was built (Vose, 1980).   

 

Archaeological evidence from the furnace sites of Knightons, Bagot’s Park and Little 

Birches suggest that window glass was made using the crown method in the mid-16th 

century (Crossley, 1967, Wood, 1981). However, the quality of English made window 

glass appears to have been inconsistent. A petition of the Glaziers Company to the Privy 

Council in 1542 makes the observation that no English-made window glass of sufficient 

quality was available (Godfrey, 1975) and the industry was stagnating (Wilmott 2005).  

 

A big change occurs during the 1560’s when an influx of glass makers and entrepreneurs 

came across from the continent, initially driven by religious persecution. In 1567 Jean 

Carre, arriving from Antwerp had set up two new furnaces in the Weald to supply London. 

Other immigrants from Lorraine and Normandy also arrived with glass making skills and 
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were employed in these furnaces (Wilmott, 2005). They brought with them previously 

unknown recipes to England and there is a sudden change from the production of ‘potash’ 

glass to that of high-lime low-alkali recipes at the end of the 1560’s (Dungworth, 2012). 

The glass industry grew in strength as the need for window glass increased and the quality 

improved.  

 

3.4 Medieval window glass in Scotland 

 

 Window glass in Scotland prior to 1000 AD 

 

The earliest evidence for windows and glazing in Scotland come from Roman buildings. 

Excavations at military lodgings along the line of the Antonine Wall such as at the Roman 

forts at Crawford, Lanarkshire and Falkirk (Keppie and Murray, 1981) and civilian 

buildings such those at Inveresk in East Lothian (Thomas, 1988) all provided finds of 

clear ‘white’ window glass. So far, no evidence has been found to show these 

windowpanes were made in Scotland, nor have any Roman glass-working sites been 

discovered in Scotland. 

 

There is then a gap in evidence for glazing until the earliest Medieval Scottish window 

glass fragments, which have been found in excavations at the Whithorn monastic 

settlement in Dumfries and Galloway (Cramp, 1997). One hundred and thirty-two sherds 

are associated with an 8th - 9th century chapel building which was probably made from 

timber. The completed windows may have been made elsewhere and then transported to 

Whithorn in wooden frames, or the flat glass may have been brought to site and then cut 

to make the windows. Scientific analysis found that the main flux used to make the glass 

was natron. However, some fragments have a composition lying mid-way between a 

typical natron glass and a glass made from sodic plant ashes (Hold, 1991). This suggests 

the natron glass may have been partially adulterated and extended with soda rich plant 

ash glass. The glass was very similar in chemical composition to that found at Jarrow and 

Monkwearmouth in North-East England. As well as window glass, numerous glass 

vessels have also been found at Whithorn and Campbell (2007) has suggested that some 

of these vessels may have been made in Scotland. He identifies a vessel type, that he 

suggests may represent production in Scotland by continental glass makers. These vessels 

have a typology unique to the site and may represent a local attempt to imitate imported 
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goods for a short period during the 6th century. If this is the case, it is possible that the 

same glass makers also made the window glass on site.  

 

Further Scottish early medieval sites, including Iona and Dunadd, have also yielded glass 

finds and potential evidence of small scale glass working, including bi-chrome glass rods, 

possible cullet and moulds for making glass studs, but there was no evidence of window 

glass (Lane and Campbell, 2000). However, recently a small number of shards, excavated 

from Iona in the 1950’s (previous identified as being post -medieval in date) have been 

reidentified as being early medieval in date (Campbell et al., 2019). 

 

A crucible containing glass working residue was found in a small industrial complex at 

the 8th century Pictish monastic site at Portmahomack, Tarbet (Peake and Freestone, 2011, 

Carver, 2004). This area outside the wooden monastery buildings was thought to be a site 

where crafts including vellum parchment making and metalworking took place. The 

residue in the crucible was an opaque soda-rich yellow glass waste, coloured and 

opacified with the addition of lead antimonite. The small crucible and the limited amount 

of glass residue found within an area of more general metalworking suggest the glass was 

used in decorative enamel work. The buildings on the site at this period were thought to 

still be made of timber and there is no evidence that vessels or window glass were 

produced.   

 

There is clearly a strong connection with glass working and monastic sites. Many 

monastic sites excavated have revealed industrial complexes associated with the 

monastery. At Whithorn and Dunadd for example the scale of production suggests that 

the industrial areas may not have been under sole control of the monastery but craft 

workers may have been tenants of the monastery and producing goods for the wider 

region (Campbell, 2003). Glass was worked on a much smaller scale than metals and it is 

probably that the glass workers were itinerant, moving from place to place and setting up 

in an area of industrial activity for a while before moving on.  

 

There has so far been no evidence for larger-scale glass working in Scotland during this 

period – such as that found at Glastonbury Abbey in England, where four furnaces and a 

large amount of glass working waste were excavated in the 1950’s. These were more 
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recently associated with the founding of the Abbey in the late 7th century (Willmott and 

Welham, 2013).  

 

 Scottish high medieval stained and painted window glass  

 

Across Europe there are numerous examples of in situ stained glass windows in churches 

and cathedral buildings. However, in Scotland virtually no in situ window glass survives 

prior to the post-medieval period. The destruction of monastic and ecclesiastical buildings 

during the Reformation followed by their subsequent dereliction and re-purposing of the 

buildings meant that the window glass was either destroyed or recycled.   

 

The earliest pieces of in situ medieval window glass known to survive are four small 

heraldic panels depicting the coats of arms of Mary of Guise thought to have been made 

between 1541 and 1547 and installed in Magdalen Chapel, Edinburgh (figure 8).  
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Figure 8 The four panels of glass at Magdalen Chapel, Edinburgh - the earliest surviving in situ window glass in 

Scotland © Atlas Obscura 

 

 

 

 

Fragments of medieval glass excavated in 1981 have been incorporated into two modern 

pointed windows in the coffee shop in the crypt of St Giles Cathedral in Edinburgh which 

are the only examples of pre-reformation glass in the whole cathedral (Turnbull, 2001).  

An assemblage of medieval stained-glass pieces that were discovered at Holyrood Abbey 

were incorporated, along with modern glass, into a large glass panel designed and made 

by the glass artist Douglas Strachan in the early 20th century. This was installed at a later 

date in a window in  Holyrood Palace (Eeles, 1915). This glass panel has recently been 

relocated in the stores of the Royal Collection Trust at Windsor Castle (figure 9). It was 

suggested by Eeles (1915) that York Glaziers were responsible for painting of glass in the  
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Holyrood panel and similarities between the Holyrood panel and work at All Saints and 

St Martin-cum-Gregory in York dated to 1320-1340 was also noted by Graves (1994).  

 

For a number of reasons glass is found in lower quantities in archaeological excavations 

in Scotland compared to the rest of the UK. In part, this is due to the acidic burial 

conditions in many regions of the country with the H+ ions leading to higher rates of ion 

exchange and hence faster degradation. However, it is also probable that window glass 

was not as common, certainly in a domestic context. While there is documentary evidence 

of window glass being used in domestic properties in England from the 14th century there 

is no such evidence in Scotland (Turnbull, 2001). Fragments of window glass are however 

found, sometimes in abundance, during excavations of ecclesiastical buildings although 

the glass found is generally in a very poor state.  Typically, the glass is highly corroded; 

the surfaces have been leached of lighter alkali ions and have been replaced with insoluble 

black crusts composed of insoluble manganese compounds and minerals. Figure 10 shows 

a selection of corroded glass from Elgin cathedral.  Sometimes, little of the original glass 

remains although some glass is in better condition depending on the burial environment 

and original composition of the glass. In the past twenty years, more glass has been found 

and the results of study of this glass has proved that there is much more information to be 

gleaned than previously thought through a combination of scientific techniques.  
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Figure 9 Medieval glass fragments originally found at Holyrood Abbey, now part of an early 20th century decorative 

glass panel designed by Douglas Strachan © Royal Collections Trust 
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The last major study and catalogue of medieval stained window glass in Scotland was 

carried out by Dr Pam Graves in 1985, who identified 18 sites where glass had been found 

(Graves, 1985a). Since then further excavations, such as at Inchaffray Abbey (Ewart, 

1996), Pluscarden Priory (McCormick, 1994), Elcho Nunnery (Reid, 1988), Hirsel 

(Cramp, 2014), St Giles Edinburgh (Graves, 2006), Holyrood Abbey (Bain and Clark, 

1998) and Perth City Centre (Bowler et al., 1995) have uncovered significant 

assemblages. Glass has been excavated from the Whitefriars Carmelite friary in Aberdeen 

which includes coloured window glass with painted designs of leaves and fruit (Stones et 

al., 1989) and glass has also been discovered at Linlithgow monastery from three ranges 

of buildings which suggests that it was once extensively glazed (Caldwell and Lewis, 

1996). More recently a large assemblage was excavated from St Nicholas’ Church, 

Aberdeen (Cameron, 2008a) as well at Arbroath Abbey (Cachart and Perry, 2017). In 

addition, reassessments of the window glass assemblages found at Elgin (Murdoch, 2013) 

and nearby Spynie Palace (Graves, 2002) have been carried out. A project to catalogue 

the window glass assemblage from St Andrew’s Cathedral is ongoing at Historic 

Environment Scotland.  
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Figure 10 Window glass fragments from Elgin Cathedral showing dark, corroded, opaque glass fragments with 

grisaille decoration still remaining on the original surface  
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Most of the medieval glass found in Scotland has been dated to the late 12th - early 14th 

century. The majority of the glass is ‘white’ colourless glass with a smaller percentage of 

coloured pot metal glass. A minority of the glass is painted with ‘grisaille’ decoration 

comprising mainly foliate patterns, geometric borders and cross hatching. Cistercians 

were the leading proponents of the style but it was also popular with other monastic 

communities (Marks, 1986). Glass probably from the late 12th century has been identified 

from St Andrews with similar border patterns and stickwork as some in York Minster, 

dated to 1170-1200, as well as foliage similar to panes in a panel at Canterbury dated to 

1175-80 (Graves, 1994).  

 

The majority of the window glass assemblages come from monastic sites. Many new 

religious houses were establishing bases in Scotland during the 13th century. Cistercians 

were sent from Rievaulx Abbey in Yorkshire to establish a base at Melrose; Augustinians 

were based at Holyrood, Jedburgh and Cambuskenneth and Benedictines at Dunfermline, 

Iona and Coldingham (Fawcett, 1994). It was during this period that there was a boom in 

the building of new monasteries and churches as well as the upgrading of existing ones, 

including Kelso, Paisley and Melrose. The monasteries were bequeathed great stretches 

of land and being landowners enabled them to have both power and wealth.  The income 

of monasteries at one time was considered a third of the wealth of Europe and the wealth 

of the monastic orders in Scotland is likely to have been more than this average (Hodgson, 

2016). They were the heavily involved in Scotland’s most productive export of wool and 

skins with evidence of Friars and Monks having houses in the major port cities of Perth 

and Berwick Upon Tweed.  

 

The number of large cathedrals and monasteries being built simultaneously across 

Scotland would suggest that master glazers and their apprentices, who cut and painted the 

glass, must have been working extensively in Scotland, but unfortunately little evidence 

of this remains. Even though there is no physical evidence of this, the identification of 

unique stylistic qualities could potentially help support this conclusion. 

 

Sites that have yielded 13th century glass include Elgin, Cambuskenneth and Coldingham. 

The grisaille here have a wider variety of motifs such as curling trefoils, as well as cross 

hatched backgrounds, which are similar to work in York Minster dated to c.1250 AD. 

Graves (1996a) highlights the fact that there has been no systematic study of 13th century 
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grisaille found in the North of England and Scotland to compare the different painted 

motifs that are found in excavated glass. Dating of glass by typological styles is based on 

English and French dated windows that remain in situ, and it is possible that the 

development of window decoration in Scotland may not have followed the same 

trajectory. Graves (1994) believed that many of the Scottish fragments exhibited both 

French and English characteristics with some motifs such as a double trefoil being 

possibly unique to Scotland.  

 

Coldingham Abbey is the only Scottish site that had yielded a recognisable glass fragment 

with a painted figure, likely to date from the 14th century. This is unusual when considered 

alongside the large figurative stained-glass windows still present in most of the great 

English and European cathedrals. However, grisaille decorated pieces are more likely to 

survive in the archaeological record as the central parts of the panels are most likely to 

have been destroyed or removed, with smaller border pieces still being left in the window 

frames. Only a handful of fragments have been found with silver stain decoration typical 

of the mid and late 14th century, in Scotland. These include fragments from St Giles 

Cathedral, Edinburgh (Graves, 2006), a few pieces from St Andrews and some pieces in 

the Holyrood panel (Eeles, 1915).  

 

The earliest documentary reference of window glass being produced in Scotland is that 

glass for the 13th century Dornoch Cathedral was made two miles away at Sideray 

(Graves, 2002). This is presumed to mean that imported flat glass was cut, painted and 

fitted into framework for the windows, rather than the glass itself being made on site. The 

See of Moray records that ‘Richard’ the glazier was employed at Elgin cathedral in 1237, 

while at nearby Spynie Palace there is reference to a window being installed in an 

extension in the mid-13th century, by the glaziers employed to glaze Elgin Cathedral at 

the time.  

 

The east coast ports of Aberdeen, Perth, Dundee and Leith all traded extensively with 

Europe particularly Bruges and Flanders, Artois and Picardy (Ayers, 2016) and these 

routes would have been the most likely for glass importation. There is documentary and 

archaeological evidence that silks were imported from Italy and Spain, dyed cloth from 

the Low Countries, Ivory and spices from Africa, figs and grapes from the Mediterranean. 

There were also complex North Sea trading networks with the Baltic regions. However, 
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records for the importation of glass are scant. The Rhineland was a centre of coloured 

glass production and was exporting to Northern England in the 13th and 14th centuries and 

glass was likely also imported to Scotland (Graves, 1995). 

 

 Architectural influences 

 

The stylistic study of the architecture shows that most Scottish buildings were directly 

influenced by church architecture from both England and the rest of Europe. Bishops 

moved to new dioceses, often between countries, and they themselves may have had 

influence over the design of a new building. For instance, Bishop Robert of St Andrews 

commissioned similar styled archways in St Rules Church, St Andrews to those that can 

be found in the church at Wharram le Street, York, where he used to be a Canon (Graves, 

1985b). It may be that he commissioned craftsmen to come to St Andrews from York, or 

he may have suggested the design to new stonemasons. There are also architectural 

parallels in the 12th  centuries between Durham and Dunfermline Cathedrals which may 

point to the same masons being employed first at Durham and then later at Dunfermline 

(Fernie, 1994). There is documentary evidence of John Morow (or Moreau)  a French 

mason who was born in Paris, working at St Andrews, Paisley and Lincouden (Graves, 

1985b). Morow also left his mason’s mark in the South Transept of Melrose Abbey, 

where there are also documentary records of an English Mason working at a similar time, 

and there must have been extensive teams of craftspeople working on site at these large 

projects. 

 

The influence of denomination and traditions of different religious houses would also 

influence the choice of glazing. For example, there are parallels in England between the 

Dominican Houses of Beverley, Chester and Oxford and Guildford Surrey, with 

predominantly white glass, limited use of coloured pot metal, similar trefoil styles and 

the recurrence of the same border motifs (Graves, 1996a). However, the Dominican 

Priory at King’s Langley has a substantially different assemblage (Gamlan, 1973). Here 

the assemblage was dominated by coloured sherds with figurative and architectural 

decoration. It was known to have had Royal Patronage and perhaps the opulence of the 

glass was influenced by this and the funds it attracted. However, this is also of a slightly 

later date than the other Houses. One hypothesis is that the glass used in the Friary was 

in fact recycled from other houses, where the decorative schemes may have been replaced 
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in the 14th century with the new fashions and figurative styles while the grisaille continued 

to be used in lower status institutions.  

 

 Fourteenth and Fifteenth century glazing 

 

The economic boom in the 12th and 13th centuries gave way to a much more unstable 

economy in the 14th century (Cantor 2001). As well as the effects of the Black Death, 

ongoing internal and external conflicts with England led to the seaways being blockaded 

and the potential for external trade diminished (Ayers, 2016). Glass was unlikely to be an 

important a commodity in times of war and unrest. Very little ecclesiastical window glass 

from the later period is found in the archaeological record although some window glass 

found at Perth Carmelite friary and Coldingham is likely to be dated to the early 14th 

century (Graves, 1994).  

 

There is a record of a glazier being paid to install four windows in St Margaret’s Chapel 

at Edinburgh Castle in 1336 during the time of the English occupation (Magistro Johanni 

vitreario pro fabrica iiij fenestrarum vitrearum, positarum in capella Sancte Margarete, Cal. 

Docs. Scot iii. App. IV, p. 355).  An account written by the Customers of Linlithgow in the 

Exchequer Rolls for Scotland records that glass for windows was given to the Abbey of 

Paisley, by Robert II around 1371-1390 (Graves, 1985a). In St Andrews, writing on the 

tomb of a person named ‘Gray’ records he was a ‘vitrarius’ of the metropolitan church.  

The Rentale Dunkeldense records that in 1396 the east window of Dunkeld Cathedral was 

filled with ‘glass with resplendent images’ and that stained glass was also used in the 

mid-15th century to fill the nave windows (MacRoberts and Holmes, 2012). 

 

The ports of Blackness, Leith and Dundee all have tentative records of glass being 

imported from the 14th century (Exchequer Rolls III 222, Exchequer rolls IV 533, 619) 

There is a record that it was a Hanceatic merchant who brought ‘the best master of stained 

glass windows in the world from Lübeck’ (North German port) perhaps to glaze James I 

Charterhouse at Perth but the Florentines were extremely anxious to have him return to 

his native Italy to work on their Cathedral in 1438 (Caldwell, 2015). Customs were also 

raised on the importation of glass in the 1520’s and 1530’s in Edinburgh (NRS E38-44). 

In Ayr, a Friar called John Strand, who died in 1517, was described as a ‘vitrifaber’ and 

recorded as working for the Greyfriars around Scotland – including at Perth, Ayr, and 

Elgin (Graves, 1985a). 
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It is probable that every large-scale ecclesiastical or monastic stone building would have 

been glazed at some point during its life. However, evidence suggests that Roslyn Chapel 

in Mid Lothian, despite being constructed 1446-86, was not fully glazed until 1736 

(Bambrough, 2006). This building, notable for its complex iconographic and decorative 

stone carvings and design, has stonework around the windows that suggests glass was 

originally destined to be installed but, whether due to the cost of the glass, difficulty in 

obtaining the glass or glaziers, or a change in design, this was not completed until 

centuries later.   

 

3.5 Domestic glazing 

 

In Scotland, domestic buildings were unlikely to have been glazed before the 16th century 

(Murdoch, 2010). There is very little evidence for glazing of even high-status domestic 

buildings such as the Scottish Tower Houses both archaeologically and historically until 

the late 15th century whereas in England there is documentary evidence of Henry II paying 

for glass windows in his toilet at Westminster Palace in 1179 (Pipe Roll 25 Henry II, 

p.125). So far, no secular residences with window glass fragments associated directly 

with a building have been recorded prior to the late 15th century in Scotland.  

 

Excavations in the city of Perth have uncovered a small amount of window glass from 

middens. It is presumed that this came from ecclesiastical or monastic buildings, possibly 

the nearby Dominican Friary, but cannot be confidently associated with any building 

(Hunter, 2011, Cox, 1996).  One piece of glass from Mill Street excavations, Perth, is the 

remains of a bullseye – the thick middle of crown blown glass. This is from a context 

dated to no later than 1350, but likely late 13th century. This could be evidence that glass 

is at least being cut from crown blown sheets in Perth at this date (Bowler, 2004).  

 

Windows in late medieval domestic properties typically only had the upper portion glazed 

with a diamond latticework of leaded glass. The bottom part of the windows would be 

unglazed and covered with wooden shutters. Window glass fragments have been found 

at a number of late medieval castle sites. Fragments from Fast Castle from a context dated 

to the latter quarter of the 15th century were analysed and found to be of forest glass 

composition (Mitchell et al., 2001). Glass of the ‘forest composition’ has also been found 

in recent excavations at the late medieval Palace site of Fetternear (Dransart and Trigg, 
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2008), and from Cromarty Castle (Murdoch, 2015)  that is proposed to have been made 

in the mid-late 16th century.   

 

A glazier by the name of Thomas Peebles is recorded a number of times in association 

with the maintenance of existing glazing and the installation of new glass at a number of 

Royal Palaces from 1504 (Graves, 2006). He was responsible for Linlithgow, Falkland, 

Stirling and the installation of glass at the new Palace at Holyrood. Indeed he was still 

working for the crown in 1535 when he is recorded as occupying the Gatehouse at 

Holyrood Palace, moving out two years later (Gallagher, 1998). The Treasurer’s 

Accounts show that plain ‘white’ glass was ordered in great quantities for glazing at the 

new Palace at Holyrood with reference to just seven painted ‘roundels’ being ordered in 

1512 along with 100ft of white glass. One of the earliest surviving drawings of the West 

front of the Palace by J. Gordon (1649) show diamond quarries typical of the period. The 

windows in the mid and outer chambers are fully glazed while some of the in the tower 

only have the top portion with fixed glazing and the bottom half comprised of wooden 

shutters.  

 

The works accounts for Holyrood Palace also record the purchase of roundels with 

paintings of the Kings’ Arms between 1531-2 and in 1535-6 roundels for the new chapel 

at Holyrood were purchased from Flanders and described as ‘Flanderis roundis and 

squair antic peces’ with ‘paintit glas in bordouris and antic faces’ (Gallagher, 1998).  

The glazing of the Royal Palaces of course cannot be considered typical. The earliest 

documentary records of domestic window glass being installed in a commoners building 

Scotland come from 1550, recording glass windows being installed in a toll booth in Ayr 

on the west coast, although part of the glazing is recorded as being glass panes being 

‘reused from other buildings’ (Turnbull, 2001).    

 

3.6 The Reformation 

 

The Reformation happened swiftly in Scotland. The Calvinist preaching of the ‘Word of 

God’ was considered imperative and the iconoclastic reformers stripped the trappings of 

the Catholic Faith from churches and monastic buildings in a short space of time. The 

first act of the reformation was the destruction of the Charter House, Friaries and other 

religious buildings of Perth which followed the preaching by John Knox in Perth in 1559. 

The iconoclasts then moved through Fife, to St Andrews and then to Edinburgh by late 
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June. In 1560 the Reformation Parliament abolished the Mass and rejected the authority 

of the Pope – this was followed swiftly by the organisational reform of the churches 

(Spicer, 2003). 

 

Spicer (2003) describes the actions of the reformists as ‘frenzied and indiscriminate’. 

Apart from the four heraldic panels that survive in Magdalen Chapel in Edinburgh, only 

fragments retrieved from archaeological contexts now survive. Many windows would 

have been deliberately damaged by the iconoclasts as they would be seen as symbols of 

idolatry and indulgence. This was in spite of the instructions being issued that the 

windows should not be damaged as the First Book of Discipline specified that the 

windows of religious buildings should remain glazed (Spicer 2003). The stained glass in 

King’s College Chapel, in Aberdeen survived into the 17th century and some pieces still 

remained until the 19th century.  A roundel of  “an elephant, very well executed, 

underneath which were the crown and hammer, the armorial bearings of the incorporation 

of Hammermen, enclosed within a wreath" (Wilson, 1891) was noted as still surviving in 

St Giles Cathedral, Edinburgh before being removed around 1830. The lack of religious 

iconography and possibly the peculiarity of the elephant motif may have saved this panel 

from the frenzy of the reformation, however it has since been lost in the renovations of 

the nineteenth century. 

 

Evidence from Blackfriars Dominican Friary in Newcastle shows that during the 

dissolution in 1539 the windows were stripped from the upper storey; the lead and 

possibly larger panes of glass were taken away from the site to be recycled. The remainder 

was swept down a spiral staircase into a basement (Moore, 2016). At the Dominican 

Priory at Beverley the glass finds are in the same Dissolution context as ‘extensive 

evidence’ (including bowl hearths and melted lead) for the removal and melting down of 

lead cames (Graves, 1996b). It is suggested that the best glass from the Priory, may have 

been removed more carefully and taken off site and sold to private residences. At 

Rievaulx Abbey there were instructions given to remove the best glass for selling and for 

the remainder to remove the lead cames ready for re-melting and sale – the rest of the 

glass to be used as cullet (Coppack, 1986) .  

 

Similar events may have happened in Scotland and following their destruction fragments 

of window glass are likely to have been collected and possibly gathered to sell as cullet 
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or simply dumped in ditches and basements. The lead cames would have been a valuable 

commodity and no doubt sold and the metal recycled. Records for lead export increase 

during the Scottish reformation period (1560-70) and much of this is considered 

‘monastic lead’ but would include roofing materials as well as came (Rorke, 2001). 

Indeed there are records that lead was stripped from Melrose Abbey and taken to Leith 

for export in 1570 (Rorke, 2001).  It is probable that glass was gathered together to be 

sold on as cullet if it was considered a valuable enough commodity for trading although 

Caen (2010) suggests that painted glass may have been too contaminated for recycling. 

As there were no glass manufacturing sites in Scotland, it must have been exported. 

Export records show that glass was exported from Edinburgh from the 1520’s, and this 

was assumed to have been re-export of bottles and vessels, but may have included cullet 

(Rorke, 2001). Although this was too early to be associated with the reformation it is 

evidence that glass was being exported out of Scotland to a market overseas.  
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4 Post-medieval window glass in Scotland 

 

There is a paucity of both documentary and artefactual evidence for the use, working and 

manufacture of glass in Scotland when compared to other parts of Europe until 1610. This 

is exemplified by the fact that while a number of books about the history of English and 

Irish glass have been published in the past century (Thorpe, 1929, Willmott, 2005, 

Charleston, 1984, Dungworth, 2019), none tried to encompass the Scottish glass industry 

until the work of Turnbull (2001). The book ‘The Scottish Glass Industry’ focussed on 

glass manufacture in Scotland from 1610 – 1750 AD. A second work ‘From Goblets to 

Gaslights’ concentrated on the glass industry in Scotland from 1750 onwards (Turnbull, 

2017). Both of these works concentrated on the documentary evidence for glass making 

in Scotland. 

 

4.1 Scottish post-medieval window glass  

 

Following the Reformation, plain window glazing became more common, both in 

Scotland and across the rest of Europe. Window glass starts to be found more frequently 

in excavations of larger domestic buildings from the last quarter of the 16th century 

onwards for example at Fyvie Castle (Cameron, 2012) and Fetternear Palace (Dransart 

and Trigg, 2008). It has been suggested that the ‘Little Ice Age’ which was a period of 

colder inclement weather during the latter half of the 16th and early 17th centuries 

encouraged those that could afford it to glaze their homes to improve insulation (Caen, 

2010). During this period a large number of the new style of Tower Houses were built 

across the Country, and many of these would have had window glass installed. Other sites 

in Scotland with 16th century domestic window glass finds include a late medieval hall-

house at Uttershill, Penicuik (Alexander et al., 1998) and an ‘industrial office’ at Brora 

Beach (Hambly, 2012).  

 

The tradition initially continued for diamond quarries set in lead cames, in a wooden 

frame with wooden shutters used for the lower half of the windows (Murdoch, 2010). 

Contemporary drawings, as in figure 11, show properties such as Hamilton House in 1677 

with glazing of this fashion (Turnbull, 2001).  
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Figure 11  A drawing by Issac Miller of Hamilton House c. 1677 showing shuttered lower windows with diamond glass 

lozenges above (c) HES 

 

Window glass was still not common in the early 17th century. In 1636 an English visitor 

to Edinburgh commented on the lack of glass windows in the High Street – where ‘few 

or none’ could be seen (Turnbull, 2001, Brown, 1891). However, by 1689 it is recorded 

that the newer houses in Edinburgh were made of stone and had ‘good windows modishly 

framed and glazed’(Morer, 1689).  

 

As the century progressed, glass became cheaper and new technologies allowed larger 

panes of glass to be made, eventually allowing the introduction of larger leaded panels 

with rectangular panes, suitable for sash windows which were first used in England in 

1660. Cylinder or ‘broad’ glass was most common in the 17th century, until crown glass 

was introduced later in the century as technology allowed larger panes to be made.  There 

is clear evolution in the size of crown glass panes as exemplified by those made in 

Normandy. In 1450 the largest crowns were only around 2000 cm2 but by the turn of the 

18th  century when they could be spun to give a surface area of 9000 cm2 (Caen, 2010). 

However crown glass was not thought to be made in Scotland until 1680 (Turnbull, 2001) 

and even in the 1690's glaziers from London were paid to install new 'sash' windows at 

Hamilton Palace, replacing the diamond quarries and wooden shutters (Marshall, 1973). 

Crown glass would have had a ‘fire-bright’ finish (clear, colourless, glossy surface and 
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with fewer imperfections) more suitable for high status buildings. It is not explicitly 

recorded where the glass itself came from, but it is an indication of the lack of expertise 

in the installation of sash windows in Scotland that glaziers from London were required. 

As glaziers often supplied the glass it is possible that this was also purchased in London.   

 

Only the wealthiest could follow the latest ‘English’ fashions and many buildings still 

remained unglazed to the middle of the 18th century and Turnbull (2001) reports that oiled 

paper was still  being used in as late as 1732 in some properties. The conflicts in Scotland 

related to the Jacobean uprisings would have no doubt caused damage to many properties, 

as well as affecting the glass production during times of particular unrest.  

 

 Glaziers 

 

During the late 16th and early 17th centuries there are a number of documentary records 

giving the names of glaziers and detailing the cost of glazing work. Town and Burgh 

accounts record the names of glaziers as well as the fees they charged to install and repair 

windows.  The archives of the Hammermen of Edinburgh record the purchase and 

installation of a window in St Giles Cathedral in 1529 which is described as being the 

roundel which included an image of an elephant. Numerous repairs to the Magdalen 

Chapel windows in Edinburgh by named glaziers are recorded during the latter half of the 

16th century (NRS 9759 Edinburgh Hammermen). These include Adam Symer, who is 

paid for repairing the windows in 1563, David Weimis, who is paid for repairs in 1589 

and John Peiris who received a number of payments for reglazing in 1601. The Edinburgh 

Council minutes records the names of seven ‘Glasyn wrichts’ working in Edinburgh in 

1555 including Adam Symmers (presumably the same Adam Symer who was recorded 

as repairing the Magdalen Chapel windows), and a Thomas Watson. This may indeed be 

the same Thomas Watson, or a younger relative, who was responsible for the purchase 

and installation of the elephant roundel in St Giles nearly thirty years earlier.   

 

In 1646, Edinburgh appointed James Towris as its first ‘Touns master glassinwright’ 

(Edin Recs 1642-1655, 105). Window glass was still an expensive commodity and reused 

where-ever possible – even in the Palace of Holyroodhouse. Records from the exchequer 

rolls detail regular contracts with local glaziers to repair the Palace windows on a rolling 

basis. It was common practice for wealthy landowners to contract a local glazier to carry 

out all necessary repairs to windows as required. Turnbull (2001) reports that the Earl of 
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Lauderdale had a contract with the Waugh brothers to maintain windows at three of his 

properties in 1647 (NRA survey 832/11).   

 

 Importation of window glass 

 

In Scotland there is no definitive evidence of the manufacture of glass from its raw 

materials until 1610 when a sole patent for its manufacture for 30 years was taken out by 

Sir George Hay (Turnbull 2001).  Before this it is therefore likely that all glass was 

imported.  The ‘Book of Rates of Customs and Valuations of Merchandises of Scotland’ 

1612 lists five areas from where window glass was imported – Burgundy (white and 

coloured glass), Normandy (white and coloured glass) Rhenland (white), Danzig (white) 

and England (white). Turnbull (2001) suggests that most window glass was imported via 

Danzig and across the North Sea to the port of Leith – rather than coming from England. 

In 1594, in the Court Audit of Nancy it is recorded that ‘the large tables of glass of all 

colours…is used in a good part of Europe thanks to the continuous traffic and 

transportation to the Low Countries and England and onwards to the higher and more 

remote regions’ (Caen, 2010). This is likely to have included Scotland. 

 

The turbulent political period would have continued to have an effect on the trade and 

transportation of glass from the continent to Scotland. For example at the end of the 16th 

century the port of Antwerp was blockaded and this was sufficient to cause a considerable 

decline in the output of the Lorraine furnaces due the closure of this significant trade 

network (Caen, 2010). 

 

The Thirty Years War (1618-48) also caused considerable physical destruction in the 

Lorraine region as well as causing the protestant glass blowers to fear for their lives and 

many left the region in exile and travelled to other regions of the Low Countries, Zeeland 

and England. It was around this time that the fledgling Scottish glass industry was starting 

to produce glass of sufficient quantity and quality for the home market. Despite this glass 

was still imported with a record of 31 kists of window glass being imported from Danzig 

in 1621, prior to the first importation ban on window glass. ‘French window glass’ was 

purchased in 1633 for Holyrood, supposedly of a higher quality than could be produced 

in Scotland (NRA E71-80). 
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However, by the latter half of the 17th century records suggest that most imported window 

glass was coming from England, specifically Newcastle and London (Turnbull, 2001). It 

is possible that the low level of demand for window glass in Scotland made it difficult for 

the Scottish furnaces to compete with the well-established higher quality window glass 

industry in Newcastle. There is evidence for this in 1733 when ‘crown glass’ was ordered 

from Newcastle via an Edinburgh merchant for Lord Oxfuird, possibly for his building at 

Cranston (Turnbull, 2001).  

 

4.2 Scottish post-medieval window glass manufacture 

 

Scotland is not alone in Europe in not establishing its own glass manufacturing industry 

until the post-medieval period. The earliest record of a glass house being built in Finland, 

for example, is not until 1681 (Kuisma-Kursula and Raisanen, 1999a). Early glass 

manufacturing in Scotland is covered in great depth in Jill Turnbull’s book “The Scottish 

Glass Industry 1610 - 1750: to Serve the Whole Nation with Glass” (2001). The following 

is a summary taken predominantly from this seminal work of the fledgling window glass 

industry in Scotland and in particular references to the raw materials and recipes used 

during this period. Table 3 summarises the probably window glass furnaces in Scotland 

during this period. 

 

Various industrialists and entrepreneurs dabbled in the fledgling glass manufacturing 

industry but it is not clear how many of these enterprises produced window glass as 

opposed to vessel or bottles, or exactly where the furnaces were. Turnbull (2001) suggests 

that an Italian glass maker, John Maria del Aqua was making window glass for William 

Crawford in 1619, but records are scant. English glass makers, opposed to the 1615 patent 

taken out by Sir Robert Mansell (who created an English monopoly), also helped fund 

the Scottish glass dealer James Orde, in his enterprise to establish glass works in Scotland 

before 1620. It is possible that the first Scottish glass may have been produced close to 

Sir George Hay’s iron smelting furnaces at Loch Maree, in the late 16th century where 

wood fired furnaces were already in operation, local sand and wood ash and fuel were in 

plentiful supply and transportation routes to the rest of Scotland were in place (Turnbull, 

2001).   

 

A potential site for one of the earliest glass making furnaces is at Wemyss ‘glass cave’ in 

Fife. Glass was made there in the early 17th century and it may have been one of Hay’s 
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earliest furnaces.  Records from the Glass Commission of 1621 state that broad glass 

made in the Kingdom of Fife at Wemyss had been examined and describes each box as 

containing 15 bundles of three tables of glass (Register of Privy Council 12). It stated that 

the glass was as good quality as Danzig glass, although it could have been thicker and 

stronger.  

 

Scottish window glass appears to have been exported to England as early as 1619 as 

recorded in the minutes of the English Privy Council (Turnbull, 2001). In 1621, 225 cases 

of window glass were also exported by Hay. It is estimated that around 5000-6000 cases 

of window glass were being made in England around this time, so the Scottish production 

was of small quantities in comparison (Noble 2016).  The same document claims that the 

Scottish glass makers did not use ‘barilla’ (imported sodic plant ash) as the English did 

and therefore the quality was poorer. The most desired high-quality glass window glass 

would have been visibly more colourless and clear, with fewer inclusions and bubbles as 

well as being thinner and more consistent in thickness, which would be difficult to make 

from impure raw materials and poorly built and controlled furnaces. 

 

The Scottish Glass Commission set up in 1621 was to examine the quality and production 

of Scottish glass. When they were satisfied that a sufficient number of furnaces were in 

operation to supply the home market they introduced the first ban on the importation of 

glass to Scotland from August 1621. Turnbull (2001) suggests that it is ‘reasonable to 

assume that at least three other glassworks apart from George Hay's enterprises were 

operational in Scotland by 1617-18’, including those financed by Crawford, Emmanuel 

Meether and James Orde. Table 3 shows the list of Scottish glass furnaces known to be 

in operation during the 17th and early 18th centuries.  

 

Many of the glass furnaces established in Scotland during the early 17th century were 

short lived and in operation for only a few years. They shut down due to a combination 

of financial reasons, lack of skilled workforce and the poor quality of the product. 

Turnbull (2001) highlights the ‘recurring problems of the projects being over ambition, 

inadequately researched and mainly initiated by entrepreneurs with little knowledge of 

the technology of glass making’. By 1625, glass works were in operation along the East 

Lothian coast between Musselburgh and Cockenzie at the sites of West Pans and 

Morison’s (Aitcheson’s) Haven. This area was already home to salt pans, close to sources  
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Location  Initial 

Date  

Other 

date  

Final 

date  

Evidence 

for Window manufacture  
 Owner 

Loch Maree 

(?)  

1610 ?    1620’s?  ?Yes   Hay  

Wemyss  1617 ?  1621  1627 ?  Yes (1621)  Hay  

East Lothian 

? Crawford 

of Camlarg  

1617    1619    Crawford  

Emmanuel 

Meether  

  1620      Meether  

Morison’s 

Haven (I)  

1617    1627      

Morison’s 

Haven (II)  

1635    1646      

West Pans 

(I)  

1640’s    1640’s    Vernatti  

West Pans 

(II)  

1647 ?    1663    Hope/ 

Visitella  

Leith 

Citadel  

1663  1664  ?    Pape / 

Dagnia  

North Leith 

(I)  

1678    1682  Yes  Henzell/ 

Standsfield  

North Leith 

(II)  

1687    1688      

North Leith 

(III)  

1688    1714  Yes (1712)    

Morison’s 

Haven (III)  

1698    1727  Yes    

Glasgow (I)  1700    1744      

Dolphinston  1711  1712  ?      

Wemyss  1711  1712  ?      

North Leith 

(IV)  

1714    1738      

Kirkcaldy  1717    1726      

Newhaven  ??  1724   ??      

Port Seton  1728 ?    1734 ?  Yes  Adam / 

Grant  

North Leith 

(V)  

1738 ?    1746 ?      

North Leith 

(VI)  

1746    ?      

Glasgow 

(II)  

1744    1756 +  Yes (1752)    

South Leith  1747    1756 +      
 

Table 3 Known glass furnaces in Scotland 1610 – 1750 – dates for operation and those with evidence for window glass 

manufacture highlighted (adapted from Turnbull 2001) 
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of both coal and sand as well as being on the shore of the Firth of Forth allowing the easy 

import of raw materials and export of finished goods. Edinburgh just a few miles up the 

coast was the largest Scottish market for glass goods. 

 

 Late 17th Century  

 

In 1661 the botanist John Ray records that on a trip from Dunbar to Leith that he saw a 

range of ‘glasses made from kelp, salt and local sand being made along the coast’. This 

is most probably at West Pans (Turnbull, 2001) although there was also known to be glass 

production at ‘the Citadel’ Leith from 1663. It is interesting that by this time kelp is 

recorded being used and there is no mention of glass made from imported barilla by Ray.  

By 1663, the monopoly to manufacture glass was transferred to Robert Pape who set up 

a furnace at Leith employing glassworkers from the Dagnia family. The fact that a petition 

by Pape for the ban of imported glass in 1664 allowed for the exception of window glass, 

suggests that insufficient window glass was being produced for the home market and that 

vessels were the main product of his furnace.  

 

Glass continued to be made for over two centuries at Newhaven/Leith, with the sites of 

the furnaces changing over time. Bottles, vessels and window glass were all being 

produced at North Leith in 1678, by the Henzell family from Newcastle, financed by Sir 

James Standsfield. Raw materials for this glass works were shipped from a variety of 

sources as highlighted in the Standsfield papers including coal from Wemyss and 

Sheriffhall, sand from Musselburgh and Barilla and other ‘ashes’ from London. Kelp was 

also obtained from Bo’ness in West Lothian. There are additional records that the 

manganese required for the Leith glasshouses was purchased from the Scottish mines at 

Leadhill. 

 

An inventory created in 1683 following the closure of the North Leith furnace includes 

13,617 square feet of window glass suggests this had been a main product although such 

a large quantity remaining unsold would suggest there still wasn’t a large enough market 

for it. When the glass house was up and running again in 1687 lead rich ‘flint glass’ 

vessels were now the prime product. While the glassworks at Leith appear to have 

operated continually from 1688 until the mid-18th century, there continued to be changes 
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in ownership, glass workers and products. A description of the glassworks at Leith from 

1719-20 by Henry Kalameter said that the Leith glassworks only produced bottles. The 

raw materials were ‘3/4 woodashes from London’ ¼ Soap making ashes along with as 

much sand required. ‘Seawear’ a kind of wrack/seaweed was also burnt and added along 

with broken bottles (Smout, 1978). 

 

By 1707 there were at least three glassworks in operation in East Scotland – at Leith, 

Morison’s Haven and in Glasgow a bottle works had been created to serve the growing 

market for in the west of Scotland. There is also evidence for glass works at both Wemyss 

and Kirkaldy on the Fife coast in the early 18th century, but although it is suggested only 

bottles were made there is no concrete evidence for which products were produced 

(Turnbull, 2001). 

 

 Morison’s Haven  

 

The earliest glass furnace to be excavated in Scotland is at Morison’s Haven on the East 

Lothian coast. There is a significant amount of documentary evidence for the manufacture 

of glass at Morison’s Haven throughout the 17th and early 18th century and recent 

analysis of the glass waste from this site provides the first evidence of the composition of 

glass manufactured in Scotland from its raw materials (Spencer et al., 2018a). Glass 

production started at the site before 1623 and, apart from a hiatus between 1627 – 1635, 

continued to around 1647 following which glass manufacturing transferred to the nearby 

site at West Pans and further along the coast in Newhaven and Leith. There is no 

archaeological evidence of glass working on the site from this period. 

 

Glass manufacture had been re-established at Morison’s Haven around 1698. Turnbull 

(2001) gives a full account of the plentiful documentary evidence for the ownership, 

management, glass workers and numerous legal disputes related to this furnace between 

1698 and 1727, which changed ownership a number of times. Daniel Tittery, a glass 

maker from Newcastle, was initially employed to take on the task of producing broad 

window glass as well as bottles. The production of plate and ‘mirror’ glass was also 

attempted, although the main product of the furnace was thought to be bottles (Cressey et 

al., 2012).  
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Recent chemical characterisation of glass waste from Morison’s Haven from a furnace 

thought to date from the 1698-1727 activity, found two types of glass neither of which 

corresponded to the composition of bottles (Spencer et al., 2018a). The first was a glass 

made from a soda rich flux and a high-quality sand with low impurities. This could have 

been used to make plate glass or vessels. There is a reference to the supply of tumblers to 

the Laird of Prestongrange in 1707 (WRH AC9/186/3 Admiralty Court Records). The 

second type of glass waste was of a mixed alkali glass partially fluxed with kelp which is 

most typical of window glass dated to the early 18th century.  

 

 Port Seton 

 

By 1727 a glass works was in operation at Port Seton just a couple of miles east along the 

coast from Morison’s Haven. This is likely to have been in operation earlier in the 1720’s, 

but no records survive before William Adam a noted architect, coal owner and 

entrepreneur took over the lease in 1728. This furnace definitely made window glass with 

an invoice surviving, dating to 1730, which records the sale of window glass to Sir John 

Clerk of Penicuik. The glass house would have provided a market for coal from mines 

around the Tranent and Winton Estates, while the window glass produced could have 

furnished Adam’s architectural commissions, which included numerous homes for 

wealthy Scottish landlords.  

 

The co-partners involved in the Port Seton glass house seem to have attempted to form a 

monopoly on the Scottish kelp market in a bid to rival the long-established window glass 

works at Newcastle. However, a letter written by Patrick Grant in 1731, who was 

responsible for the day to day running of the furnaces showed that the operation was in 

debt and unable to sell their products (NAS GD 346/765/3). Competition from Newcastle 

and low local demand for the glass meant that the ‘poor quality’ window glass was unable 

to be sold and was being stockpiled.  Turnbull suggests that although the profit margin 

on the production of window glass was higher, there was still relatively little market for 

it in Scotland and much of it needed to be exported. There appear to have been problems 

with poor quality local raw materials with both sand and coal from Tranent not being of 

the quality used at Newcastle. In addition, there appears to have been a problem with the 

production of the crucibles or pots which were also made from local clay. It was suggested 

that clay was purchased from Felton in Northumberland which was the main source for 

the clay to make the pots at Newcastle and had also been used and approved at Leith. 
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Therefore, although the production of bottles may have continued as late as 1742, it 

appears that window glass production at Port Seton ceased by 1735. 

 

4.3 Seventeenth & Eighteenth Century English window glass manufacture 

 

Following the technological breakthrough of using coal as the main fuel for furnaces, it 

appears that setting up successful window glass furnaces was more problematic than 

furnaces for bottles and cheap vessels in England. 

 

Shortly after 1615, Mansell set up a window glass furnace at Wollaton which lay on the 

River Trent in Nottinghamshire. This provided direct water routes to Hull and thus the 

North Sea by which glass could not only be taken to the prime market of London but also 

north (Noble, 2016). In April 1617 the Glaziers Company in London complained about 

the lack of window glass available on the market in England (Noble 2016). Mansell 

claimed to have nine further window glass furnaces in operation by 1624, including 

Stourbridge and Coventry, while in London a number of window glass furnaces were set 

up with mixed success (Noble, 2016).  

 

In 1696, John Houghton made a list of glass manufacturing sites in England (Table 4). Of 

eighty-eight furnace sites, twenty-one are recorded as being specifically for window 

glass. It is unlikely that it is a full record of all furnaces in operation, for example the 

archaeological and historical evidence for South Yorkshire suggests there was much more 

activity in this region than recorded by Houghton (Willmott, 2005). 
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Location County Number of window glass 

furnaces 

London/Southwark  4 (crown) 

Woolwich Kent 1 (crown) 

Chellwood Somersetshire 1 

Oaken Gate Shropshire 1 

Stourbridge Worcestershire 7 

Newcastle upon Tyne Northumberland 6 

Warrington Lancashire 1 

 

Table 4 John Houghton’s list of window glass furnaces, England 1696 Adapted from Wilmott/Hartshorne.  

 

As in Scotland, many of these furnaces may have been short-lived. The site at Woolwich 

for instance operational in 1696 had ceased by 1702 (Noble, 1976). A description of 

window glass produced in area was given in the Complete Builders Guide 1703… “This 

sort of glass is of a kind of an ash colour it is the glass that is most used here in England, 

but tis subject to have spots and blemishes and streaks in it and it is very often warped or 

crooked” (Defoe, 1726).  

 

 North -East England 

 

The development of the window glass industry in the North East of England is of 

particular interest to the study of window glass in Scotland. English window glass 

imported to Scotland during the late 17th and early 18th centuries is most likely to have 

come from Newcastle, along the East coast shipping route. Coal from South East Scotland 

was shipped to Newcastle to fire the furnaces and it is likely that glass came back in 

return, when an import ban was not in place.  

 

Newcastle upon Tyne with its abundant supply of coal was a successful location for 

Robert Mansell and Henzey/Henezell family in trying to set up a window glass business 

to supply London (Noble, 2016). The first furnaces were in operation around 1617 and 

continued through to around 1635. At times there were skill shortages caused by 

outbreaks of the plague, but by the end of the first quarter of the 17th century window 
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glass production was prodigious with ‘3000-4000 cases as year’ being shipped to London 

using the same sea trade routes that were used to ship far greater quantities of coal. It is 

during this period that the fledgling Scottish glass industry was becoming established. 

However, there were continual complaints in London about the quality of window glass 

from Newcastle. The Glaziers Company of London complained about the ‘badness and 

scarcity of the glass’ (Noble 2016). The sheets were too small, and the glass was brittle. 

In 1640 the Scots invaded Newcastle for ten months and it is recorded that the workmen 

fled, and glass production was halted at the three broad glass furnaces in operation. By 

August 1642, the Civil War had begun, and the Scots once again attacked Newcastle in 

1644, laying it under siege for ten weeks and causing significant damage. 

 

It is recorded in 1649 that at Ouse Burn plain glass for windows is made ‘which serveth 

most parts of the Kingdom’. Fifty years later a total of eleven glass furnaces were 

operational in the Newcastle region of which six were window glass furnaces (Ross, 

1982). In 1736,  105 chests of window glass were recorded as being imported to Scotland 

from Newcastle (Turnbull, 2001).  

 

4.4 Summary 

 

In summary, although window glass was being produced in Scotland from around 1610, 

the manufacture and supply of glass fluctuated throughout the 17th and early 18th 

centuries. The fledgling industry was supported by the ban on imports of window glass, 

and Scottish window glass was made along the East Lothian coast at a number of sites. 

While bottle production appears to have continued in Scotland throughout the century 

there is a lack of evidence for the continued production of window glass during the 17th 

century although there are documentary records mentioning window glass production 

sporadically from the mid 1620’s until the 1670’s. During this period, the majority of 

window glass was probably imported from England and the continent.  However, by the 

end of the 17th century window glass was again being made at both Leith and Morisons 

Haven and then at Port Seton from 1728. Window glass does not appear to have been 

made at more than three Scottish furnaces at the same time prior to 1750. 

 

Following the Act of Union in 1707, window glass could be freely imported from England 

without taxation or import limits. Glass came most commonly from Newcastle and 

London, and from the records, there are fewer imports from the continent.  However, the 
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quality of Scottish window glass does not appear to have matched that from England and 

for the most prestigious buildings glass appears to have been ordered especially from 

Newcastle or London.   
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5 Critical analysis of scientific characterisation of glass 

 

The scientific study of window glass can be used to enrich the documentary, historical 

and archaeological evidence for glass manufacture and technology in the medieval and 

post-medieval period. The elemental composition of the glass may provide evidence 

missing from the historical sources – for example the provenance of raw materials and 

the technology required to produce the glass as well as evidence of where the glass was 

made or markers of recycling and reuse. This can lead to inferences about the 

procurement, supply, trade and exchange of raw materials, raw glass and finished 

artefacts which in turn can tell us much about the social, economic and interregional 

relationships of the period. 

 

5.1 Methods of scientific analysis  

 

 

Some of the earliest glass characterisation experiments were carried out by W.E.S. Turner 

(1956) followed by Sayre and Smith (1961) who analysed twenty-six elements in glass 

from Europe, Western Asia and Africa from the 15th century BC to the 12th century AD 

using Optical Emission Spectroscopy (OES), flame photometry and colorimetry. Five 

distinct groups of glass composition were identified, by comparing the mean 

concentrations of the oxides of magnesium, potassium, manganese, antimony and lead. 

 

In subsequent years numerous other analytical techniques have been used to characterise 

glass elemental and oxide compositions including Neutron Activation analysis (Perkins 

et al., 1972), Flame Atomic Absorption Spectroscopy (AAS) (Tennent et al., 1984) 

Inductively Coupled Plasma Spectroscopy (ICP) (Heyworth, 1991) and Inductively 

Coupled Plasma Optical Emission Spectroscopy (Jackson, 1987). 

 

Further techniques such as Optical and Electron Paramagnetic Resonance Spectrometry 

(EPR) and Mossbauer Spectroscopy have also been used to study the oxidation states of 

the elements within the glass, of particular use to investigate the chemistry of the 

colouration of the glass and the redox furnace conditions. The ratio of the iron and sulphur 

ions, were identified in glass from Jalame which were responsible for the colours, from 

aqua blue through to olive green, found in glass of similar bulk composition (Brill, 1988). 

EPR and Electron Probe Micro Analysis (EPMA) were combined to investigate both the 
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chemical composition and the oxidation states of the transition ions in coloured medieval 

window panes from the Pavian Carthusian Monastery, Italy (Azzoni et al., 2005). XANES 

and micro-XANES have been used to identify the ionic form of elements in glass  

(Quartieri et al., 2005, Cagno et al., 2011). 

 

X-ray diffraction techniques which identify mineral and crystalline compounds have been 

used for the characterisation of glass production indicators such as crucibles, furnaces, 

and un-melted particles within the glassy matrix. More recently micro-diffraction 

techniques have been used (Casellato et al., 2003) and electron backscatter XRD was used 

to investigate both window glass and grisaille paint (Peruzzo et al., 2011). A portable 

XRD machine has also recently been trialled on characterising medieval stained glass 

corrosion (Posedi, 2017).  

 

Various spectroscopic techniques have been applied to glass analysis.  Raman 

spectroscopy is useful for analysing glass colourants and opacifiers particularly when 

colouring elements and crystals are present in very small concentrations. The technique 

is rapid, non-destructive and has a high spatial resolution which allow for a range of 

sample sizes to be studied  (Gedzeviciute et al., 2009). The technique has also been used 

to study glass corrosion processes (Robinet et al., 2005). Development of portable 

equipment has meant that some of these techniques can be used for collections in historic 

buildings for in situ analysis of stained glass (Orlando et al., 1996).  

 

The most common techniques to characterise the composition of glass in the literature 

use both a microscopic visual inspection with an x-ray spectroscopic technique such as 

Scanning Electron Microscopy coupled with Energy Dispersive X-ray Fluorescence 

(SEM-EDS), Scanning Electron Microscopy coupled with Wavelength Dispersive X-ray 

Fluorescence (SEM-WDS) and Electron-probe micro-analysis (EPMA). These 

techniques require some sample preparation usually mounting of cross section samples in 

blocks of resin which are then polished and coated in a conductive material. They can 

provide semi-quantitative or quantitative analysis of major and minor elements depending 

on the machines, software and calibration techniques used.  

 

Techniques also now allow for the quantitative identification of trace elements, including 

rare earth elements with minimal sampling, with Laser Ablated - Inductively Coupled 
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Plasma - Mass Spectroscopy (LA-ICP-MS) showing most promise in recent years for 

trace and rare earth element analysis (Cagno et al., 2016). Transmission Election 

Spectroscopy (Salviulo et al., 2004) and the combined use of particle induced x-ray 

emission (PIXE) and particle induced gamma Emission (PIGE) have also been used to 

characterise glass (Carmona et al., 2010).  Isotopic analysis of a combination of elements 

including neodymium, oxygen and strontium, is a useful new tool that can be used to 

provenance the raw materials used in the manufacture of glass (Degryse et al., 2010a, 

Brems et al., 2013a, Lobo et al., 2014, Henderson et al., 2015).  

 

Static or Time of Flight Secondary Ion Mass spectroscopy (SIMS and TIMS) is capable 

of analysing both organic and inorganic compounds. A sample can be studied and viewed 

as a micrograph, similar to SEM-EDX, but as well as elemental mapping, the technique 

can also map compounds such as carbonates and chlorides giving molecular information 

similar to XRD analysis which is not possible using normal SEM analysis. This has been 

used to study corrosion pathways and salt formation on the surface of glass artefacts 

(Fearn et al., 2006) and to study opacifying agents in bronze age blue glass (Duckworth 

et al., 2012).   

 

Often a combination of techniques is preferred, with one method suitable for major and 

minor elements with other methods used to identify trace elements or isotopes or 

investigate the oxidation states of chemical species.  

 

The methods used for the analysis of glass in this thesis (SEM-EDX, p-XRF, LA-ICP-

MS) will be discussed in detail in chapter 8. 

 

5.2 Information provided by scientific analysis 

 

Henderson (2013a) identified five main questions that the chemical composition of 

window glass may be used to address: 

• The identification of the different raw materials  

• The provenance of the place of glass manufacture 

• The technology and changes in technology over time used to make the glass 

• The patterns and routes that glass was traded and how these changed 

• Corrosion and Conservation Studies of glass  



   

 

58 

 

In addition to these five areas, compositional studies can also be used to enhance 

information already known from the industrial and archaeology evidence and show how 

the archaeological record compares to written historical sources. For example, a number 

of authors have studied the writings of Theophilus to determine how comparable the 

recipes that he prescribed are with the composition of glass that is found from the 

medieval period (Freestone, 1992).  

 

Compositional analysis can also be used to confirm typological categorisations. 

Elemental analysis of shards of glass from vessels of  similar typological forms from late-

medieval Lincoln (and assumed to be made in the same location), showed that there were 

actually two types, one produced in England and one in the Low Countries from different 

raw materials (Bayley, 2008). 

 

 Raw materials 

 

Chemical analysis of glass may be able to determine the type of raw materials, for 

example if the silica came from coastal sands or riverine pebbles (Bianchin et al., 2005b); 

whether the alkalis came from mineral natron, sodium rich plants or potassium rich plant 

sources (Sayre and Smith, 1961), if other ingredients such as modifiers, colourants or 

decolourants  were added (Gliozzo, 2017) or if glass was heavily recycled (Freestone, 

2015).  

 

The proportion and correlations of trace elements related to impurities in sand, 

particularly iron, titanium and zirconium, has been used to differentiate between sand 

sources. Levels of aluminium oxide below 1% for instance show that the silica source 

was very pure and most likely to have been crushed quartz rather than sand (Shortland 

and Eremin, 2006).  

 

Changes in raw materials may have been driven by technological advances to improve 

the quality or quantity of the glass produced or may have been enforced by the 

unavailability of the usual resources. For example, the study of the decline in the use of 

natron glass in the first millennium AD has pointed to considerable upheaval in the 

Egyptian and Mediterranean region at that time (Shortland et al., 2006).  
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When considering medieval ‘forest’ glasses, certain elements have been considered 

markers for different species of wood or other types vegetation used as the alkali flux. 

The elemental composition of the plant ashes will be influenced by the type of plant, the 

time of the year the plants were picked, the geology of the region and the different parts 

of the plant (Jackson et al., 2005). It has been suggested that the use of beech ash 

contributes to increased levels of manganese as well as increased levels of the trace 

elements rubidium, strontium, zinc, copper and nickel in the final glass composition 

(Wedephol and Simon, 2010). High levels of phosphorus and magnesium oxides are 

thought to be due to the use of bracken and ferns as an ash source (Wedepohl, 2010).  

 

It is not clear how far the compositional differences in the window glass are down to 

deliberate choices and recipe selection by the glass manufacturers or how much is down 

to unconscious selection of materials available during different seasons or simply using 

what was available locally. Whilst the chemical composition of plants can change from 

year to year it is thought that the melting process may cause a homogenising effect and 

this annual difference is less noticeable in the final composition (Jackson et al., 2005).  

 

The choice to use different plants and trees in different regions may be because they made 

better quality glass, or because they were cheaper and more readily available.  Wedepohl 

and Simon (2010) suggest for instance that the preferred source of alkali ashes in German 

glass houses - birch trunks - were replaced with bark and twigs and other plants like fern 

and bracken as this resource became limited.  

 

Along with identifying where the raw materials come from chemical analysis may also 

provide evidence for how they were extracted and prepared (Bianchin et al., 2005b). The 

preparation and use of potash (prepared by leaching wood-ash and evaporating the 

extract), rather than wood-ash as an alkali source was identified by low levels of 

phosphorus in late medieval German glass and this was replicated in experimental glass 

manufacture (Stern and Gerber, 2004). They contended that the presence of rubidium and 

the absence of strontium suggested the use of ‘potash’ rather than potassium rich ash. 

During the purification of the potassium rich plant ashes, the strontium, being insoluble, 

did not become part of the ‘potash’ solution. 
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Many authors disagree as to how far the differing compositions are caused by deliberate 

regional and chronological recipe changes or by the lack of control of raw materials and 

furnace conditions. As well summarised by Jackson et al. (2005) ‘It is difficult for the 

archaeologist to determine from compositional data whether the groups formed, such as 

those that are site- or region- specific are due primarily to raw material variability, or 

the choice of specific raw materials and manipulation by the glassmaker, or a 

combination of both.’  

 

 Technology 

 

Scientific study of the glass can also shed light on technical aspects of production such as 

furnace conditions. 

 

Mossbauer spectroscopy has been used to identify the oxidation states of iron which can 

point to the redox conditions of a furnace (Bianchin et al., 2005a, Longworth et al., 1982).  

XANES studies of the oxidation states of manganese and iron from glass waste from an 

early medieval Italian glass house showed how the reducing and oxidising conditions in 

the furnace were used to control the colour of the glass along with the addition of 

manganese (Quartieri et al., 2005). A range of techniques were used to investigate the 

technology of the production of multi-layered red window glass from the medieval period 

(Kunicki-Goldfinger et al., 2014b).  

 

There has been a growing understanding of the wealth of information that can be obtained 

by scientifically characterising the production indicators, such as frits, glass drops, 

‘stones’ the kiln fabric and the crucibles. Scientific study of these can provide information 

on how the furnaces were operated. A cross disciplinary approach was used by Casellato 

et al. (2003) and  to study 14th -16th century glass working sites in the Florence region of 

Italy. This work and following studies (Bianchin et al., 2005a, Brianese et al., 2005, Fenzi, 

2006) utilised a suite of analytical techniques to characterise glass working waste, 

crucibles and cullet and compare with local raw materials of sands and river pebbles. 

They were able to determine what were the crucibles were made from and how were they 

prepared for glass manufacture. A potential problem is contamination of the glass from 

trace and REE elements present in the crucibles used to melt the glass (Dungworth, 2008). 

If the crucibles are made from raw materials in a similar location to the geology of the 

raw glass making materials then this is less problematic, but the possibility of crucibles 
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being made from clay from a very different geological region to the glass raw materials 

could affect the interpretation of the results. 

 

The change in glass compositions can shed light on how workshops were organised and 

show examples of industrial specialization. For example, Venetian glass vessels have 

been shown by analysis to have a unique composition. The subsequent development of 

recipes to emulate the appearance and quality of these vessels can be seen to spread across 

Western Europe (De Raedt et al., 2001, Šmit et al., 2004). 

 

Recycling of glass needs to be considered when interpreting compositional data. If high 

quantities of cullet are used in a melt, then the composition of the cullet may mask that 

of the raw materials. Repeated recycling of glass can be detected by looking at the 

amounts of certain additives (e.g. cobalt, copper, zinc, antimony, lead). When these are 

present at levels above those associated with the occurrence of natural impurities 

(100ppm), but below levels that suggest their intentional addition (1000ppm), it is 

assumed they derive from the recycling of earlier glass, as in the case of ‘colourless’ 

Roman glass found in Britain (Foster and Jackson, 2009).  

 

 Provenance studies 

 

The ultimate aim of much glass analysis is to be able to match the composition of a 

finished piece of glass to the composition of glass waste found at a manufacturing site to 

establish a connection. However, human-made glasses are produced from a range of raw 

materials from numerous sources and determining the provenance of glass artefacts 

becomes much more complicated than determining the provenance of a natural glass like 

obsidian (Gratuze et al., 2001). Purification and processing of the raw materials, different 

recipes and mixtures of materials, recycling of products and the change in the furnace 

temperature and redox conditions would all affect the final composition of the glass. In 

many cases provenance studies are better at working out where artefacts were not 

produced by showing negative correlation between glass artefacts and glass production 

waste. (Meeks 2011).   

 

Provenancing the source of cobalt ores used to make blue glass has been successful. 

Cobalt was known to be mined from specific sites at certain points in time and the trace 
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element signatures of these ores can be compared with trace element concentrations in 

blue glasses to provenance the ore source and thus date the glass (Gratuze et al., 1992). 

 

A more sophisticated tool for provenance studies is isotope analysis. Isotopic techniques 

in glass studies have concentrated on analysing lead, strontium, oxygen and neodymium 

isotopes. Neodymium isotopes (143Nd/144Nd) are associated with impurities in the sand. 

Pure quartz does not contain neodymium; however, it is present in most sands as an 

impurity. The isotope signature changes over geological time, so the older rocks have a 

higher ratio. In some regions such as the Middle East the neodymium ratios may be 

similar over a large area – desert sands for instance, but in other more geological varied 

regions, relatively large distinctions may be found. The ratio of strontium isotopes 

(87Sr/86Sr) is thought to be indicative of the biosphere that the plants grow in that produce 

plant ash. For example, plants from a marine environment will have a different isotope 

ratio to inland plants. The isotopic signatures for raw materials from different regions 

needs to be significantly different from each other but the varied geology of the UK for 

example, means that strontium isotope difference in plants can be identified in different 

regions (Meek et al., 2012). Both strontium and neodymium isotopic ratios were used by 

Meek (2011) to show that there are different isotope signatures for glass produce in the 

Weald and glass produce in Staffordshire in the later medieval period (1300-1615 AD).  

 

 Trade 

 

With knowledge from compositional analysis about where items were originally made 

and where objects travelled to, inferences can then be made about trade in both the raw 

materials and the glass itself. Changes in the composition of glass may indicate a change 

in the political or environmental environment and an understanding of the fluctuations of 

the transportation and trade of raw and finished glass can add to understanding of 

connectivity of different regions and of the ancient economy (Rehren and Freestone, 

2015).  

 

The major and trace element pattern of raw blue glass ingots found on the Bronze Age 

Uluburun shipwreck found in the ship wreck off the coast of Turkey showed that that they 

had been made in Egypt and were being transport as ‘raw glass’ across the Mediterranean 

Sea (Jackson and Nicholson, 2010). Similarly, the composition of some finished 

Mycenaean vessels were also found to be of ‘Egyptian composition’ with the conclusion 



   

 

63 

 

being that raw glass made in Egypt was transported widely across the Mediterranean 

region at that time, with vessels being made rom the glass in Mycenae.  

 

 Considerations of compositional analysis 

 

There are many considerations when carrying out the scientific analysis of glass to ensure 

that data truly reflects the original glass composition. The choice of method and the 

understanding of the accuracy and precision of the equipment being used to characterise 

the glass is critical.  

 

The characteristics of the burial environment and the original composition of the glass 

will determine which types of glass survive in the archaeological record. What survives, 

by its inherent characteristics, may not be typical of the overall assemblage. The surface 

chemistry of glass is affected by alteration and corrosion over time. This may be due to 

degradation in the ground for archaeological samples, due to weathering for window glass 

in buildings, and to corrosion for relatively recent vessels which can be subject to 

phenomena such as crizzling and weeping, where an inherently unstable glass 

composition degrades due to leaching of alkali ions from the surface of the glass due to  

fluctuating and inappropriate environmental conditions (Robinet et al., 2005). Therefore, 

the surface of the glass sample may not represent the original composition and many 

techniques are reliant on destructive sampling to expose unaltered glass for analysis.   

 

Caen (2010) states that a ‘major drawback’ is that most studies of stained-glass windows 

are ‘small case studies scattered over a broad timeframe’. Only a relatively small sample 

size from one site can ever be analysed. The surface area of shards analysed at St Jeans 

de Soissons, would only produce a 1.6m2 window, for instance, which would be a very 

tiny proportion of the overall quantity of glass in the cathedral (Brill and Pongracz, 

2004b).  

 

Despite the majority of glass in windows and found archaeologically being ‘white’ or 

colourless glass, there have been more analyses of coloured glasses been carried out. For 

example the large number of analyses carried out by Brill (1999). This is likely to be in 

part due to interest in the technology used to make coloured glass. A number of authors 

such as Müller et al. (1994) analysed a higher proportion of blue glasses than statistically 

present in the windows as they were in ‘an excellent preservation state’. However, this 
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may place greater emphasis on the coloured glasses which may have been the niche, more 

luxury production rather than the much larger scale white glass production.  

 

Due consideration also needs to be given when analysing glass waste. It may not be clear 

at which point of the production process this was formed – at the fritting stage, at the final 

melt or during the production of objects and windows. The composition of the glass melt 

may change at each of these stages and only the composition of the final glass melt will 

be directly comparable with the finished glass products.  It may be that glass waste found 

at manufacturing sites are rejects and the composition is not reflective of the normal 

quality glass produced there. For example at Hils in Germany a wide range of 

compositions were identified as being ‘failed attempts’ and not representative of the 

composition of glass objects produced there (Wedepohl, 2000). It should also be 

remembered that glass found at some manufacturing sites may be cullet brought to the 

site for re-melting but not made on the site.  

 

It is important to be aware of inhomogeneity in the glass melt when analysing glass 

compositions – particularly when some techniques only require a very small sample size 

for analysis. There is the risk that an area of inhomogeneity will be chosen for analysis 

and not be a true representation of the overall composition. This can be overcome in 

techniques such as SEM-EDX where imaging in back scattered mode can provide a visual 

assessment of the homogeneity of the melt, and an area chosen for analysis without 

unusual particles present for instance (Welham, 2001).  

 

An attempt to assess the compositional variation within a single pane of 13th century 

window glass by sampling three corners of a triangular pane and comparing the results, 

was made by Schalm et al. (2010). At distances between 0.2 cm and 10 cm there were 

‘gradual compositional changes’ however statistical cluster modelling showed that it 

could be concluded that the glass from these three corners came from the same pane.   
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5.3 Summary 

 

In summary, while it is essential to give careful consideration to the data and take into 

account all the caveats which may affect the analysed composition of the glass, it is 

possible to make valuable conclusions about the raw materials, industrial processes, 

provenance of manufacture and trading patterns by the careful interpretation of scientific 

analysis of glass. 
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6 Compositional analysis of medieval and post medieval window glass. 

 

The following sections critically discuss previous work to chemically characterise 

medieval and post medieval window glass from Northern Europe and England. This sets 

the context for the analysis carried out for this current research and a baseline from 

which to compare the results to the analysis of the Scottish samples. 

 

6.1 Analysis of Northern European medieval window glass 

 

European Medieval window glass, found in both archaeological contexts and in situ, has 

been subject to chemical characterisation from sites in England (Brill, 1999, Freestone et 

al., 2010, Gillies and Cox, 1988), Ireland, Hungary (Kunicki-Goldfinger et al., 2012), 

Czechoslovakia (Sedláčková et al., 2014), Belgium (Schalm et al., 2007), France (Barrera 

and Velde, 1989, Brill and Pongracz, 2004b), the Netherlands (Janssens et al., 1998), 

Germany (Wedepohl and Simon, 2010), Spain (Rauret et al., 1989), Finland (Kuisma-

Kursula and Raisanen, 1999b), Moldova (Cílová and Woitsch, 2012), Italy (Orlando et 

al., 1996) and Iceland (Curry and Rehren, 2016).   

 

This body of work has added to our knowledge of the production and use of window glass 

across Europe.  

 

Raw Materials and technology 

 

 Colours 
 

The earliest analysis of medieval window glass concentrated on the identification of glass 

recipes and in particular the colourants that were added.  

 

Blue 

 

Cobalt was identified as the main colouring agent of the blue glass (Hedges and Newton, 

1974) and the origin of the cobalt used to colour blue glass has been studied by a number 

of authors (Gratuze et al., 1995, Machado et al., 2017, Smirniou and Rehren, 2013). Trace 

element analysis has been used to differentiate cobalt ores sources from Egypt, Iran and 

Germany. Lead isotope analysis carried out on blue glass from 7th century 

Monkwearmouth were found to have a similar signature to 12th century blue window glass 

from Chartres and York cathedrals (Brill, 1999). This showed that the cobalt originated 
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from the same ore source over this large time period. Positive correlation between the 

lead, zinc and cobalt point to the cobalt ores being mined from the same source as glass 

produced in 9th-10th century Iran. Cobalt ores from the same geological source were traded 

across great distances and highly valued. It was not until 1168 AD that a cobalt ore source 

started to be exploited in Erzgebirg, Freiburg. This is identifiable chemically by having a 

combination of higher arsenic levels as well as significant indium and nickel (Gratuze et 

al 1996).  Prior to this blue window glasses were still being made from a soda rich recipe 

while other colours were being made from potassium rich recipes (Cox and Gillies, 1986). 

 

Red 

 

Window glass made entirely from red glass would be totally opaque as the nanoparticles 

of metallic copper, which create the red colour, also prevent the transition of light. 

Therefore, to produce a transparent glass, a more innovative method was needed. Early 

attempts to produce a transparent red coloured glass have been seen at sites such as at 

Jarrow (Cramp, 2005) and Müstair (Goll, 2001) and comprise of red swirls running 

through a ‘white’ glass.   

 

By the high medieval period a technique had been developed to make a transparent red 

glass with a thick layer of white glass over which numerous alternating thin layers of red 

and ‘white’ glass were added as can be seen in a micrograph of a glass sample from Elgin 

Cathedral (figure 12). Spitzer-Aronson (1975) studied a red glass from York Minster and 

found the red zone contained 16 bands of alternating red and white glass each with a 

width of between 5-70µm. The bands were parallel to the surface which she suggested 

meant that the glass was manufactured by the cylinder process, rather than the crown 

process which should have led to more wavy layers. The glass was of the potash type, 

with almost constant potassium, iron, manganese, titanium and sodium oxide content 

across the glass indicating that the clear glass and the red glass were of the same 

composition, with the only analytical difference appeared to be the addition of copper, 

zinc and tin in the red layers of the glass. Analysis by EPMA and optical microscopy 

(Spitzer-Aronson, 1986) showed that variations in zinc and tin are much sharper than 

copper across the layers, meaning that the copper diffuses more easily between the 

neighbouring layers. The glass analysed from York Minster is distinctive in having copper 

associated with both zinc and tin, suggesting the use of brass as the source of the copper.  
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More recent analysis of this multi-layered red glass has put forward a mechanism for 

production (Kunicki-Goldfinger et al., 2014c). Their conclusion is that a base colourless 

glass was made, and this was split into two batches. One of these batches was then 

coloured with copper by the addition of brass or tin filings. At this point the glass melt is 

coloured blue. Then the two batches of clear and blue glass are mixed together by 

swirling, before a single gather being taken. This single gather is then blown to produce 

a sheet of glass – which at this point does not appear to be red. The sheet glass is then 

annealed, or heat treated to a temperature where a change takes place from blue to red. It 

was noted that while the copper concentration varied in smooth lines – showing some 

diffusion of copper from the ‘red’ glass into the white glass, that the concentration of zinc 

and tin was much more abrupt – showing little diffusion between the layers. The copper 

particles in the glass moved from the ‘blue’ glass areas into the ‘white’ glass and it is the 

glass that once was white that now turns red due to the precipitation of copper 

nanoparticles. These nanoparticles have been observed in Back Scattered Electron images 

as bright dots at the intersection between the colourless and red glass layers (Kunicki-

Figure 12 Micrograph of a red glass sample from Elgin Cathedral showing the multi-layered red and white glass 

2mm 
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Goldfinger et al., 2014b).  It is likely that a small number of glass making sites had a 

monopoly on the manufacture of this type of glass. 

 

The technology to produce transparent red glass appears to have changed over time. The 

development of what is most commonly known as ‘flashed glass’ - where the a thick layer 

of white glass has a single thin layer of copper coloured red glass over it, appears to be a 

later technology developing in the 14th or early 15th century (Kunicki-Goldfinger et al., 

2014c). Glass of this structure generally has a higher lime and lower magnesia 

composition and this composition was also found with six types of ‘flashed’ glass 

analysed from Belgium (Caen, 2010). Here the number of red and white layers were 

reduced with only a single red layer sandwiched between two white layers.  Both the base 

composition of the white and coloured glasses were similar and it is likely that a single 

glass melt was split into two parts and the colouring agent added to one of these parts, 

before both parts being used to create the window glass.   

 

Pink  

 

Manganese was first identified as the main colourant in pink glass analysed from York 

Minster (Hedges and Newton, 1974). It was also noticed that the pink glasses had a 

significantly different bulk glass composition to the green glasses with a different 

potassium and calcium ratio. It was therefore suggested that these different coloured 

glasses may have been made in different manufacturing regions or to different recipes. 

 

 Raw Materials  
 

Individual elements have been investigated as potential indicators for recipe changes and 

regions of manufacture.   

 

Barium 

One group of window glass, stylistically dated to the mid 13th century, from Beverley, 

West Yorkshire was characterised as being rich in potassium, magnesium and phosphorus 

oxides (Henderson, 1996). An unusual feature was a high barium oxide concentration of 

0.4 - 0.8% which appeared to be in correlation with high manganese oxide levels. A blue 

glass had the highest barium oxide levels which may in fact be associated with the cobalt 

ore. However, barium has been shown to be correlated with strontium and thus in part 
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related to the calcium component of the glass (Wedephol and Simon, 2010). Work by 

Hartmann (1994) has also shown that oak ash contains around five times the amount of 

barium compared to beech ash, so high barium may be indicative of the type of wood ash. 

Unfortunately, barium is often only present near the detection limits of analytical 

equipment and has not always been reported in published glass analyses. However, it is 

now able to be measured to greater precision and accuracy by techniques such as PIXE 

and LA-ICP-MS and better interpretation of trace elements such as barium may be 

possible.  

 

Manganese 

The levels of manganese oxide vary greatly in medieval glass, but it is not always clear 

whether high levels mean it was added deliberately as a decolourant or simply present as 

it was enriched in the type of plant ash used. Brill (1999) suggests that manganse as levels 

greater than 0.2% is likely to have been intentionally while Caen (2010) suggests it was 

intentionally added where levels were higher than 0.5-1.0%.  However, manganese is 

present in wood ash naturally up to concentrations of 1.5% and this suggests that 

manganese would not be needed to be added as an extra ingredient. The fact that 

manganese concentrations in both coloured and white glass shows no significant 

difference also suggests that manganese was not added to the clear ‘white’ glass as would 

be expected if it was being added to deliberately decolourise white glass.  

 

Potash 

Another area of investigation is the extent to which raw materials were prepared or 

purified before the glass making process. Potassium rich ‘potash’ may have been 

extracted out of  beech wood ash and then added back into the mix to deliberately increase 

the potassium content and remove impurities, like manganese and iron, from the ash 

(Stern and Gerber, 2004, Cílová and Woitsch, 2012) and this technology of extracting 

potash from the whole plant ash may have been a ‘significant refinement process’ in the 

production of medieval glass (Stern and Gerber, 2009). However, other authors have 

dismissed this in part as there is no historical evidence for this production method for 

glass production (Verità, 2005), although potash itself was documented as being made for 

soap production, in the medieval period. The absence of strontium and presence of 

rubidium has been taken to indicate the use of potash rather than ash (Šmit et al., 2000) 

while the presence of strontium in the 500 -1000 ppm range is likely to indicate that ash, 
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rather than potash, was the main flux. The presence of both strontium and rubidium may 

point to the use of a combination of alkali sources, which may have not been uncommon 

in North European glass works (De Francesco et al., 2014). 

 

The use of potash indeed may have been an central European innovation as described in 

Bohemian regions by Cílová and Woitsch (2012). However, the calcium would also be 

much reduced and this leads to the suggestion that additional lime would need to be added 

to glasses made from potash.  

 

Magnesium and Phosphorous 

Late medieval glass from England and France often contains distinctly higher 

concentrations of magnesium and phosphorus oxides than that produced in Germany 

(Wedephol, 2003). The difference in their composition can be explained by the use of 

fern ash as a substitute for wood ash as hardwoods were not as readily available for glass 

making in England and France. Data on composition of experimental fern ash glasses are 

reported by Smedley and Jackson (2006). 

 

Chlorine 

There is also evidence of the intentional addition of sodium chloride salts in German 

manufactured glass in the later Medieval period due to a correlated increase in sodium 

and chlorine (Gerth et al., 1998). The use of salt in high lime low alkali (HLLA) glass has 

also been suggested (Schalm et al., 2003, Caen, 2010).  

 

 

 Regional compositions and provenance 

 

Provenancing the location of manufacture of window glass has been a key aim of many 

previous analytical studies. A key question for this current work is to try and find out 

where window glass used in Scotland was made and what this can tell us about trade and 

economics during the period. 

 

Glass was known to be made in a number of regions of Europe between the 12th and 16th 

centuries (figure 13). This includes regions of England, such as the Weald (Clark, 2007) 

and Staffordshire (Meek et al., 2012) France, where Normandy and Lorraine are the most 
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recognised glass making regions (Clark, 1931, Crossley, 1994), Belgium (Caen, 2010), 

Germany (Hartmann, 1994) and Central/Eastern Europe (Cílová and Woitsch, 2012).  

 

Analytical studies of waste from glass furnace sites are particularly useful in defining 

regional glass recipes and compositions as they provide a known location comparison 

with glass found elsewhere, although it should be remembered that glass waste is not 

identical in composition to the finished product. Also useful is the analysis of glass from 

sites situated in glass making regions – for example Rouen Cathedral in Normandy (Brill 

and Stapleton, 2012) and Cologne Cathedral in Rhineland (Wedepohl, 2000). It has been 

assumed that the majority of glass used in these large buildings would have been made 

locally with smaller proportions of specialist, possibly coloured, glass imported. 

Therefore, the composition of the majority of the plain white glass is likely to reflect local 

recipes.  

 

Barrera and Velde (1989), Müller et al. (1994), Brill and Pongracz (2004b)  and Wedepohl 

and Simon (2010) amongst others have each studied 12th-15th century window glass from 

sites across France and Germany and have each developed their own classification of 

glass compositional types. These groups often overlap and a lack of a consistent 

terminology makes comparisons between the studies difficult.  

 

The lack of a ‘comprehensive library of analyses of glasses representative of those made 

in all the major manufacturing centres over a wide span of dates’ was highlighted by Brill 

and Pongracz (2004a) and they suggest it would be worthwhile for such a comprehensive 

library of analytical data to be compiled. A difficulty with assessing the literature for 

regional glass compositions and comparing new results is that authors have developed 

numerous classifications for the different groups of compositions that they have detected. 

The term ‘potash’ glass, for instance, is used throughout much of the older literature to 

describe glass that is simply rich in potassium oxides. However, more recent literature 

uses the term more specifically to mean the use of the evaporate produced by leaching 

potassium rich plant ashes and then evaporating the resulting solution – as an ingredient 

rather than simply the use of un-purified potassium rich plant ashes (Cílová and Woitsch, 

2012).  
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Figure 13 Map showing main glass manufacturing regions in North West Europe in the Middle Ages, alongside some 

of the sites where Medieval window glass has been found and analysed 

An additional challenge with analysing archaeological glass is that while the date of 

deposition may be known, the date of installation if usually unknown. Typological dating 

of painted fragments may be possible, however plain fragments usually cannot be dated, 

so in a single assemblage it is not clear if the glass is from a single glazed window of the 

same date, or from a series of glazing campaigns possibly separated by a couple of 

centuries. While variances in the glass composition are due to both the use of different 

raw materials and recipes, this could be because the glass was made in different 

geographical location and/or at a different time  (Brill and Pongracz, 2004b). Without 

clear dating of the glass fragments it is difficult to be sure if all the glass being analysed 

from a single context if contemporaneous or from a mixture of dates.  

 

It is difficult to establish if discrete chemical typologies really exist within compositions 

of medieval glasses, or if there is a broad continuum of compositions with no statistical 

clustering. Even if discrete compositions are found that may relate to a production site or 

region determining this location is difficult. There has still only been a relatively small 

sample set analysed and it is expected there would be many glass producing sites in this 

time, most of which have not been found and have no production debris for comparison. 
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It is not as simple as finding one or two glass production locations and comparing the 

composition of finished glass to determine a provenance to one of these sites.   

 

Brill and Pongracz (2004b) used cluster analysis to complare window glass from St Jean 

-Soissons with previously analysed window glass from Europe, to suggest that three 

different types of potassium rich glass came from three different regions of manufacture 

– England/Northern France, Central-Eastern France/Lorraine and Germany. They also 

conclude that the compositional types are long lived and last a number of centuries and 

therefore compositional differences of window glass between the 12th – 15th centuries are 

primarily due to the geographical region they are produced in – rather than date. Other 

authors have similarly attempted to identify regional glass production from the results of 

analytical studies.  

 

 France 
 

Barrera and Velde (1989) studied over 500 glass samples (window, vessel and furnace 

waste) from France and identified three compositional groups. Glass used in the south of 

France was high in sodium (>4%)– likely due to being made using sodium rich plants in 

the mediterranean tradition rather than wood ash. While glass made in the two other 

regions was potassium rich, there was a clear difference between glass made in North-

Western France (Normandy) and that made in Eastern France (Lorraine). This was 

confirmed by Velde (2003) who showed that glass manufactured in the north-western 

regions contained significantly higher magnesium and phosphorous (attribued to the local 

use of ferns as an alkali source) than glass made in the eastern regions. Glass from the 

North-West Cathedral of Rouen and thought to be made locally was also found to be 

higher in sodium (2-4%) which  Lagabrielle & Velde (2003) attributed to the use of salt 

to increase the fluidity.  

 

 Rhineland/Germany 
 

A further distinct region of glass manufacture identified has been that of German glass 

houses. A German glass composition was identified by Müller et al. (1994) as having a 

high CaO:K2O ratio of  >2.  Over half the samples taken from Cologne Cathedral were 

also of the high calcium type which led the authors to conclude that glass of increased 

lime composition was being made in a region close to Cologne and Oppenheim while the 
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glass with higher potassium was made in modern day France.  High calcium levels have 

also been found from glass waste excavated at German production sites such as in the 

Eichsfeld region (Hartmann, 1994).  

 

A method of dating and sequencing compositions of window glass was devised by 

Wedepohl and Simon (2010) who also studied the ratio of potassium and calcium in glass 

found in medieval and post-medieval Germany.  They found that early Medieval (1000-

1400 AD) forest glass had a typical CaO/K2O ratio of 1, early wood-lime glass a ratio of 

1.9 and developed wood-lime glass from 1400-1600 had a ratio of 3.4 showing an 

increase in the calcium percentage over time. Mixed alkali glasses of 1500 AD and later 

had a ratio of 8.8 as the potassium rich plant ashes were replaced with ashes from sodium 

rich plants.  

 

The question that has not been comprehensively answered is how the increase in calcium 

came about. Plants that grew on the coast and coastal sands are likely to have contained 

a significant amount of calcium, however some authors contend that there was not 

sufficient calcium present in inland sands or ashes of terrestrial plants so that additional 

calcium in the form of lime would have needed to have been added. Some authors believe 

it was an unintended consequence of using a greater proportion of bark, and twigs in the 

mix, as the woodlands became more intensively used (Wedepohl and Simon, 2010). Some 

trees, such as beech, are naturally higher in calcium than other types of wood like oak, so 

the regional use of certain types of trees may explain the increase. However, some authors 

attribute the much higher calcium levels to the addition of lime to the recipe with 

Hartmann (1994) suggesting a recipe of 20% limestone, 20% beech wood ash and 60% 

quartz sand in order to produce glass of the composition found in Eichsfeld.  

 

 Bohemia 
 

Analysis by Cílová and Woitsch (2012) of glass waste from the Bohemian region of 

Europe showed that glass manufactured here was characterised by higher silica content 

and lower levels of  P2O5 and Al2O3 compared to glass from the German and French 

regions. The CaO:K2O ratio of glass working waste from the 15th century Moldovan glass 

works was 0.9 – much less than the wood-ash-lime glass characterised by Wedepohl and 

Simon (2010) that was being produced in Germany during the same period.  
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 England 
 

Analysis of glass from three English cathedrals at York, Canterbury and Carlisle 

identified some differences between the composition of the glass used at each site (Gillies 

and Cox, 1988). Despite the Carlisle glass being of a much later date than Canterbury, the 

compositions were very similar to each other, while the glass from had York increased 

amounts of silicon, sodium, magnesium and phosphorus oxides but less calcium and 

aluminium oxides. A smaller group of glass from York had increased calcium oxide but 

a lower alkali and magnesia content. These different compositions were interpreted as 

different regions of manufacture, rather than a change in glass recipes over time.   

 

More recently, glass from other churches in York have been subject to analysis. Thirty 

three fragments of window glass (predominantly coloured) from the Gilbertine site of St 

Andrew’s Priory at Fishergate, York were analysed and found to be made from a wide 

range of compositions with potassium oxide ranging from 6.5 – 17.9%, calcium oxide 

from 11.1 – 22.9%, silica 45.7 – 60.1% and magnesium oxide 3.4 - 8.6% (Cox and 

Cooper, 1995). These differences are put down to the lack of control of the raw materials 

used and the likelihood that although glass makers used a recipe, they could not be 

consistent in the quantity or quality of the raw materials that were being used. They do 

not discuss the possibly origin of the glass, but state that the wide range of compositions 

are ‘typical of most of the window glass produced in Western Europe from the 12th to 14th 

century’.  

 

The identification of the use of locally manufactured as opposed to imported glass has 

been the aim of a number of authors. The chemical composition of glass and glass 

working waste from a number of English glass making sites was compared with that of 

window glass from Churches in England and France (Merchant, 1998). He remarked that 

the composition of glass from 12th century windows in Canterbury Cathedral was 

remarkably similar to 'forest glass' produced in the nearby Weald, both having a high 

potash component. Although no glass making site is known in the Weald from this early 

period it cannot be ruled out that 'white' glass was made in England at this time. Similarly, 

some ‘white’ glass from York Minster had a higher magnesia content than other glass 

analysed which was similar to the composition of glass working waste analysed from the 

glass furnace site at Knightons, in Staffordshire (Merchant, 1998). The hypothesis being 
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that the white glass may have been manufactured locally in England, possibly using ash 

from oak trees, while the coloured glass was imported from the continent.  

 

A large number of ‘white’ glass fragments found at Eynesham Abbey in Oxfordshire, 

dated to the 13th – 14th centuries, were found to be a good compositional match for forest 

glass produced at the Little Birches furnace (dated to c 1330), but it could not be ruled 

out that it originated from other undiscovered sites in England or elsewhere in Europe 

(Paynter and Doonan, 2002).  

 

Work using p-XRF to analyse the large west window at York Minster explored the 

possibility of identifying English made glass (Adlington et al., 2015, Freestone, 2014, 

Freestone et al., 2010). The elements of rubidium and strontium were used as a ‘proxy’ 

to measure the amounts of potassium and calcium respectively, which could not be 

accurately measured themselves by the p-XRF technique. The analysis identified 

different types of ‘white’ glass one of which has been tentatively identified as being 

manufactured in Staffordshire, England.  

 

Compositional and isotopic analysis on fifty six samples of raw glass from production 

sites in Staffordshire and the Weald showed no statistical differences in major and minor 

elements between the two regions, however the ratio of strontium and neodymium 

isotopes could be used to differentiate glass waste from these two regions of England 

(Meek et al., 2012). 

 

 Flanders 
 

Late Medieval stained glass from Flanders and the Duchy of Brabant (which now 

comprises parts of modern day Belgium, The Netherlands and France) has also been 

studied in depth which is of particular interest from a Scottish perspective due to the 

known trading relations between Scottish ports and the cities of Bruges and Antwerp 

(Stevenson, 1982). Over a hundred and fifty glass fragments from three different panels 

from Belgium were analysed by EPMA (Caen et al., 2006) as well as 486 fragments from 

12th – 18th centuries Belgian windows (Schalm et al., 2003). There was an evolution in 

the use of glass in Flanders from typical ‘French’ type potash glass to the use of HLLA 

glass made in Lorraine from the 14th century onwards (Caen, 2010). This was found in 

the analysis of stained glass from Antwerp and Belgium.  
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This clear innovative change occurred at the second half of the 14th century, at the heyday 

of the Burgundian Empire. Papers in the Archives Departementales de la Cote d’Or  

highlight the cheaper cost of ‘German’ window glass compared to that from the Argonne 

region in 1377 (Lagabrielle, 2005). French crown glass is described as ‘colourless, 

brilliant and expensive’ – while Lorraine glass described as being slightly coloured, dull 

and somewhat cheaper. It appears that glass made in Lorraine become cheaper being 

made using the cylinder method and cheaper raw materials (which may mean poorer 

quality sand and a mixture of alkali flux), while more expensive crown glass continued 

to be made in Normandy using high quality ingredients.  

 

By the 15th century HLLA cylinder glass, identified as being produced in the Lorraine 

region, was being used in Antwerp glass windows Caen (2010).  This was particularly 

noticeable in secular non-figurative windows with the prevalence of HLLA glass 

increasing, becoming dominant from 1490 and replacing potash glass entirely by the 

middle of the 16th century. While potassium rich glass (from Normandy) appears to have 

still been used for ecclesiastical buildings and coloured glass, HLLA glass became the 

dominant type for plain ‘white’ glass in secular buildings, from the middle of the 15th 

century. A correlation between sodium and chlorine in the HLLA glass is also seen which 

suggests that salt (sodium chloride) may have been used as a raw material. This 

correlation is not present in the potash glass. Documentary evidence from the guilds of 

glass painters in Antwerp shows the concern with maintaining the high quality of glass 

production in the area. The highest quality crown glass is documented as coming from 

North West France and was preferred for its lack of bubbles and clear colour. Glass is 

also recorded as being imported from Burgundy and Lorraine and the analysis confirms 

that from the end of the 15th century HLLA glass from these regions became more 

frequently used in the stained-glass windows.    

 

 Scotland 
 

A small number of sherds of glass from Scotland have been previously analysed. Five 

samples were analysed by Mössbauer Spectroscopy (Longworth et al., 1982) and Tennent 

et al. (1984) reported on the Atomic Absorption Spectroscopy analysis of twelve shards 

of glass from Elgin and St Andrews Cathedral. These were included in a statistical cluster 

analysis study of the elemental data from forty four shards of medieval window glass 
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from Scotland, Spain, France, Germany and England (Rauret et al., 1987). This showed 

that while Assemblages from Ulm (Germany), Avignon (France) and York (England) 

formed compact defined clusters when analysed by principle component analysis the 

Scottish samples did not form a compact group compositionally. Hierarchical clustering 

analysis confirmed the inhomogeneity of the Scottish fragments suggesting they came 

from a range of locations.  

 

Work was also undertaken at the National Museum of Scotland to analyse a total of 

eleven glass fragments from six sites by x-ray fluorescence in the 1980’s, which are 

reported on in Graves Graves (1985a).   

  

However, compared to England and the rest of Europe this is only a small sample and 

there is no published work on trace element or isotopic studies, and the need for study in 

this area is highlighted in the Scottish Archaeological Research Framework (Milek and 

Jones, 2012).  

 

 

 Reassessment of compositional data  

 

In order to understand the regional differences better, the opportunity was taken as part 

of this work to compile a data base of analytical data from a selection of previous 

published work and to reassess this combined data to identify if regional glass 

compositions could be identified.  

 

Published analyses were chosen of glass from a range of French, German and English 

sites (Wedephol and Simon, 2010, Brill, 1999, Brill and Pongracz, 2004a). All the glass 

is dated from the 12th to the end of the 14th century and the samples chosen were either 

window glass or glass waste from a furnace site. Bottle and vessel glass samples were 

excluded from this work. Due to biases of the earlier investigators there is a predominance 

of coloured glass – rather than plain white glass. This may be particularly significant for 

the English glass as coloured glass was thought to be imported at this time. 

 

A number of different methods and instruments were used by the different studies so 

variation in the precision and intercomparability of the methods will influence some of 
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the results. Graphs were produced comparing elemental oxide compositions for glass 

found in English, French and German sites (figures 14 – 17).  

 

Glass analysed from French and German sites have a more heterogeneous composition 

compared to those analysed from English sites which form a tighter group. The glass from 

the English sites are generally low in aluminium and titanium oxides, while at the same 

time being high in phosphorus oxide and having a low CaO:K2O ratio of <2. The majority 

of the English glass is closest in composition to that suggested to be made in Northern 

Western France/Normandy (Velde, 2003). This is of course the closest geographical 

region to England with a relatively short passage across the English Channel to the South 

Coast of England and for much of the period Normandy was indeed ruled by the English.  

 

In comparison the glass found in North Western Germany (which was part of the Holy 

Roman Empire for much of the Middle ages) is generally much lower in phosphorus 

oxide, which is indicative of the use of tree ash rather than the addition of fern and 

bracken. The CaO:K2O ratio of a significant number of Germanic samples is >2, while 

there is only a single sample from France with such a high value, and none from England.  

While the development of a HLLA recipe has often been thought to be a late medieval 

development (from 1400), it appears that a high-lime low magnesium (HLLM) recipe was 

in use in what is now Germany well before this. The German samples also have low 

sodium oxide levels compared to those from France and England.  

 

The French compositions are the most diverse. This may reflect that glass was made in a 

number of regions of France – Normandy and Lorraine - as well as some potentially being 

imported from further afield. Lorraine for instance which abuts the Rhine is closer to 

some areas of what is now Germany and the recipes used there have been shown to be 

different to those in Normandy (Velde, 2003).  

 

Therefore, if we exclude the possibility of the ‘English’ glass being made in England (as 

the majority of samples analysed in historic studies are coloured) then three potential 

groups and manufacturing are potentially identified from the late 12th to early 15th century. 

These are Normandy/North West France, Lorraine - Argonne and the North-West 

German type.  
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The work of Caen (2010) discussed earlier, which investigated the composition of 

window glass found in Flanders from the 15th and 16th centuries, has shown how the 

recipes changed post 1400 and has proposed locations for the manufacture of different 

compositions of window glass.   

 

These regional types and chronological changes are summarised in table 5.  
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Figure 14 Graph showing phosphorous oxide (wt%) vs the ratio of calcium oxide vs potassium oxide for glass from a 

range of sites in France, Germany and England - data from  Wedephol and Simon (2010), Brill (1999), Brill and 

Pongracz (2004a).. 

 

 

Figure 15 Graph showing the ratios of aluminium oxide vs silica and titanium oxide vs silica from a range of glass 

from sites in France, Germany and England - data from  Wedephol and Simon (2010), Brill (1999), Brill and Pongracz 

(2004a). 
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Figure 16 Graph showing sodium oxide (wt%) vs phosphorous oxide (wt%) for a range of window glass from sites in 

France, Germany and England - data from  Wedephol and Simon (2010), Brill (1999), Brill and Pongracz (2004a). 

 

  

 

 

 

Figure 17 Graph showing calcium oxide (wt%) vs magnesium oxide (wt%) for a range of glass found in France, 

Germany and England - data from  Wedephol and Simon (2010), Brill (1999), Brill and Pongracz (2004a). 
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Date North West 

France/ 

Normandy 

Eastern France/ 

Lorraine/Argonne 

North-Eastern 

Germany/Rhenish 

12 - 14th C Ca : K ratio <1.5 

High Potassium 

>Mg, > P 

Use of fern and 

bracken 

 

Brill Type III 

(2009) 

La Gabrielle & 

Velde (2011) 

Ca : K ratio 1.5-2.5 

 

<Mg, < P 

 

 

 

Brill Type II (2009) 

La Gabrielle & 

Velde (2011) 

Ca : K ratio >2.5 

 

 

Increase in use of 

bark and twigs 

 

Brill Type I  

Wedepohl & Simon 

(2010) 

 

15th – mid 16th C Similar low Ca:K 

ratio 

 

Addition of salt 

(NaCl) 

 

Crown Glass 

 

Caen (2010) 

Increasing Ca:K 

over time 

 

 

 

 

Cylinder Glass 

 

Caen (2010) 

Increasing Ca: K 

over time  

 

Addition of salt 

(NaCl) 

 

Cylinder Glass 

 

Caen (2010) 

Table 5 Table showing proposed regional compositions based on previous work and interrogation of historic data 
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 Trace element analysis 

 

Trace elements vary within sand sources and within ash sources, so while glass may be 

made to similar recipes, trace element analysis can determine if they were made with the 

same raw materials. Trace elements can provide a higher level of discrimination between 

raw materials and can be used for identifying specific sand sources and increasing 

confidence in provenancing manufacturing regions (Brems et al., 2013b). While there 

have been an increasing number of trace element studies for Bronze Age, Iron Age and 

Roman glass there have been relatively few trace element and rare earth element (REE) 

analyses carried out on European medieval glass, and those have investigated  mainly 

vessel glass (Šmit et al., 2004, Kunicki-Goldfinger et al., 2008).  

 

The determination of the REE composition of seventeen wood-ash glass samples from 

Germany suggested that they must have come from at least two different glass houses 

which used different raw materials, due to the different concentrations of REE (Wedepohl 

and Simon 2010).   

 

Three different groups of glass were identified by LA-ICP-MS analysis of glass from 

Saint Denis, France and York Minster based on the lanthanide series profiles (Kunicki-

Goldfinger et al., 2014a). Group one was distinguished by a pronounced dip at cerium, a 

peak for promethium and a small dip at europium. Group 2 showed a europium dip, while 

the final group was a shallow curve with no distinguishable europium dip. These three 

REE profiles are attributed to the use of three different sand sources – i.e. three different 

manufacturing regions.  

 

A further 27 samples of glass from the Great East window (1405-8), Clerestory window 

(12th century) and the Chapter House (1290-1300) were also studied in York Minster. All 

were known to have been installed at different dates. The ratios of La/Yb vs Ti/Nb and 

Zr/Hf were compared and again a number of groups were distinguished. Samples of glass 

from all three windows were found to be similar which suggests that although the glass 

was made at different points from the 12th century to the start of the 15th century that the 

glass was probably made in the same manufacturing region. In addition, there were three 

other groups of glass that in the main related to the three different windows. There was a 

clear group of white glass from the 12th century Clerestory, a further group of white and 

coloured glass from the late 13th century Chapter House and a final group of white glass 
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from the early 15th century Great East Window. Based on further elemental profiles this 

final group could potentially be attributed to production in England, while the glass also 

from the Great East Window but in the first group was all coloured and likely imported 

from the continent.  
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6.2 Compositional analysis of post-medieval window glass  

 

While the documentary evidence for glass production in Scotland from 1610 onwards has 

been studied in great detail (Turnbull, 2001, Turnbull, 2017), there has been little work 

on the artefactual evidence for post-medieval Scottish window glass found in excavations. 

In many excavation reports the window glass is reported simply with a brief description 

of colour and thickness and a sherd number count, sometimes related to context, with 

much more consideration given to vessel and bottle fragments that may be found. It is 

only recently, that more detailed examination has been carried out on window glass, with 

scientific analysis being used to attempt to distinguish between different glass recipes 

used throughout the post medieval period in Scotland (Murdoch, 2008, Kennedy et al., 

2013, Murdoch, 2015). This has followed on from more substantial work in England 

(Dungworth and Loaring, 2006).   

 

 England 

 

The analysis of archaeological and in situ windows in England has also been 

complemented by the analysis of manufacturing waste from sites in London (Dungworth, 

2006), Bristol (Dungworth and Mortimer, 2005, Dungworth, 2007), Staffordshire 

(Smedley et al., 2003), the Weald (Dungworth and Clark, 2004, Meek et al., 2012) and 

Yorkshire (Dungworth et al., 2006, Dungworth, 2005). Glass manufacturing waste from 

sites in Ireland has also been investigated (Farrelley et al., 2014), but up until this work 

no glass waste from this period had been analysed from a Scottish furnace. This provides 

a great deal of information on glass manufacturing sites for England compared with 

nothing for Scotland.  

 

Following the analysis of window glass from numerous sites during his work at English 

Heritage (both archaeological and window glass still in situ), Dungworth (2012a) 

developed a generalised model that can be used to characterise and date window glass 

found on archaeological sites. Alongside the window glass model, similar work was 

carried out to chart the changing composition of bottle glass manufacture in England 

(Dungworth, 2012b). It is clear that different glass recipes were in use throughout the 17th 

century for the production of bottles, vessels, windows and plate glass. The particular 

qualities desired in high quality window glass – that of transparency, fewer bubbles and 
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colourlessness – meant that different raw materials were chosen from bottle production – 

where the glass could be opaquer and highly coloured.  

 

The English model for the development of window glass recipes devised by Dungworth 

and Girbal (2011) is summarised below in table 6. 

 

Name Date Notes 

Forest Glass To 1567 Made using plant ash; potassium rich 

High lime, low alkali 

(HLLA 1) 

1567-1610 Made using ash of hardwoods; calcium 

rich 

High lime, low alkali 

(HLLA 2) 

1610-1700  Less manganese than earlier HLLA 1 

glass 

Kelp Glass (mixed alkali) 1700-1835 Made using seaweed ash; high levels of 

strontium oxide 

Synthetic soda 1 (SS 1) 1835-1870 Soda-lime-silica glass with low levels of 

impurities; low levels of phosphorus and 

magnesium 

Synthetic soda 2 (SS 2) 1870-1930 Soda-lime-silica glass with higher 

potassium and lower arsenic than SS1 

Drawn sheet 1930-1960 Mechanized production of flat glass; 

between 2-3.4% magnesium 

Float Glass 1960 

onwards 

Made using float process with high levels 

of magnesium 

 

Table 6 A generalization of English window glass types as adapted from Dungworth and Girbal (2011) and Kennedy 

et al. (2013) 

At the start of the post medieval period, window glass for domestic buildings could have 

been made from one of a number of English manufacturing regions – Cheshire, Yorkshire 

and the Weald in Kent.  Window glass made and used in England was of high potassium 

‘forest’ glass composition until the mid-16th century, for example at Bagot’s Park crown 

window glass was being made in 1535 to a typical ‘forest glass’ recipe with high 

potassium levels (Meek, 2011).  
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At around 1567, there is an abrupt change in composition to that of a high lime low alkali 

glass (HLLA). This has been attributed to the arrival of Huguenot glass makers (Vose, 

1980). These craftsmen arrived initially in the South and South-East of England, from 

France, seeking asylum, bringing with them the recipe for a HLLA glass. Between 1567 

and Mansell’s take-over of the monopoly for glass making in 1615, window glass in 

England was thought to be primarily made by Issac Bungar and family in Fernfold, Weald  

using this new HLLA recipe (Willmott, 2005). Manganese continued to be deliberately 

added to this English HLLA glass as an additional decolouriser as it had likely been to 

‘forest glass’ prior to 1567.  

 

It is thought that by the late 16th century the majority of commonly used ‘white’ window 

glass was made in England for use in England. However coloured glass or ‘white’ glass 

of a higher quality was imported from the continent.  For example at Shaw House, while 

the majority of early 16th century glass was of forest glass composition, coloured glass 

or ‘white’ glass of a higher quality was of a HLLA composition and therefore most likely 

imported (Dungworth and Loaring, 2009). It is unknown how much of any English glass 

was imported to Scotland during this period or if it is all likely to have originated from 

the continent.  

 

There was a second sudden change in glass manufacturing techniques at the start of the 

seventeenth century when the introduction of coal fire furnaces occurred. (Crossley, 

2003). Higher sulphur levels, from the coal, as well as reacting with the iron impurities 

in the sand would lead to stronger reducing conditions in the furnace which would result 

in a darker colour on the glass. This was less important in the production of wine and beer 

bottles, but a great consideration when the glass makers wished to produce quality vessels 

and windows (Dungworth 2012b). It can be that at the start of the 17th century in England 

the addition of large amounts  of manganese to decolour the glass ceased with the 

percentage of manganese decreasing to <0.2%  With such low levels of manganese in the 

glass carefully controlled furnace conditions would be required in the furnace in order to 

produce lighter tints of glass.  

 

The change of fuel to coal reduced the amount of readily available wood ash – some of 

which was likely to have been recycled directly from the ash produced from burning wood 

to fuel the furnaces. Therefore, it was imperative that other sources of cheap alkali flux 
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were found. Glass waste from a mid-17th century coal fired furnace at Haughton Green, 

Lancashire was analysed and found to be HLLA but with relatively little potassium oxide 

(<2%) (Vose, 1994). This would suggest that the main source of alkali was soda ash. Salt 

may also  have been added as a flux due to the high chlorine. It was suggested that lime 

must have been deliberately added, rather than the calcium coming from a plant source. 

Higher magnesium levels were interpreted as the lime originating from a dolomite source, 

possibly from nearby Derbyshire. Glass waste from nearby Bickerstaffe had a very similar 

composition (Vose, 1995). 

 

Sodic ashes were imported from the continent in the form of barilla and polverine 

throughout the 17th century, however these were expensive (Henderson, 2005). By the 

second half of the 17th century, kelp from Scotland was also being imported direct to 

London glasshouses. Analysis of glass waste from Vauxhall, London from a furnace 

dated to between 1663/81 – 1704 showed that kelp was the main source of the alkali 

(Tyler and Willmott, 2005), although there was no evidence for window production at 

this furnace.   

 

Potassium sources could continue to come from burning hardwoods but, as the wood was 

scarce, a wide variety of plants were exploited including ferns, brackens and wood from 

quicker growing bushes. Any available cheap source of vegetation was experimented with 

including thistles, hawthorn,  hops and woad (Cable, 2001). At this time the glass industry 

was competing directly with other industrialised processes that required a cheap source 

of potassium rich alkali or ‘potash’. The development of a ‘mixed alkali’ glass 

composition was a result of utilising a range of sodic and potassic ashes from varying 

sources. The difficulty in using chemical analysis to provenance the location of 

manufacture of window glass from this period becomes greater when the multiple sources 

of raw materials are taken into account. For example, by 1750’s soaper’s ashes used at 

Leith were imported from London and Fife as well as nearby Musselburgh while kelp 

came from Fife, Berwickshire, East Lothian and Northumberland. Glass cullet is also 

recorded as being imported to Edinburgh from the Baltic regions, which may have been 

used in the manufacturing process and influence the final composition (Turnbull 2001). 
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 Scotland 

 

In Scotland, p-XRF has been used to analyse window glass in situ at a number of sites 

including Newhailes and Traquair House (Kennedy et al., 2013, Kennedy et al., 2015). 

Unfortunately, it was found that even for most historic properties that were in the care of 

the Nation that very little original window glass remains.  Most glass appears to have 

been replaced in properties, cared for by what is now known as Historic Environment 

Scotland, in the early twentieth century by the then ‘Ministry of Works’. This has meant 

that the number of sites likely to have original windows dating from the 17th – 19th 

centuries is severely limited to privately owned properties. Glass original to a property is 

most likely to be found in the upper stories where replacements have not been made to 

damaged panes (Kennedy et al., 2015). The English model of dating window glass was 

used to suggest dates for different glazing schemes and repairs, although this made the 

assumption that glass used in Scottish windows was either made in England, or to the 

same recipes as found in England, until shown otherwise. 

 

 

  



   

 

92 

 

7 Analytical techniques 

 

The following section discusses in more detail the analytical techniques chosen to be used 

in this study.  

 

7.1 Scanning Electron Microscopy and X-ray techniques 

 

Although considered homogenous, historic and archaeological glasses can be surprisingly 

heterogeneous. Microscopic techniques are therefore useful - if not essential - to identify 

inhomogeneity, inclusions, lack of mixing of a glass melt, colourants and opacifiers and 

corrosion phenomenon.  Scanning Electron Microscopy and Electron  (SEM) coupled 

with Energy Dispersive X-ray Fluorescence (SEM-EDS) is particularly useful when 

looking at glass waste and material from glass working sites as it allows the chemical 

composition to be looked at alongside the microstructure of the samples (Dungworth and 

Clark, 2004).  

 

An electron beam is scanned across the surface of a sample. The electrons interact with 

the atomic and electronic structure of the sample, resulting in the emission of x-rays and 

secondary and reflected electrons. These emissions are detected using different types of 

instrumentation synchronised with the scanning electron beam, allowing both elemental 

and spatial information to be recorded. Secondary electrons are emitted from close to the 

surface and can be used to produce high resolution surface images of a sample. The 

number of back-scattered electrons emitted depends on the atomic composition across the 

sample and images produced by measuring these can show the elemental microstructure 

of a sample so that areas rich in high atomic number colouring elements, corrosion layers 

and inclusions which may not be visible in the secondary electron image can be seen. The 

X-rays produced are characteristic of the atomic number of the elements irradiated and 

these can be used to identify the elemental (for EDS) and chemical (for WDS) of the area 

analysed composition (Janssens, 2013).  

 

Electron beam analyses normally measure major and minor elements to the level of 0.02 

wt% (200ppm) at best and the accuracy at this detection limit is low. Therefore, they are 

not suitable for trace element analysis of elements such as Sn, Ti, Zn, Mn Co, Ni and Cu 

which need to be measured to 10-500ppm range and Cr, La, and Zr which need to be 

measured in the 0-100ppm (Janssens, 2013).  
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SEM-EDS allows the analysis of precise spots or across an area as an elemental map. 

Average compositions are usually calculated from a number of analyses in order to negate 

inhomogeneity in the samples. Data from SEM-EDS and EPMA analyses have been 

reported in a number of ways although standardised formats are becoming more common. 

Elemental data is usually normalised stoichiometrically, to provide the percentage weight 

of the elemental oxides. A useful discussion of the pitfalls of analysis and comparison is 

provided by Rehren (2014).  

 

Sodium and lighter elements can be under reported as they are mobilised by the x-ray 

beam and relatively large beam sizes for glass samples are required in order to avoid 

thermally induced diffusion of the alkali components (Gedzeviciute et al., 2009). The use 

of low vacuum SEM and lower x-ray excitation energy can also help to reduce this.  

 

Careful interpretation of the data is always needed and reliance on computer software not 

recommended as there will be peak overlap. A dissertation analysing window glass from 

the Scottish site of Fetternear (Smith, 2015) erroneously identifies high levels of arsenic 

(Kα) and zirconium (Lα) due to their peak overlaps with lead (Lα) and phosphorus (Kα) 

respectively (Spencer 2016). The computer software failed to interpret the peaks 

correctly, but this should have been picked as both arsenic and zirconium were measured 

in the standards at increased concentrations and the reason for this should have been 

investigated. This demonstrates the importance of the use of standard reference materials 

to calibrate or check the accuracy, precision and reproducibility of the analyses.  

 

7.2 Portable XRF 

 

There are great benefits in using techniques with a high quantitative precision: however, 

these techniques are expensive, not portable and not easily available for analysis of large 

amounts of glass by the general researcher undertaking archaeological research. XRF 

machines have been getting smaller and improved to work on a range of museum and 

archaeological samples. Where once a relatively large sample (5cm2) needed to be taken 

from an object and placed in a sample chamber under a vacuum, later equipment was 

capable of analysing large objects in air. An early study into the potential use of a non-

cryogenic Portable XRF for archaeometric investigation was made by Cesareo et al. 

(1996). While portable machines used in the field are not as accurate and capable of 
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precise quantification as other methods, they are in many cases sufficient for the task in 

hand. Crucially they allow, not only the analysis of items that are too large to be taken to 

an XRF analyser, but also the ability to analyse archaeological samples as they are 

excavated (Tantrakarn et al., 2012) and materials built into the fabric of buildings such as 

wall paintings (Gebremariam et al., 2013).  Kennedy et al. (2013) and Dungworth (2012a) 

have used p-XRF to identify different glass recipes and subsequently a chronology for 

window panes in historic houses in Scotland and England respectively.  

 

As in normal XRF an x-ray beam is generated by an x-ray tube and emitted from the front 

end of the analyser. The x-ray beam then excites the atoms in the sample causing the 

displacement of electrons from the lower energy shells.  As other electrons from the 

higher energy shells drop into the spaces created, the energy lost is emitted as X-rays of 

characteristic energy and the fluorescence is detected by a silicon drift detector (SDD). 

Internal computer processes amplify and correct the data using calibration factors.  

Materials can be characterised quickly without the need for prior sample preparation.  

 

One of the main drawbacks of pXRF for glass analysis is that lighter elements are not 

able to be measured accurately in air (because of their lower energy fluorescence) which 

is problematic for glass analysis where sodium, aluminium and magnesium are key 

elements. However, it has been shown that the heavier elements of rubidium and 

strontium may be used as proxies for potassium and calcium respectively when analysing 

window glass in situ as they are present in equivalent concentrations (high levels of 

correlation) in the raw materials they originate from (Addlington et al 2016).  

 

7.3 Laser Ablation – Inductively Coupled Plasma - Mass spectroscopy 

 

Inductively Coupled Plasma (ICP) spectroscopy has been used since the 1960’s for 

analysis of major, minor and trace elements down to 1ppm, and the technique was used 

for analysis of early Medieval glass samples from the Southampton, Winchester and other 

sites in north western Europe (Heyworth, 1991). However, a relatively large sample of 

around 100mg was needed for destructive analysis. When combined with mass 

spectrometry (ICP-MS) the technique was used to characterise the trace element 

composition of glass waste found at a number of English medieval glass manufacturing 

sites as well as sand from sites proposed to be a source of the silica (Merchant et al., 

1997).  
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In more recent decades the addition of Laser ablation techniques has led to faster, less 

destructive use of the ICP technique and LA-ICP-MS has been used increasingly for 

characterizing the trace and rare earth element composition of archaeological materials 

(Speakman et al., 2002, Robertshaw et al., 2010). Whole objects, which are small enough 

to fit in the laser ablation chamber, can be analysed without the need for sampling, for 

example in the work of  Bertini et al. (2011) who carried out analysis of Scottish Iron Age 

beads. Smaller laser ablation chambers can also be sealed to the surface of a larger object 

and most recently a portable laser ablation chamber has been developed (Knaf et al., 

2017).  

 

The laser beam can be focused to a small area of around 10-30µm and when the laser is 

pulsed a small amount of material from the surface of the sample material is evaporated 

as an aerosol. This is described as a ‘micro-destructive technique’ as these ablation spots 

are almost invisible to the naked eye. Analyses by ICP-MS can be performed in air 

negating the need for sample mounting and the use of a vacuum.  

 

While LA-ICP-MS is also not influenced by the surface geometry and, unlike many x-

ray techniques, can be carried out on uneven surfaces, there is the potential for the surface 

chemistry of an object to be different to the interior of the object. Corrosion, 

devitrification or historic and conservation surface treatments may mean that the surface 

composition is not representative of the internal composition. Pre-ablation is routinely 

carried out to remove any surface dust and dirt, but analysis is then usually reliable with 

repeated ablations down to a depth of 1mm. Depth profiling, by continually ablating the 

same spot, was therefore essential in analysing heavily devitrified Late Bronze Age glass 

beads to establish how deep the sampling had be carried out to analyse the un-corroded 

glass (Gratuze, 2016). Where destructive analysis is permitted or where cross sections are 

already being taken for analysis by other methods (e.g. SEM) then the interior of the cross 

sections can be analysed without the need for depth profiling. All samples analysed for 

this work were polished cross sections and therefore surface affects were not considered.  

 

LA-ICP-MS is capable of detecting most elements at lower detection limits than x-ray 

techniques allow. Data for more than 60 elements can be obtained in a single analysis and 

most of these elements can be detected >0.02%, compared to only >0.1% for SEM-EDS 



   

 

96 

 

at best. It is also possible by mass spectrometry to measure isotopic ratios of some 

elements. The technique has high sensitivity and high degree of spatial resolution as well 

as ‘relatively good precision’ (Cagno et al., 2016). LA-ICP-MS has relatively few 

spectrometric interferences, which can produce unreliable data for some elements using 

X-ray techniques. Iron has poor reproducibility due to isobaric interference between 56Fe 

and 56Argon and therefore the 57Fe isotope is measured. Corrections are also needed to be 

performed to avoid other isotope cross-overs – such as between indium (115In) and (tin 

115Sn) (Gratuze, 2016).  

 

There is a difficulty with the availability of suitable matrix matched standards and the 

importance of correct calibration and laboratory comparison methods have been 

highlighted by a number of authors (Bertini et al., 2013, Dussubieux et al., 2009, van 

Elteren et al., 2009). Inter-laboratory comparisons between 9 laboratories though shows 

caution when comparing results between laboratories due to the significant differences 

between measured values for some elements attributed to different calibration and 

instrumentation (Dussubieux, 2016). This also needs to be considered when comparing 

all analyses carried out by other techniques as well. 

 

Normalization of the data can be problematic as it is difficult to monitor the amount of 

material removed by the laser and transported to the ICP as there may be fractionation of 

certain elements. Therefore, if one or more elements can be determined from by another 

analytical technique then this can be used as an internal standard and concentrations for 

the major elements then calculated, assuming that the sum of their concentrations in 

weight percent in glass is equal to 100% (Gratuze 1999).  

 

The small areas that can be analysed make the technique more complex for heterogeneous 

materials, for example ceramics which contain granular phases and inclusions. However, 

for glasses, despite concerns of inhomogeneity (Welham, 2001), they are generally 

relatively homogenous and providing that areas of heterogeneity are avoided analysis can 

be carried out with confidence. In practice the microscope viewing facility of most 

machines allows careful selection of areas to be analysed that are homogenous and free 

from corrosion, or indeed to select specific inhomogeneous inclusions for comparison.  
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Only a small number of LA-ICP-MS studies have been carried out on European Medieval 

glass. Analyses were performed on a set of Tuscan medieval archaeological glass finds 

dated to the 13th –16th century in order to quantitatively determine the trace elements 

(Cagno et al., 2010). The trace element differences added information about the nature 

and quality of the silica sources employed as well as the method of ash purification, which 

would not have been possible alone, with major and minor element data.  

 

LA-ICP-MS has been used to distinguish between Facon-de-Venise and Venetian glass 

production and to infer how the technology of glass vessel manufacture moved from 

Southern Europe to Northern Europe during the 16th and 17th centuries (Janssens et al., 

2013, De Raedt et al., 1997). While major element compositional data was not sufficient 

to distinguish between the location of glass making between Venetian glass and Facon-

de-Venise, the differences in the concentrations of zirconium, hafnium and the REE 

profiles were able to identify two different sand sources - one was used by the glass 

makers working in Venice, and one  used by glass makers close to Antwerp. They showed 

glass makers who emigrated from Italy to the Netherlands, brought their own Venetian 

recipes with them but had to make use local sands to produce their glass.  

 

 Rare Earth Element Comparison 

 

In the main, trace and rare earth element (REE) characterisation has been used to make 

provenance attributions for glass by matching trace element concentrations and REE 

patterns from the glass to geological localities (e.g Janssens et al 2013, Gratuze 2013).  

 

The REE content of sands is derived from the original rock and the process of erosion the 

sand has undergone. For example, insoluble rock fractions are enriched in lighter REE 

elements compared to the parent rock. The fractionation of the REE elements can be 

compared by normalising the amounts in the samples compared to those in a standard.  In 

geological literature the rare earth element amounts are normalised in comparison to 

either their mean abundance in the solar system (chondrite normalisation) (Mason, 1979) 

or to their abundance in the upper continental crust (UCC) (such as the Post Archean 

Australian Shale (PAAS) (Taylor and McLennan, 1985)).  More recently the revised 

values of Mud of Queensland (MUQ) have been used to normalise REE content of 

samples (Kamber et al., 2005).  
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Because these different normalisation factors have been used when interpreting REE data 

from glass analyses, this makes individual studies difficult to compare. Chondrite 

normalisation was used by Kunicki-Goldfinger et al. (2014a) while Wedepohl et al. 

(2011) normalised their data in comparison to the REE in the upper crust derived by 

Wedepohl (1995). The average composition of the weathered upper crust as calculated 

by Kamber et al. (2005) was used to compare late antique glass from Foggia, Italy 

(Gliozzo et al., 2017). Kunicki-Goldfinger et al. (2014a) were able to distinguish three 

groups of glasses likely made with sand of different origins from LA-ICP-MS analysis of 

glass from a single panel at Saint Denis in Paris by comparison of the REE chondrite 

normalised curves as show in figure 18. 

 

While differences between samples can be identified by comparison of the 

REE/lanthanide contents it is still not possible to provenance the sand of origin 

confidently. Although unique patterns in REE elements may be distinguished in the glass, 

without more data on regional sand deposits it is impossible most of the time to attribute 

a geographical sand source. Further work needs to be carried out to analyse sand sources 

for trace elements and REE profiles.  
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Figure 18 Two graphs illustrating lanthanide content (normalised against chondrites)  in the glass of a panel from 

Saint Denis - Three main groups of glass are identified - one group on the top graph and the other two groups below 

(Kunicki-Goldfiner et al - 2014a) 
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8 Materials and Methods 

8.1 Sample selection 

 

The medieval window glass analysed as part of this research comes from a range of 

ecclesiastical and monastic sites dating to the 12th – early 16th centuries.  The post 

medieval glass comes from a range of domestic sites dating from the late 16th – late 18th 

centuries.  

 

 The samples analysed were determined by what could be obtained during the necessarily 

restricted timescale as well as the availability of the analytical equipment.  The objective 

was also to work on assemblages from sites from different regions of Scotland.  

 

8.2 Medieval glass   

 

Samples were chosen where the window glass had already been typologically assessed, 

catalogued and/or published, and where a relatively large number of samples had been 

found. Museums were contacted where there was a record of suitable medieval window 

glass in their collections, to ask for access to the shards for analysis. For various reasons 

not all collections originally identified were able to be studied – for example some 

assemblages known to be excavated and deposited with a museum, were unable to be 

located in store.  

 

Historic Environment Scotland provided access to glass from Elgin Cathedral and St 

Andrews Cathedral. The National Museums Scotland also held a large collection from St 

Andrews Cathedral as well as small collections from other sites (Dunfermline, Iona, 

Lindores, Glenluce, Coldingham). They represented the bulk of the samples described in 

detail by Graves (1985a).  

 

In addition to the material recorded by Graves (1985a) more recent excavations had 

yielded window glass, most notably those at three monastic sites in Perth, a monastery in 

Linlithgow and from Elcho Nunnery. Excavations at St Nicholas’ in Aberdeen also 

resulted in a new corpus of window glass which was available to be sampled.  

 

The majority of the medieval glass fragments inspected were heavily corroded and most 

were black and opaque. It was essential to sample pieces where sufficient ‘heart glass’ - 
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intact glass in the centre of the sample - remained. The elemental composition of any 

heavily corroded areas of glass is not consistent with the original glass composition. It is 

recognised that by choosing only samples that had ‘heart glass’ remaining creates a biased 

sample set. The survival of the glass is in part dependant on the elemental composition. 

Potassium rich glass is more likely to degrade quicker in the burial environment than 

sodium or calcium oxide rich glass (Knight, 1996). Therefore, due to the combination of 

burial conditions and composition there may be a preponderance for glass of a certain 

type to survive while glass of a different composition is lost altogether or is too corroded 

to successfully sample for analysis.  

 

As the sampling was destructive samples were taken from pieces that were already 

damaged in some way and where the decoration was not complete. These were pieces 

which would not lend themselves to future museum display or further typological study.  

A representative range of colours were also sampled. In previous work there has often 

been a preference for sampling coloured glass (Brill, 1999). This was often to investigate 

the different recipes and technologies used in the manufacture of coloured glass however 

the analysis of ‘white’ glass is noticeable by its absence from the literature. In Scotland it 

is thought up to  90% of the medieval window glass was ‘white’ glass (Murdoch, 2013), 

so it was intended to try and analyse a larger quantity of glass that had not been 

deliberately coloured than other authors have done.  

 

The number of samples taken from the sites where hundreds of fragments were found was 

limited by the time taken to mount, polish and analyse them. Elgin was the first site to be 

studied and approximately thirty samples were taken from that site.  A similar proportion 

of samples were taken from the other sites, which were judged to be representative of the 

overall glass assemblage from a visual assessment.  

 

The list of sites, number of samples taken, and location of the sites are shown on table 7 

and their locations on the map in figure 19.  
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Medieval Glass  

 
 Site Sample 

Code 
Collection  Type of site Total no 

of 
samples 

SEM/
EDX 

pXRF  LA-ICP-
MS  

Aberdeen St 
Nicholas 
church 

Aber Aberdeen 
Museums  

Burgh 

church 

? 14 - 14 

Coldingham 
Priory  

Cold NMS  Benedictine  
monastery 

65 26 - 3  

Dunfermline 
Abbey  

- NMS  Benedictine 
Cathedral 

14 3 - - 

Elgin 
Cathedral  

Elgin Elgin  Cathedral 1295 31 31 6 

Glenluce 
Abbey  

Glen NMS  Cistercian 
abbey 

190 36 - 2 

Iona Abbey  - NMS  Benedictine 
Abbey 

5 5 - - 

Elcho 
Nunnery  

Elcho Perth & 
Kinross  

Cistercian 
Nunnery 

215 26 - 4 

Lindores 
Abbey  

- NMS  Tironesian 4 3 - - 

Linlithgow 
Friary  

LIN NMS  Carmelite 
Friary 

20 11 - 4 

Perth 
Carmelite 
Friary  

- Perth & 
Kinross  

Carmelite 
Friary 

 
11 - 1 

Perth 
Dominican 
Friary  

- Perth & 
Kinross  

Dominican 
Friary 

 
19 - 1 

Perth City PEG Perth & 
Kinross  

Burgh   12   

St Andrews 
Cathedral  

STA NMS & 
HS  

Cathedral 500 + 52 -  11 

Total      
 

249 31 46 

  
Table 7 List of Medieval sites and the number of samples taken for SEM-EDX, p-XRF and LA-ICP-MS (Only medieval 

samples from Elgin were subject to p-XRF analysis due to the heavy surface corrosion) 
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Figure 19 Map showing the location of the Medieval sites from where window glass was sampled. 

 

The following is a brief description of the sites where the glass was found, any 

excavations that took place, alongside a description of the glass samples themselves.  

 Elgin Cathedral 

 

 History 
 

Elgin Cathedral is a historic ruin in Elgin, Moray in north-east Scotland (figure 20). A 

cathedral was first built on the present site in 1224. It is situated on the outskirts of the 

historic burgh of Elgin, close to the River Lossie, on land granted by King Alexander II 

(Fawcett and Oram, 2014). It was built to replace the nearby Cathedral at Spynie less than 

two miles away. The new cathedral was one of the earliest in Scotland to be built in a 

cruciform plan with a double-aisled nave and this new design is likely to have influenced 

the design of the windows (Murdoch, 2013).  In 1270 there was an extensive rebuilding 

program after a fire and an octagonal chapter house, which is still mostly intact, dates 

from this enlargement. Following an attack by King Robert III's brother the ‘Wolf of 

Badenoch’, further repair took place in 1390 (Fawcett and Oram, 2014). The gable wall 

above the double-door entrance between the original west towers was rebuilt and within 

this wall still remains the outline and stone stub tracery work, of what was once a large 

Elgin Cathedral

St Andrew’s Cathedral

Iona Abbey

Aberdeen Carmelite Friary 
and St Nicholas Church

Coldingham Priory

Dunfermline Abbey

Glenluce Abbey

Linlithgow Friary

Perth Whitefriars
and Blackfriars 
Lindores Abbey

Elcho Nunnery
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rose window. The length of the choir was doubled, and outer aisles added to the northern 

and southern walls of both the nave and choir. A further attack in 1402 again resulted in 

partial destruction by fire.  

 

Following the Scottish Reformation in 1560, the cathedral was abandoned and there are 

records that the lead roof was removed in 1567, following which the cathedral fell into 

decay (Fawcett and Oram, 2014). Efforts were only made to halt the degradation of the 

building in the 19th century but by then the building was in a ruinous condition (Hall et 

al., 1998).   

 

At Elgin, as elsewhere in Scotland, window glass from this period only survives in the 

archaeological record (Spencer and Kennedy, 2015). The only historical information 

about the window glass at Elgin is that the See of Moray records that the glazier employed 

at the original building of the cathedral in the early 13th century was called ‘Richard the 

Glazier’ (MacGibbon and Ross, 1896). The same Richard the Glazier is thought to appear 

as a witness in a charter of Bishop Andrew of Moray in 1237.  

 

After each of the rebuilds it is likely that the glazing design will have changed to reflect 

the preferred designs of the day. New building techniques would also have allowed the 

enlargement of the windows and to increase the amount of glazing at each point the 

building was refurbished. MacGibbon and Ross (1896) commented that there appeared 

to be a French influence on the architecture. 

 

Figure 20 The ruins of Elgin Cathedral 
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 Excavations 
 

The Cathedral site at Elgin has been subject to a number of small excavations, but few 

records of these survive. An assemblage of 1295 shards of glass is held in the collections 

of Elgin Museum. It is thought that these were excavated in the mid to late 1970’s from 

excavations close to the Cathedral, although some may have come from 19th century 

clearing of the cathedral itself (Murdoch, 2013). Further watching briefs and small trench 

excavation took place in 1989, 1996 and 2012 but no glass was recorded as being found 

(RCAHMS, 2015).  

 

 Glass 
 

Several investigators have studied the glass assemblage from Elgin Cathedral. Graves 

(1985b) studied the typology and stylistic attributes of 241 shards of glass as part of a 

larger survey of Scottish medieval glass. Murdoch (2013) was commissioned by Historic 

Scotland (now Historic Environment Scotland) to undertake a visual examination of the 

collection of glass shards held in the care of the agency.  The majority of the assemblage 

studied was of plain glass, 14.3% of the samples were painted (grisaille) and only 6% of 

the group was coloured ‘pot-metal’ glass (Murdoch, 2013).  

 

The presence of a significant number of plain rectangular, parallel sided fragments may 

suggest and arcade or framed window where the main panel is enclosed in a frame of 

glass or border. Arcaded borders similar to at Elgin also appear at Stanton Harcourt in 

Oxfordshire which is dated to 1250-80 (Murdoch, 2013). 

 

The designs painted on the grisaille were generally foliate and can be compared with 

similar styles in England and France (figure 10). Graves (1985b) and Murdoch (2013) 

both stylistically attribute the majority of the grisailles glass recovered from Elgin to the 

13th century. Graves (1985) comments that ‘if the fashion in Scottish glass was similar to 

that in England, the Elgin glass would date from the period c 1224-1270’. There are 

stylistic parallels with glass from nearby Spynie Palace of a similar date (Graves, 2002). 

Many of the pieces have cross hatched decoration which generally went out of fashion in 

English and French window glass in the second half of the 13th century with clear grounds 
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being preferred (Marks, 1993). Graves (1985) considered the Elgin grisaille work to be 

even more detailed than similar cross-hatched grisaille work at Chartres and Troyes. An 

unusual pattern found, almost exclusively in Scotland, is that of the double trefoil, with a 

small trefoil being painted inside a larger one, on cross-hatched grounds (Murdoch, 2013).  

Comparable, but single, trefoils are found at both Lincoln Cathedral and York Minster 

dated to the first half of the 13th century (O'Connor and Haselock, 1977) and more recently 

noted at St Andrew’s Cathedral during examination of glass for this research. There is 

also the inclusion of berries, similar to a style found at Beverley Minster (Graves, 1996). 

A smaller number of shards lack the cross-hatched decoration and may possibly be from 

the early 14th century. Murdoch (2013) who studied a greater number of samples from 

Elgin, considers some of the grisaille to be more naturalistic in form and therefore 

possibly from the early 14th century. Only 6% of the assemblage is of coloured glass, 

which would point to an earlier date. There is likely to have been more extensive use of 

colour during later periods (Brown and O'Connor, 1991).   

 

Although a large number of fragments were studied by Murdoch (2013) relatively few 

were deemed suitable for scientific analysis. The majority of the glass fragments were 

heavily corroded, and although the shape and form of the shards was still intact, the 

original glass had been substituted by thick, opaque and brown corrosion products. Some 

of the shards appeared to have been heat damaged as they are significantly distorted. This 

is unlikely to have occurred post deposition, suggesting that these fragments fell into the 

archaeological record following major fire damage, and therefore either in 1270 or1402.  

Thirty-one fragments of glass were selected for analysis based primarily on their heavier 

weight which suggested that sufficient heart glass remained for examination. From the 

samples selected for analysis; eight were coloured ‘pot-metal’, five were painted grisaille 

and the remainder was plain ‘white’ glass which ranged in hue from pale green to pale 

blue.  
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 Aberdeen St Nicholas’ Kirk 

 

 History 
 

It was likely that there was already a church on this site in Aberdeen when the town was 

created a Royal Burgh in the 12th century. Building continued throughout the 12th century 

to enlarge the church in possibly three phases. By the mid-15th century, St Nicholas was 

the largest burgh church in Scotland as a consequence of Aberdeen being a successful 

Royal Burgh and pre-eminent trading port for the North East of Scotland. St Nicholas 

was indeed the patron of merchants, mariners and seafarers, and many of the town’s 

merchants donated funds to this church making it one of the wealthiest.  As well as money, 

there are documentary records of gifts including furniture, candles and alters for instance. 

During the late 15th and early 16th century there were further improvements to the church 

– in particular the building of a new choir (Cameron, 2008b).  

 

Although the church was damaged in the Reformation, it continued to be used as the main 

place of worship for the town’s Presbyterian congregation. Therefore, it was not 

destroyed and pillaged to the extent of most of the monastic and cathedral buildings. The 

building was divided into two churches in 1596, both of the protestant faith. The old 

medieval nave at the west end continued to be used up until the early 18th century (figure 

21). The original East End also survived until the early 19th century but was then pulled 

down to make way for a new church designed my Archibald Simpson, which itself burnt 

to the ground in 1874. James Gibb, the architect responsible for a number of Oxford and 

Cambridge Colleges, designed the new church and most of this still stands today.  

 

 Excavations 
 

Excavations were carried out at the east end of the church in 2008, around the area of the 

15th century choir expansion, prior to redevelopment of the East Kirk (figure 22). Some 

remains from the earliest 11th century structure were found, over which the 12th century 

east end was built. The excavation confirmed that this was built in two phases – one dated 

to the mid-12th century with a later 12th century addition and repair. A Sacristy was also 

added to the north side (Cameron and Stones, 2016). 
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The north wall of the sacristy was demolished in the 15th century to make way for the 

building of the new choir. It is from this demolition layer that the majority of the window 

glass fragments were found. This would provide a terminus ante quem for the glass as no 

later than the early 15th century. It is most likely that the glass would have been installed 

during the late 12th renovation but it is possible that some of the fragments may have been 

from repairs carried out up until the end of the 14th century. 

 

 

Figure 21 Drawing of St Nicholas with the old east end on the right. 

Figure 22 Excavation Plan of St Nicholas – the majority of the glass was found in phase 4 (Cameron 

& Stones 2016) 
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  Glass 
 

Over 700 fragments of window glass were found during the excavations. However, only 

two boxes containing about forty samples were available for sampling during the project. 

Out of the selection fourteen samples of glass were selected for analysis as the majority 

of these pieces were decorated and suitable for display so destructive sampling was not 

considered appropriate.  

 

 Coldingham Priory 

 

 History 
 

The site of Coldingham Priory is associated with Queen Ethelrida, consort of Egfrid of 

Northumbria, who became a nun at Coldingham in the mid-7th century (Cowan and 

Easson, 1976). A fire caused the destruction of this cell at the end of the century and many 

of the inhabitants left. There continues to be evidence of a nunnery at the site, with a 

Viking raid recorded in 870 AD. A new church was founded at Coldingham by the 

English King Edgar in 1098 and this church became part of a Benedictine Priory by 1198. 

Situated in the borderlands between the disputed territories of Scotland and England it 

lay within the Diocese of St Andrews, but at times became attached to the Benedictine 

monastery at Durham (Cowan, 1994).  There are records of large bestowments by Scottish 

Kings during the 13th century including David I (Hunter, 1858). However, it was in 

‘English’ territory for much of the 14th century.  Two glaziers ‘William and Henry’ are 

named in the Account Rolls for the priory of Coldingham as being employed to glaze six 

windows at Ednam Church in Roxburghshire (whose revenues were devoted to 

Coldingham) in the 1330’s. There is a record of the glass itself being bought in Berwick. 

While there is no record of work carried out by them at Coldingham itself, it is possible 

that they worked at Coldingham and carried out glazing work on other buildings in the 

Durham diocese. 
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Figure 23 Coldingham Priory © HES 

 

The Priory transferred to the diocese of Dunfermline in 1462. The monastery was attacked 

and burnt by English forces in 1532 and again in 1542, before being captured and 

subsequently besieged by the Scots. Following this the monastery went into decline. The 

remaining buildings were destroyed by the Cromwellian army in 1648. A 19th century 

church now occupies the site (figure 23).  

 

 Excavations 
 

There is a record of the discovery of the 12th century nunnery buildings at the site during 

work to build the current church in 1855 (RCAHMS NT96NW 11.00, Hood 1855). It is 

believed that this was when the glass in the National Museums collections was 

discovered. Further excavations were carried out at the site in the 1960’s and 1970’s 

(Clarke, 1969, Noble, 1976) and in 2000 (Stronach, 2005).  

 

 Glass 
 

The glass assemblage studied comprises of eighty three pieces of 13th – 14th century 

grisaille which was found in 1855 (Graves, 1985a, Hood, 1856) and now housed in the 

collections of the National Museums Scotland. They were found from excavations in the 
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area of the south transept Some of the painted pieces show fine fruiting trefoils on a cross 

hatched ground typical of mid - late 13th century glass. Graves (1994) describes some of 

the Coldingham painting as being ‘crude’ with large cross hatching and broad and 

imprecise brush strokes. Two fragments are larger border pieces which may be later 14th 

century in date.   

 

Samples were taken from sixteen shards of glass for analysis. As can be seen in the the 

figure above, one piece had a clear rounded uncut fire rounded edge likely to originate 

from a piece of glass manufactured by the crown method.  

 

 

 

 

 

 

 

 

 

Figure 23b  A piece of crown glass from Coldingham with a curved edge 

fire rounded edge 
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 Dunfermline 

 

 History 
 

Dunfermline abbey was originally the site of a Benedictine Community established by 

Queen Margaret in 1070 (Fawcett, 1994). The original church was a small rectangular 

building with a square western tower, which was then replaced by an aisled cruciform 

abbey from 1128, notable for its Romanesque interior  (Fernie, 1994). This building with 

its connection to St Margaret, was grand in scale and in 1303 a monk from Westminster 

declared that he was amazed by the extent of buildings of Dunfermline (Fernie, 1994). It 

became the burial palace of six kings, three queens and three princes. The 12th century 

nave still stands augmented by western towers which were rebuilt in the 15th – 19th 

centuries (figure 24).  

 

 Excavations 
 

Apart from a small excavation in 1975 (Coleman, 1996) and a number of watching briefs, 

pertaining to improvements to the facilities, there has been little excavation at the site. 

Few ‘finds of interest’ have been found (Canmore).   

 

Figure 24 The ruins of Dunfermline Abbey © HES 
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 Glass 
 

Sixteen pieces of glass from Dunfermline abbey were found near the site of the great east 

window in 1818 and are now in the NMS collections. They were described by Graves 

(1994) as early to mid-13th century grisaille with curvilinear foliate designs on cross 

hatched grounds.  One piece is of a light–grey blue glass which is a colour usually 

attributed to 14th century. A second blue glass is much stronger in colour. There is one 

ruby fragment of flashed red.  

 

Three samples of glass were analysed from Dunfermline. One had grisaille paint 

decoration including cross hatching and a circular boarder motif. All three were white 

glass but with a green tinge.  

 

 Elcho Nunnery 

 

 History 
 

Elcho Nunnery was founded by David Lindsay before his death in 1241 and home to a 

house of Cistercian ‘white robed’ nuns from at least 1247 (Fawcett, 1994). The site lays 

on the South bank of the River Tay and is only three miles downstream from the city of 

Perth.  A number of other religious foundations were also situated on the banks of the 

Tay and likely to have made use of the same trade and supply routes using the port at 

Perth – these include Lindores (5 miles away), Balmerino (10 miles away) and Scone 

Palace.  
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There are few documentary records for the nunnery, but this very lack of written legal 

disputes suggests that the nuns lived relatively peacefully. There is a record of a dispute 

between Elcho and nearby Lindores Abbey in 1282 over taxes paid on grain supplied to 

the abbot’s mill at Lindores (Reid, 1988). A further dispute lasted for nearly 40 years at 

the start of the 15th century again over tithes paid. It is known that Lady Margaret, sister 

of James III, lived at Elcho in 1489 and an annual stipend was received by the nunnery 

of £66.66 was received by the nunnery until her death.  The Nunnery was badly damaged 

by the English in 1547 and then destroyed in 1559 as part of the Reformation and the 

nuns had to flee.  What is not clear is how much of the nunnery was destroyed in 1547, 

and whether any of it was rebuilt. Although, some of the nuns were able to stay locally 

on the land and manage the Grange – they did not move back to the nunnery as it was in 

too great a need of repair (Stavert, 1988).  A drawing from 1788 shows the site in ruins 

with little remaining above ground (figure 25). 

 

It is unknown if the glass windows were able to be replaced - before the final desertion 

after 1559. The debts of the nunnery attested to in the early 16th century would suggest 

that little renovation work – Certainly in the form of more expensive window glass - 

would have been possible. Although some repairs may have been attempted it is difficult 

Figure 25 Ruins of Elcho Nunnery drawn in 1788 by unknown artist © National Library of Scotland 
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to imagine that the windows would have been repaired. It is tempting to attribute the 

glazing to a period when the Priory came into some money with an annual stipend of 

received from James III after his sister Margaret cane to live at Elcho in 1489.  

 

 Excavations 
 

The site was excavated between 1968-73 by the Perth Society of Natural Sciences (Reid, 

1988). The remains of the nunnery are still visible above ground on a raised terrace about 

a mile from Elcho Castle. The excavation was focussed on three areas presumed to be the 

near the original location of the church.  A rectangular stone building was indeed found 

which was around 8m wide and 21m in length and was interpreted as being the church. 

 

 Glass 
 

Two hundred and fifty-six fragments of window glass were found during the course of 

the excavation. All but one was found in the interior of the church building interpreted as 

the church (Reid, 1988).  

 

None of the fragments were larger than 3cm in length. All bar six pieces are clear ‘white’ 

glass. Four pieces are blue and two red. Twenty five fragments were parts of diamond 

shaped quarries but there were also a range of rectangular and square shaped pieces (Reid, 

1988). The condition of the glass is very poor with thick black corrosion layers and 

delaminating surfaces found across the assemblage.  

 

While the majority of the pieces had grozed edges, a few fragments were able to be 

identified as being made using the cylinder method due to the presence of flame-rounded 

edges (Vose, 1988). During inspection for analysis two pieces were found to have 

elongated air bubbles, also consistent with cylinder manufacture.  

 

A small number of lead cames were also found, including one with a piece of window 

glass in situ. Melted lead also found in the region of the window glass finds, suggesting, 

that the lead came had been recycled. The majority of the glass fragments may have been 

collected up for sale as cullet.   

 

Twenty-four samples of window glass were analysed from Elcho.  
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 Glenluce Abbey 

 

 History 
 

The Abbey at Glenluce, in situated in Dumfriesshire, South-West of Scotland (figure 26). 

It belonged to the Order of Citeaux and was founded by a successor of David I in 1190, 

either being a daughter house of Melrose or of Dundrennan (Cruden, 1953). The main 

abbey church was built in the mid-13th century. A new square Chapter House was added 

in the late 15th century, and this still survives as a roofed and vaulted building whilst the 

rest of the abbey is now in ruins (Fawcett, 1994). The plan of the building is shown in 

figure 27. 

 

 

          Figure 26 Glenluce Abbey © HES 

   

 Excavations 
 

The Ministry of Works cleared the site and carried out excavations in the late 1940’s to 

allow the Abbey to be accessible and safe for the public (Richardson, 1939, Cruden, 

1953). The site was noteworthy for having the only medieval decorated tiles still in situ 

in any ecclesiastical building in Scotland. Despite a substantial quantity of window glass 
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being recovered during the excavation, there is little in the excavation reports to suggest 

where exactly the glass was recovered from.  

Figure 27 Plan of Glenluce abbey (from Richardson, 1939) 
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 Glass 
 

Forty-five pieces of window glass from Glenluce are in the collection of the National 

Museums Scotland some of which is shown in figures 28 and 29.  

 

The glass found is listed in the catalogue of Graves (1985a) and those pieces that are 

decorated are described as showing a transition of styles from the late 13th to the early 

14th centuries (Cruden, 1953). The grisaille decoration is now dark brownish-black on 

greenish-white clear glass. Only two pieces of deliberately coloured green glass were 

found among the Glenluce material.  

 

There is a variety of foliage and border patterns on the pieces including the earlier style 

of stiff leaved trefoils on a cross hatched background through to later more fluid foliage 

and berries on plain background.  Border designs include squares and circles made by 

stick-work, and large quatrefoil flowers. Two fragments show naturalistic leaves suggest 

that these are of a slightly later 14th century date.  

 

In addition to the painted glass there were also a larger assemblage of unpainted glass, 

that is thinner and in better condition than the grisaille, which would suggest that it was 

of a late 15th or early 16th century date. 

 

Thirty samples of glass were analysed from Glenluce. Two samples were analysed by 

LA-ICP-MS.   
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Figure 28 Glenluce - pieces of clear undecorated glass 
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Figure 30  Figure 29 A selection of painted glass fragments from Glenluce 
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 Iona 

 

 History 
 

The Isle of Iona is known as the seat of Scottish Christianity with St Columba founding 

one of the first Scottish monasteries there in 563AD. This monastery was abandoned in 

849AD following a succession of Viking raids.  

 

The Islands became part of the Norse Kingdom of the Isles in the 10th and 11th centuries. 

The Island was finally transferred to Scottish ownership in 1266 and the Lordship of the 

Isles was established at the end of the 13th century. Full ownership of the island by 

Scotland was only re-established in 1491.  

 

The Benedictine Abbey was founded in 1203 on what was thought to be the site of the 

original Monastery (Cowan and Easson, 1976). At this point the Islands were still part of 

the Norse Kingdom, but became independent under the leadership of Ranald, who invited 

the Benedictines to settle. An Augustinian nunnery was also established around the same 

time to the south of the monastery site. It is believed there was an original Romanesque 

church began to be built around 1190. This was added to in the 13th century with further 

rebuilding and enlargement around 1420 and a final phase of work around 1500 when it 

became the Cathedral of the Isles.  

 

 Excavations 
 

Excavations were carried out by P. Macgregor Chalmers in the early 1900’s and it is 

thought that the glass was found in these excavations and donated to the Museum of 

Antiquities. Further excavations were carried out by Charles Thomas from 1956-1963 

where a small number shards of early medieval window glass were found – possibly 

dating from the 8th – 9th centuries (Campbell and Maldonado, 2016). Further small 

excavations around the abbey are have also been carried out in subsequent years (Barber, 

1981, Reece, 1981). There is no record of further glass being found during these 

excavations However, two fragments of medieval window glass were found in the most 

recent excavations by Glasgow University in 2017 (Campbell E. pers. comm). 
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 Glass 
 

 

 

 

 

 

 

Figure 31  Five glass shards from Iona 
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Five pieces of plain window glass (figure 31) from Iona’s Benedictine Abbey are held in 

the collections at NMS. These are in varying tints of green tinged ‘white’ glass and all 

are unpainted. One piece is a diamond lozenge. Unfortunately, no information is known 

about where they were found. All five were sampled for analysis.  
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 Lindores Abbey 

 

 History 
 

Lindores Abbey was a community of the Order of Tiron, a sub-set of the Benedictine 

order and was founded in 1191 by monks from Kelso Abbey (Cowan and Easson, 1976). 

It was situated on the south bank of the River Tay in Fife and within easy reach of the 

Ports of Perth and Dundee. The remains of the Abbey can be seen in figure 32.  

Tironesians were known to be great patrons of the arts and crafts more so than other 

monastic orders and many monks were also craftsmen themselves (Thompson, 2014).  

 

At least five monarchs of Scotland visited the Abbey and is the burial place of a number 

of significant Scottish figures. The abbey was first sacked by a mob from Dundee in 1549 

and again during the Reformation of 1559, resulting in most of the stonework being 

plundered and pieces of monastic stonework can be seen reused in buildings of the nearby 

town of Newburgh (Fawcett, 1994). 

 

 

 

 

Figure 31 The ruins of Lindores Abbey (https://commons.wikimedia.org/w/index.php?curid=7698864) 
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 Excavations 
 

There are no records of published excavations at the site. The site was subject to 

geophysical survey in 2014 (Matthews, 2015). 

 

 Glass 
 

The four shards of glass are thought to have been donated to the Museum of Antiquities 

of Scotland by Charles Lees as reported in the notes of the Proceedings of the Society of 

Antiquaries of Scotland (1887, vol 21 p 266).  The glass is decorated with curvilinear 

designs, curling stems and cross hatching and dated to the mid-13th century by Graves 

(1985a).   

 

Four samples were taken for analysis. 

 

 Linlithgow Carmelite Friary 

 

 History 
 

The site at Linlithgow is thought to originally have been the site of a chapel of the Blessed 

Virgin Mary before becoming associated with the Whitefriars. The chapel was converted 

into a Carmelite friary in 1401, using an endowment by Sir James Douglas of Dalkeith. 

A ‘spurious’ document suggests the Carmelites may have been associated with the site 

from as early as 1280 although there is no further evidence for this (Spearman, 1989) 

There is record in the Exchequer roles for the importation of window glass to Blackness, 

which was the port of Linlithgow, from the late 14th century (Graves, 1994), although 

there is no record if the glass was for a local church, friary or Linlithgow Palace. 

It appears that the south and east ranges of the friary were still in use until the early 1560’s 

after which the site was demolished and building materials reused.  

 

 Excavations 
 

The site has been subject to a number of excavations. The stone foundations were exposed 

in 1905 to reveal the original outline of the site as well as the east end of the chapel. 

Excavations were carried out in 1953 with trenches placed to confirm the location of the 
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original church and the extent of the friary buildings (Hunter, 1953). Window glass was 

found during this excavation. 

 

Further large scale excavations were carried out the autumn of 1983 and the spring of 

1984, in advance of the development of the site (Stones et al., 1989). The plan of the 

priory excavations can be seen in figure 33. A substantial amount of window glass was 

found in the chancel of the church building during these excavations.  

 

 Glass 
 

A small assemblage of window glass fragments from the 1953 excavation is kept in the 

NMS collections. These were believed to have been found in south of the site, close to 

the altar and are purported to have come from the original east window. Red, yellow, 

green and blue pot metal glass were recovered from, what was interpreted as destruction 

levels, between the altar and the east wall. The glass was typologically divided into two 

dates – the first coming from the pre-friary chapel and a second group of more 

geometrically designed patterns more likely coming from the late 14th or early 15th 

century (Graves, 1985a).  Much of the later glass had whitewash on one surface, 

Figure 32 Plan of the friary church building at Linlithgow (Stones et. al. 1989) 
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suggesting it had been painted over, possibly because the images on the windows were 

unsuitable for the nave of the Carmelite friary church. 

 

A further four hundred and ninety three fragments of glass were discovered during the  

1985 excavations and these are catalogued and described in detail in Stones et al. (1989). 

Unfortunately, it was not possible to locate the majority of this assemblage. However, a 

small collection of the painted fragments was found in the stores of Aberdeen Museums 

and Galleries. These pieces were all painted and in a relatively good condition. It is 

surmised that they were sent to Aberdeen for illustration or direct comparison with the 

assemblage of window glass from the Aberdeen Carmelite Friary.  

 

The majority of the fragments were found primarily in what was interpreted as the chancel 

of the church. There was a high proportion of coloured glass showing that the windows 

may have been more colourful than elsewhere. The most decorative and colourful glass 

would be reserved for the most important windows in the church while windows of the 

living quarters would be glazed with plain glass. Thirty of the pieces are decorated with 

red and brown paint. Two pieces of decorative glass found in the Nave showed a different 

style found in the chancel. These pieces are described as being ‘clearly pre-15th century’ 

in date.  Whitewash was again visible on a few glass fragments. It is suggested that they 

were covered because they were either too colourful and decorative for the nave of a friary 

church or because reorganization of the building meant that windows were no longer 

needed in these locations (Stones et al., 1989).   

 

Window glass was also found in the area of the refractory. This glass was all ‘white’ 

glass, predominantly diamond quarried and had not been decorated in any manner. Of 

note the dating of the context these shards were found in suggests that the windows were 

likely to have been glazed in the third quarter of the 15th century. The presence of straight 

edges on some pieces indicate that the glass was manufactured using the cylinder or muff 

process. 

 

In total twenty-one samples were taken for analysis from the Linlithgow site from the 

NMS collections and from the later excavated assemblage. Six samples, all excavated in 

1985, were analysed by LA-ICP-MS  
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  St Andrews Cathedral 

 

 History 
 

St Andrews Cathedral (figure 34) is the largest ecclesiastical building to have been 

constructed in Scotland and plays an important role in the development of early Gothic 

architecture in Britain (Hoey, 1994). The site was home to an Augustinian foundation of 

monks from 1127 who first built the Church of St Rules. The Cathedral began to be 

erected on an adjacent site around 1158-62 and work continued on it for more than a 

century. It was. The West end was damaged in a storm and rebuilt in 1272-79 and the 

Cathedral was only finally consecrated in 1318 (Fawcett, 1993).  

 

A fire partly destroyed the building again in 1378 and restoration work continued until 

1440. The choir and transepts were re-roofed, and the piers of the south nave arcade 

rebuilt. A new large perpendicular window was also installed in the East wall of the 

presbytery (Thurlby, 1994). After this only minor repairs were carried out until, as 

elsewhere, the building and contents were severely damaged during the Reformation. 

Throughout the next two and a half centuries the masonry was robbed and taken away to 

be reused elsewhere. This was only ceased in 1826 when the site was taken into the 

custodianship of the Ministry of Works (Cowan, 1994). 

 

 

 

Figure 33 The ruins of St Andrews Cathedral (Historic Environment Scotland) 
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  Excavations 
 

There were numerous excavations and investigations carried out on the site by Victorian 

antiquarians, most notably by Richard Reid, the first Master of Works of Scotland in the 

mid-19th century (Fawcett, 2002).  Most of these interventions were barely recorded and 

were not so much about discovery of the archaeology but to improve the landscaping and 

to reduce the further collapse and loss of the building. Further excavations and 

investigations were carried out during the early 20th century most notably recorded by 

Fleming (1915). It is during these excavations that the majority of the window glass is 

believed to have been recovered but there is no contextual evidence for where the glass 

was found.   

 

Small scale excavations and watching briefs carried out in more recent decades attest to 

the extensive remodelling of the site in the 19th century, with little of the original medieval 

levels or artefacts being recovered (Lewis, 1987, Stewart, 2005).  

 

  Glass 
 

Window glass was recorded as being excavated from the middle area of the north transept 

of the Cathedral church in 1904 and was catalogued by Fleming (1931). The burnt 

condition of some fragments led to the suggestion that the windows were destroyed in the 

fire of 1378. 

 

Further glass was recovered in the area of the Chapter House and from the south east of 

the cathedral as well as from the north side of St Rule’s church in 1911 (Fleming, 1915). 

Unfortunately, there is no clear documentation to provenance individual fragments of 

glass. To add to the complication there were also listed fifty one pieces of painted window 

glass and twenty four pieces of plain glass found from the church of St Mary on the 

Kirkheugh in the 1860’s, which may have become mixed with the Cathedral glass 

(Graves, 1994).  

 

The fragments are probably of an early date, with leaf motifs resembling foliage 

decoration dated to the late 12th century from both Canterbury and York (Graves, 1994). 

Geometric border pieces are also similar to borders in the Canterbury corona dated to 

1175-80 and tracery in the chapter house in York minster also dated to around 1170-1200 
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(Graves, 1985a). The decoration on the glass, evidence of fire damage on some of the 

pieces and the known chronology of the building all point to the glass being of late 13th 

century date and most likely entered the archaeological record following the fires at the 

end of the 14th century. The assemblage of glass from St Andrews is likely to be amongst 

the earliest glass studied (figures 35 – 36).  

 

Forty-eight samples of glass were analysed – approximately half of which were from the 

NMS collections and half from the HES collection. Ten samples were analysed by LA-

ICP-MS. 

 

Figure 34 Fragments of painted window glass from St Andrews Cathedral (Graves, 1994) 
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Figure 35 A selection of border fragments from St Andrews 
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  Perth, Whitefriars Carmelite Friary 

 

  History 

The friary at Tullilum, Perth is thought to have been founded in about 1262, shortly after 

the Carmelite friars first came to Scotland in 1260 (Spearman, 1989). This was their first 

foundation in Scotland, and they appear to have chosen a site that already had a chapel in 

existence. Evidence of an early 12th century chapel was found during excavations. The 

land was at that time in the ownership of Dunfermline Abbey but was transferred to the 

Bishop of Dunkeld by the time the Carmelites settled there. The friary was one of the 

main residences of the Bishop of Dunkeld from the mid-15th century. 

During the lifetime of the friary we know that a certain amount of repair and building 

work took place. However, there is only a single reference to glass being repaired or 

installed when in 1513, £1 17s 8d was spent on a great window in the glass. (SRO , B59, 

Dunk Rent, 227-8). There is no documentary evidence relating to the glass windows 

installed in the late 13th and 14th centuries, the supposed date of the bulk of the material 

found on the site (Stones et al., 1989)  

It is not known exactly when the friary was abandoned. Although recorded as one of the 

sites that the Perth Reformers attacked and damaged in 1559, it is thought to have escaped 

total destruction, possibly by the timely intervention of Lord Ruthven. There is a record 

of the Carmelites from Tullilum were providing a ‘feu-ferm’ to the James VI hospital in 

Perth in 1619 (Spearman, 1989).  

  Excavation  

Small sections of three different friary buildings were uncovered during excavations in 

the early 1980’s (Stones et al., 1989). Building 1 was interpreted as the eastern end of the 

friary church. Building 2 was either the sacristy or cloister, while Building 3 was part of 

the monastic range.   
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Further excavations were carried out on the site in both 2007 (Hall, 2007) and  2014-16 

(Hall, 2016, Hall, 2017). Over three hundred burials were discovered in the chancel of 

the friary church. In addition, a small industrial area adjacent to the main buildings were 

uncovered as well as part of the west range of the monastic buildings. There was also 

evidence for the rebuilding of the west end of the friary church initiated by the Bishop of 

Dunkeld. Window glass was again found associated with the church, but this was not 

available for this work.  

  Glass 
 

During the 1982 excavations, 104 fragments of heavily corroded window glass were 

recovered. 

Sixty-seven fragments were recovered from three contexts all associated with Building 1, 

the possible church (figure 37). Ten fragments came from context 3, which was a layer 

of demolition rubble over the E wall. Twenty-nine fragments came from context 30, and 

twenty-eight from context 31, both contexts being wide spreads of material over the 

structure. However, the majority of the glass in both contexts is known to have been 

collected from close to the east wall of the church. Lead window came was also recovered 

Figure 36 Plan of Perth Carmelite Friary excavations for phase 1 - the window glass was found associated 

with contexts for building 1 (Stones et al 1989) 
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from this area and it is suggested that the glass, found in these contexts, came from a 

window in this wall which would possibly have been the great east window of the church.  

Twenty-three fragments were recovered from contexts associated with Building 2 (376 - 

380). These fragments are in a very corroded state and only one, 376, has any painted 

decoration.  

A further two fragments, 375 and 382 were associated with Building 3, the Grange.  

A number of pieces show evidence of being made using the cylinder method with fire 

rounded edges clearly seen on two pieces of glass and elongated bubbles/striations in 

others.  None of the pieces have indications of being manufactured by the crown method.  

The pieces of glass are made up of a wide variety of shapes, although most are no longer 

complete. Many pieces have grozing marks visible. One complete fragment is uniquely 

decorated with a geometric design consisting of a central cross surrounded by a number 

of borders with ‘pawn-like and semi-circular extensions’(Stones et al., 1989). There is a 

small group of rectangular shaped fragments which are likely to have come from borders. 

These are similar in pattern to border fragments found at Linlithgow Carmelite friary. 

Other pieces are decorated with linear, curvilinear and ring and dot decoration with a 

small number having areas of cross-hatching. This style of ‘grisaille’ has been identified 

as being of the earlier tradition of stiff stick work dating to the 13th and early 14th 

centuries. Only three fragments have a more natural leaf decorative style which could 

potentially be considered as later additions.   

Five fragments of glass are visibly very different to the main assemblage being thinner 

and less corroded than the bulk of the glass. These are plain ‘white’ glass and from visual 

assessment are thought to date from the late 14th – 16th century date (Stones et al., 1989) 

Nine samples were selected for analysis. Seven of these came from building 1 - the church 

building - while two of them came from building 2 – sacristy or cloister. Of these 5 are 

recorded in detail in the catalogue as they were decorated fragments as below (Stones et 

al., 1989).  
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  Perth Dominican ‘Blackfriars’ Friary  

 

  History 
 

The Dominican (Blackfriars) friary was founded in Perth in 1231 by Alexander II and the 

church was dedicated in 1240 (Milne, 1893). It was a wealthy monastery owning much 

of the north-eastern part of Perth and was the centre for many historical events such as 

synods and Parliaments. The Kings of Scotland also resided there when in Perth and King 

James I was murdered there in 1437.  

 

The friary was ransacked in May 1559 by the Perth reformers and it was recorded that the 

monastery was reduced to ‘bare walls within three days’ (Bowler et al., 1995). The 

monastery grounds were granted to the Burgh of Perth in 1569 by James VI.  

 

  Excavations 
 

Excavations were carried out at Kinnoull Street in Perth over the winter of 1983 and 1984 

and parts of the Dominican Friary were located (Bowler et al., 1995).  Two structures 

were uncovered and while it was not possible to identify these buildings with certainty, it 

was believed that Building 1 was the eastern range of the cloister, while Building 2 was 

probably a communal latrine or storage cellar.  

 

Further watching brief and evaluations were carried out near the site in 2002 and 2004 

but only medieval soil deposits were recovered with no further evidence of the buildings 

uncovered (Cachart, 2004).  

 

  Glass 
 

During the 1983/4 excavations, fifty-five fragments of window glass were found in 

association with the destruction contexts of Building 1. Twelve of these fragments have 

linear and curvilinear grisaille decoration accompanied by cross-hatching and would be 

considered typical of the late 13th century style.  

 

Eighteen samples of glass from the Dominican Friary were analysed.  
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  Perth – Town Centre  

 

 History 
 

There is documentary evidence for what is now the Canal Street area of Perth being an 

important site for the metalworking industry by at least 1600 (Holdsworth, 1987). In the 

late and post medieval period Meal Vennel was a lane connecting the High Street and 

South Street.  

 

  Excavations 
 

The first excavations were carried out at the Canal Street site in 1981. The site of Meal 

Vennel was excavated in 1983, in advance of redevelopment of the site (Cox, 1996) and 

five years later further excavation was also carried out in the  Scott Street/Canal Street 

area (Cox, 1996). Figure 38 shows the position of both of these sites alongside the position 

of the sites of the Dominican and Carmelite Friaries discussed in the two previous 

sections.  

Figure 37 Map showing the layout of Medieval Perth and the positions of the Friaries 
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  Glass 
 

During the Meal Vennel excavations, fourteen window glass fragments were found in 

phase 5, two of which had red-brown grisaille decoration likely to be of a mid-13th century 

design (Cox, 1996). Phase 5 was interpreted as a number of domestic stone buildings, 

alongside metalworking activity. Coins from the late 13th century were found in this 

context and further dating evidence suggests a date of the mid-14th century for deposition. 

Ten samples were analysed from this assemblage.  

 

Two painted window glass fragments from a context dated no later than the end of the 

14th century were recovered in the Canal Street excavations (Ford, 1987). One of these 

was flashed with red glass. The painted piece showed parallels with glass from Linlithgow 

friary and Glasgow cathedral dated to the 14th century.  

 

  Inchmahome 

 

  History 
 

Figure 38 Inchmahome Priory from the air (Andrew Shiva www.commons.wikimedia.org) 
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A Priory for Augustinian canons was founded around 1238, at Inchmahome, a small 

island in the Lake of Menteith, Stirlingshire (Fawcett, 1994). While there was an existing 

church there, the main church and priory buildings were built in the 13th century, possibly 

by masons who also worked on Dunblane Cathedral, due to similarities noted in the 

carving on the doorways. It was visited by Royalty in the 14th century. As elsewhere the 

monastery went into decline in the 16th century and damaged during the reformation.  The 

Chapter House was turned into a mausoleum in the seventeenth century and is the only 

part of the site still roofed to this day (figure 39). 

 

  Excavations 
 

There does not appear to be an excavation report for the site, apart from notes of an 

excavation in 1999, which recorded that no finds were made. The window glass fragments 

were in the collections of Perth Museums prior to this date.  

 

  Glass 
 

Six samples were taken from glass fragments in the collection of Perth Museums and 

Galleries. None of these samples were analysed by LA-ICP-MS.  
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8.3 Post-Medieval Glass 

 

Window glass from post-medieval sites dated from the mid-16th - 19th century was 

analysed. The samples are all from excavations undertaken between 2013-2017 and are 

from a range of domestic sites including rural farmsteads, urban burgh settlements high 

status castle and tower houses. The first group of samples were initially provided by 

Robin Murdoch, who had been tasked with writing post-excavation reports for glass finds 

from a number of sites over the previous few years.  Some of these samples had already 

been analysed by p-XRF (Kennedy et al., 2013) but were additionally sampled for SEM 

and LA-ICP-MS analysis. A small number of representative samples were chosen from 

each visually identified glass type within each assemblage.  

 

During the course of the PhD further samples were analysed from more recent 

excavations. These sites were Fetternear, Penicuik House, Aden and Castle Sinclair.  

 

Both p-XRF and SEM analysis were able to be carried out on all the post-medieval 

samples and in addition some pieces selected for LA-ICP-MS analysis. Table 8 lists the 

sites from where samples were taken and how many were analysed by each method while 

figure 40 is a map showing the location of the sites in Scotland. 
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Post Medieval  
 

Type Location Date SEM-EDX & 

P-XRF 

LA-ICP-

MS 

Cramond 

Tower 

Tower, Mid 

Lothian 

Mid Lothian 15th - 18th 

C 

6  

Brora Beach 

(BB) 

Salt House' 

Sutherland 

Sutherland L16th - 

17th C 

3 1 

Cromarty Medieval 

/Post 

Medieval 

burgh 

Highland L16th - 

1850 

20 2 

St John's  Kirk, Perth Perth L16th – 

19th C 

5  

Fyvie  Castle, 

Aberdeenshire 

Aberdeenshire L16th - 

17th C 

8  

Glenochar Bastle House, 

Borders 

Borders L16th - 

17th C 

3  

Castle Leod Highland 

Castle  

Sutherland 16th - later 10  

Fetternear 

(FN) 

Bishops Palace, Tower House 16th - later 30 4 

Aden Meeting 

House 

Aberdeenshire 16th - later 30 2 

Glenshellach Farmstead 

Oban  

Oban 18th C 17 1 

Flora 

MacDonald's 

cottage 

South Uist 

traditional 

cottage 

South Uist mid 18th C  8  

Glasgow 

Shuttle 

Post Medieval  Glasgow 
 

1  

High 

Morlaggan 

Highland 

settlement 

Highland 18-19th C 9  

Penicuik 

House 

County 

House, Mid 

Lothian 

Mid Lothian 18th C 25 1 

Castle 

Sinclair 

Castle Highlands 16th C  27  

Total    202 11 

 

Table 8 List of Post Medieval sites and the number of samples taken from SEM-EDX, p-XRF and LA-ICP-MS (all Post 

Medieval samples were subject to both p-XRF and SEM analysis) 
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Figure 39 Map showing the locations of the Post-Medieval sites where window glass was sampled from. 

 

The following is a brief description of the sites where the post-medieval glass was 

found, any excavations that took place, alongside a description of the glass samples 

themselves.  

 

 

 

 

 

 

 

 

Brora Beach

St Johns Perth

Glenshellach

Cromarty

Crammond Tower

Castle Leod

Glenochar

Fetternear

Aden 

Elcho Nunnery

Fyvie Castle

Penicuik House

Flora MacDonald’s House

High Morlaggan

Castle Sinclair

Glasgow Shuttle
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 Cramond Tower 

 

 

The first known building on this site was an early Tower House which was most likely 

completed towards the end of the 15th century (canmore.org.uk). It is possible that there 

was an earlier 14th century building on the site which was recorded as being acquired by 

the bishop of Dunkeld in 1409, but this was replaced by the Tower House. It became the 

property of John Inglis, an English Merchant, in 1622 and he is known to have made 

alterations to the property. This work included the enlargement of some of the windows 

and therefore probably installation of new window glass. It is unknown if there was any 

glass in the Tower House windows before this date.   

 

By 1680 the Tower house was abandoned and in 1837 it was recorded as being a ruin.   

 

Cramond House was built around 1680 close to the old tower house and a later wing 

added on in 1770. The contextual evidence suggests that the glass found relates to this 

building rather than the Tower House.  

 

 Fyvie Castle 

 

A substantial castle at Fyvie, Aberdeenshire is known to have existed from the 13th 

century (figure 41). The earliest Castle was likely to have been of timber/earthwork 

construction, but the earliest remaining visible stonework is from the ‘Preston Tower’ 

which dates to between 1390 and 1433. An earlier curtain wall to the north of this tower 

was uncovered during excavations in 1985 (Shepherd, 1985). The Preston Tower was 

then almost replicated in style by the Meldrum tower in the late 15th century.  Alexander 

Seton, who owned Fyvie from 1596-1622, organised substantial works to turn the Castle 

from a defensive structure into a palatial dwelling fit for the aristocracy(Simpson, 1938). 

He remodelled the main entrance tower and upper parts of the other towers 1599. Of note 

is the addition of two dormer windows on the inside of the west range were added at this 

time. These works may have been overseen by a local master-masons I. and David Bell 

and are similar in style to other Aberdeenshire castles of the period such as Castle Fraser 

and Craigievar (Simpson, 1938). The Castle was attacked in 1644 when the Earl of 

Montrose occupied it and further fortified in 1646 to protect its Royalist owners. It was 

then garrisoned by Puritan forces during the Cromwellian period. A further tower was 

added in 1777 (Gordon Tower) as well as additions to the west range to improve the main 
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rooms and provide modern living accommodation and kitchens with the addition of 

porches and an annex as well as some rebuilding and repair of the south wing. A final 

tower was built in 1890 – the Leith Tower. 

 

 

Figure 40 Fyvie Castle (c) National Trust for Scotland 

 

Geophysical investigations followed by excavation were carried out in 2010 and 2011 as 

part of the Castle Environs project. The intention was determine the survival of the 

historic garden and other structural remains below the surface (Cameron, 2012). This was 

in the main to inform future events management in the gardens to mitigate damage from 

heavy machinery and marquees being built.  

 

Following the survey, five trenches were excavated to investigate features. One of these 

coincided with the position of a small building shown on a drawing from the mid-late 

18th century (probably sketched prior to the 1777 building works). The building looks 

like a small chapel positioned to the south east of the castle. This building was not shown 

on an estate plan of 1822.  The interpretation of the building following excavation was 

that it was probably a Catholic chapel, built sometime after the reformation, possibly 

when Alexander Seton took over the property in 1596. It was a narrow building and the 

lack of rubbish found on the floor suggested it was a clean building rather than an area of 
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working, storage or for keeping animals. It may possibly been used as a summer or garden 

house.  

 

 

Figure 41 Possible layout for Building 402 showing garden wall (right) and chapel walls 

Ten samples of glass were analysed from the Fyvie Castle from a total of 296 that were 

found. These were chosen by Murdoch (2011) on a visual basis to represent different 

types of glass found. The majority of the glass was found in a demolition layer in Trenches 

4, 6, 7, 8 and 11 above a cobbled surface (contexts 402, 602, 702 and 802), which has 

been interpreted as the building seen in the 18th century drawing (figure 42). Glass also 

came from Trenches 3 and 10 which are closer to the Castle. In particular 1001 which 

was a demolition layer from a mortared stone wall which may have been attached to the 

castle.  
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 High Morlaggan 

 

High Morlaggan is the site of an abandoned settlement, situated along the eastern side of 

Loch Long close to Arrochar in Argyll. (Regan, 2011). Excavations in 2009 and 2011 

revealed pottery from the late medieval period onwards confirming that there had been 

settlement at the site from the late 15th century until the late 19th century. The bulk of the 

artefacts, including the window glass, came from middens and are not clearly associated 

with a structure. The buildings had many changes of use. For example, structure 3, had 

originally been a byre before becoming a dwelling then finally a storehouse (Regan, 

2011).  

 

 Glenochar 

 

The site at Glenochar is a Bastle House (or ‘Bastille’ House) and ‘fermtoun’ site in the 

Scottish Borders. Bastle houses were fortified farmstead dwellings that were commonly 

built in the English-Scottish border regions during the late 16th – early 18th centuries when 

there were long periods of unrest. The house itself was fully excavated prior to 1986 and 

found to be made from stone wall footings with cruik frame timbers and the roof would 

have been originally been thatched (Ward, 1998). Some Bastle houses had slate rooves 

but no evidence for this was found at Glenochar.  

 

As well as the main house at least nine other buildings were present on the site. A number 

of these ‘fermtoun’ buildings were excavated by Biggar Archaeologists Group in the 

1990’s (Murdoch, 2006, Ward, 1993). It was from these excavations that the window 

glass was found. The excavations suggested that most of the buildings were in use 

throughout the late 17th and early 18th century, with some buildings changing function 

during this time.  The farm buildings appear to have been upgraded from byres to 

dwellings (figure 43). The other finds from the site also suggest that it was a relatively 

wealthy farm with a variety of bottles, ceramics and other artefacts. The wine bottle 

assemblage shows (1690-1760) the greatest number from the period between 1720-40. 

Before 1690 wine bottles (introduced around 1630) were relatively high status and scarce. 

Murdoch (2006) comments that the presence of so many wine bottles on a rural site seems 

unusual and an indication that the site was relatively affluent.   
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Figure 42 Artist impression of Glenochar Bastle house. The house is shown thatched as no roof tiles were found 

during excavation http://www.biggararchaeology.org.uk/rp_bastlehouse.shtml 

  

Only three samples were chosen for analysis based on a selection of window glass from 

this site out of 76 samples of window glass that were found and are described in the glass 

finds report (Murdoch, 2006). 

 

 Brora 

 

Brora beach is a site of a salt works on the west coast of Sutherland. Excavations were 

carried out, between 2005-8, to investigate salt works that were documented as being in 

operation between 1598-1617 and 1767-77. The earliest salt pan was established by Lady 

Jane Gordon, Countess of Sutherland in 1598, but the iron pans were sold around 1618, 

possibly to pay debts.  These 16th - 17th century buildings was subject to extensive 

excavations in 2011 (Hambly and Aitken, 2011). The building where the glass was found 

to be a building of relatively high quality and status, and unique for the region as a site of 

early post medieval industrial activity. There was a central chimney and stone fireplace, 

evidence for an external staircase, and both internal and external walls were lime 

mortared. The building was interpreted as either an office or a store, rather than a 

dwelling. Thirty-two sherds of window glass were discovered in the eastern room in 

context C9024. All were of similar appearance and colour. Three of these shards had 

straight edged selvages which would suggest cylinder blown window glass (Murdoch 

2011). The presence of window glass in a small relatively remote industrial domestic site 

is considered unusual.  However, the excavators comment that “The high quality of the 

build and the choice of carved stone masonry for the building’s openings and the presence 
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of specialist craftsmen reflect the investment and direct involvement of the Sutherland 

Estate in this short-lived industrial venture” (Hambly, 2012) 

 

 Flora MacDonald 

 

The remains of five blackhouses were excavated close to the birthplace of Flora 

MacDonald on the Isle of South Uist in 1996 (Symonds, 1996) and 2000 (Symonds et al., 

2000). This is a traditional rural house from the Scottish Highlands and Hebrides and 

were approximately 17 metres x 4 metres in dimension. The walls were generally thick 

drystone construction and covered in thatch or turf. There was often no chimney for 

smoke to escape from. The construction and primary occupation of these black houses 

was dated from to 1790-1830, on the evidence of the small find assemblage. The site had 

imported pottery from Stoke on Trent and from Glasgow potteries, as well as locally 

produced handwares.  

 

 St John’s Kirk 

 

The present St Johns’ Kirk is a 15th century church, which stands on the site of a much 

older church first recorded between 1127 and 1131. It was built around 1440 but there 

have been numerous repairs and renovations, including substantial changes designed by 

Sir Robert Lorimer in the mid 1920’s. Lorimer is known to have replaced the original 

windows in the north and south walls of the nave at a new height. 

 

In 2003 a watching brief was undertaken along with small scale excavation in the south 

transept and choir where the earliest medieval graveyard lay underneath later medieval 

additions. A site of a former post medieval door and a 19th century enclosure wall were 

also found. In 2011 a further watching brief was undertaken (Perry, 2011). As well as 

remains of a medieval graveyard, the remains of the west and east walls of the 18th century 

meal market were found as well as a former cellar room. A small number of pieces of 

glass were found, but these were mainly in contexts associated with rubble and in fills 

(figure 44). Context 55 in the church contained fragments of black limestone, which was 

thought to have been from the 1440 construction, broken up as levelling material. It may 

indeed be that none of the window glass found was originally in the church, although if 

not it is likely to have come from nearby.  
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Figure 43 Plan of site excavated at St John's Kirk Perth 

 

 

 Glasgow Shuttle 

 

This is a single piece of window glass from excavations on the north side of Shuttle Street 

in Glasgow. This excavation found traces of medieval occupation including evidence 

from the 15th century Franciscan friary (established mid 1470’s) and the 13th century 

Dominican friary (Dalland, 2004). Rubble from the abandoned friary was found in a well 

including some pieces of stained-glass windows. Only one piece of window glass was 

submitted for analysis. This had previously been analysed by p-XRF and was included as 

it was believed to be post-medieval in date and not associated with the friary (Murdoch 

pers. comm.). 
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 Fetternear 

 

Fetternear is the site of a medieval Bishop’s palace, with a building likely to have been 

present on the site for some 800 years. A 12th century church is recorded on site and the 

site was gifted to the Bishop of Aberdeen (Slade, 1971) and at some point, in the 13th 

century it is thought a bishops’ palace or summer lodge was built. Very little remains of 

the medieval building apart from a 15th century granite door cap, and a rental list for the 

Bishop of Aberdeen in 1511 suggests the building was already neglected and ruinous by 

1560 (Dransart, 2016). In 1566 when William Leslie came into possession of the site 

construction began on a new building, probably reusing exiting material from the site. 

The new building began as a Tower House typical of the late 16th century (Dransart and 

Trigg, 2008) 

 

 
Figure 44 The excavations at Fetternear Palace © Aberdeenshire Council 

 

The building was badly damaged in 1640 at the hands of the Earl Marischal and the family 

had to flee for a time before they could return and make good the damage. Further 

additions were made from 1690-93 onwards by Count Patrick Leslie, incorporating the 

old tower house into the new larger mansion building.  
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In the late 18th century disputes and financial difficulties resulted in the lack of 

maintenance and subsequent demolition of parts of the building. The old medieval moat 

had been recut and it was around this time used to dump rubble. It was in this context that 

a large amount of the window glass was found, suggesting that it dates to this period or 

earlier. Further work was carried out in 1818 and then a North West wing added in 1841-

44. The work in 1818 was to both repair and improve the house which are described as 

being of such a drastic nature that the character of the building was destroyed (Slade, 

1971) and most if the remaining 17th century interiors were ripped out and most crucially 

major changes were made to the size and shape of the windows. One window in the South 

East wall of the original tower house is clearly enlarged, possibly in 1818 (Slade, 1971). 

 

The kitchens of the 14th century palace were located in 2006. The excavation work in 

2010 focussed on the summer palace and the excavation of the moat area and a clay 

bonded masonry structure to the southwest of the site (figure 45). The building contained 

two rooms of unequal size. Several complete quarries of ‘medieval’ window glass were 

found and are interpreted as being parts of lancet windows. The suggestion is that this 

building was part of a chapel. Finds associated with the post-medieval tower house and 

mansion were also recorded amongst rubble dumped in the infill of the ditch.  

 

   Glenshellach 

 

The site at Glenshellach is an 18th century farmstead, near Oban, Argyllshire. Work in the 

1960’s suggested that prior to the 18th century most rural west of Scotland buildings, 

although varied in shape, were made from turf, wattle and clay (Gailey, 1962). It was only 

around the beginning of the 18th century that the walls started to be built using un-

mortared stone but maintaining the cruik supports. By the 19th century the houses were 

wider and no longer used cruik supports but had straight gable ends. However more recent 

work by has shown that dry stone walls were used much earlier and in some locations turf 

walls persisted into the mid-19th century (James, 2003).    

 

Twenty-six samples of glass were analysed.  
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  Penicuik House 

 

Penicuik House is a Palladian building designed by Sir James Clerk and John Baxter the 

elder (figure 46). It was built between 1761 and 1769 (Trust, 2015),  following the 

demolition of the previous property on the site “Newbiggin House” in 1760 . Two new 

wings were added to Penicuik House in 1857 designed by the Victorian architect David 

Bryce but the building was destroyed by fire in 1899 the aftermath of which can be seen 

in figure 47. The stables survived and were converted into the new family residence, while 

the main house fell derelict.  

 

 

Figure 45 Image of Penicuik House before the addition of the two new wings in 1857 © Penicuik House Preservation 

Trust 

The Ossian Hall or Salon was one of the most lavish rooms in the house and was 

completed by 1769 and had three south-facing sash windows. Influential Scottish artist 

Alexander Runciman was commissioned to decorate the ceiling with themes from the 

Poems of Ossian by the post James Macpherson. No expense would have been spared and 

it is likely that the window glass would have been of the highest quality available at the 

time. During a standing building survey, evidence was found in the masonry that the 

windows had undergone alterations at some point possibly being raised (Morrison, 2010).  

 

Twenty-four samples of glass were analysed from Penicuik House. All were discovered 

during excavations during the standing building survey, from the interior of the Ossian 

Salon (Morrison, 2011). 
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Figure 46 Image of Penicuik House following the fire of1899 © Penicuik House Preservation Trust 

 

 

   Aden Park 

 

Excavations were undertaken in 2015 and 2016 at Aden Park, for the Book of Deer 

project. The window glass finds come from a site excavated in 2016 which was originally 

thought to be an old Episcopalian meeting house. The remains of a T shape building were 

discovered adjacent to a smaller building. The shape of the building and some of the finds 

have led to speculation as to whether this was indeed a meeting house or instead a Tower 

House – possibly the lost Tower House of the Keith family. 
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Figure 47 Excavations underway at Aden 'Tower House' or 'Episcopalian Meeting House' (Aberdeenshire Council) 

A total of 388 fragments of window glass were discovered during the 2016 excavation 

(figure 48) at Aden.   

 

The fragments of glass were visually inspected for signs of the method of manufacture 

and installation. They were visually separated into a number of groups to enable selection 

for chemical analysis.  

 

Forty-four samples of glass were selected for analysis by p-XRF and of these twenty 

samples were analysed by SEM-EDS. The selection was made both on visual appearance 

and to give a representative selection from the different find numbers and 

contexts/trenches.  

 

Visually the window glass can be separated into two main types of glass (Spencer, 2017). 

Type 1 is dark olive green in colour while the second group – type 2 – is a more colourless 

glass (figure 49). Both are of similar thickness. 
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Figure 48 The two types of glass from Aden - Type 1 is a dark green glass on the LHS and Type 2 is the more 

colourless glass on the right 

 

Most of the pieces are broken in an irregular fashion. This is likely to have happened 

when the glass was taken out of the building – possibly as a result of the glass being 

broken while the more valuable lead came was recovered for recycling.  

 

On a small number of type 1 glass there were cutting marks, where a straight line was 

etched prior to the piece being cut. None of the pieces show signs of grozing. The glass 

appears to be made by the cylinder blowing method. Some pieces have a characteristic 

smooth straight edge along one side where the cylinder of blown glass would originally 

have been cut when still hot. Some pieces also have internal elongated gas bubbles which 

are typical of this technique.   

 

The second type (220 fragments) are more colourless with only a pale blue tinge. The 

glass is of a superior optical quality to type 1 glass although it is cut in a similar way and 

also appears to be cylinder blown. 
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  Castle Leod 

 

 

Castle Leod is situated near the town of Strathpeffer, Ross-shire in North Eastern 

Scotland. The current ‘Castle’ is a 15th - 16th century Tower House which was built on 

the site of a 13th-14th century castle. It is the seat of the Mackenzie clan. The original 

castle would have been made of timber, on top of a man-made motte, but there are remains 

of 14th century stonework at the base of the current castle (Cockroft et al., 2013). 

Alterations were known to have been made to the Castle in the early 17th century by 

Roderick Mackenzie. A new house was built for the family seat towards the end of the 

17th century and it was reported that the Tower House was already in a ruinous condition 

by 1717. The dining room is known for its 18th century wooden panel and reputedly some 

of the earliest sash windows in Scotland. By the 19th century the Castle was again in use 

as residences for shooting and hunting parties and subsequently has been subject to 

Victorian and Edwardian modernisations and additions to the north of the original tower. 

In the latter half of the 20th century further restoration work was carried out.  

 

A ground survey was carried out of the Castle and its environs by the North of Scotland 

Archaeological Society in 2013 (Cockroft et al., 2015) and followed by test pit 

excavations in 2014 (Peteranna and Birch, 2015). Test pits adjacent to the castle wall 

revealed a series of stratified layers which showed evidence of the occupation and 

renovations to the castle, including window glass panes.  
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  Cromarty 

 

The town of Cromarty is situated on the tip of the Black Isle at the mouth of the Cromarty 

Firth. It was created a royal burgh around 1266 AD and was an important port for many 

centuries and the County town of the historic county of Cromarty. 

 

 

Figure 49 The site of Cromarty being excavated in 2015 (ARCH) 

 

Following coastal erosion in the winter of 2012 some medieval midden and stone-wall 

features were exposed. This gave rise to the need to investigate and protect these features 

before further damage was caused. A pilot excavation was carried out in 2013 and 

following the local community interest the Cromarty Medieval Burgh Community 

Archaeology Project was created with excavation carried out over three summers 2014-

2016 (figure 50).  The excavations were centred on ‘Thief’s Row’ which would have been 

the centre of the Medieval burgh. The area was rich in evidence for the fishing industry. 

Remains of 18th/19th century buildings were discovered on top of evidence of earlier 

medieval buildings from the 13th /14th centuries. Occupation continued throughout the 

late and post medieval period, with records providing names of residents in the street for 
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some years in the 17th and 18th centuries. One large double storey building, interpreted as 

a Merchants house, appeared to be in use from the 14th-17th centuries, although being 

altered and rebuilt.  

 

During the course of the excavations 426 shards of window glass fragments were found. 

The shards were sorted into visually similar groups and samples from each group chosen 

for analysis. Thirty-three samples were taken for analysis using the Niton p-XRF and 

SEM-EDS.  
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   Castle Sinclair 

 

Caste Sinclair, Girnigoe lies approximately four miles north of Wick in Caithness. The 

castle is comprised of a tower house with western and southern barbican towers. Within 

the outer bailey are four ranges of buildings. It is thought the castle was established by 

the end of the 14th century. It is thought a major scheme of rebuilding was undertook by 

the 2nd Earl of Caithness who was recorded as living there in 1496 (Spall, 2007). It was 

occupied and rebuilt by subsequent Earl’s during the 16th century. A tower house was 

built within the inner bailey sometime around 1588-90 followed by further building works 

in the early 17th century which incurred considerable expense (Calder 1861).  

 

The Castle was laid siege to in 1680 and the buildings likely damage and reported as 

being ruinous in 1681 (figure 51).  

 

 

 

Figure 50 Castle Sinclair in its current state – elevation (FAS) 

 

During excavations at Castle Sinclair Girnigoe, a number of pieces of window glass and 

lead came were found. Twenty-seven pieces of window glass were assessed as individual 

small finds along with an assortment of smaller glass fragments. The majority were found 

in context 1349 along with eleven piece of lead came. All the pieces of came had a clear 

‘H’ cross section when viewed in profile and broad but thin, flat flanges. The pieces 

measured approximately 10mm in width and had a with a gap of about 2.5-3.0 mm 
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between the flanges for the glass to sit. The measurements and profile all suggest the lead 

came was made using a lead mill and is therefore post-medieval in date (Knight, 1986). 

In addition, there were approximately 5 tooth marks per 10mm which further indicates 

that the lead came from Castle Sinclair is of early/mid-17th Century date (Knight, 1986).  

 

The glass is all what is ‘white’ glass in that it is clear and transparent and was not 

intentionally coloured. However, like most ‘white glass’ from pre-modern times the glass 

is tinted through a range of blue – green hues. None of the glass had evidence of painted 

decoration. 

 

In general, the glass is only lightly corroded. Some pieces have a darker layer of corrosion 

on the surface but none of the pieces have the thicker black corrosion which would be 

expected of earlier medieval glass which is rich in potassium and more susceptible to 

corrosion. The glass is also relatively thin being <2mm in most cases, although some 

pieces are up to 3mm thick. Some of the pieces have thicker rounded straight edges and 

the shape of these, as well as the presence of elongated parallel bubbles in some pieces, 

suggests the glass was cylinder or ‘broad’ glass.  

 

A number of the pieces had grozed edges which show where the glass was cut and shaped. 

One of these pieces has two grozed edges which are at an angle of 90, suggesting a 

square piece of glass. A second piece remains in part of the original came and one intact 

edge measures 37mm. The intact angles of this piece are again 90. This suggests that 

part of the window design was either made from square/rectangle pieces or the square 

pieces were used at an angle to form diamonds. This is unusual for the period and region 

as the majority of domestic glass windows in Scotland during the 16th and 17th centuries 

were thought to be lozenge (rhombus) shaped quarries which would have two acute and 

two obtuse angles, rather than right angles.  

 

The square/rectangular pieces suggest some of the windows may have been of a simpler 

pattern of squares that was more common in the Flanders regions during the late 16th and 

17th century. The identification of these additional patterns and no evidence for the 

traditional lozenge pattern, confirm that more elaborate window glass patterns were being 

used in the windows at Castle Sinclair. 
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8.4 Portable X-ray Fluorescence (p-XRF)  

 

Due to availability and access to both the window glass samples and analytical equipment, 

two p-XRF’s were used for this research. A Niton XL3t which was based at the University 

of Stirling and a Bruker Tracer III-SD which was based at Historic Environment Scotland. 

Samples from one site – Fetternear - were able to be analysed by both p-XRF machines 

to compare the results.  

 

The Niton XL3t portable x-ray fluorescent system utilises a ‘GOLDD’ detector. The XL3t 

was placed against the glass and X-rays generated when the nosecone was in direct 

contact with the surface. The X-ray spot-size was 8 mm in diameter. The nosecone of the 

XL3t was flushed with helium to improve light element detection. The lightest detectable 

element for the XL3t, even under a helium flush, is Mg. The XL3t was controlled by 

hand. The Cu/Zn Mining mode was selected for use, which allowed the simultaneous 

detection of over 20 elements, including those of interest in the analysis of historical glass 

(P, S, K, Mg, Sr, Ca, As and Mn). The Cu/Zn Mining mode utilizes four separate 

conditions to determine the concentrations in parts per million of selected elements. The 

onboard software for the XL3t uses a Fundamental Parameters algorithm to determine 

concentrations of each element within the range of those analysed. Of the four conditions, 

only three were needed to gain readings of the elements needed for windows analysis: 

main (15 s), low (15 s) and light (20 s), making a total sample time of 50 s for an elemental 

analysis. The spectra and values obtained from the XL3t (in parts per million) were 

downloaded to a computer for analysis. The values were divided by 10 000, and then 

multiplied according to a standard element oxide conversion table to produce a percentage 

by weight of each oxide.   

 

The second p-XRF used at Historic Environment Scotland was a Bruker Tracer III-SD 

with a Rhodium X-ray tube. Two sets of analysis were carried out the first at 40kV 11µA 

with a ‘yellow filter’ and the second at 7kV 55µA with no filter under vacuum to analyse 

the lighter elements. The calibrations used for quantitative analysis were made in Bruker 

S1pXRF software using a Compton method for normalisation producing ‘empirical’ 

calibrations valid provided the concentration of the elements in the samples are within 

the range of elements present in the standards. Twenty-two glass standards were used to 

create this calibration including Corning, Pilkington, NIST and Society of Glass 

Technology – manufacturers guidance composition is shown in table 10.   
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X-ray Fluorescence is by its nature a surface technique. In order to analyse the ‘heart 

glass’ the corroded surfaces were manually abraded to reveal un-corroded glass. For the 

heavily corroded medieval glass, the heart glass had a more uneven surface, and this will 

lead to some discrepancy and errors in the analysis. It was therefore decided to only carry 

out pXRF analysis of glass from one Medieval site – Elgin Cathedral. For the Post-

Medieval glass which was less corroded only a small abrasion and cleaning of the surface 

was required. Each sample was analysed three times and the averages and standard 

deviations calculated for each sample.  

 

It has been shown that where the glass is < 2mm in thickness there are errors in p-XRF 

data (Dungworth and Girbal, 2011) due the beam passing through the glass. The x-rays 

will be generated and detected from a range of depths depending on the substrate. 

Elements of lower atomic number will generate X-ray emissions that can only be detected 

from closer to the surface as they are absorbed before reaching the detector from greater 

depths. Exciting x-rays with higher energy will penetrate deeper into the sample and result 

in the emission of x-rays from the heavier elements, which are not absorbed so easily and 

can therefore be detected from deeper within the sample (figure 52).  

 

The extent of corrosion on the surface of the glass is also a factor that needs to be 

considered. Where the surface is relatively uncorroded this is less of a problem. However, 

there is a noticeable effect on heavily corroded samples caused by two effects (Girbal and 

Figure 51 Relationship between atomic number and depth from which characteristic X-rays are detected (for k 

series X-rays) taken from (Girbal and Dungworth, 2011) 
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Dungworth, 2011). The composition of the corroded surface is usually already depleted 

in lighter and alkali elements compared to the original composition due to the corrosion 

processes. In addition, the low energy x-ray emissions which are produced by the 

excitation of the lighter elements such as magnesium and aluminium will also be 

preferentially absorbed by the corrosion layer (and air). Detection limits are higher for 

these lighter elements. For both these reasons the lighter elements can be under-reported 

in p-XRF analysis. The more heavily corroded the sample, the greater the anomaly 

between the analysed chemical composition and the original chemical composition of the 

glass. Heavier elements are more accurately analysed as they are present at similar levels 

in the corrosion and the higher energy x-ray emissions are not absorbed and are able to 

be better detected by the p-XRF.  Adlington and Freestone (2017) showed that most x-

rays generated from lighter elements such as calcium and magnesium come from the top 

50m while x-ray generated from heavier elements like rubidium and strontium come 

from around 100m depth. This must be taken into consideration when samples are 

compared with each other – especially when analyses of heavily corroded glasses are 

compared with results from glass with little surface corrosion. The vast majority of the 

post medieval glasses which were analysed by p-XRF were only visibly lightly corroded 

and abrasion of the surface helped remove this so the analysis of the heavier elements – 

from titanium and above -  showed good accuracy when compared with SEM-EDS results 

with lower detection limits for the heavier elements. As discussed further below 

manganese could be used as an indicator for if the surface was still corroded. If manganese 

levels were significantly higher than the SEM-EDS result then this would indicate that 

the sample was not sufficiently corrosion free and could be further abraded or a different 

area chosen.  

 

Unlike with SEM-EDS, where small areas of glass can be chosen for analysis which 

appeared un-corroded, the larger beam of the p-XRF makes it difficult to choose an area 

which is uncorroded, but an area was always chosen with the least visible corrosion and 

the area gently abraded to reveal ‘heart’ glass before analysis. 

 

8.5 Scanning Electron Microscopy and Energy Dispersive X-ray analysis (SEM-

EDX)  

 

Small samples of approximately 1-3 mm2 were taken from each shard to enable cross 

sections to be mounted for analysis. Samples were scribed with a diamond cutter and 
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snipped with glass cutters. Each cross section was mounted in silicon moulds, using two-

part Tiranti™ clear casting resin. The mounted samples were then ground and polished 

using a series of silicon-carbide papers and diamond polish to 3µm and cleaned.   

 

The samples were analysed using an XL30 LaB6/W ESEM equipped with Oxford 

instruments X-max 80 EDX detector at Heriot Watt University. The ESEM was operated 

in low vacuum, with water vapour utilized as the imaging gas. The samples were placed 

on a stage inside the chamber with the pressure set to 0.8 Torr. Samples were viewed 

using the Back-Scattered detector (BSE) to determine the most appropriate areas to 

analyse. Areas were selected to be analysed that were in the centre of the samples and 

away from the visible corroded surfaces – seen as the white homogenous area in figure 

53.  

 

 

Figure 52 BSE image of a cross section of a glass sample from Elgin. The bright white area is homogenous 'heart' 

glass and was chosen for analysis while the darker areas are corrosion and were avoided 

 

The electron beam was set at an operating voltage of 20 kV. The working distance was 

set to 10 mm and the spot size set to 4.2. The area was analysed for 20 seconds. The area 

analysed each time was approximately 100 µm2. Each sample was analysed three times, 

choosing a different area for each analysis. Virtual standards were pure oxides and 

minerals and quantification was carried out using the ZAF correction software. The 
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accuracy of the quantification procedure was assessed by comparison with the 

measurement glass standards of known elemental composition (DDG, Corning D and 

NIST). Manufacturer’s (Pilkington and DDG) guidance levels of elements in the glass 

standards alongside p-XRF and SEM-EDX measurements for comparison are shown in 

table 9. Oxide weight percentages were calculated stoichiometrically. The average and 

standard deviations for the three measurements calculated.  Standard deviations between 

three samples were in the main <2%.  Highest standard deviations between the three 

analyses typically occurred for silicon - the most abundant element - and were up to 4%. 



   

 

165 

 

 

 
Sample Analysis Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO As2O3 BaO PbO SrO ZrO2 

76C144 Manufacturers Guidance 0.10 0.04 3.9 43.6       29.50 20.60 0.10 0.05 2.10           0.20   0.02   

  p-XRF (Niton)     3.48 47.81     0.02 29.29 18.18 0.18 0.06 2.18           0.29 0.01 0.02   

 p-XRF (Bruker)   4.98 53.90    27.01 16.49 0.09 n.d. 1.94      0.26 0.01 0.00  

  SEM-EDX 0.19 0.11 3.38 45.62 0.02 0.37 0.13 26.58 21.39 0.20 0.00 2.38                   

76C145 Manufacturers Guidance   0.05 3.80 40.70       24.90 29.40   0.10     0.10   0.50 0.04   0.16 0.02   

  p-XRF (Niton)     1.38 23.78   0.15 0.25 19.16 32.87   0.09 0.03   0.10   0.48 0.04   0.16 0.02   

 p-XRF (Bruker)   3.90 45.94  0.13  20.62 24.27  0.17     0.49 0.13  0.16   

  SEM-EDX 0.40 0.07 4.22 49.70 0.00 0.10 0.15 22.34 23.47 0.05 0.00 0.14                   

76C147 Manufacturers Guidance 0.10 0.05 3.80 48.70       14.60 30.10 0.50         1.80 0.07       0.10 0.10 

  p-XRF (Niton)     3.83 55.88     0.04 15.75 30.30 0.44   0.02     1.97 0.07       0.12 0.09 

 p-XRF (Bruker)   6.1 59.84    14.62 26.46 0.46     1.78 0.06     0.10 

  SEM-EDX   0.03 3.97 52.04 0.01 0.01 0.09 14.58 27.23 0.63 0.14 0.13     1.95             

76C148 Manufacturers Guidance   0.05 3.9 53.8       14.60 25.90   0.20 0.40   0.08 0.07   0.02   0.90 0.02   

  p-XRF (Niton)     3.51 60.15     0.05 15.20 25.19   0.20 0.40   0.08 0.08       1.15 0.02   

 p-XRF (Bruker)   5.11 59.48    13.81 21.14  0.18 0.33   0.09    0.87   

  SEM-EDX   0.03 3.92 57.11   0.06 0.07 14.61 24.14 0.02 0.13 0.37                   

76C149 Manufacturers Guidance 0.10   4.20 56.80       14.30 21.50 0.22 1.80 0.00 0.24   0.90         0.02   

  p-XRF (Niton)     4.33 69.83     0.02 15.21 20.81 0.26 1.99   0.22   0.97         0.02   

 p-XRF (Bruker)   4.79 63.99    12.26 18.02 0.24 1.64  0.19  0.83     0.00  

  SEM-EDX 0.00 0.24 4.19 58.62 0.01   0.13 14.23 20.15 0.05 1.67 0.13 0.20   0.93             
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Sample Analysis Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO As2O3 BaO PbO SrO ZrO2 

76C150 Manufacturers Guidance 9.50 6.60 4.30 55.40       1.50 21.90     0.30 0.09     0.10       0.02 0.20 

  p-XRF (Niton)   5.29 3.62 61.97     0.05 1.51 22.82     0.31 0.08     0.10       0.02 0.18 

 p-XRF (Bruker)  3.52 3.36 62.20    1.27 18.12   0.29 0.07   0.08     0.23 

  SEM-EDX 8.37 6.52 3.60 55.05 0.00 0.00 0.10 1.65 24.33 0.14 0.33 0.55                   

76C151 Manufacturers Guidance 5.00 3.20 3.90 56.0 3.90     7.20 19.00 0.20 0.50 0.31     0.10   0.08   0.70 0.02   

  p-XRF (Niton)   2.76 3.45 65.1 4.00   0.07 7.06 18.03 0.15 0.48 0.27     0.10   0.05   0.91 0.02   

 p-XRF (Bruker)  3.01 4.40 64.79 3.47   6.61 15.91 0.18 0.51 0.28   0.11    0.81   

  SEM-EDX 5.40 3.43 3.45 57.0 4.52 0.27 0.02 7.46 17.08 0.25 0.62 0.59                   

 
76C158 Manufacturers Guidance   0.06 3.80 42.60       24.20 28.40   0.11     0.10   0.50 0.05   0.14 0.02   

  p-XRF (Niton)     4.56 52.58     0.02 26.63 28.83   0.14 0.02   0.11   0.55 0.04   0.18 0.03   

 p-XRF (Bruker)   5.41 49.60    22.62 21.60  0.09     0.41   0.13 0.01  

  SEM-EDX 0.13 0.08 3.82 45.36 0.00 0.05 0.05 24.33 26.42 0.00 0.10 0.00                   

76C159 Manufacturers Guidance   0.07 3.90 44.00       14.50 34.90 0.50 1.00 0.11     0.50       0.50 0.03   

  p-XRF (Niton)     4.90 56.84     0.11 15.04 32.17 0.43 1.04 0.13     0.48       0.56 0.03   

 p-XRF (Bruker)   5.67 56.72    12.15 33.17 0.36 0.89 0.14   0.35       

  SEM-EDX 0.10 0.02 4.44 53.01 0.06 0.14 0.30 13.94 26.56 0.58 1.11 0.17                   

77C33 Manufacturers Guidance 21.70   4.10 48.70       0.00 22.60 0.12 0.05 2.50           0.20   0.02   

 
p-XRF     3.41 57.73     0.13 0.03 24.87 0.19 0.06 2.69           0.14 0.02 0.03   

 p-XRF (Bruker)   3.92 52.3  0.05 0.1 0.3 19.55 0.10 0.09 3.22      0.28 0.02 0.00  

  SEM-EDX 19.07 0.32 5.01 51.86 0.00 0.02 0.00 0.23 21.23 0.25 0.09 2.26            0.31  0.02  0.00   
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Sample Analysis Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O

3 

CoO NiO CuO ZnO As2O

3 

BaO PbO SrO ZrO2 

 

Standard 

Glas II 

Manufacturers Guidance 13.78 3.40 0.10 72.26 0.27 0.00 0.00 10.05 0.03 0.02 
           

  p-XRF (Niton)   1.67 0.00 73.08 0.41 0.08 0.01 9.67 0.03 0.05 
           

 p-XRF (Bruker)  1.62 1.58 76.73 0.17  0.04 9.01 0.02 0.02            

  SEM-EDX 12.20 3.31 0.05 74.07 0.27 0.00 0.04 10.13 0.02 0.04 
           

Standard 

Glas I 

Manufacturers Guidance 14.95 4.18 1.23 71.72 0.44 0.00 0.38 6.73 0.14 0.19 
           

  p-XRF (Niton) 0.00 2.21 0.67 73.58 0.63 0.09 0.33 6.53 0.12 0.18 
           

 p-XRF (Bruker)  2.01 1.58 76.73 0.17  0.33 5.80 0.12 0.14            

  SEM-EDX 14.61 4.32 1.44 72.67 0.48 0.00 0.35 6.04 0.09 0.20 
           

 
Table 9 Manufacturer’s (Pilkington and DDG) guidance levels of elements in the glass standards alongside p-XRF and SEM-EDX measurements for comparison. Values listed as percentage of oxides. 
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The results of the analyses have been normalized to 100 wt% for comparative purposes. 

They can only be classed as semi-quantitative due to the detection limits and the precision 

of the instruments. The results of both analyses can only be classed as semi-quantitative 

due to the detection limits and the precision of the instruments. As expected, the EDX 

had better detection limits for the lighter atomic elements than the p-XRF, whereas the p-

XRF demonstrated better detection limits of heavier atomic elements (Kennedy et al., 

2013). EDX produced values for elements such as sodium, magnesium, phosphorus and 

silicon that can be treated with a level of confidence that the p-XRF could not. The p-

XRF, in contrast, produced values for elements such as zinc, zirconium and titanium at a 

higher resolution that the EDX results.  

 

By undertaking both forms of analysis on the same samples, a fuller chemical profile can 

be gathered spanning a broad elemental range. There was a degree of variation in the 

percentage of potassium and calcium detected by both methods. In some samples, the 

EDX detected a greater amount and in other samples the p-XRF produced the higher 

concentration. One sample had a potassium composition of 18.09% using EDX and 

15.56% when analysed by p-XRF; while another had a potassium composition of 18.77% 

when analysed by EDX and 20.45% when analysed by p-XRF.   

 

After consideration and comparison to the calibration standard data it was decided to use 

the SEM-EDX data for all elements to calcium and the p-XRF data for all heavier 

elements, starting with titanium.  

 

Samples from one site (Fetternear) were able to be analysed by both p-XRF machines and 

the SEM-EDX so that a comparison between the three techniques could be seen on 

archaeological samples as well as the standards. Comparisons were made for all elements 

and as expected there were large discrepancies between both p-XRF machines the SEM-

EDS results for the lighter elements such as sodium. The differences became less for 

elements such as calcium, manganese and iron. For the heavier elements, the p-XRF were 

both able to detect the heavier elements at much lower detection limits and there was 

good agreement between the two p-XRF used to measure these.  
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Table 11 shows the concentration of manganese oxide recorded by each method (and 

includes four samples which were also analysed by LA-ICP-MS for comparison). 

Manganese is shown here as it is one of the heavier elements that can be detected with 

precision by the SEM-EDS method chosen, while being one of the lighter elements 

detected well by p-XRF. It is also an element that is present in the corrosion layers of 

glass in higher levels than the original glass and therefore it was interesting to compare 

the results from the p-XRF’s which sampled the prepared original surface with the SEM-

EDS results from the corrosion free cross section. 

 

There is high level of agreement between many of the samples with low standard 

deviations between measurements between the p-XRF’s and SEM. The SEM-EDS and 

LA-ICP-MS measurements were within close agreements. As may be expected, due to 

corrosion effects MnO was measured in higher levels using both p-XRF machines. In 

general the Bruker reported higher concentrations than the Niton. Where there are greater 

discrepancies, this is due to the more corroded nature of the samples with higher 

manganese levels seen on the p-XRF measurements compared to the SEM-EDS as 

expected due to the surface nature of the technique. Where manganese was reported at 

much higher levels using the p-XRF than SEM (e.g. Fetternear AH) this was an indication 

that the surface was heavily corroded would affect the reported concentrations of the other 

elements and the analysis treated with caution or discarded.  

 

For the heavier elements it was noticeable that the Niton p-XRF reported concentrations 

of heavier elements c.10% higher than the Bruker for the same sample. This was 

noticeable for example with strontium; however, this was not significant when it came to 

determine the glass type and grouping samples of similar composition.  

 

The differences between the Niton and Bruker measurements may be due to depth of 

penetration and effects of the vacuums affecting count rte as well as the internal and 

external calibration factors set.  
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SEM wt% LAICPMS Bruker wt% Niton wt% s.d. SEM/Bruker s.d. SEM/ Nitron s.d. Bruker/ Niton 

A 0.8 - 1.02 0.92 0.16 0.07 0.09 

C 1.51 - 1.34 1.40 0.12 0.17 0.05 

D 1.18 - 1.41 1.19 0.16 0.09 0.25 

E 1.21 - 1.73 1.40 0.37 0.07 0.30 

F 0.63 - 0.92 0.73 0.20 0.03 0.17 

G 0.89 - 1.67 0.95 0.55 0.06 0.49 

H 1.04 - 1.10 1.23 0.04 0.11 0.07 

I 1.12 - 1.42 1.61 0.21 0.30 0.08 

J 1.82 - 1.24 1.19 0.41 0.55 0.14 

K 1.1 - 1.06 0.61 0.03 0.48 0.45 

L 0.13 - n.d. n.d. 0.09 - - 

M 0.22 - 0.24 0.25 0.01 0.03 0.04 

N 0.41 - 0.60 0.60 0.13 0.36 0.00 

O 0.75 - 1.02 1.04 0.19 0.13 0.02 

P 0.11 - n.d. n.d. 0.06 - - 

Q 0.75 - 0.84 0.91 0.06 0.06 0.04 

R 1.09 - 1.09 1.22 0.00 0.07 0.07 

S 0.86 - 1.46 1.29 0.43 0.06 0.49 

T 0.33 - 0.70 0.57 0.26 0.11 0.15 

U 0.05 - 0.06 0.06 0.01 - - 

V 0.06 - 0.07 0.07 0.01 0.02 0.02 

W 0.9 - 0.99 0.97 0.06 0.02 0.04 

X 0.42 - 0.39 0.39 0.02 0.09 0.07 

Y 0.83 - 0.86 0.81 0.02 0.09 0.11 

AA 0.69 - 0.83 0.95 0.10 0.15 0.05 

AB 0.81 - 0.82 0.81 0.01 0.05 0.07 

AC 1.05 - 1.09 1.17 0.03 0.06 0.03 

AD 0.44 - 0.52 0.55 0.05 0.07 0.02 

AE 1.00 - 1.25 1.09 0.18 0.07 0.25 

AF 0.89 - 1.06 1.14 0.12 0.68 0.55 

AG 0.57 - 0.90 0.64 0.23 0.03 0.26 

AH 0.75 - 2.08 1.27 0.94 0.15 0.79 

AI 1.58 - 1.68 1.74 0.07 0.06 0.01 

AJ 0.85 - 1.45 0.85 0.42 1.76 1.34 

AL 0.93 - 1.32 0.85 0.27 0.11 0.39 

AM 0.74 0.78 1.27 0.93 0.37 0.12 0.25 

AO 0.74 - 1.63 1.64 0.63 0.58 0.05 

AP 1.62 - 1.10 1.02 0.37 0.40 0.03 

AQ - - 1.60 1.74 - - 0.03 

AR 0.88 0.87 1.06 1.08 0.13 0.05 0.08 

AS 1.28 1.19 1.27 1.36 0.01 0.02 0.03 

AT 0.81 - 1.11 1.00 0.21 0.12 0.09 

AU 0.03 0.03 n.d. n.d. - - - 

Table 10 Table showing manganese oxide (wt%) content of samples from Fetternear as determined by four 

techniques – SEM,  two p-XRF and LA-ICP-MS  - alongside s.d. between the measurements 
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8.6 LA-ICP-MS analysis 

 

The number of samples analysed by LA-ICP-MS was limited by the cost of the analysis. 

Funding was received to carry out LA-ICP-MS analysis from the Society of Antiquaries 

of Scotland and Historic Environment Scotland, primarily with a remit to study the 

medieval glass collections from HES sites. This allowed 60 samples to be analysed in the 

time available.  

 

Initially fifty mounted cross-section samples were chosen from nine medieval sites. 

Samples from the different compositional groups, identified by SEM analysis, were 

chosen to allow the trace element and REE of samples of different major and minor 

composition to be compared. Blue, red, green, pink and amber samples were also chosen. 

The samples were also checked visually in the SEM to ensure that they had a homogenous 

matrix. This meant that the more heavily corroded samples were excluded from analysis 

which may cause some bias to the results.  

 

Due to additional time being available a further ten post-medieval samples were analysed 

from six Post Medieval sites. These were again chosen to be representative of the different 

compositions identified.   

 

An ESI New Wave Research 193 ArF excimer laser system was used in conjunction with 

an Agilnet 7700x ICP-Q-MS at the National History Museum, London. The mounted 

SEM cross sections were mounted on a Perspex plate which was placed on a floating 

stage. The stage was flushed with He to collect and carry the analyte to the ICP-MS AD 

400 ml/min. A laser was pulsed at 10Hz with a fluence of 3.5J/cm-2. Ablation spots were 

100 µm in diameter. The ICP-MS used Argon Plasma gas flow at the rate of 1.1 l/min 

and the analysis carried out for 60 s. Gas blanks of 30 s were used in each analysis. 

 

Data were recorded using in-house software. The quantification was checked in 

comparison with the primary reference standard NIST 612 and secondary reference 

standard NIST 610. The calibration standards were analysed after every 12 analyses. Each 

sample was analysed 5 times and the averages and standard deviations calculated.  

 

The SEM-EDX data for calcium was used to standardise the readings. Concentrations for 

major elements were calculated assuming that the sum of their concentrations in weight 
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percent in glass is equal to 100% (Gratuze 1999). Concentrations for the trace elements 

are reported in ppm/ppb in appendix 3.  
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9 Results of the analysis of Scottish medieval window glass  

 

The full results of the SEM-EDS, p-XRF and LA-ICP-MS analysis for each sample are 

given in the appendices.  

 

What follows is a summary of the results of the SEM-EDS, p-XRF and LA-ICP-MS 

analyses. The glass from each site is split into groups based on comparison of elemental 

oxides, the percentage of silica in the glass, the proportion of titanium and aluminium 

oxides compared to silica (sand components), the percentages of phosphorous oxide vs 

calcium oxide and sodium oxide vs magnesium oxide (flux components). For those 

samples analysed by LA-ICP-MS a brief summary and graph of the REE profile is also 

given.  

 

9.1 Elgin  

 

The Elgin glass falls into four groups (Elgin 1- 4) based on the comparison of the amounts 

of the various elemental oxides. The differences between the groups are shown on graphs 

of CaO:K2O ratio vs P2O5 - the proportions of aluminium and titanium oxides in relation 

to silica - and the amounts of Na2O vs MgO (figures 54-57).  Elgin Groups 1, 2 and 3 are 

similar to each other and may indeed be subsets of one larger group. 

 

Elgin 1 

Elgin 1 is a group with the lowest CaO:K2O ratio of only 0.7. This group is similar to 

Brill-Pongracz type III, being rich in potassium (>18%), magnesium (>7%) and 

phosphorus (>6%), but have a very low CaO:K2O ratio. This group were all made from 

sands low in aluminium and titanium. The likely location of production was North West 

France. The two brown glasses fall into this group.  

 

Elgin 2 

Elgin 2 is very similar to Elgin 1 but with a CaO:K2O ratio of between 0.8 and 1.2. The 

high level of both magnesium and phosphorous in Elgin 2 glass would support their 

production in North West France.  
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Elgin 2 

Group Elgin 3 has a similar CaO:K2O ratio to Elgin 2 but has significantly higher silica 

and the sand used has very low levels of aluminium and titanium compared with the other 

groups. They also have the highest magnesia and soda concentrations. 

 

Elgin 4 

Elgin 4 has high CaO:K2O ratio, between 2 - 2.5. This group also has lower phosphorus 

suggesting they were made tree ash. This group is also relatively low in sodium and 

magnesium oxides but is high in both aluminium and titanium oxides. Wedepohl (2010) 

suggests glass of this type was more likely made in Rhineland or Germany using beech 

or oak trees.  
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Figure 55 Graph showing sodium oxide (wt%) vs magnesium oxide (wt%) for glass from Elgin Cathedral 
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The results of the analysis suggest that the ‘white’ glass at Elgin came from a variety of 

sources and not from a single production site because of the range of compositions. A 

plot of calcium oxide vs potassium oxide (figure 58) highlights that the different colours 

of glass appear to form clusters, with similar colours having a comparable base glass 

composition. This suggests that each colour was made with a different base glass recipe, 

rather than simply by the addition of colourants to a ‘white’ glass. Each colour will be 

discussed separately below. 
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Elgin 
 

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Elgin 1 
 

1.93 6.99 1.68 49.79 5.48 0.26 0.26 18.70 14.19 0.23 1.34 0.50 0.76 

Elgin 2 
 

1.72 5.29 2.44 51.38 4.36 0.45 0.24 15.28 17.51 0.28 1.16 1.04 1.16 

Elgin 3 
 

2.53 7.38 0.98 58.18 3.70 0.44 0.30 11.38 12.78 0.26 1.27 0.91 1.13 

Elgin 4 
 

0.30 4.20 3.33 50.08 2.85 0.33 0.04 12.05 25.39 0.54 1.32 0.86 2.12 

 

Table 11 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of four identified groups of glass from Elgin Cathedral as analysed by SEM-EDX 

 



   

 

194 

 

 

 Blue 

 

The blue glass (figure 59) can be split into two groups; two samples (Elgin B1) are a dark 

blue glass while three samples (Elgin B2) are mid-blue or pale blue green as categorised 

by Cramp’s colour chart method (2005). Early Medieval blue glass has often found to be 

made from sodic plant ash (O'Connor and Haselock, 1977), but the ones found at Elgin 

are all potassic glass suggesting they were made in Western Europe after 1168, when 

cobalt mines were first discovered in Germany and glass makers were not reliant on 

colourant sources from the east (Gratuze et al., 1996).  

 

 

Figure 58 A sample of blue glass from Elgin showing the dark corroded surface and the blue 'heart' glass revealed by 

abrasion 

 

Elgin B1 has a CaO:K2O ratio of 1.2 whereas Elgin B2 has a higher CaO:K2O ratio of 

2.5. Elgin B1 has cobalt present in twice the amount of B2 (0.12-0.13% compared to 0.06-

0.07%), which would produce the darker blue colour. Both groups have significant levels 

of copper. Elgin B1 is enriched in zinc and lead, present in twice the concentration than 

in B2. This suggests the addition of a brass alloy to help produce the deep blue colour.  

However, B2 is enriched in tin, suggesting the use of a bronze-based copper alloy.  

 

The difference in both the main glass composition and the proportions of colourants used 

suggest that the two special tones of blue were made in separate locations. Elgin B2 has 

a particularly distinct composition of an early wood-lime glass with lower levels of 

magnesium and phosphorus than all the other glass samples analysed. This would suggest 
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a German rather than a French origin (Wedepohl and Simon, 2010). The higher strontium 

and barium in group B2 may originate from the bronze colourant. 

 

Two of the blues Elgin U-S (B1) and Elgin D-Q (B2) were analysed by LA-ICP-MS.  

There are particularly high levels of Barium (>7000 ppm) and strontium (>1000 ppm) in 

sample Elgin D-Q – which are both correlated with the calcium component. This may 

indicate that sand with a high proportion of lime from seashells were used in the 

production of this glass, potentially a coastal sand. Alternatively, these may be enriched 

in part due to their presence in the copper alloy colourant. Freestone et al. (2010) were 

further able to separate their blue glasses by Fe2O3 and ZnO but these factors do not seem 

significant when considering the Elgin samples. 

 

 Dark/mid Green 

 

Four shards of mid/dark green glass were analysed. The composition indicated that this 

glass was deliberately coloured, rather than the colour being incidental in an attempt to 

produce plain glass. The predominant colouring agent was copper. In sample Elgin I-V 

copper oxide was present 4.53-4.97 wt% and in sample Elgin AB-P present at 3.96-4.06 

wt%. The green glasses had the highest concentration of copper of all the glass analysed. 

Elgin sherd I-V has a significantly higher concentration of lead oxide of between 1-2 wt% 

compared to other greens. Despite being different tones, the greens are all likely to have 

been made in the same location as they have similar bulk glass compositions.  

 

 Brown  

 

The two brown glass shards both have lower calcium oxide (<16 wt%) and much higher 

potassium oxide (> 18 wt%) compared to the majority of other shards, having a CaO:K2O 

ratio of only 0.7. They are also notable for their high concentration of both phosphorus 

oxide (>5%) and magnesium oxide (5-7%) probably linked to the ash source. This could 

suggest a French source and the use of bracken or fern as the main flux. The sand used 

was low in aluminium and titanium.  

 

 Red  

 

The red glass all fall into group Elgin 2. Copper oxide, the main colourant, is present in 

the region of 0.46 wt%. When studied under an optical microscope it can be seen that the 
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red glass is made from a series of striated glass layers according to the description of 

Spitzer-Aronson (1986) and (2014). The multi-layered glass technology, as seen in the 

Elgin glass, again suggests a date for production before the late 14th century (Kunicki-

Goldfinger et al., 2014b)  

 

 Rare Earth Element profiles  

 

A glass sample from each of the four Elgin groups was analysed by LA-ICP-MS. Each 

group shows a separated by REE profile as seen on figure 60. However, the sample from 

Group 3 (Elgin F) was a green glass and the presence of lead, presumed to come as part 

of the copper alloy affected the profile (see discussion).  

 

Figure 59 Elgin AG is Elgin Group 1, Elgin AA is Elgin Group 2 and Elgin W is a Elgin Group 4 glass. (A sample of 

Elgin 3 glass (Elgin F) was also analysed but this was a green glass and the presence of lead as part of the copper 

alloy affected the profile 

 

Interestingly the glass from Elgin group 1 and Elgin group 4 have similar REE profiles. 

While the sands are very different with group 4 being a sand with much greater levels of 

both aluminium and titanium, the REE profiles are not dissimilar. Elgin AA  - a group 2 

glass - has a curve with a small europium dip reflecting a different sand source from either 

groups 1 or 4.  
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 Grisaille paint 

 

The grisaille paint layer is a dark or chestnut brown colour and was analysed on four 

shards, all of which were stylistically dated to the 13th century. As the grisaille paint is 

heterogeneous in nature, it is more problematic to determine a mean composition. Areas 

were chosen that were ‘glassier’ to calculate the bulk composition, but individual grains 

and particles were also analysed for further study. The composition is similar to a potash 

glass but relatively high in lead (15-23%) and iron (2-7%). According to traditional 

manufacture the iron oxide and lead pigments were ground together with scrap glass and 

mixed with an organic binder, such as egg white. It was then used as a paint and the 

decoration applied with brushes before being fired in a low temperature furnace as 

described by Theophilus (Dodwell, 1961). The lead-rich silica would melt at a much 

lower temperature than the body of the glass, allowing it to fuse and form a glassy phase 

that adheres to the surface. The Back Scattered Electron image (figure 61) shows the 

bright white lead rich granular paint layer sitting directly on the corrosion layer.  

 

 

 

 

Although it is similar in composition to grisaille paint analysed on 13th – 14th century 

glass from Saint Chapelle in Paris, Saint-Urban at Troyes and Cologne Cathedral (Verita, 

2009), the Elgin grisaille has significantly less lead (compared to 50-70% in the European 

Figure 60 BSE-SEM image of a glass sample from Elgin showing the bright white lead rich grisaille 

layer sitting on top of the corrosion 
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examples) and a greater proportion of potash and silica. The Elgin grisaille is also richer 

in iron oxide and oxides associated with potash glass – such as aluminium, magnesium 

and calcium, suggesting it was made from different proportions of ingredients than the 

glass on the continent. This may be due to local Scottish production of the paint (Spencer 

et al., 2018b). Verita (2009) studied the chemical weathering of lead-silica glass in the 

atmosphere and found that lead became depleted on the surface, and depletion of lead 

may also occur in more acidic burial environments, which may account for the lower lead 

composition. It should be noted however, that few studies have been carried out on the 

corrosion of the grisaille paint in an archaeological context and the effect this would have 

on composition. It could be expected that the alkaline ions would be preferentially 

depleted, as in the glass itself and therefore depleted in potassium compared to the 

European examples which were still installed in windows. 

 

The accepted method of production is that the sheet glass would be cut, painted and 

formed into the windows close to the site where the windows were to be installed. There 

is no archaeological evidence in Scotland of this activity but if this was the case the source 

of the pigment and the preparation of the paint layer may have been local to the site. 

Assessment of the painted decoration by Graves (1985a) suggested that due to stylistic 

factors that the glass was painted nearby by a local artist, but this analysis provides the 

first evidence that the paint itself may well have been manufactured locally.  
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9.2 Aberdeen  

 

There are potentially five groups of glass compositions identified from the SEM-EDX 

analysis as summarised in table 12 and figures 62-64.  

 

Aberdeen 1 

A single sample - Aberdeen 1 - is a potassium rich glass with over 20% potassium and 

around 15% calcium. This sample is also high in phosphorus oxide and low in silica 

dioxide.  

 

Aberdeen 2 

Three samples form Aberdeen 2 – these have approximately equal amounts of potassium 

oxide and calcium oxide, are also high in phosphorus and magnesium oxides. Both 

Aberdeen groups 1 and 2 are made from a sand which is relatively low in iron, aluminium 

and titanium oxides. Aberdeen 2 however, is also enriched in sodium oxide and chlorine 

suggesting the extra addition of either salt or ashes of a coastal plant. 

 

Aberdeen 3 and Aberdeen 4 

Aberdeen 3 and Aberdeen 4 are both higher silica glass than the previous two groups. 

Two samples in Aberdeen 3 have and average silica level of 55.8% while the average 

silica in the four samples in Aberdeen 4 is 60.3%.  Both have an average calcium oxide 

of around 21% and potassium oxide around 7% resulting in a CaO:K2O ratio of >3. This 

is of a typical high lime low alkali composition. They can be separated though by looking 

at the proportion of aluminium and titanium oxides when compared to silica in the sands 

with Aberdeen 3 made with a sand higher in aluminium but lower in titanium than 

Aberdeen 4.   

 

Aberdeen 5 

The final group is a low silica glass (<50%) but has the highest calcium oxide content 

(>25%). This group has moderate levels of phosphorus and magnesium oxides and 

negligible sodium oxide. It is made from a sand particularly rich in aluminium and 

titanium oxides compared to the other groups.  
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Figure 61 Graph showing phosphorous oxide (wt%) vs the ratio of calcium oxide:potassium oxide 

for five potential groups from St Nicholas Aberdeen 
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groups of glass from St Nicholas, Aberdeen 



   

 

201 

 

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

0.000 0.020 0.040 0.060 0.080

Ti
O

2
/S

iO
2

Al2O3/SiO2

Aberdeen 1

Aberdeen 2

Aberdeen 3

Aberdeen 4

Aberdeen 5

Figure 63 Graph showing the ratios of aluminium oxide vs silica compared with titanium Oxide vs 

Silica for glass from Aberdeen  
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ABERDEEN Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 0.55 4.47 1.60 47.88 5.82 0.40 0.48 20.94 16.49 0.16 0.94 0.52 0.79 

Group 2 2.56 6.28 1.18 53.29 5.97 0.29 0.75 13.95 14.15 0.10 0.82 0.49 1.02 

Group 3 1.03 3.76 3.35 55.80 3.91 0.25 0.44 7.25 21.86 0.20 1.66 0.71 3.06 

Group 4 0.55 3.38 2.50 60.61 2.55 0.24 0.11 6.43 21.28 0.32 1.34 0.69 3.39 

Group 5 0.54 3.84 3.20 47.90 3.75 0.27 0.16 10.64 27.41 0.28 1.03 0.60 2.67 
 

Table 12 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of five identified groups of glass from Aberdeen St Nicholas Church as analysed by 

SEM-EDX 
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9.3 Coldingham  

 

One sample – a flashed red glass (sample I) - proved to be of a 19th century composition. 

It was made using synthetic soda and must have been a fragment of glass used to glaze 

the windows of the 19th century church building. This is discounted from further 

discussion. 

 

Sample H was also of a post medieval composition. This would be classed as a HLLA 2 

type with 4% sodium oxide and <0.2% manganese oxide (see chapter 12 for further details 

of HLLA2 glass). This may be associated with repairs to the building in the early 17th 

century, before eventual destruction in 1642.   

 

The remainder fall into two groups of high lime glass, none of which could be described 

as high potassium ‘forest’ glasses (figures 66 – 68 and table 13) 

 

Coldingham 1 

Coldingham 1, comprises of six samples (J, K, R, S, T and X) and is a glass with c 10-

15% potassium and a CaO:K2O ratio of around 1.5 – 2.5. Phosphorus oxide is present 

between 2-4%, manganese oxide 1-3% and sodium oxide <0.5%. Sample K is a blue 

glass. Sample J is a white glass and comes from a diamond quarry. This group is very 

similar in composition to a group identified by as being made between 1300-1450 in the 

Lorraine/Argonne / Eastern France (Barrera and Velde, 1989).  

 

Coldingham 2 

The second group Coldingham 2 has an increased CaO:K2O ratio of  >3. While the 

calcium oxide levels are similar to the first group, they have much lower potassium oxide 

with an average of 7.19%. Sodium oxide is present in this group c 1-2% in correlation 

with chlorine suggesting the use of salt as a flux. Magnesium oxide is present between 

3.5 – 4% and phosphorus oxide around 4%. This group is also notable for its higher 

manganese oxide >2% in many cases, which some authors have associated with the use 

of beech tree ash (Hartmann, 1994).  
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The blue glass shard was coloured with a leaded copper alloy with almost equal amounts 

of zinc and tin present.  

 

 

Figure 64 Graph showing phosphorous oxide (wt%) vs the ratio of calcium oxide:potassium oxide for five potential 

groups from Coldingham 

 

 

Figure 65 Graph showing the ratios of aluminium oxide vs silica compared with titanium Oxide vs Silica for glass from 

Coldingham 
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Figure 66 Graph showing sodium oxide (wt%) vs magnesium oxide (wt%) for glass from Coldingham 

 

 

Three samples of glass from Coldingham were analysed by LA-ICP-MS. These were two 

samples from Coldingham 1 (a ‘white’ glass diamond quarry – J, and a blue glass - K) 

and a single sample from Coldingham 2 (‘white’ glass - O).  

 

The chondrite normalised REE pattern of these three samples is shown below (figure 69). 

It can be seen that the REE patterns of K (Coldingham 1) and O (Coldingham 2) are 

similar, while the other Coldingham 1 sample J is very different with a deep europium 

dip. This is interestingly as J and K are alike in major element composition but have 

different REE patterns.  A sand much richer in aluminium and titanium appears to have 

been used to make sample J, but using a similar base recipe to K. 
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Figure 67 REE profiles of the three Coldingham glasses analysed but LA-ICP-MS showing that 

two samples may have been made in a similar region while the third has a different profile 

suggesting it was made in a different region from another sand source 
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COLDINGHAM Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 0.36 3.90 3.46 49.96 2.96 0.24 0.08 12.51 24.29 0.30 1.01 0.66 1.98 

Group 2 1.56 3.80 3.59 53.02 4.41 0.13 0.64 7.19 22.98 0.21 2.13 0.48 3.21 

   

Table 13 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of two identified groups of glass from Coldingham Priory as analysed by SEM-EDX

  

DUNFERMLINE Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

AVERAGE 0.30 4.35 3.72 48.08 2.18 0.28 0.04 13.10 25.87 0.30 1.23 0.47 1.99 

  

Table 14  Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of a single group of glass from Dunfermline Abbey as analysed by SEM-EDX 
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9.4 Dunfermline  

 

All three samples from Dunfermline were very similar to each other and form one group 

(table 14). They had high calcium oxide (average 25.9 wt%) and potassium oxide 

(average 13.1 wt%), with a CaO:K2O ratio of 1.7 – 2.4. All have relatively low 

phosphorus oxide (2 wt%) and magnesium oxide in the region of 4%. 

 

The composition is similar to Brill & Pongracz Type II, which they consider to be of 

French origin (dated from 1280-1520) as well as a type identified as being produced in 

North Western France between around 1300-1450 AD (Barrera and Velde, 1989). 

However, the phosphorus oxide levels, at around 2 wt%, are lower than what may be 

expected for glass in this region, if fern and bracken ashes were used as part of the flux.  

 

None of the samples were analysed with LA-ICP-MS. 
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9.5 Elcho 

 

All the glass was found to have a high lime composition. None of the glass could be 

described as ‘potash’ or ‘forest glass’ with potassium oxide always less than 10%. Apart 

from three samples calcium oxide was present between 20 – 25 wt% with potassium oxide 

between 4-9 wt%. The glass also contained sodium oxide from 1-4 wt% with the 

combined alkali total was between 6-12 wt%. Some samples are almost identical within 

the error limits of the equipment. It is highly likely that each of these pairs were cut from 

the same sheet of glass.  

 

There are however potentially four sub-groups of HLLA glass as identified as seen in 

figures 70 – 72 and table 15. These groups are distinguished by a number of differences.  

 

Elcho 1 

Elcho 1 is a low silica group – with silica <50 wt%, average calcium oxide of 24 wt% 

and potassium oxide around 8w t%.  This group is rich in phosphorus oxide (>5 wt%). 

This group is also made with sand that has relatively high aluminium and titanium 

fractions when compared with the following groups. 

 

One sample from this group is a blue glass (Elcho O), It was likely made at the same 

location as the white glass to the same recipe with the addition of the blue colourant.  The 

blue colourant is primarily cobalt, but copper is also present, with small amounts of zinc, 

possibly indicative of a brass additive. However, the levels of both copper and zinc are 

lower than in blue glasses from Elgin and St Andrews.  

 

Elcho 2 

Elcho Group 2 has an increased amount of silica (52-58 wt%) and a CaO:K2O ratio of 

3.5. In this group soda and chlorine are strongly correlated suggesting salt was added as 

a flux.  

 

Elcho 3 

All the samples in Elcho group 3 (D, E and G) were rich in silica (c.60%), high in 

potassium oxide but low in phosphorus oxide. They have lower calcium than the other 

three groups (16-17%). This group also had the highest magnesium oxide content of 

between 5-6%. Like group 1 there is no evidence that salt was added as a flux due to the 



   

 

210 

 

lack of correlation of chlorine. This group corresponds very closely to a compositional 

group of glass found in Belgian windows, which is well dated to between 1477 and 1550 

(Caen, 2010).   

 

Elcho 4 

Elcho group 4 is constituted of seven samples which have silica present >59 wt% and are 

low in potassium oxide (<6 wt%). This group also shows a clear correlation between 

sodium and chlorine indicating that sea salt is likely to have been deliberately added as a 

flux to increase the alkali content, considering the low potassium levels. Higher levels of 

strontium oxide and barium oxide would also support this. The iron levels are also low 

compared to the other groups being <0.5% and the ratio of titanium and aluminium oxides 

to silica are the lowest of the four groups suggesting a pure sand source was used.  

 

Sample Q, which sits in Elcho 4, is a blue glass. The differences in major, minor and trace 

element composition from the other blue glass analysed from Elcho (sample O – group 

1) would suggest that these were made at a different time or location from each other. As 

well as variances in major elements there are different proportions of blue colourant added 

to the mix. Sample Q has much higher levels of both copper and zinc.  

 

 

 
Figure 68 Graph showing silicon dioxide (wt%) versus calcium oxide (wt%) for four possible groups of glass from 

Elcho
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ELCHO Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 3.01 4.62 3.85 47.33 5.15 0.16 0.37 8.36 24.65 0.48 0.93 0.84 2.95 

Group 2 2.06 3.71 3.33 53.61 4.34 0.19 0.53 6.90 23.07 0.24 1.40 0.69 3.51 

Group 3 2.37 5.61 2.19 59.50 2.98 0.31 0.42 8.42 16.33 0.36 0.94 0.59 1.94 

Group 4 2.02 3.01 1.65 60.27 3.00 0.27 0.43 5.46 22.16 0.29 0.83 0.47 4.59 
 

Table 15 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of four identified groups of glass from Elcho Nunnery as analysed by SEM-EDX 
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Figure 69 Graph showing the ratios of aluminium oxide vs silica compared with titanium oxide vs silica for glass from 

Elcho 

 

Samples from Elcho groups 1, 3 and 4 were analysed by LA-ICP-MS.  

 

 

Figure 70 REE Profiles for the four Elcho Samples analysed by LA-ICP-MS showing the glass was made from sand 

from three different sources 
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Sample L (Elcho 4) shows has a smooth REE curve with relatively low trace element and 

REE concentrations. This REE profile is similar to window glass found from the much 

earlier sites of St Andrews and Elgin.  

 

Two samples a white glass (B) and a blue glass (O) are both from Elcho group 1. Both 

were found to have a very steep REE pattern with a rapidly dropping curve and a deep 

europium dip.    

 

Sample G (Elcho 3) has a REE 2 pattern. The trace element analysis also showed that this 

glass was lower in strontium than glass from the other groups – possible pointing to an 

inland sand source.  

 

The window glass used at Elcho appears to be coming from at least three different regions. 

The first group of glass, the lowest in silica, may have had a North-West German origin. 

The glass with the higher silica content may have come from the Normandy Region, with 

the majority of the glass, most likely dated to the late 15th century, coming from the 

Lorraine/Argonne region.  It is likely that the glass was imported via Perth and this shows 

that changing importation of window glass over this period.   
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9.6 Glenluce 

 

The thirty samples of glass from Glenluce could be separated into four groups (figure 73 

and table 16).  

 

 

Glenluce 1 

Glenluce 1, comprises the greatest number of samples (14) including all the grisaille 

decorated glass. This group is a high potassium glass – with approximately equal amounts 

of potassium oxide and calcium oxide (both between 12-15%), 2-4% sodium oxide and 

5-9% magnesium oxide and circa 5% phosphorus oxide.  Sample L (Glenluce 588) 

Glenluce 1 was analysed by LA-ICP-MS and found to have a shallow REE 1 pattern 

(figure74). 

 

Two of the remaining four groups are of a high lime low alkali composition.  

 

Glenluce 2 

Group 2 is of six samples with an average calcium oxide content of 21% and potassium 

oxide of 6.1%. Sodium is in correlation with chlorine which may suggest the addition of 

salt. They all have manganese oxide present >0.8%.  
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Figure 71 Graph showing potassium oxide (wt%) vs calcium oxide (wt%) for four possible groups of glass 

from Glenluce 
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Glenluce 3 

This group comprises three samples. These are all much thinner than Glenluce 2 and 

appear to be cylinder blown glass. They have high silica (average 60%), very low 

combined alkali content (5-6%) with 2-3% potassium oxide and 3% sodium oxide.  There 

is a correspondingly high CaO:K2O ratio of over 8. Sodium and chlorine are in 

correlation. Manganese oxide is present at <0.2% which would suggest a HLLA 2 

composition made after 1610 and the introduction of coal fired furnaces. The REE pattern 

for a sample from this group (Glenluce 593) shows a deep shoulder and uneven pattern 

for the heavier rare earth elements (figure 74).  This suggests this group is a post-medieval 

repair and will be excluded from the discussion on the medieval window. 

 

Glenluce 4 

The final set Glenluce group 4 is a mixed alkali glass composition, likely to have been 

made post 1700 AD and is also likely to be a post-medieval repair.  

 

 

Figure 72 REE Profiles of the two samples from Glenluce (sample 588 is Glenluce Group 1 and Sample 598 Glenluce 

group 3)  as analysed by LA-ICP-MS 
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GLENLUCE Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 2.43 5.96 2.03 54.63 4.81 0.20 0.90 13.44 14.22 0.20 0.92 0.68 1.07 

Group 2 1.65 3.79 3.07 58.05 3.31 0.38 0.60 6.10 21.07 0.31 1.23 0.81 3.45 

Group 3 2.92 3.31 4.19 60.74 1.10 0.63 0.58 2.77 22.50 0.17 0.12 1.25 8.12 

Group 4 6.37 4.88 1.26 69.77 1.53 0.17 1.21 3.90 10.64 0.19 0.15 0.52 2.73 
 

Table 16 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of four identified groups of glass from Glenluce Abbey as analysed by SEM-EDX 
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9.7 Iona Abbey 

 

 

The five pieces can be split into two groups (table 17).  

 

Iona 1 

Two of the pieces were potassium rich ‘forest’ glass type, with similar amounts of both 

potassium oxide and calcium oxide (14-18%). Both are high in phosphorus and 

magnesium oxides.  

 

Iona 2 

The other three samples are higher in lime with 4-6% potassium oxide and 20-23% 

calcium oxide. The average CaO:K2O ratio is >5. There is a strong correlation between 

sodium and chlorine.  
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IONA Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 2.06 6.09 1.15 50.96 6.11 0.31 0.62 14.05 17.33 0.17 0.79 0.68 1.23 

Group 2 2.45 3.39 1.80 60.51 3.48 0.53 1.21 4.22 21.09 0.36 0.99 0.54 5.04 

 

Table 17 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of two identified groups of glass from Iona as analysed by SEM-EDX 

 

LINDORES Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 1.41 6.61 1.11 51.69 5.00 0.21 0.74 18.01 13.27 0.23 1.67 0.41 0.74 

Group 2 0.55 2.78 0.96 63.01 1.67 0.47 0.07 10.44 18.99 0.24 0.77 0.16 1.82 

Group 3 0.39 4.19 2.86 49.93 3.12 0.10 0.13 14.05 22.68 0.40 1.25 0.88 1.61 

 

Table 18 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of three identified groups of glass from Lindores as analysed by SEM-EDX
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9.8 Lindores 

 

Three compositional groups were found from the four samples (table 18). 

 

Lindores 1 

A single sample was high in potassium oxide (18%) and calcium oxide (13%) as well as 

being enriched in phosphorus and magnesium oxides (5% and 6.5% respectively).  

 

Lindores 2 

A single piece Lindores 2 has much higher silica >60%, 19% calcium oxide and 10% 

potassium oxide and very low aluminium oxide (<1%) phosphorus oxide (<2%) and iron 

oxide (< 0.2%). This was made from purified raw materials.  

 

Lindores 3 

Two final samples are of a very similar composition. These are higher in lime than alkali 

with an average of 23% calcium oxide and 14% potassium oxide. They also have low 

magnesium and phosphorus oxides.  
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9.9 Linlithgow Friary 

 

 

The glass can be broken down into five groups as follows and highlighted in figure75 and 

table 19: 

 

Linlithgow 1 

Linlithgow 1 is a potassium rich glass with an average CaO:K2O ratio of 1. This group is 

also rich in magnesium and phosphorus oxides. 

 

 Linlithgow 2  

The second group has a much higher silica content of 58% with an average CaO:K2O 

ratio of 1.8. This group has particularly high sodium and magnesium oxide levels.  

 

Linlithgow 3  

The third group has the highest lime content with an average calcium oxide content of 

27%. It has a consequently lower proportion of silica (<50%). The levels of sodium, 

magnesium and phosphorus oxides are lower than in the previous two groups, while there 

is an increased proportion of aluminium and titanium oxides indicating a different sand 

source.  

 

Linlithgow 4  

Group 4 is similar to group 3 but with higher silica and lower calcium, with a CaO:K2O 

ratio of 3.7.  

 

Linlithgow Group 5 

The final Linlithgow group has very low alkali levels with potassium oxide having an 

average of 2.4%. Subsequently there is a CaO:K2O ratio >10.  
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Figure 73 Graph showing potassium oxide (wt%) vs calcium oxide (wt%) for five groups of glass from 

Linlithgow Friary 
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Linlithgow Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 1.99 5.90 1.26 51.11 6.47 0.24 0.76 15.56 15.60 0.13 0.70 0.48 1.02 

Group 2 3.11 7.44 1.50 58.23 4.08 0.19 0.75 7.99 14.13 0.25 1.35 1.34 1.77 

Group 3 0.83 4.00 3.24 48.39 4.03 0.22 0.14 9.50 27.18 0.12 1.30 0.51 3.00 

Group 4 1.79 3.85 2.67 56.50 3.80 0.30 0.68 6.16 22.21 0.30 1.38 0.61 3.70 

Group 5 3.68 4.16 2.16 55.93 4.31 0.88 1.35 2.37 23.70 0.35 1.05 0.69 10.08 

 

Table 19 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of five identified groups of glass from Linlithgow Carmelite friary as analysed by SEM-

EDX
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9.10  St Andrews Cathedral 

 

 

The glass can be split into three compositional groups (figures 76-78 and table 20). 

 

St Andrews 1 

The majority of samples fall into St Andrews 1 with a CaO:K2O average ratio of <0.8. 

This group is also rich in phosphorus oxide with levels ranging from 4.5-7%. The greens, 

pinks, dark amber and the majority of the reds and browns all fall into St Andrews 1. The 

St Andrews 1 composition is similar to a groups identified as being made in North 

Western France up to around 1300 AD (Barrera and Velde, 1989).  The two groups also 

have similar levels of sodium oxide between 1.0 - 1.77% and high magnesium levels 

>5%.  

 

St Andrews 2 

A smaller group, St Andrews 2, has a slightly higher CaO:K2O average ratio of 1.26, 

however this group also has a noticeably lower amount of phosphorus oxide of between 

1.5 - 4%. The majority of the blues, a lighter amber/yellow colour, as well as a single red 

and a single brown glass fall into St Andrews 2.  

 

St Andrews 3  

This group comprises only two blue glasses which have a much higher CaO:K2O ratio 

(>3) than the other samples. There were made from a very different alkali recipe but have 

low aluminium and titanium oxide akin to the glass in St Andrews 1. It is possibly that 

they were made from the same sand source as this group but using a different recipe, 

possibly at a later time than the bulk of the glass.  
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Andrews - with the colours of glass highlighted 
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St Andrews Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 
 

1.72 6.56 1.33 50.89 5.55 0.22 0.62 17.29 13.94 0.21 1.29 0.51 0.82 

Group 2 
 

0.44 4.21 2.58 50.39 2.83 0.23 0.22 16.21 20.49 0.27 1.07 0.58 1.29 

Group 3 
 

2.93 4.61 1.93 51.27 5.42 0.28 0.60 7.30 23.80 0.29 0.89 0.85 3.26 

 

 

Table 20 Table showing average elemental oxide composition (wt%) and the calcium oxide to potassium oxide ratio of three identified groups of glass from St Andrews as analysed by SEM-EDX



   

 

227 

 

 

Ten samples of glass from St Andrews were analysed by LA-ICP-MS. 

 

The analysis of the REE patterns confirms the previously identified St Andrew’s groups 

1 and 2 (figure 80). Seven of the samples were from St Andrews 1 and these all have a 

similar REE pattern. This would suggest that they were made at nearby locations using 

the same geographical sand source. In comparison the sample from St Andrews 2 can be 

seen to have a much shallower REE profile. 

 

 

 

The similarity of the sand source between the St Andrews 3 blue (with a high CaO:K2O 

ratio >3) and the St Andrews 1 samples (CaO:K2O ratio <1) is also seen by looking at the 

REE profiles (figure 79). Blue 2-11, a high lime glass, can be seen to have a REE pattern 

very similar to white 13-7 which is a potassium and phosphorus oxide rich.  

 

The trace element analysis can also be used to identify the colourants used for the two 

blue glasses. Both have similar amounts of cobalt present but in addition to the cobalt, a 

leaded brass copper alloy was used in the St Andrews group 2 blue glass (STA16-2).  
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The trace element analysis can also be used to identify the colourants used for the two 

blue glasses (figure 81). Both have similar amounts of cobalt present but in addition, a 

leaded brass copper alloy was used in the St Andrews 2 glass (STA16-2). 
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9.11 Perth Whitefriars 

 

There are potentially three groups of glass found at Perth Whitefriars.  

 

Perth Whitefriars 1  

The first group is a calcium and potassium rich glass with an average composition of 

14.3% potassium oxide and 23.3% calcium oxide.  

 

The other two groups are both HLLA types.  

 

These groups can be seen on table 21 and figure 82.  

 

Perth Whitefriars 2 

Group 2 is a high lime low alkali glass type with an average of 8.5% potassium oxide and 

21.3% Calcium oxide and is rich in silica (59%). This composition is very similar to Type 

IV identified by Caen (2010) which is attributed to being produced in the 

Lorraine/Belgium region between 1477-1550.  

 

Perth Whitefriars 3 

The final group Perth Whitefriars 3, has much lower silica of only 49% and very high 

calcium oxide levels of nearly 30%, with a CaO:K2O ratio of  5.47. This group also has 

higher levels of sodium, phosphorus and aluminium oxides. 

 

There is a clear difference in composition between the glass found in the two buildings. 

Apart from one sample, the glass found in the area of the east window of the church is all 

Perth Whitefriars Group 1. The exception is the single piece of glass identified as a HLLA 

composition similar to another found in Building 2 and may have been a repair made as 

the same time as the windows were being installed in the cloister.  

 

Both of the samples from building 2 were HLLA compositions (Perth Whitefriars groups 

2 and 3).  
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Perth Whitefriars Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 
 

0.24 3.72 3.46 50.44 2.21 0.25 0.16 14.31 23.30 0.26 1.13 0.49 1.65 

Group 2 
 

0.83 3.34 1.94 59.09 2.43 0.23 0.26 8.50 21.53 0.30 1.18 0.56 2.54 

Group 3 
 

2.44 3.91 3.92 48.50 4.09 0.13 0.66 5.37 29.42 0.29 1.21 0.52 5.47 

 

Table 21 Table showing average elemental oxide composition and the calcium oxide to potassium oxide ratio of three identified groups of glass from Perth Whitefriars as analysed by SEM-EDX 

 

 

Perth Blackfriars Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 
 

2.51 6.30 3.28 49.13 6.19 0.28 0.30 15.60 13.82 0.23 1.00 1.38 0.89 

Group 2 
 

0.40 3.89 3.67 50.87 3.47 0.20 0.05 10.28 24.70 0.29 0.99 0.79 2.41 

Group 3 
 

1.37 3.46 2.82 55.73 3.56 0.28 0.29 7.25 22.87 0.31 1.63 0.43 3.15 

Group 4 
 

0.41 3.21 3.10 47.80 3.68 0.11 0.04 9.04 30.26 0.38 1.29 0.69 3.35 

Group 5 
 

2.21 3.44 1.24 60.15 3.08 0.33 0.53 4.56 22.82 0.27 0.91 0.48 5.10 

   

 

Table 22 Table showing average elemental oxide composition and the calcium oxide to potassium oxide ratio of five identified groups of glass from Perth Blackfriars as analysed by SEM-EDX
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9.12  Perth Blackfriars 

 

Perth Blackfriars 1  

This group comprises of two samples of a potassium rich glass with a CaO:K2O ratio of 

0.89. Phosphorus and magnesium oxides are enriched. Sodium oxide is also present at an 

average of 2.5%.  

 

The other groups are all higher in lime (figures 83 and 85).  

 

Perth Blackfriars 2  

This group has an average of 10% potassium oxide and 25% calcium oxide with a 

CaO:K2O ratio of 2.4.   

 

Perth Blackfriars 3  

Group 3 is similar but has increased silica and lower potassium oxide resulting in a 

CaO:K2O ratio of 3.14.   

 

Perth Blackfriars 4  

The fourth group is low in silica and has elevated calcium oxide with an average of 30%.  

 

Perth Blackfriars 5 

The final group is a high silica glass and has the highest CaO:K2O ratio of 5.1.  It is also 

richer in sodium oxide, which is correlated with an increase in chlorine, suggesting the 

addition of salt to the mix.  

 

The groups can also be also be partially separated by looking at the aluminium and 

titanium oxide content of the sands that the glass was made from (figure 84). Most of the 

glass were made from a sand rich in aluminium which could have been at the same 

location. Only Perth Blackfriars 4 was made from a low aluminium sand.  
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It should also be noted that samples from group 1 had a significant amount of barium 

oxide of over 1% - which is usual. This may be indicative of the type of flux used.  
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five possible groups of glass from Perth Blackfriars. 
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Figure 83 Potassium Oxide vs Calcium oxide (wt%) for window glass from Perth Blackfriars separated into five groups 
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Only one sample from Perth Blackfriars 4 was analysed by LA-ICP-MS. This sample 

showed a REE curve with a europium dip and shoulder at samarium (figure 86).  

 

 

Figure 84 REE chondrite normalised profile of the single sample of glass from Perth Blackfriars analysed by LA-ICP-

MS 
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9.13  Perth Canal Street and Meal Vennel  

 

 

Comparison of the elemental composition of glass from the Perth City Centre sites of 

Canal Street and Meal Vennel care shown in figures 87 and 88 and tables 23 and 24.  

 

Meal Vennel 

The analysis suggests that four of these samples are much more recent than the proposed 

dating of the context.  

 

One sample (3127) is clearly 19th century synthetic soda glass. Another sample (3141) is 

a mixed alkali glass typical of the 18th century. Two further samples (3128 and 3146) are 

HLLA2 glass, with low manganese oxide of <0.2%, dating to them the 17th century.   

The remaining glass from Meal Vennel can be separated into three groups.  

 

Meal Vennel 1 

Meal Vennel 1 comprises three samples with equal amounts of potassium and calcium 

oxides, resulting in an average CaO:K2O ratio of 0.98. This group has high levels of 

phosphorus oxide (4.89%), magnesium oxide (6.48%) and sodium oxide (2.8%).  

 

Meal Vennel 2 

Group 2 has a slightly higher CaO:K2O ratio of 1.24, when compared to Meal Vennel 1, 

however it was distinguishable by having both lower phosphorus oxide  (1.32%) and 

magnesium oxide levels (2.84%).  

 

These two groups can also be distinguished by looking at the elements associated with 

the sand sources. Meal Vennel 1 appears to be made from a sand that is richer in 

aluminium and titanium, while Meal Vennel 2 is made from a much purer sand.  

 

Meal Vennel 3 

The final group consists of three samples that are all HLLA with a CaO:K2O ratio of 5.23.   

 

Canal Street 

 

Three samples from Canal Street were analysed. These were all of a HLLA composition.   
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Canal Street 1 had 7.95% potassium oxide and a CaO:K2O ratio of 2.98. The other two 

samples – Canal Street 2 – had an average of 5.04% potassium oxide and an increased 

CaO:K2O ratio of 4. The samples in Canal Street 2 also had an average of 2.93% sodium 

oxide which in correlation with increased levels of chlorine. The sand source appears to 

be similar for the HLLA glass from Canal Street 1 with two of the potassium rich glasses 

from Meal Vennel 2.  

 

 

 
Figure 85 Graph showing the ratio of aluminium oxide to silica versus the ratio of titanium oxide to silica for glass 

from Perth City sites 
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Figure 86 Graph showing phosphorous oxide (wt%) versus the ratio of calcium oxide to potassium oxide for five 

possible groups of glass from Perth City.
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Perth Meal Vennel Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 2.16 6.48 2.12 53.01 4.89 0.34 0.86 14.64 14.15 0.22 0.72 0.87 0.98 

Group 2 0.15 2.84 0.59 64.25 1.32 0.35 0.04 12.80 15.91 0.02 1.59 0.24 1.24 

Group 3 2.83 4.01 2.24 54.97 4.00 0.17 1.05 5.10 24.06 0.34 1.20 0.55 5.23 

 

Table 23 Table showing average elemental oxide composition and the calcium oxide to potassium oxide ratio of three identified groups of glass from Perth Meal Vennel as analysed by SEM-EDX 

Perth Canal Street Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Group 1 0.63 3.21 1.90 56.96 2.86 0.25 0.11 7.95 23.72 0.24 1.45 0.73 2.98 

Group 2 2.93 4.49 1.90 58.60 3.16 0.47 0.56 5.04 20.21 0.37 1.51 0.76 4.01 

 

Table 24 Table showing average elemental oxide composition and the calcium oxide to potassium oxide ratio of two identified groups of glass from Perth Canal Street as analysed by SEM-EDX 
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9.14  Inchmahome 

 

Of the six samples there appears to be three groups of glass (figure 88-89 and table 25).  

 

Inchmahome 1 

The first, Inchmahome 1, contains three samples of potassium rich glass – with 

approximately equal amounts of calcium oxide and potassium. (13-16%), with a 

CaO:K2O ratio of between 1-1.5. They have phosphorus oxide around 4-5%. The three 

also form a tight group when the titanium and aluminium and other elements present in 

the sand are assessed and were likely all made from the same sand source. This glass is 

likely to be associated with the early monastic and church building.  

 

Inchmahome 2 

The second group Inchmahome 2 is calcium rich (29-30%) HLLA glass with phosphorus 

oxide between 2-3%. It is made from a sand source with a higher titanium content than 

the first group. 

 

Inchmahome 3 

The final Inchmahome Group 3 is also a HLLA type but with lower calcium and a lower 

combined alkali total of 6%. This glass is made from a sand with very low levels of 

titanium and most likely at a different location than the other two samples.  
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Figure 87 Graph showing phosphorous oxide (wt%) versus the ratio of calcium oxide to potassium oxide for five 

possible groups of glass from Inchmahome 

 

 
Figure 88 Graph showing the ratio of aluminium oxide to silica versus the ratio of titanium oxide to silica for glass 

from Inchmahome
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 Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl  K2O CaO TiO2 MnO FeO CaO:K2O 

Inchmahome 1 2.75 6.52 2.21 50.66 5.38 0.29 0.88 14.01 15.60 0.38 0.74 1.00 1.12 

Inchmahome 2 0.29 3.87 3.33 48.01 2.36 0.22 0.04 9.95 29.77 0.31 1.00 0.41 3.00 

Inchmahome 3 2.86 4.00 1.73 58.44 4.21 0.58 1.28 3.44 22.00 0.29 1.13 0.64 6.40 
 

Table 25 Table showing average elemental oxide composition and the calcium oxide to potassium oxide ratio of two identified groups of glass from Inchmahone as analysed by SEM-EDX
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10 Discussion 

 

The previous section presented the results of the analysis with a brief summary of the 

compositional groups found at each site. This section will discuss in more detail the 

results of the analyses.  

 

The first two parts discusses the REE and trace elemental compositions in more detail. 

The next part will discuss the potential provenance of location of window glass used in 

Scotland based on the glass groups identified and how this may have changed 

throughout the medieval period while the final part concentrates on the range of 

compositions of the coloured glass and how this may relate to specialist manufacturing 

regions of Western Europe. 

 

10.1 REE Profiles 

 

Quartz sands contribute much higher fractions of REE to bulk glass compositions, 

compared to other raw materials such as ashes/flux, carbonates from shell in the sand or 

alternative calcium sources such limestone (Wedepohl et al., 2011). Therefore, the REE 

profile is thought to be indicative of the sand of origin.  

 

Graphs were produced showing chondrite normalised REE profiles for all the samples 

analysed by LA-ICP-MS.  

 

The profiles from all of the LA-ICP-MS analyses were compared and three different 

chondrite normalised REE profiles were identified which were consistent across the 

majority of the samples. These have been termed REE 1, REE 2 and REE 3 (figure 91).  

 

Each will be described below. 
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Figure 89 REE/Lanthanide chondrite normalised profiles of three samples from Elcho which exemplify the three REE 

profiles Elcho L is REE 1, Elcho G - REE 2 and Elcho B - REE 3 

 

 REE 1 
 

The REE 1 profile has a smooth, shallow curve. This curve has the lowest levels of REE 

and are particularly low in lanthanum and cerium. There is no dip in the profile at 

europium. When comparing the REE profile with the composition of the major elements, 

glass with an REE 1 profile, is made from a wide range of bulk glass compositions. Some 

samples are potassium and phosphorus oxide rich, while others are a high lime low alkali 

type. Samples with an REE 1 profile were found at all sites where LA-ICP-MS samples 

were analysed.   

 

Glass with an REE 1 profile may have been made in the same region, using sand sources 

with this rare earth element fingerprint. Glass samples with this REE profile were found 

to have a range of compositions with the CaO:K2O ratio ranging from less than 1 to 

greater than 5. This suggests that glass from the REE 1 region were made across a long 

chronological period.  

 

The same sand sources continued to be exploited while there was an evolution of the glass 

recipe over this time where the type of flux gradually changed from a 
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potassium/phosphorus oxide rich one – possibly including fern and bracken - to one high 

in calcium oxide. 

 

 REE 2 
 

REE 2 profile shows a curved profile, but there is a clear dip in the curve at europium. 

Nearly all of the glass analysed from St Andrews has an REE 2 profile as well as samples 

from Aberdeen, Elgin and Linlithgow. The glass identified with an REE 2 pattern is 

predominantly potassium rich with a CaO:K2O ratio <1. The sand source has a low 

aluminium and titanium content. Some of these samples, in particular those from St 

Andrews can be dated from the painted decoration which indicates that they date from 

the late 12th - 13th centuries (Graves, 1994). 

 

Comparison of the major and minor element compositions with the three main regions of 

production as identified earlier in this work alongside work by other authors  suggest that 

North - West France may have been the manufacturing location for glass of this 

composition prior to 1300 (Barrera and Velde, 1989). If this is the case, then the REE 2 

profile could be considered indicative of glass from the Normandy region of France.   

 

 REE 3 
 

The REE 3 profile shows a less smooth curve with a steeply descending line, 

characterized by higher amounts of lanthanum and cerium, a stepped shoulder at 

samarium and a deep dip at europium.  

 

All of the samples found to have an RRE 3 curve are HLLA glass. They include window 

glass from five sites - Elcho, Glenluce, Aberdeen, Coldingham and Linlithgow. This type 

of REE pattern was found by Wedepohl and Simon (2010) when they analysed glass 

waste from a number of production sites in Germany. This would suggest that this profile 

is indicative of sand sources used to produce glass in that region.  Glass with a similar 

profile was also found in some windows in the Saint Denis Panel (Kunicki-Goldfinger et 

al., 2014a).  

 

 Other REE patterns  
 

There are a small number of samples that do not clearly fall into one of these three groups.  
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Most of these are coloured glass. As is shown later in the discussion of the correlation of 

some elements, it has been identified that the presence of lead (present in many copper 

alloy based colourants) is correlated with an increase in lanthanum which therefore has 

an effect on the REE profile, which is not related to the sand source. Some samples may 

fall between clear compositional distinctions because of the blurring of the REE pattern 

of the main sand source due to the use of cullet and the recycling of glass made elsewhere.  

 

A second sample, Aberdeen 2857, which has a very different profile from all the rest of 

the samples having a clear dip at cerium (figure 92). Glass with a similar profile was 

recorded by Kunicki-Goldfinger et al. (2014a) in samples of glass they took from a 

window that originated from Saint Denis, France. They attributed this type of glass to be 

19th century repairs. However, the major elemental composition of Aberdeen 2857 (15% 

K2O, 14% CaO with 2.5% Na2O) is a typical medieval composition. The context that it 

was recovered in suggests a date no later than the 14th century and therefore highly 

unlikely to be a nineteenth century window repair.  

 

 

Figure 90 Graph showing REE chondrite normalised profiles of two samples from Aberdeen both with similar major 

element composition 
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 REE profiles compared to glass composition 
 

While all of the REE 2 glass have a high potassium content and all of the glass with an 

REE 3 profile are high in lime, glass with a REE 1 profile is a mixture of both high 

potassium and HLLA glass (figure 93).  

 

The REE 1 HLLA glass tends to have higher potassium levels than HLLA glass with a 

REE 3 profile. The REE 3 HLLA glass also has higher titanium (1200-1500 ppm) when 

compared to REE 1 HLLA samples (<900 ppm) which also suggests a different sand 

source. 

 

 

This can be further exemplified by comparing two samples from Aberdeen (2720 and 

2870). These have very similar major element chemistry and with c. 22-24% calcium 

oxide and 8-10% potassium oxide and similar levels of other elements – like sodium, 

magnesium and phosphorus oxides. Based on their major element composition it could 

be concluded that both these glass fragments were made at the same location. However, 

their REE profiles are very different. Aberdeen 2720 has a REE 3 profile while Aberdeen 

2870 has a very smooth curve REE 1 profile with no europium dip (figure 94).  
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Looking more closely at the minor elements of these two samples, it can be seen that 

Aberdeen 2720 is also made from a sand much richer in titanium, iron and zirconium than 

2870 . Also notable is the difference in the ratio of calcium versus strontium oxide. 

Aberdeen 2720 has a CaO:SrO ratio of 249 while Aberdeen 2870 has a ratio of 158. This 

may be related to the use of a coastal sand, rich in shell, to make Aberdeen 2720. while 

an inland sand, low in strontium oxide, was used to make Aberdeen 2870. The other 

potential source of calcium and strontium oxide could be the flux and the different ratio 

may represent the used of different types of wood and plant ash used.  
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major element composition 
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The spread of the different REE groups around the sites is interesting. Figure 95 shows 

the numbers of samples with the three different REE profiles found at each site. REE 2 is 

present on sites where the glass is usually determined to be 12th – 13th century date, in 

particular being in abundance at St Andrews, although also present at Aberdeen, Elgin 

and Elcho. REE 1 glass is spread quite evenly across all the sites. While REE 3 glass 

predominates at the later sites and contexts dated to the 15th and early 16th centuries, such 

as Elcho, Glenluce, and Linlithgow.  

 

A German origin is purported for high calcium, low potassium glass (Brill and Pongracz, 

2004b) and a previously produced REE profile for German made wood-ash glass showed 

a steep curve and a deep europium anomaly (Wedepohl and Simon, 2010) similar to that 

observed in REE 3. This leads to the conclusion that the REE 3 glass with the HLLA 

composition was produced in what is currently north-western Germany. An ytterbium 

anomaly was found in glass made at the Steimke glass house in Germany (Wedepohl and 

Simon, 2010) however, none of the samples analysed in this study showed this anomaly 

so it is unlikely that any of this glass was made in this region.  

 

If it is concluded that REE 3 glass was made in German regions as implied by the HLLA 

composition of 13th century samples and comparison along with the REE profile found 

for some sample from German manufacturing sites (Wedepohl et al., 2011) then glass 

with REE 1 and REE 2 profiles by implication is likely to have been made elsewhere.  
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From archaeological and documentary evidence it is known that glass making sites were 

established in North Western France/Normandy as well as the Lorraine/Argonne regions 

of France, which could both be possible manufacturing locations.  

 

Comparing the major and minor element compositions alongside the REE profiles it is 

therefore suggested that the REE 1 group originates from the Lorraine/Argonne/Upper 

Rhineland region while the REE 2 glass originates from North-West France/Normandy. 

This will be explored further later in the discussion. 

 

10.2 Trace elements  

 

Correlations between elements were calculated to help determine which of the trace and 

REE were related to the colourants, flux or sand sources.  

 

 Elements associated with colourants 

 

As expected, the main elements associated with glass colourants were highly correlated. 

Cobalt was most strongly correlated with gallium, zinc and nickel. Copper was strongly 

correlated with silver, tin, antimony and lead.  

 

There is a strong correlation between lead and lanthanum. This correlation does not seem 

to have been considered previously. However, from this data it can be seen that in glass 

containing lead at levels greater than 0.05% – usually those that are green or blue – there 

is a significant correlated increase in lanthanum. As noted this has consequences when 

comparing REE profiles of coloured glasses. 

 

This may also have a bearing for some ‘white’ glass where lead is present at higher levels. 

It was noticed that Linlithgow E for instance is enriched in lanthanides compared to the 

majority of ‘white’ glass samples. This sample has 0.12% lead, and 0.01% tin, although 

there is negligible copper. This indicates that the higher lanthanum levels are attributable 

to lead specifically rather than the other colouring ions. It is probably that a small amount 

of lead rich glass cullet was added to the glass melt which accounts for the increased lead 

and lanthanum levels.  
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 Elements associated with the flux 

 

Strong correlations were observed between rubidium and potassium, and between 

strontium and calcium. These correlations have been used in p-XRF analyses of window 

glasses where the lighter elements, potassium and calcium, are not able to be measured 

accurately in air (Adlington et al., 2015). The concentrations of rubidium and strontium 

are therefore used as a proxy for potassium and calcium respectively.  A lack of 

correlation between rubidium and strontium confirms that these two elements are coming 

from two different raw materials, the flux and the sand respectively.  

 

Nearly all samples analysed had strontium present at levels greater than 400ppm which 

suggests that potassium rich plant ash, rather than processed ‘potash’ was used to make 

all the glass (Šmit et al., 2000).  

 

In Post-Medieval glass, strontium oxide present at >0.2% (>2000ppm) can be an indicator 

of the use of kelp as a flux (Dungworth et al., 2009). None of the medieval samples 

analysed in this study had strontium > 1300 ppm, so seaweed is unlikely to have been a 

component, although other coastal plants may have been.  

 

Calcium and barium are both correlated with strontium. Some authors have suggested 

that barium is related to the flux type (Henderson, 1996) and was found to be correlated 

with potassium and rubidium (Wedepohl et al., 2011). Barium may have been 

incorporated alongside calcium, which may be present naturally in sand or in additional 

limestone that may have been added to the melt.  

 

 Elements associated with the sand source 

 

The proportions of aluminium and titanium oxides compared to silica can be used to 

assess the amount of impurities in the original sand source. Sand from the same source 

would be expected to have correlation between these parameters. Without the chemical 

data of original sand sources to compare the composition of the glass sample to, it is 

impossible in this work to identify the places of manufacture. However, it is possible to 

compare glass from different sites to see if there was a common chemical signature which 

might imply the use of the same sand and therefore may have been made at the same site.  
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Figure 94 Plot of Al2O3/SiO2 versus TiO2/SiO2 for Iona, Coldingham and Dunfermline. 

 

Figure 96 above shows that both types of glass (a potassium rich glass and a HLLA glass) 

found at Iona are made from a different sand source than that used to make the glass at 

either Coldingham or Dunfermline.  

 

The minor elements associated with the silica source (aluminium, titanium, zirconium 

and iron) are all strongly correlated with yttrium, niobium, thorium, uranium along with 

the majority of the REE. This confirms that the concentration of these elements is related 

to the sand and can therefore be used to investigate the original sand source through 

comparison or REE patterns.  

 

However, both lanthanum and cerium are only weakly correlated with titanium, 

zirconium and iron. Surprisingly lanthanum and cerium are both more strongly correlated 

with magnesium and phosphorus oxide. This would suggest these two elements are in fact 

related to the calcium or ash source, rather than the silica source. The lack of a strong 

correlation with the elements associated with sand and the stronger correlation to 

elements associated with ash means that the lanthanum and cerium data should in future 

be considered with caution when relating them to sand sources, while the remaining REE 

are attributable to the sand source.  
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Neodymium has been used as a measure of the impurities in the sand as it is absent from 

pure quartz (Degryse et al., 2008). In most of the glass samples neodymium is present 

between 5-8 ppm and in a small number of samples, at increased levels of 13-14 ppm 

which could suggest a less pure sand source. However, when looking more closely at the 

data these samples were coloured blue or red and the neodymium was also clearly 

correlated with copper. Its increased presence is therefore likely because of the addition 

of the colourant, rather than the use of a more impure sand than the white glass.  

 

A comparison of La/Yb vs Zr/Hf ratios was used to assess the sand sources from glass in 

windows in York Minster (Kunicki-Goldfinger et al., 2014a) and showed a clear 

differentiation between the ‘white’ glass and the ‘blue and pink’ glass from the Great East 

Window. Previous work had suggested that some of the white glass was made locally in 

England while the coloured glass was imported from the continent (Freestone et al., 

2014). The trace element analysis supported this conclusion of different production 

regions.  

 

The same comparison of trace elements from the Scottish samples was carried out and all 

REE 2 samples fell into the area of the graph where the blue and pink glasses from the 

Great East window at York are situated (figure 97). The figure below shows the 

comparison of La/Yb vs Ti/Nb.  The majority of the Scottish samples (from groups REE 

1 and REE 3) fall in the same area as coloured glass of mixed dates from York Minster.  

 

Scottish glass from REE 2 mainly falls into the same region a tightly dated group of glass 

analysed from the Chapter House at York Minster from a panel securely dated to 1290-

1300. Glass with this composition was only found in the Chapter House windows and not 

found in any later windows. The Scottish samples are all potassium rich glass from St 

Andrews. This could suggest that the glass used at St Andrews came from the same 

manufacturing region as the glass used in the Chapter House at York Minster and are 

conceivably of a similar date. The typological dating of the fragments would support a 

late 13th century date. 
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There are only two samples that fall into the English ‘white’ glass category.  These are 

blue and green in colour and are clearly not ‘white’ glass likely to have been made in 

England. They both have considerable amounts of lead in them (0.3% and 1.0% 

respectively). As discussed earlier there is correlation between lead and lanthanum, and 

this skews the results for lead rich glasses and needs to be born in mind in trace element 

studies. None of the ‘white’ glasses fall into the area attributed to English manufactured 

glass. This would lead to the conclusion that the ‘white’ glasses used in Scotland were 

not made in England but more likely made on the continent. None of the Scottish samples 

had a high Ti/Nb ratio and did not fall into an  area of the graph consistent with samples 

analysed from Central/Eastern German glasshouses (Wedepohl et al., 2011).. 

 

 

 

  

200

250

300

350

400

450

500

-10 10 30 50 70 90

Ti
/N

b

La/Yb

Group 1

Group 2

Group 3English'white' Glass 
1405-08

Wedepohl & 

Simon (2010)
1290-1300 

york - mixed dates 
and windows 

12th C York

Figure 95 Graph showing La/Yb vs Ti/Nb of Scottish samples (by REE profile)  analysed by LA-ICP-

MS in comparison to other compositions (Wedepohl et al., 2011, Kunicki-Goldfinger et al., 2014a) 
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10.3 Provenance of Window Glass  

 

 Potassium rich Glass  

 

The term potash or forest glass has been commonly used to describe glass made in the 

high medieval period. However, as can be seen from the analyses a significant proportion 

of the glass used in Scotland is richer in calcium than potassium than might be expected.  

 

There is a general pattern observed that the amount of lime increases over time with 

potassium rich glass being prevalent in the 12th and 13th centuries before being replaced 

by a high lime low alkali glass that dominates by the end of the 15th century. In the 

Scottish glass, both potassium rich glass and calcium rich glass appear to be imported and 

used as early as the late 13th century.  

 

Potassium rich glass is likely to deteriorate quicker in the burial environment than calcium 

rich glass. It should be considered that the predominance of the calcium rich glasses in 

Scottish contexts from this date could be an effect of the burial conditions. Despite both 

types being found in tandem at most sites, it is difficult to ascertain percentages of 

different types of glass used originally with confidence when the preferential loss of the 

potassium rich glass is likely to have occurred.   

 

Glass that is rich in potassium, phosphorous and low in silica dominates at earlier sites 

such as St Andrews, Elgin and Dunfermline, where the glass is typologically dated to the 

12th and 13th centuries. The CaO:K2O ratio for these samples is <1.  

 

When comparing the results of these analyses to previous work and knowledge of regional 

glass recipes it is suggested that this Elgin 1, 2 and 3 and St Andrews 1 glass were all 

made in Normandy/North-West of France using plant ashes rich in phosphorus and from 

a high-quality sand source in the region. This composition of glass compares well to Brill 

Type III (dated to 1200-1400 AD) which is mainly found in England and France (Brill 

and Pongracz, 2004b) as well as to glass identified by Barrera and Velde (1989) and 

Lagabrielle and Velde (2003) as being produced in the Normandy region of France. The 

addition of sodium rich salt is also considered an indicator of glass from that region 

alongside higher levels of magnesium.  
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As shown in section 10.2.3. a group of glass from St Andrews is also consistent with glass 

analysed in windows at York Minsters Chapter House securely dated to 1290-1300. This 

group includes the majority of the coloured fragments. It is therefore likely that the glass 

from St Andrews and York all originated from the same region of manufacture. 

 

As well as glass from St Andrews and Elgin, other groups of glass also fit into this glass 

type. Glenluce 1 is most like Elgin 2 with almost equal amounts of calcium and potassium, 

phosphorus with an average of 4.8% and magnesium oxide of 6%. Both groups also have 

soda levels of 1.5-2.5% as well as a REE 2 profile as shown in the figure below.  

 

 

Figure 96 Graph comparing the REE Group 2 profiles of Elgin 2 and Glenluce 1 

 

The aluminium and titanium oxide levels are also similar, and it is likely that this glass 

from Glenluce was made in the same region and at a similar time to the Elgin 2 glass. 

Two samples of glass from Iona also fit this compositional category. Two further sites 

also have this potassium and phosphorous rich glass – at Aberdeen (Groups 1 and 2) and 

Perth (Blackfriars Group 1). The samples in Aberdeen group 2 are most similar to the 

identified Normandy group with relatively high sodium and magnesium. Perth 

Blackfriars Group 1 glass also fits well into the high phosphorus, low CaO:K2O ratio 

group although is higher in aluminium oxide some of the other samples. These are shown 

as group A on the figure below.  
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It is therefore concluded that glass made in the same region of Europe and at around the 

same time was being used in Elgin - a Cathedral site the in the North East,  Glenluce - a 

Cistercian abbey in the South West and Iona - a Benedictine Abbey on an island off the 

west coast. There does not appear to be a relation between the procurement of glass and 

the religious order and nature of the building – or the site’s geographic location in 

Scotland.  

 

The next group of glass includes Elgin group 4, St Andrews group 2 and all the glass from 

Dunfermline.  These groups are lower in phosphorous oxide and magnesia but also higher 

in lime and appear to have been made in a different region from the high potassium group 

using sands much richer in aluminium and titanium. A change in the production from a 

low lime high magnesium (LLHM) glass to high lime low magnesium (HLLM) was 

suggested to have occurred in the mid 14th century (Kunicki-Goldfinger et al., 2014a). 

This is not however borne out by the results for the glass analysed here which falls into 

this group as it is typologically dated to the late 13th century. Glass of this composition 

has also been identified from windows, in both French and German buildings, dated 

earlier than 1300 AD (Brill and Pongracz, 2004b) and was suggested to have been 

manufactured in the East of France from at least 1300 (Barrera and Velde, 1989). The 

REE profile of glass from this groups would also suggest they were made in the 

Lorraine/Argonne/Rhenish region. This group includes two browns, two red and an 

amber glass from St Andrews. These are shown as group B on figure 99. 

 

 



   

 

258 

 

 

Figure 97 Graph showing three types of glass A - a high phosphorous/high potassium glass, B - a low phosphorous/high 

potassium glass and C - a high calcium glass 
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 Calcium Rich Glass 

 

The remaining groups considered have more calcium oxide than potassium oxide with a 

CaO:K2O ratio of between >1, as well as < 4% phosphorus oxide. Despite similar bulk 

glass composition, the sands used to make this type of glass vary greatly in their 

proportions of aluminium and titanium. These are shown as group C on the figure 99.  

 

Apart from Perth Blackfriars 1 (which was potassium rich), glass from the sites in and 

around Perth are high in lime. The majority of the glass from both the Carmelite and 

Dominican Friaries have increased calcium with a CaO:K2O ratio of >1.5 up to 8,  sodium 

oxide <0.5%  and magnesium oxide <4%. They are also low in phosphorus.  The glass 

from both the friaries is predominantly made from an aluminium rich sand with an 

Al2O3/SiO2 figure of >0.06. 
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Glass from Elcho nunnery, Perth Carmelite and Dominican Friaries is all likely to be mid 

14th - 15th century based on the archaeological and archival evidence.  These show a 

marked difference in composition compared to glass dated to the 13th century from Elgin 

and St Andrews. They have a much higher CaO/K2O ratio as well as lower phosphorus 

(figure 102).  

 

The glass from Elcho is interesting from a typological perspective as although some of it 

is painted with grisaille decoration that is similar in style to that at Elgin, the composition 

of the glass is quite different. This may show that there was little development of 

decorative styles within Scotland, or it may be that a small priory Elcho would not have 

been able to afford such luxury as more fashionable coloured and decorated glass found 

in England at this later date – or indeed would they wish it, being of the more austere 

Cistercian order.  

 

From the analyses presented here, glass that has a CaO:K2O ratio of >2.5 shows a greater 

variety of aluminium and titanium contents, which would suggest that a wider variety of 

sands were being used to make glass of this composition (and therefore it was being made 

over a wider geographical area).  
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Elcho groups 1 and 2 both have a group 3 REE profile and composition suggesting they 

came from the North West Germany region. They are made from sands rich in aluminium 

and titanium.  

 

Elcho Group 3 has a REE 1 profile and likely to have been made in the Lorraine/Argonne 

regions. Elcho 4 group, while being calcium rich, is made from a sand that is low in both 

aluminium and titanium – which could be the same source as for Elgin Group 1 - 

suggesting a North Western France origin. It has the highest phosphorus oxide of the 

Elcho glass groups - between 3-5 wt% - which would also support this location for 

manufacturing. The glass may show an evolution of the original high potassium, high 

phosphorus recipe from the Normandy region to a high silica and high calcium glass 

recipe but which still maintaining the local tradition of using fern and brackens as part of 

the flux.  

 

At Coldingham there appears to be two distinct types of glass based on the major and 

minor element analysis. Lack of context for these samples or decorative features makes 

glass from Coldingham impossible to date independently. Coldingham 1 glass appears to 

be made with to the same recipe as the earlier glass from the Perth Friaries and possibly 

from the same sand source, having similar levels of aluminium and titanium oxides. The 

second group of glass from Coldingham has a higher CaO:K2O ratio of  >3, increased 

sodium, magnesium and phosphorus, and is also made from a sand rich in aluminium. Of 

note this group has high chlorine levels which are in correlation with sodium and it 

probable that salt – or marine plants – were included in the flux. The composition of this 

glass matches quite closely that identified as being made in the Lorraine/Flanders area at 

the end of the fifteenth century (Caen, 2010). Samples from both groups had a REE Group 

2 profile which would fit with this provenance. Group 1 may be an earlier recipe made in 

the 14th century with the group 2 glass with a higher CaO: K2O ratio being made in the 

same region but in the 15th Century.  

 

 Late 15th and Early 16th Century  

 

Glass from some sites has been identified as being late 15th and 16th century date.  

 

Glass from Glenluce group 3 and Linlithgow group 3 appear to have been made from a 

similar sand source which was high in aluminium oxide but low in titanium oxide. 



   

 

262 

 

However, they are both made to very different recipes with Glenluce 3 having a CaO:K2O 

ratio >8 and being low phosphorus and magnesium oxides. This is a composition found 

in glass from the Flanders region from the late 15th and early 16th centuries (Caen, 2010).  

 

 Glass Importation patterns  

 

It is clear from the analysis that HLLA window glass composition was dominant in 

Scotland before 1567 – which is the date where it is suggested that it was first made in 

England. The HLLA glass identified was excavated from Reformation destruction 

contexts, so the glass itself on this basis predates 1559. In addition, the grisaille decoration 

on some of the pieces of HLLA glass also suggest that the glass is in fact earlier than the 

15th century. HLLA glass is therefore being imported from the continent to Scotland in 

greater quantities than has so far been found in England. This has implications when 

considering the post-medieval window glass dating model as developed by Dungworth & 

Girbal (2012), as HLLA1 type window glass was in use many years prior to the mid 16th 

century in Scotland, when it was still rare in England. 

 

The main reason for this use of HLLA glass much earlier than in England is likely to be 

the close trading relations of Scotland and the Hanseatic Empire (Ayers, 2016). Bruges 

was one of the most important cities in the Burgundian Empire and was notable for its 

close trading relationship with Scottish east coast ports during the 15th century. Therefore, 

importing glass from Flanders to Scotland would be the most direct route along 

established mercantile channels.  

 

We know that HLLA glass was made in Lorraine and Rhineland in the early 15th century 

(Caen, 2010), and this seems likely to have been the source of glass entering Scotland 

from Flanders during the 15th and 16th centuries.  This glass was considered ‘cheaper’ 

than the more expensive glass from Normandy and therefore, the import of cheaper 

HLLA made in the Lorraine regions to Scotland would make financial sense.  

 

In the Seine Valley and Normandy regions of France the use of potassium rich glass 

continued for a much longer period. Glass was also usually made using the crown method 

and was considered of a higher quality. Potassium rich crown glass from Normandy 

would only be used for luxurious stained and coloured glass products. 

 



   

 

263 

 

Figure 103 below summarises the types of glass found at each site, their suggested origin 

and date.  

 

 

 

Figure 101 Summary type of glass used at each site 

 

There is archival evidence of glass production in Normandy from 1302 at the furnace of 

Fontaine du Houx (Caen, 2010). The principle families - the Bongars, Brossard, de 

Caqueray and Le Vaillant – maintained the industry in the region for over a century – 

with glass houses being located near the forests and often moving from site to site for 

ease of access to the large amounts of wood required (Foy, 1989). There are records of 

substantial exports to England from these glasshouses, but none that mention Scotland. 

There were however close ties between Rouen and the Low Countries, which means that 

the glass could have arrived in Scotland via the Hanseatic sea routes, so would not have 

been specifically mentioned in the archives in Normandy, but simply recorded as glass 

exported to trading centres such as Bruges.  Caen (2010) also suggests that the glass 

workers of Normandy also were the first to introduce ‘salt’ or seaweed ash which 

increased the sodium content. The strontium levels found in all the samples analysed by 
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LA-ICP-MS would suggest that seaweed ‘kelp’ was not a constituent in any of the 

Medieval glass as the strontium levels are <1000ppm.   

 

There is no evidence from the analysis that any of the window glass could have come 

from England. While white glass was being made in England at this time it would have 

been difficult to transport direct to Scotland from the Weald or Staffordshire.  

 

 

10.4 Coloured Glasses 

 

A wide range of colours were found at St Andrews and Elgin and additional blue glass 

was found at Elcho, Lindores, Aberdeen, Coldingham and Linlithgow.  

 

The different colours will now be considered in more detail.  

 

 Green 
 

Five Green glasses were analysed.  

 

The green glasses from Elgin are different compositionally to the green glasses from St 

Andrews.  

 

The Elgin greens have a CaO:K2O ratio of 1-1.5 and 3-4% copper oxide which is present 

in correlation with increased tin (>1000ppm) and lead, suggesting a leaded tin bronze was 

the copper alloy used as the colourant.  The two green glasses from St Andrews are made 

with a potassium, phosphorus and magnesium rich glass, with a CaO:K2O ratio of <1. 

The copper is present at less than half the amount of the Elgin green glasses but zinc is 

present at twice the amount, suggesting that a zinc rich brass alloy was used to colour the 

glass.  

 

St Andrews (8-7) and Elgin (F) were analysed by LA-ICP-MS. Both were found to have 

similar REE 2 profiles. It is therefore likely that both these greens were made at a similar 

manufacturing location but using different recipes.  
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The graph showing the proportion of aluminium and titanium oxides in the glass (figure 

115) show that four of the samples fall in a similar area, although one sample from Elgin 

(AB-P) is an outlier with much higher titanium oxide.   

 

The REE 2 pattern (figure 104) and the use of potassium rich recipes would suggest a 

North-West France / Normandy origin for both green glasses although the difference in 

the colourant recipe may show that they were made at different times.  

 

 

 

 

 Pink 

 

Three samples of pink or ‘murrey’ glass were taken from the St Andrews assemblage. All 

are virtually identical within experimental limits and it is possible they could even have 

been cut from the same pane.  They all have a CaO:K2O ratio of < 1 and are rich in 

phosphorus. They were made from a sand relatively low in aluminium, titanium and iron 

oxides.  

 

One pink (St Andrews 13-10) was analysed by LA-ICP-MS. It has a shallow curve, and 

a small dip at europium, and corresponds with the REE 2 profile. The iron levels are low 

<0.8% and the manganese oxide levels (0.9 – 1.1 %) are not significantly different to the 

other coloured or white glasses. This is despite the fact that it is manganese coupled with 
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a strong reducing atmosphere in the furnace that is known to create the pink colour 

(Longworth et al., 1982). It appears a particularly pure sand was selected that was low in 

iron and other contaminant elements and this coupled with expert control of the furnace 

temperature and oxidation conditions was all that was required to produce this colour.  

 

As suggested earlier, the combination of the use of a sand low in aluminium and titanium, 

the REE 2 profile and the high levels of phosphorus and magnesium could indicate that 

the pink glass was being produced in North Western France.   

 

 Amber and Brown 

 

Amber or ‘yellow’ coloured glass was only analysed from one site – St Andrews. 

However, there are two compositional groups of amber glasses, which correspond to two 

different tones of yellow.  

 

The first group of four samples are similar in composition to the pink glass described 

above, being potassium rich and with high levels of magnesium and phosphorus. Indeed, 

this group of yellow glass has the highest magnesium levels of all the glass, measured in 

excess of 7%. Sand with low levels of iron, aluminium and titanium was used. Sodium is 

present circa 2% sodium oxide which is not in correlation with chlorine.  

 

The second dark, amber group was made from a calcium rich flux, with lower magnesium 

and phosphorus. It was also made from a different sand with higher aluminium levels, 

although still low in iron and titanium.  

 

These different coloured yellow/amber glasses are likely to have been imported from 

different regions and made to slightly different recipes although likely around the same 

time. The use of a sand low in iron was clearly chosen in both cases. It is suggested that 

the coloured glasses were made out of high-quality sand, with minimal impurities so as 

to help achieve the desired colour without interference from contaminants.  

 

There are two colours of brown glass compositionally similar to the two groups of yellow 

glass. One group is a potassium and phosphorus rich glass made from a sand low in 

aluminium and titanium. The second brown glass is made from a glass with an increased 

CaO:K2O ratio and from a sand much richer in titanium and aluminium oxides.  
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When compared to the white glasses with the same bulk glass composition, neither type 

of brown glass appears to have had any colouring agents deliberately added.  

 

The raw materials to make both the yellow and brown in each region are likely to have 

been the same, but it was the manipulation of the furnace conditions and possible addition 

of burnt ash as a reducing agent to create the different colours. For example, the amber 

colour would have been produced in a highly reducing atmosphere.  S2- and Fe3+ - sulphur 

and iron not noticeably high but the presence of a reducing agent in the batch would cause 

change of state (Brill and Schreurs, 1984). 

 

 Red 

 

Seven samples of red glass were analysed. 

 

Microscopically all were identified as having a type A structure, with multiple, thin layers 

of red and white glass interleaved together over a thicker white glass substrate (Kunicki-

Goldfinger et al., 2014b) as can be seen in figure 105.  

 

Figure 103 A red glass viewed under a microscope showing the multi-layered red and white structure 

2mm 
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Five of the reds (two from Elgin, one from Linlithgow and two from St Andrews) form a 

clear compositional group. They are made from a sand with low impurities but from an 

ash with high phosphorus and magnesium, with the presence of some sodium, not 

correlated to chlorine. This is same bulk composition as the first yellow group and the 

first brown group). Four of these red samples were analysed by LA-ICP-MS and all have 

a REE 2 profile.  

 

Two other samples of red glass (one from St Andrews and one from Linlithgow) are 

different in that they have an increased CaO:K2O ratio, lower phosphorus and negligible 

sodium.  They were made from a sand with increased aluminium but similar iron and 

titanium when compared to the first group. Unfortunately, neither of these glasses were 

analysed by LA-ICP-MS.  

 

The red colour in all samples appears to be created by the addition of a zinc rich (brass) 

copper alloy to the mix. 

 

 

The sample St Andrews 16-6 has by far the greatest copper present (figure 106), as well 

as increased arsenic and silver, however it is difficult to compare each coloured area 
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accurately. Work by  Kunicki-Goldfinger et al. (2014b) has shown that the highest 

amounts of copper may not be in the areas that appear ‘red’ but at the interface between 

two red and white layers.  

 

  Blue  

  

The blue glasses were made from a much wider range of glass compositions than the other 

colours. There are a range of tones produced from a turquoise through to a deep Prussian 

blue. None of the blue glasses were of a high soda composition 

 

The blue glasses can potentially be separated using a range of criteria into eight different 

types/sub-types that occur at a number of sites (table 26 and figures 107 -108). The REE 

profiles of the blue glasses analysed by LA-ICP-MS are shown in figure 115. 
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 Alkali 

composition 

Sand 

composition 

Colourant 

composition 

Sites REE Group Location of manufacture 

Blue 1 

Turquoise 

CaO:K2O c.1 

 > Na,  

> Mg  

= P,  

< Al 

< Ti 

>0.2% Co,  

> Cu  

> Zn 

3 pieces  

Aberdeen (2845)  

Group 2 

? affected by lead 

North West France 

Blue 2 

 

CaO:K2O c. 1 

< Na,  

= Mg,  

=> P 

< Al  

< Ti 

<0.1% Co 

0.3% Cu 

> Zn 

2 pieces  

St Andrews (16-12) 

 

Group 2 

? affected by lead 

North West France 

Blue 3 CaO:K2O 1-2  

< Na, 

< P 

>> Al  

< Ti 

0.13%Co,  

<0.1% Cu,  

tin, zinc, lead 

St Andrews 

 

- ? 

Blue 4 

Dark Blue 

CaO:K2O <1.5, 

= Na,  

> Mg, 

> P  

> Al 

< Ti 

0.1-0.2% Co,  

> Sn 

> Pb 

< Zn 

3 pieces  

Elgin (U) 

Group 1 Lorraine/Argonne/Rhenish 

Blue 5 

4 pieces 

Light blue 

CaO:K2O 1.5-2.5,  

< Na,  

= P  

=> Al 

=> Ti 

<0.07% Co 

<0.1% Cu 

tin, zinc, lead  

Elgin (Q),  

St Andrews, Lindores, 

Coldingham (K) 

Group 1 Lorraine/Argonne/Rhenish 

Blue 6 

2 pieces 

CaO:K2O 2 – 3 

=> P  

=Al  

= Ti 

>0.2% Co  

 Cu 

< Zn 

Elcho (O) Group 3 Germany 

Blue 7 

2 pieces 

 

CaO:K2O >3  

> Na,  

>Mg,  

< P,  

< Al  

<Ti  

>0.25% Co,  

> Cu 

> Zn 

St Andrews (2-11) Group 2 North West France 

Blue 8 

2 pieces 

CaO:K2O >4 >Na,  

= Mg 

= P  

<Al 

< Ti 

0.27 Co 

> Cu 

> Zn 

Linlithgow  

Elcho  

- ?  

 

Table 26 Table showing the eight types/sub-types of blue glass found as identified though base glass composition, colourant type and REE group 
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Blue 1 and 2 are all made from low aluminium/low titanium sands. Blue 1 comes from 

Aberdeen and is high in both sodium (3%) and magnesium (7%) and is made from a 

phosphorus rich flux source with a CaO:K2O ratio of below 1. It also has the highest 

amount of cobalt than any of the other blue glasses along with the addition of a zinc rich, 

copper alloy.  

 

Blue 2 is has a similar CaO:K2O ratio and is a phosphorus rich glass, but with lower levels 

than Blue 1 and notable for its low sodium and magnesium levels.  It is coloured by a 

zinc-rich copper alloy as well as cobalt which is similar to that used for the blue 1 glass 

from Aberdeen both with double the amount of zinc (>5000 ppm) than any of the other 

blues.  The St Andrews sample has by far the highest amount of lead and it is this that is 

believed to result in the correlated increase in lanthanides. A cobalt ore mined from 1168 

the exploitation of cobalt ore with a Co-Pb-Zn-In  (cobalt ore in association with zinc 

blende and galena) and is likely to be the source of these pigments (Gratuze et al., 1995). 
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Figure 106 Graph showing the ratio of aluminium oxide to silica vs the ratio of titanium oxide to silica for the 

blue glasses 



   

 

273 

 

The REE patterns of Blue 1 from Aberdeen and the Blue 2 from St Andrews at first glance 

look quite different (figure 109). However, St Andrews 16-12 (Blue 2) is greatly enriched 

in lanthanides (correlated with lead from the colourant) and once the increased 

lanthanides are taken into consideration, they both have a REE 2 profile with a small 

europium dip.  

 

 

 

There are three other potential groups of blue glass that were also found at St Andrews. 

The first Blue 3 is very different with increased aluminum oxide. This sample is also 

notable for having very low sodium oxide (<0.5%), phosphorus oxide (<2%) and 

magnesium oxide (<3%) which is likely to exclude the use of fern ash as an alkali source. 

It has an REE 2 pattern. Blue 7 comprises of two pieces of dark blue glass which are very 

rich in cobalt (>0.25%). They also have a high CaO:K2O ratio of  >3 and were made using 

a brass rich copper alloy. This has lower aluminum and titanium oxides. Blue 5 was also 

found here and will be discussed in more detail below. 

 

At Elgin, there are two groups of blue glass. One group Blue 4, has a low CaO:K2O ratio 

of <1.5, with 0.1-0.13% cobalt as well as an increased copper and tin levels. This blue 

appears to have been made using a sand that is rich in aluminum oxide but low in titanium 

oxide. Elgin U from this group was analysed by LA-ICP-MS and confirms it is rich in 

copper and higher in tin than the other samples and confirms the SEM-EDS analysis that 
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STA16-12 Aber2845Figure 107 Two blues from St Andrews and Aberdeen analysed by LA-ICP-MS showing a 

REE Group 2 profile - The sample from St Andrews is increased in lanthanides due to 

increased lead in the sample 
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a bronze alloy was used along with a smaller amount of cobalt pigment.  Elgin U has an 

REE 1 profile.  

 

The second blue from Elgin falls into Blue 5 which is the most common blue group and 

includes glass from St Andrews, Lindores and Coldingham. They have a higher CaO:K2O 

ratio of >1.5 but are lower in sodium, magnesium and phosphorus. They contain half the 

amount of cobalt than in the previous group, and less than 0.1% copper. Interestingly both 

zinc and tin are present in greater amounts than the copper. This glass is also high in 

barium, which may be coming from the metal ores used to make the copper alloy. The 

sand used is rich in both aluminum and titanium oxides.  

 

Two samples from this group Coldingham (K) and Elgin (Q) were analysed by LA-ICP-

MS and show very similar bulk chemistry and have identical REE 1 profiles (figure 110). 

They have cobalt present at 479 and 511ppm, copper at 394 and 525ppm and high zinc 

of 1387 ppm and 1925ppm respectively.  Therefore, these pieces are likely to have been 

made around the same time and at the same glass house. Indeed, if they were found at 

same site, it could even be suggested that they were cut from the same sheet of glass.  

 

 

 

There are two further blue types of glass, both of which were found at Elcho. Group 6 has 

mid-levels of aluminium and titanium oxide, a ratio of CaO:K2O of between 2.5-3 and 3-
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Figure 108 REE profiles of two glass samples from Elgin and Coldingham - both show almost 

identical REE 1 curves 
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5 wt% phosphorus oxide. The colourant in Blue 6 - as exemplified by sample Elcho O - 

does not appear to be of the same type as previous groups, being higher in cobalt, with 

zinc and lead in lower amounts and not in correlation, with higher copper and increased 

nickel (figure 112). This may be the cobalt-nickel blue colourant as identified by Gratuze 

et al. (1995). This is found mainly in glasses from the last quarter of the 15th to the first 

quarter of the 16th century. Two light blue glasses from Elgin (D-Q, C-P) which were not 

analysed by LA-ICP-MS, are very similar in bulk compositions to the blue from Elcho 

O. They are rich in calcium, have higher aluminum and titanium and when plotted on a 

number of graphs appear to have the same sand source. Elcho O has a clear REE 3 profile 

with a shoulder at samarium and a deep europium dip. It is suggested that from this 

combination of factors that this type of blue glass was manufactured in a German region.  

 

The final group Blue 8 was found at both Elcho and Linlithgow and is a HLLA type with 

CaO:K2O ratio >4. It is made from a low aluminium and titanium sand and has the highest 

levels of colourants of both cobalt (0.27%) and brass alloy. It may have been made from 

the same sand as blues 1 and 2, but from the probable age of the glass from these later 

sites and the high CaO:K2O ratio is likely to have been made at a later date. 
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Figure 109 REE profiles of all the blue glasses analysed by LA-ICP-MS 
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Figure 111  REE analysis shows that the yellow, red, green and pink glasses from St Andrews  that were analysed by 

LA-ICP-MS all have similar REE 2 profiles and were likely made in the same region. 
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 Coloured Glass Summary 

 

REE analysis shows that the yellow, red, green and pink glasses that were analysed by 

LA-ICP-MS all have similar REE 2 profiles and were likely made in the same region 

(figure 112). While, the range of blue glass compositions and colourants shows that blue 

glass was made at a number of sites in Europe. Blue glass of different hues was 

manufactured in different locations and selected to be imported for use at the same site.  
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10.5 Medieval Window Glass Summary 

 

Figure 116 below summarises the types of glass made in different regions of Europe, their 

composition and their REE profiles. The table is compiled from previous publications as 

well as from the results of this current work. 

 

Date North West France/ 

Normandy 

Eastern France/ 

Lorraine/Argonne 

North-Eastern 

Germany/Rhenish 

12 - 14th C Ca : K ratio <1.5 

High Potassium 

>Mg, > P 

Use of fern and bracken 

Brill Type III (2009) 

La Gabrielle & Velde 

(2011) 

Ca : K ratio 1.5-2.5 

 

<Mg, < P 

 

 

Brill Type II (2009) 

La Gabrielle & Velde 

(2011) 

Ca : K ratio >2.5 

 

 

Increase in use of bark and 

twigs 

Brill Type I  

Wedepohl & Simon (2010) 

 

 

15th – mid 

16th C 

Similar low Ca:K ratio 

 

Addition of salt (NaCl) 

 

Crown Glass 

 

Caen (2010) 

Increasing Ca:K over time 

 

 

 

Cylinder Glass 

 

Caen (2010) 

Increasing Ca: K over time  

Addition of salt (NaCl) 

 

Cylinder Glass 

 

Caen (2010) 

Colours Blue, Green, brown, 

Yellow, Pink 

Red, Brown, pink, yellow, 

green, blue 

Blue 

REE 

Pattern 

 
  

Figure 114  showing suggested regions of glass manufacture, glass compositions and REE profiles from these 

regions as imported to Scotland over time. 

 

Analysis of the elemental compositions obtained by the present work on coloured glass 

from each site indicates that glass from a number of different manufacturing areas were 

used in a single building. Colours were made in specialist centres with colours being 

selected and imported from different regions to increase the colour palette available. 
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The earliest glass used in the 13th century in Scotland, is generally a high potassium glass 

made with a sand which was low in aluminium and titanium oxides. The main source of 

glass in the 13th century appears to have been North Western France and with some glass 

being made in the Lorraine/Argonne region. It is known that during this period the 

Scottish ecclesiastical and monastic sites had close trading ties with France (Hodgson, 

2016).  

 

However, the use of HLLA glass is seen in glass used in Scottish churches as early as the 

13th century and increases with time. By the end of the 15th century blue glass with a 

CaO:K2O ratio of >4 was being used. It is suggested that the earliest HLLA glass used in 

Scotland was made in German/Rhineland regions or in the Lorraine/Argonne region of 

France/Flanders. Over time the HLLA recipe spread around a larger area of North 

Western Europe. At some sites it is possible to say that glass of the HLLA recipe was 

made using similar sand sources that in earlier times had been used to make the potassium 

rich glass.  

 

Later monastic sites such as Elcho and Perth used what was presumably cheaper HLLA 

glass which was most likely imported into Perth from Bruges and Antwerp in the late 14th 

and 15th centuries. It is known that there was in increase in production of this type of glass 

using the cylinder making process in the Lorraine region (Caen, 2010). Glass was 

probably brought to trading towns such as Cologne or Bruges and then chosen by 

merchants for transport to Scotland. Ports such as Bruges had a number of large 

warehouses used for the storage of manufactured goods ready for export, including the 

Hessian warehouse that is still standing (Ayers, 2016) 

 

Window glass does not appear to have been imported from England. Relatively little 

HLLA glass seems to have been used in England prior to the mid-16th century. Local 

English ‘white’ glass production continued to use the high potassium recipes.  
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11 Post medieval window glass results 

 

This section shows the results of the analysis from glass from each of the sites.  

The results are initially compared to the English glass dating model (Dungworth, 2012a) 

but possible deviations from this dating model will be discussed in more detail in the 

following section.  

 

 Cramond Tower  

 

Six samples of window glass were analysed, and two distinct compositions were 

identified. None of the glass is of a composition that is likely to be related to the original 

tower house building. The composition of each sample is shown in table 27.  

 

Three of glass sherds are a HLLA 2 glass.  Calcium oxide is present around 20% with 

low potassium oxide (2.5-3%), low/mid-range sodium oxide (4.4-4.5%) and manganese 

oxide <0.2%. Using the English dating model this glass would date to 1610 – 1700. 

Strontium oxide is present at around 0.18 – 0.25% which is above expected levels for 

HLLA glass. This suggests that kelp – or at least coastal plants - were used as a proportion 

of the flux. It is possible that this glass was what was used in the initial building of 

Cramond House in 1680. It is similar in composition to glass produced at Tanland in the 

late 17th century (Dungworth, 2009, Turnbull, 2001). It is not inconsistent with window 

glass that may have been produced in Scotland at this period and the location of Cramond 

– to the north side of Edinburgh - was in close proximity to the glass houses of East 

Lothian, which were in operation at the time.  

 

The second group of three samples of glass are a kelp fluxed mixed alkali glass. These 

three samples have high strontium oxide of c. 0.4 wt% showing the use of seaweed as a 

flux. From the English dating model, this would suggest that this glass was made post-

1700. However, analysis of glass working waste at a number of sites in England has 

shown that this type of glass may have started to be made earlier in the late 17th century 

as at Silkstone (Dungworth, 2005). Lead is present in all three samples (0.7%) and could 

be indicative that leaded-glass vessels were used as part of the cullet added to make this 

glass. It also suggests that these three pieces were made at the same manufacturing site – 

possibly in the same batch as the compositions of the three shards are within standard 

analytical errors. 
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It is probable that this glass was either used for the 18th century extension or for repairs 

to the original windows.  
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Sample Type Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 ZnO As2O3 SrO BaO PbO 

CT 1 HLLA 2 4.46 2.96 1.37 64.40 1.86 0.66 1.13 2.72 19.92 0.18 0.14 1.06 0.01 0 0.18 0 0.01 

CT 2 HLLA 2 4.44 3.30 1.46 65.25 1.18 0.59 1.12 2.64 20.41 0.15 0.14 1.12 0.01 0 0.18 0 0.01 

CT 3 HLLA 2 4.44 2.75 1.53 63.43 1.82 0.24 1.52 2.69 20.69 0.14 0.33 1.23 0.01 0 0.18 0 0.01 

CT 4 Mixed 

Alkali 

7.08 5.36 0.79 69.79 1.35 0.36 1.23 4.03 10.10 0.2 0.09 0.51 0 0 0.4 0 0.76 

CT 5 Mixed 

Alkali 

7.06 5.31 0.76 69.12 1.50 0.2 1.49 4.35 10.24 0.06 0.18 0.53 0 0 0.405 0 0.76 

CT 6 Mixed 

Alkali 

7.29 4.72 0.91 69.34 1.33 0.23 1.35 4.18 10.69 0.13 0.09 0.51 0 0 0.41 0 0.785 

Table 27 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for elemental oxide composition (wt%) of window glass samples analysed from Cramond by 

SEM-EDS and p-XRF 
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 Fyvie Castle 

 

Four types of window glass were found and the average compositions of these are shown 

in table 28. The first two types were a HLLA 1 composition. Both of these types of glass 

were found in Trench 4 – associated with demolition material from the supposed chapel 

building. Fyvie 1 is a single piece with sodium oxide < 0.1%, Group 2 is a HLLA1 glass 

(samples 3, 4 & 5) with high manganese oxide (>1%). Strontium oxide was only present 

above trace levels and this composition would be consistent with HLLA glass 

manufactured in England prior to 1610 or on the continent from the mid 15th century. The 

third group (samples 1 & 2) are HLLA2 glass with low manganese oxide <0.1% but with 

higher levels of strontium oxide compared to the HLLA1 glasses. In this group strontium 

oxide levels are 0.1-0.2%, suggesting kelp may have been used as a partial flux. This is 

likely to be a mid – late 17th century composition. This is very similar in composition to 

that found at Cramond House. This second type of glass also has higher sulphur levels 

than some of the glasses, which may be an indication of use of a coal furnace and that the 

pots used were not closed (Noble, 2016).  

 

Two further types of glass were found. Both types of glass were found in trench 6 in the 

topsoil and not directly associated with the building demolition. The fourth type of glass 

is a mixed alkali glass (samples 6 & 8) with high strontium oxide (>0.4%) - suggesting 

kelp was the main flux and according to the English model dating the glass from 1700 – 

1835. Finally, there is a sodium-rich early 19th century glass (samples 7 & 9).  
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Sample no Type Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 As2O3 SrO BaO PbO 

Fyvie 1 HLLA 1 0.6 2.93 2.22 59.17 2.76 0.41 0.08 6.74 22.97 0.32 1.40 0.74 0.09 0.08 0.07 0.00 

Fyvie 2 HLLA 1 2.62 3.23 1.80 60.98 3.55 0.36 0.77 3.73 21.34 0.61 1.28 1.40 0.00 0.08 0.18 0.00 

Fyvie 3 HLLA 2 4.26 3.88 1.53 66.09 0.65 0.52 0.65 2.12 20.01 0.08 0.05 0.87 0.00 0.21 0.00 0.00 

Fyvie 4 Mixed alkali  7.32 5.16 2.09 67.96 1.72 0.15 1.04 4.46 10.06 0.20 0.09 0.64 0.00 0.45 0.00 0.00 

Table 28 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for elemental oxide composition (wt%) of window glass samples analysed from Fyvie Castle  
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 High Morlaggan 

 

Eight samples of window glass, out of a total of 591 shards found, were chosen for 

analysis to be based on eight visual types that had been determined in the assemblage 

(Murdoch, 2011).  The results are shown in table 29. These each differed visually in 

colour, surface patina and thickness. 

Four of the samples (A-D) were found to be a kelp fluxed mixed alkali glass typical of 

English made window glass dated from 1700-1835 by Dungworth (2012a). These 

represent a total of 121 shards of glass of this type. They had strontium oxide levels of 

around 0.4% with higher amounts of sodium oxide compared to potassium oxide. Within 

this group there is some variation – sample A having lower silica and a greater flux 

component, for instance. It is likely that these samples represent glass from a number of 

different manufacturing phases.  Murdoch (2011) suggests that it is unlikely that the kelp-

fluxed window glass at High Morlaggan dates to earlier than the second half of the 18th 

century as it is thought that similar rural sites were simply not glazed in typical dwellings 

at an earlier date.  

 

Sample E was found to be an early synthetic soda glass with very high arsenic levels 

(0.6%), suggesting it was produced between 1835 and 1870 when arsenic was added to 

the glass mix to help reduce bubbles (Dungworth, 2012a).  This is also a thicker piece 

(3.1mm) of glass and probably made as plate glass. Sixty-two shards of this type were 

found.  

 

The final three samples F, G and H, are samples of synthetic soda glass dated to 1870 – 

1930. Arsenic oxide levels are very low to negligible and there is <0.05% magnesium 

oxide typical of glass of this date. This is the most abundant type of window glass on the 

site with 406 shards found. Sample G is unusual as it is very thick (6.2mm) and on closer 

examination is unlikely to have been window glass. Only two fragments of this type of 

glass were found.  
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Sample Type Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 As2O3 BaO PbO SrO 

A Mixed alkali 9.11 5.19 1.31 65.24 2.14 0.23 1.55 4.46 11.57 0.04 0.31 0.54 0.00 0.00 0.00 0.47 

B Mixed alkali 7.55 5.10 1.24 68.18 1.79 0.40 1.10 4.09 10.18 0.00 0.26 0.80 0.00 0.00 0.00 0.42 

C Mixed alkali 10.14 3.90 1.43 70.48 1.15 0.40 0.49 2.32 9.24 0.24 0.12 0.67 0.00 0.00 0.01 0.32 

D Mixed alkali 6.60 4.66 1.17 71.07 1.31 0.23 1.49 3.98 9.62 0.15 0.04 0.6 0.0 0.0 0.0 0.4 

E Mixed alkali 10.52 0.06 1.35 73.74 0.04 0.52 0.16 0.57 12.19 0.04 0.01 0.35 0.60 0.00 0.00 0.01 

F soda 9.39 0.02 0.75 73.28 0.15 0.45 1.11 0.60 14.06 0.13 0.67 0.13 0.00 0.00 0.00 0.03 

G - plate glass soda 11.45 0.16 0.11 73.52 0.10 0.59 0.10 0.05 14.01 0.12 0.00 0.05 0.04 0.00 0.01 0.01 

H soda 12.83 0.03 0.24 74.38 0.08 0.26 0.34 0.07 11.69 0.11 0.10 0.17 0.08 0.00 0.00 0.02 

Table 29 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis forthe elemental oxide composition (wt%) of window glass samples from High Morlaggan 
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 Glenochar 

 

Each of the three groups of glass from Glenochar were of very different in compositions. 

The average composition of each of the three groups is shown in table 30. 

 

Group 1 which represents 34 fragments of glass, was a mixed alkali glass with low 

strontium oxide of only 0.06%. It has relatively high sodium oxide (>10%) and chlorine 

(1.6%) which may indicate that salt one of the ingredients used as a flux. There is also 

around 4.5% potassium, so the glass is clearly not a synthetic soda. This glass was a pale 

aqua with cut edges at 90 degrees suggesting square panes of glass, rather than diamonds. 

The composition may suggest that the glass is from the mid to late 17th century or reused 

from another building. It differs from many of the other glass samples analysed so far in 

that it has such low levels of strontium oxide. Many of the other mixed alkali 

compositions include a small amount of strontium oxide. This may be indicative of its 

place of manufacture as it was not made in a glass house that utilised kelp. This may mean 

a glass house away from the coasts.   

 

Group 2 represents 6 shards of glass was a HLLA 2 glass with <0.2% manganese oxide 

and 0.19% strontium oxide found in other locations in Scotland and proposed to be an 

early- mid 17th century date. There is the potential of Scottish manufacture. It is very 

similar to glass found at Cramond Tower, which may have sourced its glass from the East 

Lothian glasshouses that were operating during this period. This was the least abundant 

glass on the site which would fit with its earlier date. It is possible that the glass panes 

were reused from another building.  

 

Group 3 is a mixed alkali glass but with nearly half the proportion of sodium oxide, 

although similar potassium oxide. This sample has high strontium oxide and is a kelp 

fluxed glass dating to between 1700-1835. This sample also had much greater magnesium 

oxide and aluminium oxide (2x and 4x respectively than the other two samples). There 

were 17 shards of this type of glass, two of which conjoined 1.5-1.6mm in thickness with 

one edge cut at 115 degrees suggesting it was originally a diamond quarry.  

 

The results show there were at least three phases of glazing at the site. The earliest 

window glass was a HLLA 2 type likely to have been used in the early part of the 17th 
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century is reused from another building. The final type of glass is kelp fluxed mixed alkali 

glass installed sometime in the 18th century. Murdoch (2006) notes that none of the glass 

shows evidence of having been in a window. For example, there is a lack of pieces 

showing differential corrosion where the edges were covered. It may be that most of the 

glass is off-cuts from the glazing process. It is also thought that it is relatively unusual for 

such as large amount of glass to be present at a ‘fermtoun’ site – especially glass which 

dates to the 17th century. Rural and relatively low status properties such as those at the 

‘fermtoun’, are not thought to be glazed until at least the last half of the 18th century. It 

may be that the farm enjoyed a better standard of life than might be expected, due to the 

high status of the nearby Bastle House. The glass itself may be reused from other 

buildings, such as the Bastle House, or indeed left over from the glazing of the Bastle 

house.  
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Sample 
 

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 As2O3 BaO PbO SrO 

Glenochar 1 G5 10.78 2.24 0.58 69.86 0.47 0.19 1.59 4.49 9.76 0.12 0.27 0.41 n.d. n.d. 0.04 0.06 

Glenochar 2 G8 4.68 3.39 1.36 62.34 1.78 0.4 1.64 3.52 20.10 0.15 0.13 1.34 n.d. n.d. 0.02 0.19 

Glenochar 3 G4 6.21 5.39 2.14 69.55 1.62 0.16 1.02 3.66 8.52 0.57 0.40 1.39 0.02 0.00 0.00 0.35 

Table 30 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for the elemental oxide composition (wt%) 

of three window glass samples from Glenochar
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 Brora Beach 

 

The four samples analysed from Brora Beach were all high lime low alkali glass and very 

similar in composition – the compositions are shown in table 31. This is typified by a 

calcium oxide content of over 20%, a combined potassium and sodium oxide content of 

around 8%, but very low in sodium oxide (<0.5%). They have negligible strontium oxide 

and are therefore not kelp fluxed. The glass is low in aluminium and titanium oxides and 

was made from a relatively high-quality quartz rich sand. The manganese oxide levels > 

0.2% would suggest a date of manufacture of 1567-1610 if the glass was made in England, 

which would be consistent with the glass being made for the building when it was 

constructed around 1598.  

Manganese oxide is present between 0.65-0.8% level falls between the levels expected in 

English made HLLA 1 and HLLA 2 glass. It may be because this could be a changeover 

composition between HLLA 1 and HLLA 2. Alternatively, it may be an indication that 

the glass was still being imported from continental Europe rather than England.  

 

Two pieces of the window glass from Brora Beach were analysed by LA-ICP-MS and 

shows a very shallow curve with low levels of lanthanides and REE (figure 117). There 

is a hint of a small europium dip. There is also very low strontium oxide which does not 

show correlation with calcium. This alongside the low sodium is suggestive that calcium 

from an inland source was used rather than coastal sand.  There are very low levels of all 

the trace elements confirming the use of very pure sources or refined of raw materials.  If 

compared with the REE profiles 1, 2 and 3 determined in chapter 11 for the medieval 

glasses, then it is most similar to REE 1 – with a potential origin of Central/Eastern France 

or Lorraine. The well dated site and contextual information provides a date for the 

window glass of 1598. Although it is possible that it could have been made earlier and 

reused from another building, what is known about the enterprise and the similarity of 

composition of all the pieces analysed suggests that the glass would have been purchased 

as new for the offices.  
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Figure 115 Graph showing REE profile of two samples from Brora Beach 
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Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 ZnO BaO PbO SrO ZrO2 

Brora Beach 1 HLLA 1 0.36 3.20 2.32 64.55 2.02 0.19 0.27 5.82 20.21 0.34 0.81 0.67 0.03 0 0 0.06 0.01 

Brora Beach 2 HLLA 1 0.54 2.85 1.63 63.79 1.86 0.55 0.23 6.06 21.19 0.36 0.65 0.56 0.02 0 0 0.06 0.01 

Brora Beach 3 HLLA 1 0.50 2.93 1.91 63.25 2.07 0.42 0.04 6.23 21.76 0.26 0.66 0.58 0.04 0.00 0.00 0.06 0.01   
0.47 2.99 1.95 63.86 1.98 0.39 0.18 6.04 21.05 0.32 0.71 0.60 0.03 0.00 0.00 0.06 0.01 

Table 31 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for elemental oxides (wt%) for window glass samples analysed by SEM and p-XRF from 

Brora Beach 

 

   
Na2O MgO Al2O3 SiO2 P2O5 SO Cl K2O CaO TiO2 MnO FeO CuO ZnO BaO PbO SrO V2O5 

Flora 2 L 6.40 4.74 2.17 59.02 2.46 0.32 1.85 4.35 17.75 0.25 0.96 1.22 0.00 0.02 0.03 0.02 0.25 0.03 

Flora 1 H 8.17 6.00 2.45 64.81 1.48 0.52 0.98 4.52 9.98 0.43 0.17 1.28 0.00 0.01 0.00 0.00 0.34 0.02 

Flora 3 R 7.20 5.25 0.91 68.20 1.83 0.01 1.52 3.99 11.11 0.10 0.12 0.52 0.00 0.00 0.00 0.05 0.44 0.01 

Flora 4 A 8.21 5.20 1.35 67.47 1.58 0.19 1.73 4.78 9.38 0.00 0.22 0.91 0.00 0.00 0.00 0.00 0.44 0.01 

Flora 5 W 1.45 4.04 2.82 59.06 2.73 0.72 0.62 4.29 22.73 0.29 0.46 1.08 0.02 0.03 0.07 0.09 0.09 0.06 

Flora 6 Y 10.87 0.10 0.50 73.32 0.01 0.43 0.00 0.07 14.67 0.07 0.08 0.33 0.00 0.00 0.00 0.00 0.01 0.00 

Flora 7 AG 10.85 0.33 1.53 72.25 0.11 0.72 0.27 0.71 12.84 0.11 0.28 0.22 0.00 0.00 0.00 0.01 0.04 0.01 

Flora 8 Y 8.77 5.55 2.59 64.38 1.61 0.05 1.33 5.02 10.2 0.20 0.02 1 0.00 0.00 0.00 0.01 0.00 0.00 
Table 32 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for elemental oxides (wt%) for window glass groups analysed by SEM and p-XRF  from Flora 

MacDonald 
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 Flora MacDonald Cottage 

 

Eight samples of glass were selected for analysis by SEM-EDX and p-XRF. A further 

twenty-six samples were subjected to just p-XRF analysis. The results of the analyses are 

shown in table 32.  

 

There are four samples that are examples of HLLA 1 with manganese oxide levels >0.2%. 

A second small group of three samples comprises HLLA1/2 hybrid with higher strontium 

oxide levels (0.25%) suggestive of being partially kelp fluxed. This group is particularly 

interesting as the Manganese oxide levels are also >0.5% - akin to HLLA 1 glass. 

However, the presence of strontium oxide at levels of 0.25% would suggest glass of a 

later date using kelp as a flux. The majority of samples however are mixed alkali kelp 

fluxed glass of a composition typical of the 18th century (1700 – 1835), which would be 

contemporary to the excavated blackhouse. Two samples were synthetic soda SS1 and 

five samples synthetic soda SS2.  

 

The earlier glass could be evidence of reuse of glass windows from other sites. It may be 

that the panes came from older properties on the island –or the old glass panes may have 

been a valuable commodity in themselves and purchased as a luxury item to help furnish 

the blackhouse.   
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 St Johns' Kirk Perth 

 

Fifty-nine samples of window glass were found on the site. Of these three were 

determined to be medieval window glass of a ‘forest’ glass composition and were heavily 

corroded and were not analysed. Six samples were chosen for analysis as representative 

of the different visual types. The results of these analyses are shown in table 33. 

 

Two samples were HLLA 1 with manganese oxide > 0.8%. The compositions varied with 

one having significantly less sodium and magnesium oxides, than the other. Based on 

visual analysis of the finds it is thought there were ten shards of HLLA 1 glass recovered 

during the excavation (Smith, 2016).One sample analysed was found to be a kelp fluxed 

mixed alkali glass dating to 1700-1835. There were a further six samples of this glass 

found in the excavations based on visual comparisons. 

 

The final three samples to be analysed were all late 19th century/ early 20th century 

synthetic soda SS2. Thirty-nine samples of glass of this type were recovered. 

 

Unfortunately, the glass finds cannot be independently dated. They were all found in 

rubble and infill materials. They are were likely to have been found on or nearby the site 

and incorporated into levelling and rubble bases as is highlighted by the breaking up of 

the black granite flagstones from the floor.  
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Sample 

 
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CoO CuO ZnO As2O3 BaO PbO SrO ZrO2 

St Johns 1 B 2.05 4.75 2.97 56.78 3.74 0.11 1.32 8.82 18.62 0.63 0.90 0.31 0.01 0.03 0.03 0.05 0.12 0.34 0.05 0.02 

St Johns 2 C 0.77 2.81 4.51 60.23 2.06 0.19 0.46 7.49 19.71 0.38 0.75 0.85 
 

0.01 0.01 0.03 0.21 0.01 0.05 0.02 

St Johns 3 D 7.53 5.52 1.54 68.31 1.66 0.16 1.31 4.38 9.67 0.21 0.19 0.82 
     

0.01 0.40 0.01 

St Johns 4 E 11.36 1.50 1.46 71.92 0.25 0.41 0.86 0.85 12.15 0.00 0.27 0.19 
      

0.01 0.01 

St Johns 5 F 11.31 0.19 1.04 72.72 0.04 0.25 0.00 0.26 14.08 0.10 0.05 0.31 
     

0.01 0.01 0.01 

St Johns 6 G 10.34 0.20 1.45 71.60 0.15 0.64 0.00 0.54 14.62 0.31 0.01 0.47 
   

0.04 0.02 
 

0.01 0.01 
 

Table 33 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for elemental oxides (wt%) for window glass samples from St Johns Kirk 

 

 
Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CuO ZnO SrO 

Glasgow 
Shuttle 

2.14 3.51 3.51 57.90 2.93 0.08 1.1 7.26 20.35 0.16 0.89 0.69 0.1 0.04 0.07 

 

Table 34 Table showing results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for elemental oxides (wt%) for window glass samples from Glasgow Shuttle
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 Glasgow shuttle 

 

The results of the analysis is shown in table 34. The single piece of glass analysed was 

found to be HLLA 1 with manganese oxide 0.89% and negligible strontium oxide. If 

dated using the English model, then it would be suggested to be manufactured from 1567-

1610.  However, it is of very similar composition to glass analysed as part of this research 

from Elcho Nunnery and this would suggest that it is in fact imported from the continent, 

rather than from England, and is in fact associated with the 1470’s Franciscan friary.  
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  Fetternear 

 

The window glass can be visually and chemically split into several different groups. The 

average composition of each of these groups is shown in table 35. 

 

A group comprising of eight shards (A, G, Q, S, AJ, AL, AM, AT) are all made of ‘forest 

glass’ likely before 1567. They have a greater amount of calcium oxide (<20%) than 

potassium oxide (>10%) as well as magnesium oxide >5%. It is therefore most likely that 

this glass originates from the 14th century Palace building. The high percentage of 

potassium oxide would also suggest this is an earlier glass made on the continent.  

 

The largest group comprises sixteen samples and are all HLLA 1 glass. These have 

calcium oxide >20%, potassium oxide <10% and magnesium oxide <5%. They all have 

a significant amount of manganese oxide (>0.5%) and if made in England would date to 

between 1567 and 1610. This would suggest this glass was installed at the time of the 

building of the ‘Tower House’ in 1566-70 or shortly afterwards.  However, this may relate 

to glass from earlier buildings on the site as it appears that glass of this similar 

composition was used at Elcho for example at a much earlier date, in particular the single 

piece of blue glass from Fetternear which is almost identical to a blue glass fragment from 

Elcho. 

 

A slightly smaller group of nine shards have very similar composition to the above group 

– with low magnesium oxide, high calcium oxide and potassium oxide < 10% and 

manganese oxide >0.5% and would also be considered HLLA1 according to the dating 

model. However, they both have higher sodium oxide (2-3%) and also higher levels of 

chorine (0.8-1%) compared to <0.2% in the previous HLLA 1 group. It is suggested that 

this glass may be of a similar date but has been made with the addition of salt (sodium 

chloride) to the melt. This may also have been installed in the rebuilding of 1566-70 but 

from glass sourced from a different supplier. It may also have been glazing from a later 

extension.  

 

None of the glass fitted into the later HLLA 2 glass composition (dated in England 1610-

1700) as all the HLLA glass had high levels of manganese oxide (> 0.5%). This may 

mean that no new window glass was used or installed at this site between these dates and 
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indeed this period does coincide with a time when no new large extensions or 

refurbishment are known to have been carried out at Fetternear.   

 

Group comprising samples U, V, AU and AV are all mixed alkali kelp glass dating to 

1700-1835. Both sodium and potassium oxides are present in the flux component along 

with >0.2% strontium oxide. Visually they are thin glass and relatively colourless 

compared to the earlier glass. This glass could either have been used to make repairs to 

the older 1566-70 building or could have been for the main block of the house built by 

Count Patrick Leslie between 1690-93. They could also have been used in the 1818 

repairs. The context and location of the discovery of these finds could shed light on this.   

 

A final group comprised of four samples L, M, P and X. These four shards all have low 

phosphorus oxide (<0.5%) low magnesium oxide (<2%) and high sodium oxide (11-

14%), suggesting they are synthetic soda glass. They also have arsenic oxide <0.2% and 

potassium oxide (>0.2 but less than 1%) which according to Dungworth and Girbal’s 

dating model (2010) suggests they are synthetic soda glass made between 1870 and 1930. 

The dating model would suggest that these would date later than the main nineteenth 

century extensions at Fetternear by John Leslie 1840-41. They may be late 19th century 

repairs to existing windows.   M and X have levels of arsenic greater than the other two 

and may be SS1 glass or SS2 with a mix of SS1 cullet. 

 

Sample T is an unusual sample and cannot be clearly categorised. It is similar in 

composition to group L,M, P and X but has higher magnesium oxide of 3.2% which if 

the flow diagram developed by (Dungworth, 2011) suggests it is later drawn sheet glass 

manufactured 1930-60. However, it also has lower silica, nearly 4% potassium oxide and 

more than negligible iron and manganese which may suggest an earlier glass type. It is a 

thin flat piece of glass with a few surface scratches, a dull surface, and no identifiable 

original edges. It is an unusual colour as, while being a ‘white’ of clear glass, it has a 

slightly brown tint. All of the other samples of window glass from the site have a range 

of blue - green tints, while the four pieces in the SS categories are all 'crystal' clear, with 

no colour hue to them, which is what would also be expected from window glass 

manufactured in the 20th century. It may be that this piece is not from a window glass 

shard but from a piece of a vessel.  The analysis compares well with that expected to that 

of soda rich vessel glass being made in the late 17th/early 18th centuries for example at 
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Vauxhall, London (Dungworth, 2006). It could also be a piece of flat glass - not made for 

a window - but for some other purpose/furniture where the 'whiteness' and lack of a blue-

green tint was desirable. 

 

Four samples were analysed by LA-ICP-MS and the curves are shown in figure 118.  

 

Fetternear AM was from the first ‘forest’ glass group. It has a shallow REE 1 profile, 

which if following the conclusions in the previous section of this thesis would suggest a 

manufacturing area of the Lorraine/Rhenish region.   

 

Fetternear AR and Fetternear AS are of ‘HLLA 1’ composition, however it suggested that 

these were made on the continent, rather than in England and imported to Scotland. 

Fetternear AR has 0.4% lead as well as increased tin, antimony, arsenic and barium. This 

could relate to the incorporation of cullet with high lead content rather than a deliberate 

recipe addition. This sample has the highest lanthanide levels of all the post medieval 

glass which is likely to be related to the lead content. None of the other post-medieval 

samples analysed have greater than 0.001% lead present. Fetternear AS has the highest 

manganese oxide (1.2%) of all the post-medieval glasses while AR has 0.8%. The REE 

profile shows a steep curve, shoulder at samarium and a deep dip at europium would be 

classed as the REE 3 profile.  

 

Fetternear AU is a kelp fluxed mixed alkali glass. This was found to a shallow REE profile 

with a small europium dip and low levels of sand impurities. It is interesting that 

Fetternear AM and AU both have similar REE patterns despite AM being a potassium 

rich ‘forest’ glass from the medieval period and AU being a mixed alkali kelp glass from 

the 18th century. Sand is likely to have been imported to most glass houses by the 18th 

Century to make mixed alkali glass and is unlikely to be local.  
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Figure 116 Graph showing the REE curve of four samples of window glass from Fetternear 
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 Glenshellach  

 

All but two of the glass samples were a mixed alkali glass made with seaweed as a flux, 

having 0.35-0.45% strontium oxide present (table 35). This is consistent with the dating 

of the settlement as being mid-late 18th century. The consistency of the recipes and 

comparison of the concentration of all the elements, suggest that they window glass was 

made in the same glass house at the same time in a small number of batches.   

 

There are two outliers with different composition. Both of these samples have higher 

potassium oxide (12.5% and 20%), low sodium oxide (<2%) and very low manganese 

oxide (<0.05%). It is also low in minor elements of aluminium, magnesium and 

phosphorus oxides. The composition of this glass is not a medieval potash glass, as may 

be expected with the high potassium oxide, but of a later date. 

 

One sample from Glenshellach was analysed by LA-ICP-MS and was found to have a 

very shallow profile with low levels of rare earth elements (figure 119). 

 

 

Figure 117 REE profile of a mixed alkali glass sample from Glenshellach 
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Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 As2O3 BaO PbO SrO Rb2O 

 
ZrO2 

A 7.28 4.92 0.82 69.65 1.94 0.57 1.55 4.13 10.20 0.19 0.00 0.48 
   

0.43 0.0018 0.01 

B 7.57 4.73 2.29 68.22 1.41 0.40 1.15 3.65 10.35 0.25 0.21 0.66 
  

0.01 0.39 0.0023 0.01 

D 7.86 4.59 2.52 67.99 1.48 0.49 0.86 4.13 9.64 0.41 0.11 0.59 0.01 
  

0.41 0.0027 0.01 

F 8.14 4.63 1.16 67.74 2.11 0.48 1.37 3.70 10.92 0.14 0.01 0.51 
   

0.44 0.0011 0.01 

U2 7.14 5.41 1.44 70.71 1.45 0.27 1.12 4.07 8.24 0.17 0.10 0.83 0.02 
 

0.01 0.38  0.01 

T2 7.29 4.72 1.64 68.24 1.63 0.14 1.46 4.10 10.76 0.12 0.09 0.76 
   

0.43 0.0017 0.01 

V2  7.33 4.86 1.08 68.79 1.69 0.16 1.22 3.68 11.23 0.10 0.09 0.52 
   

0.48  0.01 

S2  7.19 4.92 1.22 68.68 1.78 0.33 1.24 3.76 11.19 0.18 0.06 0.46 
   

0.43  0.01 

O2 6.70 5.36 1.41 68.07 1.54 0.29 0.95 4.76 10.79 0.22 0.04 0.59 
   

0.50  0.02 

P2 6.24 4.57 2.24 68.42 1.58 0.19 1.57 3.95 11.18 0.19 0.06 0.59 
   

0.39  0.01 

Q2 7.94 5.10 2.04 68.28 1.56 0.05 1.19 4.10 9.67 0.15 0.03 0.52 
   

0.44  0.01 

Q 6.49 5.72 1.54 70.77 1.17 0.18 1.05 4.03 8.72 0.35 0.35 0.84 0.01 
 

0.01 0.38 0.0016 0.01 

R 6.46 4.23 1.63 70.19 0.96 0.21 1.38 3.50 11.59 0.11 0.56 0.51 
   

0.45 0.0014 0.01 

S 7.79 4.15 2.29 68.64 1.36 0.29 1.75 4.00 9.65 0.23 0.12 0.62 
   

0.37 0.0011 0.01 

V 6.07 4.55 2.17 68.77 1.53 0.54 1.22 3.79 11.26 0.24 0 0.63 
   

0.48 0.0024 0.01 

W 7.36 4.89 2.38 68.20 1.14 0.51 1.97 4.09 9.61 0.02 0.16 0.9 
   

0.43 0.0019 0.01 

X 7.42 4.66 0.96 69.01 1.78 0.07 1.14 3.57 11.38 0.32 0.12 0.37 
   

0.42 0.0017 
 

Z 6.63 6.04 0.65 71.10 1.28 0.30 0.42 3.46 9.09 0.23 0.19 1.38 0.01 
 

0.01 0.38 0.0017 0.01 

T 2.16 0.38 0.41 69.28 0.25 0.19 0.68 19.93 6.62 0.04 0.05 0.45 
   

0.01  
 

Y 0.72 0.28 0.04 77.96 0.19 0.17 0.25 12.62 7.93 0.13 0.03 0.60 
    

0.0194 0.01 

O 8.29 2.58 0.82 70.09 0.28 0.40 1.31 5.58 10.96 0.00 0.23 0.46 
  

0.19 0.07 0.0040 0.01                  
 

 

Table 35  Table showing the results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis giving elemental oxide composition (wt%) of window glass samples from Glenshellach 
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 Penicuik House   

 

The glass analysed falls into three distinct groups. The average composition of each of 

these groups is shown in table 36. 

 

The majority (nineteen samples) are a mixed alkali kelp fluxed glass. These are typical of 

the 18th century (1700 – 1835 AD). The consistency in the composition of this group 

would suggest that they were made at the same glass house, possibly in the same batch 

for a major glazing episode. Indeed, with the knowledge that this room was completed by 

1769, it is highly likely that this was the original window glass that was manufactured in 

the late 1760’s for the new House. All these window glass samples are notable for their 

low levels of sulphur oxide when compared to other mixed alkali glazing analysed as part 

of this research. This may be a sign of the quality of the glass. Improved technology and 

the use of closed crucibles would have resulted in less uptake of sulphur from the coal.  

 

Three samples (B, C and X), while still being a mixed alkali glass, are clearly separated 

on all the graphs produced comparing elemental oxide composition and form a discrete 

group. They have higher sodium, aluminium and sulphur oxides. They also have half the 

amount of chlorine compared to the majority of the samples as well as lower magnesium 

and phosphorus oxides. They are made from a different sand having much higher 

aluminium oxide levels and are also made using approximately half the amount of 

strontium oxide. They are clearly of a different recipe from most the samples – and 

although using kelp as part as a flux an additional flux us also used. The lower magnesium 

and phosphorus oxides and increased sodium (not in correlation with chlorine) suggest 

this additional flux was a purer source of soda – rather than a plant ash soda. This may 

have been imported barilla. It may be that this glass came from furniture within the Ossian 

room rather than from the windowpanes themselves. 

 

Two samples (A and W) are synthetic soda glass. Both show but low magnesium oxide 

(<0.35) and potassium oxide (<0.3) and negligible phosphorous oxide. However, they are 

not from the same glass batch. W has slightly higher sodium oxide and lower calcium 

oxide but higher arsenic oxide levels of 0.6% compared to 0.2% in piece A. Piece W is 

also made from a sand with lower aluminium and titanium content.   Both of these types 

of glass were likely to have been made between 1835 – 1870 AD. As they were found in 
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the Ossian salon with the rest of the window glass, they most probably relate to repairs to 

cracked or broken windowpanes which may have been carried out. The repairs may have 

been carried out around the same time as the two new wings were added to the house.  

 



   

 

306 

 

  
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CuO ZnO As2O3 Rb2O SrO ZrO2 SnO2 Sb2O5 BaO PbO 

Penicuik Mixed alkali 1 7.42 5.65 1.30 68.56 1.58 0.19 1.18 3.84 10.16 0.16 0.08 0.79 - n.d 0.01 - 0.44 0.01 - - 0.59 0.05 

Penicuik Mixed alkali 2 9.53 3.27 2.13 69.62 0.51 0.42 0.49 2.77 10.72 0.16 0.07 0.88 - 0.01 n.d. - 0.25 0.01 - - n.d. 0.01 

Penicuik SS1 10.82 0.35 0.22 71.66 0 0.73 0.08 0.13 15.88 0.09 0.27 0.29 - - 0.22 - 0.01 
 

- - 0.02 0.01 

Penicuik SS1 (As) 12.63 0.23 1.28 71.19 0.16 0.63 0.26 0.26 12.66 0.14 0.45 0.24 - - 0.60 - 0.03 0.02 - - 0.04 0.02 

Table 36 Table showing the results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis of four window glass groups identified  from Penicuik House 
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  Aden, House of Deer 

 

There were two visual groups of window glass from the 338 shards found at the Aden excavation. 

Both types of window glass are of the high lime low alkali type (HLLA) being rich in calcium 

oxide (20 – 23%). The HLLA glass can however be split into two groups based on its chemical 

composition (table 37). This can be clearly seen on figure 120 below which shows a plot of the 

combined alkali content (sodium and potassium oxides) compared to manganese oxide.   

 

Type 1 (168 fragments) are visually an olive-green glass. Chemical analysis shows that the samples 

are rich in calcium oxide (>20%) with a combined alkali (sodium and potassium oxides) 

composition of between 4.2 and 6.2%. They have a relatively high iron oxide content of around 

1.5% +/- 0.5% and manganese oxide in the region of 0.6 - 1.0%. which would categorise them as 

HLLA 1 glass.  

 

Type 2 glass from Aden has a more consistent composition with a higher combined alkali oxide 

value of 7-8 %. It has higher silica and higher sodium oxide content and fewer impurities. It is 

lower in both aluminium and iron oxide, implying a better quality or more purified silica (sand) 

source was used. The manganese oxide level is also <0.2% in all fragments.  This glass is of a 

HLLA 2 composition typical of the 17th century according to Dungworth’s English dating model.  

The levels of strontium oxide are also below 0.2% which is the level at which the glass would be 

considered ‘kelp fluxed’ glass however, the strontium oxide percentage is between 0.15 and 0.2% 

which may be due to the use of coastal sands or indicative that the glass may be partially fluxed 

with kelp, however it was not the main ash.   
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Figure 118 Graph showing manganese oxide (wt%) versus the combined alkali content (wt%) for the glass samples from Aden 

 

 

Two samples from Aden were analysed by LA-ICP-MS – Aden S and Aden C. Aden S is a HLLA 

1 glass, while Aden C is a HLLA 2 composition. The REE patterns are similar as are the ratios of 

aluminium and titanium to silica which suggests that though they were made at different times 

with different ash components they could have been made from similar sand sources (figures  121 

and 122).   
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Figure 119 Graph showing the REE profile of two samples of glass from Aden 

 

Figure 120 Graph showing the ratio of aluminium oxide to silica versus the ratio of titanium oxide to silica for samples analysed 

by LA-ICP-MS at Aden 
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Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CuO ZnO As2O3 Rb2O SrO ZrO2 SnO2 Sb2O5 PbO 

Aden 1 2.32 3.57 3.84 61.07 2.28 0.13 1.19 2.25 21.57 0.34 0.72 1.30 0.05 0.02 0.02 0.00 0.13 0.02 0.01 0.06 0.08 

Aden 2  4.12 2.99 1.92 62.76 1.69 0.53 0.93 3.45 20.91 0.14 0.13 0.88 0.04 0.02 0.02 0.00 0.15 0.01 0.01 0.05 0.09 

 

Sample no Find No Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CuO ZnO As2O3 Rb2O SrO ZrO2 SnO2 Sb2O5 PbO 

A 117 4.24 3.08 2.02 62.58 1.77 0.56 0.82 3.47 20.74 0.14 0.09 0.87 0.04 0.02 0.02 0.00 0.13 0.02 0.01 0.05 0.09 

B 131 4.53 3.05 2.18 62.52 1.77 0.38 0.98 3.45 20.43 0.17 0.11 0.89 0.04 0.02 0.02 0.00 0.13 0.02 0.01 0.07 0.08 

C 118 2.17 3.09 3.79 60.04 2.21 0.28 0.92 3.14 22.29 0.31 0.81 1.37 0.04 0.02 0.02 0.00 0.14 0.02 0.01 0.05 0.09 

D 116 2.23 3.68 3.80 61.26 2.21 0.09 1.34 1.93 21.95 0.26 0.66 1.23 0.04 0.02 0.02 0.00 0.15 0.01 0.01 0.05 0.09 

E 108 2.43 3.53 3.83 61.31 2.10 0.13 1.22 1.70 21.72 0.44 0.84 1.33 0.04 0.02 0.02 0.00 0.15 0.01 0.01 0.05 0.10 

F 1 4.17 2.99 2.05 62.23 1.73 0.40 0.98 3.50 21.17 0.12 0.21 0.91 0.04 0.02 0.02 0.00 0.15 0.01 0.01 0.05 0.10 

K 131 3.85 2.81 1.57 64.99 1.45 0.41 0.94 2.98 20.35 0.13 0.15 0.81 0.04 0.02 0.02 0.00 0.16 0.01 0.01 0.05 0.10 

L 134 2.32 3.91 3.78 61.21 2.29 0.06 1.29 1.84 21.52 0.35 0.71 1.32 0.04 0.02 0.02 0.00 0.16 0.01 0.01 0.05 0.10 

O 77 4.10 3.03 1.73 63.66 1.73 0.51 1.10 3.58 19.98 0.11 0.09 0.93 0.04 0.02 0.02 0.00 0.16 0.01 0.01 0.05 0.11 

P 139 4.13 3.01 1.99 62.16 1.61 0.65 0.89 3.43 21.45 0.17 0.10 0.85 0.04 0.02 0.02 0.00 0.16 0.01 0.01 0.05 0.11 

AA 120 4.34 3.16 1.98 62.18 1.87 0.54 0.91 3.46 20.84 0.15 0.10 0.88 0.04 0.02 0.02 0.00 0.13 0.02 0.01 0.05 0.08 

AB 120 4.09 2.93 1.94 61.90 1.50 0.70 0.83 3.63 21.59 0.18 0.17 0.93 0.04 0.02 0.02 0.00 0.14 0.02 0.01 0.06 0.10 

AC 123 4.17 3.00 2.10 62.09 1.65 0.54 0.96 3.47 21.23 0.15 0.15 0.95 0.04 0.02 0.02 0.00 0.14 0.02 0.02 0.02 0.11 

AL 115 2.31 3.62 3.85 61.09 2.32 0.01 1.36 1.90 21.78 0.37 0.69 1.35 0.05 0.03 0.02 0.00 0.12 0.03 0.01 0.05 0.05 

AO 107 2.32 3.57 3.83 60.89 2.59 0.28 0.94 2.96 20.75 0.32 0.68 1.32 0.05 0.03 0.02 0.01 0.08 0.03 0.01 0.05 0.04 

AP 107 2.39 3.73 3.98 61.34 2.27 0.07 1.29 1.87 21.29 0.36 0.73 1.29 0.05 0.03 0.02 0.00 0.12 0.03 0.01 0.08 0.09 

AS 105 2.41 3.28 3.81 60.95 2.27 0.12 1.05 3.02 21.36 0.33 0.61 1.32 0.05 0.03 0.02 0.01 0.08 0.03 0.01 0.07 0.05 

AY 131 3.58 2.89 1.59 63.29 1.78 0.57 0.94 3.51 21.36 0.03 0.09 0.82 0.04 0.02 0.02 0.00 0.16 0.02 0.01 0.06 0.07 

AZ 131 2.26 3.69 3.86 61.54 2.28 0.17 1.30 1.87 21.47 0.30 0.70 1.19 0.05 0.03 0.02 0.00 0.12 0.03 0.02 0.03 0.07 

Table 37 Table showing the results of the SEM-EDS (sodium to manganese) and p-XRF (iron to lead) analysis for window glass samples from Aden (wt%) 
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 Castle Leod 

 

 

Five samples were analysed using the Bruker p-XRF and the SEM-EDS, which formed three 

groups (table 38).  

 

The first was a HLLA 1 glass with > 1% sodium oxide and 6-6.5% potassium oxide. The second 

also appeared to be a HLLA 1 type glass as the manganese oxide was > 0.3% but had increased 

sodium oxide and lower potassium oxide indicating a different flux combination. Both of the 

HLLA 1 type glass had strontium oxide levels around 0.1%.  

 

The final type of glass was mixed alkali glass, probably dating from the 18th century. However, 

this piece also had strontium oxide present around 0.1% and not the elevated levels that would be 

expected from a kelp fluxed mixed alkali glass.  
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NaO MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO As2O3 Rb2O SrO ZrO2 BaO PbO 

A 0.75 2.97 2.76 60.88 3.25 0.31 0.12 6.25 21.22 0.14 0.92 0.00 
          

B 0.68 3.55 2.86 59.53 2.77 0.00 0.19 6.37 21.85 0.33 1.10 0.65 0.12 0.10 0.06 0.08 0.06 0.004 0.09 0.28 0.02 n.d. 

C 3.24 3.25 2.91 62.53 2.17 0.33 1.30 1.68 21.29 0.17 0.77 0.73 0.10 0.07 0.04 0.05 0.01 0.001 0.11 0.31 0.01 n.d. 

D 2.73 2.22 2.21 64.11 1.97 0.20 1.39 2.65 21.72 0.31 0.36 0.63 0.09 0.07 0.05 0.06 0.01 0.001 0.11 0.33 n.d. n.d. 

E 8.81 3.03 1.11 67.97 0.82 0.04 1.14 7.14 9.42 0.21 0.27 0.52 0.07 0.07 0.04 0.03 0.01 0.001 0.10 0.24 n.d. 0.01 

Table 38 Table showing the results of SEM-EDS and p-XRF analysis for glass samples from Castle Leod (Note sample A was not analysed by p-XRF) 
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 Cromarty 

 

Looking at the results of the analysis we can see quite a distinctive pattern in the use of glazing on 

site. There are four pieces of high lime, low alkali (HLLA1) glass of the early type which indicates 

late 16th century or earlier manufacture. This is followed by three shards of HLLA2 glass which 

was likely made in the first half of the 17th century. The relatively small number of window glass 

shards of this period probably indicates that there was very little glazing on the early Burgh site at 

that time.  

 

However, by the late 17th century there appears to have been glazing present in the windows of 

properties along the street. The largest group of shards (30.6% of the total recovered) are an HLLA 

2 glass, which differs from the three other HLLA 2 shards by having a significant amount of 

strontium oxide. This is interpreted as being partially fluxed with kelp.  

 

There is further evidence for glazing of the properties in the 18th and 19th centuries with 61 

fragments of mixed alkali kelp fluxed window glass and 141 fragments of glass of the synthetic 

soda SS1 composition, with circa 0.2% arsenic oxide present, dating from the 1840 – 1870. Sixty-

two fragments of glass having a high potassium, low soda composition with low impurities were 

recovered which are also likely to date to the late 18th or 19th centuries.  

 

Two samples of glass from Cromarty were analysed by LA-ICP-MS. Cromarty AA which is a 

HLLA 2 glass and Cromarty AB a mixed alkali glass. The sand used for the mixed alkali glass 

lower amounts of REE indicating a purer sand source (figure 123).  
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Figure 121 REE profiles of two glass samples from Cromarty - AA is a HLLA2 glass and AB a mixed alkali glass 
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SAMPLE NaO MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CuO ZnO As2O3 Rb2O SrO ZrO2 SnO2 Sb2O5 BaO PbO 

AF 0.52 2.67 2.72 60.06 3.15 0.3 0.01 6.52 22.18 0.21 1.12 0.54 0.06 0.05 0.02 0.0113 0.06 0.02 0.03 0.01 1.00 0.03 

AA 4.15 3.23 2.00 64.22 1.1 0.62 1 2.36 20.32 0.19 0.20 1.40 0.05 0.02 0.02 0.0028 0.17 0.02 0.01 0.06 0.21 0.13 

AD 2.36 2.05 3.01 62.07 1.56 0.33 0.98 2.15 24.63 0.20 0.51 0.94 0.04 0.02 0.01 0.0042 0.08 0.04 0.01 0.09 0.28 0.03 

AL 3.57 2.61 3.16 62.13 2.55 0.16 1.48 2.47 20.87 0.31 0.53 0.98 0.04 0.03 0.01 0.0037 0.05 0.03 0.00 0.10 0.11 0.03 

AB 7.49 5.63 1.28 68.84 1.68 0.20 1.27 4.00 9.6 0.15 0.11 0.70 0.04 0.01 0.03 0.0046 0.42 0.03 0.02 0.04 0.03 0.01 

AG 6.62 5.23 1.21 69.08 1.58 0.09 1.26 4.36 10.36 0.16 0.04 0.66 0.03 0.01 0.03 0.0044 0.41 0.03 0.02 0.04 0.00 0.01 

AK 6.85 4.59 3.06 67.2 0.96 0.28 0.91 4.81 10.82 0.18 0.15 1.10 0.04 0.01 0.03 0.0049 0.35 0.03 0.02 0.01 0.01 0.01 

AM 7.24 4.7 1.32 68.62 1.7 0.15 1.57 3.86 10.89 0.14 0.03 0.54 0.04 0.01 0.03 0.0040 0.38 0.03 0.02 0.01 0.12 0.03 

AI 9.72 2.91 0.66 68.31 0.45 0.13 1.83 4.85 11.57 0.11 0.19 0.35 0.04 0.01 0.22 0.0040 0.07 0.01 0.03 0.00 0.07 0.15 

AJ 10.22 2.85 0.62 69.02 0.5 0.12 1.92 4.41 10.8 0.07 0.08 0.34 0.04 0.01 0.21 0.0030 0.08 0.01 0.02 0.05 0.06 0.14 

AC 10.42 0.36 0.68 73.60 0.00 0.76 0.11 0.20 13.69 0.09 0.05 0.27 0.04 0.01 0.02 0.0003 0.01 0.00 0.01 0.07 0.19 0.00 

AE 10.84 3.08 0.68 67.66 0.47 0.22 1.69 4.41 11.3 0.19 0.14 0.43 0.04 0.01 0.20 0.0029 0.07 0.01 0.02 0.04 0.11 0.11 

AH 0.54 0.25 0.19 63.77 0.17 0.31 0.13 22.10 12.44 0.04 0.03 0.14 0.04 0.01 0.02 0.0330 0.01 0.02 0.05 0.34 0.14 -0.17 

Table 39 Table showing the elemental oxide compositions (wt%) of window glass samples from Cromarty
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 Castle Sinclair 

 

 

The samples from Castle Sinclair were only able to be analysed by p-XRF and the results are 

shown in table 40. The elemental oxide which have been greyed out were determined but are not 

accurate for detailed discussion and the heavier elements compoisition was used to determine the 

glass type. 

 

All samples have a HLLA 1 composition with calcium oxide to potassium oxide ratio greater than 

3 and levels of manganese > 0.5% which, if the glass had been manufactured in England, would 

more precisely date this glass to 1560-1610. However, if this HLLA1 glass was imported into 

Scotland via the North Sea from Europe, rather than from England, it could have been 

manufactured anytime between the late 15th and the mid 17th centuries. In comparison with other 

scientific studies the overall composition of the glass from Castle Sinclair is most similar to that 

analysed from domestic windows in Belgium which are dated to the late 16th and early 17th century 

(Schlam et al 2007). The stylistic assessment of the shapes of the glass shards and study of 

associated lead came would point to a late 16th – early 17th century date (Spencer, 2018) 
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Table 40 Table showing the results of p-XRF analysis for window glass from Castle Sinclair – oxide composition (wt%) 

 

SAMPLE SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CoO CuO ZnO As2O3 Rb2O SrO ZrO2 BaO PbO

gsc781p 75.70 2.58 2.36 0.15 1.81 4.10 0.32 2.86 1.68 0.03 0.00 0.04 0.03 0.005 0.031 0.0301 0.033 0.028

gsc781d 70.83 2.91 2.37 0.21 1.50 4.96 0.34 4.74 1.77 0.06 0.02 0.06 0.04 0.004 0.047 0.0294 0.040 0.033

gsc781q 64.34 6.26 9.34 0.30 1.96 6.01 0.37 0.58 1.77 0.00 0.01 0.03 0.46 0.012 0.054 0.0198 0.048 0.371

gsc781l 74.41 2.99 3.29 0.14 2.08 6.02 0.35 2.97 1.90 0.02 0.01 0.04 0.06 0.008 0.043 0.0242 0.048 0.049

gsc781mpaint 53.33 3.62 2.94 0.25 2.03 6.73 0.36 6.30 2.03 0.00 0.02 0.09 0.10 0.008 0.049 0.0252 0.054 0.079

gsc781j 85.59 3.38 1.34 0.17 3.20 6.85 0.33 0.61 1.29 0.00 0.00 0.02 0.02 0.013 0.062 0.0155 0.055 0.013

gsc781r 78.68 2.78 2.95 0.12 3.05 8.18 0.31 1.65 1.52 0.02 0.00 0.03 0.04 0.009 0.048 0.0197 0.065 0.036

gsc785a 88.53 4.04 0.23 0.02 1.72 8.46 0.46 1.59 1.96 0.00 0.01 0.02 0.01 0.017 0.063 0.0239 0.067 0.011

gsc783 82.45 3.44 1.67 0.25 2.60 8.53 0.34 1.54 1.47 0.00 0.01 0.02 0.04 0.011 0.047 0.0196 0.068 0.036

gsc781u 73.12 3.03 2.16 0.11 2.39 8.63 0.29 5.36 1.30 0.03 0.01 0.04 0.05 0.012 0.061 0.0174 0.069 0.038

gsc781 lead 61.62 3.33 4.52 0.22 2.43 8.69 0.31 2.48 1.46 0.03 0.01 0.03 0.37 0.011 0.059 0.0176 0.069 0.304

gsc781m 75.34 3.31 0.91 0.09 3.87 8.94 0.39 2.97 1.97 0.00 0.01 0.06 0.03 0.015 0.061 0.0198 0.071 0.021

gsc781 lead 62.21 3.26 6.09 0.23 2.71 9.18 0.24 1.62 1.19 0.02 0.00 0.02 0.63 0.011 0.054 0.0147 0.073 1.329

gsc781h 76.28 3.21 1.63 0.08 3.32 9.28 0.33 2.09 1.72 0.02 0.01 0.03 0.03 0.012 0.050 0.0206 0.074 0.027

gsc781s 64.08 4.61 0.49 0.15 2.13 11.73 0.49 4.88 2.47 0.06 0.02 0.06 0.02 0.014 0.070 0.0307 0.094 0.018

gsc781e 72.48 2.84 1.11 0.17 4.67 12.87 0.38 1.36 1.61 0.02 0.01 0.03 0.03 0.013 0.057 0.0232 0.103 0.023

gsc781a 69.42 4.41 2.44 0.12 3.33 13.15 0.26 2.42 1.30 0.04 0.01 0.04 0.04 0.010 0.063 0.0190 0.105 0.032

gsc781f 65.41 5.13 7.93 0.33 4.18 13.82 0.24 1.74 1.23 0.02 0.01 0.03 0.13 0.013 0.065 0.0178 0.110 0.106

gsc781o 77.58 4.02 3.79 0.17 4.10 14.32 0.27 1.09 1.04 0.00 0.01 0.02 0.05 0.014 0.064 0.0145 0.114 0.044

gsc786 85.83 4.44 0.32 0.03 3.70 14.54 0.36 1.56 1.50 0.00 0.01 0.03 0.02 0.020 0.067 0.0227 0.116 0.013

gsc781k 82.92 3.58 0.92 0.08 4.09 14.62 0.27 1.44 1.24 0.00 0.01 0.03 0.01 0.013 0.067 0.0162 0.117 0.011

gsc781b 71.03 3.75 2.48 0.12 4.23 14.77 0.26 0.97 1.04 0.00 0.01 0.02 0.04 0.014 0.062 0.0148 0.118 0.031

gsc781n 70.18 4.73 4.91 0.23 5.08 15.09 0.27 1.28 1.36 0.02 0.01 0.04 0.08 0.015 0.066 0.0183 0.120 0.067

gsc785b 80.75 2.75 0.27 0.02 4.82 15.29 0.33 2.14 1.39 0.02 0.02 0.03 0.01 0.019 0.064 0.0234 0.122 0.009

gsc806 72.50 4.25 1.14 0.08 4.82 16.79 0.23 0.99 0.93 0.01 0.01 0.02 0.02 0.014 0.061 0.0143 0.134 0.014

gsc781c 66.77 5.22 6.84 0.30 4.47 17.10 0.20 1.37 0.98 0.01 0.01 0.03 0.11 0.014 0.067 0.0154 0.136 0.090

gsc781i 64.67 4.64 6.62 0.28 5.73 20.10 0.13 0.89 0.77 0.00 0.01 0.02 0.11 0.014 0.066 0.0129 0.160 0.093

gsc781t 65.82 5.08 6.37 0.34 5.30 20.91 0.16 0.76 0.73 0.00 0.01 0.02 0.11 0.015 0.068 0.0137 0.167 0.086

gsc781g 73.10 3.25 0.69 0.05 6.42 23.17 0.18 0.83 0.79 0.02 0.00 0.02 0.01 0.016 0.071 0.0164 0.185 0.008
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11.2 Post Medieval Window Glass Discussion 

 

 Forest glass to HLLA transition in Scotland 

 

The proposed English chronology for the dating of window glass has previously been used to date 

window glass found in Scotland.  As such it had been proposed in some glass finds reports where 

window glass had been scientifically analysed that window glass of HLLA composition found in 

Scotland dated from the late 16th century and was unlikely to date earlier than 1567 AD (Kennedy 

et al., 2013). However, as discussed previously in chapter 11, the work as part of this thesis carried 

out to analyse medieval window glass has shown that a HLLA1 type glass was imported into 

Scotland at least the mid-15th Century from continental Europe. Glass from windows at Elcho 

nunnery was found to of a HLLA 1 type composition. The building itself was destroyed in 1547 

and the painted grisaille decoration is typologically indicative of an earlier date. Similarly, HLLA 

glass used in Perth Whitefriars Monastery, was also likely installed no later than the end of the 

15th century but is of a HLLA 1 composition.  

 

This would suggest that the window glass of the HLLA1 type was imported from the continent to 

Scotland earlier than its wide availability in England. This is not surprising due to the high level 

of trade between the East Coast of Scotland and the Flanders region between ports such as Leith, 

Dundee and Aberdeen and Continental ports of Bruges and Antwerp (Webster, 1997). The journey 

by sea of window glass panes would be much easier than overland.  

 

Therefore, the simple compositional identification of HLLA1 glass cannot lead to an interpretation 

that the glass was made post-1567 as has been suggested in the simplified English window glass 

dating model. This clearly has implications for some previously analysed window glass and the 

subsequent interpretation. Glass dated using the English model as being made post 1567 could in 

fact be a century older. An example of this is the single piece of window glass analysed from the 

Glasgow shuttle site, reanalysed as part of this work. In the original excavation report this was 

dated as being manufactured between 1567-1610 AD (Murdoch, 2012). In fact, the HLLA 1 

composition is very similar to that found in glass at Elcho dated to at least a century earlier and to 

glass known to be manufactured in in Europe this period. It is therefore possible that this glass was 
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indeed more likely used in the windows of the Franciscan friary which was established on this site 

in the late 1470’s.  

 

The question arising is can any differences between the early HLLA1 glass being made in England 

from 1567 and the HLLA 1 type glass made on the continent and found in Scotland at least a 

century earlier be detected? The work by Caen et al. (2006) on the evolution of the composition of 

window glass in Belgium and Antwerp during the 15th and 16th centuries is the closest work that 

can be compared. There are no records found so far indicating that English window glass was 

exported overseas apart from a record that English glass was imported to Scotland in 1612 

(Turnbull 2010).  The English glass was thought to be of inferior quality, and it was not until the 

latter half of the 17th century that the quality of British glass could rival that on the continent. 

 

Nine sites have glass that falls into the HLLA 1 category and the major and minor elemental data 

can be used to split the Scottish HLLA 1 glass into a number of subgroups (e.g. figure 124).  

 

The first group (HLLA1a) has less than 1% sodium oxide and 6-8% potassium oxide, similar to 

the HLLA 1 glass composition identified as being manufactured in the Lorraine region of France 

in the late 15th century (Caen, 2010). Glass of this composition was identified from Fetternear, 

Fyvie, St Johns Perth, Brora Beach and Cromarty. The manganese oxide levels have a wide range 

from 0.4 – 1.8%. The Fetternear HLLA 1a has the highest manganese oxide levels.  

 

The window glass from Brora Beach is similar to this Fetternear group but is made from a sand 

which rich in silica and low in impurities. The ashes used also appear to have been purified as the 

phosphorus and magnesium oxide levels are also lower than some of the other glass in this group. 

This seems to be a high-quality window glass and would seem unusual for an industrial 

building/office of the late 16th century in north-east Scotland. However, the office itself was 

financed by the Countess of Sutherland and built by skilled craftsmen (Hambley pers comm).  

 

A second group of HLLA 1 glass (HLLA1b) found at Fetternear, Flora McDonald and Fyvie is 

similar to the first group but has a different alkali composition. There is higher sodium oxide (2-

3%) in correlation with chlorine and lower potassium oxide (3.5-4.5%). The correlation of sodium 
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and chlorine suggests the addition of salt to the alkali flux. There is also increased silica compared 

to the first group of HLLA1a glass.  

 

In addition, the HLLA 1 glass from Aden forms a separate group (HLLA1c). It has a lower total 

combined alkali content compared to the other HLLA 1 glasses with both low sodium oxide (<3%) 

and low potassium oxide (2-4%). It also has lower manganese oxide levels (0.6-0.9%) but has 

higher aluminium oxide (3.5-4%) level. This is likely indicative of the sand source, which was 

also rich in iron oxides. The strontium oxide level was 0.1-0.15% which is unusual in a HLLA 1 

type glass. This could suggest the partial use of kelp as a flux. It also has very high chlorine levels 

with an average of 1.2% suggesting that sea salt is also a component of the alkali source.  

 

This composition is unusual and has not been found elsewhere in the literature. It is in many ways 

a mid-way point between HLLA 1 and HLLA 2 identified by Dungworth (2012a) It is tempting to 

suggest that this glass is an early attempt to make window glass in Scotland using a HLLA 1 recipe. 

It may be that a (local) sand rich in aluminium and iron was used, without the extra addition of 

manganese (resulting in a green colour to the glass) and using a lower alkali content than 

continental HLLA 1 recipes with Scottish kelp used as one ingredient of the flux.  
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Figure 122 Graph showing Calcium dioxide (wt%) vs strontium oxide (wt%) for HLLA 1 type glass 

 

Four samples of HLLA 1 glass were analysed by LA-ICP-MS (figure 125). The Brora Beach glass 

shows a different profile from the other HLLA 1 type glasses found at Fetternear, St Johns and 

Aden. The Brora glass has a REE Group 1 profile suggesting it came from Lorraine/Argonne 

regions. The other glass all has a REE 3 profile which suggests they are imported from the North 

Eastern Germany region.  

 

The range of HLLA1 glass types and the variety of REE profiles show that window glass was 

being imported from a number of regions of Europe during the late 16th and first decades of the 

17th century. This is corroborated by documentary evidence stating that glass was being imported 

from Burgundy, Normandy, Rhineland, Danzig and England in 1612 – although it is not clear how 

much of this is window glass rather than vessel or bottle glass (Turnbull 2010).  
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Figure 123 Graph showing REE profiles of four HLLA 1 glass samples 
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 The 17th century HLLA 2, kelp and the transition to mixed alkali glass 

 

The study of HLLA 2 glass in Scotland is particularly interesting as it was during this period that 

there is the first documentary evidence for window glass being made in Scotland. The HLLA 2 

recipe began to be used in England in 1610 with the introduction of coal fired furnaces and it is a 

HLLA 2 recipe which was most likely made in the earliest Scottish glass furnaces as glass makers 

with the knowledge of the recipe were encouraged to come from England. The change from HLLA 

1 to HLLA 2 can be seen in figure 126 by comparing both manganese and strontium 

concentrations. As well as lower levels of Manganese oxide – there is a significant increase in 

strontium oxide in the Scottish glass samples – which while not being as high as in later mixed 

alkali kelp flux glass could suggest the early adoption of kelp as an ingredient in HLLA 2 glass.  

 

 

Figure 124 Graph showing manganese oxide (wt%) vs strontium oxide (wt%) for HLLA 1 and HLLA 2 type glass 

 

There appears to be a series of intermediate HLLA2 glass recipes in use during the latter half of 

the 17th century (Kennedy et al., 2013).  This period was a time of great innovation in the glass 
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manufacturing industry following the introduction of coal fired furnaces and experimentation with 

new alkali sources. 

 

 

Figure 125 Graph showing calcium oxide (wt%) vs strontium oxide (wt%) for HLLA 2 type glass 

 

This type of glass has been found at several Scottish sites including Fyvie Castle, Aden (House of 

Deer) Cramond Tower, Cromarty and Glenochar. In addition, glass of this type was found at the 

Glenluce and is likely to be a late 17th century repair to the Chapter House windows. These have 

low levels of manganese oxide <0.2%, sodium oxide <5% and phosphorus oxide < 2%. The HLLA 

2 glass from Aden appears to be slightly different with having a much higher amount of sodium 

and calcium oxides than is seen in English HLLA 2 glass of this period. Visual inspection of the 

HLLA2 glass from Aden show elongated straight bubbles and straight fire rounded edges 

indicating that it is cylinder blown glass.   
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Figure 126 REE profiles of two HLLA2 glasses from Aden and Cromarty showing almost identical patterns suggesting they were 

made from the same sand source 

 

The HLLA 2 window glass found in nearly all the sites studied in Scotland contain strontium oxide 

levels between 0.15-0.25%. This is significantly higher than the medieval glasses and the earlier 

HLLA 1 glasses, but not as high as the levels found in the later mixed alkali glassed made from 

the turn of the 18th century. This would suggest that kelp was being used as part of the flux mixture.  

 

While evidence for the use of kelp ashes to make HLLA2 window glass made in England in the 

17th century has not been published, glass waste used for vessel glass manufacture at Silkstone has 

been found to contain strontium oxide at increased levels, suggesting that kelp was starting to be 

used as part of the flux component for vessel manufacture in the mid 17th century (Dungworth, 

2005). Window glass analysed in England which can be dated does generally not appear to have 

strontium levels as high as most of the HLLA 2 Scottish glass.   
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The use of seaweed as a flux component is recorded as being used for the manufacture of glass in 

Britain in 1662 (Cable, 2001). The Oxford English Dictionary records the earliest use of kelp ash 

as 1663. Eduard Lhuyd's Parochialia (originally published c. 1698) reports that seaweed was 

collected along the shore in the Vale of Glamorgan and burnt to form kelp that was shipped to 

Bristol for the glass industry (Dungworth, 2009). The collection of kelp for industrial processing 

was also recorded in Ireland and Scotland (Gray, 1951). Documentary evidence suggests that kelp 

was being used in glass manufacture along the coast of East Lothian around 1661 and it may be 

that it was indeed used to make window glass, not just bottle glass. The identification of cylinder 

glass rich in strontium oxide from Aden also shows that it was not just crown glass that was being 

made using kelp fluxes. This is despite the introduction of kelp and the reintroduction of the crown 

glass method of production being thought to be concurrent later in the 17th century (Dungworth, 

2009).  

 

Dungworth et al. (2009) highlights a perceived link between the introduction of a mixed alkali 

glass recipe using kelp as a main flux at the end of the 17th century, with the reintroduction of 

crown glass production. A mixed alkali glass with an average of 0.27% strontium oxide was being 

produced at Silkstone circa 1670-80, although the HLLA2 glass found there and elsewhere in 

England had <0.15% strontium oxide during the late 17th century. All the Scottish glass has 

relatively low levels of magnesium oxide <3.5% and aluminium oxide <2.5%, when compared to 

HLLA2 glass found at Silkstone which has higher levels of both (magnesium oxide 5-6% and 

aluminium oxide 3.5-4.5%). This would suggest a different sand source was used at Silkstone than 

for the glass analysed from the Scottish sites.  This is not surprising as it is thought that the majority 

of English made glass would be imported from Newcastle. There has currently been no scientific 

analysis of glass waste or windows known to have been produced from a Newcastle furnace to 

compare the Scottish results with.   

 

The glass from Cramond and Glenochar in particular have very similar compositions and could 

have been made at the same furnace around the same time – the new house at Cramond, was built 

in 1680. Glass of this composition was also seen in a surviving window in a wing of the house 

added c1690 at Traquair House, by Innerleithen, Peeblesshire (Murdoch unpublished).   
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The fact that the glass of HLLA 2 composition would also suggest it was made before the turn of 

the 18th century and be consistent with this date. The location of this site is also in close proximity 

to the glass houses of East Lothian and in particular only a few miles from one at Leith which was 

in operation at this period and producing window glass (Turnbull, 2001). Whilst it cannot be 

proven that the window glass for Cramond House came from the local area it is a strong possibility 

and kelp is clearly used as a partial flux in this window glass most likely installed shortly after 

1680.  

 

The period of most experimentation and development in glass recipes occurred in the latter half of 

the 17th century. This in part is due to the search for cheaper raw materials to produce a cheaper 

product but at the same time trying to produce a more colourless glass for vessels and to a lesser 

extent windows. However, to make colourless and higher quality glass, raw materials would need 

to be carefully selected. For example, local, cheap seaweed was found to be suitable for making 

many types of glass, while barilla and other salts were still imported to manufacture more specialist 

glass products like vessels. 

 

 The 18th century Mixed Alkali Glasses 

 

 

The mixed alkali glasses from the 18th century show a high degree of similarity across the sites. 

They have between 8 – 12 % calcium oxide, 3.5 – 5% potassium oxide and 6-8% sodium oxide. 

All have strontium oxide levels between 0.35 – 0.5% with an average of 0.44% (figure 129). These 

are typical of compositions observed in England (Dungworth, 2012a). By this period glass 

manufacture was a more industrialised process with raw materials being imported.  
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Figure 127 Graph showing the calcium oxide (wt%) and strontium oxide (wt%) of mixed alkali window glass from a range of 

Scottish sites 

 

The site of Glenochar is interesting as this site has a mixed alkali window glass that is lower in 

strontium oxide (<0.1%). The position of this site – in the central borderlands which changed hands 

between England and Scotland is interesting. It is not dissimilar in composition to mixed alkali 

glass waste found at Silkstone dated the late 17th Century (Dungworth, 2005). 

 

Samples of mixed alkali glass from Glenshellach, Fetternear, and Cromarty were analysed by LA-

ICP-MS. These all have very similar REE profiles with low levels of lanthanides and have a small 

dip in the curve at europium (figure 130). There is nothing to suggest that a different sand source 

was used to make one of these glasses compared to the others. Sand was known to be exploited 

and imported from a certain number of sites by the 18th century and therefore although the glass 

may have been made at different furnaces, it may have been made from the same sand sources. It 

is also thought that large volumes of cullet were being imported from the Baltic regions for re-

melting to make new glass – particularly for bottle manufacture – which would have an effect on 

the overall composition and trace element profiles (Murdoch pers comm). 
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Figure 128 Graph showing the REE profiles of three mixed-alkali kelp fluxed window glass samples from Fetternear, Glenshellach 

and Cromarty 

 

Future work on investigating trace elements and REE by LA-ICP-MS of glass known to be 

manufactured in England and on the continent may be possibility. There has been no scientific 

work on the glass waste from furnaces of Newcastle from where there is documentary evidence 

for window glass importation in 1733 (Turnbull, 2010). It would be also of particular interest to 

analyse sand from locations known to have been exploited during this period for sand production 

and recorded as being used at different furnaces to compare with the window glass.  
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11.3 Post Medieval Window Glass Summary 

 

The use of HLLA glass continued in Scotland during the late 16th century and the composition of 

the glass confirms that it continued to be imported from a number of regions of the continent, as 

suggested by the documentary evidence.  

 

The 17th century was a time of innovation and development in the Scottish and English glass 

industry. The documentary evidence shows that the glass manufacture was not continuous at 

Scottish furnaces during this period but stopped and started again as the money to continue the 

ventures ran out and new glass makers moved. There would have been a great deal of 

experimentation to produce the high-quality glass that was desired to be made locally in Scotland 

at the time, and to make it to the required standard and cost to compete with imports. There would 

have been a compromise to be made between the use of cheaper local ingredients, such as kelp, 

and the use of more expensive imported materials in order to produce window glass during this 

time.   

 

While it has not been possible to identify a ‘Scottish’ manufactured window glass, a type of HLLA 

glass with high strontium levels found at Aden, Cramond and Glenochar may be an example of 

Scottish made glass as parallel compositions have not so far been found in analysis of English 

window glass or glass manufacturing waste.  

 

By the 18th Century a mixed alkali glass was being manufactured in both England and Scotland 

and it is not possible to discriminate between these by composition. The industrialised process 

meant that sand, cullet and flux were all being imported from further afield to glasshouses and 

there was less reliance on local resources.  
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12 Conclusions 

 

This work has therefore provided the most comprehensive study yet of high medieval and 

early post-medieval window glass in Scotland, and is the first wide-ranging study on 

window glass from this period in Scotland, since that carried out by Graves (1985a) over 

thirty years ago. A range of information from existing documentary and archeological 

evidence has been interpreted alongside the largest program of chemical characterization 

of the window glass yet carried out in Scotland. This work has also provided a summary 

of the evidence of window glass production in Scotland up to the first known excavated 

glasshouse in Scotland – that at Morison’s Haven in East Lothian (Cressey et al., 2012). 

 

Trace element analysis and REE profiling has been used to separate the provenance of 

window glass, that by looking at the major elemental composition alone would suggest 

that they were being made in the same region or at the same time. This is particularly true 

for HLLA glass which, while containing similar amounts of the major elemental oxides, 

is separated by REE profiles and trace element concentrations, factors which would point 

to them being made at different locations from different sand sources.  

 

The analyses confirm the supposition that window glass was imported from the continent 

to Scotland via east coast sea routes. In the 13th Century glass was predominantly 

imported from North-West France/Normandy region. But by the early 14th Century the 

analyses show glass was also being imported from other regions of Europe – the 

Lorraine/Argonne region and what is now North-West Germany and Rhineland. The glass 

from these regions was of a high lime low alkali composition. Coloured glass was mainly 

produced in the Normandy region to a potassium rich recipe, but blue glass came from a 

variety of sources with particular colours of blue being made to different recipes and using 

different colouring sources. There is no evidence of glass found in Scotland with a 

composition consistent to it having been manufactured in England.  

 

It is suggested that the earliest HLLA glass used in Scotland was made in North West 

Germany/Rhineland regions or in the Lorraine/Argonne region of France. Over time the 

HLLA recipe spread around a larger area of North Western Europe, replacing the 

potassium rich recipe in most regions apart from Normandy where the tradition continued. 
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It is probable that glass of the HLLA recipe was made using similar sand sources that in 

earlier times had been used to make the potassium rich glass. Later monastic sites such 

as Elcho and Perth used cheaper HLLA glass which was most likely imported into Perth 

from Bruges and Antwerp in the late 14th and 15th centuries and no ‘white’ glass of the 

potassium rich composition has been identified in Scotland from this date during this 

work. 

 

Importation of HLLA glass from a number of regions of the continent continued into the 

late 16th – early 17th century. By the early 17th century window glass was starting to be 

manufactured in Scotland as well as being imported from England. A number of short-

lived furnaces may have made window glass for the home market, but glass of a HLLA 

2 composition was also have been imported from England. There is a wider range of glass 

compositions from this period with the alkali component of the glass reflecting 

experimentation with different flux sources. The use of significant quantities of kelp to 

manufacture a HLLA2 glass is reported for the first time here and is unusual compared to 

previous glass analyses in England, where kelp has been found in mixed alkali 

compositions.  

 

During the 18th Century the predominant glass type is a kelp fluxed mixed alkali glass. 

There is no specific chemical fingerprint to allow the location of manufacture of this type 

of glass can be determined. Analysis of trace and REE’s show that similar sand sources 

were being imported and used on an industrial scale. The glass found in Scotland is 

consistent with recipes made in England but could also have been made at Scottish 

furnaces.  

 

12.1 Further Work 

 

The work in this thesis can be developed further to tell the story of Scottish window glass 

use from the Medieval and Post-Medieval periods. For the Medieval period there would 

be great merit of more in depth and collaborative work with scholars from other 

disciplines, combining the scientific evidence from this work with art historical 

assessment of the shards found, architectural study of the buildings they adorned, and the 

archival records related to these places. While a number of people studying medieval 

trade and archival sources were contacted during this work for advice, limited archival 

references were consulted directly during this work. As shown in the early chapters of 
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this thesis there is limited evidence found of glass importation being mentioned 

specifically in the texts, but more time could be spent exploring this. The new information 

about potential window glass provenance proposed here may indeed suggest further 

avenues for exploration. The proposed changing trade routes for window glass should 

also be put into context, with more detailed amalgamation with what is already known 

about the importation patterns of other materials throughout the period.  

 

Further analytical work could also be carried out on other identified large assemblages 

such as that from Arbroath Abbey (Cachart and Perry, 2017) and Holyrood Abbey 

(Gallagher, 1998) which were not able to be carried out as part of this work due to time 

and funding constraints. Trace element analysis of selected samples would be of particular 

use now the importance of REE patterns being considered alongside major and minor 

elemental composition is known.  

 

The other piece of the jigsaw puzzle that is missing is trace and REE characterisation of 

both samples of glass waste from known and dated furnaces on the continent. It may then 

become possible to match samples of window glass to more precise regions.  REE 

analysis of potential sand sources would also be of great use to see if the REE patterns 

identified in the glass can be traced back to the original sand sources, which would 

confirm the location of the raw materials used and add further nuance to the picture of 

glass manufacture during this period.  

 

Finally, for the medieval period, more work could be carried out to compare the Scottish 

window glass results with new research taking place on window glass from English sites 

such as Lincoln Cathedral (Posedi, 2017) and the similar work to determine regional 

patterns of window glass manufacture from this period being undertaken by the UCL 

team (Adlington et al., 2019).  

 

The later post-medieval period is the birth of the Scottish glass industry and further 

analysis on window glass found in Scotland from this period would shed further light on 

where window glass made in Scotland was made and if Scottish recipes could be more 

positively identified. The work has confirmed the similarities to the window glass dating 

model for England but has noted some differences which should be investigated further. 

In particular the more in depth study of the HLLA2 partially kelp fluxed glass could be 
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important in understanding more about the development of window glass recipes both in 

Scotland and across the border, if it may indeed be a type of glass that occurs earlier in 

Scottish glass manufacturing than in parts of England. Trace element analysis of window 

glass from this late 17th century and early 18th century would be of particular use. As more 

glass is analysed and the data added to the corpus then more patterns should emerge. A 

more comprehensive trace element study of post-medieval window glass may be able to 

identify particular raw materials which may be different from those used in English 

furnaces.  

 

Studying the window glass fragments themselves should be combined with the analysis 

of glass waste from more Scottish furnace sites. The analysis of glass waste from the early 

18th century furnace at Morisons Haven (Spencer et al., 2018a) has shown how scientific 

work complements the documentary evidence and provides new insight into the recipes 

and products produced. Glass waste has also been found at nearby Port Seton, and 

although not from a dateable context is likely to be related to early 18th century glass 

works. Samples from this collection have already been taken for analysis but the author.  

Later glass working sites have been excavated including the late 18th/19th century at 

Finneston (Coleman, 2005) and the recently discovered site at Leith which was being 

excavated in early 2020 (Lawson, pers. comm). Both these sites have glass waste 

evidence and a full assessment of the waste and an analytical program would be of great 

importance to tell the story of the development of the industry and complement the 

archival work already under taken by Turnbull (2017). 

 

This thesis provides a valuable addition to the national picture of what is known about 

medieval and post medieval Scottish window glass and starts to fill the lacunae identified 

in the Scottish Archaeological Research Framework Science section which laments the 

‘surprisingly little scientific analysis carried out on vitreous materials’ (Milek and Jones, 

2012). It has shown that chemical characterisation can provide a valuable insight into 

where glass may have been made and from where it was imported during the medieval 

and post-medieval periods, with much still to discover.  
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Appendices  

 

Tables of elemental oxides (wt%) for each individual Medieval Glass sample.  

 

For Elgin these are SEM-EDS results up to iron with p-XRF results for all elements heavier than iron. All the other results are SEM-EDS results only.
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Appendix 1  

Elgin Cathedral  

 
Sample Colour Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO BaO PbO SnO ZrO2 

A -N brown 1.93 7.25 1.19 50.18 6.01 0.45 0.05 18.80 13.39 0.76 1.10 0.16 b.d. b.d. 0.11 0.36 b.d. 0.23 0.10 0.04 

T-R deep brownish amber 1.71 7.12 0.74 49.11 5.21 0.32 0.34 20.06 14.71 0.11 1.53 0.38 b.d. b.d. 0.02 0.06 b.d. 0.21 0.07 0.01 

AA-N red 1.21 3.44 2.39 57.24 6.58 0.37 0.20 10.27 15.80 0.20 0.89 0.95 b.d. b.d. 0.46 0.09 b.d. 0.05 0.05 0.01 

AA-Z red 1.93 5.33 2.00 54.84 5.12 0.20 0.35 14.27 14.46 0.20 1.12 0.96 b.d. b.d. 0.35 0.09 b.d. 0.06 0.05 0.01 

G-T light yellow green 3.14 4.56 3.18 54.72 2.45 0.96 0.11 12.70 17.81 0.47 1.38 2.12 b.d. b.d. 0.03 0.05 0.20 0.08 0.13 0.01 

K-Z pale green 1.93 7.65 1.45 51.51 5.29 0.19 0.28 18.77 12.63 0.14 1.46 0.47 b.d. b.d. 0.06 0.06 b.d. b.d. 0.07 0.01 

N-F Pale Green 1.46 6.10 2.12 53.33 5.01 0.26 0.31 17.88 13.10 0.16 1.23 0.50 b.d. b.d. 0.02 0.05 b.d. 0.01 0.07 0.01 

P-H pale yellow green 3.15 7.99 1.21 57.61 4.19 0.18 0.21 10.01 14.26 0.28 0.99 0.86 b.d. b.d. 0.02 0.05 b.d. 0.02 0.07 0.02 

R-L pale green b.d. 4.29 3.59 48.15 1.98 0.18 0.00 11.84 27.88 0.46 1.92 0.59 b.d. 0.02 0.01 0.01 0.59 0.00 0.16 0.01 

V-T pale green 1.94 6.96 0.84 48.70 5.63 0.24 0.28 21.10 13.45 0.15 1.23 0.48 b.d. b.d. 0.05 0.06 b.d. 0.01 0.08 0.01 

Z-Y pale green 1.99 4.80 2.65 56.11 4.46 1.12 0.43 13.93 14.95 0.24 0.84 1.14 b.d. b.d. 0.06 0.04 b.d. 0.12 0.05 0.01 

AD-S pale green 2.50 6.87 0.85 56.94 3.96 0.43 0.29 12.16 12.58 0.15 1.18 0.57 b.d. b.d. 0.10 0.04 b.d. 0.12 0.08 0.01 

AE-T light green 1.72 6.39 1.86 49.11 5.26 0.26 0.19 16.39 18.22 0.24 1.25 0.57 b.d. b.d. 0.04 0.05 b.d. 0.07 0.11 0.01 

AF-U pale green 2.29 6.93 2.42 48.34 5.39 0.28 0.29 18.07 15.55 0.16 1.22 0.44 b.d. b.d. 0.04 0.04 b.d. 0.02 0.10 0.01 

AG-V pale green 2.60 6.72 2.34 48.25 5.53 0.22 0.29 17.77 15.46 0.16 1.24 0.48 b.d. b.d. 0.04 0.05 b.d. 0.02 0.10 0.01 

AH pale green b.d. 4.13 3.39 53.67 2.65 0.17 0.00 10.99 23.59 0.52 1.06 0.60 b.d. b.d. 0.01 0.01 0.63 0.00 0.13 0.02 

J-W pale turquoise 1.91 6.82 2.11 49.47 5.49 0.28 0.19 17.72 15.08 0.21 1.30 0.72 b.d. b.d. 0.11 0.06 b.d. 0.10 0.09 0.01 

H pale turquoise 0.49 4.36 3.01 48.46 3.97 0.24 0.10 13.56 24.57 0.61 1.25 0.77 b.d. b.d. 0.01 0.02 0.86 0.00 0.14 0.02 

L-Y light turquoise b.d. 4.21 2.40 50.52 3.19 0.42 0.12 18.96 18.89 0.25 1.38 0.76 b.d. b.d. 0.04 0.04 0.26 0.27 0.10 0.01 

M-Z pale turquoise 3.05 7.37 1.24 61.21 3.25 0.28 0.61 10.72 11.61 0.23 1.06 0.85 b.d. b.d. 0.03 0.06 0.15 0.11 0.05 0.02 

O-G pale turquoise 2.36 7.55 0.90 61.14 3.58 0.19 0.15 11.33 11.63 0.33 1.88 0.88 b.d. b.d. 0.03 0.07 b.d. 0.10 0.08 0.03 

Q-I pale turquoise 1.25 7.38 1.55 50.30 5.53 0.32 0.31 18.79 13.32 0.15 1.54 0.57 b.d. b.d. 0.03 0.06 b.d. 0.12 0.08 0.01 

X-O pale turquoise 1.71 4.21 3.71 51.05 2.27 1.01 0.02 12.80 24.83 0.48 1.39 0.61 b.d. 0.02 0.02 0.01 0.65 0.01 0.18 0.02 



 

 351 

Y-X light turquoise 2.16 6.14 2.31 54.91 4.44 0.34 0.34 12.90 15.33 0.24 0.99 1.00 b.d. b.d. 0.27 0.07 b.d. 0.57 0.06 0.01 

B-O pale turquoise 2.27 6.96 2.07 48.68 5.72 0.00 0.21 18.09 15.17 0.26 1.58 0.79 b.d. b.d. 0.57 0.14 b.d. 0.02 0.10 0.01 

E-R pale turquoise 3.10 8.06 0.88 59.12 3.32 1.35 0.20 10.96 13.06 0.28 1.30 1.19 b.d. b.d. 0.02 0.06 b.d. 0.06 0.07 0.01 

C-P light blue 0.66 4.09 2.95 48.40 3.19 0.18 0.02 11.48 26.67 0.63 1.26 1.06 0.07 b.d. 0.09 0.22 0.69 0.16 0.16 0.01 

D-Q light blue 0.17 4.14 3.35 50.74 3.04 0.20 0.09 11.65 24.79 0.52 1.05 1.55 0.06 b.d. 0.07 0.16 0.81 0.11 0.13 0.02 

S-M dark blue 1.37 5.11 2.58 46.19 5.32 0.26 0.17 17.14 20.48 0.16 1.14 0.99 0.13 b.d. 0.28 0.19 b.d. 0.26 0.09 0.01 

U-S dark blue 1.40 5.14 2.51 45.39 4.92 0.30 0.19 17.56 21.25 0.16 1.16 1.03 0.12 b.d. 0.28 0.19 b.d. 0.27 0.09 0.01 

AC-R dark blue 1.45 5.37 2.51 47.00 5.04 0.43 0.19 17.56 19.63 0.18 1.29 1.07 0.10 b.d. 0.28 0.20 b.d. 0.25 0.09 0.01 

F-S deep turquoise 2.25 7.20 0.83 56.64 4.25 0.37 0.32 12.20 12.59 0.28 1.31 1.18 b.d. b.d. 3.64 0.08 b.d. 1.53 0.08 0.01 

I-V emerald green  1.33 6.60 0.98 54.62 3.34 0.31 0.31 12.25 13.75 0.27 1.15 0.86 b.d. b.d. 4.57 0.07 0.20 1.74 0.07 0.01 

AB-P deep yellow green 1.58 5.90 2.35 54.99 3.39 0.18 0.26 11.38 14.11 0.64 1.05 0.78 b.d. b.d. 4.06 0.16 0.91 0.80 0.07 0.01 
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St Andrews Cathedral 

   
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO BaO SnO PbO 

C 11-

2 

green 1.93 6.57 1.48 49.52 4.69 0.21 0.71 19.23 12.26 0.23 1.15 0.41 0.65 0.02 1.75 0.26 b.d. b.d. b.d. 

M 8-7 green 2.18 7.86 1.17 48.29 5.20 0.07 0.44 15.21 13.92 0.14 1.57 0.49 0.05 0.07 1.50 0.29 b.d. 1.59 0.24 

S clear 1.10 5.43 1.03 51.98 6.17 0.00 0.63 19.32 12.67 0.10 1.45 0.41 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

N 20 - 

6 

clear 0.34 4.76 2.72 47.01 4.46 0.13 0.28 15.42 23.76 0.43 0.96 0.60 0.01 0.01 0.00 0.00 b.d. b.d. 0.01 

T 12-

17 

clear 0.71 4.55 1.91 51.94 4.93 b.d. b.d. 11.95 16.38 5.15 1.08 0.98 0.22 0.09 0.01 0.01 b.d. 0.18 b.d. 

W 13-

16 

clear 1.07 5.88 1.19 52.53 6.50 b.d. 0.82 18.63 12.17 0.08 1.46 0.36 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

S 13-7 clear 1.17 4.44 1.25 50.89 5.26 0.09 0.86 19.57 15.29 0.60 1.06 0.38 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

P 19-2 clear 0.48 4.30 1.00 47.29 3.08 0.19 0.00 17.36 22.67 0.09 1.65 0.69 0.09 0.23 0.25 0.30 0.72 b.d. 0.05 

L 17 - 

5 

clear 0.37 3.65 3.88 49.42 1.96 0.38 0.06 14.93 23.42 0.30 1.15 0.44 0.05 0.03 0.07 0.08 b.d. b.d. 0.09 

A 11-

2 

clear 1.53 6.35 1.30 52.15 4.57 0.36 0.49 17.34 13.94 0.13 1.43 0.65 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

H 11-

16 

clear 1.22 5.86 1.17 49.81 6.44 0.29 0.58 20.00 12.75 0.24 1.47 0.45 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

Z 12-

18 

clear 2.31 7.94 1.26 51.02 5.69 0.00 0.42 14.27 14.83 0.09 1.92 0.46 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

A 4 - 

11 

clear 2.09 6.16 1.74 46.03 6.72 0.27 0.54 19.47 15.46 0.38 1.04 0.37 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

B 3-4  clear 1.99 6.85 2.10 50.32 5.48 0.19 0.76 16.65 14.40 0.11 1.16 0.35 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

C 5-4 clear 1.64 5.79 2.23 50.29 6.22 0.34 0.57 17.24 14.32 0.21 1.06 0.36 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

D 5 - 

6  

clear 1.82 5.70 1.73 53.37 5.03 0.48 0.68 15.94 13.74 0.36 0.78 0.72 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

E 5-7 clear 0.97 5.56 1.33 52.13 4.89 0.24 0.67 16.64 16.32 0.04 0.68 0.86 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

G 6-2 clear 2.17 7.77 1.03 51.67 3.50 0.29 0.80 18.41 12.41 0.51 1.48 0.35 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

H 7-4 clear 2.39 7.44 1.39 52.97 4.49 0.25 0.68 14.13 14.59 0.09 1.73 0.47 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

L3-6 clear 0.29 3.97 3.26 50.50 2.36 0.40 0.00 12.11 24.64 0.39 1.00 0.57 b.d. b.d. b.d. b.d. 1.65 b.d. b.d. 

Q 1-3 clear 1.29 6.13 1.12 50.89 6.73 0.39 0.55 18.96 12.33 0.17 1.33 0.38 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

R 4-

13 

clear 1.29 6.13 1.12 50.89 6.73 0.39 0.55 18.96 12.33 0.17 1.33 0.38 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
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T 7 - 

13 

clear 1.86 6.97 1.16 49.40 5.79 0.00 0.47 17.11 15.02 0.23 1.78 0.48 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

U 10-

3 

clear 1.11 5.77 1.17 49.53 6.55 0.27 0.53 20.33 13.08 0.07 1.38 0.47 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

V 4-

13 

clear 0.32 4.72 2.55 49.75 2.32 0.31 0.26 17.82 20.13 0.15 1.58 0.23 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

Y 11-

6 

brown 1.59 6.42 1.57 52.33 4.70 b.d. 0.62 16.74 13.87 0.22 1.42 0.82 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

I 2-1 brown 0.59 3.63 2.14 50.36 2.73 b.d. 0.00 18.50 19.51 0.66 0.91 1.44 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

J 2-3 brown 2.40 8.47 1.33 51.47 5.99 0.19 0.33 15.78 12.62 0.02 1.42 0.23 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

X 16-

3 

brown 0.28 3.20 3.39 50.74 2.22 0.20 0.25 17.02 21.48 0.30 0.75 0.28 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

K 2-8 
 

2.66 8.37 1.01 50.87 5.98 0.24 0.84 15.50 12.80 0.25 1.14 0.75 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

O 20 -

3 

turquoise 0.30 3.26 3.98 51.19 1.72 0.00 0.00 16.01 21.29 0.21 0.90 0.50 0.13 0.02 0.06 0.04 0.79 b.d. 0.16 

B 16-

12 

blue 0.90 4.51 1.31 54.24 3.56 0.15 0.79 15.88 16.20 0.26 0.87 0.71 0.09 0.04 0.30 0.69 b.d. b.d. b.d. 

Z 16-

15 

blue 0.76 4.74 1.32 54.59 3.53 0.28 0.81 15.22 15.88 0.22 0.66 1.01 0.06 0.06 0.27 0.97 b.d. b.d. b.d. 

M 2-

10 

blue 3.04 4.71 1.95 51.27 5.48 0.24 0.59 7.25 23.71 0.32 0.90 0.82 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

O 2-

11 

blue 2.82 4.51 1.90 51.26 5.36 0.31 0.61 7.35 23.90 0.26 0.88 0.87 b.d. b.d. b.d. b.d. 0.74 b.d. b.d. 

S 14-

13 

pink 1.27 5.45 1.34 51.16 4.81 0.17 0.87 18.29 15.15 0.20 1.03 0.66 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

Q 13-

10 

pink 1.28 5.79 1.50 51.47 5.17 b.d. 0.77 17.70 14.95 0.13 0.93 0.67 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

I 12-7 pink 1.26 5.39 1.35 50.66 4.92 0.11 0.88 18.22 15.57 0.20 1.10 0.79 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

R 15 - 

5 

amber 1.99 7.29 1.09 50.41 6.04 0.00 0.64 16.58 14.27 0.28 1.31 0.42 0.11 0.97 0.74 1.05 0.86 b.d. b.d. 

V 15-

11 

amber 2.07 7.24 1.00 50.68 6.06 b.d. 0.20 16.93 14.19 0.34 1.13 0.32 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

J 17-7 amber 0.31 3.44 3.30 49.36 2.27 0.28 0.03 17.37 21.93 0.25 0.67 0.23 0.93 b.d. b.d. b.d. b.d. b.d. b.d. 

K 12 -

11 

amber 2.02 7.05 0.95 50.74 6.01 0.19 0.61 16.23 14.10 0.20 1.26 0.49 0.06 0.07 0.05 0.15 b.d. b.d. 0.05 

W 15-

2 

amber 2.08 7.40 1.13 50.45 6.28 0.43 0.56 16.00 13.97 0.30 1.20 0.47 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

D 16-

11 

red 1.00 5.17 1.47 52.52 4.75 0.29 0.79 18.37 13.45 0.22 0.92 0.78 0.00 0.00 0.38 0.00 0.28 b.d. b.d. 

P 2 -

16 

red 0.24 4.77 2.88 49.46 2.48 0.44 0.27 18.07 19.68 0.10 1.48 0.26 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

Y 16-

9 

red 2.19 7.89 1.20 49.59 5.43 0.50 0.49 15.48 14.80 0.18 1.51 0.53 0.14 0.02 0.39 0.02 b.d. b.d. b.d. 
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U 16-

6 

red 2.21 7.57 1.54 52.38 4.79 b.d. 0.58 14.19 14.68 0.15 1.68 0.51 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

N  red 0.39 5.01 2.63 49.78 2.51 0.28 0.17 17.67 19.84 0.28 1.22 0.29 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

? 4 -1 

3 

 
0.27 4.63 2.40 50.22 2.31 0.26 0.11 17.74 20.47 0.04 1.23 0.47 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

 

 

Iona 

  
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 

H 2.00 6.20 1.04 50.63 6.24 0.22 0.62 14.02 17.51 0.21 0.88 0.72 

I 2.63 3.55 0.91 62.03 3.59 0.39 1.34 3.72 21.01 0.22 1.05 0.18 

J 2.12 5.98 1.25 51.28 5.97 0.40 0.63 14.07 17.14 0.13 0.70 0.64 

K 2.21 3.24 1.99 61.05 3.26 0.62 1.12 4.64 20.49 0.43 0.76 0.73 

L 2.51 3.37 2.50 58.44 3.59 0.57 1.17 4.31 21.78 0.43 1.15 0.72 

 

 

Linlithgow Abbey 

  
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO 

B 1.58 4.94 1.89 58.06 4.02 0.57 0.60 7.38 19.46 0.35 0.88 0.57 b.d. b.d. b.d. b.d. 

C 1.30 3.29 3.67 53.37 4.08 0.09 0.49 6.58 24.35 0.39 2.14 0.48 b.d. b.d. b.d. b.d. 

D 3.76 4.22 2.05 55.44 4.58 0.88 1.24 2.37 23.68 0.40 1.22 0.77 b.d. b.d. b.d. b.d. 

E 3.90 4.17 2.26 55.71 4.12 0.76 1.36 2.41 23.95 0.24 0.97 0.80 b.d. b.d. b.d. b.d. 

F 3.77 4.33 2.40 55.75 4.25 0.85 1.36 2.41 23.42 0.26 1.09 0.76 b.d. b.d. b.d. b.d. 

G 3.16 4.12 2.08 56.96 4.32 0.89 1.28 1.95 23.76 0.37 1.02 0.69 b.d. b.d. b.d. b.d. 

H 3.82 3.93 2.04 55.93 4.15 0.91 1.37 2.57 23.92 0.41 1.08 0.50 b.d. b.d. b.d. b.d. 

I 1.03 3.31 2.94 56.92 3.72 0.20 0.41 6.68 21.74 0.27 2.01 0.65 0.28 0.08 0.02 0.07 

J 2.63 3.60 1.64 56.41 3.88 0.30 1.12 5.20 24.26 0.21 0.95 0.33 b.d. b.d. b.d. b.d. 

K 2.94 7.23 1.51 57.85 4.31 0.31 0.67 8.12 14.36 0.27 1.42 1.34 b.d. b.d. b.d. b.d. 
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L 3.69 4.20 2.12 55.81 4.45 0.97 1.46 2.51 23.47 0.43 0.95 0.63 b.d. b.d. b.d. b.d. 

M 3.27 7.65 1.50 58.61 3.84 0.07 0.83 7.86 13.90 0.24 1.28 1.34 b.d. b.d. b.d. b.d. 

 

 

Elcho Nunnery 

   
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO ZnO 

A 709.1-2 3.11 4.56 4.10 46.20 4.87 0.10 0.31 8.17 25.57 0.50 0.99 0.99 b.d. b.d. b.d. b.d. 

B 709.1-2 3.16 4.54 3.79 47.34 5.01 0.07 0.37 8.52 25.36 0.29 0.91 0.69 b.d. b.d. b.d. b.d. 

O 712.3 2.42 4.71 4.22 46.90 4.75 0.08 0.25 9.03 24.59 0.65 0.69 1.21 0.22 0.21 0.04 0.12 

R 713.5 3.35 4.67 3.30 48.89 5.96 0.41 0.53 7.73 23.08 0.48 1.12 0.48 b.d. b.d. b.d. b.d. 

K 711.11 2.48 2.69 1.46 60.58 3.11 0.32 0.43 4.25 23.06 0.42 0.57 0.40 b.d. b.d. b.d. b.d. 

L 711.14 1.81 2.88 1.79 61.12 3.14 0.24 0.49 4.28 22.69 0.22 1.15 0.19 b.d. b.d. b.d. b.d. 

J 711.1 3.24 3.08 2.87 56.15 4.12 0.13 0.78 4.44 23.98 -0.02 0.63 0.60 b.d. b.d. b.d. b.d. 

M 712.9 2.31 2.87 1.47 60.56 2.62 0.17 0.64 4.28 23.30 0.52 0.61 0.65 b.d. b.d. b.d. b.d. 

P 712.11 2.54 3.48 2.17 59.52 3.13 0.09 0.28 5.42 21.09 0.57 1.35 0.35 b.d. b.d. b.d. b.d. 

Q 713.5 1.69 2.90 1.29 59.38 3.76 0.24 0.27 5.08 23.04 0.18 0.66 0.67 0.27 0.19 0.40 0.54 

U 714.3 3.14 2.92 1.58 61.02 3.10 0.65 0.63 3.07 22.41 0.09 0.84 0.55 b.d. b.d. b.d. b.d. 

C 709.3 1.05 3.20 1.67 60.73 2.31 0.33 0.24 8.67 20.65 0.17 0.73 0.51 b.d. b.d. b.d. b.d. 

W 714.9 1.15 3.15 1.77 59.28 2.83 0.12 0.43 8.62 21.03 0.13 0.75 0.40 0.14 0.06 0.29 0.34 

D 709.4-6 2.48 5.46 2.34 59.35 3.42 0.27 0.44 8.28 16.15 0.17 0.91 0.74 b.d. b.d. b.d. b.d. 

E 709 4-6 1.79 5.58 2.09 59.82 2.89 0.22 0.46 8.54 16.89 0.35 0.96 0.46 b.d. b.d. b.d. b.d. 

G 709.6 2.84 5.78 2.14 59.32 2.64 0.44 0.37 8.44 15.95 0.55 0.94 0.58 b.d. b.d. b.d. b.d. 

F 709 4-6 1.29 4.40 2.54 54.86 4.11 0.31 0.89 9.25 20.87 0.29 0.82 0.80 b.d. b.d. b.d. b.d. 

H 709.6 1.80 4.79 2.66 55.36 3.94 0.61 0.47 8.57 19.98 0.35 0.75 0.72 b.d. b.d. b.d. b.d. 

N 712.3 1.22 3.65 3.34 52.84 5.46 0.30 0.29 7.89 22.77 0.29 1.36 0.59 b.d. b.d. b.d. b.d. 

S 713.12 2.02 3.69 3.98 51.57 4.07 0.12 0.48 6.08 24.09 0.28 2.61 1.01 b.d. b.d. b.d. b.d. 
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T 713.9 1.96 3.34 3.89 51.21 4.53 0.04 0.41 7.17 24.90 0.33 1.68 0.54 b.d. b.d. b.d. b.d. 

V 714.6 1.94 3.56 3.54 52.07 4.23 0.07 0.43 6.98 24.91 0.22 1.57 0.58 b.d. b.d. b.d. b.d. 

X 714.9 3.33 3.89 3.79 51.41 5.21 0.00 0.69 5.38 23.69 0.34 1.62 0.77 b.d. b.d. b.d. b.d. 

Y 716 1.66 3.16 3.11 56.99 3.61 0.08 0.37 6.64 22.47 0.04 1.47 0.44 b.d. b.d. b.d. b.d. 

Z 716 2.10 3.56 3.58 53.62 4.07 0.24 0.53 6.65 23.00 0.31 1.47 0.87 b.d. b.d. b.d. b.d. 

I 710.1 3.39 3.11 2.38 63.23 2.74 0.62 0.48 3.58 18.55 0.40 0.28 1.26 b.d. b.d. b.d. b.d. 
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Perth Canal Street 

   
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 

W 1987-195.1 

- 728 

0.63 3.21 1.90 56.96 2.86 0.25 0.11 7.95 23.72 0.24 1.45 0.73 

X 2105 3.01 2.59 2.42 60.75 2.04 0.59 0.39 3.14 22.77 0.34 0.26 1.69 

Y 1987,195-

1.266 

2.98 4.48 1.89 58.66 3.22 0.49 0.60 5.07 20.09 0.33 1.44 0.74 

Z 1987,195-

1.267 

2.89 4.51 1.92 58.53 3.10 0.45 0.53 5.00 20.32 0.40 1.58 0.79 

 

 

Perth Whitefriars 

 
 Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 
 

2.44 2.56 1.82 62.07 1.81 0.35 0.74 3.17 23.67 0.35 0.20 1.19 

2 0.52 3.38 2.23 59.52 1.90 0.34 0.01 8.08 21.97 0.25 1.29 0.59 

3 2.44 3.91 3.92 48.50 4.09 0.13 0.66 5.37 29.42 0.29 1.21 0.52 

4 0.20 3.70 3.66 52.41 2.47 0.18 0.35 16.12 19.41 0.23 1.07 0.38 

80 0.28 3.73 3.47 50.33 2.02 0.19 0.08 13.86 24.02 0.33 1.22 0.54 

30 0.19 3.82 3.37 49.80 2.11 0.20 0.10 13.34 24.72 0.17 1.20 0.56 

30 0.23 3.66 3.42 49.04 2.19 0.20 0.15 13.98 25.23 0.30 1.18 0.51 

24 0.28 3.49 3.21 49.81 2.41 0.36 0.36 16.79 21.66 0.17 1.09 0.54 

30 0.27 3.96 3.57 50.49 2.10 0.28 0.04 13.13 24.18 0.16 1.08 0.44 

21 0.20 3.66 3.52 51.20 2.16 0.33 0.07 12.97 23.92 0.45 1.10 0.45 

31 1.13 3.29 1.65 58.66 2.96 0.12 0.50 8.93 21.09 0.34 1.07 0.53 

 

  



 

 358 

Perth Meal Vennel 

 
Sample Find No Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 

a 3139 2.81 7.30 2.07 48.77 5.57 0.22 0.67 16.44 14.66 0.20 0.80 0.88 

b 3129 0.15 2.84 0.59 64.25 1.32 0.35 0.04 12.80 15.91 0.02 1.59 0.24 

c 3128 3.32 5.51 2.38 61.96 1.96 0.28 0.67 2.39 20.35 0.07 0.28 1.14 

d 3146 4.18 2.98 2.17 65.89 0.71 0.59 0.79 2.42 19.57 0.13 0.09 0.97 

e 3153 1.51 5.66 2.16 57.24 4.20 0.45 1.04 12.85 13.64 0.24 0.64 0.86 

f 3141 5.79 4.40 1.74 68.11 1.94 0.29 0.95 5.08 11.25 0.55 0.13 0.73 

g 3145 2.27 3.67 3.63 51.81 4.50 0.01 0.69 6.53 24.62 0.32 1.72 0.57 

h 3142 2.34 3.75 1.40 56.16 3.97 0.07 0.86 5.75 24.08 0.26 1.21 0.54 

i 3143 3.88 4.61 1.70 56.94 3.52 0.41 1.60 3.04 23.49 0.46 0.66 0.53 

J 3127 14.14 0.10 1.03 73.06 0.00 0.22 0.35 0.80 9.19 0.06 0.74 0.88 

 

 

Perth Blackfriars 

 
 Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 BaO 

A 0.58 3.85 4.08 51.67 4.04 0.50 0.00 9.38 23.78 0.26 0.71 1.15 b.d. 

B 0.44 3.34 3.35 50.91 4.00 0.04 0.01 9.94 24.79 0.43 1.09 1.26 1.23 

C 1.54 3.52 3.45 54.96 4.00 0.16 0.36 7.13 22.53 0.22 1.77 0.37 b.d. 

D 0.42 3.82 3.85 52.10 2.55 0.21 0.11 10.96 23.21 0.04 1.00 0.55 1.19 

E 1.29 3.63 1.53 57.78 2.97 0.54 0.20 7.18 22.74 0.37 1.23 0.54 b.d. 

F 2.72 3.82 1.17 59.96 3.12 0.13 0.56 3.97 23.15 0.16 0.76 0.50 b.d. 

G 0.31 3.13 3.09 47.64 3.63 0.07 0.03 9.24 30.76 0.30 1.11 0.70 b.d. 

H 0.56 3.07 3.18 47.15 3.64 0.10 0.03 8.93 30.90 0.54 1.21 0.74 b.d. 

I 0.44 4.41 3.29 49.26 3.47 0.13 0.06 10.63 26.40 0.37 1.14 0.39 b.d. 

K 2.47 6.40 3.29 50.01 6.26 0.21 0.23 14.85 13.80 0.22 0.91 1.35 b.d. 
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L 0.34 3.44 3.05 48.61 3.78 0.16 0.06 8.96 29.12 0.30 1.55 0.62 b.d. 

M 1.29 3.23 3.48 54.44 3.69 0.14 0.30 7.45 23.35 0.35 1.90 0.37 b.d. 

N 2.56 6.20 3.28 48.25 6.11 0.34 0.37 16.34 13.83 0.23 1.08 1.41 b.d. 

O 0.30 3.69 3.56 48.97 4.27 0.04 0.00 10.00 26.90 0.42 0.91 0.95 b.d. 

P 0.36 3.97 3.53 50.31 4.17 0.27 0.01 9.68 25.22 0.36 0.85 0.91 1.16 

Q 1.70 3.06 1.30 60.33 3.04 0.52 0.50 5.14 22.48 0.39 1.06 0.46 b.d. 

R 0.35 4.19 4.14 52.61 2.61 0.15 0.09 10.57 22.96 0.29 1.03 0.58 1.41 

S 0.27 3.88 3.56 51.10 2.63 0.29 0.10 11.07 24.36 0.14 1.22 0.57 1.35 

J 0.13 0.34 5.59 79.16 4.80 0.21 0.05 0.73 5.29 0.56 0.59 2.56 b.d. 
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Glenluce Abbey 

   
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 

A H.HX 593 1.82 5.47 2.02 56.62 4.41 0.20 0.76 12.36 14.74 0.28 0.84 0.83 

B H.HX 593 3.03 6.98 1.11 54.62 5.57 0.16 1.01 11.88 14.69 0.19 0.76 0.47 

C H.HX 593 2.30 3.93 4.27 53.86 4.31 0.16 0.84 7.19 20.59 0.13 2.30 0.51 

D H.HX 593 1.92 5.24 1.89 56.51 4.26 0.09 0.82 12.88 15.07 0.23 0.76 0.73 

E H-HX 

593-594 

2.33 6.45 1.24 59.54 3.12 0.21 0.91 11.79 13.12 0.32 0.93 0.47 

F H-HX 

593-594 

2.79 3.18 4.19 60.26 1.07 0.68 0.56 2.93 23.07 0.14 0.12 1.28 

G H-HX 

593-594 

2.89 3.37 4.18 60.76 1.06 0.68 0.56 2.73 22.52 0.22 0.11 1.21 

H H-HX 

593-594 

0.69 3.41 3.34 57.72 3.20 0.21 0.00 7.74 21.20 0.42 1.01 1.10 

I H-HX 

593-594 

0.72 3.59 3.31 58.33 3.15 0.25 0.13 7.62 20.59 0.36 0.94 1.08 

J H-HX 

593-594 

3.08 3.38 4.20 61.20 1.18 0.54 0.62 2.65 21.92 0.15 0.11 1.25 

K H.HX 

588-92 

3.05 7.78 1.23 48.12 5.48 0.27 0.60 18.44 13.20 0.04 1.78 0.31 

L H.HX 

588-92 

2.25 5.23 2.48 55.07 5.05 0.12 0.87 13.39 14.27 0.22 0.69 0.78 

M H.HX 

588-92 

2.08 5.05 2.38 55.26 5.00 0.16 0.86 13.54 14.20 0.22 0.87 0.79 

N H.HX 

588-92 

2.22 5.15 2.43 54.74 4.81 0.08 0.81 13.86 14.54 0.17 0.90 0.68 

O H.HX 

588-92 

2.18 5.16 2.36 55.22 4.83 0.19 0.89 13.55 14.20 0.18 0.86 0.81 

P H.HX 

588-92 

2.32 5.38 2.42 55.07 4.87 0.17 0.94 13.42 14.11 0.25 0.74 0.75 

Q H.HX 

588-92 

2.15 5.11 2.43 54.80 4.75 0.35 0.94 13.63 14.49 0.20 0.90 0.71 

R H.HX 

588-92 

4.33 9.73 2.24 49.63 5.50 0.20 0.91 12.55 13.40 0.18 1.04 0.72 
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B H.HX 

588-592 
3.50 7.12 1.28 60.65 3.95 0.24 1.15 7.86 13.60 0.18 0.81 0.25 

D H.HX 

588-592 
2.05 5.29 2.04 54.23 4.89 0.37 1.40 13.46 14.79 0.19 1.06 0.91 

E H.HX 

588-592 
2.28 5.38 2.21 55.44 4.78 0.25 0.90 13.41 14.24 0.15 0.82 0.55 

F H.HX 

588-592 
0.62 3.16 2.49 61.79 2.59 0.59 

 
6.13 20.32 0.05 1.36 0.89 

G H.HX 

588-592 
2.83 4.37 1.24 60.08 3.31 0.39 0.94 3.87 21.90 0.32 0.84 0.36 

H H.HX 

588-592 
2.73 4.29 3.75 56.52 3.27 0.70 1.07 4.07 21.85 0.60 0.92 0.92 

J H.HX 

588-592 
6.31 4.89 1.16 69.44 1.56 0.12 1.46 4.10 11.00 0.11 0.05 0.59 

K H.HX 

588-592 
6.33 4.92 1.27 69.43 1.46 0.14 1.25 3.96 10.91 0.22 0.30 0.57 

L H.HX 

588-592 
6.52 4.80 1.37 70.29 1.30 0.33 0.88 3.70 10.21 0.25 0.16 0.38 

M H.HX 

588-592 
6.32 4.90 1.25 69.93 1.81 0.11 1.25 3.85 10.44 0.17 0.07 0.54 

I H.HX 

593-4 

0.47 0.01 0.35 54.34 0.11 
  

6.91 0.09 0.11 0.46 0.19 

A H.HX 

588/92 

16.26 1.61 0.67 71.85 0.42 0.08 2.87 2.81 3.96 0.15 0.34 0.41 

C H.HX 

588/92 

0.34 0.03 0.14 55.54 0.00 0.00 11.13 0.12 0.07 0.09 0.30 0.17 
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Coldingham Abbey 

  
Na2

O 

Mg

O 

Al2O

3 

SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 Mn

O 

Fe2O3 Co

O 

NiO CuO ZnO SnO2 BaO PbO 

H 4.37 4.18 2.64 65.55 1.09 0.51 0.56 2.84 17.19 0.13 0.08 1.12 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

I - white of 

red 

10.63 0.25 0.57 73.22 0.00 0.66 0.22 0.12 14.22 0.03 0.00 0.22 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

I - red of 

white 

11.50 0.16 0.56 73.54 0.00 0.15 0.27 0.18 9.07 0.03 0.00 1.35 0.00 0.00 0.90 0.04 2.60 n.d. n.d. 

L - blue 2.05 3.83 4.16 51.07 4.23 0.13 0.72 6.79 23.60 0.15 1.43 0.78 0.04 0.06 0.07 0.01 1.06 0.33 0.16 

N 1.30 3.81 3.52 55.01 4.08 0.19 0.41 6.83 22.28 0.17 2.14 0.45 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

O 1.73 4.06 3.29 52.28 4.74 0.02 0.91 6.71 23.44 0.20 2.66 0.40 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

P 1.11 3.55 3.47 53.39 4.19 0.14 0.60 7.21 24.20 0.12 1.80 0.51 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Q 1.57 3.68 3.66 53.70 4.40 0.13 0.55 7.74 22.17 0.16 2.13 0.37 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

U 1.39 3.57 3.61 53.03 4.43 0.16 0.61 7.86 22.73 0.30 2.18 0.41 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

W 1.72 4.16 3.39 52.40 4.55 0.11 0.70 7.04 22.94 0.28 2.61 0.42 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Z 1.58 3.70 3.61 53.27 4.67 0.19 0.62 7.31 22.45 0.26 2.10 0.53 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

J 0.36 3.78 3.44 48.28 3.78 0.16 0.00 10.72 27.25 0.39 0.97 0.90 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

K - blue 0.38 3.98 3.15 48.57 3.12 0.30 0.11 13.07 25.07 0.36 0.94 0.84 0.07 0.00 0.05 0.16 n.d. n.d. n.d. 

R 0.25 3.92 3.49 48.69 2.44 0.34 0.09 14.37 24.40 0.36 1.18 0.51 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

S 0.56 4.27 3.05 50.36 3.83 0.17 0.25 11.55 23.90 0.40 1.10 0.69 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

T 0.33 3.87 4.00 54.03 2.49 0.08 0.03 10.33 22.12 0.07 0.94 0.59 1.13 n.d. n.d. n.d. n.d. n.d. n.d. 

X 0.27 3.56 3.62 49.81 2.08 0.37 0.03 15.05 22.98 0.24 0.94 0.46 0.91 n.d. n.d. n.d. n.d. n.d. n.d. 
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Dunfermline Abbey 

  
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 

A 0.28 4.33 3.78 48.96 2.10 0.28 0.06 13.62 24.66 0.32 1.20 0.47 

B 0.35 4.35 4.11 48.54 2.20 0.11 0.00 13.81 24.50 0.25 1.00 0.47 

C 0.28 4.39 3.28 46.73 2.25 0.45 0.05 11.87 28.45 0.32 1.49 0.48 

 

 

Inchmahome 

  
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 

MED 135 0.47 3.92 1.94 55.14 4.55 0.13 0.77 15.05 16.44 0.48 0.68 0.80 

W 0.29 3.80 3.36 47.80 2.12 0.21 0.09 9.67 30.03 0.17 1.04 0.48 

X 2.86 4.00 1.73 58.44 4.21 0.58 1.28 3.44 22.00 0.29 1.13 0.64 

Y 0.29 3.94 3.30 48.21 2.60 0.23 0.00 10.23 29.50 0.45 0.97 0.35 

Z 4.94 8.31 2.65 49.11 5.10 0.23 1.17 11.95 14.83 0.36 0.69 1.21 

A 2.84 7.34 2.05 47.73 6.48 0.52 0.71 15.03 15.53 0.30 0.84 0.98 

B 2.89 4.18 3.47 60.62 1.19 0.49 0.47 2.26 22.16 0.43 0.13 1.94 

 

Lindores 

  
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO TiO2 MnO Fe2O3 CoO CuO 

D 0.55 2.78 0.96 63.01 1.67 0.47 0.07 10.44 18.99 0.24 0.77 0.16 b.d. b.d. 

E 0.44 4.12 2.81 49.45 3.09 0.01 0.15 14.26 23.01 0.34 1.25 0.97 0.06 0.10 

F 0.34 4.26 2.91 50.41 3.15 0.18 0.10 13.85 22.35 0.46 1.25 0.80 b.d. b.d. 

G 1.41 6.61 1.11 51.69 5.00 0.21 0.74 18.01 13.27 0.23 1.67 0.41 b.d. b.d. 
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Appendix 2 

 

The results of the LA-ICP-MS analysis for each sample (ppm) 

 
Element STA2-11 STA16-12 STA13-10 STA8-7 STA13-7 STA17 - 5 STA12 -11 

7Li 24.14 7.27 7.34 18.21 18.29 10.60 20.85 

11B 206.86 245.82 219.52 275.34 329.06 178.42 287.11 

23Na 19127.98 5049.24 7304.27 13224.93 8754.36 2083.40 14325.99 

24Mg 27941.26 27996.76 31651.33 44735.76 42418.24 23773.70 45272.42 

27Al 8957.64 6667.15 7170.98 6072.23 7147.04 19101.28 6155.78 

29Si 200709.34 211438.40 185907.58 176579.44 244522.81 195083.26 195828.28 

31P 18516.30 12379.14 16413.67 17732.02 26004.02 6689.46 21198.59 

39K 60918.09 128336.98 140936.91 116767.87 181049.52 119433.53 131135.18 

43Ca 170787.09 115779.78 106822.33 99461.02 109276.10 167380.39 100771.29 

45Sc 2.56 2.45 2.14 1.89 2.39 2.26 2.01 

49Ti 1053.16 1231.00 605.69 584.73 834.27 770.24 598.53 

51V 9.45 9.90 7.01 6.15 7.14 8.44 6.28 

52Cr 10.41 13.13 7.35 7.57 10.10 7.97 8.42 

55Mn 6770.14 5369.00 7242.59 12265.16 13168.83 8726.03 9925.36 

57Fe 3393.22 3129.29 2667.55 2088.48 1860.08 1772.87 1702.49 

59Co 632.97 634.76 6.51 5.63 3.85 25.91 4.88 

60Ni 29.48 21.60 18.37 28.18 18.04 26.34 16.86 

63Cu 373.28 1182.98 62.65 8779.71 167.46 299.80 180.48 

66Zn 620.54 6601.62 608.79 1399.29 707.11 279.28 643.94 

69Ga 115.14 27.20 28.34 37.83 35.98 187.01 38.48 

72Ge 1.45 1.60 0.49 0.44 0.53 0.75 0.42 

75As 10.96 15.74 1.40 9.88 0.95 1.81 0.86 

85Rb 67.63 120.17 194.28 259.20 361.53 278.97 324.66 

88Sr 875.03 312.15 469.52 442.94 467.84 1339.23 477.89 

89Y 5.92 8.00 3.41 3.37 4.50 6.40 3.62 

90Zr 109.57 133.55 62.66 92.62 137.38 92.26 103.34 

93Nb 4.21 4.05 1.59 1.58 2.26 3.19 1.63 

95Mo 2.96 0.87 0.80 1.39 1.48 1.08 1.17 

107Ag 0.13 0.58 0.07 8.49 0.23 0.11 0.16 

111Cd 0.10 0.39 0.31 0.34 0.29 0.05 0.25 

118Sn 31.17 45.99 1.39 593.15 14.42 4.13 15.07 

121Sb 10.67 66.86 0.53 36.46 0.49 2.23 0.57 

133Cs 0.34 0.71 0.58 0.84 1.09 2.01 1.04 

137Ba 3765.70 1120.45 1231.84 1698.13 1599.21 6336.76 1770.66 

139La 9.53 39.13 11.42 15.21 17.51 8.08 15.14 

140Ce 16.92 57.67 19.26 23.64 26.57 15.04 22.54 

141Pr 1.85 4.98 2.02 2.40 2.71 1.77 2.37 

146Nd 6.88 16.46 7.41 8.45 9.57 7.01 8.63 

147Sm 1.27 2.21 1.12 1.12 1.31 1.32 1.18 

153Eu 0.27 0.35 0.22 0.21 0.23 0.41 0.22 

157Gd 1.06 1.63 0.80 0.78 0.93 1.09 0.83 

159Tb 0.16 0.23 0.11 0.10 0.13 0.17 0.10 

163Dy 1.02 1.40 0.63 0.59 0.77 1.09 0.63 

165Ho 0.21 0.27 0.12 0.12 0.16 0.22 0.12 

166Er 0.62 0.80 0.36 0.34 0.47 0.64 0.37 

169Tm 0.09 0.11 0.05 0.05 0.07 0.09 0.05 

172Yb 0.66 0.81 0.35 0.36 0.50 0.64 0.38 

175Lu 0.10 0.12 0.05 0.06 0.08 0.09 0.06 

177Hf 2.74 3.38 1.61 2.25 3.23 2.29 2.43 

181Ta 0.26 0.32 0.11 0.10 0.15 0.22 0.11 

182W 0.52 0.31 0.04 0.08 0.07 0.36 0.09 

208Pb 180.45 3790.94 26.75 595.84 44.10 138.77 129.13 

209Bi 0.03 0.13 0.01 0.79 0.01 0.02 0.01 

232Th 2.51 3.05 1.34 1.33 1.82 2.41 1.42 

238U 0.75 0.80 0.36 0.39 0.54 0.63 0.40 
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Element STA16-11 STA16-11 STA16-6 Elcho B Elcho G Elcho L Elcho O 

7Li 8.84 9.78 25.19 19.05 19.19 17.56 20.76 

11B 209.84 214.88 282.81 220.43 154.36 199.51 197.05 

23Na 6911.38 7883.41 15590.24 20363.08 6654.25 17130.83 14903.71 

24Mg 28446.24 33093.13 44599.81 30550.17 23939.28 23180.47 29495.03 

27Al 13257.84 7987.83 7524.71 19280.91 10455.45 8309.98 20438.85 

29Si 286291.44 207413.63 201539.47 191665.92 172796.37 266528.42 185855.75 

31P 21881.86 17538.20 15443.92 18338.34 11159.20 12191.04 17131.37 

39K 125460.14 148863.66 118673.83 69059.93 56001.61 39287.12 73123.00 

43Ca 96149.63 96149.63 104940.31 181221.56 114016.88 162163.16 175718.45 

45Sc 3.57 2.30 2.20 3.30 2.49 2.35 3.31 

49Ti 1349.21 829.75 746.50 1395.76 1266.70 750.46 1459.03 

51V 7.99 8.75 8.15 16.35 12.20 7.48 16.89 

52Cr 18.35 9.98 9.41 16.29 14.92 9.82 15.79 

55Mn 6293.41 7460.74 13748.72 7838.27 5848.19 8443.61 6999.25 

57Fe 4964.87 3098.76 2309.43 3584.83 2410.88 1830.33 5221.37 

59Co 10.69 5.84 9.36 22.45 24.87 3.56 1003.32 

60Ni 16.90 20.72 21.88 29.49 31.62 20.04 44.46 

63Cu 3800.62 1681.18 1076.82 240.32 45.44 32.10 918.03 

66Zn 1972.54 866.43 668.35 376.39 152.11 266.17 628.03 

69Ga 35.82 29.24 37.88 127.95 29.07 117.52 135.25 

72Ge 0.64 0.59 0.46 0.76 0.60 0.71 2.46 

75As 1.58 2.43 1.49 2.20 26.44 1.42 6.68 

85Rb 183.21 214.47 232.27 78.01 101.37 42.87 91.53 

88Sr 533.79 433.46 469.31 798.10 362.77 767.48 768.98 

89Y 7.76 4.66 4.13 10.61 7.41 4.68 10.71 

90Zr 187.80 110.43 121.30 217.89 137.60 94.54 219.41 

93Nb 3.64 2.22 2.01 4.75 3.72 3.28 4.75 

95Mo 0.72 0.83 1.56 1.65 2.06 1.12 1.60 

107Ag 0.31 1.30 0.69 0.20 0.39 0.05 0.23 

111Cd 0.34 0.21 0.13 0.08 0.21 0.16 0.11 

118Sn 290.92 103.33 101.55 3.82 80.24 1.58 48.74 

121Sb 4.52 5.58 3.86 1.94 0.68 0.18 17.54 

133Cs 0.68 0.64 0.79 0.70 0.79 0.36 0.86 

137Ba 1543.41 1327.63 1796.92 4420.36 1329.89 4317.56 4662.36 

139La 20.69 12.75 15.09 14.56 13.93 8.49 14.65 

140Ce 35.85 22.59 25.56 30.14 22.77 14.14 30.64 

141Pr 3.78 2.35 2.53 3.31 2.51 1.54 3.33 

146Nd 14.38 8.86 9.25 13.34 9.58 5.93 13.80 

147Sm 2.27 1.38 1.31 2.64 1.61 1.09 2.73 
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153Eu 0.43 0.27 0.25 0.50 0.31 0.25 0.51 

157Gd 1.71 1.02 0.92 2.16 1.33 0.91 2.21 

159Tb 0.23 0.14 0.12 0.31 0.19 0.13 0.31 

163Dy 1.40 0.86 0.74 1.93 1.24 0.83 1.97 

165Ho 0.27 0.16 0.14 0.37 0.24 0.16 0.37 

166Er 0.81 0.49 0.43 1.12 0.74 0.48 1.13 

169Tm 0.12 0.07 0.06 0.15 0.10 0.07 0.16 

172Yb 0.83 0.50 0.46 1.16 0.75 0.51 1.17 

175Lu 0.13 0.07 0.07 0.17 0.11 0.07 0.17 

177Hf 4.48 2.59 2.83 5.18 3.25 2.32 5.18 

181Ta 0.24 0.15 0.13 0.32 0.26 0.19 0.32 

182W 0.07 0.08 0.11 0.50 0.45 0.27 0.49 

208Pb 199.05 94.86 177.78 254.78 632.50 4.91 300.33 

209Bi 0.26 0.11 0.06 0.06 14.14 0.01 0.07 

232Th 2.90 1.71 1.69 4.68 2.42 1.96 4.92 

238U 0.66 0.50 0.49 1.41 0.74 0.58 1.45 
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Element Glenluce 593 Perth Canal St 82 Perth 2A Glenluce 588 Cold O Elgin Q Elgin W 

7Li 22.71 12.68 15.72 17.72 122.67 15.19 14.92 

11B 241.86 180.29 205.92 197.83 210.04 145.97 144.50 

23Na 20349.30 2243.12 13587.32 14932.16 11432.32 2179.70 1921.74 

24Mg 22694.03 25180.22 22141.27 33891.37 26492.52 26198.89 25190.89 

27Al 22361.95 17226.09 6919.69 12789.85 17055.04 16177.68 16975.66 

29Si 257579.25 202187.92 251931.26 217813.49 206583.03 194577.95 202260.67 

31P 4135.62 9766.16 12562.46 17893.36 16301.43 11814.11 9178.00 

39K 22000.82 132040.58 40315.70 104639.14 51783.04 85787.78 82131.02 

43Ca 164855.16 154778.03 160638.48 101986.27 167523.34 177154.47 168630.61 

45Sc 5.92 2.36 2.27 2.59 2.19 2.31 2.34 

49Ti 1204.45 873.02 852.35 806.65 781.92 853.03 861.43 

51V 34.58 9.82 7.36 12.39 7.96 10.04 9.43 

52Cr 21.05 9.69 7.91 10.68 8.10 10.07 9.33 

55Mn 1317.36 8510.30 8341.62 6634.03 21782.14 6912.22 7909.36 

57Fe 5410.18 2258.18 1875.14 2938.80 1954.85 3594.62 2189.70 

59Co 6.55 2.87 10.89 7.75 2.99 511.09 2.86 

60Ni 15.63 27.55 28.48 14.32 22.74 27.28 25.18 

63Cu 30.80 50.26 44.71 617.86 46.78 525.59 47.19 

66Zn 172.33 179.58 241.24 327.91 276.35 1925.25 82.97 

69Ga 15.34 163.28 84.74 49.97 78.62 206.00 196.91 

72Ge 1.44 0.67 0.68 0.61 0.70 1.97 0.58 

75As 20.76 1.89 1.95 3.77 5.89 10.14 1.74 

85Rb 31.03 259.33 70.35 249.89 113.77 170.56 154.03 

88Sr 1359.65 945.31 707.44 418.35 1270.09 1116.84 1096.22 

89Y 11.08 6.13 5.73 4.51 6.14 6.08 6.50 

90Zr 88.27 110.75 91.90 66.68 123.46 108.28 126.48 

93Nb 3.40 3.79 3.28 2.38 2.74 3.51 3.38 

95Mo 1.55 1.31 1.29 1.73 2.15 2.36 1.64 

107Ag 0.13 0.07 0.06 0.67 0.05 0.18 0.04 

111Cd 0.32 0.06 0.17 0.12 0.05 0.07 0.04 

118Sn 15.26 2.17 1.69 33.54 1.58 125.27 1.53 

121Sb 1.04 0.35 0.24 2.52 0.37 11.89 0.33 

133Cs 0.73 1.59 0.44 1.48 2.02 1.34 1.64 

137Ba 507.44 5738.20 3626.29 2495.29 3376.45 7901.89 7497.03 

139La 11.47 15.09 8.64 8.67 8.77 8.34 7.94 

140Ce 22.97 23.38 14.76 15.38 15.73 15.92 14.98 

141Pr 2.62 2.17 1.63 1.64 1.80 1.74 1.69 

146Nd 11.30 8.43 6.59 6.60 7.33 7.11 6.95 

147Sm 2.33 1.45 1.24 1.14 1.42 1.40 1.37 
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153Eu 0.56 0.40 0.27 0.26 0.40 0.40 0.41 

157Gd 2.19 1.19 1.12 0.90 1.19 1.19 1.18 

159Tb 0.30 0.17 0.16 0.12 0.17 0.17 0.17 

163Dy 1.98 1.09 1.07 0.81 1.11 1.09 1.12 

165Ho 0.36 0.20 0.20 0.15 0.20 0.20 0.21 

166Er 1.09 0.63 0.60 0.48 0.63 0.63 0.67 

169Tm 0.14 0.08 0.08 0.06 0.08 0.08 0.09 

172Yb 1.04 0.64 0.59 0.48 0.63 0.64 0.68 

175Lu 0.14 0.09 0.08 0.07 0.09 0.09 0.10 

177Hf 2.20 2.65 2.31 1.72 2.90 2.57 2.97 

181Ta 0.23 0.24 0.22 0.17 0.21 0.23 0.24 

182W 0.46 0.34 0.38 0.19 0.48 0.60 0.41 

208Pb 330.26 26.93 8.40 71.11 6.28 921.88 10.28 

209Bi 0.10 0.01 0.01 0.21 0.01 0.24 0.01 

232Th 3.40 2.53 2.31 1.83 2.40 2.56 2.58 

238U 2.22 0.72 0.76 0.51 0.85 0.72 0.77 
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Element Elgin AG Elgin AA Elgin AA Elgin F Aden S Aden C Cold J 

7Li 8.79 10.42 11.34 4.96 18.36 10.00 14.06 

11B 213.00 191.62 189.90 246.49 180.92 251.82 178.87 

23Na 13388.09 10806.72 11033.31 15520.32 14923.23 28419.32 2474.20 

24Mg 37859.41 32181.55 32339.85 43333.45 22038.21 20394.54 24392.91 

27Al 11220.51 9261.75 9354.96 4306.21 20271.73 10729.46 17486.38 

29Si 174145.63 204187.11 205475.16 218299.17 243401.08 247617.12 182884.17 

31P 19410.29 18302.94 18043.21 16724.97 8728.29 6270.48 13227.03 

39K 131947.64 109064.82 107611.94 92168.58 22058.90 25711.85 77804.50 

43Ca 110478.34 103344.17 103344.17 89999.90 152657.78 151704.86 194729.20 

45Sc 1.66 2.26 2.28 2.00 3.98 3.27 3.30 

49Ti 517.57 624.96 632.06 638.55 1528.14 827.81 1470.87 

51V 4.83 8.25 8.49 8.85 18.85 22.49 16.75 

52Cr 3.77 8.71 8.75 11.00 19.44 15.02 20.38 

55Mn 8256.87 6017.36 6094.07 8352.29 5995.08 945.16 8496.86 

57Fe 1434.19 2491.10 2571.19 2761.05 5406.97 3848.29 3943.47 

59Co 2.39 5.82 6.29 15.01 4.62 5.20 3.83 

60Ni 4.79 15.60 16.74 34.19 20.84 17.72 25.06 

63Cu 238.21 375.27 1968.21 16737.90 28.07 34.26 48.88 

66Zn 362.40 407.12 634.23 580.48 140.46 116.71 141.91 

69Ga 21.90 26.06 26.27 18.82 38.91 9.85 167.87 

72Ge 0.36 0.54 0.55 0.44 0.81 1.55 0.63 

75As 1.46 2.60 9.11 108.21 2.73 14.36 2.17 

85Rb 413.62 300.87 292.19 263.17 46.45 17.21 178.08 

88Sr 721.53 355.83 361.01 509.48 797.77 1289.34 1259.05 

89Y 3.09 3.77 3.81 3.61 8.60 6.54 9.47 

90Zr 71.05 57.37 59.24 71.26 195.97 85.80 166.17 

93Nb 1.57 1.81 1.83 2.13 4.69 2.61 5.62 

95Mo 0.89 0.97 0.99 0.87 1.41 2.06 3.36 

107Ag 0.17 0.38 1.74 38.50 0.08 0.08 0.06 

111Cd 0.06 0.18 0.18 0.34 0.16 0.17 0.04 

118Sn 17.11 44.99 150.64 1607.95 12.59 19.23 1.43 

121Sb 0.84 2.08 7.02 409.29 0.28 0.64 0.27 

133Cs 3.85 1.45 1.41 1.12 0.39 0.17 1.57 

137Ba 1076.08 1318.70 1332.77 983.95 1937.95 363.99 6440.80 

139La 8.85 8.11 8.25 20.13 10.81 8.10 11.52 

140Ce 12.83 13.72 13.88 31.54 21.06 14.01 22.60 
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141Pr 1.26 1.43 1.45 2.70 2.31 1.64 2.43 

146Nd 4.62 5.58 5.64 9.06 9.38 6.83 9.92 

147Sm 0.72 0.95 0.96 1.10 1.79 1.30 1.93 

153Eu 0.18 0.21 0.21 0.19 0.38 0.27 0.43 

157Gd 0.56 0.75 0.76 0.75 1.54 1.15 1.67 

159Tb 0.08 0.10 0.11 0.10 0.23 0.16 0.25 

163Dy 0.53 0.67 0.68 0.62 1.49 1.06 1.61 

165Ho 0.11 0.13 0.13 0.12 0.29 0.21 0.32 

166Er 0.35 0.40 0.40 0.36 0.92 0.64 0.97 

169Tm 0.05 0.05 0.06 0.05 0.13 0.09 0.14 

172Yb 0.39 0.40 0.40 0.37 0.98 0.64 1.00 

175Lu 0.06 0.06 0.06 0.05 0.15 0.10 0.15 

177Hf 1.71 1.49 1.50 1.75 4.32 2.11 3.85 

181Ta 0.11 0.13 0.13 0.13 0.31 0.17 0.37 

182W 0.06 0.08 0.09 0.08 0.34 0.22 0.76 

208Pb 121.79 243.53 297.73 10232.42 70.21 89.89 5.99 

209Bi 0.14 0.13 0.77 9.28 0.13 0.06 0.01 

232Th 1.12 1.38 1.40 1.03 3.02 1.90 3.73 

238U 0.35 0.40 0.41 0.33 0.94 1.82 1.02 
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Element Glenshellac

h 

Cromarty 

AB 

Aber2845 Aber2589 STA8_7 FNAR Aber2845 

7Li 6.37 6.74 9.87 66.92 18.16 33.06 9.03 

11B 405.86 430.77 259.41 173.84 262.15 211.29 250.54 

23Na 49501.52 45144.71 19376.58 9831.28 12192.55 20513.03 18488.60 

24Mg 32623.18 34787.54 46144.41 29760.75 44177.15 30178.39 44973.29 

27Al 5936.07 6500.54 6663.59 16491.52 5463.67 17264.89 6630.64 

29Si 278299.29 270675.16 206592.35 177049.93 163923.07 262545.83 198576.55 

31P 5459.27 5157.21 15244.40 16207.97 15451.15 12764.01 16511.31 

39K 26986.36 29762.84 95196.64 61429.12 100179.65 41441.19 93030.40 

43Ca 80474.09 68610.24 99681.26 210440.95 99461.02 177370.42 99681.26 

45Sc 2.71 2.41 1.93 2.83 1.60 4.18 2.27 

49Ti 631.27 560.13 679.80 1249.43 561.33 1637.14 650.56 

51V 15.45 16.13 7.56 14.39 6.04 19.40 7.09 

52Cr 11.20 10.47 9.64 16.35 7.31 19.78 9.26 

55Mn 274.11 287.54 7264.23 9153.23 12850.17 8794.04 7130.09 

57Fe 1603.50 2307.99 3435.86 4187.22 2185.49 4876.99 3327.36 

59Co 4.04 18.46 755.44 5.11 5.51 101.07 746.04 

60Ni 15.33 22.33 21.22 27.52 27.18 53.57 20.50 

63Cu 7.45 8.21 1424.42 54.46 9170.07 70.32 1363.29 

66Zn 19.55 24.56 5792.42 210.28 1400.03 240.23 5840.49 

69Ga 3.89 5.34 35.11 95.19 29.44 131.74 61.98 

72Ge 0.99 0.92 1.64 0.61 0.36 0.83 1.71 

75As 25.46 56.74 10.36 2.49 8.32 129.30 11.10 

85Rb 7.24 10.68 257.67 129.39 272.23 71.64 250.75 

88Sr 3407.03 3345.58 477.39 1362.72 424.83 780.74 449.06 

89Y 3.14 3.37 3.70 8.72 3.16 10.18 3.71 

90Zr 51.98 45.82 101.03 149.58 86.52 217.63 100.37 

93Nb 2.16 1.78 1.83 4.88 1.49 5.84 1.75 

95Mo 0.73 0.30 0.79 1.74 1.24 2.96 0.92 

107Ag 0.08 0.02 0.58 0.05 7.21 2.45 0.59 

111Cd 0.07 0.11 0.23 0.05 0.29 0.20 0.56 

118Sn 3.10 1.55 44.63 2.42 574.78 318.07 45.81 

121Sb 0.59 0.83 42.74 0.21 29.42 3.13 45.32 

133Cs 0.05 0.08 0.89 0.75 0.76 0.97 0.83 

137Ba 81.39 154.23 2000.53 4463.25 1668.32 3574.78 2111.91 

139La 3.27 3.88 15.84 11.77 13.46 16.20 16.21 

140Ce 6.38 7.55 20.90 21.95 21.17 28.83 20.74 

141Pr 0.68 0.80 2.23 2.33 2.04 3.04 2.22 

146Nd 2.70 3.20 8.02 9.16 7.23 12.15 8.36 

147Sm 0.52 0.61 1.08 1.79 0.98 2.20 1.13 
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153Eu 0.12 0.13 0.21 0.43 0.18 0.45 0.21 

157Gd 0.47 0.54 0.74 1.54 0.67 1.86 0.79 

159Tb 0.07 0.08 0.10 0.23 0.09 0.29 0.11 

163Dy 0.49 0.54 0.60 1.44 0.52 1.75 0.64 

165Ho 0.11 0.11 0.13 0.30 0.11 0.36 0.13 

166Er 0.32 0.33 0.36 0.85 0.30 1.05 0.37 

169Tm 0.05 0.05 0.05 0.12 0.05 0.15 0.06 

172Yb 0.34 0.36 0.39 0.87 0.32 1.09 0.40 

175Lu 0.05 0.06 0.06 0.13 0.05 0.17 0.06 

177Hf 1.31 1.16 2.31 3.29 2.00 4.75 2.35 

181Ta 0.13 0.11 0.12 0.32 0.10 0.40 0.12 

182W 0.19 0.06 0.08 0.43 0.07 0.75 0.07 

208Pb 30.98 57.03 3290.16 6.36 634.60 4339.62 3383.96 

209Bi 0.25 3.15 0.32 0.01 0.70 46.85 0.33 

232Th 0.92 0.94 1.54 3.56 1.32 3.79 1.46 

238U 4.12 5.38 0.50 1.51 0.43 1.51 0.42 
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Element Aber2857 Aber2779 Aber2857a Aber2744 Aber2887 Aber2720 Aber2779b 

7Li 9.26 8.57 7.03 7.15 9.64 7.34 27.38 

11B 164.03 93.86 155.84 156.28 159.45 176.05 221.80 

23Na 14373.63 1090.95 3956.11 4049.09 1740.81 4852.47 6309.23 

24Mg 33890.29 15822.71 23007.68 23561.20 25234.46 23649.94 48565.03 

27Al 6729.89 9804.36 11350.29 11556.79 13181.38 15011.32 13441.89 

29Si 188178.55 102463.25 221972.72 226470.59 157338.82 198915.32 298155.95 

31P 21758.04 4762.07 7684.34 7614.62 12830.47 10369.89 32595.96 

39K 109499.97 48794.32 50704.72 51402.86 65929.64 56101.98 248593.89 

43Ca 105541.95 122307.98 146739.91 150177.19 209946.38 157966.72 211776.30 

45Sc 2.24 1.30 2.68 2.71 2.00 3.17 3.43 

49Ti 625.76 469.92 919.05 935.17 713.06 1039.31 971.22 

51V 8.20 4.82 9.98 10.20 7.63 13.83 13.22 

52Cr 8.91 4.15 10.18 10.36 7.62 14.37 12.62 

55Mn 7265.15 4944.50 11906.61 12136.80 8634.53 7964.07 13030.79 

57Fe 2191.41 1002.05 2873.20 2918.81 1943.32 4301.03 3355.89 

59Co 30.59 1.33 200.74 201.92 12.71 56.07 32.95 

60Ni 22.77 13.58 120.37 121.02 20.76 26.89 24.38 

63Cu 99.03 24.13 43.89 44.58 117.98 96.01 127.25 

66Zn 325.21 56.34 158.81 160.79 144.54 702.80 715.69 

69Ga 23.73 157.78 153.58 152.00 275.55 83.90 69.41 

72Ge 0.62 0.34 0.60 0.60 0.49 0.66 0.78 

75As 2.29 0.80 468.78 459.89 1.87 304.77 3.73 

85Rb 406.19 139.83 176.99 179.18 152.79 182.08 599.22 

88Sr 409.29 759.42 726.76 742.33 1701.55 635.47 1121.75 

89Y 6.71 3.51 4.41 4.45 5.40 6.35 6.65 

90Zr 57.96 70.36 121.25 121.23 90.93 144.24 73.24 

93Nb 2.04 1.98 2.90 2.94 2.71 3.30 3.25 

95Mo 2.10 0.61 3.42 3.43 1.55 2.15 6.71 

107Ag 0.14 0.03 0.25 0.25 0.06 0.33 0.19 

111Cd 0.11 0.03 0.16 0.16 0.06 0.24 0.28 

118Sn 47.46 11.54 18.66 19.14 15.99 20.39 38.71 

121Sb 0.68 0.27 0.61 0.46 1.00 0.44 1.54 

133Cs 1.30 0.93 0.77 0.78 1.44 0.81 2.49 

137Ba 878.28 4529.37 4462.97 4574.49 8796.73 3134.94 3094.40 

139La 46.11 4.54 5.65 5.74 7.13 8.63 11.29 

140Ce 31.80 8.40 10.67 10.96 13.37 17.10 19.07 

141Pr 5.91 0.93 1.11 1.13 1.49 1.82 2.09 

146Nd 21.00 3.74 4.35 4.42 5.90 7.13 8.06 

147Sm 2.60 0.72 0.82 0.83 1.15 1.36 1.46 
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153Eu 0.44 0.22 0.20 0.20 0.34 0.29 0.32 

157Gd 1.71 0.61 0.70 0.71 0.96 1.15 1.24 

159Tb 0.20 0.10 0.11 0.11 0.15 0.18 0.19 

163Dy 1.08 0.59 0.72 0.74 0.91 1.10 1.16 

165Ho 0.20 0.12 0.15 0.16 0.19 0.23 0.23 

166Er 0.53 0.35 0.47 0.48 0.54 0.67 0.68 

169Tm 0.07 0.05 0.07 0.07 0.08 0.10 0.10 

172Yb 0.46 0.36 0.52 0.54 0.55 0.71 0.68 

175Lu 0.07 0.06 0.08 0.08 0.08 0.11 0.10 

177Hf 1.54 1.61 2.69 2.73 2.23 3.04 1.99 

181Ta 0.14 0.14 0.21 0.21 0.20 0.23 0.24 

182W 0.18 0.19 0.24 0.24 0.37 0.25 0.39 

208Pb 409.36 7.03 166.50 167.84 41.41 45.33 112.71 

209Bi 0.03 0.01 67.40 66.40 0.01 25.29 0.04 

232Th 1.27 1.36 1.68 1.69 2.09 2.41 2.47 

238U 0.36 0.40 1.36 1.38 0.62 0.71 0.75 
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Element Aber1570 Aber2819 Aber2870 Aber2694 LinE37 LinA LinB 

7Li 12.38 4.47 14.07 96.81 27.98 13.27 8.11 

11B 171.42 153.14 139.98 181.17 175.91 237.40 183.48 

23Na 3723.65 2615.40 1944.07 7839.35 15306.61 11541.87 8969.99 

24Mg 21009.44 20567.49 24670.76 23552.63 26561.24 43438.52 35900.83 

27Al 13523.18 11300.22 13734.41 15826.09 14808.88 6326.09 10255.67 

29Si 226657.91 223893.57 184147.41 201319.70 214252.28 171716.40 157874.31 

31P 8990.18 7749.59 9784.75 11668.77 9725.52 15505.55 18659.43 

39K 43853.80 35343.02 86163.76 44466.59 33658.14 120807.39 127137.72 

43Ca 168649.50 165954.08 181112.75 166423.92 157422.69 112935.82 110784.43 

45Sc 2.99 2.63 2.13 2.11 3.07 1.50 1.73 

49Ti 1019.69 991.47 722.50 755.35 1257.94 395.44 661.39 

51V 12.26 9.10 7.87 6.81 16.27 4.73 6.18 

52Cr 13.02 10.05 8.76 6.97 16.27 4.05 4.66 

55Mn 8600.44 12584.36 6831.13 18807.04 7842.68 10381.09 7528.30 

57Fe 3991.64 2456.74 1710.12 1727.45 4212.64 1607.84 1957.28 

59Co 111.75 5.07 11.69 5.76 77.24 6.55 3.88 

60Ni 38.64 13.65 21.53 20.60 43.78 4.24 6.73 

63Cu 46.86 34.93 85.81 51.10 49.40 216.33 603.96 

66Zn 356.01 165.08 141.01 226.87 211.91 421.29 358.81 

69Ga 54.67 135.12 215.30 85.99 74.40 23.62 23.89 

72Ge 0.67 0.54 0.52 0.63 0.66 0.25 0.36 

75As 242.56 5.86 1.74 7.21 109.91 2.11 4.37 

85Rb 127.65 174.18 217.78 117.02 58.65 379.72 466.28 

88Sr 576.75 753.76 1145.32 1182.61 688.40 550.39 616.01 

89Y 5.94 5.05 5.52 5.42 7.80 2.28 3.29 

90Zr 135.10 159.74 95.29 142.47 161.87 46.79 89.74 

93Nb 3.19 3.06 3.11 2.73 4.81 1.25 1.86 

95Mo 4.13 1.69 2.04 2.10 2.80 1.44 0.90 

107Ag 0.23 0.17 0.06 0.06 1.25 0.27 0.25 

111Cd 0.13 0.09 0.05 0.08 0.11 0.12 0.07 

118Sn 29.18 27.45 23.93 20.30 92.15 145.91 40.68 

121Sb 3.17 0.16 1.07 0.41 1.96 2.88 2.45 

133Cs 0.69 0.99 1.33 1.93 0.72 2.33 3.48 

137Ba 2428.78 4689.69 7209.01 3744.67 3570.70 1144.77 1122.82 

139La 8.20 6.12 7.25 7.82 12.74 7.73 9.10 

140Ce 16.35 11.65 13.74 14.12 22.86 11.49 14.21 

141Pr 1.73 1.26 1.50 1.61 2.47 1.07 1.32 

146Nd 6.72 4.91 5.92 6.17 9.28 3.58 4.54 
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147Sm 1.28 0.93 1.20 1.17 1.70 0.52 0.71 

153Eu 0.29 0.21 0.34 0.34 0.35 0.12 0.17 

157Gd 1.09 0.80 1.05 0.97 1.42 0.40 0.56 

159Tb 0.17 0.13 0.16 0.15 0.22 0.06 0.09 

163Dy 1.03 0.83 0.96 0.94 1.35 0.38 0.56 

165Ho 0.21 0.18 0.19 0.19 0.28 0.08 0.12 

166Er 0.62 0.54 0.55 0.54 0.81 0.25 0.37 

169Tm 0.09 0.08 0.08 0.08 0.12 0.04 0.06 

172Yb 0.66 0.61 0.57 0.57 0.84 0.28 0.42 

175Lu 0.10 0.10 0.09 0.09 0.13 0.04 0.07 

177Hf 2.98 3.34 2.34 3.16 3.45 1.22 2.17 

181Ta 0.22 0.22 0.21 0.22 0.31 0.09 0.13 

182W 0.25 0.21 0.38 0.46 0.62 0.05 0.07 

208Pb 71.12 14.91 19.65 8.82 1581.24 6104.39 232.38 

209Bi 43.46 0.68 0.02 0.01 21.17 0.09 0.51 

232Th 2.05 1.91 2.22 2.22 3.08 0.76 1.18 

238U 0.75 0.55 0.59 0.83 1.22 0.28 0.40 
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Element LinD LinE LinF 

7Li 11.69 6.30 21.69 

11B 132.00 202.13 256.07 

23Na 2123.10 17473.99 13244.67 

24Mg 26957.96 44476.00 47772.67 

27Al 12774.81 3703.79 8979.67 

29Si 164955.53 197868.28 319420.02 

31P 11457.45 18964.08 28457.85 

39K 77648.67 99689.49 165670.52 

43Ca 195504.84 109374.89 207794.98 

45Sc 2.06 1.56 3.12 

49Ti 732.75 450.33 1059.79 

51V 9.22 4.89 17.63 

52Cr 9.63 8.08 16.40 

55Mn 8479.50 6139.06 6425.24 

57Fe 2119.72 1291.29 4117.27 

59Co 3.46 17.90 26.12 

60Ni 20.30 12.83 19.42 

63Cu 85.34 107.43 424.26 

66Zn 117.70 282.34 432.71 

69Ga 211.56 21.21 29.71 

72Ge 0.44 0.43 0.61 

75As 1.70 1.32 2.51 

85Rb 214.87 218.65 496.40 

88Sr 1296.96 311.83 642.53 

89Y 5.32 3.66 5.48 

90Zr 78.42 45.48 101.88 

93Nb 3.09 1.37 3.13 

95Mo 3.38 1.20 8.57 

107Ag 0.05 0.18 0.27 

111Cd 0.05 0.22 0.25 

118Sn 26.56 123.96 94.76 

121Sb 1.10 1.24 6.61 

133Cs 1.35 0.58 2.59 

137Ba 7525.45 1060.56 1483.24 

139La 6.82 42.23 16.82 

140Ce 13.67 45.85 23.01 

141Pr 1.47 4.67 2.47 
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146Nd 5.61 14.33 8.37 

147Sm 1.10 1.38 1.25 

153Eu 0.30 0.22 0.25 

157Gd 0.97 0.82 0.99 

159Tb 0.15 0.10 0.15 

163Dy 0.92 0.57 0.94 

165Ho 0.19 0.11 0.20 

166Er 0.54 0.31 0.57 

169Tm 0.08 0.05 0.08 

172Yb 0.55 0.30 0.59 

175Lu 0.08 0.04 0.09 

177Hf 2.07 1.20 2.66 

181Ta 0.21 0.10 0.22 

182W 0.60 0.11 0.29 

208Pb 465.67 1166.84 1200.23 

209Bi 0.01 0.12 0.10 

232Th 2.06 0.85 1.79 

238U 0.60 0.31 0.66 
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Element Cold K Cromarty 

AA 

MH14 BB2 FNAM FNAS FNAU 

7Li 15.20 12.15 79.29 5.31 12.10 6.21 13.21 

11B 157.60 214.47 75.22 142.30 163.18 222.44 222.96 

23Na 2410.70 24045.25 69551.38 2758.09 7776.82 4016.28 50702.37 

24Mg 27069.79 19150.41 22917.86 17971.42 28120.22 23610.90 27722.33 

27Al 15183.11 9338.61 9018.14 9171.94 8986.91 14631.90 6889.64 

29Si 185371.00 242822.87 268359.72 244663.62 184922.13 266406.55 312225.51 

31P 10170.92 3173.49 898.34 6739.92 10165.93 11643.80 4116.88 

39K 92625.86 16958.02 43305.05 45312.28 84007.00 58650.21 20031.26 

43Ca 179196.61 145267.00 69634.63 151442.81 80286.34 194713.14 97266.51 

45Sc 2.29 3.14 5.09 2.25 1.89 3.07 2.82 

49Ti 828.15 663.94 764.27 660.56 587.00 1385.04 578.24 

51V 10.15 21.82 36.50 7.77 8.35 12.77 17.10 

52Cr 10.28 12.31 15.84 6.90 8.13 15.08 10.68 

55Mn 8833.71 881.64 132.14 4660.55 5788.68 11897.85 267.70 

57Fe 3491.77 4976.04 2731.18 1823.38 2294.98 3344.08 2130.24 

59Co 479.87 5.25 12.85 2.72 5.36 11.80 3.40 

60Ni 31.38 15.25 43.39 9.68 12.12 23.78 12.27 

63Cu 394.92 14.40 30.05 33.78 479.26 56.02 13.52 

66Zn 1387.95 56.25 30.18 178.70 282.79 647.18 27.67 

69Ga 183.88 7.52 7.81 39.49 69.28 48.57 5.12 

72Ge 1.94 2.14 2.17 0.54 0.46 0.75 1.20 

75As 4.66 18.01 9.03 1.78 3.43 20.90 21.44 

85Rb 218.80 9.32 24.45 142.43 258.61 184.11 10.65 

88Sr 1171.22 1413.94 629.65 424.39 448.53 860.42 2769.69 

89Y 6.30 6.10 9.02 3.36 3.34 6.90 4.16 

90Zr 100.92 59.21 52.66 81.02 53.63 192.54 46.85 

93Nb 3.48 2.14 3.09 2.06 1.73 4.25 1.90 

95Mo 3.17 0.97 1.37 3.78 1.41 1.47 0.42 

107Ag 0.17 0.05 0.02 0.07 0.66 0.18 0.05 

111Cd 0.06 0.11 0.04 0.05 0.12 0.38 0.10 

118Sn 39.15 5.77 1.29 1.29 103.82 10.53 4.16 

121Sb 8.02 0.58 0.23 0.10 3.23 0.20 0.68 

133Cs 1.49 0.12 0.40 0.69 1.19 1.05 0.17 

137Ba 7106.25 225.08 94.31 2143.49 3121.84 2615.91 135.01 

139La 8.00 7.18 9.34 4.54 5.38 9.55 4.87 

140Ce 15.18 13.29 18.29 8.78 10.15 17.24 8.92 

141Pr 1.69 1.54 2.04 0.93 1.06 1.84 0.98 
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146Nd 6.80 6.28 8.65 3.60 4.13 7.05 3.91 

147Sm 1.31 1.22 1.72 0.68 0.75 1.36 0.74 

153Eu 0.38 0.26 0.41 0.16 0.19 0.29 0.17 

157Gd 1.10 1.08 1.47 0.56 0.60 1.18 0.67 

159Tb 0.17 0.16 0.22 0.09 0.09 0.18 0.10 

163Dy 1.07 0.99 1.39 0.55 0.56 1.14 0.64 

165Ho 0.21 0.20 0.29 0.11 0.11 0.23 0.13 

166Er 0.62 0.59 0.85 0.35 0.33 0.69 0.40 

169Tm 0.09 0.08 0.12 0.05 0.05 0.10 0.06 

172Yb 0.63 0.57 0.83 0.39 0.35 0.75 0.42 

175Lu 0.09 0.09 0.12 0.06 0.05 0.12 0.06 

177Hf 2.36 1.52 1.36 1.91 1.36 4.05 1.20 

181Ta 0.24 0.13 0.16 0.15 0.12 0.29 0.12 

182W 0.54 0.20 0.46 0.16 0.20 0.31 0.15 

208Pb 614.08 32.46 9.89 5.71 880.80 42.52 93.29 

209Bi 0.17 0.03 1.05 0.11 0.22 2.95 0.04 

232Th 2.50 1.72 1.85 1.37 1.37 2.40 1.10 

238U 0.73 1.89 2.65 0.42 0.43 1.05 3.12 
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