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EDITORIAL

T

he sixth issue of PCA presents the material from two conferences held in different European countries last year.
The volume opens with some of the papers presented at The British
School at Rome (April 2014) at a conference on The Recycling and
Reuse of Materials during the Early Middle Ages. The meeting – organised by Alessandro Sebastiani (who has collaborated as guest editor for
this section), Elena Chirico and Matteo Colombini – dealt mainly with
productive structures related to the transformation of glass and metal
in Italy (papers by Alessandro Sebastiani, Stefano Bertoldi, François-Dominique Deltenre and Lucia Orlandi). Other international experts have
agreed to add their contributions to the subject: Robin Fleming on the
reuse of construction material in early medieval graves, Sarah Paynter
and Caroline Jackson offering a synthesis on the reuse of glass, and the
team of Carmen Fernández-Ochoa in Spain presenting the early medieval
productive structures at the villa of Veranes (Gijon). Two papers by
Florin Curta and Michele Asolati, dealing with exchange in the Byzantine
Mediterranean, have been published in the Variae section.
After the catastrophe of World War II, many international institutions
were founded: the United Nations, UNESCO, the European Community.
All these organizations are today immersed in a transitional phase in the
systemic crisis which affects the entire Western world, a crisis to which
the nihilist and relativist positions have contributed and which has (rightly) delegitimated the imperialism on which the West had built its dominant position. In this crisis, the recovery of shared historical memories
is increasingly revealed as a central element in the defence of a rational
world, which, although it may have abandoned the utopias of the 1900s,
at least safeguards the principles of freedom and the pluralism of values.
Today, there is wide debate, even among archaeologists, over how to
present cultural heritage in a globalized society while nevertheless pre-
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serving its multiple identities and cultures. The discussion of these matters was the purpose of the papers dedicated to the World Heritage
List. This collection, guest edited by Margarita Díaz-Andreu, results
from a workshop of the EU-project JPI–JHEP Heritage Values Network
(H@V) held at the University of Barcelona in February 2015. The main
question, summarized in the title of the paper by Díaz-Andreu, is whether
the inclusion of social values and local communities in the management
of cultural heritage is an impossible dream. Is it a utopian vision, typical
of the historical processes which gave birth to the international organizations and their initiatives to hold back the spectre of a World War III?
In many of these contributions, the watchwords still conform to this direction: the participation and involvement of stakeholders in the hope
that local communities will be led to a positive valuation of assets and
their public use.
The different directions of the debate move between the two poles of
economic management and cultural enrichment of local communities. Too
often, it is difficult to find a balance between touristic exploitation and a
useful cultural proposal for local communities, as happened in the telling
example of the Daming Palace in China, developed by Qian Gao, winner
of the 2016 PCA young researcher award.
Direct involvement is often difficult in a globalized and multicultural society that has lost its historical roots. Most of the contributions consider that a proper balance can be found between global strategies promoted by UNESCO, based on the decalogue of general principles under
which to file an application for protected sites, and the feeling and evaluation expressed by the local community (the focus of Torgrim Sneve
Guttorsen, Joel Taylor, Grete Swensen on Heritage Routes and
Matthias Maluck and Gian Pietro Brogiolo on organizational proposals in
the interventions).
Also related to the subject of cultural heritage and the public is the
project section of this issue, a homage the Poggibonsi Archeodromo. A
project developed in recent years by the team of Marco Valenti (University of Siena), this is a unique living archaeological park recreated from
archaeological evidence, presenting the life of an early medieval village,
an initiative that clearly demonstrates the social and economic benefits
of good practices in public archaeology in Italy.
Finally, the retrospect section, which addresses the history of early
medieval archaeology in different European countries, is this year devoted to the fascinating recent history of early medieval Archaeology in Russia, with an extensive study by Nadezhda Platonova (St Peterburg).
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The suitability of glass for re-melting and recycling was widely exploited in the past. This
paper reviews the evidence, particularly for the 1st millennium AD, using examples from
Western Europe. For much of this period glass was produced on a large-scale at a relatively small number of specialised glassmaking sites, which supplied numerous dispersed
workshops where glass was modified and shaped. This is only part of the picture however,
because the glassmakers, glassworkers and consumers were also linked by a complex, interdependent cycle of supply, use, discard, salvage and re-use, making recycling an essential part of interpreting archaeological glass.
Keywords: glass, recycling, 1st millennium AD, Western Europe

Nel passato la caratteristica del vetro di poter essere rifuso, e dunque riciclato, venne
ampiamente sfruttata. L’articolo esamina le evidenze di questa pratica nel primo millennio
d.C., utilizzando esempi dell’Europa Occidentale. Per gran parte di questo periodo il vetro
fu prodotto su larga scala in un numero relativamente piccolo di siti specializzati, che rifornivano laboratori preposti alla sua lavorazione. Questa è tuttavia solo una parte del
quadro, perché i produttori di vetro, gli artigiani e i consumatori erano anche collegati a
un complesso ciclo di rifornimento, uso, scarto, recupero e riuso. La comprensione del riciclo è dunque un fattore essenziale nell’interpretazione del vetro in archeologia.
Parole chiave: vetro, riciclo, I millennio d.C., Europa Occidentale

1. Introduction
Glass can be repeatedly re-melted and re-used. This property was exploited by the earliest producers of glass in Egypt and the Near East in
the 2nd millennium BC, where glass ingots were made and then traded to
be re-melted at sites which produced beads, inlays and vessels, in a variety of colours. In addition to melting newly-made glass, scrap glass could
also be recycled. This re-use and recycling of glass was common even in
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the earliest glass-using societies and sometimes undertaken on a large
scale. By the early Roman period for instance, recycling is documented in
texts which hint at the infrastructure and organisation of the trade in broken glass, or ‘cullet’, across the empire (see Keller 2005, pp. 67-68).
The importance of glass recycling to our understanding of where and
how glass was produced, and who used it in the past, is increasingly
recognised, especially by those studying glass compositions (Jackson
1996, 2005a; Silvestri et al. 2008; Schibille, Freestone 2013; Jackson, Paynter 2015; Freestone 2015). Nevertheless, there is still much
to discover about how and why the scale, economic significance, motivation and methods for recycling varied in the past (Grünewald, Hartmann
2015). The act of recycling is an essential and integral part of the chaîne
opératoire and biography of glass production, which has to be considered
in order to fully understand the range of glass forms, colours and compositions found in archaeological material. Unaltered glass compositions,
those which have not been mixed through recycling, contain chemical
markers that allow us to investigate the origins of the raw materials, and
hence the locations, of glass production. When glass is recycled however, these compositions become contaminated and mixed, potentially diminishing our ability to access that inherent archaeological information
that allows us to trace the movement of glass from source. Our challenge now is to reveal the repeating and interlocking trails of production,
trade, working, use, discard and re-working in recycled glass; this can be
done by linking a variety of different forms of evidence.
This paper focuses on the 1st millennium AD, exploring the different
ways in which recycling can be detected in the archaeological record. A
combination of contextual and scientific analysis, documentary accounts
and typological studies are used to illustrate the difficulties faced by archaeologists when interpreting chemical data for glasses, but also how
a more nuanced interpretation is often possible when recycling is considered. Our examples have been chosen to represent a wide geographical
and chronological spread, from the Roman period through to the 12th
century AD, for both transparent and strongly coloured opaque glass.

2. Glass production in the 1st millennium AD
Wide reaching studies, for example by Sayre and Smith (1961), Turner (1956) and Brill (1999), have shown that the raw materials used for
glass production, and the sources of those materials, have varied over
time. This makes glass special: unlike pottery which could be made with
a variety of available materials processed in any number of ways result-
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ing in a virtually infinite range of compositions and textures, glass was
made with very carefully selected raw materials, which for most of the
1st millennium AD were only obtained from a small number of locations.
As a result early glass compositions, before about the 10th century AD
in the western world, tend to be relatively homogenous over long periods
of time and space. When changes do occur in compositions, they are
quite marked and perhaps reflect significant social, economic or political
upheavals, affecting trade routes, the social groups controlling production, the production process or the raw materials used.
The common denominator in ancient glass production was a source of
silica, which was often sand or alternatively crushed quartz, flint or
other siliceous stone. The silica was combined with fluxes and heated to
make a molten glass that could be shaped into objects. A variety of fluxes
were used in the past, including the ashes of plants, lead compounds or
the alkali-rich evaporitic deposit natron. Whilst plant ashes were
favoured in the ancient western world prior to the mid-1st millennium BC
and again in the 2nd millennium AD, mineral alkalis (natron) tend to dominate the archaeological record in the 1st millennium AD in Europe, Egypt
and parts of the Near East (Smith 1963; Uboldi, Verità 2003). Roman
accounts of glassmaking describe using natron from the Wadi Natrun in
Egypt, which was harvested seasonally from the edges of salt lakes, in
combination with sand (Jackson et al. in preparation). The glass appears
to have been made on a vast scale in large tank furnaces located at sites
in the Eastern Mediterranean (Brill 1988; Nenna 2015). In tank furnaces the glass cooled as a massive slab, which was later broken up into
large lumps and redistributed to workshops throughout the empire and
beyond for shaping into vessels and window panes, or coloured and
shaped into beads, bangles or tesserae (Foy et al. 2000; Keller 2005;
Freestone 2006; Paynter et al. 2015).
Freshly made natron glass was transparent but often had a light blue
or green tint (known as naturally-coloured blue-green glass) ranging to
olive green or brownish tones. The colour was derived from small quantities of iron minerals in the raw materials (fig. 1). Some of this glass
was modified by adding manganese or antimony oxides, which could partially or completely neutralise the colour; antimony oxide was a particularly effective decolouriser resulting in high quality colourless glass (Jackson, Paynter 2015). Alternatively the glass could be given a strong
colour, and made opaque, by adding metal minerals or compounds, for example copper produced blue, green or red, cobalt a dark blue and manganese (in sufficient quantities) a dark purple (fig. 2). An understanding
of the colouring and decolourising of glass is important for our understanding of glass recycling.
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Fig. 1. A collection of naturally-coloured cullet from Roman London (courtesy of MOLA).

Establishing the way in which the composition of glass changes overtime, how widely available each glass type was, and what different types
were used for, has been an important first step in detecting recycling.
This is particularly the case for the 1st millennium AD, because of the
unique way glass production and distribution was organised (Freestone
2006; Nenna 2015). It has been shown that the majority of new glass
was made in a limited number of locations and so only a relatively small
number of natron glass compositions have been identified. Each of these
compositions, or ‘production groups’, has a particular lifespan and exhibits diagnostic chemical characteristics. This ‘Roman glass’ was consumed widely during the Roman period throughout Western Europe and
the regions bordering the Mediterranean sea. Typically some of these
glasses were used selectively only for certain objects (Foy et al. 2003)
so it is easier to identify glass that has been altered, mixed, reused or
contaminated (Jackson, Paynter 2015). Even during this period when
glass was relatively plentiful, there is evidence of extensive recycling and
natron glass continued to be used and recycled into the beginning of the
2nd millennium AD within the region. Subsequently the organisation of
production changed dramatically such that glass was made in numerous
locations from diverse locally available raw materials (rather than natron), resulting in a vast range of compositions, and it is at this point recycling becomes more difficult to detect.
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Fig. 2. Roman colourless glass and opaque strongly coloured glass (from Binchester,
Durham, and Great Bentley, Essex, respectively) both containing high concentrations of
antimony, characteristic of much Roman colourless and coloured glass.

3. Detecting recycling in the past

3.1. Archaeological evidence
The archaeological context and typological examination of an assemblage often provide the first clues that recycling has taken place. Large
collections of cullet, sometimes numbering thousands of fragments of
broken glass and glass waste collected for recycling, are relatively common finds throughout the period discussed here. Cullet dumps in the
Roman world have been found associated with military camps, villas and
towns (Keller 2005; Grünewald, Hartmann 2015); a number of large collections of cullet have been found in Roman London alone (Price 1998,
pp. 337-38) including 70 kg from a pit in Basinghall, London (Shepherd,
Wardle 2009) (fig. 1). Other assemblages of cullet appear to be from the
point of collection, such as the basket of fragmentary glass found in a
villa at Pisanella, Italy (Keller 2005) or the 8th/9th-century AD collection
in Tower 1 at Butrint, Albania (Jennings, Stark 2012). There is also
some evidence to show how cullet was transported to workshops, for example the barrel of broken glass discovered on Iulia Felix, a ship wrecked
off the coast of northern Italy (Silvestri et al. 2008). These collections
of glass can be identified as cullet because they include fragments from
vessel forms spanning several centuries, and no complete objects.
Whilst most of the evidence described above relates to transparent
glass (both naturally-coloured blue-green or colourless), opaque coloured
glass was also sought after for recycling. Coloured glass was sometimes
re-melted and re-used directly, or diluted by mixing it into a glass batch
to make a larger volume but with a weaker colour. Coloured glass was
sought particularly for making tesserae and increasingly for windows for
churches and monastic buildings. Analytical evidence, discussed later,
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suggests that much of this coloured glass was made using recycled
Roman coloured glass, but there is also archaeological evidence to support this, notably from the site of the 9th-century monastery of San Vincenzo, Italy. Here glassworkers made vessels, windows, imitation gemstones and enamels in a wide range of hues. Glass mosaic tesserae were
found, which glassworkers were adding to the glass melts for colour
(Dell’Acqua 1997; Schibille, Freestone 2013). Some of the crucibles
with remnants of glass contained occasional stone tesserae that had
been added to the melt by mistake with the glass ones. Similar evidence
has been found at Müstair in Switzerland (Kessler et al. 2013) and is
corroborated by analyses of glass from numerous sites (Mirti et al.
2000; Foy et al. 2003; Wolf et al. 2005).
The previous examples all involve glass being melted down during the
recycling process but sometimes glass objects were recycled without
being re-melted. These are most easily identifiable as recycled if they are
of a particular style or have decorative elements which link them specifically to a particular location or period. Items such as the mask medallions from Roman jugs and the decorated bases of late 4th-century bowls
with images in gold leaf (Price, Cottam 1998; Howells 2013) were often
reused. They were trimmed to function as keepsakes, lids and counters.
Similarly broken coloured vessels were sometimes cut up to make mosaic
tesserae (Paynter et al. 2015).

3.2. Documentary evidence
Recycling within the Roman world was so common that it was documented by a number of Roman authors. Roman poets, writing in the 1st
century AD, such as Strabo and Martial, describe street peddlers collecting broken glass in exchange for sulphur, which was used for matches (Stern 1999, p. 450; Keller 2005).
The recycling of Roman glass continued in subsequent centuries,
being used and re-melted by other societies and cultures. Perhaps the
most famous description of this is Theophilus’ treatise De diversis artibus in the 12th century AD (Dodwell 1986, pp. 44-45). Whereas the
Roman recycling references probably apply mainly to transparent vessel
and window glass, Theophilus specifically mentions opaque coloured glass
tesserae, ‘little square stones’ in white, black, green, yellow, blue, red,
and purple that were taken from the mosaics of ancient buildings, and
small vessels of coloured glass. He emphasises that French glassworkers used the blue for windows, having sometimes diluted it with fresh
colourless glass, and used purple and green in a similar way.
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3.3. Analytical evidence
Chemical analysis, in combination with typological study and sound contextual information, can strongly indicate the use of recycled glass. In
some instances the case for recycling is clear cut, such as when the
glass used to make an object is a type that was no longer made by then,
i.e. the glass is far older than the object itself. The examples given later
in this paper both relate to the re-use of coloured Roman glass in the
early 2nd millennium AD, both for window glass (Cox, Gillies 1986) and for
vessels (Phelps 2011). More typically recycling is identified because the
mixing or re-melting of cullet has resulted in changes to the glass composition (Jackson 1996; Jackson, Paynter 2015). These can be major
changes, through the mixing or amalgamation of different raw glass compositions, or more subtle, with the accidental incorporation of tiny
amounts of coloured glass containing added colouring minerals, or minor
contamination from the furnace materials, glassworking tools or fuel.
Mixed glass compositions result when at least two different types of
glass were recycled together and the end product is a hybrid composition
somewhere in between. Sometimes the glass types that have been mixed
were so clearly different visually that they must have been combined intentionally, for example when strongly coloured Roman tesserae were
used to colour glass batches for making windows in the later 1st and early
2nd millennia AD (Cox, Gillies 1986; Wolf et al. 2005), confirming the descriptions by Theophilus. In other instances hybrids may have been created by accident because the glass types were visually similar and so were
not properly separated when the cullet was sorted before re-use. This
may have been the case in the Roman period because analysis has shown
that a large proportion of the naturally-coloured blue-green glass in circulation is actually a recycled mixture of two originally colourless types; one
type decolourised with manganese and the other with antimony. These
colourless glass types were superficially similar and so more likely to be
mixed together inadvertently (Jackson, Paynter 2015). Perhaps unexpectedly, the resulting recycled glass was sometimes colourless but
sometimes blue-green depending on the proportions of each component.
This demonstrates that the glassmaker might have more difficulty controlling the colour of the glass with recycled material as different elements
would behave unpredictably when in combination. Particular care must be
taken when recycling colourless glass if it is to remain colourless.
These hybrid compositions have formed the basis for many of the discussions of recycling in the literature (for example Jackson 1996,
2005a; Foster, Jackson 2010; Jackson, Paynter 2015; Freestone
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Fig. 3. Fragments of
broken glass vessels
and waste surrounding a
wood-fuelled
crucible
furnace used for experimental glassworking by
Mark Hill and David Taylor. Much of this material would have been recycled, perhaps introducing contamination (see
fig. 4).

2015). The real difficulty though is identifying recycling when the cullet
has been carefully sorted into different compositional types and so ‘like’
is mixed with ‘like’, or in those periods or regions when one type of glass
dominates the market and so the mixing of very small amounts of other
primary groups is almost masked. How do we spot recycling then? In
some instances it may not be possible to detect it. However, this is
where the concept of ‘contamination’ becomes more important, because
even with careful sorting eventually some coloured opaque glass would
find its way into batches of transparent glass, perhaps by including fragments with coloured trails etc. Over time, this leads to slightly increased
amounts of elements such as copper, lead and antimony in the glass
compared to its starting composition (Jackson 1996, Uboldi, Veritá
2003; Jackson 2005a; Freestone, Hughes 2006; Grünewald, Hartmann 2015). Therefore when colourants are present in colourless or
naturally-coloured glass compositions, that originally would not have had
any colourants added, it implies that recycling has allowed a small
amount of coloured glass to find its way into the batch.
Accidental contamination also arises from the fumes or ash from the
fuel used to heat the furnace, the walls of the furnace tank or crucible
in which the glass was heated, or scale from the iron blowing iron used
to shape the glass (Paynter 2008) (figs. 3, 4). The level of contamination
is unpredictable but is likely to increase with the number of rounds of recycling, and if high temperatures are used for long periods. In modern
gas-fired furnaces some of the alkali (notably sodium oxide) is lost from
the glass as a gas during prolonged or repeated heating, which can affect the working properties of the glass, but this is not the case in the
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Fig. 4. Iron oxide scale from a blowing iron dissolving in a Roman-type glass during an experimental glassworking project by Mark Hill and David Taylor; the affected glass turns
green demonstrating how contamination can alter the glass colour.

furnaces used in antiquity. These furnaces used wood fuel instead, which
released another alkali gas, potassium oxide, on burning so the alkali content may have actually increased (Paynter 2008). Particles of wood ash
may also be absorbed by the glass leading to increases in calcium, magnesium and phosphorus oxides. Although tank furnaces were used to
produce primary glasses, both tank and crucible furnaces were used for
re-melting. The extent of the contamination from the crucible or furnace
materials depended on the composition of both, the surface area to volume ratio (particularly high for small crucibles), as well as time and temperature, and could lead to increased concentrations of iron and aluminium oxides in the glass (Jackson, Paynter 2015). Therefore if the levels
of potassium, phosphorus and iron oxides, and to a lesser extent aluminium oxide, are elevated in a glass it can also indicate contamination during
recycling. Eventually special clays, more resistant to high temperatures
and chemical attack, were used to make glass crucibles but this was not
until later in the medieval period (Paynter 2009).

4. Key changes in glass composition in the 1st millennium AD
Recognising recycling in glass is about being able to identify elements
that should not be present, i.e. they are not found in the glass originally,

39

PCA 6.qxp_gao 6 23/05/16 15:33 Pagina 40

Sarah Paynter, Caroline Jackson

when it is first made, and are unlikely to have been added intentionally
since. So it is important to first establish the compositions of the main
types of newly-made glass in circulation in a particular time and place.
The successful identification of these ‘production groups’ for Roman
glasses has provided a basis for our understanding of the primary compositions in circulation at any one period and show that there are two
key technological changes in the 1st millennium AD. One of these is related to the additives used both to decolorise and colour the glass and
the second is a fundamental change in the raw materials used to form
the glass. Recognising these changes, and when they take place, allows
us to better identify recycled material in the archaeological record.
The first change concerns antimony, which was an important component of high status colourless glass and also opaque coloured glass in
the Roman period. The replacement of antimony with alternatives from
around the mid-4th century AD suggests that the mineral containing antimony either was unavailable to the glassmakers or became scarce
around this time. The second development is that plant ash glass begins
to increasingly replace natron glass types, particularly from the 9th century AD. These important changes which influence glass compositions
can be used to explore recycling in glasses using an analytical approach,
and are described in more detail below.

4.1. Decolourisers and opacifiers: the importance of antimony
A key development in the 1st millennium AD was the widespread distribution of glass with added antimony oxide, thought to originate in
Egypt (Sayre 1963; Jackson, Paynter 2015). Antimony oxide was very
effective at neutralising the natural colour of glass (when dissolved in it),
resulting in a colourless glass that was used fairly exclusively for high
status tablewares (see fig. 2). Sometime in the mid-4th century AD however, this antimony decolorised glass essentially disappears, not just in
Europe but in the Eastern Mediterranean as well (see fig. 5). It is replaced to some extent by glasses decolorised by manganese, another element used widely as a decoloriser although slightly less effective in this
role. Antimony compounds could also be used as additives to make glass
opaque (fig. 2). In this case the antimony is not dissolved in the glass, it
is combined with other substances to make tiny crystals that scattered
light. Although antimony opacifiers are found in glass objects from the
2nd millennium BC onwards in the Near East and Egypt (Lilyquist, Brill
1993; Jackson 2005b), they only become widespread across Europe in
the Late Iron Age and Roman period, particularly the 1st and 2nd centuries AD. By the 5th century AD however, alternatives were being
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Fig. 5. The average concentrations of antimony oxide observed in assemblages of colourless and naturally-coloured glasses by broad date, from the 1st to 9th century AD. The
increasing antimony content in the 7th/8th centuries is due to the recycling of Roman
glass. Data taken from Jackson and Paynter 2015 (193 samples, 1st-3rd), Foster and
Jackson 2009, 2010 (644 samples, 4th/5th), Hunter and Heyworth 1998 (230 samples,
8th/9th), all assemblages from the UK, plus Foy et al. 2003 (16 and 22 samples respectively, 5th/6th and 6th/7th), all assemblages from France. The bars show 1 standard deviation either side of each datapoint. The average is influenced by the proportion of colourless to naturally-coloured glass in the assemblages, and so representative mixed assemblages have been used. Although a smaller sample, the 5th/7th-century assemblages are
nonetheless representative (e.g. Cholakova et al. 2015).

sought and there was a switch to tin-based opacifiers in some regions
(Rooksby 1962, 1964; Paynter et al. 2014). Elsewhere glassworkers
resorted to adding quartz (Arletti et al. 2010) or crushed bone to their
glass to make it more opaque (Marii, Rehren 2009; Silvestri et al.
2016). These technological adaptations imply a shortage of antimony to
make colourants and opacifiers for coloured glass as well.
Thus, the mid-4th century AD is a pivotal time in glass production because antimony appears to become scarce. It is no longer used to make
fresh antimony-decolourised glass on any significant scale and producers
of coloured opaque glass start using alternatives to antimony, such as
tin oxide, bone or quartz, or recycling old coloured glass. When small
concentrations of antimony are found in glass post-dating the 4th century AD there is therefore a strong possibility that it contains recycled
Roman glass (Jackson 2005a).
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Fig. 6. The average concentrations of potassium oxide observed in UK assemblages of
colourless, naturally-coloured and blue coloured glasses by broad date, from the 1st to
14th centuries AD. The rising potassium content after the 9th century is due to the increased recycling and the use of plant ashes to make glass. Data for natron glasses are
taken from Jackson and Paynter 2015 (193 samples, 1st-3rd), Paynter et al. 2015 (19
samples, 1st-3rd), Foster and Jackson 2009, 2010 (644 samples, 4th/5th) and Hunter
and Heyworth 1998 (230 samples, 8th/9th). These are compared to window glass from
Glastonbury, which are plant ash glass mixed with older natron glass (3 samples, approximately 12th century: Caple, Barnett 2012), and 14th-century glasses made from plant
ashes in Staffordshire (28 samples, Meek et al. 2012 and author’s unpublished data). The
bars show 1 standard deviation either side of each datapoint.

4.2. Fluxes: natron and plant ashes
Glasses produced with the naturally occurring evaporite, natron,
have a distinct chemical composition, with relatively low concentrations
(generally below 1.5wt%) of potassium oxide and magnesium oxide. In
contrast glasses made with plant ash fluxes vary considerably in their
composition, depending on the type of plant, where it grew, when it was
harvested and how the ash was prepared. Plant ash glass was produced before and after the Roman period in the western world, but the
generic types of plant ashes differed between the two periods. Early
plant ash glasses, such as those made in Egypt and the Near East in
the 2nd/1st millennium BC, were made with the ashes of salt-tolerant
plants. These glasses were high in sodium oxide, very like natron glass-
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es, but their compositions differ in the concentrations of potassium
oxide and magnesium oxide which are generally between 1.5wt% and
5wt%. Glasses produced in Western Europe from around the 10th century AD and later used wood ashes derived from hardwoods and forest
plants. These glasses are distinctive as they usually contain less sodium
(below 10wt%) but more potassium oxide (up to 20wt%) and magnesium oxide (above 5wt%) (fig. 6). Glasses made with plant ashes often
contain increased levels of phosphorous oxide as well.
Therefore the concentrations of potassium, magnesium and phosphorus oxides in a glass can be used as an indicator of the use of plant
ashes. This characteristic can be useful for identifying recycling because
towards the end of the 1st millennium AD, and beginning of the 2nd, as
natron glass production declined and plant ash glass production spread,
glasses often have characteristics of both natron and plant ash (Smith
1963; Gratuze, Barrandon 1990; Henderson et al. 2004). There is an
increase in potassium, magnesium and /or phosphorus, but not to the
levels observed in glasses produced with plant ash as the sole flux. The
transition between natron and plant ash glasses has been charted for
tesserae and coloured window glass, but where examples have characteristics of both it can be difficult to determine whether the plant ashes
were added deliberately or accidentally through contamination (Freestone et al. 1990; Uboldi ,Verità 2003; Arletti et al. 2010; Caple, Barnett 2012). It is also important to bear in mind that plant ash glasses
were used continuously throughout the Roman period in some parts of
the Near East, rather than the more typical natron glasses, and that
plant ashes were added to some coloured Roman glass as part of the
colourant, particularly red, green and black (Paynter et al. 2015; Jackson, Cottam 2015) (only opaque blue coloured glasses have been included in fig. 6).

5. Discussion

5.1. Chronological variations in recycling
There was a significant reduction in the amount of glass being used in
the western regions from the mid-4th century AD onwards (Tyson 2000)
but it is evident that new glass was still being produced, because furnaces dating to this period have been excavated in the Syria-Palestine
region of the Eastern Mediterranean. In regions near to furnace sites
(for example at Dor, Appolonia and Jalame, and at Bet Eliezer) the glass
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made in those furnaces dominates nearby assemblages (Greiff, Hartmann 2013; Nenna 2015) but it makes up only a minor proportion of the
material from Western Europe from the mid-4th to the 7th or 8th centuries AD (Foy et al. 2003), and so the supply of new glass outside the
immediate contact zone was more sporadic.
Analytical studies of glass from the Roman, antique and early medieval periods in Europe show successive waves of new glass, each with
a slightly different composition and a lifespan varying from decades to
centuries. Each of these compositions has a relatively broad distribution
in Western Europe and further afield (Foy et al. 2003; Foster, Jackson
2009, 2010; Cholakova et al. 2015; Ceglia et al. 2015; Maltoni et al.
2015). This is an indication that glass was still being made on a large
scale and widely distributed but that there were a number of changes
over time in the raw materials used, and perhaps where the glass was
being made and by whom. These changes suggest that the supply to
Western Europe during this later Roman and early antique period is biased towards production centres as yet unidentified, rather than those
known in Syria-Palestine. The olive green glass that dominates in the
later 4th/5th centuries AD is thought to originate in Egypt (Foster, Jackson 2009), and this is followed by other distinctive compositions in the
5th/6th centuries AD (Foy et al. 2003; Cholakova et al. 2015) and another in the 6th/8th centuries AD (Foy et al. 2003; Freestone et al.
2008; Ceglia et al. 2015). These supplies are interrupted at intervals
however, and it is in these transitional periods that evidence for more intensive recycling of transparent glass has been identified. For example
Grünewald and Hartmann (2015) used analyses of closely dated glass
vessels from burial contexts to argue that recycling increased in certain
periods, particularly from AD 260 to 370, and from about AD 430 to
500. This interpretation was based on elevated levels of lead, antimony
and copper in the glass from these date ranges.
With each wave of fresh glass, both new and old compositions would
be in circulation for a while and might be recycled together, particularly
if they appeared visually similar. An example is provided by Foster and
Jackson (2009), who studied glass from the mid-4th/5th centuries AD
from sites in Britain and identified two naturally-coloured glass types;
one with a stronger olive green to brown hue and the other a paler
colour. A major proportion of the paler glass analysed contained minor
amounts of antimony. This contamination suggested that the more
weakly coloured of the new glasses was being recycled with the
outgoing old Roman glass, which was by then becoming increasingly
rare (fig. 7).
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Fig. 7. The chart shows the concentrations of antimony oxide and manganese oxide in 4thcentury colourless, pale green and darker green glass from the UK (Foster, Jackson
2009, 2010). When made, each type of glass would have contained either antimony or
manganese: as a result of recycling however, many now contain both.

The widespread re-introduction of plant ash glass from around the 9th
century AD would eventually lead to numerous alternative sources of
transparent glass for glassworkers in Europe, and a change in how the
glass industry was organised, with glass often being made and worked
at the same site. However the production of coloured glass was also dependent on sources of particular metal minerals, and the knowledge of
how to use them to make colourants and opacifiers. It appears that
these materials or skills were in short supply because demand for brightly coloured glass was often met by recycling coloured Roman glass, and
this continued through the remainder of the 1st millennium AD and into
the early 2nd millennium AD. The presence of antimony opacifiers or low
levels of colourants in the 5th/6th-century windows from Sion and the
7th-century window glass used at Jarrow in England (Freestone, Hughes
2006) suggest that the glass contained a proportion of recycled Roman
material. By the 8th century in Hamwic, England, glass with similar levels
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of contamination was used for vessels (Hunter, Sanderson 1998). In
fact the recycling of Roman glass continued into the 12th century, 700
hundred years after it was first made, even though fresh plant ash glass
was now available. For specialist, high status vessels it seems that
coloured Roman glass was sometimes re-used undiluted (Gratuze et al.
1997; Phelps 2011), but more often it was mixed with plant ash glass
to produce larger volumes and more dilute colours (Cox, Gillies 1986;
Caple, Barnett 2012; Kunicki-Goldfinger et al. 2014).

5.2. Regional variations in recycling
The previous examples illustrate that glass recycling was common and
widespread, but interestingly much of the analytical data to indicate recycling has come from studies in Western Europe (for example Sayre,
Smith 1961; Foy et al. 2003; Wolf et al. 2005; Foster, Jackson 2009;
Schibille, Freestone 2013; Jackson, Paynter 2015; Grünewald,
Hartmann 2015). In contrast, the furnaces producing new glass during
this period have so far been found in the Eastern Mediterranean (Nenna
2015) near the sources of natron and suitable sand necessary to make
the glass. The distant workshops and consumers using glass in Western
Europe were therefore dependent on trade networks extending from the
Eastern Mediterranean and across Europe (Grünewald, Hartmann
2015). These sites, at some distance from the main production centres,
tend to be supplied by glass from more than one source whereas a single
glass type often dominates at sites near to a particular production centre (Greiff, Hartmann 2013). They would also have been further along in
the supply chain and so would have been more likely to be melting cullet
in addition to raw glass supplied directly from the production centres.
Recycling is easier to detect through analysis in these areas because of
the diverse range of glass compositions in use; with analysis it is far easier to identify recycling when dissimilar glasses are mixed than when like
is mixed with like. Archaeological sites remote from production centres
therefore provide an ideal opportunity to study and detect recycling but
recycling in other areas should not be discounted, it may simply be more
difficult to detect.

5.3. The organisation of recycling
Recycling is often discussed in general terms, but the evidence drawn
together in this paper reveals vast differences in scale, motivation and
practice, varying between routine or specialised and potentially large-
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Fig. 8. Partially melted Roman windows amongst a cullet dump from Basinghall, London
(courtesy of MOLA). The adhering material would result in contamination of the glass.

scale recycling followed by redistribution. There is ample evidence that
glassworkers routinely collected and used cullet for recycling, this was
the case even when glass was in relatively plentiful supply as in Roman
London (fig. 1, fig. 8). For some specialised applications glassworkers recycled particular types of glass where they were unable to otherwise
achieve the effect that they wanted. This was particularly important for
the production of coloured glass, which led to Roman coloured glass
being sought and selectively recycled as late as the 12th century AD. Finally some glass workshops may have recycled on a larger scale and redistributed the recycled glass widely. There is tentative evidence for this
from the Roman period, for example analysis suggests that a cake of
turquoise coloured Roman glass found in southern Britain was made by
adding colourants to recycled glass (Paynter et al. 2015). The coloured
glass was then formed into a cake and traded on before being used to
make tesserae (shown in fig. 2). Similarly much of the naturally-coloured
Roman glass found in Britain is recycled, made from a mixture of antimony and manganese decolourised glasses, as mentioned previously (Jackson, Paynter 2015). However manganese decolourised glass appears to
be fairly rare in Britain during this period. This raises the possibility that
most of this hybrid glass was mixed before reaching Britain, at the end
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of a long supply chain. The recycled hybrid mixture was often used for
bottles and windows (fig. 8), which required large volumes of naturallycoloured glass and so glassworkers may have recycled glass on a larger
scale to make these products, and could be less discriminating in the
range of cullet that they used. In Britain, glassworkers recycled these
objects once again, at glassworking sites like Leicester and Mancetter
where these hybrid compositions are seen in cullet and in melted waste
(Jackson et al. 1991).

6. Conclusions
Scientific analysis has helped archaeologists to better understand the
complex lifecycle of glass in the past. Large analytical programmes
studying glass compositions during different periods and across wide regions, in combination with thorough archaeological recording and expert
typological study, have demonstrated that the recycling of glass was
prolific. Antimony, in particular, has proved to be a very useful element
for detecting the recycling of Roman glass but this element is difficult to
detect in small quantities with some instrumentation and so unfortunately is not always included in published studies.
Contemporary or consecutive glass types were most often recycled
together, but there are exceptions where ancient glass has been reused
many centuries later. There is no time limit on recycling natron glass because it tends not to spoil over time; once made it joins the reservoir
available for recycling for centuries to come. As the picture of recycling
grows through scientific analysis and archaeological discovery, patterns
in the archaeological record will become apparent and it will be possible
to enhance this exploration as to why recycling was more prevalent in
particular times and places or for certain applications, and how glassworkers sorted and reworked glass during recycling. We have demonstrated here that the extent, scale and purpose of recycling differ
chronologically, regionally and by application. Whilst the availability of
fresh glass appears to have been an important factor when considering
larger scale recycling and the redistribution of recycled glass, recycling
was also undertaken routinely at workshops and selectively for specialised applications, particularly where there was demand for certain
glass colours after the 4th century AD. The examples given here show
that ‘recycling’ encompasses many different practices, varying greatly in
scale and significance, and undertaken for a range of reasons, which analytical studies now have the potential to reveal.
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Regions far removed from the furnace sites making the fresh glass,
such as Western Europe, make useful case studies. They were dependent on long distance trade routes and were supplied with glass from multiple or varying sources, which tends to make recycling both common and
easier to detect, because mixtures of dissimilar glasses are easier to
identify. But there are other more subtle indicators of recycling too,
such as the contamination from furnace and crucible materials, tools and
fuel, which may point to the likelihood of recycling. By using chemical
analysis to actively look for recycled glass in collections of cullet, in traded chunks or cakes of glass, in waste from glass workshops and in finished items, we are able to build a far clearer picture of the lifecycle of
glass in the past; a cycle that sometimes lasted a thousand years.

49

PCA 6.qxp_gao 6 23/05/16 15:33 Pagina 50

Sarah Paynter, Caroline Jackson

References
R. ARLETTI, C. FIORI, M. VANDINI 2010, A study
of glass tesserae from mosaics in the
monasteries of Daphni and Hosios
Loukas (Greece), “Archaeometry”, 52
(5), pp. 796-815
R.H. BRILL 1988, Scientific investigations of the
Jalame glass and related finds, in G.D.
WEINBERG (ed), Excavations at Jalame:
Site of a Glass Factory in Late Roman
Palestine, Columbia, pp. 257-294.
R.H. BRILL 1999, Chemical Analysis of Early
Glasses, New York.
C. CAPLE, R. BARNETT 2012, Glastonbury Abbey
Durable Blue Medieval Window Glass in,
Glastonbury Abbey: Archaeological Excavations 1904 – 1979, Unpublished report from Archaeology Data Service.
A. CEGLIA, P. COSYNS, K. NYS, H. TERRYN,, H.
THIENPONT, W. MEULEBROECK 2015, Late
antique glass distribution and consumption in Cyprus: a chemical study, “Journal
of Archaeological Science”, 61, pp. 213222.
A. CHOLAKOVA, T. REHREN, I.C. FREESTONE 2015,
Compositional identification of 6th c. AD
glass from the Lower Danube, “Journal of
Archaeological Science: Reports”, doi:
10.1016/j.jasrep.2015.08.009.
G.A. COX, K.J.S. GILLIES 1986, The X-ray fluorescence analysis of medieval durable
blue soda glass from York Minster, “Archaeometry”, 28(1), pp. 57-68.
F. DELL’ACQUA 1997, Ninth-century window
glass from the Monastery of San Vincenzo al Volturno (Molise, Italy), “Journal of
Glass Studies”, 39, pp. 33-41.
C.R. DODWELL 1986, Theophilus. The Various
Arts (De diversis artibus), Book II, XII,
“The Various Colours of Opaque Glass”,
Oxford, pp. 44-45.
H. FOSTER, C.M. JACKSON 2009, The composition of ‘naturally coloured’ late Roman
vessel glass from Britain and the implications for models of glass production and
supply, “Journal of Archaeological Science”, 36, pp. 189-204.
H. FOSTER, C.M. JACKSON 2010, The composition of late Romano-British colourless
vessel glass: glass production and consumption, “Journal of Archaeological Science”, 37(12), pp. 3068-3080.

50

D. FOY, M. PICON, M. VICHY, V. THIRION-MERLE
2003, Caractérisation des verres de la fin
de l’Antiquité en Méditerranée occidentale:
l’émergence de nouveaux courants commerciaux, in D. FOY, M.-D. NENNA (eds),
Échanges et commerce du verre dans le
monde antique, Montagnac, pp. 41-85.
D. FOY, M. VICHY, M.PICON 2000, Lingots de
verre en Méditerranée occidentale, in Annales du 14ème Congrès de l’Association
Internationale pour l’Histoire du Verre,
Amsterdam, pp. 51-57.
I.C. FREESTONE 2006, Glass production in Late
Antiquity and the early Islamic period: a
geochemical perspective, in M. MAGGETTI,
B. MESSIGA (eds), Geomaterials in Cultural Heritage, London, pp. 201-216.
I.C. FREESTONE, M. BIMSON, D. BUCKTON 1990,
Compositional categories of Byzantine
glass tesserae, in Annales du 11e Congrès de l’Association internationale pour
l’histoire du verre (Bâle, 1988), Amsterdam, pp. 271-280.
I.C. FREESTONE, M.J. HUGHES 2006, Origins of
the Jarrow glass, in R. CRAMP, Wearmouth and Jarrow Monastic Sites Volume 2, London, pp. 147-155.
I.C. FREESTONE, M.J. HUGHES, C.P. STAPLETON,
2008, The Composition and Production
of Anglo-Saxon Glass, in V.I. EVISON, Catalogue of Anglo-Saxon Glass in the
British Museum, London, pp. 29-46.
B. GRATUZE, J.N. BARRANDON 1990, Islamic
glass weights and stamps - analysis using
nuclear techniques,“Archaeometry”, 32,
pp. 155-162.
B. GRATUZE, I. SOULIER, J.N. BARRANDON 1997,
L’analyse chimique, un outil au service de
l’histoire du verre, “Verre”, 1, pp. 9-20.
S. GREIFF, S. HARTMANN 2013, “Wer kriegt was?”:
Untersuchungen zur Verbreitung spätantiker und frühmittelalterlicher Glasgruppen
in Europa und dem Mediterraneum anhand
von Fallbeispielen, “Archäometrie und
Denkmalpflege”, pp. 251-255.
M. GRüNEWALD, S. HARTMANN 2015, überlegungen zum Glasrecycling der Antike im
Bereich des heutigen Deutschlands, in P.
HENRICH, CH. MIKS, J. OBMANN, M.
WIELAND (eds), Non solum sed etiam.
Festschrift für Thomas Fischer zum 65.
Geburtstag, Rahden, pp. 153-164.

PCA 6.qxp_gao 6 23/05/16 15:33 Pagina 51

Re-used Roman rubbish: a thousand years of recycling glass

J. HENDERSON,S.D. MCLOUGHLIN, D.S. MCPHAIL
2004, Radical changes in Islamic glass
technology: evidence for conservatism
and experimentation with new glass
recipes from early and middle Islamic
Raqqa, Syria, “Archaeometry”, 46, pp.
439-468.
D. HOWELLS 2013, Making Late Antique gold
glass, in C. ENTWISTLE, E. JAMES (eds),
New Light on Old glass; Recent research
on Byzantine mosaics and glass, London,
pp. 112-120.
J.R. HUNTER, M.P. HEYWORTH 1998, The
Hamwic Glass, York.
C.M. JACKSON 1996, From Roman to early medieval glasses. Many happy returns or a
new birth?, in Annales du 13e Congrès de
l’Association Internationale pour l’Histoire du Verre (Pays Bas, 1995),
Lochem, pp. 289-301.
C.M. JACKSON 2005a, Making colourless glass
in the Roman period, “Archaeometry”,
47(4), pp. 763-780.
C.M. JACKSON 2005b, Glassmaking in Bronze Age
Egypt, “Science”, 308, pp. 1750-1752.
C.M. JACKSON, S. COTTAM 2015, ‘A green
thought in a green shade’; compositional
and typological observations concerning
the production of emerald green glass vessels in the 1st century AD, “Journal of Archaeological Science”, 61, pp. 139-148.
C.M. JACKSON, J.R. HUNTER, S.E. WARREN,
H.E.M. COOL 1991, The analysis of bluegreen glass and glassy waste from two
Romano-British glass working sites, in E.
PERNICKA, G.A. WAGNER (eds) Archaeometry ‘90. International Symposium on Archaeometry (Heidelberg, 2-6 April 1990),
Basel, pp. 295-305.
C.M. JACKSON, S. PAYNTER 2015, A great big
melting pot. Patterns of glass supply,
consumption and recycling in Roman Coppergate, York, “Archaeometry”. Doi:
10.1111/arcm.12158.
C.M. JACKSON, S. PAYNTER, M.-D. NENNA, P. DEGRYSE in preparation, Soda from el-Barnugi (al-Barnuj), Egypt, and its potential use
for Roman glass manufacture.
S. JENNINGS, STARK 2012, Appendix: the glass
from Tower 1 in the Western Defences,
in I.L. HANSEN, R. HODGES, S. LEPPARD
(eds), Butrint 4. The Archaeology and
Histories of an Ionian Town, Oxford, pp.
257-259.

D. KELLER 2005, Social and economic aspects
of glass recycling, J. BRUHN, B. CROXFORD, D. GRIGOROPOULOS (eds), TRAC
2004, Proceedings of the Fourteenth Annual Theoretical Roman Archaeology Conference, Oxford, pp. 65-78.
C.M. KESSLER, S. WOLF, S. TRüMPLER 2013,
Leuchtende Fenster: Glas als Werkstoff
und seine Herstellung, in M. RIEK, J.
GOLL, G. DESCœUDRES (eds), Die Zeit
Karls des Grossen in der Schweiz, Bern,
pp. 224-227.
J. KUNICKI-GOLDFINGER, I.C. FREESTONE, I. MCDONALD, J.A HOBOT, H. GILDERDALESCOTT, T. AYERS 2014, Technology, production and chronology of red window
glass in the medieval period – rediscovery
of a lost technology, “Journal of Archaeological Science”, 41, pp. 89-105.
C. LILYQUIST, R.H. BRILL 1993, Studies in Early
Egyptian glass, New York.
S. MALTONI, T. CHINNI, M. VANDINI, E. CIRELLI, A.
SILVESTRI, G. MOLIN 2015, Archaeological
and archaeometric study of the glass
findings from the ancient harbour of
Classe (Ravenna- Italy): new evidence,
“Heritage Science”, 3(13), DOI: 10.
1186/s40494-015-0034-5
F. MARII, TH. REHREN 2009, Archaeological
coloured glass cakes and tesserae from
the Petra Church, in, Annales of the
17th Congress of the AIHV (Antwerp,
2009), Amsterdam, pp. 295-300.
F.R. MATSON, G. RINDONE (eds) 1963, Advances
in Glass Technology, Part 2, New York.
A. MEEK, J. HENDERSON, J. EVANS 2012, Isotope
analysis of English forest glass from the
Weald and Staffordshire, “Journal of Analytical Atomic Spectrometry”, 27, pp.
786-795.
P. MIRTI, A. LEPORA, L. SAGUI 2000, Scientific
analysis of seventh-century glass fragments from the Crypta Balbi in Rome,
“Archaeometry”, 42, pp. 359-374.
M.-D. NENNA 2015, Primary glass workshops in
Graeco-Roman Egypt: preliminary report
on the excavations of the site of Beni
Salama,Wadi Natrun (2003, 2005-9), in
J. BAYLEY, I.C. FREESTONE, C.M. JACKSON
(eds), Glass of the Roman World, Oxford,
pp. 1-22.

51

PCA 6.qxp_gao 6 23/05/16 15:33 Pagina 52

Sarah Paynter, Caroline Jackson

S. PAYNTER 2008, Experiments in the reconstruction of Roman wood-fired glassworking furnaces: waste products and their
formation processes, “Journal of Glass
Studies”, 50, pp. 271-90.
S. PAYNTER 2009, The importance of pots: the
role of refractories in the development of
the English glass industry during the
16th/17th centuries, in D. IGNATIADOU, A.
ANTONARAS (eds), Annales du 18e congrès de l’association internationale pour
l’histoire du verre, Thessaloniki, pp. 419424.
S. PAYNTER, T. KEARNS, H. COOL, S. CHENERY
2015, Roman coloured glass in the
Western provinces: the glass cakes and
tesserae from West Clacton in England,
“Journal of Archaeological Science”, 62,
pp. 66-81.
S. PAYNTER, J. PRICE, S. JENNINGS 2014, Glassworking at Whitby Abbey and Kirkdale
Minster in North Yorkshire, in D. KELLER,
J. PRICE, C.M. JACKSON (eds), Neighbours
and Successors of Rome: Traditions of
Glass Production and use in Europe and
the Middle East in the Later 1st Millennium AD, Oxford, pp. 32-42.
M. PHELPS 2011, 35-39 South Main Street,
Cork, Ireland. Analysis of medieval glass
vessels, English Heritage Research Department Report 9-2011.
J. PRICE 1998, The social context of glass production in Roman Britain, in P. MCCRAY
(ed), The Prehistory and History of Glassmaking Technology, Westerville (Ohio),
pp. 331-348.
J. PRICE, S. COTTAM 1998, Romano-British glass
vessels: a handbook, York.
H.P. ROOKSBY 1962, Opacifiers in opal glasses
through the ages, “G.E.C. Journal”,
f2(1), pp. 20-26.
H.P. ROOKSBY 1964, A yellow cubic lead tin
oxide opacifier in ancient glasses,
“Physics and Chemistry of Classes”,
2(1), pp. 20-25.
E.V. SAYRE 1963, The intentional use of antimony and manganese in ancient glasses, in
MATSON, RINDONE 1963, pp. 263-282.

52

E.V. SAYRE, R.W. SMITH 1961, Compositional
categories of Ancient Glass, “Science”,
133, pp. 1824-1826.
N. SCHIBILLE, I.C.FREESTONE 2013, Composition,
production and procurement of glass at
San Vincenzo al Volturno: an early medieval monastic complex in Southern Italy,
“Plos one”, Doi: 10.1371/journal.pone.
0076479.
J. SHEPHERD, A. WARDLE 2009, The Glassmakers of Roman London, London.
A. SILVESTRI, G. MOLIN, G. SLAVIULO 2008, The
colourless glass of Iulia Felix, “Journal of
Archaeological Science”, 35(2), pp. 331341.
A. SILVESTRI, F. NESTOLA, L. PERUZZO 2016,
Multi-methodological characterisation of
calcium phosphate in late-Antique glass
mosaic tesserae, “Microchemical Journal”, 124, pp. 811-818.
R.W. SMITH 1963, Archaeological evaluation of
analyses of ancient glass, in MATSON,
RINDONE 1963, pp. 283-290.
E.M. STERN1999, Roman glassblowing in a cultural context, “American Journal of Archaeology”, 103, pp. 441-484.
W.E.S. TURNER 1956, Studies of ancient glass
and glassmaking processes. Part V: Raw
materials and melting processes, “Journal of the Society of Glass Technology”,
40, pp. 276-299.
R. TYSON 2000, Medieval Glass Vessels Found
in England c. AD 1200-1500, York.
M. UBOLDI, M. VERITà 2003, Scientific analyses
of glasses from late antique and early medieval archaeological sites in Northern
Italy, “Journal of Glass Studies”, 45, pp.
115-137.
S. WOLF, C.M. KESSLER, W.B. STERN , Y. GERBER
2005, The composition and manufacture
of early Medieval coloured window glass
from Sion (Valois, Switzerland) – a
Roman glass making tradition or innovative craftsmanship?, “Archaeometry”,
47, pp. 361-380.

