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This study aims to understand the manufacturing process of glass ingots, particularly blue
glass, through the use of different furnace types, including electrical and wood-fired furnaces
in varying locations. The study also investigates the use of a separator in the manufacturing
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process, which would allow for the glass ingots to be easily separated from the crucibles.
Various materials such as oil, pure lime, and crushed oyster shells are used as a parting layer
in the glass crucibles; both the lime and oyster shell layers are successful in separating the
ingots from the crucibles after firing. This study also aims to further the understanding of
cross-craft interaction between glassmaking and other pyrotechnologies, such as metallurgy.
Metallurgical crucibles are examined, and comparisons are drawn between them and
crucibles that were used for glass manufacturing. The workshops excavated at sites such as
Amarna, Qantir and Lisht are also considered to understand the skills that may have been
needed to produce glass on an industrial scale. The experiments in this study suggest new
avenues for research focusing on the manufacture of coloured glass ingots and the
interactions between glassmaking and other technologies in Late Bronze Age Egypt.

Introduction

Throughout this Glass is one of the few materials with humble beginnings,
study, understanding made out of resources that were considered very common.
the relationship that Glassmaking in Late Bronze Age (LBA) Egypt is directly
craftspeople had with connected to the earliest Mesopotamian glassmaking
glass, alongside those techniques, with the art being introduced by captured
who used glass as a craftsmen from northern Mesopotamia (Degryse et al., 2015;
commodity in LBA Desoki, 2019: 12). The earliest development of glassmaking
Egypt, has been an technology in the Mesopotamian and East Mediterranean Late
underlying aim. The Bronze Age (c.1550-1150 BC) provides a unique insight into the
relationships that social and symbolic aspects of technological advancement and
people had with this change in LBA Egypt, but many questions are still unanswered.
material played a huge In particular, there has been almost no investigation to date of:
role in the scale of (i) the technology of glassmaking and the production of glass
manufacture ingots; and (ii) the extent to which the production of glass in
throughout the New workshops at sites such as Amarna was intertwined with other
Kingdom. crafts such as metallurgy and faience production. The

connections the craftsmen had to both the product and its
consumers are also an area that has been given very little attention in previous research. Was
glassmaking a new social niche that developed as a result of learning Mesopotamian crafting
techniques? How much was the value of glass understood by its craftsmen?

Aims and Objectives
1. Reconstructing the chaine opératoire for opaque coloured glassmaking in Late Bronze
Age Egypt.
e Practical experiments will be conducted at the Wolfson Laboratory, Newcastle
University, in order to identify firing temperatures to reach and improve current



methods for temperature maintenance. Experiments will be modelled on the 'partial
batch melting 'method (Rehren 2000).

e Practical experimentation at the reconstructed furnace in Wallington and the furnace
used in the Torreparedones Furnace project, Spain. Experiments will investigate how
the use of traditional wood-fuel (which affects redox and firing regime) affects the
results of 1A.

2. Reconstructing the manufacture of blue glass ingots in Late Bronze Age Amarna, Egypt:
how were LBA glassmakers able to cast an ingot of glass and remove it from the crucible

without breakage?

e Use the 'partial batch melting model 'under various firing regimes to investigate
whether this is capable of producing a glass ingot that can be easily removed from
the crucible.

e |nvestigate other lining techniques: initially use modern-day kiln batt, then
investigate the use of different concentrations of CaO.

3. Contextualisation of findings in terms of the value and symbolic meaning of the earliest
glass in Egypt. Did 'consumers' care about the manufacturing processes and techniques
at all? To what extent was the value of glass drawn from the use of raw materials and/or
the specialist knowledge required to produce it?

e |nvestigate Egyptian concepts of value/beauty from a theoretical standpoint, and
how glass was used in royal settings and trade as a symbol of power or status.

e Utilise city layout plans and excavation reports to understand the combination of
domestic and industrial workshops (Nicholson, 2007; Hodgkinson, 2019b).

Previous Work

The similarities in composition that LBA Egyptian glass had to Mesopotamian glasses led to
speculations about whether Egyptian craftsmen possessed the skills to make glass during the
early stage of its development or whether it was imported to the workshops from elsewhere
(Paynter, 2009: 95). Plant ash was a particular component of LBA glass which allowed for
questions around the earliest origins of glass in Egypt. Many ancient glasses were made using
a mixture of plant ash and some form of ground quartz, which allowed for small
compositional differences in glasses across the ancient world (Henderson, 2009: 131). Despite
previous questions regarding whether glass was imported into Egypt, sites such as the
Uluburun shipwreck confirm that glass was in fact being manufactured on a mass scale in
LBA Egypt for a considerable period (Nicholson, Jackson and Trott, 1997: 148; Jackson and
Nicholson, 2010: 295; Smirniou and Rehren, 2011: 59; Lankton, Pulak and Gratuze, 2022: 4).

Research into reconstructing ancient glasses has been previously conducted by Rehren
(2000a, 2000b). Rehren's theory of 'total batch melting 'suggests that medieval and later



glasses show very few changes after the initial batch compositions aside from changes in
colourant additions and the conditions of the furnace. Rehren also postulated the theory of
'partial batch melting', which is more appropriate when attempting to reconstruct LBA glasses
originating from Egypt and the Middle East. The 'partial batch melting 'method suggests that
during the glassmaking process, a surplus of ingredients added to the crucibles may result in
a material of a similar composition to LBA glass. At present, it is unclear if the initial materials
needed for glass manufacture were measured out precisely before being added to the glass
mix. Rehren and Freestone suggest that glass may have been manufactured and coloured in
two separate stages (2015: 235).

Work has also been carried out regarding the layout of the workshops at Amarna, with
suggestions of a tri-partite system of urban workshops in the city (Hodgkinson, 2019b).
Although it is not possible to gain a complete picture of the importance of various working
roles at sites such as Amarna due to preservation problems and archaeological visibility. We
can gain a superficial view into the importance of different manual roles in LBA Egypt (Shaw,
2016: 15). The workshops at Amarna are thought to have been divided between private
ownership and state-owned shops. It is currently unclear if the more 'private 'workshops were
a dominant feature in LBA Egypt or whether the craftsmen were more typically under the
employment of larger state-controlled workshops (Shaw, 2016: 18).

Background

Components and Composition

Most ancient glasses were based on a soda, lime and silica mix, with soda (Na20) being the
flux that lowers the melting temperature of the silica. Two sources of alkali flux were often
used throughout glassmaking history: ashes from halophytic plants, which were often full of
other impurities, and mineral soda (natron), which was relatively pure compared to plant ash.
Lime was often incorporated accidentally with the silica through beach sand or through one
of the impurities in plant ashes (Nicholson, 1993: 42; Shortland, Hatton and Tite, 2007: 186).
Lime may also have been added on purpose from seashells or crushed limestone. Silica was
the glass former and was incorporated through sand or crushed quartz pebbles from
riverbeds. Although not all ancient glasses were made to this recipe, it is thought to be the
oldest method for glassmaking and was used well into the Roman period (Freestone, 2016).

Glass Furnaces, Crucibles and Ingots

Glassmaking crucibles and furnaces found at Tell el-Amarna, Qantir, and Lisht indicate that
glass production across Late Bronze Age (LBA) Egypt was extensive (Rehren, 2000: 21). The
site of Qantir, ancient Pi-Ramesse is thought to be one of the later glass production sites in
LBA Egypt (Smirniou and Rehren, 2011: 76). Active between c. 1279 - 1213 BC (Jackson and
Nicholson, 2023: 1), Qantir specialised in the production of red glass, the extensive evidence



at this site however paved the way for investigations into glass manufacturing at both
Amarna and Lisht (Rehren, 2021: 63). Lisht is also thought to be a major glass production site,
the glass recovered from Lisht however has been shown to be of a lower quality than the
glass recovered from Amarna and Qantir (Smirniou, Rehren and Gratuze, 2018: 511). The
most contextualised site for glassmaking evidence is by far the city of Amarna (c. 1352 - 1332
BQ). First excavated by Petrie (1894: 25), Amarna yielded what he believed to be multiple glass
factories and glazing works dating to the New Kingdom (c. 1295 - 1096 BC)).

Petrie's initial excavations of Amarna were continued by Nicholson (2007) and revealed two
kilns thought to have been used in glass manufacturing (See Figures 1 and 2). Nicholson's
findings also include multiple cylindrical vessels, which are assumed to be the crucibles used
for manufacturing glass ingots. The cylindrical vessels found at the site are very similar in
measurements to the ingots retrieved from the Uluburun shipwreck and many of the
artefacts appear to have a calcareous slip or lining on the interior of the vessels, suggesting
that some sort of lining was used in the firing process to separate the glass from the crucibles
(Nicholson and Jackson, 2007: 90).

Furnace Variations Across Late Bronze Age Egypt

Throughout this study, the variation in furnace designs, albeit incidental, developed several
hypotheses in relation to glass manufacturing. The glass kilns discovered at Amarna differed
significantly from kilns across Egypt that were known for pottery making and metallurgy,
leading to the conclusion that Amarna was primarily a site for glass production. This was
particularly due to the large amounts of slag discovered around the site (Nicholson and
Jackson, 2007a: 157). Pottery waste is common, and metallurgy produces slag as a by-product
in pyrotechnology. Glass is recyclable and does not have a slag by-product, so it is arguably
less visible than other manufacturing processes. Although the craftsmen at Amarna and
across the LBA would be far more skilled at manufacturing glass in wood-fired furnaces than
those of use in the modern day, it is clear from the experiments conducted at both the
Torreparedones project and at Wallington that crucibles inside the furnace could be displaced
extremely easily simply as a result of stoking the furnace. Therefore, it is likely that the glass
melt was often disrupted during manufacture, leading to higher amounts of waste than
would be typical at a pottery-making or metallurgical workshop.

Excavations at the site of Qantir revealed substantial amounts of green glass, although
microscopic analysis proved that this glass was originally red (Rehren and Pusch, 1997: 135).
The crucibles recovered at Qantir also displayed various 'hot spots', thought to be made by
blowpipes which were used to maintain the high temperatures around the crucibles during
firing (Rehren, 1997: 365). It is generally agreed that the glass furnaces in LBA Egypt were
capable of reaching temperatures of 1050-1100°C, although the layout and structure of
furnaces in glass workshops may have differed significantly. Workshop area Q | at Qantir



revealed a range of furnaces and hearths. These areas are distributed evenly around a central
circular feature with traces of some sort of superstructure (Rehren and Pusch, 1997: 138;
Shortland, 2012: 94). This furnace structure differs significantly from that of the workshops at
Amarna. The workshops at Amarna appear to be clustered in small groups of 'slums 'which
were situated between elite houses, following the design of the 'urban village 'model (Kemp,
2012: 299, 2018). The differences in design and structure of furnaces and workshops between
LBA Egyptian sites may have influenced the rate and approach to glass manufacturing.

Egyptian sites such as Lisht were initially thought to have only been used as glassworking
sites during the LBA due to the lack of evidence in the archaeological record (Smirniou,
Rehren and Gratuze, 2018: 502-503). Recent research into the chemical signatures of glass
fragments found at Lisht has revealed that there may have been alternative glass
manufacturing methods used at these sites due to differences in furnace temperatures and
firing regimes. The glass recovered from Lisht shares the standard soda-lime-silica
composition as other glasses in LBA Egypt, with higher levels of magnesia and potash. The
lime content in the Lisht glass is considerably lower than that of glasses from Qantir and
Amarna, suggesting that the glass may have been fired at a lower temperature than it would
have been at other LBA sites. As lime absorbs into the glass melt in higher temperatures
(Merkel and Rehren, 2007: 2569; Tanimoto and Rehren, 2008: 208), the furnaces at Lisht are
thought to have only been fired up to temperatures of around 800-900°C (Smirniou, Rehren
and Gratuze, 2018: 511). Due to the lower firing temperatures of the Lisht furnaces, the glass
from this site is described as being less well fused and of a lower quality than that of glass at
sites such as Amarna (Keller, 1983: 25). As it has been proven that Lisht was a primary glass
production centre in LBA Egypt, the lower quality of glass from this site raises questions
regarding the size and types of furnaces that were being used in the manufacturing process.

Evidence from each of the experiments in this study has shown that vastly different results
can be achieved when firing glass in different furnaces. This may suggest that there was a
degree of cross-craft interaction between glass manufacturing and other professions, such as
pottery making and metallurgical practices. Connections to the elite classes also may have
had an impact on how well furnaces at different sites functioned. The pressure to create
flawless glass may not have been as extreme at sites such as Lisht if it was not in fact
connected to a royal trade industry.

The Development of Glass as a High-Status Material

Following the establishment of Tell el-Amarna under Akhenaten's reign, glass production
across Egypt began to flourish. Although Amarna was one of the primary glass production
centres in LBA Egypt (Hodgkinson and Bertram, 2020: 2), glass was traded and manufactured
throughout the Mediterranean and the Near East (See Figure 3). Dark blue glass was used
extensively throughout the 18th Dynasty and was often used to imitate precious stones such



as lapis lazuli which was imported from the Sinai and present day Afghanistan (Hodgkinson et
al, 2019: 36). The colour blue in LBA Egypt held special connotations to religion due to it
being the colour of both the sky and the sea. Aspects of deities and elements were often
depicted with blue inlays, which can be seen in how royalty was presented in the New
Kingdom.

Blue glass was commonly used in palace and temple settings as well as burial settings
throughout LBA Egypt, further implying that the possession of this material elevated the
status of the owner. Cobalt blue glass, as well as red, yellow and white glass, are all thought to
have associated symbolism with royalty and exoticism, which increased the desirability of
these materials over that of copper blue and green glass (Duckworth, 2011: 217). The Amarna
Letters, dating to the mid-14th century BC, frequently reference the import of glass into Egypt
and the royal demand for high quality glass from the Near East (Bianchi, 2002: 115; Smirniou
and Rehren, 2011: 59). The royal demand for glass, as well as its connections to decorum and
royal ideologies suggests that glass was a material that separated the elites from the lower
classes and acted as a symbol of status and authority for the monarch and those of a higher
social status (Bianchi, 2002: 117). Although coloured glass has been shown to be equal in
value to precious stones in Egypt, metals such as gold and silver surpassed glass in material
value (Hodgkinson, 2019: 135).

Glass and the Theory of Value

The use of blue glass in particular separated the elites from the lower classes due to its
symbolic connections to nature as well as aspects of Egyptian life which were linked very
closely to deities such as Aten and Ra, who were associated with the sun (Singer, 2016). Many
of the glass workshops in Amarna and other sites across Egypt were controlled by the state,
which further suggests that glass was held in high esteem by those of higher status
(Hodgkinson, 2019).

Understanding the true value of glass in Late Bronze Age Egypt may also be investigated
through an understanding of the level of cross-craft interaction between glassmaking and
other technologies. Cross-craft interaction in archaeology is often used to trace technological
change over time and space to understand the overlap of skills used by people in the past.
The craftspeople of LBA Egypt would have been highly skilled in the technology of
glassmaking; there may be a possibility, however, that these craftspeople did not specialise in
a single industry only. There are many components and variables to consider in relation to
glass manufacturing, for example, the production of ceramic crucibles in which glass is fired.
The furnaces used for the firing of glass would have also required a degree of skill to be
constructed properly. Were these tasks the responsibility of the glass craftsmen to complete?
If so, were the crucibles constructed in the same workshops that the glass was produced in,



or were they manufactured by pottery craftsmen and then transported to glass workshops to
be used in glassmaking?

Method

A range of experiments were carried out over the course of this project. Table 1 provides
information on each glass batch fired throughout the project. Multiple types of furnaces were
used throughout the experimentation section of this study, which provided a range of
different results. The wood-fired furnaces at both the Torreparedones Furnace project and
Wallington provided a reconstruction of the glass manufacturing process and allowed for
multiple experiments to take place in quick succession. The Vecstar Furnace was extremely
useful in regard to reaching specific temperatures and maintaining the temperature
consistently. Although useful for achieving consistent temperatures, the modern furnace was
not representative of ancient glassmaking. Each of the furnaces used in the experiments
achieved highly useful results, although it was possible to produce only limited amounts of
glass in all cases.

Crucible Glass Ch Crucible Parting L Glass
ass Charge arting Layer
# & Material gLy Fused?
1L Chunks (1-5 mm) Slip-Cast None Y
2L Chunks (1-5 mm) Porcelain None Y
3L Powder (<1 mm) Slip-Cast None Y
4L Powder (<1 mm) Porcelain None Y
Glasma chunks (>10 _ , _
1S Ceramic Kiln batt (4 mm thick) N
mm)
Glasma chunks (>10 ) ) )
2S Ceramic Kiln batt (4 mm thick) N
mm)
T™w Chunks (1-5 mm) Ceramic Oil Y
2W Chunks (1-5 mm) Ceramic Lime (1 mm thick) N
3W Chunks (1-5 mm) Ceramic Lime (3 mm thick) N
4W Chunks (1-5 mm) Ceramic None Y
Crushed oyster shell (1 mm
5w Chunks (1-5 mm) Handmade clay ) N
thick)
Crushed oyster shell (1 mm
oW Chunks (1-5 mm) Handmade clay )
thick)
Crushed oyster shell (1 mm
7W Chunks (1-5 mm) Handmade clay ) N
thick)
8W Chunks (1-5 mm) Handmade clay  Lime (1 mm thick) N
oW Chunks (1-5 mm) Handmade clay ' Lime (1 mm thick) N

TABLE 1. MASTER TABLE OF EVERY GLASS BATCH IN THIS STUDY.



Wolfson Laboratory Experiments

In order to replicate the manufacturing processes of LBA Egyptian glass, it was first necessary
to consider the design of the crucibles. In the laboratory phase, the size of the furnace
chamber, availability of glass for experimentation, and the feasibility of working with hot glass
in an indoor environment were factors in the decision to use smaller, shallower crucibles than
those found in association with glass production in LBA Egypt. A batch of 19 crucibles (c. 6.5
cm diameter) was made with grogged stoneware clay (grog is a ceramic temper formed from
fired and crushed pots, which mechanically strengthens the crucibles against thermal shock).
The crucibles were made by finger-pinching, then air-dried and fired to 1150°C in the Vecstar
Furnace (See Chart 1).

96% SiO2 soda - lime -

Reference Point Definition Viscosity .
(°C) silica (°C)
Working Point Sufficiently soft for shaping. 104 - 1000
) , Glass tubes can be bentin a
Softening Point 107,6 1500 700

flame.

) ) Internal stresses removed in
Annealing Point . 1013,4 900 510
a few minutes.

Highest temperature from

) ) which the glass can be
Strain Point . ) 1014,5 820 470
rapidly cooled without

serious internal stress.

TABLE 2. TABLE DISPLAYING VARIOUS PHASES GLASS GOES THROUGH DEPENDING ON TEMPERATURE AND VISCOSITY.

Based on previous research by Brachlow (2012: 120), it was hypothesised that glass ingots
might have been removed from their crucibles at a temperature below the glass-melting
temperature but within the range of temperatures at which glass is still relatively soft. The
glass working range is dependent on the viscosity of the material, as is the annealing process,
which is the point at which internal stress can be relieved in order to avoid the glass cracking
(See Figure 4). See Table 2 for a tabulated explanation of each phase. The cobalt blue glass
had responded very well to previous firing regimes, with the resultant material closely
resembling LBA cobalt-coloured glass. Two 25ml porcelain crucibles were used for this test
alongside two previously handmade, slip-cast crucibles of the same volume and
approximately the same dimensions. To test the necessity of finely grinding the glass for
future experiments, which depending on the type of glass used could take up to an hour, two
samples of the cobalt-blue glass were crushed into a fine powder (1L and 2L) using a mortar
and pestle, whilst two more were added in 1-5 mm chunks (3L and 4L) (See Table 3). These
were then fired to 1050°C in the Vecstar Furnace (See Chart 2).

Crucible # Glass Charge Crucible Material Glass Fused?



1L Chunks (1-5 mm) Slip-Cast Y
2L Chunks (1-5 mm) Porcelain Y
3L Powder (<1 mm) Slip-Cast Y
4L Powder (<1 mm) Porcelain Y

TABLE 3. INFORMATION ON EACH BATCH OF GLASS USED IN THE WOLFSON LABORATORY EXPERIMENTS.
Torreparedones Furnace Experiments

In order to test the feasibility of separator use in a traditional wood-fired furnace with larger
crucibles, tests were also undertaken at the Torreparedones Furnace Project, July 2023. The
project aimed to reconstruct and operate a large 12th-century glassworking furnace
excavated in Murcia, Spain (John Pearson, pers. comm.) (See Figure 5).

Prior to experimenting with the use of different separators, it was hoped to test the feasibility
that a parting layer would allow the resultant ingot to be easily removed from and retain the
form of the crucible. For this reason, the initial separator used was a modern 'kiln batt wash’,
used to prevent pottery glazes from adhering to the kiln furniture. Kiln batt generally consists
of alumina, sourced from kaolin clay, as well as silica and zirconium. Silica and alumina-based
kiln batts are typically used for lower firing temperatures (950°C - 1305°C), whereas
zirconium-based kiln batts are reserved for higher firing temperatures due to their higher
melting point (1855°C) (Grenson, 2022). The kiln batt was mixed with water to create a paste
separator, which was applied throughout the interior of the crucible to approximately 4 mm
in

thickness (See Figure 6). Two ceramic crucibles (c. 12 cm diameter) were used for each batch
of experiments. Due to the high porosity of ceramic material, it is generally a good thermal
insulator (Rehren and Pusch, 1997: 137-138). The glass used was 'Glasma’, a colourless soda-
lime-silica material typically used specifically in modern glass studios. Glasma has a melting
temperature of approximately 1275°C and can be worked from 1120°C (Studio Glass Batch,
2023). The glasma was added into the lined crucible in large chunks (>10 mm) without
crushing and grinding (See Figure 7). Two crucibles were fired, one on each night of the
furnace operation (1S and 2S). They were added to the furnace already charged with lining
and glass, at c¢. 300°C and gradually raised over 2-4 hours (See Figure 8). Although
temperatures fluctuated due to the challenges of stoking this large furnace, it maintained
temperatures between 950°C and 1050°C for approximately 2 hours on the first night, and 4
hours on the second night.

Although thermocouples were attached to the furnace, no more precise record of the
temperature regime was kept because of logistical challenges encountered by the project.

Wallington Furnace Experiments



Following the Spanish Furnace Project, experiments were carried out at the Old Sawmill,
Wallington National Trust Property, using a traditional, clay-built wood-fired furnace
constructed there by the PEGG Research Group, Newcastle University, in 2022 (See Figure 9).
Because there was only a limited supply of LBA replica glass, it was decided to use cobalt-blue
Murano glass lampworking canes (Effetre 104) for further experiments due to their similar
chemistry (soda-lime-silica) to LBA glass, and the homogeneity of their composition, which
reduces experimental error. Ten blue Murano canes (Opg Med Lapis 591242) were crushed
and ground using a pestle and mortar (See Figure 10). Four ceramic crucibles (c. 6.5 cm
diameter) were used for this experiment, the separators for each crucible are as follows:

Crucible # Glass Charge Parting Layer Glass Fused?
W Chunks (1-5 mm) Oil Y
2W Chunks (1-5 mm) Lime (1 mm thick) N
3w Chunks (1-5 mm) Lime (3 mm thick) N
4W Chunks (1-5 mm) None Y

TABLE 4. INFORMATION ON THE FIRST BATCH OF GLASS USED IN THE WALLINGTON FURNACE EXPERIMENTS.

The lime powder used in the experiment was mixed with water to form a paste and added to
the crucibles. The crucibles (See Figure 11) were then added to the furnace at approximately
350°C. No thermocouples were available, but approximate temperatures were gauged based
upon the prior experience of Chloe Duckworth (pers. comm.), who operated the stoking of
the furnace. A temperature of 900°C was achieved after two hours, and the crucibles were
removed from the furnace.

It was also decided to test crushed oyster shells as a separator. As oyster shells are CaCO3
(calcium carbonate), the shells first needed to be fired to 950°C to produce CaO, or quicklime.
The shell fragments were placed in graphite and stoneware crucibles (See Figure 12), which
were then placed in a Carbolite Gero CWF 11/05 + 301 Controller Muffle Furnace located at
the Wolfson Laboratory. This furnace was used in place of the Vecstar Furnace as it was able
to rise to a temperature of 950°C in a very short time. Following firing, the oyster shells were
then crushed to a fine powder using a pestle and mortar (See Figure 13), and a fine sieve was
also used to provide particles of uniform size. Five of the stoneware clay crucibles made in
the Wolfson Laboratory were used in this experiment. The crushed shell was then mixed with
water to create a paste and added to three of the crucibles in a 1 mm thick lining. Pure lime
(CaO) was also used in two of the crucibles; this was also mixed with water to make a paste,
and a 1 mm thick lining was made. The glass used for this batch of experiments was a mix of
the Murano blue canes as well as the remaining cobalt-blue glass manufactured in the
Wolfson Laboratory. The separators for this batch are as follows:

Crucible # Glass Charge Parting Layer Glass Fused?



5W Chunks (1-5 mm) Crushed oyster shell (1 mm thick) N
oW Chunks (1-5 mm) Crushed oyster shell (1 mm thick) N
7W Chunks (1-5 mm) Crushed oyster shell (1 mm thick) N
8W Chunks (1-5 mm) Lime (1 mm thick) N
9w Chunks (1-5 mm) Lime (1 mm thick) N

TABLE 5. INFORMATION ON THE SECOND BATCH OF GLASS USED IN THE WALLINGTON FURNACE EXPERIMENTS.

It was decided that three of the crucibles would be removed from the furnace at peak
temperature, whilst the remaining two would be allowed to cool slightly before being
removed. The crucibles (See Figure 14) were added to the furnace at a temperature of
approximately 350°C. Similar to the previous experiments at Wallington, no thermocouples
were available, but temperatures were gauged approximately based upon prior experience. A
temperature of around 950°C was achieved after an hour of stoking. The crucibles were then
removed from the furnace.

Results

Wolfson Laboratory

The cobalt blue glass fired in the Vecstar Furnace did appear to be more malleable when
removed from the furnace (See Figure 15). Both the powdered samples and the crushed
samples appeared to have the same result. Despite the glass appearing more malleable when
removed from the furnace, it still adhered to the crucibles, so separating the glass was not
possible. It may be possible that the colourant in the glass had some sort of influence on the
firing process; further testing with colourless glass and glasses containing other colourants
should be considered.

Torreparedones Furnace Project

The first batch of glass fired in the furnace yielded promising results. The crucible was
displaced during the stoking of the furnace (See Figure 16), which resulted in some of the
glass mix being lost in the furnace fire. A considerable amount of the glasma, however, was
easily separated from the crucible during this displacement (See Figures 17 and 18), which
suggested that the glass mix would separate from the crucible with more firing time.

The second batch of experiments on this project also yielded promising results. After being
placed in the furnace at 300°C, explosions were heard from inside the furnace when it
reached approximately 700°C. Due to this, the experiments were stopped. The following day,
the crucibles were removed from the furnace. Whilst not in a perfect ingot form, the glasma
separated from the crucible easily and did not appear to adhere to the crucible at all (See
Figures 19, 20 and 21).



Wallington

Following the first firing process in the furnace at Wallington, a range of results were seen in
the crucibles (See Figure 22). Crucible 2W, containing the 1 mm thick lime lining, showed
promising results. At the time of removal from the furnace, it appeared that the glass was
beginning to separate from the lining; however, due to a lack of sufficient tools to remove the
crucibles from the furnace, it was not possible to properly separate the glass from the
crucible. As the glass cooled completely, however, it gradually separated from the lime lining
and was removed from the crucible in several small parts (See Figure 23). A layer of lime lining
is present on the glass fragments (See Figure 24). Crucible 3W, which had a lining of 3 mm,
also yielded positive results. As stated previously, a lack of sufficient tools meant that the
crucibles could not be properly removed from the furnace. The crucible was displaced during
firing, and the glass separated from the crucible in an almost perfect ingot form (See Figure
25). It was not possible to retrieve the glass from inside the furnace. Crucible 4W, which had
no lining, completely adhered to the glass, which was as expected. Crucible 1W containing the
oil lining caused the glass to react slightly with the crucible, and it was also completely
adhered to the crucible.

The second batch of experiments at Wallington proved hugely successful. Three of the
crucibles: 5W, 6W, and 8W were removed when the furnace temperature was at a peak of
950°C. 8W had not fully formed into an ingot shape at the time of removal; therefore, it
lacked proper shape. Despite this, the glass separated easily from the crucible and appeared
to have no contamination with the crucible or lime separator. Crucibles 5W and 6W also
separated from the crucibles with ease, each of them forming an ingot shape (See Figure 26).

The remaining crucibles: 7W and 9W, were removed from the furnace and allowed to cool
slightly before an attempt was made to separate the glass from the crucibles. 7W
unfortunately had debris from the furnace attached to the glass, which could not be removed
before the glass cooled. Both 7W and 9W separated easily from the crucibles after they had
sufficiently cooled, however. Both fragments formed an ingot shape during the firing process
(See Figures 27 and 48). A residual lime lining can also be seen on all the glass ingots removed
from the crucibles.

Discussion

The findings from the experiments and their connections to LBA glass production offer
several avenues for discussion. Due to this, four main areas for discussion are noted in this
section, which elaborate on the production of Egyptian glass and the value it held in LBA
society.

The Use of Lime as a Separator



Following the success of using kiln batt as a separator on the Torreparedones project, the use
of lime as a separator during the experiments at Wallington led to several hypotheses. Firstly,
the database compiled in this study of each of the cylindrical vessels found at Amarna may
point towards evidence of a lime separator (See Appendix 1). A significant number of the
crucibles described in the database are described as having a calcareous slip, often coating
the interior of the vessels. Although the calcareous slip is not present on all crucibles with
glass remains, it is mentioned frequently in various works regarding LBA Egyptian glass and
the 'partial batch melting 'model (Nicholson and Jackson, 2007b: 90; Tanimoto and Rehren,
2008: 2567). Previously, the calcareous slip has been thought to be a result of unreacted
batch materials left behind during the manufacturing process, leading to Rehren's theory of
'partial batch melting 'and 'total batch melting '(Rehren, 2000a: 22). The experiments
conducted at the Torreparedones project and also at Wallington suggest that the slip may be
the remains of a lime separator used to prevent the glass melt fusing to the crucibles.

Shortland (2012: 103) suggests that the level of lime needed in LBA glass averages around 8%
CaO0. He also suggests that aside from plant ash this may have been added through shell or
limestone which contributed to the lime parting layer. Glass manufacturing crucibles from
both Amarna and Qantir show evidence of a lime parting layer on the interior of the vessels,
thought to have been used to prevent contamination by ferruginous clay and assist in the
release of the glass from the crucibles (Rehren and Pusch, 2005: 1756). Further experimental
work by Merkel and Rehren (2007) suggested that the parting layer on the LBA crucibles may
have consisted of slaked lime, silica, and crushed ash tray ceramic, based on analysis of a
crucible sample recovered from Qantir. Merkel and Rehren also suggest that due to the high
firing temperatures used in glass manufacturing it is seemingly unlikely that calcium
carbonate was used as a parting layer as it would react with the surrounding materials (2007:
209), this is also supported by Smirniou and Rehren (2011: 65). The first set of experiments
conducted at Wallington for this project suggest that a variation of slaked lime was used to
separate the coloured glass from the crucibles during the production stage and assisted in
forming the ingot shape. The possibility of using shells was also confirmed in the second set
of experiments at Wallington. Although we cannot be sure based on this study alone whether
crushed and ground shells were completely reacted during firing in the muffle furnace, which
implies that having at least some calcium carbonate (as opposed to pure calcium oxide) in the
mix with the water would not necessarily prevent the successful formation and separation of
ingots.

As the glass ingots created in this study were easily removed from the crucibles at varying
temperatures, this may suggest that glass of different colours were removed from the
furnaces at different times in order to form the desired shape. The residual lime layer left on
the ingots, previously thought to be unreacted batch materials, is almost certainly the
residual parting layer left behind from the manufacturing process. Previous work suggesting
that the lime layer assisted in preventing contamination by the clay crucibles (Rehren and
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Pusch, 2005: 1756) is also supported by the experiments in Wallington. The glass ingots had
little to no reaction with the surrounding crucibles, which suggests that not only does the lime
layer act as a separator for the glass, but also as a form of protectant from impurities that
may be in the clay crucibles. Evidence of the calcareous slip in the cylindrical vessels
recovered from Amarna also points to a lime parting layer consisting of shells. The crucibles
used in the Wallington experiments each have traces of the parting layer adhered to the sides
of the vessels (See Figure 29). Although the crucibles used in this study are on a smaller scale
than those used at Amarna, the evidence of a calcareous slip being present on both sets of
crucibles further supports the use of shells as a separator.

The use of lime as a separator has proven successful when used for cobalt-blue glass.
Differences in coloured glasses may impact this, however. Work by Duckworth et al. (2012)
using ToF-SIMS analysis found significant chemical differences in various coloured LBA
Egyptian glass. Lead-antimonate yellow glass, in particular, has proven to be notably different
in composition to other glasses. The key difference is in the way the opacifying inclusions are
distributed within the glass, and the morphology, which differs from those in white and
turquoise opaque glasses. Lead antimonate yellow glass has clumps and streaks of inclusions,
which often have sub-angular forms and a heterogeneous internal chemical structure. These
point to the likelihood that the inclusions had to be added to a pre-formed glass and stirred in
while it was viscous and below the full melting temperature. On the other hand, the calcium
antimonate inclusions in white and turquoise opaque glasses are consistent in appearance
with having precipitated out from a melt. Rehren (2001) suggests that variations in plant ash
may be a contributing factor to compositional differences in glass. It may be possible that the
chemical differences in the colourant-opacifiers used in LBA glass interacted with the lime
parting layer in different ways during the firing process. If this is the case, higher or lower
amounts of lime may have been incorporated into the glass melt during production,
subsequently altering both the opacity and colour of the base glass.

Cross-Craft Interaction in Late Bronze Age Egyptian Workshops

It is well known that glassmaking followed metallurgical and faience production; the use of
metals such as copper oxides for colourants in glass suggests that it was developed from an
awareness of the properties of metals (Fenn, 2015: 392). The presence of copper slag on the
crucible fragments from Amarna may have been a result of smelting copper to use it as a
colourant in the glass manufacturing process. Skills in ceramic production were also likely to
have been a part of the glassmaking world due to the extensive number of crucibles
necessary to produce glass ingots on an industrial scale. Although initially it was suggested
that the workshops at Amarna were very loosely organised and difficult to differentiate
between crafts (Nicholson and Jackson, 2018: 3; Hodgkinson, 2019a: 168), recent studies
suggest that the smaller domestic workshops at Amarna often included resources for faience
and metal production as well as glass production (Hodgkinson et al., 2019: 48).



One of the aims of this study is to understand how the craft of glassmaking was perceived by
both the craftsmen and the consumer in LBA Egypt. It may be the case that the presence of
metallurgy and faience kilns in smaller workshops was due to the process of glassmaking
being deemed less valuable than the glass itself; therefore, it was left to the lower-class
workshops to manufacture materials such as the colourants to send to the larger workshops
for processing. If this is the case, it may grant valuable insight into the social status of
glassmaking, and separate the end product. Although precious metals such as gold and silver
were deemed far more valuable than glass, it may be that more practical metals, such as
copper, were less appreciated due to a lack of rarity by the time glass became a widespread
material. The same could be said for ceramic materials such as crucibles. The crucible fabric
from LBA Egyptian sites typically consists of local Nile clay (Rehren, 1997: 356), of which there
would have been no shortage. It may be that, due to the commonplace nature of this
material, it was again left to the smaller workshops to produce the crucibles needed for glass
manufacturing. On the other hand, glass manufacturing was a swiftly developing industry in
LBA Egypt; therefore, the larger workshops and factories that were under royal control would
surely have needed a constant supply of colourants for the glass, and crucibles due to their
rather fragile nature. The craftspeople may have been skilled in each aspect of the
glassmaking process and simply worked in rotations around the different workshops, or
perhaps they remained separated from each step and perfected their skills in a very specific
part of the process.

The Value of Glass

Understanding the value of glass in LBA Egypt is greatly enhanced through an appreciation of
the practice of glassmaking itself, despite the production of glass previously being a study
area that was generally neglected (Rehren and Pusch, 2008: 14). The level of skill required to
create glass of varying colours, as well as maintaining consistent and high quality materials
only further displays the status that was placed on glass during the New Kingdom.

In regard to cobalt-blue glass, it is well known that it was under some degree of royal control
throughout the LBA which links the material directly to glass production in cities such as
Amarna (Jackson and Nicholson, 2023: 2). The value of blue glass is closely linked to
symbolism regarding the sea and the sky as well as having connections to lapis lazuli
(Shortland, 2012: 55; Hodgkinson et al., 2019: 36). Evidence of a red ingot found at Amarna
may also hold other connotations for why blue glass was so commonly manufactured,
however. The glass ingot (See Figure 30), now held at the Garstang Museum, University of
Liverpool, is thought to have possibly been the result of recycling copper glass due to the
muddy colour; this avenue of research should be further explored at a future date. Chemical
analysis of the ingot also suggests that the glass was originally red due to the concentration of
copper oxide (11.42 wt%) and antimony oxide (1.62 wt%). The quality of the ingot is
considerably lower than other glass ingots recovered from Amarna; it does suggest that other



glass colours aside from blue may have been manufactured at the site. Currently, the
Garstang ingot is one of the only examples of red glass that may have been produced at
Amarna. Colourants such as antimony were often acquired through long-distance trade,
which may also have influenced the value of various glass colours (Duckworth, 2012: 322).
The skill required to produce red and yellow glass was considerable due to the unpredictable
nature of the colourants used; it could be possible that the Garstang ingot was only intended
for local use in Amarna due to the lower quality of the ingot (Jackson and Nicholson, 2023).
Regarding cobalt, this material appeared to have been difficult to acquire at times, leading to
a particular shade of blue glass known as 'Amarna Blue'. The difficulties in sourcing cobalt
may have also been a factor in the value of the cobalt-blue glass manufactured in LBA Egypt.

The location of the production sites of glass in LBA Egypt appears to follow the relocation of
royal centres over time (Jackson and Nicholson, 2023: 7). Alongside this, the transfer of ingots
across significant distances, often between major political powers only further supports that
glass was hugely valuable across the wider ancient world (Rehren and Pusch, 2008: 15).
Although the status of glass was not held as highly as precious stones and metals, as shown
through the vast amount of waste heaps found at Amarna (Hodgkinson, 2019a: 168), the
status of glass may have been of a political nature as well as a symbolic one. The concept of
value in the ancient world is defined loosely due to the systems of value among commodities
still evolving, particularly during the time that glass production in LBA Egypt was at its peak
(Renfrew, 2012: 250). Art and value were commonly intertwined when it came to valuable
materials such as glass and precious stones (Papadopoulos, 2012: 264). In particular, the
Egyptian values of decorum and restraint were closely tied to these materials (Lichtheim,
1997: 31; Bianchi, 2002: 117). Bartering systems in the ancient world recognised from an early
stage that value was equivalent amongst commodities which allowed for negotiations
between societies regarding the exchange of goods (Renfrew, 2012: 251). Glass imported
from elsewhere has been argued to have possibly held more value than that of local Egyptian
glass for the Pharaoh and the elites (Shortland, 2007: 149), this may have been due to these
areas having a greater availability of materials to make high quality glass. The Amarna letters
request glass as a raw material from neighbouring countries; this may be due to it being
relatively new at the time the letters were created. This reference to glass in the letters
suggests that it was held in high esteem. Materials in correspondence, such as the Amarna
letters, were often listed in order of value; in this instance, glass is listed directly below a gold
object and above several other objects made of gold with inlaid stones (Duckworth, 2011: 87);
this further reinforces the value that glass held in LBA Egypt.

The experiments conducted in this study suggest that cobalt-blue glass was commonly
manufactured in Amarna, not only because of its prestigious symbolic qualities, but also due
to the consistency of its composition, which allowed its craftsmen to produce vast quantities
of it with little difficulty. The presence of red glass at Amarna suggests that other colours may
have been produced for more local use, and the value of coloured glasses may have differed



between glass production sites despite the general symbolic values attached to the material.
It is currently unclear whether the Egyptian values that were attached to glass and its
colourants were a belief which was held by the majority of LBA Egyptian society, or whether
this was simply a political motive pursued by the elites of the ancient world (Appadurai, 2014).
The relationship that the craftsmen and lower classes had with this material is a topic of
research that should be considered in order to fully understand the true value of glass in LBA
Egyptian society.

Further Research and Conclusions

This section will consider how the experiments conducted in this study have contributed to (i)
understanding the manufacturing process of glass in LBA Egypt and (ii) how glass was
understood by the craftsmen and its consumers, as well as how the relationships they may
have had with this material differed from the elites of LBA Egyptian society.

The Chaine Opératoire of Glassmaking

The experiments conducted in this study have greatly assisted in understanding the chaine
opératoire of glassmaking in LBA Egypt. The combined use of the Vecstar Furnace at the
Wolfson Laboratory, as well as the wood-fired furnaces at both the Torreparedones project
and Wallington, allowed a range of conclusions to be drawn about the exact manufacturing
process of glass in the LBA. It is clear from the experiments in this study that although
modern-day furnaces are highly useful in reaching precise temperatures and maintaining
consistent firing regimes, they do not obtain the desired results with regard to LBA glass
ingots. The differences in the size and design of the furnaces on the Torreparedones project
and at Wallington illustrate that there is a range of variables to be tested in future research.

It may be the case that if furnace designs did indeed vary between sites, they may have been
used for different steps in the glass manufacturing process. It is currently unclear whether
glass furnaces and kilns in LBA Egypt had a range of designs; however, there is a possibility
that furnaces on a far smaller scale than previously thought were used for the working of
glass beads and decorations (Hodgkinson, 2020). Due to the variations in glass from sites
such as Amarna and Lisht, however, as well as the differing designs found in workshops
across sites, it may not be unfeasible to suggest that Egyptian craftsmen had a range of firing
processes at their disposal.

The Production of Glass Ingots

Possibly the most significant achievement in this study has been furthering the
understanding of the production of glass ingots in LBA Egypt. For this study, we can assume
some form of crushed shell or limestone was used as the lining for glass ingots, which
assisted in not only preventing contamination from the crucibles but also facilitating the



removal of the ingots from the crucibles after firing. It must be borne in mind, however, that
there may be other reasons for the presence of a lime layer in the crucibles, as we were
unable to test the production of other glass colours, such as lead-antimonate yellow. The
residual shell lining left in the crucibles used at Wallington correlates with the calcareous slip
so often found in the cylindrical vessels recovered from Amarna, further supporting the use
of shells as a separator for glass ingots. Although this study has greatly assisted in
understanding how blue glass ingots were manufactured, the manufacturing process of other
glass colours remains a question.

Glass and the Glass Maker

Throughout this study, understanding the relationship that craftspeople had with glass,
alongside those who used glass as a commodity in LBA Egypt, has been an underlying aim.
The relationships that people had with this material played a huge role in the scale of
manufacture throughout the New Kingdom. The extent of royal control placed on blue glass
at Amarna is displayed through the manufacture of the glass ingots, such as those found on
the Uluburun shipwreck, as well as the relocation of primary glass production centres to
follow the centre of royal control over time. This control over glass in LBA Egypt displays a
clear picture of how the elites of society viewed glass and how valuable it was to them. The
relationship the craftsmen had with glass as a material is still unclear, however.

The idea that glass may have been used as a political tool by the elites has also been
expanded upon throughout this study. The idea of value in LBA Egypt and the wider ancient
world is closely linked with beauty, art and money, which is evident through the portrayal of
glass as a royal material. The use of the royal cartouche alongside reliefs and passages
regarding glass is evidence of its status and the relationships the elites of LBA Egyptian
society held with this material. It is generally far more difficult to understand the actions and
behaviours of normal people of ancient societies due to them all too often being omitted
from the archaeological record.

Concluding Remarks

The experiments conducted throughout this study have provided a range of outcomes which
have been a source of understanding and opportunity for future research regarding the
manufacturing of glass in LBA Egypt. Steps are being taken in the archaeological research of
ingot manufacturing, as well as how glass was understood by the Egyptian people. There
remains a significant lack of understanding regarding firing regimes and the temperatures at
which different glass colours were created.

The value of glass in LBA Egyptian society is yet to be fully explored. Work conducted in this
study has assisted in furthering our understanding of glass as a commodity in the ancient
world alongside works such as Appadurai (2014) and Papadopoulos (2012). The degree of



cross-craft interaction between glassmaking, metallurgy and pottery production is
considerable due to the necessity of crafting glassmaking crucibles and integrating the
colourants into the glass melt during the production stage. Although strides should still be
taken to investigate the structure of workshops across Egyptian glass production sites, this
study has assisted in understanding how variations in workshop layouts and designs may
have impacted the quality of glass produced at varying sites. To acknowledge the relationship
the craftspeople in LBA Egypt had with this material, understanding the environment they
worked in is an essential step for further research.
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FIG 1. AERIAL PHOTOGRAPH OF KILN 2 AT AMARNA. (NICHOLSON, 2007: PLATE 3.4)

FIG 2. FIGURE 2, AERIAL PHOTOGRAPH OF KILN 3 AT AMARNA. (NICHOLSON, 2007: PLATE 3.6)
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FIG 3. MAP OF TRADE ROUTES AND GLASS MANUFACTURING SITES IN EGYPT, THE MEDITERRANEAN AND THE NEAR
EAST. THE LOCATION OF THE ULUBURUN SHIP IS ALSO DISPLAYED. (JACKSON, 2005: FIGURE 1)
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FIG 4. GRAPH REPRESENTING THE WORKING PROPERTIES OF GLASS AT VARIOUS TEMPERATURES IN RELATION TO
ITS VISCOSITY. (HENDERSON, 2000: FIG. 1)


https://exarc.net/sites/default/files/Figure%203%2C%20Map%20of%20trade%20routes%20and%20glass%20manufacturing%20sites%20in%20Egypt%2C%20the%20Mediterranean%20and%20the%20Near%20East.%20The%20location%20of%20the%20Uluburun%20ship%20is%20also%20displayed.%20%28Jackson%2C%202005_%20Figure%201%29.png
https://exarc.net/sites/default/files/Figure%203%2C%20Map%20of%20trade%20routes%20and%20glass%20manufacturing%20sites%20in%20Egypt%2C%20the%20Mediterranean%20and%20the%20Near%20East.%20The%20location%20of%20the%20Uluburun%20ship%20is%20also%20displayed.%20%28Jackson%2C%202005_%20Figure%201%29.png
https://exarc.net/sites/default/files/Figure%204%2C%20Graph%20representing%20the%20working%20properties%20of%20glass%20at%20various%20temperatures%20in%20relation%20to%20its%20viscosity.%20%28Nicholson%20and%20Henderson%2C%202000%2C%20Fig.%201%29.png
https://exarc.net/sites/default/files/Figure%204%2C%20Graph%20representing%20the%20working%20properties%20of%20glass%20at%20various%20temperatures%20in%20relation%20to%20its%20viscosity.%20%28Nicholson%20and%20Henderson%2C%202000%2C%20Fig.%201%29.png

off il : Lok ; S fil) e 4

FIG 5. FURNACE CONSTRUCTED AS PART OF THE TORREPAREDONES FURNACE PROJECT. PHOTO BY SARAH
MITCHELL.


https://exarc.net/sites/default/files/Figure%205%2C%20Furnace%20constructed%20as%20part%20of%20the%20Torreparedones%20Furnace%20Project.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%205%2C%20Furnace%20constructed%20as%20part%20of%20the%20Torreparedones%20Furnace%20Project.%20%28Source_%20The%20Author%2C%202023%29.jpg

FIG 6. KILN BATT LINING. PHOTO BY SARAH MITCHELL.
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FIG 7. GLASMA PRIOR TO FIRING. PHOTO BY SARAH MITCHELL.
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FIG 8. CRUCIBLES JUST AFTER BEING PLACED INSIDE THE FURNACE. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%208%2C%20Crucibles%20just%20after%20being%20placed%20inside%20the%20furnace.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%208%2C%20Crucibles%20just%20after%20being%20placed%20inside%20the%20furnace.%20%28Source_%20The%20Author%2C%202023%29.jpg

FIG 9. WOOD-FIRED FURNACE LOCATED AT WALLINGTON. PHOTO BY SARAH MITCHELL.



https://exarc.net/sites/default/files/Figure%209%2C%20Wood-fired%20furnace%20located%20at%20Wallington.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%209%2C%20Wood-fired%20furnace%20located%20at%20Wallington.%20%28Source_%20The%20Author%2C%202023%29.jpg
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FIG 11. EACH CRUCIBLE PLACED IN THE FURNACE, FROM LEFT TO RIGHT: OIL LINING; LIME LINING, 1 MM THICK;
LIME LINING, 3 MM THICK; CONTROL - NO LINING. PHOTO BY SARAH MITCHELL.
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https://exarc.net/sites/default/files/Figure%2011_7.jpg
https://exarc.net/sites/default/files/Figure%2011_7.jpg

FIG 12. CRUSHED OYSTER SHELLS PRIOR TO FIRING. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2012%2C%20Crushed%20oyster%20shells%20prior%20to%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2012%2C%20Crushed%20oyster%20shells%20prior%20to%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg
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FIG 13. OYSTER SHELL FRAGMENTS DURING PROCESSING IN A PESTLE AND MORTAR. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2013%2C%20Oyster%20shell%20fragments%20during%20processing%20in%20a%20pestle%20and%20mortar.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2013%2C%20Oyster%20shell%20fragments%20during%20processing%20in%20a%20pestle%20and%20mortar.%20%28Source_%20The%20Author%2C%202023%29.jpg
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FIG 14. EACH CRUCIBLE PLACED IN THE FURNACE, FROM LEFT TO RIGHT: CRUCIBLES 5W, 6W AND 7W - SHELL
LINING; 8W AND 9W - LIME LINING. PHOTO BY SARAH MITCHELL.
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FIG 15. COBALT-BLUE GLASS AFTER FIRING. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2015%2C%20Cobalt-blue%20glass%20after%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg
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FIG 16. CRUCIBLES IN THE FURNACE AFTER FIRING, THE CRUCIBLE RELEVANT TO THIS EXPERIMENT IS LOCATED ON
THE TOP RIGHT. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2016%2C%20Crucibles%20in%20the%20furnace%20after%20firing%2C%20the%20crucible%20relevant%20to%20this%20experiment%20is%20located%20on%20the%20top%20right.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2016%2C%20Crucibles%20in%20the%20furnace%20after%20firing%2C%20the%20crucible%20relevant%20to%20this%20experiment%20is%20located%20on%20the%20top%20right.%20%28Source_%20The%20Author%2C%202023%29.jpg
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FIG 17. GLASMA AND KILN BATT MIXTURE AFTER FIRING. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2017%2C%20Glasma%20and%20kiln%20batt%20mixture%20after%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2017%2C%20Glasma%20and%20kiln%20batt%20mixture%20after%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg

SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2018%2C%20Glasma%20and%20kiln%20batt%20mixture%20which%20was%20displaced%20during%20the%20firing%20process.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2018%2C%20Glasma%20and%20kiln%20batt%20mixture%20which%20was%20displaced%20during%20the%20firing%20process.%20%28Source_%20The%20Author%2C%202023%29.jpg

FIG 19. GLASMA AND KILN BATT MIXTURE AFTER FIRING. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2019%2C%20Glasma%20and%20kiln%20batt%20mixture%20after%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2019%2C%20Glasma%20and%20kiln%20batt%20mixture%20after%20firing.%20%28Source_%20The%20Author%2C%202023%29.jpg



https://exarc.net/sites/default/files/Figure%2020%2C%20Glasma%20fully%20separated%20from%20the%20crucible.%20%28Source_%20The%20Author%2C%202023%29.jpg
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https://exarc.net/sites/default/files/Figure%2021%2C%20Remains%20of%20kiln%20batt%20mixture%20inside%20the%20crucible.%20No%20glasma%20appears%20to%20have%20adhered%20to%20the%20surface%20of%20the%20crucible.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2021%2C%20Remains%20of%20kiln%20batt%20mixture%20inside%20the%20crucible.%20No%20glasma%20appears%20to%20have%20adhered%20to%20the%20surface%20of%20the%20crucible.%20%28Source_%20The%20Author%2C%202023%29.jpg

FIG 21. REMAINS OF KILN BATT MIXTURE INSIDE THE CRUCIBLE. NO GLASMA APPEARS TO HAVE ADHERED TO THE
SURFACE OF THE CRUCIBLE. PHOTO BY SARAH MITCHELL.
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FIG 22. CRUCIBLES IMMEDIATELY AFTER FIRING, FROM LEFT TO RIGHT: OIL LINING; T MM THICK LIME LINING; 3 MM
THICK LIME LINING; CONTROL. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2022%2C%20Crucibles%20immediately%20after%20firing%2C%20from%20left%20to%20right_%20Oil%20lining%3B%201%20mm%20thick%20lime%20lining%3B%203%20mm%20thick%20lime%20lining%3B%20control.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2022%2C%20Crucibles%20immediately%20after%20firing%2C%20from%20left%20to%20right_%20Oil%20lining%3B%201%20mm%20thick%20lime%20lining%3B%203%20mm%20thick%20lime%20lining%3B%20control.%20%28Source_%20The%20Author%2C%202023%29.jpg

FIG 23. CRUCIBLE WHICH HAD A LIME LINING OF 1 MM THICKNESS. THE GLASS GRADUALLY SEPARATED FROM THE
CRUCIBLE OVER SEVERAL DAYS. PHOTO BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Figure%2023%2C%20Crucible%20which%20had%20a%20lime%20lining%20of%201%20mm%20thickness.%20The%20glass%20gradually%20separated%20from%20the%20crucible%20over%20several%20days.%20%28Source_%20The%20Author%2C%202023%29%20.jpg
https://exarc.net/sites/default/files/Figure%2023%2C%20Crucible%20which%20had%20a%20lime%20lining%20of%201%20mm%20thickness.%20The%20glass%20gradually%20separated%20from%20the%20crucible%20over%20several%20days.%20%28Source_%20The%20Author%2C%202023%29%20.jpg

FIG 24. REMAINS OF GLASS FROM THE 1 MM LIME CRUCIBLE. A LAYER OF LIME RESIDUE CAN BE SEEN ON THE
GLASS. PHOTO BY SARAH MITCHELL.
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CHART 1. PROGRAMME 17 - FIRING REGIME FOR THE CRUCIBLES USED IN THIS STUDY. GRAPH BY SARAH MITCHELL.



https://exarc.net/sites/default/files/Figure%2024%2C%20Remains%20of%20glass%20from%20the%201%20mm%20lime%20crucible.%20A%20layer%20of%20lime%20residue%20can%20be%20seen%20on%20the%20glass.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Figure%2024%2C%20Remains%20of%20glass%20from%20the%201%20mm%20lime%20crucible.%20A%20layer%20of%20lime%20residue%20can%20be%20seen%20on%20the%20glass.%20%28Source_%20The%20Author%2C%202023%29.jpg
https://exarc.net/sites/default/files/Chart%201%2C%20Programme%2017_%20Firing%20regime%20for%20the%20crucibles%20used%20in%20this%20study.%20%28Source_%20The%20Author%2C%202023.png
https://exarc.net/sites/default/files/Chart%201%2C%20Programme%2017_%20Firing%20regime%20for%20the%20crucibles%20used%20in%20this%20study.%20%28Source_%20The%20Author%2C%202023.png
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CHART 2. PROGRAMME 12 - FIRING REGIME FOR THE COBALT-BLUE GLASS USED IN THE WOLFSON LABORATORY.
GRAPH BY SARAH MITCHELL.


https://exarc.net/sites/default/files/Chart%202%2C%20Programme%2012_%20Firing%20regime%20for%20the%20cobalt-blue%20glass%20used%20in%20the%20Wolfson%20Laboratory.%20%28Source_%20The%20Author%2C%202023.png
https://exarc.net/sites/default/files/Chart%202%2C%20Programme%2012_%20Firing%20regime%20for%20the%20cobalt-blue%20glass%20used%20in%20the%20Wolfson%20Laboratory.%20%28Source_%20The%20Author%2C%202023.png

