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ABSTRACT

This research investigates the compositional homogeneity of potash-lime-
silica glasses from the 12"-17" centuries in Northern Europe, and the significance of
this with respect to compositional studies of archaeological glasses. The variables in
the glass making process that influence the formation of a homogeneous glass are
discussed, and investigated using laboratory replication of beech and bracken ash
glasses. The experimental results are compared to archaeological material from glass
production sites at Blunden’s Wood, Knightons, Sidney Wood, and Little Birches in
England, and Hils in Germany.

Backscattered scanning electron microscope (SEM) imaging is used to
qualify the extent of inhomogeneity in both the experimental and archaeological
samples. It 1s confirmed that visually homogeneous glasses can contain
inhomogeneities that are only visible under backscattered SEM imaging. It is seen
that the size and orientation of inhomogeneities is varied, and specific glass artefact
types (such as crucible and waste glass) are more prone to inhomogeneity than fully
formed glass (such as window and vessel glass). Electron microprobe analysis
(EPMA) is used to quantify the extent of elemental variations present in the
inhomogeneous archaeological glasses. The results show that a number of elements
are significantly influenced by inhomogeneity, including those (such as calcium,
magnesium and sodium) which are commonly used to form compositional groupings
of medieval glass.

It is concluded that although a number of variables in the glass making
process influence the formation of a homogeneous glass, specific variables, such as
increased furnace temperature and a high alkali concentration in the ash, appear to be
the dominating factors. The presence of large elemental variations in a number of
the archaeological glasses analysed confirms that inhomogeneity is a vital

consideration in compositional studies of this material, and that particular care must

be exercised when using analytical techniques that require only a small sample size.
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CHAPTER 1

Introduction

1.1 Introduction

The aim of this research is to investigate the presence or absence of
inhomogeneity in archaeological glasses, and determine what impact this has on
compositional studies of the material. The archaeological questions frequently asked
of glass assemblages are mainly focused on provenance, trade, and technology.
Typological and compositional studies of glasses are both used to answer these types
of questions. This research focuses on compositional analysis, which has become an
increasingly common technique in the study of archaeological glass. Compositional
data 1s used to group glasses based on similarities in elemental concentrations. These
groupings are then used to infer meaning on a number of archaeological questions,
which will be expanded upon in Section 1.4.

The fundamental assumption behind compositional studies of archaeological
glass is that the glass analysed is compositionally homogeneous (see Section 1.3).
However, if inhomogeneities are present in a glass, they will influence its chemical

characteristics (see Section 1.2). This will affect the reliability of any analysis, and

therefore significantly influence any interpretations made from the data.
Homogeneity should therefore be of primary importance to the archacologist, but it
is an issue that has received little consideration within the archaeological literature.
It is for this reason that it is the subject of this research. The main focus of this thesis
will be on translucent, potash (potassium based) glasses from northern Europe dating
from the 12"-17" centuries. The reasons for the choice of this specific glass type,
period, and location of material will be covered in Section 1.6. However, initially 1t
is important to understand what is meant by compositional homogeneity, and this

will be discussed in Section 1.2,

1.2 What is Meant by Homogeneity in Glass?
All glasses can contain defects that are visible to the eye, Glass technologists

refer to these as visual defects. Definitions of a few of the most common are listed
below (Shelby 1997: 45):
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e Bubbles (large gas filled inclusions >0.4mm in diameter)
e Seed (gas filled inclusions <0.4mm in diameter)

e Stones (particles of undissolved materials)

In addition to this a glass may also exhibit phase separation. This occurs
when areas of less than 0.lpm in diameter exist, which differ in composition from
the rest of the glass (Goodman 1987, Uhlmann and Kolbeck 1976). This would
make the glass inhomogeneous on a sub-micron level but may not be significant
when examining glass on a larger scale. The presence of phase separation can be

viewed as a type of inhomogeneity but will not be considered here.

The focus of this research is compositional homogeneity. To explain what
this means 1t 1s necessary to look at glass on a microscopic level. Glasses are either
opaque or translucent. The difference between them can be identified using their
microstructure. Opaque glasses are generally composed of crystals (which produce

the colour and opacity) suspended in a glassy matrix (Plate 1:1).

200um

§ ~d
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Plate 1:1 Photomicrograph of an opaque 'sealing wax' red glass with cuprite
crystals in a clear glass matrix

Opaque glasses have been widely discussed in studies such as Bimson and
Freestone (1985), Freestone (1987, 1993), Freestone and Bimson (1995), Mass et al.
(1998), Welham et al. (2000). An example of an opaque ‘sealing wax’ red glass is

 — e ———————
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ilustrated 1n Plate 1:1. The red cuprite crystals have a different composition to the
surrounding glass and therefore the material 1s known to be inhomogeneous. It 1s
for this reason that opaque glasses will not be considered 1n this study. Opacity can
also be produced by the presence of many bubbles in a translucent glass but this will
not atfect microstructure and theretore compositional homogeneity.

In comparison to opaque glasses, translucent glasses (Plate 1:2) contain no
crystals and theretore have no structure. If the seed and bubbles were avoided, 1t
could be assumed that an analysis taken at point ‘A’ would have the same
composition as one taken at ‘B’ or ‘C’. If this were true the material would be

homogeneous, a definition of this can be given as:

‘A homogeneous body is one for which small samples taken from
numerous different positions have exactly the same chemical
composition or value of some other property. To describe this
quantitatively the values and accuracy of measurements of the
property chosen and also the size of the samples taken must be
stated.”

(Cable and Bower 1965: 197)

Seed

W A

500pum

Plate 1:2 Photomicrograph of a translucent glass with seed
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What 1s fundamental to this study is that the glass in Plate 1:1 may contain
regions of differing composition that are not visible to the eye. For example, further
investigation might reveal that points ‘A’, ‘B’ and ‘C’ have different compositions

and therefore the material would be inhomogeneous.

Glass technologists refer to regions of inhomogeneity by a number of terms
including striae, ream, cord and vein (Anon 1961: 192). The presence of
inhomogeneity in modern industrial glasses can usually be seen as ‘wavy’ lines or as
differences in colour intensity. These variations are generally relatively easy to
detect visually on large items such as plate glass (Shelby 1997: 45), but in
archaeological glasses, regions of inhomogeneity may not be so easy to see. This
may be due to the small size of the artefact, fragmentation and/or the existence of

weathering products that obscure the glass surface.

Inhomogeneity will influence the aesthetics and working properties of a glass,
influencing such characteristics as refractive index and viscosity (Shelby 1997). It is
for these reasons that it has been a vital consideration to the modern glassmaker.
Glass production 1s a complex and high temperature process, and even using modern
techniques, inhomogeneity is hard to avoid (Cable 1998). It is possible that in
antiquity, the glassmaker may have less control over raw materials and the available
technologies were more limited. It might therefore be assumed that forming a
homogeneous glass might be harder to achieve.

In modern glasses the significance of these inhomogeneities usually depends
on the end use of the glass. A wider tolerance might be expected for window glass
compared to an optical glass where any differences in composition will cause a
change in refractory index (Shelby 1997). The potential consequences of
inhomogeneity have prompted many studies into its measurement and controlling
mechanisms. Much of this work has been summarised by Cable (1970, 1998) and
has been built on by more recent studies, such as Cable (1996), Cable and Walters
(1980), Hense (1987a, 1987b) and Joanni et al. (1989).

In contrast to modern glassmaking, the importance of inhomogeneity to the
medieval glassmaker is not known. It may have depended on the type, use and/or
quality of the products that were being produced. For example, it may have been of

less concern to the English bottle makers than to the producers of high quality
drinking wares. What 1s also very probable is that in some cases it will not be

possible to tell if the glass was intentionally or accidentally homogenous.

T R B ——————iief it ——— e —— = e ST emi————— S ————
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The reasons why homogeneity is an important issue to the archaeologist will

now be discussed.

1.3 The Importance of Homogeneity to the Archaeologist
It was noted in Section 1.1 that the scientific study of archaeological glasses
has predominantly focused on compositional analysis. The fundamental principles

behind all studies that group glasses using similarities in their elemental

concentrations are:

1. Inter group homogeneity
This 1s homogeneity within groups of glasses made at the same site or
using the same raw materials and technology. This assumes a consistency
between raw materials and production technologies. Any differences
arising can therefore be ascribed to the use of different raw materials.

2. Intra sample homogeneity (compositional homogeneity)
This 1s homogeneity within a particular artefact or fragment to be

analysed as described in Section 1.1.

In order to answer archaeological questions using (1), the fundamental
assumption 1s that (2) exists. What is important to remember is that if a glass is not
homogeneous, and the samples are not representative of the whole glass (see Section
1.1), then the compositional groups obtained may not be meaningful and any
interpretations made using the data may be flawed (see Sections 1.4 and 9.3). Early
compositional studies such as Turner (1956d: 165T, 1963) and Smith (1969) do
mention the importance of careful sample selection. They note that weathering and
corrosion products should be removed or avoided and only homogeneous samples
should be selected. Whilst obtaining a clean surface for analysis is now a standard
procedure, homogeneity is given little consideration. This  may be because
translucent glasses have generally been assumed by archaeologists to be
homogeneous, as demonstrated in the following quote:

‘Glass is usually a very homogeneous material and small flakes are

generally representative of the chemical composition of the glass
artefact.”

(Verita et al. 1994: 243)

_
S
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However, a small number of studies have noted the presence of
inhomogeneity. Brill and Moll (1963) discussed the applications of electron beam
microprobe analysis (EPMA, see Section 1.5) to archaeological glass. They noted
that this technique was well suited to investigate the presence of concentration
gradients across cord and straie in ancient glasses. Cox and Ford (1989) documented
the presence of inhomogeneities in their investigation of the weathering of medieval,
potash based window glass. The main focus of their work was on how the
inhomogeneities influenced the formation of corrosion products on the glass surface.
However, they also carried out spot analyses using electron probe microanalysis
(EPMA) but determined that there was no significant compositional difference
between different localised areas of the uncorroded glass. Giannichedda et al. (2000)
found that many of the glasses from a medieval glasshouse in the Gargassa Valley,
northern Italy contained inhomogeneous phases. These were not visible to the eye
and could only be detected under the scanning electron microscope (SEM). They
therefore noted that care should be taken when analysing this type of material to
avoid compositional bias in the results. The size and degree of compositional
difference of the inhomogeneities compared to the bulk glass is therefore critical, as
this will affect the choice of analytical technique. This will be discussed in Section
1.5, but before this, the effect of inhomogeneity on compositional studies of

archaeological glass will be discussed in Section 1.4.

1.4 The Effect of Inhomogeneity on Compositional Studies of Glass

Early compositional studies, such as those by Geilmann and Bruckbaueer
(1954), Geilmann et al. (1955) and Turner (1956b, 1956c), determined that glasses
from different periods and geographical areas fell into broad compositional groups.
A number of these variations could also be ascribed to the use of specific raw
materials. Major compositional trends were noted, such as the presence of potassium
based glasses in western medieval Europe, compared to the predominance of sodium
based glasses elsewhere (Turner 1956b, 1956¢).

Sayre and Smith (1961) carried out a major study of glass representing
material produced in the Middle East, Africa and Europe from approximately 15"
century BC through to the 10" century AD. They formed groups primarily based on

relatively large scale differences in the magnesium, potassium, manganese, antimony
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and lead concentrations 1n their samples (Table 1:1). These results were then
correlated with period and location, and the use of different raw materials (Sayre and
Smith 1967, Smith 1969). For example, in soda-lime-silica glasses, they associated
low levels of magnesium and potassium with the use of a mineral alkali source,
whilst increased magnesium and potassium levels indicated the use of marine or
terrestrial plant ashes (Sayre and Smith 1961). These two classifications are now
commonly referred to as HMG (high magnesium glass) and LMG (low magnesium
glass) (Henderson 1985: 275).

It can be seen from Table 1:1 that although many of the groups formed by
Sayre and Smith (1961) have elemental concentrations that overlap, they all contain
at least one element that is significantly different. For example, the ranges of the
oxide weight percent values of the ‘Second millennium BC’ and ‘Early Islamic’
groups overlap for magnesium, potassium, antimony and lead, but they can be

differentiated using manganese, which is significantly different for the two groups

(see Table 1:1).

No.of | Mean percent concentrations and standard deviation ranges (in |
e B ' ~ brackets)

analysed

.
|
l samples
i!
|
\

| Second
millennium | 15 ;
BC (1.89-0.69) (0.046-0.021) | (0.32-0.011) (0.048-0.0010)
F |
Roman 34 ;
* (1.24-0.60) (0.47-0.17) (0.035-0.014) (1.93-0.53) (0.077-0.0047)
0.41 0.040 0.014
Antimony 23
rich

(0.089-0.018)

(1.47-0.73) | (0.63-0.22) | (1.60-0.10) (0.057-0.0033) |

1.45 0.47 0.021 0.0088

Islamic

(1.07-0.21) | (0.035-0.012) | (0.047-0.0016)

(2.2-0.94)

0.33 0.026 0.022 0.081 36

| Islamic lead

(0.47-0.24) | (0.051-0.016) | (0.031-0.016) [ (0.19-0.035) (40-33)

Table 1:1 Compositional groupings for ancient glass characterised by Sayre
and Smith (1961: Table 1)

In recent years Sayre and Smith's (1961) classifications have been built and
expanded upon, and the use of compositional analysis as a tool to investigate

archaeological glass has become increasingly common. As the number of analysed
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glasses has increased and the senéitivity of analytical techniques has improved (see
Section 1.5) the compositional differences used to distinguish between groups of
glasses have reduced. Therefore the presence of inhomogeneity may have an even
greater affect on any compositional groupings formed. A selection of published

compositional studies of archaeological glasses from a range of different periods will

now be discussed 1n Sections 1.4.1 and 1.4.2.

1.4.1 Compositional Analyses of Sodium Rich Glasses

The majority of published compositional data sets of archaeological glasses
are of samples with a sodium rich composition. It will be seen that a wide range of
elements and compositional differences are commonly used as grouping tools.
However, in general the elemental differences used to discriminate between groups
of glasses with sodium based compositions are significantly smaller than those used
for potash based glasses (see Section 1.4.2). A number of compositional studies
illustrating these points will be discussed below.

The composition of second millennium BC glass from Egypt and the Middle
East has been investigated by a number of authors (Henderson 2000). Elemental
data has been used to infer possible sources of raw materials (Sayre and Smith 1974,
Shortland and Tite 2000) and production centres (Nicholson et al. 1997, Vandiver,
1983, and Vandiver, et al. 1991). A large compositional study of Egyptian and
Mesopotamian glass was carried out by Lilyquist et al. (1993) using energy
dispersive X-ray spectroscopy (EDS, see Section 1.5). Lilyquist et al. (1993)
analysed a selection of Egyptian, pre-Malkata glasses and compared the data with
analyses of glass from Malkata and Amarna, in Egypt, and Nuzi in Mesopotamia.
Graphs of the normalised data for the weight percents of Na;O versus Ca0, K20
versus MgO, Al,O;3 and versus SiO, were used to determine differences in the four
glass types. The difference in composition between cobalt blue and non-cobalt
containing glasses throughout the total assemblage was also examined.

Lilyquist et al. (1993: 41) noted that the Nuzi and Egyptian glasses had a
similar HMG soda-lime-silica composition, consistent with the use of plant ash as an
alkali source. The mean concentrations of Ca0O, K,0, MgO and Fe,0; for the Nuzi

glasses (which were all non-cobalt glasses) were also similar in composition to the

pre-Malkata non-cobalt glasses. They noted that all the cobalt containing glasses
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contained greater than 1.2% Al,O;, and less than 2% K0, and the majority of the
Egyptian and Mesopotamian non-cobalt glasses that were analysed contained higher

levels of both of these elements. Lilyquist et al. (1993: 41) suggested that the

difference in composition between the cobalt and non-cobalt containing glasses may
be due to the use of two different recipes. They suggested that these glasses would
therefore have been produced separately from each other, either within the same
workshop or from a different production area. However, there are a number of
cobalt and non-cobalt glasses that have aluminium and potassium concentrations that
lie close to these cut of points (for example, less than £0.2%) (Lilyquist et al. 1993:
57-8). Therefore if inhomogeneity was present that influenced the concentrations of
these elements even in small amounts, this might account for the apparent differences
in composition rather than this being the result of a different production area or
workshop.

Another relatively large scale compositional investigation of archaeological
glass has been carried out by Henderson (1979, 1982, 1987a, 1987b, 1991), and
Henderson and Warren (1981) on British, Irish and European Iron Age beads. In
these studies, compositional data was used to establish chemical groupings from
which it could be inferred whether specific bead classes were made from different
materials and therefore in specific locations.

Henderson (1991) investigated beads containing blue soda-lime-silica glass
from Early Iron Age contexts at Wetwang Slack, North Humberside, and found that
the cobalt and iron concentrations did correlate with different bead classes (Guido
1978). He suggested that these elemental differences were related to the original
cobalt mineral used as a colourant. Therefore different bead types could be
attributed to different workshops or the use of specific recipes for each bead class if
made within the same workshop. Henderson (1991) then widened his study to
include beads from later Iron Age contexts and wider geographical areas including
Wales, Scotland and the Continent. He concluded that the type of cobalt colourant
used changed between the third and second centuries BC and correlated with the rise
in oppida in Europe during same period. The difference between these groups of

glasses is based on small differences in the levels of cobalt (less than 0.1Wt.% CoO)
and iron (less than 1Wt.% Fe;03).

It can be seen that in this case the elemental differences used to distinguish

between groups of glasses are small and based on elements linked to colourants in




CHAPTER 1 INTRODUCTION
_——-se e€e€—e€————— e

the glass. Although it is not known whether inhomogeneity particularly influences
specific elements (see Section 8.4), the use of small elemental variations between

groupings is important to note as these may be significantly influenced by the

presence of inhomogeneity.

The evolution of glass technology over the 1* millennium AD has been also
been investigated using compositional studies, such as those by Hunter and
Heyworth (1998), Sanderson and Hunter (1980), and Sanderson et al. (1984). These
studies covered a large number of different vessel types, from different sites and
periods. Analyses of funnel beaker fragments excavated from Helgd, Sweden;
Dorestadt, Holland, and Hamwic (Southampton), England, by Hunter and Heyworth

(1998), and Sanderson et al. (1984) determined that there was a relationship between

composition and the origin of the samples. The main elements used to distinguish
between the groups were sodium: (Wt.% Na,O: H13.2+2.1, D14.9+1.7, He16.9+2.2);
magnesium (Wt.% MgO: HO0.7+0.3, D0.9+0.4, Hel.2+0.4); calcium (Wt.% CaO:
H7.91x1.07, D10.23+£2.22, He8.25+0.16); and manganese (Wt.% MnO: H0.49+0.2,
D0.74+0.17, H 0.93+0.18) (H=Hamwic, D=Dorestadt, He=Helgé) (Hunter and
Heyworth 1998: Table 6). It can be seen that if the elemental ranges are considered,
in a number of these elements there is a continuum in the compositions of the
different groups of glasses. Therefore it is again possible to see that if
inhomogeneity were present in the glass samples analysed, it would not have to
cause a large difference in composition before effecting an apparent difference in the
sample groupings.

Compositional analysis has also been used to group sodium based glasses
from later dated sites. Henkes and Henderson (1998) investigated the distribution of
a variety of spun-stem roemers dating to the 16™-19" centuries excavated from sites
in the Low Countries. They noted that no fragments of this type of vessel had ever
been excavated from the major traditional Waldglas roemer production sites in
Germany. It was noted that the spun-stem roemers were different in colour and stem
design to the more common Waldglas roemers. EPMA analysis (see Section 1.5)

was used to determine whether a difference could be observed between the three
types of spun-stem roemer, and Waldglas roemers. The results showed that the
spun-stem roemers did contain significantly more sodium (greater than 10Wt.%
Na,0) than the Waldglas roemers (less than 5Wt.% Na,0). The spun-stem roemer

composition was therefore characteristic of glass produced in the Low Countries at

——m
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this time (Henkes and Henderson 1998: 103). In comparison to the analyses of
earlier dated glass discussed at the beginning of this section, it can be seen that the
compositional differences used to form these groupings are significantly larger.
Therefore even if inhomogeneity were present in these samples, it might be less
likely to cause a significant bias in the results.

A number of compositional studies of later dated sodium based glasses have
examined the difference between the composition of Venetian glasses and those
made in the ‘facon de Venise’ (Bronk et al. 2000, De Raedt et al. 2000, Pause 2000,
Verita 1985). Bronk et al. (2000) used chemical analysis (EPMA and XRF, see
Section 1.5) to distinguish between the two types produced during the 16™ and 17
centuries. Bronk et al. (2000) compared the compositions of glass from the Lido di
Venezia, the Rijksmuseum, Amsterdam, and published analyses of comparative
material. The Lido di Venezia material was well documented as being of Venetian
provenance. The analyses were compared to published data by plotting a graph of
Ca0/(Na;0+K,0+CaO+MgO+P,0s) against Na;O/(Na;0+K,0+Ca0+MgO+P,05).

Bronk et al. (2000) placed the Lido glasses into two main groups based on
analyses of ‘vitrum blanchum’ glass (approximately 0.275-0.4 on the CaO axis and
0.375-0.5 on the Na,O axis) or ‘cristallo’ (approximately 0.125-0.25 on the CaO axis
and 0.55-0.7 on the Na,O axis) soda ash as a raw material. Cristallo glass was so
called as it resembled rock crystal and was made from leached soda ash, whilst
vitrum blanchum glass was not of such high quality and was made with unleached
soda ash (Veritad 1985). Bronk ez al. (2000) suggested that the analyses of two
glasses that fell in between these two groupings were made from a mixture of the two
alkali sources. It can again be seen that the elemental differences between these
different groupings are small, and therefore if inhomogeneity were present it might
also account for these differences (see Section 9.2).

Henderson (1998, 2000) compared the analyses of 16" and 17" century
beaker and goblet fragments from Lincoln. The origins of the vessels had been
suggested using typology to be Italy, the Low Countries, northern and southern
England. The aim of the analyses was therefore to determine whether a link could be
established between composition and the suggested vessel sources, and also to infer
the possible raw materials used in production of these glasses. Henderson (1993: 44)

formed six main glass groups based on the sodium, potassium, calcium and lead

contents of the samples analysed. The main soda-lime-silica group also contained
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four sub groupings (Type III, V, VIII and IX, see Figure 1:1). He used graphs of
magnesia against alumina, and soda against alumina to illustrate differences between
the four different glass types, and these are illustrated in Figure 1:1 (Henderson
1998: Figure 7, Henderson 2000: Figure 3.52).

Henderson (2000) noted that the difference in composition between the four
types was related to the impurities contained in the raw materials. Elevated alumina
levels from the sand source, and increased magnesia from a soda based plant ash.
Combining the results of the compositional analysis with the typology study of the
vessel fragments Henderson (1998, 2000) suggested that Type III were Venetian
cristallo glasses made from high purity sands and raw materials. He suggested that
the Type V glass was made in the ‘fagon de Venise’ style in the Low Countries, Type
VIII glass were English drinking glasses, and Type IX was Flemish. This was
confirmed by the similarity in composition to the spun-stem roemers discussed by
Henkes and Henderson (1998) (see above). It can be seen in Figure 1:1, that
although there are distinct compositional differences between a number of the
different groupings, there is a continuum between some groups. Therefore the
presence of inhomogeneity may cause samples to fall into different groupings (see
Section 9.2).

The examples illustrated in this section have shown that a variety of different
elements are used as grouping tools in sodium based glasses, and that in the majority
of cases, the differences in elemental concentration used to distinguish between glass
groupings are relatively small. Therefore the presence of inhomogeneity may be
more likely to cause a significant bias in the results obtained (see Section 9.4).
Compositional studies of potash rich ‘medieval’ type glasses will be discussed in

Section 1.4.2.
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(Henderson 1998: Figure 7, Henderson 2000; Figure 3.52)
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1.4.2 Compositional Analyses of Potash Rich Glasses

In comparison to the large number of published analyses of sodium based
archaeological glasses (see Section 1.4.1), the available information on potash rich
‘medieval’ type glasses 1s small. Many studies of potash rich glasses use ratios of
elemental concentrations (in particular, sodium, potassium, calcium and magnesium)
to form groupings that discriminate between different sites and/or time periods. The
groupings are based on the assumption that raw materials vary with production
location and time period, and therefore different glass compositions can be linked to
specific manufacturing locations and dates. For example, Kuisma-Kursula and
scale in their analyses of European medieval glass. Foy (1977), Barrera and Velde
(1989), Mortimer in Welch (1997), and Marquis et al. (2000) have examined glass
over smaller geographical areas. These studies used compositional groupings to
determine whether glasses were made locally or imported, and to ascertain how raw
materials and technologies in localised areas have evolved over time.

A number of studies of medieval glasses have also used compositional
analyses to infer information on possible raw material sources. These include studies
of German glass by Gerth et al. (1998), Hartmann (1994), and Wedepohl (1997)
where elemental concentrations and ratios have been related to the use of specific
plant ashes as alkali sources. As with the sodium based glasses discussed in Section
1.4.1, the influence of inhomogeneity on the compositional study of medieval glass
will depend on the compositional tolerances and the specific elements used to form
groups. A number of published compositional studies of medieval glasses that
illustrate these points will now be discussed.

The composition and typology of French glass was investigated by Barrera
and Velde (1989), who studied over 500 fragments of French blown glass with
known dates (10"-18" centuries AD) and geographical locations. They formed
compositional groupings based on variations in potassium, calcium and sodium
concentrations. The ‘sodic’ group contained glasses with greater than 6Wt.% Na,O.
The ‘calcic’ group was based on a CaO+K;0 value of 30£1Wt% with a
CaO/(Ca0+K,0) ratio of equal to 0.7 or above and a sodium content of less than

1Wt.%. In contrast the ‘calco-potassic’ group contained glasses that contained
greater than 22 Wt.% Ca0+K,0, a CaO/(Ca0+K,0) ratio of 0.4-0.6, and a sodium
content of greater than 1Wt.% and less than 4Wt.%. These groupings were then used

14
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to correlate glasses from different time periods with different regions of production.
It can again be seen that the compositional differences used to differentiate between
these groups of glasses are larger than those frequently used in studies of sodium
based glasses (see Section 1.4.1). However, the extent to which inhomogeneity may
influence glass composition is not yet known, and the influence of inhomogeneity on
this type of study will be discussed further in Section 9.3.1.

Marquis et al. (2000) investigated the transition in medieval stemmed glass
tableware from northern and central France during 15™ and 16™ centuries. They
analysed approximately S0 samples using EPMA (see Section 1.5), and categorised
glasses using the compositional groupings developed by Barrera and Velde (1989)

described above. However, in addition to the ‘calcic’ and ‘calco-potassic’ groups
they had two sodium based groups, a ‘low sodium’ group (less than 10Wt.% Na,0)
and a ‘high sodium’ group (greater than 10Wt.% Nay0O). The potential influence of
inhomogeneity on these groupings will therefore be similar to those seen in Barrera
and Velde (1989) discussed above.

Mortimer in Welch (1997) examined glass from the glassmaking site at Little
Birches, Staffordshire (see Section 7.3.1). The results of SEM-EDX analysis (see
Section 1.5) determined that the majority of the Little Birches samples exhibited a
similar chemical composition, with an approximate standard deviation for the group
of less than +0.5% for Na,0, MgO, Al,03, and P,0s, and 1.5 for K,O and CaO.
She distinguished between glasses from this group and imported cullet by the
increased levels of lime and lower total alkali (Na,0+K,0) concentrations found in
the latter. Mortimer in Welch (1997: Figure 18) also used a plot of CaO/(CaO+K20)
against Na,O (as used by (Barrera and Velde 1989), see above) to demonstrate the
differences in alkali and lime ratios between the Little Birches glass and glass from
other comparative English medieval glass production sites. Again these groupings
are broader than those seen in the compositional studies of sodium glasses in Section
1.4.1. Therefore the influence of inhomogeneity on these types of groupings may not
be so significant. However, the extent to which inhomogeneity influences glass
composition is not yet known and this study will be discussed further in Section
0.3.2.

Medieval glass production in Germany has been investigated by Gerth et al.

(1998), Hartmann (1994), and Wedepohl (1993, 1997: 247, 2000). Wedepohl (1993,

1997: 247, 2000) analysed a large number of fragments of German glass from a wide

15



CHAPTER 1 INTRODUCTION

range of contexts. He has suggested that the transition of German medieval glass

manufacture can be split into three main stages based on the levels of calcium,

potassium and sodium in the glass:

. Replacement of soda based glass by early woodash (potash based)

glass at the start of the Carolingian period.
2. A major period of wood ash glass from 1000-1400AD.
3. The introduction of woodash-lime glass beginning at approximately

1300AD. In comparison to wood ash glass, this glass type contains

reduced potassium and increased calcium levels.

Although the groups listed above are defined by differences in composition,
they are based on relatively large compositional differences of several percent or
more. It may therefore be possible that the presence of inhomogeneity may be less
likely to have a significant influence on these types of groupings.

The studies discussed this Section and Section 1.4.1, have only covered a
small sample of the large number of published compositional studies of
archaeological glasses. It can be seen that the combination of elements used to form
groupings 1s varied and depends on the nature of the glass being investigated and the
archaeological question being asked. However, compositional studies of medieval
potash based glasses are predominantly concentrated on the values of potassium,
calcium, sodium and magnesium. Differences in the concentrations of these
clements and elemental ratios (particularly for potassium and calcium) are commonly
used as grouping tools.

What is important to remember, is that the elemental tolerances used to
differentiate between groups of archaeological glasses have become progressively
smaller (see Section 1.4.1). Therefore the presence of inhomogeneities (see Section
1.2) even on a small scale may have a significant influence on the compositional
results and therefore introduce bias into any groupings formed. The degree to which
inhomogeneity will affect the results of compositional analysis will also be
influenced by the analytical method used to collect the data. This will therefore be

discussed in Section 1.5.
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1.5 The Choice of Analytical Technique and the Effects of Inhomogeneity
The 1mpact of inhomogeneity on compositional analysis will alter depending
on the technique used to acquire the data. Different analytical methods require

specific sample sizes and analysis areas, and therefore with respect to homogeneity

the following issues must be considered:

. The possible orientation of inhomogeneities within the sample.
The size of inhomogeneities within the sample.
The size of the sample used for analysis.

The area of the sample selected in (3) that 1s actually analysed.

I

The resolution, accuracy and precision of the analytical technique.

Inhomogeneities tend to form in specific orientations, and are frequently
found to run in parallel lines that align with the glass surface (Cable 1970: 935, Cable
and Bower 1965, Cox and Ford 1989).

Figure 1:2 is a schematic representation of an inhomogeneous glass where the
dark and light bands represent regions of different compositions. Lines ‘A’ and ‘B’
represent two different directions in which the glass could be sampled. If a section
of the glass is removed along line ‘A’, this is in the same direction as the
inhomogeneities run. The surface of the glass sample (Sample A) is therefore less
likely to contain as many inhomogeneities as Sample B removed along line ‘B’

perpendicular to the direction in which the inhomogeneities are aligned.

Sample A Sample B
Sample removed Sample removed
parallel to glass perpendicular to
INHOMOGENEOUS GLASS suriace glass surface

Figure 1:2 A schematic representation of an inhomogeneous glass illustrating
how the orientation of the inhomogeneities and of the sample will
affect the number of inhomogeneities present on the sample surface

17
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Sample orientation 1S only a consideration for analytical methods that
evaluate the surface of the glass. Techniques that obtain a bulk chemical
composition using the sample 1n solution or powdered form will be less affected by
inhomogeneity orientation 1f the sample size is greater than the pattern of
iInhomogeneities.

The effect of altering the sample size removed from an inhomogeneous glass
is illustrated in Figure 1:3 (adapted from (Cable and Hakim 1973: Figure 1)). This
schematic representation shows three inhomogeneous glasses each with different
sized inhomogeneities (represented by dark and light bands). The red circles

correspond to the sample area to be removed.

GLASS A GLASS B GLASS C
Sample size Sample size Sample size
much larger than thickness approximately equal to smaller than thickness of
of inhomogeneities thickness of inhomogeneities Inhomogeneities

|

Figure 1:3 A schematic representation of the effect of sample size in an
inhomogeneous glass (adapted from (Cable and Hakim 1973: Figure

1))

[t can be seen from Figure 1:3 that to obtain a sample that is representative of
the bulk glass composition, the sample area should be significantly larger than any
inhomogeneities present (Glass A). A reduction in sample size will mean that the
glass is likely not to be representative of the whole material (Glass B), the chances of
this occurring are increased as the sample size 1s decreased further (Glass C). What
is also important to remember 1s that the area sampled is not necessarily the same

size as the area analysed. Although the sample size in Glass A is most likely to
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remove material that is representative of the whole glass, if the area analysed is much
smaller than the inhomogeneities present then the data obtained will not be
representative of the mean composition of the glass (e.g. Glass C). Therefore it is the
ratio of the size of the sample area analysed to the size of the inhomogeneities that is
significant.

In addition, the presence of inhomogeneities in a sample becomes significant
only when their compositional variability is larger than the inherent statistical
deviation in the measured data. The resolution, precision and accuracy of the
analytical technique must therefore also be considered, as more sensitive methods
may be more significantly influenced by inhomogeneity. In their compositional
study of medieval French glasses Barrera and Velde (1989: 102) state that the
samples were tested for homogeneity by analysing 5 to 10 points over the sample

. If the variation in elemental concentration was not more than the

area of 4mm
expected deviation due to the counting statistics of the EPMA the samples were
deemed to be homogeneous. This method assumes that the sample removed for
analysis was representative of the whole glass and not subject to the effects of the
orientation (Figure 1:2) or size (Figure 1:3) of any inhomogeneities present.
However, it should be noted that this would be difficult to quantify.

In view of the issues discussed above it would appear that to avoid problems
of inhomogeneity and obtain a mean calculation of composition, analytical
techniques that use as large a sample as possible and require the sample to be in
solution or in powder form would be best. However, to the archaeologist, techniques
that use smaller samples that require less destruction of the artefact are frequently
necessary. The considerations that are usually made when choosing a method for

analysis of archacological glass are, but not necessarily in this order:

e Sample size.

o Destruction of the artefact.

e Accuracy and precision of results.
e Limits of detection.

e The elemental suite required.

e Cost, speed and availability of analysis.
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Analytical methods used in compositional studies of archaeological glass

predominantly fall into two main categories:

a) Techniques that use the visible (or near visible) region of the
spectrum, such as optical or atomic emission spectroscopy (OES/AES),
atomic absorption spectroscopy (AAS) and inductively coupled plasma
emission spectroscopy (ICP-AES).

b) Techniques that use X-rays, such as energy dispersive X-ray
fluorescence analysis (XRF), analytical scanning electron microscopy
(SEM-EDS/WDS), electron probe microanalysis (EPMA) (sometimes
referred to as ‘electron microprobe analysis’ (EMPA) or a ‘probe’), and

particle induced X-ray emission (PIXE) (Henderson 2000: 20, Pollard and
Heron 1996: 20).

Early compositional studies such as those by Bezborodov (1957), Geilmann
et al. (1955), Turner (1956a, 1956¢) (see Section 1.3) were predominantly cargied out
using OES or AES. OES provided multi-element analysis but was graﬁually
replaced by AAS, which improved accuracy and precision but increased analysis
times, as only single element analysis was possible and complex sample dissolution
was required (Hughes et al. 1976). Typical sample sizes required for AAS range
from 2-10mg (Hughes et al. 1976: 19), whilst Hatcher et al. (1995: 85) suggest
approximately 25mg of glass. Examples of AAS analyses from a broad range of
different glass types can be found in Brill (1999a, 1999b).

More recently AAS has been superseded by ICP-AES and examples of
studies on Roman glasses using this method can be seen in Baxter et al. (1995),
Jackson et al. (1991a, 1991b), and Mirti et al. (1993). Although sample dissolution
1s still required, ICP-AES has the advantage of multi-element analysis combined
with increased accuracy, precision and a larger elemental suite that includes major,
minor and trace elements (Hatcher et al. 1995, Heyworth et al. 1988). Typical
sample sizes required for ICP-AES are 100-150mg (Jackson et al. 1991a; 77, Mirti et
al. 2000: 361). Further developments have led to the introduction of inductively
coupled plasma mass spectroscopy (ICP-MS) which enables both the chemical
composition and 1sotopic ratios of a sample to be obtained. Laser ablation has also

recently been added to this system (LA-ICP-MS). This highly sensitive method does
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not require sample dissolution and uses a laser to volatilise a small section
(approximately SOpm in diameter and depth) from the surface of the sample (Gratuze
et al. 1993, Gratuze et al. 1997). However, this therefore means that the same point
cannot be reanalysed (Henderson 2000: 10).

X-ray based analytical techniques are also widely used in the compositional
study of archaeological glasses. The major advantages to the archaeologist is that, in
comparison to the emission/absorption methods described above, X-ray techniques
can be used for non-destructive testing, whilst enabling analysis to be carried out at
the micron or sub-micron level (Reed 1996, Verita and Toninato 1990). Where a
sample has to be removed for analysis (for example, if the specimen is too large to fit
in the sample chamber) only millimetre (or less) sized fragments are required, but the
area required for analysis can be significantly smaller than this (Henderson 1988:
78). ™\

Probably the most common techniques used to analyse archaeological glass
today are XRF, SEM-EDS/WDS and EMPA (see Section 3.2.5). XRF analyses
generally require a larger analysis area than SEM or EPMA. For example, to obtain
data to establish compositional groupings in British iron age beads Henderson and
Warren (1981: 83) carried out XRF analyses using an analysis area of 2mm, whilst
the analysis area used by Sanderson et al. (1984: 55) to investigate 1** millennium
British glass was a 3x4mm ellipse. In contrast to this, Henderson (1988: 79) used
analysis areas ranging from 65-80um diameter spots for his EPMA study of mixed
alkali glasses, and EPMA analyses of French medieval glasses by Barrera and Velde
(1989: 102) were obtained from analysis areas 20um in diameter. The penetration
depth of the electron beam for analytical SEM is approximately 30-50pum
whilst in EPMA a much smaller layer of material is penetrated (approximately 3-
Sum) (Henderson 2000: 17).

Published analyses of archacological glasses using PIXE are less common
than those carried out using XRF, SEM or EPMA. This may be due in part to the
expense and availability of the equipment, but a number of medieval glasses have
been analysed using this method (Kuisma-Kursula and Rdiisénen 1999, Kuisma-
Kursula et al. 1997). PIXE is a very sensitive technique, capable of detecting low

elemental concentrations. It is capable of analysing similar sample sizes as SEM or

EPMA, and has a beam penetration of approximately S0um (Henderson 2000).
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In addition to the analytical techniques discussed above, neutron activation

analysis (NAA) should also be mentioned. This technique usually requires a
powdered sample (approximately 10-20mg (Frdna et al. 1987: 72)) that is then
irradiated, but can be carried out on a whole sample (Hancock et al. 1994).
Elemental composition is determined by measurement of the speed of radioactive
decay. The technique is extremely sensitive, accurate and precise and provides
simultaneous measurement of a number of trace elements. It has been widely used
for the analysis of archaeological ceramics (Buxeda I Garrigés et al. 2001, Hughes et
al. 1991) and other siliceous materials such as faience (Aspinall et al. 1972). NAA
has also been used for a number of studies of archaeological glasses. These include
analyses of Bohemian glasses by Frdna et al. (1987) and Mastalka and Venclova
(1987), a provenance study of medieval Bulgarian glasses by Kuleff et al. (1985),
and analysis of 16™-17™ century North American trade beads by Hancock et al.
(1994).

In summary it can be seen that with the introduction of new methods of
analysis sample sizes have decreased whilst accuracy, precision and detection limits
have increased. What must be remembered is that if the glass is not homogenous the
use of small sample will increase the possibility of a significant bias in the results.
The increasing popularity of obtaining compositional data from techniques such as
SEM and EPMA, which analyse minute areas of glass means that it is imperative that

the homogeneity of archaeological glasses now be assessed.

1.6 Research Aims

The aims of this research can be summarised as follows:

1. To determine which factors in the glassmaking process influence the
formation of inhomogeneity.

2. To investigate the variables identified in (1) through the laboratory
replication of medieval potash based glasses.

3. To determine the extent of inhomogeneities present in medieval glasses
by an analytical investigation of comparative archaeological material.

4. To compare the results from (2) and (3) to establish how inhomogeneities

are likely to have been formed.
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5. To determine the effects that inhomogeneities may have on the way in

which archaeological glasses are studied.

The archacological material selected for this research is potash based glass
produced in northern Europe during the 12 to early 17™ centuries, and therefore
encompasses both the medieval and post medieval periods. The transition between
the two occurred during 16" century and has been assigned to a variety of dates
(Gaimster and Stamper 1997: 1x). For ease and simplification the term ‘medieval’
will be used 1n this thesis to refer to the whole period under study.

In northern Europe, the start of the medieval period saw a high demand for
ecclesiastical glass combined with a limited availability of soda based (sodium rich)
alkalis, such as natron (mineral hydrated sodium carbonate Na;CO;. 10 H,0)
(Newton and Davison 1989:56, Singer et al. 1979: 259-60). As a consequence of
this, glassworkers are thought to have moved into forested areas in search of fuel,
and potash rich plant ashes (such as beech and bracken ash) were utilised as alkali

sources (Hunter 1981).

Medieval, potash based glasses have been selected for this research for the

following reasons:

e There is textual evidence that gives information concerning raw materials
and medieval glassmaking practices that is not seen in earlier periods (see
Section 2.1.1). Therefore we know what was used when compared to
glasses from earlier periods.

e A number of different plant species may have been used as alkalis in
medieval glassmaking. These are very varied in composition and may

therefore be more likely to exhibit different degrees of inhomogeneity
(see Section 2.2.2).

e The excavated archaeological evidence for medieval glass production
sites is more prevalent than in earlier periods (see Section 2.1.1) and
therefore comparable material of known provenance is available.

e The raw materials for experimental replication can be obtained relatively

easily and in quantity (see Section 4.3).
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In order to determine which factors in the glassmaking process influence the
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