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Abstract

Glass is one of several early modern industries where the development from small
scale workshop to largecale industry offers a valuable insight into wider socio
economic trends. Previously, medieval and early modern forest (wood ashagass
been studied using a range of analytical techniques. However, characteristions
production centres and exchange systems for forest glasses are difficuifytoirver

part because very few examples of raw glass from furnace sites have been
investigded. The necessity for an independent means of provenancing glass used in
the study of exchange systems is clear.

Compositional analysis can provide evidence for the raw materials used and can
sometimes provide compositional groupings specific to sites. However, strontium,
neodymium and oxygen isotope determinations can actually provenance thieyglass
linking the geological ages, or sources, of raw materials to production sites. The
potential of using Sr and O isotopes in the study of plant ash glasseschatly been
established (Henderson et al., J. Archaeol. Sci., 32, 2005).

Using EPMAWDS overl79raw glass samples from Ehglish production sites in
operation between th&dth and17th centuries havéeenanalysed. These analyses
hawe showncompositionaltypes which are relatable to the region or, in some cases,
the period of productiorOver 60 archaeological glassaw material and model glass
samples from these sitdsave also been analysagsing mass spectrometry to
determine strontiumneodymiumand oxygenisotope ratios. The isotopic analyses
have also been very effective in showing differences between sites, even tiase wit
the same region. Thikesiswill argue that the combination of these techniques offers
a promising new way of provenang archaeological glassnd provide an insight
into the organisation of production at this time.

Cover Image: Fifteenth century illustration of glassmaking at the pit afifde,Sir John Mandeville’s
Travels (Willmott, 2005; plat&é1).
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Introduction

Background

Glass production ienglandhas had a chequered histoany of the changes in its
organisation and products aedlectiors of changes in society. This study will focus

on glass produced in the Later and Post Medieval periods and, more specifically, on
forest glass. This type of glass was used for the manufacture of low glakse
products and is a particularly good example of glass produced in a range -of well
documentedchanging political uations. During this period there wera large
number of forest glass producers throughenglandand the high volume of glass
produced means there denty available for study. This project is an attempt to
develop an analytical protocol in the putsafia means of provenancing forest glass.

Chemical analysis of glasses has been used for decades as descriptive tool to
characterise groups of glasses and identify possible raw materials used in their
production. More recently attempts have been made to link these compositional
groups to specific glassmaking sites and technological changes over timatuity
aims to be the next step in the development of glass provenance studies. The use of
three types of isotopic analysis in combination with cheminalyaiswill provide
information about raw material sources, thereby allowing provenance to be assigned
to the glasses.

The extensive use of isotope analysis to provigeoaenance is a relatively new
feature of archaeological science studiesgryse etal. 2009a; 23). However, there
have already been a great number of success stoiissusein the study of a range
of archaeological materialge.g. Freestone et al. 2003; Montgomery et al. 2003;

Henderson et al. 2005; Li et al. 2006; Degryse and Sdériz008). Glass is only one



of the areas in which it can be applied to archaeological problEémsone thing that
ties all these studies together is the searcprmrenance.

Many previous analytical studies of forest glasses from England have been mad
(see chapter 3). However, each studyingted to one or two sites and the use of
different analytical techniques makes their results difficult to compare.présent
work will compositiondly analyse samples from a large number of sites uaing
consstent methodology and add to this compositional work with one of the first, and

certainly the largestsotopic angytical studies of forest glasses

Research questions

This project aims to extend the use of isotopic analysis to systematically characterise
the isotopic signatures for forest glass production sites acrossnd@ny was devised

in collaboration with Julian Henderson at the University of Nottingham and Jane
Evans at the NERC Isotope Geosciences Laboratory who have already had a numbe
of successful collaborations focussed on the isotopic analysis of glass (seesblende

et al 2005 2009 etg. These are the aims, objectives and research questions this

project endeavout® investigate and answer:

Aimsand o bjectives

* To chemically analyse forest glasses from a range of production sites across
England.

» To use strontium, neodymium and oxygen isotopes to characterise raw glass
andsome raw materials from tladove production sites.

* To use the results to provide an independent means of provenancing forest
glasses.



Research questions

* How do the chemical compositions of glass produced at each site vary, and
can they tell us anything about the raw materald recipes used?

* Isit possible to discover site or region specific isotopic signatures?
* How do these isotopic signatures relate to the location of the production site?

» How do the isotopic signatures in finished glass relate to those of the raw
materals used to produce it?

* Do these results provide us with an independent means of provenancing forest
glass?

Methodology

Provenance

The major aim of this project is to provide a methodology capable of independently
provenancing forest glasses produced England. Being able to accurately
provenance glasses will help with answering a wide range of questiaisg to
production, distribution and consumption patterns. The compositional analyses will
hopefully reveal compositions, perhapdatable to reipesor raw materialsused,
specific to time period or region. It may even be possible to find compositions
specific to single siteséeHenderson 1989; 31; Freestone et al. 2000; 74). It is hoped
that the determination of strontium, neodymium and oxygetoperatios in glasses

will be even more helpful for providing signatures which can be used as a means of
provenancing.

If these signatures are established it will then becomes possible to link glasses
from production centres to, for example, glass found in domestic contexts. This
information can then be used to recreate trading patterns. Interpretatios aedta in
combination with the chemical analyses may also allow the discovery of a trade in

separate raw materials or raw glass. The applicatiothis methodology is not

3



limited to the production of woodsh, or even planash, glasses and, with its
increasing availabilityo archaeological scientists, will hopefully be used to answer
archaeological questions concerning a wide range of timedseaiod locationgsee

Degryse et al., 2009or manyrecent applications)

Samples

Before embarking on any project there are a number of questions that need to be
addressed. Due to the scientific focus of this project and the limitations this imposes,

a set of glasses that will generate meaningful results needs to be found. The time
period is defined as being between by the time whamst glass comes into
production in England in th&3th century and the start of the English Civil War
(164251). The end date has been chosen so as to focus on a manageable period, but
also because of thehanges in the industry that occurred at this time. The large
number of sites in operation during the chosen pepiadides great scope for the
research.

Samples W only betaken from glass furnace sites. The analysis of glass from
other contexts is outside the scope of this project. The sites chosen have already bee
excavated, no sites have bexxtavated for the project itself. The glass was therefore
sourced frommuseums and archaeological units. Small lumpsasi glass are
generally plentiful on excavations of production sites belonging to the period
concerned. Theetypes ofsamples argenerally considered to be inappropriate for
museum displays and therefore it is hoped that masieums approachedlmbe
happy to allow the destructive analysis subsamples of pieces of glass in their
collections. These sedamples W be mounted in resin, for compositional analysis,

and powdered, for isotopic analysis. The destructiohbe kept to a minimum and



the bulk of the samples will be kept for do¢ research and later returned to their
place of origin.

A brief studywill also be carried out of raw material and model glass samples to
discover how the isotopic signatures found in archaeological glassestoethe raw
materials used to produceeth. This is not an attempt to recreate glass with the same
chemical composition as those found on production sitesll involve the collection
of raw materials thatan be used as asotopic analogue for thoseised in the
production of forest glass, the production of model glasses from them and the analysis

of both the raw materials and model glasses.

Scentific analysis

The two types of analytical data to be collectéee compositional and isotiap The
compositional analysis will be used in attemptto determine the types and
proportions of raw materials used. The isotopic analydisb& used to attempt to
discover where the raw materials used to produce the archaeological gkasses
from. There are a number of issues which will have tadiessed when using these
two techniques to analyse glass and they are outlined below. The two analytical
techniqgues chosen were electron microprobe analavelength dispersive-ray

spectrometry (EPMANDX) and thermal ionisation mass spectrometry($).

Compositional analysis

The electron microprobe can provide information on a range of elements to a much
greater degree of accuracy and precision than scanning electron micreseope
dispersive xray spectrometry (SENEDX). Typical detection linis are 0.08 wt% for

EDX and 001 wt% for WDX (KusimaKursula2000; 111). It also has the ability to



image samples in both secondary electron and backscattered imaging modean This
provide useful information in characterising inclusions or areas of weaaghemi the
glasses.

The main purpose of compositional analysis in this project is to characterise the
glass. This will take the form of looking into differences and similarities between
glasses produced at different sites. The next step isttempt to link the
compositional analyses of forest glasses and the composition of the ramalsate
used to produce them. Previous research on raw material compositions will be used to
achieve this. A large amount of previous work has been carried out on chgmicall
characterising archaeological glasses and this will be used to help with the
methodological choices.

The determination of isotope signatures is far more expensive and time consuming
than the determination of chemical compositions. This project will fibrereonly
isotopically analyse a smaller subset of those samples in the compositional analysis

programme.

[sotopic analysis
The most common application of TIMS is in the measurement of isotope ratios in
geological samples; however it is becoming increagly widely used in
archaeological studies. It has the ability to provide isotope ratios thareuise to
0.010.001%. To use this technique, small samples (~0.5 grams) are taken from the
glasses, powdered and dissolved. However, the value of thesrgsedtly outweighs
the sacrifice.

The usefulness of the isotopic analysis will rely on one particular factorthimat

isotopic ratios present in archaeological glasses arabééd the places of origin of



the raw materials used to produce them. This goes beyond being able to see
differences in the isotope ratios in glasses from different sites; it is hoped that the
results will provide a link to the sources of the materials. This relies on the isotopic
signatures of raw materials being sufficientlifetientfrom one another and relatable

to their geographical origin. It is hoped that the use of this methodology willdgrovi

an independent means of provenance, i.e. that in the future it will be possible to
provenance glass without the prerequisiter@lysing glass from the production site
where it was produced. This would involve directly linking the isotope ratios found in
glassesdirectly to the locations where the raw materials originatetd the
assumption that the raw materials used were souwgddn area local to the

production site.

Summary

This thesis is structured in such a way to give a clear introduction toopine t
necessary background information, the methodology used, the analytical data
produced, and interpretation, discussion and conclusions drawn fesedtta. The

first chapter focuses on the production of forest glass in England and includes a
discussion of the history and organisation of production, as well as the production
processesand possible raw materialnd recipesenployed. The second chapter
discusses the sites themselves; their locations, a history of their uspraleicts and

their excavation. Following this is a methodological chapter looking into Quesbif
provenance, sampling, the analytical techniques used in this project, previogesnaly
of forest glass and the productiand analysi©f a model glass. The fourth chapter

includes the analytical results and a discussion of their meamdgamifications



Finally the conclusion will aim to bring all ¢fie findings of this project togethand

assess the methodology used.



Chapter 1: Glass production

1.1 The History and organisation of glass productionin England

1.1.1 Glassmaking 410-1500 AD

There is very little evidence for early 5th century glpssduction in England and
Roman vessel forms continue to occur in burials in the 5th century. Some new vessel
forms begin to appear in eastern England during the 5th and 6th centuries, probably
imported from northern France or the Low Countries (Evison 2000; 47). These forms,
including cone, bell and claw beakers, continue in use into the later 6th and 7th
centuries. There is still no firm evidence for their manufacture in Britainehemit
remains a possibility. The evidence consists of finds of melted cullet and crucibles
containing opaque white and yellow glass. It is therefore likely that scase glay

have been produced, but only on a small scale and perhaps limited to the manufacture
of beads and coloured inlays (Willmott 2005; 35). The evidencgléss production
greatly increases from the 8th century onwards including two glass furnase site
discussed further below.

At the site of Glastonbury Abbey an industrial complex that included four furnaces
was discovered, accompanying an early Saxon monastery. Two of these furnaces
remained sufficiently preserved to allow their form to be established. Wweey oval
in shape and consisted of a depression in the ground surrounded by Roman tiles, one
was 1.2x0.9metres and the other 2x1.2metres. A small quantity of glass was found at
each of the four furnaces. The vessel forms all date to the late 7th or8darly
centuries, and thus provider@minus ante quem, and probable date for the furnace
somewhere in the 8th century (Bayley 2000; 175).

A glass furnae found at Barking Abbey has been archaeomagnetically dated to

925+50D. The furnace found at this site, more circular in shape than those at



Glastonbury and about 2.5metres in diameter (Cramp 2000; 107). The base of the
furnace was formed of baked claydalike that at Glastonbury, inset with Roman
tiles. The fragments of glass found included reticello or polychrome rods, suggesting
that decorated glass vessels were produced. No definitive evidence for primary
production was found, but the large scale of some tank shaped crucible fragments
makes it likely.

Very little evidence of glass manufacture, or use, has been found from the late 11th
and 12th centuries. It is tempting to see this as a result of the Norman invasion.
However, evidence for glass usethe decades leading up to 1066 is also scarce
(Willmott 2005; 40). Glass is still very occasionally found, but with no evidence for
production, it is likely to have been imported. The glass that appears after this
cessation in production and use is offéedent type.

The earlier glass was produced using a sadhasource of alkali. The glass which
is found in 11th and 12th century contexts is a new type of potash glass, produced
using burnt wood or bracken ashes. This glass is easily distinguisheddrsata
based predecessor due to its heavy green discolouration. This change is notelue to th
producers being unable to acquire the necessary raw materials in Britain. A lack of
production evidence suggests that this glass was not produced in Britain. Instead it
would appear that the suppliers of glass to Britain switched their souatieabffrom
natron to wood ash. This may have occurred earlier than it is observed in Britain, the
potash glass only reaching here in large quantities when domestucoodceased.
There is earlier compositional evidence for an attempt to extend the available
imported glass by the addition of around 10% poor quality vastdglass (Freestone

et al. 2008; 42). This may have occurred in Britain, however the lack of msede

10



from the Continent means this is difficult to prove. The 13th century, like the 8th
century, sees a great increase in the quantity of evidence for glass ijmroduack use.

There is documentary evidence in the later 14th century of a firm of agbats
were based in Chiddingfold, The Weald, supplying window glass to Merton,
Winchester and New Colleges (Willmott 2005; 46). Vessel glass was also being
produced in The Weald at this time (see Kenyon 1967; 31). This evidence is not
limited to The Weald, aufnace was excavated at Little Birches (north site) that was
in operation during the 13th or 14th century, however, due to limited evidence it is not

possible to be sure of the types of products produced here (Welch 1997; 16, 18).

1.1.2 Glassmaking 1500-1567 AD

There is little historical evidence for British glass production in the early 16th
century. This is surprising as there is a large amount of evidence from the pgecedi
two centuries and there was a great increase in the amount of documentalimegro

in Tudor England in general. There is documentary evidence for three families
working in the Weald and an industry established in seatitern Staffordshire. A
reference in a petition of the Glaziers Company to the Privy Council in 1542 clearly

implies that no Englisimade window glass was available (Godfrey 1975; 12).

However, at the site of Knightons, dated to the 1550s, much evidence for the
production of crown window glass and possibly vessels was found (Willmott 2005;
68). Similar evidence waaso found at the eadyo mid-16th century sites of Bagot's
Park and Little Birches, south site, in Staffordshire (Welch 1997; 18). The bulk of
evidence for forest glass production is for window glass in the early tdlGiid
century. However, the evidee from these three sites cannot be seen as

encompassing all the glass production in this period. The discovery of some vessel
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glass at each site points to the limited production of vessels at these sites or

importation, possibly as cullet, from as yet unexcavated contemporary sites.

1.1.3 Glassmaking 1567-1615 AD
The lack of skilled glassmakers in Britain in the first half of the 16th century meant
the time was ripe for an influx of glassmakers skilled in the art of window and high
quality vessel produidn. A few attempts were made by Italians and Englishmen to
establish glasshouses with imported workers, but these were unsuccessful. The man
credited with the restablishing window and quality glass manufacturing in Britain
was Jean Carré. He had beemoimed in some aspect of glass manufacturing in
Antwerp and arrived in London in the spring of 1567 with a sizable amount of capital,
considerable technical knowledge and extensive contacts with foreign glassmake
apparently intent on taking over the English glass industry (Charleston 1984; 53).

Arriving in the spring, by July Carré had already secured a licence from the Queen
to build window glass furnaces in the Weald and one for crystal in London. Carré set
up a company with at least three other inmawg glassworkers. After proving that
others were not making window glass in the Weald, Carré’s company wereable
secure the exclusive right to make window glass in the Lorraine manrizt fears
(Godfrey 1975; 20). The granting of this right came with some additional conditions:
that the glass produced had to be sufficient to supply the realm, be cheaper than that
which could be imported and that the immigrants must teach Englishmen the art of
glassmaking.

The glass furnaces in Weald were run by Therand Balthazar de Hennezell, who
shared the profits equally with Carré’s company. Carré resided in Londomand t

more of an interest in the crystal furnace built within the walls of the Crutched Friars,
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an abandoned monastery near the Tower of LonHenwas able to bring a large
number of foreign glassmakers to England, presumably due to the same religious and
economic factors that influenced his emigration. The following years saw many
quarrels over the ownership of the company’s patent, eventually resulting in the de
Hennezells leaving their furnace in the Weald. In 1571 Carré left the crystal glass
furnace under the control of a Venetian glassmaker Jacob Verzelini and moved to the
Weald to set up a forest glass vessel furnace. Before this furnacempketed Carré

died at his house in Fernfold Wood in May 1572, just five years after arriving in
England.

Following Carré’s death the quarrels over the furnaces and licences continued,
however, the situation was now becoming increasingly dire. In 1575 Becku, who was
originally part owner of the licence, sued the Bungar brothers, who were opdinating
Wealden furnace, for debts. In the following year the Privy Council pressé&d Bec
payment due to the Exchequer in lieu of customs (Godfrey 1975; @Y. Rppel,
Carré’s sorin-law, and Peter Briet, his associate, who had taken over the running of
the monopoly applied for a new royal patent prohibiting the importation of glass from
the continent. They claimed that they could not compete with this foreign glass. This
would appear to be true as in 157 hs much glass was entering the Port of London
from abroad as was in 1567 (ibid.). This new pateag never granted. Eventually the
original patent lapsed through nobservance and the way was left open for other
glassmakers to set up furnaces and move throughout the country.

Considerable importation of green glass vessels at this time shows that there was
definitely a market for these items, as well as window glass. There wasmionger
a monopoly resicting forest glass production and no financial obligations in terms of

customs duties or royalties. The emigration of foreign glassmakers infanBng
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greatly increased following the massacre of Protestants in Paris in 157heand t
furnaces spread aigs the country (Vose 1980; 109). Carré’s glassmakers remained
in the Weald and it was the new glassmakers arriving in the 1570s who spread around
the country. As was the case in the preceding decades, Staffordshire and lithe Wea
were the major centres gfass production in the early Elizabethan period (see Welch
1997; Mortimer 1993).

The products of these furnaces were a mixture of vessels and window glass. The
glass produced by the immigrants was of a higher quality than that produced in
preceding pedds, with ‘bright shiny surfaces, improved translucency and greater
durability’ (Crossley 1998; 168). The recipes of glass production clearly chamged i
this period, previous work has shown a decrease in potash levels and increasing soda
levels (see sectin3.3 for further discussion). A new alkali raw material seems to
have been used at many of these sites.

During the reign of Elizabeth | there were frequent complaints regardiogl w
shortages and the consequent raising of prices for the fuel. In the Weald wodd woul
still have been relatively plentiful when the immigrant glassmakers arrived in the
1560s and 70s. However, the great increase in glasshouses and iron works in the south
of England led to concern about the destruction of timber suitable for the navy
(Crossley 1998; 172). This not only affected other industries and the general public,
but also the glassmakers themselves. Due to overproduction in areas such as the
Weald the glassmakers were met with another serious problem; falling glass prices.

The glassmakers faced three possible solutions to their predicamenttamuee
heavily wooded areas; remain in the Weald and find new markets or cheaper fuel; or
find another fuel. All three of these solutions were attempted by different

glassmakers. Some glassmakers became migratory, seeking out new supplies of wood
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across England, resulting in numerousrshved sites from Hampshire to the North
Riding of Yorkshire dating to the late 16th century (see Willmott 200594}9
Generally they settled near to navigable rivers, as the local markets could not suppor
them. This spread of glassmakers drew atianto wood shortages throughout the
country. A number of bills were presented in parliament during the late 16th century
to deal with this problem. Solutions ranged from limiting the areas in which new
glasshouses could be erected, to moving all glass production to Ireland where wood
was cheap. This period also sees the first production of glass by English cotonists i

America (see Hatch 1941ab; Harrington 1952).

1.1.4 Glassmaking post-1615 AD

During this final period there was considerable change in the technology and
organisation of the English glass industry (Mortimer 1995; 135). As discussed in the
previous section, the end of the 16th century saw a number of attempts to limit the
locations, or even existence, of glasshouses in England. The probléndiraf new
supplies of wood, and the possibility of restrictions led to a period of experimentation
with the use of coal as a fuel. On thett28f July 1610 an agreement was made
between the Crown and William Slingesby, by which the latter was givesothe

right to ‘erect ovens, furnaces, and engines for brewing, dyeing, baking dacndi
pot-making, refining and melting glass, ordnance,-bedtal, latten, copper and other
metals with se&oal and pit coal’ for 21 years (Godfrey 1975; 59). Iritidie
intended to produce furnaces for iron smelting, but their first success was iagke gl
industry. In 1611 a Crown monopoly was granted to Edward Zouch and a small group
of gentlemen, including Sir Robert Mansell, for making glass using coal &s fue
(ibid.). Then, on the 28 of May 1615 James | made a Royal ‘Proclamation touching

glasses’
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...to provide that matters of superfluitie do not devoure mattereeessity and defence;
understanding that of late years the wast of Wood and Timber hath been egagedt and
intollerable by the Glasdgouses...as it were the lesse evill to reduce the times unto the
ancient manner of drinking in Stone [stoneware], and of Latiodlowes, then to suffer the
losse of such a treasure...Therefore We doe...straightiglaire, that...no person...shal
melt, make, or cause to be melted or made, any...Glasses whatsoevemitr & Wood,
within this Our Kingdome of England and Dominion of Wales.

(Charleston 1984; 78)

Also in 1615 Mansell bought out his fellow monopolists and began to try to make
the production of glass using coal more profitable. He set up glass furnaces near
coalfields, the first at Wollaton near Nottingham in 1616. While this may hawaeut
cost of the fuel, it also increased the cost of transportation of the products to the
largest markets in the South East (Crossley 1990; 233). This change in fuel source
also meant that the glassmakers could no longer use the ashes from their flgnaces a
their alkali raw material and so wood or plant ashes had to be produced by other
means or bought. Evidence for this can been seen in changes in composition of these
glasses, with higher soda levels than those produced earlier (see section 3.3).

In 1617 Mansell was involved in an attempt to use oil shale on the Purlastiato
the site of Kimmeridge (see section 2.6.1), however this was unsuccessful. A third
brief attempt was made at Milford Haven, where ‘the Cole provided neither
serviceable nor transportation of the glass possible to be had’ (Godfrey 1975; 84).
Eventualy he found success on Tyneside in 1618 using local coal, and shipping glass
via the established coastal trade route.

Mansell's position was greatly improved from 1618 when all forest glass
competition was finally closed down (Willmott 2002; 11). In the following two
decades he secured the complete domination of the English market; his patent was r
issued in 1623, then again in 1635 to include Ireland and in 1630 he gained a royal
decree banning the importation of all foreign vesséls.j. This domination of the

market did not lead to as highly profitable an industry as might be expected.-The re
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issuing of the monopoly in 1635 was coupled to an increase in the rents payable to the
Crown, which led to higher retail prices. Then, in 1640, the Scottish invaded northern
England stopping production at Newcastle and interrupting coal supplies to London.
The final blow for Mansell’'s monopoly was dealt on théh38f May 1642 when he

was ordered by Parliament to surrender his patent. The Lords did not concur, however
when the Civil War began in August Mansell lost the opportunity to revive his claims
(Vose 1994; 2). Eventually he restored production at his Newcastle furnaces and
continued to produce glass up until his death in 1656. These furnaces dyeaina!

into the possession of the Henseys and Tysacks, who were already working there

(Willmott 2005; 107).

1.2 Raw materials and recipes

1.2.1 Introduction
“[It is] a rare kind of Knowledge and Chymistry to transmute Dust and

Sand (for they are the onlgnain Ingredients) to such a diaphanous
pellucid dainty Body as you see a Crysgass is”

James Howell, Administrator at Mansell’'s London crystal work2016
(see Godfrey, 1975; 156).

Our knowledge of the raw materials used in early glass manufacture relies heavily on
historical evidence, which is not entirely infallible. There may be many possible
combinations of natural materials, as yet not understood, that could have been used to
produce the glass compositions we now observe (Sanderson and Hunter 1982; 27).
Recent advances in scientific techniques and their application to archaeological
problems have allowed a much better understanding of the raw materials used to
produce glass in the past. It is now relatively simple to discern betweeseglas
produced using mineral or plant ash alkali sources, for example, using major and

minor element chemistry.

17



The chemical composition of a glass is based on three variables, first igutres na
variability of the materials used and the second is the changel thiese materials
undergo due to manipulation by the glassmaker, termed as behavioural variability by
Jacksoret al.(2005; 782) and the third is the melting conditions (Rehren 2008; 1353).
The natural variability is very important in terms of provenanthiegglasses. On the
assumption that this variability is enough between sites and discrete enough to be
specific to sites, provenance can be assigned to glasses. However, if theitbmmpos
of the raw materials is not transferred fully to the glass due to processing and melting
conditions such an assumption will not hold. It is thereforeckaéces made by the
glassmaker, in terms of both the raw materials and their processing that detbemine t
final composition of the glass.

There is documentary evidence for the raw materials used in the medieval period
for the production of glass using plant ashes. In the 12th century the German monk
Theophilus prescribed:

‘two parts of the ashes [beechwood ashes] of which we have spoken and a
third of sand carefully pified from earth and stones, which sand you
shall have taken out of water, mix them together in a clean place’

(Dodwell 1961; 39)

A different set of raw materials and proportions were described around 400 years la
by Biringuccio. In his book of 154@e re Pirotechnia, he describes:

‘The method of composing glass...First one takes ashes madeteom
saltwort that comes from Syria...Now some say that this ash is made
from fern and some from lichen; which of these it does not matter
here...some of those sparkling white river stones that are called pebbles
and that are clear and breakable and have a certain resemblance to glass.
When it is impossible to have these, take in their place a cevtdta

mine sand that has a certain rough harshness. Of whichbteese is

taken, two parts are put to one of the said salt [ashes] and a certain
guantity of manganese according to your discretion.’

(Price 1959; 127)
A contemporary of Biringuccio, Agricola, publish®a re Metallica in 1556. Within

this book is another description of the method for producing glass:
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‘[Glass] is made from fusible stones and from solidified juices e.@art

of coarse or fine sand made from fusible stones should be mixetnwith
parts of soda or of roekalt or of herksalts, to which & added minute
particles of magnes...when such juices are not to be had, two parts of the
ashes of oak or holmoak, or of hard oak or Turkey oak, or if these be not
available, or beech or pine, are mixed with one part of coarse or fine sand,
and a small quaity of salt is added, made from salt water or-aeéer,

and a small particle of magnes; but these make a less white an
translucent glass’

(Hoover and Hoover 1950; 584-6)

These three sources can give us useful hirttseaaw materials being used by the
glassmakers in this period. However, it must be remembered that they are not written
by glassmakers and therefore cannot be considered as fact. Theophilus notes that
purified sand and beechwood were the only two ingredi@iterguccio describes
plant ash, rather than wood ash glass. The addition of manganese and use of quartz
pebbles would seem to suggest that this was also a recipe for making clearesslourl
glass. Agricola, in De Re Metallichsts a large number olgnts and tree species that
can be used as an alkali flux. In addition to these ingredients he also stateskthat r
salt can be used instead of, or as well as, plant and wood ashes. A third basic
ingredient is also listed, that efagnes. It is not known what this word describes;
some suggestions have been made ranging from limestone to mangowas and
Hoover 1950; 586). It is unlikely that manganese would have been added to forest
glasses, but if this third ingredient is limestone, it is something that will impact
directly on the compositional and isotopic results of this thesis.

The ingredients thought to have been used in forest glass production, as well as the
recipes employed, are discussed below. How the choice of these ingredokrits a
what proportions they are combined will impact on the results of the scientific

analyses carried out, as part of this project, will also be discussed.
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1.2.2 Slica

The silica sources used for glass production varied dependent on location and
availability. At Venice, for example, it is historicalldocumented that siliceous
pebbles from the Ticino and Adige rivers in Northern Italy were imported and used
for top quality products in the 16th centu§mit et al. 2004; 721). These pebbles
would have been impossible to use as received and to improve reactivity and
dissolution would have been crushed. This could have been achieved either by
crushing, or by heating and rapid quenching. Quartz undergoes a transformation at
573C from thea-[3 phase and quenching frothis temperature would cause
breakage and fragments left could be easily powdered (Smedley and Jackson 2002a;
23). Theophilus recommends watmrne sand is used, presumably as this would be

naturally sorted to provide a consistent mateiiadl().

Inclusions Impurity
Feldspar Al,O3, CaO, NaO, K,O
Titinite or Spheng Cr,03, TiO,

Chromite FeO, CpOgy
Epidote Al,O3, FeO, CaO
Shell fragments | CaO

Table 1.1: Some of the commomtlusionsfound in sand and the oxides
they will contribute taa glass (after Henders@000; 27).

There are a number of different inclusions found in various sand sources. Table 1.1
shows some of the more common inclusions and the impurities they can contribute to
glasses produced using them. In sufficient quantities timegerities can alter the
working qualities and appearance of the glass. For example iron oxide wilk ianpar
green colour to the glass. Sands with low iron oxide contents were therefore sourced
for the production of colourless glasses. Calcium oxide (GaiD)assist with the

stability of the finished glass, however, in excessive quantities it will have a
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detrimental effect on the melting process (see Freestone andRam@m 1999). The
addition of lime to forest glasses is discussed in more detail 10$ECB.

Of great importance to this study is presence of neodymium in sands. Neodymium
is present in the heavy mineral fraction of sands and variations in its isotopeeatio a
relatable to the geological source of the sand (Degryse 20@9b; 56). Nedymium
isotope ratios will be used in this study to characterise forest glasses.

This study will also use oxygen isotopes to provenance the silica sources used. The
oxygen isotope ratio (8'%0) of a silica source will depend on the method of its
formation and can be used to characterise silica sources. Some oxygen will clearly
enter the glass with the flux and stabiliser, but the majority will be from the silica
source (see Brill 1970 and Brit al. 1999). This will be discussed further in section
3.6.3.

Choosing a sand source free of iron impurities would not be as important in forest
glass production compared to crystal glass, as a green glass was expected. The sites of
Knightons and Blunden’'s Wood were located near a source of sand on Hambledon
Common. Another source located at Lodsworth (10 miles from the Wealden glass
furnaces) is documented as a supply of sand exploited by glassmakers in 1629
(Kenyon 1967; 35). However, at Little Birchaad Bagot’'s Park, Welch (1997; 45)
believes that a nearby source of white quartz pebbles at Cannock Chase may have
been exploited by the glassmakers. Crossley (1998; 177) points out that a aohall sa
qguarry is located on a hillside only 600 yards fromnbeh-Yorkshire sites of Hutton
and Rosedale

Kenyon (1967; 35) states that specific sand sources were used to produce clear
crystal glass, however local sands could be used to produce forest glass amd the |

price of the finished objects did ‘not allow for the high transport cost of imported
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sand’. Further evidence is added to this by Godfrey (1975; 157) who notestthat 17
century crystal glass producers in London used sand imported from Maidstone in
Kent, over 30 miles from London, whereas London’ssgiglass producers used a
source in Woolwich, only 6 miles from the City of London. This can certainly not be
considered direct evidence that local sands were used at all the forest glassigroduc
sites in operation during this period. However, it seems likely that any importdt

sands to a forest glass furnace site was limited due to the cost associated with its
transportation. It cannot be said with absolute certainty that sand was not drtporte
forest glasshouses, and hopefully this is a hypathisit can be tested somewhat

using the results of this study.

1.2.3 Alkaliand | ime

Due to the high temperature at which silica meltd700°C), it is necessary to add a
flux to lower the melting point to something achievable in an ancient furnace. Th
flux was a form of alkali and there were three main sources of alkali used by
glassmakers from prehistory to modern times. These were the ashes of-soldium
halophytic plants, a mineral source of sodium, generally known as natron, and the
ashes of tres and ferns, rich in potassium. In a very basic sense this is also the
chronological order in which they were exploited, but with much overlapping.

During the medieval period there were two glass making ‘traditions’; one in the
North and one in the South, and they used two different sources of alkali ash
(Smedley and Jackson 2002a; 23). The Southern used marine and halophytic plants,
rich in sodium. Biringuccio, writing in 1540 describes the use of sodium rich salts or
ash derived from the saltwort (sescton 1.2.1). He also mentions the use of lichen

or fern as an alternative, but this will result in the production of an ‘inferassgl
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The glassmakers in the north of Europe more commonly used potash rich wood or
bracken ash. This was written aboutTeophilus in the 1B century and Agricola

in 1556 (see section 1.2.1). Beech ash was generally preferred according to
documentary accounts, but oak and pine were also mentioned (Smedley and Jackson
2002a; 23). The use of different species would result in different melting processes
and necessitate the use of different recipes. However, if a particular vaesoased to

fire the furnace there would be a readily available supply of ashes that could have
been used in the glass batch.

However, the ashes frothe furnaces were clearly not always used. At Knole in
Kent (Lennard 1905; 128) the glassmakers purchased ashes at the start of the
furnace’s operation. However, according to Godfrey (1975; 158), once production
was underway, the purchasing of ashes disappears from the financial records of
glasshouses. More evidence for the purchase of plant ashes comes from Dawson
(1905; 1011) who notes that in a letter dated to 1567 Jean Carré wrote that he was
acquiring a source of soda from Spain to use as his flux. Presumably this source of
soda was plant ashes. This source of alkali may have only been used at his crystal
glass furnace and not for the production of forest glasses. The introduction of coal as
a fuel in the early 1th century would have provided theagbmakers with a problem.

The ashes necessary for producing glass would have to be sourced from elsewhere.

Previous analytical work on forest glasses has shown that the quantities of soda
and potash, both total and relative quantities, alter dependiniipeomproduction
location and that there may also be patterning by time pé&essection 3.3 Based
on these studies the approximate chronological pattern, in terms of alkali levels,
shows an initial decrease in total alkali levels during the 16th gemtuhe Weald

and Staffordshire (see Kenyon 1967; 39), followed by an increase in soda levels,
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which dominate the alkali content at the latest sites of Bickerstaffe and Haughton
Green (see Vose 1994; 57 and 1995; 16). This pattern would appear to fihavith
purchasing of soddach plant ashes at later sites. Bickerstaffe is not a-foeal
furnace, so the change in recipe may have occurred before the switch to coal was
complete.

As introduced above, the different alkali sources thought to have beebyufweést

glass producers have differing compositions and will produce glass with varying
compositions, and therefore melting and working properties. Some work has been
carried out on the composition of wood and plant ashes used by ancient glassmakers,

ard a brief summary of a selection of this work is presented below.

Chemical analysis
Work by Smedley, Jackson et al. (2000, 2001, 2002a, 2002b, 2004, 2006) has
involved the analysis of various ashes and the production of model glasses from them
in an attenpt to reconstruct the recipes used in forest glass production (see discussion
on recipes section 1.2.5). A summary of some of their analyses of ashes anéegdres
in tables 1.2 and 1.3 below. Beech, oak, bracken and birch ashes have been analysed
and varations in their chemical compositions can be seen. Also presented below are
the chemical compositions of seaweed (Dungworth et al. 2009) and a selection of
analyses of plant ashes (Barkoudah and Henderson 2006), all possible rawiamateria
used for foresglass production (tables 1.4 and 1.5, respectively).

Variations between the compositions of different species can be seen. However, a
noted by the authors and others (also see Sanderson and Hunter, 1981; Hartmann,
1994 among others) the variability between species is overshadowed by the High leve

of intraspecies compositional variation. This compositional variation can be due to
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the soil upon which the plant is growing, the parts of the plant used, the season it is
harvested and the method of ashing @aaste et al. 2002; Horn et al. 1993; Misra

et al. 1993; Smedley and Jackson 2006). The compositions listed in tablke$ 1.2
should therefore only b&hought of as a guide to possible compositions of these
ingredients, rather than their actual compositions. Perhaps the most importara point t
note, one that is very clear, is that plant and seaweed ashes have different alkali
(Na;O and KO) levels to wood and bracken ash. Glasses produced using plant and
seaweed ash will have higher levels of soda than those produced using wood ash, but
may have similar soda and potash levels. This pattern can be seen in the composition
of previously studied forestlagses, as discussed above. Later forest glasses contain
higher levels of soda and are therefore likelh&we been made using plant ashes as
well as, or instead of, wood and bracken ashes.

Hartmann (1994; 118) notes that there is an increase in chlorine and zinc levels in
late medieval glasses found in the Eichsfield region of Germany. This, he suggest
may be due to the addition of chlorimeh grasses or salt, but both of these
suggestions have problems. The addition of salt does not explain the associated
increase in zinc levels in these glasses, and the sheer quantity of grass ash needed
would seem to discount its use. However, it may have been added to the glass batch

along with another plant or wood ash.
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Sio, Na,O K,0O CaO MgO Al,O4 Fe,0; P05 TiO, MnO SO, Total alkali|

Beech 18.03 0.59 19.98 31.07 6.95 0.92 0.94] 15.26 0.0 6.2 n/a 20.57
Oak 6.99 0.47 14.57 63.37 4.18 1.85 2.45 2.9 0.13 0.3p 0.78 15,
Bracken 15.17 2.24 37.28 9.02 4.88 0.46 3.55 7.55 0.01 0.0p 3.8 39,

Table 1.2: Compositions (wt%) of beech, oak and bracken ashes by WDX (Jackson and SroddieB20t.4).

Sio, Na,0 K,0 CaO MgO AlLO; Fe,0, P,0, TiO, MnO LOI | Total alkali
Birch 16.82 0.36 10.91 27.78 2.02 3.01 2.45 3.69 0.1 6.3 2456 11
Bracken || 24.98 0.48 35.07 8.94 2.27 0.45 0.31 3.08 0.0 1.1H 23] 35

Table 1.3: Ash analysis by XRF (wt%) L@iss on ignition (Smedley, Jackson and Welch 2001; pt2Z}4,

87srPosr Na,0 MgO

AlLO,

Sio,

P>0s

SO,

Cl

K,0

TiO, MnO

Fe,0s

Seaweed

0.70932 8.7 8.2

0.6

1.7

1.7

33.3

0.6

14.9

25.6

0.11 2.63

1.34

SrO PbO
0.74 <0.0

Table 1.4 Chemical andr isotope analysis okaweed (Dungworth et &009; p.124 t.5.2).

Na,O K,0 CaO MgO Al,O3 Fe,0, TiO, MnO Sr (ppm) | Xalkali
Salsola vermiculatfy  19.4 255 4.17 2.26 0.12 0.07 0.01 0.004 97 44.
Salsola vermiculat] 21.2 19.1 5.46 2.57 0.08 0.04 0 0.003 191 40.3
Salsola vermiculat 28.7 119 1.96 1.03 0.16 0.08 0.01 0.004 566 40.
Salsola sp. 16.9 29.4 4.81 3.57 0.34 0.2 0.02 0.057 470 46.3
Salsola sp. 21.2 14.3 4.11 2.21 0.32 0.18 0.02 0.014 358 35.
Salsola sp. 33.8 10.2 2 2.21 0.25 0.14 0.01 0.028 178 44
Salsola sp. 15.1 29.2 10.58 3.58 0.65 0.36 0.04 0.04] 899§ 44.
Salsola sp. 11.7 33.7 10.83 3.6 0.83 0.46 0.05 0.037 1174 45.4
Salsola jordanicol 28.6 10.7 1.96 2.44 0.27 0.14 0.01 0.013 209 39.

Table 1.5:Chemicalanalyses of plant ashes from Syria (@ardah and Henderson 2006; 306).



Isotopic analysis

In terms of the isotopic part of this study it is the strontium comtethite ashes that is

most importantStrontium isotopes give information on the source of lime present in
the glass, and it is assumed that the bulk of the lime present in forest glasses is
derived from the plant ash. It iweverlikely that a certain portion will be present in

the sand sarce usedand this will contribute a smaller proportion to the finished glass.
As noted above the strontium concentration will depend on the species of plant or
wood used, the soil on which it grew, possibly the season it was harvested and the
preparatiorprocess. It is therefore highly variabléhe isotopic ratio of the strontium
present in these ashes is a reflection efiiotope rati@f the underlying geology on
which it grew (Hendersoet al 2009; 78).The possibility of strontium originating

from a separate addition of lime is discussed below.

The use of seaweed as an alkali raw material has also been explored, most recently
by Dungworth et al. (2009). Seaweed has a particular strontium signature; a high
concentration and’SrP°Sr close to that ofnodern seawater (~0.7093). This study
was able to show that this strontium signature is also found in glass made using
seaweedilbid.; 124). The samples analysed were glasses produced athheetiury
site of Silkstone in Yorkshire (120 km from the sfjaThe discovery that glass was
being produced using seaweed showed that this material may have been traded large
distances to the site. This challenges the commonly held belief that raw materials for
forest glass production were always sourced locallg tb the low value of the

products. This finding will be explored further in this thesis.
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Lime content
Some authors have also suggested that lime may have been added as a separate
ingredient(see Hartmann 1994; Schalm 2004 among othdilss questionof the
intentional addition of lime in forest glasses has remained an important one in the
study of archaeological glasses for a long time. Godfrey (1975; 157) lseliene
was never intentionally added to the glass batch as a separate ingredient ma.Engla
However, it would have to be intentionally added to some specialised glass batches,
such as Venetiawristallo (ibid.). Without this addition these glasses, made from
refined ashes and pebbles, were unstable and have devitrified over time. Thi®is due
the use of pebbles, rather than sand, and the refining of plant ashes leading to a lack of
lime being added as an impurity. Where wood ashes were used in forest glass
production they were not refined and are high enough in calcium to provide the glass
with the levels of calcium found by chemical analysis (see tables 1.2 andetita)(
2005; 667).

Previous analytical work has shown that there is a chronological patternimg in t
lime levels found in forest glasses (see section 3.3). Glass producedh&amd
16th century onwards is characterised by increasing lime contents and decreasing total
alkali contents, more specifically potash contents (Mortimer 1997; 39). Mortimer
(1997) refers to these glasses as Hiigle low-alkali (HLLA) glass and Hartmann
(1994) as woodaslime glass. Hartmann suggests that this later glass type could have
been produced using a mixture of 20% limestone, 20% beechwood ash and 60%
quartz sandilfid.; 118). Schalnet al (2004; 1648) believes that in Germany it may
even be possible to define a period of wasth and sand production from 1604000

and wood-ash, sand and lime from 1400-1800
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Smedley et al. (2001; 206) have shown that a glass produced using birch ash and
sand can have a lime content in excess of 21 wt%. This is within the range of lime
values for HLLA glasses, but it is not HLLA glass due to its high alkali cantdret
use of lime in forest glass production cannot therefore be completely discounted or
proved at this stage. If lime was added it will not only affect the calcium osvedsl
in the glass, but also the strontium concentration and isotope ratios. It must éherefor
be considered as a possibility when discussing the results of this study.

Freestoneet al.(2003; 27) have demonstrated how natron based glasses deriving
their lime from either coastal or limestehearing inland sands vary in terms of their
strontium concentration and isotope ratios. This is a very different situation to that of
forest glasses as all the lime in these natron glasses is derived from the silica source.
However, the results of their study may still be useful when looking for evidence of
the aldition of lime to forest glasses, either as part of the sand source used, or as a
separate addition.

The final issue which must be discussed is the possibility of tworirhesources
being used and both contributing strontium to the glass. Freestahg2005) and
Degryseet al (2009b) have been able to show, using strontium isotopes, that Roman
high-iron, manganese and titanium (HIMT) glass was very likely produced by the
mixing of two different limerich raw materials. Unlike the likely situation forest
glasses, i.e. two different ashes being mixed, these two sources are two types of |
bearing sand. However, in principal their studies have shown that the mixing of lime,
and therefore strontium, sources in ancient glass production can sometimes be

identified using isotopic analysis.
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1.2.4 Cullet

Cullet, or broken glass, was added to glass batches, not only for recycling, but also
because it lowers the melting point of the batch. The glass breakages on site were
seldom enough to provide thdéagsmakers with the quantities necessary for their
recipes. Godfrey (1975; 159) believes that nearly all glassmakers had to buy broken
glass. She states that it was sold commercially and was often shipped around the
coast, and also at times exported or imported between couiitices At one stage

the price of cullet went up sufficiently that the London glaziers could seall the
cuttings to French glassmakers.

The possible recycling of glass is a notable problem when attempting scientific
analysis in the hope of finding sigpecific chemical or isotopic signatures. The
composition of glass produced using cullet brought from another site will be a
mixture of theraw materials used and that of the cullet. If these two types could be
separated and characterised they could provide evidence of trade in culleteHowe
in practice recycling generally obscures sipecific chemical compositions. When
discussing theesults of this study it will be important to bear this in mind. Even
though the chemical compositions of the glass produced at a site may be influence
by the mixing of glasses, it may still be sufficiently different, in some respect, from
glass producedtather sites and therefore still provide a useful means of identifying a
site-specific composition.

Using isotopic analysis some previous studies have been able to show mixing
where it has occurred in a variety of ancient glass production locationseaadsp
Hendersoret al.(2009; 92) found evidence for the mixing of two plant ash glasses at
the site of Raqqga in Syria. This evidence is based on mixing lines found-pict bf

neodymium isotope ratio vs. strontium isotope tafioe results can evdre used to
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suggest, very approximately, what the isotopic composition of the glasses that wer
mixed may have been. It is hoped, therefore, that the isotopic methodology used in
this study may be able to identify where mixing of different glasses may have

occurred at forest glass production sites.

1.2.5 Recipes and proportions of raw materials

It is important to understand the proportions of raw materials used by forest
glassmakers to allow the production of accurate model glasses (see sectidfo&k4)

by Smedley, Jacksoet al.(2000; 2001; 2002a; 2002b; 2004; 2006) has attempted to
define the recipes used by forest glassmakers. The writers of medieval recipes (see
section 1.2.1) tended to list an alkali, and the proportions of alkali and silicagtout

how these proportions were measured. The most common proportions were 2 parts
ash to 1 part sand/silica based on written accounts found in surviving manuscripts.
Smedley and Jackson (2002a; 27) found that volumetrically measured batches of this
proporton resulted in excess silica. It was therefore concluded that the ratio 2:1 was
measured by weight and not volume. When observing ash and sand, it becomes clear
that this would be the case as similar volumes of ash and sand would have a mass that
differed by a factor of 50.

The compositions of the model glasses produced show similar trends to the
compositions of the ashes from which they are formed (compare tables 1.2 and 1.3
with tables 1.6 and 1.7) (Jackson and Smedley, 2004). For example, the attte with
highest lime levels, oak, produces glass with the highest lime levels, and saoeon. T
glasses were produced using beech, oak and bracken ashes mixed with Loch Aline

silica sand, a very pure sand source, in varying ratios and fired at temperatures
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betwe=n 1100 and 1450°C. Slip cast mullisgufminum silicate Al¢Si,O13) crucibles

were used for the melting experiments.
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Figure 1.1: Melting behaviour of 2:1 (wt) beect Figure 1.2: Temperature required to achieve

batch oak and bracken mixtures with sand batch free melts after 1 hour melting time
(Jackson and Smedley 2004, 39, f1). for ash sand mixtures (Jackson and Smedley
2004; 40, 2,).

Figures 1.1 and 1.2 show that the amount of time requoechelt a batch is
decreased by increasing the temperature and that the temperature required is related to
guantity of alkali present. The total alkali }a+ K,O) present in the ashes is 20, 15
and 40% for beech, oak and bracken respectively (see tables 1.2 and 1.3). Figures 1.1
and 1.2 shows that éke levels ardirectly related to théemperatureand amount of
time needed to produce a glass. Lime has the opposite effect, too much will increase
the temperature and time required. However, it is a necessary component in the
finished glass as a stalsiir (see section 1.2.3).

The temperatures required for melting a glass made with this particular oak ash are
considerably higher than those for these beech or bracken ashes. The implications of
this are that if oak was used as the alkali the procesasd glaking would have to be
altered. The furnace itself would have to be able to achieve these high temperatures,
perhaps with the use of a different fuel source (Jackson and Smedley 2004; 41).

However, as discussed throughout this section the compositithre ashes of these
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tree species are highly variable and this single oak analysis cannot be taken as
absolute proof of the properties of glass produced using any oak ashes.

Increasing the quantity of ash decreases the required temperature to angoint a
then its effect lessens, or in the case of oak starts to increase the required temperature.
The ratio of 2:1 discussed above seems to be a sensibletfda#ween conserving
the ash resource and being able to achieve a -b@gehmelt at a reasonable
temperature. This shows that the medieval glassmaker understood the behaviour of

the different raw materials and chose a ratio of 2:1 based on this.
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Sio, Na,0 K,0 CaO MgO AlLO," Fe0; P,05 TiO, MnO SO, Talkali

Beech 48.97 0.77 11.91 18.03 4.29 1.35 0.66 9.23 0.02 37 <0.01 12.68

Oak 46.41 0.42 5.63 35.53 2.35 6.25 1.08 1.75 001 02 <0.01 6.05
Bracken || 62.03 0.83 21.33 6.38 3.58 0.59 0.26 4.01 0.0] 0.3p <0. 22)

Tablel1.6: Composition (wt%) of beech, oak and bracken glasses (2:1 ash:sand)
" Al,O; is elevated in the finished glasses due to contamination from the sand during militige @rucible body.

(Jackson and SmedI@&p04: t.5, p.40).

(Smedley et al. 2001; t.3, p.206).

Table 1.7: Chemical compositions of model glasses (wt%)
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Figurel.3: Melting curves for bracken and birch batches
(after Smedlet al. 2001; 205, f.3).

Figure 1.3 shows a similar trend to figures 1.1and 1.2, and also the effectrad mixi
two alkali sources. The curve for a mixture of birch and bracken lies betieéno
other mixing curves. It can therefore be seen from the results of Smedlef260a )
that it is possible to predict the temperature and batch free time when mixing two ash
sources if these variables are known for the two separate sources.

Table 1.7 and figure 1.4 shows how the composition of the glass produced
compares with the glass found at the site of Little Birches. On first inspection of the
compositions it is clear that the closest model glass composition to that found at Little
Birches & a mixture of birch and brackeibifl.; 206). When CaO is plotted against

total alkali (K;O + N&O), this link becomes even clearer (figure 1.4).
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Figure 1.4: CaO vs. total alkali (wt%) for the three model glasses arelacimeological
glasses from ltile Birches (Smedley, Jackson and Welch, 2001; 206, f.4).

Due to the high variability in chemical compositions even within a specific plant
species, the conclusions from this work are not definitive. However, the results
suggest that a mixeaish source consisting of bracken and birch ash may have been
used in the forest glass produced at Little Birches. There are many oxides present at
very different levels in the glasses from Little Birches compared to the model glasses,
including sodium, magnesium andanganese oxide. These variations may be due to
the use of different species of plants, or the use of bracken and birch ashes which
simply have a different composition to those used to produce the model.

What can be learned from these informative studied,those on alkali sources
discussed above, is that the glassmaking recipe was a 2:1 ratio of ash:silica measured
by weight. Also, that it is very difficult to distinguish between the ashes @relift
tree species due to their high levels of igp&cies variability. However, it will be
possible to discern the difference between the use of trees or plant ash, and may be

possible to suggest where bracken ash was used rather than wood ash.
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1.3 Furnaces
Three basic types of furnace are found at thes siethis study. They will be
discussed in detail on a sitg-site basis in chapter 2. However, it is necessary to
understand what, if any, effect their design will have on the types ofladsced at
each site. The three types are; rectangular, winged coaffired. Table 2.1
summarises which types of furnace were located at each site. There are two ways in
which the furnace design can indirectly and directly alter the types of glass produced.
Firstly, by increasing the achievable temperature aravadf glasses of higher
melting points to be produced (see section 1.2.5). This is not a direct change brought
about by the furnace design, but may have had an effect on the types of glass
produced at a site. It would be necessary to experiment with thegngoints of
various glass recipes and temperatures achievable in furnaces to investigate this
further.
Secondly, by altering the environment in the furnace and thereby altering the
colour of glass produced. The main reason for alterations in coléarest glasses is
their iron content. Those with a higher iron level will be a darker green. Howeiger,
possible to further affect this colouration by altering the oxygen levels in thactur
By altering the oxygen levels it is possible to altereqailibrium between iron (ll)
oxide (FeO) and iron (lll) oxide (R®3). Under oxidising conditions E©3
predominates, which gives the glass a darker green or brown colour, and under
reducing conditions FeO predominates, giving the glass a paler blue or glean c
(Pollard and Heron 1999; 171). The alteration of furnace conditions may account for
some of the differences in colour seen in the glasses sampled from each site. The

colours of glass found at each site will be discussed further in section 2.7.
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The three furnace types introduced above have many structural differaates t
alter their operation. Threctangular furnaces are simple structures with two sieges on
either side of a fire trench, an arched roof and are heated with an external fire. The
central portion of winged furnaces is fairly similar. The main differences are the
wings on either side of the stoking area. In these wings some, or all, olbidiary
glassmaking activities could take place, namely the fritting of the batch, prefiring of
the crucibles, the reheating of the glass during blowing and working, and annealing
(Wilmott 2005; 79.

The change to winged furnaces coincided with an apparent increase in efficiency in
terms of the levels of fuel used by forest glassmakers. This is thoubhv¢obeen
brought about by increases in the price of wood at this time (Crossley 1991; 413).
This increased efficiency was probably linked to an increase in the temperatures
achievable in furnaces, allowing glass to be melted in a shorter time. Onkelgossi
explanation for this is the introduction of an increased level of oxygen to the fire.
Thesehigher temperatures would allow glass types of differing compositions to be
produed. It is also therefore likely that the glasadein a winged furnace may have
beenmelted in a more oxidising environment than that founcectangular furnaces.

This would lead to a darker appearance in the finished probeetsbove)

Coal fired forest glass furnaces can be similar in plan to either the rectangular or
winged furnaces. However, the major difference with furnace design was that the fire
was placed at thcentre of the furnace. The central location of the fire was due to the
shorter flame travel of a coal fire and made it necessary to incorporate passages for
the removal of ash (Crossley 1983; 152). Coal also needed more oxygen to burn
successfully and smcreasingly elaborate flue systems needed to be built under the

furnaces (Vose 1980; 83). At some of these furnaces closed or lidded crucibles have
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been found, used to protect the glass melt from the smut and sulphurous fumes given
off by the coal fire Rilbin 1937; 301; Vose 1994; 15

The environment in these furnaces is therefore likely to have been more highly
oxidising than earlier woetired furnaces. However, where closed or lidded crucibles
were used the levels of oxygen interacting with the glass will have been lower and
therefore the environment more reducing. The glass produced Hiiredafurnaces
may therefore have been produced in either an oxidising or reducing environment and

could therefore be dark or light in colour.

1.4 Summary

The development of glassmaking in England from the Roman period to the 17th
century is hard to trace at times and very well documented at others. Periods of
foreign influence, political control and internal development have influenced the
production of glass in myriad ways. Some of these factors, such as the arneat of
glassmakers, will have an impact on the types of glass produced, and thdrefore t
results of this study.

The major focus of this project is on the chemical and isotopic analysis of glass
and raw materials. From previous work it is understood that the results of this study
will probably not be able to provide a means of defining the specific speciege®f tre
and plants used by forest glassmakers. However, the results of chemical andlyses wi
be able to show general trends, such as the use of aislogdant ash rather than a
potash-rich wood ash.

The isotopic ratios present in the ashes will be independent of many of the factors

discussed above, as they are independent of the speciest usdlderefore expected
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that the isotopic analyses will provide the best means of discerning differences
between the production sites.

The use of different furnaces will not directly alter the chemical or isotopic
composition of the glasses produced. However, their development may have allowed
the production of different glass types. It is therefore important to note ke tf

furnaces employed at each site when discussing the results of the analytical study.
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Chapter 2: Production sites

2.1 Locations of forest glassmaking sites

2.1.1 Introduction
‘Different traditions of scholarship have increasingly located theinghestrial
countryside as a key arena of social and cultural transformation’
(Johnson, 1996; 38)

Glasshouses in medieval Europe operated in two types of locations, the forest and the
town, and therefore worked in very different social and economic conditions (Polak
1975; 35). Glassnaking was a rare urban industry in the medieval period and, in fact,
a relatively rare industry anywhere the British Isles until the end of this period
(Schofield and Vince 2003; 126). Operating in the forest gave clear advantages as all
the glassmakers’ raw materials necessary to produce forest glass could be found there:
sand, (ferns), wood for ashes and fuel. However, the most important of the reasons for
operating in woodland was the easy access to firewood.

Glassmakers working in towns would have a far greater problem obtaining this
resource. Of course, the benefit of working in a town was the prgxahdustomers.
If the town was large enough, the needs and demands from different social groups
could stimulate specialised and sophisticated production (Polak 1975; 35). Transport
links would also be better in the city and access to monetary loans iighfo
exchange. In the 16th century and later, urban glassworks became more common and
with the replacement of stoneware bottles by glass vessels in thE7thidentury
(and thus the creation of a mass market for the products) the industry was usually
as®ciated with towns (Schofield and Vince 2003; 128). In this case the balance
between production at source and production at the market was tipped by a ohange i
the demand for glass and, perhaps, by changes in technology (ibid.). None of the

glasshouses discussed in this study was located in an urban environment.
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The environmental conditions for forest glassmaking were better north of the Alps,
with larger fored, more navigable rivers. Production of glass in towns was less
widespread in the north of Europe than in the south. Glasshouses continued to operate

in forest environments until well into the modern industrial age.

2.1.2 Medieval environment and settlement patterns  in England
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Figure 2.1: Map of the distribution of woguhsture, champion and
upland landscape in England annotated with the sites discussed
in this study (after Johnson 1996; 22, f.2.1).

Focussing on England it is possible to view how the differences in environment may
have affected the locations of glasshouses. In terms ofgahygography England
varies between forests, fertile lowlands and more barren mountainous uplands and
valleys. The ways in which these physical landscapes are used vary greatly, but can
be divided into three types of rural landscape known as arable,-pastgre and

upland (see figure 2.1). Such a division is of course a huge oversimplification.
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Johnson (ibig notes that recent work on English local history has stressed how
different physical areas formed a complex interplay of different physical
environments.

Nucleated settlements in arable landscapes consisted of more traditional,
conservative communities with tighter social bonds and more emphasis on
‘neighbourliness’ than woedasture regions (Johnson 1996; 25). Their work was
focussed more on arabidather than pastoral agriculture. Large nucleated settlements
were much rarer in woepasture environments. Here settlements were generally
clustered in small hamlets. In wopdsture farming areas the ways of working were
much more diverse and less comiysbased than in champion areas (ipb#b). Due
to the wooded environment the fields were much smaller and laid out in strips,
certainly not open to use by the whole community. In these areas manorial control
was less strict and this allowed the scoperidividuals to innovate new farming and
other practices.

Therefore, was it the case that it was not only the proximity to raw materials that
encouraged the growth of industry in wood pasture areas? The lack of manorial
control may have played a part in this development. Johnson (1996; 27) believes that
between the 14th and 16th centuries England saw a shift in the regional distribution of
wealth away from arable towards wood-pasture areas. This must have begndiake

move to exploiting the woodlandisr industrial activities.

2.1.3 Forests and the organisation of glassmakers
Forest glassmaking was practised over quite considerable areas of northern
Continental Europe, in presed&y Belgium, France and Germany, in many countries

in central Européncluding Bohemia, as well as England (Polak 1975; 37). There is a
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large quantity of archaeological and documentary evidence for these produeson sit
from the 10th and 11th centuries onwards.

Where a good forested area for glass production was found and exploited by one
glasshouse, it was often followed by many others. In the Thuringian forests, near
Suhl, there were a large number of glasshouses that appear to have been éstablishe
simultaneously (Polak 1975; 39). Documentary evidence shows that temgkess
lived in villages on the edge of the forest and working in the glasshousesnvat pa
their seigniorial duty (ibid.). Each furnace was probably in use until it became
unusable, or the wood in the immediate vicinity was used up at which poineanoth
was built nearby. This pattern can also be seen in the Sussex Weald and Bakot's Pa
England, from the 14th to the 16th century (Willmott 2005; 48; Linford and Welch
2003; 37).

Some forest glass furnaces were temporary structures, and may haveistely ex
for specific purposes. For example, in the northern region of Vendsyssel German
glassmakers produced flat glass for the glazing of a manor house built between 1586
and 1591 (Polak 1975; 40). In different areas glasshouses became more permanently
estdlished at different times, usually linked to an increase in demand. In Lorraine,
France, glasshouses were settled establishments by th&Sthicdentury, whereas
itinerant glassmaking continues in England well into the 16th century, and in
Denmark, into the 17th (ibig Glasshouses were often activated by landlords, as seen
in Fehrenbach, and on a much larger scale in Boh8iteaia during the 16th and
seventeenth centuries (ibid.).

Glassmakers operated beside potters in Lorraine, and ironworkers thernor

Bohemia, the Ardennes, Sussex Weald and Smaland (ibid.; Crossley 1998; 172). This
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is not surprising as these industries required the same fuels and means of
communicating and sending products to markets.

Some contracts that survive from the 14th atfth centuries show that
glassmakers paid the landlords rent, payable twice a year. They werboaind to
provide the landlord with a supply of glass, to both use himself, and sell on (Polak
1975; 41). They were allowed to use trees from the estate for fuel, plants for ashing,
erect dwellings for workmen, grow corn and grass, set up mills etc. (ibid.). Early
contracts worked very well in the glassmakei®/our. They were often granted
freedom from certain taxes and from serving as soldiers. Howeveheaforest
resources became more valuable, glass less rare and central governments stronger, the

provisions became less common and useful.

2.2 The origins of the samplesusedin  study
The sites described below are those from which samples have been taken for analysis
in this study. They are discussed in chronological order and the important $ezture
the discussion are summarised in table 2.1. Their locations can be seen in f#gure 2.
Samples were taken from as many forest glass production sitesgian&nas
possible. They were sourced from museums and archaeological units across the
country. The number of samples analysed by electron microprobe was ontye@str
by time. So, a large total number of samples were taken from a wide rangesof sit
acress England. A discussion of the types of glass sampled from each site can be
found in table 3.1 and the results tables in the appendix.

There are of course various other glass production sites producing fosssingla
this period, but it was decided to limit the discussion to those of most importance to

this study. For a discussion of some of the other excavated sites, many of which are
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later, see: Wollaton, Nottinghamshire (Smith 1962), Bolsterstone, Yorkstshei(st
1987), Silkstone, Yorkshire (Cromwell and Dungworth 2003), Gawber, Yorkshire
(Ashurst 1970), Glasshouse Wood, Warwickshire (Ford 1971), Delamere Forest,
Cheshire (Ridgway and Leach 1948; Newstead 1939).

The quantity and quality of evidence from the excavation of each site varies
greatly. Inerpretation of some of the features is therefore rather difficult. Ithots
within the scope of this study to be able to investigate each of the sites in great detail.
So, for example, it is often not possible to say how much of the glass collected from
each site by the investigators may have been imported cullet. However, the
information presented below should give as detailed an introduction as possible to the
sites.

A discussion of the various glass colours found at each sites follows the site

descrptions in section 2.7.
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Site Location Date Products Glass colour Probable raw materials |Furnace type and fuel

Blunden’s Wood |The Weald First half of 14th century|Vessel and Medium Blue-Green |Wood ash and safd Rectangular, wood fired
window

Knightons The Weald Mid-16th century Vessel and Medium Green Wood ash and safd Rectangular, wood fired
window

Bagot's Park Staffordshire Mid-16th century Vessel and Medium Green Wood ash and quartz  |Rectangular, wood fired
window pebbles or sarfity

Little Birches

Staffordshire

Mid-16th century

Window-crown

Very Light Green

Wood ash and quartz

Rectangular, wood fired

(possibly some pebbles or safiti
vessel)
Buckholt Hampshire Late-16th century Vessel and Very Dark (Yellow-) [Unsure Winged, wood fired
(c.1576-807) window Green
Buckholt West  |Hampshire Late-16th century Vessel and Very Dark (Yellow-) [Unsure Insufficient excavated
(c.1576-807?) window Green remains
Hutton North Yorkshire Late-16th century Vessel Dark Green Wood ash/plant ash and|Winged, wood fired
sand
Rosedale North Yorkshire Late-16th century Vessel Dark Green Wood ash/plant ash and|Winged, wood fired
sand
Glasshouse FarnjHerefordshire Late-16th/Early-17th Vessel and Dark Green Wood ash and safd Winged, wood fired
century window
Bickerstaffe Lancashire Early-17th century Vessel Medium Blue-Green |plant ash and sahd Unsure, wood fired
Kimmeridge Dorset ¢.1617-1623 Vessel Very Dark Green Plant ash and sahd Winged, coal fired
Haughton Green |Greater Manchester|c.1615-1653 Vessel and Very Dark Green Plant ash and sahd Rectangular, coal fired
window

Table 2.1 Summary table of production sites under discussion (see secti@rs fdr3references for this information).
®See previous analytical work section in section 3.3
*See Welch 1997; 45




Figure 2.2 Locations ofproduction sites discussed in this stud. '
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2.3 Early (pre -1500AD)
2.3.1 Bunden'sWood, Surrey (51°07'39 N 03705W )
Introauction
The Weald has long been identified as the major centre for glassmaking in medieval
England (Dawson 1905; 8). The resources of the-wedded western part of the
Weald of Surrey and Sussex would have been very attractive to the medieval
glassmaker. Glassas manufactured here from the 13th century until about 1620
(Crossley 1994; 64). After the mibth century Continental glassmakers were
established in the Weald (Mortimer 1993; 1). The Wealden sites cease to exist
following 1620, as coal became the only source of fuel for the furnaces anditbie foc
glassmaking moved elsewhere (Merchant et al. 1997; 31). 42 known or probable
glassmaking sites in the Weald were listed in Kenydiks Glass Industry of the
Weald (1967). Kenyon (1967) also divided the glass types found on Wealden sites
into two groups: Early (pré567) and Late (posit567).

A member of the Surrey Archaeological Society first discovered the site of
Blunden’s Wood in 1959 virtually by chance. The site consisted of two mounds, one
larger than the other, where pieces of crucible, glass waste and finished glass had

been found. There is no documentary evidence for the use of this particular site.

Excavations

Blunden’s Wood was the first medieval glass furnace to be excavated in England
(Crossley 194; 66). The clay bank on top of which the furnace stood was to be
removed as a source of clay by the brickworks that owned the site, so the discovery of
the mound in 1959 was very lucky (Wood 1965; 57). Excavation took place very

rapidly over three weekends in March and April 1960. The larger of the two mounds

49



covered a subectangular furnace (3.4 x 2.4m) with a straight central flue, fireplaces
at both ends and sieges on either side (figBg Zhe sieges (2.4 x 0.7m) each had

two 38cm diameter circulalepressions for crucibles. The flue was narrowed by glass
scum that had poured over from the sieges, it would have been 61cm when first built.
This glass scum seemed to have been deposited in two layers, possibly implying a

break in the use of the furre@bid; 58).
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Figure 23: Plan of the medieval glasshouse at Blunden’'s Wood (Vose 1980; 134, f.14).

The second smaller mound produced a number of features, which were more
difficult to interpret. The main feature was an irregular hehaped furnacevhich
measured 2.4 x 1.4m. This had a central-titegd fireplace, auyere for the insertion
of a bellows and cavities on either side, the one on the left was spattered with glass
(Wood, 1965; 59). This was interpreted by Wood as a fritting oven, however, the
splashes of glass and presence afyare contradict this (Willmott 2005; 50). The
presence of molten glass suggests that melting was taking place here; however its
exact function remains unknown. The final structure consists of an oval of large
stones, 0.75 x 0.45m, between the two furnaces. The small size of this ‘oven’ makes it

difficult to interpret.
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The glass

400 pieces of glass were recovered, although not all of the cullet was kept (Wood
1965; 65). Interpretation of the types of evidence found suggests that both vessels and
windows were produced.

Wood (1965; 55) suggests that the sand used at this site may have been imported
from Graffham , Sussex, however, there was a source nearby at Hambledon Common.
He goes on to use analytical data to suggest that a local sand source was used, that
wood, not bracken, ashes were the alkali source and that the levels of calcium oxide in
the glass do not necessitate a separate addition of limestone (ibid.; 68; 61 note 7). This
cannot be said with any certainty from the analytical di&tarchant et al. 1997)

However, it is clear that potash glasses were produced at this site (see section 3.3).

Dating

It is not possible to date the site based on documentary evidence, as none exists.
Archaeomagnetic dating was carried out on 16 samples taken from the furnace and
this gave a date @f 1330 (Wood 1965; 78). Pottery found during the excavation can

be datedto the second half of the 14th century; however the stratigraphy of these
finds is not recorded. Willmott (2005; 52) believes that this early use of
archaeomagnetic dating, as with most dating techniques, is not without problems and

leans towards the datieom the pottery being more accurate.
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2.4 Transitional (1500 -1567AD)

2.4.1 Knightons, Surrey (51°05'51 N 032’57 W)

Introauction

The site of Knightons was accidentally discovered in May 1965 by the curator of the
Guildford Museum. It is one ofery few sites in the Weald that is thought to date to

the first half of the 16th century.

Excavations

A series of excavations were undertaken at the site between October 1965yand Ma
1973 directed by Eric Wood. The excavation uncovered at leastphases of
activity. The earliest furnace was of the traditional medieval rectangular design
rectangular, singlkehambered, with a central flue running SME and sieges on
either side (figure 2). These sieges appear to have been able to take thredesuci
each. It measured 4.5 x 3.2m externally and 3.4 x 2.3 m internally. This furnace had
been heavily robbed and replaced by a second furnace. The second furnace was built
overlapping the footprint of the northern corner of the first furnace. The only
differences between the first and second furnaces were that the later of the two was
slightly narrower, and its flue ran WSMENE. In a limited survey Scoville (1950; 37)
notes that welbuilt 17th century furnaces generally lasted from between nine and 27
morths. Also, there may have been a roof over the main furnace area, one large
posthole was found 1.5m sotghst of the first furnace and tiles were found in the

area of the furnaces.
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Figure 24: Furnaces 1 and 2 at Knightons (Willmott, 2005; 67, f.40).
A third furnace was found to the south of the first two (figutg.2lhis furnace
had been more heavily robbed, but its layout is visibly similar to the two earlier
furnaces. The excavation of the third furnace discovered lump glass, frit amg sc
leadng Wood (1982; 9) to believe that this may have been a fritting oven. However,
the design of the furnace makes it much more likely to have been a third melting

furnace.
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Figure 25: Knightons glasshouse. Plan of site (Wood, 1982; 9, f.3).
A possible fourth furnace was also found (figurB).2This structure consisted of
two rectangular chambers (1.9x1.2m and 2.2x1.5m) set diagonally to each other

sharing a common wall for one metre, within which was a gap of 60cm, representing
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a passage for hot gases pass from one chamber to another (Wood 1982; 9).
However, no evidence for how these furnaces were heated remains. The floors of
these chambers were reddened from burning, but clean of ash, and had a thick layer
made up of fragments of crown glass, bottleks and bases. These structures are
interpreted as being annealing ovens similar to those illustrated in the French

Encyclopédie of 1765.

The glass

The glass found at Knightons consists of window, vessel, drinking glasses, bottles,
domestic ware, meditavare and distilling apparatus (Wood 1982; 19). 61.5 kg of
glass was recovered from the site, including only a sample of the glash&aullet

store where 61 kilograms were found. Most of these 12,000 pieces were amorphous
flat or curved, only 320 pieces were diagnostic of vessel types, or coloured.t Almos
all the glass was weathered and, apart from 46 pieces, all of the early Wealden type
(i.e. probably prel567, see Kenyon 1967). Previous chemical analysis has shown the
glass produced at Knightonshe of potash composition with relatively high calcium
levels Green and Hart 1988gee section 3.3). The alkali raw materials are therefore
likely to have been some form of wood or bracken ash. As noted in section 1.2.2 there

are two sand sources near $ite which may have been exploited by the glassmakers.

Dating

Knightons has been dated archaeomagnetically to the 1550s. The best artefactual
evidence for the dating of this site consists of a silver shilling of Edward VI dating to
1550, found in the east chamber of the ‘annealing’ oven (Wood 1982; 44). The
majority of the pottery found at the site is of 16th century date, there are some 18th

19th century pieces but these are related to the nearby Basingstoke Canal, opened in
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1796 (bid.; 41). The presare of glassmakers in the Weald in the +h&th century

has been established through documentary research; however, none has been
definitively linked with glassmaking at Knightons (Crossley 1994; 67). The large
guantity of crown glass found at the site figh the dating of the mid6th century

as the use of this technique becomes increasingly widespread in this period in

England.

2.4.2 Bagot’s Park (site 4), Staffordshire (52°50° 39 N 15153 W)

Introauction

Glassmaking had begun in Staffordshire byahdy years of the 14th century (Welch

and Linford 2005; 210). Documentary evidence shows thal®88& glassmaking in

this area was concentrated in three locations, two near Abbots Bromley, and one a
Wolseley (Pape 1934; 75). Between the -3¢ and 5th centuries there are
references to this industry in terms of field and road names, and throughout the 14th
and 15th centuries personal names occur which suggest the manufacture of glass
(Crossley 1967; 44).

At Bagot's Park 15 glass furnaces have beemowered in an area of
approximately 1.5 square miles, each furnace presumably being abandoned either
because its situation became uneconomical as the surrounding woodland was cut and
the fuel had to be brought in; or because the furnace itself wore out (Charleston, 1984;
30). Documentary evidence linked the site with the manufacture of glass lp$en
and Edward Hensey, from Lorraine, who were involved in setting up a furnace with
Sir Richard Bagot in 1585 (Vose 1980; 110). However, the documentary research that
followed the excavation was able to firmly date its use to the beginning of the 16th

century. A charter of 1501 contains details of a croft on the excavation site gmanted t
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Thomas Harvey of Abbots Bromley, glassmaker (Charleston 1984; 45). Thes mak

Bagot’s Park one of very few glasshouses dating to the first half of the Iétinyce

Excavations

Figure 26: ain furnace I Baot’ Park (iIImott, 2005; plate 15).
The excavated site, site 4, is one of a large number of known glassmakinig sites
Bagot's Park. Prexcavation fieldwork and trial excavations were able to identify
many of these sites where glass fragments were most commonly foundlg{ross
1967; 51). The excavation took place over three weeks in August 1966. A large
rectangular aa was stripped and two furnace structures were identified. The first, to
the northeast, was clearly the main melting furnace (see figué. % was a
rectangular structure with a central flue and two sieges around 80cm wide, with space
for three crucikes, 3036¢cm in diameter on each (ibid7). Its stone base was built
on a pebble bank and it had a stone flue extension to the northeast and one made of
brick to the soutiwest. The furnace was heated from two fires and the flames from
these two fires nteunder a clay reverberatory roof (ihidFragments of this roof
were found, it was made of clay shaped with a stiffening of twigs, which burnt out as
the clay hardened during the first firing (ihid One working hole cover was
discovered and presumabhbs there was space for six crucibles, there were six such
holes in the furnace. As at Knightons, large postholes were found 1.5m from each end
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of the furnace with large stone packing. Part of the support for a tiled roeficgv
the whole furnace, found in the adjacent rubbl@s similar to that seen in the
Mandeville illumination (see front cover illustration).

The second furnace was more disturbed than the first. The excavated evidence was
far less substantial; characterised by an oval patch of bucoweyed in places by
stone slabs. There were also associated lines of brickwork and postholeseHowev
due to their disturbed nature, it was not possible to reconstruct their use. This was

most likely an auxiliary furnace used for the annealing of vessel

The glass

The majority of the glass found consisted of edges and bull's eyes from-glase
sheets, and it seems probable that these were the main product of the furnace
(Charleston 1984; 78). Fragments from a number of vessels including beakers, flasks
and handled tankards were also found, many of these fragments were thought by
Crossley (1967) to be imported cullet. However, much of the glass initiallyedlass
vessel glass can now be identified as blowing waste from vessel manufacture,
suggesting that many dfiese vessels were products and not cullet (Willmott 2005;
70). Therefore the proportions of vessel to window glass manufacture proposed by
Crossley may have to be reconsidered.

A small number of glass samples have previously been analysed and theak were
found to contain high levels of potash (Welch 1997; see section 3.3). This
corresponds with the use of alkalis derived from bracken or wood ash. A few coloured
glasses found at the site did contain more soda, however Crossley (1967; 62) believes

thattheywere likely to have been imports due to their very small numbers.
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Silica could have either come from sand or crushed pebbles. Sand deposits are
present in the park, but none appear to be large enough to sustain glassmaking. In
southern Derbyshire sand sources considered suitable for modern glassnsaliing o
in hollows in the carboniferous limestone. However, there are deposits of white
pebbles in the marls of Bagot’'s Park itself that may have been used. Small fragments
of these white pebbles occasiogdibund in waste glaskom Bagot’'s Parkprovide

evidence for this possibility (Welch 1997; 45).

Dating

Along with the documentary evidence discussed in the introduction there is a
substantial amount of physical evidence to date this site to the fifsifithe 16th
century. 38 burnt clay samples from the base of the main furnace provided an
archaeomagnetic date of 1535 * 35 years (Vose 1980; 177). This was also confirmed
by the associated ceramics at the site, which all belong to the first half btthe
century. So this glass furnace was in operation before the arrival ofothaners

who revived glass production here in 1585 (Godfrey 1975; 10).

Further archaeomagnetic dating of 22 glassmaking sites around Bagtt’saBa
shown that there were three phases of activity. An early phase with a few sites ending
around 1300, a middle phase with many sites and possibly continuous production
from the last few years of the 14th century until the middle of the 16th, and a late
phase associated with the Laimers lasting 30 years from 1585 (Welch and Linford

2005; 211).
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2.4 3 Little Brches, Staffordshire  (52°46'03 N 159’55 W)

Introaduction

During the 16th century glass production in Staffordshire was centred in the south
east of the county. There wete/o concentrations in this area, one at Abbots
Bromley, around Bagot’s Park (see 2.4.2 Bagot’s Park), and anothemwestlof the

town of Rugeley on the Wolseley estate, where Little Birches is situated (Welch
1997; 2). It was discovered in 1990 when earthmoving machinery disturbed a mound
of debris on the edge of Rugeley Quarry (ipi). The material evidence found all
dated to between 1300 and 1615. However, when a proper excavation of the site was
carried out, two sites were revealed. One dating to the 14th century and the other to
the mid16th century. The earliest reference to the presence of a glassmaker in this
area occurs in 1377, and more specifically to glassmaking in 1447 (ibid.; 2).
However, none of this evidence can be directly related assgilaking at Little

Birches.

Excavations

The glass used in this study is from the later site, so the discussion ot#vateons

will focus on this site. The site took the form of a series of low mound€B0south

of the 14th century site. The largest of these mounds was found to be a large, well
preserved furnace, built of sandstone, measuring 4.3 x 2.2m (see FiQuietad a

central fire trench, 584cm wide, and sieges approximately 1.6m long and 40cm
wide. These sieges had the impressiof 3635cm diameter crucibles on them, two

on the north siege and one on the south. At either end of the furnace there were pairs
of postholes. These may have contained posts that supported a roof structure (see

Bagot’s Park and Knightons).
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Figure 27: Axonometric view of the main furnace at Little Birches,
with a speculative reconstruction (Welch 1997; 9,.1.6)

A second furnace lay about 4m WSW of the first furnace consisting of two sides of
what appears to have been a square structure. The steittvas 1.6m long formed
by a single course of sandstone blocks 10cm high either side of an opening 56cm
wide that had been blocked at some stage with bricks. This gap may have been for the
introduction of the glass produced and the structure may haveabeemealing oven
similar to that found at Knightons (see Figure)2.5

A third furnace was located to the south of the first furnace. This had evidently
been similar in design to the first furnace, but was more heavily disturbeds Hova
possible to establish how this furnace related to the first chronologicaltge Tips
were also found nearby these furnaces, which all together contained almo3to100m
material.

Approximately 400 kg of crucible fragments were found at Little Birchet) w
40% of that coming from the later site under discussion. There are no matties wi
the forms found at this site at any other site. Fragments of what are thought to be

working hole covers were also found. These appear to have been areB8dn22
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square, with a 3cm lhe at their centres, suggesting that the working holes themselves

were slightly smaller than 223cm.

The glass

A large quantity of waste glass was found at the site, especially in the tips. As at
Bagot's Park, a lot of the waste glass found contained small white chips, some of
which were recognisable as small pebbles. Petrographic analysis was able to establish
that these were quartzite pebbles, very similar to those found in localgyfeech

1997; 45). Generally these pebbles are quite resistant to destruction by impakct, and i
would have been difficult to crush them to a size suitable for the glass making
process. One method that may have been employed by the glassmakers was to heat
the pebbles then immerse them in cold water, leading to theitedjstion. Previous
scientific analysis has shown that the flux used was most likely derivedbfiacken

or wood ash (Welch 1997; see section 3.3).

35 kg of blown glass was found at the site. However, only nine fragments of this
total were found surrounaly the earlier furnace. None of these were available for
analysis in this study. Only 66 of the fragments found were recognisable as vessel
glass, so it would seem that the major output of the furnace was window glass.
However, what was found may not represent the total output, only what was left on
the site when it was abandoned. Many of the window fragments had curved edges,
suggesting that the type of window glass produced here was crown, whichswas al
produced at the nearby site of Bagot's Park, dssdissbove. The vessel fragments
that were found are unlikely to have been produced on this site due to the diversity of
the forms found and the presence of a number of-atedkted continental imports

(Welch 1997; 20).
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Dating

As noted above there is noaonentary evidence directly related to glass making at
this site. Archaeomagnetic dating was carried out on samples from the clay in the
south side of the main furnace. The dates obtained were-1B533 at 68%
confidence and 1521565 at 95% confidence (Welch 1997; 16). These dates agree

with the pottery found on the site.

2.5 late (1567-1615AD)
2.5.1 Buckholt and Buckholt West, Hampshire (51°05  '18 N 135’14 W and
51°05’36 N 13555 W respectively)
Introauction
There are a number of documentary sourekging to glassmaking at Buckholt, most
of which appear in the Walloon church register at Southampton. Or"tBetaber
1576 Jan du Tisac, Pierre Valliant and Claude Potier were describeavasrs de
verre a la verriere de Boucehaut' (‘glassworkes from the glasshouse at Buckholt’)
(Charleston 1984; 83). There were several similar references, the last of which dates
to the 4" of January 1579/80, when Monsieur du Hoertieren a Bouguehaut Was
admitted to communion (Willmott 2005; 79). It canriéfere be accepted that, at a
site near Buckholt, glass was being produced by immigrant glassmakers at least
between 1576 and 1580. There are two sites near Buckholt, labelled on OS maps,
which are probably related to these men.

Winbolt (1933; 18) believethat these immigrant glassmakers were forced out of
the Weald by the English ironmakers with whom they were in competition for fuel
supplies. Their contract with Jean Carré’s company ran out in 1576 and some time in

this year they moved west along the KudstPetersfieldwinchester road to
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Hampshire. He (Winbolt 1933; 18) suggests that in 1580, once the fuel supplies of

Buckholt had been exhausted, they moved further west to the Forest of Dean (see
Glasshouse Farm section below), Newent and to WoodcHsstBaddeley 1920).

The dating evidence for these sites is too imprecise to support this suggestiors, but it i

certainly a possible route the glassmakers may have taken. A resident of

Worcestershire wrote in the 1590s ‘as the woods about here decayglagbhouses

remove and follow the woods with small charge’ (Godfrey 1975; 50).

......
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Figure 28: Map showing the location of the two glasshouses near Buckholt
(after Ordinance Survey Map).

One of these sites was excavated in 1860 by the Reverend E.1R6l)(
However, due to his scant records it is difficult to say which one. His description of
its location is “in a large field about a quarter of a mile from the Roman road” (Kell
1861; 55). Presuming that Kell could tell the difference between abowtreeqaf a
mile (0.27miles) and about half a mile (0.44miles) it would seem that the site he
excavated was that to the east (see figu8e Zherefore in this thesis this site shall be

referred to as Buckholt and the other site as Buckholt West. In h@878eist Valley
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Archaeological Committee fexcavated the site to assess plough damage (Russel
1985), however, they excavated the West site and the site at “Coldharbour Copse
[was] not investigated”. However, this evidence is not conclusive and soatneem
uncertain which site was excavated in 1860. The discussion below focuses on the
1860 excavation as the 1974 excavation was only a brief exploratergagation. It

is important to understand this earlier excavation as Kell was able to identify many
feaures of the furnace which are important in terms of the dating of the site and

suggesting who may have worked there.

Excavations

On the 21st of November 1860 Rev. Kell commenced digging at the site at its highest
point. He found an oblong brick furnace with external dimensions of 1.25 x 1.8m
(figure 29). This was surrounded by a number of irregular detached stone walls, the
function of which Kell did not understand (Willmott 2005; 79). On further inspection,
and with comparison to other excavated sitas, possible to reconstruct this furnace

as a central melting furnace with four attached wings for subsidiary glassmaking
activities (see Rosedale, section 2.5.3). This winged construction is one thastypif
later 16th and early 17th century furnaces and is generally acknowledged to be an

indication of Huguenot workers.
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Figure 29: Plan of the furnace at Buckholt (Willmott 2005; 80, .48).
The glass

Kell's (1861; 56) description of the glass found is rather confusing. It does however
seem that a large quantity of window and vessel glass was found. Some of the vessel
glass found was decorated with white circles, dots and lines. His only mention of
possible raw materials is to note that there is an abundance of wood nearby te produc
wood ashes and flint could be found at the surface of this area to use as a silica source
(ibid.). No previous chemical analyses have been carried out on glass frofiethis s
S0 it is not possible to suggest probable raw materials. The glass is of a dawer c
thanthat atmost other sites (discussed further in section 2.7).

The glass analysed in this study originates from the 1974 excavation of thes sites a

none was available from the earlier excavation.

Dating
The dating evidence for this site consists of the documentary evidence for
glassmakers in this area between 1576 and 1580 as discussed in the introduction.

Also, the style of the furnace corresponds with thig.ddifortunately as there are
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two sites so close together, it is difficult to tell which site the documentary sources
concern. It is quite likely that the glassmakers began at one of the sites,samteat

time between 1576 and 1580 moved to the new site when the first became unusable.

2.5.2 Hutton, North Yorkshire (54°17'12 N 05511 W)

Introauction

Evidence for glass production in northeast England in the later 16th centumy is ve
scarce. There are two sites dating to this period in North Yorkshire, both of which lie
in the parish of Lastingham. The first site to be discussed is situated on Hutton
Common, 1.5km south of Huttede-Hole. The only documentary evidence for either

of these sites is a glassmaker referred to in the Lastingham parigkrregishe 2nd

of March 1593 (Crossley and Aberg 1972; 107). This area contains all the natural
resource necessary for glass production: timber, sand, fireclays and building stone,
although it seems like rather an unlikely place for a glass furnace; on the ope

moorland of Yorkshire, very far from any large markets (Vose 1980; 155).

Excavations

The site vas discovered in the late 1960s when clearance of bracken showed
irregularities in the ground surface including stones covered with glass and-wedge
shaped bricks from the flue arches (Crossley and Aberg 1972; 110). As this ground
had never been ploughed the furnace remains survived above the modern ground level
and resulted in a mound 6016m high, andc.6 x 3m in size (figure 2@). Two

smaller mounds were found both of which had glass and burnt clay showing on their
tops. There was also a small pit 20mthe north with a track leading from it back to

the main mound. A magnetic survey of the site was able to confirm the visual
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observations with a strong anomaly at the main mound and weaker indications at the

other two.

shallow —————— ~
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Figure 2.D: Plan of the Huttofiurnace §fter Crossley and Aberg 1972; 113).

Excavations took place in April 1971 in advance of the ploughing of the hillside.
The main mound was found to be a glass furnace with two wings attached to the
central furnace block. As the furnace was exeavat was found to have three
periods of construction. In its first phase the furnace was relatively sienplend 3m
by 56m with a central stone lined flue and a hearth at either end (Crossley and Aberg
1972; 111). The next period of construction resulted in a rebuilding of the furnace and
the addition of two diagonally opposed wings to the furnace and the digging of a
shallow gully to prevent groundwater from flowing into the furnace. The finalephas
of construction saw the central block of the furnemepletely rebuilt, this time using
brick in parts. The wings from the second phase were retained and a much tahger di
was cut. Five postholes were found to the north of the furnace, and eight to the south

the function of which was most likely to support a lightweight covering.
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Another structure was found 3m west of the main furnace. The evidence was
fragmentary and there was only a small quantity of glass waste associated with it.
However, it was situated on severely reddened natural clay and surrounded by ash, so
was used for some sort of heating. One explanation for this second structure is that it
was an annealing oven and was destroyed when the addition of wings, used for
annealing, made it superfluous (Crossley and Aberg 1972; 115). This strwetsire

also surrounded by postholes and was therefore probably also covered by a roof.

The glass

A wide range of vessel forms including beakers and urinals were found at ¢his sit
Limited previous analysis has shown that some glass produced at this sfta i

mixed alkali compositionGrossely and Aberg 1972; see section 3.3). This suggests
that a plant ash was used, possibly along with wood ash, in glass production at this
site. There is woodland and large quantities of bracken nearby which could have
provided the necessary wood ashes. Sandstone outcrops in many areas in the vicinity,
including Huttonle-Hole Common, could have been prepared to give the silica

necessary for glass production.

Dating

The single piece of documentary evidence shows there glassmakers working in

this area in 1593, but it does not mention this site specifically. A large quantity of
pottery, including yellowygreen glazed coarse wares, common in the area during the
late 16th century helped to confirm this date (Crossley Aberg 1972; 152).
Archaeomagnetic dating was also carried out at the site, and was able to suggest that

the final firing of the furnace was during the last quarter of the 16th century.
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In a waste heap to the south of the furnace a Groat of Elizabeth | was found. The
exact date of this coin is not certain, but it was definitely struck in the first fous year
of Elizabeth’s reign (1558561) (Crossley and Aberg, 1972; 128). Two Nuremberg
tokens were found in the western stokehole of the main furnace, most probably from
the final phase of use. The common designs on these counters mean they could have

been produced in the later 16th or early 17th centuries.

2.5.3 Rosedale, North Yorkshire (54°19'01 N 0510 1W)
Introaduction
There is no documentargvidence specifically linked to this site. For a greater

discussion of this please see the introduction to Hutton (section 2.5.2).

Excavations

This site was discovered in 1966 during a search for indications of iron smelting.
Further investigation found that the locality had been known as ‘Glass holes’ and
local people remembered finding glass fragments when didgingbbits (Crossley

and Aberg 1972; 116). Clearance of bracken in 1967 showed that the site consisted of
two mounds, which would turn out tie the main furnace and an annealing furnace.
Surveying by proton magnetometer confirmed significant anomalies at bah the

mounds.
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Figure 2.1 Plah of the Rosedale furnace (Willmott 2005; 92, f.57).

The main furnace was a singderiod structure fothe immigrant type, similar in
width to that at Hutton, but longer (figure 2)1The central flue ran nort$outh, the
walls were constructed from dry stone and the sieges from clay and storadk.

Each of these sieges only accommodated a single crucible, and traces of where the
stone arches had sprung from the sieges were still visible. Three of the fgsr win
attached to the furnace survived, the other had been dismantled during the working
life of the furnace. None of the wings had evidence for fires being lit un@n. tThey

would have been used for fritting, or greating crucibles, drawing heat from the
main furnace (Vose 1980; 142). Annealing would have required a fire to be built on
the wings as a gradual reduction in temperature was necessary.

Postholes cut into the working areas alongside the sieges suggest the presence of
roofs. Within these working areas a large quantity of clipping fragments thiem
manufacture of glass items, and only very occasional and small pieces giadkst
were found. Therefore the working of glass was carried out next to the furnaces

beneath a lightweight roof.

70



To the north of this main furnace lay another structure, rectangular in form and
constructed from clay with stone facings. Traces of a level patchroédelay were
found suggesting a hearth and fragments of vessel glass were found. All of this
suggests that glass vessels were annealed here. The western part of the structure has a
gap in its northern wall. This may have simply been eroded away or derdolshe
it may also have been a walkloading point for glass. A second possible annealing
furnace was found to the nosttest of the main furnace. This one had a stone floored
flue running westwards into it and consisted of a single square strustuvéth the
first structure this one had evidence of glass vessels, suggesting annealihg. S
would seem the wings of the furnace were used for fritting or crucibknbeand
separate structures were still employed for annealing.

A small twoeroom cotage, contemporary with the glass furnace was also
excavated. It was located about 25m away from the furnace, and may have been the

residence of the glassmakers.

The glass

The glass found at Rosedale is surprisingly uniform in terms of colour and quality

(Crossley and Aberg 1972; 128). The uniformity of the glass makes it easier to
suggest that it was all produced here, rather than from cullet brought in from

elsewhere. The composition of glass from this site is similar to that from Hutton

(Crossely and Aberg 1972; see section 3.3). However, this similarity is based on a
very limited dataset. Please see the above section on the glass from Hutton Common

for probable raw materials.
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Dating

As stated above, there is no documentary evidence specifically linked tatehis s
There is evidence for glassmaking in the area in 1593, however, this may apply to
Hutton, Rosedale, or even an as yet undiscovered site. The main furnace has been
archaeomgnetically dated to last quarter of the 16th century. This fits with the
furnace design, i.e. after Huguenot glassmakers arrived in Britain in 168&ryP
evidence at the site also adds support to this dating. The Rosedale furnace was
superior in qualityto the one at Hutton in every respect, it seems likely that the
glassmakers operating in this area built this furnace after the Hutton furnace was

established (Vose 1980; 142).

2.5.4 Glasshouse Farm, Herefordshire (51°54'09 N2 4550 W)
Introduction
It is well known that the immigrant glassmakers spread to many different areas
around the country in the laf6th century. One of the most interesting yet under
researched of these areas is the sagst of England (Willmott 2005; 85). As noted
in the discussion of Buckholt above, the glassmakers who began their work in the
Weald moved first to Hampshire and then further north and west. Unlike the Weald
and Staffordshire, this area has not been investigated so intensively and little
documentary evidencd glass production here has been discovered.

The position of this site was originally indicated by the name of the farm;
Glasshouse Farm. It was first located in 1922 by Basil Marmont who found

specimens of glass and crucibles (Bridgewater 1963; 300).
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Excavations

In 1959 the site was visited by N. Bridgewater who found large quantitielass g
sticking out of the bank alongside the farm trackway. It was then decided¢h &mar

the remains of the furnace. Trial excavations later in 1959 were urmabtel tthe
furnace (Bridgewatet963; 301). In 1961 a protanagnetometer survey was carried
out and this was able to very rapidly find a likely site for the furnace. Berleat
subsoil the whole area was covered with a destruction layer. Below thisakhyeat

was found was a large circular area of burning without any evidence of sieges or any
other superstructure (Willmott 2005; 86). The only part of the furnace which survived
was a surface of small stones running-@astt which must have been the base of the
flue (figure 2.12.
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Figure 2.2: Plan of Glasshouse Farm furnace
(Bridgewater 1963; 303, f.3).

The distinct lack of evidence shows that the furnace was clearly destroyed before
being abandoned. The gully to the south of the furnace would beee dug to
prevent groundwater from getting into the furnace. The patch of charcoaltata as
the west of the furnace is very likely to be the raked out material frorfiudneA
brick-built structure found to the soudast of the furnace was intermét by

Bridgewater (1963; 303) as a fre@mnding annealing chamber. However, by
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comparison to other sites, like Buckholt and Rosedale, it may be better interpreted as
an attached wing providing some evidence that this was an immigrant run furnace (cf

figures 29 and 2.1}L

The glass

The glass objects found included parts of drinking vessels, window glass, bottles and
linen smoothers, along with a large quantity of waste glass. Among the glass were
examples of pedestal and cylindrical beakers, crawmdow glass, which is
consistent wth the immigrant repertoire (Willmott 2005; 87).

Bridgewater (1963; 306) notes that there is a likely source of sand 10 miles away
at Hangerberry Hill, Lydbrook, and that either burnt bracken or brushwood may have
been used as a flu-oweverhe also sayshat the alkali necessary was probably
obtained from the ash already produced by the burning of wood in the furnace (ibid.).
The composition of glass from this site suggests the use of a ymiaskood or

bracken ashBridgewater 1963; see section 3.3).

Dating

Unfortunately there is no documentary evidence to date this site. The only dating
evidence presented in the report by Bridgewater (1963; 311) is based on the glass
types foundBy comparison with glass types and vessel forms the furnace istdated
between 1580 and 1620. If this furnace was operated by the immigrant glassmakers
who had previous been operating furnace at the Weald {1563) and then
Buckholt ¢.1576-1580), as Winbolt (1933; 18) suggests, it seems likely that the age

of the furnace lies somewhere towards the first half of this timescale. Hovive
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suggestion does not appear to be based on any firm data and as such this route from

site to site mst remain only a possibility.

2.5.5 Bckerstaffe, Lancashire (53°31'32 N 25044 W)

Introauction

The only documentary background to the Bickerstaffe glasshouse so far found is a
single entry in the Ormskirk Parish Register. This records on ttied @ecember

1600: “A stranger slayne by one of the glassemen beinge A ffrenchman thengvorki

at Bycerstaff and bur(ied) 10 Dec 1600 (Vose 1970; 137). The 1841 Tithe
Commutation and Award Map for Lancashire had only one field name suggesting
glassmaking, Wwich was Glass Hey Field adjacent to Hall Lane, and it was on this

field that the glasshouse remains were found.

Excavations

In 1966 Mr David Pilkington of Pilkington Plc requested that the Pilkington Glass
Museum of St Helens locate and excavate thesplause mentioned in the Ormskirk
parish register (Vose 1995; 3). Research was focussed on Glass Hey Fieldabut aeri
photographs revealed no crop marks or other indications of the presence of a glass
furnace. Fieldwalking in 1968, after a hard frost, found crucible fragments, glazed
sandstone and green cullet (Vose 1980; 156). The crucible fragments found were of
an open bucket shape consistent with the technology of the period and indicating a
wood fired furnace, hence in operation prior to the 1615 R&yaclamation
forbidding wood fuel to glassmakers, discussed further later in this chapter. A proton
magnetometer survey was carried out on this area and was able to pinpoint a spot
approximately 3m x 1.5m. Excavations of this area took place in 196&gand in

1969.
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Figure 2.B: Bickerstaffe excavations. The excavation and line of destruction continue f
approximately the same distance again further down. (Up is East amalotte
portion of the field drain shown is 3m across) (Vos&995; 6)

The excavations in 1968 found a large number of crucible fragments, green glass
fragments, burnt red soil and charcoal; however the only structure found was a field
drain. Excavations carried out in 1969 were slightly moreuf@te The flat stone
baseof the furnace was found under burnt earth, sandstone and brick (fig@je 2.1
This represented the only in situ evidence of the furnace. The slightly higher burnt
clay and rubble at either side of the depression containing the hearth stones suggest
wherethe sieges were situated (Vds895; 4). Darker soil to the west of the furnace,
that included a significant quantity of crucible and glass waste, gave the firs
indication of a demolition line coming from tHernace area (WillmotR2005; 85).

This line tgered to the west and passed close to a circular dump containing broken
red brick, sandstone, glass waste and crucible fragments, which lay 4.9m from the
furnace. Apart from observing that sandstone blocks and red clay bricks formed part
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of the furnace, ndurther clues were found regarding its structure. It seems likely
from the limited evidence that the furnace was of the common English rectangular
design with parallel sieges. As the proton magnetometer survey was unable to
discover any other structures the vicinity it is likely that any subsidiary furnaces

were attached to this main furnace.

The glass
Due to the disturbed nature of this site all of the glass found was from ploughed soil.
This makes it very difficult to tell whether the glass found weoduced on this site,
or was imported from elsewhere as cullet. The great majority of the glass produced
was green (93 %) and the remainder ‘black’ opaque. None of this black/amber glass
was found adhering to crucible fragments, so its productionsasitiei seems unlikely.
Another 1,216 glass sherds were found; 969 from clear green vessels, 184 flat
glass sherds, 34 amber/black vessels and 29 modern pieces. The Bickerstaffe
glasshouse was therefore primarily concerned with the production of vessels in
variety of forms including pedestal beakers and goblets, small flasks and jugs
(Willmott 2005; 85). The vessel types found were those common to-fireddglass
furnace sites run by French immigrants in England from 1567. This may provide a
link to the glassworkers. In 16185 years after the murder by a Frenchman at
Bickerstaffe was recorded, Issac du Houx was running the Haughton Green
glasshouse only 30miles away, producing similar vessels (Charleston 1980; 82). This
is the closest reference to Frbnglassmakers nearby and it is possible that the du
Houx family might have worked at Bickerstaffe prior to moving to Haughton Green.
The French glassmakers would have been attracted to this area not only because of

the woodland as a source of fuel, but also the deposits of Shirdley Hill sand which run
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undermuch of Bickerstaffe soil (Vos&995; 2). Two small ponds were found nearby
the excavated site and it is possible that these were the pits from which the sand was
taken.

Three species of wood were found as charcoal on the site; hazel, oak and birch
(Vosel1970; 139). If these trees were used to fire the furnace then their ashesanay als
have been used in the production of glass here. Previous arwdlggass from this
site suggests the use of a sa@dataining plant ash, possibly in combination which a

potash-rich wood ash (Vose 1995; see section 3.3).

Dating

The site was visited 6969 for archaeomagnetic sampling. Unfortunately there was
insufficient material present in situ due to the disturbed nature of the site for samples
to be taken. The dating of the site therefore remains based on the documentary
evidence (1600), the glasessel forms found (pod4667) and that it was a wood

fired furnace (prel615).

2.6 Coal-Hred (post -1615)

2.6.1 Kimmeridge, Dorset (50°36'29 N 20741 W)

Introauction

Unlike many of the earlier sites a large amount of documentary evidence concerning
this site allows its operational history to be traced. The Dorset landowner Sir William
Clavell (15681644) was involved in a number of industrial activities prompted by the
availability of ‘Kimmeridge Coal’, more accurately oil shale, found on his estate at
Kimmeridge (Crossley 1987; 340). The first piece of evidence concerningtéhis ai

deal struck in 1617 between Clavell and Sir Robert Mansell, who then had sole
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contol over the English glass industry, to produce glass here for sale in Dorset,
Wiltshire, Hampshire, Devon and Cornwall (Willmott 2005; 101). Two years
previous to this deal a window glass furnace was erected here, but thdstdaile
successful. A Lorraier, Abraham Bigo, was brought from London to ensure this
second attempt was more successful. He most likely first attempted to reuse the
earlier furnace, but documentary evidence shows that in 1618 he entered into a
partnership with Clavell; Bigo being tharge of the running of a new bigger four pot
furnace (Godfrey 1975; 93).

The glass produced at Kimmeridge was to be sold, as stated above, in the south
western counties. In 1619 a complaint was made to the Privy Council that the glass
was being sold irLondon, in contravention of the limitation agreed with Mansell
(Crossley 1987; 347). Eventually Mansell’s attempts to persuade the Privy Council t
uphold his monopoly position succeeded and in 1623 they ordered Clavell to enter
into a new agreement with the monopoly over Kimmeridge. When he did not, the

order was given to demolish the glasshouse.

Excavations

Excavations took place in 1980to record the furnace, and identity its period of use.
The demolition of the furnace in 1623 left little of the furnace standing above ground.
Below the surface a stone lined passage was found extending beyond either end of the
furnace, to bring air to the central block (Crossley, 1987; 350). This feature first
appears in codired furnaces of this period. Below thimssage was a drain which

ran under the whole furnace and eventually out to the sea. There were flights of steps

at each end of the passage to allow access to the furnace for the removal of ash (see
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figure 2.4). This passage had been covered by vaults, although the evidence for these

was limited to the lower courses, only found at the west flue.

Figure 2.4: Steps Iadin Il?h t 2005; 103, f.64).

Above ground the features were very different from other excavated glnasds
where decay was the result of abandonment. Even the tops of the sieges, which
usually survive, were missing. However, their size could be inferred and grey w
clearly designed to carry two crucibles each (Willmott 2005; 102). Examinatitwe of
crucible bases found that they may have been set overlapping the edge of the siege
exposing one side to temperatures likely to improve convection flows and thus the
homageneity of the melt (Crossle}987; 366). The construction of the furnace roof,
which wauld have sprung from the edges of the sieges could only be inferred by the
discovery of three glassplashed sandstone voussoirs. Even though the four triangular
wings did not survive, their outline could be clearly seen (see Figusg @il they

greatlyresembled those found on the earlier immigrant furnaces (see Rosedale section

2.5.3 for example).
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Figure 2.5: Plan of th:z furnace at Kimmeridge (Willmott 2005; 103, f.63).

Between the wings, on either side of the central furnace block, wereotheng
areas. These consisted of a platform immediately outside the siege. The glass waste
found on either side implied that gathering and blowing was carried out on both sides,
but forming and annealing had taken place on the northern side, where éarasse|
fragments were found. As there was no separate structure it seems Hikethd
annealing of the vessels was carried out in the wings, and more specifictiky i
northeast wing, based on the concentrations of fragments (Crossley 1987; &53). It
therefore likely that the priring of crucibles and preparation of the batch were
carried out on the southern wings. Some small pieces of mineral coal were found on
the southwest wing, raising the possibility that some process had been thu$ fuelle
here (bid.).

The stone footings which surround the furnace are so far without parallel at any
other forest glasshouse site. These are most likely the footings for the walls that made
up the glasshouse itself. They are made from friable shale, which ntekas t
unlikely to have been the foundation of a stone structure; rather it was probably a

timberframed structure. Fragments of shale slabs, each with a nail hole 1cm in
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diameter were found, and clearly made up part of a roof. A number of post holes
found between the wings may have held supports for this roof, which would have
been necessary as the span was 11m.

The reports of the furnace’s demolition in 1623 appear to be correct. Excavations
have shown that the demise of the furnace was the result of a thorough demolition and
robbing, rather than gradual decay. The only substantial stones remaaraiipose

of the underground air passages and stairways (Crossley 1987; 354).

The glass

A large quantity of crucibles and glass waste was found. In 1625 the glask dt

the site was described by John Crase of Puddletown as ‘only green glasses of very
small value...not even worth the carrying away’ (Crossley 1987; 345). In fact the
glass is of a relatively good quality in comparison to that found at manyfotlest

glass furnace sites. The green colouration, as with all these forest glasses, comes from
the use of an impure sand soyroaost likely the Portland Sand which outcrops
1.2km northeast of Kimmeridge Bay.

As this was not a wood fired furnace there was no opportunity for the use of ashes
from the furnace. The similar potash and soda levels found by Crossley (198); 367
(2.54.4 wt%) show that a different alkali raw material was used here than that used to
produce the higipotash composition glassésund at earlier furnaces (see section
3.3). The composition still suggests the use of a wood or plant ash, but of a mixed
alkali (potash and soda) composition.

A wide range of plainwares were made here including small bottles, pedestal
beakers, jugs and bowls. It had been suggested that the use of a cheap mineral fuel

source reduced the cost of glass to a level where it became a worthwhile material for
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producing large quantities of utility containers (Crossley 1987; 357). The quaotities
utility vesselsfound at Kimmeridge back up this view. Many of the forms found are
in keeping with those made around the country by immigrant run glasshouses. This is
unsurprising a®\brahamBigo had worked at Staffordshire, where French influences

were strong.

Dating

The large quantity of documentary sources discussed in the introduction tadethis s
provides the best evidence for the dating of the furnace at Kimmeridge. $he fir
mention of a deal to produce glass here is from 1617, and the Privy Council records
show its demolition was ordered in 1623. All of the pottery found during the
excavation dates to the 17th century and in the southern working area a cldgmipe s

of ¢.1620 was found. The vessel forms found are also contemporary with the date

suggested by th@ocumentary evidence.

2.6.2 Haughton Green, Greater Manchester (53°26'55 N 20521 W)

Introauction

The earliest documentary evidence for glassmaking in this area comes from the Hyde
parish record in 1615 when the daughter of Issadioux was baptise@Villmott

2005; 104). Mentions of the noble du Houx and Pilmey glassmaking families
occasionally appear from this time and later taeydocumented as working at the
Haughton Green glasshouse with English glassmakers. Puritanism was feature in the
religious life of this area in the first half of the 17th century. The Huguenots would
have therefore been moving into an area sympathetic to their views. This may have

been why the glasshouse was built here rather than the heavily RomandCathtbit
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western Lacashire plain where higirade coal and vast quantities of sand suitable
for glassmaking could be found (Vose 1994; 3).

As discussed above Sir Robert Mansell established his owsfigzhfurnaces in
widespread locations such as Kimmeridge, Milford Ha&mropshire, Wollaton and
Newcastleupon-Tyne, but for the rest of the country he relied on furnaces licensed to
burn coal to supply the more remote areas (i)l Haughton Green was one of
these. It is likely that the sales of glass from Haughton Green were limited to the local
area, as was the case at other similar sites. There is a record in 1621 of a leasing
agreement between Mansell and Issac de Houx (Godfrey 1975; 93).

The earliest documentary evidence from 1615 is significant as this is the year
James | forbde the use of wood fuel to produce glass (Charleston 1984; 74).
Evidence for the intermediary development of the English glass furnace at this
innovative stage during the changeover to coal in the 17th century is very sparse
(Vose 1994; 2). There is no evidence for glass production at this site after 1653. It is
possible the Haughton Green glasshouse was destroyed during the many Civil War
skirmishes that took place in the Manchester area between 1642 and 1659. Sir Robert
Mansell was ordered ®urrender his patent in 1642, the lessees working at Haughton
Green probably may have continued to produce glass independently until the

furnace’s destruction.

Excavations

The glass furnace was first discovered in 1968 when a sewer line was bgaigrau

the valley of the River Tame. Glass sherds were collected from this excavation and
identified as high quality forest glass of the 16th or ehftth century. This coupled

with the documentary evidence discussed above led to the Pilkington GlassiAuseu
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decision to excavate the site. This excavation was carried out with the objective of
excavating and dismantling the main furnace as a museum exhibit, which meant that
some less important areas were not fully excavated. It was discovered that the main

furnace was missed by the sewer diggings by only 1m.

Y

F?-gu 2.5: Excavation of Haughton Green furnace (Anoﬁ 2006).

The first stage of the project was a proton magnetometer survey carried out in
1968. The results were inconclusive; however, in 1969 trial trenches were dropped on
the areas with the most concentrated magnetic readings and what appeared to be the
remains of three furnaces were found. The excavations were reopened and extended
in 1970, and the main furnace was fully excavated (figur®) 2ldvestigation of the
main furnace concluded that it was a ef@d furnace with a passage running

approximately nortfsouth underneath and between parallel sieges with dimensions of

1.3 x 0.6m (Vose 1994; 7). The furnace was constructed from sandstone blocks, and
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did not have the attached wings associated with immigtgte furnaces. Instead it
followed the design of previous wodided furnaces, but with large extending flues

cut into the natural clay and lined with sandstone, one of which was ciivedue,

on the left of the figure 2.18, could be accessed by steps, presumably to allow
workmen to enter the furnace and rake out ash and other production debris to keep the
air moving freely.

The main melting area was around 3m square with two intsiages, one of
which had the fused remains of crucible bases in situ (Willmott 2005; 105). The most
interesting feature was that portions of the furnace’s barrel vaultedsuweived
intact to a height of 1.2m above the hearth. The surviving arch was at the poiat wher
the flue leaves the main chamber creating the necessary entry for the prevailing winds

which blow north-east up the river valley (Vose 1994; 12).

e e

Figure 2.7: Haughton Green main furnace plan (Vose 1994; 10, f.4).
A rectangular buildig was found to the west of the main furnace. It showed no
evidence of burning, but contained a large quantity of glass waste, so may have bee
the cullet store. Also, a series of three subsidiary rectangular ovens were discovered to

the south of the furnac(see figure 28). These were constructed from sandstone
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blocks and with internal dimensions of around 1.75 x 2m. Their lack of flues implies
that very high temperatures were not required. These were probably anneahsg ov
heated to a reasonable temgiare then allowed to cool with the finished glass inside
(Willmott 2005; 105). Unfortunately, these ovens were not fully excavated as the
Pilkington Glass Museum decided they did not want them dismantled, and therefore

further excavation was unnecess@rgse 1994; 16).

Figure

.B: augh_ton Green“_a{nnéém-r‘ia oensg.(n, 006).
The fumes and particles circulating within the reverberatory roof of aficedl

glass furnace would have a detrimental effect on the molten glass in open crucibles

due to the smut and sulphurous fumes given off by the burning coal (Godfrey 1975;

150). The crucibles found at Haughton Green were mainly of a stsadgd bucket

design (Willmott 2005; 106). There were some examples wihaped sections cut

out of their rims.This, coupled with the discovery of three lid sherds, may imply that

the crucibles were, once filled with charge, covered by a lid, and access to them could

be gained through the eatvay at the rim (Vose 1994; 48). If this were the case, then

this would ke the earliest known use of covered crucibles.
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The glass

The abundance of furnace waste and glass adhering to crucible sherds confirmed that
clear greertinted, opaque black and clear blue glass was made at the Haughton Green
glasshouse approximately in the proportions 90% Green, 8% Black and 2% Blue. The
greenglass was used to make cylinder (broad) window glass, good qualitysyesse
bottles and chemical apparatus (Vose 1994; 20). The opaque black and clear blue
glasses were limited to vessel production. Godfrey (1975; 151) believebdlark
coloured glasgroduced at Haughton Green was originally the accidental result of
using open pots with coal as fuel (see above).

It is noted by Vose (1994; 57) that superficial sand deposits found locally were
available for use, and a sample of sand found in the eticawsas analysed and has
the following composition: Si©80.5 %, AbO3 9.7 % and FgD3 2%. The iron
content gives the glass produced here its green colour. Previous analysis has show
that the alkali used at this site, as at Kimmeridge, differs fronutieat at many of the
earlier wood fired furnaces. The alkali content of the glass produced here is
predominantly soda (green glass:,Na6.5%, KO 0.8%).

Vose (1994; 21) notes that the glass produced at Haughton Green is different to the
glass from earliewoodfired sites. The styles of vessel produced are similar but the
glass itself has a more robust and shiny appearance as it has not weathered as much as
glass from earlier sites. Due to its distinct appearance, glass vessels produced at
Haughton Greenam more easily be said to have been made from glass produced here,

rather than the result of imported cullet (ibid.).
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Dating

The site was not considered suitable for archaeomagnetic dating, since the presence of
an iron grill combined with the disturbed nature of the site would have made the
results unusable (Vose 1980; 177). The main evidence for the dating of the furnace at
Haughton Green comes from documentary evidence. As discussed above, this
consists of evidence commencing around 1615 which continues until 1653, giving the
glass furnace a life of at least 38 years. Fragments of a German Werra ware dish were
also found dating to 1619, which adds to the validity of dating by documentary

sources (Vose 1994; 1).

2.7 Appearance of sampled glasses

Figure2.19 shows the glass found at each site. Due to problems in photographing the
glasses subtle differences cannot be seen in these images. Teroentghe photos

a discussion of the differences in colour follows. This is summarised in table 2.1.

The colous of glass vary by site and there is little irgree variation in colour.
Kenyon (1967; 17) describes the glass of the weald as fitting into three cadegori
based on date and colour. His first category, Early, runs from the early- bdnyde
the mid16th century. Wealden glass from this period he describes asopaque
and pale milkygreen. The second category he discusses is Late, which runs from the
mid-16th century until 1618 in the Weald. This glass he describes as fairly otear a
dark bluegreen. Finally he labels those glasses dating to thelBtid century, which
do not fit into either category, as Transitional.

The glasses investigated in this study show some similar trends. The glass from
Little Birches(mid-16th century)is the lightestoloured. Those from Knightons and

Bagot's Park(mid-16th century)are of a similar colour and darker than those from
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Little Birches. The glass from Blunden’'s Wood (first half of 14th centigy)f a
similar darkness to those of Knightons and Bagot’'s Park, but has a slightly more aqua
colour. The most similar glass to Blunden’'s Wood are those from Bickerafily

17th century), which have a stronger aqua colour. The glasses from Rosedale,
Glasshouse Farm and Hutt@all late 16th centuryare of a simar colour, but darker

than those from Bagot’s Park and Knightons.

The darkest coloured glasses are those from Buckholt, Buckholt West,
Kimmeridge and Haughton Green. They can be very approximately differentiated by
a slightly more olive colour in the gises from the Buckholt@ate 16th century)
compared to Haughton Green and Kimmeri@fgst half of 17th century). However,
this difference is not sufficient to be used as a means of assigning the glasses to either
group of sites.

Unlike Kenyon's (196717) categories for glass from the Weald there is not a well
defined chronology for the glasses studied here. The lightest glassfaaindtat the
earliest site, and the darkest are found at the latest sites, and also some dating to an
earlier period. Ado, the aqua coloured glasses are found at both the earliest site and
one of the latest. These findings show that using the colours to provenance or date the
glasses would not be possible.

As was briefly discussed in chapter 1 the majority of differenteslour are due
to the iron content of the glasses and also the oxygen levels in the furnacerThe ir
content of the glasses will be revealed by chemical analysis. However, the oxygen
levels in the furnace can be discussed here. To summarise whdtaa wrichapter 1,
an increase in oxygen levels will result in the production of a darker gresn aasa

reducing environment will lead to lighter and more bdmeen colours. Some of the
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more extreme colours may have been caused by these alteratemgronment in
combination with the presence of iron.

As discussed above in the sections on Kimmeridge and Haughton Green, the
introduction of coal as a fuel in glass furnaces required an increased level of oxygen
to be introduced into the furnaces. This could explain these sites having the darker
coloured glasses. The dark colours of glass produced at Buckholt and Buckholt West
may also have been the result of an oxidising furnace environment, although the
design of the furnace at Buckholt appears todtetively similar to those of many of
the other sites. The glass from Blunden’s Wood and Bickerstaffe has a more blue
green colouring than those from other sites, and this may have been caused by a
reducing environment.

These are just some possible @usf the colours. Of course, the levels of iron
and possibly other components in the glass will also have had an effect on the colour
(see section 1.2.2). These factors will be discussed later along with the otherathemi

analysis results.
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2.8 SUmmary

It is important to understand the reasons for the location of glassmaking shey as t
may affect the raw materials used. The interaction of glassmakers within glasggmaki
communities and between these communities is also important as it may have
facilitated the transmission of glassmaking techniques and recipes. Changes in these
recipes will hopefully be visible in the chemical composition of the glasselsiged.

During the period of study the construction of glass furnaces and the raw materials
used inthem varies. How the influences discussed in chapter 1 affected production
choices can be seen in alterations in furnace design and potentially glpss.rébie
second of these points will be discussed further in chapters 3 and 4. While many of
these chnges will not directly alter the composition of the glass produced, they are
very important to bear in mind when discussing any alterations in composition as they

may be the key to understandithg reasons behind particular technological choices.
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Chapt er 3: Methodology and previous work

3.1 Methodology

3.1.1 Introduction

There are numerous problems involved in the study of archaeological artefacts by
scientific means that require special attention (Ciliberto 2000; 1). There are a wide
range of reasons to carry out an analytical programme, ranging from those which are
necessary for the conservation of the artefact to those which are carried out t
increase our knowledge of artefacts as a group. To complete a useful programme of
analysis a number of steps must be taken to ensure that the ‘correct’ informeation i
retrieved from the samples. Once the samples have been chosen, the first question is:
what are we trying to discover about these samples? Is it as simple as: what is it? what
is it made of? Or something more complicated like: how was it made? when was it
made? where was it made? This project aims to answer the last of these more
complicated questions, that of provenance.

Assigning provenance to archaeological artefacts allows us to discowe bl
the societies in which these objects were produced, distributed and used. Trading
patterns can be established which can be used to study the relationships between
different communities, regions, countries and cultures. Alterations in thesenpatt
over time allow us to observe how these relationships altered and potentially link
them to historical events, such as political changes.

The past success of chemical and isotopic analysis in provenancing archaeological
artefacts has been useful in materials that remain relatively chemically unaltered from
their geological sources, such as obsidian or amber (for example see Tykot 1997,
Carteret al 2006). As more ingredients or an increasing number of possible sources

of a single material are combined the pietbecomes increasingly blurred. Complex
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materials such as glass, and others with more than one ingredient suchladloys,
will cause a greater problem for the archaeological scientist.

To assign a provenance to an archaeological glass it is ngcassaderstand a
characteristic quality that can be linked to its place of manufacture. The choices of
raw materials, their processing and mixing give glasses these characteristic qualities.
In many cases, however, the same recipe was used for centuries and in a range of
locations, so simply finding the types of raw materials used cannot be used to provide
a provenance. The analysis of glass excavated at furnace sites can sometimes provide
us with characteristic chemical compositions, but this is veey tais necessary to
look for a characteristic of the glass which is more specific to ite gaproduction
than the recipe used in its production.

This project will strive to link a combination of chemical and isotopic data on
archaeological glasseskemn from production sites to their locations. These data can
then be used to provenance finished glass items of unknown provenance. If successful
this will allow the establishment of trading patterns, allowing conclusions to be drawn
about the organisation of glass production in lated earlypost medieval England.

Raw materials collected from nearby production sites will also be analysed for
strontium and neodymium isotopes. This will provide an isotopic signature for some
local raw materials and can potentially be used to discover if local raw materials were
being used. The raw materials will also be used to produce a model glasdlthat w
provide a means of studying how the isotopic ratios in raw materials combine during
mixing and melting to providenaarchaeological glass with its isotopic signature. This
evidence will be very useful when attempting to link suspected raw materials to

finished glasses.
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3.1.2 Assumptions of scientific provenance

Often provenance studies have assumed that recycling does not take place. However,
it seems clear that during many production processes it did. There alg @leade

range of situations in which waste products of glass production/forming process
(cullet) and raw materials imported from elsewhere would be incorporatediiate f
batches (see section 1.2.4). A very simplistic study may see artefacts analysed,
sources analysed, and if the analytical results overlap it is assumed the artefact comes
from the source. However, source materials might have bedatdgavhich are not

now, or raw materials may have come from much further away than was expected i
the study. How the boundaries of possible raw materials are defined is fundgmental
important and will dictate any results or conclusions (Andrews and Doonan 2003;
107).

Provenance studies are generally better at working out where artefacts were not
produced. Even when strong evidence for a raw material source is presented, the
possibility of another matching source that has not been accountedllfaiways
remain. Due to the compositional similarities in the different raw materials used for
forest glass production, this is an important point to note for this study. Amgaiyss
glass production waste and raw materials at a furnace site is a good sburce
information for making a link to the raw material sources used. However, afany
these remains often do not survive in the archaeological record; for example sand and
wood ashes. The glass production waste may have also been removed to be used as
culletat another site, or imported cullet may be present at the site of study.

A series of six assumptions have been proposed by Wilson and Pollard (2001; 507
8) that must be accounted for to produce a successful archaeological provenance

study:
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1. The prime requement is that some chemical (or isotopic)
characteristic of the geological raw material(s) is carried through
(unchanged, or predictably relatable) into the finished object

2. That this ‘fingerprint’ varies between potential geological sources
available inthe past, and that this variation can be related to
geographical (as opposed to perhaps a broad depositional environment)
occurrences of the raw materikdter-source variation must be greater
thanintra-source variation for successful source discrimination

3. That such characteristic ‘fingerprints’ can be measured with sufficient
precision in the finished artifacts to enable discrimination between
competing potential sources

4. That no ‘mixing’ of raw materials occurs (either before or during
processing, or as result of recycling of material), or that any such
mixing can be adequately accounted for

5. That post-depositional processes either have negligible effect on the
characteristic fingerprint, or that such alteration can either be detected
(and the altered ements or sample be discounted), or that some
satisfactory allowance can be made

6. That any observed patterns of trade or exchange of finished materials
are interpretable in terms of human behaviour. This pre-supposes that
the outcome of a scientific proverze study can be interfaced with an
existing appropriate socio-economic model, so that such results do not
existin vacuo.

In particular point 4 above provides a problem for this study. It is known that raw
materials andullet were tradedetweerforest glass production sitésee accounts in
Lennard 1905 for examplel} is therefore clear that there will be some cases in which
the glasses analysed in this project will be the result of mixing of raw materials and/or
glasses. It will therefore beecessary to take note of this when studying the analytical
data produced Where mixing has been used reguladpd from only one or two
sourcesit may be possible to identify this these data (see Henderson et al. 2009;
Degryse et al. 2009b; Freesone et al. 20@5) discussed in chapter 1, using a
combination of chemical and isotopic analysis Freestone (2005; OA®) was
able to show that Roman high iron, manganese and titanium (HIMT) glass was
produced by the mixing of two eamdembers with diffang compositions. This work
has shown that when the mixing of raw materials or glasses has occurred it may still

be possible to identify an elemental or isotopic signature for a set of gksdes
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suggest the types of emdembers that may have been mixegtoduce it. Mixing of
a large number of sources will completely obscure any isotopic signature directly
associated with the production location, however it may still be possible to
characterise a mixed glass composition if it is sufficiently dissimitan fothers that

were produced at other locations.

3.2 Sampling of archaeological glasses

Table 2.1 lists the locations of glass production sites from which sampledaken

and figure 3.1 illustrates their locations on a geological nMd@ glass sanigs
selected werédumps ofraw glass chosen from assemblages excavated at production
sites (see table 3.1)Raw glass is defined in this thesis as glass production waste
believed to have been produced from raw materials at the site from which they were
exavated. These types of samples were chosen as they provide the besttgdssibili
provide analytical results characteristic of the glass produced at these sites. There is
the possibility ofinadvertentlycollecting some samples which are imported cullet.
However, where the glass is physically very similar this is unavoidablenagde
identifiable in the analytical data.

All pieces of glass sampled, apart from two taken from crucibles (destuss
below), were lumps of varying sizes. These lumps have no distinguishing features to
suggest they were glass working, rather than glass making wastevétpwhere the
lumps were very small this is still a possibility. The types of glass sampled are
included in the results in appendables 113.

The results of Merchant et al. (1997; 35; 1998), amongst others, have shown that
there is a reaction between forest glasses and the crucibles used in theingroduct
The glass penetrates into the clay of the crucible and the composition of the crucible

influences that fothe glass close to the crucible wall. It is therefore important not to
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analyse glass from crucibles unless there is a sufficient thickness of glass present, and
thatany glas<lose to thecruciblewall is discarded. This compositional alteration is
only present in the first few millimetres of the glass, and it will therefore be

acceptable to use glass of 5mm and more in thickness, as long as the first 3mm are

discarded.
Site Sample No. of samples Ownership
Buckholt Production waste 3 Southampton CitCouncil Archaeological Unit
Buckholt West| Production waste 19 Southampton City Council Archaeological Unit
Bagot's Park] Production waste 17 Stoke Potteries Museum
Blunden's Wood| Production waste 20 Guildford Museum
Bickerstaffe| Production waste 12 Liverpool World Museum
Glasshouse Farn|  Production waste 9 Hereford Museum
Haughton Greerl  Production waste 21 Portland Basin Museum, Manchester
Hutton Production waste 10 Hutton-le-Hole Folk Museum
Knightons Production waste 9 Guildford Museum
Little Birches Production waste 11 Stoke Potteries Museum
Rosedale| Production waste 27 Hutton-le-Hole Folk Museum
Kimmeridge Production waste 21 Dorset County Museum

Table 3.1: No of samples prepared for electron microprobe analysis frbnsiesac

One of the assumptions listed above in terms of the ability of provenancing objects
is that the intesource variation is greatéhan the intresource variation in some
characteristic of a raw material source. Previous writers have suggested that, due to
the low value of many of the raw materials used in forest glass production, local
sourcing of many of the necessary raw materials was a strong posgdeiétitenyon
1967; Godfrey 1975 etc.). It was therefore necessary to have samples from a wide
range ofgeological surroundings, as it is this variable which dictates variation in
isotopic signature. Figure 3.1 shows the locations of sites studied on a geological

map, and variations in geology can easily be seen between many of the sites.

100



Key

B Cainozoic

B Cretaceous

B Jurassic

B Permian & Triassic
B Coal Measures

M Carboniferous (other)
Silurian & Devonian

Ordovician
M Cambrian
M Torridonian
M Igneous

Metamorphic

Haughton Green

Bickerstaffe

Blunden's Wood

'i A Bucl::uh axd
K P an Knightons
- Rt inge Buckholt West
L 4
-

Figure3.1: Geological map of Britaitabelled with
sites investigated in this stuggfter CoalPro)

101



3.3 Previous work
3.3.1 Chemical analysis

Many of the sites detailed in this study have been investigated previguslydsiety
of scientific means. Glass froBuckholt, Buckholt West and Kimmeridge has not
been previously analysed. The following table summarises the previously published

chemical analyses carried out on samples from the sites investigated in this project:

Site Date Technique No. of | References
samples
Blunden’s First half of SEM-EDX: Major, Minor 50 Merchant et al. 1997
Wood 14th century 32
Knightons Mid-16th SEM-EDX: Major, Minor 15 Green and Hart 1987
century 280
Bagot's Park Mid-16th SEM-EDX 8 Welch 1997; 43
century
Little Birches Mid-16th SEM-EDX 54 Welch 1997; 41
century
Buckholt Late-16th N/A N/A N/A
century
Buckholt West | Late-16th N/A N/A N/A
century
Hutton Late-16th Unknown: Major, Minor 1 Crossley and Aber
century NAA: Trace 6 1972; 1512
Rosedale Late-16th Unknown: Major, Minor 1 Crossley and Aberg
century NAA: Trace 6 1972; 1512
Glasshouse Late- Unknown: Major, Minor 3 Bridgewater 1963; 310
Farm 16th/Early
17th century
Bickerstaffe Early-17th SEM-EDX: Major, Minor 6 Vose 1995; 16, 20
century
Kimmeridge ¢.16171623 N/A N/A N/A
Haughton Greer| ¢.16151653 Unknown: Major, Minor,| 5 Vose 1994; 57
Trace

Table3.2 Sites studied in thisrpject with details of previously published analyses
(N/A=no published analyses found).

The techniques used, number and types of samples analysed, and age of the studies
varies greatly and therefore comparing these data will be problematic. None of the
studies give any type of glass standard analysis data and so it is not ptzssible
comparethe techniques used. Separately the results, especially those from the more

recent studies, may be considered useful. However, direct comparison between
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studies must be carried out with care. The data for some oxides is presented in
different forms, for eample in Crossley and Aberg’'s 1972 report on the excavations
of Rosedale and Hutton AD3 is combined with TiQ and presented as a combined
percentage. Problems such as these have led to the selection of onlgignféeant

major elements for comparisam this study Theseare presented in table 3.3 below.

The sites are presented in order of date, see 3abkbove for dates.

Na,O MgO SiO, K,O CaO total alkali
Blunden's Wood| (n=50) 0.94 3.92 55.03 17.87 13.21 18.81
Knightons (n=15) 1.16 4.26 58.39 8.50 18.50 9.66
Bagot's Park (n=8) 2.78 6.91 59.90 10.05 12.53 12.83
Little Birches (n=54) 2.33 7.16 56.80 11.71 14.55 14.04
Glasshouse Farn] (n=3) 2.00 3.95 58.08 9.06 19.59 11.06
Hutton (n=1) 1.84 2.28 58.98 5.16 24.59 7.00
Rosedale (n=1) 3.54 3.25 58.84 6.20 20.15 9.74
Bickerstaffe (n=6) 5.20 4.60 58.48 2.30 20.12 7.50
Haughton Green| (n=5) 6.32 5.36 56.92 0.86 19.74 7.18

Table 3.3: Average values for a selection of oxides for previouslysethtylasses
from sites studied in this projefgee table 3.2 for publication details).

The compositions vary greatly between sites. The main differences between the
glasses from these sites are the alkali and lime levels. Earlier sites have more potash,
and later sites more soda. This is a very approximate trend and in the case of some
sites the results are based on very few samples. Blunden’s Wood, Bagot’'s Park and
Little Birches have the lowest calcium oxide levels, and the highest levels are found at
the later sites. The glasses analysed from é3gtlaffe and Haughton Green have the
lowest potash levels and highest soda levels. This compositional change was
discussed in chapter 1 and is linked to a switch to the use of coal as fuel taticgssi
the use of a different, apparently more sdadh a#, rather than any of the wood ash
produced in the furnace.

Very approximately the glasses fall into four compositional groups:
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1. High potash, low calcium oxide: Blunden’s Wood, Bagot's Park, Little
Birches

2. High potash, high calcium oxide: Knightoi@&lasshouse Farm

3. Mixed alkali, high calcium oxide: Hutton and Rosedale

4. Higher soda, high calcium oxide: Bickerstaffe and Haughton Green
These four groups are approximately chronologically ordered. Group 1 is 14th
century to midl6th century, Group 2 is midl late 16th century, Group 3 is late 16th
century and Group 4 is eaflyo mid- 17th century. There may also be some
geographical ordering of the Groups as, apart from Knightons and Blunden’s Wood,
where any two sites are located in the same regioheoUK they fall into the same
compositional group.

These compositional trends have been noted for glass produced in England and
abroad by other authors (Mortimer 1997; Hartmann 1994) and are discussed in terms
of raw material uses in chapter 1. The snmalmbers of samples analysed do not

allow these patterns to be confirmed with any confidence for the sitbssisttidy.

However, the results do suggest that they fit in with these previous trends.

Summary
These results, while limited in number, havewh that there is some compositional
patterning which may be related to both the chronological and geographical location
of the production sites. Compositional differences, which were expected from
changes in raw materials at later sites, can be observed. In no case are there sufficient
compositional differences to suggest a-specific composition has been found. The
patterning seen is still very useful and suggests that recipes altered over time. Also,
glasshouses within a single region may have ussnohidar recipe showing that there
may have been some communication between sites.

It must be noted here again that these conclusions are based on very limited sample

numbers analysed by varying analytical techniques. The results of the analyses carried
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out in this study will be able shed more light on these emerging patterns. They will
also allow more confidence to be given to conclusions as the analyses were all carried

out using the same methodology.

3.3.2 Isotopic analysis

Only a very limited amountf isotopic analysis has been carried out on forest glasses,
and none has been carried out previously on the samples from the sites studied in this
thesis. Using strontium isotope ratio and concentration data Dungworth et al. (2009)
(discussed in chapten Showed that seaweed was used in the production of forest
glass at the site of Silkstone, located over 100km away from the coast. Tbey als
suggest that other alkali sources used at this site may have been growgicgtpl

very old regions of the UKyhich only exist at least 130km from this site.

This evidence challenges the idea that many of the raw materials used in forest
glass production were sourced locally. The use of seaweed, traded over such a long
distance, suggests that it was in demardithat glassmakers must have considered it
a very useful raw material. Their conclusions show that the isotopic analysis of
glasses such as these can shed light on the types of raw materials used, antypotentia

a very approximate idea of possible souomations.

3.4 Raw materialsand model glass production

3.4.1 Raw materials

The raw materials sampled were taken from nearby some of the productidrosites
which glass has been samplesste table 3.4)Raw materialsfrom these locations

could have been used in the production of forest glasses at these sites. There is, of

course, the possibility that raw materials have been impatgecially with the later
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sites where sodach plant ashes were usetihe isotopic analysis of these raw
materialsmay provide a means of establishing whether or not local materials will be

used.

Site Sample Lat. Long.
Sidney Wood Ash | Bracken | 51°6'26.64"N | 0°32'5.41"W
Hutton Ash | Bracken | 54°18'0.65"N | 0°55'5.70"W

Cannock Chase Ash Bracken | 52°46'2.70"N | 1°59'54.95"W

Cannock Chase | Silica| Pebbles | 52°46'2.70"N | 1°59'54.95"W
Hambledon Commol| Silica Sand 51°8'6.26"N | 0°37'40.32"W
Hutton Common | Silica | Sandstong 54°17'11.54"N| 0°55'10.62"W
Table 3.4: Type and location of raw materials collected for analysis.

Bracken was collected from these sitest because it is beliegd¢hat this is the
solealkali raw material used at these sites, but because it was the easiest to collect.
No attempt was made to colleitt at certain times of the year, as suggested in
historical texts (see section 1.2.3). Theretbechemical composition of the bracken
will probaldly not relate to the raw materials used in the production tife
archaeological glasses. The only useful data will be the isotopic ratios fouese T
will not have altered depending on the species or the time of year of itsioallect

Sand, quartz or sastone was also collected from some sites where it was easily
discoverable. At these sites it is assumed these raw materials may hausdibdne
to the easy access the ancient gredsers would have had to thefirhis assumption
will be tested with theresults of the analytical study. A selection of these raw

materials were used to produce model glasses, details of whichsaxaion 3.4.2.
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Figure 3.2: Raw material collection sites presented on a biosphere
available Sr ratio map (after Evans et24110; 2, f.1b).

As noted in chapter 1h&®’Srf®Sr values should provide a meanspodvenancing
the alkali sources dependent on the soil, and therefore geological surroundings, on
which the plants grew. Evans et al. 18P have produced a map of biogpé

available strontium (Figure 3.2). This map is based on a limited data set and as such i
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only useful as an approximate guide to biosphere available strontium isdtayaes.
be seen from the biosphere Sr ratio map (figure 3.2) that the sampleskeinbiaicen
for analysis in this study all originate from a single category of biosphailable Sr
ratios; 0.7090.710. However,tiis clear from papers such @henery et al. (2010)
that the biosphere strontium ratios can vary greatly over very smahces. The
results of Sr isotope analysis of bracken ashes will be an interesting campeitis

these data in this map.

Backen

While there is certainly no definitive evidence to say that bracken was the main alkali
raw material used in medieval glgg®duction, it was chosen to be used in this study
due to the ease of collection and that, in terms of the isotopic analysis, thef type
plant collected should be irrelevant. The results of isotopic analysis are onigedte

to be used as an analoguetferestrial plants local to the area of production.

Part of this area of this study is also to discover how the isotopic ratios in raw
materials combine to give a glass its isotopic ratio. Therefore, even if the isotopic
ratios of the model glass produced from the bracken and sand do not correspond to the
archaeological glasses, the results will still be of use to future studies.

Bracken was collected from three locations near production sites. In Sidney Wood,
near Blunden’s Wood and Knightons, on HuttetHole Common, near Hutton and

Rosedale, and on Cannock Chase, near Bagot’'s Park and Little Birches.

Slica
While bracken grows in abundance nearby all of the sites, it is slightly nfbcalti

to find sources of silica that may have been exploitedths glassmakers.
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Occasionally excavation reports define possible silica sources discovered by the
excavators. Three samples of three different materials were taken for use in this study.
In must be noted that there is no reason to expect these silicastuibe those used

by the forest glassmakers. They have been collected due to their proansites

alone. As with the bracken ash the main use of the these samples is as an amalogue f
local raw materials and, in the case of those from the Wealdbgerve how the
isotopic ratios in them combine with those in the bracken to give the glass produced
its isotopic signature.

Across Cannock Chase it is possible to find quartz pebbles. Around 10 pebbles
were collected for use in this study. A single gebtas broken with repeated
hammer impacts and prior to analysis the sample was powdered using a pestle and
mortar.

Just below the topsoil on Hambledon Common is a layer of sand. This was very
easily found in areas where rain had eroded the soil aroeesl. ffhere was a high
guantity of mud in these samples, but it was easily washed away, and resulted in a
sand containing a large number of mineral impurities.

It was not possible to discover a sand source used at the sites of Hutton and
Rosedale. However, at Hutton Common there is a large quantity of sandstone eroding
from the side of the river. This may have been a silica raw material source used at this

site and so was collected, crushed and washed.

3.4.2 Production of m odel glasses
A model glass was produced from raw materials collected from two sites in the
Weald. Due to uncertainties about the actual raw materials used, in terms of specific

sand sources drplant species, it was assumed that the chemical compositions of the
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model glasses produced would not relate to those from the site studied. As such, this
model glass was not produced in an attempt to directly replicate the recipes and
chemical compositio of forest glasses. However, the strontium and neodymium
isotope analysis should at least relate to the geological origins of the raw materials
which would be the same in terms of the ash, independent of the species of plant.
Using the data obtained byM§& analysis it will be possible to investigate how the Sr
and Nd isotope ratios and concentrations in these two raw materials combine in the
glass production process. This information will be highly useful when attegniati

relate the Sr and Nd compositiof glasses to the raw materials used to produce
them.

It was long thought that temperatures above 1200°C were difficult to achieve in
medieval wooefired furnaces. However, experimental observations have shown that
model glasses produced from bracken and sand could not be melted at temperatures
below 1350°C (Jacksoet al.2000; 338). The glasses from thetll6entury site of
Rosedale had liquidus temperatures of around 1350°C and that at Little Birches in
excess of 1320°C (Welch 1997; 48).

The work of Caroline Jackson, Jim Smedley and others (discussed in detail in the
section 1.2.5) has shown that there is a lot of information that can be found by
producing glass from raw materials assumed to have been used by medieval
glassmakers.

Glass wagroduced using sand and bracken ash from Hambledon Hill and Sidney
Wood, respectively. The ratio used was that suggested by Smedley and Jackson
(2002), that of 2 parts wood ash to 1 part sand, by weight (see s&@ign The
batch consisted dif2 gramsof bracken ash and 6 grams of sand. glasswas made

in a professionally produced refractory clay high sided crucible. It was sloeeled
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at a rate of 3°C per minute to 1300°C, held there for 10 hours, then slowly cooled to
room temperature at the samate. The whole process took 24.5 hours (see figure

3.3).
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Figure 3.3: Timechart for the furnace operation.

L
Figure 3.4: The glass produced using raw materials from The Weald
(for scale, base of crucible is approximately 4cm in diameter).

Crucible | Bracken ashl Sand| Total before firing| Total after firing | Loss
Mass/g 82 12 6 100 90 10
Table 3.5: Raw material weights for model glass production.

111



The glass produced was greanst probably due to iron minerals in the sand used
(figure 3.4). The loss in weight of 10 grams represents more than half the batch, and
was probably all lost as volatile components were expelled from the bracken ash,
which therefore went from 12 grams to 2 grams (see table Sof)e of the quartz
was not fluxedand did not turn into glass, instead leaving a whitg:y deposit on
top of the green vitreous mass. This means that the proportions of ash and silica in the
glass portion of what was produced may not actually be a 2:1 by weighasatvas
initially added to the batch. The analytical results of this model glass will be discussed

below in section 3.8.

3.5 Compositional analysis

3.5.1 Introduction

The compositional analysis of archaeological glass samples was a very time
consuming and expensive procegsuntil the 1960s. There are now a wide range of
techniques that can perform the task relatively quickly and inexpensively. ‘Ei@me
analysis, and each specific elemental analytical technique, is like a toolbox, designed
for a specific purpose or seft purposes, but with its eventual usefulness based on the

imagination and skill of its user’ (Hancock 2000; 11).

3.5.2 Preparation of samplesfor analysisby electr ~ on microprobe

Preparing samples for, and carrying out, electron microprobe analgsiee ttrought

of as micredestructive or destructive. The samples have to be mounted in epoxy
resin. Small susamples will be broken from each glass sample ensuring that they
included at least some unweathered glass. These samples will be set in 1” epoxy resin
blocks, polished to a 0.25 um diamond paste finish and carbon coated to prevent

surface charging and distortion of the electron beam during analysis. Vatly sm
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pieces of glass are needed and the technique itself will only destroy a microscopic
area of 5Qim and an even smaller depth. While the samples are then mounted in resin
and will not be retrieved, they can be reanalysed at a later date again by electron
microprobe or other techniques, including 1@P-MS.

Weathered samples are not good for compositional analysis. The crusty layers built
up on the outside of glass samples are the result of alkali (sodium or potassium)
leaching out of the glass during burial. They are made up of a hydrated negitae
high silica content (Frank 1982; 67). Analysiktbese areas would therefore not

produce data representative of the bulk composition of the glasses.

3.5.3 Hectron microprobe

A JEOL JXA8200 electron microprobe with four wavelenglBpersive
spectrometers located in the Department of Archaeologyhat University of
Nottingham was used for analysis. An electron microprobe operates usa Xo
distinguish between elements. It can do this with two different techniques. Energy
dispersive Xray spectrometry is a very fast method of discovering the composition of
an area of the sample. Wavelength dispersiv@yXspectrometry takes longer, but
provides more accurate and precise compositional information on elements in far
lower concentrations. This second technique was used for this project.

The eleaton beam can either be focussed on very small areas or larger spots to
analyse either very specific areas of samples, or to allow an average composition of
an area to be found. A defocused (to prevent affecting the volatiles present) electron
beam with a thmeter of 50um employed at an accelerating voltage of 20 kV. Emitted

X-rays were counted for 20 seconds for peaks (100s for magnesium) and 10 seconds
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for background (20s for magnesium). Calibration with mixed mineral and pue¢ me

standards was carriedio

3.5.4 The significant e lements

The compositional characterisation of the glasses relies on the di#fsrémund in

the raw materials used, and their relative quantities. Below is a list of the elements
which were analysed for in this study, although results will be provided in terms

of their oxide quantities:

Sodium, copper, titanium, zinc, aluminium, iron, calcium, tin, arsenic, manganese,
antimony, nickel, magnesium, chlorine, potassium, cobalt, barium, lead, sulphur,
chromium, vanadium, silicon, zirconium, phosphorus and strontium.

Some of these will be more relevant in characterising silica sources, others alkali
sources. By characterising these sources, and their relative propoitinsoped
that it will be possible to find charactertsttompositional groupings for the sites.
TIMS will also be used to discover the concentration of elements, but will be limited
to the two of interest for the isotope analysis, strontium and neodymium. However, it
will be able to accurately measure these elements at levels of less than 10 parts per
million (ppm). The electron microprobe is unable to detect elements at these low
levels, but the wide range of elements it is able to analyse accurately prove its

usefulness in this project.

3.5.5 Analysis and standards
A total of 179 samples of glass were analysed using EPMA. Corning B was used as a
substandard to check for accuracy and precision. Throughout the period of analysis

this substandard was analysed at the beginning and end of each analytical run. |
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total it was analysed 89 times. The average results are presented in table 3.6 along
with the quoted values for this standard, the standard deviations for these
measurements and the percentage error of the measurements in comparison with the
known valuesThese last two values are taken to represent the precision and accuracy
of the measurements, respectively. The precision of the measurements goaery

The greatest standard deviations are found for the oxides present in the highest
guantities.

The acuracy is rather more problematic. For the majority of oxides measured the
measured value was within around 20%, most are much lower, of the known value for
the standard and this is considered acceptable. For four oxides the error issroéxces
this lewel and this must be taken into account when discussing the results. The two
oxides are barium oxide and phosphorous oxide. The error for barium oxide can be
greatly reduced when comparing with the results of Brill (1999). Brillsunesl the
BaO content of Corning B as 0.12 %, and so using this value reduces the error to
14.29 %.

These revised values give a phosphorous oxide level of 0.82 % in Corning B and
so this cannot account for the inaccuracy in measurement here. Values fordhis oxi
must be consided semiguantitative. The relatively low standard deviation allows
for comparisons to be made between dats within this thesis. However, the values
cannot be used to compare with values obtained by other authors.

Arsenic oxide, chromium oxide and attium oxide were present at levels below
the detection limit of this methodology. Values for these oxides must also therefore be

considered as semuantitative where listed in this work.
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oTT

NapO | TiO, | SiO, | SnG | AlO3| ZnO [ SO; | NiO |As;Os| CuO| Cl | CoO| MgO [ K0 |Sb,Os| FeO | BaO | MnO| CaO | ZrO; | PbO | CrOs | P05 | V205 [ SrO
Measured (89) 17.18| 0.10| 60.89 0.0 4.1 019 048 009bdl | 270 | 0.18| 0.04[ 111 1.02 0.5p 30 012 0p4 863 Q02 4adl | 055 | 0.03[ bdl
Known 1726] 01| 615 0.04 4.2 0. 054  0.09 nr 2.7 02| 003y 119 11 04 03 034 0p8 871 0025 p4 (.0054 |0.8.03 | 0.01
St.Dev. 029 | 0.01) 066| nfa | 010 | 0.02 0.03/ 001 n/fa | 0.04]| 001| 001 0.0 002 008 041 005 0p2 0f22 d.01 .08/a | 0.04 | 0.02f n/a
Error (%) 045 | 054| 114| nla | 1.38| 476]| 1134 52§ n/a [ <0.01| 1229 931 679 739 776 14B0 14[29 1524 (.96 4148 [2.08a | 34.86] 3.75| n/a

Table3.6: Known and measured values for Corning B (wt.88ndard deviation of
measured values and percentage error between known and measured values
(nr=not reported, bdl=below detection limit, n/a=not applicable).




3.6 Isotopic analysis

3.6.1 Introduction

A smaller subset of samples were chosen for isotopic analysis. These samples were
chosen to represent either the major compositional type found at a site, oriarselect

of the different types found. Time and quantity constraints ledeveer being
analysd for each site, and occasionally only one compositionalhggebeercthosen

when two were in existence at a site. The compositional types of each glass
isotopically analysed will be noted in the results tables in the appendix. The
methodology used for strontium and neodymium analysis will be discussed first as
they were carried out using a similar method. This is followed by a disauskihe

oxygen isotope analysis methodology.

3.6.2 Strontium and neodymium isotope analysis

Introduction

The use of isotopic ratios in geology is a long established technique. They have been
used to date rocks for many years. In archaeological studies the same istopic r
can also be employed. However, rather than dating they are used to link maderials
their placesof origin and in turn provenance the objects produced from them. It is
important for archaeologists to understand the geochemical behaviour of isotopes as
this will lead to a far greater appreciation of their significance in provenance studies
(Li et al 2006; 99). Compositional analysis has been used in archaeology for far
longer and with far greater scope than isotopic studies, which are still in their infancy
The reasons for this are that the scientific techniques employed aredisieming

and expernige, and in the past required relatively large samples (Leslie 2006;

254).
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In recent years advancements in analytical techniques have brought isotopic
analysis into the grasp of the archaeological scientist. While still more time
consuming and expensive than compositional analysis, many studies have shown
isotopic analysis to be far superior in some archaeological provenance studres. Eve
though major elements make up the largest proportion of a sample, their variation in
composition across differeribcations and time periods is often limited. Isotopic
analysis is not always a great success; for example many lead isotope studies of
archaeological metals have not been able to find signatures which are specific to one
source. It is important to combingotope studies with chemical analysis so that an
attempt can be made to link the raw materials used to the isotope systems employed.

Isotopic ratios depend on the composition and geological history of the source rock
and are potentially more useful imderprinting artefacts made in different places (Li
et al. 2006; 99). Britain has a highly variable geological history and therefore it is
hoped that this will allow the discovery of signatures specific to regions, or egen sit
However, the link betweesites and local geology will only be possible where local
raw materials were being used, and this is not likely to have been the casy aff ma
the sites.

The process of analysing an archaeological sample isotopically involves a number
of stages of pregration before it can even be introduced to the analytical equipment.
The following discussion outlines these stages, the process of analysis and how this
relates to the sources of the material analysed. Since this work concerns the use of
thermal ionisabn mass spectrometry (TIMS) to analyse for strontium and
neodymium the following discussion will be limited to this technique and these

elements.
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Thermal ionisation mass spectrometry

The strontium and neodymium isotope compositions and concentratiores wer
determined by TIMS using a Thermo Scientific Triton matillector mass
spectrometer at the NERC Isotope Geosciences Labor#&#srihe name suggests
TIMS works by subjecting the analyte to high temperatures, resulting in its ionisation.
The dried sampl obtained by chemical separation is taken up as a salt solution,
deposited on to a filament and evaporated (Platzner 1997; 153). For Sr analysis this
filament is then inserted into the vacuum system and a current is passed through it.
Raising this currenihduces resistive heating, eventually resulting in a temperature at
which simultaneous volatilisation and ionisation of the sample occurs. The ions are
accelerated through a high potential before passing through a uniform magiektic fie
This field defecs the ions by different angles depending on their mass. The ions are
thus separated by this field and are measured by ion detectors. This technique is
sensitive enough to distinguish between isotopes of the same element. The results are

presented as rati@nd concentrations in parts per million (ppm).

Srontium isotopes

Rubidium (Rb) is a grouft alkali metal with two naturally occurring isotop&%b
and®'Rb, whose abundance are 72.17% and 27.83% respectively (Dickin 2005; 42).
Its ionic radius is sufficiently similar in size to that of potassium (K) to allow Rb to
substitute for K in all Kbearing minerals (Faure 1986; 117). Rb is therefore present in
detectable quantities in a large number of minerdRb is radioactive and decays to

the stablé’’Sr via beta decay by emission of a beta particle and anti neutrino, which
share the decay energ@)(as kinetic energy. It is this process which allows the

measirement of Sr isotope ratios to be used to date rocks and minerals. It must be
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remembered, however, that the application of this method to archaeologica gdasse
in no way connected to dating them. Rather it is used to discern information about the
geobgical environment upon which the plants used are growing (Hendetsain
2005; 666).This will hopefully lead to the provenance of the raw materials. It is
therefore important to understand the geological importance of this method before
applying it toarchaeological samples.

A certain proportion of the strontium will be included in the silica source used; e.g.
in the form or shells or calcinmch minerals present in sands. Based on previous
analyses of plant and wood ashes, it seems likely that tjogityavill be in the alkali
raw material (see tables 1.4 and 1.5). However, as discussed throughout chapter 1, the
compositions of plant and wood ashes are highly variable. The calcium content of
sands is also variable and will depend a great deal on the source used and also any
processing, such as washing, that is carried out prior to the use of this miatisrial.
therefore hard to state with any certainty that the strontium composition st fore
glasses will be a reflection of only the plant or wood ash. This will be discussed

further in section 3.7.

Neoaymium isotopes

Samarium (Sm) and neodymium (Nd) are rare earth elements (REE) that occur in
many rockforming silicates, phosphate and carbonate minerals (Faure 1986; 200).
The REE occur in trace amdsnin common rockorming minerals in which they
replace major ions. Sm has seven naturally occurring isotopes, three of wdich ar
radioactive *’Sm is one of these and decaysfd by alpha emission. As with the
Rb-Sr method it is possible to use thiscay to date rocks and minerals. Again, this

method will not be used to provide dates in this study, rather a means of
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characterising the silica sources used in the production of forest glassasus’re
work has assumed that this element will be presefdr higher proportions in the

silica source, rather than the wood or plant ash (see section 1.2.2).

Sandards analys's

NBS 987 Sr standard gave #®rf°Sr ratio of 0.710281 +0.000005 (1s, n =16), the
accepted value is 0.710250, to whiblese dat&@ollected were normalised. J&M Nd
internal standard gave afiNd/**/Nd ratio of 0.511108+0.000005 (1s, n =4), during

the running of samples in this study, ahése datavere normalised to a value of
0.511123. Typical blanks are below 150 pg for Sr aB@ Rg for Nd. A recent
comparison between J&M and the La Jolla international standard was carried out and
La Jolla gaven ***Nd/**Nd ratio 0.511846 + 0.000003 (1s, n=6) (accepted value

0.511860) while J&M gave 0.511103 = 0.000001, (1s, n=10).

3.6.3 Oxygeni sotope analysis

Oxygen Isotope analysis has been used in archaeological glass studies for the past 40
years. There are two stable isotopes of intéf&tand*®0. The heaviet®0 isotope

occurs naturally approximately at a ratio of 1:50@h® lighter isotope (Frank 1982;

64). The isotopic ratio of oxygen depends on where and the form in which it occurs in
nature (Brillet al 1999; 303).

The oxygen isotope method does not involve radioactive decay, like strontium and
neodymium, it is physal and chemical fractionation processes that are responsible
for the isotopic variations observed (Brill 1970; 143). Oxygen occurs in forms which
readily interchange with one another, such as water, ice, water vapour and

atmospheric oxygen (Faure 1986304438). As it is particularly susceptible to
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fractionation during these interchanges f@ contents of various materials can be
quite different (Brill 1970; 154).
By convention oxygen isotope ratios are reported in terndsadfich is a measure
of the deviation in parts per thousand from a standard known as the standard mean
ocean water (SMOW) (Brill 1970; 154). Thus tH®© content of SMOW has by
definition a value of zero on thescale. Those with a positive value have an excess of
%0 over SMOW and those with a negative value a deficiency (Brill et al. 1999; 304).
Brill et al (1970; 1999) have noted that oxygen isotopes could be used to source
silica because there is a natural range in isotope values which is dependent on the
geology (see figure B). They suggested théhe oxygen isotope composition of
archaeological glass is strongly dependent on the oxygen isotope composition of the
raw ingredients, especially the silica, since silica is the predominant component
(Hendersoret al 2005; 666). Experimentation has shown that varying the melting
times and temperatures had no measurable effect on thé'fi@abf the glass, and

therefore the geological ratios will remain in archaeological glasses.
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Figure 35: 0 contents of some naturally occurring materials and
glassmaking ingredients (Brill970; 155).
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Due to the processes involved in the weathering of glassesi@héevels in
weathered glass are altered due to the exchange of ions with the surrouridsags.
therefore particularly important to use unweathered glass when discerniggnox
isotope ratios. It is clear that weathering can have a drastic effect Y®tbentent of
a glass (Brill 1970; 157). Weathered glass was avoided during all typeslyggisina
carried out in this project.

The only factor determining a glass’s oxygen isotope ratio is the raw nateria
Brill (1970) and Brillet al (1999) have stated that the oxygen isotope signature of a
glass will be mainly dependent on the silica soungty a small effect from the flux
and stabiliser. By experimenting with differing alkali and stabiliser sourceseBall
(1999; 307) attempted to show this. Using a silica source with a %0 of 14 and
sodium carbonates with 8*°0 of 30 and 10 they praded glasses with 5'°0 of 15.5
and 13.5. While this shows that the majority of the '°0 value of a glass is based on
the silica source, it is also clear that the other raw materials can have a noticeable
effect on the oxygen isotope signature of the finished glass. Oxygen isotopeudata m
therefore be considered as reflectihg silica source with some alteration due to the
flux and stabiliser. None of the raw materials analysed in this study have been

analysed for oxygen isotope ratios.

Preparation of s amples

To carry out oxygen isotope analysis it is necessary to separate the oxygen from the
glasses. Samples were subjected to laser fluorination to remove the oxygen.
Preparation was initially carried out using glass powders; however tlgemxyelds

were low. Significantly higher yields were generally obtained using Isohgbs of
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glass. Wherever a higher yield was obtained using powder, this result wlag\fise

fluorination the oxygen was reacted with heated graphite rods to prodyce CO

Analysis and standards

The oxygen isotope ratio was measured using mass spectrometry. The internal la
standard SES was run, at least in triplicate, with each sample run (max 6 samples),
and gave reproducibility of £0.3%. or better. The methodology used routibédyns

a result of 9.6+£0.3%o or better for the international quartz standard NBS 28.

3.7 Raw material analysis

The bracken ash and silica samples collected from The Weald, Staffordshire and
North Yorkshire were subjected to analysis using TIMS. This gave concentratwns a
isotopic ratios for both strontium and neodymium. None of the raw material samples

was analysd by electron microprobe.

3.7.1 Bracken ash

Sample Material Sr(ppm) | ¥'Srf°Sr | Nd (ppm) | **Nd/A*Nd
Cannock Chase| Bracken ash 87.5 0.712562 1.084 0.512371
Hutton Common| Bracken ash 311 0.712815 7.315 0.511997

Sidney Wood Bracken ash 235.3 0.713048 25.44 0.512095

Table 3.7 TIMS analysis results for bracken ashes.
The results of these analyses are of great importance to the intepprefaisotopic
data for archaeological glasses. In previstiglies neodymium has been associated
with the silica source used in glass production. However, in the case of the particular
bracken ashes analysed here the Nd content outweighs that found in all the silica
sources in two out of three examples (see tallg In one of these cases, that of the

Wealden sample, the Nd content of the bracdsnis so much greater than that of the
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sand source that it will definitely influence the Nd isotope rdti® concentration of
Nd in the bracken may vary depending on ashing temperature, season of harvest (see
section 1.2.3) and the composition of the soil on which it grew.

This discovery is rather limited in its actual implicatiodsie to the natural
variablity of source. Fbwever it is potentially very important in terms of the results
of this study. It is no longer possible to be sure fitd/**“Nd results ca be linked
to the silica source alone. Rather, the Nd composition of the sample must be
potentidly considered a mixture of both the silica and alkali source. Further work on
other raw material sources and locations must be carried out to discern theoextent
the potential Nd contribution of wood and plant ashes, but this is beyond the scope of
thisthesis.

The ®’SrPSr values and Sr concentrations for the bracshres also vary greatly
between source locations. As with the Nd concentrations there are many possible
reasons for the differences in Sr concentrations. As discussed abo¥&Srffsr
value should represent the biosphere available strontium in the environment in which
it grew. Comparison with the map produced by Evans et al. (2010) shows that the
measurements made on the three bracken ash samples do not represent the more
widespread tramh of ®’SrP®Sr values found in these areas (0.70910). These results

illustrate the difficulties with attempting to assign provenance to a material based on

its source.

3.7.2 Slica
Sample Material Sr(ppm) | ¥’SrP°Sr | Nd (ppm) | ***Nd/A*Nd
CannockChase Quartz 1.4 0.830912 0.35 0.512074
Hambledon Hill Sand 7.5 0.720689 2.952 0.512018
Hutton Common Sandstone 27.5 0.728206 6.752 0.511969

Table 38: TIMS analysis results for siliceamples
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The three silica sources have velifferent strontium and neodymium compositions
(see table 3.8)The quartzcollected from Cannock Chase has the higA&tPeSr
values but a very low concentration and so would not greatly influenc&’&m&°sr
values of a glass produced using it @anplant ash (see bracken ash Sr concentrations
in table 3.7).

The ®’SrPSr values for the sand and sandstone are also much higher than those
found for any of the bracken ashes. The concentration of Sr in these two silica sources
may be enough to have a noticeable effect on a glass produced using them, depending
on the Sr concentration of the plant or wood ash.

The Nd concentrations of all of the silica sources analysed are surprisingly low. All
are lower than the corresponding bracken ashes for their areas of collection. The
143N d/A*Nd value of a glass produced using a combination of these sources would

therefore be dominated by that of the bracken ash, rather than the silica.

3.7.3 Summary
It must be remembered that these are only three samples of each material, and that it
is not possible to say that any of these sources were used by forest glassmake
However, the results are still very important in terms of the findings of this study.
Raher than expecting the strontium isotope signature of a glass to represeahthe pl
or wood ash used, and the neodymium from the silica source, these results show that
the®’SrfSrvalue of a glasmay be affected by strontium in the silica source,tard
143N d/A*Nd value may be affected, and even dominated, by that of the plant or wood
ash used.

A further finding, which has already been noted by others, is that &m&°Sr

varies within regions and an average biosphere available value for an iirea w
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certainly not represent the entire biosphere. This makes it very unlikely tau|d

ever be possible to provenance forest glasses G&814°Sr values, without first
having analysed glass from a production site even if it were possible to bihature
local raw materials were used. Further to this complication, if a production site
changed its raw material sources, even over a short distant&thir value of the

glass produced could vary considerably (see Chenery et al. 2010).

3.8 Model glass analysis

3.8.1 Chemical c omposition

Na,O | MgO | Al,O; | SiO, | P,Os* [ K,O | CaO | MnO | FeO| Sh,05
Weald Model| 0.66 | 3.43 | 1.33 |57.76| 1.74 | 8.18| 16.77| 1.59 | 0.35| 0.44

Table 39: Selected oxide EPMA results for model glasses. All data is in weighidé.ox
Phosphorusxide value should be considered seuantitative (see section 3.5.5)

The chemical composition of the glass is listedahle 39. As noted above, the
production of this glass was in no way intended to replitetehemical composition

of glassedound at sites in the Weald. Using this combination of raw materials it has
been possible to produce a glass which, unsurprisingly, has a potash composition. The
composition is not dissimilar to some forest glasses which have been analysed
previously (se¢able3.3). In particular those from Knightons, Bagot’s Park and Little

Birches.

3.8.2 Isotopic composition

Sample Material | Sr (ppm)| #SrP°Sr | Nd (ppm)| ***Nd/***Nd
Hambledon Hill Sand 7.5 0.720689| 2.952 0.512018
Sidney Wood Bracken Ash| 235.3 | 0.713048| 25.44 0.512095
Wealden Model Glasg Model Glass| 269.2 | 0.713177| 29.61 0.512058
Table 310: Sr and Nd concentration and isotope ratios for model glass and rawatsateri

The production of a modgllass and analysis of its isotopic signature has illustrated

many of the points noted above and added some more potential problems. The Sr and
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Nd concentrations of the glass are higher than those of either of the raw materials (see
table 3.10). Thereforejuring the melting process other components of the mixture
must be lost, causing the Sr and Nd concentrations to increase. The increase of Sr and
Nd concentration will cause problems if this property of a glass is usedgrsosiic

of its production by @&pecific raw material by observing the concentration present in
said raw material. Variation in Sr, Nd and other component concentrations during
melting must be borne in mind when discussing possible raw materials.

The®'srf°Srvalue is most similar to the bracken ash value, but it has been slightly
elevated by the introduction of the sand with its higH&rf®sr value, but lower
concentration. This illustrates what was expected from the raw material analysis; that
silica souces can have a small, but noticeable effect on®t8eP°Sr of a glass
produced from them. The elevat&&rF®Srin the sand source is likely to be due to
the presence of feldspars and other minerals in the sand which hav&Shitfisr
values.

The **Nd/**Nd value for the model glass is almost exactly halfway between the
values for the bracken ash and sand. Due to the high Nd concentration in the bracken
ash, relative to the sand, and the recipe used it was expected tHanef&Nd of
the glass wuld be closer to that of the bracken ash. The reasons for this difference
from the expected effect are unknown at this stage in the research and will need to be

investigated further, but this is beyond the scope of this project.

3.8.3 Summary
The production and analysis of a glass from raw materials previously ahdlyse
TIMS proved very useful in identifying further discontinuities between the ra

materials and finished glasses. The results have shown that there will be some
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alteration of the concentration of the components of a raw material as ites laea

some more volatile components are preferentially diminished in the melt.

3.9 Summary

The assignment of provenance to archaeological glasses is a very difficult process. It
is very important tcstate the assumptions that have been made before an analytical
project such as this one is begun. It is clear from previous analytical wathéer
authors, and the analysis of raw materials carried out in this study, that there will be
many problems witlinding compositional or isotopic signatures which will provide a
link to the raw materials used in the production of forest glasses or their prozenanc

Problems include the mixing of raw materials, potential use of cullet produced at
other sites, thentraspecies variation in plant and wood ashes, and the lack of
elements or oxides that can be specifically connected to single raw materials. These
problems are discussed both in this chapter and chapter 2. If these potential problems
are known before theiscussion of analytical results it is possible to attempt to
account for them.

The glass samples taken for this study have been taken from as wide a range of
sites as is possible to give the largest, and hopefully most variable, passdset.
Prevbus analyses of glasses from many of these sites have shown variations that may
be relatable to location and/or chronology of the sites. These compositions can be
used to suggest the types of raw materials used at each site and how they may have
altered. Ezen though the quantity of isotopic analyses carried out on forest glasses is
very small, possible raw materials have been suggested and this singlehasud
altered the perceived view of raw material use in forest glass production (see

Dungworth et al. 2009).
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The techniques employed in this study will provide a wide range of data wdrich c
be interpreted to answer many questions relating to the production of the glasses
sampled. The electron microprobe data will be useful in characterising the glasses
based on recipes and raw material use. While not specifying particular species, it
should prove possible to suggest types, such as raikall, potash etc. The isotopic
analysis data will provide a further means of characterising the raw materials used in
the glasses’ production. Previous work outlined in this chapter and the analysis of raw
materials has shown that there will probably be many cases in which the isotope
systems chosen cannot be tied directly to a single raw material. The discovery of a
neodyniumrich plant ash is of particular importance to this study and will have
ramifications for the results of archaeological glass analyses discussed in chapter 4.

The results outlined in this chapter will make the discussion of the results of this
study fa more complicated than was initially expected. In fact it will mean that many
of the conclusions relating signatures to raw materials can only be suggestesl unl
they have a very distinct quality. It is hoped that the analyses may still be able to
produe sitespecific isotopic signatures, even if they cannot be directly related to the

provenance of the raw materials themselves.
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Chapter 4. Results and discussion

4.1 Compositional analysis

4.1.1 Introduction

Samples from all of the sites discussed in chaptevere analysed by electron
microprobe for 25 major, minor and trace elements. In total 179 samples from 12 sites
were analysed. These ranged fromeefrom Buckholt to over 20 from some of the
sites. Thenumber of samples analysed per site was dictated only by the amount that
was made available f@ampling anagnalysis.

This set of chemical compositions represents the largest study of English forest
glass to date. Carrying out all the analyses usingglespiece of equipment and
methodology means they are all directly comparable. This allevnates of the
problems associated with looking at previous work, discussseciion3.3.

Figure4.1 is a plot of aluminium oxide (AD3) vs. magnesium oxidégO). It is
a useful way of explaining compositional differences since the majority of the
aluminium comes from the silica source and the magnesium from the alkali, in this
case wood ash. They are both present in relatively large quantiti&swt%) and
therefore their variations can be easily and accurately detected by this means of
chemical analysis. As a whole, the glasses all fall intmompositional grouping
already established as that for wood and plant ash glasses. The samples do not
generally fd into separate compositional groygependant on which sites they are
from. Howeverthe data from many of the sites does fall into a relatively small range
of values: for example, the high alumina samples from Haughton Green and the low

alumina, high-magnesia samples from Blunden’s Wood.

131



[AN)

Site and Period n. Na,0 TiO, SiO, Al,O5 Cl MgO K,0 Sh,0s5 FeO MnO Cao P,05 > Alkali Type
Early
Blunden's Wood 20 2.53 0.09 58.41 0.89 0.51 6.71 11.25 0.79 0.65 1.08 13.p9 1.95 13.78 1
Transitional
Knightons 9 2.38 0.22 56.48 1.96 0.35 6.6 10.72 0.71 0.73 0.94 13.43| 243 13.1 1
Little Birches 11 2.27 0.13 60.3 2.16 0.17 6.31 11.93 0.79 0.6 1.24 w00 1.7 14.2 1
Bagots Park 17 2.75 0.1 60.33 1.69 0.23 7.61 9.97 0.69 0.51 1.61] 11.1f 2.07 12.72 1
Late
Buckholt 1 1.81 0.1 59.78 0.81 0.44 6.41 9.44 0.62 0.61 0.8 13.34 3.8 11.26 1
Buckholt 2 1.1 0.27 57.68 2.22 0.21 3.18 5.59 0.4 1.19 0.49 22.27 2.23 6.69 2b
Buckholt West 19 0.97 0.25 59.64 2.32 0.11 2.92 5.38 0.3 1.0] 0.41L 21.f2 1.61 6.36 2b
Bickerstaffe 12 5.77 0.12 58.57 2.26 1.22 4.76 1.96 0.16 0.6 0.5p 19.58 1.93 7{73 3b
Glasshouse Farmfl 3 1.6 0.25 56.55 3.35 0.36 3.75 9.41 0.66 1.29 0.57 1892 1.76 11.01 2a
Glasshouse Farm|p 6 3.61 0.25 57.33 3.71 0.55 3.84 5.48 0.38 1.24 0.51 19.44 1.3 9p9 3a
Hutton 10 2.17 0.22 60.86 2.63 0.67 2.31 4.17 0.31 0.9 0.3B 219 1.1 6.34 3a
Rosedale 1 2 1.63 0.2 58.05 2.6 0.43 2.7 8.2 0.57 0.98 0.4 19.84 1.52 9.83 2a
Rosedale 2 16 3.34 0.23 58.36 3.2 0.49 3.15 5.63 0.41 1.29 0.27 19.39 1.32 8.98 3a
Rosedale 3 9 6.7 0.24 56.43 3.45 0.59 5.89 471 0.33 1.55 0.24 151 145 11.42 3c
Coal Fired
Haughton Green 5 4.32 0.29 51.74 55 0.39 4.12 5.4 0.38 2.54 0.53 19.31 2.03 9.72 3a
Haughton Green 16 5.7 0.25 55.89 4.69 1.21 4.27 2.21 0.16 2.14 0.45 18.49 1.79 791 3b
Kimmeridge 21 3.03 0.19 58.86 2.25 0.41 3.36 3.88 024 1.1 0.3 22.33 1.77 6.91 3a

Table 4.1: EPMA results for selected components ordered by site and chronologich(\wteo).
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Oxide Type 1 Type 2a Type 2b Type 3a Type 3b Type 3c
Wit% Average SD Average SD Average SD Average SD Average SD Average SD
(n=62) (n=5) (n=20) (n=61) (n=28) (n=9)
Na,O 2.49 0.39 1.61 0.47 1 0.24 3.36 0.98 5.73 0.56 6.7 0.47
TiO, 0.12 0.06 0.23 0.03 0.24 0.03 0.22 0.04 0.19 0.07 0.24 0.03
Sio, 58.94 2.83 57.15 2.06 59.6 2.1 58.37 2.91 57.04 2.16 56.43 1.45
SnG, nd nd nd nd nd nd
Al O3 1.54 0.7 3.05 051 2.1 0.34 3.01 0.97 3.65 125 345 0.24
Zn0O 0.04 0.01 0.03 0.01 0.04 0.01 0.03 0.01 0.02 0.01 0.02 0.01
SO, 0.17 0.08 0.15 0.06 0.29 0.09 0.26 0.15 0.06 0.07 0.24 0.03
NiO <0.01 n/a <0.01 <0.01 <0.01 <0.01 <0.01
As,05* 0.07 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.07 0.03
CuO 0.01 0.01 <0.01 0.02 0.01 0.01 0.01 <0.01 <0.01
Cl 0.34 0.16 0.39 0.1 0.12 0.05 0.53 017 1.22 0.14 0.59 0.11
CoO <0.01 <0.01 0.01 0.01 <0.01 <0.01 0.01 0.01
MgO 6.86 0.94 3.33 0.6 2.95 0.63 3.34 0.73 4.48 0.35 5.89 0.47
K,0 10.86 1.23 8.92 0.95 5.43 0.67 4.62 1.37 2.1 0.63 4.71 0.34
Sh,Os 0.74 0.09 0.62 0.07 0.38 0.05 0.32 0.1 0.16 0.04 0.33 0.02
FeO 0.62 0.14 1.17 0.22 1.07 0.17 1.26 0.51 149 0.8 1.55 0.17
BaO 0.17 0.07 0.09 0.05 0.1 0.04 0.1 0.07 0.14 0.04 0.08 0.02
MnO 1.22 0.29 0.5 0.11 0.42 01 0.34 0.11 0.48 0.06 0.29 0.09
CaO 12.25 18 19.04 13 21.79 1.64 204 219 18.84 153 15.1 157
ZrO, 0.01 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.02 0.01 0.02 0.01
PbO 0.03 0.04 <0.01 0.02 0.01 0.02 0.02 0.02 0.01 <0.01
Cr,0;%* nd nd nd <0.01 nd nd
P,0;s%* 2.09 0.51 1.66 0.15 1.67 0.25 1.51 0.35 1.85 0.15 1.45 0.08
V,0;% <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
SrO* nd nd nd nd nd 0.02 0.03
Total Alkali 13.35 1.29 10.54 0.75 6.43 0.82 7.98 1.68 7.84 0.39 11.42 0.36

Table 4.2: Average and standard deviation values composition of glass types found irpthe studieqwt%).




Notes for tables 4.1 and 4.Phere ardwo samples from Buckholt West WG11 and 21 which are not
included in the average tables above due to anomalously high aluminium, \agaesfrom these
values they are group 2b glasses. WG11 also corgiaimsalously low lime levels

There ardour samples (C2NVG1, C3WG1, CEWG2, CTWG3) from Glasshouse Farm which have
Type 3 compositions, but also differ due to highly elevated alumirelsleVhey were all samples
taken from crucible fragments. They hawet been included in the average values in this table. One
further sample (C2VG2) was also taken from a crucible fragment was not includedaigghly
elevated calcium oxide levels.

Two pieces from Bagots Park C2 and C3 which were taken from crucibles@igpe 1 apart from
high aluminium levels, are not included in the averages.

nd=not detected, <0.01=detected at levels below 0.01 wt%.

* Values for these oxides should be considered gprmantitative. Please see section 3.5.5 for further
details.

Type 1 | Low Lime-Potash

Type 2a || High Lime-Low SodaHigh Potash
Type 2b || High Lime-Low Alkali-Low Chlorine
Type 3a || Mixed Alkali-Low Soda

Type 3b || Mixed Alkali-High SodaHigh Chlorine

Type 3c || Mixed Alkali-High Soda
Table 4.3: Descriptions of glasges.

134



GET

Ao,

BEagat's Park
Bickerstaffe
+ Blunden's Wood
~Buckholt
a4 4 =Buckholt West
A = Glasshouse Farm
AHaughton Green
LY f & Hutton
Kimmeridge
# Knightons

-8
] & BLittleBirches
-] [ ] Q L ’ L] L ]
] - ;- o Fosedale

Mg0

Figure 4.1: EPMA results for alumina vs. magnesiaafbsites in this study (wt%)



4.1.2 Comparison with previously published work

There are a number of differences between the results found in this study and those
found by previous workers. However, in terms of compositional types there are also

many similarities. The earlier sites are higher in potash that later sites, and the

chrorological trend still seems to be towards an increasing use ofrisbdplant

ashes at later sites. Green and Hart (1982) found glasses at Knightons thagere

in calcium than any of those found in this study. The glass produced here may

therefore nbonly be of type 1 composition, but also of type 2a. However, no type 2a

glass from Knightons was found in this study.

4.1.3 Discussion by compositional t  ypes

Three major compositional types were found in the gkasalysed in this study.

They can bedund in the table 4.2. In general these types, and thtygab they are
divided into, are not completely compositionally distinct based on any single
component. It is only when a number of oxides are taken into account that the
differences become cleddowever, they are still useful ways of dividing the glasses
into compositional types. The differences may be the result of gradual or sudden
changes in recipes depending on chronological or geographical fadterspes will

be described here and thersgpible reasons for their compositional differences will be
discussed. Then how the types vary between sites and how this relates to chronology

and geography will also be discussed.

Division of types
The compositional differences between types can be seen in table 4.2. Type 1 is

high potash, low lim&omposition commonly known at potash glaBgoe 2 glasses
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are high lime, low soda glasses with varying potassium levels. Type 3 are mixed
alkali glasse with varying soda and potash levels and high lime levels. Types 2 and 3
can be further divided into another two and three subgroups, respectively.
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Figure 4.2: EPMA resultfor potash vs. soda for types 1 and 2 glasses (wt%).

Type 2a glasses have ahipotash level comparable with some glasses from type
1. However they differ from type 1 glass due to their higher lime, low magnhesia
alumina and low soda composition. Type 2b share these four compositional
characteristics with type 2a, but have mulmWer potash, and therefore total alkali

levels (see figure 4.2).
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Figure 4.3: EPMA results for chlorine vs. soda for type 3 glasses.

Type 3a glasses have generally higher soda and lower potash contents than type 2

glasses (see table 4.2). Type 3asges differ from type 3a due to their higher soda,

lower potash levels, and their high chlorine content. It is this third componectt whi

makes them distinct from all other glass types discussed here. The final type, type 3c,

shares some compositional characteristics with both type 3b and 3a. Its salarievel

similar to type B, and its chlorine and potash levels are closer to type 3a (see figure

4.3 and table 4.2). It is distinct from both of these other type 3 glasses due to its

elevated magnesia levels.

Reasons for compositional differences

Previous analytical work on raw materials carried outitmhaeological scientists in

attempts to discover the reasons for compositional similarities and differences in
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forest glasses has been discussed in chapter 1. The results of these gdtimiesed
here in an attempt to discover the reasons for thgpositional differences between

types found in this study.

Type 1
As noted above type 1 glasses are high potash, low lime. They are also
compositionally different from the other types based on a variety of oxidesn(see i
particular thosen bold fontin table 4.2). Bearing in mind the high levels of intra
species variation in alkali compositions discussed in chaptgpe 1 glasses share a
number of compositional similarities with glass produced by Smestley (2001)
from a mixture of 1 part brackersla 1 part birch ash and 1 part silica. This is
therefore one possible recipe for this type. However, this does not explain the high
magnesia levels in this type (the above study produced a glass with only 2.42 wt%
MgO, compared to 6.86 wt% in this studyhere must be a difference in the alkali
sources used, probably a different species of plant or wood ash. However, which
species was used is currently unknown. The high potash and relatively low soda
levels in these glasses make the use of-gsotigplantashes in their production very
unlikely.

The average values for the oxides that are generally associated with impurities the
silica source used (i.e. alumina, titania, iron oxide [see section 1.2.2]) are ot i
type than any other, apart from sotgpe 3b glasses from Bickerstaffe. This may be
related to the type of sand used, or possibly that the sand used at these sites was
purified in some way. Theophilus prescribed that the sand used in glass production
should be ‘taken from water’ (Dodwell, 1961; 39). This may mean that the sand was

river sand, or that it was washed in water prior to its use. This is only one possible
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explanation for the levels of these oxides. As was shown in chapter 1 these three
oxides are alspresent in varying quantities in wood/plant ashes and so a variation in
the species used at these sites may explain the difference. The average lime levels in
these glasses are also lower than those of any other glass type found in this study (see
figure 4.4), however they do overlaptivsome type 3 glasses. There are at least three
possible explanations for this.
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Figure 4.4: EPMA results for lime vs. total alkali levels divided by
compositional type for all samples in this study (wt%).

Firstly, that a low lime sand source, eithgurified or selected for its lack of
impurities, was used in the production of these glasses (see above). Seteglley
(2001) found that using a refined sand source and bracken and birch ash a glass of
14.84 wt% CaO was produced (the average valuetyper 1 glass are 12.25 and a

maximum of 15.3 wt% CaO). It is therefore possible to produce a glass with type 1
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lime composition without the separate addition of lime as a separate raw material or
as part of the silica source.

The second possible explaioat for the low lime levels is simply the use of a
different plant/wood ash at these sites. The high variability of calcium levels in
different wood and plant ash, both intand intraspecies, can be seen in the data
reported in chapter 1. As shown by Wedepohl (1997, 2000) even the part of the tree
used can greatly affect its lime content. Therefore choosing differentgbarts tree
to ash may alter the lime levels found in finished glasses significantlglenowause
the observed difference. The similarities between the compositions of ghalss e
at sites in The Weald and Staffordshire would seem to imply that the compositional
variation is not due to differences in the growing environment and rather an ingredie
or methodological choice made the glassmakers at these sites.

The third explanation is that lime was added as a separate raw material in the
production of types 2 and 3 glasses, but not in type 1 production. This possibility is
discussed in detail in chapter 1 and has been suggested by a number of other authors
(see Hartmann 1994; Schalken al. 2004; etc.). From the current data available (see
tables 1.25) it would seem that the addition of serlzh plant ashes in type 3 glasses
could not account for the increase in lime levelshi fiater glasses. This change in
raw material choice can therefore not account for this change. As noted many times
before, these compositions should not be considered definitive plant ash
compositions. However, they suggest that a Jriale raw material separate to the
alkali sources may have been added.

It is not possible to discern from the compositional information presented here

precisely which of these possibilities is the case. However, it seems very likely that
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the type 1 glasses were produced gsirsimilar recipe and that similar choices of raw

materials and recipes were being made by the glassmakers producing this glass type.

Type 2a

These glasses are also of a khugltash composition. They differ from type 1 glasses

due to their elevated limelumina,iron oxide and titania levels and lower soda,
magnesia and phosphorous oxide (see table 4.2). These changes imply difieent s
alkali and, possibly, lime sources were used (see description of type 1). Itestauhg

here that these two changes are a switch to the use of a different wood ash alkali
source, and the use of a higher impurity sand source than that used to produce type 1
glasses. However, as discussed above, these data do not discount the possibility that
simply a different wod ash was used, perhaps with the addition of lime as a separate

raw material.

Type 2b

These glasses share similar average lime levels and low average soda levels with type
2a. However, this type also has relatively low average potash and magnesia levels
The production of glass with this composition would have required a higher furnace
temperature than types 1 and 2a due to the higher lime levels and lower total alkali
levels. This high lime, low alkali composition would result in a more stable and
durabe glass, thereby making the effort to increase furnace temperature worthwhile.

It is not possible to say for certain that this was the intention of the glassmaker

they may have been forced into reducing the alkali levels due to problems sourcing
raw materials, thereby necessitating the increase in furnace temperature (see section

4.1.4 for further discussion). The high lime levels in this low alkali sample results
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from a separate addition of lime, the use of a lime containing silica source, oethe us

of a highlime low alkali ash.

Type 3a

This is the first of three sulypes with increased soda levels. As a single larger type
they can be described as mixa#tali glasses. This first stiigpe is the largest of the
three and describes glasses lighly variable soda and potash compositions (see
figure 4.5). Thelime levels in these glasses are comparable with glasses of type 2.
The alkali composition of this type is due to the addition of a-sodgaining alkali
source. This source is probablgadarich plant ash, which may have been added in
combination with a potastich wood ash, or alone, as it is possible to see from plant
ash analyses they can contain approximately equal quantities of both alkal@gor m
or less of either (see chapteardd Barkoudah and Henderson 2006).
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Figure 4.5 EPMA results for potash vs. soda for all type 3 glasses.(wt%)
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Type 3b

These glasses share some compositional characteristics with type 3a. However they
differ due toelevated soda and chlorine conteahdreduced potash (see figures 4.3

and 4.5). The total alkali and lime levels in type 3b glasses are very similaramthos

type 3a composition. It has been shown by Tanimoto and Rehren (2008) that the
guantity of chlorine present in glasses can be coeetlaith the alkali content of the

glass; increasing the alkali content of a glass melt will allow more chlorine to be
dissolved. However, as this glass has similar total alkali levels to those in type 3a it
must be assumed that the elevated chlorine lékais one of the raw materials used

in the production of type 3b glasses. It is suggested that type 3b glass is made using a
different alkali raw material to type 3a, one that contains a higher proportion of soda
relative to its potash levels, and chlorine. Hartmann (1994; 119) has suggested that the
increased chlorine levels found in some Germanradieval glasses may be due to
either the use of reed grass or salt (see chapter 1). The elevated zinc oxide levels he
found in the high chlorine glasses frad@ermany are not found in this study. That

rock salt would have been a relatively expensive commodity in the late medieval
period would seem to suggest that it is more likely that a chlocheplant ash was

used to produce type 3b glassiesd().

Type 3¢

These glasses have some similarities with both type 3a and 3b glasses. They are
mixed, and high total, alkali glasses with similar chlorine levels to type 3a glasses
(see figures 4.3 and 4.5). They differ from both of the other type 3 subtypes due to
their higher magnesia levels and lower average calcium levels (see talded.2

figures 4.1 and 4.4). These glasses seem to have been produced using a different
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alkali source to types 3a and 3b. They have similar soda levels to type 3b. However, if
they were produced using an increased quantity of the same alkali source used for

type 3b glasses an elevated chlorine content would also be expected, and is not seen.

4.1.4 Discussion by site and chronology

Table 4.1 shows the average compositions for edeh Where there was glass of
more than one compositional type found at a site the average values for eaate type
listed. Below is a discussion of the analytical results in terms of chronolodne of t

production sites.

Erly

The only site dating to befotbe 16h century is Blunden’s Wood (1330) All of the

glass analysed from this site is of type 1 composition. The glass franddi’s

Wood has lower alumina values than the majority of other type 1 glassesy(gee fi
4.1). This may show sonukfference in the raw materials used here, most likely that a
sand source with a lower feldspar content was used. This may not, therefore, have
been a conscious choice, as this small variation (~1 wt.%®-\l would not

noticeably alter the melting and wank properties of the glass.

Transitional

There are three sites dating to betwedrb00 andc.1567, Knightons, Bagot’'s Park

and Little Birches. All of the samples analysed from these sites are also of type 1
composition. Without analysing samples froites between the single thdcentury

site and these sites it is hard to say, but it would appear that there may be continuity in

the recipe used during this tvwmndred year period. There is no evidence for the
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suggestion by Welch (1997) that quartz pebbleay have been used at the
Staffordshire sites. If this were the case a compositional differencel Wwewdxpected
compared to other sites in terms of lower impurities associated with the silica source
used.

The compositional similarities between Knightons, Bagot's Park and Little Birches
are very interesting. They show that in the 1héth century there was a recipe which
was used in both The Weald and Staffordshire. This implies there was some form o
communication between these two areas at some tinvegdbr before this period.

These sites all have evidence for the production of windows, so an increased
demand for window glass could have inspired glassmakers to move between these
centres at some point during these periods and thereby transmitipiee(see section
1.1.2). Perhaps there was an increase in demand in the Midlands, a decrease in
demand in the Soutkast or vice versa. Further investigation into the consumption of
glass in these two regions would assist with these assumptions, howsves th
beyond the scope of this thesis.

There are some glass samples from each of these three sites which doorat conf
entirely to type 1 composition. In general they have lower magnesia values and/or
higher alumina values. However, due to their highaglotand relatively low lime
levels they are still considered type 1 glasses. The reason for the differences in their
composition may be due to a lack of homogeneity in the glass crucible resalting
differences in composition in some samples, as thedba@aminority of samples from
these sites. It probably does not represent the use of different recipesnoatevals,

however this cannot be discounted.
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Late

The glass produced in this period shows the greatest variation in compositional types.
Everycompositional type and subtype are represented in this chronological period. In
terms of chemical composition, it is this period which is far nmenesitional than the

one which precedes it.

The earliest sites in this group are those locatetHampshire, Buckholt and
Buckholt West dating to the 1570s and 80s. There were only three samples from
Buckholt: however, these three are of very important compositional types. Two are
produced from type 1 glass, finding their closest analogies with tlss d¢tam
Blunden’s Wood. The third sample is of type 2b composition, as are all the glasses
from the nearby site of Buckholt West. It is particularly interestinigave found type
1 glass at Buckholt as this site was thought to have been run by glassirakerbe
Weald who would have been working at sites like Knightons before moving to
Hampshire {Vinbolt 1933; 18). They may therefore have taken some glass with them
from The Weald for use as cullet, or begun producing type 1 glass at Buckfaik, be
switching to producing type 2b glass at Buckholt and Buckholt West. The incredibly
small quantity of data makes it impossible to prove this hypothesis, but this is one
possible suggestion.

The production of type 2b glass at Buckholt and Buckholt West ischlgoeat
interest. The date of these two sites puts them after the arrival of immigrant
glassmakers from nortvestern Europe. This influence can be seen in the winged
design of the furnace at Buckholt (see chapter 2). In the discussion of glass type
abow it was noted that the melting of type 2b glass would require a higher
temperature than type 1 (see section 1.2.5 for discussion of melting temperatures of

glasses), and the winged furnace at Buckholt may have been more efficient at

147



achieving higher tempatures than the rectangular furnaces producing type 1 glass in
The Weald prior to this time. The low levels of alkali in type 2b glasses also fits
rather well with the documented difficulties the glassmakers of this period were
having in acquiring raw matials (see chapter 2). The glassmakers at the Buckholts
may have been using less alkali, and the new furnaces, capable of achieving higher
temperatures, allowed this to be possible. The darker colour of these glassdsanay
have been the result of a ndwnace design which allowed a more oxyge
environment to be achieved (see sections 1.3 and 2.7).

The next site to be discussed is that of Glasshouse Farm, Herefordshiretalating
sometime between 1580 and 1620. The glass at this site is of two compositional types;
2a and 3a (see table 4.1). The first of these types shares its high potash kwvels wi
type 1 glass, but high lime levels with all of the other types. There are omby thr
examples of this glass type found at this site. It may be the @ssbme form of
experimentation in glass recipes, or have been produced elsewhere and brought to the
site as cullet (see section 1.2.4). The type 3a glasses found here show that a soda
containing alkali source was being used at this site. If the ddtigscsite is towards
the earlier end of the time period suggested by Bridgewater (1967; sea 2514)
this may be the first evidence found in this study of the use of this ralkatl
composition in forest glass production in England.

The sites ofHutton and Rosedale are in close proximity to one another in both
location and date. They are both located in North Yorkshire and date to thethate 16
century. At Hutton the only glass type found was type 3a, this shows some similarit
with some of the glass produced at Glasshouse Farm. However it cannot be suggested
that precisely the same recipe was being used, merely that a similar raw material

choice(s) appears to have been made.
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The story at Rosedale is rather more interesting. Three composiypesal were
found in the glass at this site. Firstly, two samples of 2a glass, which is omly als
found at Glasshouse Farm, suggestions for its presence are the same aglthase la
above. Secondly, 3a, which is found at a large number of sites and ghlg hi
variable, mixed alkali compositional type and common to many of the sites in
operation during the late t6and early 1% centuries. The third is type 3c which is
unique to this site. The discovery of this compositional group at this site shovas that
different alkali source, or combination of sources, was used here and not atlaay of
other sites in this study.

The last site to be discussed from this time period is Bickerstaffe. The glass from
this site is of an aqua blkgreen colour, only similar in colour to that from Blunden’s
Wood. However, all of the glass analysed from this site is of a type 3b composition
(see figure 4.3). This adds evidence to the possibility raised in section 1.3; i.e. that
furnace environment, as well as the metal oxidetents, can control the colour of
glasses produced. This type is a mixed alkali composition and is distinct from type 3a
due to its higher soda and chlorine levels. This glass type is also found at Haughton
Green, a site which is relatively nearby Bickerstaffe and may have been run by the
same family of glass producers (ssetion2.5.5). The discovery of this glass type at
only these two sites lends further evidence todihggestion that they may also be
linked in terms of who was running them. Also, the glass produced at this site is
therefore compositionally distinct from all other glass produced at otbedfired
furnaces studied in this project.

The influence of foreign glassmakers entering England from 1567 onwards has a
clear and long lasting fefct on the glass recipes used (see table 4.1). This influence

does not come in the form ofmw recipe which is rapidly adopted by all glass
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producers. In fact this period seems to be one of experimentation. It begins with a
reduction in the levels of alkali used in glass production. This is followed by ¢he us
of a range of different alkali sources with higher soda levels than those exphoited i
the early and transitional periods. The use of the two types found in the largest

numbers at these late sit@gs, and 3b, are continued in the following period.

Coal -fired

The final chronological group consists of two sites. At Haughton Green two
compositional groups were found. Firstly, five samples of type 3a glass, the most
common mixeehlkali glass type faod in this study. Secondly type 3b glasses, as
discussed above in terms of their discovery at Bickerstaffe. Both the typwl @ba
glasses found at Haughton Green differ from those found at other sites due to their
consistently high alumina levels. Theg@have the highest average iron oxide levels
and some of the highest titania levels (see table 4.1). So it is suggested that the glass
produced here was made using a higher impsatyd source. The high iron content

of these glasses causes their verykdeolour, perhaps in combination with an
oxidising furnace environment. However, closed crucibles were found at this site
suggesting the glass may have been produced in a reducing environment (see
sectionl1.3). The high iron levels alone may be suffidiemixplain these glasses’ very

dark colour.

The glass from Kimmeridge was all found to have a type 3a composition. It has no
compositional characteristics which allow it to be distinguished from many other type
3a glasses. The discovery of type 3a glssethese two sites shows a level of
continuity of glass production between the Late and Coal Fired furnaces. Ttle swit

to coal therefore did not necessitate, or coincide for other reasons, a chagtags in
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recipe. The dark colour of the glass from Kimmeridge must be dddféoences in
furnace environment compared to that of the wiadl furnaces, as iron oxide is
only present at around 1 wt% (cf. other sites producing type 3a glassertahl
Closed crucibles were not found at this site, and therefore the high levels of oxygen
present in the furnace in combination with these glasses’ iron levels probaldyg caus

their dark colours (see section 1.3).

4.1.5 Summary

These analytical results confirm some of the trends observed in pranalical

studies carried out by other authors (see chapter 3). However, the generally larger
number of samples analysed per site and use of the same analytical technique and
conditions for each sample, allows far more secure conclusions to be drawthdérom
data.

The discovery of three compositional glass types, along withygpds for two of
these main types, is an important discovery as they can sometimes be linked to
locations or time periods. There was only one-sitecific composition and type,
which was found at Rosedale. However, even in this case it was not the only
compositional type found at this site. It is therefore not possible to state that all glass
produced at this site will have this composition.

In terms of chronology the data suggetstat there was a change from a single
wood ash based recipe used from the eartig @dtil the mid16th century. This was
replaced with not a single new recipe, but a period of changing raw materiaiduse a
experimentation. This period, Late, seems tcehssen an increase in the use of plant
ash alkali raw material rather than, or in combination with, wood ash. It imayet

been expected that the switch to the use of coal as a fuel might have required or
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prompted an alteration in glass recipes. This was not found in the data presented here.
In fact plant ash appears to have been used long before the switch to coal. The use of
varying new planbased alkali sources increases the probability of the importation of
raw materials. This will have ramificatiofigr the interpretation of isotopic analysis,
as will the possible use of limestone as a separate addition.

The single, or similar, recipe that was found to have been used at all early and
transitional sites studied in this project was found regardless of gearaklolcation.
This implies a link between these sites, perhaps suggesting that there was a movement
of glassmakers between The Weald and Staffordshire. There are also contemporary
written texts describing the recipes for glass production (seersdcp.1). However,
it is highly unlikely that these would have been accessible by glassmakers. The
documented arrival and movement of foreign glassmakers during the two later
periods, Late and Cod#ited, explains how similar recipes might have been
trarsmitted between regions (see section 1.1.3).

Similarities in composition between sites located near one another suggest that
there was some contact between glassmakers working within a single, regth as
at Bickerstaffe and Haughton Green or LittledBes and Bagot's Park. However, due
to the short lifespan of a glass furnace and the low resolution of dating technique
used on forest glass furnace sites it is possible that rather than being a matter of
contact these sites were run by the same peopdging from one site to the next
once a furnace became unusable or market unprofitable (see section 2.1.3; Linford

and Welch 2003; 37).
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Figure 4.6: Oxygen isotope results organised by site and region.
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4.2.1 Introduction and general tr  ends

Generally the isotopic results do not reflect any of the patterns seen in the
compositional data. For example, the type 1 glasses which exhibited similar chemical
compositions are split into two distinct isotopic groups based on both Sr and Nd
isotope ratios. Where there are useful links between compositional and isotopic
results they will be discussed below. Full results tables can be found in the Appendi

A brief description of each isotope system follows.

4.2.2 Oxygen i sotopes

The O isotope analyses show a relatively small spread. The vast majority of the
samples have 8'°0 values of between 12 and 14 (see figure 4.6). Within this range
there is a high degree of overlap between sites. Due to this small range and
overlapping values there are no sfexific oxygen isotope signatures. However,
there are some similarities between related sites which will be discussed in more

detail below.

4.2.3 Strontium isotopes
The Sr isotope ratios and concentrations show a wide spread of values lsee fig
4.7). A high level of variability is important in provenance studies (see section 3.6).
This was expected from the high level of variability in the geology ofidml. The
values often do not relate to those found for bracken collected from nearby production
sites.This was expected due to reasons outlined in chapter 3. They also do not relate
to the expected biosphere values recorded for regions by Evans et al. (2010).

Many of the sites related for geographic reasons exhibit similarities. The ranges of

values forsome sites are very small. The sites from Staffordshire may exhibit region
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specific Sr isotope signatures. These results are therefore encouraging in terms of
being able to use them to provenance glasses produced in these regions.

It is not possible to wsthese data to provide a means of characterising glasses in
terms of whether or not lime has been added as a separate raw material. There is no
correlation between the levels of lime and Sr in the glasses, which is possilslet but
necessarily expected if limestone was added as a separate material as the mean
strontium content of carbonate rocks is fairly similar to that of plant and wood ashes
(c. 400 ppm Sr, but with a range of less than 100 up to over 10000 ppm) (Kahle 1965;
846). If beach shells were used, the Sr isotope ratios in the high lime glasses would
reflect those of modern seawater Q.709), this is not consistently observed. Where
the ratio is similar to this value a separate explanation is presented and discussed
below. Therefore the addition of lime in the form of a carbonate mineral cannot be
proved, or disproved using these Sr isotope and concentration data, but the addition of

lime in the form of shells is not observed in these glasses (see below).

4.2.4 Neodymium isotopes
The majorityof sites have relatively small ranges of neodymium isotope ratios. As
with the Sr and O data many of these ranges overlap with those of a number of other
sites. However, as with the Sr data, there are similarities between many of the sites
based omgeogrghical location. The sites in Staffordshire again exhibit the highest
neodymium isotope ratios.

Figures 4.6, 4.7 and 4.8 and the discussion above have shown that the Sr and Nd
data provides the best hope of discovering useful isotope signatures foaskesg|

Figure 4.9 has been producetd show how these two isotope systems might be
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combined to provide more distinct signatures for each site than those found by using
each system alone.

There is a potentially positive correlation for these data, howbisist not real.

The appearance of a positive correlation is only due to of the results for dtasses
Little Birches and Bagot’'s Park which have abnormally high valuebdtr Sr and
Nd isotope ratios.

The Sr isotope data provides the widest spreadvadies and is the best
discriminator for discerning differences between sites. However, combining it with
Nd isotope ratios allows many sites to separated, such as allowing a difference
between the samples from Blunden’s Wood and Knightons to be seen.

The patterns seen in figures 4.6 to 4.9 will be discussed below. Sites have been
grouped together in terms of their geographical location. The discussion aims to
develop an understanding of similarities and differenisesveen sites bringing
together their location, date, and the isotope ratios and chemical composition found

for their glasses.

4.2.5 Saffordshire
The glass from these two sites exhibit very distinct Sr and Nd isotopdusega
Figure 4.9 illustrates how different these glasses are &bnmose analysed in this
study. Their O and Nd isotope signatures are much more variable than their Sr ratios,
which are very discrete, and these may show some variation in silica sources used at
these sites, or natural variation within a single source.

The Sr ratios, both of the bracken ash collected from nearby these sites and those
found by Evans et al. (2010), are vatyferent from the ratios found for glasses

produced here. In fact, the Sr ratios for these samples are very muchthaghtrose
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expected for the biosphere of much of the UK (see figure 3.2). It seems highly likely
that the Sr ratios found at these sites may reflé&t source which is not the alkali

raw material. One possibility is that the silica source used at these sites exbntain
mineral impurities such as feldspars which containwith a very high ratio and
significant concentration (Deer et al. 2001; 130). The use of quartz pebbles, as
suggested by Welch (1997; 45), would not explain the trend seen in these results.
Althoughtheir Sr ratio is very high, their concentration is too low to affect the overall
Sr ratio composition of the glasses (1.4 ppm Nd was found in pebbles collected from
Cannock Chase, see chapter 3).

As discussed in chapter 3, Dungworth et al. (2009; 12&¢ Btated that glasses
from Silkstone, Yorkshire, which exhibit very high Sr ratios (0.714 and 0.718) are
associated with geologically very old rocks found at least 130 km from Silkstone.
They suggest that raw materials may have been traded over this distance. This seems
very unlikely in terms of the raw materials used in the glasses from Staffordshire.
These glasses are all type 1 composition, thought to have been produced using wood
ash, or a combination of wood and bracken ash. It seems unlikely tisat réng
materials would have been traded to Staffordshire over very long distancess This
not to say that the glassmakers were not using imported ashes here, but that importing
these particular raw materials over long distances seems futile.

If it is the case that the Sr component of these glasses originates from the silica
source this shows that this isotope system cannot be reliably linked to a single raw
material type. However, the results for samples from these sites are also evidence that
this technique is still very useful in attempts to discern the provenance of these
glasses. Figure 4.10 shows how Sr and Nd ratios can be used to discern the

differences between all type 1 glasses from this study. While their chemical
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compositions were similar and overlapping, the combination of their Sr and Nd

isotope ratios can be used to discern where they were produced.
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Figure 4.10: Neodymium isotops. strontium isotopeatiosfor glass samples
from the Weald and Staffordshire

4.2.6 The Weald
The samples from the Weald have relatively similar Sr isotope ratios and
concentrations, but differing O isotope values and Nd ratios and concentrations. Prior
to the work being carried out on raw materials it would be expected that this was due
to the useof similar alkali raw materials and differing silica sources. However, as the
Nd in these glasses may have come from the silica source it is not possible to state
this with any certainty.

The high levels of Nd found in the bracken from Sidney Wood are reflected in the
exceptionally high Nd levels found in the glasses produced at Knightons. This may
show that the alkali raw material used at Knightons was sourced from this area. These

high levels are not seen at Blunden’s Wood implying that a differentesaas used.
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The Sr isotope ratios in all the glasses from the Weald are very similar to one another
and are also fairly similar to those found in the bracken from Sidney Wood. The Sr
source appears to have therefore been similar and, if it is the brastkemay have
been local.

The results are useful in provenancing glasses from the Weald due to their
similarities in Sr ratios and concentrations. As discussed above, the resglesfas
from these sites are useful for discriminating between typaskes in this study (see
figure 4.10). The similarities between the model glass and the resultifgintéhs
(see figure 4.11 and Nd concentrations in table 3.9 and appendix table 13) show that
local raw materials may have been used at this site. The difference in Sr concentration

may point to the use of a ndmnacken local plant source.
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Figure 4.11Neodymium isotope vs. strontium isotope ratios for glass,
bracken ash, sand and model glass samples from the Weald.
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4.2.7 North Yorkshire
The glassesrom Hutton and Rosedale have a wide range of all three isotope ratios
analysed in this study. The Nd and O isotope ratios suggest that a range ehtdiffer
silica sources were used at these sites. However, as the analytical work carried out on
raw materals has shown, it is not possible to be entirely certain that the Nd values can
be directly related to the silica source and were probably also influenced by the alkali
used. Either way these data show that the Nd and O isotope composition of these
glasseswvas variable. The wide spread of Sr isotope ratios and concentrations allows
further conclusions to be made about the sourcing of raw materials and will be
discussed in more detail below.

Glass samples RosedaMG4 and WG25 both have 10¥SrP°Sr valuesand high
Sr concentrations (samples lie to middtom of figure 4.12). These values are
approaching those found by Dungworth et al. (2009) for glasses from Silkstone,
Yorkshire. They concluded that these glasses were produced using sedoiked (
124). As discussed in chapter 1, seaweed has a distinctively high strontium
concentration and loW'SrP®Sr values. The two glasses from Rosedale also have a
distinct chemical composition; both are of type 3c composition. The high magnesia
levels in these type 3c glasses are also seen in the seaweed glasses from Silgstone (se
Dungworth et al. 2009; 124). The combination of these three factors suggests that
type 3c glasses were produced using seaweed. The production of model glasses
showed that the strontium let¢ found in an alkali source can be further concentrated
during the production of glass. However, the production method used for the glasses
at Rosedale does not appear to have been greatly different from that at many

contemporary sites. This, coupled with the large difference between the
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concentrations found at most other sites suggests that these differences must be

connected to the use of a different raw material.
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Figure 4.12: Strontium isotope ratio vs. strontium concentration for asbegaanalysed
by TIMS in this study andeaweed glasses from Dungworth et al. 2009. The dark green
dotted line signifies the value found by Dungworth et al. (2009) for seawked as

Many of the seaweed glasses from Silkstone have higher concentrations of

strontium and lowef’SrP°Sr values than those from Rosedale. It is therefore likely

that another source of Sr was introduced into the Rosedale glasses. One explanation

for this is the addition of another alkali source lower in Sr concentration and with

higher 8’SrP®Sr value. Usig the analytical data for bracken ash collected nearby

Rosedale as an analogue for the use of a terrestrial plantsakadie it is possible to

investigate this further. Figure 4.13 shows that mixing a local terrestrial plant ash with

a marine plant asbould explain thé’Sr°Sr values of not only the type 3c glasses
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from Rosedale, but also three of the type 3a glasses from this site. Atethisvgitild
seem that a mixture of alkali sources were employed, one of which was seaweed.

Another possibily is that Sr in the silica source was affecting the overall Sr ratio
of the glasses. This was presumed to be the case in the glasses from Staffordshir
However, the strong correlation seen in figure 4.13 makes the contribution of a local
terrestrial planaish source, rather than impurities in the silica source, more likely.

As at Silkstone, the long distance of Rosedale from the sea made the use of
seaweed seem unlikely. However, this new data, along with that of Dungworth et al.
(2009), have shown thaeaweed ash was traded to glassmakers over long distances
and therefore must have been known by glassmakers to be a useful alkali raw
material.

One further sample from Rosedale, WG12, has a far h{¢Be¥°Sr value, but it is
not chemically distinct fronthe other type 3a glasses. It is therefore suggested that
this glass was made using a similar recipe to those other type 3a glasses, but using
raw materials from a distinct source. It is not possible to discern whersdhice
may be, however it adds &vidence to the theory that different alkali sources were in

use at this site, some of which were traded over long distances.
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The glasses from Hutton do not appear to have been produced using seaweed.
They do not have particularly high Sr concentrations and $f&if°Sr values are not
as low are the maiity of those from Rosedale. The spread’&r£°Sr values found
for glass at this site, while not as large as that from of Rosedale glasses, is relatively
wide. It seems that at this site raw materials have been procured from a variety of
sources. The sellts for samples HutteWG2, 3 and 7 are fairly similar to that found
for local bracken analysed in this study. Therefore some of the glassesguidere
may have been made using local raw materials. Samples HAtBShand 10 have
lower ®’Srf°Sr valuesand concentrations and were probably produced using a
different alkali source. Their lower Sr concentrations compared to those found for

seaweed glasses from Rosedale discount the use of seaweed in their production.
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4.2.8 Kimmeridge
The glasses analysed from Kimmeridge have relatively narrowly constrained Sr and
Nd ratios, but variable 8*°0 (see figure 4.6). The %0 values fall into two groups
around 14.5 and 13.6. This difference may suggests some variation in the silica source
used; however this is nogflected in the Nd ratios, or quantity or type of alkali raw
material used (see table 4.1 and section 3.6.3). The Nd ratios and concentrations are
similar to those found for the majority of other sites studied (see figure 4.8).

The Sr ratios are more dgkfor characterising the glass from this site. They are
similar to those found for type 3c glasses from Rosedale. Their high Sr gatioant
and low Sr ratio suggest that these glasses were also produced using seaweed,
possibly in combination with another alkali source (see figure 4.12). This is redker |
surprising at this site as it is located approximately 150 metres from the sea.

The chemical composition of these glasses has shown that seaweed glasses are not
necessarily of type 3c composition.idtnecessary to analyse a glass for bottSits
concentration and isotope ratio to convincingly suggest that it is produced using

seaweed as at least part of its alkali source.

4.2.9 The North -west
The sites ofBickerstaffe and Haughton Green are relatedhieyr proximity and also
that they may have been run by the same family (see section 2.5.5). The chemical
compositions of these two sites are also related. The major diffarenoenposition
between these twsites was the alumina levels which are much higher at Haughton
Green than at Bickerstaffe.

The glasses from these two sites that were analysed isotopically are all of type 3b

composition, a type specific to these sites. This type appears to have lmpatets
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with the use of a chloringeh plant ash. The use of related raw materials at these sites
can be backed up by the isotopic analyses. For all three isotope systems these glasses
show very similar compositions. The difference in alumina and irodeobavels is
therefore not directly linked to any differences in the isotope analyses (see section
4.1.4).

The Sr ratios of these glasses are much higher than those found for this gegion b
Evans et al. (2010). There are multiple possible reasons for this. The low resolution of
this mapping, the probable importation of chlofiieh plant ash to this site, which
was grown elsewhere, or the influence of ai@mn silica source. However, what is
most important to note about these results are the similargtegeen them for two
sites located in the same region.

A further point to note about the glass from Bickerstaffe is the relationship
between the Sr and Nd isotope ratios for this site. They are strongly nbgative
correlated (see figure 4.14). One likedxplanation for this is that the two raw
materials used at this site were both contributing Sr and Nd. The compositional
similarity of these samples and this distinctive correlation may imply that these
glasses were all produced in the same single medhaps this melt was not entirely
homogenised and therefore some small differences in ratios of the two raw materials
were present producing this mixing line. It would seem unlikely that the raw materials
used to produce this glass could be tightly controlled enough to produce this type of
correlation over several melts by any other means. Alternatively, this mixing line

could be the result of cullet use in a single melt (see section 1.2.4).
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Figure 4.14: Neodymium isotope vs. strontium isotope ratioalfgtasses from
Bickerstaffe analysed by TIMS. See figure 4.13 for descriptiorf oBRIes.

4.2.10 Hampshire

Only two samples were analysed from thieesof Buckholt and Buckholt West, one
from each. It is therefore very difficult to draw any meaningful commhssfrom their
results. These two samples have similar chemical compositions, but vergrdiffer
isotope signatures for Sr, Nd and O. It appears that they were using a sicplartoe
produce the glass, but sourcing raw materials from éiftdocations. The glass from
Buckholt West may have been produced using a saanctewith a higher accessory
mineral content than that from Buckhd#tee Staffordshire, section 4.2.%)r the
glass from Buckholt may have been made using a local alkali source (cf. biosphere
values from Evans et .aR010) and the glass from BuckhdVest using a source
acquired from elsewherélhe low Sr ratio of glass from Buckholt suggests the
possible use of seaweed. However, the relatively average Sr concentra@bes neg

this possibility (see Dungworth et al. 2009, section 4.2.7 and figure 4.12).
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Due to the limited data set it is not possible to say which, if any, of these
possibilities is correctThe only conclusions that can be drawn are that there were

differencesn the source of raw materials, and probably not recipe, used at these sites.

4.2.11 Herefordshire

The glass produced at Glasshouse Farm has variable chemical compos$h®ns.
glasses from this site can be described as type 2a and 3a, however this does not quite
illustrate how variable the compositions are. The isotope analyses show gimdarl

levels of variability. Overall these glasses have the highest spreastagasvalues

for any site analysed in this study.

Glass of both type 2a and 3a composition were analysed isotopically, however the
same split was not observed in the isotope analysis. It would appear that dethis si
glass was being produced from varying raw materials which were sourced from
varying locations. Where some similaritiese aseen for some elements they are
contradicted by others. For example, the similarities between samples GFFand G
in terms of Sr and Nd values, these are contradicted by radically different O values.

The large spread of values may imply that the glasersakt this site had some
trouble in sourcing raw materials. The lack of access to a steady supply of raw
materials would result in these differences in composition. In fact it is a testament to
the glassmakers if they were able to produce a useable glass when their raw material
sources were so variable. This variability in composition makes it very hard to see any
distinction between the glass produced at this site and many others. Decipering t

provenance of glass from this site will prove particuldifficult.
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4.2.12 Summary of isotopic analyses

The isotopic analyses have shown that it is not possible to linBrtisetopic ratios

found in glasses to the local biosphere values. This is not necessarily because they
were not made using local raw materials. The biosphere avaBald®tope ratios

can vary by large amounts within geological regions (cf. bracken aall@ctSdney

wood with values fromEvans et al. (201D)and over fairly shdrdistances (see
Chenery et al2010).1t is also clear that mamngf the raw materialare likely to have

been imported.

The results of raw material and glass analysis have shtanhtheSr and Nd
isotopevalues are definitely not representative of single raw materials each. I8¢ can
introduced to the glass melt with the silica raw matepassiblyin quantities which
will greatly influence the overall ratio in theagls (see &ffordshire sites)rad Nd can
come from the wood ash (see concentration of Nd in bracken ash from Sidney wood
section 3.7.1). So there is no reason to expect the Sr or Nd values to definitely
represent those found in local raw materials, even if the raterrals were used. It
would proveimpossible to analyse all the possibhw materialsources to produce a
comparative dataset #geir variallity makes them too numerous.

However,in spite of this, the isotopic analysesill be useful in provenancing
forest glasssamples. It is very clear, for example, that differences can be seen
between the samples analysed from the two major production centres active in the
14th-16thcenturies, Staffordshire and the Weald. These differences may extend to
other sites in these locations, but as the current data stands it is quite convincing
evidence that useful differences have been found.

Evidence for the use of seaweed as a raw naateais been found at one site very

close to the sea, Kimmeridge, and another much further away, Rosedale. The
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evidence for this raw material use was only found using the combination of digcernin
the Sr isotope ratios and concentrations for these sanfgest from the elevated
MgO levels in thesgylasses from Rosedale, their chemical compositiofaiity
similar to that of other mixed alkali glasséshas also been possible to suggbst
the ash of seaweed alutal terrestrial plants may have been mixed at Rosedale.

These analyses have not been able to prove or disprove the addition of lime to
high-lime forest glasses as a separate raw material. It may be possible to determine
what effect the addition of limestone as a separate raw material hasesh dlass
compositions through the production of further model glasses. However, due to the
highly variable nature of carbonate mineral compositions, conclusive proof may stil
prove unattainable with this methodology.

The glasses from BuckhplBuckhot Westand Glasshouse farm have shown that
even when similar chemical compositions, and therefore probably recipesuade f
the isotopic ratios can be very different. This shows shatlar raw materials were
sourced from differing locations at someesit
The analyses ofamples from Bickerstaffe have shown that the mixing of Sr and Nd
can be identified. Due to the issues surrounding the sources of these rawalsnaisri
not possike to identify how this mixing occurred and which raw materials were
responsible. Similarities between the samples from Bickerstaffe and those from
Haughton Green show that tlakali raw material used at each of these sites may
have been sourced from the same place/plat¢esadds evidence to the idea that the

people runing these glasshouses may have been in contact, or even the same family
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Chapter 5: Conclusions and further work

The results of this study have shown that it is possible to discriminate befomen

of the forest glasshouses active in England betweerathg14th century and mid

17th century based on a combination of the chemical and isotopic composition of the
glasses they produced. While it has not been possible to identify the contributing
factor in many cases, these differences often provide al useéuns of differentiating
between sites, regions or chronological periods.

The use of a single analytical techniqgue and methodology to analyse sudé a w
range of samples allows them to be compared directly for the first time. The findings
of some previous studies have been confirmed by this more solid methodology. The
glasses from many of the sites form tight clusters based on some chemical
components; however there is generally not sufficient -giter variation to allow
these to be used as discriminators. Other sites, such as Robkadalevarying
compositions andappear to have been producing glass using a vaoktsaw
materials or recipes.

The chemical compositions of the glasses can be divided into compositional types
These types can be useddiscern possible raw material categories which may have
been used to produce them. The specific raw materials used cannot be identified
based on these analyses, however overall trends can be viewed. Some subtypes are
limited to one or a small number ofes, andhereforecan be sed as an approximate
means of discovering if glass could have been produced at them. During the four time
periods used to divide the sites chronologically alterations in the types produced
suggest periods of continuity, experimentation and change. Some reasons for these

changes have been suggested in the preceding chapter.
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The use of strontium and neodymium isotopes and concentrations have proved to
be better at providing methods of discriminating between forest glass progiiemg
than oxygen isotope ratios. It is therefore suggested that any future isotopgisanal
of forest glasses focuses on the first two isotope systems. Of these togeisot
systems strontium has proved the most useful, but many differences beiigsen s
would not be visible without the use of both systems in combination with one another.

One of the most important findings of this study involves the particular elements
chosen for isotopic analysis in archaeological glass studies. The disadvieigh
corcentrations of neodymium in bracken ashes from Sidney Wood and the probable
high strontium concentration and isotope ratios of sand sources exploited in
Staffordshire have shown that it is not possible to assign a specificasytsignio a
single raw meerial.

In fact the isotopic signature of forest glasses must be considered to be a
combination of both raw materials. It is only in some special and extreme cases, such
as the use of seawedtiat they can be discriminated and assigned to specific raw
material use. This finding will have ramifications for similar research using these
elements in an attempt to provenance archaeological glagsdsout the prior
analysis of a range of raw materiaisis not possible to presume that an element
originates from a single source. In fact, the raw materials used in forest glass
production have proved so variable in composition and to be sourced over such a
wide area that even a major programme of analysisld probably only succeed in
confusing the subject further.

However, none of the above meartkat the findings of this study, or this
methodology, are without use. Some site specific signatures have been found, and it is

possible, using a combination strontium and neodymium isotopes, to discern
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between the two major centres of forest glass operating betweentkthanti416h
centuries. The resultsf this study will therefore be useful for future work omghed
archaeological glasses and the methaglp can continue to be used as long as the
users have an understanding of what the results actually mean.

The next stage in this work has three important strands. Firstly to anddgse ¢
from further forest glass production sites to provide more infoomdrom a wider
range of locations and time periods. Secondly, the analysis of many more raw
materials and the production of model glasses with a range of raw material
combinations in varying quantities. This is the most important strand as it may allow
the development of a model to actually link the isotopic composition of
archaeological glasses to geographical locations. Even with a large quantity of furthe
work this may prove impossible, but the work will not be without its uses. Any further
analyss will help archaeological scientists to better understand the reasons for
isotopic signatures found in archaeological glasses.

The final strand is the analysis of finished glasses. There is an enormousyquanti
of glass from archaeological excavations fraeross norttwestern Europe, both
window and vessel. There are myriad research topics that are in need of ineestigat
by a means of provenancing. For example, discovering the provenance of the
enormous quantity of glass produced to replace church windows destroyed during the
dissolution of the monasterieslso, future work on sites in France, for example, with
a concentration on those which are known to have been worked by Huguenot
glassmakers prior to 1567 would help in the understanding of theiemaiu

Further investigation using a technique such asM3Pto provide a wider range
of trace element analysis may be able to come up with usable fingerprints for

production sites. If raw materials were also analysed for trace elements it may even
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becomepossible to link them to the glasses analysed. However, it is more likely that it
would only be possible to find ways of discerning possible raw material sources for
sites, rather than definitive sourcing.

This project has provided the evidence that this methodology can provide novel
and highly useful information. Future work building on the results of this project will
be able to solve many of the questions about the organisation of glass production and

trade in this period.
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Site Sample Type Na,0 TiO, Sio, SnQ, Al,Og Zn0 SOy NiO | As,0s* | CuO cl CoO MgO K0 ShOs FeO BaO MnO CaO Zro, PbO | Cr0g* | P,Os* | V.05 Sro* Total Type
Blunden's Wood| WG1 Lump 212 0.08 57.21 nd 1.06 0.04f 0.04 0.0: 0.0 <0.p1 0.57 0f01 6,08 1§1.56 .81 0.57 0.23 111 14.46 0.04 0.02 nd 214 nd nd 9B.24
Blunden's Wood| WG2 Lump 2.92 0.08 56.90 nd 0.81 0.04] 0.13 <0.01 0.07 <0.p1 0.51 d 6(85 1p.24 .85 .63 0.14 1.08 13.20 0.02 0.04 nd 2.02 nd nd 9B.53
Blunden's Wood| WG3 Lump 2.70 0.07 56.27 nd 0.80 0.04| 0.13 <0.91 0.06 <0.p1 0.48 <Q.01 6,86 1p.31 .84 0.64 0.12 1.09 13.25 0.01 <0.01 nd 2.08 <01 | 97.76 1
Blunden's Wood| WG4 Lump 2.49 0.09 58.05 nd 0.93 0.04| 0.17 <0.01 0.08 0.42 0.49 <Q.01 6,82 1p.99 .81 10.63 0.17 114 13.82 <0.01 0.06 nd 1.83 <0.01 | 98r&¥ 1
Blunden's Wood| WG5 Lump 2.93 0.08 57.74 nd 0.79 0.04| 0.1 <0.01 0.07 0.01 0.48 <Q.01 6,66 1p.40 .88 0.64 0.02 1.06 12.57 <0.01 0.01 nd 1.86 0.01 6a gs.
Blunden's Wood| WG6 Lump 2.25 0.09 57.32 nd 1.22 0.04| 0.0 <0.01 0.06 0.02 0.44 <Q.01 43 111.46 .81 0.67 0.25 112 13.97 <0.01 0.06 nd 2.09 0.02 5] g8.
Blunden's Wood| WG7 Lump 3.10 0.10 56.46 nd 1.04 0.03] 0.14 <0.41 0.07 0.01 0.45 <q.01 7118 11.35 .76 0.62 0.17 1.08 13.51 0.02 0.02 nd 193 nd nd 98.09
Blunden's Wood| WG8 Lump 243 0.10 59.19 nd 1.22 0.02| 0.07 <0.q1 0.04 <0.p1 0.43 d 649 11.27 .80 0.76 0.21 1.08 13.30 <0.01 0.07 nd 182 nd nd 98.29
Blunden's Wood| WG9 Lump 2.08 0.06 62.78 nd 0.59 0.04| 0.1 <0.q1 0. <0.p1 0.p4 <g.01 41 .64 .64 0.74 0.06 0.96 11.35 <0.01 nd nd 174 <0.01 | 97reb 1
Blunden's Wood| WG10 Lump 2.04 0.07 63.44 nd 0.60 0.04| 0.1 <0.q1 0.07 <0.p1 0.7 d 643 .59 .65 .75 0.05 0.96 11.01 0.01 nd nd 1.65 <0.01 nd 98.11
Blunden's Wood| WG11 Lump 3.12 0.10 57.47 nd 0.95 0.03| 0.2 nd 0.1p n 0.53 <0j01 7154 10.33 .74 .59 0.17 1.16 13.68 <0.01 0.01 nd 179 <0.01 nd 9B.51
Blunden's Wood| WG12 Lump 241 0.11 53.90 nd 114 0.03| 0.1 <0.q1 0.08 0.93 0.p4 0jo1 85 18.79 .95 0.71 0.19 119 13.80 0.01 0.07 nd 2.75 <0.01 nd 98.49
Blunden's Wood| WG13 Lump 2.18 0.07 61.17 nd 0.75 0.05| 0.1 <0.q1 0.07 <0.p1 0.56 d 6}44 1p.43 .76 0.72 0.07 0.97 11.92 0.01 0.00 nd 1.73 <0.01 nd 98.02
Blunden's Wood| WG14 Lump 2.30 0.08 59.33 nd 0.77 0.05| 0.20 <0.01 0.06 <0.01 0.43 0.01 6.44) 11.28 0.7 0.1 0.05 .p5 13.68 .01 .02 nd 2.16 nd nd 98.28B
Blunden's Wood| WG15 Lump 2.46 0.08 58.14 nd 0.85 0.04] 0.13 <0.0J1 0.11 n 0.57 nd 678 11.14 .79 .63 0.11 112 13.64 0.02 0.06 nd 1.89 <0.01 nd 9B.54
Blunden's Wood| WG16 Lump 3.15 0.12 56.64 nd 1.06 0.03] 0.14 <0.0J1 0.08 0.01 0.47 nd 7(23 11.06 .76 .62 0.15 112 13.90 0.01 0.04 nd 1.86 0.02 nd 98B.49
Blunden's Wood| WG17 Lump 2.70 0.07 58.44 nd 0.67 0.03] 0.14 nd 0.0y <0.p1 0.57 <001 7|08 1].64 .82 .55 0.13 113 12.70 0.01 <0.01 nd 1.83 0.01 nd 98.60
Blunden's Wood| WG18 Lump 2.05 0.08 57.01 nd 0.89 0.03 0.04 <0.01 0.04 0.02 0.9 d 6[07 11L.90 .85 .56 0.07 1.09 13.90 0.02 0.02 nd 2.26 <0.01 nd .43
Blunden's Wood| WG19 Lump 3.18 0.11 57.00 nd 1.05 0.04| 0.22 nd| 0.08 0.g2 0.47 nd 724 11.02 .78 .61 0.12 112 14.02 0.01 0.06 nd 1.90 0.01 nd 99.04
Blunden's Wood| WG20 Lump 1.98 0.07 63.75 nd 0.59 0.02| 0.1¢ <0.q1 0. <0.p1 0.50 d 6143 .73 .66 p.75 0.05 0.98 11.12 <0.01 0.01 nd 1.59 <0.01 155 9B.

Appendix Table 1IEPMA results for glass from Blunden’s Wood. Results are presented in weigenpexitie/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).

Site Sample| Type Na,0 TiO, Sio, Sno, Al,Oy ZnO SO, NiO As,Og* Cuo Cl CoO MgO K0 ShOs FeO BaO MnO CaO ZrO, PbO | Cr,0s* | P,Os* V,0; Sro* Total Type
Knightons WG1 Lump 2.45 0.18 54.27 nd 1.96 0.06} 0.31 <0.q1 0.07 0.01 0.p6 <0.01 7125 1D.66 .70 0.70 0.24 112 15.20 0.02 0.08 nd 2.54 <0.01 08 g8.
Knightons WG2 Lump 2.19 0.24 54.78 nd 2.02 0.05| 0.34 <0.q1 0.08 0.01 0.18 <0.01 679 1p.82 .85 0.78 0.10 0.92 12.82 0.02 0.12 nd 2.76 0.02 nd 97.90|
Knightons WG3 Lump 2.75 0.17 56.44 nd 1.78 0.03] 0.29 <0.q1 0.1p 0.2 0.43 d 6/69 10.84 .71 0.62 0.11 0.86 13.38 <0.01 0.04 nd 2.63 0.01 nd .81
Knightons WG4 Lump 1.85 0.16 53.39 nd 1.55 0.05| 0.24 <0.q1 0.08 n 0.34 <0i01 7106 1p.21 .80 0.59 0.10 0.94 15.18 0.02 0.10 nd 293 0.02 nd 97.60]
Knightons WG5 Lump 2.72 0.21 57.04 nd 177 0.04 0.3 <0.q1 0.00 0.92 0.43 d 6|87 10.58 .70 0.76 0.16 111 12.18 0.01 0.04 nd 2.46 0.02 nd ar.58
Knightons WG6 Lump 2.16 0.18 55.41 nd 1.62 0.07] 0.31 <0.q1 0.06 0.01 0.87 <q.01 703 .45 .65 0.60 0.18 0.93 15.33 0.03 0.14 nd 253 0.01 nd 9.03
Knightons WG9 Lump 2.59 0.16 56.25 nd 1.55 0.02| 0.37 <0.q1 0.7 0.03 0.44 d 6|97 9.90 .67 0.60 0.20 0.89 13.80 0.02 0.06 nd 2.67 <0.01 nd ar.21
Knightons WG10 Lump 1.90 0.17 57.08 nd 1.54 0.06) 0.3 <0.q1 0.10 0.92 0.44 d 6|58 9.66 .64 0.59 0.14 0.92 14.90 0.03 0.07 nd 2.46 nd nd 97.65
Knightons WG11 Lump 2.75 0.19 54.63 nd 2.06 0.04| 0.1 nd| 0.0p 0.02 0.28 d 712 989 .67 .66 0.15 0.95 15.30 0.01 0.19 nd 2.49 nd nd 91.59

Appendix Table 2EPMA resuls for glass from Knightons. Results are presented in weight per cent oxideteleme
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).
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Site Sample| Type Na,0 TiO, SiO, Sno, Al,05 Zn0 SO; NiO As,05* CuO Cl CoO MgO K,0 ShOs FeO BaO MnO CaO Zr0, PbO | Cr,Os* | P,Os* V,0;3 Sro* Total Type
Bagots Park WG1 Lump 2.58 0.09 60.70 nd 1.59 0.03 0.14 <0.91 0.0p <0.p1 0.P4 d 7|23 979 .68 p.47 0.15 1.50 10.82 <0.01 <0.01 nd 211 <0.01 98l 1
Bagots Park WG2 Lump 2.78 0.11 60.01 nd 1.67 0.04 0.14 nd| 0.1 <0.p1 0.19 <0101 7|98 9.58 .67 p.51 0.24 1.78 11.58 0.01 0.01 nd 1.98 0.01 nd 9D.40
Bagots Park WG3 Lump 2.85 0.10 59.97 nd 1.66 0.04| 0.11 <0.q1 0.08 0.92 0.19 <d.01 805 .67 .66 0.51 0.24 178 11.64 0.02 nd nd 2.05 0.01 nd 9P.61
Bagots Park WG4 Lump 2.73 0.10 60.97 nd 1.63 0.05| 0.14 nd| 0.0§ <0.p1 0.26 <Q 01 7|67 9.70 .68 p.48 0.17 1.50 1112 0.01 <0.01 nd 1.96 <0.01 28 9.
Bagots Park WG5 Lump 2.89 0.11 59.65 nd 1.67 0.06| 0.14 0.0: 0.1 0.92 0.p0 <Q.01 802 .70 .63 [0.51 0.33 1.76 11.55 0.01 <0.01 nd 2.01 0.01 nd .38,
Bagots Park WG6 Lump 2.73 0.10 59.09 nd 1.49 0.04| 0.1q <0.dq1 0.07. 0.01 0.17 <q.01 7197 1p.25 .77 0.49 0.22 1.70 11.83 0.01 nd nd 2.20 <0.01 nd 9.24
Bagots Park WG8 Lump 2.63 0.10 62.16 nd 1.66 0.03] 0.14 nd 0.0¢ 0.92 0.27 <001 7|07 1p.23 .70 0.49 0.15 1.48 9.80 0.01 nd nd 2.03 nd nd 99.05
Bagots Park WG9 Lump 2.63 0.10 61.38 nd 1.60 0.04] 0.14 <0.q1 0.08 <0.p1 0.p6 <(.01 739 .49 .66 0.48 0.27 1.50 10.73 0.02 <0.01 nd 2.02 0.02 98rall 1
Bagots Park WG10 Lump 2.74 0.10 58.77 nd 2.05 0.04] 0.1 <0.q1 0.07 0.02 0.B5 <(@.01 7162 10.77 .74 0.50 0.20 1.54 10.93 0.01 0.04 nd 1.86 <0.01 Bd gs.
Bagots Park WG11 Lump 2.85 0.11 60.16 nd 1.67 0.07| 0.04 <0.q1 0.10 0.02 0.8 <g.01 798 .46 .61 0.52 0.22 1.74 11.45 0.02 <0.01 nd 1.99 nd nd 90.24
Bagots Park | WG12 Lump 2.86 0.15 59.06 nd 2.55 0.04 0.1§ nd 0.0B 0.43 0.19 <Qqo01 6|95 1049 .82 0.78 0.22 1.31 11.22 0.01 <0.01 nd 2.10 0.03 nd 100.04
Bagots Park WG13 Lump 2.60 0.10 62.66 nd 1.62 0.03| 0.1 <0.41 0.07 <0.01 0.p3 d 7124 .46 .65 .48 0.20 1.48 10.72 0.02 0.01 nd 217 <0.01 nd 9p.87
Bagots Park WG14 Lump 2.67 0.10 61.19 nd 1.55 0.03] 0.1 <0.q1 0.7 <0.01 0.p1 d 7134 1p.01 .70 0.47 0.15 1.51 11.09 0.01 <0.01 nd 2.20 nd nd 9D.44
Bagots Park | WG15 Lump 2.77 0.11 60.22 nd 167 0.03 0.11 <0.01 0.12 0.01 0.16 <0.01) 7.79 9.5 0.6 0.4 0.23 V7 1122 .01 nd nd .06 0.01 nd 99.a1
Bagots Park | WG16 Lump 3.01 0.10 58.44 nd 1.47 0.05] 0.19 <0.qJ1 0.07 <0.p1 0.87 d 7(61 1]L.35 .75 0.47 0.11 1.46 11.57 0.02 nd nd 2.22 nd nd 99.26
Bagots Park WG17 Lump 2.70 0.10 60.65 nd 1.62 0.05] 0.1 nd| 0.0f 0.42 0.21 1| 7/80 959 .65 .50 .19 1.73 11.45 <0.01 <0.01 nd 2.20 0.01 nd 99.62
Bagots Park | WG18 Lump 2.79 0.11 60.59 nd 1.60 0.05| 0.17 <0.q1 0.09 <0.p1 0.6 <q.01 7175 .52 .65 0.53 0.14 1.80 11.27 <0.01 <0.01 nd 1.99 nd 99rith 1

Appendix Table SEPMA results for glass from Bagot's Park. Results are presented in weiglenpexie/element
(*=semi-quantitative, nd=not detected, <0.01=detected atddratow 0.01 wt%).

Site Sample| Type Na,0 TiO, SiO, SnG, Al,05 ZnO SG; NiO As,O5* CuO Cl CoO MgO K,0 ShOs FeO BaO MnO Cca0 ZrO, PbO | CrOs* | P,Os* V,03 Sro* Total Type
Litle Birches | WG2 Lump 2.43 0.10 56.69 nd 1.50 0.04] 0.19 <0.q1 0.1p 0.91 0.p3 d 7162 1B.21 .90 D.49 0.16 133 12.11 nd <0.01 nd 2.24 nd nd 99.35
Little Birches WG3 Lump 2.43 0.11 56.61 nd 1.50 0.03] 0.1 <0.91 0.08 0.91 0.p4 <Q.01 7132 1B.00 .88 0.52 0.20 1.32 12.11 0.02 <0.01 nd 2.08 nd nd 98.62
Little Birches WG4 Lump 1.97 0.09 60.29 nd 132 0.01 0.1§ <0.d1 0.06 <0.p1 0.p3 <d.01 719 1p.19 D.68 0.45 0.20 135 13.08 0.02 nd nd 1.99 <0.01 25 ®.
Little Birches WG6 Lump 2.10 0.08 59.52 nd 1.25 0.05] 0.1¢ <0.91 0.06 <0.p1 0.p4 d 7(22 1p.45 .71 0.42 0.16 141 13.40 0.01 0.01 nd 2.00 <0.01 nd 90.26
Little Birches WG8 Lump 2.88 0.19 69.86 nd 3.90 0.08| 0.04 <0.q1 0.02 0.94 0.02 <q.01 273 11.84 .76 0.90 0.10 0.73 4.89 <0.01 0.01 nd 0.53 0.02 153 €®.
Little Birches WG9 Lump 2.22 0.12 59.26 nd 1.66 0.04] 0.1 <0.q1 0.00 <0.p1 0.B2 d 7(16 11.72 .80 [0.54 0.17 1.32 11.91 0.02 nd nd 1.80 0.01 nd 9P.29
Little Birches WG11 Lump 2.00 0.21 63.98 nd 3.94 0.05| 0.09 nd 0.0p 0.04 0.06 <001 3[27 1B.61 .89 0.85 0.46 0.99 7.53 <0.01 nd nd 1.42 <0.01 nd 99.38
Little Birches WG12 Lump 2.47 0.11 56.05 nd 1.48 0.03] 0.14 <0.q1 0.08 0.95 0.P6 d 7(47 1B.68 .89 .47 0.20 1.23 11.75 0.01 <0.01 nd 1.92 0.02 nd 9B.32]
Little Birches C7 | Crucible glasp  1.92 0.12 62.15 nd 1.83 0.03 0.0 <0.q1 0.06 0.01 0.p9 <q.01 7112 .28 .58 0.54 0.33 131 11.37 0.01 nd nd 1.55 <0.01 nd 9B.35

Appendix Table 4EPMA results for glass from Little Birches. Results are presented in iyegleent oxide/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).

Site Sample| Type Na,0 TiO, SiO, SnQ, Al,O3 ZnO SO NiO As,05* CuO Cl CoO MgO K,0 Sh,0s FeO BaO MnO Cca0o ZrO, PbO | Cr,O* | P,Os* V,0;3 Sro* Total Type
Buckholt WGL Lump 114 0.09 60.69 nd 0.67 0.02) 0.19 <0.q1 0.06 0.92 0.13 0j00 5189 9.41 .65 0.55 0.14 0.77 13.34 [ <0.01 | <0.01 nd 4.63 <0.01 | 988V 1
Buckholt WG2 Lump 2.49 0.11 58.87 nd 0.95 0.01 0.04 <0.q1 0.06 0.1 0.5 0j00 6{93 9.48 .59 0.67 0.09 0.84 13.35 0.01 <0.01 nd 2.96 nd nd 9B.18
Buckholt WG3 Lump 1.10 0.27 57.68 nd 2.22 0.04] 0.34 <0.q1 0.01 0.94 0.p1 0j02 3118 5.59 .40 1.19 0.19 0.49 22.27 0.05 0.03 nd 2.23 0.02 nd 97.59

Appendix Table SEPMA results for glass from Buckholt. Resulte @resented in weight per cent oxide/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).
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Site Sample Type Na,0 TiO, SiO, SnO, Al,Oy ZnOo SO, NiO As,O5* CuO Cl CoO MgO K0 ShOs FeO BaO MnO Ca0 ZrQ, PbO | Cr,Os* | P,Os* V05 Sro* Total Type
Buckholt West | WG1 Lump 1.44 0.27 61.76 nd 2.60 0.02] 0.31 <0.q1 0.01 <0.p1 0.18 0j01 2182 .10 .40 1.09 0.12 0.37 19.04 0.03 0.01 nd 1.47 <0.01 0] R
Buckholt West WG2 Lump 0.86 0.27 58.89 nd 2.25 0.04f 0.41 <0.01 n <0.p1 0.09 0.p1 2{52 924 .39 [L.09 0.12 0.36 23.57 0.03 <0.01 nd 173 <0.01 189 Zh
Buckholt West | WG3 Lump 0.77 0.25 59.70 nd 2.16 0.02f 0.21) <0.01 n <0.p1 0.07 <001 3{98 .29 .47 .29 0.07 0.36 20.60 0.02 0.02 nd 1.56 0.03 nd 687
Buckholt West | WG4 Lump 0.80 0.24 61.58 nd 1.61 0.03] 0.2 <0.01 0.01 0.02 0.p9 <q.01 2145 4.42 .31 .92 0.05 0.43 23.08 0.04 <0.01 nd 1.46 <0.01 | 97r8R 2b
Buckholt West | WG5 Lump 0.94 0.24 60.20 nd 1.88 0.04| 0.27 <0.01 0.02 0.02 0.13 <q.01 278 .67 .38 11.09 0.14 0.54 21.41 0.04 0.02 nd 171 <0.01 3 Fh
Buckholt West | WG6 Lump 1.03 0.26 56.49 nd 2.24 0.05| 0.11 nd| 0.0p 0.3 0.11 nd 4139 584 .42 .12 0.16 0.47 22.81 0.04 <0.01 nd 1.95 nd nd 97.52
Buckholt West | WG7 Lump 0.98 0.26 60.21 nd 2.03 0.05| 0.34 0.0; 0.02 0.01 0.13 0f02 2|51 9.17 .36 1.22 0.12 0.47 21.98 0.03 0.02 nd 1.56 <0.01 nd 97.51
Buckholt West | WG8 Lump 0.88 0.26 58.03 nd 211 0.03] 0.34 nd| <0.01 0.92 0.12 d 2/56 554 .42 .09 0.06 0.32 24.13 0.03 nd nd 1.62 <0.01 nd 97.56
Buckholt West | WG9 Lump 0.98 0.27 62.27 nd 2.15 0.05| 0.3 <0.q1 <0.01 <001 0.07 0jo1 277 .99 .31 1.11 0.14 0.47 20.12 0.02 nd nd 1.66 <0.01 1554 Zh
Buckholt West [ WG10 Lump 1.01 0.24 58.05 nd 2.00 0.03] 0.39 <0.q1 n 0.1 0.13 d 2|93 .49 .44 .10 0.05 0.47 22.40 0.03 0.05 nd 182 0.01 nd 97.61
Buckholt West [ WG12 Lump 1.00 0.26 56.46 nd 2.40 0.04 0.1! <0.q1 0.04 0.2 0.p8 0jo1 4.46 .27 .46 1.12 0.04 0.46 22.94 0.03 0.03 nd 2.04 nd nd 98.30
Buckholt West [ WG13 Lump 0.95 0.25 58.92 nd 2.16 0.05] 0.23 0.0 <0.01 0.02 0.1 0jo2 296 .06 .35 1.12 0.12 0.50 23.70 0.03 0.01 nd 1.80 <0.01 nd 98.36]
Buckholt West [ WG14 Lump 1.42 0.27 61.38 nd 2.27 0.02) 0.3 0.0] 0.08 <0.p1 0.p2 0Jo6 294 .35 .39 1.24 0.07 0.59 19.56 0.04 0.02 nd 1.82 <0.01 nd 28.05)
Buckholt West | WG15 Lump 0.82 0.17 62.60 nd 1.46 0.03 0.3 <0.01 nd 0.02 0.06 <0.01 2.30 4.72 0.34 0.6p 0.43 0.24 2253 01 d nd 1.39 0.01 nd 97.72
Buckholt West | WG16 Lump 0.88 0.25 59.71 nd 2.09 0.04] 0.3 <0.q1 0.0p 0.1 0.11 002 2j47 9.14 .36 1.14 0.10 0.45 22.77 0.04 0.01 nd 1.44 <0.01 nd 96.42
Buckholt West | WG17 Lump 1.50 0.25 60.96 nd 2.62 0.03] 0.29 <0.q1 <0.01 <0.p1 0.18 <d.01 283 .87 .39 1.03 0.07 0.35 18.53 0.03 0.02 nd 1.52 nd 2] i)
Buckholt West | WG18 Lump 0.92 0.25 59.11 nd 2.29 0.04f 0.31 <0.01 0.08 0.01 0.11 0f02 2|51 4.71 .35 .15 0.08 0.41 19.84 0.03 <0.01 nd 1.50 0.03 nd 8B.71
Buckholt West | WG19 Lump 118 0.24 55.59 nd 2.19 0.04| 0.29 <0.01 <0.01 0.01 0.13 <Q.01 328 .21 .42 1.02 0.11 0.47 21.52 0.02 0.03 nd 1.89 <0.01 | 94réP 2b
Buckholt West | WG20 Lump 0.50 0.14 62.36 nd 121 nd 0.13 <0.0 <0.91 n 0.03 <0j01 2}43 4.02 .30 .60 0.11 0.20 23.00 0.02 0.01 nd 1.20 0.01 nd 96.28

Appendix Table 6EPMA results for glass from Buckholt West. Results are presented in weiglgrgexide/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).

Site Sample|  Type Na,O | TiO, sio, | sno, | AL0, | zno SO, NiO | As,0s* | CuO [¢] CoO MgO | KO | Shos | Feo | BaO | Mno ca0 | 20, | Pbo | CrOs | PO | V,0, | sro* | Total | Type
Hutton WG1 Lump 1.85 0.25 58.22 nd 3.34 0.02] 0.17 <0.q1 nd 0.q1 0.45 <001 1197 375 .28 .28 0.10 0.26 2331 0.02 0.03 nd 0.94 0.02 nd 96.28
Hutton WG2 Lump 2.10 0.24 58.01 nd 3.08 0.04| 0.23 0.0: 0.09 <0.p1 0.67 0f01 2474 4.04 .31 .12 0.16 0.45 23.49 0.03 <0.01 nd 134 <0.01 i B
Hutton WG3 Lump 2.43 0.23 59.65 nd 2.88 0.03] 0.24 nd| 0.0 n 0.96 <0[01 2/43 416 .30 1.20 0.13 0.35 22.59 0.03 <0.01 nd 1.02 <0.01 nd 98.43
Hutton WG4 Lump 2.96 0.29 62.91 nd 249 0.03| 0.24 <0.d1 ng <0.p1 0.65 <001 226 .91 .26 .93 0.14 0.38 19.52 0.04 <0.01 nd 1.04 <0.01 [ 98r@D 3a
Hutton WG5 Lump 1.75 0.20 58.37 nd 2.30 0.04| 0.19 <0.q1 <0.01 <0.p1 0.f1 d 2|82 4.38 .46 p.74 0.07 0.36 21.51 0.03 <0.01 nd 141 <0.01 [ 97righ 3a
Hutton WG6 Lump 213 0.19 62.43 nd 2.36 0.03] 0.14 <0.dq1 <0.01 <0.p1 0.4 d 2|07 .31 .25 .69 0.03 0.28 21.37 0.05 nd nd 1.04 <0.01 nd Sa01
Hutton WG7 Lump 3.06 0.25 59.29 nd 2.82 0.01f 0.2 <0.q1 nqg <0.p1 1.15 <Q.01 2|05 4.79 .22 0.98 0.06 0.26 21.23 0.04 nd nd 0.90 0.01 nd 95.36
Hutton WG8 Lump 1.82 0.19 62.75 nd 2.38 0.03] 0.0 <0.q1 ng 0.1 0.54 <001 2]19 3.92 .30 p.70 0.01 0.29 19.41 0.04 nd nd 1.08 <0.01 nd 95.71
Hutton WG9 Lump 1.48 0.18 62.32 nd 2.26 0.03] 0.24 <0.q1 <0.01 <001 0.50 <(.01 243 .08 .47 0.70 0.05 0.38 19.70 0.03 <0.01 nd 1. <6d 98.06 3a
Hutton WG10 Lump 2.13 0.21 64.68 nd 247 0.05| 0.14 <0.q1 ng <0.p1 0.66 <Q.01 2j18 .41 .25 0.72 0.01 0.30 19.75 0.03 nd nd 0.99 0.01 nd 97.98

Appendix Table 7TEPMA results for glass from Hutton. Results are presented in weight per cdefeteinent
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).
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Site Sample| Type Na,0O TiO, SiO, SnQ, Al,0, Zn0 NiO As,O5* CuO Cl CoO MgO K,0 ShOs FeO BaO MnO CaO ZrO, PbO | Cr,Os* | P,Os* 203 Sro* Total Type
Rosedale WG1 Lump 1.35 0.18 60.14 nd 2.30 0.05] <0.q1 0.01 n 0.47 nd 2192 812 .58 .78 0.09 0.47 18.85 0.04 nd nd 147 0.02 nd 97.97
Rosedale WG2 Lump 2.27 0.21 63.49 nd 2.42 0.04] <0.q1 nd <0.p1 0.63 <Q01 2|14 3.67 .26 p.71 0.17 0.28 19.94 0.05 <0.01 nd 0.96 <0.01 [ 97rigb 3a
Rosedale WG3 Lump 6.15 0.23 56.58 nd 3.52 0.02} 0.0: 0.09 <0.p1 0.57 0j01 5159 4.83 .32 L.68 0.07 0.28 15.36 0.02 <0.01 nd 1.48 0.01 nd 8¢.10]
Rosedale WG4 Lump 6.01 0.24 57.31 nd 3.61 0.03] <0.q1 0.09 n 0.57 0.p2 5[82 476 .33 [L.69 0.12 0.28 14.50 0.02 nd nd 1.49 <0.01 nd 97.15
Rosedale WG5S Lump 6.88 0.26 57.80 nd 3.93 0.03] <0.q1 0.0f n 0.66 0.p2 5[92 4.62 .34 [L.81 0.10 0.25 13.16 0.02 nd nd 1.40 <0.01 nd 97.53
Rosedale WG6 Lump 4.96 0.22 61.49 nd 2.96 0.04| nd 0.0 n 0.64 <0fo1 3]74 495 .35 .15 .15 0.21 15.30 0.01 nd nd 121 0.01 nd 97.67
Rosedale WG7 Lump 7.46 0.21 56.04 nd 3.34 0.03] <0.q1 0.07 0.01 0.f2 <(.01 44 .33 .34 1.54 0.08 0.25 14.96 0.02 <0.01 nd 153 <@P1 90.57 3c
Rosedale WG8 Lump 4.53 0.23 58.23 nd 2.95 0.02] <0.q1 <0.01 <0.01 0.56 d 375 9.32 .42 .23 0.07 0.19 18.17 0.04 0.02 nd 134 nd nd 97.30
Rosedale WG9 Lump 3.60 0.23 58.87 nd 3.30 0.00| 0.0 <0.01 n 0.66 nd 2]60 383 .30 1L.26 0.06 0.27 21.28 0.02 <0.01 nd 1.10 <0.01 nd 97.51
Rosedale WG10 Lump 3.84 0.28 55.89 nd 3.84 0.03 <0.q1 ng n 0.40 <0j01 3{89 .34 .47 L.60 0.09 0.29 18.64 0.03 <0.01 nd 1.34 <0.01 nd Ba24
Rosedale WG11 Lump 2.00 0.21 58.95 nd 2.95 0.04) nd| nd <0.01 0.15 <0j01 2|57 .27 .50 [L.24 0.16 0.20 20.76 0.04 nd nd 1.14 0.01 nd 97.50
Rosedale WG12 Lump 1.97 0.20 57.09 nd 3.01 0.01) 0.0 nd <0.p1 0.41 <gq.01 2|30 9.38 .40 117 0.14 0.40 23.43 0.01 0.07 nd 1.21 <0.01 nd Fa.34]
Rosedale WG13 Lump 1.60 0.21 59.00 nd 2.69 0.04f <0.91 <0.01 <001 0.B9 d 346 1.25 .53 1.32 0.16 0.27 19.10 0.02 0.02 nd 1.48 0.02 nd 3466
Rosedale WG14 Lump 3.48 0.25 59.57 nd 3.59 0.03 <0.01 nd <0.01 0.59 <0.01 2.18 3.7 0.2 1.3B 0.5 p2 2112 03 Ind nd .03 0.02 nd 97.55
Rosedale WG15 Lump 3.85 0.23 58.23 nd 3.12 0.02] 0.0: 0.08 n 0.49 3[77 630 .47 1.38 0.12 0.28 17.97 0.02 <0.01 nd 152 <0.01 nd 97.99
Rosedale WG16 Lump 3.78 0.23 59.29 nd 3.17 0.03] <0.91 0.0p 0.01 0.54 <q.01 3165 .98 .43 11.36 0.03 0.26 17.14 0.02 nd nd 1.44 nd nd 97.53
Rosedale WG17 Lump 3.10 0.23 57.19 nd 3.50 <0.0: <0.q1 <0.01 <0.01 0.42 <q.01 3.69 .65 .54 1.45 0.13 0.26 18.12 0.02 nd nd 1.39 nd B Fa
Rosedale WG18 Lump 5.02 0.23 59.17 nd 2.97 0.02] <0.q1 0. ne 0.65 <01 4|54 4.20 .32 fl.42 0.05 0.32 15.90 0.02 0.02 nd 1.36 <0.01 nd 3,55
Rosedale WG19 Lump 6.78 0.21 58.55 nd 3.04 <0.0: <0.q1 0.1 n 0.7 <Q01 6185 4.38 .36 .21 0.08 0.25 12.97 0.02 nd nd 1.33 <0.01 0.05 B
Rosedale WG20 Lump 7.16 0.23 55.84 nd 3.47 0.02| <0.q1 0.08 n 0.54 0.1 5[73 4.40 .29 .53 0.09 0.23 15.59 0.02 nd nd 1.38 <0.01 0.01 96.83
Rosedale WG21 Lump 2.86 0.24 59.54 nd 3.46 0.03 <0.q1 ng <0.p1 0.58 <Q.01 2\31 .67 .29 [1.32 0.16 0.27 20.84 0.02 nd nd 1.07 <0.01 nd Fa79
Rosedale WG22 Lump 5.00 0.23 57.27 nd 2.98 0.01 <0.q1 0.02 <0.p1 0.p8 d 4{02 4.96 .37 .29 0.01 0.22 18.74 0.04 0.02 nd 1.58 <0.01 nd Fa64
Rosedale WG23 Lump 4.71 0.29 58.06 nd 3.53 0.01f <0.q1 0.02 n 0.65 d 3169 544 .38 1.33 0.12 0.31 17.02 0.02 nd nd 1.30 0.03 nd 97.07
Rosedale WG24 Lump 3.10 0.22 58.58 nd 3.16 0.02| <0.q1 ng 0.1 0.34 <01 2|76 4.87 .33 .21 0.14 0.28 20.79 0.03 nd nd 1.36 0.01 nd 97.37
Rosedale WG25 Lump 6.84 0.29 57.04 nd 3.35 0.02 <0.q1 0.07 n 0.60 0J02 5|83 4.78 .33 .59 0.08 0.19 14.64 0.03 nd nd 1.41 0.01 0.07 97.41
Rosedale WG26 Lump 5.26 0.23 55.14 nd 3.28 0.03| 0.0] 0.02 0.02 0.p7 <q.01 376 .50 .44 1.32 0.09 0.19 18.52 0.03 <0.01 nd 177 nd nd 97.45
Rosedale WG27 Lump 3.60 0.24 56.62 nd 3.21 0.02| <0.41 0.04 0.02 0.50 d 3183 .00 .53 .37 0.07.32 17.21 0.04 nd nd 159 0.01 nd 97.49 3
Rosedale WG28 Lump 6.35 0.27 54.04 nd 3.40 0.02) <0.91 0.0p <0.p1 0.40 0f02 5{32 .45 .37 1.42 0.07 0.49 17.73 0.03 nd nd 1.60 <0.01 nd 92.22
Rosedale WG29 Lump 6.73 0.27 54.67 nd 3.42 0.04| nd| 0.0} <0.p1 0.51 <001 5[54 4.88 .32 [L.48 0.05 0.35 16.98 0.03 nd nd 1.44 0.03 nd 97.03
Rosedale WG30 Lump 191 0.22 55.96 nd 2.90 0.02] <0.91 ng n 0.39 <0]01 248 829 .57 .17 0.10 0.33 20.82 0.02 <0.01 nd 1.56 <0.01 nd 88

Appendix Table BEPMA results for glass from Rosedale. Results are presented in weight pexiderglement
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).

Site Sample| Type Na,0 TiO, SiO, SnQ, Al,Oq Zno SOy NiO As,O5* Cuo Cl CoO MgO K0 ShOs FeO BaO MnO CaO ZrO, PbO | Cr,Oz* | P,Os* V ;03 Sro* Total Type
Glasshouse Farm WG1 Lump 3.61 0.23 56.59 nd 3.13 <0.0: 0.1 <0.q1 0.08 <0.p1 0.59 0j01 342 .90 .40 11.22 0.17 0.50 21.08 0.01 <0.01 nd 1.44 nd 158 .12
Glasshouse Farm WG2 Lump 3.15 0.27 59.34 nd 3.87 0.02] 0.37 <0.q1 0.06 0.92 0.80 0j02 3{74 9.74 .38 [1.30 0.12 0.50 17.67 0.03 nd nd 1.49 0.02 nd 98.40
Glasshouse Farmm WG3 Lump 217 0.25 57.17 nd 3.08 <0.0: 0.04 <0.q1 0.01 0.02 0.416 <q.01 381 .38 .58 1.26 0.12 0.59 18.98 0.02 nd nd 1.66 0.01 nd 98.68
Glasshouse Farpm WG4 Lump 3.61 0.31 58.02 nd 4.45 <0.0: 0.3q 0.0 0.4 0.92 0.47 0j02 3186 .06 .41 .57 0.11 0.38 17.00 0.03 nd nd 1.34 <0.01 nd 98.00
Glasshouse Farm WG5S Lump 1.69 0.24 57.79 nd 3.29 0.03] 0.13 <0.q1 0.08 0.01 0.40 <(.01 366 .57 .67 1.28 0.02 0.53 17.19 0.02 0.02 nd 1.76 <0.01 3 B
Glasshouse Farm WG6 Lump 2.63 0.21 58.40 nd 2.65 0.03| 0.14 <0.dq1 ng 0.2 0.55 <Qq01 3]19 9.60 .39 p.92 0.14 0.62 21.35 0.02 nd nd 1.53 nd nd 98.33
Glasshouse Farm WG9 Lump 3.59 0.27 57.52 nd 3.98 0.03] 0.3 0.0] 0.06 <0.p1 0.51 0J03 441 .80 .40 1.34 0.13 0.40 17.68 0.03 0.12 nd 1.46 <0.01 nd 38.23
Glasshouse Farm WG10 Lump 0.96 0.26 54.68 nd 3.69 0.02| 0.24 0.0 0.06 0.01 0.p3 0f02 377 1p.27 .71 1.34 0.14 0.60 19.39 0.02 0.01 nd 1.86 0.02 nd 98.28
Glasshouse FarmC1-WG]| Crucible glasp 5.09 0.20 54.13 nd 4.18 0.01 0.0 0.0 0.08 <0.p1 0.y1 <q.01 446 .81 .28 0.97 0.31 0.66 21.86 0.02 0.01 nd 1.93 <0.01 [ B

Appendix Table 9EPMA results for glass from Glasshouse Farm. Reswe presented in weight per cent oxide/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).
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Site Sample| Type Na,0O TiO, SiO, Sn0, Al,Oy ZnO SOy NiO As,Og* CuO Cl CoO MgO K0 ShOs FeO BaO MnO CaO ZrO, PbO | CrOs* | P,Os* V,0; Sro* Total Type
Bickerstaffe WG1 Lump 5.03 0.12 62.88 nd 2.25 <0.0: 0.04 <0.q1 0.0 <0.p1 1.]4 d 419 4.48 .20 .58 0.15 0.51 16.77 0.01 0.03 nd 1.69 0.01 nd 9807
i WG2 Lump 5.73 0.12 58.35 nd 2.14 0.02) 0.04 <0.91 0.04 n 1.15 d 4/98 211 .17 .52 0.18 0.56 19.60 0.02 0.02 nd 1.95 nd nd 97.68
Bi WG3 Lump 6.43 0.12 56.92 nd 2.24 <0.0: 0.03 <0.q1 0.04 <0.p1 1.p4 <{.01 483 .58 .09 10.66 0.12 0.50 21.07 0.01 0.01 nd 1.95 0.01 97186 3b
Bic WG4 Lump 5.85 0.12 60.00 nd 2.57 <0.0: 0.04 <0.q1 0.01 <0.p1 1.8 <{.01 462 .14 .10 0.61 0.16 0.46 18.96 <0.01 <0.01 nd 1.85 b 97.90 3b
Bic WG5 Lump 6.51 0.11 56.51 nd 211 <0.0: 0.0 <0.q1 0.02 e 1.40 <001 5[13 121 .12 p.60 0.13 0.56 21.06 <0.01 0.02 nd 2.10 <0.01 97reH 3b
Bi WG6 Lump 5.78 0.11 59.27 nd 217 0.02] 0.04 <0.q1 0.08 <0.p1 1.p9 <(.01 454 .97 .15 0.58 0.12 0.47 19.16 0.02 0.03 nd 1.89 <0.01 | 97nth 3b
Bickerstaffe WG7 Lump 6.10 0.13 59.65 nd 2.44 <0.0; 0.0 <0.q1 0.01 <0.01 1.p2 d 4149 1.62 .13 p.66 0.07 0.47 18.60 <0.01 0.02 nd 1.87 <0.01 [ 97risb 3b
Bickerstaffe WG8 Lump 5.47 0.11 58.44 nd 2.17 0.04] 0.03 <0.q1 0.0 <0.p1 105 <q.01 477 .73 .23 0.58 0.16 0.53 19.28 0.02 0.06 nd 2.08 nd nd 3n76
Bickerstaffe WG9 Lump 5.13 0.13 56.44 nd 2.45 0.03] 0.1 nd 0.0 0.1 1.27 <001 5|34 3.61 .25 p.79 0.15 0.62 19.23 0.01 <0.01 nd 2.00 <0.01 nd 3b.62
Bickerstaffe WG10 Lump 5.89 0.13 56.03 nd 2.46 0.01 0.04 nd| <0.01 n 1.31 <0j01 452 179 .14 0.75 0.23 0.44 21.71 0.02 0.01 nd 1.65 <0.01 nd 97.17
Bickerstaffe WG11 Lump 6.56 0.10 56.85 nd 2.14 0.01) 0.04 <0.q1 0.04 0.01 141 <g.01 518 .20 .13 0.61 0.16 0.61 20.98 <0.01 <0.01 nd 2.18 <001 98.20 3b
Bickerstaffe WG12 Lump 4.82 0.10 61.56 nd 2.03 0.04) 0.04 <0.q1 0.08 <0.p1 1.p2 <(.01 458 .11 .17 0.52 0.07 0.51 18.54 <0.01 0.02 nd 1.97 nd 2] i)
Appendix Table 10EPMA results for glass from Bickerstaffe. Results are presented in weigbépt oxide/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).

Site Sample Type Na,O TiO, SiO, SnO, Al,Oy Zn0o SO, NiO [ As,O5* CuO Cl CoO MgO K,0 ShOs FeO BaO MnO Ca0 ZrO, PbO | CrOs* | P,Os* 205 Sro* Total Type
Kimmeridge WG1 Lump 3.18 0.19 59.26 nd 2.40 0.04] 0.34 nd| 0.02 0.42 0.39 nd 328 414 .24 11 .08 0.29 21.81 0.02 0.01 0.01 1.76 0.02 nd 98.65
Kimmeridge WG2 Lump 4.15 0.18 58.25 nd 241 0.04 0.47 <0.91 0.0 0.1 0.55 d 3|58 376 .23 [L.14 0.06 0.31 21.77 nd 0.02 0.01 1.72 <0.01 nd 98.68
Kimmeridge WG3 Lump 3.45 0.14 61.44 nd 2.04 0.02] 0.47 nd| <0.01 0.43 0.62 <0{01 3[27 3.36 .22 p.96 0.02 0.28 20.33 0.02 nd nd 1.71 <0.01 nd 98.38
Kimmeridge WG4 Lump 3.28 0.18 59.80 nd 2.18 0.04] 0.34 nd| 0.0 0.4o 0.51 d 342 374 .27 L.09 0.04 0.31 22.03 0.02 0.05 nd 1.63 nd nd 98.97
Kimmeridge WG5 Lump 2.64 0.21 57.75 nd 2.47 0.04] 0.44 <0.q1 nd 0.01 0.33 0.p1 3|02 4.69 .31 f..31 0.10 0.32 23.13 0.03 0.01 <0.01 1.90 <0.01 T 3B
Kimmeridge WG6 Lump 3.29 0.20 57.99 nd 2.28 0.04] 0.44 nd| n 0.2 0.45 <0|01 3/53 420 .28 .13 [0.03 0.30 22.52 0.04 0.03 nd 1.81 nd nd 98.57
Kimmeridge WG7 Lump 4.23 0.19 60.21 nd 2.12 0.03] 0.34 nd nd 0.q1 0.7 d 382 346 q.21 .05 0.11 0.30 20.36 <0.01 nd nd 1.58 0.01 nd 98.61
Kimmeridge WG8 Lump 3.11 0.15 60.27 nd 221 0.04] 0.54 <0.q1 ng 0.1 0.56 <Qqo01 3|67 4.86 .16 .13 0.09 0.34 21.53 0.01 <0.01 nd 1.66 <0.01 135 fei 72}
Kimmeridge WG9 Lump 3.05 0.19 59.28 nd 212 0.03] 0.49 nd| 0.0p 0.q1 0.39 d 3|57 378 .25 [L.07 nd 0.30 22.04 0.02 0.02 nd 1.60 <0.01 nd 98.24
Kimmeridge WG10 Lump 4.10 0.17 58.46 nd 2.05 0.04] 0.23 <0.q1 0.02 0.01 0.81 d 3/83 4.04 .26 [L.05 0.01 0.26 21.40 0.03 0.02 nd 1.78 nd nd 98.55
Kimmeridge WG15 Lump 4.61 0.21 56.16 nd 2.44 0.03] 0.37 nd| 0.0p 0.q1 0.71 d 4122 339 .24 .15 0.04 0.33 22.61 0.04 0.04 nd 1.82 <0.01 nd 98.45
Kimmeridge WG16 Lump 4.06 0.18 57.30 nd 2.55 0.04| 0.41 nd| nd 0.02 0.61 d 3J65 3158 .19 .25 0.10 0.38 22.17 nd 0.02 0.01 1.73 <0.01 nd 98.25
Kimmeridge WG17 Lump 3.44 0.20 58.83 nd 2.48 0.03] 0.45 nd| <0.01 0.1 0.53 <¢.01 3,58 .07 .20 .17 0.07 0.34 21.77 0.02 0.02 <0.01 1.90 <0.01 [ 98ril 3a
Kimmeridge WG18 Lump 3.24 0.19 58.47 nd 2.35 0.03] 0.54 nd nd 0.04 0.56 <0.01 3.88 2.98 0.1 1.0 0.1 0.38 22|35 02 .01 nd .84 0.01 nd 98.14
Kimmeridge WG19 Lump 3.75 0.17 58.23 nd 2.50 0.04] 0.5¢ nd| <0.01 0.q1 0.46 d 3/84 378 .23 .15 0.01 0.27 20.96 nd 0.02 <0.01 1.98 0.01 nd 97.92
Kimmeridge WG20 Lump 2.60 0.16 59.14 nd 191 0.02) 0.42 nd| 0.01 0.42 0.42 0.p1 3|13 329 .20 D.80 nd 0.26 23.72 0.03 0.03 nd 1.85 0.03 nd 98.06
Kimmeridge WG21 Lump 2.62 0.19 59.07 nd 1.90 0.03 0.44 0.0; 0.0 0.92 0.41 <Q.01 3113 .27 .22 0.81 0.01 0.26 23.67 0.02 0.03 <0.01 1.80 0.02 97195 3a
Kimmeridge WG22 Lump 3.92 0.15 61.02 nd 2.02 0.03] 0.34 <0.q1 0.01 0.01 0.y6 d 4/06 4.91 .22 [..01 0.08 0.31 19.69 0.02 0.02 nd 1.51 nd nd 98.07
Kimmeridge WG23 Lump 3.23 0.18 58.90 nd 2.30 0.03] 0.54 <0.q1 <0.01 0.02 0.p3 <(.01 74 .37 .21 1.15 0.06 0.36 21.92 0.01 0.03 nd 1.75 nd nd 3835
Kimmeridge WG24 Lump 3.21 0.20 59.25 nd 2.42 0.04] 0.47 <0.q1 0.01 0.92 0.40 d 3|33 381 .23 [l.22 0.01 0.29 21.34 nd 0.04 <0.01 1.68 <0.01 1) .2
Kimmeridge WG25 Lump 245 0.21 58.82 nd 2.33 0.04] 0.34 <0.gq1 0.2 0.1 0.p5 0jo1 295 4.63 .31 1.24 0.08 0.31 22.49 0.02 0.02 0.01 1.72 <0.01 ad 38

Appendix Table 11EPMA results for glass from Kimmeridge. Results are presented in weigtemeoxide/element
(*=semtquantitative, nd=not detected, <0.01=detectedvatidebelow 0.01 wt%).




Site Sample]  Type Na,O | TO, | SO, | S0, | ALO, | zno | SO, | N0 [As0s | cuo cl Co0 | Mgo [ KO [ sbos | Feo | Bao | Mno | cao [ z0, | Pbo [ CrOs# [ PO | V,0, | Sro* | Total | Type
Haughton Greer] WG1 Lump 505 | 024 | 56.28 nd 451 005 03§ <ot o0p o 15 <dor  4o9 .25 .24 183 [o23  [o44 [17.99 [ 002 [ <0.01 nd 196 | <0.01[ 9716 3b
Haughton Greer] WG2 Lump 548 | 025 | 56.00 nd 466 003  0.03 0.0 008 041 1h2 d 426 331 .14 P14 Joae  [o44 [1763 | 003 | 0.03 nd 191 | 003 nd 96.79
Haughton Greer| WG3 Lump 654 | 026 | 57.94 nd 249 o003 004 <odi  ode <opr 1k d 415 18 .10 or  Jo1x  Jo41r [1621 [<0.01 | 0.03 nd 175 nd nd 97.18
Haughton Greer] WG4 Lump 567 | 023 | 5509 nd 451 002 o009 <odt  ode <opt  1ho  <dor 453 .06 15 [213 (018|054 1966 [<0.01 | 0.04 nd 193 | 002 | 988 3b
Haughton Greer| WG5 Lump 565 | 025 | 56.03 nd 464 003 00§ <odt  odt  <opr 19 <dor 429 31 17 210 {016 [045 [17.78 [ 002 | 0.03 nd 191 | 001 o | @n
Haughton Greer| WG6 Lump 563 | 023 | 5449 nd 441 002 0.0 <0qr <001 o041 1po d 446 o7 .15 12 [0o13  Jo50 1955 | 0.02 | 0.04 nd 187 | <0.01 nd 96.98
Haughton Greer| WG7, Lump 434 | 026 | 5357 nd 49| o003 o1 <odt ook <opt  of9  <dor 382 41 25 [231  [022  |044 2068 | <001 | 0.03 nd 170 | 003 | oerme 3a
Haughton Greer| WG8 Lump 743 | 028 | 56.84 nd 551 002 0.7 0.0 0.0p n 166 <qor 414 qos4 .09 Bir  Joo7 Jo32 1472 [o0.01 nd nd 180 | 0.01 nd 97.11
Haughton Greer| WG9 Lump 527 | 035 | 57.16 nd 698 002 00§ <odt o003 o0¢2 ops <dor dJis .16 24 435 020 [033 [1373 [ 003 | 003 nd 135 | 002 nd 32,04
Haughton Greer] WG10 Lump 386 | 029 | 49.10 nd 540] 005 00 <0qi__<of1 <01 opa d 442 85 51 P12 022 [0.67 |2098 | 002 | <0.01 nd 237 | <0.01| 97mB 3a
Haughton Greer] WG11 Lump 450 | 0.28 | 49.56 nd 516] 004 o004 <odi <01 <opr  ofs  <dqor 457 32 bas  [r96  [019 o061 [2047 | 002 | 002 nd 237 | <wol]| 96.70 3a
Haughton Greer] WG12 Lump 364 | 027 | 49.32 nd 506] 005 0.4 0.0 o0 o2 ohs  <dor_ 461 26 .47 196 023 Jo063 [2072 | 0.02 nd nd 238 | 002 nd 96.91
Haughton Greer] WG13 Lump 549 | 025 | 5532 nd 448] 003  0.0] nd <041 <op1  1j8  <dor 417 .63 19 |96 012 [044 |1849 | 003 | 003 nd 189 | <0.01 | o
Haughton Greerl] WG14 Lump 557 | 024 | 5899 nd 262] 000 003 <001 | 002 | 002 126] <001  3.97] 1.7 ok 1t o5  ok2 1323  doa .02 nd Leo  Jo.o1 nd 97.97
Haughton Greer] WG15 Lump 549 | 025 | 5525 nd 467] 003 004 <odi <0.01 n 16 <qor 433 447 14 P11 017 048 [1943 | 002 | 002 nd 182 | 002 nd 3n79
Haughton Greer| WG16 Lump 573 | 025 | 56.45 nd 478 003 007 <odi  ods <opr  1Bo  <dor 430 .79 14 |03 (018 [043 [1859 [ 002 | <0.01 nd 165 | 002 | o7ml 3b
Haughton Greer| WG17 Lump 569 | 027 | 5591 nd 484 o004 004 <odt  odd  og2  1b1  <dor 44 .26 15 P12 [005 |043 [1820 | 0.02 | 0.04 nd 167 | <0.01 4 | on
Haughton Greer] WG18 Lump 578 | 025 | 5571 nd 476] 003 004 <odt  odi  <opr  1Po  <dor 432 47 20 [203 018 043 [1848 | 0.01 | 0.04 nd 187 | o001 &l | an
Haughton Greer| WG19 Lump 531 | 023 | 54.09 nd 447] 004 013 <odt  ode  <opr  1ps  <dor 433 55 .18 [240 (015  [049 2004 [ 001 | 003 nd 165 | <001 o7y 3b
Haughton Greer| WG20 Lump 529 | 024 | 5410 nd 264 004 014 <odi oo oQ2 1p6 <o 435 .58 17 237|018 [051  [19.93 [<0.01 | 0.02 nd 172 | 001 @ | on
Haughton Greer] WG21 Lump 542 | 025 | 5586 nd 462] 004  0.0] nd| <0t odo 117  <dor 427 de7 .17 ot Jo15  [o043 [1880 | 0.02 | 0.03 nd 167 nd nd 97.53
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Appendix Table 12EPMA results for glass from Haughton Green. Results are presented in weigbtipexide/element
(*=semi-quantitative, nd=not detected, <0.01=detected at levels below 0.01 wt%).




Site Sample|  Type sr(ppm)|  *'SrF°Sr |Nd (ppm) **“Nd*Nd | §'%0y.smow | Type
Blunden's Wood WG4 Lump 567 0.713708 13.7 0.512026pD 13.13| 1
Blunden's Wood WG6 Lump 588 0.713635 12.5 0.512048p 13.30| 1
Blunden's Wood WG8 Lump 574 0.713834 13.0 0.512039p 12.94| 1
Blunden's Wood WG14 Lump 459 0.713449 10.2 0.512025p 13.01]| 1
Blunden's Wood WG15 Lump 581 0.713725 14.4 0.512034p 13.41 1

Knightons WG1 Lump 699 0.714265 21.3 0.512085p 13.43 1
Knightons WG5S Lump 600 0.713455 21.0 0.512060p 13.48| 1
Knightons WG6 Lump 524 0.713938 21.45 0.512069 13.64| 1
Knightons WG7 Lump 453 0.713849 20.3 0.512072pD 14.29( 1
Knightons WG11 Lump 465 0.714021 19.7 0.512085D  14.66 1
Bagot's Park | WG2 Lump 582 0.716737 8.8 0.5120930 13.77 1
Bagot's Park | WG3 Lump 581 0.716777 8.5 0.5120870  13.61 1
Bagot's Park | WG5S Lump 570 0.716857 9.4 0.5120950 13.59( 1
Bagot's Park | WG15 Lump 584 0.716814 9.7 0.5121150 1342 1
Bagot's Park | WG17 Lump 551 0.716813 7.1 0.5120830  13.10 1
Little Birches WG4 Lump 488 0.716419 10.06 0.512124 13.56( 1
Little Birches WG6 Lump 500 0.71642 10.3 0.51214 13.49] 1
Little Birches WG9 Lump 451 0.716537 10.9 0.512104 14.02] 1
Little Birches | WG12 Lump 493 0.716426 10.68 0.51210¢4 13.82| 1
Little Birches C7 |Crucible Glasg 485 0.716381 9.16 0.512159 1461) 1
Buckholt WG3 | Lump | 652 | 0710803] 9.2 [ 0511969 1402 [ 2b]|
Buckhott West] WG8 |  Lump [ 610 | 0714756 [ 9.347 | 0.512002] 1339 | 2
Hutton WG2 Lump 494 0.712274 11.809 0.512024 13.23
Hutton WG3 Lump 495 0.712744 10.5 0.512006p 13.76
Hutton WG6 Lump 341 0.711332 9.1 0.5119880  13.57 3a
Hutton WG7 Lump 400 0.712599 10.7 0.512012D 13.16
Hutton WG10 Lump 327 0.711616 9.0 0.5119890 13.88 3a
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Site Sample|  Type Sr (ppm) Nd (ppm 3"%0v.smow | Type
Rosedale WG4 Lump 1667 0.709913 15.44 0.51204]1 13.63
Rosedale WG12 Lump 493 0.713754 10.21 0.512024 12.17
Rosedale WG14 Lump 519 0.711178 13.58 0.512034 13.26
Rosedale WG25 Lump 2431 0.709695 13.75 0.511994 12.78
Rosedale WG15 Lump 993 0.710356 13.89 0.512053 13.24 3a
Rosedale WG16 Lump 994 0.710343 13.5 0.512034 12.69 3a

Glasshouse Farm WG1 Lump 494 0.714858 10.29 0.512014 12.71
Glasshouse Farm WG3 Lump 438 0.714885 12.39 0.512054 13.68
Glasshouse Farjm WG4 Lump 1090 0.711409 12.4 0.512025 13.22
Glasshouse Farfn WG5 Lump 408 0.714814 12.9 0.512068D  15.90 2a
Glasshouse Farm WG6 Lump 461 0.715042 9.56 0.51204 13.13
Glasshouse FarfilC1-WG1| Crucible Glasg 647 0.711796 13.9 0.511977 n/a K
Bickerstaffe WG2 Lump 594 0.713854 4.7 0.5120220 12.48
Bickerstaffe WG3 Lump 605 0.713365 5.6 0.5120320 12.39
Bickerstaffe WG6 Lump 563 0.713801 5.1 0.5120230 12.86 3b
Bickerstaffe WG7 Lump 537 0.713791 6.2 0.5120230 12.76 3b
Bickerstaffe WG8 Lump 567 0.713531 4.9 0.5120280 12.71 3b
Kimmeridge WG4 Lump 1667 0.709795 9.57 0.512023 13.62
Kimmeridge WG6 Lump 1484 0.709509 10.2 0.512027 14.43
Kimmeridge WG9 Lump 1720 0.709777 9.8 0.51201§  13.62 3a
Kimmeridge | WG23 Lump 1493 0.709719 10 0.5120479  13.61 3a
Kimmeridge | WG24 Lump 1380 0.709662 10.4 0.512026  14.69 3a
Haughton Gree||1 WG5 Lump 528 0.714131 12.5 0.512052p 12.51 3b
Haughton Gree||1 WG15 Lump 569 0.714181 12.0 0.512049p 12.47 3b
Haughton Gree||1 WG18 Lump 524 0.714049 12.1 0.512041p 12.12
Haughton Greer|1 WG20 Lump 592 0.713920 11.9 0.512054p 12.21
Haughton Greerh WG21 Lump 518 0.714202 12.1 0.512032p 12.16 3b

Appendix Table 13Mass spectrometry results for all archaeologitass samples analysed for
Sr, Nd and O isotopes (n/a=not analysed).
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