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Evidence for non-ferrous metalworking in the late Iron Age to
early medieval periods comes mainly from archaeological finds, though
Roman and medieval writings supply some supporting information. A
gazetteer of sites which have produced evidence for metalworking is
provided and these finds are categorised and described together with
details of the processes in which they were used or produced. The spatial
and temporal distributions of finds of all types are also discussed and
reasons suggested for some of the patterns that emerge. The processes for
which evidence is presented include refining, alloying, melting, casting,
smithing and decorating.

The majority of the data derives from the working of copper
and its alloys though gold, silver, lead, tin and their alloys are also
covered. The uses made of different alloys throughout the period of the
study is also discussed. A more detailed survey of Roman copper alloy
usage is based on analyses of over 3,000 late Iron Age and Roman brooches
and nearly 900 other objects. Nearly 1,000 of the brooch analyses were
quantitative ones carried out by atomic absorption spectrometry while the
remainder were qualitative X-ray fluorescence analyses. Many of the
metalworking finds were also analysed qualitatively by X-ray
fluorescence.

These two strands of evidence are complementary and together
provide a mass of evidence for how metals and alloys were worked and the

uses that were made of them.
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PREFACE

The geographical range of this thesis may appear illogical as
it ignores finds from modern Wales and southern Scotland which have
direct parallels in the English material. The choice of area to be
covered was governed by my employment, working for English Heritage and
its predecessor, which meant that the material available to me for study
came almost exclusively from England. The literature survey, which forms
an additional part of this thesis, was designed to cover the same area.
The small amount of material from outside England that I have seen
suggests that it is only the number and distribution of sites which would
have been altered had a wider geographical range been studied.

The reasons for the terminal dates chosen for this study are
discussed in the introduction but no mention is made there of the
chronological subdivisions used in analysing the data. The terms used are
Iron Age, Roman, Early Saxon, Middle Saxon, Late Saxon and early
medieval. Iron Age refers to the period before the Claudian conquest of
43 AD and Roman to the period from then to the early 5th century. The
term Saxon is used in a chronological sense and without cultural
connotations and thus is taken to include other descriptors such as
Anglo-Saxon, Anglian, Anglo-Scandinavian and Viking. A few contemporary
sites in the south west are described as post-Roman. The boundaries
between Early, Middle and Late Saxon lie in the later part of the 7th
century and the late 9th century respectively. Medieval is used (in a
more limited sense than is common nowadays) to describe the period post-~
dating the Norman conquest of 1066, and early medieval thus refers to the
period from then to the early 13th century.

Chapters 1-9 and Appendices A and C were substantially
complete by the end of 1988. The AAS analyses had been completed by 1986
though about half the XRF analyses were made dfter this date. There was
no systematic literature search after the beginning of 1990, though

further information from my own work after that date was added.

15



CHAPTER 1
INTRODUCTION

Evidence for non-ferrous metal working has been known to
archaeologists for a considerable period of time but only relatively
recently has it been drawn together into any sort of consolidated
statement. The last quarter century or so has seen a number of
publications on this theme, but few of them mention Britain in Iron Age

and later times and fewer still concentrate on this area and period.

The present situation

There is no one source to which reference can be made for
detailed, up to date and in depth information on non-ferrous metalworking
in Britain from Iron Age to medieval times. Singer et al attempt a global
survey in their History of Technology (1954-58) and understandably only
produce a general oufline, somewhat patchy in its coverage and devoid of
many specific examples. Those that are given tend to come from the areas
and periods where techniques were developed. Similarly Forbes (1964A and
1964B) devotes two volumes of his survey of ancient technology to
metallurgy but covers the Mediterranean civilisations in far greater
depth than the barbarian fringes of the then known world. Hodges (1964)
deals extensively with the examination of artefacts and the techniques
used to produce them but his examples are general ones and do not offer
much specific illumination when dealing with particular periods and
areas.

Of far more direct relevance is Tylecote's Metallurgy in
Archaeology (1962R) but even that concentrates on the Bronze Age and has
relatively little to say about copper alloy working in later periods. His
History of Metallurgy (Tylecote 1976) also concentrates on early periods
of non-ferrous metalworking but has a limited amount of general
information about the periods of interest here. Now a revised version of
the earlier book is available (Tylecote 1986A) and this adds some but by
no means all of the extra information now available. It shares both the
virtues and vices of the earlier version in presenting a single example
of every type of find but fails to identify which forms and processes are
commonplace and which unique at any time or place.

Other publications dealing with more limited periods or
specific techniques are relatively common (eg Strong and Brown 1976, Lins
and Oddy 1975) and the evidence from continental Europe is considered in
some depth by Oldeberg (1942-3 and 1966) and more recently by Tylecote
(1987). Further data from England is available in any number of

16



excavation reports (many of which are noted in Appendix A) but all too
often the finds are simply catalogued or described with no attempt at

discussion or interpretation.

Outline of thesis

This thesis is an attempt to fill the gap noted above by
surveying the published information, supplying new data, and interpreting
the whole to give an overall picture of non-ferrous metalworking in
England over the periods considered. Where the term ’'metalworking' is
used below, the expansion 'non-ferrous metalworking' should be understood
as working ferrous metals involved a different range of processes.

The main questions that can be posed (and to which answers will
be offered) are:-

What continuity or change is discernible in metalworking practices in
England in the millennium and a half covered by this survey? Can the
origins of the changes be determined or reasons for them be suggested?

Is there any pattern in the use of different alloys and, if so, is this
related to date, manufacturing method or intended use, or to other,
non-technical factors such as fashion?

By the later Iron Age most of the basic techniques of working
non-ferrous metals were well understood and there were relatively few
additions to the smiths' repertoire during the periods covered by this
study. For this reason it is divided up by technique rather than by
period as the latter would lead to much repetition.

The terminal dates for the study have been selected for good
reasons. Bronze Age metallurgy has already been considered in detail;
Tylecote (1986A) summarises much of this work. The early Iron Age has so
far provided little evidence of metalworking and what there is seems to
be an extension of the late Bronze Age tradition (eg Northover 1984). The
later Iron Age has produced far more material and so, by starting this
study in the last century or so BC, a base level of native technology can
be defined, against which the effects of the Roman conquest of Gaul and
Britain can clearly be seen.

At the other end of the timescale the Norman congquest might be
thought to be a suitable boundary but its changes were political rather
than economic and the growth of towns in late Saxon and Norman England‘
was a continuous phenomenon so a more significant line can be drawn at
the end of the 12th century AD. By then the country was covered by a
network of urban centres where metalworkers flourished (Postan 1975). By
the 13th century their work was being regulated by craft guilds and this

centralization and control developed further in the later middle ages
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when production was on a far larger scale than in earlier times.

Most of the discussion below relates to the working of copper
alloys and the precious metals, gold and silver, but lead and its alloys
with tin are also included. Most of the techniques apply to many or all
of these metals so considering them together saves duplication. The
specific uses of particular metals are described in Chapter 10.

A study of metalworking must necessarily deal with both
techniques and materials; in some cases the two are interdependent. The
physical evidence for techniques comes from two major sources. First are
the finished objects which show what kinds of things were being produced
and sometimes can indicate how they were made. Tools, industrial wastes
and by=-products are more direct indicators of the processes being carried
out. From these sources and from contemporary documents the techniques of
the metalworkers can be reconstructed; this information is presented in
Chapters 3-8. The materials used by the craftsmen, which are discussed in
Chapters 9-10, are easier to determine; chemical analysis indicates the
composition of the metal used.

Much of the data on which the conclusions presented here are
based is summarised in Appendices A and C. The data in Appendix A is a
mixture of published and unpublished information. The unpublished
material is mainly work that I have carried out at the Ancient Monuments
Laboratory (formerly part of the Directorate of Ancient Monuments and
Historic Buildings, Department of the Environment, and now part of
English Heritage, the Historic Buildings and Monuments Commission for
England) though some of it has been done by others, either working with
me or under my direction. This work is all referenced by its Ancient
Monuments Laboratory (AML) Report Number. These reports are not formally
published but are available for consultation both in the Laboratory and
in the National Monuments Record. Fiched copies of reports produced since
1986 are available on demand from the Laboratory. All AML Reports are
destined for eventual publication as part of the relevant archaeological
excavation report. Where this stage has been reached reference is also
made to the published version but the AML Report reference is retained as
it often contains more detailed information than the published version.
The analyses presented in Appendix C are all the results of work that has
been carried out in the Ancient Monuments Laboratory under my direction
and a substantial proportion are my own work; details of individual
contributions are given in Appendix C.

Much of the unpublished work reported here provides further
examples of objects and techniques already known, or just expands their

geographical or temporal range. In a number of areas however the
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information or interpretation presented is new.

On the metalworking techniques side, particular attention
should be paid both to the identification of cementation crucibles for
the manufacture of brass and to the identification of 'heating trays' in
England and their interpretation as cupels or assay crucibles (see
Chapter 4). Most of these 'heating trays' are late Saxon in date which
perhaps explains the previous ignorance of their existence as no major
late Saxon metalworking sites had been examined before I started my
investigations. It is also this period that has produced copicus evidence
for silver working (see Chapter 11). Evidence for parting silver from
gold has also been identified (see Chapter 4). A further major point
relates to metal melting crucibles. Many of these bear traces of an added
outer layer of clay but this has received scant attention in the
literature. The functions of these additions and their occurrence are
discussed in Chapter 5.

On the materials side, the analyses of copper alloy objects
presented here (in Appendix C) are a large and significant corpus when
compared with all the others, both published and unpublished, which have
been carried out on objects of these periods. That all the objects come
from controlled excavations and so have a firm provenance, unlike some
items in museum collections, adds to the significance of the analyses.
When the work that developed into this thesis began in 1975 most
archaeologists assumed that all copper alloy objects were bronze despite
earlier publications identifying other alloys such as brass (eg Fox and
St John Hope 1901, 245); many are now aware of the extra information that
analyses can provide (see Chapter 10). A further innovation was in
presenting copper alloy analyses on ternary diagrams (Bayley and Butcher
1981), a format which has subsequently been taken up by others (eg

Brownsword 1987).
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CHAPTER 2
SOURCES OF INFORMATION

There are three main sources of information for non-ferrous
metalworking in antiquity. These are the material excavated from
archaeological sites, the documents written in antiquity that survive to
the present, and current and recent craft practices. Modern scientific
investigations can provide additional data from studies of all these
sources of information.

The material archaeological evidence is presented in Appendix A
as a gazetteer of individual sites and the data is summarised in Tables
2.1-2.7 and the distribution maps in Chapter 11. Material from many but
not all of these sites is referred to in the chapters on techniques and
materials.

A number of ancient authors' writings contain information which
is applicable to the present study. It should however be noted that none
of them was writing specifically about England so the practices they
describe may not be directly relevant, though they are the best
information of this type that exists.

Although modern craftsmen may know in advance that a particular
process will work and the reason for its success, the ways they handle
their materials are still directly descended from those of the ancient
metal workers; indeed even their workshops would contain few surprises,
except perhaps in the ways in which high temperatures are produced and
controlled. It is therefore useful to consider modern craft practice when
describing the methods of manufacture used in antiquity.

As mentioned above, scientific investigations can allow us to
know why certain materials or techniques were used in antiquity. In those
times they were used because it was known that they worked; we can now
know why they worked and thus appreciate more fully the empirical
knowledge of the craftsmen of antiquity. As a caveat, it should be
remembered that failures are not likely to have survived; they would have

gone back into the melting pot for reprocessing!

Excavated material

The excavated evidence for metalworking presented in Appendix A
has been summarised in Tables 2.1-2.7 where it is divided into ten
categories. These categories are cupels and parting vessels, crucibles,
object moulds, ingot moulds, ingots, part manufactures, scrap, waste,
tools and models. These categories are defined as follows:

Cupels are shallow dish or disc-shaped vessels (heating trays) used for
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refining or assaying precious metals; potsherds reused as cupels are

included. Also included are vessels used for parting gold from silver

(bracketed in the Tables). All these finds can be considered a subset of

the crucibles category.

Crucibles are portable containers, normally made of ceramics, in which
metals were heated and usually melted.

Object moulds are closed moulds in which objects were cast directly in
their final form, or something close to it.

Ingot moulds are open moulds in which bars or blanks of other shapes were
cast for further working.

Ingots include both the metal cast in ingot moulds and other large pieces

intended as the raw material of the smith.

Part manufactures are metal that has been cast, often in an ingot mould,
and then worked so it is on its way to becoming a usable object.
Such things as bars, rods, wire and part-made objects are included
as are rough castings that have not been fettled.

Scrap is the by-products of working solid metal, such things as offcuts,

sheet fragments, clippings, turnings and filings. The term is also
applied to broken objects that were collected for recycling.

Waste is the by-products of working with liquid metal and includes metal=-
rich slag, solidified spillages of molten metal, sprues and runners
removed from castings, and failed and blow-holey castings.

Tools are such things as hammers, files and punches. Many of these can
also be used for working iron or non-metallic materials so only
those where the association with non-ferrous metals is fairly
definite are cited. A few tools, such as dies for producing
repetitive patterns in sheet metal, which can be more positively
identified with non-ferrous metal workihg are also included even
where there is no contextual link with metal working.

Models etc include the patterns from which piece moulds were made and the

roughed-out designs found eg on bone and described as motif or

trial pieces.

21




Table 2.1 - Iron Age sites

Site

Ancaster:
Ancaster:
Bagendon
Baldock

Gap
Quarry

Basingstoke: Viables Farm

Beckford
Bottesford
Braughing

Braughing: Wickham Kennels

Bredon Hill
Breedon on the Hill
Caburn

Canterbury: 44 Watling

Street

Canterbury: Marlowes IV

and Theatre
Christon
Chun Castle
Chysauster
Colchester: Sheepen
Cressingham
Croft Ambrey
Danebury
Dragonby
Duston
Foxholes Farm
Gatesbury

Glastonbury Lake Village

Grimsby: Weelsby Ave
Gussage All Saints
Ham Hill

Hartburn
Hengistbury Head
Hod Hill

Hunsbury

Ilchester

Kingsdown Camp

Leicester: Blackfriars

Street
Long Wittenham
Maiden Castle
Meare
Mingies Ditch
Mucking
Oare
old sleaford
Pilsdon Pen
Polden Hills
Poundbury
Rampton
Red Moor, Lanlivery
Ringstead
Rochester
Santon
Scotton
Silchester
Snettisham

cupel
(part)

cruc obj
mould moutd
1
yes 100+
1
yes yes
1
1
4+
1
yes
yes
4 1
1 -2
1
yes 29+
yes
yes
16
yes
1
1
yes
24 7 21
yes yes
c.600 7380 1
1
yes 2
21
1
yes
3
1?
4+
yes
2 1?
1
3000+
1
2
2
10
1
yes yes yes

22

manuf

yes
yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

ingot ingot part scrap waste

yes

yes

yes

yes

yes
yes

yes

yes

yes

yes

yes

yes

yes

tools model
etc

yes

yes

yes

yes

yes

yes

yes
yes

yes

yes

yes

yes

yes

Cu

o O o

o o

o o

Ag

o o

Au

Pb

Sn

PbSn



Table 2.1 (continued)

Site

South Cadbury

St Albans (Verulamium)
St Mawgan in Pyder
Stanwick

Sutton Walls
Swallowcliffe Down
Swarling

Thetford: Fison Way
Thorpe Thewles
Trevelgue
Waldringfield

Weekley

Wetwang Slack
Winchester

Windlesham

Winklebury

Winnall Down
Winterbourne Monkton Down
Wolsty Haltl
Woodmancote: The Ditches
Wookey Hole Cavern

cupel cruc

yes
yes
yes

243
1"

obj ingot ingot part scrap waste tools model
mould mould etc
yes
many
1 yes
1 yes yes
yes
yes yes
49 109 2 yes
2
yes
30+
yes
1 yes
1
1
1
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Table 2.2 - Roman sites

Site cupel
(part)

Alcester

Alcester: 1-5 Bleachfield
Street

Alcester: Gateway
Supermarket

Baldock

Baldock: Upper Walls
Common

Bath

Bath: Abbey Green

Benwel l

Bletsoe

Bodinar

Box

Boxgrove

Brampton

Braughing

Brislington

Bristol: Filwood Park

Brough on Humber

Brough on Noe

Brough under Stainmore

Caister by Yarmouth 1

Caistor by Norwich

Camerton

Canterbury

Canterbury: 7 Palace St

Canterbury: Cakebread
Robey

Canterbury: Marlowes II1
and Cakebread Robey

Canterbury: St John's Lane

Carlisle

Carlisle: Castle Street

Carlisle: Fisher Street

Carlisle: Keays Lane

Carn Euny

Carnanton

Carsington

Castle Gotha

Castleford

Castleford

Castleford

Castor

Catterick

Catterick: Bainesse Farm

Charterhouse

Chedworth

Chelmsford: Sites CHAA
and CHN

Chester-le-Street: Middle
Chare

Chester: Hunter Street 2
School

Chester: Hunters Walk

Chester: Site GFC

Chesterfield

cruc obj ingot ingot part scrap waste tools model

mould mould

1 yes

yes yes

yes

-

yes

¢.800
100's

yes?

12+

24

manuf

yes

yes

yes

yes

yes

yes
yes

yes
yes

yes

yes
yes

yes
yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
yes
yes
yes

yes

yes

yes

yes

yes

yes

yes

etc

model

Cu
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Table 2.2 (continued)

Site

Chew Park

Chichester: Chapel St

Chichester: Greyfriars

Cirencester

Cirencester: Bath Gate
Cemetery

Claydon Pike

Colchester: Balkerne Lane

Colchester: Castle

Colchester: Culver St

Colchester: Lion Walk

Colchester: Sheepen

Combe Down

Compton Dando

Corbridge

Corbridge: Red House site

Cottenham

Dalton Parlours

Dewlish

Doncaster

Doncaster: Frenchgate and
St Sepuchre Gate

Dorchester

Dorchester: Greyhound Yard

Dorchester: Methodist
Chapel

Dorchester: Wollaston
House

Droitwich

East Harptree

Eccles

Edington

Elmswell

Exeter: Bartholomew East
Street

Exeter: Basilica

Exeter: Frienhay Street

Exeter: Rack Street

Exeter: South St

Exeter: Trichay Street

Exeter: near South Gate

Faxfleet

Frocester Court

Gatcombe

Gestingthorpe

Gloucester: 1 Alvin Street

Gloucester: 10 Lower Quay
Street

Gloucester: 63-71
Northgate Street

Gloucester: Coppice Corner

Gloucester: Kingsholm

Gloucester: Westgate
Street

Godmanchester

Gorhambury

Great Casterton

(part) mould mould manuf
(21) 30 yes
1
1 3+
4
2 1
3
1
65
yes
21+ 5+ 2 2 yes
?
yes 100's 1
1
1
yes
1
5
1
4 1
1
5
iron
many
1
yes
22(7) 2
5
[.)
2 yes
1
yes
yes yes yes
1
9
1
1
6 yes
1 3
yes
4 1
1
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yes

yes
yes

yes

yes

yes

yes

yes

yes

yes
yes

cupel cruc obj ingot ingot part scrap waste tools model

yes

yes

yes
yes
yes

yes
yes

yes

yes

yes

yes

yes

yes

yes
yes

yes

yes
yes
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Table 2.2 (continued)

Site cupel

(part)

Great Dunmow

Great Witcombe

Green Ore

Hacheston

Halstock

Halton Chesters

Hambleden

Harpham

Headington Wick

Heronbridge

Herriott's Bridge

Heybridge

Hockwold

Housesteads

Ickham

Kelvedon

Kenchester

Keynsham

Keynsham: Manor Woods

Kingscote

Kirkby Thore

Langridge

Langton

Lansdown

Lechlade: Rough Ground
Farm

Leicester

Leicester: The Shires

Lincoln

Lincoln: Flaxengate

Lincoln: Grantham Place

Lincoln: Silver Street/
Saltergate

Lincoln: St Mary's
Guildhall

Lingwell Gate

Littlecote Park

London: 85 London Wall

London: Battersea/River
Thames

London:

London:

(12)
QP
10

Copthall Avenue 32

Crosby Square

London:
London:
London:
London:
London:
London:

Newgate Street

S of Cannon Street (7)
St Helen's Place
Tenter Street

Tower of London
Walbrook

Long Bennington
Longthorpe

Looe Island
Lullingstone
Lydney Park
Magiovinium
Malton

Matlock Moor

cruc

yes
10+

yes

yes

yes

obj ingot ingot part scrap waste tools model
mould mould manuf etc
yes
yes
4 yes
yes
12
2
yes yes
4+ yes yes
yes yes
yes yes yes
yes yes yes
1 yes yes yes
1
yes yes
? ? yes yes
1
2
1
1
40+
2 yes
yes
yes
yes yes
yes
700+ yes
10
yes
2
yes
1
yes
1?
yes
1
5
yes yes yes model
yes
1 yes yes
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Table 2.2 (continued)

Site cupel cruc obj ingot ingot part scrap waste tools model

(part) mould mould manuf

Melandra
Milton Keynes: Bancroft 1
villa (MK 105)
Minsterley
Murton High Crags 1
Nanstallon yes
Neatham yes 1
Needham 1
Nettleton 4 6
North Leigh yes
Norton
Oldcroft 4
Oulton
Owmby yes
Pakenham 5 1
Par Beach, St Martin's 1
Piddington
Piercebridge 1 12 1
Poole's Cavern yes
Portchester Castle 1
Porthmeor yes
Poundbury
Richborough yes 3
Rocester c.90
Rockbourne: West Park 2 1
Villa
Rudston 8 2 1
Rushmore
Saltersford yes yes
Scarcliffe
Sewingshields 1 yes
Silchester 6+ 7 1 1
Snai lbeach
Snettisham yes
Snettisham c.50 ¢.30
Snodland
South Shields 2 1 1? yes
Southampton (Clausentum)
Southwark: 1-7 St Thomas 1
Street
Southwark: 107-115 Borough
High Street
Southwark: 201-211 Borough 1
High Street
Southwark: Arcadia yes ?yes
Buildings
Southwark: Bonded
Warehouse, Montague Close
Southwark: Cathedral Crypt
Southwark: District 2
Heating Scheme
Southwark: Toppings Wharf

Springhead ?
St Albans (Verulamium) 4 c.50

St Just in Penwith 2

Stanmore 1
Stanwick 1
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yes

yes

yes
yes

yes

yes

yes
yes

yes

yes

yes

yes

36

yes

yes

yes
yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
yes

yes

yes

yes

etc

model

yes
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Table 2.2 (continued)

Site

Stanwix

Stoke Gifford

Studland

Tarrant Hinton

Templebrough

Thistleton

Thorpe

Tiddington

Towcester

Towcester: St Lawrence's
Church

Tower Knowe

Trethurgy

Tripontium

Uley

Vindolanda

Wall (Letocetum)

Walton-le-Dale

Ware

Water Newton

Wattisfield

Westbury

Weston-under-Penyard

Whatley

Whitchurch

Whitchurch

Wick

Wicklewood

Wilderspool

Wilderspool: Loushers Lane

Wimbourne
Winchester

Winchester: Staple Gardens

Winchester: Victoria Road

Witcombe

Woodeaton

Wroxeter

York: Aldwark

York: Church Street

York: Parliament Street

York: Rougier Street

York: St Mary Bishophill
Senior

York: Tanner Row

York: [Yorkshire Museunm)

cupel cruc

(part)

yes

3+

yes

yes

yes

yes

obj ingot ingot part scrap waste tools model

mould mould

1?

yes
12

350

yes

yes
yes

1?

yes

yes
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yes

yes

yes

yes

yes

yes

yes
yes

yes

yes

yes

yes

yes

yes
yes

yes

yes
yes

yes

yes

yes

yes

yes
yes

yes
yes
yes

yes

yes

yes

yes
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Table 2.3 - Early Saxon sites (5&-1ﬂ\g¢whay)

Site cupel cruc obj ingot ingot part scrap waste tools model Cu Ag Au
(part) mould mould manuf etc
Ash 1 - -0
Barton on Humber yes - - -
Bury St Edmunds yes - - -
Cassington: Purwell Farm yes 6 - -
Chalton 1 0o - -
Finglesham yes - - -
Glastonbury Tor 2 0o - -
Icklingham: Mitchell's 1 - - -
Hill
Kingston Down 1 - -0
Louth 1 - - -
Lullingstone 1 - - -
Mucking yes 2+ - - -
Ozengell 1 - -0
Rochester: 30 High Street yes - - -
Salmonby yes - - -
Spong Hill 1 - -
Sutton Courtney 1? - - -
Tattershall Thorpe yes yes o - -
Tintagetl 1 1? yes 1 0 - -
West Stow ? - - -
Woodeaton yes - - -
Yeavering 13 1 0o - -
Salisbury - - - - - - - -

Table 2.4 - Middle Saxon sites (7ﬁwqﬂ.ceutu2p

Site cupel cruc obj ingot ingot part scrap waste tools model Cu
(part) mould mould manuf etc
Barrow on Humber 1 yes yes 0
Canterbury: Cakebread yes -
Robey
Carlisle: The Lanes 2 -
Hartlepool: Church Close yes yes 0
Huntingdon model O
Jarrow 3 0
London: Jubilee Hall 2 yes 0
Prah Sands 4 -
Sevington yes -
Southampton (Hamwih) [ 50+ 6 4+ yes yes yes 0
Wharram Percy 5 15 yes 0
Whitby Abbey 2 1 -
York: 46-54 Fishergate 36 1 0
doscorne 1 -
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Table 2.5 - Late Saxon sites (mainly 10th/11th century)

Site cupel cruc  obj
(part) mould mould manuf
Bedford: Empire Cinema yes
Site
Bowes: Old Spital Farm 17
Canterbury: Marlowes IV 2
Cheddar 32 59 1 yes
Chester: Castle Esplanade 23+75
Chester: Cuppin Street 1
Chester: Lower Bridge 1
Street
Croydon 4
Cuerdale 183+ 168+
Easingwold 1
Gloucester: St Oswald's yes
Priory
Goldsborough 1+1
Holy Island
Ipswich lots yes c.20 1
Lincoln: Bailgate
Lincoln: Dane's Terrace c.20
Lincoln: Flaxengate yes 100's yes 5 yes
Lincoln: Grantham Place 10 1
Lincoln: Holmes Grain 2
Lincoln: Hungate 20
Lincoln: Silver Street/ yes 200+ 1
Saltergate
London: Aldersgate Street
London: Cheapside yes
London: Milk Street 10 1
London: various sites in 132
the city
Netherton yes yes yes?
North Elmham 1
Northampton: Black Lion 1
Hill
Northampton: Chalk Lane 5 c.100
Northampton: Marefair 1 c.12
Northampton: St Peter's 1 yes
Street
Northampton: St Peter's 1 8
Gardens
Northampton: The Green 2
Norwich
Norwich: Fishergate 1
Oxford yes 1
Portchester Castle 1
Scotby [)
Southampton: Brewhouse 1
Lane
Southwark: Tooley Street
Thetford: Brandon Road 2 yes
(Site 5756)
Thetford: Minstergate 13
Thetford: Red Castle 3
Thetford: Redcastle Furze few 1
Thetford: Site 1092 2 1? yes
Thetford: Site 4 1 2

ingot ingot part scrap waste tools model Cu Ag Au
etc

30

yes

yes

yes

yes

yes

yes

yes
yes

yes

yes

yes
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Table 2.5 (continued)

Site cupel cruc obj ingot ingot part scrap waste tools mode! Cu Ag Au Pb Sn PbSn
(part) mould mould manuf etc

Thetford: Sites 1 and 2 2 35 1 2 ) yes yes yes o0 -0 - -

Thetford: Star Lane 1 - e - - - -

Winchester: Castle Yard 3 23 -0 - - - -

Winchester: Cathedral 2 34 yes yes o0 - - - -
Green

Winchester: Cathedral Car 1(1) - 00 - - -
Park

Winchester: Lower Brook 1€6) 17 1 2 o090 - - -
Street

Winchester: Wolvesey 12 27 000 - - -
Palace

Winchester: western 18 yes 0 - - - - -
suburbs

York: 1 Kings Square 1 - e e e e -

York: 16-22 Coppergate 19 975 1N 12 4 yes yes yes yes yes 0 0 0 0O0O

(15)

York: 22 Piccadilly (65) - 00 - - -

York: 9 Blake Street yes 1 - - - - - -

York: Castle 1 - e - - -

York: Hungate few - e - e e .

York: Parliament Street 1 0 - - - - -

York: Tanner Row 3 0 - - - - -
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Table 2.6 - Early medieval sites (mainly 12th/13th century)

Site cupel cruc obj ingot ingot part scrap waste tools model Cu Ag Au
(part) mould mould manuf etc
Bath: Citizen House 1 - - -
Binham Priory lots 0 - -
Bury St Edmunds Abbey yes yes - 0 -
Canterbury: 41 St George's 30 yes 0 0 -
Street
Canterbury: Cakebread 1 yes yes o - -
Robey
Canterbury: St Augustine's yes yes yes 0o - -
Canterbury: St John's Lane yes - 0 -
Carlisle: Annetwell Street (1) - 00
Castle Rising 30? yes yes o - -
Cirencester: St Mary's 1 1 00 -
Abbey
Colchester: various sites 1? [ 0 0 -
Coventry: Much Park Street [ 7 yes yes o - -
Dorchester: Greyhound Yard 1? - - -
Exeter: 34-8 Bartholomew yes - - -
Street East
Exeter: St Mary Major 0o - -
Exeter: various sites 50+ 3 yes - - -
Gloucester: Westgate 7 - - -
Street
Hartlepool 0o - -
Ilchester 5 - - -
Lincoln: Lucy Tower 5 1 - - -
Lincoln: Michaelgate c.70 - - -
Lincoln: Spring Hill 2 1 - -
Lincoln: Swan Street 2 0 - -
Lincoln: The Lawn yes yes 0o - -
Lincoln: The Park 1 1 - -0
Lincoln: West Parade 23 - - -
London: St Mary at Hill, 1 - - -
Lower Thames St
Norwich: 73 St Benedict's 1 0 - -
Street
Norwich: Castle Mall yes ‘ yes 0o - -
Norwich: World's End Lane yes yes 0o - -
Nottingham: Lace Market o - -
area
old Sarum 2 yes o - -
Ravensden 0o - -
Romsey Abbey few yes 0 - -
Thetford: Guildhall 6(1) 9 yes 0 0 O
(Site 25296)
Thetford: Site 5759 1 yes yes 0 0 -
Thurgarton yes 0 - -
Thurleigh 0o - -
Winchcombe: North Street 1 - - -
Winchester: Assize Courts 3 37 0 0 -
Winchester: Lower Brook 8 145 4 00 -
Street
Winchester: Staple Gardens yes -0 -
Winchester: western 21 27 yes 00 -
suburbs
York: Bedern yes 0 - -
York: Feasegate 1 o - -
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Table 2.7 - Medieval sites (not closely dated)

Site cupel cruc obj ingot ingot part scrap waste tools model Cu Ag Au Pb Sn PbSn
(part) mould mould manuf etc

Barton on Humber: St 0o - -0 - -
Peter's Church
Bristol: Victoria Street yes 0 - - - - -
Charterhouse 2 - e e e - .
Christchurch Priory yes - - - - .
Colchester: Gilberd School yes yes 0 - - - - -
Grove Priory - - -0
Gunnerside - - -0 - -
Hadstock: St Botolph's 0 - -0
Church
Hereford: Bewell House 0 - - - - -
Lyveden 1 e e e e e -
Milton Keynes (MK 636) 1 - e - - - .
Norwich: Bacon's House yes
Norwich: Magdalen Street
Norwich: Pottergate yes
Thornton: St Peter's
Church
Trereife 1 - - - -0 -
Wadsley 1 - e e - - -
Wallingford: St Michael's 0 - - - - -
Church
York: 34 Shambles yes yes o - - - - -
York: Goodramgate 0 - - - - -

33



Where the iniormation in lables Z.l-<./ comes rrom published
sources the exact nature of the finds is not always clear so the
divisions between different categories, particularly part manufactures,
scrap and waste, are in some cases not as precise as in others. The terms
most commonly used in the literature are scrap and waste but they are
rarely defined so the correspondence with the categories defined above
can only be assumed.

The nature of the metals being worked is also recorded in
Tables 2.1-2.7. It should be noted that there is no indication of which
categories of finds relate to which metals as this would require a 10 x 6
matrix for each site; this information is however contained in Appendix A.

The frequency of each category of finds in each period is
summarised in Table 2.8 (the poorly dated medieval material in Table 2.7
has been omitted). The figures represent the number of sites where each
category is present and give no special weight to the few sites which
have produced large quantities of metalworking finds. Large quantities
are by and large a coincidence of survival and excavation. More usually a
few fragments represent what must originally have been a larger group of

material.

Table 2.8 - Summary of finds from Tables 2.1-2.6

Iron Roman Early Middle Late Early Total

Age Saxon Saxon Saxon Medieval
No of sites 75 241 22 13 63 46 460
cupel - 8 - 2 17 9 36
parting vessel - 6 - - 4 2 12
crucible 39 121 7 7 38 24 236
object mould 13 64 2 6 12 15 112
ingot mould 24 12 - 3 13 - 52
ingot 8 34 - 2 9 1 54
part manufacture 8 30 - 1 8 3 50
scrap 11 60 2 1 5 1 80
waste 20 76 3 2 17 17 135
tool 16 14 13 3 5 1 52
model etc - 6 1 1 4 - 12

The overall frequency of finds in the ten categories is very
variable with crucibles well in the lead, followed by object moulds,
scrap and waste and then ingots, ingot moulds, part manufactures and

tools. Cupels are slightly less common and models and parting vessels
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rarities. This pattern is predictable as both crucibles and object
moulds were often used only once and then had no value and were
discarded. The high frequency of scrap and waste is more surprising as
most of this material could easily have been recycled. Perhaps actual
frequencies are distorted by the way archaeologists collect and identify
finds; metal is carefully collected and often conserved so the presence
of scrap and waste may be noted even when other indicators of metal
working were not identified.

The low frequencies of the other categories of finds can be
explained as follows:
Ingot moulds were used repeatedly and so were never made in large
numbers. Ingots were large and hence valuable pieces of metal. Part
manufactures had a value because of the work already done to the metal
and so were not usually discarded, faulty pieces would have been remelted
and reused. Tools would have had a long life and an association with
metalworking is usually not specifically identified. Cupels and parting
vessels are indicators of uncommon processes. Models were probably often
made of organic materials which do not survive well on many
archaeological sites.

The reasons suggested here for the differing frequencies of
each category of finds relates to the nature of the processes for which
they provide evidence. The differences between the various periods have
more complex origins which are discussed in Chapter 11. The metals and
alloys being worked also have an effect on the nature of the finds which

is considered in Chapter 10.

Ancient authors

It is necessary to remember that none of the ancient authors
mentioned in this section wrote in English and so difficulties in
translation as well as inaccuracies due to damaged or incorrectly copied
manuscripts must be added to any imprecision in what was originally
written. This can lead to subtle though significant differences in
interpretation and hence in the information extracted from the text. One
example of this is the two modern translations of Theophilus' De Diversis
Artibus by Dodwell (1961) and Hawthorne and Smith (1979).

None of the classical authors whose work has come down to us
were craftsmen or technologists. They were generalists reporting what
they were told or read, often in detail but without questioning its truth
or validity. Even where their information is sound there is little or no
interpretation and certainly no extrapolation from the particular to the

general.
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Much information was copied time and again with one writer
quoting from an earlier one so it is dangerous to date the appearance of
a technique by the oldest surviving literary reference to it. Most
authors were not writing specifically about metalworking, even when they
were compiling a technical work, but make passing reference to a material
or process which can have a metallurgical use or function. Examples are
the various allusions to calamine and brass making by Strabo (quoting
Theopompus), Dioscorides and Pliny (Bayley 1990A).

Pliny was writing in the mid 1st century AD and had travelled
outside Italy but his experiences were effectively restricted to the
Mediterranean world. He does however devote large parts of two books of
his Historia Naturalis to metals and metalworking and so provides much
information arranged in a fairly systematic way. Bailey, who translated
these books (1929 and 1932), notes in his introduction that:

"Pliny is often accused of being a mere collector of facts from
other writers, and of failing to test their accuracy ... He recounts
facts, but he seldom attempts a generalisation based on these facts
... We are struck by the contrast between the very considerable
amount of accurate knowledge about the properties [of materials] and
the almost entire absence of theorising ... In antiquity one was
interested in facts or theories, but not, as a rule, in both."
Pliny is not therefore an ideal source but he is no worse than the rest
of the classical authors and does have the advantage of presenting a
relatively large and detailed body of information. It is necessary
however to realise there are inconsistencies, especially in his use of
technical terms, and that the names he uses are not always applied as in
modern practice.

He mentions gold and silver and their refining; copper alloys,
lead and tin alloys and their composition and the materials used for
soldering and plating. The details he reports appear in the relevant
places in the chapters below, referred to by their book and paragraph
numbers (eg Bk 34, 160). The translation used is that of Bailey (1929 and
1932).

Two other manuscripts that survive are the so called Leyden and
Stockholm papyri which date to the end of the 3rd century AD (Caley 1926
and 1927). They are lists of recipes, often in an abbreviated or
incomplete form, that craftsmen could have used as reminders, though not
as full instructions. They appear to have been collected over a period of
time as there is considerable duplication and overlap between individual
recipes. Topics covered include purifying metals and testing for purity,

making alloys, surface colouring and imitating precious metals. There
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were originally many similar papyri but most of them were systematically
destroyed in the 4th century (Brown 1913). Some of the recipes in them
did however survive and form the basis for later compilations, both
Arabic and European. There is a continuity between Graeco-Egyptian
knowledge (which was taken over en bloc by the Romans) and that of later
times, extending well into the medieval period. In the post-Roman world
various technical manuscripts were assembled, copied and added to over
the centuries and sometimes commentaries on them produced, but there is
no indication of a new or practical input until the appearance of
Theophilus' De Diversis Artibus in the first half of the 12th century.

The earlier post Roman manuscripts include Compositiones ad
tingenda musiva (Hedfors 1932) which dates to the end of the 8th centuryand
the Mappae Clavicula (Smith and Hawthorne 1974) which was compiled early
in the 9th century. These are clearly both compilations, whether gathered
together at one time or assembled over a period. The information in them
is not grouped by topic or arranged in any logical order. There is clear
evidence of copying as very similar blocks of text are found in several
manuscripts and there is duplication within one manuscript as added
recipes reproduce existing information. They contain some factual,
practical information for such things as soldering and gilding but also
almost alchemical recipes, eg for making gold. A full discussion of the
various manuscripts and their relationships and date are given by both
Hawthorne and Smith (1979) and Dodwell (1961).

Theophilus' De Diversis Artibus, wviltea i the early 12th century,

is quite different in

content. It is made up of three books describing the work of the painter,
glass worker and metal worker respectively and was written by a
practising craftsman who presents a comprehensive range of information in
an orderly and logical fashion. It is a thoroughly practical handbook and
the detailed descriptions indicate a familiarity with almost all of the
processes being written about. It is not copied from earlier works though
some of the practical information they contain is part of the working
tradition on which Theophilus based his descriptions and which he
interpreted and emended in the light of his own experience. He was a
Benedictine monk, a German working in the north west of the country and
can probably be equated with Roger of Helmarshausen, a few of whose works
survive to this day(Hawthorne aad Smith 1479).

Book III on metalworking, which comprises the major part of the
work, starts with instructions on how to lay out a workshop and build
furnaces. It includes details of techniques such as refining, casting and

decorating metalwork. Much of this information is referred to (by its
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chapter number, eg Ch 87) in Chapters 4-8. The translation used is that
of Hawthorne and Smith (1979).

By the 16th century there were a number of technical treatises
being written and printed; like Theophilus, their statements are based on
actual observations and personal experience. Among the earliest are
Biringuccio's De la pirotechnia (1540) and Agricola's De re metallica
(1561). These are accessible in modern translations by Smith and Gnudi
(1942) and Hoover and Hoover (1950) respectively. Although written
several centuries after the close of the period covered by this thesis,
large parts of these books are describing established practices which
were identical to those of earlier times and so are relevant here; Forbes
(1956) noted that non-ferrous metallurgy hardly changed from antiquity
till the 16th century.

The descriptions in the books and manuscripts mentioned here
can often be illustrated by archaeological finds of the period and region
of this study and conversely, other descriptions in them can be used to
illuminate the more cryptic archaeological evidence and widen our

understanding of the techniques of the metal workers of antiquity.

Modern craft practice and metallurqgy

Modern metallurgy describes and explains the properties of
metals and alloys in terms of their crystal structure and how it reacts
to applied forces. In antiquity these properties were equally well known,
but in an empirical fashion. The approach was essentially practical; if a
manufacturing method or alloy composition suited the intended product
then it would be used. This is reflected in a high correlation between
methods of manufacture and alloy composition (see Chapter 10).

Metal working was not the only area where ancient technology
was sophisticated and highly-developed but unaware of the theoretical
basis for its knowledge. This, in part, explains much of the observed
conservatism in technique (see Chapters 4-8) as it was only with the rise
of scientific experiment in the post-medieval era and the willingness, or
ability, to generalise from the particular that technical innovation
became commonplace. The preoccupation with why things work or fail is
essentially a modern one; even the medieval alchemists were interested
only in the results of their experiments rather than in the general
principles that they demonstrated. With the development of metallurgy as
an exact science in the later 19th century, objective numerical measures
of physical properties came into existence and these can be used to
quantify the suitability of different alloys for particular uses (see

Chapter 9).
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There are many modern books which describe how metals can be
worked (eg Bedford (1971), Cairns and Gilbert (1967), Garside (1957),
Jastrzebski (1959) and Kempster (1975)). They detail the processes that
can be used, the effects they have on the properties of metals of
different compositions and the type of finished product obtained. They
include both purely practical workshop manuals and other descriptions of
modern technology dealing with metals at a macroscopic level, as well as
those that are more theoretical, considering metals on a microscopic
scale, describing processes as changes in the arrangement of atoms which
give rise to altered crystal structures and hence properties.

Some of the processes now current (eg centrifugal casting,
rolling sheet metal and electroplating) were not known in antiquity but
many others that are still current have been practised for thousands of
years (eg investment casting and forging). The necessary operating
conditions for each process and other information derived from modern
metallurgy are outlined in the chapters on techniques (Chapters 3-8). The
effects of these processes on the properties of the metals are described
in Chapter 9.

Experiments to replicate ancient processes and products are a
further aspect of modern metallurgy that can help explain the
metalworking activities of the past. These cover the whole spectrum from
smelting (eg Tylecote and Merkel 1985) to casting (Evans 1976) and
decorating (Lowery et al 1971). Individual pieces of work are quoted

where appropriate in Chapters 4-8.
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CHAPTER 3
METAL PRODUCTION

Metal production involves a number of steps, starting with the
location and mining of the ore and progressing through its beneficiation
and roasting (where appropriate) to smelting. This chapter is essentially
a summary based on a literature survey. Note that mine sites are not

included in Appendix A.

Ore sources and mining

The primary sources of metals were ore bodies which contain
concentrations of minerals. These zones of mineralisation are not evenly
distributed but are located in particular geological formations, mainly
areas of igneous or metamorphic rock. Briggs (1988) has argued that
transported boulders and gravels may have been exploited by small-scale
ore collection in the past. Much tin, at all periods, has been obtained
from secondary deposits of this type. The only parts of England with
explpitable primary non-ferrous mineral deposits are the Lake District,
Pennines, Welsh Marches, Mendips, Devon and Cornwall. Modern geological
maps mark mineral deposits, but not all those now known were exploited in
the past. This is either because the ores were inaccessible or because
they were too low grade for their exploitation to have been economic. In
addition there were probably some small deposits which were mined in the
past but which have now been completely worked out.

These ore bodies usually contain a range of minerals and so can
be a source of more than one metal. Some of the lead deposits worked in
antiquity contained silver in economically extractable quantities (this
was the main source of silver in antiquity) while copper ores contained a
whole range of other metals, some in more than trace amounts. Zinc and
lead minerals were often found together, as in the Mendips, but tin was
usually found on its own.

Evidence for which ore bodies were worked at which periods
comes from ancient authors and documents and from surviving mine
structures or debris. Physical remains have rarely been identified,

despite the fact Hat
especially for the earlier periods [ later workings do not remove all
traces of previous activity (Craddock and Gale 1988). Few of the known
early mines can be dated with any certainty. The literature abounds with
references to ore bodies or areas which were exploited at different
periods. This information is summarised in Table 3.1 for English sites
and those on the Welsh/English border. Many of the best known areas are

however in Wales, eg the gold mines at Dolaucothi (Lewis and Jones 1969)
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Table 3.1 - Areas of England exploited for minerals

Key: 1) = Pre-Roman 2) = Roman 3) = Saxon

4) = 10th century or later

COPPER

1)

2)

3)
4)
LEAD
1)
2)

3)

4)

TIN
1)

2)
3)
4)

GOLD
1)
2)
3)
4)

ZINC

Alderley Edge and possibly Cornwall (Clark 1952)

Cheshire, Shropshire (Forbes 1956)

possibly the Lake District (Hamilton 1926)

Cornwall (associated with tin ores), Llanymynech (Healy 1978)

Llanymynech (Davies 1935)

Cornwall, Devon (Forbes 1956)

possibly Shropshire (Hill 1981)

(AND SILVER)

probably Mendips (Clark 1952)

Wharfdale (incl Greenhow Hill), Swaledale, Wensleydale (Clough 1962)

Shelve (Salop) (Scarth 1875)

mainly Mendips, Stiperstones (Salop), N Derbyshire but also Swaledale
and Greenhow Hill (Gowland 1901)

Wharfdale, Mendips (Davies 1935)

Derbyshire (Richardson 1974)

Mendips, Derbyshire (Hill 1981)

Derbyshire (Richardson 1974)

Swaledale, Wensleydale, Nidderdale (Davies 1935)

Yorkshire, Durham, Derbyshire, Mendips, South Devon (Homer 1991)

Cornwall (Forbes 1954, Clark 1952, Penhallurick 1986)

Britain (Caesar, Diodorus and Strabo)

Cornwall (Bromehead 1956, Richardson 1974, Penhallurick 1986)
Cornwall (Hedges 1964, Penhallurick 1986)

Cornwall (Forbes 1956)

Devon, Cornwall (Richardson 1974, Penhallurick 1986, Homer 1991)

Cornwall (Davies 1935, Healy 1978)

The first evidence of exploitation of Mendip zinc ores dates to the

16th century (Richardson 1974)
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and copper mines in north Wales and Anélesey (Healy 1978).

For the Roman period Davies (1935) surveyed all the information
then available for the whole of Europe and, as Lewis and Jones (1969)
comment "... the subject of Roman mining appears to have developed little
since [then]." Healy (1978) has no extra information on English mines. If
the technology of mining is considered then Bromehead's (1956) comment
that "... Roman Britain does not yield anything that is not better
illustrated in lands less remote from the centre of government” is a
salutary warning against making too much from the minimal evidence that
survives.

In post-Roman times the position is, if anything, worse. Hill
(1981), dealing with the Saxon period, says "... we have no evidence for
the sources of ... metals in England at the time " but Loﬁh (1341) quotes
documents vefexvring to lead duetion n dexbyshive.

Once the ore had been mined it had to be physically separated
from as much of the gangue as possible and broken intoc suitably sized
pieces for smelting. This preparatory work was usually carried out close
to the mines to minimise the transport of waste material. Some ores were
roasted prior to smelting to convert the minerals present to more readily

reducible ones or to help break up the nodules.

Smelting

Smelting is the first stage of metalworking to involve the use
of refractory ceramics - for furnace structures. They reappear later when
metal refining, melting and casting are considered. Tite et al (1985)
summarise the range of refractories and their uses and note that in
examining them it is essential first to positively identify their
association with metalworking, then to identify the process and the
metal(s) involved and finally to record the details of that process such
as working temperature. Most of the refractories recorded here (listed in
Tables 2.1-2.7 as waste) are from sites far removed from ore sources and
are thus unlikely to be from smelting furnaces as smelting sites are
normally located in or near the areas where ores were mined, as smelted
metal was more readily transportable than the ores. The association of
these refractories with processes other than smelting is supported by the
generally low level of vitrification noted.

The general principles of early smelting are well known. For
example Forbes (1964B) describes the multiple stages necessary to obtain
a good yield of copper but admits that simpler though less efficient
processes were possible if rich ores were used and low extraction rates
considered acceptable. The slags produced contained significant amounts

of metal and have often been resmelted in more recent times.
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A few locations in the West Country have been claimed as tin
smelting sites (Penhallurick 1986) and there is evidence for lead
smelting from sites on Mendip and in the Peak District and further north
in the Pennines (Tylecote 1962A). Overall however the material evidence
for metal smelting in the period covered by this study is almost as
elusive as that for mining. Continental Europe and the Mediterranean
world offer better examples (eg Tylecote 1987).

As noted above, ore bodies usually contain a range of minerals
so the smelted metal is often not very pure and thus has to undergo
purifying and refining processes. These are described in Chapter 4.
Crude, unrefined metal ingots are not normally found so the primary
refining must thus be considered as the final stage in the smelting
process. The end product was usable, 'pure' metal ingots that were traded

and then used by metalworkers as the raw material for their crafts.

Ingots

Ingots vary in size and shape and weigh from a few hundred
grams up to 80 kg or more. The examples quoted below are all Roman as
there are no ingots securely dated to the other periods under
consideration here, except the small bar ingots which are described in
Chapter 5 together with the moulds in which they were cast.

About 80 rectangular lead ingots with trapezoidal sections are
known though most of these are not listed in Appendix A (see instead
Tylecote 1986A, Tables 38-9); purity is well over 99% (Tylecote 1962A).
Most are of desilvered metal though a few early ones have higher silver
levels (Whittick 1982); it was economic to desilver lead containing over
0.06% silver. They are most frequently found in or along routes from
production areas. Typical dimensions are 50 x 14 x 12 cm with a weight of
around 80 kg (250 Roman pounds). Most have cast-in official inscriptions
and can thus be dated from c.60 AD to the third quarter of the 2nd
century; after this date it is thought the mines went out of imperial
ownership.

Tin ingots are known in a variety of forms (Penhallurick 1986)
but most finds are poorly dated. Todd (1987) lists a number of certain or
probable Roman examples from the south west peninsula which are mostly
oval in plan and of plano-convex section. Weights vary considerably but
the maximum quoted is under 20 kg. Purity is high.

Copper ingots are scarce but Roman examples from Wales have a
circular, plano-convex form and some are stamped (Kelly 1976); purity is
around 99%.

Silver ingots of a flat, oxhide shape with official stamps,
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which usually weigh about one Roman pound (320 gm), appear in the 4th
century when it is suggested they were used to pay the military. Painter
(1981) describes the 11 examples then known from Britain and Johns and
Potter (1985) add further items to the list, including a rectangular
ingot. Silver content varies but is normally over 95%.

As well as single element ingots, a number of large ingots of
various alloys are also known. Although they are not the primary product
of smelting operations they had a similar function as a bulk source of
metal for craftsmen and so are included here.

The most widely known examples are pewter ingots which are
usually plano~convex and oval or circular in shape. Hughes (1980) noted a
correlation between shape and composition in a group from London that he
analysed. Compositionally they fall into three groups with around 95%,
67% and 50% tin respectively.

Recent excavations have discovered a number of copper alloy
ingots. A circular, plano-convex one from Claydon Pike was brass
(Northover, forthcoming) as were two small rectangular ones from
Gloucester; that from Alvin Street had been broken from a longer bar with
a shallow D-section, originally made up of several similar units. The
large rectangular brass sheet from Colchester: Sheepen should also be
mentioned here though it was heavily worked and not in an as-cast state;
it weighed 9.36 kg (Musty 1975). The same site also produced an off-cut

from a large rectangular bronze bar (Bayley 1985B).
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CHAPTER 4
REFINING AND ALLOYING

Two distinct processes, refining and alloying, are involved in
transforming crude smelted metal into the raw material of the metal
smith. Some refining was usually carried out as a secondary stage of
smelting to remove impurities or separate the components of metal smelted
from mixed ores and this often took place at the smelting site. Other
refining processes were carried out at the place where the metal was

being used.

Refining

Unlike most high temperature metallurgical processes which are
carried out under reducing conditions, refining makes use of the varying
redox potentials of the different metals to separate them by controlled
oxidation. Oxidation on its own though is not always a sufficiently
powerful technique and preliminary physical segregation based on the very
varied mutual solubilities of the metals is also employed. The techniques
used in the past depended on the composition of the original metal and
the relative proportions of the different elements present.

Native gold often contained silver (Tylecote 1987), some newly
smelted copper contained significant quantities of gold and/or silver as
well as other impurities, while argentiferous lead was the main source of
silver in antiquity. Much British lead was very low in silver and
primitive lead smelting at times produced metal more than 99.9% pure
(Tylecote 1986A). The tin produced was also normally quite pure and so
did not require refining.

Cupellation was the refining process which was used to separate
noble metals from base metals, while parting separated silver from gold.
Where copper was a majot component of a precious metal alloy, liquation
could be used as a preliminary step before cupellation. Simple oxidation
was also used.

The existence of these refining techniques shows that craftsmen
had ways of judging or measuring purity. The use of touchstones for
estimating the purity of gold is well known and examples have been found
on sites of various dates from Iron Age times onwards (eg Clifford 1961,
Moore and Oddy 1985). Precious metals could also be tested by fire assay
(ie cupellation) though Theophilus (Ch 50) suggests that simpler methods
such as the properties of the solid metal were also used. Malleability is
one of the properties of base metals that, when taken together with

colour and taste, would have provided a reasonable estimate of their
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composition. Theophilus describes just this sort of test; red hot copper

that breaks or splits when hammered is insufficiently refined (Ch 67).

Oxidation

Oxidation can remove the more reactive and volatile elements
from a melt and simultaneously increases the relative proportions of
nobler elements. For example, if impure copper is melted under oxidising
conditions any silver or gold is retained thle elements such as arsenic,
lead and iron are incorporated into a crucible slag which can be skimmed
off the melt (Tylecote 1982). The refining action of oxidation was
apparently well known in antiquity as Pliny, when talking about copper
and its alloys, notes that malleable copper has had the impurities
roasted out of it (Bk 34, 95). During refining some cuprous oxide also
forms and dissolves in the melt which leads to brittleness on
solidification (Gowland 1921). Refined copper is therefore reduced by
poling back, leaving a neutral melt with improved physical properties.
Precious metals can also be refined by oxidation as described by
Theophilus (Ch 50). Pliny refers to this obliquely by noting that {[pure])
gold loses nothing on heating and is not discoloured (Bk 33, 59).

Although some crucibles contain far more massive slag deposits
than others it is not possible to differentiate between refining and
melting crucibles on this basis. Accidentally oxidising conditions could
produce a massive crucible slag in a melting crucible and the slag
composition is unlikely to be a reliable guide as fuel, fluxes and the
crucible fabric as well as the metal all contribute to it in unknown

proportions.

Cupellation

As noted in Chapter 3, silver is most commonly found in the
form of argentiferous lead ores which on smelting yield lead containing a
variable but small amount of silver. To refine the silver the major
constituent, the lead, has to be removed. In antiquity, this operation
was economic with silver contents as low as 0.06% (Gowland 1901){ lead
from the Mendips contained up to 0.4% silver (Elkington 1976). The
process involves melting the argentiferous lead in a shallow hearth, and
blowing air across the surface of the melt to oxidise it. The litharge
(PbO) that forms either volatilises, is scraped away or is absorbed by or
reacts with the hearth lining, leaving a globule of pure silver behind.
Percy (1870) gives a detailed description of this process. The lead could
be recovered by resmelting the litharge and lead-rich hearth lining. The

earliest known English hearth of this kind is that from Hengistbury,
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thought to date to the late Iron Age (Gowland 1915). The hearth was lined
with bone ash which is porous and will physically absorb the litharge
while also being less susceptible to attack by metal oxides than
siliceous materials such as fired clay (Garside 1957). Cupellation thus
seems to have arrived in this country in a fully developed form rather
than evolving here. Cupellation hearths are not common archaeological
finds. Many must have existed in smelting areas such as the Mendips but
these have not been recorded archaeologically, perhaps because they would
normally have been resmelted to recover the lead.

A further aspect of cupellation is that litharge acts as an
oxidising agent and any other base metals present are oxidised and their
oxides either volatilise or dissolve in the litharge and are thus also
removed from the silver (Gowland 1921). For this reason cupellation could
be used not only as a method of obtaining silver from the crude metal
smelted from mixed ores, but also as a method of refining recycled metal
and as a test of the purity of precious metal.

When refining existing metal or testing its purity, lead was
added to the precious metal; Theophilus provides one of the earliest good
descriptions of this process (Ch 23). Pliny's description (Bk 33, 95) is
less detailed but notes that the method universally used was heating with
lead and that the silver floated on top like o0il on water. This shows the
litharge must have been absorbed into a porous hearth as silver is denser
than litharge (SG silver = 10.5, SG litharge = 9.5). Gold behaves in a
similar way to silver so cupellation can be used to purify or refine gold
too (cf Theophilus Ch 69).

When the metal to be purified contained a considerable
proportion of copper it was more efficient first to separate the silver
and copper physically by the process variously known as lead soaking or
liquation. This was done by melting the metal with up to three or four
times its weight of lead. Nearly all the silver together with 2-3% of the
copper dissolved in the lead and, as lead is virtually insoluble in
copper, the solidified melt contained two intimately mixed phases, one of
copper and the other of silver (and gold, if present) dissolved in the
lead. If this leaded metal was then heated gently (at 500-700°C, ie above
the melting point of lead but below that of copper) the lead-rich phase
would melt and trickle out, taking the precious metals with it, leaving
behind a 'sponge' of copper. The lead could then be cupelled to recover
the silver and the copper melted and refined to expel any remaining lead
as described by Theophilus (Ch 67).

Hawthorne and Smith (1979) note that this process is supposed
to be a 15th century development but that Theophilus' description of
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copper smelting (Ch 63) apparently includes a reference to it. Fox and St
John Hope (1894) quote Prof Roberts-Austen's comment on a sample from
Roman Silchester containing 68% copper, 12% lead and 0.13% silver which
he considered could have been intended for liquation. Tylecote (1986B)
has suggested the copper in litharge cakes (see below) is evidence for a
Roman liquation process but it could be argued that copper-rich litharge
is more likely to be an indicator of cupellation without prior liquation
as only a few percent of copper will dissolve in the lead.

The known English cupellation hearths (including that at
Hengistbury mentioned above) all have associated wastes that are rich in
both copper and lead and so were probably used to extract silver from a
copper-rich matrix.

Far commoner than hearths are litharge cakes, a by-product of
cupellation, many of which are found to contain significant amounts (of
the order of 10%) of copper (Bayley and McDonnell 1990A). Most of the
litharge cakes are not from metal production sites and this, coupled with
their composition, suggests that they were produced when silver was
refined or recycled rather than being evidence for primary extractive
metallurgy. There are records of copper-free litharge in lead production
areas, eg Chew Valley Lake (Rahtz and Greenfield 1977), but these are the
exception.

Litharge cakes are known from both Roman and late Saxon/Viking
contexts in a number of towns (see Table 4.1). Typically they are mid-
grey coloured round discs up to 3 or 4 cm thick, 7-15 cm diameter and
pPlano-convex or concavo-convex in section with a central depression in
the upper surface (Figure 4.1). Fragments are found more often than
complete examples. Major elements present are lead and copper while
silver, when detected, is always on the upper surface, usually only at
the rim of the central depression which marks the edge of the solidifying
pool of silver. This rim was sometimes cut away in antiquity, presumably
to reclaim the silver it contained. SEM/EDAX analyses of a section
through a Roman litharge cake showed the presence of calcium phosphate
(Bayley and McDonnell 1990A) and further work on a 12th/13th century
specimen has produced similar results, suggesting litharge cakes formed
when molten litharge was absorbed into a bone ash hearth lining. Gowland
(1900) obtained comparable results (by wet chemistry) from the
cupellation debris from Silchester. These litharge cakes are thus the
'fossilised' remains of bone ash lined cupellation hearths.

Flat fired-clay discs, with a lead-rich vitrified upper surface
with an eroded patch of a size and shape that would fit a small litharge

cake have been found together with litharge cakes in late Saxon contexts

48




Figure 4.1 - Litharge cake fragments from York: Coppergate, showing the
range of sizes found. Scale 1:1 (drawings by Eddie Moth,
York Archaeological Trust)
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Roesdahl, who had discussed these finds with the late Prof M J
O'Kelly, suggested two ways they could have been used. The first was
"in refining silver by the method describéd by Theophilus" but the
use considered more likely was "to hold silver objects while filigree

and granulation was added" (1977, 196).




in Winchester (Bayley and Barclay 1996) and have been interpreted as the

'hearth' on which the litharge cake formed (Figure 4.2). The associated

litharge cakes have not yet been analysed to see if they contain bone

ash. If not, this would appear to be a regression in technique from the

Roman bone ash hearth as the litharge cannot be physically absorbed by

the ceramic but reacts chemically with it, producing the lead-rich

vitrified surface.

Table 4.1 - Sites producing litharge cakes

Site

Hengistbury Head *
Doncaster: Frenchgate
Exeter: near the south gate

Southwark: 107-15 Borough High St

Leicester *

Silchester *

Southwark: Cathedral Crypt
Tiddington

Uley

Winchester: Victoria Road
Southampton (Hamwih)

? London: Jubilee Hall
York: Coppergate

Bury St Edmunds Abbey
Lincoln: Flaxengate

Lincoln: Saltergate/Silver Street

Winchester: Staple Gardens

Winchester: Lower Brook Street

Canterbury: St John's Lane
Thetford: Guildhall

Winchester: western suburbs
Winchester: Wolvesey Palace

and/or cupellation hearths
Date (of find context)

late Iron Age

2nd century ?

55-155/160 AD

later 3rd century

late 4th century

Roman

Roman

Roman

Roman

Roman

middle Saxon

middle Saxon

mainly 10th century

early medieval ?

late Saxon

late Saxon

late Saxon

mainly late 11th-12th century
12-14th century

late 12th/13th century
mid/late 12th-14th century
?late 14th century (?residual)

* = cupellation hearth rather than litharge cakes recorded

See Appendix A for full details and references

Cupels

Similar but smaller ceramic discs and dishes are also known,

some as small as 3 cm diameter (Figure 4.3). These objects, first

Crucibles on

difieventiated from/Scandinavian sites, eg by Roesdahl (1977), were not

SPedFMAﬂy identified and were described as 'heating trays', a term that

has come over into English usage (eg Bayley 19823).[Further work has

shown that their correct interpretation is as cupels, ie vessels in which

cupellation was carried out (Bayley 1988A and 1991B, Foley 1981, Tite et

al 1985). Their small size indicates only small scale cupellation, either

to refine a small amount of metal for immediate use or to assay (test the

purity of) a sample of a larger quantity of precious metal. A few have

been noted on Roman sites but most are of middle or late Saxon date. The



Figure 4.2 - Fired clay disc with eroded, lead-rich vitrified upper
surface from Winchester: Wolvesey Palace (Bayley and Barclay
1990). Scale 1:2

10

Figure 4.3 - Cupels from [1l] Winchester: Cathedral Yard (Bayley and
Barclay 1990), [2] Verulamium, [3-5] York: Coppergate
(Mainman 1990) and [6-11]] Lincoln: Flaxengate (Gilmour
1988). [5] was used for gold, the rest for silver. Scale 1:2
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sites where they have been identified are recorded in Tables 2.2-2.6.
Some Roman cupels are Type 3 crucibles (cf Chapter 5) while
others are similar to later cupels, which are usually made of a clay
fabric that is not very highly tempered and may contain finely divided
charred organic matter. They were heated from above as the bases are
often poorly fired and the top surface is always highly vitrified and
often has a circular depression in it (where the refined precious metal
solidified). Analysis nearly always detects lead in considerable
quantities and droplets of silver are often trapped in the vitreous
surface which can be coloured red by traces of copper in it. This
colouration, which is produced by copper in a reduced state, and the grey
(reduced fired) ceramic were initially cited as reasons why these objects
could not be cupels as cupellation is an oxidising process (Bayley
1982B). Consideration of an Ellingham diagram however shows that there
are a range of conditions where lead is oxidised to litharge but copper
is still present in a reduced form at the required operating temperature
of around 1000°C (Figure 4.4). This explains away the apparent dilemma
and allows heating trays to be unequivocally identified as cupels.
Replication experiments by Foley (1981) reproduced the form of the
vitrified surface seen in Saxon examples, reinforcing the identification
of heating trays as cupels. The presence of trapped droplets of silver in
the vitreous surface of some of the ancient examples suggests that the
operating temperatures were at times barely adequate, as the silver had

not coalesced into a single large drop that could be easily removed.
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Figure 4.4 - Ellingham diagram showing the range of partial oxygen
pressures within which cupels were used. Lead is oxidised to
litharge but copper is still present in a sufficiently
reduced form to colour vitreous deposits red.



As well as purpose-made cupéls, sherds from broken pots have
been found with analytically identical vitreous deposits on them; they
were apparently used as makeshift cupels. A further group of related
finds are blocks about 50 mm across and 20 mm thick, made of fluxed and
fused quartz chips which came from the York: Coppergate site (Bayley
forthcoming). They have a hollow in their upper surface and traces of
gold were detected, though little else.

Where only low levels of lead are found in the vitreous layers
on cupels, any trapped metal droplets are always of gold rather than
silver. While some do definitely appear to have been used to refine gold,
perhaps by oxidation as much as by cupellation, others may have had a
second use, to hold small quantities of gold filings or scrapings while
they were melted with a blow-pipe to produce a usable piece of metal. A
shallow Saxo-Norman crucible (not a cupel) from London has definitely
been used in this way as traces of gold were left behind, trapped in a
thin, localised vitreous surface outlining where the gold drop had
solidified (AML 11/87).

Modern cupels are made of bone ash which gives better
separation of the precious metal and lead-rich phase, but they were
apparently unknown at the periods discussed here although Theophilus
describes coating a ceramic dish thickly with ashes (Ch 23); the earliest
surviving English bone ash cupels are those from Legge's Mount at the

Tower of London which date to the 16th century (Oddy 1983).

Partin

While cupellation is a very efficient method of separating
silver and gold from base metals, it is incapable of separating the two
noble metals. Nowadays this separation can be effected by using nitric
acid but its production is not recorded until the 14th century AD (Taylor
and Singer 1957). Before then, parting was either a slow, solid-state
reaction in which thin sheets of the mixed alloy were heated in contact
with an aggressive medium, or a repetitive reaction of the molten alloy.

The first of these is the salt process, of which a number of
similar though not identical descriptions have been published (eg Forbes
1964A, Notton 1974 and Tylecote 1987). Agricola (Hoover and Hoover 1950)
also gives a detailed description of the process. Theophilus' similar
description (Ch 33) can be summarised as follows: The metal was hammered
out into thin sheets and packed into a ceramic vessel interleaved with a
mixture of one part by weight of common salt and two parts of powdered
brick or well-burnt clay moistened with urine. The vessel had another one

luted on with clay to act as a lid, was dried and then heated in a
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furnace for a day and a night. The gold was then removed, meited and the
whole process repeated.

If the original metal was fairly pure gold-silver, the silver
would be converted into silver chloride which volatilises and would be
absorbed by the brick dust and by the walls of the vessel. The majority
would be in the brick dust and could be recovered. If on the other hand
the original metal was a gold-silver-copper alloy, both the silver and
copper would react with the salt. Notton (1974) describes two experiments
to replicate the salt process, parting a ternary alloy. In the first the
metal was put into an open crucible with a mixture of salt and brick dust
heaped over it and heated at 800°C for several hours until no more salt
fumes were evolved. All the copper and most of the silver were removed
from the metal (the gold content increased from 37.5% to 93%), the white
crucible was stained a pinky-brown colour and the non-metallic contents
of the crucible had acquired a turquoise 'glaze'. Silver was recovered
from crystalline deposits of sublimed salt in the cooler parts of the
furnace. In the second experiment the metal and salt were sealed into a
pot with the same satisfactory outcome.

Previous to this study only one group of parting vessels had
been identified, from a late 1lst century context in London (Marsden
1975). Recent finds from other towns provide some further physical
evidence for the salt process and for the diversity of vessels used
(Bayley 1991A). There is no common shape; some are wheel thrown and
others handmade (Figures 4.5-4.6). Despite this range, there are a number
of common features which help in their identification as parting vessels.
There is variation in how discernible these features are, but in all

cases they are present to some degree.

Table 4.2 - Sites producing parting vessels

Site Date

Chichester: Chapel Street
Exeter: Frienhay Street
London: S of Cannon Street
Lincoln: Flaxengate

Lincoln: Saltergate/Silver Street

Lincoln: Grantham Place
York: 16-22 Coppergate
York: 22 Piccadilly
Carlisle: Annetwell Street
Thetford: Guildhall

1st century

mid-late 1st century
c.70-85 AD

4th century

4th century

Roman ?

10th century

10th century

early medieval

late 12th/13th century

Some vessels are oxidised fired and others reduced but all

have a somewhat bleached appearance on their inner surfaces; this paler



coloured zone can penetrate the vessel wall to some depth. The bleaching
is caused by high concentrations of chloride ions which react with the
iron in the clay fabric, forming ferric chloride which is volatile and so
is removed from the clay. A similar effect is seen in briquetage and in
ceramics made with saline clays (Matson 1971).

A second visual effect is a pinkish or purplish colour which
is seen on the bleached areas and is due to the redeposition of the
mobilised iron as haematite. In some cases specular haematite crystals
which presumably grew by deposition from the vapour phase are present;
largest sizes are of the order of a millimetre. This redeposited
haematite is most notable near the rims where the vapours could most
easily leave the sealed vessels.

In some groups the outer surface of the vessels and/or their
lids carried a 'glaze' distinct from the fuel ash glazes that are
commonly found on metal melting crucibles (see Chapter 5). These were
alkali glazes, presumably produced by reaction of the sodium ions from
the dissociated salt with the silicate fabric of the vessel. It is not
clear to me why the glaze is only found on the outer surfaces but
Notton's (1974) experiments produced a similar effect.

XRF analyses of the inner surfaces of parting vessels
regularly detect silver, and sometimes traces of gold, but other non-
ferrous metals, which are ubiquitous on metal melting crucibles, are
absent. Where sandy deposits survive on the inside of the vessels, higher
silver concentrations are found; this is presumably the remains of the
‘cement’' with which the metal sheets were interleaved.

The sherds from Chichester are oxidised fired and show no
vitrification and only slight bleaching and purplish pink colours. Those
from Exeter are also handmade and of similar internal appearance though
the outer surfaces of both vessels and lids are mostly glazed, some a
pale olive green and another a deep bottle green, possibly due to the
presence of copper. The London vessels and their lids are wheel thrown; a
thick layer of added clay of a different type has been used to lute them
together (seal the join) in an attempt to make it vapour-proof. The
bleaching effect is very marked in these vessels and extends to the area
of the luting clay nearest the join between pot and lid. The redeposited
haematite is correspondingly abundant, a distinct deposit being visible
especially near this join on both the inner surfaces of the pot and 1lid
and on the luting clay.

The Lincoln parting vessels are dishes, probably of Crambeck
ware which was made in the 4th century (Personal communication, Rob

Perring 1991). Though most of the metalworking evidence from these sites
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Figure 4.5 - Sketch drawings of Roman parting vessels from [1] Lincoln,
{2] Chichester, [3] Exeter and [4] London. The stippling
indicates the luting clay used to seal the lids onto the
London vessels. Scale 1:2



is late Saxon, the parting vessels were found in contexts dated 4th-9th
century onwards and are thus probably residual Roman material; there is
much other residual Roman pottery. The dishes are highly coloured and
have massive specular haematite deposits inside them (XRD analysis by
Steve Wyles, Laboratory of the Government Chemist, 1979). A crude
handmade 1id in a different (?local) fabric was added to the dishes and
smoothed down to seal it onto their outer surfaces. This 1lid material is
mainly 'glazed' to a deep turquoise colour which led to its original
identification as alkali glazed Islamic pottery (Adams 1979). Notton's
(1974) experiments produced visually identical material when a mixed
gold-silver-copper alloy was parted. Other bits of vitrified clay
attached to the outside of the parting vessels looks similar to two small
sherds tentatively identified as Chinese (Adams 1980) but these now
appear to be just further, more highly vitrified fragments of the parting
vessel lids.

The parting vessels from York are visually less spectacular.
They are sherds from fairly coarse hand made ceramic vessels which were
roughly cuboid (see Figure 4.6) and uniformly reduced fired, to a pale
grey colour. All the sherds are lightly vitrified on their outer
surfaces, most notably on the bases, and this appears to be a fuel ash
'‘glaze’'; the vitrified surface was olive green, coloured by traces of
iron from the clay. Most of the inner surfaces are whitened and some have
pale greyish sandy deposits on them or have patches of purplish-pink
colouration. There are slight traces of added clay layers on the outsides
of some of the sherds, including some at the rim suggesting lids were
luted on. Also found were a number of small pieces of vitrified clay of a
pale olive green colour (also seen on some of the Exeter vessels) and
part of a clay slab, vitrified on one side, which also had detectable
traces of silver; these are probably detached luting clay and a lid
fragment respectively.

Copper was not detected except on the Lincoln and Exeter
vessels so in most cases cupellation appears to have been carried out
prior to parting - or the gold-silver alloys were originally copper free.

The second method of parting mentioned by Forbes (1964A) is
also described by Theophilus (Ch 70) and involved melting the gold-silver
alloy, adding sulphur and mixing well. The melt was then cast and the
ingot hammered to break off the brittle black silver sulphide and the
whole process repeated until the gold was pure. The silver could be
recovered by cupellation. No archaeological evidence of this process has

so far been noted.
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Figure 4.6 - Sherds of parting vessels including a lid fragment [top
right] from York: 22 Piccadilly. Scale 1:2 (drawings and
reconstruction by Eddie Moth, York Archaeological Trust)

Figure 4.7 - Sketch drawings of cementation crucibles from [1]
Canterbury: 7 Palace Street and [2] Colchester: Culver
Street. Scale 1:2
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Alloying

Alloying can be looked on as the reverse of refining as,
instead of removing impurities, metals are deliberately mixed. There are
many reasons for using alloys rather than pure metals but the most
important from the craftsman's point of view is that they have \mproved
properties and so are more useful and usable than pure metals (Kempster
1975). Alloying precious metals is usually known as debasement and though
low levels of additions have a beneficial hardening effect the main
reason for producing heavily debased alloys was an economic one.

The easiest way to produce an alloy is to melt the metal with
the highest melting point and then add the other metal or metals and
homogenise the melt. To make bronzes, copper is melted and refined
(oxidised and then poled back) and "... then, and only then, should the
tin be added ... and lead also if desired" (Tylecote 1982). Northover
(1988) has suggested that structures sometimes seen in crucible slags
show the addition of cassiterite to molten copper to form bronze but
admits the residues are very difficult to distinguish from those of
bronze melted under highly oxidising conditions.

When leaded copper alloys are being made and cast it is
essential that the melt is well mixed just before it is poured as lead is
basically insoluble in copper and will otherwise segregate, falling to
the bottom of the crucible. Where there has been insufficient mixing,
large castings will show a concentration gradient with more lead in the
parts of the casting to fill last. Other factors, eg cooling rates, can
also affect the distribution of lead within castings.

Producing precious metal alloys is no problem. The noblest
metal is melted first and the baser metals which are more susceptible to
oxidation then added. Prolonged heating can lead to loss of baser metals
and the production of an alloy of higher fineness than intended.

Base metal alloys too suffer from differential oxidation of
their components, as has been mentioned above in the context of metal
refining. The more volatile elements are preferentially lost, even when
remelting is carefully carried out. Caley (1964) says that 10% of the
zinc present in an alloy is lost each time it is remelted and Tylecote
(personal communication, 1988) has estimated that 5% of the lead in a

leaded bronze is lost into the crucible slag in three melts.

Cementation
Brass making was a completely different process from making
other copper alloys as metallic zinc was not available in Britain until

the 17th century AD. This is because zinc has a very low boiling point
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(907°C) and at the temperature at which it is reduced from its ores it
is a vapour and so has to be distilled. Despite this, brass was in
widespread use in the Mediterranean world from the 2nd or 1lst century BC
and it spread across Europe with the Romans, reaching Britain in the
early l1lst century AD, a few decades in advance of the Claudian conquest.
It is generally accepted that Roman brass was made by the cementation
process (Tylecote 1962A, Craddock 1978) in which finely divided copper is
heated to about 950-1000°C in contact with calamine (zinc oxide or
carbonate) and charcoal. The zinc ore is reduced to metallic zinc vapour
which diffuses into the copper, forming brass. As the zinc content of the
solid metal increases, its melting point drops and it eventually melts
and homogenises. Werner (1970) and Haedecke studied the thermodynamics of
the cementation process and showed that in practice the maximum zinc
content obtainable at 1000°C was 28% which compares well with the actual
values found in analysed antiquities. 17th century experiments by
Champion produced cementation brass with 33.3% zinc (Craddock 1978), so
brass with zinc contents of 28-33% may accidentally have been produced
earlier.

Until recently there has been no archaeological evidence for
cementation. Now finds of cementation crucibles from Colchester: Culver
Street and Canterbury: Cakebread Robey and 7 Palace Street (Bayley 1984A)
£ill the gap, in part at least. They are of a fabric quite unlike any
other crucible, one which is very friable, contains little mineral temper
and is deeply vitrified. They are also analytically distinct with zinc
levels appreciably higher than for brass-melting crucibles. They have
applied lids to keep the zinc vapour (from the calamine of the charge) in
contact with the copper. The small size of these crucibles, with
diameters of only a few centimetres and a volume of 25 ml for the one
from Canterbury: 7 Palace Street (Figure 4.7), indicates only small scale
brass production but larger versions must have existed as large
quantities of brass were used, especially in the 1st century AD (see

Chapter 10).
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CHAPTER 5
METAL MELTING AND CASTING

Once metal had been won from its ores and refined it was ready
for use, either on its own or alloyed with other elements. The next step
in making it into an object was to melt it and then cast it, either
directly into its final form in suitable moulds or into ingots or blanks
which were then smithed to shape. The melting was normally carried out in
a crucible heated in a hearth or furnace, though when large quantities of
metal were involved a reverbatory-type furnace may have been used
instead. Theophilus (Ch 64) describes an elaborate furnace but structures
of this sort are not known in the archaeological record. Where small
numbers of crucibles were used, a heap of charcoal and a pair of bellows
were all that were required, though shallow pits were sometimes used to
contain the fire.

The material remains that may be found where metal melting and
casting were practised are crucibles, moulds, new and scrap metal, slags
carrying traces of metal and hearths and/or furnaces. All these classes

of material are considered in turn below.

Crucibles

'Crucible' is used as a generic term to describe a whole range
of vessels used in high temperature processes. The commonest by far in
archaeological contexts are metal-melting crucibles and that is the
meaning here, unless the term is otherwise qualified. The function of a
crucible is to contain the metal being melted, protecting it from loss
and contamination, and to provide a means of transport for it when molten
so it can be poured into a mould.

All crucibles must therefore share certain properties so they
may perform these functions. The most important of these are strength and
an ability to withstand high temperatures. Strength is vital as the walls
of the crucible must be able to support the weight of metal it contains,
particularly when it is lifted or tipped to let the molten metal run into
a mould. In general, larger crucibles have thicker walls and are made of
coarser fabrics, both of which tend to increase their strength.

The behaviour of a crucible at high temperatures is mainly a
function of the fabric of which it is made. Refractory fabrics are little
affected by heat and can be divided into three classes with differing
chemical natures (Garside 1957). These are acid refractories, silica and
fireclays, which react with metallic bases to form silicates, basic

refractories such as magnesia and alumina which react with siliceous
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materials, and neutral refractories, eé graphite and bone ash, which have
a slightly basic character. Although basic refractories would appear most
suitable for metal melting they were not used in antiquity; instead the
main crucible fabrics were acid refractories, silica-clay mixtures. Clays
with low levels of fluxing impurities (iron oxides and alkalis) were
preferred as high concentrations drastically reduce the initial softening
temperature of the fabric. Most ancient crucible fabrics contain a high
proportion of silica which improves refractoriness, though too much can
be a disadvantage, particularly where particle sizes are small, as it
undergoes an increase of volume at 573°C due to a change in its crystal
habit. This produces stresses in the crucible walls and in severe cases
leads to spauling, though often the initial firing of the crucible
produced voids round the silica grains which allow subsequent volume
change cycles with a minimum of further stresses. In some crucibles grog
is used as well as, or instead of, added silica (Tylecote 1982).
Theophilus (Ch 22 and 65) describes making crucibles from white (iron
free) clay and adding crushed used crucibles, ie grog, as temper.

One major problem with acid refractories is their tendency to
react with the melt, producing a crucible slag (see below). Additions of
graphite or carbon (as charcoal) give the fabric a more neutral character
and thus reduce this tendency (Tylecote 1982). Some crucibles were made
of fabrics that contained finely divided organic matter which would have
had much the same effect and could also have helped to maintain reducing
conditions within the crucible, reducing the production of metal oxides
and thus slag. If conditions became too oxidising and the organic matter
burnt out, the increased porosity would reduce the heat transfer through
the fabric which could be an advantage if the crucible was being heated
from above. Graphite does not regularly appear in crucible fabrics until
the post-medieval period though Iron Age crucibles from Manching, Bavaria
are graphitic (Kappel 1969).

In addition to possessing strength and refractoriness, crucible
fabrics must resist more than superficial dissolution by the melt, have
adequate density to avoid leakage and be resistant to thermal shock. This
last point will be discussed further below. The functionality of a vessel
is determined not only by its fabric but also by its form, though this is
seldom a critical factor. As is shown below, a wide range of forms have
been used as crucibles and the pros and cons of each will be discussed.

All crucibles are reduced fired as metals must be melted under
reducing conditions to prevent them from being oxidised and lost into a
massive crucible slag. The exceptions are refining crucibles where some

elements are deliberately oxidised to remove them from the melt (see
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Chapter 4, above).

Most of the crucibles used in antiquity are vitrified to a
greater or lesser extent. Sometimes there is just a slight 'glaze' on the
surface while at the other end of the spectrum the fabric can be
vitrified all through and bloated. The degree of vitrification is a
measure of how refractory the crucible fabric is, ie how suitable it is
for the use to which it was put. The distribution of the vitrified areas
on the vessel can suggest whether it was heated from below or above.
Vitrification on the outside of a crucible is usually caused by fluxing
of the surface by the ash in the fire in which it was heated (Bayley
1985E). These fuel ash 'glazes' or slags often contain traces of metal,
either physically bound as discrete droplets or chemically combined with
the slag layer itself; most noticeable is the bright red colour produced
by traces of copper. Vitrification on the inner surface is the crucible
slag which is formed by the reaction of metal oxides from the melt with
some fuel ash and the crucible fabric (Tylecote 1982). Analysis of these
slag layers can indicate the nature of the metal or alloy being melted,
particularly where metal droplets are trapped in them. A successful
craftsman kept this waste to a minimum.

Some crucibles have an added outer layer of less refractory
clay which was applied before the crucible was used or, occasionally,
over an already vitrified surface. Two distinct patterns of additions are
found. The first is a fairly even and relatively thick covering of the
whole of the outside of the vessel. This layer is normally deeply
vitrified and was obviously very soft when at high temperatures as it
often carries impressions of pieces of wood or charcoal from the fire;
somewhat surprisingly, tong marks are not normally noted. The purpose of
this extra layer is not known but a number of possible reasons for its
application can be suggested. It would protect the crucible proper from
the fire so its strength would not be reduced by the dissolution of
fabric by fluxing and vitrification and would also reduce the thermal
shock experienced by the crucible as it was removed from the fire, so
making it less liable to crack. It would also increase the thermal
capacity of the crucible which could be vital in giving the craftsman
slightly longer in which to pour the metal before it resolidified
(Tylecote (1982) quotes a figure of 2-5 seconds) as the temperatures
readily obtainable in antiquity meant that melts could not be superheated
to the levels they can be today.

The alternative pattern of application is a minimal or non-
existent layer of extra clay on the lower part of the crucible which

increases in thickness towards the rim. In a few cases the extra outer
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layer of clay can be seen to have continued upwards, above the rim of the
crucible, suggesting it formed a structural addition to the vessel. This
can take various forms, such as a pouring lip or a 1lid, and are described
in more detail below. Occasionally the addition is in the same fabric as
the crucible itself, indicating that it must have been made and used at
one place. Tylecote (1982) commends lidded crucibles as conserving heat
while pouring but notes the difficulty of filling them with solid metal.
This problem disappears if lids are applied after the crucible has been
filled. With unlidded crucibles more metal can be added to the charge as
it melts, but this would be difficult if a lid was in place. The few
"lidded crucibles studied, eg Hartlepool: Church Close, seem to bear this
out as the 'tide mark' on the inside is lower down than on open
crucibles.

Crucible charges could be covered with charcoal to minimise
oxidation. Once the crucible charge was molten any metal oxides present
were fluxed and the resulting slag that formed was skimmed off the
surface to prevent it entering the mould and the melt was then poured.
Theophilus (Ch 25) describes throwing salt on molten silver, but when
casting brass (Ch 61), describes using a cloth pad to keep back the dirt
and ashes from the moulds. An added clay bar across the lip would have a
similar function.

Where volumes are given for crucibles these are normally the
brimful capacities. The maximum usable volume is only 70 or 80% of this
figure and is often indicated by a change in colour or a 'tide-mark' in

the slag inside the crucible.

Chronological sequence of metal melting crucibles

Vessels of many different forms and fabrics were used as
crucibles during the periods covered by this study. Tylecote (1986A, Fig
50) illustrates a range but fails to note which are common and which rare
in each period. He also provides a typology which is purely descriptive
(ibid, Table 58) and so fails to take into account the development of one
type into others and also separates related types. His typology is not
used here but a concordance of types is provided (see Table 5.1). What
are described here are the main forms in use at any particular period;
this is not a complete typology. It does however produce useful and
meaningful groups from the data in Appendix A.

In the earlier Iron Age there is relatively little evidence for
non-ferrous metalworking and the few crucibles known, eg Christon (AML
4634), appear to be similar to those used in the later Bronze Age, eg

Dainton (Needham 1980).
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Table 5.1 - Crucible typology

Type No Description Fig No Type*
1 H shallow triangular + 3 lips 5.1 Al
2 H deeper triangular + 3 lips 5.2 A2
3 H shallow hemispherical + 1 lip 5.3 Bl
4 w beaker, flat-based 5.5 ?B4
4/5 transitional type 5.6 ?B6
5 1 conical 5.7 B3/G1
gﬂ 5.8 B3/Gl1
6 H thumb pot 5.4 Bl
6A H thumb pot + perforation near rim 5.4 B1A

7 W/H bag-shaped or bi-conical+ 1 lip 5.10 F

8 H hemispherical: max diam below rim 5.11 ?B4
§H max diam at rim 5.12 Bl
9 H thimble-shaped 5.14 Bl
10 W pedestal + 1 lip 5.13 B6
11 H half-pear shaped + 1lid 5.9
Notes:
H = hand-made
W = wheel-thrown

W/H = wheel-thrown and hand finished
* The type codes in the right hand column are those defined by
Tylecote (1986A).

For the later Iron Age the number of sites with evidence for
metalworking and the quantity of metalworking finds is far greater (see
Appendix A and Table 2.1). The typical crucible form was then triangular
in plan with three pouring lips formed in the rim of a hand-made bowl.
The most intense vitrification on these vessels is always round the rim
which shows they were heated from above; the outside of the base is
sometimes even oxidised fired. There is some variation in form with
crucibles from sites such as Gussage All Saints (Spratling 1979) and
Glastonbury Lake Village (Bulleid and Gray 1911 and 1917), which date to
the 1st century BC, being relatively shallow (Type 1: Figure 5.1) while
those from later sites that belong to or run into the 1st century AD,
such as Thetford: Fison Way (AML 3761) and Meare (Bulleid and Gray 1953),
are deeper (Type 2: Figure 5.2). There are intermediate forms and many
fragments cannot be positively assigned to one type or the other. Some
shallow triangular crucibles such as that from Sutton Walls (Kenyon 1953)

are dated to the 1lst century AD but none of the deeper crucibles date
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Figure 5.1 - Type 1 crucibles from [1-2] Gussage All Saints (Spratling
1979) and [3] Sutton Walls (sketch after Kenyon 1953).
Scale 1:2

Figure 5.2 - Type 2 crucibles from [1-3] Meare (Bulleid and Gray 1953)
and [4] Mucking (Jones 1980). Scale 1:2
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before the late 1lst century BC, so the development would seem to be from
shallow to deeper forms. The triangular form of these crucibles meant
they could be tipped and the molten metal poured out over any one of the
three lips. Most of the crucibles are made of highly tempered, sandy
fabrics which have been studied in detail by Howard (1983). A range of
sizes are known, the larger ones being thicker walled and of coarser
fabrics. The illustrations are of average sized vessels.

When the metal deposits on these crucibles are analysed,
sometimes all that is detectable is a trace of copper which could
indicate the melting of unalloyed copper or could be considered as non-
specific evidence for metal melting (see Appendix B for fuller discussion
of this point). In other cases there is evidence for the melting of both
leaded and unleaded bronze, silver (a single case only) and gold. There
is no evidence that these crucibles were ever used to melt zinc-
containing alloys.

Increasing the depth of the crucibles decreased the surface to
volume ratio and so decreased the proportion of metal liable to be
oxidised and lost to the crucible slag. At the same time, as the surface
in contact with the fire was reduced, so too would be the heat
transferred to the crucible and thus the time taken to melt the metal
must have increased.

Triangular crucibles continued in use into the later 1st
century AD and beyond in those areas of northern and western Britain
which were not Romanised or where the Roman presence arrived later than
in southern England. Where triangular crucibles are found in the south in
late 1lst century contexts, the possibility of their being residual must
be considered.

A new crucible form appears in Britain from aréund the time of
the Conquest. It is a hand-made, shallow hemispherical crucible with a
single small pouring lip pinched out of the rim (Type 3: Figure 5.3) and
may be a development of the triangular, Iron Age type; like them they
were heated from above. Examples are known from pre-Conquest levels at
Silchester and from Roman contexts as far afield as Colchester (Bayley
1984D and 1985B) and Doncaster (Bayley 1986A) where they were used for
silver and for copper alloys containing both tin and zinc.

Hand-made crucibles continued in use throughout the Roman
occupation of Britain. Most are small thumb pots though a variety of
forms are recorded. Typical examples have diameters of under 50 mm and
volumes of the order of 20 ml (Type 6: Figure 5.4). A variant has a hole
in the side just below the rim (Type 6A: Figure 5.4) and was lidded (cf
Bachmann 1976); the hole provided an outlet for the molten metal while
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Figure 5.3 - Type 3 crucibles from [1] Doncaster: St Sepulchre Gate
(Bayley 1986A), [2] Colchester: Castle (Bayley 1984D) and
[3] Colchester: Sheepen. Scale 1:2

the crucible wall above held back any floating slag. These small
crucibles were used to melt a whole range of metals including gold and
silver. They cannot be considered as specifically Roman in form (with the
exception of Type 6A) but do make up a significant proportion of the
crucibles from Roman sites, both early and late. They are made in a whole
range of fabrics, some of them not very refractory.

The specifically Roman forms were wheel thrown, relatively
large in size and often had an extra outer layer (see above). Although
this added clay seldom survives above rim level, its form often suggests
that it originally did so. These wheel thrown crucibles have no built-in
pouring lip and it is tempting to suggest that one was formed in the
added clay although no complete example is known to me. The commonest
form in the late 1lst and 2nd centuries is a beaker with a beaded rim and
a flat, semi-pedestal base (Type 4: Figure 5.5). These are found in a
whole range of sizes from 50 mm to nearly 200 mm high which correspond to
volumes of up to 400 ml. Wall thickness increases with size. The fabrics
of the crucible proper are quite refractory and are not normally more
than superficially vitrified. The added outer layer is however deeply
altered all over, indicating that these crucibles were heated from below.
This was possible as the improved fabrics meant the crucibles were
relatively thin walled for their size and could be considered as thermal
conductors rather than insulators. The small surface to volume ratio
minimised metal oxidation.

A few later Roman crucibles with very narrow pedestal bases are
known (Figure 5.6) and these would appear to be an intermediate form

between Type 4 crucibles and the conical-based crucibles (eg Draper 1985,
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Figure 5.4

- Type 6A crucibles from [1] Heronbridge (Hartley 1954)

/s

and
[2-3] Verulamium. Type 6 crucibles from [4] Heronbridge

(Hartley 1954), [5-7] Verulamium (Frere 1972), [8-10]
Gorhambury (Bayley 1990B), [11]] Southampton (Addyman and
Hill 1969), [12-13] Lincoln: Flaxengate (Gilmour 1988),
[14] Winchester (Bayley and Barclay 1990), [15-17] York:
Coppergate (Bayley forthcoming), [18-20] Thetford
1984E) and [21-23] Cheddar (Biek 1979). [1-10]
[11-23] Saxon. Scale 1:2

(Bayley
are Roman,
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Figure 5.5 - Type 4 crucibles from [1-2]

York: Yorkshire Museum, [3-4]
Chester:

Hunter Street School, [5] Baldock (Stead and Rigby
1986), [6-7] Colchester: Lion Walk (Bayley 1984C), [8-9]

Verulamium (Frere 1972) and [10] Chichester:

Greyfriars.
Scale 1:2
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Figure 5.6 - Type 4/5 crucibles from [1] Gloucester: Lower Quay Street
(Garrod and Heighway 1985), [2] Gestingthorpe (Draper 1985),
[31 Alcester and [4] Snodland. Scale 1:2

Fig 38 - holding 300 ml of metal) which are known from the 3rd century
onwards (Type 5: Figure 5.7). Contemporary variants of this wheel-thrown,
conical form are hand-made crucibles with a similar though usually
slightly more rounded profile (Figure 5.8). Some are truly circular (AML
3862) while others have a slightly triangular plan (Bayley 1984B)
reminiscent of Type 2, though without the pouring lips. Added outer
layers are not of the all-over variety and so may represent the provision
of a lip and/or 1lid. The crucible illustrated by Brailsford (1964, Fig
39, 3) appears to show an addition of this type. Volumes are in the range
200-400 ml and differentiate these hand made crucibles from the far
smaller Type 6 ones, though in some cases the forms are not that
dissimilar. These typical Roman crucibles were used to melt a wide range
of different copper alloys and some of the smaller Type 4 vessels were
used to melt gold. Silver has not yet been detected on any Type 4, 4/5 or
5 crucibles.

Post Roman crucibles, in common with other pottery
vessels, are hand-made. Maximum volumes are much reduced with sizes of up
to 20 ml being typical. Few finds from England date before AD 700 but
earlier material is known from Wales and Scotland. Dinas Powys produced a
number of half-pear shaped crucibles with knobbed lids (Type 1ll1l: Figure
5.9) from 7th century levels (Alcock 1963, Figs 30 and 31) which had been
used to melt gold and copper alloys containing both zinc and tin.
Crucibles of similar shape were recently found both at Hartlepool: Church
Close where they dated to c. AD 700 and had been used to melt silver
(Bayley 1988C) and at Wharram Percy where they are thought to date to the
8th century and were used to melt copper alloys (AML 26/91). At Dunadd,
in Scotland, a number of different crucible forms were found which at the

moment can only be dated within the 6th - 9th centuries. Here each form
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Figure 5.7 - Wheel thrown Type 5 crucibles from [1] Silchester, [2]
Alcester and [3-4] Gestingthorpe (Draper 1985). Scale 1:2

Figure 5.8 - Hand made Type 5 crucibles from [1l] Canterbury: Marlowes III
and Cakebread Robey, [2] Lingwell Gate (Brailsford 1964),
[3-4] Langton (Goodall 1972) and [5] Sewingshields (Bayley
1984B) . Scale 1:2
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is preferentially, though not uniquely, associated with a specific metal
(AML 4237). The lidded crucibles were mainly used for melting silver
while similar though smaller one-piece crucibles, with the rim pinched
together to give a partly-lidded effect, were used for gold and silver.
Both thimble-shaped (cf Figure 5.14) and thick-walled hemispherical
crucibles were used mainly for copper alloys, the metal in the latter

apparently containing far less =zinc.

Figure 5.9 - Type 11 crucibles from [l1] Wharram Percy, [2-3] Hartlepool:
Church Close (Bayley 1988E) and [4-6] Dinas Powys (Alcock
1963). [3-4] are knobbed lids and [6] a reconstruction.
Scale 1:2 (drawing [1] by Peter Dunn, English Heritage)

The only Middle Saxon site to produce more than a few crucible
sherds is Southampton (Hamwih) where parts of more than 50 crucibles
dating to the 8th and earlier 9th centuries have been found. These were
used for melting both silver and a whole range of different copper alloys
(Addyman and Hill 1969, AML 3934 and 2/86). The more complete vessels
suggest that the normal form was a small thumb pot about 30-40 mm across
with a brimful capacity of 10-15 ml and no pouring lip (Type 6: Figure
5.4). Fabrics were not very refractory; their original nature is often
hidden by the extreme vitrification they have undergone.

For the late Saxon and early medieval period, from the late 9th
or 10th century onwards, a number of sites have produced large
assemblages (hundreds of sherds) of crucibles. Those from Winchester are
mainly hand-made and of not very refractory fabrics (Bayley and Barclay
1990) while those from the Flaxengate site in Lincoln (AML 2998 and
Gilmour 1988) and the Coppergate site in York (Mainman 1990 and Bayley
forthcoming) are largely wheel thrown Stamford ware with hand finished

bases. This fabric, which is highly refractory, was also used for a whole
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range of high quality domestic vessels and some of the crucible forms
also had domestic uses, eg as lamps (Kilmurry 1980). Contemporary
crucibles from Northampton (eg Bayley 1979A and 1981), Thetford (Bayley
1984E) and London (Bayley et al 1991) are split between hand-made and
wheel thrown forms in a variety of different fabrics, including some
Stamford ware in London. Maximum crucible size increases again
dramatically at this period with average diameters of the order of 50-100
mm though both larger and smaller examples are known. Apart from the
Stamford ware which is always bag-shaped or bi-conical with a pinched out
lip (Type 7: Figure 5.10) and other fabrics made up in similar shapes,
the forms are generally hemispherical with sides that are straight or
slightly splayed or in-curving (Type 8: Figures 5.11 and 5.12). Almost
all these crucibles are round bottomed. Exceptions are the small wheel
thrown crucibles from Northampton used to melt silver (Bayley 1981,
Figure 24) which have a semi-pedestal base and a pinched out 1lip (Type
10: Figure 5.13); their fabric is similar to that of Stamford ware.
Several sites in the town have produced examples but none are yet known

from other areas.

10

Figure 5.10 - Type 7 crucibles from [1-8] Lincoln: Flaxengate (Gilmour
1988) and [9-11] York: Coppergate (Mainman 1990). Scale 1:2
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Figure 5.11 - Type 8 crucibles (with maximum diameter below the rim)

from (1-2, 7] Winchester (Bayley and Barclay 1990) and
[3-6] London (Bayley et al 1991). Scale 1:2

Figure 5.12 - Type 8 crucibles (with maximum diameter at rim)

London (Bayley et al 1991) and [4-7]
and Barclay 1990). Scale 1:2

from [1-3]
Winchester (Bayley
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| I
Figure 5.13 - Type 10 crucibles from Northampton: Chalk Lane (Bayley
1981) . Scale 1:2

Late Saxon crucibles were used to melt both silver and a whole
range of copper alloys, often containing both tin and zinc, though in
varying proportions. Gold is found too, but is far less frequent. In
general, it seems to be crucible size which is the major factor in
determining which metal is melted in which crucible. At Flaxengate,
silver is commoner at one period, but date seems the major variable here
as similar crucibles are found at other periods when they were used for
copper alloys. The majority of the Coppergate crucibles were used to melt
silver though both copper alloys and gold were noted as well. Most of the
gold was not in Stamford ware crucibles but in very small, thin-walled
thumb pots (Mainman 1990, Fig 204, 2333-7). These were probably chosen
because of their size rather than their form or fabric. In London,
crucibles of three fabrics were found and the metal in them tends to
correlate with size rather than fabric (Bayley et al 1991). Silver was
found mainly in Stamford ware and London ware crucibles (with diameters
of 30-80 mm) while the larger London ware (c.150 mm diameter) and all
sizes of the Early Medieval Coarse Ware crucibles were used for copper
alloys with the leaded alloys mainly in the larger vessels. The Stamford
ware had been brought some considerable distance to London so presumably
it was seen as having superior qualities which made this worthwhile and
may explain its main use - for the precious metal silver.

Excavations in Parliament Street, York have produced a single,
complete thimble-shaped crucible (Type 9: Figure 5.14), which is a most
unusual form in England (Bayley in Tweddle 1986). It can however be
readily paralleled on Viking period metal working sites in Scandinavia,

eg Ribe (Brinch Madsen 1984), Haithabu and Kaupang, and as such may well
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be an import from there.

Figure 5.14 - Type 9 crucibles from [1] York: Parliament Street (Tweddle
1986) and [2-3] Ribe, Jutland (Brinch Madsen 1984). Scale 1:2

It is at this period that extra outer layers reappear. They are
most commonly found on the thin walled, wheel thrown crucibles such as
those made of Stamford ware, where their function seems mainly to
increase thermal capacity and prevent fluxing and vitrification of the
surface. There is little evidence they extended above the rim but
provided a fairly uniform all over covering. In a few cases, mainly on
crucibles from London, an alternative pattern of additions is visible
with the extra clay mainly concentrated around the rim or lip. A complete
crucible provided the explanation for this disposition as it still had a
bar, formed of the added clay, across the lip which would have kept back
any slag or charcoal floating on the molten metal when it was poured

(Figure 5.11, 3-4).

Moulds

There are two distinct types of moulds, those where ingots or
blanks were castfor subsequent working and those where an object or
objects were cast in something very close to their final form. Stone and
ceramics were used for both types of mould but fired clay is certainly
the dominant material for object moulds in the periods covered by this
study. Other materials such as wood and antler can be used to make moulds
for lead and tin alloys because of their low melting points. Theophilus
describes using wood moulds to make lead cames (Bk II, Ch 26) and
MacGregor (1985) describes antler trinket moulds.

Oxide films on melts can cause wetting of non-carbonaceous

mould fabrics by the metal being cast. Melting under a charcoal blanket,
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careful skimming on pouring and a good finish to the mould can minimise
this wetting, and so produce a casting that does not adhere to the mould.
The precious metals silver and gold always form spheroids on melting,
even under oxidising conditions, and so do not wet moulds unless they are
heavily debased. A mould generally shows little if any sign of
vitrification as, unlike a crucible, it is not subjected to high
temperatures for a long time. These two points, when taken together, mean
that analysing moulds to determine the metal cast in them is very rarely
successful as little metal is left behind and these traces are only
physically attached rather than chemically bound and so rarely survive
both burial and rediscovery. (See Appendix B for further discussion of
analytical results and their interpretation.)

Some clay moulds have two or more layers of different fabrics;
the inner one is invariably finest as it carries the detail of the
design. More often, moulds are of a single fabric but appear to have
multiple layers as the part nearest the metal is usually blackened while
the rest is oxidised fired and so appears red or brown (or white if an
iron-free clay has been used). Moulds are not normally made of the same
fabrics as contemporary crucibles as the properties required are quite
different. They are usually less heavily tempered as they are not
required to be as refractory and a lack of coarse particles is an
advantage when reproducing fine detail.

All moulds have to be heated before use to thoroughly dry them
and to prevent thermal shock induced failure. As only low levels of
superheating of the metal melt were possible, heating the mould helped
prevent incomplete runs, though slow cooling tends to increase
segregation, particularly in alloys with a wide freezing range like
bronze. The resulting dendritic structure of the casting is often
revealed by corrosion where one phase is preferentially attacked.
Castings have to be fettled, ie the sprue, runners and casting flashes
(if any) removed, and finished as for wrought metalwork (see Chapter 6

for details).

Ingot moulds

These are open, one-piece moulds in which simple shapes such as
bars or discs were cast for subsequent working into rods, wire or sheet
(see Chapter 6). Most ingot moulds are of stone as they must be capable
of repeated use, although some are made from reused brick or tile which
has been carved to shape as though it were stone. Some are of quite
coarse-textured stone but this does not matter as the surface finish of

the ingot is not critical. Ingot moulds are regularly found on late Saxon
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and Anglo-Scandinavian sites (eg Mason 1985) but are not unknown at other
periods (see Tables 2.1-2.6). Most have more than one shape cut into them
(Figure 5.15).

As has been mentioned above, traces of the metal cast in a
mould rarely survive, though with ingot moulds the chances are improved
as they are used repeatedly over a period of time. In the case of ingot
moulds from York and Lincoln, which were analysed before they were
washed, the results have been encouraging and, where positive, suggest
that the metal cast was usually silver (AML 3465 and 4163). This is not
surprising when the number of silver bar ingot fragments found in hoards
is considered (eg Kruse 1988). Theophilus (Ch 25) describes casting
silver in an ingot mould that has been heated on the fire and had a
dressing of molten wax applied. The discolouration of the mould fabric
often noted in and around the cut-out shapes may be due to the dressing
applied to the moulds and/or extreme localised heating caused by the
molten metal. However, complete and fragmentary copper alloy bar ingots
are also found so base metal must have been cast in a similar way. At
Haithabu, in thkst? complete copper alloy bar ingots have been found
and they are of the order of 300 mm long, far bigger than any ingot
moulds known in Britain or Scandinavia. A possible mechanism for their
production is that a temporary groove was made in the trampled earth of
the workshop floor and the molten metal then poured in. One bar ingot
fragment from York: Coppergate has a V-shaped underside suggesting it was
cast in this way rather than in an ingot mould as these all have U-shaped
or flat-bottomed sections. This off-hand method was apparently acceptable
for the relatively cheap base metals but more care was taken and
permanent moulds were used when casting the smaller precious metal
ingots. Indeed, Kruse (1988) has suggested silver ingots were cast to
standard weights and thinks that an experienced craftsman could judge how
much metal to pour into his mould.

Late Iron Age clay 'coin pellet moulds' (also known as 'coin
blank moulds' and 'coin moulds') which were used to produce blanks to be
struck as coins should also be considered as a type of ingot mould. They
are clay slabs, 1-2 cm thick, with a regular array of flat-bottomed
cylindrical hollows in them and are normally reduced fired. Complete
examples are rare, perhaps because they often had to be broken to remove
the solidified metal. All the ingot moulds listed in Table 2.1 with the
exception of that from Glastonbury Lake Village and one piece from
Thetford: Fison Way are coin pellet moulds as are those listed in Table
2.2 from Colchester: Sheepen, Gorhambury and Needham. The use of these

objects has been described on numerous occasions (eg Clifford 1961) so it
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— Ingot moulds from York: Coppergate. The top two are of

soapstone and the bottom one of reused Roman brick/tile.
York Archaeological

Figure 5.15

Scale 1:2 (drawings by Eddie Moth,
Trust)
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would be superfluous to repeat the details here. It should be noted that
the usage is in some ways analogous to that of crucibles and some
vitrification is often produced. Analysis is therefore more likely to
give positive results than is the case with object moulds. Results of
analyses of metal traces on coin pellet moulds from a number of sites are
summarised by Tournaire et al (1982).

The use implied by the name coin pellet mould has been
questioned by some numismatists as they are concerned that the widespread
find spots of these objects suggest multiple mints which they find
difficult to accept. Experiments were reported by Sellwood (1976),
purporting to show that the moulds could not be used as had been
previously described. In these experiments molten copper was poured into
moulds and solidified in irregular or cylindrical shapes, "proving" coin
blanks could not have been made in them. However, earlier work by
Tylecote (1962B) has shown that noble metals (those used in the Iron Age
for struck coinage) make sounder castings and do not normally 'wet' clay
moulds, even when heated under oxidising conditions (but note the debased
(only 65-70%) silver found in one of these moulds from 0ld Sleaford
(Jones et al 1976)). Tylecote (ibid) also showed that copper can produce
usable blanks if melted under reducing conditions, which can be obtained
by adding carbon to the clay of which the mould is made or by covering
the mould with charcoal as it is heated. A further point was that
weighing out metal clippings before they were melted gave far better size
control than pouring molten metal ever could. A recent note (Collis 1985)
presents the evidence on both sides of the debate and concludes that "...
we cannot say definitely that 'coin moulds' were connected with coin
production, but the present evidence, both analytical and circumstantial,

suggests it is the best hypothesis we have at present ...".

Investment moulds

Moulds for investment (lost wax) casting must be made of clay
as they are formed round a wax model of the object it is desired to make.
Once the clay had dried, it was fired, the wax melted and tipped out and
the molten metal poured in. It was necessary to break the mould to remove
the casting so these moulds could only ever be used once. Most later Iron
Age moulds such as those from Gussage All Saints (Spratling 1979, Foster
1980A) are of this type. In the Roman period piece moulds became the
dominant type of object moulds but investment casting continued in use
for one-off pieces. A good example is the statue mould found at
Gestingthorpe (Draper 1985, Fig 38) which clearly shows the use of

chaplets to support a clay core. Theophilus (Ch 30) describes making wax
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patterns, covering them with clay, melting out the wax, 1firing the mould
to red heat, removing it from the fire and casting in it. He also gives
instructions for making a far larger and more complex investment mould
with a clay core which was buried in a trench before the metal was poured
in to provide adequate support (Ch 61). Once the metal was no longer red
hot the mould was unearthed but allowed to cool slowly (to avoid cracking
the casting) before being removed. When casting tin or pewter (Ch 88) the
mould was cooled so it could just be held before the molten metal was
poured in.

Investment moulds were also used in late Saxon and medieval
times for making large objects such as bells and cauldrons, eg the bell
mould from Gloucester: St Oswald's Priory. In these cases the mould had
to be very carefully prepared and had to contain enough vegetable matter
to give it some porosity so gases were not trapped, producing blow-holes
in the casting. The mould was normally positioned in a pit and molten
metal run into it from a furnace as the quantities were too large for
crucibles to be used. Theophilus (Ch 85) describes the process in detail.
He uses tallow rather than wax for modelling large castings. Tylecote
(1976) also describes the manufacture of these large castings.

Investment moulds (and piece moulds too) had to be carefully
designed so separate streams of molten metal united before solidification
was complete. The sprue cup had to be sufficiently large that the metal
in it stayed liquid for long enough for it to be sucked down into the
contré&ting casting to prevent voids forming. Tylecote (1987) quotes
figures of 2-7% for the contraction on solidification of most metals.
Vents were not normally provided in clay moulds as the fabric was
sufficiently porous to make them superfluous. By pouring into an inclined
mould, air and evolved gases escaped more readily, giving sounder

castings (Coghlan 1968).

Piece moulds

Clay piece moulds were widely used in Roman and later times.
Considerable numbers have recently been found at Compton Dando (AML 4639)
and Castleford (Bayley and Sherlock 1986, Budd and Bayley 1988 and AML
161/87) and smaller numbers are known from other Roman sites (see Table
2.2). In the post-Roman period the only sites producing large numbers of
piece moulds are in Ireland and Scotland, eg Garranes (6 Riord4in 1941-2)
and Dunadd (Craw 1929-30 and AML 4237), but occasional fragments are
known from a number of English sites (see Tables 2.3-2.6). The main
reason for the change from investment to piece moulds was undoubtedly

because the latter were labour-saving and permitted a far greater degree
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of mass-production. This was not because the moulds themselves could be
reused but because one original pattern (see below) could be used to make
many moulds, each of which was probably only used once. The main evidence
against multiple use is that, on all the moulds examined, the clay luting
the valves together appears to have been applied in one go whereas, if
the mould had been reused, multiple applications would be expected. The
only reason for having a mould that could be taken apart was so that the
pattern could be removed for reuse.

The mould was made by taking a suitably-sized and shaped piece
of clay, putting it on a flat surface and pressing the pattern into its
slightly convex upper surface. Stab marks or cuts were made in the clay
round the pattern to provide locating marks and a second piece of clay
was pressed over the top, presumably after some sort of parting agent had
been dusted on. This method of manufacture produces top and bottom valves
that can easily be differentiated, even in a fragmentary state, as the
upper part is concavo-convex while the lower part is plano-convex and
usually carries a deeper impression. Once the clay had dried sufficiently
the mould was taken apart, the pattern removed and the mould reassembled.
The valves were sometimes tied together, and the joins were sealed with
more clay. In some cases the sprue cup was integral with the mould valves
but sometimes it was added after they had been luted together. None of
these piece moulds had air vents, perhaps because the joint between the
valves was not airtight even when luted or perhaps because the clay
fabric itself was sufficiently permeable to make them unnecessary.

If the clay used for the mould was fine enough then very
detailed ornamentation could be reproduced. Because the mould fabric was
not strong the fine detail was usually damaged in removing the casting,
one reason the mould was not normally reused. Examples of the detail
possible can be seen on some of the moulds from Hartlepool: Church Close
(Bayley 1988C). Here the mould piece bearing the design was not a
complete valve but a block which was incorporated into a surround for
casting. The decorative plaques being made were plain on the reverse so a
flat sheet of clay without any registration marks was smoothed into
position over the block and its surround and served as the second valve
of the mould. Moulds made in this way have very different cross-sections
from those already described.

Sometimes rather coarser detail such as fields to receive
champlevé enamel were cast in. The examples from Compton Dando and
Castleford show that both small triangular and lozenge-shaped fields as
well as larger, more complex ones were cast into the metal rather than

being cut from it when solid, although examination of enamelled objects
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suggests that the fields were often cleaned out or their bases roughened
before the enamel was applied.

Piece moulds tend to survive better than investment moulds as
they did not have to be broken as much to remove the casting. However,
complete or nearly complete moulds often show no sign of having been used
which probably explains their exceptional preservation. They were taken
apart, the pattern removed and were reassembled, but then lost or
discarded before they could be used, as happened to the Roman trumpet
brooch mould from PrestatygdlAML 4685 and Blockley 1989, Fig 94). This
mould had a left and right half rather than top and bottom, and
incompletely removed casting flashes on a number of brooches of different
types show this arrangement was quite general. Moulds for Roman brooches
from continental Europe also show this arrangement (Drescher 1973). In
contrast, the brooch moulds from Compton Dando had back and front valves,
the fronts bearing the design of the enamel fields as has been mentioned
above. It is the form of these T-shaped brooches and their decoration
that make mould valves arranged in this way the obvious choice.

Most moulds are for single objects but some small things like
pins were cast several at a time, radiating from the sprue cup like
fingers on an outstretched hand. Examples are known from Dunadd and from
Helgd, in Sweden (Lamm 1980). In other cases individual moulds were
assembled into multiples for casting. An example is the Roman spoon
moulds from Castleford where each spoon was made in a 2-piece mould but
about 16 of these mould pairs were assembled into a roughly conical-
shaped multiple with the bowls round the edge at the bottom and the
handles pointing up to the apex where a sprue cup was added (AML 161/87).
The molten metal ran from the sprue cup down the handles and into all the
spoons at once (Fig 5.16). An unused multiple mould of a similar form is
known from Mont Beuvray (Beck, Monthel and Rabeisen 1982/3) but there the
units that were linked together are described as investment rather than
piece moulds. In medieval times mass-production was taken further and
moulds assembled from many pieces, stacked and luted together were used
to cast such things as simple buckles (eg Armitage et al 1981, Bayley
1987a).

Most of the piece moulds that survive are simple two-piece
moulds but multi-piece moulds were used for casting larger and more
elaborate objects such as some of the enamelled vessels from Castleford
(Budd and Bayley 1988). The moulds for the cylindrical pieces had inner
and outer valves that had deliberately shaped lugs for ensuring their
correct register and the outer valve was multi- (perhaps three-) piece so

it could be removed from the pattern without damage. The dished, circular
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Figure 5.16 - Reconstruction drawing of a mould assembly from Castleford
in which two-piece spoon moulds were luted together and
about 16 spoons cast at one time. Scale 1:2 (drawing by
Margaret Mahoney, English Heritage)

parts of these complex objects were however cast in two-piece moulds with
locating knobs like more mundane objects (Figure 5.17).

Piece moulds made of fine-grained stone are rare but not
unknown in the period covered by this study. Those that do exist are
something of an enigma as they have no obvious registration marks and one
must therefore question how the parts were correctly located or whether
they were used open or with a flat back which would require no precise
location. In contrast, later medieval stone trinket moulds had holes
drilled in them to take locating pegs, often of lead, to ensure their

correct register (eg Shoesmith 1985, Figs 12-15).

Models and trial pieces

Both investment and piece moulds are made round a pattern or
model. This must be made of wax or some other easily melted material for
investment casting but is normally of a more durable material where a
piece mould is to be made.

The earliest record of honey bees in Britain is ¢.300 BC though
this may indicate imported bee products (such as honey or wax) rather
than live insects (Robinson 1984). Investment casting appears, in a

highly developed form, at around the same time (Northover 1984). At
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Figure 5.17

- Reconstruction of two-piece moulds for casting vessel parts

with recessed fields to take enamel, found at Castleford.
The locating knobs round the edge ensure correct
registration of the concave, decorated front valve on the
convex, plain back. Two of these metal parts were required
for each vessel so they were cast in pairs, as shown in
the lower sketch, with a spacing piece between the mould
pairs and a single added sprue cup. Scale 2:5 (drawing by
Miranda Schofield, English Heritage)



Gussage All Saints a number of bone modelling tools were found with the
other workshop debris and had presumably been used for shaping the wax
patterns round which the clay moulds were formed (Spratling 1979).

As has been noted above, piece moulds were made from patterns
which could be reused many times so a more durable material was required.
Clay moulds could faithfully reproduce fine detail so, to save work later
on, the pattern would carry all the decoration and have the surface
finish desired in the metal casting. In some cases suitably prepared
castings could have been used as patterns but the majority of finds
recorded as patterns have been in softer materials like lead or bone.
Fine-grained wood could also have been used but no wooden patterns have
yet been recognised in the archaeological record.

One problem with using existing objects as patterns for mould
making is that vital, functional parts such as runners and sprue cups are
missing. This'difficulty could be got round by adding temporary
extensions of clay or wax to the object or by carving the necessary
shapes out of the green-hard mould before it was fired. A further problem
is that castings were often subsequently worked so an existing object
would not have exactly the same shape as the casting from which it was
made. For example, the catch plate on Roman brooches was turned over at
the edge to give a secure location for the pin.

Patterns have not always been recognised for what they are. An
example is the three lead brooches from Poole's Cavern which Mackreth
(1983) suggested had been used as brooches, though careful examination of
the admittedly deeply corroded objects suggested they could not in fact
have been so used (Bayley and Branigan 1989). Lead models are recorded
from other Roman sites too (see Table 2.2); interestingly almost all are
for brooches. Drescher (1973) illustrates several models of lead and
"bronze" for a variety of Roman objects though the latter may just be
partly cleaned-up castings - though they could have been used as models.

East (1986) has recorded a lead-tin alloy piece decorated with
gripping beasts and thus dated to the 9th century which she suggests was
a model for "bronze-casting”.

It has been suggested that lead or lead-tin models could have
been used as patterns for investment casting, ie 'lost lead' rather than
'lost wax' casting. While this is probably technically possible, there
are no known investment moulds for objects for which lead patferns have
been found. All the evidence is that piece moulds were normally used for
making ordinary objects from the time of the Roman congquest onwards.

One class of object which is relatively common on Irish and

Scottish metalworking sites of the later 1st millennium AD are the so
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called motif pieces made of bone which were used by the craftsmen to work
out their designs (O'Meadhra 1987). Comparable objects are rare on
English sites but examples are known from both London and York (MacGregor
1985); perhaps less durable organic materials or unfired clay were used

in other places.

Metal waste

When molten metal is being poured into moulds of any sort it
can accidentally be spilt, either because the mould is overfilled or
because it splashes or misses the mould altogether. In all these cases
droplets and larger, irregularly-shaped flows of metal result. Some
molten metal may also find its way into the fire and become incorporated
into the hearth lining and fuel ash slags. Most of this metal would have
been collected and recycled but some escaped and is among the commoner
finds on archaeological sites where non-ferrous metals were being worked.
It is recorded in Appendix A as spillages and appears in Tables 2.1-2.6
under the heading "waste". It should be noted that metal waste of this
sort on its own is not good evidence for metalworking as it can form
anywhere that metal gets into a fire hot enough to melt it, eg metal
objects in a cremation pyre or in a building that burnt down.

A second type of metal waste is that which solidifies in a
mould but is not part of the object(s) being cast. It includes the
runners and sprues as well as the flashes that form between the valves of
a piece mould and is all removed from the casting when it is fettled. A
failed casting, where the metal failed to fill the mould completely, is a
further type of casting waste. This can result from inadequate
temperature control of either the mould or the melt or from poor mould
design. A casting with blowholes was also effectively a failed casting
though some repairs were often made to large castings such as statues,
either by letting in patches or by burning or running together, as
Theophilus describes (Ch 61). These types of metal waste are listed in
Tables 2.1-2.6 as either "scrap" or "waste". On sites I have recorded
they appear under the "waste" heading but where published accounts do not
differentiate between this casting waste and other forms of scrap metal
they are all recorded as "scrap". (See Chapter 6 for further discussions

of scrap metal.)
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CHAPTER 6
WROUGHT METALWORKING

Many of the metal objects of antiquity were not cast but were
made from one or more pieces of metal that had been hammered and cut to
the desired shape. This was basically a two step process; first the cast
metal was fabricated into sheet, rod, bar or wire and then these part
manufactures were made into objects and decorated. Precious metals were
often wrought rather than cast, as less metal was required which made
economic sense. Many copper alloy objects were also wrought or had
wrought metal added to a casting, for example the spring and pin on a
cast Roman brooch. These composites were joined in a number of ways (see
Chapter 7).

As noted in Chapters 4 and 5, the raw metal produced by
smelting was refined and alloyed and then cast into ingots or blanks
which were, in their turn, the raw material for wrought metalworking.
Large ingots, the direct products of smelting, are not normally found on
sites where metal was wrought. Some large pieces of metal like the
massive sheet of well homogenised brass from Colchester: Sheepen (Musty
1975) would however have been suitable raw material for a wrought
metalwork industry. Sometimes fragments of ingots of this general type

are found complete with traces of the chisel cut which severed them.

Processes

Wrought metalworking is a general term covering a whole range
of different processes. These can be considered in three main groups.
Metals can be forged using a hammer; sheet metal can be cut to shape and
dished and/or decorated and, finally, part manufactured sheet, rod or
wire may be cut, bent and joined into composites.

Metal to be forged is placed on an anvil or in open or closed
dies and hit with a hammer. Repeated blows are necessary unless using
closed dies, such as those for striking coins, where a single blow is
normal practice. Swages used to produce beading on wire are another type
of closed die.

Sheet metalworking was really a subset of forging until the
16th century when rolling was introduced (Smith 1981). Sheet may be cut
to shape, then dished and/or worked by local hammering or punching. The
processes are described as sinking (hammering on the concave side on a
wood block), raising (hammering on the convex side over a rounded stake
or anvil) and embossing (using a punch and a die). Sheet metal may also

be spun on a lathe to produce simple shapes. Repoussé work and chasing
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8.

Part manufactured metal stock was forged from ingots or blanks.

(Whitgeetd (390)

Wire was produced by strip twisting, strip drawing and drawing down rodsk
The earliest indisputable evidence for this last process is three Viking-
period draw plates from Haithabu, &JJesw@(Naumann 1971). To convert part
manufactures into objects, the metal was cut to size and machined, ie
metal was removed using tools. This term, anachronistic perhaps before
mechanisation, covers sawing, turning, boring, drilling, reaming,
grinding, filing and scraping. Engraving, a decorative technique, also
removes metal (see Chapter 8). Lead in copper alloys is beneficial when
these operations are performed as the metal comes away in small chips
rather than long springy turnings, but it also confers less welcome
properties (see Chapter 9).

All these mechanical working processes deform the metal
plastically, permanently changing its external shape, and at the same
time set up internal stresses which alter its crystal structure. This
work hardening reduces the malleability of the metal, making it harder
and stronger. This can be a beneficial change but if the metal is to be
worked beyond a certain point the internal stresses have to be relieved
by annealing, heating to above the metal's recrystallisation temperature
(about 400°C for brass and bronze and 200°C for copper and silver). Hot
working (above this temperature) is now normal industrial practice for
copper alloys (Cairns and Gilbert 1967) and avoids the need for annealing
but it is not a suitable process for all metals. There is some evidence
it was used in antiquity (Unglik 1991 contra Hodges 1964) but works of
art are rarely made this way (Smith 1981), perhaps because the surface
quality is inferior. The working-annealing cycle can be repeated any
number of times. Surface dirt and scale can be removed by quenching the
metal after annealing though Drescher (1955) says brass should not be
quenched. Tin and lead and their alloys recrystallise at room temperature
and so do not have to be annealed but they are normally cast and not
wrought.

Once an object had been formed, whether cast or wrought, it was
filed and scraped, ground and polished to give an acceptable surface
finish. Some of the many whetstones found in the course of archaeological
excavations were certainly used in this way but they were necessary
domestic tools too and so, in isolation, cannot be considered as evidence
for metalworking. Loose abrasives like sand were used as well as lumps of
stone. Theophilus (Ch 61) describes cleaning a brass casting with "sand

and sticks whose ends are slightly shredded". Finer abrasives were used
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jewellers' rouge) can be used in this way and faceted nodules have been
found on the Coppergate site in York with other evidence for metalworking
(Bayley forthcoming). An alternative method of finishing an object was to
burnish the surface with a hard tool such as steel or agate (Theophilus
Ch 26). This was particularly necessary when a surface coating of another

metal had been applied and needed consolidation.

The archaeological evidence

The above description is far more detailed than the
corresponding introduction to Chapter 6 as many of the processes of
wrought metalworking leave little or no evidence in the archaeological
record other than the objects that were produced. A workshop could be set
up almost anywhere, tools were portable and only a small fire would be
necessary to anneal the metal being worked.

The most commonly found evidence of metalworking is scrap
metal, offcuts from machining operations. A number of Roman sites, eg
Verulamium (Frere 1972) and St Mary Bishophill Senior in York (Ramm
1976), have produced boxes set into the ground, full of metal filings
that were collected for recycling. Larger sheet metal offcuts are more
widely found as are both small and larger pieces of part manufactured
metal, such things as bars, rods and wires. Some of these may have had
faults such as cracks which made them unsuitable for further working but
others appear perfectly sound and were probably accidentally lost or
mislaid. Some unassembled component parts of composite objects are also
found which are further evidence for wrought metalworking. Baldock
(Bayley 1986B) produced a part-made domed-headed rivet or stud and also

rolled sheet metal rivets, both used and unused.

Tools
The only other finds which are indicators of metalworking are

tools; Theophilus provides a detailed description of making and using a
wide range (Ch 5-21). Many of these, such as hammers, files, awls,
punches and chisels, could have been used in any number of trades so it
is difficult to positively associate individual tools with metalworking.
However, where a 'tool kit' is found together or tools are found with
scrap metal the association is suggestive of the use to which the tools
were put. An example is the file of 10th century date from York:
Coppergate which had brass filings in its teeth (Bayley forthcoming).

Some tools such as the doming block and ball-headed punches from

Poole's Cavern (Bayley and Branigan 1989) are far more specific, and
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suggests metal working was carried out on site. Other tools which can be
specifically associated with metalworking are dies. These were relatively
common in early Saxon times when they were probably used by burnishing a
metal foil into the die. Surviving examples are all made of copper
alloys, but bone or wood could have been used also (Capelle and Vierck
1971). Roman examples are also known, eg from Oulton, though this was
probably used as a punch on brass sheet. Coin dies such as those from
York would also have been used to punch (strike) their design, in this
case onto silver, though trial stamps on lead were also found (Pirie
1986).

Whetstones and abrasives have already been mentioned but a further
form in which haematite is found is as a deposit of powder in a pot. This
is usually interpreted as pigment, eg for wallpaintings (Davey and Ling
1981), and, while it is indeed a common pigment at all periods, it is
possible that some of the single finds may have been polishes rather than
paints. As with much of the evidence for wrought metalworking it is the

context and associations that provide the only positive identifications.
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CHAPTER 7
JOINING

Metal components were joined in a variety of ways. Mechanical
joints could allow movement, eg hinges, or could be rigid if held by
rivets. Other rigid joints were made by welding, brazing or soldering at

elevated temperatures.

Welding and burning together

Welding fuses components but was not commonly used for non-
ferrous metals. Gold can be welded once gentle heat has removed absorbed
moisture but silver has an oxide film and so can only be hot welded;
copper is not easily welded (Tylecote 1987). Although grains of gold were
welded into larger pieces in prehistoric times (Eluére and Raub 1991),
melting in a crucible seems to have been more commonly used in the
periods covered by this study.

Roman lead pipes were made by bending a strip of sheet metal
to shape, applying a temporary 'mould' and pouring in molten lead, a
process known as autogenous welding (Tylecote 1987) or burning together
(Maryon and Plenderleith 1954). Pieces of large bronze statues were
assembled in a similar way by pouring in excess molten bronze which
heated the castings and gap-filled. Additions to objects could be cast-on
in a similar way (Hodges 1964). Burning together was often used to make

repairs (Forbes 1964Aa).

Soldering
Hughes (1988, 80) defines soldering as "... uniting metal

components by heating and fusing a metal or alloy filler which melts at a
lower temperature than either metal to be joined." Brazing is an
identical process but involves higher temperatures. In modern terminology
soft soldering is carried out below 300°C, hard or silver soldering in
the range 300-800°C and brazing above 800°¢ (Cairns and Gilbert 1967). In
all cases it is essential that the solder wets and flows over the
surfaces to be joined so a flux is used to clean the metal and remove any
oxide film. The solder can be applied as fragments, filings or in a paste
with an organic binder. The components to be joined must be held close
together and capillary action helps to draw the solder into the joint.
Soft solders provide a weaker joint than hard solders, though in all
cases the join is stronger than the strength of the solder because of
surface tension effects and because some of the metal being joined

dissolves in the solder, changing its composition (Cairns and Gilbert
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A range of alloys with different lead-tin ratios were
extensively used as soft solders from Roman times onwards (Hughes 1988).
They were used on copper alloys and Theophilus (Ch 89) describes the use
of a 2:1 tin-lead alloy (approximately the eutectic) with a resin flux
for joining tin. A mid 10th century context on the Coppergate site in
York has produced a 4 mm diameter rod of metal of similar composition
which appears to have been used as solder as its tip has been melted
(Bayley forthcoming).

The Mappae Clavicula describes the use of a 2:1 copper-tin
alloy as a solder for copper and its alloys which would have a melting
point of about 740°C (Smith and Hawthorne 1974). Hard solders of this
type do not seem to have been widely used on copper alloy objects though
copper alloys were used to coat or join components of iron objects such
as keys or barrel padlocks in Late Saxon and medieval times. These
copper-rich coatings are sometimes described as brazing metal though
there is seldom accurate compositional data which would indicate a
melting point.

Most of the work on the solders of antiquity has been
confined to those used on precious metals (Lang and Hughes 1984, Hughes
1988). Soft solders were used, but far commoner are a range of hard
solders including silver-tin and silver-copper alloys. Tylecote (1987)
suggests the latter are rare until the 11lth century but Hughes' (1988)
paper suggests otherwise. He describes a range of compositions with up to
28% copper which corresponds to the eutectic with a melting point of
779°%c. Theophilus (Ch 73) describes the preparation of 2:1 silver-copper
and gold-copper solders which were used with an argol/salt flux for
joining silver and gold respectively, and the use of copper oxides in a
flux for joining gold (Ch 51). Pliny (33,93) describes the preparation of
a similar mixture of copper compounds he calls santerna for joining gold.

Various factors such as colour, strength and fusion range may
have affected the choice of solder. Where multiple joins were to be made
on a single object the first would have been made with a higher melting
point solder so subsequent work did not remelt it.

Mercury has been used to repair a Roman silver spoon. The
broken edges were amalgamated with mercury, clamped together and the area
then heated with a blowpipe causing the mercury to evaporate and a good
join to form, though with several percent of mercury remaining (Hughes
1988). This is not strictly soldering, as defined above, but serves a

similar purpose.
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CHAPTER 8
DECORATION

The decoration applied to non-ferrous metal objects can be
divided into three main groups. These are relief decoration of the metal
surface, applied metal(s) and added non-metallic materials; they are
considered in turn below. Often a single object has more than one type of
decoration as can be seen from Appendix C, though relief decoration is
not considered there.

The surface of an object may also have been coloured though
post-burial corrosion normally obscures this. We do not know if metal
objects were highly polished or allowed to develop a natural patina. The
very reduced relief seen on some modern, highly polished objects such as
brass name plates suggests this was not the way metalwork was treated in
antiquity as corresponding rounding of profiles is not widely seen,
though this too could be obscured by decay.

Hughes and Rowe (1982) provide examples of the whole range of
colouring effects that may be obtained and, while not all the chemicals
they employ were available in antiquity, at least some of their effects
must have been possible. Some colouring effects require special alloy
compositions and the best known of these are Japanese, such metals as
shakudo which is a copper alloy containing a few percent of gold and can
have a range of colours from aubergine to black after patination.
Craddock (1982) equates this with Pliny's Corinthian metal which contains
both gold and silver (Bk 9, 139) and has identified a Roman plaque as
being treated in this way. More recently a ?bracelet from a sub—Roman
cemetery at Cannington with an overall black patina has been identified
as being a similar alloy; it was a tin-bronze with several percent of

gold and low levels of silver (Bayley and McDonnell 1990B).

Relief decoration

Relief decoration can be cast in, but more commonly it is
applied or enhanced once the metal has solidified. The decorative effect
is achieved either by cutting away metal (engraving) or by moving or
deforming it (chasing, repoussé, embossing). Both cast and wrought
objects are decorated in this way but some of the techniques available
(eg repoussé) are only applicable to thin sheet metal and are therefore

only found on wrought work.

Applied metals

This broad group of decorative techniques includes metal
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platings, inlays, overlays and applied metal producing relief decoration
such as filigree and granulation. Often the applied metal differs in
composition and hence colour from that of the bulk metal of the object;
sometimes it provides an overall cover but sometimes just parts are

covered, giving a bichrome or polychrome effect.

Gilding

Gilding has been known since the middle of the 3rd millennium
BC. The earliest examples are leaf gilded but by the Roman period an
alternative technique known as mercury or fire gilding was also in use.

In leaf gilding the gold was beaten very thin making gold leaf
which was then bﬁrnished onto a clean silver or base metal surface. The
thinness of the leaf can be appreciated from Pliny's description (Bk 33,
61) which says that an ounce of gold would produce at least 750 gold
leaves measuring four fingers each way, which Bailey (1929) calculates as
an average thickness of 0.34 microns.

Mercury gilding was known from the middle of the 1st millennium
BC but its use did not become widespread until the 3rd century AD (Oddy
1980). It must however have been an accepted if uncommon technology in
the mid 1st century AD as Pliny notes that it was legal to gild copper
using mercury (Bk 33, 64) and goes on to describe the preparation of the
surface of the base metal and the application of the mercury and gold
leaf (Bk 33, 100). There are two variants of mercury gilding. In the
first the surface of the object to be gilded is amalgamated by rubbing
with mercury and then the gold leaf is applied while, in the other, a
gold-mercury amalgam is produced and then applied to the object. In both
cases the object is then heated at about 350°C to drive off the mercury,
hence the name fire gilding. Oddy (1980) claims that the first technique,
which equates to that described by Pliny, was more difficult, so it may
be that mercury gilding did not become common until the use of a gold-
mercury amalgam was adopted. It should be noted however that Pliny
describes the dissolution of gold in mercury in the context of separating
gold from other materials (Bk 33, 99) so the existence of gold-mercury
amalgams was known in the 1lst century even if their application in
gilding was not.

Theophilus clearly used a gold-mercury amalgam (Ch 35-37) but
also describes amalgamating the surface of silver before applying gilding
to it (Ch 38). He notes that brass is more difficult to gild than
unalloyed copper or silver and that it must therefore be more carefully
amalgamated and more thickly gilded. He says that brass to be gilded

should be pure and free of lead (Ch 62) and identifies gilding brass made
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from unrefined copper containing lead as a problem, as white [mercury-
rich] spots would remain on its surface after heating (Ch 68) due to the
greater affinity of mercury for the lead.

Craddock (1988) quotes Oddy et al (1979) to show that
classical mercury gilded objects were almost invariably made of copper
with about 1% of tin if cast, but were pure copper if wrought. Oddy et al
(1986) analysed a collection of Romanesque metalwork and showed that the
gilded cast pieces had more varied compositions. Most were brasses or
gunmetals with low lead contents (mean = 1.4%) but the average level of
additions was nearly 10% (see Figure 10.6). The gilded wrought metalwork
was all pure copper.

All the gilded objects in Appendix C are late Roman or later in
date. The majority appear, as expected, to be mercury gilded. For those
Roman brooches that were analysed quantitatively, the results are
comparable to the Romanesque metalwork in terms of overall level of
additions (mean = 9.5%) and lead content (mean = 1.1%) but tin-rich
rather than zinc-rich alloys predominate (cf Figure 10.31). If the
qualitative analyses are considered too the proportion of brasses is
higher, but bronzes are still found more frequently (see Table 8.1). Note
that Theophilus' descriptions of mercury gilding refer only to brass,
copper and silver while the majority of leaf gilded objects are bronzes.

It should be noted that the presence of mercury in a
qualitative XRF analysis was the criteria used in describing objects as
mercury gilded despite the comment by Lins and Oddy (1975) that mercury
can occasionally be detected in gilding that was not applied using it. On
some objects so little gilding survived that gold could not be detected
analytically though it was just visible; in these cases it was not

possible to say whether the object was or was not mercury gilded.

Table 8.1 - Gilded Roman brooches (data from Table C.3)

Alloy with mercury no mercury ? mercury total
copper 3 - 1 4
bronze 11 7 1 19
gunmetal 2 - 1 3
brass 8 2 4 14
(leaded) gunmetal - 1 - 1

Total 23 10 8 41

Wilson (1981) notes that gilding was practised throughout the

Saxon period but that silver is less commonly gilded in the 9th and 10th
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centuries.

Tinning

Tinning is used as a term to describe a very thin surface
coating of tin or a tin-rich alloy which appears white or grey in colour.
This appearance can be simulated by inverse segregation when casting a
bronze (Tylecote 1976) but normally tinning was applied either by fluxing
and dipping or by rubbing a hot object with a rod of tin or tin-lead
alloy (Tylecote 1986, Oddy 1980). Thouvenin (1970) has suggested that
electrochemical deposition of tin would also have been possible. Oddy
(1980) considers the use of this technique unlikely as none of the early
medieval manuscripts mention it though the necessary materials were well
known. Some objects are 'parcel tinned’' and this would be easier to
execute using a resist and electrochemical plating than with hot metal.

The composition of layers of tinning is variable. Iron and
copper alloys were coated with both tin and tin-lead alloys while the
tinning on copper alloys is sometimes a tin-copper alloy with a far
higher melting point than the 232°% of pure tin. Oddy (1980) has argued
that these copper-tin layers formed in situ by the interdiffusion of the
two metals during prolonged heating in a reducing atmosphere below the
melting point of tin. Tinning of this type is essential when mercury
gilding is to be applied to the same object (Oddy 1980).

Tinning is known but uncommon in Iron Age times (Oddy 1980) but
is found widely on Roman objects; nearly 10% of the brooches listed in
Table C.3 had traces of tinning on them. Pliny (Bk 34, 160f) notes that
copper vessels were tinned and states that a number of different alloys
of varying value, mainly tin-lead alloys, were used for this purpose. He
goes on to comment that "A method has been devised in Gaul for plating
copper articles with pale lead [ie tin], so skillfully that they can
scarcely be distinguished from silver." (Bailey 1932).

The confusion between tinning and silvering may originally have
been a deliberate attempt to counterfeit and certainly Pliny's
terminology is not always open to unambiguous translation. Modern
archaeclogical nomenclature has an unfortunate tendency to call all white
plating 'silvering' despite analytical results which show the vast
majority to be tinning (AM Laboratory, unpublished data). There is
confusion too between plated objects and high tin bronzes (speculum
metal) that are white/grey all through.

Tinning continued in use in post-Roman times (eg oddy 1980,
Jope 1956) and in the later medieval period it is more common on iron

than copper alloys; Theophilus (Ch 92) describes its application by
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dipping, though the discovery of a tin rod and a tin-lead bar with meltead
tips in 10th century contexts at York: Coppergate suggests they had been
rubbed over heated objects to tin them (Bayley forthcoming).

Silvering

Silvering, meaning a thin surface coating similar in appearance
to tinning, appears to be unknown in the Roman period except on coins
which are sometimes described as 'silver washed'. The surface of a
debased coin could be whitened by heating and pickling to remove copper
(Smith 1981) but dipping and wrapping in silver sheet are also recorded
(Tylecote 1976) though La Niece (1990) notes some of the problems with
these last two methods. Close plating, where a thin sheet of silver was
soft-soldered over a base metal object, was also used in Roman times
(ibid) but more often the silver cover was only partial (see below).

The earliest known European mercury silvered object is an 8th
century forged coin (ibid) but this method of silvering has otherwise
been recognised only from the 13th century onwards (eg Wright 1987, S1)
but is rare even then (La Niece 1990), though Theophilus (Ch 36)
describes the preparation of silver amalgam which comprised five parts by

weight of mercury with one part of silver.

Inlays

Inlays are small pieces of metal, often wires or multi-strand
wire ropes, hammered into place in a groove engraved or traced in the
surface of an object. They are of different colour to the bulk metal and
it is this contrast which provides the decorative effect. Inlays are rare
though not unknown in copper alloy objects (eg the six Roman brooches of
Group 2 and 4 types listed in Table C.3) but are found more often in iron
objects where copper, brass and silver were used individually or in
combination. Typical inlaid objects are Roman styli, early Saxon buckles
and belt plates (Evison 1855) and medieval knives with inlaid makers’

marks (Beresford 1975).

Overlays

Overlays are, strictly speaking, where the surface of an object
has been roughened and thin sheet metal is then laid on it and hammered,
keying into the deliberately created surface irregularities. Salin (1957)
describes the application of brass and silver to ironwork by this
technigue which he calls damascening, a term more commonly applied in
Britain to the visible effect of pattern welding ferrous metals.

Theophilus (Ch 91) describes both inlaying and overlaying on iron.
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Some Roman copper alloy objects have an overlay attached with
soft solder rather than mechanically. Most commonly the applied metal is
silver, in the form of beaded wire or thin metal foils stamped with a
relief design, and the decorated object is a brooch. Thin copper alloy
sheets with repoussé decoration were also soldered onto brooches; where
enough of this metal survives to be analysed, it is always brass.
Overlays are not found on all types of brooches. Table 8.2 shows which
typological groups (defined in Chapter 10) carry which types of overlay;
those of unknown alloy are most likely to be brass, but in most of these
cases only the solder with an impression of the repoussé decoration
survived. Note the correlation of silver overlay with brass or gunmetal

brooches and brass overlays on other alloys, especially leaded bronzes.

Table 8.2 ~ Overlays on Roman brooches (data from Table C.3)

- - - - overlay - - - - - - - = bulk metal - - - -
Group silver copper ? Total brass or leaded other
alloy No gunmetal bronze
2 1 2 1 4 4
3 1 1 1
7 1 ) 1
tin ) 2 1
8 24 24 22 2
9 13 13 12 1
plate 7 ) 3 2 2
16 )y 27 4 7 S
4 ) 1 2 1
? 1 1 1
Total 47 19 6 72 48 16 8

The disadvantage of this method of overlay is that the
juxtaposition of different metals provides, on burial, an electrochemical
environment where the solder preferentially corrodes, often leading to
the separation of the overlay from the object. Some of the objects in
Table C.3 described as tinned may originally have had overlays which are
now lost; this is particularly true of Group 8 and plate brooches of
types where some examples have surviving overlays.

Decorative Roman military fittings which are normally made of
brass (see Chapter 10) are also relatively often overlaid (close plated)
with silver. Examples include studs from Sheepen (Niblett 1985, Fig 61,8)

and phalerae from Xanten (Jenkins 1985).
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Filigree and granulation

The final sort of applied metal decoration is filigree and
granulation which are normally only used on precious metals, the applied
metal being of (roughly) the same composition as the base to which it is
soldered. There is a considerable literature on the use of these
techniques at all periods (eg Wolters 1981) and they are not considered
further here. Tylecote (1987) has pointed out that some granulation is
applied without any solder and the heat used is below the melting point

of the metal so the process is sintering, producing a solid-state weld.

Non-metallic materials

Both niello and enamel are inlaid into metal objects while

'gems' of glass or semi-precious stones are attached in a number of ways.

Niello

Niello has a black, slightly lustrous appearance and, in the
period of this study, consisted mainly of copper and silver sulphides,
used either separately or together. La Niece (1983) has published the
results of a wide-ranging study of its composition and use and the
comments below draw freely on her paper.

The earliest, positively identified niello is found on 1lst
century RAD objects. The Romans used it to decorate tableware, Jjewellery
and military fittings. Silver sulphide niello was used on silver and gold
objects while copper alloy objects have copper sulphide niello, though
there are exceptions. La Niece found that brass is the copper alloy that
most frequently bears niello decoration and the same is true for the
objects analysed here, where five of the eight brooches and two of the
three other objects with niello decoration are brass (see Appendix C). On
four of these brooches it is combined with tinning so perhaps in these
cases the tinned copper alloy should be seen as mock silver, as silver is
certainly the metal that is most often decorated with niello.

The single sulphide niellos used by the Romans decompose at
temperatures below their melting points (861°C for AgS and 1121°C for
Cu,S) and so had to be softened and burnished into place at about 600°c
rather than being melted with a flux. From the Sth century, although
silver sulphide was still used (though not copper sulphide), mixed
silver-copper sulphides became the normal type of niello, and as this
melts at about 680°C it could be applied as a powder and then fused.

From the 10th century niello becomes far less common though
Theophilus provides a good description of its manufacture and application

(Ch 28-9 and 32). His recipe is however for a silver-copper-lead sulphide
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surviving western European objects known to have this sort of niello are
13th century in date. The earlier surviving documentary references to
niello are discussed by Oddy et al (1983) and illustrate the range of

compositions found by La Niece (1983).

Enamel

Enamel was used to decorate copper alloy objects from the Iron
Age onwards; two main techniques were used. The first was champlevé,
where sunken fields to ﬁold the enamel were cut or cast into the object
to be decorated. The reserved metal between the fields was an integral
part of the design and was sometimes decorated with tinning and/or
applied silver wire or foils. The other technique was cloisonné where
thin metal strips were bent to shape and soldered on edge to a backing
piece of metal to form the fields. Cloisonné enamelwork only appeared in
England in Saxon times and is used for high quality metalwork, usually of
precious metals; examples are things such as the Alfred jewel (Backhouse
et al 1984, Plate I) or plaques for reliquaries (Sherlock and Woods 1988,
Fig 63,1). Most enamels, even at this period, are champlevé.

The enamel itself is a glass, often opague but sometimes
translucent, which was fused in situ so it adhered to the underlying
metal. Bateson and Hedges (1975) suggest that lead, which is found almost
universally in ancient enamels, was added to help them 'wet' the metal
more effectively. Not all metals are equally easy to enamel; for instance
Vargin (1967) states that brasses with over 10-13% zinc are hard to
enamel. Despite this, high zinc brasses were enamelled - 24 enamelled
brooches (of 180 with quantitative metal analyses) have zinc contents in
excess of 13%. Table 8.3 summarises the alloy data for all the enamelled
Roman objects in Appendix C and shows that every alloy was used, though
leaded bronzes made up nearly half the total numbers. This is in contrast
to Romanesque champlevé enamels which are fairly pure copper (0ddy et al
1986), though their composition may owe more to the fact that they are
all gilded.

Champlevé enamel was applied in a number of ways. Each field
could be filled with a single colour; juxtaposed blocks of enamel (often
of two alternating colours) could be used; or blocks of millefiore could
be used on their own, alternating with plain colours, or set into a field
of a single colour of enamel. Some plain enamel fields also had spheres
or cylinders of glass set in them to give the effect of spots, sometimes
of one colour cased in a second one. Butcher (1977) describes and

illustrates a range of typical Roman enamelwork, though with a bias
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towards larger and more unusual objects. The range of enamel colours used
was quite large, but some weather so badly that the apparent colour can
be misleading (Bayley 1987E). This can bias the recorded frequencies of
different colours.

Over half the Group 7, 10 and plate brooches are enamelled as
are a lower proportion of Groups 3, 8 and 9 (see Chapter 10 for brooch

typology). Only occasional examples from other Groups carry enamel.

Table 8.3 - Enamelled Roman objects (data from Tables C.3-C.4)

Alloy brooches others total % total
bronze 80 3 83 14
leaded bronze 188 19 207 36
leaded gunmetal 47 6 53 9
gunmetal 51 51 9
brass 160 160 27
copper 6 6 1
other 20 2 22 4

Total : 552 30 582

Applied 'stones’

Some jewellery was decorated with 'gems' made of either glass
or semi-precious stones. Precious stones were occasionally used, but
normally only on objects of precious metals.

A few Roman brooches of Groups 2 and 7 had glass beads (usually
opaque red) riveted on to give a similar effect to an annular field of
enamel (eg Bushe-Fox 1949, Plate 28, 34). More frequent were plano-convex
glass 'gems', held in place by sheet metal soldered to a4plate brooch (eg
Niblett 1985, Fig 76, 41-2) or the conical glass 'gems' found on T270 and
T271 plate brooches. Roman finger rings have inset 'gems' of glass or
stone, either en cabochon or cut as cameos or intaglios. Banded stones
such as onyx were popular for cut gems and the visual effect was often
mimicked by black glass with a surface layer of opaque white through
which the design was cut.

Garnets cut to flat, geometric shapes were used to decorate
early Saxon jewellery such as saucer brooches where they were set in
cloisons backed by cross-hatched gold foils (Avent 1975). Sometimes
pieces of glass or white materials such as shell, bone or minerals were

set in similar ways (La Niece 1988).
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METALS AND THEIR ALLOYS

In the period and area covered by this thesis, gold, silver,
copper, lead, tin, mercury and iron were known as metals and objects were
made of gold, silver, copper and its alloys with tin, zinc and/or lead,
and lead and tin, both separately and together. Iron was also widely used
but its working is not considered here. The uses made of these various

metals and their alloys at different times are discussed in Chapter 10.

Nomenclature

The first points that need settling relate to the nomenclature
to be adopted for the metals under discussion and the correlation of
modern terminology with that used at various times in the past. The names
are not important in themselves but provide a convenient shorthand when
discussing alloys of different compositions. The use of alloy names is
more than a convenience when dealing with qualitative analyses as they
cannot, by definition, provide a specific composition but only an
indication of a more general alloy type. Some modern alloys, even those
containing only the elements known in antiquity, were not used then for
one reason or another; other alloys, once commonly employed, have fallen
out of use more recently so in some cases direct equivalents are hard to
find. The conventions adopted here are as follows:

Gold: A metal looking like gold and in which gold is a major element.
Natural contaminants and/or artificial additions may also be present
at various levels. The colour depends on composition but in
antiquity is normally yellow.

Silver: A white metal in which silver is a major component. It is often
seriously debased with large quantities of copper or copper alloy
and in a corroded state may look green, like a copper alloy.

Copper: Fairly pure copper with at moét a percent or two of additions.
The major contaminant in ingot copper is often copper oxide
(Tylecote 1986R).

Bronze: A copper-tin alloy which may contain small amounts of other

elements (often zinc and/or lead).

Speculum metal: A bronze which appears grey or white in colour and
normally contains over 20% tin. In modern terminology many of these
alloys would be described as bell metal as modern speculum metal
has over 30% tin.

Leaded bronze: Bronze containing more than several percent of lead.

Brass: Copper alloyed with zinc. As zinc metal was virtually unknown in
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Europe in medieval and earlier times, brass was made by the
cementation process (see Chapter 4) and so has a maximum zinc
content of around 30%, far lower than much modern brass. In modern
terminology many ancient brasses are gilding metals. Much ancient
brass contained minor amounts of tin and/or lead.

Leaded brass: Brass containing more than a few percent of lead.

Gunmetal: Copper alloyed with significant amounts of both tin and zinc.

In modern terminology gunmetal usually has a more specific meaning,
that of bronze with a few percent of zinc.

Leaded gunmetal: Gunmetal containing more than a few percent of lead.

Lead: Ancient lead is normally over 99% pure (eg Tylecote 1962A).

Tin: Elemental tin with no deliberate additions; often well over 95% pure
(Hughes 1980).

Pewter: Lead-tin alloys with at most a few percent of other elements; the
proportions of the two metals vary widely (see Chapter 10). Alloys
from within this range of compositions were ﬁsed as soft solders
and to tin copper alloy and iron objects; in these cases the metal
is usually described as solder rather than pewter. Modern pewter
contains little or no lead and is often hardened by the addition of
copper and/or antimony (Cox 1987); such alloys were not used in

antiquity.

Alloy composition

With copper alloys there are often problems in deciding which
name to apply to a metal of a particular composition. The name should
indicate the deliberate additions and thus reflect the intention of the
craftsman producing it. The major alloying elements are tin, zinc and
lead and these are found in almost all proportions. Metal composition is
thus a three dimensional continuum which can be shown graphically on a
ternary diagram where the three corners represent the three alloying
elements. The variables are the amounts of zinc, tin and lead expressed
as a proportion of the total additions in the copper (ie, zinc+tin+lead)
so the nearer a point in the diagram is to a corner, the higher the
relative amount of that element in the alloy. Results plotting together
on the diagram thus indicate similar compositions for the objects
analysed, provided their copper content is roughly the same. Bayley and
Butcher (1981) pioneered the use of diagrams of this type in discussing
the alloy composition of Roman brooches. Figure 9.1 shows the relative
positions of the different alloys on the ternary diagram but also the
lack of any actual dividing lines between them. Thus in assigning alloy

names to metals of intermediate compositions arbitrary criteria have to
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Figure 9.1 - Ternary diagram showing the relationships between
composition and alloy name

be adopted. Consideration of the alloy properties (see below) does not
help, as there is a gradual rather than step-wise change with composition
for each property.

In an attempt to make these arbitrary divisions in a rational
way, the whole range of compositions was examined and the lines then
drawn in such a way that any clusters present were not split. This
exercise was carried out using the quantitative analyses of Roman
brooches from Richborough (343 analyses in Table C.3). These objects span
a period of over 300 years and represent all the commonly occurring Roman
copper alloys. The three histograms (Figures 9.2-9.4) show the range and
frequency for each element and Figure 9.5 shows the relation between zinc
and tin content.

The lead histogram is interpreted as three superimposed
distributions. The first group (with lead under 4%) corresponds to
‘unleaded' alloys where the lead present is an accidental contaminant
rather than a deliberate addition. At the high lead end the 'leaded’
alloys are those with large, and presumably deliberate, additions of lead
(over 8%). Between are the '(leaded)' alloys which contain enough of the
metal to affect their properties to some extent. Most of these are mixed
alloys with significant amounts of both tin and zinc and probably
represent poorly sorted recycled metal. See the section on properties of
alloys (below) for further discussion of the levels at which additions of

lead become significant. In some cases 'leaded' and '(leaded)' alloys are
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considered together; when discussion mentions only leaded and unleaded
alloys it is this usage which is meant.

The zinc and tin histograms (Figures 9.3 and 9.4) cannot be
considered in isolation as there is an inverse relationship between the
two elements; high tin goes with low zinc levels and vice versa (Figure
9.5). The two ends of this distribution are clearly brasses and bronzes
while between lie the gunmetals.

The discontinuities on the zinc and tin histograms reflect the
boundaries to the clusters on Figure 9.5. The low zinc (zinc under 6%)
points are mainly bronzes, with over half of them having under 1% zinc.
The high zinc (zinc over 14%) ones are, with two exceptions, brasses and
the middle section mainly mixed alloys. Similarly the low tin (tin under
3%) points are mainly brasses (and include a fair number with under 14%
zinc) while the high tin ones (tin over 7%) are almost all bronzes. The
middle group are a mixture of bronzes and gunmetals. The boundary values
for zinc are twice those for tin, as twice as much zinc as tin is
required to produce the same changes in the micro-structure, and hence
the working properties of a copper alloy. For this reason Figure 9.5 is
not symmetrical about the line Zn=Sn. Although the values taken from
Figures 9.3 and 9.4 provide reasonable discrimination between the
different alloys present, there are some unresolved problems as the
middle zone in each histogram represents a mixture of different alloys.
For this reason an alternative way of dividing up the brass-gunmetal-
bronze continuum was devised.

The divisions were made along lines with fixed zinc to tin
ratios rather than at fixed zinc or tin percentages (Figure 9.6). The
values of the ratios were arbitrarily chosen, being those which fell at
the boundaries of the clusters of points. The brass and bronze clusters
are defined by Zn24Sn and Sn23Zn respectively. Brasses now include some
objects with under 14% zinc and bronzes include objects with 3-7% tin but
low zinc; a better discrimination is achieved than by fixing the
boundaries at Zn=14% and Sn=7%. The area between the two new boundaries
covers a wide range of compositions and the analyses within it tend to
cluster towards one side or the other with relatively few in the middle.
This has led to a further subdivision with lines at 22n=5Sn and 32n=2Sn
separating brass/gunmetals from gunmetals and bronze/gunmetals. These
subdivisions indicate whether a mixed alloy is zinc-rich or tin-rich
while still separating it from the purer brasses or bron:zes.

The lines drawn on Figure 9.6 represent the boundaries which
are used in this thesis in assigning alloy names to quantitative

analyses. The alloy names applied to all the quantitative analyses in
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Appendix C are as defined in Table 9.1. While the absolute positions of
the boundaries are arbitrary, and hence debatable, they do produce useful
and usable categories. If the dividing lines were moved, the number of
objects that would be re-categorised is relatively small and hence of

only minor importance when compared with overall trends.

Table 9.1 - Alloy composition: boundaries used in assigning alloy names

brass Zn24Sn Zn28%
brass/gunmetal 2.5 Sn<Zn<4Sn Zn28% or Sn23%
gunmetal 0.675n<Zn<2.5Sn Sn=3%
bronze/gunmetal 0.33Sn<Zn<0.67Sn Sn=3%
bronze Sn=3Zn Sn23%
copper Zn<3% and Sn<3%
copper/brass 3%<Zn<8% and Sn<3%
leaded alloys Pb>8%
(leaded) alloys 8%2Pb24%

An added advantage of using 2n:Sn ratios as delimiters is that
objects plotting together on the ternary diagram will have the same alloy
name, as both procedures cluster objects with the same relative rather
than absolute composition. Figure 9.7 shows a ternary diagram like Figure

9.1 with boundaries defined in Table 9.1 superimposed.
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Figure 9.7 - Ternary diagram with the brass-gunmetal-bronze boundaries
defined in Table 9.1 superimposed
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Ancient names and recipes for alloys

An alternative nomenclature to that outlined above is to use
the terminology of antiquity to describe the different copper alloys.
There are, however, two main difficulties in this. The first is that
different names were used in different periods, reflecting the languages
of the time, and the other is the problem of specifically associating the
names in use with particular compositions. The anachronism of using Roman
terminology to describe medieval metals and vice versa is as great as
that of using modern terminology. The second objection to ancient names
is, however, a more serious one. In the past alloy names were not used
consistently, and often a single name covered a range of compositions
while, conversely, a single alloy could have a number of names, often
depending on the use to which it was put or the place it was made.

In Latin literature aes was used as a generic term for copper
and all copper-based alloys but it also specifically meant bronze (the
alloy of copper and tin). Bailey (1932) suggests aes also included brass
though the specific Latin term for brass was aurichalcum. Craddock (1988)
discusses Pliny's terminology and recipes for copper alloys and suggests
that, as Pliny is writing mainly about art history and only incidentally
about metallurgy, the following translations are a context sensitive
interpretation of the text and incidentally produce compositions that are
known from chemical analysis of Roman metalwork:

aes: bronze (copper with about 7% tin, used for castings)
plumbum argentarium: lead (from the silver mines)
plumbum nigrum: 'black lead' = lead
plumbum album: ‘'white lead' = tin
argentarium: 50:50 tin-lead alloy
When these translations are applied to Pliny's recipes (Bk 34, 95-98) the
following compositions emerge which Craddock equates with the range of
compositions found in Roman statuary (1988, Fig 4):
1) Campanian, used for utensils and vessels, bronze with 10% added lead.
2) A similar alloy of bronze with 8% added lead.
3) Two-thirds new bronze and one-third scrap with one-eighth added lead
which is used for tablets and statues.
4) A casting alloy of bronze with 10% lead and 5% argentarium, ie 12.5%
lead and 2.5% tin.
5) 'Pot' bronze with 3-4% added lead.

Craddock’'s context sensitive translations could be thought of
as a licence to read sense into an otherwise muddled text, but it is not
unexpected that single words should have multiple meanings as the authors

of these classical texts were not technicians and could thus only write
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what they were told, as nas been mentioned in Chapter <, above.

An example of an alternative translation being more appropriate
occurs in Pliny's previous paragraph (Bk 33, 94) where he mentions aes
from Cyprus and describes the metal as ductile and malleable, unlike
caldarium which is brittle until it has been purified in the fire. This
is more likely to refer to copper rather than bronze as oxidation was a
standard method of refining (see Chapter 4).

Pliny also describes the use of stagnum and tin-lead alloys of
various proportions for plating copper alloy vessels and other objects
(Bk 34, 160-2). He says tertiarium was a 2:1 lead-tin alloy that was used
to solder lead pipes; modern plumbers' solder used for the same purpose
has the same composition. Lang and Hughes (1984) discuss possible
interpretations of the term stagnum in the context of Roman soldering
technology but cannot find a single translation that fits with the range
of compositions they determined from analysis of antiquities; perhaps
this is another example of a term with a generic meaning rather than a
single specific one.

Both silver and gold were recognised as precious metals in
antiquity. Pliny (Bk 33, 80) notes that all gold contains some silver but
if the proportion is as high as one fifth the metal is called electrum.
He says this alloy was also made deliberately by adding silver to gold.

In the medieval period Latin was still the main written
language and so was used by Theophilus. He uses the terms aes and
aurichalcum but it is clear that both refer to copper-zinc alloys, though
the latter was purer than the former (Ch 66-7). In other places aes has
other meanings so Hawthorne and Smith (1979) provide context sensitive
translations. Agricola chose to write in Latin in the 16th century though
he had to invent words for many of the technical terms he used (Hoover
and Hoover 1950). However, an increasing number of English terms appear
in later medieval documents (Blair et al 1986).

The words 'brass' and 'maslin’' have Anglo-Saxon origins but
'latten' first occurs in the early 14th century (Blair and Blair 1991)
and 'bronze' not until the 17th century (Blair et al 1986), when Dr
Johnson defines it in his famous dictionary as brass! In late medieval
usage 'brasse’ could mean any copper alloy or, very rarely, copper alone
with, if anything, a bias towards bronze (Blair et al 1986). Cameron
(1974) mentions the mid 15th century instructions for the tomb of Richard
Beauchamp, Earl of Warwick, which specify "the finest latten" should be
used. By chance this monumental brass survives and has been analysed and
shown to contain 8.2% zinc, 3.6% tin and 1.2% lead. On this basis

Brownsword (1987) has suggested that the alloy known as 'latten' in
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the composition nor the medieval specification of this particular
monument can be questioned, it is dangerous to build a whole nomenclature
round a single example. However it does appear that maslin and latten
were used to describe zinc-rich alloys and seem to represent similar
compositions. They correspond roughly to impure brasses and zinc-rich
gunmetals in the terminology adopted here and some contain enough lead to
be classed as (leaded). Both terms may be used in the same document which
suggests they were not exactly equivalent (Blair and Blair 1991); it may
have been usage or source rather than composition that were being

differentiated.

Properties of alloys

Modern metallurgy describes and explains the properties of
metals and alloys in terms of their crystal structures and how these
react to applied forces. It provides objective numerical measures of
physical properties which can be used to gauge the suitability of
different alloys for particular uses.

Some of these physical properties are tabulated for a range of
modern copper alloys (Tables 9.2-9.5). Tensile strength and hardness are
self explanatory; elongation is a measure of the ductility of the metal.
The data are taken from Smithells (1955) and
Milley (1941). The values given in the Tables for worked alloys
refer to the most fully work-hardened conditions which can usually be
achieved in modern commercial production. These figures are less extreme
for rods and similar sections than for strip or sheet (the figures
quoted) as they cannot be worked to such extremes. Where only one figure
(rather than an annealed/worked pair) is given it is for the metal in an
as-cast state.

Pure copper is not a very suitable metal for most applications
as it is soft and has low tensile strength. However, it is ductile and
hardens only slowly as it is worked and hence has a high working capacity
and elongation. Trace levels of impurities (eg copper oxide, lead or
antimony) severely affect its working properties. One element that is
often found in ancient copper alloys is lead and this produces hot
shortness and also affects the cold working properties of the metal.

Alloying other metals with copper greatly improves its
mechanical properties, but these depend not only on the chemical
composition of the metal but also on its previous treatment. For wrought
alloys the degree of working, the temperature at which this was carried

out and any subsequent annealing are important, while for cast alloys the
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temperature at which the metal was poured and the size and type of the
mould all affect its properties. Cold working is the sole method of
hardening and strengthening the copper~base alloys used in antiquity.
Within the range of compositions found in archaeological
material, only a single phase is present in pure brasses as all European
brass up to the 17th century was made by the cementation process which
could produce a maximum zinc content of only just over 30% (Craddock
1978). These so called a brasses are solid solutions of copper and zinc
(see Figure 9.8) so their properties tend to change only gradually with

composition (see Table 9.2).

Table 9.2 - Physical properties of modern commercial brass strip and

sheet
% m.p. or Tensile strength Elongation Hardness

Zinc liquidus (tons/sq in) (%) (BVS)
(OC) annealed worked annealed worked annealed worked
0 1083 14 24 55 4 50 110
3 15 28 50 4 55 130
5 1066 16 30 50 4 60 140
10 1044 18 33 55 4 60 150
15 1021 19 36 60 4 65 160
20 1000 20 40 65 5 65 170
30 954 21 45 70 5 65 185

Bronzes of the compositions used in antiquity are often multi-
phase systems as the wide temperature range over which solidification
takes place promotes segregation (see Figure 9.9). Their properties
change more rapidly than those of brasses but there are no sharp
discontinuities. The sudden changes apparent in Table 9.3 reflect the
differences between as-cast, wrought and annealed metal. Because the
high-tin phases are hard and brittle, bronzes with over 8% tin have to be
annealed at about 700°C for long enough to homogenise them before they
can be cold worked (Kempster 1975).

Lead is almost completely insoluble in all copper alloys and so
is always present as a separate phase, usually in the form of discrete
droplets at the grain boundaries or as thin inter-granular films. It has
relatively little effect on