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Introduction, History and
Methodological Approaches

The study of the history of mining and metallurgy has an excellent
and comprehensive literature both in terms of thriving journals and
standard texts. Any new book on the subject has to be carefully
targeted if it is to be of any value; fortunately, current, flourishing,
research is constantly raising new vistas and challenging old ideas.

There is a wealth of published information, particularly on the
processes used in later periods, and there are many excellent general
surveys of the subject, of which the works of the late R. . Tylecote are
pre-eminent (see Bibliography). However, archaometallurgy is cur-
rently evolving very swiftly and our perception of many aspects of the
development of metal production in antiquity, as well as the methods
used to study the subject, have changed considerably, even in the short
time that has elapsed since Tylecote’s last works were published shortly
before his death in 1990.

This book aims to emphasise some of the more significant recent
advances within the framework of a more general world-wide coverage.
The exploration and excavation of early mine and smelting sites rein-
forced by the scientific investigation of the production debris excavated
from them, the continued publication and study of the contemporary
technical texts, and experimental reconstructions of early processes are
all currently providing new insights into the technical processes behind
metal production and the overall development of metallurgy through
almost ten millennia. Some of these new approaches are considered
later in this chapter.

The book sticks very firmly to an understanding of the various
Processes used in the past based on the surviving material evidence,
which is augmented where applicable by relevant documentary or
ethnographic evidence. There is little attempt here to integrate the metal
technologies into the overall social or economic life of the communities
that used them. This is in part due to the purely pragmatic limitations
on the size of the book and of the author’s knowledge and experience.



2 Early Metal Mining and Production

The work seeks to confine the discussion to the Ieve.l of ipfor;-f1ati -
that can be obtained direc'tly from Fhe surviving mateE.al ewde.n% The
composition of the materials can give far more unardn }1lguous inform,.
tion on the technology of the process t‘hat produced them than on the
society that made and used. them. This is not to say that these are More
certain or any less speculative .than those in other areas of archaeology,
but they are grounded on the immutable chemical properties of matter
rather than on the much less perfectly formulated theories of 1},

workings of human society.

History of Research into Early Metallurgy

There seems to have always been a strong interest in the history of
metallurgy; it was only natural that miners should be curious abou: the
‘old men’ who had worked the ore bodies before them and left such
tangible evidence of their presence. By the Renaissance this interest has
permeated the first texts on mining and metallurgy. Thus, for example,
Biringuccio, in the Pyrotechnia (Smith and Gnudi, 1942), and Agricola,
in both the De re Metallica (Hoover and Hoover, 1912) and the
Bermannus (Halleux and Yans, 1990), discuss and interpret the classical
texts that deal with minerals and metals, principally, Pliny’s Natural
History (Rackham, 1952). Furthermore, this was often done in the spirit
of academic inquiry rather than for any useful practical information
that the ancient texts might still contain. This scholarly interest
continued to flourish, and in the eighteenth century, for example, the
metallurgy sections of Bishop Watson’s Chemical Essays (1786) con-
tained some very perceptive and informed comments on those books of
the Natural History that dealt with metals. Thus, the strong historical
bias so evident in the first modern scientific metallurgical texts such as
Percy’s great works (Percy, 1861, 1864, 1870 and 1880) can be seen
as continuing this tradition. Percy’s innovation was to jnclude descrip-
tions of a wide range of contemporary traditional metallurgical pro-
cesses, and from these ethnographic examples he made the first attempt
to construct a tentative history of the development of smelting tech-
nology (p. 171). His descriptions were based principally on reports he
had garnered from within the British Empire, particularly from India
and south Asia, and he could be surprisingly demanding and censorious
of his sources. Thus after quoting the detailed and apparently excellent
account of lead mining and beneficiation (given in Chapter 5, p. 163)
and smelting (given in Chapter 6, p- 210) in India by Captain Dixon
(1831), Percy caustically notes that

Capt. Dixon was neither 2 mineralogist, geologist, miner, nor metallurgist
for otherwise his description would have differed much from what he has
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communicated. This is another illustration of the difficulty, not to say
impossibility, of describing from personal observation a simple metallurgical
process with necessary detail and accuracy in the absence of previous special
education on the part of the observer. (Percy, 1870, p. 294)

His comments do have a certain relevance for later recording of
metallurgical processes by some non-specialists, but in this instance one
cannot help feeling he was being a little hard on Captain Dixon!

The sequence postulated by Percy for the development of metallurgy,
based on surviving modern traditions, was necessarily simplistic. The
whole study of cultural change was in its infancy, moreover only a very
limited amount of ethnographic information was available to Percy
when he wrote in the 1850s to 1870s, with little or nothing from Africa
(see Chapters 5 and 7 for putative furnace typologies).

Accounts were published of some of the great early mines of
antiquity reopened in the nineteenth century, notably Laurion (Cor-
dellas, 1869; Ardaillon, 1897) and Rio Tinto (Nash, 1904), where the
enormous scale of the early workings could not fail to impress those
engaged in reworking them. These accounts were written by the mine
managers and engineers rather than archaeologists. Archaeological
survey of early mines had to wait until the twentieth century. Of these,
the field survey of Roman mines and smelting sites carried out by
Davies (1935) remains a classic, both in the thoroughness of the survey
and the erudition of the interpretation of the sites.

In the later nineteenth century metallurgists such as Godfrey and
Tookey (see Percy, 1880, pp. 340-3), Gowland (1915a) and Roberts-
Austen (1888) who had all been working in Japan published details of
the traditional methods of mining and metallurgy practised there. The
work of Gowland was of especial importance as on his return to Britain
he took a strong interest in archaeology and applied his knowledge of
Japanese practices to interpret the remains of ancient metallurgy found
in the west; hence the prevalence of Japanese woodcuts illustrating his
excellent papers on Roman non-ferrous metallugy (Gowland, 1899,
1900, 1901 and 1917/18)!

Gowland’s papers are probably the first major series of papers in
English devoted to the technical study of ancient metallurgical proces-
ses, both on specific sites and more generally. His work integrates
:i:lhaeology, ethnographic parallel and scientific analysis very success-

e i
_ The analysis of ancient metalwork also has a long history. From the
inception of real chemical analysis in the eighteenth century, antiquities
were subjected to analysis. Thus in 1774, Alchorn, George IIIs assay
master, was reporting the analysis of two Bronze Age swords from
Ireland (Pownall, 1786), and Martin Klaproth, ‘the father of analytical
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IR nalysis of Roman coins and mirrors in m ny
chcqustr)l;l,. l:;glriegft:l}feiateyeighteenth and early nineteenth centurieg
e puh lC1798 1795-1815). Other early analyses of Bronze Age
(Kla};rot l’( from’Britain and Ireland were published by Mallet (1852 )
= rp fic study of antiquities continued amongs;

This interest in the scienti ! e
famous scientists such as Davy, and eminent archaeologists such s

Schliemann, who had analyses_ carried out on some of the bronze an(d
silver artifacts from his excavations at Mycenae agd Troy.

The development of physical an_alytlcal techniques m.the twentieth
century enabled analyses to be carried out much more quickly aqd with
very much smaller samples than had hitherto .been th.e case with wet
chemical methods, enabling large-scale analytical projects to become
feasible. Although some of these had simple descriptive or technical
objectives, the most prestigious and largest sought to link the trace ele-
ment composition of the metal with the typology of the artifact and 1o
identify the provenance of the metal sources used. The first of these was
the work of the Sumerian Copper Committee of the British Association
for the Advancement of Science on Middle Eastern copper (reported
annually in the British Association from the 1920s through to the
1930s). By far the largest were the projects that Otto and Witter
undertook (1952), which were continued and much amplified by the
saM project (Junghans et al [1960, 1968 and 1974] for copper,
Hartmann [1970] for gold) on the metalwork of the European Bronze
Age. These projects inspired others such as Culberg (1968) for
Scandinavia, and the Russians have carried through an immense
programme of analyses on some 60,000 bronzes from the Eurasian land
mass (Chernykh, 1992). These projects detached the composition of the
metal from its primary direct link with the metallurgy of the artifact
and made it no more than an adjunct of the typology. This move
towards more indirect interpretative uses seems to be one of the reasons
why projects like these have, overall, met with little convincing success.

Puring the nineteenth century academic interest in the textual
evidence expanded enormously, including studies of early science and
alchemy, culminating in the great works of Marcelin Berthelot (1888
and 1893) on classical and medieval alchemy. (These works seem
S“angely neglected as a source for early metallurgy, at least amongst
Engl.lsh-speaking scholars.) Appreciation and understanding of other
classical sources for early metallurgy also developed enormously during
the late nineteenth century as exemplified by the extensive and
gex.u.arally excellent footnotes by Hoover and Hoover in their superb
edition of the De re Metallica published in 1912, where the ancient
sources are discussed at length. This continued into the twentieth
century, exemplified by Bailey’s work (1929, 1932) on the chemical



subjects in Pliny’s Natural History, and by C. S. Smith in edited
translations of various European medieval and Renaissance metallurgi-
cal texts. This interest has also extended outside Europe, in works of
translation and discussion such as Ray (1956) for India, Lo Bue (1981)
for Tibet, Allan (1979) for Iran, Toll (1968) for the Yemen and Arabia,
and above all Needham for China (see Needham, 1958, 1965 and 1974
for volumes which have a significant metallurgical content). More
recently, significant new advances have been made by applying the
knowledge obtained by the scientific examination of artifacts, or the
excavation and study of the production sites, to the descriptions given
in the contemporary early literature. The first can be exemplified by
the specific identification of some exotic alloys of antiquity such as the
much prized Corinthian bronze or the Egyptian hsmn-km by a com-
bination of directed scientific analysis and careful literary study
(Craddock and Giumlia-Mair, 1993). The case of hsmn-km (literally
black copper) is especially instructive; it had been previously studied
with great perception by the Egyptologist Cooney (1966) who was able
to say a great deal about it, everything in fact except what it was! In the
absence of any scientific input he went badly astray on the composition
and thereby missed the all-important connections with other related
copper alloys from around the world.

Site examination may be exemplified by the production of zinc in
India. There are many contemporary references to the early occurrence
of zinc and its production, all of which had been translated and pub-
lished, but it took both a major analytical programme on early brasses
and field work at the production site at Zawar in Rajasthan to bring out
the real meaning and significance of the early commentaries, and
together the two sources of information have reinforced and amplified
our knowledge of the early process. (This is described in some detail in
Chapter 8, partly as an illustration of the use of historical sources.)

Ethnographic descriptions of surviving traditional processes became

much more detailed and fieldwork-based, notably in Africa as exem-
plified by Monsignor Hemptinne (1926, reported in Herbert, 1984,
Pp- 51-5) for copper smelting, and by Cline (1937) for iron smelting.
‘Through the twentieth century this fieldwork has revealed a much
greater diversity of smelting practice than was hitherto conceived of,
the significance of which has still to be tully digested (Killick, 1992, and
later on p. 261). Q

Metallurgists such as France-Lanord (Salin and France-Lanord, 1943)
and Maréchal (1963) in France, Panseri (1963) in Italy and Smythe in
Britain (see Tylecote, 1986 for many references to his work) began
the serious metallographic study of early metal artifacts, and from this
developed the work of Coghlan (1951, 1956, and Allen et a/, 1970) and



then of Tylecote. The publication of Metallzfrgy .in flrc/meolo gy jn\ 196
and the establishment soon after of the Historica MeFallurg}v Group
with its Bulletin, latterly the ]O%ﬁ’ndl, put the whole sub}ect of} archaeg.
metallurgy on a seriou§ foot{ng, deepl_y grounded. In archaeology
metallurgy and the physical sciences. This approach is exemplified
recently-published syntheses such as tho/se presented by Tylecote
(1962, 1976 and 1987), Moesta (1936), Maréchal (1983), Mohen (1990)
or of compilations such as those edited by Craddock (1980), Craddock
and Hughes (1985), Maddin (1988), Hauptmann et 4/ (1989), Domergye
(1989b), Crew and Crew (1990), Eluére and Mohen (1991) and Steye,
and Zimmermann (1993).

The involvement with field archaeology continued, and the next
developments were the major long-term campaigns of excavations 3
early mining and smelting sites. These were firmly focussed on the
technology of the processes, based on the investigation of the mines and
the contents of the slag heaps. These investigations required 2 ney
approach and methodology for the excavation and sampling of sites. In
this the work of Rothenberg and his teams at the Bronze and Iron Age
copper production site of Timna in Israel (Rothenberg, 1972, 1988,
1990b; Conrad and Rothenberg, 1980) and latterly the classical silver
and copper production site of Rio Tinto in the south of Spain (Rothen-
bergand Blanco-Freijeiro, 1981) were of great importance in establishing
the new approaches. The work of these teams and others demonstrace
that many technologies first recorded in the post-medieval period in fact
go back much earlier (see Chapters 2 and 5).

The investigation of early mine systems was pioneered by the
Deutsches Bergbau Museum, Bochum, initially using a team of ex-coal
miners from the Ruhr together with archaeologists and geologists at sites
such as Timna (see the Bergbau Museum’s journal Der Anschnitt for their
work and that of other groups in Germany). Elsewhere teams such as the
Early Mines Research Group’s work in the ancient mines of Wales, and 2
team based on the Peak District Mines Historical Society, Derbyshire,
now regularly investigate sites around the world (see the Bulletin of that
society for reports on their work). o

This specialisation has been reflected in the establishment of specific
courses in archacometallurgy and also of research groups engaged in
the scientific study and replication of early metallurgical processes at2
number of universities and museums around the world, from Beij ing to
Bradford, as part of the more general application of the ph)’SlCal
sciences to the study of the past (Bowman, 1991). Institutions such s
the British Museum and the Deutsches Bergbau Museum are nov
establishing collections of production debris documenting the develop-
ment of extractive metallurgy and refining processes from around th
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world, from the ore through to the ingots (Craddock and Hook, 1987).

The establishment of archaeometallurgy as a distinct discipline with
full-time specialist practitioners able to embark on long-term research
has had major implications. The range of techniques applied to
archaeology continues to expand as does their sophistication, such that
it now requires scientists dedicated to the study of the material past to
fully realise the potential of these techniques (see Tite, 1972, and
journals such as Archaeometry, published by the Research Laboratory
for Archaeology and the History of Art, Oxford, for descriptions of
some of these techniques).

Through the majority of the twentieth century the trend in analytical
technology generally was towards ever-increasing analytical precision
and sensitivity over an ever-widening range of elements and even
isotopes. This has opened up new possibilities of research in archao-
metallurgy. Developments in stable-isotope measurements have, for
example, provided fresh impetus into the provenancing of metals
(Stos-Gale, 1989, but see Budd ez al, 1993 for a cautionary counter-
view). In the latter twentieth century the significant advances have been
in revealing the structure of the metals, both radiographically and at
very high magnification (see Cahn and Lifshin, 1993, for a comprehen-
sive survey of the full range of analytical and examinational techniques
currently available). In radiography the application of techniques
developed for medical uses (such as xeroradiography) have made the
whole process much quicker and cheaper than hitherto experienced.
Major developments with image intensification (which allows continu-
ous virtual real-time viewing) coupled with the flexibility and improved
resolution of image enhancement admits the possibility, for example, of
recording a video exploration around the inside of an object.

The techniques of electron microscopy have also undergone import-
ant developments, incorporating ever more sophisticated software to
enhance the image produced. Scanning electron microscope systems
have been particularly valuable in elucidating the structure of metals
and of their production debris. Coupled with this have been advances
in the associated micro-analytical systems that now allow compositions
to be determined spatially, either as line traces across a surface or full
analytical mapping, allowing the precise compositional and structural
determination and identification of specific features at whatever
magnification is required. New developments in the spectrometers
attached to microscopes are enabling light elements to be determined
with ever greater sensitivity, with important applications to the study of
slags and refractories as well as to ferrous metallurgy. Thus overall as
analytical systems continue to improve, the most significant recent
advances for the study of early metals and metallurgy would seem
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be in the ability to see structure and to relate this direc], 0
to 3

composition. : :
Figall)’, the replication of early metallurgical processes has grown both

in scope and sophisticatior:n of the recordipg, from the first recordeq
experiments on ancient Indian copper workmg technology, publisheq i
America in the late nineteenth century (Qushlpg, 18?4), on through th,
twentieth century smelting replicatior}s with pioneering work on copper
by Coghlan (1939-40) and iron by Richardson (1934). The later history
of smelting experimentation has been summarised by Tylecote ang
Merkel (1985).

As in many other areas of research new technology has proved of great
assistance, especially the lightweight and robust solid state monitoring
devices. The advent of video systems has transformed the recording of

these processes.

Problems and Potentials in Archaeometallurgical
Studies

For this section, reference can be made to Craddock (1989).

Mines

The investigation of early mine workings requires very special skills,
above all else practical experience in working underground, and it is
very noticeable how many of those engaged in mine exploration have
considerable experience caving or potholing. It must be stressed here
that old mines can be extremely dangerous and parties entering old
workings must include experts in the safe exploration of old mines, and
of course all the safety procedures must be followed. Old workings are
very often on the property of mines that are still operational and in
these cases the company will normally insist that members of their staff
accompany the party underground. In the author’s experience, both in
India and Spain it proved invaluable to have the experience and local
knowledge of the geologists and mining engineers assigned to our team,
as well as the logistical assistance the companies provided.

A very considerable expertise has now been built up by the specialist
teams of early-mine investigators in the excavation and recording of
early mines, often in extremely cramped conditions in old workings
packed with waste material (deads). Note that the filling of the
worked-out galleries with deads was often done very carefully in order
to channel air to the working face or to direct the exit of fumes from
firesetting etc, and thus the topography of the waste stacked under-
ground should be fully recorded. Often little survives of the tools and
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Lode, Alderley Edge, Cheshire. The diffuse pecking in the centre made by stone
hammers in the Bronze Age, a small shaft to the right cut with steel stools, probably
post medieval, and the jagged edges of the main trench caused by blasting in the
nineteenth century.

supports within the mines, but the mining methods and the structures
that once existed can be recognised from the often ephemeral marks
that survive on the walls (Figure 1.1, Table 1.1 and Chapter 2). Under-
ground workings are rarely of a single period, and with experience evi-
dence for various campaigns of reworking can be recognised on the walls
and related to the stratigraphy of the floor deposits by judiciously-
positioned excavations (Willies, 1987 and 1992a; Weisgerber, 1989 and
1990 for example).
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taBLE 1.1 Principal mine dating indicators.
o : i Date range Examples
Muung mhmque Evidence g p
Battering with stone ~ The stone hammers Chalcolithic — end of Alderley Edge
hammers themselves, usually Bronze Age England (Carlop,
present in quantity. 1979)
then with pecked Mt Gabriel, Irelang
indentation or full 2
s (Jackson, 1980
groove (see Fig. 2.10) )
Rudna Glava, forme,
Yugoslavia
(Jovanovic, 1980
e O T T =
Diffuse bruising on Alderley Edge
mine walls (see Fig. (Craddock and Gale,
2.9) 1988)
Timna, Israel
(Conrad and
Rothenberg, 1980)
Firesetting Smooth walls with Chalcolithic — recent Mt Gabriel, Ireland
continuous curve, (O’Brien, 1980)
ash, charcoal and (Willies, 1987)
burnt rock
Metal tools Long thin scratches.  Late Bronze Age—  Timna, Israel
Often parallel (see recent (Conrad and
Fig. 2.9) Rothenberg, 1980)
Wedge-shaped pick Rio Tinto
marks
Blasting Remains of drilled Late seventeenth Every modern mine

shot holes, very
ragged appearance of
mine wall

century — present

As well as revealing the technology and chronology of the workings,
one of the primary aims is to obtain representative samples of the ore that
was mined which is essential both for understanding the smelting
technology and for provenance studies. However this is not always as
straightforward as it would at first seem, especially in very early
workings. Ore deposits are very heterogeneous, both in terms of the
metals and their mineralogy (Thompson, 1958; Leese et a/, 1986). The
remaining ore is in a sense almost by definition the ore the old miners Lﬁd
not want. Thus at the Early Bronze Age copper mines at Cwmystwyth in
central Wales, lead ore, galena and cerussite is abundant in both the min¢
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wall and spoil tips, but hardly a trace of copper survives, the metal that
was in fact being mined in antiquity. However, the real problems are both
more subtle and serious than this simple example would suggest. It is
reasonably certain that copper was the metal sought at mines such as
Cwmystwyth, but it is much more difficult to try and establish which
copper minerals were mined from a deposit in which virtually all the
mineralisation has been removed. The remaining copper ore below the
ancient workings is chalcopyrite, CuFeS,; was it left because it was too
difficult to mine or too difficult to smelt (see Chapter 2)? The Bronze
Age mines at Mount Gabriel in County Cork, Ireland, give another
example of this problem. The first reports claimed the ore mined in
antiquity was a tetrahedrite or fah/ ore from the secondary enrichment
zone (Jackson, 1968). Further work, based on the very minimal mineral
left behind, showed the only ore remaining was very finely disseminated
chalcocite, Cu,S from the primary sulphidic deposits, but it is now
believed that the original deposit was likely to have been principally
made up of oxidised minerals such as malachite from the secondary
oxidised zones (O’Brien, 1990).

The same problems also exist in much later periods of exploitation as
exemplified by silver ores (see Chapter 6). Many of the ore bodies
worked in antiquity are now mainly composed of deposits of argenti-
ferous lead sulphide, galena, PbS. However it seems likely that the
principal mineral mined in antiquity from many of these deposits was
argentiferous cerussite, lead carbonate, PbCOj (see Chapter 6, p. 213).

However, where it has been established which minerals were exploited
then the ore remaining in the ancient galleries can give an indication of
the minimum grade of ore that was considered worth processing. For
example, at Rio Tinto (Craddock et 4/, 1985 and later on p-216), a heap of
argentiferous jarosite ore, assaying at about 100 ppm of silver was found
in 2 Roman gallery. Studies on the contemporary slags from the mine
suggested the Romans could not easily recover silver from ore below
about 150ppm. Thus the heap of mined ore is likely to have been
abandoned after a trial assay had shown that the silver levels were just too
low for economic recovery.

After mining the ore the mineral was concentrated by a variety of
methods (see Chapter 5). These beneficiation treatments produce large

-quantities of regular-sized debris that is very recognisable and quite
distinct from the coarse mine waste found in the immediate vicinity of
the mine entrance. Samples of this should be taken as it gives information
on the methods of beneficiation used and on the efficiency of the separ-
ation process, a vital stage in the overall production of the metal (see
Chapter 5, p. 156 later, and Merkel, 1985 and 1990).
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Refining
The furnaces and other structures associated wit.h metal production wer,
in general fairly ephemeral and normally few intact structures suryiy,
This can be both disappointing and difficult to interpret for the noy.
specialist archaeologist (see Chapter 5, p. 169 for _the problems i,
reconstructing the shape of a furnace from the surviving fragmcmgl,.
However, the smelting and refining processes did produce large quanti-
ties of distinctive and durable debris and from the study of this Materia]
the principal process parameters can be established (Table 1.2). From th,
Bronze Age onwards the smelting processes produced quantities of slag
which only very rarely will have been reprocessed or moved, thus th,
presence of slag in quantity on a site is usually to be taken as evidence of
metallurgical activity of some kind, and metal smelting on any scale at 4]
will result in quite substantial deposits of slag. Contained within the slag
heaps there will be fragments of the furnaces together with other
refractories such as the tuyeres and crucibles as well as remains of the
ores, fluxes, fuel and even occasionally the smelted metal itself.

Until the very recent past information on early mine and smelting sies
was obtained mainly from chance finds both below and above ground.
However, many ore deposits have long and complex histories of cx-
ploitation, thus the remains of structures and various refractories lacking
any archaeological context are undateable and consequently of little
value. There has been a natural tendency to link remains of earlicr
activity to the known history, and archaeology is currently revealing the
unexpected antiquity of many mine sites around the world as being in
prehistory, long before any written record. Even the slag heaps are likely
to have built up over long periods at some mines; the slag heaps at the
Corta Lago area of Rio Tinto have built up over a period of three
thousand years (Figure 1.2). These major heaps contain the material
evidence of the production technologies stratified within the usually
well-defined slag layers. These heaps can sometimes cover many square
kilometres to a depth of several metres, and clearly archaeologists in the
past have found them a rather daunting prospect and so instead have
opted for excavation of the archaeologically more familiar burial
grounds, road systems, ritual, military or domestic structures (the bath
house is always a favourite on Roman sites), anything in fact which had
some sort of deliberate recordable structure and offered the prospect of
some recognisable artifacts. This reluctance to tackle the processes head
on was understandable as until the advent of systematic scientific study
it was not obvious what information could be got from the rather
anonymous and shapeless debris that comprised the heaps.
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TABLE 1.2 Potential information to be derived from excavated metallurgical samples.

Material

Information

Technique

Pitfalls

Raw materials ores,
fluxes, clay

Nature of raw
materials in furnace
charge.
Concentration of
metal in beneficated

ore. Identity of metal

smelted

Quantitative analysis
(aas or 1cP etc)

Are samples
representative?

Take samples from
contexts such as pits
where material was
stored for use after
preparation. Other
ore fragments etc
found on site were

probably discarded

Fuel Size of pieces; Physical As above, try to
important parameter measurement obtain a sample that
of furnace operation has not been crushed

since burial
Composition, as Analysis (aas, 1cp)
source of elements in
the furnace charge

Refractories Temperature and SEM study of Identification of the

duration of process vitrification refractory fragment
and its location on
Nature of ceramic Petrographic study the strucrure
bOdy of ugbloated thin Importan[ to ensure
section the fragment comes
from the vicinity of
the reaction zone.
Metal processed XRF OF SPectroscopic Pos?b‘,]”y (l)f ]
qualitative analysis C;’“ usIng: shaggmg/
of contact surface gaziug wit
vitrification
Slags Reducing conditions  Full quantitative Obraining datin
g qu ning g
of process analysis (Aas. ICP etc) material can be
. ifficult, dateable
XRD analysis, SEM dlt. e 2
Chemistry of study =5
process
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FIGURE 1.2 Section of one of the main ancient slag tips at Corta Lago, Rio Tinto,
Huelva, Spain, cut by nineteenth century opencast mining, and being cleaned up
for recording and sampling. The heap built up from the Late Bronze Age through the
Carthagenian and Roman periods, culminating in nineteenth century debri
top.

With the realisation that the key parameters of the processes were
quite literally frozen within the slags and refractories, and the rapid
advance in the scientific techniques necessary to reveal them, interest
began to focus on the heaps (Craddock, 1989). Clearly what was require
was a representative sample of associated material, ores, fluxes, furnace
fragments and other refractories and slags, together with some indication
of their date. This is achieved by the careful selection of a number of
sample points over the heaps as whole, followed by excavation to obtain
the stratified material. On extensive sites it can be useful to cut a serics of
sections by machine to establish the basic stratigraphy. This 1s then
followed either by extensive sampling from the recorded sections or,
ideally, area excavation down through the heap to obtain the sample
that should be statistically representative of the various materials. It
Is necessary to resist the natural tendency to select the apparently
interesting or unusual as part of the general sample. An unusual piece is
unlikely to be a good candidate to represent the usual process. How-
ever, sometimes happy accident or unusual preservation can preserve
detail of the process. At Zawar in India, for example, many hundreds of
the zinc smelting retorts were examined, some with the charge still inside
revealing a small central channel. One retained not only the central
channel, but the charred remains of the stick which had made it, showing
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that the retorts were charged into the furnace with the stick still in place
to act as a stopper (Chapter 8, p. 313). This can apply to whole heaps
as well, thus although the heaps tend to be fairly uniform there are
sometimes concentrations of especially interesting materials, as exem-
plified by the small layer of silver smelting debris, including a small ingot
of silver, at site 19a at Rio Tinto (p. 216), or the debris from the mine assay
office dating from the fourth century Bc at Agucha in India (p. 223). Thus
it can be very rewarding to study carefully the contents of exposed
sections.

Many of the most interesting and potentially informative materials
such as matte, speiss or even the metal itself will be present as shapeless
lumps and are very difficult to recognise in a slag heap. However, these
are usually distinguishable by their density, thus one should try and
handle as much material as possible, although this is not always easy on
major sites.

Because the furnaces tend to be located away from the immediate
vicinity of domestic occupation, and because the heaps grew so rapidly
compared to ordinary archaeological deposits, pottery and other
dateable artifacts tend to be rare, and thus the most prized find on a
metallurgical excavation can sometimes be the few shards of pottery
which provide a date. Very often physical dating techniques have to be
relied on exclusively; carbon 14 dating is the most usual first choice given
the quantities of charcoal that are found in the heaps from the smelting
processes. The age of the timber selected for making charcoal should be
borne in mind when taking charcoal samples for radio carbon dating.
Most organised production from large smelting sites will have favoured
quick-growing coppice wood, which is unlikely to be more than about
twenty years old at the time it was burnt. However earlier, smaller
operations were quite likely to have used whatever timber resources
were to hand, and some could have been centuries old when burnt (note
the massive root depicted in Figure 5.29). In general one should try and
avoid featureless charcoal, selecting instead twigs or small-diameter
round wood charcoal.

Archacomagnetic dating has also been employed with some success,
for example on some Romano-British iron smelting sites in the south-
east of England (Clark et al, 1988). Prerequisites for this technique are
some undisturbed baked clay and a knowledge of the history of earth’s
magnetic field for the region. Another approach has been to date the slags
directly, either extracting small quantities of charcoal for accelerator
mass spectrometry (ams) radio carbon dating (Gillespie ez a/, 1984) or by
fission track dating using alpha recoil, and thermoluminescence (al-
though the latter techniques have not been widely applied) (Carriveau,
1974; Elitzsch et al, 1983).
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Scientific Study of the Remains of Extractive
Metallurgy

The study of the refractor.ies and slags has been dealt with ip detaj]
elsewhere (refractories: Tite et zzl., 1982a and b, 1985 and 1990.
Freestone, 1989; Freestone and Tite, 1986; slag§: Bachmann, 1980,
1982a; Sperl, 1980; general: Freestone a'nd MlddleFOH, 1987 ang
Freestone et al, 1991), and here only an outline will be given of som. of
the main methods by which the principal parameters of the smelting
processes are determir_led (Ta_ble 1.2 and Figure 1.3), concentrating o
some of the practical difficulties of interpretation.

The various refractories, furnace linings, tuyeres and crucibles are
often of quite distinct ceremic bodies, and the various clays and filler
used can be determined petrologically and compared to the local
domestic coarse wares, collected for that purpose. In general, locy
resources were used with no obvious preference for more refractory
clays, but a wide range of fillers were added. These are typically more
coarse, and in greater amounts than is found in the bodies of the
ordinary domestic ceramics, and were added to give increased resist-
ance to thermal stress (Chapter 5, p. 172).

The principal parameters of most metallurgical processes are the
temperature, the duration, the reducing conditions and the overall
chemistry of the process. The vitrification of the refractories can give
indications of the first two parameters, and the slags contain evidence of
the latter.

Most ceramic bodies used in antiquity begin to soften and melt as the
temperature rises above about 900°C, becoming completely molten by
about 1250°C. This is the relatively low range of temperature attained
by most early smelting installations, and in fact it is quite likely that the
inability of the refractories to withstand high temperature was the real
limiting factor of early furnaces. The degree of vitrification of the
furnace wall can give an indication of the furnace temperature at that
point. This can be quantified by taking a portion of the unvitrified
refractory, usually from the outer regions, and heating it under
approximately the same reducing conditions through a known range of
temperatures until a similar degree of vitrification is observed on the
test piece. Note that this only records the temperatures at the furnace
wall, the temperature in the reaction zone before the tuyere might well
have been several hundred degrees hotter.

During the process heat penetrates the furnace walls raising the
interior temperature and causing changes in the ceramic. The longer the
process continues, the further the heat will penetrate into the ceramic
wall. Eventually an equilibrium will be reached, but this is likely to take
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much longer than the duration of any early smelting process. Thus the

enetration of vitrification into the clay body as observed on sections
of the ceramic can give an estimate on the duration of the process at
maximum temperature. Note that the penetration is not additive, but
represents the duration of the single longest heating cycle, so reuse of
the furnace will not affect the result. A more serious problem arises
from the erosion of the surface of the furnace lining through vitrifica-
tion or by slagging.

The apparently featureless slags are in fact made up of complex
mixtures of crystalline and amorphous minerals (Bachmann, 1982a).
The crystalline components can be identified by petrology and by X
ray diffraction; Moesta et al (1984 and 1989) have used Mossbauer
spectroscopy. The bulk composition can be determined by the usual
analytical methods, and the composition of specific phases, minerals or
inclusions can be determined by micro-analytical systems in association
with the scanning electron microscope or electron probe microanalysis.
As noted above, continuing improvements in the determination of light
elements by these analytical systems is having a considerable impact on
the study of slags. Many of the minerals occur only within quite narrow
ranges of reducing conditions, and they are likely to have formed
quickly in the first few moments after the slag left the furnace and
before the onset of any oxidation, thus they can give a good indication
of the smelting conditions within the furnace (Bachmann, 1980; Moesta
et al, 1984 and Craddock et a/, 1985). For example, the relative amounts
of magnetite, Fe;O,, wustite, FeO, and free iron in a slag give a good
indication of the reducing conditions. There is a danger of long-term
corrosion of the slags leading to the partial oxidation of some of the
minerals, thus samples near the surface should be avoided.

The combined study of the carefully-excavated refractories and slags
from the same process can, then, establish the conditions within the
furnaces (Figure 1.3). The chemistry of the process can be reconstructed

-from the bulk composition of the slags using the appropriate phase
diagram (Bachmann, 1980).

In most early smelting systems the metal drained through the slag,
thus it was important that the slag not only melted at a low temperature,
but had a low viscosity just above its melting point. As all the components
of the slag would have been in solution whilst molten inside the furnace,
the present bulk composition can bé used to determine the original
viscosity at any given temperature (Bachmann, 1980; Craddock et al,
1985), using data calculated by Bottinga and Weill (1972), Bottinga et al
(1982) and others. The size of the entrapped blobs of metal can also give a
practical estimate of how easily the metal drained through the slag.

Even in the most efficient process some of the metal was retained in
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associated refractories and slags, the principal parameters of most metallurgical
processes can be determined and represented as shown here.

the slag and thus a quickly-performed qualitative xrF (X-ray fluorcs-
cence) analysis will usually identify the metal smelted. If only iron is
detected then it is likely that the slag was associated with iron
production. The shaping of iron by smithing also produces slags
(McDonnell, 1991). To determine whether an iron slag came from
primary smelting or from smithing is much more difficult and requires
more background information on the context and the quantities and
nature of other associated materials and debris (McDonnell, 1983 and
nd). The recognition and identification of the corresponding debris
from the production and refining of blast furnace iron also requires
careful examination (Morton and Wingrove, 1969a and 1971 )-

The determination of the activity which produced the slags is not
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always straightforward (Table 1.3). Processes other than metallurgy
such as glass making and accidental fires can produce material that is
very like metallurgical slag in appearance; burning hayricks produce a
good slag (Evans and Tylecote, 1967; Biek, 1970; Bachmann, 1982a).
Even the slag found at old mines may have nothing to do with smelting;
boiler clinker can resemble metallurgical slag, at least visually. Almost
all mines from the Iron Age to the very recent past would have main-
tained a smithy where the miners’ tools were repaired and sometimes
made. This of course does produce a real metallurgical slag. The remote
mine of Nantyreira, high in the mountains of central Wales, was
worked for copper in the Early Bronze Age and again, briefly, in the
late nineteenth century for lead (see Chapter 2 and Timberlake, 1990a).
It had a small slag heap which on investigation turned out to be an iron
processing slag which could have been a potential source of confusion
until it was realised that it belonged to the smithy. The ore was sent
away for smelting in the nineteenth century, thus there were no slags at
all directly associated with the mined ore.

Metal refining and alloying also produce quantities of slag (Tylecote,
1986, pp. 100-2). These so-called crucible slags tend to be lighter and
more heterogeneous with much more entrapped gas in comparison
with true smelting slags, and their analysis shows they usually formed
under much more oxidising conditions (the problems of differentiating
between crucible smelting and crucible refining slags is discussed in
Chapter 4). The crucible slags tend to contain more metal, and this is
very often an alloy, showing beyond doubt that they belong to a
secondary process rather than the primary smelting process. The survey
of Berthoud e 4/ (1980) of metallurgical debris from the ancient Middle
East showed that mine sites had primary smelting slags, whereas the
slags associated with the processes of refining and alloying, containing
tin and arsenic as well as copper, were concentrated in the larger
settlements away from the mines.

The composition of the droplets of metal found in the slag heaps or
retained on the crucible sides can be used to estimate the purity, or
otherwise, of the metal produced. This is another very important
parameter of the whole operation. However, caution is necessary in
using these analyses. Small droplets or residues in a crucible will tend to
have come from the periphery of the main melt and consequently will
be richer in impurities and the more volatile elements, especially
arsenic, than the metal overall Another factor is the inevitable

ifferential corrosion of the metal and this too will distort the overall
composition.

Itis also natural to analyse the surfaces of the furnaces, crucibles and

‘moulds to determine the metal produced. Once again caution is



TaBLE 1.3 Guide to the identification of possible metallurgical debris.

Nature of
material

Category

Evidence

Slags

Non-metallurgical

Non-local (hard
core, road metal
etc)

Metallurgical
(smelting)

Metallurgical

(non-smelting)

Usually much lighter in colour and density, and |es
homogeneous

Glass slags are more problematic, but are much more
obviously glassy than most metallurgical slags

~B Boiler clinker on mine sites

Unusual distribution over the site, no evidence of other
metallurgical debris. Mining/smelting in general
vicinity of site

Large quantities (many kg) of hard, dense tap slags,
relatively uniform in structure and dark in colour

Ore fragments

Proximity to ore sources

Less homogeneous, more gassy and lighter than tap
slags, possibility of macroscopic metal inclusions.
Associated material such as crucibles, mould fragments
etc. Iron forging produces hammer scale, smithing
bottoms

Proximity to market

NB Smithing slags from blacksmith’s forges on mine
sites

Refractories
(crucibles,
moulds, furnace
fragments etc)

Smelting

Non-smelting

Furnace fragments, tuyeres, crucibles, all heavily-
vitrified and slagged. Tap slag should be much in
evidence, possibly ore/flux fragments

Mould, crucible, furnace tuyere fragments. Possibly
some vitrification and slagging or ash-glazing. Some
slags usually rather gassy and unhomogeneous, often
with metal inclusions. Proximity to markets

Installations
(furnace etc)

Non-metallurgical
(pottery, domestic
etc)

Metallurgical

(smelting)

Metallurgical
(non-smelting)

May be quite large (>60cm diameter) and be associated
with ash, if not smelting. Structure and fragments tend
to be unvitrified, although may be ash-glazed. Little
evidence of associated slag or ore/flux fragments

No ash, diameter < 60cm, heavy vitrification and
slagging of refractories. Usually fairly poor
preservation. Abundant associated slag

Proximity to ore source. Abundant associated slag in
vicinity

Furnaces tend to be heavily vitrified, some slagging,
usually fairly poor preservation especially for iron.
Associated remains of crucibles, moulds etc. For iron
forging presence of smithing bottoms and hammer
scale. Proximity to market
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necessary in interpreting the results. Volatile metals such as arsenic, lead
and, above all, zinc, are extremely penetrative and many refractories
that were not in direct contact with the metal, or have subsequently
suffered from over-zealous cleaning following excavation, now contain
quite substantial traces of zinc and nothing else, even though neither
zinc or brass were originally present. The origin of this zinc is some-
thing of a mystery, but may come from the charcoal. Similarly, analysis
of the upper parts of the copper smelting furnaces from Timna picked
up considerable quantities of lead as well as the ubiquitous zinc, but no
trace of the less volatile copper that was in fact the only metal smelted
there (Tite et al, 1990).

Experimental Replications

The various approaches to discovering the technologies by which metal
was mined and produced in antiquity have produced a mass of often
very impressive data, but this still needs to be tested, and there is some
information that can only be established by carrying out the processes.
Some thermochemical parameters can be established by small-scale
laboratory experiments such as the approach advocated by Moesta
(1986) and practised by Rostoker ez a/ (1989a), for example, in their
experiments establishing the viability of some copper smelting reaction
mechanisms under carefully controlled conditions. However, the true
feasibility can only be established by full-scale simulation, preferably in
the same environment as the original. Actual experience of a process at
full scale often brings to light hitherto unsuspected problems, the
appreciation of which can throw light on the whole process, as
exemplified by the problems Merkel (1989 and 1990) encountered with
the erosion of the furnace linings by the slag. Sometimes carrying out
one process can reveal how another must have been performed, as
exemplified by Cushing’s experiments on working copper which
unintentionally recreated the methods by which the metal was cut by
North American Indians (see Chapter 3, p. 100).

The technology of metal production is especially amenable to this
approach because there is not only a durable product, the metal, but
also durable production debris in the slags and refractories to act as
guides or indicators throughout the various stages of the operation. For
example, much of John Merkel’s work on recreating the Bronze Age
copper smelting process was to produce a slag similar to that found on

e ancient tips. Once that had been achieved he knew the experimental
Process was basically correct.

Experimentation has taken place in the recent past on almost all
stages of extractive metallurgy from the firesetting of the ore deposits
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ock, 1992a) to the smithing of iron blooms at the
It (Crew, 1991; Crew and Salter, 1991 and Sip,
1994). Some techniquc?s such as firesetting Werell";ry I_DOlC{)rly rCC“T_‘(ﬁcd
whilst they were still in use such that almost all that is known of /thc
technique has had to be relearnt from modern experlment:;tlon (see
Chapter 2). In other instances where the processes were escribed
contemporaneously, the record coulc‘i’not include data such as the
furnace temperature and gas composition that can now be measured
during the replication. In previous ages the experlepced operator had to
gauge the conditions from the colour 9f the flame issuing from the top,
Many parameters such as how much air a manjpowered b.ellows system
can supply, not just in the laboratory for ten minutes, but in fronF of real
furnaces for many hours with frequent blockages to contend with, can
only be obtained from the reality of performing the process. This- raises
the question of the validity of comparing the efforts of inexperienced
practitioners with the professionals of old. Failures are (and were) of
course common, but too often it is not certain whether this was due t02
lack of skill on the part of the modern practitioners or to flaws in the
proposed technology. In this respect the establishment of dedicated
research centres has enabled experience and expertise to develop to the
point where it is comparable to the smiths of old. The extended
experiments of Merkel on various aspects of copper smelting (Merkel,
1990), and of Crew (1991) on bloomery iron smelting, have in both cases
built up a very considerable practical experience and skill. To exemplify
the importance of their work in just two areas, Merkel has shown the
significance of the different methods of blowing air into the furnace for
the development of the whole process (see Chapter 5), and the work of
Crew has emphasised the tremendous loss of iron between the smelted
bloom and the finished artifact (see Chapter 7). Both have added a new
dimension of reality to the processes they now work as experienced
smiths.

It is important to note, however, that no matter how versed in the old
technology the practitioners become, they remain essentially experi-
menters recreating a technology in the modern world rather than
continuing a tradition. Peter Reynolds, of the Butser Iron Age Farm
project in Hampshire, when asked how it felt to be an Iron Age farmer,
replied that he had absolutely no idea, he was conducting a scientific
experiment according to the precepts of the twentieth century.

Attempts to understand the ancient miner or smith at a social level
through replication of his task are probably ultimately as illusory as by
any other means, but as a means of answering more direct questions
experimentation has had considerably more success.

before mining (Cradd
conclusion of the sme
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The Development of Early Mining
Technology

Mining Geology

To understand something of the problems faced by early prospectors and
miners in locating and extracting metal ores, it is necessary to have at least
a minimal understanding of how mineral deposits form, how they
subsequently weather and how they are related to the environments in
which they are found (Healy, 1978, Ch. 1; Barnes, 1988). These factors
largely dictated that the mining strategies, and thus the metallurgical
processes used, developed distinct regional characteristics. Many aspects
of metal production in, for example, the mountains of Wales was of
necessity going to be very different from those employed in the deserts
of the Middle East. These factors will now be discussed.

Formation of the Deposits

Most exploitable deposits of the minerals of non-ferrous metals occur
either as the primary veins or, where these have eroded and then re-
concentrated in beds elsewhere. Often these are deposited by hydro-
thermal processes, when fissures and fractures in the main strata (the
country rock) become filled with the deposits from saline mineral-bear-
ing aqueous solutions. Thus the vein minerals are formed later than the
country rock (known as an epigenetic deposit). Hydrothermal solutions
are very hot, varying between 100 and 500°C, slightly alkaline and under
great pressure. Under these conditions silica and carbonates would be in
solution together with the metallic minerals.

As the pressure and temperature drops, the silica or carbonates come
out of solution variously as quartz, calcite etc, followed by such metal
salts as are present. Compounds of iron tend to be the predominant
metalliferous mineral in many ore deposits (although manganese was
Present in the veins of some of the more important early copper mines,
with profound effects on the smelting technology, see Chapter 4, p. 130).
Thus the vein material tends to be primarily composed of varying

ﬁ@ 23



24 Early Metal Mining and Production

amounts of silica or carbonates and iron minerals, together with what

ever non-ferrous minerals are present, usually in the form of SulphidC;
Where the iron sulphides had weathered to oxides and Were not gy,
taminated with other metals, notably arsenic, they were somctime~
mined for iron ore, although usually at a different period thap thz
minerals of the non-ferrous metals. Thus the chalcolithic COpPer mines
of Rudna Glava, in Yugoslavia, were reworked by the Romang for
iron (Jovanovic, 1982, p. 109), and at some of the Etruscan mineg in
Campiglia, Tuscany, it is not at all clear whether they were being Mined
for tin, iron or for both (Craddock, 1986; Stella, 1927). ‘

The salts which were deposited first, at high temperature and pressure
within or around the magmatic or igneous intrusions such as graniteg’
where these were the source of the emanating solutions, are knowp a;
hyperthermal minerals. They include cassiterite, gold, chalcopyrite and
galena along with pyrites, arsenopyrites and bismuthite, in a vei
material consisting largely of quartz. The intermediate or mesotherma]
minerals include chalcopyrites, galena, sphalerite, tetrahedrite and gold
in vein material consisting largely of quartz, pyrite, arsenopyrite and
some carbonate rocks such as calcite, goethite and siderite. The suite of
lower temperature minerals can include native gold, cinnabar, argentifer-
ous galena and stibnite with vein material of quartz, pyrite and marcasite,
with opal, chalcedony, calcite, fluorite or baryte.

Vein Deposits

Some vein filling mineralisation was the direct result of volcanic activity
and in this case would have been contemporary, or deposited shortly
after the formation of the fissures. These deposits are known as syngenic,
exemplified by the copper deposits at Parys Mountain on Anglesey
(Cockshutt, 1965; Timberlake, 1990a). Note that in some cases the
minerals may have been metamorphosed later and could now be
mistaken for epigenic hydrothermal deposits.

The morphology of the veins varies enormously and is principally
governed by the nature of the country rock in which they have formed.
In hard strong volcanic rocks such as granite the veins are likely to be
found completely within the original fissures, which usually preserves
well-defined sides and are relatively narrow but often deep. This is
frequently the case in some of the deep Cornish tin mines (Burrow and
Thomas, 1893) (Figure 2.1). In metamorphic schists or slates which are
easily fractured, it is usual for veins to form in a broad zone of minor
interconnecting fissures of the fracture regions. In soluble rocks such as
limestone the original fissures are likely to have been enlarged by ground
ater, or dissolved away by the mineralising solutions, with new
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FIGURE 2.1 Well-defined vein in a strong country rock of granite, 375 level at
Dolcoath Mine, Cornwall,

minerals deposited subsequently in them as exemplified by the Great
Orme (p. 60). These are known as replacement deposits. Where the
ground waters or mineralising solutions are able to permeate the country
rock and saturate it with mineral solutions they form disseminated
deposits. Sometimes rich ore bodies known as pipes or even flats form,
which are concordant with the bedding of the rock (exemplified by some
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Since their formation, the veins are likely to have been subjected 1,

many forms of further geological activity (Shepherd, 1980, Ch. 2{. The
veins could have been badly faulted where the country rock hy;
dislocated, thereby breaking up a continuous vein into segments which
are often displaced by many metres. Losing the vein at a fault was one of
the chief worries of early miners, and there was nothing for it but to stop
or send out exploratory workings into the surrounding country rock ¢
try and locate a continuation. It was also possible that in the distant pag
entire strata, country rock, vein and all could have been exposed at the
surface and eroded, by a river for example, only to become buried again,
leaving only fragments of the vein with no continuation. The main ore
body at Cwmystwyth in central Wales is cut by the present valley of the
Ystwyth; the early workings are all on the north-east side and only in the
nineteenth century was the southern continuation discovered, albeit
worked with no success (Hughes, 1981). A more usual occurrence was
for folding and uplifting to form domes which have long since eroded
down leaving the remnants of the country rock and mineralised veins
exposed as ridges. The ore bodies at Zawar in Rajasthan, are excellent
examples of this type of erosion and all the early mines there follow the
veins down from where they have been exposed on the tops of the ridges
(see Chapter 8, p. 312).

Placer or Stream Deposits

Where a vein has been eroded considerable quantities of ore will have
been carried away and may well have become reconcentrated in the
alluvium. These placer or stream deposits have traditionally been the
main source of certain metals, notably gold and tin, the latter in the form
of its oxide, cassiterite (Penhallurick, 1986). Indeed these two metals are
often associated, hence most prehistoric gold artifacts contain traces of
tin (Hartmann, 1970) and Cornish tin miners, for example, traditionally
carried a goose quill in which to deposit any flecks of gold they found
(Penhallurick, 1986, p. 160). The form of the alluvial deposits depends on
the distance from the original deposit (the primary or reef deposit), and
the age of the deposit.
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Forms of Deposit

Eluvial deposits occur in Fhe immediate vicinity of the primary deposit,
typically on the orlgl'nal hill slope below the vein. These deposits are very
poorly sorted and dlspersed..If the slope was sufficient then it could be
successfully worked by hushing and ground sluicing (see p. 87). Some of
the deposits at the Roman gold mines in north-west Spain (Lewis and
Jones, 1970) and also some of the early tin workings in the Erzgebirge of
Bohemia were of this type (Manes, 1823/4). Pliny gives a graphic account
of the use of water at the gold mines in Spain (see p. 89). Even where
eluvial deposits were not rich in themselves they could still be important
as indicators of a primary deposit nearby, as in Devon and Cornwall
where the eluvial or shode tin as it was known locally was followed to its
source (Penhallurick, 1986, p. 77). Other heavy minerals, such as galena,
PbS, which are not strong enough to survive to become incorporated in
alluvial deposits are found in eluvial deposits.

The main placer deposits occur in the sands and gravels of the river
valleys below the primary veins. Here the dense minerals will have been
sorted from the gangue by the flowing water and reconcentrated
according to density. Many of the famous gold deposits of antiquity were
of this type, including the gold-bearing gravels of the river Pactolus at
Sardis in Turkey, which for a short period provided King Croesus and
the Lydian state with enormous wealth (see Chapter 3, p. 116 and Shear,
1924). The heavy minerals such as gold and cassiterite are often associ-
ated with dense black magnetite sand, which itself has been used as an
iron ore. Iron sands were worked by the Etruscans at Elba and
Populonia, and by the Chalybes near Amis on the Black Sea coast of Asia
Minor (Forbes, 1964b, p. 202), as well as by the Japanese for the direct
production of steel by the tatara process (Rostoker ez al, 1989b and
Chapter 7, p. 249). These deposits could also be effectively worked by
ground sluicing (see below). Tylecote (1981a) and Richardson (1934)
discuss some of the problems in using these ores.

Some of the placer deposits are of course now raised well above
any river valley (for example the tin deposits of the Jos plateau in
Nigeria (Fawns, nd), or buried deep below later strata, as exemplified
by the quartz conglomerate gold ‘reefs” of Witwatersrand and Johan-
nesburg in South Africa (Adamson, 1972). Some placer deposits can
be found in gravels not obviously now associated with any recognisable
river valley. Similarly, primary deposits can also be eroded by the
sea, and the minerals sorted and redeposited by wave action. Once
the sea in question may well have retreated and disappeared
emote geological past, as is the case with the South African gold




Weathering of the Ore Bodies

Where an ore body is exposed at the surfacle i'g will gradu;lLy_ wcatk: er due
to the chemical action qf the air and .perco.atllfllg W?};‘?r- - fmg Copper as
an example, the sulphidic mmf_:rals will typically oxidise to form comple,
mixtures of oxides, hydroxides and above all. hydroxy—carbluzi es.
including the familiar green aqd blue copper mlnerals, malachltc’ and
azurite, respectively, tpgether with some remaining }Jnchanged sulphidic
copper ore. It is in this weatherefi horizon that native copper is formeg
by the reduction of copper salts in the aqueous solutions that permeate
the upper levels of an ore body (Chapter 3, p. 94 and Maddin et al,
1980). The intimate association of thf: native me.tal with the. oxidised
copper minerals must have given the hint of a possible connection to the
first metallurgists.

Any gold in the deposit will remain behind in these upper oxidised
levels. At Rio Tinto these are currently worked for gold, although there
is no evidence that this was done in antiquity. The gold is usually
extremely finely dispersed, and thus early man was probably unaware of
its existence. The remaining minerals in the upper, oxidised or altered
zone will be chiefly iron oxides, principally hydrated iron minerals,
goethite and limonite, with the oxides hematite (Fe,O5) and magnetite
(Fe;0,), residual pyrite and clay. This forms a rather weak fissured or
vesicular rock, variegated over a wide range of colour from yellow to
black, but predominantly red and purple. This very characteristic rock,
known as the gossan or iron hat, would have attracted the attention of
any prospector (Figure 2.2). Some minerals will dissolve and either run
off or percolate down into the ore body and together with clay fill up
minor voids and fissures (vugs). Alternatively they will carry on down 1o
the base of the weathered horizon where the metallic salts will precipitate
forming distinctive, rather clayey ores. In the case of copper ores these
are usually known by the German name Fahlerze, literally faded or pale,
discoloured ore, and as they are rich and easy to mine they have attracted
miners since the inception of metallurgy. The principal minerals encoun-
tered here are chalcocite and other complex sulphides such as tetra-
hedrites. Typically fahl ores have a very wide range of composition as the
minor and trace metals in a deposit tend to concentrate here, and these
impurities will frequently carry through into the smelted metal. Thus the
copper from such a deposit will tend to be enriched in a range of trace
metals, especially arsenic, antimony, bismuth, silver, lead and nickel.
potentially in a pattern of concentration characteristic of the deposit.
The high levels of metals such as arsenic and antimony in some of the
chalcolithic copper from Palestine, notably the Nahal Mishmar hoard
(see Chapter 8, p. 291 and Shalev and Northover, 1993), and antimony-
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FIGURE 2.2 Corta Lago opencast mine at Rio Tinto, Huelva, Spain, showing the
massive red weathered gossan deposits sat on the primary sulphidic ore body. The
rich jarosite silver ore was found at the junction and the ancient workings are
concentrated at this level. Note the small gallery, which leads to a complex system
of workings (indicated).

arsenic-silver-cobalt-nickel in the Bronze Age metals from the Alps and
central Europe (Northover, 1982), attest the early use of fahl ores.
Although these distinctive compositions have formed the basis for
provenance studies in the past, it has hitherto proved difficult to move
from broad overall trends in composition to create specific groupings
assigned to specific regions. Recently, however, the long overdue recog-
nition and investigation of the appropriate early mine sites, coupled with
advances in analytical techniques, notably lead isotope analysis, have
revitalised provenance studies (see Chapter 1, p. 4 and 7).

‘ ead-silver ores equivalent to the fahl ores are the jarosites, which
o any extent in arid climates from the degradation of pyrite in
h environment. They are clayey ores predominantly of mixed
m sulphates with a wide range of other metals, depen.dmg
Ppresent in the original vein (Dutrizac et a/, 1983). At silver
Rio Tinto where jarosites occur, the early WO{‘k.lngS are

the enriched jarosite zone between the junction of the
and the primary unchanged pyrites (Figure 2.2 and

horizon a zone of secondary, supergene,
erals has often formed, lying over the



unchanged primary deposits of sulphides, principally pyrite an chal.
Colli:’l}:’;he)-’ one very important point must be made. In the temperate ,
northern lands the whole of the weathered hor.izons will' often ha
planed off by glaciation during the %ce ages. Evidence of ice a'ctiu: i$ Very
apparent at mines such at Mt Gabriel, or Cwmystwyth, which are g¢ i
classic glaciated landscapes. Thus both the topogra.phy and even th
nature of the minerals exposed at the surface of mines over much
central and western Europe are totally different from those found iy the
Mediterranean and the Middle East, so that the development of exirs..
tive metallurgy often necessarily proceeded along very different pathg
This should always be appreciated when considering the origins an(
degree of independent development of European metallurgy (s

Chapter 4, p. 144).

nd
e beep

Prospection

Many rich metal ores could be distinguished immediately from barren
country rock either by their bright colours or by their density. For
example, cassiterite, the most common ore of tin, usually occurs in
stream deposits as rather nondescript black pebbles or sands, but it
density of 6.8 to 7 would immediately indicate that this was something
different and worth investigating further. Almost all metal ores are
relatively dense, and panning for ore must have been practised since the
inception of metallurgy (Figure 3.7). A simple flame test would reveal
the presence of many metals such as copper, and even the smell of the
burning mineral could be informative: the smell of garlic would indicate
the presence of arsenic for example (Charles, 1985).

Deposits of metallic minerals were detected where the ores or the
gossans outcropped at the surface. In arid, thinly-vegetated landscapes
such as much of the Middle East, most surface deposits would have been
conspicuous, but much less so further north where the brightly-coloured
oxidised ores and gossans had often been glacially removed, and the
ground was usually under dense vegetation. The anonymous Berg werk
compiled in the early sixteenth century (Sisco and Smith, 1949) and
Gabriel Plattes’ A Discovery of Subterraneall Treasure published in 1639,
give excellent reviews of the prospection methods then in use, and these
are likely to be broadly similar to those used in the more remote past. The
vegetation could be a valuable indicator in itself. Some plants can tolerate
high concentrations of heavy metals, such as lead and copper, and may
even flourish in soils contaminated with these metals where other plants
would die. Notable examples are Saxifraga hypnoides, Thlaspi alpeste
- and Minvatia verna, the sandwort, known as lead wort in the mining
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areas of Britain, which are all specifically lead tolerant (Buchanan, 1992);
Viola lutea is specific for zinc and Silene Rupestris for copper. In China
the plant Elshotzia splendens which flourishes at the copper mine of
Tonglushan was used as an indicator of copper (Anon, 1980). Agricola
(Hoover and Hoover, 1912, pp. 37—-8) comments on some specific plants
as indicators, and also on the poor condition of the vegetation generally
(with blackened foliage etc) above the vein. The method is still used, but
the earth-bound prospector has now been replaced by aerial photog-
raphy with infra-red film and satellite imaging.

Agricola, in common with other early writers such as Plattes devoted
considerable attention to divining, which he treated in a quite matter of
fact manner, although finally advising the reader to avoid ‘the enchanted
stick’ (Hoover and Hoover, 1912, p. 41). This technique has probably
fallen further from scientific respectability than any other ‘traditional’
technique, yet it was clearly an important method until quite recently
(Bailey et al, 1988).

In well-wooded territory rocky outcrops and stream beds provided
the best access to the underlying mineralisation, and ore found in a
stream bed could be followed back to the primary mineral vein, usually
in a lode of quartz or calcite.

Once the ore was located mining could begin in earnest.

Mining

The Form of the Mines
Early miners simply dug out the ore from where it outcropped,
following it in until it was lost by faulting or mining was checked by
water, rock instability or ventilation problems. In any case, narrow
workings or pits rarely penetrated below about 10 metres from the
surface. The reluctance of early miners to dig exploratory, development
or drainage channels in the country rock outside of the vein is a very
noticeable feature of ancient mines. Thus the forms of the first mines are
very much dictated by the ore body; discontinuous concentrations
would be worked by a series of small pits as at Mt Gabriel, Ireland (see
later on p. 51, Figure 2.20, and O’Brien, 1990 and 1994), while more
ntinuous veins would have trenches dug along them, as exemplified by
lon in the south of Spain (Figure 2.3) (Rothenberg and Blanco-
1980). Sometimes the size and width of the ore body enabled
develop into a sizeable opencast as at Cwmystywthin central
r on p. 55, Figure 2.23 and Timberlake, 1990b).
pean Bronze Age mines established extensive underground
ns such as the mines at the Mitterberg (Pittioni, 1948 and
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FIGURE 2.3 Small Bronze Age trench mine at Chinflon, Huelva, Spain. Malachite
copper ore was extracted from a vein material of quartz.

1951), and the Great Orme’s Head (Lewis, 1990a) described later (Figure
2.26).

Even with the primitive tools described below, the Bronze Age miners
seem to have removed every last morsel of ore before a working was
abandoned. One s always struck by the virtual absence of any usable ore
surviving in any of the ancient workings, and the waste tips are similarly
barren. With the exception of Alderley Edge and Great Orme ic
principal copper ore now present at most of the early mines in the British
Isles is chalcopyrite, but it is quite probable that weathered oxides and
hydroxy-carbonates once existed in greater quantity and would have
been the principal ores taken by the first miners (see Chapter 1, p. 11).
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Mining Technology

Some vein and country rock was soft enough to be mined directly with
the primitive tools available, but usually the rock had to be weakened by
burning a fire against the rock face, the technique known as firesetting
(Craddock, 1992a; Timberlake, 1990c and d; Simonin, 1869, pp. 410-2).
Although this technique was in use right up to the end of the last century,
there are few detailed contemporary accounts of the practice (Collins,
1892/3; Hoover and Hoover, 1912, p. 120; Manes 1823/4, 9, pp. 292—4).
Thus the probable mode of operation has had to be reconstructed from
the few descriptions and illustrations that exist (Figure 2.4a and b) and
from experiments (Holman, 1927, and more recently those recorded in
Crew and Crew, 1990). In the experiment of Timberlake (1990b), a fire of
substantial logs was set alight against the face to be worked and left to
burn for some hours, most conveniently overnight (Figure 2.5). Most
early underground mines were systems of small galleries and once the
fire took hold it would be impossible to approach because of the choking
smoke and poisonous fumes of sulphur dioxide and carbon monoxide.
(Note that the figures shown in 2.4b are suspect, Simonin specifically
states that the mine was evacuated during firesetting.) In some nineteenth
century mines with large straight galleries, shuttering was erected to
confine the smoke and fumes to the roof enabling miners to approach
underneath to tend to the fire. From the author’s own experience of
firesetting the rock begins to shatter and spall almost immediately the fire
takes hold. This goes on with some violence for about an hour, and after
that the heat continues to slowly penetrate into the rock causing further
fracture and shattering for up to about 30cm behind the rock face if the
fire is left overnight. Next morning the burnt out remains of the fire can
be approached and doused with water if necessary.

If water was ever thrown over the fireset areas its only function would
have been to cool the shattered rock and extinguish the fire so that work
could commence, the dousing could play no part in the fracture of the
rock as the exposed rock was already deeply shattered. In one experi-
ment a fierce fire of brushwood was burnt against a rock face for about an
hour and then doused whilst the rock face still at red heat. This caused
violent but shallow fracture and very little rock could be mined subse-
quently, suggesting that this was not a feasible way of proceeding quite
apart from the near impossibility of approaching a fire whilst it was
burning in the constricted space of a primitive mine. Pliny, in the Natural
History (33.71), describes how hard, flinty rock was attacked with fire
and vinegar, which some have interpreted as meaning that the fire was
actually doused with vinegar, or equally unlikely that the burnt rock was
chemically treated with vinegar (Healey, 1978, p. 85). The suggestion of



A—KINDLED LOGS. B—STICKS SHAVED DOWN FAN-SHAPED. C—TUNNEL.

FIGURE 2.4 Firesetting as practised in Germany in the sixteenth and ninet
centuries; (a) woodcut from De re Metallica; (b) lithograph dated 1837, one
series of the Rammelsbreg mine at Goslar.
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FIGURE 2.5 Firesetting experiment in progress at Cwmystwyth, central Wales. A fire
of substantial logs was left to burn for many hours against the face to be mined.

Hoover and Hoover (1912, p. 118) that the text is corrupt superficially
seems the most likely explanation. Possibly ascia, an axe, was meant not
aceto, although this change is linguistically suspect and the use of vinegar
for cracking rocks is mentioned unambiguously elsewhere by Pliny
(23.57), and by Livy (21.37), and even by the Chinese. Recent experi-
ments have shown that a variety of different rocks heated to 900°C broke
up more completely when doused even with dilute vinegar than with
water, and limestone disintegrated completely (Shepherd, 1992). Even
50, it still seems improbable that vinegar was ever used extensively in
mining.

The fire-weakened rock yields easily to the primitive stone and antler
tools used by the first miners; in recent experiments after burning about
three quarters of a ton of wood against a rock face, about twice that
amount of rock was detached in a morning by one person using stone

mers and antler picks, although itis very probable that the use of fuel
Was extravagant (Timberlake, 1990d). ;

Firesetting could be used both for very precise targeted work (Figure
2.6) as well as for wholesale rock removal (Figure 2.7), for which fires on
scale of Figure 2.4b must be envisaged. Fireset workings are very

ctive, the mine walls tend to follow shallow curves with no sharp
ving a continuous, rather sinuous appearance to the workings
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FIGURE 2.6 Complex fireset working at the Kestel tin mine dating from the thig
millennium BC. Note the smooth continuous contours of the walls, and the
precise nature of the work quite typical of firesetting.

FIGURE 2.7 Large steeply-plunging galleries in the silver lead mines at Rajpur ‘1:
Dariba, Rajasthan, India, dating to the later first millennium Bc. The smooth sinuous
profile of the rock face is very typical of firesetting.
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(Figures 2.6, 2.7 and 2.21). As the rock tends to fracture parallel to the
face and to almost peel away, the surfaces are generally very smooth. In
many mines the roofs are still blaclliened with soot and the floors buried
deeply in ash, burnt rock and partially burnt wood. The latter is a very
valuable source of material for radiocarbon dating, usually being made
up of small brushwood timbers, and also directly associated with a
specific mining event. The rock to be attacked by the fire was often very
specifically targeted and the fire would be positioned on platforms,
which in large chambers could be many metres tall (Figure 2.8).

Mining Tools

Stone hammers are by far the most obvious and plentiful indication of
early mining and as such will be considered in some detail here

Stone Hammers as Indicators of Early Mining
Stone hammers have been recovered in large numbers from primitive
mines all over the world and quite clearly they were important mining
tools. Their numbers and distinctive apearance make them good indica-
tors of early working. Unfortunately until recently there has been some
uncertainty, in Britain at least, as to both their age and use; this has only
been finally resolved by a series of excavations in Wales and Ireland.
Over two centuries ago Lewis Morris, the King’s Surveyor of Mines
noted the stone hammers at the Twll y Mwyn mine in central Wales and
argued that they must date from before the time when man had the use of
iron, on the simple grounds that if iron had been available surely it would
have used in preference to stone (Pickin, 1990). This was eminently
sensible reasoning from an experienced mining surveyor. When other
ancient mine workings were encountered in the nineteenth century in
Wales and elsewhere the miners recognised that the primitive mining
technology was very different from anything they knew from the recent
past, and also noted the considerable thickness of calcite flowstone
covering some of the tools and waste heaps underground in some mines,
notably on the Great Orme (James, 1988 and 1990; Lewis, 1990a),
drawing the obvious conclusion that the mines were of great antiquity.
The confusion only came much later in Britain when archaeologists
became involved. In the 1930s and *40s Oliver Davies trenched a number
of sites in central and north Wales that had produced stone hammers
1937a, 1939, 1947 and 1948). He clearly felt that the mines
be Roman, but as author of the standard work on Roman mining
1935) he knew enough about classical mining to recognise that
hammers were not Roman, so suggested that they had been
cal population forced to labour for their Roman masters.
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FIGURE 2.8 Entrance to a huge chamber at the copper mines of Singhana_-*“i“?‘-”‘
Rajasthan, India, worked by firesetting. Note the rounded profile of the working and

the platform built against the face on which the last fires were placed. Tris s
probably post medieval. d

Subsequently, other archaeologists pointed out quite rightly that there
was a total absence of Roman material, and moreover there were 10
Roman roads, forts or any Roman activity near any of the sites, and ston¢
hammers became discredited, in Britain at least, both as indicators of
early mining and even as mining tools (Briggs, 1983). The recent
excavations on mine sites have completely rehabilitated them, but it may
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be useful to give some of the general reasons for believing them to be
primitive mining tools.

Grooved stone hammers are known from a number of European flint
mines (Schmid, 1981) and at early copper mines such as Ai Bunar in
Bulgaria (Cernych, 1978), Rudna Glava and Rudnik in the former
Yugoslavia (Jovanovié, 1988), Chinflon etc in Huelva province of Spain
(Rothenberg and Blanco-Freijeiro, 1981), the Mitterberg in Austria
(Pittioni, 1948 and 1951), Cabriéres in Herault, France (Ambert et al,
1983), and at many other early copper mining sites around the world, but
nowhere does the use of heavy, hafted stone hammers persist after iron
became available locally. At the few multi-period sites which have been
carefully surveyed, the use of the hammers as mining tools is confined to
the chalcolithic or Bronze Age phases of working. In this respect it is
instructive to compare the adjacent mines of Chinflon and Rio Tinto
in Spain. The small Bronze Age mine of Chinflon yielded hundreds of
hammerstones (Rothenberg and Blanco-Freijeiro, 1980), yet detailed
exploration of the huge mines at Rio Tinto only 20km to the north have
not produced a single hammerstone from any of the Phoenician, Iberian
or later workings.

Ithas been suggested that the hammers could have been for a variety of
uses, including ore crushing. However it is clear from both the hafting of
the hammers and their fractured ends that they were intended to deliver
a massive blow resulting in considerable shock, commensurate with a
mining tool, but not with the more controlled action needed for crushing
and grinding. Their use as mining tools is further attested by the very
distinctive marks left by the hammerstones on the walls of many of the
mines where they have been found (see later and Figure 2.9). Much
smaller unhafted stone pebble tools were used for ore crushing, although
the hammerstones were sometimes reused as anvils.

The hammers are typically river or beach cobbles of whatever hard
rock was available in the vicinity, although sometimes the cobbles were
brought some distance. For example, the many hundreds of hammer-
stones littering the hillside at Cwmystwyth in central Wales may well
include many beach pebbles, most probably from the vicinity of
Aberystwyth some 30km distant (Timberlake, 1990b). The hammers
typically weigh 1-3kg, but with a considerable spread on both sides,
there being both small examples of only a few hundred gms and monsters
of up to 30 kg. Although generally not extensively modified, most
hammerstones show some evidence of hafting. At some sites such as
Chinflon (Rothenberg and Blanco-Freijeiro, 1980), Ross Island, Co
Kerry (Jackson, 1980), or Alderley Edge (Gale, 1990) many of the
hammers have a continuous groove pecked around their midriff (Figure

It is more common, in the British Isles at least, for the hammer to




FIGURE 2.9 Gallery in the Bronze Age copper mines at Timna, southern Israel T
diffuse peck marks on the left are very characteristic of mining with stone ham
Note the very different scratch marks made by later metal tools on the right.

FIGURE 2.10  Grooved stone mining hammer from the Bronze Age copper mines at
Alderley Edge, Cheshire. "
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FGURE 2.11  Mining hammer from Mt Gabriel, County Cork, Ireland. Note the small
notches on the edge to accommodate the handle.

have notches pecked into the midriff edges (Figure 2.11) together with
some roughening on the sides which it has been suggested provided a
friction grip for wedges to hold the putative hafting in place (Pickin,
1990). In practice it is difficult to predict exactly where a wedge should
be sited until the haft is made and these marks may be the result of
hammering the wedges into place with a stone. Many hammerstones
have no pecking at all, but their battered ends show they were clearly
used for mining. In some instances the natural tapering shape of the
cobble could have been easily wedged into a haft, but they often show
evidence of having been used at both ends. It is possible that some were
hand-held for driving in wedges, but experiment has shown that the
shock of using them directly against the rock face is extremely tiring on
the arms and damages the skin on the hands, leading to the conclusion
that some haft was probably essential (Pickin and Timberlake, 1988).
Pickin (1990) in a preliminary study has brought together some of the
main types found in Britain. However, much more work is needed before
the distribution of the types, and the reasons for the variation in hafting
this implies, is understood.

The marks on the hammerstones together with a very limited number
of surviving handles suggest three principal methods of hafting (B. R.
Craddock, 1990). The deep continuous grooves presumably were made
for some form of rope or withy handle that could be twisted tightly
round in a tourniquet, although as yet no examples of grooved hammers
still retaining their handles have been found. A handle of twisted hazel
n excavated from Mt Gabriel, where most of the hammerstones
otches (O’Brien et al, 1990). A somewhat similar reconstruc-
found to work quite well in mining experiments (Figure 2.12




FIGURE 2.12 Stone hammers with handles of twisted withy (left), and of wood and
sinew (right), made for mining experiments.

FIGURE 2.13 The ‘copper man’, immediately after discovery i nine O

! O ) ry in the copper 1
Chuquicamata, Chile, in 1900, hence the rather poor quality of the photogra”
Note the assortment of mining hammers, baskets of ore (cf Indian examples 194

2.48), and the short-handled wooden shovel (cf Mt Gabriel, Figure 2.17).



FIGURE _2.13 The ‘copper mar’, immediately after discoverv in the conper m
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By far the most f:omplete sur\{iving mining hammers are those from
the mine of Chuquxcarpata n Chlle..Four hammers were found with the
famous copper man (Blrd’ 1979; Welsserber, 1992; Figure 2.13) perfectly
preserved together with the rest of his mining equipment, including :
wooden shovel and baskets of ore, dated to about ap 600, o
complete hammer fr.om the same level of the mine as the copper man has
recently been examined in detail at the British Museum and recorded
(Figures 2.14a and b). The hand}e was made of a single stick or root bent
around the hammerstone and tightly bound with rawhide. The rawhide
cradles the hammerstone by passing round the back.

Hammers based on these survivors were made for mining experi-
ments, either using two rigid hazel sticks (Figure 2.12 right) or a
continuous length of willow bent around the stone, held with rawhide
and hemp string (Figures 2.15a and b). These both performed very well
against rock weakened by firesetting, the small hammer has already
mined over a ton of fireset rock in mining experiments.

The very large hammers from the Great Orme mine have no hafting
marks, in common with most of the hammers from that mine, although
most bear the typical batter marks, confirming that they had been used
for mining. However, they are far too heavy for conventional use as
hammers. They could have been held in a sling and swung from the
shoulder, but trials have proved this to be unwieldy in practice and it is
e likely that these heavy giants were held in a cradle and swung from
mber tripod or bipod against the rock face (Lewis, 1990b). (See p. 73,
¢ 2.36 for later parallels.)

: very small hammers and reused flakes would have been useful for
rock and ore in small crevices and vugs, and some could have
d-held.
rock was soft then firesetting could be dispensed with and the
ould be used directly, leaving a distinctive pattern of diffuse
s on the unshattered rock face. Examples of these survive in a
- mines, notably at Alderley Edge (Figure 1.1) and from the
ase of work at Timna (Figure 2.9).
us numbers of hammers found underground and in the
e early mines show that they had only a short working life
discarded. Many are obviously fractured beyond repair
 and roughening are sometimes found on old fracture
er hand, many niore are apparently undamaged yet
arded on the tips, even at mines such as Cwmyst-
ach pebble hammers must have been carried a
.. This may result from sporadic exploitation with
e tools they were likely to need, only to discard
- visit whether they were worn out or not. A
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FIGURE 2.15 Stone mining hammers based on those shown in Figure 2.14. The
heads are attached to the handles with strips of rawhide, note the cradle of rawhide
holding the rear of the stone. The small hammer has already been used to mine over
a ton of fireset rock in mining experiments.

good parallel is provided by the mounds of discarded basalt hammers
surrounding the iron meteorites in the Canadian Arctic (Chapter 3, p.
107). Fresh hammers had been brought there, often from great distances
by the Inuit each time they visited the meteorites.

It is also possible that the Bronze Age mining hammers had become
blunted, reducing their efficiency, although if this is so then it is not
immediately apparent; only further experimentation will resolve the
problem.

Flakes which had spalled off the hammers in use abound at the sites
and some bear clear evidence of reuse presumably hafted as small thin
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hammers suitable for use in sn:mll crevices. Experiments to use
as wedges to open up cracks in the mine face were a failure. |
even wood was much more succe'ssful. |
The mining experiments carried out by the Early Mines |
Group showed that the hammerstones workgd free frorp their hafyg . -
quickly, doubtless in part due to our inexperience, but it does see. -
likely that rehafting and rc:placmg broken hammer'stomjg
fairly frequently in antuquity. It was found expedient ; R the
experiments to have one person designated to carry out repairs
with the miners and this may well have been the case in antiqu;
discovery of caches of unused hgmmerstones on th? working pla; o
in the shafts at Rudna Glava might suggest the existence of 45, i

ground repair depot.

Antler and Bone Tools
Most metalliferous mines tend to be in acidic environments an4 g,
antler or bone are unlikely to survive, although one has only t0 copgg.
the quantities of antler picks found at the ﬂipt mines to appreciate th,
they were probably used in great numbers in the metal mines 5 v
(Sandars, 1910). Some evidence for their use has in fact survived espec
ially in the alkaline conditions of mines in limestone or dolomite such .
the Great Orme mine, but also including badly-decayed fragments fro;:
Cwmystwyth (Timberlake, 1987) and from Rudna Glava (Jovanoi
1980), and tool marks interpreted as being made by antler picks or wedg:
at Siphnos (Wagner et 4/, 1980). In recent mining experiments antler pick;
proved surprisingly effective. The antler has considerable mass, a ver
useful springiness to absorb shock, and great strength for use both as:
pickand asalever. The pick was prepared by cutting off all the tines excey
one at the end, and the detached tines proved very useful as wedges.
Bone is less well attested probably due to its greater suscepribility i
acid environments, but as with antler, at mines where the country rockis
limestone or dolomite, the conditions are sufficiently alkaline for bon
tools to have survived. At Great Orme’s Head they are found under
und in large numbers. They are mostly unfashioned fragments, anc
must be food debris, but others show signs of heavy wex
from USE as scoops to remove the copper ore from the sof
limestone that comprises the main ore bearing areas of th
2.16; Lewis, 1990a). Ox scapula shovels or rakes, similar®
lint mines, have been recovered from the mines
sonal communication).

conditions and generally poisono”
isingly well in ancient mine syste™



FIGURE 2.16  Fragment of animal long bone used as a scoop from the Great Orme’s
Head mine.

although the major survivals seem to come from rather later mines (see
below). In addition to the hammer hafts noted above, a shovel of alder
has been excavated at Mt Gabriel (O’Brien, 1990; Figure 2.17) and the
oak shovel excavated at Alderley Edge in the nineteenth century (Carlon,
1979, p. 40) has now been relocated and dated to the Early Bronze Age
(3470+£90 BP. Ox A-4050; Garner et al, 1994). Another much later
example has been reported from the Anayatak copper mine at Murghul
in Turkey, dated to about 3008c (Kaptan, 1978), and at Laurion
(Conophagos, 1980, p. 177). Mount Gabriel has also produced a large
number of oak sticks about 30cm in length and sharpened at one end,
christened ‘prickets’ by O’Brien, who believes they were used to prise
flakes of fire-shattered rock from the mine face.

Some form of container would have been essential for removing both
oreand spoil from the mines, and the baskets preserved at Chuquicamata
would seem ideal, very similar baskets being preserved in considerable
numbers at the more advanced mines in India (see p. 81 and Figure 2.43).

Metal Tools

In the primitive mines metal tools are conspicuous by their absence. This
i vably in part because the metal in any tools that were in use would
ve been too valuable to discard, and thus it is likely to be under-
resented. Careful excavation at Great Orme resulted in the discovery
| fragment of bronze which could have spalled off a chisel, and
wed the bronze was of a composition typical of the Middle
contemporary with the gallery in which it was found
Some very battered bronze flat axes etc. have been found
mines (Sandars, 1910), and some others seem to have been




el from the Bronze Age copper mines at Mt Gabriel
Figure 2.13).

nce of the distinctive marks made by
the early mines, coupled with the
1l mining tools, does suggest that
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for mines worked with stone hammer
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~ 68% confidence
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1440 t0 990 or

~ 1415to0 1300 or
1275101270

60 to 1590 or
70 to 1525

2nd error term
95% conﬁdenc;

162010 1410

1680 to 1385 or
1335 t0 1325

1675 t0 810

1965 to 1690

1450 to 1210 or
1180 to 1165

1890 to 1505 or
1475 to 1465
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965 to 935

1405 to 1095

1735to 1715 or
1700 to 1440
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1785 to 1675

1750 to 1605 or
1555 to 1540

1630to 1490 0r
1490 to 1455

1735to 17150r
1705 to 1525

2135 to 2070 or
2050 to 1510
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For this section it is useful to refer to the work of Jackson (1968, 1979 and
1980) and O’Brien (19_87, 1990, 1994 and et al, 1990). The old red sand-
stones of the Hercynian Orgency, which cover much of south-west
Ireland cover two 'prmc1pal forms of copper mineralisation: primary
quartz sulphide veins and secondary sedimentary copper beds in the
sandstones. The former outcrop in the sea cliffs and were extensively
worked in the nineteenth century (Cowman and Reilly, 1988). It has
been postulated that the upper oxidised zones of these deposits were
extensively worked at the inception of metallurgy in Ireland in the later
third millennium B¢ (O’Brien, 1990). These lodes would have included
the fahl ores, rich in the other metals such as arsenic, antimony, silver and
nickel which characterise the very earliest Irish metalwork.

Excavations at Ross Island, Killarney, Co. Kerry, have shown that the
previously unexcavated but well-known early workings (Jackson, 1980)
are associated with Beaker pottery of the Bell Beaker and aoc (all over
corded) tradition, and have eight radiocarbon dates showing the mine
was worked during the late third millennium (2400-22008¢) and into
the early centuries of the second millennium Bc (O’Brien, personal com-
munication, and 1994, pp. 229-30). The copper ore, which must have
been mainly sulphidic, occurred in thrust fractures associated with
quartz micro-veining in the lower carboniferous limestone at its junction
with the old red sandstone (Figure 2.19). Stone and bone tools were
found, including grooved hammers of old red sandstone river cobbles
and shovels or rakes of ox scapulae, but little antler. The contemporary
settlement which lay in the immediate vicinity of the mine has traces of
ser smelting by simple, apparently non-slagging techniques in a
w hearth, such as had been predicted from the paucity of smelting
nce from other sites elsewhere in the British Isles (Craddock, 1992b
O’Brien et al, 1990).

r, this is a unique survival of the earliest phase of copper
n in the British Isles; by contrast the syngenous sedimentary
eds of which Mt Gabriel is a good example have abundant
> of Bronze Age working in the second millennium Bc, but with

tion of subsequent working. The copper mineralisation
thin thin bands of grey-green coarse sandstone and calcareous
set in fine green and purple mudstones. The copper
atiform, that is they are controlled by the bedding of the
rata. However the copper-bearing beds are not continu-

s, which themselves are faulted. Thus the copper ore
‘oncentrations rather than in long veins. This of course
mining strategy, the mines being a series of small pits
d galleries following a continuous vein.
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FIGURE 2.19 Copper workings on Ross Island, Killarney, associated v
material and dated to the later third millennium BC. The site has produc
grooved stone hammers.

At Mt Gabriel about thirty pits have so far been discovered
south side of the hill, driven into the green sandstone beds in the »
mudstones (Figure 2.20). The mines are generally just drifts fc
the strata, but in one instance (mine no. 3) investigated by O’Br
his team, the Bronze Age miners after following the strata in for
six metres then decided to work across the bedding and tunnel
turther five metres.

Glacial action has removed any weathered horizon and the r
hard with few cracks or fissuring, thus firesetting was always nece
(Figure 2.21) before mining with stone hammers, and possibly antle
bone tools which would not have survived in the acid peats
hammerstones which litter the hillside of Mt Gabriel in enor
numbers are beach cobbles brought from Schull Bay less than 5km ¢
south. They have little hafting evidence beyond the nicks peckec

the central midribs on approximately 30 per cent of them (Figure

A separate handle qf twisted withy has been found together wit
W(_)oden prickets’ discussed above (p- 47) and the short-handled s
(Figure 2.17). (Note the similarity to the shovel found with the ‘c.

man’ from Chile (Figure 2.13).) A e f A s
lights have also been recovere?i.) Siimber of partially burnt pin
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FIGURE 2.20 Typical mine entrances at Mt Gabriel.

The principal ore mined is now believed to have been malachite
together with some adventious sulphides, and this would have required
careful beneficiation. It has been suggested that the ore was crushed in
the immediate vicinity of the mines and the ore removed by hand
picking, leaving behind heaps of crushed rock and stone tools. Some
stone slabs and concentrations of stone crushing tools suggest that some
of the ore was more finely crushed in order to release the finely-dispersed
primary ore for separation by washing, although no direct evidence of
the latter process has been identified. As with most early mines the walls
have been picked clean of mineral and the heaps of crushed debris are
remarkably free of copper mineral; very little was missed or wasted.

Based on the surviving site evidence, Jackson (1980) suggested that at
least 300400 tons of copper were produced in the Early Bronze Age in
the south-west of Ireland. However; continuing survey and excavation
on Mt Gabriel suggest these estimates need to be considerably scaled
down. Metal production over a 200-year period in the Early Bronze Age
is now estimated to have been between 20 and 27 tonnes of copper, giving
an annual production of about 133 kg at best, but still enough to make
400 or 50 flat axes (O’Brien, 1994). Even so this activity may have had
some lasting effect on the environment, at least locally. The replacement

Nl
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FIGURE 2.21 Small fireset trial at Mt Gabriel. Note the smooth contr

typical of fireset work.

of deciduous forest by blanket peat bogs over much of s
Ireland during the first half of the second millennium Bc is we

and although climatic deterioration was fundamentally respo
this change, the persistent removal of very large quantit-ies of w
a fragile environment for the purposes of mining and sme
have exacerbated the situation, imd even contributed to fur

formation.

Whether through lack of ore or fuel, climatic deterioration o

econc;nuc conditions, the mines of south-west Ireland scc:
passed out of use before the end of the second millenniu:
remained so until they attracted r
century, when mi i ings f

ry, when miners clearing out the old workings found and

on the tools of the ancients,

enewed interest during the 1




Cwmystwyth and the Mines of Central Wales

For this section it is useful to refer to the work of Ambers (1990), Hughes
(1981) and Timberlake (1987, 1990b, 1990d, 1992a, 1992b and with
Mighall, 1992). The mine has a long history, with continuous exploita-
tion for silver and lead from at least the medieval period to become one
of the largest and most successful producers of lead and zinc in Wales
during the eighteenth and nineteenth centuries (Hughes, 1981). Copper
is also found in the veins and this was the metal exploited in the second
millennium Bc. The country rock is of Silurian gritstones and shales, and
the epigenic mineralisation occurs in lodes of quartz, with some iron
carbonates. The main copper-bearing deposit was Comet Lode, which
was probably the only one to be exploited in antiquity and is of
considerable width, varying between 1 and 6 metres. The lode runs
almost vertically down the side of a heavily-glaciated valley, and would
only have been exposed at the top, from where it was mined in antiquity,
the rest being buried under glacial scree. In the ancient tip running down
the hillside are quite sizeable lumps of galena, discarded by the Bronze
Age miners, but conversely the tip from a recent shaft which cuts
through the ancient working contains considerable quantities of chal-
copyrite. This shaft was sunk by prospectors who were looking for lead
and zinc ore and were not interested in the relatively small amount of
copper ore. Thus it is probable that chalcopyrite was also the predomi-
nant copper mineral present and mined in the Bronze Age. Due to the
great width of the ore body the ancient workings take the form of an
opencast which follows the ore down from the exposed top of the vein
near the summit of Copa Hill (Figures 2.22 and 2.23). The opencast is
about 25 metres long and recent excavations through the shale and mine
debris followed the sides down for 7 metres below the present level of the
fill with no sign that the bottom was near. A small gallery cut in one of the
sides was encountered with the very well preserved marks characteristic
of stone hammer mining (Figure 2.24). At the back of the gallery a natural
fissure or vug continues on up for a further metre or so but is never more
than a few centimetres wide. The gallery was probably following this vug
out from the main vein and similar buried galleries may well exist
elsewhere in the sides of the opencast. The remains of the spoil tip run
down the steep side of Copa Hill for over 100 metres and stone hammers
and debris can be picked up down the hillside below for several hundred
metres. At some time in the past it appears that the old tip was partially
removed, possibly to recover the discarded lead ore and to prospect the
hillside beneath. This was done by hushing, damming up the front of the
old opencast with a turf dam to form the reservoir (see p. 89). This
makes it very difficult now to estimate the original scale of the workings.
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FIGURE 2.22 Four thousand years of mining history at Copa hill, Cy/m
the series of channels directing water from the dam (Figure 2.49

glacial debris covering Comet Lode (running vertically down the r
Bronze Age workings are at the very top of Comet Lode.

FIGURE 2.23  Bronze Age copper mine at Copa Hill, Cwmystwyth. Because 0/
e developed as an opencast.



FIGURE 2.24 Well preserved batter marks made by stone hammers in the roof of a
small gallery in the main opencast at Cwmystwyth. (The width of the rock shown is
about 50cm.)

The dumps contain an exceptional concentration of hammerstones. These
are principally of local gritstones, sandstones and quartzitic sand stones
and although some could come from the Ystwyth river, their smoothness
and sphericity suggest that many were beach cobbles brought from the
coast at Aberystwyth some 30km away. They are typically between
12 and 30cm in length, but include both larger and smaller examples,
including flakes from the larger hammers that have been hafted to form
small, thin hammers. Some of the hammerstones had been reused as
anvils for grinding the ore. Only one small poorly-preserved fragment of
antler has been recovered from the acidic environment of the heaps, but
it is likely that antler could have been extensively used. The tip also
contained quantities of charcoal from the firesetting operations; the
majority seems to have been of oak (Timberlake and Mighall, 1992), as at
the nearby site of Nantyreira, Hafron Forest, and also at Parys Moun-
tain, Anglesey (Timberlake, 1990c), but some ash and hazel charcoal was
also present. Radiocarbon dates from this charcoal show the mine was
operating in the early and mid-second millennium Bc (Table 2.1).
Cwmystwyth is just one of about twenty similar mines in central
Wales where stone hammers have been found, usually in quantity. At
most of these mines lead and zinc ore were the predominant minerals,
mltseems that the stone hammers were located near those parts of the
‘ore body where the copper mineralisation was concentrated. The lead
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ore discarded in the ancient tips suggests it was of little.ir')tcr.\.,\‘ s
ancient miners. There is at present no evidence for lead mining i;
coeval with the use of the stone hamrpers, although the smiths n,
been aware that the dense, distinctive galena mineral could |
smelted to lead and, significantly, Welsh bronzF:s of the Early Miqqi.
Bronze Age from the Acton Park phase do contain up to about 7 ., $ per
cent of lead (Northover, 1980). It was not until the very end of the Midi,
Bronze Age that leaded bronzes began to be used in quantity in the ..
of Britain (Brown and Blin-Stoyle, 1959), but the source of the lead ;.
presently unknown. :

Central Wales has one of the largest concentrations of stone hamme,
mine sites in Europe, and together with north Wales and south-yy,
Ireland contains the majority of such mines found in the British, Tsleg
(Figure 2.18). The excavation work carried out to date at Cwmystwyth
Nantyreira (Timberlake, 1990a) and at Llancynfelin (Timberlake, 199}
suggest the mines were worked in the Early and Middle Bronze Ages
when the region must have been of some economic significance. This;,
possibly reflected in the greater evidence for human activity generally i
the central mountainous regions of Wales compared to that during the

preceeding Neolithic period.

Rudna Glava

The prehistoric mines at Rudna Glava (Jovanovi¢, 1971, 1979, 1980,
1982 and 1988) are a series of small closely-spaced pits following the
malachite copper ore (Figure 2.25). The original extent of the prehistoric
mining is difficult to estimate as recent opencast mining for the magneite
iron ore of the gossans has probably removed the maj ority of the original
mines, leaving only those at the periphery. The country rocks are mainly
of limestone and marble and the copper ore lodes contain quartz with
some carbonate rocks associated with the iron and copper secondary
minerals. About forty shafts have so far been discovered averaging about
15 to 20 metres in depth and 0.7 to 2 metres across, although as the
excavator has emphasised, the size and shape was determined by the ore
present; in no way should they be regarded as planned mines. The surface
material was very loose and thus the sides of the shafts had to be bartered,
giving them a funnel-shaped profile in their upper parts, sometimes
reinforced with drystone walling to minimise the danger of collapse
Below this, a step was normally cleared above the vein itself, to facilitate
mining by creating an access platform and to stop any loose material that
might roll down from above carrying on down into the shaft proper
Firesetting is claimed to have been practiced, but there is remarkiblt
little charcoal in the waste material. Over 200 mining hammers of th¢



FIGURE 2.25 Mining operations at Rudna Glava, former Yugoslavia. Modern
opencast mining for iron ore led to the discovery of Eneolithic copper mines. The
mines lie exposed along the right side of the pit.

familiar hard rock river cobbles have been found. Most of these have a
continuous groove pecked around the middle for a rope or withy handle,
but some of the illustrations (Jovanovi¢ 1982, pPp- 55, 57, figs 135-140)
seem to show notching rather similar to that found on the Welsh
hammers. Unused cobbles without any grooves were found on the access
platforms suggesting that the miners carried out hafting on the spot as the
need for new hammers arose. Because the deposits are calcareous, bone
and antler survive, and the remains of ten antler picks have been reported
so far. The mines contain a remarkable quantity of pottery including
caches of high quality vessels. It is possible that they were used for
carrying drinking water, but they do seem rather fine for such a mundane
task, and the presence of an altar with one group suggests they could have
had a more ritual function within the mines. Shrines within ancient mines
are not well attested but should come as no suprise to anyone familiar
with the shrines to St Barbara in the mines of Catholic countries or to
Durga in Indian mines. The pottery is of the Early and Middle Vinca
period, which should date the mines to the first part of the fourth
millennium sc.

There must be many more mines similar to Rudna Glava in the
Balkans. Stone hammers have been reported from other areas of Serbia
such as at Jarmovac, where Davies (1937b) reported grooved stone

ers, and at Rudnik, where pits containing enormous numbers of
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FIGURE 2.26 Major Bronze Age copper mining at Great Orme’s Head. |

north Wales, showing part of the opencast exposed by removal of |a
debris.

grooved stone hammers have recently been investigated (Jovanovic
1988). The mine at Ai Bunar in Bulgaria from which malachite was i,
obtained probably began in the fourth millennium B¢ and with Rudnz
Glava represents the earliest mines in Europe (Cernych, 1978).

Great Orme’s Head, Llandudno

For this section it is useful to refer to the work of Davies (1948), James
(1988), Jenkins and Lewis (1991), Lewis (1990a and 1990b) and Smith
(1989). The Great Orme is a prominent headland of Carboniferous
limestone jutting out into the Irish Sea. Extensive dolomitisation his
provided the host areas for the primary epigenic sulphidic mineralisa-
_tion, principally of chalcopyrite. In this soft fracture rock firesetting was
probably not usually necessary, except perhaps at depth. The ancient
workings are very extensive as recent underground exploration, and the
removal of thousands of tons of nineteenth century mine debris from thx:
original surface and ancient workings, has revealed (Figure 2.26). Indeed
this is the largest prehistoric mine in Britain, and must be amongst the
largest in Europe. So far only limited exploration of the ancient mine has
taken place, working out from the nineteenth century shafts and gallcrie
into the earlier underground workings that are often choked with
stacked mine waste, now cemented together with calcite flow ston



- o S R A e e e B O1

deposited by the calcareQus mine waters. Ex_tensive study of the mines
oW SUBZESTS that the Middle Bronze Age miners dug out the ore from
where it outcrogped at the surface Creating a series of extensive opencasts
ossibly extending over 100m and then foliowing the ore down into the
hillside to a depth of at least 40m 1n a system of complex and tortuous
workings following the ore-filled veins and fissures (Figure 2.27), rather
than by working in and down from the side of the valley into the hillside
and Penetrating foravery f:on51derable distance from the entrance as was
tentatively suggested previously (James, 1988, fig. 1).
Stone hammers have been recovered, but not in €Nnormous quantities
; mdfew of them seem to show signs of extensive heavy use. This could bé
consequence of the weak nature of the host rock, or on the very tougch
rock used for many of the hammers. Few hammers show’signsoof
,and they include a number of very large specimens weighing up
os that must have been supported in a cradle and swung agains;J the
(see p. 73 for parallels).
nous quantities of bone survive in the alkaline limestone en-
nt. Some of the long bones have clearly been utilised as tools, but
majority must represent food debris. The distribution of the
ghout the mine suggests that it was deposited by the miners as
of meals. It is rather surprising that no pottery has been
suggesting that some other material was used for containers.
ortar stones have been recovered from the site suggesting that
crushed there. The majority of the ore was probably
ually, but there is some evidence for ore washing at springs
hundred metres from the mine, where heaps of crushed rock
ff with flecks of charcoal and fragments of bone and stone
been found. However a radiocarbon date of about 1200 sp
a fragment of bone suggests this is a much later operation.
arbon dates show the mine had a long life extending
ter part of the second millennium Bc and on into the first
and in that time very large quantities of ore must have
here is no evidence for smelting activities, although there
at circles in the vicinity which could be the remains of a
nected with the mines.

of the Developed Bronze Age
in the establishment of the first great civilisations in the
ast has been discussed at length elsewhere (Renfrew,
and only the technology of metal production in the
e considered here. The most fundamental technical
. in the smelting technology, with the adoption of
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slagging processes as described in Chapter 4. Overall, the major differ-
ences from the more primitive prehistoric mines was in scale and in
organisation.

Form of the Mines

Large-scale mining and .smelting operations were often established in
remote mountainous regions hundreds of kilometres from the great river
valleys that formed the natural heartlands of the early empires. The
locations were often both environmentally and politically hostile and
their establishment, provisioning, maintenance and defence must have
created major logistical problems.

As before, the form of the mine was largely dictated by the nature of
the ore body, and in many respects was little different from the more
primitive mines. There is little evidence of developments in mine drain-
age which would have enabled the mines to go below the water table,
or in general for any form of controlled ventilation, which would have
enabled mining to extend beyond the immediate vicinity of the shaft.
One of the most noticeable features of mines such as Timna in southern
Israel are the hundreds of small shafts separated from each other by only
a few metres (Figure 2.29). Closely-spaced shafts are typical of early or
primitive mining systems found in very different localities and geological
conditions, such as the European Neolithic flint mines as exemplified
by Grimes Graves in Norfolk, England (Sieveking, 1979), or recent gold
mines in alluvial deposits at Mali, West Africa (Armbruster, 1993). In all
of these mines a series of small restricted workings radiate out from the
shaft for a short distance to link up with the galleries from the adjacent
shafts to create a veritable maze of small tunnels. In such restricted spaces
with no provision for the movement of air the working atmosphere
would have become foul only a very short distance from the shaft,
especially if lamps were burning, and this seems to be the primary reason
for the provision of such prodigious numbers of shafts. The smoke and
fumes from firesetting would greatly exacerbate the situation, but this
was certainly not the prime problem, and the draughts created could
conceivably in some situations have helped air circulation.

~ Tools

The principal change was the adoption of metal tools. Thus chisels, picks
nd digging sticks now tended to be tipped with copper or bronze
2.28), and the distinctive cut marks made by them on the rock
an be immediately recognised (Figure 2.9). The extent to which
mers were used with the chisels is much less certain as no
marks would have been left and the putative metal hammers
s would not have been abandoned.
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FIGURE 2.28 Copper pick head from Late Bronze Age copper workings at Timne.

The Timna Mines

For this section it is useful to refer to the work of Rothenberg (1972,
1988, 1990; Conrad and Rothenberg, 1980). The mines of Timna in the
Arabah valley, now in southern Israel, are amongst the most extensive
and best preserved of the great Bronze Age mines, and in addition have
been more extensively studied than any other mine system. A briet
description here will give some impression of how such a mining camp
functioned. 1

Copper is quite widely distributed through the Sinai peninsula and
archaeological surveys have revealed numerous early mining and smelt-
ing sites. These are especially prevalent along the sides of the Arabah
valley which cuts through the limestones and dolomite country ¢S
exposing the metalliferous white Nubian sandstones. These sandstone
are very soft and permeable and have been penetrated by epigen
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FIGURE 2.29 Area of densely clustered shafts at Timna. Each circular ‘plate’
represents a buried shaft.

deposits of copper mineralisation, typically in the form of nodules of
malachite with some residual sulphidic minerals, chalcocite, brochantite
and bornite. The Wadi Timna itself is a great erosional circus that has cut
back into the line of the Arabah cliffs, creating a deep ampitheatre walled
by cliffs of limestone towering many hundreds of metres above the wadi
floor. Beneath these the white sandstone lies exposed, and here the
evidence for ancient mining activity is concentrated. The processes of
erosion have of course continued since mining ceased and the flash floods
that periodically pour down from the Sinai plateau have cut deep
channels, washing out nodules of ore so that one can now pick up
kilograms of ore from the surface in a short time, much as the first metal
niths must have done at the time of the mines’ inception. The exposed
outcrops of ore would have been followed back into the sandstone and
some of the ancient galleries show very clear evidence for the use of stone
ers (Figure 2.9).
of the galleries were reworked in the Late Bronze and Early Iron

typical grooved stone mining hammer has been found at
d the other stone mining tools found in quantity are the
| doughnut-shaped ring hammers, pecked and gro.und to §hape
of hard rock (Figure 2.30). For all their ubiquity at Timna,
en function is not at all certain. Where mines have been
old debris cleared out, it can be difficult to assign simple



FIGURE 2.30 Broken stone ring ‘hammer’ from Timna. These are described 2
hammers, but they could have functioned as weights for digging sticks.

tools lacking any diagnostic feature to their correct period. The stone
ring tools have previously been interpreted as Ramesside, Late Bronz
Age hammers (Rothenberg, 1972, pl. 20, p. 63), and presumably usedin
conjunction with the metal chisels and picks. Weisgerber and Haupt-
mann (1988) have suggested that they are Chalcolithic, based on
discoveries of similar tools at the mines at Feinan on the opposite sideof
the Arabah valley in Jordan, where they are found in unambiguous
Chalcolithic mines, although tool marks are not well preserved on the
walls due to reworking by the Romans. They also occur on Sardinia
Nuragic bronze-working sites, dated to the late second to early firs
millennium Bc, but not obviously associated with mining (Gall in and
Tykot, 1993). At Timna they seem to occur in areas of the mines where
there are now only metal chisel marks on the gallery walls and 1t does
seem a little unlikely that the Egyptian miners would have removed &
trace of the putative original stone hammer marks.

Functionally the ring ‘hammers’ do not seem very satisfactor IO{’L‘
for delivering hard blows either directly to the mine walls or 10 @
chisels. They are very light, typically weighing only about 2 kilog
and the perforation itself is an obvious point of weakness in a b nme

11
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Furthermore, tools intended for a short life of heavy usage would not
be expected to be so carefully worked to a regular shape. A possible
alternative is that they could be the weights from a digging stick possibly
tipped with some of the crude so.cke@d bronze points found on the site.
However, none of these explanations is wholly satisfactory and some ex-

erimental work with replicas of these stone tools would be very useful.

During the fourteenth century Bc the area attracted the attention of
Egyptian prospectors and an enormous enterprise was established to
mine and smelt the copper. This period of activity lasted for about 150
years through the thirteenth century Bc, and the reigns of Seti I and
Ramesses 11, until the time of Ramesses V in the mid-twelfth century sc
when activity ceased abruptly with the general collapse of Eg};pt’s
Asiatic Empire.

Mining activity from the Egyptian period is attested all around the
edges of the Wadi Timna and extensive field survey and aerial reconnais-
sance have estimated that there are over nine thousand mining shafts
spread over many square kilometres. These mines would have developed
pre—existing workings or followed freshly exposed ore where it out-
cropped in the wadi sides. At this stage the horizontally-bedded ore was
also followed further in from the wadi sides by sinking shafts down from
above to link up with the ever spreading system of galleries. Clearly this
was only feasible where the ground surface did not rise too swiftly to
meet the encircling cliffs. At Timna the three principal areas of fairly level
ground surface are each pock-marked by hundreds of buried shafts,
often separated by only a few metres (Figure 2.29). Some of these were
exploratory, but this great density of shafts was probably necessitated by
the general absence of any ventilation system underground. There was,
for example, no evidence of fires at any of the shaft bottoms to draw air
through the galleries, although one ventilation shaft was identified (Mine
52, shaft 52/3, Conrad and Rothenberg, 1980, p. 165). Firesetting was
necessary to weaken the soft sandstone which was mined directly
pper and bronze tools of which a few examples have been found
2.28). The tool marks on the sandstone walls are remarkably well
eserved, and include both the triangular wedge-shaped marks of the
lows and the long, running scratches made by chisels (Figure 2.9).
excellent preservation of the tool marks has enabled some of the
methods to be reconstructed quite precisely (Conrad and
erg, 1980). The ubiquitous small shafts were sunk by chiseling
lus of rock to a depth of about 10cm, then breaking up the
ck remaining in the middle, and repeating the operation to
wn (Figure 2.31) (Conrad and Rothenberg, 1980, p. 74). The
s are circular and quite regular and well-finished with few
or irregularities that could have impeded the raising of




FIGURE 2.31 (a) Typical mine shaft at Timna, Abb 188, Area T Schacht T, 34t n/b
(b) the postulated method of sinking them; (c) the top of such a shaft. Note
footholds and chisel cuts.

material. The shafts are typically about 60-80cm in diameter and up v
10 metres deep. In some, footholds were carefully cut, every 30-50cm }‘;I
0, although occasionally footholds were left protruding out into tlt'
p of some of the shafts are pairs of post holes, presumabl y
of a windlass or some form of raising gear. The shﬁ‘tf
series of galleries underground (Figure 2.32), the!
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shape being larggly dictated by the ore body. Where that was not the
prime consideration they tend to be rather square in section, although
with somewhat bowe(.i-out roofs and walls, typically between 0.5 and
{ m across. The galleries seem to have been advanced by undercutting
the rock face at floor level for about a metre beyond the working plac:y
Jeaving long straight parallel scratches on the walls. This must have been
done by chiseling at far arms’ length, or using digging sticks as postulated
above. Having made the deep undercut, the rock above could then be
attacked and large lumps detached.

The host rock is little fractured, and although soft it is quite sound and
no supports were needed in the small galleries. The workings survive to
this day in pristine condition with little or no collapse or damage beyond
that caused by seasonal torrents running through them. Sudden flash
floods coming down from the plateau above probably brought about
occasional but catastrophic damage to the mining operations.

Despite its extent and seeming complexity the Timna system of mines
was basically a small mine repeated thousands of times over until the
available ore was exhausted, and beyond the extensive use of metal tools
shows little real superiority over the Bronze Age mining systems in
temperate Europe. The mines were small, shallow and, although linked
underground, display little evidence of any overall mining strategy, or of
any knowledge of the possibilities of ventilation or drainage.

Mine Systems of the Iron Age Civilisations

The first millennium B¢ saw the development of secular philosophy and
ice throughout the Old World. It is an interesting speculation
er the increasing sophistication of the mines and other engineering
notably those connected with canals and water supply, inspired
eated the need for theoretical science or if the increased levels of
al knowledge, above all in mathematics, was translated into
use in mining. As in the Industrial Revolution over two
nd years later, the answer is probably that the two went hand in
is very noticeable that in those parts of the world where
knowledge flourished, sophisticated mining systems also

of the Mines

irst millennium BC in civilisations stretching from the
through the Middle East to India and China, mining
oped dramatically (Shepherd, 1993). Although basic-
still followed the ore fairly closely with little apparent
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understanding of their geology, there now seems to be much more
evidence of overal_l underground planning and layout, based on at least
practical engineering knowledge backed up by good surveying. The
mines of this period now regularly penetrated well below the water table
and ran for hundreds of metres beyond the shafts as the problems
of drainage and ventilation were overcome. Where major ore bodies
required the removal of large quantities of material, adequate support
had to be provided either by timbering, or in the form of pillars of ore,
which were left for removal only at the end of the mining operation, as
evidenced at Zawar in Rajasthan (Figure 2.36). Timbering was especially
necessary when mining through loose or soft ground. The massive
timbering at the Chinese copper mines at Tonglushan in Daye county,
Hubei (Figure 2.33) (Anon, 1980; Zhou Baoquan ez al, 1988) and at
Tongling in Ruichang County, Jiangxi (Shizong Liu et 4l, 1993) provide
good examples of this.

Methods and Tools

The basic methods of deep mining, firesetting and pick and chisel work
remained the usual methods of rock breaking as shown by Diodorus
Siculus describing Egyptian goldmines of the first century BC (Oldfather,
1933):

The gold-bearing earth which is hardest they burn first with a hot fire, and
when they have crumbled it in this way they continue working it by hand.
(I, 12, 1-13, 1)

and continues elsewhere:

The soft rock which can yield to moderate effort is crushed with a sledge-

hammer by myriads of unfortunate wretches. And the entire operations are in

the charge of a skilled worker who distinguishes the stone and points it out to

the labourers; and of those who are assigned to this unfortunate task the

physically strongest break the rock with iron hammers, applying no skill to the

task but only force and cutting tunnels through the stone, notin a straight line
but wherever the seam of gleaming rock may lead. (111, 12, 4f)

clearly a much stronger and cheaper metal than bronze and
ed more extensively resulting in a greater variety and number
Is. In addition, more of the tool could itself be of metal; thus
a pickhead would no longer be of wood shod with bronze
y of iron, and with the same variety of chisel, point and

und on modern picks (Figure 2.34). Hammer heads
and often quite substantial, and once again identical
nterparts, although stone hammers may have




FIGURE 2.33 Copper mine at Tonglushan, Daye, China. (@) Structure of the shaf
and drifts of Warring States to Han period; (b) excavated underground layol

century BC to second century AD). Note the massive timbering needed to suppor
the workings.

continued in use for ore crushing until post medieval times. Rakes and
shovels which formerly were of such materials as wood or bone were also
now of iron, or at least iron shod (Figure 2.35). Indeed the surviving
mining tools are virtually indistinguishable from their modern counter
parts in form, although the quality of the metal itself was usuall y inferior.
Examination of , variety of contemporary iron tools has shown that
even when attempted, the smiths were rarely completely successful in






FIGURE2.34 Selection of Roman iron pick heads and wedges from Rio Tinto.

converting the wrought iron into serviceable stee] (see Chapter 7 p- 238
and Tylecote and Gilmour, 1987). Even so, the introduction of iro,n tools
must have increased the overall efficiency of mining, especially when
working in a confined space.

In his description of gold mining in the Natural History (33.71) Pliny
describes the use of machines with iron heads weighing up to 1501bs
to attack the rock. These were almost certainly battering rams. In the
contemporary mines at Zawar in India, wooden bipods still survive from
which similar battering rams were slung to attack pillars and slabs of rock
(Figure 2.36) (Willies, 1987).

Ventilation

The inability to ventilate a mirie working for more than a few feet from
the shaft had clearly been a major constraint on the development of deep
mining. Hubert (1974), in his report on the flint mines at Jandrin-Jandre-
nouille in Belgium, stated that the maximum distance the miners could
WOI']E from the shaft was four metres before the air became too foul,
gh it has been suggested that in some other European flint mines

artificial ventilation induced by carefully siting the heaps of
create channels and fires maintained at strategic points to draw
 to the workings (Migal and Kaminski, nd ). The possibilities
ng the draughts created by firsetting or of making draughts
ventilation must have been evident. The most obvious
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FIGURE 2.36 Wooden bipod in top chamber of Zawar Mala Magra min
likely that a heavy timber was swung from it against some of the suppc

late phase of the main working over two thousand years ago. (The sca o
intervals.)
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FIGURE 2.37 Ventilation systems using linen clothes.

e hot rising air and gases would pull air drawn from other shafts
the galleries. By the careful arrangement of the heaps of waste
al stacked within the worked-out galleries as well as by doors and
it was possible to control the flow of air through the mine,
3 the fumes from firesetting operations away from the rest of the
d bringing some measure of fresh air to the miners, although the
of some of the ancient authors on the conditions within mines
nditions were often far from ideal. Evidence of the control of
v shuttering has been found at Tonglushan (Zhou Baoquan et
p- 127). One simple system was to sink shafts in pairs to create a
t of air in the workings between them. A similar result was
ith a single shaft by partitioning it down the middle with a
inducing a draught by a fire on one side to suck air down the
irough the workings (Healey, 1978, p. 83). Grooves running
s of some ancient shafts have been taken as evidence of this,
admitted that traces of wooden partitioning have not been
es such as Tonglushan or Dariba, where other shaft timber-
in quantity. Pliny (31.49) mentions the use of lm.er1 fans,
n the manner of the Indian punka, and illustrated in De re
: 2.37), and in China fans were in use from an early
have been well-suited to mine ventilation.



FIGURE 2.38 Drainage channel at Zawar made from a hollowed tree trunk and use
to channel water to points where it could be collected and carried out of the mine

Drainage

There are three basic ways to deal with the problem of drainage, and the
choice would of course be largely dictated by the particular cireun-
stances of the mine. Where possible the miners would have tricd t0
minimise the flow of water into the mine workings. For example the vein
material at Dariba is fairly impervious, and whilst the miners kept wnhmj
the vein, leaving some at the sides to act as 2 shield, the drainage problems
were containable (see p. 85).

Many mines are situated in mountainous terrain where the valle



FGURE 2.39 Wooden bailing dam in the side of a shaft at Dariba, dated to the third
century BC. The ladder on the right is modern, that on the left is ancient.

bottoms are well below the mine levels, and in these cases it is possible to
drive a gently sloping drainage channel (adit) in from the valley side to
come up under the mine and lead away the water. Major adits were driven
by the Romans to drain some of their workings at Rio Tinto. The main
adit was over 3km long, and when the mines reopened in the late nine-
teenth century it was refurbished and continued to drain the mines for
the next century (Salkield, 1987, pp. 10, 40).

“Where direct drainage was impractical, the water would have been
collected underground (Figure 2.38) and raised up to the drainage level
or out of the mine altogether. This could be done in a variety of ways;
s or pots of water could simply be carried manually or raised on a

. If the shaft was on an incline then the water could be removed
ing up through a series of ponds such as Pliny described at the
Baebelo in Spain, which is probably to be identified with Rio

nnelling having been carried a mile and half into the mountain. A.Iong the
their distance watermen are posted who all night and day in spells

by lanterns bale out the water and make a stream. (33.97)

recent mine survey found evidence of a system of small
‘ponds (Figure 2.39), and Gowland (1899) illusFrates a
Japanese mine where the water is being bailed up
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FIGURE 2.40  Nineteenth century Japanese mine bailing system.

with wooden stave buckets through a series of small tanks to the botton
of a small shaft, where the buckets are raised by a rope and pulley t0;
drainage level above (Figure 2.40). Other more sophisticated method:
were also used, probably derived from methods used in irrigation
systems, such as the Archimedes screw. Diodorus Siculus specifically
describes the use of the screw in mines (V, 37.4) and remains have been
found in several Roman mines where they were used in an ascending
series to raise water via a series of small ponds or sumps, up an inclined
shaft through a considerable heigh:t. Typically a screw would be about
3 metres long and set at an angle of between 30—40° and could raise water
about a metre. The Archimedes screw was still used in Japanese minesin
the nineteenth century and examples were recorded by Treptow (1918)a
the gold mines of Sado. Each screw there was about 3.5 metres long, set
at an angle of 40° and raised the water through about two metres.
Perhaps the most sophisticated water raising devices of antiquity are
the Roman water-raising wheels such as the famous set found at R
Tinto early in this century (Figure 2.41) (Palmer, 1926/7; Weisgerber
1979), and less well-preserved remains have been found in other Roman
mines such as the gold mine of Dolaucothi in central Wales (Davies, 193
P- 24). The wheels at Rio Tinto are of wood held together with wooder
pegs and their axles are of leaded bronze. Iron could not be uscd becaust
of the extremely corrosive environment in the mine. The rims of ¢
wheels are divided into compartments, which would scoop up Wit
B R ety it 1ip to 2 lrunder ahave from where it flowed
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the next wheel and so on until the surface was reached.
iving wheels are between 3.5 and 5 metres in diameter
sed the water through about 3 to 4 metres. The narrow
> show that they were manually-operated tread

| calculated that one man could raise between 82 to

sed pairs; in the best preserved set, eight such
- each other raised the water through about
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FIGURE 2.42 Nineteenth century Japanese system for raising water fro
using a series of hand pumps.

It is important not to confuse these water-raising wheels with the
water wheels employed in medieval and later mines to drive the pumps
where the wheel was providing the motive power rather than actually
raising the water. These later wheels required a supply of surface or near
surface water to turn them, and thus in contemporary records one some
times reads the apparently contradictory statement that the mines were
in danger of flooding because of a drought.

In China continuous chain pumps with valved buckets were in ust
over a thousand years ago for pumping brine wells as depicted o
impressed bricks from Chergdu, Sichuan, in Zhongguo (Pirazzoli-t
Serstevens, 1982, pp. 25, 72). Pumps of this sort were prwl\ﬂ‘l.‘



12 1n the mid-siXtecnii century. 1he rag-and-chain vari

_ where cloth or leather balls linkedgtogether cr)ln aar l:z::ifnifii
were pulled up a pipe raising water with them, was widely used.
. of rag-and-chain pumps have been identified on some large
KEI» an ships (Carre and Jezegou, 1984), although not from within mines

asnyt- on pumps were also developed early in the Far East and are

oicted in use in eighteenth and nineteenth century Japanese mines. The
ro0den pumps were of square section and about 2 or 3 metres long, thus
:ﬂ’d‘en. s was needed with pumps working one above the other to raise
Eke through any great height (Figure 2.42). At the famous Besshi
opper mine in Japan it is recorded in 1769 that no less than 130 piston
s working in sequence were needed to raise the water through 220
s (Masuda, 1983). This also shows that even quite simple technol-
s capable of considerable feats if linked together into a system.
orce action cylinder and piston pumps such as that of Ctesibius were
known in the Roman world but the surviving examples, including
ne from the Roman mine at Sotiel Coronada in southern Spain, are
and fine to have been used in mine drainage and seem more
e for providing domestic water supply (Healy, 1978, p. 100).

wing Ore and Deposits

could be carried through the mine in wickerwork baskets
43) or in very confined spaces pushed along on wooden sledges
nples of the latter have been found in the Roman galleries
and almost identical examples are illustrated in Agricola
. Wheeled trucks do not seem to have been widely used
id in antiquity due to the confined space and irregular
ost early mines, although there is some evidence for their
straight galleries of the Roman gold mine of Trés Minas
rtugal (Wahl, 1993). (I am grateful to G. Weisgerber for
n.). There is firm evidence for wheeled transport (the
round in Europe only from the fourteenth century,
afterwards by evidence for the use of rails, almost
parallel planks at the time (Lewis, 1970, pp. 10-12).
lbarrow over two thousand years ago, but there s no
in Europe prior to the medieval period.
could be carried out of the mine up stairways
war, India or pulled up shafts with a windlass.
to minimise the amounts of debris carried to the
aste materials (deads) back into the mined-out



(cf the baskets in Figure 2.13).

galleries. As noted above, air circulation could be partially controlled
by their careful positioning. At Zawar the deads were held back on the
steeply-sloping galleries by carefully-constructed drystone walls and
stabilised by a series of posts set from floor to ceiling.

Dariba

The mines at Dariba (Willies, 1987), in the Aravalli Hills of Rajasthan,
go back at least to the late second millennium Bc, but were worked ona
massive scale a thousand years later in common with other mines in the
Aravallis. The impetus behind this activity was probably the demand for
silver created by the first Indian coinage.

At Dariba the ridges of erosion-resistant calc-silicate rocks stand out
from the weathered graphite schists that make up the surrounding plain
(Figure 2.45). Both rock types contain mineralisation, which is primarily
a mixed sulphidic ore of argentiferous galena, sphalerite and marcasite.
Near the surface the deposit is gossanised and the oxidised form of the
ores anglesite and cerussite (lead sulphate and carbonate) and possibly
zincite and calamine (zinc oxide and carbonate) may well have been the
principal minerals worked in antiquity. However, these putative oxidised
minerals are now missing from the gossan, once again highlighting the

o

problem of determining the mineral originally mined from examinatio?
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. A—SMALL BATEA. B—RoOPE. C—LARGE BATEA.

44 (a) Small wooden tray for moving ore in a confined space in the mine
ﬁ'ym Rio Tinto); (b) illustration of a very similar tray in Agricola (sixteenth

1d
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of what is left beh.ind- The ore bOd.ies tend to plunge at a steep angle deep
;nto the plain (Figure 2.7), creating serious drainage problems in the
workings which penetrated well over 100 metres below the water table.
Indeed these are the greatest depths below water table so far encountered
:n an ancient mine system. Whilst the workings stayed well within the
impervious calc-sﬂmatgs, drainage was containable. The consequences of
not doing this are posmbly recorded in a local legend which relates that
their goddess told the miners that they must leave some of the ore behind
for her, but they became greedy and removed it all, and as a punishment
the mine was flooded. The ore in the softer graphite schist was easier to
mine, but posed greater drainage problems. In one ancient shaft are the
remains of 2 series of small stepped retaining dams from which water was
raised by bailing (Figure 2.39).

The near-surface weathered deposits were soft enough to have been
worked directly with pick and gad, and tool marks abound, but the
deeper deposits needed firesetting to weaken them, and the difficulties of
controlling the fires over 100 metres below ground surface must have
been considerable. Until now these problems have not been considered
by mining archaeologists.

Near-surface workings run along the exposed calc-silicate ridge for
over 2 kilometres (Figure 2.46). They are normally complex series of
small galleries with the shafts often cut into the softer but locally-sterile
graphite schist to meet up with the ore body some metres below. The
deposits were usually reworked by opencasting which cut through the
earlier workings, although this too must have occurred in antiquity as
there is no record of silver working at Dariba in the historic period. In
places, very considerable quantities of calc-silicate have been taken out
and crushed nearby.

The corresponding near-surface deposits in the graphite schists were
mined from a huge opencast pit (Figure 2.47) situated above East Lode.
This is approximately 300 by 100 metres in area and at least 30 metres
p. One whole side had to be supported by a huge stepped revetment,
silt from timbers of terminalia (identified by M. Grant of the Dept of
raphy, University of Keele). A small timber from this revetment has
d to the third century sc. Figure 2.48 shows the methods by
e timbers were joined and tied into the loose alluvium they
and held back. During the monsoon season the opencast must
as a gigantic sump for the surrounding plain, endangering the
ngs beneath. Observations in recent years have recorded over
ater a day pumped from the opencast without substantially
water level. The task of keeping the opencast tolerably free
quity must have been colossal, and emphasises once again
- methods of the ancient miners are understood or their
ppreciated.




FIGURE 2.46  Old opencast workings at Dariba running along the vein at
and cutting through earlier gallery systems.
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FIGURE 2.47 Large opencast silver-lead mine at Dariba above East Lode, dated
the third century sc.



FIGURE 2.48 Section of major timber revetment running along one side of the
opencast shown in Figure 2.46. The horizontal beam exposed in the foreground
held a similar revetment on the next bench down. (The white rectangle is 10cm

long.)

fects of swiftly running water on loose ground or alluviumare very
hence water must have suggested itself as a mining method from
st times. Simple small-scale operations would leave very little
ut for larger-scale workings great skill is required to collect, store
t the considerable quantities of water needed. It was probably
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FIGURE 2.49  Small post-medieval hushing dam on Copa Hill, Cwmystwyth.

not until the first millennium Bc that sufficient experience had been
acquired in managing the collection and channeling of large quantities of
water over long distances for urban water supply systems as evidenced
by some of the early Greek hydraulic engineering schemes (Burns, 1974
White, 1984, pp. 157-60).
Hydraulic mining is especially suited to secondary alluvial deposits
and thus has been extensively used for gold mining from Roman times
on, and more recently for tin mining. The principal evidence for
hydraulic mining at an old mine are the remains of the dams and sluicesof
the reservoirs set above the opencasts, very often with the heavily-
eroded channels running from them which led the torrent of water to the
particular part of the deposit to be worked (Figures 2.22 and 2.49). Note
that leats by themselves are not necessarily indicative of the use of water
for hydraulic mining as from medieval times water power was exten-
sively used to drive pumps (as mentioned above) as well as powering the
ore crushing stamps etc and considerable quantities of water were also
needed in the washeries (see Chapter 4). .
Basically there are two different ways in which water can be used for
mining; bushing where considerable volumes of water were suddenly
released to remove overburden from the deposit, and ground sluicing ot
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aulicking where the water was continuously run over or played
against the deposit itself. These two techniques will now be considered

opara ;ely below.

Hushing

This technique was especially useful where there was a large quantity
of loose overburden such as al!uyl'um or glacial scree on a slope to be
removed. The surface would be initially cleared of vegetation and broken
Iipf-»ngm;,.mally before a great torrent of water was released from reservoirs
above. Water was collect.ed In reservoirs above the deposit. These were
sartially cutinto the hillside with substantial walls, lined with clav where
necessary, and had capacities which ranged from a few hundred to many
thousands of cubic metres. Pliny gives an excellent account of hydraulic
m@g in Spain, that for its detail and immediacy must surely be a
frst-hand account (Natural History, 33.74—6). He described h‘ushing
‘ oirs as being square with sides of about 200 feet and a depth of
et. The square shape accords well with surviving examples both in
and in Wales as described below. Later European dams were
curved. Sluice gates were set in the front dam wall and sluices cut
hillside to take the water where it was needed. The sluices had to be
ght and with as few obstructions as possible so that the water
with maximum force. After the torrent had passed any major
s exposed could be removed or broken up to recover the ore, the
cked over and hushing repeated. Forster (1883) gives an
ccount of hushing as practised in the Pennine lead mines in the
enth and early nineteenth century.

of hushing have been studied at a number of sites, including
n gold working in north-west Spain (Lewis and Jones, 1970)
othi in central Wales (Lewis and Jones, 1969; Annels and
86), as well as the more recent and well-preserved systems at
h in central Wales (Hughes, 1981), where hushing was used
e glacial scree and expose lead zinc deposits (Figures 2.22

t Spain there are a number of high-altitude Roman open-
ng sites. At Las Medulas, gold-bearing alluvial deposits
metres above sea level in the Somiedo mountains. The
irregular bands of fine sand and clay interspersed with
e. The gold itself was locally-concentrated and thus
operation would just have been the removal of sterile
for which hushing was ideally suited. No less than
: systems brought water from up to 20 kilometres
difference of more than 400 metres between the



lowest and highest System, SUggEsting thal they were not in sip)
use, but rather represent a long-term development a5 . Worl: "
moved back and up. This interpretation is supported by Qb\"'r"-'atigff_‘
the operations from the upper reservoirs seem to.have obliterage d "
from the lower reservoirs. The surviving reservoirs are rect, gyl ™
are either in clusters with dimensions up to 100 by 20 by 1 5 murk‘;
single, large reservoirs of 200 by 40 by 3 metres, or 160 by 40 B\f'_':
metres, depending on the topography. 1%

At Puerto del Palo a major opencast mine was worked iy, the hjol1
weathered and loose primary and eluvial gold-bearing quart;. Thc\m
face stands over 200 metres high, and above are the \VcH-prQSQ;;
remains of a hushing reservoir 55 by 5 metres with walls ]| Stangin.
over 3.5 metres tall. The mine lies in mountainous terrain over 4 thouszy
metres above sea level and a long series of leats sometimes runnige ;-
tunnels through the mountains was needed to supply water 1o the mji
In one place a channel had been cut along the scarp and then doy,
mountain side to an area where a continuation of the main quartz or
body could have been expected. However the channel is stil| clean ¢y
and uneroded suggesting it had not been used much, and in fact the ore
body does not continue, suggesting, as Lewis and Jones put i, thy; this
was a prospecting channel that drew a blank.

At Dolaucothi in central Wales a series of opencast mines was worke
by hushing in the Roman period. At least four major leat systems
supplied the mines at various times. The Cothi leat extends for ||
kilometres and would have fed a series of reservoirs with approximately
2.5 million gallons of water per day. A typical reservoir lying just aborc
an opencast was rectangular with sides of 24 by 6 metres, cut back inw
the rock at the rear with an 8 metre tall front wall of laminated clay and
shale. A leat ran from this to another rectangular tank, 42 by 10 metres
which had an estimated capacity of 450 cubic metres (a million gallons)
This tank was rock cut at the rear, but probably had a front wall of clay
and shale over a clay core.

Hushing almost certainly continued through the medieval period,
although it is not mentioned by Agricola. It is well attested from the
post-medieval period right up to the beginning of the twentieth century
at mines such as Cwmystwyth. Hushing was extensively used on tbc
steep slopes of Copa Hill to remove the glacial scree lying over the main
Comet Lode. The technique was first described at the mine by the
engineer F. Thompson in 1788 (Hughes, 1981, p. 16). Very clear evidence
of hushing still survives with leats, reservoir and a series of deeply-
eroded channels (Figures 2.23 and 2.49). The reservoir is oval with ;
bow-fronted dam retaining the water, fed by a leat from the moorl

ta:f
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above, and has an overflow channel leading to an earlier reservoir located
in the Pl bronze Age i alreiady described (p. 55). There are five
main channels running across the hillside leading to the various lodes on
the hillside, and water could be released from the single sluice gate into
the selected channel.

Hydraulicking or Ground Sluicing

In this process water was led continuously over the deposit and into a
sluice box to separate the mineral, usually gold or tin from the alluvial
gangue- In sixteenth-century Bohemia streams were diverted through
din-bearing sands and the tin extracted as described and illustrated by
Agricola (Hoover and Hoover, 1912, pp. 336-8). In recent times the
water has been directed against the face from a high pressure nozzle (the
so-called hydraulic giant), but previously a stream was channeled to run
down over the face of the deposit. Ground sluicing was used to mine
many of the alluvial gold deposits of North America in the last century,
and good descriptions of the process are to be found in several American
mining textbooks (Young, 1916). These simple low-cost systems, suit-
able for prospectors and small-scale operations, were probably quite
similar to those used in antiquity. The length of the sluice depended on
how quickly the conglomerate of gravel and clay distintegrated when
agitated in the wash water, but a length between 30 and 100 metres was
typical. The sluice was made up of a series of wooden troughs each about
three to four metres long, on a slope lying between 1:20 to 1:25. Small
bars (riffles) were set across the flat bottom of the sluice both to aid the
distintergration of the gravels and to retain the denser mineral. The flow
rate, slope and the riffles were all carefully adjusted to a fine balance such
that the sand and gravel were swept down leaving the mineral behind.
Pliny seems to have been referring to ground sluicing where he
described how gorse was used in the sluices of the Spanish gold
lines to retain the gold (33.78), and Strabo (Jones, 1928) described
use of fleeces lining wooden troughs to trap gold by the Soanes,
e who lived in the Caucasus mountains (11, 2, 19), plausibly
g that this lay behind the legend of Jason and the Golden

s little surviving evidence for ground sluicing in antiquity, butit
o have been used in conjunction with hushing as Pliny implies in
on gold mining. Lewis and Jones (1970) suggest that the
burden was removed by hushing and the deposit worked by
cing. The water would have come from the same source, even
e channels as the difference in the two methods lay mainly
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in the control of the flow of water. At Las Medulas the sides of 1.
opencast are in places deeply cut by gullies fed from channel; abov,
which seem to be the remains of ground sluicing. h

Ground sluicing was also used to mine tin at least in the mo re receq
past by the Chinese in Malaya etc (Fawns, 7d, PP- 61-9; Jones, 195
p- 79) and is still used in the Jos tinfields of central Nigeria in some mige;

to separate the ore (see Chapter 5).
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