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Abstract
As any study of copper alloys from the Bronze Age on reveals, tin was of some importance, both technically and economi-
cally. It was believed that there were just few sources of the metal in production in the Old World in antiquity supplying 
not only local needs but also the civilisations of the Mediterranean, Middle East, Iran and India. These include sources in 
the south west of Britain, Central Europe, the north west of Iberia, and Central and South East Asia. If this was indeed the 
case then there must have been long and complex trade routes and exchange mechanisms, speculation about which has fas-
cinated antiquarians and archaeologists for centuries. This situation arises largely because these known sources have been 
extensively worked in more recent times and thus are familiar and universally accepted. However, there are also many other 
geological occurrences of tin which may or may not have been worked in the past. These are of interest because they are 
often very much closer to early cultures than the major accepted sources. The archaeological evidence for early tin work-
ings is poor as most, but not all, were dug in placer deposits of sand and gravel, leaving little permanent evidence beyond 
largely anonymous, often enigmatic trenches. The ores can be beneficiated to a very high grade and the smelting processes 
could operate at relatively low temperatures and thus leave little permanent debris. There are also problems of perception 
and accepted knowledge. Some sources which may well have been used in the past have been ignored whilst conversely 
other often very minor geological occurrences are quoted as major sources, because it is believed that tin must have been 
produced in that locality in the past. This paper will examine some of these putative sources in detail, emphasising the 
difficulties that arise in trying to establish if or when they are likely to have been in production in the past. In addition the 
reasons for their present status as likely producers in the past or not are also discussed, the selection being as the title of the 
paper states ‘from India to Ireland’.
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1  Introduction

Tin in antiquity is both commonplace and elusive. Com-
monplace because most copper alloys through prehistory 
are bronzes containing tin. Elusive because the sources of 
this all-important metal are difficult to establish, and thus 
there has been a continuing debate as to their likely loca-
tion, as exemplified by Muhly (1976, 1978; Franklin et al., 
1978; Giumlia-Mair & Lo Schiavo, 2003; Babu, 1994, 2003; 
Yener, 2009). Tin isotope analysis now offers a novel and 
timely contribution to the debate (Haustein et al., 2010; 

Berger et al., 2019). Minor occurrences of tin mineralisation 
are actually not uncommon across Eurasia, but the perceived 
wisdom is that most of these are too small to have ever been 
worked and are termed ‘geological occurrences’. This notion 
was reinforced by the apparent absence of the usual evidence 
of early metal production, namely old mine workings and 
slag heaps (see below).

There has also been a perception amongst archaeologists 
that tin deposits will only occur in certain granitic geologi-
cal locations, Muhly (1985) for example opined that ‘Most 
important of all is the absolute geological principle that tin is 
only found in association with granite rock...without granite 
there is no possibility of tin ever having been present’. Tech-
nically this is true that at some time in its geological history 
tin deposits will have been closely associated with gran-
ites. However, subsequent erosional and tectonic changes 
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to the earth’s surface can result in significant concentrations 
of these tin deposits now well removed from anything that 
could be classed as granite. These granitic regions stretching 
around the world were broadly sketched out by Schuiling 
(1967), who claimed that ‘tin is inhomogeneously distrib-
uted in relatively narrow, continent-sized belts’, and again 
by Taylor (1979, p. 6, Fig. 2.1), and to an extent these were 
followed by archaeologists as a guide to where tin could or 
could not exist (De Jesus, 1978). Huge areas of the world 
such as the whole of South Asia are excluded. Thus it came 
to be believed that tin was exploited at a relatively few 
deposits and that these supplied metal-using communities 
often at very great distances (Dayton, 1971; Muhly, 1976, 
1978). But how certain is it that they were the only deposits 
worked in antiquity? Previously unsuspected deposits such 
as those in Anatolia (Yenner et al., 1989, 2015; see below), 
Iran (Nezafati et al., 2009) where a mixed copper-tin deposit 
in the central Zagros region, was mainly producing cassit-
erite from the early 2nd millennium into the first millen-
nium BCE, and north west India (Singh & Singh, 2016 and 
see below) which were worked in antiquity are likely to 
change our perception of the range of possible sources of 
tin utilised. Conversely actual hard archaeological evidence 
for working in antiquity from the perceived major sources 
such as the south west of England (Meharg et al., 2012, and 
see below) and central Europe (Niederschlag et al., 2003; 
Haustein et al., 2010) can be surprisingly difficult to confirm.

Part of the problem lies in the difficulty in locating 
remains of early tin production. Most, but certainly not all 
(see below), of the sources of tin mineralisation worked 
in antiquity are either alluvial or eluvial occurring in sur-
face or near-surface sand or gravel deposits. After such 
deposits have been dug they leave no permanent face, just 
trenches with collapsed sides, filling up with material from 
the surface that could be of any age. They could be dug 
with wooden tools with no need for the hafted stone mining 
hammers that are found in the hard rock Bronze Age copper 
mines or of metals at all from later periods. The evidence for 
smelting is similarly slight. The ores were usually cassiter-
ite, SnO2, those from the secondary deposits had effectively 
been concentrated by water naturally, the primary ores had 
to be carefully beneficiated by crushing and washing. The 
ores required no roasting and after grinding to a fine powder 
could be beneficiated to a very high degree of purity, typi-
cally over 80%, (Babu, 1994; Earl & Özbal, 1996). Also the 
low melting point of tin meant that it could be smelted at 
quite low temperatures, too low for the familiar iron sili-
cate smelting slags such as fayalite to form. Thus the early 
production operations would leave very little durable slag 
and the other debris of smelting, various refractories, would 
rapidly disperse (The early smelting sites in North West Ibe-
ria are a notable exception, Figueiredo et al., 2018 and see 
below).

At the major sites such remains as did survive could be 
expected to have been buried, removed or at least badly 
damaged and effectively hidden by later workings and this 
is the usual explanation for the absence of early evidence 
from Cornwall for example.

In the general, absence of ancient production remains, 
it was assumed by default that the major sources exploited 
in the recent past were likely to have been those worked in 
antiquity. If these sources for example in south-west Eng-
land and Central Europe were supplying all of Europe, the 
Mediterranean and the Middle East then some very long 
distribution networks must have been in place. Once again 
there was an absence of evidence, this time in the form of 
ingots. This led to the suggestion that it was ore rather than 
metal that was being dispatched from the mines (Charles, 
1975, and see below).

More recent discoveries of potential and confirmed new 
sources together with the discovery of tin ingots in quantity 
that had formed parts of ship’s cargoes are changing, or at 
least modifying previous perceptions (Wang et al., 2016; 
Berger et al., 2019, 2022). The sections which follow will 
discuss some of these issues exemplified by a selection of 
sites of potential production, together with their individual 
problems of perceptions aiding or hindering their investiga-
tion or acceptance. In all of these the determination of their 
lead and tin isotope signatures should be of great assistance 
in assessing whether they could have been supplying tin 
in antiquity (Haustein et al., 2010; Brügmann et al., 2017; 
Berger et al., 2019).

2 � Mining issues

2.1 � Alluvial and Eluvial deposits

As noted above establishing the age of old trench workings 
in sands and gravels can be extremely difficult. The actual 
workings can leave little trace as exemplified by the present 
day tribal tin mining and smelting in the Bastar District, in 
Chhattisgarh state, extending into the Koraput District of 
Odisha state in central India (Chakrabarti, 1979; Chakra-
barti & Lahiri, 1996, p. 25; Babu, 1994, pp. 66–99, 2003; 
Mohanty, 2003, pp. 128–129) (Fig. 1).

Bastar, as Babu (1994, p. 69) remarked, is the largest 
tribal district in India (approx. 40,000 km2) and is very unde-
veloped and inaccessible, and which in part, explains why 
it is usually overlooked as a potential ancient source. It is 
possible that the present name Bastar derives from the San-
skrit word for tin ‘kastir’. Ball (1881, p. 315) recounted the 
story of a Bustar (sic tribal man who was observed wearing 
a tin bracelet. When asked from where it came he replied 
that it had been made in his own village from a black sand 
resembling gunpowder. The geological and mining literature 
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abound with such stories, although they usually relate to 
more valuable metals than tin, and this tale would not be 
taken seriously except that there has been limited produc-
tion of tin by tribals in some of the remote forested areas 
of Bastar, where it is now belatedly classified as a cottage 
industry. Mohanty in 2003 believed some production still 
continued although this probably then amounted to only a 
few hundred kg per annum.

There has been some geological work in the area but 
there is virtually no history or real study of the exploita-
tion of what are clearly sizeable, real deposits in the centre 
of India. There seems to be no record of large scale work-
ing in the area, but it would seem strange if the Mauryans 
or the Mughals did not exploit such a valuable resource 
within their own territories. The ore is exclusively of cas-
siterite originally from pegmatitic granite and gneiss host 
rocks and now occurs in alluvial deposits over an exten-
sive area of about1000 km2 in the largely uncultivated 
forests. The presence of tin occurring at surface is often 
revealed as pebbles in stream beds or by plant indicators. 
For example the leaves of Sarai tree (Shoria robusta) go 
yellow (they were found to contain up to 700 ppm of tin). 
After digging the ore is taken to nearby ponds and ben-
eficiated (Fig. 2). After sorting, crushing and washing in 
bamboo pans the concentration of cassiterite rises to over 
80%, a very high figure for most ores, but probably the 
sort of purity obtained in antiquity from such ores for tin. 
Previously, some of the ore was sent away but most was 
smelted by the tribals in the very recent past in simple 
shaft furnaces (Fig. 3) using charcoal as fuel, and cre-
ating very little permanent or recognisable debris. This 

Fig. 1   Location of Bastar District, Chhatissgarh, Hazāribāg, Gaya 
and Ranchi Districts of Bihar and Tosham. The latter in relation to 
Harappa

Fig. 2   Tribals washing tin ore 
in the 1980s. Bastar District. 
(Photo: T.M. Babu)



248	 Indian Journal of History of Science (2025) 60:245–259

was almost certainly the last truly indigenous traditional 
smelting operation to produce non-ferrous metals operat-
ing anywhere in the world.

Other tin deposits in India that were certainly worked 
include those in the Chota Nagpur Hills of the Hazāribāg, 
Ranchi (now Jharkhand) and Gaya Districts of central 
and southern Bihar (Fig. 1) (Puri & Sinha, 1980; Chakra-
barti & Chattopadhyay, 1985). At Nurungo, or Nurgo, in 
the Hazāribāg District, local tin mining and smelting was 
described in 1849 (Coggin Brown & Dey, 1955, p. 167, who 
reported the site as ‘Purgo, a village near Parsnath’, also 
recorded by Ball, 1881, p.314, who calls the village Nurgo). 
The ore body was described by Mallet (1874) as ‘a thin layer 
of cassiterite granulite up to six inches thick and containing 
30 to 50 percent of the tin ore, in a much thicker band of 
microcline granite which itself contains scattered grains of 
cassiterite’. His report continued: ‘During the time it was 
worked, the ore after being brought up to the surface was 
broken up while still fresh [as it hardened considerably after 
exposure] with a common country dheki (a wooden tool for 
de-husking rice). The pounded ore was then placed in a bas-
ket and washed by hand, by which means most of the lighter 
impurities, chiefly quartz and feldspar, were removed. Sub-
sequently, after drying it was sifted in a winnowing basket 
to separate the remaining sand. When a sufficient amount 
of ore had accumulated, it was smelted with charcoal in an 
ordinary Agaria furnace (i.e. iron smelting), the charge being 
the same as those used in iron smelting. The tin, after being 
run out and cooled with water, was broken up, the clean 
metal laid aside preparatory to casting, and the rest, which 
was much mixed with charcoal, returned to the furnace. The 
clean tin was resmelted in a large open iron vessel and ladled 
out into moulds, holding about 40lbs of metal each. Alto-
gether only about 12 mds [maunds, approximately 40 kg] 
of tin was produced.’

Other accounts stated that the village of Nuringo had 40 
iron-smelting furnaces which seemed a suspiciously high 
number, and it was suggested that these furnaces were being 
used for smelting tin, and the reference to iron-smelting 
was deliberate misinformation to conceal the existence of 
a clandestine activity from revenue officers (Hunter, 1877, 
pp.158–160). Various attempts were made to work these 
deposits on an industrial scale, particularly in the Nurungo 
area in the late 19th and early twentieth centuries but with 
no commercial success, although there is no doubt that con-
siderable quantities of cassiterite have been mined in the 
past from within 20 m of the surface. The antiquity, if any 
of the workings is completely unknown, although Murthy 
and Nagesha Rao (1990) believed it unlikely that they were 
worked in the remote past.

Similarly, probable sources previously noted in Afghani-
stan are currently not accessible for investigation. Evidence 
of tin mineralisation in an area of early mining has been 
reported from western Afghanistan, between Herat and 
Farah (Penhallurick, 1986, pp. 28–30; Shareq et al., 1977, 
pp. 165–190; Berthoud et al., 1977; Cleuziou & Berthoud, 
1982; Reedy, 1997, p.105, Stech & Pigott, 1986) and in 
small quartz veins in the Arghandab river of central Afghani-
stan, close to the important prehistoric site of Mundigak, 
from where very early tin bronzes have been excavated 
(Caley in Shaffer, 1978 and Caley, 1971), less than a thou-
sand kilometres from the Indus.

Sometimes, an indication of the likely antiquity of simple 
trench workings in gravel can be established where they 
are in the same location as other more dateable activity. 
The presence of Harappan settlement containing remains of 
metallurgical activity near to the early but undated tin work-
ings at Tosham, in Haryana, was taken by Singh and Singh 
(2016) as evidence supporting their antiquity (see below).

The tin workings in the vicinity of the major Bronze Age 
defended settlement of Grimspound on Dartmoor in south 
west England provide another good example (Craddock & 
Craddock, 1997) (Fig. 4). This is in an extremely inhospita-
ble part of the moor such that archaeologists and historians 
have long pondered over the reason for the settlement there. 
However, just over the other side of the valley on Challa-
combe Down in full view of the camp are extensive early tin 
workings running up the side of the valley (Fig. 5). Many 
years ago when the author enquired of the local historians 
and industrial archaeologists the date of these he was told 
they were medieval, because as there were no documen-
tary records or evidence of machinery they were unlikely to 
be Post Medieval. The possibility that they could be much 
earlier, may be coeval with the enigmatic settlement seems 
not to have been considered. When more recently the furze 
covering the hillside was cut back it revealed that as well 
as the trench mines running vertically there were lynchet 
fields running horizontally (Fig. 6). Where the two met 

Fig. 3   Tribals smelting the cassiterite in a simple shaft furnace in the 
1980s. (Photo: T.M. Babu)
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is interesting. In some cases the tin working clearly cuts 
through lynchet field bank (Fig. 7), but in others the field 
banks equally clearly respect the working. This is well illus-
trated by the working known as Scudley Beam (Beam is a 
local term for an opencast working) (Fig. 8). These specific 

field banks are not dated but lynchets in general in southern 
Britain are generally dated to the first millennia BCE and 
CE and Scudley Beam quite clearly pre-dates the lynchet.

Mining activity creates environmental pollution of riv-
ers and the landscape in general and thus sampling river, 
bog and other deposits that are likely to have been building 
up over millennia can provide good evidence for mining 
activity for heavy metals such as copper, lead and tin in the 
area generally (Mighall et al., 2007). So far little work has 
been done specifically on tin before the work of Meharg 
et al. (2012). They sampled peat bogs from central Corn-
wall, especially on Bodmin moor and from central Dartmoor 
in Devon. Elevated levels of tin were found preserved in 
the deposits but only from the Roman period on, perhaps 
confirming the historian’s pessimism over the possibility of 
prehistoric activity in Cornwall at least.

Conversely, it has long been felt that Ireland should have 
been a source of tin in antiquity even where there is no direct 
evidence, but still with a suggestion that something may 
have been happening in the past. This is well exemplified by 
the old trench workings in sand and gravel on the Mourne 
Mountains in County Down, Northern Ireland (Warner et al., 
2010a, b) (Fig. 4). Extensive sampling all over the moun-
tains has established traces of gold, arsenic and tin in the 
local streams where they run over the granitic rocks. Sam-
pling from the sides of the old trench workings revealed 
significant traces of both gold and tin and in some only 
tin. These alluvial / eluvial workings are found all over the 
Mournes and those in the central Mournes, especially in the 
valley of the Kilkeel River at sites such as the Miner’s Hole, 
had just traces of tin. It should be emphasised that there 
is no historic record or memory of the operation of these 

Fig. 4   Location of Challacombe Down, Devon, Salcombe Bay and 
The Mourne Mountains, Northern Ireland

Fig. 5   Primitive trench tin 
workings for eluvial tin on 
Challacombe Down, Dartmoor 
seen from the Bronze Age camp 
of Grimspound in 1980, before 
the furze was cut. (Photo: P.T 
Craddock)
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workings and there is no infrastructure such as buildings or 
tracks associated with them. Thus they are unlikely to have 
been operational in the last few centuries and before then 
extensive digging of sand or gravel for building / road work 
is unlikely. Thus there is a very real possibility that they 
were exploited at some time before the Post Medieval period 
for gold or tin. Again, establishing this would be difficult.

Much has always been made of the Bronze Age items 
found by miners in the tin streaming workings in the 
eighteenth and nineteenth centuries in Cornwall for 

establishing the antiquity of the workings (Penhallurick, 
1986, pp. 173–224). Inevitably only prestige items were 
recognised or retained by the miners and it is rather dif-
ficult to envisage what high quality bronze weapons for 
example were doing in trenches being dug for tin. A more 
likely explanation is that these items had been buried for 
whatever reason at the surface and subsequent collapse 
of the sides after the workings had been abandoned had 
sent them sliding down the sides to be buried by more 
alluvium.

Fig. 6   Challacombe Down 
viewed from Grimspound in 
1992 after the furze had been 
cut revealing the lynchet field 
system running across the mine 
area. (Photo: P.T Craddock)

Fig. 7   Small trench working 
that clearly cuts through the 
lynchets. (Photo: P.T Craddock)
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2.2 � Hard rock deposits

Early tin production is usually associated with working 
secondary alluvial / eluvial deposits, De Jesus (1978), for 
example, stating that ‘there is a fair indication that to a great 
degree secondary, that is alluvial or placer deposits were 
exploited first by ancient man’. Muhly (1976, p. 256) went 
even further and claimed that primary tin deposits in the hard 
rock granites of central Europe would have been ‘completely 
inaccessible to the metal-workers of the Bronze Age.’, a 
belief effectively demolished by Penhallurick (1986, pp. 
74–75). In reality there can be no doubt that primary hard 
rock occurrences were being mined including those at Kestel 
in Anatolia, which are currently the oldest tin mines in the 
world operating through much of the third millennium BCE 
(Yener et al., 1989; Yener & Vandiver, 1993; Yenner, 2009, 
2021). The cassiterite ore is primary, occurring in veins of 
granitic intrusions in marble, and was worked by firesetting 
(Fig. 9) (Willies, 1990; 1992).

The problem with the initial acceptance of Kestel as a real 
source of tin in antiquity was partly that it was in the wrong 
place lying well outside Schuiling and Taylor’s bands, and 
previous research had suggested that tin was coming to the 
civilisations of Mesopotamia from the East not from the 
West (Muhly, 1976, 1978; 1993). Kestel was a mine that 
shouldn’t have been there, and if it was then it wasn’t pro-
ducing tin! Another problem that at the associated occu-
pation site of Göltepe there was no evidence of the usual 
remains of early metallurgy, namely furnaces and slag heaps 
(discussed further below).

When it was accepted that the deposit was worked in 
antiquity it was suggested that it was likely to have been for 

gold rather than for tin as the concentration of tin present 
was too small to have been recovered (Muhly et al., 1991; 
Muhly, 1993). These claims were challenged by Yenner 

Fig. 8   Lynchets stop short 
of the trench working known 
as Scudley Beam. Clearly the 
working pre-dates the lynchets. 
(Photo: P.T Craddock)

Fig. 9   Complex fireset workings inside the Kestel tin mine in 1991, 
3 cm scale. (Photo: P.T Craddock)
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(1993), Yenner et al. (2003) and Willies (1992) and were 
conclusively refuted by Earl and Özbal (1996) who dug, 
washed and smelted tin from the Kestel workings.

More recently further primary sites have been found in 
Anatolia at Hisarcik on Mt. Ericiyes volcano on Katseri 
Plain, near Kültepe. This is a volcanic deposit, rich in iron, 
tin and arsenic mineralisation. The mineralisation occurs 
rather randomly deposited on the surfaces of fumeroles and 
fissures. Early Bronze Age II and III pottery has been found 
in the mine similar to that found at Kestel / Göltepe (Yenner 
et al., 2015).

Another recently recognised possible early source of tin 
has been found in North West India at Tosham, in the Bhi-
wani District of Haryana (Fig. 1). This is a primary hard rock 
deposit of cassiterite together with some stannite, sphaler-
ite, chalcopyrite, galena, occurring in a muscovite biotite 
granite. There are early copper mines nearby and Tosham 
Hill is a known source of the steatite beads made by the 
Bronze Age Harappan culture (Singh & Singh, 2016). The 
metalliferous deposits are at surface and although there is 
evidence of early working so far there have been no excava-
tions. However, excavations at the Harappan site of Khanak 
approximately 5 km from the Tosham deposit revealed evi-
dence of extractive metallurgy with crucibles, furnace lin-
ings and slags. There has been no mineralogical analysis of 
these but X-ray Fluorescence analysis showed they contain 
both copper and tin, which might suggest might co-smelt-
ing of a tin-copper ore. However, illustrations of the slags 
show many gas bubbles and such gassy slags are typical of 
those produced in the crucible during alloying and casting 
operations.

The failure to recognise the potential significance of the 
Tosham tin deposits and that they could have been worked 
in antiquity is probably, as with Kestel, that there was no 
history or memory of production and the workings in hard 
rock were not typical of early exploitation, also lying well 
outside Schuiling’s belts. Several Indian geological publica-
tions mention Tosham (Babu, 1994, etc.), but these seem not 
to have been noticed by the outside world.

However, they are clearly of significance as a source of 
tin in the central area of the Harappan world, and not just 
for the Harappans. Ancient Mesopotamian sources suggest 
that as well as Central Asian sources, some tin was coming 
from the south by sea from a region known as Meluhha. 
It has long been conjectured that the trade was with the 
Harappans from their ports on the coasts of Pakistan and 
Gujarat (Penhallurick, 1986, pp. 21–32; Moorey, 1994, p. 
298). As the Harappans were believed to have no tin it was 
further conjectured that this must have been coming down 
through Harappan territory from Afghanistan. Weeks, 1999 
for example studying the composition bronzes from Bronze 
Age Tel Abraq in the United Arab Emirates was confident 
that the tin was likely to have come from Harappan ports 

and its ultimate source must have been Afghanistan, with no 
consideration that its source could have been in India, much 
less from within Harappa itself. Clearly a source in Hary-
ana, comfortably inside Harappan territory, would make 
this trade much more feasible. A counter argument against 
the likely significance of Tosham tin is that bronze is quite 
rare amongst Harappan copper alloys and the tin content is 
erratic, suggesting there was no regular assured local supply.

3 � Smelting issues

As already noted in the Mining Issues section, the usual 
form of tin mined from the alluvial / elluvial deposits would 
have been cassiterite grains of great purity with a little iron 
and often mixed with some arseno-pyrites. After simple ben-
eficiation by washing the ore could contain around 70 to 
80% of tin. These estimates are based on the ore both from 
Bastar (see above), as well as from Logrosán, in Spain (see 
below) and also on the author’s experience with cassiter-
ite ores panned from Cornish placer deposits (Timberlake, 
2007). This compared with 10 to 20% of copper in the rich-
est copper ore and thus there was little or no gangue material 
to be removed by slagging and consequently little or no slag 
in the generally accepted sense was produced.

Where the ore was coming from a primary deposit such 
purity could not be expected and the ore had to be benefici-
ated by grinding and washing. At Göltepe, the ore was finely 
ground almost to a dust before repeated washing to concen-
trate what was probably a not very rich deposit (Yenner, 
2021). This ore was then smelted on large open crucibles at 
quite low temperatures of no more than 7–800 °C, presum-
ably well buried under charcoal. At this temperature the tin 
was molten (MP 232 °C) and collected as droplets to be 
coalesced by melting, at higher temperatures there would 
have been a loss of metal due to evaporation. At these low 
temperatures the familiar iron silicate metallurgical smelt-
ing slags do not form. Thus at both alluvial and hard rock 
deposits conventional smelting debris will be absence and 
this must be a contributory reason why other early tin smelt-
ing sites have not been recognised.

As already noted, the Iron Age tin smelting operations 
in North West Iberia would seem to be an exception to this 
(Figueiredo et al., 2018). At the smelting sites investigated 
it was found that a variety of primary ores had been used 
including cassiterite in both pragmatic granites and hydro-
thermal quartz veins and this complexity may have made 
beneficiation less effective than elsewhere such that slag-
ging had to be used to separate the tin mineralisation from 
the gangue.

Various replication smelting experiments (Figueiredo 
et al., 2017), and the Early Mines Research Group’s smelts 
(Timberlake, 2007) have shown that tin is quite easy to 
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produce although smelting in an open hearth or furnace 
resulted in the loss of most of the tin by volatilisation. 
Smelting in a closed crucible was much more successful, 
and discovery of many crucible fragments that were slagged 
and had been subjected to prolonged high temperature in the 
North Western Iberian smelting sites is perhaps significant 
(Figueiredo et al., 2018).

Even under the most primitive conditions some of the 
iron in the ore is also reduced and the tin so produced con-
tains several percent of the iron-tin intermetallic known in 
English as iron hat. This could easily be removed by remelt-
ing in an open crucible, the iron oxides oxidising and float-
ing to the surface from where they could be readily skimmed 
(Timberlake, 2007).

Iron should be reduced along with the tin as the two 
metals have very similar temperature / reducing condition 
requirements under equilibrium conditions. Thus on energy 
considerations alone tin should be as difficult to smelt as 
iron, however, it is common experience in the smelting 
experiments that tin is much easier to produce. The expla-
nation lies in the very low melting point of tin (232 °C). The 
granules of cassiterite are reduced to dense molten globules 
of metal that promptly drop out of the immediate reduction 
zone. Effectively this is a non-equilibrium system with the 
constant removal of the tin metal creating a dynamic system. 
This reaction can be expressed by the equation, driven to the 
right by the removal of tin:

Conversely in the solid state smelting of iron by the direct 
process the particles of reduced iron remain in the system 
and are susceptible to reoxidation.

It has been suggested that instead of smelting the tin ore 
to metal and producing bronze by mixing of copper and tin 
metals, the alloy could have been produced either by co-
smelting copper and tin ores or by adding ground benefici-
ated cassiterite to molten copper in a closed crucible with 
charcoal added as the reductant. Co-smelting was suggested, 
in part, by the occasional occurrence of tin oxide inclu-
sions in metallographic sections cut from ancient bronzes, 
interpreted as being original unreduced tin ore. However, 
Dungworth (2000) has shown that these can occur during 
the melting and casting of bronze, where some of the much 
more electro negative tin can oxidise.

Srinivasan (1997) has reported evidence of co-smelting 
of copper and tin ores. This was at the major historic copper 
mines at Kalyadi, Hassan District, Karnataka in the south 
of India where large quantities of slags that contain prills 
of bronze have been found. They could be interpreted as 
evidence of bronze melting, but many of them are quite 
massive tap slags and have all the appearance of smelting 
slags rather than crucible slags. Also the heaps produced 

SnO
2
+ 2CO ↔ Sn ↓ +2CO

2

many refractory pieces but not a single crucible fragment. 
Although the Kalyadi copper deposits do not contain tin, 
the most likely interpretation of the slags is that they are 
from a smelting process where copper and tin ores were 
co–smelted. The copper was local but the tin ore must have 
come from an as yet unidentified source. The usual source 
of tin for the bronzes of South India was from the abundant 
alluvial deposits of South East Asia (Wheatley, 1961, pp. 
216–224), and for India as a whole, as Ralph Finch remarked 
in 1599, travelling down the ports of Burma and Malaya 
on the Bay of Bengal ‘from whence cometh great stores of 
tinne, which serveth all India,’ (quoted in Coggin & Deye, 
1955, p 168).

Evidence for the addition of tin ore to molten copper 
comes from Logrosán in Extremadura, Spain (Merideth, 
1998, and see below) in the form of a large fragment of 
a socketed crucible (Log 98 (C1) 010998, Rodríguez Diaz 
et al., 2001, pp. 29–241) (Fig. 10). Around the rim of this are 
many globules of almost pure copper surrounded by what 
appears to be unreacted cassiterite, together with some glob-
ules of bronze. This was reasonably argued by Merideth as 
strong evidence that bronze was produced directly by adding 
the crushed ore to the copper. At the site several bun ingots 
of copper were found, which although unstratified are likely 
to be of Bronze Age date, supporting the idea that bronze 
was being produced. Thus at a tin production site such as 
Logrosán the tin ore could be used directly to make bronze. 

Fig. 10   Crucible (from Rodríguez Diaz et al., 2001, figs. 5.1, 5.3 and 
5.4)
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This is actually a reversal of Charles’ idea (1975 and see 
below), rather than tin ore going to the metalsmiths, here 
the copper went to the tin source.

But was either co-smelting or addition of tin ore to molten 
copper usual practice? Smelting experiments carried out by 
Simon Timberlake and the author (Craddock et al., 2007) 
co-smelting pure Zambian malachite with Cornish cassiterite 
gave interesting clues as to Bronze Age practice in Western 
Europe. Bronze was formed with approximately 10% of tin. 
The metal also contained between 0.8 and 0.9% of arsenic 
and 0.21 – 0.23% of iron. When the Zambian malachite was 
smelted by itself the iron content was an order of magnitude 
lower, typical of the iron content of Bronze Age bronzes in 
Western Europe, typically 0.01–0.05% (Craddock, 1999). 
The experiments indicated that the iron, which the tin ore 
almost invariably contains, would have become incorporated 
in the bronze if the tin ore had been used directly. Thus the 
bronzes so formed would have had a substantial trace of 
iron, as in the experiments, something which is not regularly 
encountered in the prehistoric bronzes from Western Europe. 
From this it can be concluded that Bronze Age alloys in 
Europe at least are likely to have been usually made by mix-
ing copper and tin metals.

Thus it is likely that production of bronze at Logrosán 
met purely local needs, and the overall composition of a 
large selection of Bronze Age copper alloys from all over 
the Iberian Peninsula strongly suggests that that bronze was 
usually made by mixing the two metals (Hook et al., 1987). 
That this was usual practice generally is now reinforced by 
the discovery of Bronze Age tin ingots in transit.

4 � Tin supply issues

4.1 � Ingots

An integral part of the problem of the lack of evidence for 
the production and dissemination of tin was the absence of 
tin metal itself. If a few relatively major sources were sup-
plying the majority of the tin requirements over much of 
western Eur-Asia then surely there should be evidence in the 
form of tin ingots. It was, and to a very large degree remains, 
very puzzling that the ubiquitous Bronze Age hoards of 
bronze metalwork found all over Europe and usually inter-
preted as founder’s hoards, frequently contain copper ingots, 
occasionally lead, but with a few notable exceptions, never 
tin metal. Ingots of tin have been reported from the south 
west of England but unfortunately, until recently, always in 
undated (Penhallurick, 1986, pp. 225–240) or Post Medi-
eval contexts (Craddock & Hook, 2012). In an important 
paper Charles (1975) suggested a possible reason was that 
the tin was disseminated from the mines as washed gran-
ules of cassiterite. Bronze hoards were almost always chance 

discoveries quickly dug up by their discoverers without any 
follow-up archaeological excavation. In these circumstances 
muddy brown or black particles could easily be overlooked. 
His hypothesis would also explain the absence of smelting 
remains near supposed mine sites.

The situation has been transformed by the discovery of 
the previously elusive tin ingots, still only a very limited 
number of occurrences, but each yielding tin metal in quan-
tity. The first was the discovery of the Mycenaean ship-
wreck off Cape Gelidonya, Turkey (Bass, 1967, tin ingots 
discussed pp. 82–83). As well as the familiar oxhide ingots 
of copper quantities of white material was found that was 
interpreted as being corroded tin metal. This is probably cor-
rect, although quantitative analysis by Dykstra (1967) found 
the white material to be mainly calcium carbonate with some 
tin. No X-ray diffraction was undertaken which could have 
identified the stannous tin minerals romarchite, SnO and 
hydroromarchite, Sn3O2(OH)2, that are the usual corrosion 
products of metallic tin, together with cassiterite (Ramik 
et al., 2003), and so the possibility remains that the Cape 
Gelidonya material could have originally been cassiterite.

Some years later another wreck was discovered off the 
Turkish coast, at Uluburun (Pulak, 2001). There the oxhide 
ingots of copper were accompanied by no less than a ton of 
ingots of metallic tin (Hauptmann et al., 2002) demonstrat-
ing that tin was disseminated as a metal in quantity in the 
Mediterranean during the Bronze Age. No earlier tin ingots 
have yet been found, but the discovery of a stone ingot 
mould just outside the tin mine at Kestel (Fig. 11) which 
operated during the third millennium BCE shows that tin is 
likely to have been distributed in ingot form from the incep-
tion of its production.

Approximately 30 tin ingots were recovered by divers off 
the coast near Haifa, Israel. They are rectangular and are of a 
trapezoidal section. They have no archaeological context but 
some bear very simple marks which have been interpreted 

Fig. 11   Stone ingot mould found near the entrance to the Kestel 
mine, 1991. (Photo: P.T Craddock)
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as being Bronze Age Cypro-Minoan (Berger et al., 2019). 
The tin isotope data was very inconclusive due primarily to 
a lack of comparative source material, but the lead isotope 
data showed that they could not have come from a Medi-
terranean, Middle East or Indian source, instead western 
Europe, including South West England (Berger et al., 2022) 
was the likely source. If so this would confirm the supply 
of European tin over very long distances at a very early 
date. However some caution is necessary. The form of the 
ingots is identical to the Post Medieval ingots cast in the 
Dartmoor, Devon tin smelters. The marks are they carry are 
very similar to the Post Medieval merchant marks, and the 
long distance trade in Medieval and Post Medieval tin is 
well attested.

Another major discovery has been the presumed cargo 
of a Bronze Age vessel off the coast of Salcombe, Devon 
(Fig. 4) (Needham et al., 2013) included 28 Copper and 40 
tin ingots, together with other metal artefacts that dated the 
group to the Middle Bronze Age, circa. 1300–1150 BCE. 
The tin ingots are of irregular shape having been roughly 
cast in the ground and of a range of weights from 14 to 1257 
g. They are of high purity with only a few hundred ppm 
of iron showing the metal had been refined after smelting 
(Wang et al., 2016). Tin isotope determinations suggest this 
tin is likely to be local from south west England (U. Kroner 
pers. comm.). This might seem no more than demonstrating 
the obvious, but most of the other accompanying metalwork, 
both copper alloy and gold, is typologically not British.

4.2 � Trade

The possibilities of long distance trade in tin have been a 
source of surmise since at least the mid-eighteenth century, 
probably most famously with William Borlease’s speculation 
that the Phoenicians traded directly with the inhabitants of 
Cornwall (1758, p. 160). He and other scholars, based their 
claims on the identity of the Cassiterides, the tin Islands, 
with the South West of Britain, from the comments made 
by various classical authors (Hawkes, 1977). The notion of 
direct trade has generally been discounted by more modern 
writers, notably Penhallurick, who devoted an entire chapter 
to ‘The Phoenician Myth’ (1986, pp. 123–131), demonstrat-
ing the lack of physical evidence for this trade. But, as has 
been shown above there is very little direct conclusive evi-
dence for any trading activity except for the Salcombe Bay 
ingots whose destination is completely unknown.

In the south of the Iberian Peninsula the very real Phoe-
nician presence led to the development of an indigenous 
culture, now known as Tartessan (Celestino & López-Ruiz, 
2016). The ancient sources credited them with producing 
large quantities of precious metals as well as copper and tin 
(Allan, 1970). The precious metals and copper were no prob-
lem, but there really are no viable tin sources in the territory 

marked out as Tartessos. There are, of course, many sources 
of tin running south from the north west of Iberia (Comen-
dador Rey et al., 2017) and the furthest south by quite a 
long way is Logrosán which could just about be included in 
a greater Tartessos (Fig. 12). At Logrosán in Extremadura, 
Spain (Merideth, 1998; Rodríguez Diaz et al., 2001), there 
is an isolated hill of granite batholiths, through which run 
hydrothermal quartz veins, with mineralisation of cassiterite 
with some stannite and arsenopyrite (Fig. 13). The veins 
along the top of the hill have been worked in a very minor 
fashion, most recently by the locals in the 1950s and cassit-
erite crystals can still be picked up from amongst the debris 
of the minor workings. There are also some eluvial and 
alluvial deposits around the sides of the hill that may also 
have been worked in the past. The real interest and possible 
significance of the site is the Bronze Age settlement on top 
of the hill actually sat on the lines of the ore veins. Surely 
the inhabitants of the settlement must have been aware of 
the veins of cassiterite and surely they must have exploited 
them but the evidence for this is tenuous in the extreme. 
This perhaps illustrates the more general problem of trying 
to firmly establish that a particular deposit was worked at a 
particular period in the past. In just one place Bronze Age 
activity overlay a very minor trench working (Fig. 14). Simi-
larly there is no evidence for the actual smelting of the cas-
siterite ore to tin metal, just the single crucible which may 
have been used to produce bronze by addition of the tin ore 
directly to copper (see above) (Rodríguez Diaz et al., 2001).

The perceived need for Tartessos to possess a tin 
source has now led to the apparently very minor activity 
at Logrosán to be identified as the hitherto missing major 
source supplying the Near and Middle East (Rodríguez Diaz 

Fig. 12   Logrosán and its relation with the major Phoenician / Tartes-
san centres of Huelva and Cadiz
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et al., 2001; 2013). To some degree it was a site that needed 
to be found!

Potential sources of tin are not just confined to Euro-
Asia. In the late nineteenth century the major tin sources on 
the Bukuru Plateau, Jos and the Bauchi Valley, in Nigeria, 
became known to Europeans (Falconer, 1912; Fawns, 1921, 
note 3, pp. 101–102) thereby suggesting another possible 
source for the Mediterranean world. The presence of Arab 
traders buying tin at Khano in northern Nigeria in the early 
nineteenth century showed that there was a trans Saharan tin 
trade and this was believed to date back to the eleventh cen-
tury when the better documented trans Saharan gold trade 
was believed to have commenced (Garrard, 1982). How-
ever there has also been speculation that there could have 
been earlier cross Saharan contact both for gold and for tin 
(Taylor, 1982; Sutton, 1983; Dayton, 2003).The history of 
the production of tin in Nigeria is unknown but pieces of 
metallic tin have been found on sites of the Nok culture 
which occupied the Jos region in the first millennium BCE.

Although evidence of a real trans-Saharan tin trade is still 
lacking it is becoming increasingly likely that some contacts 
were being made from at least the mid first millennium CE. 
Phillipson (2017) suggested that certain Byzantine North 
African coin issues of the sixth century may have been using 
gold from the Empire of Ghana in West Africa. Further evi-
dence of early trans Saharan contacts are artefacts of brass, 
which must have originated in the Mediterranean region, 
found in West Africa, such as those from Kissi region of 
Northeastern Burkina Faso (Fenn et al., 2009), in contexts 
dated to the first half of the first millennium CE. While the 
Roman Empire retained control of the ample tin resources 
in Western Europe there would have been no need of sub 
Saharan tin, but after the collapse of the Western Empire 
other sources may have become viable.

5 � Conclusion

This paper has been one of possibilities and as yet unan-
swered questions. It is a subject where long held views are 
stubbornly adhered to, although it is noticeable how single 
sites, such as Kestel, or discoveries, such as the Salcombe 
Bay tin ingots, can radically change perceptions over the 
whole subject. It has proved difficult to conclusively demon-
strate the real antiquity of both some of the major producers 
of the recent past and also the host of smaller occurrences of 
tin mineralisation with some evidence of past working. Pro-
gress is being made but additional tools such as tin isotope 
provenancing should prove invaluable if only to exclude 
some sources.

Data availability  The data is only available in the bibliography.

Fig. 13   Quartz veins containing tin mineralisation at San Cristóbal, 
Logrosán, 2013. (Photo: P.T Craddock)

Fig. 14   Pathway to a Bronze Age hut paved with stones over a small 
trench working at Logrosán, 2013. (Photo: P.T Craddock)
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