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~hv lag which could retain metallic copper as
on Is. With a deficiency of silica, iron could be
reduced to metal in the zone below 700 °C.

Though such slags (usually not tapped, and of
Koucky's “C” type: Koucky and Steinberg 1982a)
are well known we do not believe that the main
production of copper depended on its mechanical
recovery from these residues.

Some investigations have been made of the
relics of carly smelting furnaces. For example
Rothenberg, Tylecote and Boydell (1978) at the
early mining site of Timna found evidence of cop-
per-working, both mining and smelting, in the
Chalcolithic® and Early Bronze Ages. The slags
associated with a simple bowl furnace of the 4th
millennium B.C. indicated the use of carbonate/
oxide ores (malachite and paracatamite), requi-
ring iron or manganese oxide flux. The slags had
high viscosities and high melting points of 1180-
1350°C and contained entrapped copper prills, as
described above. However, a primitive stone-built
furnace of EBA II date showed certain evidence
for the tapping of the slag, indicative of higher
operating temperatures, a more fluid slag and bet-
ter segregation of the copper.

Smelting experiments were carried out in re-
constructions of the furnaces (Rothenberg 1978,
1985, 1990), the most successful being the inter-
pretation of the chalcolithic furnace, using Timna
ore. A 95% yield of copper was obtained by ad-
ding the ore mixed with half its weight of char-
coal to a charcoal-filled furnace pre-heated for 21
hours. The overall charcoal consumption (includ-
ing pre —and post— heating) was 6 .64: 1, a far
cry from the 300: 1 quoted by Constantinou and
the 620: 1 attributed by Wertime (1982) to Tyle-
cote (no ref. given). (N.B. Tylecote (1980) speci-
fies a 40: | fuel: ore ratio for copper sulphide
smelting.)

The Timna experiments used a single, incli-
ned tuyere, but much better results were obtained
by Bamberger (1985) using up to six tuyeres, to
give better air distribution and enlarge the reac-
tion zone. With 1'/> hours pre-heating and the sa-
me (2:1) ore to charcoal mixturc the copper melt-
ed through a very liquid fayalite slag and formed
a l.5cm. thick plate beneath a 4cm. thick slag
cake.

Unfortunately, most of the published scientific
examinations of slags do not record the melting
points, which could give valuable information
about furnace conditions. The chemical composi-
tions show a preponderance fayalite, with occa-
sional wiistite (FeO), and numerous impurities in-
cluding calcium, aluminium, iron and copper. For
tapped slags the furnace temperatures must have
been significantly higher than the slag melting
points, which for fayalite is 1205°C (Bowen and
Shairer 1932). There is a range of compositions
for the iron-silicon-oxygen system melting below
1300°C, including two eutectics melting at 1177
and 1178 respectively. It seems likely that maxi-
mum furnace temperatures reached at least
1300°C. These temperatures were probably rea-
ched even in the earlier crucible furnaces if we are
to reconcile the “C” classification of Late Bronze
Age slags (Koucky and Steinberg 1982a) with the
high quality artefacts associated with the period.
It should be noted that once iron is converted to
silicate it cannot be smelted to metal without
roasting with lime (calcium oxide or carbonate),
though a very small amount of iron can be recove-
red by re-melting fayalite as a result of partial dis-
proportionation.

These observations show that it would have
been possible for equally good results to have
been obtained in the past, using equipment con-
sistent with the surviving cvidence. Perhaps insuf-
ficient allowance is made for the intelligence and
experience of the Bronze Age metallurgists, built
up over thousands of years. It is difficult to be-
lieve that the scale and quality of bronze produc-
tion indicated by archaeological discoveries could
have been achieved by such primitive technology
as is often assumed. Evidence that, by the Late
Bronze Age at least, copper smelting had reached
a much more advanced stage than is sometimes
assumed from the sparse archaeological remains
of smelting furnaces is provided by the copper
oxhide ingots (e.g. Gale and Stoss-Gale 1985,
Muhly, Maddin and Stech 1988; Muhly, Maddin
and Wheeler 1980) which were widely traded at
that period. Tylecote (1980) considers that these

6. Muhly (1984) disputes the evidence for mining or smelting at
Timna before the {3th century B.C.
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