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Ancient Chinese copper smelting, sixth century BC:
Recent excavations and simulation experiments

—Jl Editedeand-iransiatedby D B Wagner

Excavations at the ancient copper-mine site at
Tongliishan in Daye County, Hubei, have in recent
vears produced a great wealth of new material
concerning ancient Chinese mining and smelting
technigues. The present article describes recent work on
ten copper-smelting shaft furnaces found here.

The mine site

Daye has long been an important site of iron and
copper production, The Swedish geologist F.R.
Tegengren visited the area in 1915 and saw *‘ruins of old
smelters and vast heaps of slag”, which he estimated at
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ANCIENT CHINESE COPPER SMELTING/WAGNER

-several hundred thousand tons™. In modern times Daye
has been better known for its iron production, and
Tegengren, noting that the ancient slag contains as much
as 51.5% iron, concluded that the ancient smelting
methods were fantastically inefficient. Modern work
shows that the slag is actually from copper smelting,
flixed with iron oxides.

The location of Tongliishan can be seen on the map,
Figure 1. Modern open-pit mining operations began here
in 1965. Numerous ancient mine shafts were discovered,
but these seem to have been ignored until the discovery
of a bronze axehead in 1973 made it clear that the shafts
were much more ancient than had been thought.
Excavations were undertaken by the Hubei Provincial
Museum in 1974 and by the Institute of Archaeology,
Chinese Academy of Social Sciences, in 1979-80.

The geology of the Daye area has been described by
Tegengren and by C.Y. Wang"'. Geological aspects of
the ancient mine site itself are discussed by Xia Nai and
¥Yin Weizhang "' (in Western languages see'.*). See
Figure 2. It is at a contact zone between granite and
granodiorite-porphyry, where the rock is friable and easy
to mine with primitive implements. For the same reason
extensive timbering was necessary to prevent shafts in
the fragmented rock from collapsing; see Figure 3.

The area in Wich ancient mine shafts have been found
measures 2 km N-S x | km E-W. A stratum of smelting
slag (figure 4) extends over ca. 140,000 m?; estimates of
the total amount of slag, and the copper production it
represents, vary. Xia Nai and Yin Weizhang'' estimate
400,000 tons slag, total copper production 40,000 tons,
while Yang Yongpuang et al'? estimate 500,000-600,000
tons slag, total copper production 80,000-100,000 tons,
A few more numbers can give an idea of the scale of
operations'?,

7 ancient open-pit workings

18 underground workings

252 vertical shafts (of which 93 have been excavated)
BOOO m vertical and horizontal shafts

3000 m' wood used in timbering

A few small bow! furnaces for copper smelting have
been found in contexts datable to the Song period (A.D.
960-1279). A photograph of one of these has been
published®, but no other information is available about
them.

Maker’s marks on iron implements found in the mine
shafis indicate with considerable certainty that the mines
were worked in the first century B.C. Other
conventional archacological dating methods take mining
here back at least to the Spring and Autumn period
(770-476 B.C.). Radiocarbon dates, summarized in Table
1, suggest even earlier dates, as far back as the Shang
period. Xia Nai and Yin Weizhang, cautious scholars,
do not accept such a very early date, but they do allow
the possibility that the mine was worked somewhat
before the Spring and Autumn period ', perhaps in the
ninth century B.C,

o
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Figure 2. Vertical section showing the structure of
copper-bearing magnetite ores al the ancient mine
site (11, p 2).

Some fifty ancient smelting sites have been identified in
the vicinity of the ancient mines, and at one of these ten
shaft furnaces have been excavated *™.". Conventional
archaeological considerations suggest a late Spring and
Autumn period date (ca. sixth century B.C.) for the
stratum in which the furnaces were found; radiocarbon
and thermoluminescence dates (Table 1, item 2, and
table 2) do not contradict this dating. The rest of the
present article is concerned with these early shaft
furnaces and their technical operation.

Furnace construction

Figure 5 shows furnace no. 6 under excavation.
Dhagrams of three of the excavated furnaces are shown
in Figures 6-8. Study of these remains and of some
remarkably similar traditional copper-smelting furnaces
used in Yunnan in 1958 gives the generalized
reconstruction shown in Figure 9. The “wind-channel™
under the hearth serves to preserve heat and to protect
the hearth from moisture.

Analyses of refractory materials are given in Table 3.
These chemical analyses, together with physical
examination, indicate that the raw materials for the
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refractories were: kaolin (china clay); a local red clay
whose principal constituents are kaolinite and iron
oxides; pieces of iron ore; iron-ore sand (sieve tailings);
quartz sand; and stones. For the different paris of the
furnace different mixtures of these materials were used.
For example the base was made of a mixture of red
clay, stones, pieces of iron ore, and iron-ore sand, while
the furnace lining was made of kaolin and quartz sand.

JHMS 2071 1986

Furnace charge

The principal ore minerals found in the ancient
workings at Tongliishan are® *:

chrysocolla, CuSi0,.2H,0
malachite, CuCO,.Cu(0H)
azurite, 2CuCO;.Cu(0H),
magnetite, Fe,0,

andradite, 3Ca0.Fe,0,.35i0,,
Cu( A 18i,0,,00H),.nH,0

native copper, Cu

cuprite, Cu,(

haematite, Fe,0, tenorite, CuO

Table 1 Available radiocarbon dates from the ancient probable date for the sample. The reported standard
copper-mine site at Tonglilshan. Sources are indicated in  deviation is adjusted upward to account for other error
the last column. More information on ‘description” and sources besides counting error; twice this standard
‘location’ is given in the sources cited. deviation is respectively added to and subtracted from
the reported date (5568 half-life) and the results
The_ data in the column ‘uncalibrated radiocarbon date’ dendochronologically corrected using Clark’s Table 8 to
is given exactly as reported. The ‘dendochonologically obtain the *maximum age’ and the ‘minimum age’. The
calibrated dates’ are calculated by the method prescribed  probability is 95% that the true date of the sample
by R M Clark (30) as follows. The ‘central date’ is delivered to the laboratory lies within these limits, The
found by converting the reported date to the 5568 half- dendochronologically calibrated dates are rounded to the
life {multplying by 5568/5730) and applying linear nearest multiple of 50 vears to avoid giving a false
interpolation in Clark’s Table 8. This is the most impression of the precision to be expected.
Uncalibrated Dendochronologically
radiocarban calibrated date
date (hp,
5730 half- central limits at 955
lifie) and date confidence level
Item Laboratory standard
no.  no. Description  Location deviation max. age min. age Notes
1 LK-T58 Timber Ore body no. 7 3200+ 100 1500 BC 1750 BC 1250 BC KG 1981.4:367
2 ZK-559 Charcoal Near smelting (3205+400) {1450 BC)| (2500 BC) | (450 BC) | KG 1980.4:376
furnace, ore body Bample oo
no. 11 small’
1 WB B4 Timber Ore body no. 7 315080 1400 BC 1650 BC 1100 BC WW 1932.4:92
4 WE E0-40 Timber Ore body no. 7 F14dr80 40 BC 1600 BC 1050 BC WW 1982.4:92
5 WB80-39 | Timber Ore body no. 7 281080 950 BC 1250 BC | 750BC | WW 1982492
6 WB %35 Timber Ore body no. 7 279575 950 BC 1250 BC 750 BC WW 1982.4:91
7 ZK-560 Timber Ore body no. 7 2735480 900 BC 1150 BC | 550 BC KG 1980.4:376
8 ZKET7 Timber Ore body no. 7 2720480 B30 BC 1130 BC 330 BC KG [982.6:659
9 ZK-E76 Timber Ore body no. 7 2705280 ES0 BC 1100 BC 500 BC KG 1982.6:659
I WH 80-42 Timber Ore body ro. 7 2680+ 7S B50 BC 10600 BC 550 BC WW 1982.4:92
11 WH T34 Timber Ore body no. 7 260080 BOO BC 950 BC 450 BC WW 1982.4:91
12 WB79-37 | Axe hgndley| Ore body no. 7 2575135 750 BC 1000 BC | 400 BC | WW 1982491
Ciron head) i
13 ZK-478 Timber Ore body no. 7 237580 750 BC 20 BC 450 BC K 1982.6:659
14 WBE)4] | Timber Ore body no. 4 250075 550 BC 850 BC | 400 BC WW 1982.4:92
15 ZK-297 Axe hangle re body no., 11 2485+75 50 BC 850 BC 400 BC KG 1977.3:202-3
) onye €ype for 117)
16 ZK-879 Timber wly no. 7 247580 500 BC 850 BC 400 BC KG 19826659
IT  WHB R(-43 Timber Ore body no. 7 TS 500 BC 800 BC 400 BC WW 1982.4:92
18 WEB 806 Timber Ore body no. 7 2430465 450 BC 00 BC 250 BC WW 1982.4:92
19 ZK-561 Timber Esxploration H75280 50 BC 350 BC AD 200 KG 1981.4:367
3 lene wo. 14
20 WB 80-7 Timber Ore body no. 7 1905+ 75 AD XX 50 BC AD 300 WW 1982.4:92
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Figure 3. Ancient mine shafis under excavation (11, plate 2.1-2).

The ancient workings are all in the oxidized zone;
therefore sulphide ores were not encountered. Chemical
analyses of some ore samples are given in Table 4,
(More analyses of iron ores are given by 'I'cgq:l'lgren"ﬂ A
basketful of rich malachite ore was found in the mine
(photograph in J so the especial value of these ores was
apparently recognised. However broken-up chunks of
leaner ore, diameter 3-4 cm, were found in pits near
furnace no. 10. It is apparent that a mix of ores of
different categories was charged.

Table 2 Thermoluminescence dates for refractories
from furnaces (17, p. 550; cf. 18)
labaratory

sample age error
o, location Yedars VEdrs
TKI1I-1  inner wall, furnace no. | 1830 =210
TK11-2 do. 2447 +240
TKI1I-3  do. 2278 +205
TKI12 basze, furnace no. | 2374 +142
TKI14-1  wall, furnace no. 2 1877 +153
TK14-2 do. 1769 162
TK14-3 do. 1913 + B9
TKI7 wall, furnace no. 3 2856 +295
TE67 wall, furnace no. 10 014 +320
TEKAE tapping arch,

furnace no. 10 2895 + 305

Limestone is widely distributed in the vicinity, and in the
simulation experiments (described below) a limestone
flux was used. There is, however, no evidence that
limestone was charged in the ancient furnaces. An
analysis of the local limestone was published by C.Y.
Wang in 1917

.:-ill- ALk el ol _\.’l;;ll SPLET
114 114 52.63 0.92 2
(thus CaC0, 93.867, total 99.067%).

There is no doubt that the fuel used was charcoal. No
analyses have been published for the charcoal found
on the site.

Furnace output

Table 5 gives analyses of two pieces of raw copper
found in the ancient furnaces. These should be closely
representative of the actual product of the furnaces.
The copper ingot analysed in Table 6 was not found
in a dateable context, but it may very well be from the
same time as the furnaces. The axehead analysed in
Table 6 was found in an ancient mine shaft, so it is
likely to be of the same time; the relatively high iron
content suggests that it may have been cast from the
locally-produced copper.

Three reports of slag analyses are given in Tables 7-9.
It can be seen that some rows in each table are also
found in one or both of the others, but that some
rows in each table are unique. A few typographical
errors (none of which affects the order of magnitude)
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can be detected. To these may be added Tegengren’s
analyvsis of a single slag sample’:

Silica 2163

Ferrous iron oxide A0, e
g e Metallic iron 515

Ferric iron oxide 6,900 ¥ b Lai

Phosphoric acid 0.33%

*These items make up a total of about 91%; the
remaining 9% consist of lime, alumina, magnesia and
manganese.”

Some results of the phase analysis of slag Mluw‘ are
given in Table 10. Melting points of various samples
were in the range 1334-1449° C in air and in the range
1100-1200° C in argon. Fayalite (Fe,5i0,) is produced
by the combination of silica (310);) and wilstite (Fel)
above 1270° C, so the slag must have been above this
temperature at some point in the smelting process®’,
Copper with 3-4% iron has a melting point {liquidus)
in the range 1100-1200° C. and it seems reasonable to
estimate the hearth temperature at 1200-1300° C.

Furnace operation

Reduction of the various copper compunds to metallic
copper should be straightforward in this furnace; the
essential technical problem is to produce a free-
flowing slag. The ore analyses (Table 4) show that
silica and iron oxides are by far the most important
components of the gangue, and the slag analyses

JHMS 2071 1986

(Tables 7-10) indicate that the strategy adopted was 1o
use a mix of ores of different compositions such that a
slag was produced whose principal component is
favalite (Fe,5i0,). In favalite the weight ratio 5i0./Fe
15 0.54: in nearly all the slag samples this ratio 1%
berween 0.5 and 1.0, with a mean of about (1.7, In the
ore analyses in Table 4 the ratio ranges between (.23
and 7.7: thus an appropriate mix of these ores could
give the required ratio in the slag.
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Figure 4. Section of the sirala near the ancienr smelting site (X, p
300 The scale shows | m. | Modern accumulation af earth mived
with iron are, thickness 0.05-0.35 m, 2. Disturbed surface stratum
of prev-brown earth mixed with a small amouns of slag, thickness
(15 m. 3 Black limy sollf mixed with a small amount of slag
thickness (0005035 m. 4. Grev-brown earih mixed with a large
amount of slag. thickness 0. 1-0.6 m. 5. Red-brown and grev-brown
earth mixed with a large amount of slag and fragmenis of red=fired
clav. thickness 0L15-1.2 m. 6. Red cfay mived with g small amount
of tae, fragments of rf=fived ofay. magnetite are, malachite. and
charcoal, thickmess 0.25-009 m. 7. Nanwral alluvial soil.
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Table 3 Analyses of refractories (21, p. 159)
refrac- ]ampﬂ
Sample location principal chemical constituents % lﬂﬁne'ssr_q sample na,
Si0. Al O, Fe. ()}, Can MgO Na, () K.O Tidy, i
Lining of upper part of
tapping arch, furnace no. 4 T76.67 18.35 4.04 .16 — 0.034 051 0.35 1580 &
Lintng of upper part of
ltapping arch, furnace no. 5 7243 18.68 4.75 4% — 0035 0.66 .44 1580 8
Penultimate laver of
furnace wall,
furnace no. 9 69.26 21.95 5.19 0.23 — 0.043 0.70 (.56 1610 7
Inner lining, furnace no. § 7348 19.43 1.52 2.20 0.26 nai-16
Outer wall, furnace no. 4 328 15,10 21.24 178 1.32 nai-21
Outer wall, furnace no. 5 61.60 1785 1.03 1.93 0.43 nai-24
Kaaolin from mound
beside furnace no. 4 5368 19.43 4,45 2.27 .86 1370 nai=22
Powdered iron ore from
mound beside
furnace ne. 6 30.36 6647 2B.04 .42 1.59 kuang-25
Table 4 Analyses of some ore samples (21, p. 162)
Fey0u
principal constituents
cale- sample
gory  designation location Cu FeD Fed, | Fe Si0, Ca0 ALO, MgO 5
1 malaschite heside Turnace ﬁkﬁ_\\‘-—-‘\\"—-‘\ "\k_'\
e, 5351 051 0,43 152 0.9 0.33 kuang-23
I iron ore beside furnace
no, 9 (.98 T.60 62.38 2553 1.18 255 0.6l 018 18
I copper - beside furnace s . E I | 968 047 1.63  0.K2 kuang-19
iron ore ne. & 2059 333 1885 1760 1.22 37 151 kuang-17
Tenglishan 1.87 542 1244 104 2.1 (148
Il chrysocalla west af
smelting site 20,34 trﬂg 6.34 4883 0.23 10.72 0.42 0.59 0
mine shaft of
Western Zhou period Al 40} 0.6 290 00 064 d4.4] 0.37 0.53 14
won ore with west of
malachite inclusions smelting site 1].88 1.40 17.29 15.72 1.27 2.50 0.22 0.53 19
111 malachite mine shaft of
Spring and
Autumn period 51.82 {I‘ﬂ.cl 1.%0 2BR  0.073 0.77  0.14 0.57 13
black copper ore mine shaft of
Spring and
Autumn period 22.45 21.29 V-1

The smelter presumably watched the condition of the
slag very carefully, and knew by experience the effect
of each type of ore on the slag. In effect he aimed for
an 5i0,/Fe ratio of about 0.7; if the ratio became too
high he added iron ore, and if it became too low he

added ores which were high in silica and low in iron,
Very rich ores such as malachite (ca. 50% Cu, 29 Fe,
3% Si0,) do not seem to have been necessary for

furnace operation, but obviously would have been
desirable for reasons of efficiency.

g

Figure 10 shows the area around furnace no. 6.
Apparently ore was broken up with a stone on a flat
stone anvil and then sieved, The richer ores were
charged in larger chunks, 3-4 cm in diameter, while
iron ore was charged as gravel or sand.

Presumably the use of this smaller particle size was
necessary to obtain an immediate effect when the slag
began to freeze up because of an excess of silica, but it
no doubt caused difficulties with the fine particles
being blown out the furnace mouth.

rdt
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Lu Benshan and Zhang Hongli?! note that in
traditional Chinese copper-smelting furnaces used in
1958 the weight of coke charged was generally 20-30%
of the weight of ore, but was sometimes as high as
30%:. The iron content of the raw copper from
Tongliishan is somewhat higher than from these later
furnaces, and this suggests that the charcoal ratio may

have been 50%. Assuming that the blast volume was b

m’/min, that the ore charged was 247 copper on
average, that recovery of copper was 95%, and that a
limestone flux was not used, they calculate that
production was ca. 353 kg per 24 hours. The details of
this calculation are given in a forthcoming article'®
which | have not seen. The simulation experiments
used a much leaner ore than this, and 100 kg of
copper was produced in 10Y, hours; this extrapolates
to ca. 230 kg in 24 hours, and thus the caleulation
seems guite reasonable,

JHMS 2041 1986

— 5.0 m*/min at a pressure of 122-130 mm water. The
total charge was;

1002.5 kg'lean ore (analysis in Table 11)
100 kg rich ore (no analysis given)
111 kg quartz
122.5 kg limestone
731 kg charcoal

This was charged in 109 batches, i.e. about 10 batches
per hour. Slag was tapped 14 times (opening only the
upper part of the taphole) and copper was tapped twice.
Copper output was 70 kg tapped and 30 kg remaining
in the hearth,

Analyses of the copper and slag tapped are given in
Tables 12 and 13. The amount of slag produced is not
stated, but calculation of the Cal balance between input

Figure 6. Diagram of furnace no 4 (20, p 34).
The scale shows cm, and the arrow points
north. I, Tapping arch. 2. Hearth. 3. Tuyere.
4. “Wind channel”. 5. Slag supporting the
hearth,

Simulation experiments

In order to clarify various questions concerning the
operation of the ancient furnaces two experimental
reconstructions were built and tested in June 1980. The
experimental results have been reported in several
articles's " 21 2 of which 2 is the most detailed.

Experimental furnace no. 1 had only one tuvere, and the
blower used for the blast was too weak. The result was
thy the charge did not descend. When the furnace was
dismantled 2 kg of metallic copper was found in the
hearth,

Experimental furnace no. 2 was much more successful.
Two different diagrams of the same furnace are shown
in Figures 11 and 12; construction and operation are
shown in Figures 13-16. The furnace was operated
continuously for 10 hours 36 minutes, The blast was 4.5

and output indicates roughly 700 kg slag. Further
consideration of material balances then indicates that the
total of 1102.5 kg ore charged contained 99 Cu, 23%
Fe, and 10% Sily; these figures may be compared with
the ore analyses in Table 11. The only obvious way of
explaining the low calculated iron content is to assume
that the samples analyzed in the table are
unrepresentative with respect to iron.

Unfortunately the experimenters’ temperature
measurement equipment broke down in the field, and no
temperature measurements could be reported.

The invention of iron-smelting

I am personally more interested in iron than in copper,
and | have studied these copper-smelting furnaces
because they may throw some light on the origin of
iron-smelting in China. Presently-available
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The scale shows 50 cm, and the arrow points
north. 1. Tapping arch. 2. Hearth. 3. " Wind
channel”,

A=A i3

Figure 7. Diagram of furnace no. 6 (20, p 34).

19818

archaeological evidence suggests that iron was first
smelted in China in the sixth century B.C., possibly in
the vicinity of modern Nanjing. Both wrought-iron and
cast-iron artifacts have been found. This is about the
same time as the furnaces reported here, and only about
450 km to the north-cast.

Under what conditions could a furnace like this be made
to produce iron? It seems that all that was really
necessary was a higher concentration of CO in the
furnace atmosphere. Reduction of copper requires very
little CO; reduction of Fe,0, and Fe,0; to Fel) requires
somewhat more, while reduction of Fel) to Fe requires
considerably more (see eg. *%). Thus to produce metallic
iron in this furnace, with the same ore charge and at the
same operating temperature, all that was required was to
increase the amount of charcoal charged, and possibly
to decrease the blast.

The most likely result of initial experiments in this
direction would be “bloom iron™ with low carbon, left
behind in the furnace unmelted. This could be worked
by smiths in the usual way, or it could be charged in a
cupola furnace of the type used for bronze-casting,

8

where it would be carburized and melted (see e.g.™).
Ancient Chinese bronze-casting techniques were by this
tume so highly developed that it would probably not
have been especially difficult to develop the techniques
necessary to cast this new metal into useful or decorative
objects.

Enough is known about bloomery furnace operation
{e.g. *) to make it clear that operating a furnace of this
type as a bloomery furnace is a practical as well as a
theoretical possibility. The next question is whether it
could be made to function as a blast furnace which
operates continuously and produces molten iron. There
are two problems here. First, the iron must remain in a
CO-rich atmosphere long enough raise its carbon
content to ca. 4% (melting point ca. 1150° C). Second, a
free-flowing slag must be produced. The second problem
could be solved by using ores like those analyzed in
table 11, with high iron content and fairly low silica (ca.
50% Fe, 8% Si0,); with a loss of perhaps 10-15% of the
iron in the ore a slag could be produced which
resembles the copper-smelting slag. The first problem is
more difficult to deal with theoretically, since it involves
complex considerations of reaction kinetics.




T —————————— e

—_—— . -

ANCIENT CHINESE COPPER SMELTING/WAGNER

JHMS 20/1 1986

i

Figure 8 Diagram of furnace no 10 (11, p 9; also
15, p 19). 1. Foundation. 2. “Wind channel”. 3.
Supporting stones. 4. Hearth bottom. 5. Furnace
wall, incliding part of the furnace lining. 6.
Hearth. 7. Tuyere. 8. Tapping arch. 9. Working
ared.

e e
o
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Figure 9. Generalized reconstruction of the
ancient copper-smelting furnace (19, p 40). The
scale shows cm., The three sections indicated on
the left are, top to bottam: shaft, hearth,
foundation. 1. Base. 2. “Wind channel”. 3.
Tapping arch. 4. Taphole. 5. Tuyere. 6. Inner
lining. 7. Working area. 8. Furnace wall. 9.
Crround surface.

Mt =0 e
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|I||||.||J T .I.'.Iu.l-.',-:ll;:i'..|2l||'l'|||i|!|=.L|_| |,|| I|1 ; | |.i il

Figure 10, Features in the vicinity of firnace no 6
(20, p 36). The scale shows I m, and the arrow
points north. 1. Ore-dressing anvil. 2. Clay-
preparation pit containing kaolin. 3. Clay-
preparation pit containing red clay and kaolin. 4.
Working area. 5. Slape up to working area. 6.
Furnace. 7. Slag pit. 8 Powdered iron ore (sieve
taifings). 9. Crushed iron ore.
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Figure 11. Diagram of experimental furnace no 2,
according to (22, p 63). 1. Tapping arch, 270 x
190 mm. 2. Tuyere, @50 mm. 3. Shafi, 700 x 280
x 1500 mm. 4. Stone support for hearth, 3.
“Wind channel™.
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Figure 12. Diagram of experimental furnace
ne 2. according to (15, p 20). I. Base. 2.
“Wind channel”. 3. Stones supporting the
hearth. 4. Hearth bottom. 5. Furnace wall.
6. Hearth. 7. Tuyere. 8 Tapping arch. 9
Warking area.
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Fortunately there is empirical evidence which indicates

that a furnace of this size and general construction could !
be used as an iron blast furnace. [ have elsewhere (**; see
also %) described several very small traditional “dwarf™
blast furnaces used in various parts of China into
modern times. Some of these are as small as 30 cm high.
A type of blast furnace used in southern Henan and
northern Hubei had a shaft about 2 m high and 45 cm
in diameter as its narrowest point. The blast input was
only 1.6 m*/min, The ore used was ironsand with about
659 iron and 5.5% silica. About 1.5 times as much
charcoal as ircns: and was charged No flux was used,
but Cal from the furnace lining may have been
important in slag formation. Loss of iron to the slag was
very small (Ca 0.25). The hearth temperature was
normally in the range 1250-1300° C. Production was
700-750 kg pig iron per 24 hours.

The structure of the Tongliishan furnaces was obviously
optimized for copper smelting, and a great deal of

experience would have been needed to develop an{ th
efficient furnace and operating procedures for iron

smelting. Nevertheless the “dwarf™ iron blast furnaces

are similar enough to the Tongliishan copper-smelting
furnaces to indicate that molten iron could have been
produced at some level of efficiency in these with only a
small change in operating procedures,

It is conceivable that the “dwarl” iron blast furnaces
represent an actual direct development from copper-
smelting furnaces of the Tongliishan type, though 1
doubt it; the question 1s irrelevant here, however, and
they are mentioned only as an empirical verification of
the technical viability of my hypothesis on the origin or
iron-smelting in China.

It might be that metallic iron was well-known to the
copper-smelters, a sign of incorrect operation of the
furnace. Then the discovery of iron-smelting would
simply have been the discovery that this undesirable by-
product could be useful.

The technical conditions for the discovery of iron thus
seem to be clarified, but cconomic conditions remain to
be considered. Why would anyone wish to produce iron
at Tongliishan? There was no shortage of copper ores,
production per day would be unlikely to be significantly
higher, and charcoal consumption would be
considerably higher. The wrought- or cast-iron produced
initially would not have been a superior material to
bronze. There is in fact no sign that iron was everE I
smelted at Tongliishan in ancient times. The possibility
remains, however, that the same type of furnace was
used in other regions where conditions were different:
for example at a small copper-ore deposit which at some
point was exhausted, leaving only iron ores. In order to
continue supplying metal products it would then have
been necessary to shift over to iron production.

This article is part of a project supported by the Danish
Research Council for the Humanities, the Carlsberg
Foundation, and Dr. Joseph Needham.
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Figure 13. Experimental firnace no 2 under
construction (11, plate [.4).

Figure I4. Experimenial furnace no 2 under
construction (15, plate 5.2).

Figure 15. Charging of experimental furnace no 2 (11,
plate 2.3).

Figure 16. Tapping of slag. experimental furnace
no 2 (15 plate 5.4).
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Table 5 Analyses of raw copper samples (21, p. 166)

location Cu
furnace no, 3 93,32
furnace no. 4 93199

0.0073 0.038 0.014 0.023 3135

Ph Zn Sn Fe 8

(166 399 1.33

Table 6 Analyses of artifacts found in the vicinity (13, p. 21)

Cu
bronze axehead 00.27
copper ingot 91.86

6.25
0.1t

Fe Sh Ph Al Zn
1.05 018 0.15 0.02 3.0
5.44 0.18 0.03 0.01 258

Compare tables 8-9,

Table 7 Analyses of ancient slag samples (22, p. 64)

location form Cu Fel Fe, 0, Si0), Cal Mg 5 AL,

T-36 flake 0.897 53.93 1.54 29.92 3 086 .68 T.48

T-45 Make 0.994 53.01 .90 29.26 1.68 (.56 .63 6.30

T-45 flake 0.598 50.40 5.32 jo2 293 0.71 0.31 699

T-37 Make 0.765 48,97 229 I¢.372 208 1.12 075 1011

T-33 flake .68 47.03 5.75 34,32 4.46 0.97 0.31 8.53

mean - 0.787 50.67 3114 31.77 333 D.E8 .54 7.68

inner wall,

furnace no. 5 1.06 B8 278 56.98 1.22 41 0.20 0.025

heside

furnace no. & plate 0,995 44,73 5.61 36.74 317 041 039  7.BO7

inside

furnace no. 6 coarse 0.79% 3602 1.84 2222 1.34 133 084 4355

beside plate (verdigris

furnace no. 6 precipitant ) 1.12 51.81 'Er"f- 28.60 390 1.62 0.57 641

beside

furnace no. & plate 0.558 50,46 0.53 25.96 1.95 1.51 093 o630
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The Tongliishan mine site
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smelter sites in Hupei provinee”, C54, 1975, 8.1:3-18. Tr.
of KGG 1974.4:251-254, 256.
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Steel Technology. Beijing: Cultural Relics Publishing
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Tongliishan - Zhongeuo gu kuangyve yvizhi. No pagination;
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in references here the pages have been arbitrarily
numbered with the Chinese title page as p. 1.

Vogel, Hans Ulrich, *Bergbavarchiiologische Forschungen
in der Volksrepublik China: Von Chengde bis Tongliishan
— ein Forschungsbericht™, Der Anschnitt: Zeitschrift fiir
Kunst und Kultur im Bergbau (Bochun Vereinicung der
Freunde von Kunst und Kulrur in Bergbau), 982, 34 138-
153,

Xia Nai and Yin Weizhang, “Digging up an ancient copper
mine”, CR, March 1982, 31, 3:38-40. Abridged and
popularized tr. of'!.

Barnard, Noel: (I understand that Prof. Barnard, of the
Australian National University, Canberra, is preparing a
study of mining technology at the Tonglishan site.)

In Chinese:

. Hu Yongyan, “Daye Tongliishan go kuange yizIJ jinnian f ¢

lai de kaogu fajue Ji gi vanjiu”, (Recent excavarions and
studies on the ancient mining and smelting site a
Tongliishan, Dave County, Hubei), JHKG [98]. [: 77-78.
{Not seen; cited KG 1982, 5: 555).

Table 8 Analyses of ancient slag samples (21, p. 163) Compare tables 7, 9.

lecation Cu Fe Fe, O, Fe Fe,0, Si0, Ca0 MgO 5 AlLO,  sample no.
tail slag, furnace no. 4 1.26 49,54 1006 6,89 .46 .43 0.74 5.70 11
tail slag, furnace no. 5 0.625 4388 5.0 3192 .86 0.68 0.58 666 10
inside furnace no, & 0,80 3602 |.E4 22,22 1.34 1.33 .54 4.36 zha-13
beside furnace no. 6 0.955 44,73 5.61 36,74 L (.91 0.39 7.31 zha-12
ditto (.58 146 0.53 2596 1.95 1.5] 0.93 6.30 zha-15
furnace 3, layer | 0.58 41.92 7.15 24.11 1.2 0.7 0.76 6.0 12-1
furnace 3, layer 2 0.67 46.70 13.71 25.08 2.0 09 36 12-2
furnace 3, layer 3 0.20 gf. g3 1433 26.90 168 20 1.02 3.0
Ti%-v (.56 4115 3034 .50 1.17 0,38 6.55 V-17
T3a 0.90 5303 1.54 M9z 129 0.86 .68 7.48 zha-6
T37 0.77 48.97 28 .32 298 1.12 0.75% 10,11 zha-%
T45 (.60 50.40 50 302 293 0.71 0.31 6.99 zha-§
Table 9 Analyses of ancient slag samples (20, p. 37) Compare tables 7-8
sample no.  location form Cu FeD Fe,0, Si0, Ca0 MgO 5 Al.Oy,
12 beside
furnace no. & plate 0.95 44,73 5.61 36.74 17 0.91 0.39 7.E1
13 inside Coarse,
furnace no. & excrementoid .80 3602 1.54 22,22 1.34 1.33 .84 4.155
] beside
furnace no. 6 Make 085 5046 .53 25,96 1.95 151 0.93 .30
mean of sample nos. 6-10 0.70 50.67 314 31.77 3.30 0.E8 0.54 788
13
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8 Li Tianyuan, "Kuangye Keogu zhan xinyan' (New work on 13, Ye Jun, “Tongliishan gu kuangjing }ffﬂi chutu tiezhi ji
the archaeclogy of mining and metallurgy), JHK G 1980, tongzhi gongju de chubu jianding® (Preliminary
I: 98. investigation of ivon and bronze atifacts from the ancient
miining site at Tonglishan, Hubei), WW 1975, 20 19-25,
9. Shi Wen, ‘Hubei Tongliishan Chungiu Zhanguo gu
kuangjing vizhi shi nuli chuangzao lishi de guanghui 14. Yin Weizhang, ‘Hubei Tongliishan Dong Zhou
jianzheng® (The Spring and Autumn — Warring States tongkuang yizhi fajue’ (Excavation of the Eastef Zhou rn
miining site at Tonghishan, Hubei is proof positive that the period mining site at Tonglishan, Hubei). KG 1981 [ 19-
slaves were the makers of history), WW [975. 2: [3-18, 23 + plates 4-5.
10. Tongliishan Excavation Team, ‘Hubei Tongliishan Chungiu 2. The Tongliishan copper-smelting furnaces
Zhanguo gu kuangjing vizhi fajue jianbao’ (Brief report on
the ancient mining site of the Spring and Awtunn and 15. Bai Rongjin & Yin Weizhang, ‘Hubei Tongliishan gu
Warring States periods at Tonglishan, Hubei), WW 1975, tongkuang zaici fajue — Dong Zhou liantong lu de fajue
2 1-12 + plates 3-3. he liantong mosi shivan® (Further excavations at the
ancient copper mine at Tonglishan, Hubei — excavation af
11. Xia Nai & Yin Weizhang, ‘Hubei Tongliishan gu Em.fef Zhou period copper-smelting furnaces and frn
tongkuang ( Ancient copper mines and smelting furnaces at experimental reconstruction of the copper-smelting
Tongliishan in Hubei), KGXB 1982, 1: 1-14 + plates 1-2. technology), KG 1982, I: 18-22 + plate 5.
Enghsh summary.
16. Jinshu shi wenji (Metallurgical history: proceedings of a
12. Yang Yongguang, Li Qingyuan & Zhao Shouzhong, conference held in 1980). Shanghai: Shanghai Science and
“Tongliishan gu tongkuang kaicai fangfa yanjiu’ (Mining Technology Press, forthcoming. (Not seen; cited in 21, p.
methods ar the ancient copper mine ai Tonglishan), parts 158, n. 1.) Includes Zhu Shoukang on ancient Chinese
[-11, Y., 1980, 32.4; 84-92; 331:82-86, 44. Short English copper smelting and Lu Benshan on ancient copper-
SUMMATICS. smelting at Tongliishan,
Table 10 Phase anal}'r-;i_x of slag samples (21, p. 164)
copper and magnetite fayalite fine crystals limonite
lacation copper sulphides I*'eg],. Fe,Si0, and glass 2Fe,0,3H,0  other
furnace no. 3 Primarily metallic copper
(sample 12-2)  in fine grains 109 65% 1 5%+
furnace no. 6 present present present _‘.’-'-"I
(Cu0)
TI9-5 195+, Coarser grains 10% 505 coarse I+ L s quartz
primarily chalcocite (Cu 51 crystals Some in (510.)
finer grains primarily veins.
chalcopyrite (CuFe5;) and
bornite {FeS.2Cu,5.CuB),
T2-6 (0. 5%+, primarily E% com- SO0 coarse 4%+ L
chalcocite (Cu,S). paratively crystals
fine-grained
Table 11  Analvses of samples of the ore charged in experimental furnace no. 2 (22, p. 66)
ran.[hf'd{t-'
sample no, Cu Fel Fe.,  Si0, Ca0 MgO 5 ALO,  TiO, Fe
1 708 260 mEl a2 -, 0.6 006 076 0.2 5597
2 g07 250 7182 651 02 o008 003 o7 iz 5227
3 1130 243 6635 6.8 2 008 003 085 G0 “q.3¢
3 877 244 5920 1149 193 008 0.1 14 013 w3.34
menn el 2.4y Cs? 199 o<¥ ode o0L 0.9% o ¥4.24
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Table 12 Analyses of raw copper from experimental furnace no. 2 {22, p. 66)
Cu Fe s Ph Sh In Mi Sn Bi

first tap 94.4] 118 0117 0.05 0.0036 0.021 0.0078 0.0085 0.0027
second tap 971.25 252 0. 106 0.074 (L0047 0.035 0.0065 0.014 00035

Table 13 Analysis of slag from experimental furnace no. 2 (22, p. 66)

Mean of analyses of each of 14 tappings.

Cu Fe S50, Ca() S50, +HCal S5i0/Fe (S0, +CaO)/Fe
0837 3667 3267 10.00 4262 00,948 1.194

17. Institute of Archaeology, Chinese Academy of Social 25. Li Jinghua & Hua Jueming, ‘Zhongguo gudai de ronglu he
Sciences, ‘Hubei Daye Tongliishan gu liantong lu de gufengji’ (Ancient Chinese melting furnaces and blast
reshiguang niandai’ (Thermoluminescence daving of ancient apparatus), paper presented to the Second Annual
copper-smelting furnaces at Tongliishan, Daye County, Conference of the Chinese Archaeological Society
Hubei), KG 1981, 6: 551, 550. (Zhongguo Kaogu Xuehui). (Not seen; cited in 19, p. 45,

n. 14.)

18. Li Huhou, ‘Reshiguang duandai — xili jishu Eiyau‘

{ Thermoluminescence dating methods = The fine-grain 26. Li Qingyuan & Li Zhongjun, ‘Mavang gu tongkuang vizhi
technigue), KG J981. 6: 539-5350. diaocha’ (Investigation of an ancienr copper mine in
Mayang County, Hunan), YJ, Aug. 1984, 36. 3: T8-81.

19, Lu Benshan & Hua Jueming, ‘Tongliishan Chungiu Brief English abstract.
liantong shulu de fuyuan vanjiu' (Srudies roward the
reconsiruction of the Spring and Autumn period copper- 27. Li Zhongjun, ‘Zhongguo pudai caikvang jishu shiliie’ ;4
smelting shaft furnaces at Tonglishan), WW [98]. 8: 40- brief history of ancient Chinese mining technology), KSW,
43. Note the errata 1o this ariicle given in (15, p. 22, n. 2), 1982, 9: 1-6.

20, Lu Benshan & Wang Fuguo, ‘Hubei Tongliishan Chungiu 28, Xia Xiangrong, Li Zhongjun & Wang Genyuan, Zhongguo
shigi liantong yizhi fajue jianbao® (Brief report on the gudai kuangye kaifa shi. ( The history of the development
excavation of copper-smelting sites of the Spring and af mining in ancient China.) Beijing: Geology Press, [980.
Autumn period at Tongliishan, Hubei), WW 1981, 8: 30-

39, 29. Yan Yun, *Shang dai buci zhong de yerhu shiliao’
(Material on smelting and casting in Shang-period oracle

21. Lu Benshan & Zhang Hongli, ‘Tongliishan Chungiu zaogi inscriprions), KG 1973, 5; 299,
liantong jishu xutan’ (Further studies aof copper-smelting
technology af Tongliishan in the early Spring and Avrumn 4. Miscellaneous
period), ZKSY, 1984, 3. 2: 158-168.

30, Clark, B M, *A calibration curve for radiocarbon dates’,

22, Zhu Yingyao, ‘Tonglishan gu kuangve vizhi liantong jishu Antiquity, 1975, 49: 251-266.
de taolun’ (Discussion of copper-smelting rechnology at the
ancient mining and smelting site at Tongliishan), ¥YJ, Nov.  31. Johannsen, Otto, ‘Eine Anleitung zum Eisenguss vom
1981, 33. 4: 63-67. Jahre 1454°, Stahl und Eisen, 1910, 30: 1373-1376.

3. Ancient Chinese mining and metallurgy 32. Rosengvist, Terkel. Principles of extractive metallurgy.

New York, London, etc.: McGraw-Hill, 1974,

23. Archaeometallurgy Group, Beijing University of Iron and

Steel Technology, Zhongguo vejin jianshi (4 brief history 33, Tegengren, F R, The iron ores and iron industry of China:

24,

of metallurgy in China). Beijing: Science Press,

Du Faging & Gao Wuxun, ‘Zhanguo vigian woguo vouse
jinshu kuang kaicai gailun’ (Chinese non-ferrous meral
mining before the Warring Siates period), Y.J, 1980, 32. 2
93-97.

Including a summary of the iron situation of the circum-
Pacific Region. Peking: Geological Survey of China,
Ministry of Agriculture and Commerce; Part T 1921-23,
Part 11 1923-24. {(Memoirs of the Geological Survey of
China, Series A no. 2). English text and abridged
Chinese translation. Chinese title: Zhongguo rickuang zhi
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?J'Z. (Dizhi zhuanbaof, A.2). Photographic repr. available 16. Wagner, Donald B, Dabieshan: Traditional Chinese iron-
from University Micrg-films, Ann Abor, Mich; order no. production techniques practised in southern Henan in the
uf-’ﬁ OP 12715. twenticth century (Scandinavian Institute of Asian Studies
monograph series, no. 52). London & Malmo: Curzon
34. Tylecote, R F, A History of metallurgy. London: The Press, forthcoming 1983,

Mertals Society, 2nd imp. 1979.

37. Wang, Chung Yu, "The Tayeh iron ore deposits’, TAIME
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