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Abstract: Crucible lead smelting, a traditional technology unique to China, refers to the
production of lead by reducing lead sulfide with iron metal in crucibles. In recent years,
a number of crucible lead production sites of the Liao-Jin-Yuan periods (tenth-fourteenth
centuries CE) have been found in northern China, providing opportunities for the study
of the technology. This paper provides a comprehensive overview of this technology
based on the historical and archaeological evidence, with particular emphasis on the
crucibles used. Firstly, it reviews the historical records on crucible lead smelting, and
introduces, in detail, the technology used in Gansu during the Qing period (1644-1911)
as well as indigenous methods used in the twentieth century; secondly, it summarizes
the discoveries of crucible lead smelting sites in recent years, and reconstructs the
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manufacturing of crucibles and the iron reduction method by analysis of the crucible and
slag; finally, it expounds the technical characteristics of crucible lead smelting, and
explores the origin and development of the technology.
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1 Introduction

As metal production lays the material foundation for human civilization and social
development, metallurgy plays an important part in the history of civilization and
science and technology. To a certain extent, ancient Chinese civilization was created by
copper and iron (Hua 1999; Han and Ke 2007), resulting in numerous basic studies on
the origin, development, and spread of copper and iron production in the field of
history of metallurgy and archaeometallurgy. Other metals, such as lead, tin, zinc, gold,
and silver, also play a significant role in ancient Chinese civilization, the research on
whose metallurgical technology, however, is insufficient by contrast.

Lead (Pb), a gray white metal with a molecular weight of 207.2, is known to have a
high density (11.34 g/cm?®) and a low melting point (327°C). Lead is easily smeltable
and presumably the first metal smelted by man (Glumac and Todd 1987; Hansen et al.
2019). During the Xia, Shang, and Zhou periods (circa 2070-256 BCE), lead was mainly
used in the production of bronze ware as well as lead ware and solder. Since the Qin
(221-206 BCE) and Han periods (206 BCE-220 CE), lead was widely used to produce
copper coins, bronzes, minium, gunpowder, and bullion. Lead smelting generally used
cerussite (lead carbonate, PbCO3) and galena (lead sulfide, PbS). Galena was the most
widespread ore. It was directly burned in a hearth in an oxidizing atmosphere to
produce lead oxide and lead sulfide, which then reacted to obtain metallic lead; or
galena was first roasted in a hearth to generate lead oxide, which was then reduced in a
furnace to produce lead metal. Silver, if contained in the obtained lead metal, could
then be extracted by cupellation (Han and Ke 2007, 316-319).

Compared to research on the technology of copper and iron smelting, less has been
done on that of lead in ancient China. The technology of lead smelting was brought to
scholars” knowledge by Song Yingxing “RMN.E, a scientist in the Ming dynasty (1368-
1644), whose work The Exploitation of the Works of Nature (Tiangong kaiwu K T.I4,
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1637) contains the earliest detailed record of lead smelting ever found (Xia, Wang, and
Li 1980, 277-281; Hua 1999, 452; He 2009, 620). This book describes three categories of
lead: lead from argentiferous lead ore, copper-lead ore, and pure lead ore.
Argentiferous lead ore was smelted in hearths, while copper-lead ore and pure lead ore
in furnaces (Song [1637] 2008, 154). In addition, a crucible lead production technology
was recorded in a memorial to the throne by the governor of Gansu Province in the
Qing dynasty (Han and Ke 2007, 317-318).

An in-depth analysis of lead smelting technology in ancient China relies much on
the inquiry into lead-silver smelting sites. Some furnace smelting sites dating from the
Tang (618-907) and Song (960-1279) to the Qing periods have been found in provinces
of Zhejiang (Zheng and Yan 2007; Xiang and Zheng 2008; Qi et al. 2012), Guangxi (Li
and Zhou 2000), Jiangxi (Liu 2015, 317-323; Liu et al. 2015; Liu et al. 2016; Liu et al.
2018), and the Chongqing Municipality (Xie and Rehren 2009) in southern China and in
Henan Province (Li 2007, 71-72) in northern China. In recent years, some crucible lead
smelting sites have been found in northern China. Li Yanxiang first showed a picture of
lead smelting crucible fragments from the Liao (907-1125)-Jin (1115-1234)-Yuan (1271-
1368) periods at the Qiannangou site, Pingquan County, Hebei Province (Han and Ke
2007, 317). In 2009, when the Ding Kiln in Quyang County, Hebei Province was
excavated, a crucible smelting site was found in Yanchuan, which was identified to be
used for lead smelting according to preliminary analysis. Later, Chen Jianli and his
coworkers investigated the Weishan site in Tongbai County, Henan Province, and the
Gangguantun Kiln site in Liaoyang City, Liaoning Province, and found smelting
remains similar to those from Yanchuan.

With the crucible lead smelting sites discovered one after another, a range of studies
have been carried out by our research team led by Chen Jianli. Liu Siran systematically
analyzed the smelting remains from Yanchuan, and suggested with a simulation
experiment that an iron reduction method was used. He also discussed the use of coal
as fuel in crucible lead smelting with a reflection on the early use of coal in metallurgy
more generally (Liu 2015, 317-323; Liu et al. 2019). Liu Haifeng argued that Yanchuan
site produced lead for the nearby Litongjian Mint in the Jin period (Liu and Chen 2019).
Zhou Wenli reviewed the historical records on crucible lead smelting and reconstructed
the technology based on preliminary analysis of smelting remains (Zhou et al. 2014).
She also analyzed the remains from Weishan and Gangguantun and reconstructed the
technology used at the two sites (Zhou, Liu, and Chen 2017; Guo 2018).

This paper intends to give a summary of the recent research progress in the Chinese
crucible lead smelting technology. It reviews two sources of historical records of
crucible lead smelting, introduces the discovery of fourteen smelting sites with a
discussion of location choice, and reconstructs the ancient technology based on the
analysis of smelting remains from five sites. On this basis, this paper sums up the four
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technical features of the technology and explores its origin and development, in the
hope of gaining a better understanding of the technology.

2 Historical records of crucible lead smelting technology

2.1 Crucible lead smelting in Gansu Province in the Qianlong period of the
Qing dynasty

At present, the only known historical record related to crucible lead smelting in ancient
China is in a memorial by the Gansu governor, Wu Dashan, on the twenty-fifth day of
the first lunar month of the twenty-second year of Qianlong’s reign (March 14, 1757)
(IQHRUC and TRSCPSHDARUC 1983, 382-383). According to the memorial, in 1746
Gansu Province was exploiting the lead mine in Heishichuan, Gaolan County, Lanzhou
Prefecture (nowadays Gaolan County, Lanzhou City, Gansu Province), and the
Ministry of Works agreed to sell the lead at 0.04 liang ¥ of silver per jin JT.6 Later, the
lead mine in Heishichuan collapsed, and the mining was forced to stop. In 1756, the
Gaolan people requested to exploit the Xiqueling lead mine in Fuling Prefecture,
Ningxia (nowadays Wuzhong City, Ningxia), and the governments
of both provinces set the price of lead at 0.05 liang of silver per jin. The Ministry of
Works ordered Wu Dashan to investigate the cause of the price increase. According to
Wu's report, the lead ore used in the trial smelting had to be transported from
Xiqueling to Dalachi, Jingyuan County, Lanzhou Prefecture (nowadays Jingyuan
County, Baiyin City, Gansu Province. See Figure 4) some 110 i H7 away. The cost of
raw materials, fuel, labor, and other things for smelting of each furnace was listed in
detail (Table 1). It was calculated that for each jin of lead smelted, the cost was 0.042
liang of silver. Given the further cost of transporting it to Lanzhou 330 li away, Wu
upheld the price of lead at 0.05 liang of silver per jin.

According to the cost list of trial production, a furnace at that time contained 100
crucibles, which were filled with 450 jin of lead ore and more than 190 jin of cast iron,
and presumably 675 jin of coal were consumed as fuel. A total of 225 jin of pure lead
was obtained, indicating a content of more than 50% lead in the ore. It can be calculated
that one crucible, charged with 2.7 kg of lead ore and 1.1 kg of cast iron, can produce
1.3 kg of lead. This method employs metallic iron and lead ore in crucibles to obtain
lead, which is typical of an iron reduction method. In the trial, two laborers were hired
to crush and fill the ore and pull the bellow, and a lead-separating craftsman to smelt
the lead. Other required materials included firewood, wheat straws, extinguishing

6 Liang and jin are traditional Chinese units of weight. In the Qing dynasty, 1 jin = 16 liang =
597 g.
7 Liis a traditional Chinese unit of length. In the Qing dynasty, 1 li = 559.8 m.
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water, coal for crude lead refining, and so on. The list also includes the cost of all the
materials in the process (Table 1). Calculations show that cost was mostly spent on the
ore (53.5%) and metallic iron (28.0%), followed by the freight of the ore (8.4%), crucibles
(4.0%), and coal (3.9%), the payment for the two laborers and the lead-separating
craftsmen (1.1% and 0.6%, respectively), and lastly firewood, wheat straws,
extinguishing water, coal for refining, and other functional materials (0.5% in total).
This record plays a significant part in understanding the ancient crucible lead smelting

technology and its expense.

Table 1: The cost of lead ore trial production in Xiqueling during the Qianlong period

Item Amount Cost (liang) Proportion (%)
Ore 450 jin 5.06 53.5
Freight of ore 140 Ii 0.797 8.4
Crucibles 100 0.375 4.0
Metallic iron 192.7 jin 2.65 28.0
Coal 650 jin 0.371 3.9
Firewood 1 bundle 0.0075 0.1
Wheat straws 1 bundle 0.00625 0.1
Extinguishing water 6 dan 0.0075 0.1
Ore crushing/filling & bellow pulling 2 laborers 0.1 1.1
Lead separating 1 craftsman 0.06 0.6
Coal for crude lead refining 40 jin 0.022 0.2
Total 9.46 100

Pure lead produced 225 jin

2.2 Indigenous methods of crucible lead smelting in the twentieth century

The traditional crucible lead smelting technology was still used in many places in the
twentieth century. In 1980, He Tangkun went to Shuikoushan, Changning County,
Hunan Province, to investigate the traditional metallurgical technology and learned
that crucible lead smelting had been applied in Shuikoushan before the 1950s (He 2009,
687-688). The Complete Collection of Traditional Chinese Arts and Crafts: Metalworking
(Zhongguo chuantong gongyi quanji: Jinshu gongyi EAESR T « £JE T 2) cites a
record of indigenous methods adopted in 1958, which contains a brief introduction of
crucible lead smelting (Tan and Sun 2007, 50-51). There are also three brochures
published in 1958 that record indigenous methods in Inner Mongolia, Beijing, and other
places (Qinghai Ministry of Metallurgical Industry 1958, BMDIIMAR 1958; Beijing
Public-Private Joint Smelting Plant 1958). In addition, a more detailed description of the
lead smelting technology by crucible was found in the textbooks on lead metallurgy
published in the 1960s and 1970s, but such records in textbooks became very brief in the
1990s, and do not appear whatsoever in the twenty-first century (DNMSNIT 1960, 254-
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258; DNMSNIT 1976, 296-299; CGMBZSP 1973; Chen 1992, 83; Peng 2004). However, in
1996, Li Xingzheng mentioned that this method was still widely used in the 1990s by
individuals and township enterprises in the south of Hunan Province and the north of
Guangdong Province (Li 1996). With the government ban on indigenous methods in
recent years, this traditional lead production technology may no longer exist.
According to these records, when smelting lead in crucibles, a rectangular furnace
was filled with dozens to hundreds of crucibles with lead ore, iron, and other raw
materials in them, fueled by coal or coke, to obtain lead by reducing the lead ore with
iron. Operations varied slightly from place to place. Relevant data are shown in Table 2.
Specific steps of the smelting process, including furnace construction, crucible making,

charge mixing, and smelting, are demonstrated as follows.

Table 2: Data of traditional crucible lead smelting in different places in the twentieth century

Charge

Number of  Fuel needed Carbonaceous

Area Date Furnace size cruciblesin  to produce1 Iron ) reducing agent
each furnace jin of lead (in proportion to i i

] Jead ore) (in proportion to
ead ore

lead ore)
25 mlong, 1 m 20%
Hunan®  Before 1950 wide, and less 500 - Pig iron or iron -
than 1 m high filings
15-20%
2.1 mlong, 1.6 m .. - -
. 2jin Iron filings
Unclear? 1958 wide, and 1.15 m -
hich Coke 50% 10%
i
& Iron ore Coke powder
Inner Hundreds of . 25% 50%
. 1958 - R Anthracite X
Mongolia'® clay pipes Iron dust Anthracite or coke
Either bigor  Several to over .
Inner 2 jin 10-15% 3-5%
. 1958 small, 1.2-1.4 m 100 clay
Mongolia't . i Lump coal Iron dust Coke dust
high crucibles
1.8 mor 2.8 m
Beijing12 1958 long, 0.95 m wide 66 or 176 Coke 10% 2-4%
ng G ) Iron dust Anthracite dust
and 1 m high
4mlong, 1.7 m Lump 30-40%
Unclear3 1960s-1970s wide, and 0.9 m - anthracite or ~ Scrap iron and -
high coke steel
In any length, 30-40%
Unclear4 1970s X - Lump coal . -
about 1 m high Iron filings

8 He (2009, 687-688).

9 Qinghai Ministry of Metallurgical Industry (1958).
10 BMDIIMAR (1958).

11 BMDIIMAR (1958).

12 Beijing Public-Private Smelting Joint Plant (1958).
13 DNMSNIT (1976, 296-299).

14 CGMBZSP (1973).
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2.2.1 Furnace construction

The furnace is rectangular, with three walls on two long sides and a short side, and a
removable wall built on another short side (Figure 1). The volume of the furnace
depends on the output of lead (or the number of crucibles). The furnace is usually
about 1 m in height and 1-2 m in width to facilitate operation. The length varies from
1 m to several meters, while the furnace in Shuikoushan is 25 m long. The lower part of
the furnace bottom is slightly wider than the upper to shape a trapezoid cross section,
which saves fuel by ensuring the concentration of heat during firing. Adobe, broken
bricks, or stones are used to make the three walls, which costs less but provides poor
fire resistance. The walls can be also made of durable refractory bricks, whose interior
is coated with a layer of coal dust or fireclay mixed with coke powder.

Adopting natural ventilation, the furnace is also called “the self-blast furnace,”
whose ventilating channel at the bottom has a significant influence on the smelting. The
interior of the furnace is paved with a 5-10 cm thick layer of clay to make the bottom
higher than the external ground, so that the air can be sent into the furnace from bottom
to top. Five to ten lines of bricks are laid on the clay layer parallel to the long side of the
furnace stack, with a spacing of about 10 cm; a 1-2 cm gap is left between the bricks in a
line to facilitate the air circulation in the furnace (Figure 1). Furnace bars made of
fireclay or crucible fragments are placed horizontally on top of the brick bars, which
enlarges the bottom space in the furnace, facilitates the ventilation, and keeps the upper
coal from falling down. The removable wall is built over the bricks before loading

crucibles, and it is pulled down for unloading crucibles and cleaning the furnace.

removable wall

furnace wall

X

! L~
[

» brick bar

e clay layer

air passage

Figure 1: Graphic illustration of crucible lead smelting furnace (CGMBZSP 1973,
247).

2.2.2 Crucible making

The crucibles are mostly tubular, with a diameter of 10-16 cm and a height of 35-50 cm;
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there are also cylindrical ones with a diameter of 25 cm and a height of only 32 cm. The
clay used for making crucibles should resist high temperatures. Usually, refractory clay
(such as ganzitu ¥ 1) mixed with a certain proportion of grog (such as cylinder sand)
and coke or coal powder is used. The mixture should be made evenly, crushed with a
roller, kneaded with feet or beaten with a wooden stick or iron rod, and finally covered
with a wet cloth or sack for a few days. The crucible is usually made with a wooden
mold. For the convenience of demolding, the wooden mold is dusted with dry powder
or cylinder sand, and covered with a cloth cover, on which there are air holes and a
string at the top to remove the cover (Figure 2). Finally, clay lumps are put on the cloth
cover, pressed by hand, and then beaten with wooden planks. Before being fired, the
crucibles need to be dried naturally beside the furnace until fully prepared.

~—1
Q string
Q

J U U

wooden mold cloth cover crucible made

Figure 2: Graphic illustration of the making of crucibles (CGMBZSP 1973, 246).

2.2.3 Charge

The lead ore is galena, which is expected to contain more than 30% lead. Galena with a
low grade is beneficiated by hand and water, and crushed to 0.5-1.5 cm in size. About
10-40% scrap iron (such as iron filings, iron powder, iron sheet, iron pieces, etc.) is
added to the ore, the amount of which depends on the sulfur content in the ore; the
added iron should not be rusted, which will otherwise affect the smelting. A certain
amount of coal powder or coke powder, and sometimes a small amount of lime (CaCO:s)
or soda (NaxCOs) is added to the lead ore as flux and desulfurizer to improve the
recovery of lead (Qinghai Ministry of Metallurgical Industry 1958). In cases where iron
is not available, iron ore and other reducing agents (coke, charcoal) can be added into
the crucible to produce iron, which then reduces the galena (Tan and Sun 2007; Qinghai
Ministry of Metallurgical Industry 1958).15

15 Using iron ore in crucible lead smelting requires more carbonaceous reducing agent, which
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2.2.4 Smelting process

The removable wall is built before loading crucibles in the furnace for smelting. The
furnace bars are covered with a layer of bottom coal, which is then paved with a layer
of easily combustible materials (such as straw, sawdust, firewood, and charcoal). Coal
of various sizes —extra-large, large, mid-size, and small —is loaded in layers with a total
thickness of 40-80 cm (Figure 3). Crucibles are placed on top of the coal layer. When
loading the crucibles, the bottoms of the crucibles must be held tightly to prevent
cracking, and a 5-10 cm gap is left between the crucibles and the walls, which is later
filled with crushed coal. The crucibles are covered with crucible fragments, tiles, or
other ceramic pieces to keep the heat loss down. The firewood is ignited from the lower
vent to ensure its fast combustion. In general, after smelting for three to eight hours, the
charge melts and makes a sound like porridge being heated. When white smoke is no
longer emitted from the crucible mouth, an iron rod or a drill rod is inserted into the
crucible to test whether there is lead mixed in the upper “glaze” (also known as slag). A
decrease in lead prills (recognizable by their glassy appearance) in the slag, indicates a
complete reaction, meaning that the crucibles can be taken out of the furnace. Finally,
the crucibles are broken and the slag in the upper layer and the ferrous sulfide in the
middle layer are removed to obtain the metallic lead in the lowest layer, also referred to
as “lead cake” or “lead egg.” Crucible walls without slag can be crushed to substitute
cylinder sand as grog to make new crucibles. The lead can be also separated from the
slag after unloading the crucibles and before cooling, as lead is heavy while slag is light.

gap
crucible
furnace wall small coal
\\ - mid-size coal
$4et] -
o large coal
clay bar ~ : _— extra-large coal
brick bar ~ \ > ——bottom coal
\ ~. | clay layer
PR A ek ek Pie A =

Figure 3: Graphic illustration of the loading of crucibles and coal in furnace
(CGMBZSP 1973, 248).

occupies more space in the crucible, thus reducing the lead output of each crucible. This method
has not been commonly used.
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3 Discovery and research of crucible lead smelting sites
3.1 Discovery of crucible lead smelting sites

The discovery and study of the Yanchuan, Weishan, and Gangguantun sites has
contributed to a clearer understanding of the technology. According to previous
archaeological reports, crucible lead smelting remains have been found in numerous
regions, including Cijiawu Kiln in Fangshan District, Beijing (Zhao 1984), Hedongpo
Kiln in Jingxing County (National Cultural Heritage Administration 2000), Panzhuang
Kiln in Funing County (Wu et al. 2007, 41), Qiannangou in Pingquan County (Huang et
al. 2008), Xitucheng in Kangbao County (DACHCHNU and CRPMIKC 2014, 63-77),
and Tang County (Xie and Rehren 2009), all in Hebei Province, and Yicheng County in
Shanxi Province (Cheng et al. 2012). Some archaeologists argue that the glassy
substance in the crucible may be glaze frit, the material used for glaze making. But
generally speaking, it is not necessary for porcelain glaze. In addition, communication
with archaeologists has enlightened us that remains of crucible lead smelting were also
found at Jininglu in Inner Mongolia,'® Duandian Kiln in Lushan County, Henan
Province,'” Guciyao Kiln in Hunyuan County, and Liaocheng site, Ying County, both
in Shanxi Province.!8

So far, a total of fourteen crucible lead smelting sites have been discovered (Table 3
and Figure 4). In terms of distribution, most of them are in northern China, mainly in
Hebei (six sites) and Shanxi (three sites), two in Henan, one in Inner Mongolia, one in
Beijing, and one in Liaoning. Most of them date to the Liao, Song, Jin, or Yuan periods,
while the sites in Yicheng may date back to the late Qing dynasty (Cheng et al. 2012);
the date of the site in Tang County is still unknown.

These sites followed some rules on choice of locations (Table 3). Most significantly,
half of the sites were found next to porcelain kiln sites, including Jingxing Kiln,
Panzhuang Kiln, Ding Kiln, Guciyao Kiln, Duandian Kiln, Cijiawu Kiln, and
Gangguantun Kiln. All were important porcelain kilns in the Liao-Jin-Yuan periods in
northern China. Porcelain manufacturing used kaolinitic clay as raw material and coal
as fuel, which were therefore both readily available also for crucible lead smelting.
Metallic lead is an important raw material for producing low-fired lead glazed ceramic,

16 Professor Cui Jianfeng from Peking University informed us that he had seen lead smelting
crucibles and copper melting crucibles in the findings from the Jininglu site of the Yuan dynasty
in Inner Mongolia. In January 2016, Zhou Wenli went to the warehouse of the Horinger
workstation where the Jininglu findings were stored, and found several copper melting crucibles,
but no lead smelting crucibles were found.

17 Discovered by Professor Chen Jianli in October 2018.

18 Discovered by Professor Liu Yan, Institute of Archaeology of Shanxi Province, in 2008 and
2013.



Traditional Chinese Technology of Crucible Lead Smelting: A Comprehensive Study... — 37

which, however, was not the main product in these kiln sites. Only a small amount of
green and tricolor glazed pottery was produced in Ding Kiln, and some tricolor
porcelain ware in Gangguantun Kiln (The Chinese Ceramic Society 1982, 234, 316).
Therefore, it is inferred that lead in these kilns was rarely used as raw material to
produce lead glaze, but for other purposes such as coin casting and silver smelting.
According to Liu Haifeng’s study, the Yanchuan site used to provide lead for coin
casting at the Litongjian Mint in the Jin period, located in Quyang (Liu and Chen 2019).
Therefore, it is assumed that crucible lead smelting in these kilns was mainly driven by
the abundant kaolinitic clay and coal resources available. On the other hand, there are
also sites located in cities. For example, in Ying County, crucibles were discovered in

Table 3: List of crucible lead smelting sites found so far

Province No. Site Approximate date Location
1 Hedongpo Kiln, Jingxing County Ji od Kil
N in perio iln
I I B AR 2 P
) Panzhuang Kiln, Funing County v od Kil
o uan perio iln
HE T B P
Qiannangou, Pingquan County . i X .
3 i N Liao-Jin-Yuan periods Ci
Hebei R AR Jin-Yuanp v
baEle Yanchuan, Ding Kiln, Quyang County
4 . in-Yuan periods Kiln
i i e J P
5 Xitucheng, Kangbao County Ji od Cit
in perio i
MR B 76 -5, P Y
Tang County
6 ] ? Unclear
JEE
7 Guciyao Kiln, Hunyuan County LiaoJi iod Kil
N, N iao-Jin periods iln
VEUREL 2 P
Shanxi 8 Liaocheng, Ying County LiaoJi iod Ci
iao-Jin periods i
176 FEEL b P v
9 Xiyan and Shijia, Yicheng County , Close to mi
N . . ? ose to mine
BB A
10 Weishan, Tongbai County s v ods? Close to mi
ong-Yuan periods? ose to mine
Henan AL L & P
baINEG] Duandian Kiln, Lushan County
11 Song-Jin periods? Kiln
BB glinp
Beijing - Cijiawu Kiln, Fangshan District Liao-Jin-Y iod Kil
.. . N iao-Jin-Yuan periods iln
Jesix B3 X R 55 i
Liaoning Gangguantun Kiln, Liaoyang City
. 13 . Liao-Jin-Yuan periods Kiln
U Ul P ek J P
Inner Mongolia 14 Jininglu, Ulanqab City Yuan period City

Ea Lo -~ TR e




38 CAHST—Volume 5, Issue 1, June 2021

)
Ulaanbaatar

J\ AYA M
Changchun X
AR

e
T\ °Harbin
5 (VY

\

N

Uriimgie

Ly

T L N A »
V" bt e V\\ VR T 7/ CShiii
3 e A < (. |
RN \ ;\Jmh“ g >Taiy‘3ar:'1a
Xininge 4

Yellow Sea |

ey j>§’
9 2
5 &

()
o

New Delhi

 East China Sea

g e'o ong Kong
e
HakY Hainan Dao

Xis e
ong Dac- - Zhongsha

\~'Qundzw|

Huangyan'

5\U _/ lang:
A ) cmg&*wﬁ R i HW
LA

</\ /Jz (‘ mJChangshae >Nancha?g'
{

¢ Chiei Yu
*7 }uzhoue DxaoyuDao

& alb[el n v
&t )Taiwan Dao

long Kong /

LEGEND
*BEIJING Capital
. Province-level
o Tianjin ﬁdmlmslralne centre
Foreign capital
International boundary
Boundary of province,
autonomous region,or
‘municipality directly under
the central government
——————— Regional boundary
----------- Military demarcation line| Bay of Bengal

1:48 000 000

\< )& e
7 Gulyang L)'M

Kunminge

o108

Undefined Guangzhou
£ f 2

ura20)

Dongsha Qundao

ikdu  South China Sea =
Hainan Dao / m

Figure 4: Map of crucible lead smelting sites in China. GS (2021) 3866
Black dots: The fourteen smelting sites as listed in Table 3.
The black triangle: Jingyuan County, Gansu Province.

the ash pit of a Liao-Jin city site; at the Jininglu site, crucibles were found in the ancient
Jininglu City of the Yuan period. Crucibles for copper melting were also discovered at
both sites, indicating the implementation of lead smelting and bronze casting at the
same time. Factors contributing to the location of crucible lead smelting sites in cities
include transport convenience, easy access to ore, iron, refractory clay, coal, and other
resources, and the aggregation of talented craftsmen. In addition, a small number of
sites were close to the mine, such as the Weishan site in Tongbai near the Poshan silver

mine and the two sites in Yicheng near the lead-silver mine.

3.2 Reconstruction of lead smelting technology based on crucible and slag

analysis

Since 2010, five sites have been investigated, including Yanchuan (QYS), Weishan (TW),
Guciyao (HY), Liaocheng (YX), and Gangguantun (GGT), and crucible and slag
samples have been collected for macroscopic observation, microscopic observation, and
compositional analysis with the metallographic microscope and scanning electron
microscope-energy dispersive spectrometer (SEM-EDS). The samples from Yanchuan
were analyzed by Liu Siran (Liu et al. 2019). The experimental process of the samples
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from the other four sites was as follows: The slag-attached crucible walls were
processed into metallographic samples with a standard preparation method, and then
the microscopic morphology of the crucible and slag was observed and photographed
with a Leica DM6000M metallographic microscope. SEM-EDS analysis was performed
on the samples with a scanning electron microscope (Czech’s Tescan Vega3) and energy
dispersive spectrometry (Germany’s Bruker Xflash 6160). The samples were carbon
coated and the morphology and composition of the samples were observed under high
vacuum at an accelerating voltage of 15-20 kV and a working distance of 15 mm. At
100x magnification, the composition was obtained based on three area-scans of each
crucible and the slag, the averages of which were taken as the bulk composition; then
the composition of individual sulfide and metal phases in the slag was analyzed. Based
on the data obtained, the technology used in these sites was reconstructed.

3.2.1 Crucible manufacturing

All the crucibles are cylindrical in shape, most of them being the mid-part fragments
filled with slag (Figure 5), with an external diameter of 7-9 cm and varying wall
thickness. The thinner ones are 0.5-1 cm, the thicker ones 1-2 cm. The fragments are
different in length, with the longer ones being about 20 cm. They are mostly black, cyan
gray, or beige, sometimes with slag flowing out on the exterior surface. In some sites,
conical or hemispherical crucible bottoms were discovered. The bottoms were found to
be thick and with no slag attached. The bottoms of crucibles at Panzhuang, Qiannangou,

Figure 5: Mid-part of Weishan crucible TWO01.

1. Exterior surface; 2. Cross section.



40 CAHST—Volume 5, Issue 1, June 2021

Xitucheng, Guciyao, and Gangguantun sites were conical, while the ones at Weishan
and Yanchuan sites were hemispherical (Figure 6). A 31.5 cm long crucible with an
incomplete mouth and complete bottom (Figure 6.1) was excavated at Panzhuang Kiln,
which is the most intact crucible ever found for lead smelting. Given no wheel marks
on the surfaces of these crucibles, it is presumed that they may have been produced by
molding.

10 cm
I I 1 |

Figure 6: Crucible bottoms found at crucible lead smelting sites.
1. Panzhuang (Wu et al. 2007, 41); 2. Yanchuan; 3. Weishan (TW05); 4. Gangguantun; 5, Guciyao (HY03); 6.
Xitucheng (DACHCHNU and CRPMIKC 2014, 73); 7. Qiannangou (Huang et al. 2008, 13).

The crucibles from the Yanchuan, Weishan, Guciyao, Liaocheng, and Gangguantun
sites are all made of kaolinitic clay with a high content of Al;O; and a small amount of
FeO, K>O, CaO, and other flux components (Table 4). According to the FeO-Al:O5-5i0»
ternary phase diagram of the crucibles (Figure 7), the compositions of the crucibles
from Yanchuan, Weishan, Guciyao, and Gangguantun are found gathered together,
with similar content of Al,O; (average 25-31%), while only a few crucibles from
Weishan and Gangguantun are found with special compositions, and Liaocheng
crucibles have higher content of Al,O; (average 37%) and flux. Masses of high alumina-
content particles and a fraction of coal fragments were also found in the crucibles of
these sites (Figure 8.1). The largest alumina-rich particles are 1-2 mm in size, with a
similar composition to the matrix. At Yanchuan, Guciyao, Liaocheng, and
Gangguantun, a small proportion of coal is contained in the crucibles, while only some
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crucibles at Weishan are found containing coal, some charcoal (Figure 8.2), though
most crucibles contain neither. The matrices of these crucibles were highly sintered, but
their inside is hardly fused with any slag, giving a clear boundary in between. The
position of the crucible compositions in the ternary phase diagram (Figure 7)
demonstrates that they consisted primarily of mullite (AlsSi2013). Mullite forms from
the decomposition of kaolinitic clay at temperatures 21100°C (Martinén-Torres, Rehren,
and Freestone 2006). As mullite is a chemically and thermally stable compound, its
presence in the crucibles can greatly improve strength, thermal shock resistance, and
thermal and chemical refractoriness, thus rendering a superior material for high-
temperature operations (Martinén-Torres et al. 2008).

Table 4: Average bulk composition (Wt%) of crucibles from five sites

Site Sample number Na:O MgO ALOs; SiO2 P20s SOs K:O CaO TiO2 MnO FeO
Yanchuan (QYS) 14 - 05 276 648 - 01 17 10 14 - 28
Weishan (TW) 12 0.3 08 252 630 02 07 21 15 14 03 44
Guciyao (HY) 3 0.2 07 309 617 01 04 13 09 12 - 25
Liaocheng (YX) 5 0.5 14 372 505 01 06 24 26 18 02 25
Gangguantun (GGT) 16 0.3 05 278 634 08 04 13 06 14 - 3.5

It can be summarized that the crucible lead smelting used cylindrical crucibles with
a conical or a hemispherical bottom, mostly made of kaolinitic refractory clay mixed
with coal. The cylindrical crucible is typical of external heating, that is, the heating fuel
is placed outside the crucible. Externally heated crucibles are usually deep and have a
small opening to maintain the reducing atmosphere during the smelting process; the
walls of such crucibles are thin, fire-resistant, and dense to ensure sound thermal
conductivity, so that the heat can be transferred from the outside to the inside
(Rehren 2003; Bayley and Rehren 2007). The discovered crucibles are a demonstration
of what is typical of external heating crucibles in shape, material, and performance.

At present, no furnace has been found in these crucible lead smelting sites. In April
2013, a sintered furnace base for lead smelting was collected when investigating the
Yanchuan site. The bottoms of nine crucibles and a large number of crucible sherds
were still stuck on the coal cinder at the furnace base (Figure 9), indicating that these
crucibles were lined in parallel rows, and close to each other, with very little space
between them, in the furnace. It shows that the crucibles were heated with coal fuel at
the bottom. The lead smelting furnace is probably similar to the rectangular one used in
the indigenous method in the twentieth century.
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Figure 7: Projection of crucible compositions from five sites into the SiO,-AlLOs-
(FeO+MeO) ternary phase diagram (after Muan 1957).19
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Figure 8.1: Coal fragments in Figure 8.2: Charcoal fragments in
Weishan crucible TWO02. Weishan crucible TW09.

19 “MeO” stands for all fluxing metal oxides in the crucible composition, such as Na,O, KO,
MgO, CaO, and MnO.
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Figure 9: Sintered furnace base collected from Yanchuan.

3.2.2 Iron reduction method for lead smelting

The slag found at these sites are mostly in the middle part of the crucible. In general,
the upper and lower ends of the mid-part crucible sherds are broken, the upper edge
and lower bottom of the crucible missing, and the mid-part almost full of slag (Figure
5). Most of the slag is black or gray, some bluish, greenish, or whitish. Masses of quartz
particles can be seen in most slag.

The slag samples from Yanchuan, Weishan, Guciyao, and Liaocheng sites are
composed of a glassy matrix and inclusions of quartz particles (Figure 10.1). The
Gangguantun slag samples are glassy with a quartz-rich layer on top. The glassy matrix
mainly contains SiO,, FeO, Al;Os, CaO, and a small amount of MgO, KO, MnO, ZnO,
PbO, and others (Table 5). The slag also contains a small amount of sulfide particles,
that is, matte, mostly mixed phases of iron sulfide (FeS), lead sulfide (PbS), and PbS-
(Fe-Cu-S) (Figure 10.2). A few samples contain metallic lead particles, most of which
have a layer of sulfide outside (Figure 10.3) or sulfide inclusion inside. Some lead
particles in Yanchuan, Weishan, and Guciyao samples contain silver. The average silver
content of Yanchuan lead particles is 4.5%, strongly indicating that the lead smelted in
these sites might have been used for silver extraction by cupellation. Some metallic iron
particles were found in the samples from Yanchuan, Weishan, and Gangguantun. One
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piece of residual metallic iron in Yanchuan slag QYS-19 was 1.3 cm long and identified
to be low-carbon steel with pearlite and ferrite. Another piece in Weishan slag TW10
was 0.5 cm long and identified to be wrought iron with ferrite structure (Figure 10.4).
According to their chemical composition, the slags all belong to the Al,O3-CaO-FeO-
SiO; system, produced by lead smelting, with CaO and FeO as the main fluxes. In most
samples, FeO is the dominant flux; however, some of the samples from Yanchuan and
Gangguantun have higher CaO content (Figure 11). This most likely reflects differences
in the gangue minerals, with more calcite (CaCos) in some samples; no other

crucible

SEM HV: 15.0 kV WD: 14.96 mm SEM HV: 20.0 kV .00 mm VEGA3 TESCAN
SEM MAG: 20 x View field: 13.6 mm 2 mm SEM MAG: 500 x View field: 554 pm | 100 pm

Figure 10.1: Quatz grains in Figure 10.2: Matte PbS-(Fe-Cu-S)
Weishan crucible slag TW02. in Weishan crucible slag TWO07.

SEM HV: 15.0 kV/ WD: 15.02 mm VEGA3 TESCAN
SEM MAG: 2.00 kx View field: 138 ym

Figure 10.3: Lead particles with Figure 10.4: Residual iron piece with
a circle of matte PbS-(Fe-Cu-S) ferrite structure in Weishan crucible
around in Weishan crucible slag slag TW10.

TWO02.
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Table 5: Average bulk chemical composition of glassy matrix of slag from five sites (wt%)

Sampl
Site amie Na:0 MgO ALO; SiO; POs SO KO CaO TiO; MnO FeO ZnO BaO PbO
number
Yanchuan
12 02 17 92 497 04 09 21 79 04 04 225 11 06 29
(QYS) (FeO)
Yanchuan
7 02 30 102 562 03 04 25 199 06 00 37 08 14 09
(Q¥$) (Ca0)
Weishan
) 12 04 20 78 518 06 16 22 64 05 11 209 25 07 19

Guciyao (HY) 6 06 14 107 547 09 07 24 57 06 51 158 05 05 05

Liaocheng
¥ 4 05 08 114 414 02 17 15 35 04 36 338 04 03 05

Gangguantun
8 13 24 84 526 13 11 25 95 03 04 154 37 01 1.0

(GGT) (FeO)

Gangguantun

6 11 33 87 550 13 06 29 161 04 03 82 16 01 -
(GGT) (CaO)
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Figure 11: Scatter plot of FeO vs. CaO for crucible slag samples from Yanchuan
(QSY) and Gangguantun (GGT), separated into those rich in FeO and CaO,
respectively. The two oxides substitute each other as flux for silica, leading to the

negative correlation between the two.
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difference can be noted though in the process itself. Laboratory re-melting experiments
of Yanchuan slag indicate a furnace temperature of around 1200°C for this technology
(Liu et al. 2019, 79). As can be seen in Figure 12, only the melting temperature of the
quartz-free slag from Liaocheng is in the order of 1200°C in the pure ternary diagrams;
all other samples fall into the temperature region of 1400°C to 1500°C. While the very
refractory crucibles would probably have withstood this temperature, it is unlikely that
such temperatures were ever reached. Instead, the presence of multiple fluxing oxides,
combined here into a single term for FeO, lowers the real melting temperature of the slag
by a few hundred degrees. Thus, the composition of the slag as plotted into the ternary
phase diagram is consistent with the reported furnace temperatures of 1200°C, while
the elevated silica content reflects the presence of countless quartz particles in the
molten slag, saturating it in silica.
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Figure 12: Projection of crucible slag compositions from five sites into the SiO,-Al,O3-
(FeO+MeO) ternary phase diagram (after Muan 1957). A few slags plot into the
ternary eutectic region (YX slag from Liaocheng); these have no free silica inclusions.
All other slags have numerous quartz inclusions and plot towards elevated silica
compositions, reflecting the saturation of the melt in this compound as well as
possibly the inadvertent inclusion of some quartz into the analyzed sample area.
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According to the content of FeO, PbO, and sulfur in the lead smelting slag of these
sites, the lead was smelted with the iron reduction method (Liu et al. 2018). Slag in lead
smelting crucibles occupies most of the space. Given the metallic iron found in the slag,
the reducing agent added in the crucible is not carbonaceous, but metallic iron. In order
to verify the feasibility of lead smelting by the iron reduction method, Liu Siran
simulated the lead smelting technology used in Yanchuan in the laboratory (Liu et al.
2019, 80-81). In the experiment, slag with quartz inclusions formed in the central part of
the crucible, with a layer of matte underneath and lead metal in the lowest part. No
large lead particles were left in the slag. The experiment shows that lead sulfide can be
well reduced with metallic iron, with the metallic lead easily separated from the slag.

4 Discussion on related issues
4.1 Technical features

With the review of historical records, the recent discovery of smelting sites and the
ongoing analysis of metallurgical remains, a better understanding of traditional
Chinese crucible smelting technology is emerging. In general, the technology takes the
following steps: First, cylindrical crucibles are produced by molding, using kaolinitic
refractory clay with inclusions of quartz and coal (or charcoal), either as natural part of
the clay, or added as temper. A rectangular furnace is built, with crucible fragments
piled at the furnace base as furnace bars. Then the lead ore, consisting of galena and
gangue such as quartz and calcite, and scrap metal iron are added into the crucibles,
which are placed side by side in the furnace. Some differences exist mostly in the
nature of the ore, which varies not only among different smelting sites, but even within
individual sites, as seen for instance in Yanchuan or Gangguantun. Coal is used as fuel
and the furnace is heated to 1200°C for several hours. After smelting, the crucibles are
broken to obtain the lead at the bottom of the crucible. Silver, if contained in the lead,
can then be further extracted by cupellation. The crucible lead smelting technology is
thus mainly characterized by the adoption of crucibles, heated in the smelting furnace
fueled by coal; the mixture of kaolinite and coal to make cylindrical externally heated
crucible; and the application of the iron reduction method to smelt lead sulfide.

This technology has a key advantage in that it is adapted to smelt lead, with mineral
coal used as fuel to fire the furnaces, but not as the reducing agent. Despite the limited
scale of individual crucibles, yielding only a few kilograms of metal at a time, the
technology can be scaled up for mass production. The indigenous method in the
twentieth century used the rectangular furnaces that had a capacity of dozens to
hundreds of crucibles, with many ventilation holes at the bottom of the furnace (Figure 1).
Here, the fuel is blown by natural air, while in the Qing dynasty a bellow was used to
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provide the blast for crucible lead smelting in Gansu (IQHRUC and TRSCPSHDARUC
1983, 382-383). We argue that the choice of fuel use was a key reason for the adoption
of this technology. Current archaeological findings suggest two major traditional
technologies were applied for lead smelting in ancient China: one is the crucible lead
smelting technology employed in northern China since the Liao-Jin-Yuan periods,
fueled by coal; the other is the furnace lead smelting technology in southern China,
known at least since the Tang-Song periods, and fueled by charcoal. Compared with
furnace technology, the crucible technology separates the fuel combustion from ore
reduction. Not only is strong reducibility ensured in the crucible, but lead sulfide can
be smelted without the need to first roast the ore, and coal can be utilized as fuel, and
natural air draft as the blast power. The use of crucible lead smelting in northern China
can be mainly explained by the use of fuel. Since the Xia, Shang, and Zhou periods,
ancient Chinese metallurgy had been using charcoal as fuel to smelt copper, iron, and
other metals. In the Song dynasty, the shortage of charcoal resources in northern China
resulted in coal becoming the standard fuel used in households and being also widely
used in the porcelain manufacturing industry (Golas 1999, 195; Li, Wu, and Lu 2007,
277-281). However, there are some problems with coal as fuel: coal has a decreased
strength at high temperatures and is not suitable for use in tall blast furnaces.
Furthermore, most coal contains impurities such as sulfur and ash that will get into the
product and substantially affect the quality of the metal. Crucible lead smelting
physically separated the fuel from the ore and metal charge, preventing this
contamination from happening. It is therefore possible that this technology appeared
due to the shortage of charcoal resources in northern China, making the use of coal as
fuel an alternative (Liu et al. 2019). In the Ming and Qing periods, crucibles were also
used for zinc and even for iron smelting, also fueled by coal.

To achieve this indirect heating of the charge, the crucible had to be heated from
outside and made of kaolinitic refractory clay strong enough to withstand the high
operating temperatures. In the history of ancient Chinese metallurgy, as elsewhere, the
earliest crucibles were shallow, open copper melting crucibles in the Xia-Shang-Zhou
periods. They were heated internally, made of material that was less dense and not
particularly fire-resistant, and the wall was thick. Some of the crucibles were mixed
with plant fibers to provide a sound heat insulation. No later than the Eastern Han
dynasty (25-220), cylindrical crucibles with small openings came into being, which
were heated externally. By the Tang dynasty, externally heated crucibles had been also
used to melt copper and iron. Since the Liao-Jin-Yuan periods, cylindrical crucibles had
been used for lead smelting, and then for zinc and iron smelting in the Ming and Qing
dynasties (Zhou, Liu, and Chen 2016). The fabric of externally heated crucibles is dense,
fire-resistant, thin walled, and with good thermal conductivity, so that heat can be
transferred from the outside to the inside. The lead smelting crucibles are made of
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kaolinitic refractory clay mixed with coal (charcoal). Other crucibles of similar materials
include the ones from a Han tomb in Jili District, Luoyang City (He et al. 1985), and the
ones for melting iron in the Yuan dynasty at Chucun, Xingyang City (Compilation
Group of History of Chinese Metallurgy and Zhengzhou Museum 1984). It is also
recorded in “Metallurgy: Coins” (Yezhu: Qian 6% * %%) in The Exploitation of the Works
of Nature that “carbon powder” (tanmo ) was used to make the copper melting
crucible (Song [1637] 2008, 169). The crucible mixed with coal (charcoal) is presumably
similar to the graphite crucibles in medieval Europe (Martinén-Torres et al. 2008).
Characterized by high fire resistance, thermal shock resistance, thermal conductivity,
and chemical stability, the material is remarkably rare in the ceramic history of China
and even of the world.

Finally, the crucible lead smelting technology directly reduces the lead sulfide ore
with metallic iron. Sulfide ores were usually roasted for desulfurization, then converted
into oxide ores, and then reduced by carbon reductant. With the crucible smelting
technology, lead can be directly reduced without ore roasting, which avoids the
volatilization of lead in the roasting process, making gold, silver, and other precious
metals more easily enriched in lead. The iron reduction method used in crucible lead
smelting may have been borrowed from furnace smelting. Many furnace sites for lead
smelting have been found in Shanggao, Shangrao, Dexing, and other places in Jiangxi
Province. The Baojia site in Shangrao, which was used for lead smelting by reduction,
may date back to the Tang dynasty (Liu 2015). However, iron reduction crucible lead
smelting calls for a certain amount of metallic iron, which is more expensive than the
carbon reductant process. In the trial smelting in Jingyuan of Gansu Province in the
Qing dynasty, the metallic iron used was 43% of the weight of lead ore, accounting for
28% of the total cost (IQHRUC and TRSCPSHDARUC 1983, 382-383). In the twentieth
century, the amount of iron used in traditional crucible lead smelting ranged from 30-
40% of the weight of lead ore to 10%, generally in the form of scrap iron, or sometimes
iron ore (Table 2). In the Liao-Jin-Yuan periods, the high production of iron in northern
China may have contributed to the lower cost of using iron as a reducing agent in lead
smelting. Moreover, the smelted lead can be further used to extract silver, which
improves the value of the product.

4.2 Technical origin and development

The earliest Chinese crucible lead smelting sites roughly date back to the Liao-Jin-Yuan
periods, as existing data and investigation suggest. Their exact date is not clear since
most of the sites have not been scientifically excavated. Most of the crucible lead
smelting sites are co-located with porcelain kilns. No clear stratigraphic relationship
has been found between the discovered lead smelting crucibles and the kiln deposits,
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making it impossible to determine their specific dates. Only the crucibles at the
Yanchuan site are clearly superimposed on the late-Jin kiln deposits, putting its date to
the late Jin dynasty. Some sites are approximately dated to be around the Liao-Jin or
Liao-Jin-Yuan periods. Whether they go back as early as the Liao dynasty has not been
confirmed, but this possibility cannot be ruled out. As is known, most of the Song-
dynasty silver-lead ores exploited lay in the south, such as Zhejiang, Fujian, and Jiangxi.
Since the beginning of the Liao dynasty, the government turned to exploit northern
silver-lead resources in Hebei, Beijing, Liaoning, and Inner Mongolia. Therefore, the
crucible lead smelting activities carried out in northern China may be largely related to
the promoted development of silver-lead mines in the Liao period.

Remarkably similar cylindrical crucibles dating to the same period are known from
Akhsiket in eastern Uzbekistan and Merv in Turkmenistan (Rehren and Papakhristu
2000). In Akhsiket, crucible steel production reached industrial scale during the tenth
and eleventh centuries CE, and millions of crucible sherds from this period were
preserved (Figure 13). Their cylindrical shape with a hemispherical bottom was
standardized to an internal diameter of 8 cm and a total height of just under 30 cm.
Their fabric is compositionally very similar to the Chinese lead smelting crucible fabrics
based on a local kaolin-coal deposit in the Tianshan Mountains in Akhsiket’s hinterland.
The mid-parts of the crucibles are full of glassy slag, some with quartz inclusions. Like
their Chinese counterparts, the Akhsiket crucibles were formed around a wooden mold
with a cloth covering to facilitate release (Alipour, Gleba, and Rehren 2011). The only
difference to the Chinese crucibles is the inevitable presence of a lid in the Akhsiket
crucibles, necessary to maintain the strongly reducing conditions needed for crucible
steel making. Given the geographic extent of the Liao dynasty, which reached the
westernmost part of China, and the situation of Akhsiket in eastern Uzbekistan along a
main branch of the Silk Road, it is quite feasible that the two crucible technologies have
a common technological origin, based on similar raw material availability and the
shared requirement to separate the source of heat from the reaction chamber of the
actual metallurgical process.

Due to the lack of historical records and archaeological findings, when and where
the crucible lead smelting technology began remains unknown. Current data suggest
that it probably originated during the Liao-Jin-Yuan periods and was used at least until
the Qing period, and even into the late twentieth century. At present, no evidence of
crucible lead smelting from the Ming period has been found, but there are indications
that crucible lead smelting might have existed in northern China during the Qing
period. In the Qing dynasty, Guizhou Province was the largest lead producer, followed
by provinces of Yunnan, Sichuan, Hunan, and Guangxi in the south, at a time when
Shaanxi, Shanxi, Zhili (now parts of Beijing, Hebei, and Inner Mongolia), and Gansu
(now Gansu and Ningxia) in the north produced lead as well but with low yield (Ma
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2013, 294-299; IQHRUC and TRSCPSHDARUC 1983). According to the records about
Jingyuan lead smelting in the Qianlong period, this technology is likely to be mature in
Gansu and Ningxia. In addition, two crucible lead smelting sites were found in Yicheng
County, Shanxi Province; according to the local gazetteers, it was built no later than the
late Qing dynasty (Cheng et al. 2012). Therefore, the northern part of China probably
still practiced the crucible technology to smelt lead in the Qing dynasty. Even in the
twentieth century, the technology was still used in northern regions such as Beijing and
Inner Mongpolia, in addition to Hunan Province. But the crucible lead smelting

technology adopted in Shuikoushan, Changning County, Hunan Province might not

Figure 13: Steel-making crucibles from Akhsiket (photo by Stuart Laidlaw).
1. Lid; 2. Upper part; 3. Mid-part with slag; 4. Lower part; 5. Bottom.
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have been passed down locally. In the early twentieth century, Shuikoushan used a
local method taken from nearby Guiyang County to produce zinc and lead, which was
inherited from the Qing period, while furnaces were used for lead smelting (Cao 1917).
At present, no crucible lead smelting site has been found outside China, with the
only historical record of it found in India. In the early fourteenth century (about the
beginning of the Yuan dynasty), Thakkura Pherti, an Indian scholar, recorded the
crucible lead smelting technology with iron reduction. It was clearly noted that each
furnace was filled with thirty crucibles with lead ore and iron mixed in them for lead
smelting as illustrated in his book (Figure 14) (Dube 2006). Obviously different features
can be recognized of the technology illustrated in the book, compared with the crucible
technology adopted in China: the crucible is conical with larger top part and smaller
bottom part, fewer crucibles were contained in each furnace, and air was blown by
manpower. The relationship between China’s and India’s crucible lead smelting

technology remains to be further studied.

Figure 14: Indian crucible lead smelting furnace recorded by Thakkura Phera
(Dube 2006, 20).

5 Conclusion

Based on the review of historical records and scientific investigation of the Liao-Jin-
Yuan smelting sites and the smelting remains, this paper explains the technical process
and reconstructs the lead smelting technology using crucibles and iron reduction. It is
found that the traditional crucible lead smelting technology in China uses alumina-rich
refractory clay mixed with coal or charcoal to make cylindrical crucibles and directly
reduces lead sulfide with metallic iron as reducing agent, fueled externally by coal, in a
rectangular furnace with natural air draft. This technology is different from lead
smelting in a hearth or furnace. With the exception of a record in India from the
fourteenth century, documentation of the process has not been found outside China,
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signaling an important position in the world metallurgical history as a sophisticated
and environmentally adapted process that was used extensively for more than half a
millennium. Smelting lead with crucibles is very similar to smelting zinc, which is also
exclusive to China and India. The earliest and longest-lasting among the two, crucible
lead smelting originated in northern China, was adopted in the Liao-Jin-Yuan periods
onward, and used until the twentieth century.

Due to the limitations of the historical records, the in-depth study of crucible lead
smelting technology needs more archaeological research and scientific analysis. So far,
few of the crucible lead smelting sites have been archaeologically excavated and their
date remains unclear. Related finds, such as the furnaces used for crucible lead
smelting, metallic lead, intermediate product matte, and silver cupellation remains
have not been discovered yet, and the relationship between the sites and porcelain kilns
is unclear. More archaeological work and laboratory research is needed in the future.
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