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Piece mould casting technology, as a hall mark of the central plains of China during the Bronze Age, has
attracted scholars’ interest globally. Bronze ritual vessels found in this area were produced in large
quantities and generally cast with the moulds composed of three or more sections. This enormous
industry certainly required workers to have had professional knowledge to ensure the success of every
single cast. Mould making technology was one of its most important parts. This research looks into the
microstructure of bronze casting moulds of the Eastern Zhou period, which was a rarely studied topic in
previous research. Through comparison with local pottery, it is shown that casting moulds in this period
Bronze casting were produced with quite specialized sand-rich material, and clay was only a minor component. It is
Microstructure then discussed how this unique material can be beneficial to the bronze casting process and how this
SEM technology was integrated as a crucial part of the Chinese bronze casting system. These analyses might
be able to portray mould makers in the ancient bronze foundries as a group of specialized people with
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their own traditions and professional knowledge.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The sophisticated piece mould casting technology is taken as
a hall mark of the central plains of China during the Bronze Age.
Bronze ritual vessels, which were used for serving food and wine
for ancestors during worship rituals, and for the legitimization of
power, were largely cast with the mould composed of three or more
sections. Motifs are divided by mould divisions and usually orga-
nized symmetrically. All these patterns were either impressed from
a model or carved directly onto the mould. When these sections
were dried and fired to an adequate strength, they would be
assembled together with an outer casing. A core was set inside the
mould, leaving a gap as thick as the bronze object. The molten
bronze would then be poured into the mould. When the metal
cooled, the mould and core could be broken up and removed. Based
on this unique technology, ancient people in China developed
a whole set of bronze ritual vessels which have no counterparts in
other regions of the world. They usually have symmetrical shapes
as well as intricate patterns. Some can be quite big and weigh over
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800 kg. The whole process of manufacture, from making the mould,
alloying the metal, to finishing the surface of the object was labour
intensive and required specialized cross-craft knowledge (Bagley,
1995; Franklin, 1983). The whole foundry therefore needed to be
organized accordingly (Li, 2007, 2003).

Bronze casting in the Chinese central plains probably started in
the late Neolithic period (2500—2000 BC), but the earliest identi-
fied evidence of widespread bronze use appears during the Erlitou
culture (around 1900—1500 BC) located in Henan, southern Shanxi
and southern Hebei (An, 1993). Size and complexity of bronze
vessels gradually increased in the following periods, and it is
generally agreed that the bronze casting industry culminated in the
central plains of China during the Late Shang to Early Western Zhou
period (around 1300—977 BC). Huge ritual vessels in this period
were cast with numerous mould sections divided both vertically
and horizontally. Motifs often fill the entire body of these vessels
and in some cases decorations were made in high relief. The
patterns of this period look much more expressive than in earlier
periods. After a transition period of around 100 years, the Late
Western Zhou (877—771 BC) and Eastern Zhou periods (770—
256 BC), witnessed a considerable simplification in the design of
the section moulds and wide adoption of welding and casting-on
techniques. The production efficiency of the bronze objects was
much improved during this period, and the archaeological findings
far outnumbered those of earlier periods. The focus of the industry
shifted to surface decoration techniques such as tinning, gilding
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and various inlays (for a general review of this topic see Bagley,
1999; Dong, 2007; Von Faulkenhausen, 1999; Hua, 1999; Rawson,
1987; Zhang, 2011). As the central political power collapsed in
this period, the bronze casting industry was also decentralized, as
evidenced by the emergence of huge foundries serving local states
such as at Houma in Shanxi province and Xinzheng in Henan
province.

Currently, scholars are still discussing controversially on some
technical issues concerning the piece mould casting technology of
the Chinese Bronze Age. For example, it is unclear whether the
design of the section moulds was made using a model of the
complete object or a single repeatable section of it. The pattern and
inscription making technologies are also in debate (See Bagley,
1987, 37—45; Chase, 1983; Meyers and Holmes, 1983; Nickel,
2006). Another matter for discussion is the possible use of the
lost wax casting technique, which is generally recognized as
a western tradition and might act as a supplementary to piece
mould casting in China (Chen et al., 2009; Hua, 2010; Tan, 2007).
Once all these technical details are sorted out, we will be able to
reconstruct a comprehensive picture of the bronze casting system
of ancient China. This would also facilitate our ongoing discussion
on craftsmen’s technical choices, the labour organization within the
foundry and knowledge transmission between cultural groups.

In parallel, some scholars have been studying mould-making
technology, which has been recognized as a crucial part of
Chinese bronze industry. To ensure the success of every cast, the
mould material should bear some special properties such as low
shrinkage during drying, high resistance to thermal shock, low
thermal conductivity and good ventilation during the casting (Tan,
1999). Many chemical analyses have been conducted on mould
fragments found in Anyang in Henan province, Zhouyuan in
Shaanxi province, Houma in Shanxi province and some other
Bronze Age sites (Lian, 1996; Liu et al., 2007; Liu and Yue, 2005; Tan,
1999; Wang, 2002; Zhou et al, 2009). These analyses have
confirmed that casting moulds were manufactured with silica-
based materials and usually have silica contents higher than
normal ceramics. Chinese scholars have suggested that they were
made by fine clay tempered with silt, sand and plant ash (Tan et al.,
1993). Research has also been conducted to identify the firing

temperature of bronze casting moulds. Some scholars have sug-
gested that this temperature should be higher than the decompo-
sition temperature of calcite (898 °C), while other studies on
thermal expansion tests have revealed that casting moulds may not
have been fired over 700 °C (See Liu et al., 2008; Tan, 1999).
However, the microstructure of this material never seems to have
received much attention in these studies. Indeed, published micro-
scopic observations made by Stoltman et al. (2009) and Freestone
et al. (1989) form the entire body of literature on this topic.
However, these two papers have actually demonstrated the signif-
icance of microscopic study, which provides essential information
about the specific physical characteristics of this material and
whether specialized technology and knowledge were needed for
bronze workers to make the mould. Explored in detail this will
contribute to the reconstruction of the whole bronze manufacturing
system in the Bronze Age of China and explain in part why those
bronze vessels could be made with such high quality. It will also help
in the discussion surrounding the specialization of bronze
craftsmen. Moreover, microscopic observations, when quantified by
point-counting (Stoltman et al., 2009), can be compared with data
from other sites of different periods to shed light on the initiation
and development of the bronze casting system of ancient China.

2. Materials

All the materials in this project were excavated from bronze
foundries in a site located at Xinzheng, Henan province (Fig. 1) and
dated to the Eastern Zhou period which can be subdivided into the
Spring and Autumn (770—476 BC) and the Warring States periods
(475—221 BC). The site is named Zheng Han gu cheng and was the
capital city of the ancient Zheng and Han states.

This site was firstly occupied by the State Zheng during the early
Spring and Autumn period. State Han brought down Zheng in
375 BC and set its capital at Xinzheng until it was conquered by the
First Empire Qin in 230 BC. The bronze casting activities in this site
nearly covered the entirety of the Eastern Zhou period. The ritual
vessels of Zheng and Han states are characterized by their massive
size, intricate patterns and novel designs, and may represent the
highest level of casting skills during the Eastern Zhou period. The
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Fig. 1. Map shows the location of Xinzheng, in the central plains of China. Several other Shang and Zhou bronze casting foundries are also labelled in the map.
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foundry area was first excavated in the 1960s, and archaeological
work on this site is still ongoing today. Four bronze casting
foundries have been identified at the site and appear to have been
used at different times. Huge amounts of mould fragments have
been uncovered. While some of these can be identified as mould
fragments associated with ritual vessel, artefact, and tool making,
the majority of them cannot be traced back to their intended
product (Cai, 2011).

For this research, forty eight samples were collected from these
foundries to cover the whole lifespan of the bronze casting industry
of this site. The chronology of these samples was determined by
stratigraphy and associated pottery sherds. They are small frag-
ments and the intended products of them are usually difficult to
identify (Fig. 2). Local pottery samples were also collected from
every time period of the site for comparison. Two types of vessels,
dou and li, were selected as representative of local ceramics. Dou
was used as a container for food during meals and was assumed to

have a fine fabric. Li, as cooking pot, was usually tempered with
sand and flint.

It is expected that this research can tell us the material char-
acteristics of bronze casting moulds used in this period and shed
new light on the study of ancient mould making technology.
Moreover, the comparison between mould and local pottery may
show whether specialized crafts knowledge was employed in
producing moulds, and whether this was beneficial to the casting of
bronze.

3. Methodology

Being too fragile for cutting and polishing without treatment,
the samples were first consolidated with epoxy resin. All the
samples were then mounted as blocks and polished to 0.5 micron. A
Leica DM4000M microscope was used for optical observations.
Samples were then coated with gold and examined in a Scanning

Fig. 2. Some of the bronze casting mould pieces selected and analysed in this project. Most of them are small fragments and hard to trace to their intended product.
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Electron Microscope (SEM) for high quality electron imaging. A
Hitachi S-3600N SEM equipped with EDAX energy dispersive
spectrometer (EDS) was employed for detailed observation and
chemical analysis. The acceleration voltage was set at 20 kV and the
working distance kept at 12—15 mm. The back scattered electron
(BSE) image detector was mainly used to study the microstructure
of the samples. The bulk chemical composition was obtained by
averaging three random analyses of areas of 870 um x 1270 um.
Considering the variable beam intensity of the SEM system and the
porosity of the samples, all the data have been normalized to 100%
and should be taken as semi-quantitative only. It is understood that
gold coating is not ideal for chemical analysis and may affect the
accuracy of the result, but considering the importance of high
quality images in this research, we still chose to coat samples with
gold. As all the analytical work was done with the same instrument,
the data should be considered as internally consistent and the
comparison of chemical data between different samples should be
reliable.

The electron images were then analysed with the point counting
method for a semi-quantitative estimate of the content of particles,
voids and matrix (Stoltman, 1989). Ninety seven points were set in
each image. Due to the difficulty in counting small particles under
10 um, these were taken as being part of the matrix. The size of
counted particles was recorded for detailed discussions. In some
tempered pottery, large inclusions could even be identified with
the naked eye. These inclusions were not counted in the final result,
since they were consciously added temper by humans, and do not
reflect the property of the raw clay (Table 1).

4. Results
4.1. Chemical composition

The concentrations of seven major elements (Na, Mg, Al, Si, K,
Ca, Fe) were obtained by SEM-EDS analysis and are presented in
Table 2. Mould samples from different periods do not show any
significant variations in chemical composition, but the differences
between moulds and local pottery can be clearly seen in binary
diagrams (Fig. 3). For mould samples, the silica content is relatively
high and usually above 75%, while for pottery samples, it is usually
around 60%—70%. Only rarely does it exceed 70%. On the other
hand, the pottery is richer in alumina, iron oxide and magnesia.
For lime and potash, the difference between moulds and pottery
is negligible. The lime content of moulds seems more variable.
The average potash content of local ceramic pottery is slightly
higher than in the moulds. In addition, for pottery samples, the
content of alumina is positively correlated with iron oxide and
magnesia while negatively correlated with silica and soda. This
may suggest that in ceramics, iron oxide, magnesia and alumina
are contained within the same phase while silica and soda come
from a different one. However, in moulds, these correlations are
difficult to identify as all plots are usually concentrated in a single
area. All correlation factors were calculated separately for moulds
and pottery, and are presented in Table 3. It should be noted that
no correlation factor above 0.7 can be found for the moulds. This
will be discussed further combined with the microstructure.

It is not surprising to find increased silica content in the moulds
for they would have needed high refractive properties to hold
molten metal during casting. Indeed, extra silica in bronze casting
moulds has been detected and reported by many scholars. It is
usually interpreted as phytoliths introduced by adding plant ash into
the mould fabric (Tan, 1999). Numerous spot analyses have been
done on sand particles in these samples, and the results of several
individual analyses are shown in Table 4. Apart from the dominant
quartz particles, several other minerals such as calcite, potassium

feldspar, and albite (sodium feldspar) were regularly identified.
However, as mentioned before, these data should only be considered
as semi-quantitative and, without petrologic and mineralogical
analysis, the specific names of some minerals are hard to determine.
These minerals and the clay matrix are the main sources of alkali
oxides, magnesia, lime and iron oxides for these samples.

4.2. Microstructure

The microstructure of casting moulds and pottery was revealed
by high resolution BSE imaging. For semi-quantitative point count-
ing analysis, the fabric is classified into three phases: sand particles,
voids, and matrix. Though the voids are sometimes counted as
matrix in pottery analysis, their function should be emphasized here
because of their critical role in the casting process for the venting of
gases.

The point counting results are presented in Table 5. Typical BSE
images of mould and local ceramics are shown in Fig. 4. Once again,
mould samples are similar to each other in spite of the various dates
and the difference between the moulds and domestic ceramic can
be easily noticed. The fabric of the moulds is composed of angular
particles with small amounts of clay matrix as interconnecting
material. The porosity of these samples is quite high and many of
these pores are connected with each other. In contrast, ceramic
samples are dominated by a vitrified clay matrix with some parti-
cles and few voids. This observation is demonstrated by point
counting results illustrated in Fig. 5. The three apexes of the ternary
diagram represent the sand particles, matrix and voids. It can be
noticed that mould samples are concentrated in the apex of sand,
while ceramic samples are usually in the region of the matrix apex.
Void content of moulds is generally between 15% and 40% while
pottery samples usually contain less than 10% voids. Only in three
cases, pottery samples (Po2, Po3, Po7) have more than 15% voids
and they are joined by another mould sample (CM19) located in the
transition zone between the major pottery and mould groups. The
three pottery samples are all dou container and not heavily
tempered. The mould sample is macroscopically similar to others
moulds, despite its different structure. These four samples form
only a small subset of the total assemblage and may represent
sandy ceramics and clay rich moulds, and do not detract from the
larger picture.

Moreover, the particles in the moulds are generally bigger than
those in the pottery. Big quartz particles can be identified as temper
in some pottery samples, but the bulk of the fabric is still domi-
nated by vitrified clay matrix and small sand inclusions. The
measurements of particles’ long axes are also presented in Table 5
and illustrated in a histogram (Fig. 6). The particle length of sand in
pottery is around 40—50 pm. One exception is Po10, a ceramic li
with a mean particle length of 105 pm. BSE imaging reveals that its
fabric is heavily tempered with large quartz particles but, compared
with moulds, these particles are still far less in number. Two cate-
gories may be found in mould samples in terms of particle size. The
first group is characterized by particles around 60—70 um in length
which is approximately 10 um larger than those found in pottery,
while the second group generally have a mean length around
100 pm. The mean values of particle length were also calculated
respectively for the four different periods in Eastern Zhou (the Early
Spring and Autumn, the Late Spring and Autumn, the Early Warring
States and the Late Warring States). From the Early Spring and
Autumn period to the Late Warring States period, there is no
considerable change of particle size detected in casting moulds.
Samples from the Early Warring States period have the largest
mean particle size of 84 um, but considering the limited sample
number, there is no statistically significant difference detected
between these groups (Fig. 7).
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Table 1
Description of mould and pottery samples.

Lab code Description Context Period Intended shape Colour and fabric
of mould
CcM1 Casting mould T514(4):81 Early SA — Red fabric with thin black layer on the casting surface, voids
caused by burning organic fabrics can be identified
CM2 Casting mould T514(4):83 Early SA - Grey fabric
CM 3 Casting mould T514(4):78 Early SA — Light grey fabric
CM 4 Casting mould T514(4):79 Early SA — Brownish fabric, elongated pores identified
CM 5 Casting mould T185H710:299 Late SA — Dark grey fabric and brownish casting surface, high physical
strength
CM 6 Casting mould T185H710:8 Late SA — Red fabric
CcM 7 Casting mould T185H710:300 Late SA - Grey fabric and brownish casting surface
CM 8 Casting mould T185H710 Late SA Ring-head Grey fabric, tiny pores identified in cross-section
artefact
CM 9 Casting mould T183(4):22 Early WS Knife Grey fabric
CM 10 Casting mould T186(3):79 Early WS Ring-head Grey fabric, loose and fragile body
knife
CM 11 Casting mould T183(4):235 Early WS - Orange fabric, tiny pores identified in cross-section
CM 12 Casting mould T187H715:(83) Early WS — Grey fabric and brownish casting surface,
CM 13 Casting mould H717:92 Late WSI - Steel grey fabric, tiny pores identified in cross-section
CM 14 Casting mould T187(3):28 Late WSI - Light grey fabric
CM 15 Casting mould T191(2) Late WSI — Brick-red fabric, black core identified, elongated pores identified
in cross-section
CM 16 Casting mould T191(2) Late WSI — Steel grey fabric
CM 17 Casting mould T191(2) Late WSI - Brownish fabric and light grey casting surface, elongated pores
identified in cross-section
CM 18 Casting mould T191(2) Late WSI - Brick-red fabric, rounded pores identified in cross-section
CM 19 Casting mould T191(2) Late WSI - Brick-red fabric, elongated pores identified in cross-section
CM 20 Casting mould T31(3) Late WSI - Grey fabric, elongated and tiny rounded pores identified
in cross-section
CM 21 Casting mould T31(3) Late WSI - Brick-red fabric, rounded pores identified in cross-section
CM 22 Casting mould T31(3) Late WSI - Brick-red fabric, rounded pores identified in cross-section
CM 23 Casting mould T31(3) Late WSI - Brick-red fabric, rounded pores identified in cross-section
CM 24 Casting mould T31(3) Late WSI - Brick-red fabric, rounded pores identified in cross-section
CM 25 Casting mould T4H38 Late WSI - Light brownish fabric and dark grey casting surface, elongated
pores identified in cross-section
CM 26 Casting mould T4H38 Late WSI — Brick-red fabric, tiny pores identified in cross-section
CM 27 Casting mould T4H38 Late WSI - Brick-red fabric, rounded pores identified in cross-section
CM 28 Casting mould T4H38 Late WSI - Brick-red fabric
CM 29 Casting mould T188H676:152 Late WSII — Brownish fabric, elongated pores identified in cross-section
CM 30 Casting mould T183(3):38 Late WSII Knife Orange fabric, tiny pores identified in cross-section
CM 31 Casting mould T17(3) Late WSII - Brick-red fabric, loose and fragile body
CM 32 Casting mould T17(3) Late WSII - Brick-red fabric, rounded pores identified in cross-section
CM 33 Casting mould T17(3) Late WSII — Brownish fabric, pores created by burning organic fibres can be
identified in cross-section
CM 34 Casting mould T17(3) Late WSII — Brownish fabric, rounded pores identified in cross-section
Pol Ceramic dou T552Y36 Western Zhou - Grey fabric and brownish core
Po2 Ceramic dou T506Y29 Early SA — Dark grey fabric
Po3 Ceramic dou T515(3) Middle SA - Grey fabric
Po4 Ceramic dou T41(5) Late SA - Dark grey fabric, elongated pores identified in cross-section
Po5 Ceramic dou T26H10 Early WS — Dark grey fabric
Po6 Ceramic dou T40(3) Middle WS - Grey fabric, fragile body
Po7 Ceramic dou T34(2) Late WSII — Grey fabric with whitish surface
Po8 Ceramic li T552Y36 Western Zhou Brownish fabric
Po9 Ceramic li T506Y29 Early SA - Brownish fabric
Po10 Ceramic li T515(3) Middle SA - Brownish fabric tempered with large grey particles (around
1.5 mm) and small white particles, elongated pores identified
in cross-section
Pol1 Ceramic li T41(5) Late SA - Red fabric with grey core, tempered with small white particles,
elongated pores identified in cross-section
Po12 Ceramic li T26H10 Early WS - Red fabric tempered with large white particles (around 1.5 mm),
elongated pores identified in cross section
Po13 Ceramic li T40(3) Middle WS - Brick-red fabric tempered with large white, grey and pink
particles (the largest is around 4 mm)
Pol4 Ceramic li T18H18 Late WSI - Brick-red fabric, elongated pores identified in cross-section

*SA stands for the Spring and Autumn; WS stands for the Warring States.

The coefficient of variance (CV) of particle size shown in the last
column of Table 5 demonstrates how well these sand particles were
sorted. The mean CVs for moulds and pottery were calculated as
0.52 and 0.64 respectively. It is argued that sand particles in moulds
were better sorted than in pottery, although the limited sample size
should be noted as a possible source of error.

High magnification images show the details of the matrix as
well as the interaction region between sand particles and clay

matrix (Fig. 8). In ceramic samples, the clay matrix is vitrified and
forms a network which holds all the sand particles together as
a consolidated structure. The chemical interaction between sand
particles and matrix is widespread and some small particles may
have been absorbed by the matrix. However, the mould matrix
shows that clay minerals were just gently sintered with each other.
In some cases, isolated clay particles can still be identified. The
boundary between the matrix and individual sand particles is clear,
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Table 2
Bulk chemical composition of mould and pottery samples.

Lab code Description Period Composition %

Na,0 MgO Al,03 SiO, K>0 Ca0 FeO
CM1 Casting mould Early SA 1.9 1.6 11.6 76.4 3.0 1.0 4.5
CM2 Casting mould Early SA 1.7 13 113 77.2 33 14 3.7
CM 3 Casting mould Early SA 1.9 1.6 114 77.0 2.8 1.2 4.0
CM 4 Casting mould Early SA 1.9 1.7 12.0 75.4 3.1 13 4.5
CM 5 Casting mould Late SA 1.5 1.5 11.5 75.6 32 1.9 4.7
CM 6 Casting mould Late SA 1.7 14 11.3 77.2 2.6 1.6 4.1
CM 7 Casting mould Late SA 13 14 11.7 773 33 1.0 4.0
CM 8 Casting mould Late SA 1.8 1.5 123 76.6 2.7 13 3.8
CM9 Casting mould Early WS 1.6 14 123 76.0 3.0 1.1 4.5
CM 10 Casting mould Early WS 1.8 14 11.2 77.8 2.6 13 3.8
CM 11 Casting mould Early WS 1.5 14 11.2 77.7 34 0.9 3.9
CM 12 Casting mould Early WS 1.6 1.5 11.7 77.4 2.7 1.2 3.9
CM 13 Casting mould Late WSI 1.7 1.2 111 78.9 29 09 33
CM 14 Casting mould Late WSI 1.9 13 11.3 77.9 2.8 1.2 35
CM 15 Casting mould Late WSI 1.5 1.5 10.7 75.7 2.6 4.3 3.6
CM 16 Casting mould Late WSI 22 1.5 10.9 78.1 3.1 1.1 3.0
CM 17 Casting mould Late WSI 1.7 1.7 113 772 2.8 1.5 3.8
CM 18 Casting mould Late WSI 0.9 1.0 11.9 76.1 3.0 1.5 5.6
CM 19 Casting mould Late WSI 1.7 1.2 12.7 76.6 2.7 2.7 2.5
CM 20 Casting mould Late WSI 1.8 1.5 104 71.7 2.8 14 44
CM 21 Casting mould Late WSI 2.1 1.6 114 75.5 2.9 2.1 43
CM 22 Casting mould Late WSI 2.1 1.5 11.2 73.6 2.6 4.6 43
CM 23 Casting mould Late WSI 2.0 1.5 12.6 75.7 2.8 13 4.0
CM 24 Casting mould Late WSI 1.8 1.6 114 76.7 2.7 23 34
CM 25 Casting mould Late WSI 2.1 1.6 10.1 724 2.4 8.2 3.1
CM 26 Casting mould Late WSI 2.1 1.8 114 76.4 2.7 2.1 34
CM 27 Casting mould Late WSI 2.1 1.5 11.0 77.0 3.0 1.6 3.8
CM 28 Casting mould Late WSI 2.0 13 10.5 78.5 2.8 13 3.6
CM 29 Casting mould Late WSII 2.0 1.6 119 75.9 32 1.2 41
CM 30 Casting mould Late WSII 1.7 14 11.3 77.6 2.9 1.0 4.1
CM 31 Casting mould Late WSII 2.1 1.9 113 75.1 2.9 2.8 4.0
CM 32 Casting mould Late WSII 22 1.7 12.4 74.7 2.4 2.6 4.0
CM 33 Casting mould Late WSII 2.1 1.8 11.2 76.4 2.6 2.1 3.8
CM 34 Casting mould Late WSII 1.9 1.0 10.6 78.0 2.1 23 4.0
Pol Ceramic dou Western Zhou 13 2.0 14.6 70.8 32 1.7 6.3
Po2 Ceramic dou Early SA 14 1.7 13.3 74.3 3.1 1.2 49
Po3 Ceramic dou Middle SA 1.7 1.9 139 73.6 29 14 4.5
Po4 Ceramic dou Late SA 1.1 2.2 16.3 67.4 39 1.2 7.8
Po5 Ceramic dou Early WS 1.0 2.2 16.2 67.6 3.8 1.6 7.6
Po6 Ceramic dou Middle WS 1.2 2.0 141 721 3.1 1.7 5.7
Po7 Ceramic dou Late WSII 1.5 1.9 13.2 733 34 14 52
Po8 Ceramic li Western Zhou 14 2.2 14.1 69.8 3.8 23 6.3
Po9 Ceramic li Early SA 0.9 2.0 14.5 69.6 5.0 14 6.5
Po10 Ceramic li Middle SA 0.6 2.3 17.7 61.7 5.6 2.8 9.3
Pol1 Ceramic li Late SA 0.8 2.8 17.4 63.7 3.7 35 8.1
Po12 Ceramic li Early WS 1.3 23 15.1 69.4 3.6 1.5 6.8
Po13 Ceramic li Middle WS 1.3 24 16.3 67.6 3.7 1.2 7.4
Pol4 Ceramic li Late WSI 1.2 2.0 14.9 70.2 3.6 13 6.8

*SA stands for the Spring and Autumn; WS stands for the Warring States.

which suggests that the reaction between them was minor. The clay
matrix just glues these big particles together, and the whole
structure is much looser than the ceramic. This may be the reason
why mould samples are much less resistant to water, as noted
during sample preparation. These findings may also be due to the
different firing temperature for these two types of materials. The
degree of vitrification in the ceramic matrix is higher than in the
moulds, but their chemical compositions are not much different
(1%—2% Nay0, 2% Mg0, 15%—20% Al,03, 60—70% Si0,, 2%—5% K30,
1%—4% Ca0 and 4—8% FeO). Therefore, the firing temperature of the
pottery should be higher than that of the moulds. For pottery in this
period, researchers have pointed out that the firing temperature is
generally around 800—1000 °C ( Li, 1998, 68).

Another interesting finding is the identification of large calcite
particles in the mould fabric. In Fig. 9, one calcite particle over
500 pum in length is labelled and it is obviously not created by post-
depositional process. If these calcite particles can be counted as
part of the raw material for casting moulds, two interesting things

should be noted. Firstly, the decomposition temperature for calcite
is around 898 °C, which means that these moulds were never
heated above this temperature for any extended period of time.
Secondly, as only few calcite particles were found in the pottery
samples, their main source of lime should be clay minerals. In
contrast, the lime content in the moulds largely depends on the
number of calcite particles and therefore is more varied. This is
consistent with the observation that the plots of mould samples are
more dispersed in their lime content.

5. Discussion

The microscopic study has revealed the characteristics of bronze
casting moulds as low clay content and high porosity (Figs. 4 and 5).
In contrast, clay matrix is the dominant phase in all pottery. The
bulk chemistry obtained during this study has revealed the same
result. The clay matrix is a major alumina, iron oxide, and magnesia
bearing phase in this case, and when above 60% in volume, such as
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Fig. 3. Binary diagrams of bulk chemical results. Black dots represent mould samples while white dots stand for pottery samples. It can be noticed that white dots show correlations
in many diagrams but black dots does not have this characteristic.

Table 3
Correlation factors between seven oxides components.

Moulds Potteries

Na,0 MgO  ALO;  SiO, K»0 Ca0 FeO Na,0 MgO  ALO;  SiO, K»0 Ca0 FeO

Pearson correlation ~ Na,O - 0.54 -021 -0.29 -0.36 0.25 -041 - -0.56 -0.79 0.86 -0.79 -0.58 -0.85
Pearson correlation =~ MgO 054 — 0.05 -0.40 0.00 0.18 -0.06 -056 — 0.83 -0.82 0.32 0.70 0.76
Pearson correlation ~ Al;03 —0.21 0.05 - -0.15 0.21 -0.37 0.21 -0.79 083 — -0.96 0.58 0.57 0.95
Pearson correlation SiO, -0.29 -0.40 -0.15 — 0.27 -0.69 -0.07 0.86 -0.82 -0.96 — -0.71 -0.67 -0.97
Pearson correlation  K,O -0.36 0.00 0.21 027 - -0.52 029 -0.79 0.32 0.58 -0.71 - 0.36 0.71
Pearson correlation ~ CaO 0.25 0.18 -0.37 -0.69 -0.52 -026  -058 0.70 0.57 -0.67 036 — 0.53

Pearson correlation FeO -0.41 —0.06 0.21 —0.07 0.29 —0.26 — -0.85 0.76 0.95 -0.97 0.71 0.53 —
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Table 4

Chemical composition of sand particles.
Lab code Description Na,O AlLOs; SiO, KO CaO TiO, FeO
CM18 Fe mineral bdl 49 402 03 bdl 102 444
CM25 Calcite bdl bdl bdl bdl 100.0 bdl bdl
CM28 Ca—Fe mineral bdl 230 424 bdl 236 bdl 110
CM34 Albite 9.2 175 719 bdl 14 bdl  bdl
CM34 Potassium feldspar bdl 164 675 16.1 bdl bdl  bdl

bdl stands for below detection limit.

in the ceramic fabric, the bulk composition contains relatively high
quantities of these oxides. Moreover, the low quantity of sand
particles present in the pottery means that they likely have little
influence on the bulk composition, and therefore the content of
these oxides is mostly determined by the amount of clay present
within the matrix. This explains why there is a positive correlation
between these elements. In contrast, as clay is just a minor phase in
mould fabrics, the alumina, iron oxide and magnesia contents are
much lower in these samples and, because of the influence from
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feldspars and iron rich minerals, the positive correlations are
eliminated.

According to the research of Freestone et al. (1989) on moulds
from Anyang, the probable raw material is loess, which is similar to
that of the local pottery. However, according to the result of this
research, it must have been sourced either from carefully selected
loess deposits with much sand, or the loess was processed by
ancient workers to reduce their clay content. Kerr and Wood (2004,
103) have suggested that mould makers may have deliberately
washed away some clay from the loess and increased its porosity.
Voids caused by burning out organic temper were rarely identified
in our samples, which may indicate that the creation of porosity by
the addition and burning of organic materials was not the method
used by mould makers, though it is a technique mastered by potters
since the Neolithic period in China (Li, 1998, 32). Moreover, the
consistency of particle size in moulds also reveals the careful pro-
cessing of raw materials in mould making.

The fabric of the moulds shows it may have had low strength
and plasticity before firing. This means that moulding rather than

Table 5
Point counting result for mould and pottery samples.
Lab code Description Period Sand % Matrix % Voids % Average size Std of cv
of sand (um) size (um)

CM1 Casting mould Early SA 54 19 27 68 38 0.56
CM2 Casting mould Early SA 44 18 39 92 51 0.56
CM 3 Casting mould Early SA 50 30 20 67 41 0.60
CM 4 Casting mould Early SA 64 17 19 64 36 0.57
CM 5 Casting mould Late SA 53 36 11 96 82 0.86
CM 6 Casting mould Late SA 42 39 19 64 43 0.68
CM 7 Casting mould Late SA 53 25 22 73 37 0.50
CM 8 Casting mould Late SA 49 19 32 105 55 0.52
CM 9 Casting mould Early WS 47 28 25 76 40 0.52
CM 10 Casting mould Early WS 55 19 26 99 48 0.48
CM 11 Casting mould Early WS 51 21 28 74 38 0.51
CM 12 Casting mould Early WS 48 26 26 99 43 043
CM 13 Casting mould Late WSI 58 15 27 121 59 0.48
CM 14 Casting mould Late WSI 52 31 17 78 35 0.46
CM 15 Casting mould Late WSI 49 26 25 71 43 0.61
CM 16 Casting mould Late WSI 51 24 25 100 43 043
CM 17 Casting mould Late WSI 37 35 28 57 25 043
CM 18 Casting mould Late WSI 35 31 33 55 28 0.51
CM 19 Casting mould Late WSI 33 49 18 54 33 0.61
CM 20 Casting mould Late WSI 66 14 20 98 44 0.45
CM 21 Casting mould Late WSI 59 12 28 59 29 0.49
CM 22 Casting mould Late WSI 38 27 34 73 28 0.38
CM 23 Casting mould Late WSI 60 22 18 69 37 0.53
CM 24 Casting mould Late WSI 62 13 25 62 29 0.46
CM 25 Casting mould Late WSI 47 16 37 73 33 0.45
CM 26 Casting mould Late WSI 63 7 30 61 35 0.57
CM 27 Casting mould Late WSI 64 9 27 63 26 0.42
CM 28 Casting mould Late WSI 57 14 28 72 42 0.58
CM 29 Casting mould Late WSII 62 13 25 76 39 0.52
CM 30 Casting mould Late WSII 51 27 22 81 39 0.47
CM 31 Casting mould Late WSII 32 24 44 64 33 0.52
CM 32 Casting mould Late WSII 57 18 25 57 26 0.44
CM 33 Casting mould Late WSII 43 29 28 63 34 0.54
CM 34 Casting mould Late WSII 59 25 16 66 39 0.58
Pol Ceramic dou Western Zhou 24 69 7 49 40 0.80
Po2 Ceramic dou Early SA 26 55 19 56 32 0.57
Po3 Ceramic dou Middle SA 25 52 23 55 34 0.61
Po4 Ceramic dou Late SA 10 82 7 54 37 0.69
Po5 Ceramic dou Early WS 20 77 3 42 22 0.51
Po6 Ceramic dou Middle WS 27 67 6 48 31 0.65
Po7 Ceramic dou Late WSII 28 56 16 38 23 0.61
Po8 Ceramic li Western Zhou 22 73 5 52 34 0.65
Po9 Ceramic li Early SA 18 81 1 38 23 0.61
Po10 Ceramic li Middle SA 16 79 5 105 66 0.63
Pol1 Ceramic li Late SA 9 80 11 34 19 0.57
Po12 Ceramic li Early WS 18 79 3 47 34 0.72
Po13 Ceramic li Middle WS 16 82 2 34 22 0.66

*SA stands for the Spring and Autumn; WS stands for the Warring States.
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Fig. 4. BSE images of mould and pottery samples. The three images in the left are for moulds and the three in the right are for pottery. Left side from top to bottom: CM9, CM10,
CM18; right side from top to bottom: Po1, Po4, Po9. The magnification, in all cases, is x100.

® mould
0 ©  local pottery

Fig. 5. Ternary diagram made for point counting result.

hand shaping or wheel making was the most effective way to shape
them. It would have made it easy to carve motifs on the mould
surfaces, but, for impressing, the lack of strength and plasticity may
have caused cracks when the moulds were removed from the
model. It is still not possible to say that those intricate patterns
found on the mould pieces were all carved. The plasticity and
strength of the moulds may have been increased by adding organic
glues such as animal dung and honey (Freestone et al., 1989). More
microscopic study in the future can certainly contribute to our
knowledge on this aspect. According to Tan (1999), phytoliths
added in with plant ash were crucial property modifiers for the
casting moulds and caused the elevated silica content in their bulk
composition. It is hard to comment on this statement based on the
analytical results of this research, as SEM-EDS analysis of polished
blocks is not the standard method for identifying phytoliths.
However, no phytoliths were identified in our samples during BSE
imaging, and it can be argued that phytoliths do not explain the
excess silica found in mould samples as had been previously sug-
gested. It is the high sand/clay ratio that causes the extensive high
silica content found in these moulds. The exact firing temperature
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Fig. 6. Histogram for mean long axes length of sand particles found in moulds and
pottery.

of casting moulds is hard to estimate. However, the low degree of
vitrification of the matrix and the existence of large calcite particles
in moulds may limit the firing temperature below that of local
pottery, to possibly less than 800 °C.

The unique microstructure of casting moulds may impart them
with some excellent physical properties which may have been
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Fig. 7. The mean length of particles’ long axes in four different periods. SA stands for
the Spring and Autumn period and WS stands for the Warring States period.

critical for the successful casting of bronze artefacts with intricate
patterns. Firstly, the shrinkage of this material during the drying
and firing process is much lower than in clay-rich ceramics. The
shrinkage of clay-based material is mainly caused by the loss of
water held within the clay itself. However, for moulds, clay is just
a minor phase in the fabric and the volume of sand particles tends
not to be considerably affected by gaining or losing water. This
stability in shape is crucial for casting artefacts with fine and
complex patterns, which need to be made while the mould is still
wet and workable. On the other hand, the use of clay-rich fabrics
would cause the patterns to be distorted during the drying process.
Therefore, a low shrinkage fabric is generally preferred for mould-
making materials. Secondly, highly porous moulds tend to have
good venting properties during casting, which can help reduce
casting porosity. Despite being dried and fired, some gas and
vapour will form when the molten metal is poured into the mould.
If these gases cannot escape before the consolidation of the metal,
they form small holes on the surface of or within the object. Some
of these holes may be removed through polishing but when too
many of them are present on a complicated decorated object, it will
be quite hard to polish them away and the appearance of the
artefact can be badly affected. Pores in the mould fabric can be an
important channel for escaping gases, especially when they are
interconnected. Thirdly, the high porosity combined with low firing
temperature can improve the mould’s resistance to thermal shock
because voids and particles can stop the expansion of cracks and
prevent the failure of whole structures (Kilikoglou et al., 1998; Tite
et al., 2001). These properties are quite similar to those associated
with modern sand casting moulds. It seems that Chinese craftsmen
were aware of some of the benefits of modern moulds already more
than two thousand years ago. They must have had a clear under-
standing of the need to acquire specific raw materials, and used
their skills and knowledge to ensure that most mould piece would
lead to a successful bronze cast. It can be said that other than the
complex design of piece moulds, specialized mould making tech-
nology is also a cornerstone of the high quality and large scale
bronze industry of the Eastern Zhou period.

This whole process requires professional knowledge and is
labour intensive. Proper organization of production and division of
labour should be essential for this industry. Franklin (1983) has
raised the concept of co-craft production to emphasize that the
bronze casting system in ancient China was not only about the
production of metal but also based on the mastery of clay based
material. She also proposed a model to interpret the bronze
producing system in Shang period of China as the collaboration of
craftspeople from different units of the bronze workshop with
various expertises. Li (2007) polished her hypothesis and suggested
that in the second half of the Anyang period, the central court of
Shang controlled the flow of raw materials and final products but
used secondary elites to organize the production of different units
for the same crafts. The moulds involved in this paper are from the
Eastern Zhou period, which is much later than the Shang period,
and therefore it is inappropriate to apply the organization models
reconstructed for Shang period directly in this case. However, the
analytical result presented in this paper may still be able to shed
some new light on the effort in constructing a theoretical model of
bronze producing in ancient China. The use of specialized material
for mould making certainly supports the hypothesis that bronze
casting was based on a close cooperation between workers with
different knowledge. But, in terms of techniques, mould-making
should not be treated as a branch of pottery manufacture but as
an integral part of the Chinese bronze casting tradition. Mould
makers might use the loess similar to potters but they processed it
in a quite different way to acquire a specialized raw material for
making moulds. Moreover, the shaping, pattern making and firing
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Fig. 8. High magnification BSE images of moulds and pottery. Left side from top to bottom: CM1, CM5 and CM34. Right side from top to bottom: Po5, P09, Po14. The magnification of

top two pairs is x800 and for the last pair x1500.

Fig. 9. BSE image of CM25. A calcite particle over 500 um long can be identified at the
bottom part.

technique for these two crafts appear to have been different from
each other. The present data shows that within this period, most of
the mould samples are similar to each other in terms of chemical
composition and microstructure. This implies that the technical
tradition of mould making was fully developed before the Eastern
Zhou period. Therefore, it may be reasonable to suggest that mould
makers were a group of independent craftsmen who held their
technical traditions and passed them down through generations.

6. Conclusions

Through all these analyses and discussions, it can be said that
bronze casting moulds from the Xinzheng site dated to the Eastern
Zhou period of China were made with unique materials and using
specialized technology. Low clay, high porosity, and high sand
content were all beneficial to bronze casting, and mould making
formed a crucial part of the ancient casting technology of China.
The manufacturing of bronze ritual vessels was a prestige industry
without doubt, which involved many specialized workers and
complex labour organization. The importance of mould makers in
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this system should not be underestimated. With their professional
knowledge of both mould design and raw material preparation,
they may be identified as an independent group that held long-
lasting technical traditions.

This research presents a new perspective on the microstructure
of ancient Chinese bronze casting moulds and shows in what ways
they affected the quality of bronze objects. However, this study
also brings forward a number of new questions. The Eastern Zhou
was certainly not the earliest period in which moulds were made
with this type of material. Two previous analyses (Freestone et al.,
1989; Stoltman et al., 2009) of moulds from Anyang have shown
that no later than the Anyang period of the Shang Dynasty (14th
century to 11th century BC), low clay and sand-rich material had
been used for bronze casting moulds. Sand particles in these
moulds seem finer than those in the Eastern Zhou moulds pre-
sented here.! However, the origin of this mould making tech-
nology at Anyang remains ambiguous. The earliest piece mould
technology in China was discovered in the Erlitou period (18th
century BC), but scholars still have little understanding of how
those moulds were made. None of the materials that we are
familiar with in ancient China since the Neolithic period share the
particular characteristics of these casting moulds, which were
likely either developed indigenously during the Early Bronze Age
through experimentation or introduced from outside. The Bronze
Age material most similar to these moulds can only be found in
the faience of ancient Egypt (Freestone et al., 1989; Kleinmann,
1987; Kingery and Vandiver, 1987; Tite et al., 1983). However,
these areas did not make use of this type of material to make
casting moulds. There is no doubt that piece mould casting was
first invented in the central plains of China, but the initial use of
such a mould making material remains open to discussions.

Acknowledgements

The research was supported by Compass Plan Project (841t
%) of China’s State Administration of Cultural Heritage and
National Natural Science Foundation of China (NO. 51074010). We
appreciate the inspiring suggestions and comments on sample
preparation and data interpretation from Dr Zhichun Jing in
University of British Columbia on our research. Many thanks are
due to Dr Zhiguo Zhang of the Chinese Academy of Cultural Heri-
tage for his great help in the SEM-EDS analysis. Our thanks also go
to Mr Loic Boscher and Mr Maninder Singh Gill for their kind help in
correcting the English writing.

References

An, Zhimin, 1993. Shilun Zhongguo de zaoqi tongqi (On early copper and bronze
artefacts in China). Kaogu (Archaeology) 12, 1110—1119 (in Chinese).

Bagley, Rober.W., 1987. Shang Ritual Bronzes in the Arthur M. Sackler Collections.
Harvard University Press, Cambridge Massachusetts.

Bagley, Robert.W., 1995. What the bronzes from Hunyuan tell us about the foundry
at Houma. Orientations 26 (1), 46—54.

Bagley, Robert.W., 1999. Shang archaeology. In: Loewe, M., Shaughnessy, E.L. (Eds.),
The Cambridge History of Ancient China: From the Origins of Civilization to
221 B.C. Cambridge University Press, Cambridge, pp. 124—231.

Cai, Quanfa, 2011. Shilun Zheng Han liangguo zhuzao jishu (The study of casting
technology in Zheng and Han State). In: Chen, Jianli, Liu, Yu (Eds.), Research on
the Casting Technology of Clay Molds for Shang and Zhou Bronzes. Cultural
Relics Press, Beijing, pp. 258—269 (in Chinese).

Chase, Thomas., 1983. Bronze casting in China: a short technical history. In:
Kuwayama, G. (Ed.), The Great Bronze Age of China: a Symposium. Los Angeles
County Museum of Art, Los Angeles, pp. 100—123.

Chen, Gang., Wei, Xiong, Mei, Jianjun, 2009. Guowai gudai shilafa zhuzao gongyi
yanjiu zongshu (Review of Overseas’ study on the ancient lost wax casting

! Judging from the BSE image in Freestone et al. (1989) and personal commu-
nication with lan Freestone, the mean length might less than 50 um.

technology). Nanfang Wenwu (Cultural Relics in Southern China) 2, 109—113 (in
Chinese).

Dong, Yawei., 2007. Shang Zhou qingtongqi wenshi jishu de sange fazhan licheng
(Three developing stages in pattern making technology of Shang and Zhou
bronze vessels). Zhongguo Lishi Wenwu (Chinese Historical Relics) 1, 83—88 (in
Chinese).

Von Faulkenhausen, L., 1999. The waning of the Bronze Age: material culture and
social developments, 770—481 B.C. In: Loewe, M., Shaughnessy, E.L. (Eds.), The
Cambridge History of Ancient China: From the Origins of Civilization to 221 B.C.
Cambridge University Press, Cambridge, pp. 450—544.

Franklin, 1983. The beginnings of metallurgy in China: a comparative approach. In:
Kuwayama, G. (Ed.), The Great Bronze Age of China: a Symposium. Los Angeles
County Museum of Art, Los Angeles, pp. 94—99.

Freestone, 1.C., Wood, N., Rawson, J., 1989. Shang dynasty casting moulds from
North China. In: McGover, P.E., Notis, M.D., Kingery, W.D. (Eds.), Cross Craft and
Cross Cultural Interactions in Ceramics and Civilization IV. The American
Ceramic Society Inc, Westerville, pp. 253—275.

Hua, Jueming., 1999. Zhongguo gudai jinshu jishu: Tong he tie zaojiu de wenming
(Ancient metallurgical technologies in China: Civilisation formed by Copper and
Iron). Daxiang Press, Zhengzhou (in Chinese).

Hua, Jueming., 2010. Zhongxifang shilafa zhi yitong: Jianping “xianqin bu cunzai
shilafa” yishuo (Similarities and differences of lost wax cast method of Chinese
and Western: a comment about “lost wax technology did not exist in pre-Qin
period”). Kaogu (Archaeology) 4, 87—96 (in Chinese).

Kerr, Rose., Wood, Nigel., 2004. Science and Civilization in China. In: Chemistry and
Chemical Technology, Part XII: Ceramic Technology, vol. 5. Cambridge Univer-
sity Press, Cambridge.

Kilikoglou, V., Vekinis, G., Maniatis, Y., Day, P.M., 1998. Mechanical performance of
Quartz-tempered ceramic: part I, strength and toughness. Archaeometry 40 (2),
261-279.

Kingery, W.D., Vandiver, P.B., 1987. Egyptian faience: the first high-tech ceramic.
In: Kingery, W.D. (Ed.), Ceramics and Civilization. High Technology Ceramics—
Past, Present and Future, vol. Ill. American Ceramic Society, Columbus, OH,
pp. 19-34.

Kleinmann, B., 1987. Technological studies of medieval and later Persian faience of
antiquity. In: Bimson, M., Freestone, 1.C. (Eds.), Early Vitreous Materials, British
Museum Occasional Paper 56. British Museum, London, pp. 133—144.

Li, Jiazhi, 1998. Zhongguo kexue jishushi: Taoci Juan (Technological History of
China: Ceramic Technology). Science Press, Beijing (in Chinese).

Li, Yung-Ti, 2003. The Anyang Bronze Foundries: Archaeological Remains, Casting
Technology, and Production Organization. Unpublished PhD thesis, Harvard
University.

Li, Yung-Ti, 2007. Co-craft and multicraft: section-mold casting and the organiza-
tion of craft production at the Shang capital of Anyang. In: Shimada, Izumi (Ed.),
Craft Production in Complex Societies. The University of Utah Press, Salt Lake
City, pp. 184—223.

Lian, Haiping., 1996. Yanxiadu taofan he luzha de jiance fenxi (Analysis of clay
mould and slag from Yan Xiadu). In: Cultural Relics Institute Hebei Province.
(Ed.), Yan Xiadu. Appendix III Cultural Relics Press, Beijing (in Chinese).

Liu, Yu., Yue, Zhanwei., 2005. Yinxu taofan de cailiao ji chuli gongyi de chubu yanjiu
(The primary study of the material and treating technology of clay mould in
Yinxu). In: Archaeological science center in Chinese academy of social science.
(Ed.), Science for Archaeology I. China Social Sciences Press, Beijing, pp. 226—
236 (in Chinese).

Liu, Yu., Song, Jiangning., Liu, Xinyi., 2007. Zhouyuan chutu zhutong yiwu de fenxi
jiance (The scientific analysis of bronze casting remains from casting foundries
in Zhouyuan). Kaogu yu wenwu (Archaeology and Cultural Relics), 94—97 (in
Chinese).

Liu, Yu., Yue, Zhanwei., He, Yuling., Tang, Jinqiong., 2008. Yinxu chutu gingtong liqi
zhuxing de zhizuo gongyi (The producing technology of casted bronze artefacts
from Yinxu). Kaogu (Archaeology) 12, 80—90 (in Chinese).

Meyers, Pieter., Holmes, Lore.L., 1983. Technical studies of ancient Chinese bron-
zes: some observations. In: Kuwayama, G. (Ed.), The Great Bronze Age of
China: a Symposium. Los Angeles County Museum of Art, Los Angeles,
pp. 124—136.

Nickel, Lukas., 2006. Imperfect symmetry: re-thinking bronze casting technology in
ancient China. Artibus Asiae LXVI (1), 5—39.

Rawson, Jessica., 1987. Chinese Bronze: Art and Ritual. British Museum in Associ-
ation with the Sainsbury Centre for Visual Arts, London.

Stoltman, James.B., Jing, Zhichun., Tang, Jigen., Rapp, George., 2009. Ceramic
production in Shang societies of Anyang. Asian Perspectives 48 (1), 182—203.

Stoltman, James.B., 1989. A quantitative approach to the petrographic analysis of
ceramic thin sections. American Antiquity 54 (1), 147—160.

Tan, Derui., Huang, Long., Wang, Yongji., Lv, Houyuan., Lv, Haibin., 1993. Zhiwu
guisuanti jiqi zai gudai gingtongqi taofan zhizao zhong de yingyong (The
phytolith analysis in the study of ancient bronze casting mould). Kaogu
(Archaeology) 05, 469—474 (in Chinese).

Tan, Derui., 1999. Zhongguo gingtong shidai taofan zhuzao jishu yanjiu (A Study of
the Techniques of Bronze Casting with Clay Moulds in Bronze Age China). Kaogu
xuebao (Acta Archaeologica Sinica) 2, 211-250.

Tan, Derui., 2007. Zhonguo zaoqi shila zhuzao wenti de kaocha yu sikao (The
investigation of early lost wax casting in China). Nanfang Wenwu (Cultural
Relics in Southern China) 2, 36—40 (in Chinese).

Tite, M.S., Freestone, 1.C., Bimson, M., 1983. Egyptian faience: an investigation of the
methods of production. Archaeometry 25 (1), 17-27.



2414 S. Liu et al. / Journal of Archaeological Science 40 (2013) 2402—2414

Tite, M.S., Kilikoglou, V., Vekinis, G., 2001. Strength, toughness and thermal shock
resistance of ancient ceramics, and their influence on technological choice.
Archaeometry 43 (3), 301-324.

Wang, Quanyu., 2002. Metalworking Technology and Deterioration of Jin Bronzes
from the Tianma-Qucun Site, Shanxi, China. Archaeo Press, Oxford.

Zhang, Changping., 2011. Zhongguo qingtong shidai qingtongqi zhuangshi yishu yu
shengchan jishu de jiaohu yingxiang (The interaction between decoration skills

and bronze casting technology in Chinese Bronze Age). In: Chen, Jianli, Liu, Yu
(Eds.), Research on the Casting Technology of Clay Molds for Shang and Zhou
Bronzes. Cultural Relics Press, Beijing, pp. 1-22 (in Chinese).

Zhou, Wenli, Chen, Jianli, Lei, Xingshan, Xu, Tianjin, Chong, Jianrong, Wang, Zhankui,
2009. Three Western Zhou bronze foundry sites in the Zhouyuan area, Shaanxi
province, China. In: Mei, J., Rehren, Th (Eds.), Metallurgy and Civilisation: Eur-
asia and Beyond BUMA VI. Archetype, London, pp. 62—72.



	Microscopic study of Chinese bronze casting moulds from the Eastern Zhou period
	1. Introduction
	2. Materials
	3. Methodology
	4. Results
	4.1. Chemical composition
	4.2. Microstructure

	5. Discussion
	6. Conclusions
	Acknowledgements
	References


