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Abstract

During the Eastern Zhou Dynasty (770-222 BC), a large number of bronze arrowheads were unearthed from the Chu tombs,
which is of great significance to the study of bronze weapons in the Chu state. However, little is known about the production
technology, mode, and provenance of the raw materials for bronze weapons in the Chu state. Therefore, we conducted archaeomet-
allurgical analyses of 16 bronze arrowheads excavated from the Yuwan cemetery using metallographic microscopy, inductively
coupled plasma atomic emission spectroscopy, and multi-collector inductively coupled plasma mass spectrometry. The results
indicate that the arrowheads are all copper-tin—lead ternary alloys with a high tin content and adequate mechanical properties.
The differences in the production process, lead—tin content, and copper groups indicate that bronze arrowheads were produced
at a high rate and in multiple batches. Furthermore, comparative lead isotope studies of galena from different regions revealed
that during the Warring States period, the Chu state possessed a strong supply network of metal resources, and after occupying
regions with abundant metal resources, it was transported to the Chu state for bronze production.
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Introduction

The Eastern Zhou was an important period in which the
state form of ancient China shifted from the stage of king-
dom to that of empire. In the historical environment of this
major transformation, ancient China not only ushered in
a great wave of spatial integration, but also set off a new
upsurge of cultural intermingling. Whether it was the great
vassal states of Qin, Chu, Qi, Yan, Zhao, Wei, and Han, or
the small borderland states of Ba, Shu, and Yiqu, all were
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inevitably caught up in the historical flood of multicultural
spatial integration (Xiang 2017). The first half of the Eastern
Zhou, in which the vassals competed for hegemony, is called
the Spring and Autumn Period (770-477 BC; the second
half of the Eastern Zhou is called the Warring States Period
(476-222 BC). Although the Eastern Zhou period had
already entered the Iron Age, and the ritual role of bronze
was greatly reduced, it was still an important period for the
development of bronze technology, especially because of
the frequent wars, and the bronze weapon technology of the
vassal states was greatly developed.

Bronze arrowheads, as important military equipment,
gradually developed in artisanship and design and were
indispensable weapons in warfare at that time. An arrowhead
is a weapon that is used to attack an enemy at a distance.
Before the invention of firearms, this type of weapon was an
extremely important long-distance weapon in combat. In addi-
tion to being used as weapons, arrowheads play an important
role in daily activities such as hunting, Yishe (bird shooting),
and Touhu (an ancient throwing game) (Liao 2017).

The Chu state was one of the strongest military powers
during the Eastern Zhou period. Archaeological excavations
reveal a diverse array of projectile armaments, encompassing
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bows, crossbows, and arrowheads, with bronze arrowheads
being the most commonly unearthed in the Chu state.
Recently, researchers have expressed increased interest in
the function, typology, development, and evolution of the
shape of the bronze arrowheads of the Chu state (Zhao 2019;
Yuan 2008). He and Chen (1999) conducted a thorough
archaeometallurgy analysis of the mechanical characteristics
and surface refinement processes employed on the bronze
arrowheads excavated from Yutaishan cemetery during the
Warring States period. Lin et al. (2022) studied the manu-
facturing techniques and alloy compositions of arrowheads
unearthed from the Gaodian cemetery. Additionally, Chen
et al. conducted a lead isotope ratio analysis on arrowheads
recovered from Xiquan cemetery; however, they did not
investigate the lead source (Chen et al. 2021a). Thus far,
there has been limited discussion on the production process,
batches, and mineral sources of bronze arrowheads in the
Chu state. This gap in research hinders a comprehensive
understanding of weapon production in the region.

This study attempts to address the issue of bronze weapon
production in the Chu state through systematic archacomet-
allurgical analyses. In 2016, 16 bronze arrowheads were
unearthed at the Yuwan cemetery, and used for this study.
Employing metallographic microscopy, inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES), and
multi-collector inductively coupled plasma mass spectrom-
etry (MC-ICP-MS), we discuss the production mode and
sources of minerals in bronze arrowheads. These findings
should make an important contribution to the field of bronze
weapon production in the Chu state.

Materials and methods
Archaeological contexts and samples

Yuwan cemetery is located on a slope in Leidu Village,
Zengji Town, Shayang County, Jingmen City, Hubei
Province, and covers an area of approximately 40,000 m?
(Fig. 1). From November 2016 to March 2017, the Depart-
ment of Archaeology at Sichuan University excavated 57
tombs in a cemetery (Bai et al. 2020), and unearthed 16
arrowheads from four of the tombs (M18, M19, M25, and
M42). Among the arrowheads, 11 pieces of M25 were bur-
ied, most in Yuwan cemetery. Three pieces of M42 and
one piece each of M19 and M18 were buried. According
to pottery, such as Ding, Dui, and Fou (ritual vessels) from
M18, M19, and M42 which resemble those found in the
early Warring States Chu tombs, these three tombs also date
to the early Warring States period (Bai et al. 2020). As no
pottery was unearthed from M25, it was difficult to deter-
mine its chronology. However, M25 had four arrowheads
with long tangs, each exceeding 30 cm in length (Fig. 2).
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Arrowheads with long tangs found in the Chu tombs gen-
erally date to the later Warring States period (Liao 2017).
Therefore, it is reasonable to infer that the burial of M25
dates back to the later Warring States period.

This study sampled 16 bronze arrowheads from four dif-
ferent tombs in Yuwan cemetery and collected 17 samples
(Table 1). Regarding the sampling location and considering
the precision of these artefacts, we carefully selected parts
that would not seriously damage the bronze arrowheads, thus
ensuring that destructive sampling was performed primarily
on the Tang or Socket of the arrowhead, not the Head or
Blade. (Table 1, Fig. 2a). Therefore, only one arrowhead sam-
ple was taken from the blade (YW1), and seven arrowhead
samples were taken from the socket. Moreover, nine samples
were obtained from the tang of the arrowheads. We noticed
that some arrowheads had broken tangs in their sockets. To
further determine the material of the tangs, we conducted a
scanning electron microscopy and energy spectrum analysis
(SEM-EDS) on one of them (YW6). Except for YW6, metal-
lographic analysis and ICP-AES analyses were performed on
the remaining 16 samples. Seven samples were simultane-
ously selected for the MC-ICP-MS analysis.

The 16 arrowheads excavated from Yuwan cemetery can
be classified into four different types based on differences
in the head (Fig. 2b). Type A has hollow blades and wide
heads. The blade features a longer, straight blade with no
tang and a hollow edge that extends to the tip of the blade
(Fig. 2, YW1). Type B has 3 pieces. The shapes are all the
same, double-bladed, with a larger flattened head and a
rhombus-shaped cross section. The socket hollowed out and
was shorter, with remnants of iron tangs in the socket (Fig. 2,
YW6, YWS, and YW9). Type C is a triangular arrowhead
with the smallest body and can be divided into three dif-
ferent subtypes. In type Cl1, the three blades are slightly
curved at the top to form a front, and the rear blade is curved
inward. The front tang was short, thick, and triangular in
shape, and the rear part was slender and rounded (Fig. 2,
YW14-YW17). In Type C2, the three curved blades con-
verged into a front edge, and the back blade curved inward.
The socket was long and hollow up to the front edge, and
broken iron tangs were present (Fig. 2, YW10-YW13). In
Type C3, the triangular arrowhead had a longer head. They
had long spines, three longer blades, and a broken tang
(Fig. 2, YW3-YW5). In Type D, there was one piece that had
a well-made triangular arrowhead (blunt). The tang was not
broken; the front section was long and thick, with a rounded
triangular shape; and the back section was shorter, with a
thin triangular shape (Fig. 2, YW2).

Analytical methods

Elemental compositions were measured using ICP-
AES. The lead isotope ratios were determined using an
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MC-ICP-MS system. The mounted samples were subjected
to cold mounting in an epoxy resin. A Struers Tegramin-20
polishing machine was used to grind and polish the sam-
ples. A Nikon LV-100 polarising/metallographic micro-
scope was used to observe the samples before and after
etching with alcoholic ferric chloride (FeCl,).

Before the samples could be dissolved, their corro-
sion and contamination were removed. The sample was
completely dissolved in aqua regia and diluted to 100 ml
with deionised water. The elements were analysed using a

]
116°E

Prodigy inductively coupled plasma atomic emission spec-
trometer (Leeman Labs). The working conditions were as
follows: RF power of 1.1 kW, Ar gas flow rate of 20 L/min,
and plasma and nebuliser gases at 20 MPa. Eight elements
were measured in this study: Sn, Pb, Fe, Ni, As, Sb, Ag, and
Au. Before the experiment, the instrument was calibrated
using standard solutions to ensure that the relative standard
deviation of each element was less than 0.1% and that the
limit of quantitation value of the ICP-AES was maintained
throughout the sample determination (Yang et al. 2024).
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Table 1 Context and types of Lab number  Context number  Sampling position  Length Head Tang Type
the analysed arrowheads
YW1 M18: 1 blade 4 cm 4 cm - A
YW2 M19: 10 Tang(triangular) 5.8 cm 42 cm 1.6 cm D
YW3 M42: 4 Tang(triangular) 6.6 cm 4.1cm 2.5cm B
YW4 M42: 5 Tang(triangular) 9cm 4.1 cm 4.8 cm
YW5 M42: 6 Tang(triangular) 6.6 cm 33cm 3.3cm
YW6 M25: 6-1 Tang 3cm 3cm - C3
YW7 Socket
YWS M25: 6-2 Socket 3cm 3cm -
YW9 M25: 6-3 Socket 415cm  322cm -
YWI10 M25: 8-1 Socket 4 cm - - C2
YWI11 M25: 8-2 Socket 42cm - -
YWI2 M25: 8-3 Socket 4.8 cm 4.3 cm 0.5cm
YWI3 M25: 8-4 Socket 6.5 cm 4.5cm 2cm
YWI14 M25: 9-1 Tang(circle) 332cm 2cm Front:14.4 cm Cl
Rare:16.8 cm
YWI15 M25:9-2 Tang(circle) 39 cm 2 cm Front:13.6 cm
Rare:23.4 cm
YWI16 M25:9-3 Tang(circle) 40.2 cm 2cm Front:13.6 cm
Rare:24.6 cm
YW17 M25: 94 Tang(circle) 4l4cm  2cm Front:13.5 cm
Rare:25.9 cm
The lead isotope ratios were measured using a VG Elemen-  2%°Pb/>*Pb ratios were <0.01%, 0.01%, and 0.1%, respectively.
tal multi-collector inductively coupled plasma mass spectrom- ~ The SRM981 international lead isotope standard was used as a
eter (VG Elemental Axiom, Thermo Fisher Scientific Inc., standard reference to calibrate the spectrometer. Calibration was

USA). The relative errors in the 27Pb/?*Pb, 2Pb/2%Pb, and ~ checked after every set of six to eight measurements.
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Results and discussion
Alloy ratio and manufacturing techniques

Different metals have different thresholds when defining them as
alloying elements. For example, tin (Sn) needs to exceed only 1
wt% to qualify as an alloy, lead (Pb) must be present with at least
3 wt% to be counted as intentional (Lehner 2017). Howeyver,
for Chinese Eastern Zhou bronzes, it has been found through
extensive research that the bronzes of this period are generally
copper-tin—lead ternary alloys (Zhang et al. 2019). Therefore, it
is generally accepted that an element can be considered an alloy-
ing element if its content exceeds 2%; otherwise, it is considered
an impurity introduced from the ore (Sun et al. 2011). Therefore,
the ICP-AES results indicate that the arrowheads in this study
are all copper-tin—lead ternary alloys. Barring YW1, which had
a lower tin content, the other arrowhead samples had a higher
tin content, with a ratio ranging from 16 to 24% (Table 2, Fig. 3)
and an average value of 19%. Most Eastern Zhou bronzes use
17% as the threshold and those with higher than 17% are high-
tin alloys (Zhang et al. 2019). Therefore, 65% of the arrowheads
in this study were high-tin alloy. High-tin weapons have higher
hardness, strength, and stronger lethality, but their ductility and
tensile strength are relatively poor. Most arrowheads contain
less than 10% lead, which helps improve their overall strength
and durability. However, in a copper-based alloy containing
12% to 18% tin, the addition of approximately 6% lead can fur-
ther enhance its mechanical properties. The addition of a small
amount of lead to tin bronze can significantly enhance its fluidity
and increase its overall flow rate (Chen et al. 2022). Moreover,
the low melting point of lead allows it to fill the interdendritic

Table 2 Results of ICP-AES analysis of analysed samples (wt%)
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Fig.3 Comparison of lead and tin content of bronze arrowheads
excavated from Yuwan cemetery

pores in the final stage of solidification, effectively improving
the quality of the final products (Sun et al. 2011). Additionally,
the SEM-EDS results indicated that YW6 was pure iron, indi-
cating that the broken tangs in the sockets of some arrowheads
were made of iron (Table S1, Fig. S1, 2).

The Rites of Zhou- The Artificers’ Record (Zhou Li J
AL.-Kaogong ji) also mentions the alloy ratio of bronze arrow-
heads. For more than 100 years, the precise interpretation of the
alloy ratios documented in The Rites of Zhou- The Artificers’
Record has eluded any explanation (Pollard and Liu 2022; Yang

Lab number Context number Copper Group Pb Fe As Ag Sb Ni Au

YWI Mi18: 1 6 9.342 11.262 0.027 0.338 0.032 0.306 0.052 0.021
YW2 M19: 10 2 7.016 18.055 0.020 0.447 0.019 0.000 0.040 0.015
YW3 M42: 4 2 7.637 21.910 0.152 0.111 0.017 0.000 0.008 0.126
YW4 M42: 5 11 8.344 19.063 0.024 0.076 0.022 0.000 2.483 0.016
YWS5 M42: 6 11 4.145 24.008 0.017 0.273 0.009 0.000 2.136 0.011
YW6 M25: 6-1 2 9.480 20.044 0.081 0.098 0.024 0.000 0.037 0.067
YWS8 M25: 6-2 2 9.515 16.119 0.083 0.243 0.022 0.000 0.068 0.068
YW9 M25: 6-3 11 9.661 18.243 0.165 0.204 0.021 0.000 0.105 0.138
YWI10 M25: 8-1 2 10.146 19.005 0.201 0.143 0.045 0.000 0.031 0.169
YW1 M25: 8-2 2 10.067 22.172 0.058 0.120 0.044 0.000 0.027 0.047
YWI12 M25: 8-3 11 8.256 26.241 0.328 0.190 0.049 0.000 0.074 0.276
YW13 M25: 8-4 2 7.970 23.882 0.112 0.134 0.031 0.000 0.029 0.093
YW14 M25: 9-1 1 9.623 13.708 13.711 0.058 0.062 0.000 0.017 11.746
YWI5 M25: 9-2 1 8.816 16.818 0.059 0.068 0.054 0.000 0.016 0.047
YWI16 M25: 9-3 2 11.265 16.829 0.171 0.192 0.045 0.000 0.056 0.142
YW17 M25: 9-4 1 8.265 17.711 0.024 0.063 0.064 0.000 0.013 0.018
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2015). However, the consensus is that arrowheads require higher
hardness and tin content. The high tin content provides high
strength and is suitable for improving the penetrating power and
lethality. Furthermore, the addition of a moderate amount of lead
can increase the weight of an arrowhead, improve flight stability,
and enhance lethality (Nan 2018). Therefore, most of the arrow-
heads tested in this study exhibited sound mechanical properties.
Existing archaeological material indicates that from the late
Spring and Autumn period to the Warring States period, the
shape of the arrowheads unearthed in the Chu tombs changed.
The shape of the arrowheads ranges from a double blade to
a triangular blade, from long and narrow to short, and the
tang changes from short to long. Furthermore, the number
of bronze arrowheads with iron tang began to increase (Liao
2017). The arrowheads in this study are consistent with this
change. Double-blade and triangular arrowheads are the most
common. There are six arrowheads with iron tangs remaining
in the sockets; however, the iron tangs are shorter with severe
corrosion. Additionally, there were four arrowheads with long
tangs, with the longest tang reaching 39.4 cm. Related studies
have highlighted that the overall pattern of high tin and low
lead was seen in bronze weapons from the Chu state during the
Warring States period. In this study, the average tin and lead
contents of the arrowheads were 19% and 8.7%, respectively.

What factors drive the changes in the arrowhead
shape and alloy ratios?

During the Warring States period, with the development
of protective devices, such as shields and body armour, the
lethality of the double-blade arrowhead declined. In this con-
text, a triangular arrowhead characterised by three blades
emerged. This type of arrowhead is designed specifically to
penetrate protective equipment, making it suitable for both
infantry and vehicle combat (Yin 2023). Bronze arrowheads
are combat weapons, and the requirements for lethality are
the primary factors that determine their shape. Some schol-
ars have used experimental archaeology to analyse the rea-
sons for the changes in the shape of arrowheads during the
Warring States period (Wang 2007; Shi 2006). This research
revealed that the implementation of a long tang on arrowheads
increased their weight and overall strength, allowing them to
remain stable during flight, and ultimately improving their
effectiveness in warfare. The high-tin content provides high
strength and is suitable for improving the penetrating power
and lethality. Furthermore, the addition of a moderate amount
of lead can increase the weight of an arrowhead, improve
flight stability, and enhance lethality (Nan 2018). Therefore,
the shape of bronze arrowheads from a double blade to a tri-
angular blade, the constant lengthening of tang, the invention
of the iron tang, and the characteristics of high-tin and low-
lead are the embodiments of further enhancement of the lethal
performance of bronze arrowheads.
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The results of the metallographic analysis are depicted in
Fig. 4. The samples exhibited dendritic crystalline structures
with dispersed lead and sulphide inclusions, indicating that all
samples were cast. As the a4 9 eutectoid in tin bronze is rela-
tively fragile, from a practical point of view, it is essential for
craftsmen to carefully heat treatment or cold-work the bronze
in order to enhance its mechanical strength and durability (Lin
et al. 2022). Notably, no clear traces of heat treatment or cold-
working were observed in the metallographic analysis. This
could be because the samples taken in this study were mostly
from the sockets and tangs, rather than from the blades.

All the arrowheads in this study were cast; however, specific
casting techniques can be divided into two types: single-casting
and separate-casting. Single-casting involves the simultaneous
pouring of molten metal into the mould to cast an entire object,
whereas separate-casting utilises different accessories that are
cast individually and eventually joined (Zhao et al. 2024).
YW1-YWS5 were single castings. The remaining samples were
separated via casting using different methods.

According to relevant research, there are two techniques for
producing bronze arrowheads with tangs. The first involves pro-
ducing an arrowhead with a socket (Fig. 2b) and subsequently,
mechanically inserting a bronze or iron tang into the socket
after casting the arrowhead (Marcos et al. 2014). YW3-YW5
and YW10-YW13 both have sockets, and remnants of iron
tangs are found in the sockets. However, no traces of soldering
or casting were observed in the combination of the heads and
tangs, which suggests that the heads were cast first and subse-
quently, the tangs were mechanically inserted into the sockets.
The other technique involves first casting the tang and subse-
quently placing it into the arrowhead mould before pouring it
into the molten metal to cast the arrowhead, ensuring a good
bond between the tang and head (Shi 2006). The YW 14-YW17
have a long tang, divided into two sections: the front section is
short and triangular, and the rear section is long and circular.
Figure 5 presents the traces of liquid metal overflow at the root
of the rear section of the tang. Additionally, a layer of unevenly
thick and irregularly shaped metal liquid was formed on the
tang at the joint between the front and rear tangs. This indicates
that the rear section of the tang was cast first and subsequently
placed in the mould and cast together. This method is more
efficient than the first method and facilitates large-scale mass
production; whereas the first method has an additional process
that may have been used in the early period and later improved
into the latter (Zhang 2012).

YW14-YW17 are arrowheads with a long tang, and the
sampling position is the rear section of the tang. These four
arrowheads represent separate casts; therefore, their alloy com-
positions are representative of the rear sections of the tang. The
sampling position of YW2-YWS5 is also tang; however, as it is a
single cast, the alloy composition should be the same as that of
the blade. The same was true for YW1 and YW7-YW13. Over-
all, the tin-content of the blade was significantly higher than that
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Fig.4 Metallographic microstructure of some bronze arrowheads excavated from Yuwan cemetery

Fig.5 Enlarged view of long
tangs of the bronze arrowhead
studied in this text

of the tang blade (Fig. 3). This result implies careful selection
and optimisation of the alloy ratios of the different parts of the
arrow by the artisan: the good hardness and strength of the high-
tin bronze improves the penetration of the head but at the cost
of increased brittleness. Contrarily, tangs are made of low-tin
content to ensure better toughness and reduce the risk of break-
ing when inserted into bamboo shafts (Marcos et al. 2014).

Multiple production batches and lead sources reveal
the weapon production mode in the Chu state

To further discuss the issue of production batches of arrow-
heads, we analysed data based on the copper groups (CG)
method in the Oxford system (Pollard et al. 2018). Briefly,
the CG method uses the presence or absence of four elements

@ Springer
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(arsenic, antimony, silver, and nickel) in bronze (0.1% cut-off)
to define 16 different CGs. Applications of the CG method to
ancient bronzes in China have been described in detail in the
literature and are not repeated here (Li et al. 2020a, b, c, d).

In general, bronze samples of an identical type, decoration,
size, and casting features are most likely to originate from
the same batch, and the same production batch should have
the same CG and lead isotope ratios (Li et al. 2020c; Chen
et al. 2021b). Based on the typological, CGs, and lead isotope
analyses of the Yuwan arrowheads, it is possible to discuss
the production of these bronze weapons. Types A and D were
excluded from the discussion because only one sample was
available and no lead isotope ratio analyses were conducted.

First, we examined the case of M25, in which 11 arrow-
heads were excavated and divided into Types B, C2, and C3
according to their shapes. Three of the Type-B samples have
different levels of detail and sizes. The results of the CGs
indicated that YW6 and YW8 were both in CG 2, and YW9
was in CG 11. The four Type-C1 samples were broken at the
rear of the tang; however, by observing the arrowheads and
front of the tang, it was established that the front of the tang
of YW 14 was longer than that of the other three samples, but
the sizes of the heads were equal. YW 14, YW15, and YW17
are CG 1, while YW16 is CG 2, and there is no obvious dif-
ference in the size of the four Type-C2 samples. YW 12 was
CG 11, and the remaining three samples were CG 2. Figure 6
depicts a comparison of the lead isotope ratios of the differ-
ent types of arrowheads. It can be seen that the four Type-C1
samples are discrete, with no overlap, which indicates that
the arrowheads of the same shape were made from different
sources of lead. The Pb isotope ratios of the two Type-C2
samples are closer, suggesting that the same source of lead
ore may have been used; however, the differences in CG still
indicate that they were made in different batches.

O TypeCl
2.184 O Type C2 O
A TypeB
Q
2.16
- O
= 2.14 4
©
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2 212
[m]
2.10 A
JAY
2.08 T T T T T
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The lengths of the three M42 arrowheads were different.
YW4 and YW5 are CG 11, while YW3 is CG 2. The lead
isotope ratios of YWS5 overlap with those of one sample from
Type C1, suggesting that the same lead source should have
been used. The difference in the M42 and M25 dates may
indicate that from the early to late Warring States period, the
Chu state continued to use this type of lead ore.

Arrowheads of the same type indicate different CGs and
lead isotope ratios. Furthermore, the lead and tin contents
of arrowheads of the same type also varied greatly (Fig. 3),
further indicating that these arrowheads were not produced
in a single batch. This implies that the bronze arrowheads of
the Chu state were produced more frequently and in multiple
batches during the Warring States period.

Evidence can also be obtained from archaeological mate-
rials. Compared to other contemporary cultures, the propor-
tion of weapons buried in the Chu tombs is much higher. The
burial of arrowheads was a very common practice in the Chu
tombs during the Warring States period. Not only were tomb
owners of a higher social status, but bronze arrowheads were
also found in many lower-class tombs (Liao 2017). Among the
tomb owners of higher social status, as many as 4,507 arrow-
heads were unearthed in the tomb of Marquis Yi of Zeng (The
Museum of Hubei Province 1989). The number of arrowheads
buried in tombs of other classes ranged from dozens to hun-
dreds (Liao 2017). The practice of using many bronze arrow-
heads as funerary objects undoubtedly demands a higher level
of efficiency in the production of bronze weapons. Moreover,
the Warring States period witnessed an increase in the fre-
quency and scale of warfare, which inevitably led to a sharp
increase in the demand for bronze weapons. Therefore, a high
frequency, multi-batch production mode fulfils this require-
ment. This is also in line with the spirit of the Chu people in
martial arts as recorded in historical documents.
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Fig. 6 a. Lead isotope comparisons of different types of bronze arrowheads excavated from the Yuwan cemetery; b. Lead isotope comparison of
bronze arrowheads unearthed at Yuwan cemetery with bronzes from other Chu tombs
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Provenance study

Lead isotope analysis results indicate that the lead isotope
ratios of the samples are within the range of common lead, with
206pp/ 24P ratios ranging from 17.4222 to 18.4189, 2Pb/***Pb
ratios ranging from 15.4708 to 15.7031, and 2**Pb/?**Pb ratios
ranging from 37.9645 to 39.0000 (Table 3). Concerning the
significance of lead isotopes, if the lead content in bronze is
higher than 2%, it is considered to be artificially added lead.
In this case, the lead isotope indicated the source of the lead
ore; otherwise, it indicated the source of the copper ore. There-
fore, the lead isotope data of the arrowheads tested in this study
mainly indicate the provenance of the lead ore.

As depicted in Fig. 6a, the distribution of arrowheads exca-
vated from the Yuwan cemetery was relatively scattered, sug-
gesting that the sources of the lead ores used were complex,
with at least three groups. Numerous lead isotopes have been
published for bronzes from the Warring States period of the
Chu state, so we chose lead isotope data from the Shouxian,
Lu’an, Bayi Road, Xujialing, Shaoyang, Xiquan, and Chutai
cemeteries (Chen et al. 2021a; Luo et al. 2023a, b; Wen et al.
2013; Mu et al. 2019; Luo et al. 2022) (Table S2). The results
of the comparison indicate that the distribution pattern of the
Yuwan arrowheads is the same as that of the Chu bronze data
(Fig. 6b), implying that multiple lead sources were used in the
Chu bronzes during the Warring States period.

Ancient documents such as the Yugong section of the
Esteemed Documents (Shangshu %13, the Spring and Autumn
period) and the Rites of Zhou- The Artificers’ Record (Zhou Li
-‘Kaogong ji) indicate that the Chu state was rich in metal
resources. Archaeological material also indicates that a large
number of ancient mining sites from the Shang Dynasty to the
Warring States periods were distributed within the Chu state
(Wen et al. 2013). Furthermore, scientific analysis of Chu’s
bronzes can provide some clues. Luo et al. analysed Warring
States bronze mirrors unearthed from Chu tombs in Hunan and
concluded that Changsha was the bronze mirror casting centre
during the Warring States period. Artisans mainly used ores
from the Nanling Mountains, northern Jiangxi, and western
Henan regions to manufacture different types of Chu bronze
mirrors (Luo et al. 2022). The rich resources of tin and lead

Table 3 Results of MC-ICP-MS analysis of analysed samples

O  galena(Western Henan) I o
220 A galena(Northern Jiangxi) ! (®)
) Nanling Moountains (Southern Hunan) ] O O
Nanling Moountains (Northern Guangdong) i
O Yuwan Cemetery i YWI2 Q)
2.18 : O
i O
|
L g’ B o
|
2.16 4 i YWI3YWI4
i
S Range of galena in the YW16 |
£~2.14 4 Nanling Mountains g |
3 = TN 1
< - . |
£ - VoA
S 2124 7 | i
/ YWI5 i
/ / .
‘ |
2104 S 7 i
.10 4 Y Y |
R’y .z YWs, YW17 |
2.08 ] . I . .
0.84 0.85 0.86 0.87 0.88 0.89 0.90
207Pb /206Pb

Fig.7 Comparison of lead isotopes between bronze arrowheads exca-
vated from Yuwan cemetery and galena from different areas

ores in the Nanling region could have been one of the motiva-
tions for the southward advancement of the Chu state (Fig. 1).
Therefore, to further determine the source of the lead ore for the
arrowheads excavated from the Yuwan cemetery, we selected
galena from the Nanling, Jiangxi, and western Henan regions
(Fig. 1) for a comparative study (Hsu and Benjamin 2019).
As depicted in Fig. 7, the lead isotope ratio data for the
Yuwan arrowheads can be divided into three groups. The first
group of data (YWS5, YW15, and YW17) overlaps with the
main range of lead ore from the Nanling Mountains, indicating
that the lead ore used in these arrowheads originated from the
Nanling area. It is worth noting that although YW5, YW17,
and YW15 correspond to galena from the Nanling Mountains,
YWS5 and YW17 correspond to lead mines in southern Hunan,
whereas YW 15 corresponds to lead mines in northern Guang-
dong, suggesting that lead ores from different deposits in the
Nanling area were used. From the mid-Spring and Autumn peri-
ods, lead ores from the Nanling Mountains were widely used in
bronzes from the middle reaches of the Yangtze River (Ma et al.
2023). During the Warring States period, the Nanling Mountains
were included in the dominion of the Chu state, and the lead
isotope ratios of the first set of arrowheads indicate that the Chu

LabNo  2%pb/%Pb  err26)  27Pb/”™Pb  err 26)  2%Pb/2%Pb  err 20)  2®Pb/2%Pb  err 26)  2Pb/”%Pb  err (20)
YW5 38.976 0.745%  15.717 0.226%  18.627 0.254%  2.092 0.012%  0.844 0.001%
YWI2  38.063 0.378%  15.485 0.111%  17.452 0.105%  2.181 0.009%  0.887 0.001%
YWI3 38207 0.551%  15.526 0.170%  17.614 0.164%  2.169 0.011%  0.881 0.002%
YWI14 38217 0.873%  15.529 0.261%  17.629 0272%  2.168 0.016%  0.881 0.001%
YWI15  38.842 0.104%  15.675 0.037%  18.409 0.025%  2.110 0.003%  0.851 0.001%
YW16  38.497 0.850%  15.595 0.245%  17.960 0.236%  2.144 0.019%  0.868 0.002%
YW17 38954 0312% 15714 0.119%  18.616 0.130%  2.092 0.005%  0.844 0.002%
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state further developed and utilised the metal resources of the
Nanling Mountains during the Warring States period.

YW16 in the second dataset corresponds to the Galena data
from the northern Jiangxi area, suggesting that the lead ore
used came from northern Jiangxi. In the late Warring States
period, northern Jiangxi was incorporated into the sphere of
the Chu state (Zhao 2013). Additionally, the similar distribu-
tion ranges of YW12-14 and lead ore data from western Henan
indicate that the lead material used in these arrowheads likely
originated from the western Henan region. Chen et al. con-
ducted lead isotope analyses of lead and tin vessels from the
Warring States period excavated in Nanyang, and the results
revealed that western Henan not only produced large quanti-
ties of copper and iron but was also an important area for lead
production (Chen et al. 2021c¢).

Therefore, the analyses of lead isotopes in the Yuwan arrow-
heads demonstrate that the Chu state possessed a strong supply
network of metal resources during the Warring States period.
In addition to using the metal resources within the territory of
the Chu state, it occupies areas with abundant metal resources
such as the Nanling Mountains, western Henan, and northern
Jiangxi. The Chu state can continuously transport local met-
als for bronze production. One of the important motivations for
Chu’s outwards expansion was to obtain large quantities of raw
metal materials; the dramatic increase in the demand for metal
resources would inevitably lead to an expansion in the scale of
mining and smelting, which would also lead to the search for
new sources of minerals and the mining of more minerals.

Conclusion

This study presents an archaecometallurgical analysis of 16
bronze arrowheads excavated from Yuwan cemetery. An anal-
ysis of the alloy ratios reveals that the arrowheads all contain
a high-tin content, 65% of which belongs to copper-tin—lead
ternary alloys, which ensures that the arrowheads have high
hardness, strength, and good mechanical properties. The differ-
ence in tin-content between the tang and blade reveals that the
artisans carefully selected and optimised the alloy ratios for the
different parts of the arrowheads. Metallographic observations
indicated that the arrowheads were all casts, and no signs of
secondary processing were established. This may be because
the sampling parts are mostly the tang and socket rather than the
blade. The production process can be divided into two kinds,
single-casting and separate-casting. The separate casting arrow-
heads can be divided into two different operation methods.
We discuss the production mode of arrowheads using the CG
method. According to the CG and typological analysis of Yuwan
arrowheads, there are different CGs of arrowheads of the same
type, and the lead—tin content of arrowheads of the same type
varies greatly. This further suggests that arrowheads of the same
type are not a single batch, which implies that the frequency of

@ Springer

production of arrowheads from the Chu state during the War-
ring States period is higher. This provides important clues in
understanding the production mode of the Chu state. Moreo-
ver, lead isotope analyses indicated that the lead ores used in
arrowhead production are complex, mainly using lead materials
from the Nanling Mountains and western Henan, with a small
portion of lead ores from northern Jiangxi. This also reflects
the fact that the demand for metal raw materials in the Chu state
greatly increased during the Warring States period, prompting
the search for new sources and the exploitation of more metal
resources, which was also an important motive for the outwards
expansion of the Chu state.

Due to the small number of samples analysed in this
study, research on the performance of bronze arrowheads has
not yet been conducted. In the future, with the continuous
accumulation of scientific data and the unfolding of experi-
mental archaeology, we believe that we can better answer the
questions of weapon production in the Chu state.
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