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Bronze Age Shang China is characterized by its large-scale production system and
distinctive ritual world. Both are vividly materialized by a large number of bronze ritual
vessels with added lead. Whilst a remarkable amount of research effort has been
channeled into the trace elemental and lead isotopic analysis of these ritual vessels,
and successfully revealed some important fingerprints such as highly radiogenic lead
(HRL), there is as yet no consensus on themetal source(s) which supplied the entire bronze
production during the Shang period. In addition to the traditional method to look for
matching and mismatching between ores and objects, we propose that environmental
archaeological studies can provide crucial clues to address some long-standing questions
in archaeometallurgy. In the first part of the paper, we attempt to illustrate the potential and
complexity of combining these two subjects together. The second part of the paper offers
a case study by reviewing the debate on Yunnan as the source of HRL. Synthesis of
various lines of evidence published by most recent studies on environmental archaeology,
archaeometallurgy, field reports and radiocarbon dating suggests that this hypothesis
appears much less likely than previously suspected.
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INTRODUCTION

Archaeometallurgy and environmental archaeology have become increasingly important in the study
Bronze Age China in recent years (Xu et al., 2011; Zhang et al., 2017; Qiu et al., 2019; Storozum et al.,
2020). In fact, these two subjects share a variety of research interests and objectives (Nriagu, 1972;
Abbott and Wolfe, 2003; Thevenon et al., 2011; Iles, 2016; McConnell et al., 2018).
Archaeometallurgy is primarily focused on all the archaeological records related to metallurgy
(Rehren and Pernicka, 2008; Roberts and Thornton, 2014). Metallurgical production is a highly
complex process, encompassing mining, ore crushing and selection, smelting, mould-making,
casting and recycling. Each of these processes can certainly leave some markers which are
detectable by environmental research. However, in the current literature we find very little
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attempt to correlate these two branches of archaeology in Chinese
prehistoric studies. In this paper, we argue that there is great
potential for archaeometallurgists and environmental scientists to
work together and resolve many critical questions in both
disciplines. To exemplify this, we choose to revisit the long-
standing issue of highly radiogenic lead (HRL) in Chinese Bronze
Age archaeology by integrating the most recent work on
archaeometallurgy, environmental science and archaeological
excavations. Synthesis of these various lines of information
implies increasingly less possibility for Yunnan to be the
source of HRL used in Bronze Age Shang China (ca.
1500–1045 BC).

Two features of metallurgical production in Bronze Age China
make it particularly relevant for environmental research. The first
one is the large scale of production (Ledderose, 2000; Pollard
et al., 2017a; Rawson, 2017a). Since the early Shang period,
especially from the upper Erligang phase (ca. 1500–1450 BC),
one starts to see strong evidence of mass production of bronzes in
the Central Plains (Chen, 2016; Rawson, 2017b; Xu, 2020).
Although the major part of Shang Zhengzhou is still
underneath the present-day Zhengzhou city, the three bronze
hoards demonstrate the remarkable skills of bronze casting and
the high volume of raw metal accessible to the early Shang power
(Henan Institute of Archaeology, 2001). More crucially, they have
also provided us with the first robust evidence for bronze ritual
vessels being used in sets, which was central to ritual practice
throughout the Chinese Bronze Age, and is well-documented in
later Eastern Zhou period (ca. 770–256 BC) (Bagley, 1999;
Rawson, 1999; Zhang, 2014). This becomes even more
prominent in the Anyang period (ca. 1300–1045 BC) where
thousands of elite tombs were discovered containing bronze
objects. In the tomb of Fu Hao, the only intact royal tomb so
far excavated at Anyang, archaeologists recovered 1.6 tonnes of
bronze objects (The Institute of Archaeology, 1980; Bagley, 1999).
Another good example of the large-scale of bronze production at
Anyang is the famous Houmuwu Ding, containing over 830 kg of
metal. Both Fu Hao’s metal assemblage and the Houmuwu Ding
mean that craftspeople had to process probably tens or even
hundreds of tons of ores and slags, depending on the type and
quality of the ores. It is important to note that although Anyang
was probably the largest bronze consumer during the late Shang
dynasty, it is nevertheless located in the Central Plains with the
least abundant nearby metal resources (Liu and Chen, 2009; Li,
2014; Liu, 2016). The majority of metal resources in China are
distributed in the middle and lower Yangtze river valley, Yunnan,
the Hexi Corridor and Northeast China. Therefore, apart from
the workshop practice, more labor was certainly necessary for
mining, smelting and transportingmetals from other places to the
Central Plains. Moreover, metal production in the entire Chinese
Bronze Age was based on ceramic piece-mould casting. Preparing
the ceramic molds obviously required more fuel (i.e., charcoal),
leading to the expectation that intensive markers would be left in
various environmental records (e.g., deforestation, pollution or
other anthropogenic proxies, see below).

The second feature of metal production for Bronze Age China
is the addition of lead (Pollard et al., 2017a; Pollard et al., 2017b).
Although metallurgy was introduced into the Central Plains from

the steppe (Roberts et al., 2009; Linduff and Mei, 2014), with
specific timing and route(s) still to be ascertained, the prevailing
alloying recipes on the steppe are tin bronze, arsenical copper and
arsenical bronze (Chernykh, 1992; Mei, 2009; Hsu, 2016). In
contrast, it was only in the Central Plains that lead became a
major alloying element. It is so far still impossible to illustrate
when exactly lead started to be deliberately added to copper.
Some evidence derives from the range of lead percentages in the
objects. Since Erlitou Phase IV, one can see an increasing number
of copper-alloyed objects containing lead over 5% (Jin, 2008; IA;
CASS, 2014). This is undoubtedly beyond the general level of
impurity in coper ores and can therefore be considered as a
deliberate addition. Further evidence comes from Anyang. In the
top-elite tombM1046 (dated to Anyang Phase IV), the nine ritual
vessels show a remarkably high percentage of lead, but with very
narrow variation (between 30 and 35% Pb), suggesting a well-
controlled alloying practice for lead (Zhao et al., 2008; Liu et al.,
2020b).

Both large-scale production and the widespread use of lead
could exert profound impacts on the environment. However,
there is considerable complexity involved in integrating
archaeometallurgy with environmental records (Figure 1). The
most characteristic environmental marker left by metallurgical
production is probably the increased levels of metallic elements,
such as copper, tin, lead, arsenic, nickel, zinc in the environment.
Each step of metallurgical production can significantly increase
the concentrations of metallic elements in the atmosphere or
biosphere. Therefore, the rise and fall of metallurgy in one region
is often used as a reason to explain metal variations in the
environmental records, such as ice cores, lake sediments and
excavation profiles (Abbott and Wolfe, 2003; Zhang et al., 2017;
McConnell et al., 2018). This is particularly true if regional
metallurgical production can be linked to state expansion or
warfare, when more metal objects (i.e., weapons) became widely
needed. The Greenland ice core shows various rises and falls in
the level of lead since ca. 1000 BC, which were ultimately sourced
to the lead pollution in Europe by the atmospheric circulation
modeling. Further archaeological and historical evidence back up
such linkages. Based on a refined high-resolution chronology (ca.
1–10 years), McConnell et al. (2018) were able to correlate the
changing levels of lead in the ice core to a variety of human factors
that affected the production of silver in Europe, such as the
Phoenician expansion, new silver mines being opened, along with
Roman expansion and plagues that destroyed local mining
industries. Silver is generally extracted from argentiferous lead
ores, so the increased production of silver gives rise to increased
levels of lead in the atmosphere. Similar examples can be also
found in the silver extraction in Potosi, South America from the
16th century CE. The patterns of metallic elements (Pb, Sb, Ag, Bi
and Sn) reveal critical information on not only the scale of local
silver production (approximated by the lead spikes in the lake
sediments), but also the technological changes brought about by
local people or early Spanish arrival. The rapid disappearance of
spikes for Ag, Bi and Sn were caused by the improved capability of
local smelters to control these volatile elements. However, the
new Spanish smelting technology used stone furnaces to overheat
the ores, which not only failed to extract their targeted silver, but
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also triggered higher metallic pollution in atmosphere, which was
also registered in the lake sediment. It was only in 1572 CE when
mercury amalgamation was introduced into Bolivia from Mexico
which allowed people to extract low-grade ores more efficiently
and reduce these atmospheric fluxes (Abbott and Wolfe, 2003).

The ultimate reason for the complexity of combining
archaeometallurgy and environmental data is that, apart from
metallurgy, a range of different anthropogenic activities and
natural factors can also result in the rise of metallic
concentrations in sediments. One vivid example comes from
four Neanderthal cave sites in the Iberian Peninsula. Scholars
have discovered a substantial elevation in the concentrations of
copper, zinc, nickel and lead in the profile of the cave sites, which
were clearly unrelated to metallurgy. Copper, zinc and nickel are
crucial micronutrients for plant growth, and therefore the
resultant wood ash after combustion may well concentrate
these metallic elements in cave deposits. For some samples,
guano (bird or bat droppings) is also an important source for
zinc and copper. Lead is slightly different in this case, as it is more
likely to be derived from galena (or lead ornaments) leaching
down from upper layers (Monge et al., 2015). The scope of
catchment is another key issue in interpreting metal pollution
and other environmental markers. For some environmental
records such as the Greenland ice cores, the lead pollution was
mainly transported from continental Europe by air movement
(macro-scale) (McConnell et al., 2018). In other cases, local
sources and activities can be more significant, particularly for
lakes which were linked to local rivers associated with
metallurgical activities (mining or smelting). Other issues are
related to chronological resolution. Whilst it is sometimes
possible to use isotopic analysis to source metal pollution, in
most cases scholars have to rely on chronology (e.g.,
synchronicity) to 1) establish correlation between metallurgy
and environmental changes and 2) deduce underlying

causality. The exact sequence of events is therefore of
uttermost importance but due to the lack of good-quality
materials for dating, the chronological resolution for
environmental or archaeological records could be more than
one hundred years for some key periods, making it less useful
to interpret potential cause and effect between different events in
Bronze Age.

THE CURRENT STATE OF DEBATE

The Current State of Debate on Highly
Radiogenic Lead
In Chinese archaeology, highly radiogenic lead, or HRL, refers to
a specific type of lead characterized by higher values of the lead
isotopic signature (e.g., 206Pb/204Pb > 19, 207Pb/204Pb > 15.75 and
208Pb/204Pb > 39.0) (Jin, 2008; Liu et al., 2015; Jin et al., 2017).
These higher isotopic ratios are ultimately derived from excessive
amounts of uranium and/or thorium in the geological
environment (Russell and Farquhar, 1960; Pollard et al.,
2017c). It was first discovered in the bronzes at Anyang, the
last capital of the Shang dynasty (ca. 1300 BC–1050 BC), by Prof
Jin Zhengyao and his Chinese and Japanese colleagues (Jin, 1987).
This soon rose to world-wide academic attention because HRL
has to be formed through a very unique geological history, in
which uranium and thorium have to be mobilized together (Prof
D. Killick pers. comm). This is easier for uranium which can be
dissolved in water and incorporated with other minerals. But
thorium is insoluble and thus requires a different geological
mechanism to be emplaced in the deposits (Chen et al., 2020;
Liu et al., 2021). Several surveys of the geological literature show
that the number of metallic deposits which can yield HRL is far
less than those giving common lead (Jin et al., 2017; Hsu and
Sabatini, 2019; Hsu et al., 2021).

FIGURE 1 | Potential environmental changes caused by metallurgical production.
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Decades of effort in tracking HRL have produced a
comprehensive illustration of the spatial-temporal pattern of
HRL during the Shang period (ca. 1500–1050 BC). The
current consensus is that HRL firstly came in to use around
the Erligang Lower Phase (Jin, 2008), though one bronze
fragment at Erlitou is also highly radiogenic (Jin et al., 2001;
Liu et al., 2021b). It soon came to dominate the supply of metal
during the Erligang period. Not only at Erligang, now known as
Zhengzhou, one of the capitals for the early Shang dynasty, but
also at Panlongcheng along the Yangtze River, at Hanzhong along
the Han River and at Mogou in the east Hexi Corridor exist a
considerable number of objects been discovered with HRL. It
became even more widely distributed during the Anyang period,
covering northeast China, the Central Plains, middle and lower
Yangtze River Valley, Hanzhong Basin and Sichuan Basin.
However, the use of HRL suddenly ceased after the Shang
dynasty. To be more specific, at Anyang, it once dominated
over 75% of metal supply in Phase II and 50% in Phase III,
but virtually disappeared in Phase IV. So far, the latest site which
was heavily dependent on radiogenic lead is Jinsha in the Sichuan
basin, dated to the early Western Zhou dynasty (for more details
see Jin et al., 2017 and Liu et al., 2021).

The provenance of HRL has been a matter of intense debate
since Jin and colleagues discovered this signal in Shang bronzes in
the 1980s. It is of critical importance for reconstructing the flow
of metal during the Shang period and the organization of mass

bronze production that underpinned the ritual world across the
Yellow and Yangtze River. Based on a comparison of lead isotopic
ratios between the Shang bronzes and geological data (ores such
as galena), Jin proposed that Northeast Yunnan was where the
“best match can be found between the Shang bronzes and local
ores”, although he admitted himself that they are not completely
the same (NE Yunnan is much less radiogenic than the Shang
bronzes, see Jin, 2008: 21). This stimulated an extensive debate
between archaeologists and geochemists. No other archaeological
evidence has been found to support such long-distance
communication between Yunnan and the Central Plains in the
Bronze Age. Moreover, the earliest metallurgical evidence at
Yunnan can only be traced to ca. 1000 BC (see below for
updated chronology). The archaeological sites discovered after
this pioneering isotopic work at Anyang, such as Sanxingdui,
Jinsha, Xin’gan and Hanzhong, all subsequently yielded a
significant proportion of bronzes with HRL. The finding of
HRL at Sanxingdui and Jinshan in the Sichuan Basin, which is
obviously closer to Yunnan than the other sites, seem to support
the argument of a Yunnan provenance for this metal. Jin further
proposed two routes via which metal could be moved from
Yunnan to the Central Plains (Figure 2; Jin, 2008: 59–60,
147,285–289). The southern route was more favored as it takes
advantage of the river system and also explains the wide
distribution of HRL along the middle and lower range of the
Yangtze River.

FIGURE 2 | Key archaeological sites mentioned in the text and the proposed northern and southern routes of highly radiogenic lead (HRL) from Yunnan to the
Central Plains.
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A Yunnan provenance has, however, been challenged by
new data from both geologists and archaeologists. More and
more lead isotopic data has been published for lead ores in
China, showing that a variety of regions can produce HRL,
including not only Yunnan, but also the Zhongtiao
Mountains (Tong, 2012; Qin et al., 2020), the Qinling
Mountains (Chen et al., 2019; Zhangsun et al., 2021),
metallic deposits along the Yangtze River (Peng et al.,
1999), Northeast China (Wang et al., 2020), the Hexi
Corridor (Chen et al., 2020; Liu et al., 2021b: Hexi type
HRL) and Xinjiang (Liu et al., 2020a). Recently, even
South Africa has been listed as one potential source of
HRL for Chinese bronzes (Sun et al., 2016; Liu et al.,
2018b; Liu et al., 2018c; Sun et al., 2018). Liu et al.
(2018a) reviewed lead isotopic data for a wider range of
lead-bearing materials (e.g., copper-based objects, glaze,
glass, and pigments) and pointed out that HRL sources of
lead were explored across Chinese antiquity. It is highly
unlikely that one specific source of HRL could have been
repetitively exploited over such a long period. However, what
remains uncertain is how many sources were used within the
chronological range of the Shang dynasty. Sources such as
Zhongtiao, the middle and lower Yangtze and Qinling are
favored by archaeologists as they already showed clear
evidence for a mining industry during the Shang period.
Data accumulated in the last ten years from environmental
archaeology, field archaeology and archaeometallurgy allows
us to revisit this debate from a fresh perspective and perhaps
allows us to exclude some possible sources previously
discussed.

New Evidence From Environmental
Archaeology
Much research effort has been devoted to reconstructing the
human-environment relationship in prehistoric Yunnan. The
analytical data from the cores taken from the lakes of Erhai in
Northwest Yunnan, Dian and Xingyun in Central Yunnan, are
particularly interesting as their environmental data include the
key metal concentrations (e.g., copper, lead, silver and zinc,
Figure 3) (Dearing et al., 2008; Hillman et al., 2014; Hillman
et al., 2015; Hillman et al., 2019). Dearing et al. (2008) discovered
that in the core of Erhai the copper concentration started to rise
around 1400 BC, and linked this to the metallurgical production
around the Erhai Lake. The earliest evidence for metallurgical
production in Yunnan comes from Haimenkou and Yinsuodao,
which fall in the catchment area of Erhai Lake (see Earliest
Archaeological Evidence at Yunnan Metallurgy). However, lead
in the core remained at a rather low level until AD 400. Its rapid
increase in the later period was probably due to local silver
production, in which cupellation was employed to extract
silver from lead ores, and lead was the major by-product
released into the atmosphere. Hillman et al. (2015) present
similar results for Erhai, showing a clear rise in copper
concentration, from 26.8 ± 1 μg/g (2500–2000 BC) to 51.1 μg/g
(ca. 1500 BC) but very low levels of lead. They also confirm a
synchronous rise of lead and silver starting at around AD 200,
which is earlier than the period proposed by Dearing et al. (2008).
The Xingyun lake is located in central Yunnan and thus
represents a different area of catchment. Although the
chronology of the core data only extends to 1BC/AD, it still
presents some useful data to infer the earlier metallurgy. The lead

FIGURE 3 | Synthesis of metal pollution data in ancient Yunnan (modified from Hillman et al. (2019); Hillman et al. (2015); Hillman et al. (2014); Dearing et al. (2008)).
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concentration remains at a very low level (ca. 10 μg/g) until the
rise of the Nanzhao Kingdom (AD 738–AD 902), which was
probably also due to an increasing scale of silver smelting. The
low level of lead pollution in the Xingyun lake in the earlier stage
might suggest the absence or very limited scale of metallurgical
activities around the eastern part of Yunnan. This assumption is
further confirmed by the most recent data from the Dian lake,
which is around 60–80 km to the northwest of the Xingyu lake. It
also shows a consistently low and stable level of lead pollution (ca.
10 μg/g) between 2000–1 BC/AD (Hillman et al., 2019).

In addition to metal pollution, the other major environmental
impact which could be caused by large-scale prehistoric
metallurgy is deforestation, since both smelting, casting and
mold-making (clay), sometimes also mining (use of fire to
crack the rocks), required large amounts of charcoal as fuel.
This is nevertheless not completely inevitable, depending on the
scale of wood exploitation, and on the forest management
practices such as coppicing. Charcoal cannot be made from
large trunks, so charcoal production is usually associated with
coppicing to manage the trees to produce small branches.
Figure 4 summarizes the variation of pollen data from four
lake cores. There appears no evident decrease in the tree
pollen data around 2000–500 BC, suggesting the absence of
large-scale deforestation in Yunnan. This implies that the
possibility of discovering very large-scale metallurgical
production in Yunnan dating to this period is very low. The
data from the Erhai lake however shows a visible decrease in tree
pollen data after 500 BC as well as an increase in poaceae pollen,
suggesting stronger human activities probably due to expansion
of settlement and agriculture. Whilst textual records in the

Eastern Zhou and later periods do testify to metallurgical
activities in Yunnan, it is also important to bear in mind that
settlement and agricultural production could also result in a
similar pattern in the pollen record.

Earliest Archaeological Evidence at Yunnan
Metallurgy
The date of the earliest metallurgical production in Yunnan has
been debated for decades. Although Jianchuan Haimenkou is
widely regarded as the site with the earliest metallurgical
evidence, the lack of systematic excavation and high-quality
radiocarbon dates has prevented scholars from engaging in
further discussion. Two small-scale excavations were carried
out at Haimenkou in the years 1957 and 1978, respectively,
but only two radiocarbon dates were published. Moreover, a
huge chronological discrepancy of 500 years is indicated by these
two dates, leading to deep confusion among archaeologists as to
which period the archaeological records should be assigned (Min,
2013; Li and Min, 2016).

Local archaeologists decided to perform a much larger and
more systematic excavation from 2008. A series of well-defined
stratigraphies and high-quality radiocarbon dates are now
published, allowing a much more detailed investigation into
the development of metallurgy at Haimenkou. The local metal
objects are markedly different from those bronze ritual vessels in
the Central Plains or the standing figures and human heads at
Sanxingdui. At Haimenkou, the objects are all in small sizes,
including a bell, knives, chisels, awls, arrows and bracelets. A
piece of stone mold has also been discovered, indicating a
different metallurgical tradition to that elsewhere in China.
The new excavation identified ten stratigraphic layers in total,
and the evidence of metallurgy (one bell, one copper tube, one
needle, one chisel, one copper block, one awl and one knife) starts
in layer VI. Surprisingly, two iron objects were also recovered
from the same layer (Min, 2009).

Defining the chronology of the layer VI is however not an easy
task. Li and Min (2016) argue that the metal objects in layer VI
were most likely dated after the Western Zhou, with the Spring
and Autumn Period (ca. 770–475 BC) as the terminus post quem
and the early Warring States (ca. 475–221 BC) as the terminus
ante quem. Their argument is primarily based on the iron pieces
(one small iron circle and one small iron bracelet), the “alloying
technology” of the copper objects and one specific radiocarbon
date. Metallographic analysis shows that the iron objects were
smelted iron rather than meteoritic, and a similar cast iron
technology was encountered at the Guo state cemetery at
Sanmenxia, which can be safely dated to the early Western
Zhou at the earliest (ca.11th–10th century BC). The copper
block contains 5.3% antimony, which is rare compared to the
prevailing tin-bronze (Cu-Sn) or leaded bronze (Cu-Sn-Pb)
elsewhere in China. They argue that such “alloying
technology” is more likely to be dated to later periods such as
the Warring States, with no further evidence being provided.
Moreover, one millet grain discovered in layer VI is radiocarbon
dated to the early Warring States (730 BC–410 BC, 68.2%
probability; 760 BC–400 BC, 95.4% probability).

FIGURE 4 | Summary of pollen data for ancient Yunnan (Green lines: tree
pollen percentage; Blue lines: poaceae pollen percentage; data source: Shen
et al. (2006); Chen et al. (2014); Xiao et al. (2014); Wu et al. (2015); Xiao et al.
(2015)).
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The occurrence of Cu-Sb should not be considered on its own
as evidence for dating. As Li and Min (2016) pointed out,
smelting of some natural mixed copper ores such as
tetrahedrite Cu12Sb4S13 could also result in such an unusual
chemical composition. The word “alloying technology” is
sometimes used too casually in archaeometallurgical literature,
which is ultimately rooted in the modern industrial metallurgy in
which many archaeometallurgists were trained. It is a common
assumption in the Chinese literature that any element beyond 2%
in the metal can be considered as an intentional addition to
copper (thus an alloying element), added in order to modify the
physical properties of the finished objects. This is potentially
meaningful if one is dealing with a large number of analyses, but
should by no means be treated as a golden rule when applied to a
single object. A similar case can be found in the early Shang metal
assemblage at Hanzhong, where a variety of rare chemical
combinations (Cu-As, Cu-Sb, Cu-As-Ni) can be found (Chen
et al., 2009; Mei et al., 2009; Chen et al., 2016). This is almost
certainly to do with local types of ores rather than artificial
alloying. A more detailed discussion of alloying technology/
practice can be found in Pollard et al., 2018, Pollard et al.,
2019 (chapter 3 and 2019).

The radiocarbon date from the millet seems to be the most
compelling evidence. However, three other radiocarbon dates
from the same layer suggest a rather earlier chronology of around
1300–1100 BC. Figure 5 shows a new Bayesian model for the
Haimenkou chronology, which integrates not only the
radiocarbon dates but also the stratigraphy. Given the fact that
two samples are charcoal from unknown species (therefore of
unknown ring position relative to the outer ring), we chose to
apply Charcoal Plus Outlier Model to these samples, in order to

minimize the potential effect of inbuilt-age (Dee and Bronk
Ramsey, 2014). For the other samples, we have applied a
General_Outlier model to reveal possible outliers due to
laboratory analysis or erroneous stratigraphy (Bronk Ramsey,
2009). It is rather obvious that the posterior range of the date
from the layer VI millet (BA081097) is far later than the other
three dates and is completely inconsistent with the stratigraphic
sequence (Figure 5B). Bayesian analysis also confirms that the
probability for this sample to be an outlier is extremely high (ca.
88%). As all the samples followed the same analytical protocol, it
is highly unlikely that this offset is due to laboratory analysis. We
think it is most likely to be an intrusion from upper layers,
therefore giving a much later date. In this light, it is also necessary
to reconsider whether or not the two iron pieces were also
intrusions.

After careful investigation into the complexity associated with
chronology, it is reasonable to argue that so far the earliest
metallurgical production at Haimenkou can be dated to
around 1200 BC. This is still approximately three hundred
years later than the first use of HRL in the Central Plains. The
most recent excavation shows a scale of metallurgical activity at
Haimenkou that is far from being equivalent to any major metal
producers or consumers along the Yangtze or the Yellow River.
All the recovered metal objects are small in size, designed for daily
use or personal ornaments. No evidence of large metal
production/consumption has been found. This raises the
question that, if Yunnan was the producer of HRL which
supported the metal production at Zhengzhou, Anyang,
Sanxingdui, Hanzhong, Panlongcheng, Xin’gan and many
others, why the contemporary metal production within
Yunnan was still so primitive.

FIGURE 5 | Remodeling of the radiocarbon dates from Haimenkou ((A). the modeled start and end date for each stratigraphic layer at Haimenkou; (B). the four
radiocarbon dates assigned to the Layer VI; (C). some metal objects recovered at Haimenkou; data source: Li and Min (2016)).
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The alloying pattern can also throw some extra light on to this
issue. Figure 6 compares the distribution of lead and tin of the
objects from Haimenkou (Cui and Wu, 2008; Li and Min, 2016),
Zhengzhou and Anyang. Approximately 90% of Haimenkou

objects (dated to all periods from ca. 1200 BC to 200 BC)
contain lead at no more than 3%. The majority of objects are
tin-bronzes. However, almost all the objects at Zhengzhou and
Anyang are leaded bronze, except for those of Anyang Phase II,
which is well-known for high-tin bronze (Zhao, 2004). There has
been a long-standing question concerning the radiogenic lead,
namely, whether the highly radiogenic signal derives from the
lead or the copper. Some objects without added lead, for instance,
less than 1–2%, do have HRL, so they may come from a copper
source containing HRL lead, the majority have added lead which
must be HRL (Jin, 2008; Jin et al., 2017; Liu et al., 2020c). If HRL
did indeed originate from Yunnan, it is then hard to comprehend
why lead was not used to alloy local objects.

Whilst a large number of publications have focused on
comparative studies of lead isotopic data among various metal
assemblages, there is still very little attention paid to the bronzes
from Southeast Asia, which are arguably more relevant to
interpret the Yunnan bronzes (Higham et al., 2011; Higham
et al., 2020; Yao et al., 2020; Higham and Cawte, 2021).
Yunnan and Southeast Asia bear a range of resemblances in
terms of material culture. Both regions lie in the crunch area of
Himalaya, which is very active in geological history, leading to
many folds therefore rich metal deposits such as copper, tin and
lead (Zaw et al., 2014; Cheng et al., 2016). Thanks to the decades
of research made by Pryce and his colleagues (Pryce et al., 2011;
Pryce et al., 2014; Pryce et al., 2018), 466 sets of lead isotopic
ratios have been published for the metal assemblages excavated in
Southeast Asia, ranging from 1000 BC to 700 AD. Figure 7
summarizes almost all the lead isotopic data for bronzes from
Bronze Age Southeast Asia and China, with Yunnan being
highlighted. It is important to observe that Yunnan bronzes
and those from Southeast Asia are directly comparable in
terms of both typology and lead isotopic ratios, reflecting
mutual exchange of metal and similar geological background.
Nonetheless, neither of them can be matched to HRL.
Intriguingly, one copper adze from the site of Wangjiadun in
Yunnan (around 1200–1050 BC) shows a typical Shang HRL (Cui
and Wu, 2008). Without further information, it is difficult to tell
whether this was made from recycling of objects in other regions.

FIGURE 6 | Alloying pattern in Haimenkou, Zhengzhou and Anyang.

FIGURE 7 | Comparison of lead isotopic data from copper-based
artifacts from Yunnan and SE Asia (data from https://flame.arch.ox.ac.uk/, see
also Perucchetti et al. (2021)).
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CONCLUSION AND FUTURE
PERSPECTIVES

The discovery of HRL is one of the most crucial keys to
reconstructing the supply network and management system
of the metal resources during the Shang period. However, its
unresolved issue of provenance makes the whole discussion like
a floating chronology, which still lacks an absolute chronological
point to be anchored to the real calendar years. In addition to
the commonly used archaeometallurgical approaches, evidence
produced by environmental archaeology can be equally
thought-provoking. Metallurgical production should reshape
as well as adapt to the local environment. Both
environmental archaeology and archaeometallurgical research
in China have made marked progress in their own field in the
last two decades or so. Each discipline has produced crucial and
stimulating results of interest to the other. It becomes
increasingly meaningful and practical for scholars to carry
out more cross-disciplinary cooperation to resolve many
shared issues that combine environmental studies and
archaeometallurgy. Reviewing the recent published
environmental records, together with new excavation results,
radiocarbon chronology and alloying practice, reveals no
further evidence to support Yunnan as the source of HRL.
Rather, environmental archaeology suggests no large-scale
metallurgical activities at Yunnan until the historical period.
Cooperation between environmental archaeology and
archaeometallurgy in China is still surrounded by various
issues. It is imperative to establish systematic theoretical
framework in order to trigger more dynamic dialogue
between the two subjects and more environmental records

should be collected and analyzed for more specific questions
in archaeometallurgy.
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