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Abstract

This study investigates lead provenance and circulation patterns in Han Dynasty (202BC-220AD) China through the
analysis of lead glazed pottery. Four objects were studied using a combination of typological study, elemental chemistry
and lead isotope ratio analysis. The results for each object were compared with databases of ‘lead mining districts’ (lead
deposits) and ‘lead usage districts’ (lead-containing artifacts unearthed in different spatial and temporal ranges) to assess
the lead sources used for each sample and offers a spatial-temporal range of the use of these lead resources. Three dis-
tinct groups of lead and their possible circulating spatial-temporal scales are identified across six samples in this study. A
possible change in lead supply networks between the Western Han Dynasty (202BC-9AD) and the Eastern Han Dynasty
(25AD-220AD) is proposed. This study also highlights the probable changes in the movement of lead resources from the
Western Han Dynasty to the Tang Dynasty (618AD-690AD), suggesting improvements in long-distance transport capa-
bilities, and the development of economic divisions and exchange connections in ancient Chinese society. Our findings
contribute to a deeper understanding of the economic and political dynamics during the Han Dynasty and emphasize the
significance of lead isotope analysis of glazed pottery in exploring resource movement.

Keywords Han Dynasty - Lead glazed pottery - Lead provenance and circulation - Typological analysis - Kernel density
estimation

Introduction

A glaze is a vitreous layer that forms a continuous coating
on the surface of ceramic bodies. Low-temperature glazes
in China predominantly refer to lead glaze. Lead (Pb)
functions as a flux in the firing process, with melting tem-
peratures ranging from 800°C to 1000°C, although certain
scholars define this range as 700°C to 900°C (Zhao and Wei
2020; Luo and Zheng 2022).
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In Chinese ceramic history, low-temperature lead glazed
pottery gained prominence with the production of green
lead glazed pottery in the Han Dynasty (202BC-220AD)
and tri-colored pottery in the Tang Dynasty (618AD-
907AD) and Liao Dynasty (907AD-1125AD). The earli-
est evidence of lead glazed pottery in China was unearthed
at the capital site of the Qi State during the Warring States
Period (475BC-221BC) (Lang and Cui 2017). The popular-
ity of lead glazed pottery reached its zenith in the Western
Han Dynasty (202BC-8AD) and experienced a subsequent
surge in production that culminated in its first peak during
the Eastern Han Dynasty (25AD-220AD) before gradually
declining and eventually disappearing. After several cen-
turies, a resurgence of lead glazed pottery occurred during
the Tang Dynasty (618AD-907AD) with the emergence and
development of tri-colored pottery (Luo and Zheng 2022;
Wang 2013).

Lead glazed pottery artifacts from the Han Dynasty in
China exhibit three distinct characteristics: their relative
scarcity compared to unglazed clay gray pottery (Je/ii K
F), their non-functional nature for daily life purposes, and
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their lack of exclusive shapes. Firstly, the quantity of lead
glazed pottery artifacts is notably smaller than that of clay
gray pottery during the same period. For instance, in the
Shaogou Han burials (58747} %%), lead glazed potteries rep-
resent only 4.4% of the total pottery discovered. Clay gray
pottery remains the predominant type used for burial pur-
poses (Wang and Tian 2010). Even during the most pros-
perous period, the number of lead glazed pottery artifacts
found in burials remains lower than that of clay gray pottery.
In the Dongyuan Burials (# Pt %2H1), the burials with lead
glazed pottery in them account for 94% of the early Eastern
Han Dynasty burials, yet lead glazed pottery’s proportion
in all pottery of these burial is only 34% (Xu 2019). The
distribution of lead glazed pottery within the Han Dynasty is
also uneven, with higher concentrations found in Henan and
Shaanxi provinces compared to other regions (Wang 2013).
Secondly, lead glazed pottery artifacts serve no functional
purpose in daily life (though they are grave goods with a
proper function in that context). These artifacts exhibit vis-
ible marks of how they were manufactured such as trim-
ming marks (which are the visible marks or lines left on the
surface of a ceramic piece because of the trimming process),
seams, brush marks, and the presence of flowing glaze after
the glazing process. Additionally, the glaze layers are some-
times uneven and prone to peeling (Wang and Tian 2010).
Thirdly, lead glazed pottery, particularly vessels, lacks dis-
tinctive shapes and styles. Apart from the glaze, they closely
resemble gray clay pottery in terms of their basic character-
istics (Wang and Tian 2010; Chen 2005). The use of lead
glazed pottery in ancient China might have been limited due
to the potential hazards associated with the easily peeled
glaze layer and the poisonous lead content. Consequently,
lead glazed pottery has primarily been found in burial con-
texts rather than residential sites (Wang and Tian 2010;
Xiong 2014; Wang 2013). Due to their non-exclusive shapes
and rough craftsmanship, lead glazed pottery has been con-
sidered a cost-effective substitute for bronze (or bronze with
patina) and lacquerware (Wood 1999).

The initial investigation of excavated lead glazed pot-
tery from the Han Dynasty in China was carried out in the
1940s under the coordination of Bingqi Su (Su 1948). Sub-
sequently, during the 1980s, research on Han Dynasty lead
glazed pottery expanded significantly (Wang et al. 2022;
Dong et al. 2020; Wang 2013). Studies on lead glaze pri-
marily focus on various aspects, including origins, develop-
ments, evolutions, production techniques, decorative styles,
distribution patterns, typological classifications, burial con-
texts, regional studies, and its relationship with glass and
faience (Luo 1990; Chen 2005; Yang 2005; Yu and Teng
2008; Xie 2010; Wang and Tian 2010; Tang 2011; Du 2011).
Chemical composition analyses of lead glaze and its cor-
rosive properties have also been conducted by researchers
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such as Zhang and Zhang (1982), Zhu et al. (2010), and
Wang et al. (2019).

On a global scale, lead isotope analysis has been applied
to the provenance of ceramics and glazes. For example,
Wolf et al. (2003) conducted lead isotope analyses on
Islamic lead-glazed pottery from Fustat, Egypt, dating from
the 8th to the 14th centuries AD. Their results indicated that
the lead used in these glazes came from distant regions,
including Iran, Tunisia, Sardinia, Spain, and the Taurus
Mountains. Huntley et al. (2007) examine pottery produc-
tion in the Rio Grande region of New Mexico, highlighting
the use of mixed ores from a variety of sources. Renson et
al. (2013; 2014) use lead isotopes to distinguish between
local and imported pottery, and show that certain fabric
types correspond to different lead isotope compositions in
Cyprus. Medeghini et al. (2020) analyse ceramic deposits
in Britannia, with a particular focus on their role in Roman
architectural ceramics, highlighting the contribution of the
British Isles to the Roman Empire’s pottery industry. Paghi
et al. (2024) carry out a study of Italian maiolica, a type
of tin-glazed pottery, using lead isotope analysis to identify
different production centres and their material sources.

Other isotopes have also been used in ceramic studies.
Ma et al. (2014) analyzed ash glazes and limestone glazes
from different artefacts in Yue Kiln and Jingdezhen, China,
revealing distinct isotopic signatures indicating differ-
ent limestone sources and production technologies. Ren-
son et al. (2021) extended the use of isotopic analysis to
Early Formative pottery from ancient Mexico. The use of
lead and strontium isotopes successfully distinguished dif-
ferent production centers, identified imports, and provided
new insights into production strategies during this period.
Frigolé et al. (2024) introduce a multi-isotope approach
combining strontium, neodymium, and lead isotopes to bet-
ter understand ceramic provenance in South America.

However, the modern scientific and technological analy-
ses of Chinese glaze have primarily focused on tri-colored
glazed pottery from the Tang Dynasty and subsequent
dynasties, as well as a set of low-fired glazed pottery from
the Warring States Period, rather than on lead glaze from
the Han Dynasty. Lead isotopic analysis is recognized as the
most effective method for studying the provenance of lead
in glazes (Henderson et al. 2020), and it has been applied to
ancient Chinese glaze (Shen et al. 2018, 2019; Henderson
et al. 2020; Tatsumi et al. 2011; Chang 2019; Chang et al.
2021; Cui et al. 2010). The predominant focus of lead iso-
topic studies concerning Chinese glaze has concentrated on
the tri-colored glaze of the Tang Dynasty, the Liao Dynasty,
and the Bohai State (698 AD-926 AD, also known as Bao-
haiguo or Balhae). Research into the lead isotopic signa-
tures of lead-glazed pottery from the Han Dynasty remains
notably scarce.
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This study, marking a significant advancement, under-
takes the first examination of the lead isotopic characteris-
tics of four lead-glazed vessels from the Han Dynasty. By
addressing this gap in knowledge, our research contributes
invaluable insights into this important historical epoch,
encompassing the exploration of trade networks, techno-
logical progressions, artistic evolution, and enriching the
broader context of Chinese ceramic history.

Materials

The materials (Fig. 1) used for this study were obtained
from the collection of the Harvard Art Museums. Specifi-
cally, vessel 2006.170.191 is identified as a ‘Bowl with
landscape décor’, vessel 2006.170.197 is identified as a
‘cylindrical tripod vessel (lian %) with conical lid’, arte-
fact 2006.170.200 is identified as a ‘lamp with a base in the
form of a bear’, and artefact 2006.170.202 is identified as
a ‘Mountain-form censer (boshaniu 1#111%/) with tortoise-
form base’. (Detailed descritpions of the objects are given
in Appendix. A.)

Methodology
Chemical composition analysis

All four vessels underwent non-destructive portable X-ray
fluorescence analysis to identify the elements present and
validate the lead-rich composition of all the glazes. Subse-
quently, tiny sections of glaze were extracted from areas of
damage and/or loss. These samples were prepared, mounted,
and meticulously polished to facilitate analysis using scan-
ning electron microscopy with energy dispersive microanal-
ysis (SEM-EDX), enabling the acquisition of quantitative
data.

Lead isotopic analysis

Four samples not used in SEM analysis, left unmounted,
were used for lead isotopic analysis according to the meth-
odology adapted from Rademakers et al. (2020). The sam-
ples were manually ground to a fine powder using an agate
mortar. These powdered samples were brought into solu-
tion following a high temperature acid digestion procedure
(using concentrated HF, HCl and HNO3) and subsequently
subjected to a lead isolation procedure using Pb-SPEC resin
(Eichrom Technologies). Raw LI ratios were measured on
a Thermo Scientific Neptune Multi-Collector-Inductively
Coupled Plasma-Mass Spectrometer (MC-ICP-MS) and
corrected for Tl-based mass discrimination following Rus-
sel’s law, based on replicate measurements of the NIST

SRM 981 (commonly accepted ratio values from Galer and
Abouchami (1998). Error values were better than 0.05% for
the corrected ratios to 2*/Pb.

Kernel density estimates method

In this study, the lead isotope composition of four lead glazes
was evaluated using a kernel density estimate approach
(KDE) (De Ceuster and Degryse 2020). While KDE has
been previously applied in archaeological Chinese bronze
(Hsu et al. 2018), this study represents the first application
to ancient Chinese glaze.

In using KDE, the relative probability that a sample is
composed of lead ore from a specific source is determined
by calculating the definite integral under the kernel density
estimate plot of the lead isotopic composition of ores from
different ‘lead mining districts’. The relative probability that
a sample is made of lead from the same source as other arte-
facts is determined by calculating the definite integral under
the kernel density estimate plot of the lead isotope composi-
tion of artefacts from different ‘lead usage districts’. The
interval for all the calculations of the integration of density
function is 10 times the standard deviation. The selection
of bandwidth is predicated upon the bandwidth estimator
introduced by Sheather and Jones (1991). This estimator’s
efficacy has been substantiated through empirical evalua-
tion, in the investigation of lead provenance conducted by
De Ceuster et al. (2023). All comparisons were performed
using RO software. A match of all three LI ratios with the
reference datasets may indicate that the sample originated
from the same source or used the same lead as the reference
materials, while a lack of match may indicate an unknown
origin (i.e., not present in the datasets), or the composite or
recycled nature of the sample.

Results
X-ray florescence

Analysis of the green glaze of ceramics 2006.170.191,
2006.170.197.A-B (from the body and lid of the burner
respectively) and 2006.170.200 showed that the glaze had
high levels of lead and silicon with some copper, tin and iron,
as well as traces of calcium and strontium. Analysis showed
that both the green and yellow glaze on 2006.170.202.A-B
had high levels of lead, similar to those in the green glaze of
the other ceramics. However, the yellow glaze (.A) lacked
detectable copper or tin, whilst the green glaze (.B) contains
some copper and barium and likely trace tin. The presence
of tin with copper suggest use of bronze as the colorant.

@ Springer



189 Page 4 of 12

Archaeological and Anthropological Sciences (2024) 16:189

Fig. 1 a.1. Bowl with landscape
décor. Han dynasty, 1st century
BCE-2nd century CE. Earth-
enware with green lead glaze.
Harvard Art Museums/Arthur

M. Sackler Museum, Partial

gift of the Walter C. Sedgwick
Foundation and partial purchase
through the Ernest B. and Helen
Pratt Dane Fund for Asian Art,
2006.170.191. Photo: © President
and Fellows of Harvard College;
a.2. the pottery box (M &%) from
Xi’an. Their covers are typologi-
cally like bowl 191 (Fig. 2.9 in
Tang 2011); b.1. Cylindrical
tripod vessel (/ian) with coni-

cal lid. Han dynasty, 1st century
BCE-1st century CE. Earthenware
with green lead glaze. Harvard
Art Museums/Arthur M. Sackler
Museum, Partial gift of the
Walter C. Sedgwick Foundation
and partial purchase through the
Alpheus Hyatt Purchasing Fund,
2006.170.197.A-B. Photo: ©
President and Fellows of Harvard
College; b.2. the CII type pottery
lian (M%) from Xi’an. They are
typologically like tripod vessel
197 (Fig. 2.8 in Tang 2011);

c.1. Lamp with base in the form
of a bear. Eastern Han dynasty,
1st-3rd century CE. Earthenware
with green lead glaze. Harvard
Art Museums/Arthur M. Sackler
Museum, Partial gift of the
Walter C. Sedgwick Foundation
and partial purchase through the
Ernest B. and Helen Pratt Dane
Fund for Asian Art, 2006.170.200.
Photo: © President and Fellows
of Harvard College; c¢.2. other
bear-based pottery lamps from
the Han Dynasty (Fig. 2.7 in Ma
2012); d.1. Mountain-form censer
(boshanlu) with tortoise-form
base. Western Han dynasty, 1st
century BCE. Earthenware with
green and brown lead glazes.
Harvard Art Museums/Arthur

M. Sackler Museum, Partial

gift of the Walter C. Sedgwick
Foundation and partial purchase
through the Alvan Clark Eastman
Bequest Fund, 2006.170.202.A-B.
Photo: © President and Fellows
of Harvard College; d.2. pottery
incense burner (boshanlu 8111
J/7) unearthed from Jiyuan, Henan
(Fig. 10 in Henan Provincial
Museum 1973(2))
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Fig. 2 Scatter plots depicting the relationship between samples and
various lead usage districts, accompanied by density curves. The lead
usage districts represented in the figure include the bronze artifacts
from the Western Han Dynasty (WHan_Bronze), the bronze artifacts
from the Eastern Han Dynasty (EHan Bronze), the glass artifacts
from the Han Dynasty (Han_Glass), and the glaze artifacts from the
Tang Dynasty (Tang_Glaze). The fill colors of the density curves and
the points are coordinated and coherent with the legend. Because the
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distribution of Han_Glass in the scatter plots is too narrow, its den-
sity curves dominate. Hence, we need to exclude the curves of the
Han_Glass to see other variations more explicitly. Density curve 2 is
obtained by excluding the samples in this study (green curves) and the
Han glass from density curve 1, providing a clearer representation of
the density variations in the LI signatures between the Han Dynasty
bronzes and the Tang Dynasty glazes
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Fig. 3 Maps of lead resources provenances and
circulations in different periods. The circles
indicate the lead deposits which are possible
sources. The squares indicate the location

where lead products are unearthed. The circles
and squares of the same color mean that the LI
signatures of their lead ores or lead products cor-
respond. (the red squares in Tang period Korea
represent the glass corresponding with sample
202 A, details could be seen in SFig. 10)
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Scanning electron microscopy with energy
dispersive microanalysis

Analysis of glaze samples by scanning electron micros-
copy with energy dispersive microanalysis (SEM-EDX)
confirmed that all samples had high levels of lead, from
around 52 to 68% PbO. As found by XRF, barium was
present only in the green glaze from 2006.170.202.B. The
glaze samples from 2006.170.191 and 2006.170.197 were
the most homogenous, whilst the glaze from 2006.170.200
and 200.170.202 contain abundant crystals. Analysis of the
crystals in the glaze from 2006.170.202.A shows these have
high levels of aluminum, silicon and potassium. An interac-
tion layer with a concentration of crystalline phases occurs
in all the samples at the ceramic to glaze boundary. Most
samples contain a red ceramic body, but the sample from
2006.170.200 has a buff colored ceramic. Deterioration and/
or cracking of the glaze is visible in several samples and
there is a thick burial crust on sample 2006.171.191 (see
Supplementary Table 1, STable 1).

For Sample 191, the glaze thickness measures at least
1.2 mm, with the analyzed areas ranging from 200 to 550
microns in length and 280 to 550 microns in width. In Sam-
ple 197 A, the glaze thickness is between 35 and 40 microns,
with areas ranging from 10 to 50 microns in length and 10 to
40 microns in width. The glaze is homogeneous, and inclu-
sions are observed only near the boundary with the ceramic,
although these inclusions were not analyzed. Sample 197B
exhibits a glaze thickness of 75 to 125 microns, with area
dimensions ranging from 150 to 200 microns in length and
40 to 50 microns in width. This glaze is also homogeneous,
with inclusions limited to the boundary with the ceramic,
which were not analyzed. In Sample 200, the glaze thickness
is 15 to 35 microns, with areas measuring between 5 and 15
microns in both length and width. Inclusions are again only
observed near the boundary with the ceramic and were not
analyzed. Sample 202 A presents a glaze thickness ranging
from 35 to 100 microns, with area dimensions of 5 to 90
microns in length and 5 to 70 microns in width. Numer-
ous inclusions are present in the glaze, some of which were
included in the area analyses, and the inclusions consist of
aluminum, silicon, and potassium (Al-Si-K). Sample 202B
has a glaze thickness of 200 to 300 microns, with areas mea-
suring 20 to 100 microns in length and 20 to 85 microns
in width. This sample also contains a significant number of
inclusions, some of which were included in the area analy-
ses, with the inclusions consisting of Al-Si-K. The analysis
was conducted with a count time of 60 s.

Regarding the colorants, although the precise colorant
for the yellow glaze is uncertain, it is assumed to be iron.
For the green glaze, it is likely a combination of lead (Pb)
and copper (Cu), with a possible contribution from iron

(Fe). Furthermore, it is assumed that tin is dissolved within
the glaze, as no tin particles were observed in the samples.

Lead isotopic analysis

The lead isotope (LI) ratios of 2°Pb/2%*Pb, 2°7Pb/2%4pPb,
208pp/29%4pY for the four glazed objects have been presented
in STable 2. The lead isotopic profiles for samples from
incense burner 202 exhibit a linear distribution (see Supple-
mentary Figure 1, SFig. 1), suggesting the possibility that
the lead used in both the base and cover of incense burner
202 may originate from the same source (Pollard and Heron
2008), although this is refuted by comparison with the lead
deposits in the discussion section of this paper. This find-
ing implies that the lead raw materials employed in the pro-
duction of incense burner 202 were consistent. Conversely,
samples from the objects 191, 197, and 200 exhibit distinct
LI signatures compared to incense burner 202, indicating
potential variations in their geographical origins or manu-
facturing periods. Although these glaze samples exhibit
proximity to each other on the LI diagram, further compara-
tive analysis will be necessary to discern their respective
sources.

Discussion
The origin of lead raw materials

Given that all four glazes analyzed in this study exhibit high
lead contents ranging from 50% to nearly 70% by weight,
their lead isotopic compositions indicate the potential
sources of the lead used. To ascertain the likely origins, the
‘natural lead mining districts’ database was utilized, which
was derived from the geochemical lead ore database com-
piled by Hsu and Sabatini (2019). In order to identify the
specific deposits associated with the glaze samples, com-
parisons are made with all the deposits in China. Each lead
deposit included in the analysis must comprise a minimum
of 10 ore samples (galena) to ensure the highest level of
accuracy in the comparison results (Baron et al. 2014). In
comparing samples with deposits, a match is defined as a
result where all three relative probability values exceed 0.1,
in which context, the deposit with the lowest value exceed-
ing the lowest value of any other deposits is considered the
closest match. A table with the data of the natural lead min-
ing districts (those most relevant) could be seen in Supple-
mentary ore data.

A comparison was made between the LI signatures of
glaze sample 191 and the deposits in China. SFig. 2 high-
lights the Qixiashan deposit in Jiangsu Province as the
most closely aligned with the lead resources utilized in

@ Springer
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glaze sample 191. Zhenzigou (Liaoning Province), Yutang
(Hunan Province), Xiquegou (Liaoning Province), Shuiji
(Fujian Province), Qingchengzi (Liaoning Province), Lin-
glong (Shandong Province), Haopingou (Henan Province),
Dongtongyu (Shaanxi Province) deposits are also the pos-
sible sources.

As shown in SFig. 3, the lead ores used for glaze sample
197 exhibits the closest resemblance to the Linglong deposit
located in Shandong Province. Wenyu (Henan Province),
Yutang (Hunan Province), Shuiji (Fujian Province), Qixi-
ashan (Jiangsu Province), Xiquegou (Liaoning Province),
Dongtongyu (Shaanxi Province) deposits are also possible
sources.

As shown in SFig. 4, the Linglong deposit located in
Shandong Province, is the most likely deposit associated
with the lead source for glaze sample 200. Shuiji (Fujian
Province), Qixiashan (Jiangsu Province), Dongtongyu
(Shaanxi Province) deposits are also possible sources.

The Jinding and Gejiu deposits in Yunnan Province
is the most likely source of the lead used in glaze sample
202 A (SFig. 5). Tianbaoshan (Sichuan Province), Fankou
(Guangdong Province), Dalingkou (Zhejiang Province),
Tianqiao (Guizhou Province), Qibaoshan (Hunan Prov-
ince), Niuchang (Yunnan Province), Hetaoping (Yunnan
Province), Dingjiashan (Fujian Province), Dajing (Inner
Mongolia) deposits are also possible sources.

The Zhilingtou deposit in Zhejiang and Fujian Provinces
emerges as the most probable source of the lead in glaze
sample 202B#1 (SFig. 6). Yindongzi (Shaanxi Province),
Qingchengzi (Liaoning Province), Heigou (Henan Prov-
ince), Beishan (Guangxi Province), Bafangshan (Shaanxi
Province), Kalayasikake (Xinjiang Uyghur Autonomous
Region), Kalangu (Xinjiang Uyghur Autonomous Region),
Tamu (Xinjiang Uyghur Autonomous Region) deposits are
also possible sources.

The Bafangshan deposit in Shaanxi Province demon-
strates the highest match with the lead resources used in
glaze sample 202B#3 (SFig. 7). Heigou (Henan Province),
Yindongzi (Shaanxi Province), and Kalayasikake (Xinjiang
Uyghur Autonomous Region) deposits are also possible
sources.

Moreover, it is noteworthy that the potential sources of
glaze sample 202B#1 may encompass all of the potential
origins of glaze sample 202B#3. These origins include the
Bafangshan, Heigou, Yindongzi, and Kalayasikake depos-
its. Conversely, the potential sources of glaze sample 202 A
exhibit no overlap with any of the potential sources of either
glaze sample 202B#1 or 202B#3.

This observation might indicate that the lead present in
the glaze of the lid and body of object 202 originated from
diverse deposits located in different geographical regions.
Furthermore, the chemical compositions of the lid glaze
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and body glaze exhibit notable disparities, as illustrated in
STable 2, where the lid glaze exhibits a barium content that
is absent in the body glaze. These disparities further sub-
stantiate the proposition that the lid and body might have
been manufactured independently of each other (either in
the same workshop using different recipes and raw materials
or in different workshops).

Comparison with archaeological objects
Glaze

Due to the scarcity of research on the LI signatures of
Han lead glazed pottery, our data were compared to Tang
Dynasty (618 AD-907 AD) lead glazes from Henan prov-
ince (Tatsumi et al. 2011; Chang 2019; Cui et al. 2010) and
Shaanxi province (Chang 2019; Cui et al. 2010), and from
the Tang capitals of Xi’an (Chang et al. 2021; Chang 2019)
and Luoyang city (Chang 2019). Furthermore, a comparison
was made to lead glazes from Balhae (the Bohai state) (698
AD-926 AD) in Northeast China, the Korean Peninsula,
and the Russian Far East from 698 AD to 926 AD (Chang
2019), as well as glazes from 9th-century Japan (Sasaki et
al. 1994) and tri-color glazes found in Japan (Tatsumi et al.
2011; Chang 2019), and glazes from the Silla period (57
BC-676 AD) in Korea (Cho et al. 2007). Additionally, two
sets of data are available from western and central Eurasia,
comprising Roman lead glazes from the 1st to 4th centuries
(Walton and Tite 2010) and lead glazes from Kazakhstan
dating from the 9th to 12th centuries (Klesner et al. 2021).
See the data in Supplementary glaze data.

Based on SFig. 8, it can be deduced that glaze sample
191 exhibits a similar LI signature to the glaze from Xi’an
during the Tang Dynasty. Likewise, glaze sample 202B#3
displays a comparable LI signature to the glaze from Bal-
hae (as Bohaiguo in the SFig. 8). Glaze sample 202B#1
shows a resemblance to the LI signature of the Tangsan-
cai glaze from the Huangye kiln in Henan Province and the
Liquanfang Kiln in Shaanxi Province. Glaze samples 197
and 200 exhibit resemblances to the glazes found in Xi’an
during the Tang Dynasty. In contrast, glaze sample 202 A
does not manifest any discernible affinities with any of these
aforementioned glazes. Samples 197 and 200 have similar
LI ratios as the Kazakhstan glazes, for which raw mate-
rial origin is attributed to the Central Asian Orogenic Belt
and Xinjiang in China (Klesner et al. 2021), these deposits/
regions are not plausible raw material sources for samples
197 and 200, as ore deposits formed during the same geo-
logical period in different locations can exhibit very similar
ranges of LI abundance ratios (Pernicka 2014).
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Bronze

The LI signatures found in Han Dynasty bronze artifacts
provide valuable information regarding the origin of the lead
ores employed. A comparative assessment is made between
our glazed pottery artefacts and Han Dynasty bronzes. The
LI signature database of Han bronze artifacts encompasses
bronzes from Guizhou (Huang et al. 2021), Shaanxi (Zhang-
sun et al. 2017), Chengdu city (Li et al. 2020), Shandong
(Wei and Dong 2007; Cui and Wu 2007), Sichuan (Ma et al.
2024; Wei et al. 2024), Hubei (Li et al. 2023), Fujian, Anhui,
Zhejiang and Jiangsu (Yang et al. 2023; Wang et al. 2024),
as well as from Henan (Chen et al. 2018). These diverse
bronze artifacts represent distinct ‘lead usage districts’
within the Han Dynasty. The Han bronze artefacts used for
comparison (mostly) contain lead added to alloy (with lead
contents above 2%), therefore LI ratios of bronze artefacts
indicate the source of lead. See the data in Supplementary
bronze data.

In SFig. 9, it can be inferred that glaze samples 191 and
197 potentially share the same lead resources as the bronze
artifacts from Eastern Han Jiangsu, Western Han Henan,
Western Han Shandong, and Western Han Guizhou. The LI
signature of glaze sample 200 exhibits similarity to these
Han Dynasty bronzes, same as samples 191 and 197, but
the relative possibilities of glaze sample 200 are low (less
than 0.1). Glaze sample 202 A’s LI signature corresponds
to the bronze artifacts from Eastern Han Jiangsu, while
202B#1’s LI signature aligns with those from Eastern Han
Fujian. Glaze sample 202B#3’s LI signature corresponds to
the bronze artifacts from Western Han Anhui.

Different products, different lead sources?

Our glaze samples establish intriguing connections among
the glaze from the Tang Dynasty, glaze from the Han
Dynasty, and bronze from the Han Dynasty. Notably, each
glaze sample exhibits unique patterns of overlap with these
materials. This prompts an inquiry: do glaze and bronze,
both of which contain lead, share common sources of lead,
or do they rely on independent supplies? Do these supply
dynamics undergo alterations over time?

In Fig. 2, we can observe the differences in the LI signa-
tures of the lead used in the Western Han Dynasty Bronze
(WHan bronze, see data reference in Bronze section), East-
ern Han Dynasty Bronze (EHan bronze, see data reference
in Bronze section), Han Dynasty glass (Li et al. 2016), and
Tang Dynasty glaze (see data reference in Glaze section).
The LI compositions of the Tang glaze exhibit distinct con-
centrated zones as evident from the density curves, as well
as the LI fields for the Tang glaze differ from those of the
Han bronzes, indicating a different lead supply sources/

source between Tang glaze and Han bronze. Nevertheless,
the lead isotope compositions of Han bronze, Han glass and
three of our samples exhibit a correlation, which suggests
that they may have derived from corresponded sources of
lead.

We could draw a hypothesis to explain this phenomenon,
suggesting that during the Eastern Han Dynasty, the pro-
duction of lead glaze became more independent from the
bronze industry. Subsequently, during the Tang Dynasty, the
glazed pottery industry further developed its independent
lead supplies and sources. As the bronze industry declined
in the Eastern Han Dynasty and subsequent dynasties, it
probably gradually lost its dominance over lead resources,
while glaze pottery emerged as a significant consumer of
lead. However, to confirm this inference, additional LI data
on bronze, leaded glass, and leaded glaze, accompanied by
clear archaeological information, is required. Further inves-
tigations involving these materials are necessary.

The expansion of the Han Dynasty

When we plot all potential lead mining and usage locations
on maps in chronological order (Fig. 3), we discern the
presence of at least three distinct lead types, which are the
lead identified in glaze samples 191, 197, and 200; the lead
within glaze sample 202 A; and the lead in glaze samples
202B#1 and 202B#3.

Firstly, the lead in glaze samples 191, 197, and 200
shares a common origin, potentially linked to deposits in the
regions of Shaanxi, Jiangsu, Fujian, or Shandong. This type
of lead might have been employed in Henan and Guizhou
during the Western Han Dynasty, in Jiangsu during the East-
ern Han Dynasty, and in Shaanxi during the Tang Dynasty.

Secondly, considering that glaze samples 202B#1 and
202B#3 are derived from the same segment of object 202,
it is highly probable that the lead in them originates from
the same source. In this case, the plausible sources are the
deposits in Henan or Shaanxi, which probably have been
utilized in Shandong during the Western Han Dynasty, in
Jiangsu and Fujian during the Eastern Han Dynasty, and in
Shaanxi, Henan, and Balhae during the Tang Dynasty.

Conversely, the lead in glaze sample 202 A exhibits dis-
tinctive characteristics when juxtaposed with any other lead
types in this study. It is strongly indicative of a South China
origin. It was also used in Jiangsu during the Eastern Han
Dynasty, while in Korea during the Tang Dynasty.

Based on Fig. 3, discernible transformations are shown
in the utilization patterns of these three distinct types of
lead from the Western Han Dynasty to the Tang Dynasty.
In the case of the lead type in glaze samples 191, 197, and
200, there is strong evidence to suggest that it was actively
exploited and employed over the span of numerous centuries,
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indicative of its abundant yield. Notably, its utilization spec-
trum appears to have contracted over time. Conversely, the
lead variety utilized in glaze samples 202B#1 and 202B#3
displayed an expansion in usage domains, particularly from
the Eastern Han to the Tang Dynasty. A similar trend is
observable in the case of the lead in glaze sample 202 A.

In the Han Shu ((X13), the number of lead deposits dur-
ing the Eastern Han Dynasty surpasses that of the Western
Han Dynasty (Chen 2008). Moreover, the Han Dynasty
is renowned for its significant achievements in trade and
unprecedented territorial expansion (Yu 1967). In the Han
Dynasty, the Chinese government employed trade as a
political instrument to maintain control over the frontier
“barbarians”. Commodities, including products containing
lead, were among the items included in this exchange net-
work, resulting in the long-distance transportation of lead
resources. Additionally, there were also significant trans-
formations between the Eastern Han Dynasty and the Tang
Dynasty. The development of long-distance exchange could
relate to the Grand Canal in China, first built during the Sui
Dynasty (581AD-618AD), which greatly contributed to the
transportation capacity between the South and the North
(Quan 2011).

Nonetheless, the discernible trends in transforma-
tions spanning the Western Han Dynasty, the Eastern Han
Dynasty, and the Tang Dynasty underscore a number of
potential advancements: (1) an increase in the number of
lead sources; (2) an expansion of the geographical scope of
lead circulation and a territorial expansion towards south-
west and southeast China.

Conclusion

This study focuses on the analysis of four lead glazed
objects from the Han Dynasty in China. Utilizing kernel
density estimates method, it is concluded that there are at
least three types of lead in these samples. The lead used
in glaze samples from 2006.170.191, 2006.170.197, and
2006.170.200 likely originated from the Jiangsu, Shaanxi,
Fujian or Shandong areas. On the other hand, the lead in
glaze samples from 2006.170.202 is consistent with the lead
from Shaanxi and Henan, or South China.

By further comparison, it is inferred that bowl
2006.170.191, tripod vessel 2006.170.197, and lamp
2006.170.200 were likely produced in the Western Han
Dynasty, while incense burner 2006.170.202 corresponds to
the Eastern Han Dynasty.

Moreover, a hypothesis is developed to explain the
possible change in the lead supply network between the
Western Han Dynasty and the Eastern Han Dynasty. In the
Western Han Dynasty, lead glaze and lead bronze might

@ Springer

share the same lead resources supply network, while in
the Eastern Han Dynasty, the lead supply for glaze might
gradually become independent from the bronze. The chang-
ing patterns of lead resource movement in different peri-
ods is also considered. It is speculated that the movement
ranges expanded from the Western Han Dynasty to the Tang
Dynasty, indicating an improvement in long-distance trans-
portation capabilities.

Lead isotope data help us to learn more about the pro-
duction and circulation of ancient glazes, shedding light on
manufacturing industries in Han Dynasty China. The KDE
method used in this study facilitates the quantification of
relative probabilities in numerical form, allowing us to
identify variations in probability associated with different
deposits or groups. This study highlights the contribution
that archacometric results can make to the reconstruction of
historical knowledge and the ability of archaecometric evi-
dence to resolve historical and archaeological questions.
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