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Fig. 1 Photographs of lead-glazed pottery samples from the
Han Dynasty
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Table 1 Thickness of glaze and body of Han Dynasty lead
glazed pottery and their excavation sites

Sample Bod'y Gla.ze Excavation site
thickness/mm thickness/mm
XZBM65-1 6.56 0.14 Deng Jiayuan
XZBM65-2 7.97 0.07 Tomb
CHMS56 8.09 0.15 Complex
CHM36 6.18 0.40
CHM24 9.12 0.19
CHM47 8.11 0.16
CHMA45 6.58 0.89
CHM38 6.25 0.28
HHM138 8.27 0.02
HHMI135 6.80 0.10
HHMS7 5.67 0.10
HHMO1 8.05 0.09
HHM134-1 9.02 0.31
HHM134-2 8.89 0.50
YZQMS5 12.02 0.17 Sheng Liu
YZQM9 7.10 0.14 Cemetery
YZQM2 447 0.08
YZQM20 9.24 0.19
XHM1 8.85 0.18 Eastern Suburb
XHM23 4.97 0.10 Han Tombs of
XHMS 5.13 0.14 Xi'an
XHM18-1 7.42 0.07
XHM18-2 7.95 0.11

(Continued Table 1)

Sample Bod.y Gla.ze Excavation site
thickness/mm thickness/mm
ZBM1 6.19 0.23 Zhang Bu
ZBM2-1 7.19 0.12 Cemetery
ZBM2-2 438 0.17
ZBM2-3 7.38 0.29
YEYM4-1 6.42 0.17 Yu Chu
YEYM4-2 5.79 0.10 Cemetery
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Table 2 Chemical composition of the sample body and clay from the burial area wl%
Sample Graze color Na,O MgO AlLO; Si0, K>O CaO TiO, Fe,O3
XZBM65-2 Yellow 1.53 2.61 18.74 63.76 3.27 1.72 0.77 7.59
CHM38 0.63 0.97 16.29 69.84 3.12 2.11 0.69 6.34
CHM45 0.55 1.08 16.59 68.47 3.62 1.81 0.82 7.07
HHM134-1 0.20 1.31 16.59 68.82 3.07 3.67 0.57 5.76
HHM134-2 0.90 2.69 17.83 60.41 3.79 5.69 0.71 7.98
XHMS8 1.23 1.46 17.80 67.23 2.80 1.57 0.77 7.14
XHM18-1 0.08 0.43 16.48 73.80 2.33 1.26 0.54 5.08
XHM18-2 0.90 2.00 18.07 65.88 3.14 1.07 0.86 8.07
XHM23 0.53 1.65 18.34 65.55 3.26 1.02 0.86 8.79
ZBM2-1 0.50 1.49 17.51 64.52 3.26 2.54 0.85 9.31
ZBM2-2 0.25 1.03 16.75 69.12 3.25 243 0.66 6.50
ZBM2-3 0.57 1.15 16.75 67.68 345 2.70 0.68 7.00
CHM36 Green 0.33 0.74 14.35 65.18 2.24 11.67 0.52 4.95
CHM56 0.39 1.11 16.56 68.55 2.77 3.52 0.76 6.33
HHMO91 0.68 1.42 17.27 66.75 3.34 1.42 0.84 8.28
YZQMS 0.69 1.53 16.74 65.86 3.64 3.71 0.77 7.05
YZQM20 0.57 1.34 16.40 66.91 3.38 3.95 0.74 6.71
YZQM39 0.27 1.51 16.39 66.77 3.72 3.99 0.75 6.59
XHM1 0.90 2.00 18.07 65.88 3.14 1.07 0.86 8.07
XZBM65-1 Yellow—green 1.66 2.36 18.09 62.93 3.75 2.14 0.80 8.27
CHM24 0.23 1.17 16.47 69.76 3.14 2.20 0.70 6.34
CHM47 0.54 1.43 16.20 67.35 3.30 4.16 0.68 6.34
HHMS&7 0.85 1.31 17.23 67.18 3.25 1.78 0.81 7.60
HHM135 0.42 1.44 17.45 67.14 3.38 1.47 0.78 7.92
HHM138 0.70 1.85 17.09 63.11 3.73 2.26 1.01 10.25
YZQM2 1.24 2.06 16.81 63.50 3.84 3.75 0.80 8.00
ZBM1 1.50 3.47 14.50 60.44 3.92 441 0.86 10.90
YEYM4-1 1.01 2.29 17.56 62.25 3.65 345 0.85 8.95
YEYM4-2 1.42 2.73 17.97 60.81 3.87 3.40 0.87 8.94
Average 0.68 1.52 17.03 66.45 3.30 2.94 0.75 7.33
Clay 0.78 1.32 17.00 64.71 3.21 542 0.75 7.88

w—Mass fraction.
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Table 3 Chemical composition of the sample glaze wl/%
Sample Color Na,0O MgO  ALO; Si0, P,0s KO CaO TiO, FeO3 CuO PdO  SnO, BaO  PbO
XZBM65-2 Yellow 0.61 1.97 3.94 30.27 0.48 0.36 1.37 0.15 1.43 2.73 0.67 0.58 2,12 56.67
CHM38 0.01 1.50 3.75 15.10 0.00 0.30 1.12 0.17 2.02 0.23 0.69 0.63 2.06 7281
CHMA45 0.87 1.28 4.04 15.02 0.47 0.33 1.32 0.23 2.74 0.04 0.75 0.55 221 70.66
HHM134-1 1.05 2.14 5.56 22.95 1.01 1.18 4.94 0.22 2.75 1.84 0.28 0.56 0.02 5637
HHM134-2 0.55 221 523 25.56 092 096 521 0.23 2.13 2.15 0.45 0.87 0.01 53.84
XHMS8 0.00 1.66 3.25 12.38 3.10 0.25 1.93 0.56 2.71 0.10 0.26 0.74 342 70.06
XHM18-1 0.01 2.19 3.67 19.25 039 025 1.18 0.20 3.43 0.19  0.64 0.78 381 6423
XHM18-2 0.37 1.81 4.59 22.64 0.17 0.86 1.34 0.22 2.79 0.79 0.38 0.84 323 6044
XHM23 0.00 0.55 3.80 13.20 0.46 0.19  0.96 0.52 2.18 0.70  0.00 0.64 6.32 7052
ZBM2-1 0.00 0.98 2.97 20.08 1.78 0.00 230 0.21 2.30 1.67 0.21 1.64 2.07 6471
ZBM2-2 0.01 1.16 3.02 22.49 1.23 0.00 1.73 0.11 0.89 0.95 0.04 1.49 205 6541
ZBM2-3 0.07 2.21 5.74 23.90 4.44 0.97 1.50 0.33 3.03 0.90 0.78 221 2.08 5190
CHM36 Green 0.00 0.98 2.97 20.08 1.78 0.00 230 0.21 2.30 1.67 021 1.64 207 6471
CHM56 0.01 1.16 3.02 22.49 1.23 0.00 1.73 0.11 0.89 0.95 0.04 1.49 2.05 6541
HHMO1 0.07 221 5.74 2390 444 097 1.50 0.33 3.03 090 0.78 221 2.08 51.90
YZQMS5 0.98 3.46 231 2475 0.10 0.15 0.71 0.08 1.04 2.92 0.64 1.61 1.01  60.49
YZQM20 0.56 3.82 528 33.38 0.10 0.30 1.25 0.07 0.83 1.60  0.34 0.74 2.03  49.79
YZQM39 1.05 2.14 5.56 22.95 1.01 1.18 494 0.22 2.75 1.84 0.28 0.56 0.02 56.37
XHM1 0.55 221 523 25.56 0.92 096 521 0.23 2.13 2.15 0.45 0.87 0.01 53.84
XZBM65-1  Yellow—green .00 1.97 3.07 28.11 0.00 0.53 0.94 0.20 1.84 243 0.67 0.46 0.06 60.33
CHM24 0.92 2.78 8.08 37.93 0.19 316 2.64 0.40 5.75 1.08 0.76 0.64 0.00  36.06
CHM47 0.40 1.15 3.46 24.89 0.17 0.33 0.60 0.09 1.25 1.63 0.95 0.47 1.18  64.03
HHMS7 0.65 3.22 7.84 38.11 0.25 1.19  3.61 0.31 3.23 0.91 0.44 0.66 1.07  38.68
HHM135 1.16 1.70 6.35 3441 0.10 0.14 212 0.10 0.91 1.83 0.05 1.68 0.03  50.17
HHM138 0.02 1.40 1.82 26.11 0.00 0.22 1.20 0.11 1.53 344 0.74 0.78 0.12  63.14
YZQM2 1.28 2.80 5.54 38.18 0.26 0.36 1.45 0.15 1.23 1.41 0.82 0.91 0.11 45.82
ZBM1 0.20 2.03 8.13 28.84 2.59 1.14 630 0.38 3.61 0.68 0.22 1.51 0.09  45.09
YEYM4-1 0.01 2.94 6.20 19.02 0.17 0.41 1.92 0.44 14.99 0.41 0.31 0.63 0.03 53.48
YEYM4-2 0.61 1.97 3.94 30.27 0.48 0.36 1.37 0.15 1.43 2.73 0.67 0.58 212 56.67
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Extended Abstract

Introduction This study systematically analyzed the chemical composition, phase, firing temperature and atmosphere of Han
Dynasty lead glazed pottery unearthed from the Yangguanzhai Site, China, through X-ray fluorescence spectrometer (XRF), X-ray
diffractometer (XRD), Raman spectrometer (Raman), thermal expansion meter, X-ray photoelectron spectrometer (XPS), etc., and
explored its raw material composition and firing process. The results show that the chemical composition and phase of all sample
bodies are similar to those of the clay in the burial area of the Yangguanzhai site, so the raw materials used for making the bodies are
all local clay. The glaze colors are divided into three types, i.e., yellow, green and yellow—green. The yellow glaze mainly uses Fe2O3
provided by the clay for making the body as a coloring agent, while the green glaze mainly uses CuO provided by bronze as a
coloring agent. The content of Fe203 and CuO in the yellow-green glaze is between the two. Because the melting point of clay is
higher than that of bronze, yellow glaze needs to increase lead-rich raw materials and reduce silicon-rich raw materials to lower the
melting temperature of the glaze, resulting in yellow glaze showing the characteristic of "high lead and low silicon", while green glaze
is the opposite, with yellow-green glaze lying between the two. Although there are differences in the types of colorants and glaze
formulas, the samples of the three glaze colors are all fired in an oxidizing atmosphere at the firing temperatures controlled at
850-950 °C.

Methods In this study, we analyzed the chemical composition and phase composition of the body and glaze in 29 samples to
investigate their raw materials and firing techniques by XRF, XRD, Raman spectroscopy, and other techniques.

Results and discussion Based on the colorimetric parameter analysis of glaze samples, they can be categorized into three types, i.c.,
yellow, green, and yellow-green. The saturation (C¥) of yellow and yellow—green glazes exhibits a significant variation, while green
glazes show a greater consistency. This variation is correlated to the types and concentrations of colorants in the glazes. The body
color is uniform and stable, with coloration primarily influenced by saturation. All the body samples are colored with Fe2O3 and TiOa,
exhibiting the similar chemical compositions and phase characteristics. This indicates that the body material likely originates from the
same type of common, easily fusible clay, presumably sourced from the Yangguanzhai site. The chemical composition of the glaze
layers reveals that yellow glazes have the lowest SiO: content and the highest PbO content, while green glazes exhibit the opposite
pattern. This may be related to coloration requirements and the fluxing effect of PbO. The coloring agents originate from bronze, and
the glaze materials incorporate clay from the body production process as an iron source. The XRD patterns and Raman spectra further
confirm the presence of quartz, feldspar, mica, and hematite phases in both body and glaze. The XPS analysis reveals Fe** as the
predominant iron species. Combined with thermal expansion measurements indicating firing temperatures at 850-950 C, these
results collectively confirm the samples are fired in an oxidizing atmosphere.

Conclusions The lead-glazed pottery bodies of the Han Dynasty could be brick red in color, with Fe2O3 and TiO: as colorants.
Their chemical composition and phase were highly consistent with the clay of the site, and the components of the bodies with
different glaze colors were similar. They had the characteristics of common fusing clay, indicating that the raw materials for making
the bodies were taken from the local soil and fired locally. The lead glazed pottery of the Han Dynasty haf three glaze colors, i.e.,
yellow, green and yellowish—green. The yellow glaze mainly usef Fe2O3 as the main colorant, while the green glaze mainly used CuO.
The content of Fe2Os and CuO in the yellowish-green glaze was between the two. Since the correlation of Fe203-TiOz in the body and
glaze was consistent, and hematite appeared in both glazes, indicating that the clay used for making the body was used as the iron
source during glaze production. There could be a positive correlation between CuO and SnO: in the glaze, indicating that CuO
originated from bronze. Because the melting point of clay was higher than that of bronze, the required PbO content was also higher.
Therefore, yellow glaze showed the characteristics of low silicon and high lead, and was prone to "silver glaze" diseases. However,
the correlation between SiO2 and ALOs in the body and glaze was inconsistent, indicating that silicon-rich raw materials such as
quartz sand were added to the glaze. The lead-glazed pottery of the Han Dynasty was all fired in an oxidizing atmosphere, with the
firing temperature controlled at 850-950 C. The analysis showed that although there were differences in glaze colors, the similar
process conditions were adopted for the firing temperature and atmosphere.

Keywords the Han Dynasty; lead-glazed pottery; raw material; firing process



