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Applicationofsmalt inbuildingglazed tiles
from Yuanmingyuan Park, Beijing’ in Qing
dynasty
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The building glazed tiles in ancient China are well known for their rich colors. Blue-glazed objects are
especially valued for their rarity. However, little research hasbeenconductedon them. In this study,we
observed, tested, and analyzed nine blue building glazed tiles excavated at the archaeological sites at
YuanmingyuanPark (Summer Palace). The nine studied sampleswere found to be lead-glazed pottery
with cobalt glazematerial, and thefiring temperatureof thebodywasabout 1000 °C.More importantly,
the glaze showed high K and As, relatively high Ni and Ba, and small amounts of Bi and U. The results
matched the characteristics of smalt imported from Europe. This research found a high content ofMn,
indicating that the blue glazewasmixedwithChinese cobalt ore.Our research found thatmixed cobalt
material continued to be used in ceramics production in the Qing Dynasty.

Yuanmingyuan, now called Yuanmingyuan Park (Summer Palace), was
built during the Qing Dynasty’s Yongzheng (AD 1722–1735) period until
the lateQingDynasty. It became an important royal garden in theQianlong
(AD 1736–1796) period. Recently, the Beijing Institute of Archaeology
implemented archaeological excavation work at Yuanmingyuan Park
(Summer Palace), excavating numerous building tiles, especially coloured
glazed building components.

Yellow, green, and turquoise glazes, which were used in royal
palaces in the Yuan, Ming, and Qing Dynasties, have been extensively
studied1. Some studies focused on production techniques1,2, coloration
mechanisms1, and rawmaterial sources [1.2], whereas others identified
the glaze formula and the body origin based on court archives and
craftsmanship standards from the Ming and Qing Dynasties2. Kang
Baoqiang analysis turquoise glaze tiles from the Palace Museum and
reveals the raw materials and manufacture. The glaze tiles of the tur-
quoise glaze from the Forbidden City is considered to be in the SiO2-
PbO -K2O system1. Kang Baoqiang studied the origin and production
era of yellow glazed tiles excavated at the Shenwumen Gate of the
Forbidden City. Similarities in terms of tile bodies’ mineral phases
found in the Gate of Divine Prowess tiles and Qing Dynasty samples,
also from the Forbidden City suggest that the former may also come
fromMentougou Beijing2. Kang Baoqiang analysed the composition of
yellow glazed tiles from the Yongzheng Qianlong Jiaqing periods AD
1723–1820), It is believed that the PbO content in the glaze tends to

decrease and the SiO2 content tends to increase
3. Some investigated the

discoloration mechanism of building glaze unearthed at the archae-
ological sites in Yuanmingyuan Park and found they experienced a
second high-firing4.

Blue building glazes that use cobalt as the coloration material are
rarely seen in excavations, and few studies have examined them. Blue
building glaze tiles be excavated in Yuanmingyuan Park (Summer
Palace) and the Temple of Heaven. The source of the cobalt in these
glazes is disputed. This research identified the composition and
materials used in blue building glazed components from archaeological
excavation sites at Yuanmingyuan Park5, especially the coloration
materials and their source.

Methods
Samples
The samples used in this research were unearthed at the archaeological
excavation sites in Yuanmingyuan Park, such as the Haiyantang (海晏堂)
site, Yuanying Temple (远瀛观), the Birds Cage (养雀笼)6 site, and the
Grand Palace Gate (大宫门) site. Nine samples were examined, including
tube tiles, plate tiles, fish-scale tiles, and decorative components (Fig. 1). The
scale bar represents 5 cm. The composition, firing temperature, and micro-
structure of their body plan to determine the firing process and the blue-
glazed components’ rawmaterials were analyzed. The nameof the laboratory
is an abbreviation of the excavation site.
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Microscope
A high-depth-of-field microscope is used for microscopic observa-
tion of the glaze and the body. Microscopes are commonly used to
observe the glaze, the body and the glaze-glaze joints to obtain
information on the thickness, colour and condition of the glaze layers
and the composition of the body. The body microscope used this time

is the VHX-5000 super depth-of-field 3D video microscope
from Keens.

ED-XRF
The composition of the glaze and body was analyzed using an energy-
dispersive X-ray fluorescence spectrometer (ED-XRF), model XGT-7000,

Fig. 1 | Blue glazed tiles unearthed at the ruins of the Haiyantang Yangquelong Yuanyingguan and Dagongmen.
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made by Horiba. The analysis conditions were as follows: Rh target, x-ray
tube with a voltage of 30 kV and a current of 0.062mA, and a signal
acquisition time of 100 s, spot diameter 1.2mm. The measurement is done
from the glazed surface. All the surfaces of the testing areawere cleanedwith
ethyl alcohol. The thickness of the glaze is between 200 μmand 400 μm, the
body is more than 1000 μm. The spectrum analysis adopted the funda-
mental parameters method using a single reference material.

SEM
The glaze was analyzed using an SEM4000 field emission scanning electron
microscope developed by CIQTEK and the Oxford energy spectrometer.
The samples were tested using a backscattered electron detector and pho-
tographed with an accelerating voltage of 10 kV. Testing of glaze on resin-
embedded samples using SEM.

Horizontal differential thermal dilatometer
The thermal expansion curves of the samples were measured using a hor-
izontal differential thermal dilatometer (TA DIL 806). The sample dimen-
sions for thermal expansion measurement were 10.0 mm × 5.0mm ×
5.0mm. The test temperature ranged from ambient to 1100°C with an
increasing speed of 7 K/min and an oxidative test atmosphere7.With regard
to porcelain biscuits heated in a reducing atmosphere, its sintering tem-
perature is lower than that of heating in an oxidising atmosphere, therefore,
the choice of oxidising atmosphere8. YDGM166 analyzed only for body
firing temperature.

Results
Chemical composition of the body
Table 1 shows the results of the nine samples. The results showed that the
Al2O3 content in all nine samples is over 23%,with themajority beinghigher
than 27%. This is a typical characteristic of sedimentary kaolinite9. Wan-
shuzaji (宛署杂记)10, written by Shen Bang in theMing Dynasty, recorded
thatGanzi soil, a coal-based kaolinite, a kind of sedimentary kaolin claywith
a high impurity content, was the main material used in glazed tiles’ body.
Kaolin contains varying amounts of potassium oxide, sodium oxide, iron
oxide andmagnesiumoxide, depending on its origin. It was one of themost
important rawmaterials used for ceramics in northernChina since the Song
dynasty (AD960–1279).

This finding indicated that the bodies of glazed components are made
ofGanzi soil. This alignswith the historical records and is in accordwith the
other results regarding the Forbidden City and Yuanmingyuan2,11. It also
indicates that the rawmaterials of the imperial palaces’ glazed tile during the
Ming andQingDynastiesmay all come fromDuizihuaiMountain, which is
now called Mentougou Liuliqu, in Beijing12. Duan Hongying analyzed raw
materials from Mentougou (Duizihuai Mountain) and glazed tiles’ body
excavated fromtheForbiddenCity.Comparisonof thedata fromthat article
with the data measured by the author suggests that the raw material comes
from theMentougou Liuliqu11. The data in this study are similar to the raw
materials taken fromMentougou for each constituent, Yuanmingyuan and

the Forbidden City, as a royal building and glazed tiles of similar period of
time and therefore presumably of the same origin of raw materials.

Body firing temperature
This study used re-sintering expansion to measure the samples’ firing
temperature. The studied samples are YDGM166, YDGM129, and
YYQL60. The results indicated that the firing temperature of these three
samples was between 1000 °C and 1050 °C. Mullite was not detected by
stereomicroscope, according to the low firing temperature measured by
thermal expansion, and cannot be called porcelain. Through the use of a
high-depth-of-field microscope (Fig.2), the glaze layer thickness ranges
from 100 to 200 μm.

Table 2 shows the results of the nine samples. According to the results
of theED-XRF test, the blue glazewashigh in lead.However, its lead content
was significantly lower than that of the yellow building-glazed components.
Comparing the yellow glazed components of the Yongzheng and Qianlong
periods, it can be seen that the lead oxide content of the yellow components
is between 59% and 66%. Simultaneously, the nine samples contained high
K and Si, and their glaze layers belonged to the SiO2-PbO-K2O glass system.
This K and Si content is much higher than those of yellow building glazed
components. The high K and Si also appeared in the turquoise building
glazed components. The potassium oxide of yellow glazed tiles is under 1%
and the silicon oxide is between 21% and 30%. The potassium oxide of blue
glazed tiles is between 7%and 12%and the silicon oxide is between 43%and
53%. The manufacturing process and composition of this glazed surface
were investigated in a study of turquoise building fragments from the Yuan
Dynasty unearthed in the Forbidden City1. Our research accepts this result,
positing the perspective that the blue glaze was made into glass before
glazing.

To identify the source and form of K in the nine samples’ cobalt blue
glaze, a scanning electron microscope was used to observe the join of the
body and the glaze and tomeasure the composition of the body, body–glaze
join, and glaze surface. Because the thin glaze surfaces of these samples are
difficult to measure, we selected three samples (HYT029, YYQL061,
YYYG018) whose glazed surfaces are relatively thick.

From the electron image of the glazed tile is mainly glaze and body,
in order to find Smalt’s particles, respectively, the body glaze and
body–glaze join of composition testing (Fig 3–5). The composition test
results ‘in Table 3 revealed that the content of K in the body of the three
samples is low. Combined with the XRF test results, this shows that the
content of K is 3%~5% in the rawmaterials of the three samples’ bodies.
This is significantly lower than that in the glaze join, whose K content is
7%~20%; that is, the K content in each sample is uneven. The K content
is lower in the body than in the glaze surface, and that in the glaze
surface is lower than in the body–glaze join. One of the reasons for the
higher content of potassium oxide is produced by the reaction of the
tile and glaze13, but the content of potassium oxide in both the glaze
and the body–glaze join is higher than that in the body, so it is believed
that the potassium oxide in the glaze comes from the glaze added during

Table 1 | Chemical compositions (wt%) of the glaze tiles’ body through XRF analyses

Sample name Excavation location Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3

HYT005 Haiyantang 0.65 2.57 30.40 59.89 3.02 0.29 0.93 0.00 2.26

HYT029 Haiyantang 3.01 0.32 28.59 61.78 3.76 0.42 0.90 0.00 1.20

HYT066 Haiyantang 0.71 0.62 30.14 61.84 3.90 0.65 0.74 0.01 1.37

YYQL060 Yangquelong 0.72 0.34 27.56 64.49 3.47 0.92 0.86 0.01 1.63

YYQL061 Yangquelong 3.06 3.03 24.52 62.69 4.31 0.69 0.67 0.03 0.99

YYQL062 Yangquelong 0.77 0.00 27.53 65.15 3.44 0.35 0.88 0.01 1.87

YYYG002 Yuanyingguan 3.37 0.31 28.32 62.30 3.39 0.51 0.87 0.00 0.93

YYYG018 Yuanyingguan 3.66 4.37 23.74 61.94 3.13 0.52 0.93 0.02 1.69

YDGM129 Dagongmen 0.69 1.67 29.03 62.95 3.38 0.48 0.83 0.01 0.96

https://doi.org/10.1038/s40494-025-01803-x Article

npj Heritage Science |          (2025) 13:282 3

www.nature.com/npjheritagesci


the production of the glaze. The samples also showed higher Co and
lower Mn in the body–glaze join. These particles can be identified as
residual pigment particles because the firing temperature was not
sufficiently high14. The addition of lead oxide to the glaze lowers the
firing temperature of the glaze Table 4.

Discussion
The Mn and Co content in the nine samples was compared to the exact
content of blue andwhiteporcelain in theQianlongandYongzhengperiods,
blue and white porcelain unearthed at the royal kiln factory in the Kangxi
and Yongzheng period9,15, and blue and white porcelain unearthed at the

Table 2 | Chemical compositions (wt%) of the glaze tiles’ glaze through XRF analyses and ICP-AES analysis results of yellow
glazed tiles

Sample Excavation location Na2O Al2O3 SiO2 K2O MnO Fe2O3 CoO NiO As2O5 BaO PbO Bi2O U208

HYT005 Haiyantang 5.24 3.64 53.59 8.58 1.95 1.59 1.28 0.38 0.29 0.36 22.90 0.19 0.01

HYT029 Haiyantang 4.48 3.85 52.54 9.30 1.85 1.61 1.03 0.23 0.25 0.33 24.54 0.19 0.02

HYT066 Haiyantang 3.42 4.07 53.13 8.82 2.16 1.83 1.33 0.39 0.01 0.48 24.37 0.01 0.03

YYQL060 Yangquelong 2.11 3.06 45.29 9.50 0.98 1.83 1.10 0.27 1.67 0.24 33.95 0.49 0.06

YYQL061 Yangquelong 1.61 3.91 48.06 9.34 1.23 1.87 0.94 0.07 1.20 0.26 31.52 0.00 0.02

YYQL062 Yangquelong 3.67 4.86 57.89 8.19 1.13 2.32 1.17 0.19 0.62 0.41 19.55 0.21 0.00

YYYG002 Yangyingguan 4.73 4.11 65.65 10.41 0.35 1.26 0.68 0.42 0.45 0.79 11.14 0.35 0.03

YYYG018 Yangyingguan 2.20 2.98 43.54 7.15 1.13 1.90 1.08 0.25 0.84 0.23 38.66 0.26 0.03

YDGM129 Dagongmen 3.44 4.00 55.05 12.16 1.92 1.79 1.06 0.14 0.00 0.53 19.92 0.01 0.08

Yongzheng1 Forbidden City 0.23 4.23 24.96 0.33 0.00 3.12 0.00 0.00 0.00 0.00 66.27 0.00 0.00

Yonzgheng2 Forbidden City 0.36 9.37 21.71 0.61 0.00 2.46 0.00 0.00 0.00 0.00 65.26 0.00 0.00

Qianlong1 Forbidden City 0.30 5.27 26.16 0.94 0.00 4.00 0.00 0.00 0.00 0.00 62.91 0.00 0.00

Qianlong 2 Forbidden City 0.51 7.81 29.39 0.96 0.00 4.10 0.00 0.00 0.00 0.00 56.33 0.00 0.00

Qianlong 2 Forbidden City 0.43 2.56 30.83 0.71 0.00 5.59 0.00 0.00 0.00 0.00 59.17 0.00 0.00

Fig. 3 | Electron microscope images showing the glaze–body join in glazed tiles.
a SEM image of the glaze–body join in sample HYT029 at 1000× magnification,
showing the overall morphology of the glaze–body join. Blue lines indicate the

boundaries of the glaze layer, the body–glaze junction, and the body. b SEM image of
a selected region from HYT029 at 2000× magnification. c SEM image of a cross-
section from test area. SEM scanning electron microscopy.

Fig. 2 | Microscopic images of the glaze tiles. a is a microscopic observation of the tire glaze of YDGM129; b is a microscopic observation of the tire glaze of YYQL60.
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Fig. 4 | Scanning electron microscope images of the glaze-body join in sample
YYQL061. a SEM image of the glaze–body join in sample YYQL061 at 1000×
magnification, showing the bonding relationship between the glaze and body. b SEM

image of the same region in sample YYQL061 at 2000×magnification, revealingfiner
microstructural features. c SEM image of the cross-section from the test area. SEM
scanning electron microscopy.

Fig. 5 | Scanning electron microscope images of the glaze–body join in sample
YYYG018. a SEM image at 150× magnification showing a broad view of the
glaze–body join. Blue lines indicate the boundaries of the glaze layer, the body–glaze
junction, and the body, clearly outlining the layered structure. b SEM image of region

at 500× magnification, providing a closer look at the microstructural features of the
join. c SEM image of a cross-section from the test area. SEM scanning electron
microscopy.

Table 3 | Chemical compositions (wt%) of the glaze tile through SEM analyses

Sample Testing part Na2O Al2O3 SiO2 K2O CaO MnO Fe2O3 PbO CoO Bi2O3

HYT029 glaze 4.48 3.85 52.54 9.30 0.00 1.85 1.61 24.54 1.03 0.19

body-glaze join 0.00 23.69 56.40 12.74 1.80 0.49 1.90 2.90 0.55 1.57

Body 0.00 20.82 72.86 3.87 1.30 0.69 0.41 0.00 0.00 0.00

YYQL061 glaze 2.96 3.39 49.98 6.80 1.99 0.41 0.93 32.90 0.64 0.00

body-glaze join 0.00 23.31 62.07 7.70 1.62 0.51 1.63 0.00 0.57 0.75

body 0.77 23.69 68.33 4.88 2.30 0.00 0.00 0.00 0.00 0.00

YYYG018 glaze 2.28 5.06 58.22 11.37 0.42 0.69 1.70 19.88 0.90 0.18

body-glaze join 0.00 24.15 52.89 20.26 0.00 0.21 1.59 0.29 0.26 0.26

body 1.32 19.03 75.42 5.17 0.00 0.00 0.00 0.38 0.00 0.00

Table 4 | Chemical composition of smalt in coloured pottery and Buddha statues

Sample SiO2 PbO SnO2 Na2O K2O CaO MgO Al2O3 FeO CoO NiO As2O3 MnO BaO Fe3O4 BiO

Sample1 51.40 31.95 2.01 5.39 3.57 0.96 0.05 1.19 1.12 0.77 0.48 0.71 Na 0.00 0.00 0.00

Sample2 56.06 25.69 1.20 4.80 3.61 0.81 0.11 1.57 1.40 1.10 0.95 1.62 Na 0.00 0.00 0.00

Sample3 47.96 33.40 3.51 3.40 4.81 0.70 -0.13 0.80 1.42 1.38 0.34 1.71 Na 0.00 0.00 0.00

type A 69.02 0.19 0.00 0.00 13.36 0.00 0.00 1.13 0.00 2.18 0.32 9.78 0.05 0.18 3.43 0.23

type B 70.65 0.09 0.00 0.00 12.71 0.00 0.00 1.36 0.00 1.25 0.14 4.26 0.22 7.70 1.24 0.00

type C 46.96 36.61 0.00 0.00 11.58 0.00 0.00 0.60 0.00 0.40 0.36 1.61 0.15 1.15 0.53 0.05

type C 42.06 45.14 0.00 0.00 9.21 0.00 0.00 0.50 0.00 0.28 0.12 0.96 0.18 1.13 0.28 0.03

type C 49.88 32.91 0.00 0.00 11.61 0.00 0.00 1.50 0.00 0.10 0.27 0.68 2.15 0.32 0.55 0.00
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Nandaku (南大库) site of the Forbidden City16 (Fig. 6). As shown in the
Fig. 6, the slopes of the nine samples differ from those of the blue and white
porcelain samples. The nine samples have lowMn and high Co. The MnO
content is 0.34%~2.16%, and the CoO content is 1.33%~0.64%. From
Figs. 7 and 8,we can see that glazed tiles are characterizedby high cobalt and
high manganese.

China’s local cobaltmaterial is a kind ofmanganese ore associatedwith
cobalt. As shown in the Fig. 6, blue andwhite porcelain samples of the Qing
Dynasty used local cobalt material, and the MnO and CoO content is
0.3–3% and 0.1–0.5%, respectively. The samples from Yuanmingyuan Park
are complex. Thedata indicate that the cobaltmaterial usedon the surface of
the blue building glazed component from Yuanmingyuan Park was not a
typical local cobalt material. From the box plots of Mn0 and CoO for the
four types of cobalt materials, the cobalt materials on glazed tiles have a
distinctly high Co.

Another characteristic of the nine samples is that the glaze has high Ni
and As. The composition is not the same as that of local cobalt materials,
which do not have As and Ni. It is similar to the cobalt ores in Europe17,18,
which haveAs andNi. TheNi-Codiagram (Fig. 3) shows that the content of
Ni is positively correlated with Co. Figure 4 also indicates a positive cor-
relation between Bi and Co. Finally, according to chemical compositions
(wt%)of the glaze tiles’ glaze, it can be seen that someof the glazes containBi
and U consistent with the composition of cobalt ores mined in Europe that
are symbiotic with Bi2(CO3)O2

19.
Smalt is a vitreous cobalt material that originated in Europe20. The

major component of European cobalt ore is Ni-Co-As-Bi(U), which
turns to Ni-Co-As-Fe after firing13. Smalt is obtained after cobalt is fired
into glass and ground. It is widely used as a pigment in paintings in
Europe and is also found in architectural components and pottery
ware21–25. From Fig. 9 and Fig. 10, it is believed that nickel oxide shows a
positive correlation with cobalt oxide, and it is believed that they are
consistent with cobalt sources, which is further hypothesized to
be smalt.

Smalt-glazed coloured pottery from 17th-century Hungary has been
documented in previous studies. A microanalytical investigation of six
faience ware samples excavated from Sárospatak, northeastern Hungary,
was conducted using energy-dispersive X-ray spectroscopy (EDS)26. Yun
Jihyeon analyzed the chemical composition of smalt pigments used in 10
large Buddhist paintings in the Joseon Dynasty using energy dispersive
X-ray spectroscopy. Through analyses, the large Buddhist paintings in the
JoseonDynasty are divided into three smalt types (Table 4). TypeA is a type
with high As2O3, type B is a type with high BaO, and type C is a type with
high PbO27.

The high K, As, and Ni (including Bi) found in the glazes of the nine
samples here suggest that imported smalt may have been used in the blue
building glazes from Yuanmingyuan Park. The retention of arsenic in the
glaze may be related to the addition of lead oxide.

The importation of smalt has long been recorded. TheChronicle of the
East India Company’s Trade with China documented importation during
the Qing Dynasty; records from 1774 and 1792 explicitly mention it. Smalt
was traded from1774 to 1792, originally for 100Liang silver perpicul for the
first class and 24 taels per picul for the second class. In 1792, the pricewas 11
Liang per picul. According to the import volume of smalt recorded in the
trade statistics from 1859 to 1902, China’s Old Customs Historical Records,
large quantities of smalt were imported at ports along the coastline from
Tianjin to Xiamen21. It can be posited that there must have been many
methods and situations for imported smalt.

Numerous studies have found that smalt was widely used as a pigment
inQingdynasty court paintings and as a rawmaterial in producing ceramics
and colour enamels28–32. Smalt was found as a pigment in Jianfu Palace,
Cining Palace, and Shoukang Palace in the Forbidden City33. Two different
kinds of smalt, for example, were found in the Jianfu Palace paintings. A
polarizing microscope was used to observe glass smalt pigment in the
paintings in the Linxi Pavilion in the Forbidden City33. Furthermore, smalt
was used not only in royal palaces and gardens but also in nongovernment
implements3. TsinghuaUniversity collected colour-paintedwooden statues
of three Qing Dynasty Buddhas, and smalt was observed in their blue
pigment by microscope. These statues were not made in court, indicating
that smalt was widely used during the Qing Dynasty34–36.

China has a long history of using cobalt materials in ceramic pro-
duction, from blue and white porcelain in the Tang Dynasty to the large-
scale production of blue and white porcelain in the Yuan and Ming
Dynasties37. Chinese craftspeople had accumulated significant experience in
theuse of cobaltmaterials. For these reasons, smaltwasused tofire ceramics,
and enamel is reasonable and possible38.

There are records regarding the use of smalt infiring ceramics.Gillan, a
doctor in theMacartney Embassy of the BritishMission toChina during the
Qianlong period, recorded the use of smalt in the production of ceramics in
hisObservations on the State onMedicine, Surgery, and Chemistry in China:

I was told that the raw material they used in the past was local cobalt,
butnowa large amountof smalt (a kindof glasspowdermadebymixingand
melting one portion of cobalt ash commercially known as zaffre and two
portions of flint powder) is shipped to them from Europe.

The records and research results indicate the commonuse of the smalt,
which was imported in large quantities in the Qing Dynasty39. It is also a
definite possibility that smalt was applied to make building glaze for royal
palaces in Yuanmingyuan Park. First, traditional glaze tiles were typically
coated with low-temperature lead-based glazes, whereas mid- to low-
temperature glazes containing potassium oxide emerged at a comparatively
later stage1. During theMing andQingdynasties, cobalt-based colourants—
aside from their well-documented use in blue-and-white porcelain—were
primarily found in Jilan glazes. These glazes were lead-free and exhibited
relatively low cobalt content40. Second, blue glaze tiles in the Beijing region
were not identified archaeologically until the Qing Dynasty. These speci-
mens featured glazes containing both lead oxide and potassiumoxide, along
with a notably high concentration of cobalt, representing the earliest known
instance of such a glaze composition.

The Mn content in the nine studied samples is between 0.34% and
2.16%. They contain high Co, typical in smalt, and high Mn, which is not
typical in smalt.

As we know, smalt is made from European cobalt ore, which has low
Mn as it is not the basic element of this kind of cobalt ore. We created a
scatter plot for Mn and Co; the points stand for the Qing Dynasty blue and
white porcelain and the nine samples (Fig. 6).

Based on the data and analysis, the nine samples have the character-
istics of imported smalt and local cobalt materials. Thus, the glaze of nine
samples fromYuanmingyuan Park is amixture of imported smalt and local
cobalt materials.

Fig. 6 | Mn-Co diagrams of architectural glazes and blue-and-white porcelains.
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The Expense Record for the Construction of an Enamel Pagoda in the
Ningshougong Palace.(照金塔式样成造珐琅塔一座销算底册):

配青色七斤八两,每斤用顶元子二两,计十五两。洋青二两,计十

五两。
This document collected by the Society for the Study of Chinese

Architecture, supports the above conclusions. It recorded that in the 39th
year (1774) of the Qianlong period, two Liang of Dingyuanzi (顶元子) and
two Liang of Yangqing (洋青) were used to build a glaze stupa. Dingyuanzi
(顶元子) is a kind of Chinese cobalt material, and yangqing (洋青) is a
Chinese name for imported cobalt. The glaze of the stupa was a mixture of
imported and local cobalt materials. Combined with the electron micro-
scope images and the results of compositional tests, we inferred that the
glaze added smalt and the domestic cobaltmaterial added a small amount of
lead oxide. The addition of lead oxide has resulted in a reduction in arsenic
loss in smalt, retaining a little.

This provides strong support for our mixture cobalt materials
viewpoint38. The reason for mixing cobalt materials may be related to the
diffusion principle of Co41,42. In addition to the mixed use of smalt in the
paintings in the Qing Dynasty, the use of smalt mixed with purple was also
found in Japanese paintings35,43,44, and evenEuropeanpaintings31 can still see
the phenomenon of mixed use of smalt, so it can be seen that themixed use
of smalt was not an isolated phenomenon of the Qing Dynasty in China. It
can be seen that smalt was not a very expensive and precious pigment in
both China and Japan during this period41,43. The fact that smalt was also

used on Buddhist statues in Japan31 suggests that the trade in smalt was
accompanied by the exchange of techniques for using smalt45. Notably, the
use of amixture of European andAsian cobalt ores byworkshopsduring the
Qianlong reign has already been documented for the production of certain
objects, and was attributed to an intention to reduce production costs, as
cobalt materials imported from Europe were more expensive29. The
affordability and ease of use of smalt may have been among the key reasons
for its widespread import and application in the region. Together, these
observations highlight the transregional circulation of materials and tech-
nological knowledge in early pigment production across Eurasia.

This study examined nine samples of blue building glaze components
unearthed from Yuanmingyuan Park. Its findings are as follows. Different
from the body of the building glaze component of theMingDynasty, which
is made of clay, the body of nine samples fromYuanmingyuan Park is coal-
based kaolinite. Its firing temperature is 1000 °C to 1050 °C. The highK, As,
and Ni (including Bi) in the glaze indicate that the material consists of
imported smalt, and its situation is that of glass powder. The content ofMn
in the glaze indicates that the cobalt material is a mixture of local cobalt and
imported smalt.

Mixed cobalt material has been used in blue and white porcelain since
the Xuande period of the Ming Dynasty and in the middle and late Ming
Dynasty. Until now, it has been unclear how it was used in China’s ceramics
and porcelain during the Qing Dynasty. This study fills this gap. Our

Fig. 7 | Box diagram of cobalt oxide content.

Fig. 8 | Box diagram of manganese oxide content.

Fig. 9 | Plot of nickel against cobalt for blue architectural glaze tile.

Fig. 10 | Plot of Bismuth against cobalt for blue architectural glaze tile.
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research revealed that mixed cobalt material continued to be used in por-
celain in the Qing Dynasty. Our research also revealed that the imported
smaltwas glass powder.As thepowderwas easy to transport and store, smalt
could be applied not only to painting decorations on Chinese buildings but
also to the Chinese porcelain industry.

Data availability
https://data.mendeley.com/datasets/wnhvsw3jm9/1.
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