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Longquan celadon excavated from the Chuzhou site of
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Abstract: A mass of Longquan celadon shards were excavated from the Chuzhou site of Huai’an City in
Jiangsu Province, China. These celadon shards were fired during the period of the Late Yuan Dynasty to the
Tianshun era of the Ming Dynasty, as identified by archaeologists at Nanjing Museum. In order to research the
chemical composition features of this ancient celadon porcelain, energy dispersive X-ray fluorescence (EDXRF)
for non-destructive analysis was used to determine the chemical composition of the porcelain body and glaze in
these shards. The results indicate that Ti and Fe in the body of Longquan celadon are characteristic elements
which can distinguish porcelain produced during the Late Yuan Dynasty from those produced in the Ming
Dynasties. The results of the principal component analysis (PCA) show that different body and glaze raw
materials were used for the production of porcelain in different periods and the raw materials of the body
and glaze are also different for various vessel shapes. The chemical compositions in the porcelain body of
civilian ware are slightly different. The imperial and civilian Longquan celadon porcelains produced during
the Hongwu era to the Tianshun era of the Ming Dynasty are distinguishable by the MnO, Fe>O3s, Rb2O and
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SrO content in their porcelain glaze.
Key words: Longquan celadon, EDXRF, PCA
PACS: 32.30.Rj, 82.80.Ej

1 Introduction

Chinese ancient celadon began to be fired early
in the Late Eastern Han Dynasty (AD 25-220), and
the celadon kilns were mainly distributed in South
China [1]. The Longquan Kiln is one of the most
famous kilns and began to fire celadon in the South-
ern Dynasties (AD 420-589) and was developed dur-
ing the Southern Song Dynasty (AD 1127-1279) and
the Yuan Dynasty (AD 1271-1368) [2]. In September
2008, a mass of Longquan celadon shards, dating from
the late Yuan Dynasty (AD 1325-1368) to the Tian-
shun (AD 1457-1464) era of the Ming Dynasty (AD
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1368-1644), were excavated at the Chuzhou site of
Huaian City in Jiangsu Province, China. The prove-
nances of these shards were clearly identified by ar-
chaeologists at Nanjing Museum to be the products of
Dayao, Longquan Kiln, based on their exterior char-
acteristics. According to the society’s developing his-
tory, Huai’an City was the hub of water transport
in the Yuan, Ming and Qing Dynasties [3, 4]. Huge
amounts of Longquan celadon were transported there.
After being selected, they were sent to the capital and
the defective wares were broke into pieces, therefore,
a number of porcelain shards were found in Huai’an
City. These porcelain shards consist of imperial and
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civilian wares, and the utensil shapes are of bowl,
stem bowl, pot, dish, stem saucer, plate, flower-edge
plate and round-edge plate, and so on.

At present, the traditional method for dating an-
cient Chinese porcelain and distinguishing the impe-
rial ones from the civilian depends on the fact that
the shapes and decorations change in different dynas-
ties and wares [5]. However, it is difficult to correctly
identify different ancient porcelains using only their
visual characteristics because their exterior features
vary only slightly or were greatly imitated in later
dynasties.

It is well known that the varieties of compositions
of major, minor and trace elements in a porcelain
body and glaze depend on its raw materials and man-
ufacturing technology [6]. The element information
provides important evidence for studying the prove-
nance, date and development of the firing technology
of porcelains [7-9]. In this paper, we try to find the
elemental features of Chinese ancient celadon porce-
lains excavated from the Chuzhou site of Huaian City
in Jiangsu Province using energy dispersive X-ray
fluorescence (EDXRF). The advantage of elemental
analysis method is that it can provide high sensitivity,
truly simultaneous multi-element, simple and nonde-

structive analysis. It can be used to determine the
elemental concentrations in the porcelain body and
glaze [10-12].

2 Experiment

2.1 Samples

Based on the color and decorative glaze patterns,
these porcelain shards were identified by archaeol-
ogists at Nanjing Museum, most of the shards be-
long to the products of the Fengdongyan site at the
Longquan Kiln. The characteristics of some of the
samples were identified to be that of imperial ware
from the Fengdongyan site at the Longquan Kiln.
In this experiment, eight shapes of wares including
bowl, stem bowl, pot, dish, stem saucer, plate, flower-
edge plate and round-edge plate were analyzed. The
collected samples were divided into 8 groups. Each
group consists of fifteen typical shards of ancient
celadon, except for the last group which is composed
of fourteen pieces of samples. Detailed information
about the samples is listed in Table 1. The age of
Group 1 is in the late period of the Yuan Dynasty
(AD 1325-1368) to the Tianshun era (AD 1457-1464)
of the Ming Dynasty (AD 1368-1644),

Table 1. Detailed information of the samples excavated at the Chuzhou site.
group utensil age number exterior characteristic
Late Yuan Dynasty to Tianshun era of

1 bowl the Ming Dynasty (AD 1325-1464) 15 Celadon glaze, gray body
Hongwu to Tianshun era of .

2 stem bowl the Ming Dynasty (AD 1368-1464) 15 Celadon glaze, light gray body
Hongwu to Tianshun era of .

3 pot the Ming Dynasty (AD 1368-1464) 15 Celadon glaze, light gray body

) Hongwu to Tianshun era of .

4 dish the Ming Dynasty (AD 1368-1464) 15 Celadon glaze, light gray body
Hongwu to Tianshun era of .

5 stem saucer the Ming Dynasty (AD 1368-1464) 15 Celadon glaze, light gray body
Hongwu to Tianshun era of .

6 plate the Ming Dynasty (AD 1368-1464) 15 Celadon glaze, light gray body
Hongwu to Tianshun era of

7 flower-edge plate the Ming Dynasty (AD 1368-1464) 15 Celadon glaze, light gray body
Hongwu to Tianshun era of

8 round-edge plate 14 Celadon glaze, light gray body

the Ming Dynasty (AD 1368-1464)

and their exterior characteristics are gray body; the
date of Group 2 to 8 is Hongwu era (AD 1368-1398)
to Tianshun era of the Ming Dynasty, and their visual
characteristics are a light gray body.

2.2 EDXRF experiment

A sample of dimensions 30 mmx10 mm was cut
from the shard and the cross-section of porcelain strip

| was polished, then washed three times in an ultra-

sonic cleaner with deionized water and dried at 105
°C. The experiments were performed on an EDAX Ea-
gle III spectrometer at the Institute of High Energy
Physics, CAS, Beijing of China. The spectrometer
has a Mo tube and a 125 micron Be window with an
incident beam angle of 65° and an emergence angle of
60°. The detector has a liquid-nitrogen-cooled Si(Li)
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crystal with a resolution of about 160.3 eV at Mn K«.
Due to the limit of the body thickness, the diameter of
the X-ray beam spot was selected to be 1 mm. The
voltage and the current of the X-ray tube were re-
spectively operated at 40 kV and 250 pA. In order to
gain more accurate data, a set of standard reference
samples developed by the Institute of High Energy
Physics were employed and the homogeneity of the el-
ements in these ceramic reference samples met the re-
quirements for non-destructive quantitative analysis

[13]. Several elemental compositions of Na,O, MgO,
Al, O3, Si0O,, P,05, K,0, CaO, TiO,, MnO, Fe,Os,
CuO, ZnO, Rb,0, SrO, Y,03 and ZrO, were quanti-
fied by the fundamental parameter (FP) method [14].
The average values of each elemental composition in
the body and glaze are displayed in Tables 2 and 3,
respectively. The data of Na,O and MgO are pro-
vided as references because of the poor fluorescence
yields and low counting obtained for characteristic X-
ray radiation.

Table 2. The average values of each composition in the sample bodies.
group  NaxO(%) MgO(%) Al2O3(%) Si02(%) P205(%) K20(%) CaO(%)
1 0.684+0.17 0.351+0.04 18.5+1.7 72.8+1.2 0.052£0.005 4.53+1.08 0.085+0.056
2 0.904+0.21 0.324+0.03 20.81+0.5 70.6+0.8 0.045£0.006 5.1540.59 0.069+0.034
3 0.884+0.14 0.314+0.05 20.84+0.7 71.0+1.2 0.049+0.005 4.8940.52 0.083+0.023
4 0.8440.19 0.2940.04 20.41+0.5 70.5+0.9 0.051£0.007 5.8740.64 0.049+0.021
5 0.91+£0.12 0.31+£0.03 20.4+0.3 71.5+0.4 0.050£0.005 4.65£0.34 0.070£0.020
6 0.81+£0.17 0.32+0.04 20.3£1.0 71.1+1.3 0.048+0.006 5.13+0.52 0.064£0.025
7 0.79+£0.14 0.33£0.03 18.7£0.8 71.6+1.1 0.046+0.006 6.08+0.23 0.067£0.020
8 0.75£0.15 0.30+£0.05 18.5+0.6 72.1+0.8 0.047£0.005 5.931+0.26 0.056£0.017
group  TiO2(%) MnO (%) Fe203(%) Rb2O/ppm SrO/ppm Y203/ppm ZrO2 /ppm
1 0.371+0.09 0.059+0.031 2.434+0.38 137127 33+£17 28+3 278+25
2 0.154+0.03 0.094+0.029 1.77+£0.30 195+16 1843 41+6 232414
3 0.1440.01 0.093+0.016 1.66+0.08 185+15 1843 45+4 232410
4 0.161+0.04 0.081+0.013 1.58+0.18 214418 2243 38+3 232410
5 0.1440.02 0.084+0.021 1.69+0.08 17719 1742 46+5 22649
6 0.1940.06 0.096+0.019 1.784+0.29 193+14 1944 40+5 232415
7 0.231+0.03 0.035+0.009 2.00+0.10 19618 23+2 40+6 245412
8 0.2140.02 0.031+£0.005 1.95+0.08 19249 2243 38+4 250425
Table 3. The average values of each composition in the sample glazes.
group NaxO(%) MgO(%) Al203(%) Si02 (%) P205(%) K20(%) CaO (%) TiO2(%)
1 0.49+0.13 0.75£0.09 13.44£0.4 67.9+1.4 0.31£0.04 4.39£0.71 9.55+1.42 0.29+£0.05
2 1.0240.32 0.46+0.08 12.5+0.4 68.1+1.3 0.18+0.02 6.88£1.21 7.74+0.53 0.18+0.02
3 0.95+0.30 0.40+£0.06 12.5+0.4 68.0+1.2 0.16+0.02 7.47+1.44 7.58+1.09 0.17£0.03
4 0.95+0.37 0.49+0.09 12.74£0.4 67.2+1.4 0.20+£0.03 7.62+1.22 7.64+1.00 0.21+£0.05
5 0.77+0.21 0.38+0.07 12.3£0.3 68.8+1.3 0.15+0.01 6.53£0.59 8.20+0.88 0.16£0.02
6 0.8240.23 0.4440.09 12.5+0.3 68.4+1.6 0.174+0.04 7.074£0.92 7.57+1.57 0.1940.03
7 0.58+0.34 0.651+0.08 13.5+0.4 66.6+1.6 0.261+0.04 4.87+1.10 10.4340.98 0.231+0.02
8 0.474+0.13 0.5940.09 13.3+£0.4 67.5+0.9 0.2610.02 4.4840.35 10.4740.69 0.231+0.03
group MnO(%) FeaO3(%) CuO (%) ZnO (%) Rb20O/ppm SrO/ppm ZrO2/ppm
1 0.94+0.18 1.774+0.29 50£7 103+81 141418 329+56 263122
2 0.71+£0.06 2.04+£0.16 4447 55£15 183418 386+54 243117
3 0.54+0.08 1.9840.12 4447 60116 178413 348+71 239433
4 0.71+£0.07 2.10+£0.15 4447 89431 192412 400+49 242413
5 0.50+£0.05 2.00+£0.12 5449 60115 172412 298+50 227415
6 0.65+0.13 2.02+0.19 46+10 62423 182411 392491 238+17
7 0.85+0.19 1.714+0.10 3946 93+14 12046 509+93 247+17
8 0.75+0.08 1.6740.13 4144 82412 11744 444465 242410
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3 Results and discussion

3.1 Distinction of a porcelain body fired in
the different emperor periods

The analysis data show some element content dif-
ferences in the porcelain bodies made in the late Yuan
Dynasty to the Tianshun era of the Ming Dynasty. As
shown in Table 2, the contents of Si0,, CaO, TiO,,
Fe, 03, SrO and ZrO, of the porcelain body in Group
1 are higher than those of Groups 2 to 8. The com-
positions of Al,O3, K,0O, Rb,O and Y,03 in Group
1 are much lower than those of other groups. The
contents of Ti and Fe greatly influence the color of
the porcelain body. The less the values of Ti and
Fe are, the lighter the color of the porcelain body
is. Based on the exterior features of these shards, as
shown in Table 1, the color of the porcelain body in
Group 1 appears gray, while that of Group 2 to 8 is
light gray. The average value of Fe,O3 in Group 1 is
(2.43+0.38)%, while that of Group 2 to 8 varies from
(1.5840.18)% to (2.00+0.10)%. The average content
of TiO, in Group 1 (0.374£0.09)% is much higher than
that of Groups 2 to 8, which are from (0.144+0.01)%
to (0.23+0.03)%. The scatterplot of TiO, and Fe, O3
contents is displayed in Fig. 1. All samples are clearly
located in two plot regions. Samples of Group 1 are
concentrated in the upper right region while those of
Group 2 to 8 are distributed in the lower left region,
which shows that different raw materials for making
porcelain body were used in the late Yuan Dynasty
to Tianshun era of the Ming Dynasty. The concen-
trations of Ti and Fe can be used to classify these
Chinese ancient celadon porcelains into the end of
Yuan Dynasty and Ming Dynasty.
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Fig. 1. Scatterplot of TiO2 and Fe2O3 contents

in bodies of celadon.

In order to study the pertinence among different
wares of these celadon porcelains, principal compo-
nent analysis (PCA) [15-17] was used to study the
experimental data of the samples. The main objective
of PCA is to reduce the dimension of the observations
through a linear transformation. Low dimensional
linear combinations are often easier to interpret and
serve as an intermediate step in a more complex data
analysis [18]. The results of PCA on the porcelain
bodies are shown in Fig. 2. The data of Al,O3, SiO,
K,0, CaO, TiO,, MnO and Fe,O3 were employed in
analysis and the eigenvalue sum of Factor 1 and 2
accounts for 65.7% of the total variance. Three clus-
ters can be clearly seen. Samples of Group 1 located
on the upper region are still separated from those of
other groups. It means that the speculation that the
Group 1 samples were fired in the late Yuan period
is reasonable. The data plots of Group 7 to 8 are
separately distributed in a small region and those of
Group 2 to 6 are widely located in the lower region.
The raw materials of Group 7 to 8 were different from
those of Group 2 to 6. This means that the kinds of
ware are related to the raw materials of the porcelain
body.

43.83)

Factor score 1(% of variance

1 1 1 i L il 1
—2 -1 0 1 2 3 4
Factor score 2(% of variance=21.87)

Fig. 2. The analytical result of PCA on all samples.

According to the exterior characteristic of these
samples, the wares of Group 1, 3, 5, 7 and 8 belong
to civilian porcelain. The contents data of the ma-
jor element are used for analysis by PCA. The result
is shown in Fig. 3. The eigenvalue sum of Factor
1 and 2 is 77.5%. Three sections can be classified:
Group 1, Group 7 and 8, Group 3 and 5. A few of
the sample plots overlap in Group 1 and Group 7 and
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8 because the raw materials and manufacturing tech-
nologies are similar. Therefore, the samples of Group
7 and 8 could have be fired in the early Ming Dynasty.
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Fig. 3. The analytical result of PCA on civilian
porcelain.

3.2 The distinction of porcelain glaze in var-
ious groups and differences between im-
perial and civilian porcelains

The average values of the chemical compositions
in porcelain glaze are displayed in Table 3. The
composition contents of the glaze in different wares
change slightly, which differ from those of the porce-
lain body, but there are also certain evolutions in
the chemical composition of the glaze. The values
of Al,O3, P,0O5, CaO, TiO,, MnO and ZnO elements
in Group 1, 7 and 8 are slightly higher than those of
Group 2 to 6, but the varieties of K,O and Fe, O3 are
opposite. The results are validated in Fig. 4 where
the results of PCA in porcelain glaze are shown for
porcelain glaze. There are two large clusters in Fig. 4
where the eigenvalue sum of Factor 1 and 2 is equal to
72.7%. The data plots of Group 1, 7 and 8 are scat-
tered in the upper region. It means that the porce-
lain glaze raw materials in Group 7 and 8 are close
to those of Group 1. It also proves that the firing
technology was continous and developing. Therefore,
the samples of Group 7 and 8 may have been fired in
the forepart of the Ming Dynasty. Samples of Group
2 to 6 are distributed in the lower region.

For studying the difference between imperial and
civilian wares of Longquan celadon, the content data
of compositions in Group 2 to 6 were analysed by
PCA, as shown in Fig. 5. According to archaeol-
ogists, the Group 2, 4 and 6 samples are imperial
wares while Group 3 and 5 are classified
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Fig. 4. The analytical result of PCA on the
porcelain glaze.

as civilian porcelain. The PCA results of MnO,
Fe, 03, Rb,O and SrO are shown in Fig. 5. The
eigenvalue sum of Factor 1 and 2 accounts for 71.2
percent of the total variance. Samples of the impe-
rial porcelain are located in the upper regions. That
means the ingredients and manufacturing processes
of the glaze are strictly controlled for imperial porce-
lain. These imperial porcelains may have been fired
at different times during the Hongwu era to the Tian-
shun era of the Ming dynasty. Apart from a few plots,
most samples of the civilian porcelain are distributed
in the lower region. The imperial and civilian wares of
Longquan celadon from the Hongwu era to the Tian-
shun era of the Ming dynasty are distinguished by the
contents of MnO, Fe, O3, Rb,O and SrO.
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Fig. 5. The analytical result of PCA in the 2
to 6 groups.
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4 Conclusions

EDXRF has been used to analyze the elemen-
tal compositions in the bodies and glazes of Chinese
ancient celadon excavated from the Chuzhou site at
Huai’an City in Jiangsu Privince, China. Based on
the experimental data, the elemental compositions
of the porcelains are various in different periods or
wares. Ti and Fe of the porcelain body in Longquan
celadon are the characteristic elements which can
make a distinction between the late Yuan and Ming
Dynasties. The results of PCA indicate that different
body and glaze raw materials were used for the pro-

duction of porcelain in different periods, and the raw
body and glaze materials are also different for vari-
ous vessel shapes. The elemental compositions of the
porcelain body of civilian ware are slightly different.
The imperial and civilian porcelains of Longquan
celadon in the Hongwu era to Tianshun era of Ming
dynasty are distinguished by the contents of MnO,
Fe; 03, RbyO and SrO in the porcelain glaze.

The authors greatly appreciate Professor Huo Hua
who provided ancient Chinese celadon excavated from
the Chuzhou site of Huai’an City in Jiangsu Province,
China.
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