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Abstract

Six corroded glazed pottery figurines, which excavated from the Qibi Ming Tomb of the Tang Dynasty in Xianyang,
were selected to study the corrosion mechanism. Optical microscopy (OM), scanning electron microscopy equipped
with energy dispersive X-ray spectrometry (SEM-EDS), Energy X-ray fluorescence spectrometry (EDX), and micro-
Raman spectroscopy were applied to analyze the pristine composition of the glaze layer and pottery substrate,

the composition and microstructure of corrosion products. The results indicate that lead-glazed pottery figurines are
low-temperature PbO-Ca0-SiO, glaze, with Pb as the main flux, and Cu, Fe as the main colorant. The corrosion prod-
ucts include PbCO;, CaCO;, PbCO;-PbCl,, PbCL,, PbO,, and Si-rich layer. There are Aspergillus niger and Aspergillus sclero-
tiorum on the surface of glazed pottery. These microorganisms produce organic acids and mold spots on the surface
of the pottery figurines, which in turn cause corrosion pits to form on the surface of the figurines. Chemical corrosion
reactions mainly include dissolution—precipitation, combination reaction, and oxidation reaction. This article describes
the corrosion process of lead-glazed pottery figurines and establishes corresponding corrosion models. This study
provides new insights into the corrosion mechanism of lead-glazed pottery, which is of great significance for studying

pottery corrosion.
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Introduction

In China, lead-glazed pottery technology appeared as
early as the Warring States Period (475-221 B.C.) [1,
2]. Lead-glazed pottery was a low-temperature pottery
that uses lead (Pb) as a flux and metal oxides as color-
ants. These glazes were green, yellow, brown, and black,
with green glazes using copper oxide as colorants being
the most popular [3]. With bright appearance and diverse
shapes, this kind of glazed pottery has high artistic value,
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and occupies a very important position in the history of
Chinese ceramics.

Lead oxide (PbO) was introduced into glazed pottery
as a low melting point flux. The high polarization of Pb**
caused electrons to move away from oxygen in silicates,
thereby reducing the temperature of Si—O bond breakage
[4]. Glaze is a glass phase layer that covers the ceramic
matrix and has properties similar to glass [5]. Glaze can
enhance the aesthetics of objects, and more importantly,
its dense texture can increase the mechanical strength
of the pottery substrate and provide protection for the
pottery substrate. However, after being buried for hun-
dreds or even thousands of years, the chemical stability
and hardness of the lead-glaze on the surface of glazed
pottery were diminished, the bond between the pottery
substrate and glaze was not firm, and various corro-
sion diseases were prone to occur [6—8]. The presence

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-024-01343-w&domain=pdf

Li et al. Heritage Science (2024) 12:224

of corrosions on glazed pottery presents a significant
risk to its preservation. Consequently, the investigation
of the causes of corrosion in glazed pottery is of para-
mount importance. Such research can offer insights into
the optimal preservation practices for unearthed glazed
pottery, deepen comprehension of the corrosion pro-
cesses affecting glazed pottery in natural settings, and
establish a sound foundation for the selection of suitable
protective and remedial measures. At present, there is
a lack of systematic and comprehensive research on the
corrosion mechanism of ancient Chinese glazed pottery.
This article takes the glazed pottery excavated from the
Qibi Ming Tomb of the Tang Dynasty as an example to
study the physical and chemical corrosion process of
glazed pottery, and the corrosion mechanism of micro-
organisms on glazed pottery, aiming to comprehensively
explore the corrosion process and influencing factors of
glazed pottery.

Qibi Ming was a famous ethnic minority general in the
early Tang Dynasty. He was buried about 400 m north
of Yaowangdong in Weicheng District, Xianyang City,
Shaanxi Province. The tomb began excavation in 1973.
More than 700 pieces of tricolor vessels, pottery figu-
rines, and other burial objects were excavated from the
tomb, which are of high value [9-11]. The excavated
lead-glazed pottery figurines carry important histori-
cal and cultural information, which are of great signifi-
cance for studying cultural exchange, ethnic exchange,
and integration in the central and western regions. They
provide important physical examples for the study of the
composition and production technology of pottery arti-
facts during this historical period. The glaze layer on the
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surface of some lead-glazed pottery figurines has par-
tially or completely peeled off, and the pottery substrate
was layered and powdery, with large and loose pores.
White particles appear on the surface of the pottery figu-
rines (Fig. 1). These glazed pottery figurines, which carry
important historical and cultural information, are facing
the dilemma of gradually disappearing.

In the article, the optical microscopy (OM), scan-
ning electron microscopy equipped with energy dis-
persive X-ray spectrometry (SEM-EDS), energy X-ray
fluorescence spectrometry (EDX), and micro-Raman
spectroscopy are used for the first time to analyze the
composition and structure of the surface corrosion mate-
rials of glazed pottery excavated from the tomb of Qibi
Ming. For the first time, by extracting DNA and using
ITS universal primers for amplification and sequencing,
the microorganisms on the surface of glazed pottery are
identified. For the first time, the cause of corrosion was
analyzed and relevant models are established. This article
provides new insights into the corrosion mechanism of
glazed pottery, which is of great significance for protect-
ing lead-glazed pottery.

Materials and methods

Sample preparation

In order to systematically study the corrosion of the
glazed pottery from the tomb of Qibi Ming, six pieces
of glazed pottery with different degrees of corrosion
provided by the Xianyang Museum were used as the
research objects of this article. The samples used were all
small fragments of these glazed pottery pieces that fell

Fig. 1 Photos of corroded glazed pottery



Li et al. Heritage Science (2024) 12:224

off due to corrosion. The sample numbers and photos are
shown in Fig. 2.

Cross-section sample preparation

The resin was used to fill half of the mold space and
allowed to solidify at room temperature. The sample
was placed on the cured resin surface, and the remain-
ing space of the mold was filled with resin. After curing
the upper layer of resin, the sample was extracted using
a low-density cutter (Veiyee DTQ-5). The structure of
the sample cross-section was examined with optical
microscopy.

Isolation and identification of microorganisms
The sterile cotton swab was dipped in sterile physio-
logical saline to sample microorganism from the glazed
pottery and then lined on potato dextrose agar (PDA)
medium, which was incubated for 72 h at 28 °C. The pure
colonies were obtained using a sterile loop to scoop the
single colonies to the sub-culture in a PDA medium. The
identification of microorganism was acquired with the
morphology Fungi and molecular biology techniques.
Genomic DNA was extracted from the isolates using
a Tsingke Plant Mini Kit. The DNA was used as a tem-
plate for ITS-PCR, with the primer pair ITS1 (5'- TCC
GTAGGTGAACCTGCGG-3") and ITS4 (5'- TCCTCC
GCTTATTGATATGC-3") [12]. PCRs were performed in
45 pL of Tsingke 1 X TSE101 Master Mix Kit. The cycling
profile was as follows: initial denaturation at 98 “C for
2 min, followed by 38 cycles of denaturation at 98 “C for
10 s, annealing at 53 °C for 10 s, extension at 72 ‘C for
10 s, a final extension step at 72 “C for 5 min, and store

wo ¢

10-0701
Fig. 2 Images of the sampling position of samples, a 10-0701; b 10-0704; ¢ 10-1103;d 10-1141; e 10-1147,f 10-1171

10-0704
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at 4 °C. The amplified PCR product was subjected to aga-
rose gel electrophoresis (2 pl sample+6ul bromophe-
nol blue), and the identification gel map was obtained
at 300 V for 12 min. The purified PCR products were
sequenced using ITS1 and ITS4 primers at Tsingke. The
generated sequences were matched to library sequences
in the NCBI database. MEGA 11 software was used for
multi sequence alignment.

Methods

Optical microscopy (OM)

The morphology characteristics of glazed surfaces
and cross-sections were observed by optical micros-
copy (Olympus BX53M) equipped with 10x, 20x, and
50% objective lens.

Energy X-ray fluorescence spectrometry (EDX)

The elemental characterization of glaze pottery was
determined by EDX (Shimadzu EDX-7000). It was
equipped with X-ray tube consisted of an Rh target and a
silicon drift detector.

Micro-Raman

The phase components of the corrosive products were
characterized using a laser micro-Raman spectros-
copy (Renishaw, inVia Reflex). It was from 100 cm™! to
3500 cm™! using a grating with 400 lines/mm and a spot
size of 2 pm, the excitation wavelengths were 532 and
785 nm. The objective lens magnification was 50X with
an exposure time of 30 s. The accumulation period was
1 s using a laser power of 2mW. All spectral processing
was performed using the instrument Wire software v. 3.4.

10-1103 10-1141 10-1147 10-1171
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Scanning electron microscopy-energy dispersive X-ray
spectrometer (SEM-EDS)

The micromorphology of glaze surface and cross-sections
were characterized using SEM (Hitachi SU8020) with a
Horiba X-MAX80 EDS spectrometer. The tests were car-
ried out in a vacuum environment with an operati voltage
of 10 kV and element acquisition at a working distance of
15 mm for 1 min.

Results

Chemical composition of pristine pottery substrate

and glaze layer

In order to comprehensively understand the chemical
composition of the corroded area, the chemical compo-
sition of the substrate and glaze layer in the uncorroded
area was first tested. Figure 3 shows the principal com-
ponent analysis of pottery substrate and pristine glaze. In
order to study the compositional characteristics of pot-
tery substrate and original glaze, an OPLS-DA (Fig. 3a)
model was established, which can effectively distin-
guish between pottery substrate and original glaze [13].
OPLS-DA analysis is a very powerful pattern recognition
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technique that can reduce the redundant information
contained in n-dimensional patterns to two or three vari-
ables (principal components), and visualize the reduced
data in parallel coordinates [14]. PC1 accounts for 71.5%
of the contribution percentage, while PC2 accounts for
7% of the contribution percentage. PC1 positive values
are influenced by PbO, and negative values by Al,O; and
Fe,O5. PC2 positive values are influenced by CuO, and
negative values by K,O (Fig. 3b). The model validation is
effective, there are significant differences in the composi-
tion between the pottery substrate and the original glaze.

Tables 1 and 2 show the EDX results for the chemi-
cal composition of the pottery substrate and glaze layer
in an uncorroded. Based on the chemical composition,
the content of Fe,O; in the raw materials of all pottery
substrate samples is above 6%, which is a common high
iron fusible clay in northern China [15]. The raw mate-
rials for all samples of pottery substrate are high silicon
(57.22-66.66%), low aluminum (13.67-17.38%), and
low calcium (4.53-13.49%). These substances undergo
chemical reactions at high temperatures, generating sub-
stances such as calcium silicate (CaSiO;) and aluminum
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Fig. 3 Principal component analysis of pottery substrate and pristine glaze, a OPLS-DA; b Load diagram

Table 1 The main chemical composition of pottery substrate

Sample (Wt%) sio, Al,0, Ca0 Fe,0, PbO K,0 TiO, Sro MnO
10-0701 57.22 1411 1349 7.08 251 362 104 0.11 014
10-0704 64.11 17.38 496 753 105 340 095 006 0.10
10-1103 62.23 1367 8.95 6.39 371 364 0.96 014 012
10-1141 66.66 1512 453 8.18 067 349 098 005 009
10-1147 65.39 16.38 563 7.27 0.71 329 094 006 0.10
10-1171 66.34 1634 484 7.04 062 343 091 005 009
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Table 2 The main chemical composition of pristine glaze

Sample (Wt%) PbO Sio, Ca0 Fe,0, Cuo Sr0 K,0 Tio, Rb,0
10-0701 8548 9.44 242 0.53 1.26 0.50 - - 0.02
10-0704 69.44 10.54 13.56 141 207 0.81 137 032 0.03
10-1103 67.27 2441 540 0.90 0.16 - 143 027 012
10-1141 67.04 11.10 1040 0.66 9.81 - - - 0.04
10-1147 7527 10.67 8.17 0.73 1.32 091 0.27 0.14 0.13
10-1171 75.26 14.57 522 0.79 1.55 0.36 1.68 0.15 0.07

silicate (Al,SiO;), thus forming hard pottery substrate
[16]. The content of K,O is all above 3%, and as a flux, it
can reduce the firing temperature of the pottery substrate
[17, 18]. The pottery substrate contain trace amounts of
PbO, which is due to the volatilization of a small amount
of PbO into the pottery substrate during high-tempera-
ture firing. The high content of PbO in the original glaze
layer indicates that the glaze layer uses Pb as a flux [4].
The polarization effect of Pb reduces the fracture temper-
ature of Si—O bonds, thereby lowering the melting tem-
perature of the glaze [13]. The color of lead-glaze pottery
mainly depends on the composition and content of color-
ant agent, as well as firing atmosphere. When the color-
ant is Fe, it appears red, yellow, brown, and brown in the
oxidizing atmosphere, and blue and black in the reduc-
ing atmosphere. If the colorant element is Cu, it appears
green in the oxidizing atmosphere and red in the reduc-
ing atmosphere [19-21]. In this article, the glaze color
is mainly light yellowish green with Fe as the colorant
agent and green with Cu as the colorant agent, indicating
that the glaze pottery figurines were fired in an oxidizing
atmosphere. After removing PbO and colorants from the

Fig. 4 Optical microscopy images of samples, a 10-0701; b 10-0704; ¢ 10—

glaze layer, the components were normalized. The con-
tent of SiO, and CaO were higher than that of the pottery
substrate, indicating that the glazed pottery belongs to
PbO-CaO-SiO, mixed glaze.

Optical microscopy images of corroded areas

The Optical microscopy images of the corroded area of
the glaze layer are shown in Fig. 4. The glaze layer on the
surface of the samples has varying degrees of corrosion.
There is a clear scratch on the surface of the glaze layer
of 10-0701 sample (Fig. 4a), and white corrosive sub-
stances are produced near the scratch. The corroded area
of 10-0704 sample (Fig. 4b), the bond between the glaze
layer and the pottery substrate is not tight enough, and
some areas of the glaze surface are severely peeled off,
even exposing the pottery substrate. The surface of the
glaze layer is also accompanied by a silver white glossy
covering layer, which is called “silver glaze” [22, 23]. The
10-1103 (Fig. 4c) sample shows turtle cracks in the glaze
layer and white corrosion, with some pottery substrates
exposed on the surface. The green glaze layer of 10-1141
(Fig. 4d) sample is relatively intact, and the surface is

1103;d 10-1141; e 10-1147;f10-1171
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covered with loose white corrosive substances. The
black corrosion pit appears on the surface of the green
glaze in 10-1147 sample (Fig. 4e). The green glaze layer
of 10-1171 sample (Fig. 4f) is basically covered by dense
white corrosive substances.

The composition of the corroded areas

The main chemical composition of the corroded areas of
the glaze layer are shown in Table 3. The content of PbO
in all samples has decreased, indicating the possible gen-
eration of lead related corrosive substances. The content
of CaO in the 10-1103 sample increased significantly,
possibly due to the presence of calcium related com-
pounds near the glazed pottery. In addition, Cl element

Table 3 The main chemical composition of corroded glaze layer
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is found in the 10-1141 and 10-1171 samples. Accord-
ing to Table 2, there is no Cl element in the pristine glaze
layer, indicating that the CI element comes from the bur-
ial environment before excavation. Figure 5 shows the
SEM and EDS of soluble salts on the corroded surfaces of
the 10-1141 and 10-1171 samples. After testing, it was
found that the main component of soluble salts is NaCl,
indicating that the soil used for burying glazed pottery
should contain NaCl.

Microstructure and composition of the corrosion layer

The microstructure and Raman spectroscopy of the cor-
roded area are shown in Figs. 6 and 7. The scratch on
10-0701 sample (Fig. 6a) is shallow and don’t expose

Sample (Wt%) PbO Sio, Ca0 Fe,0, cuo Sr0 K,O Tio, Rb,0 al
10-0701 70.90 20.88 548 0.85 - 036 0.96 0.19 0.03 -
10-0704 62.69 20.67 9263 0.98 1.76 0.79 0.88 0.23 - -
10-1103 4229 1148 4251 1.80 - 032 1.05 0.17 0.03 -
10-1141 56.99 1622 509 061 571 - 0.18 - 0.11 14.80
10-1147 70.10 2048 447 071 - 087 053 - 0.03 -
10-1171 59.78 1335 369 068 082 0.20 249 0.18 0.05 1876

Element | At%

Na 54.4

Cl

Fig.5 SEM (a1 10-1141;b1 10-1171) and EDS (@2 10-1141; b2 10-1171

Element
Na
Cl

53.0

) of crystalline salts in the sample
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Fig. 6 SEM of corrosive substances of samples, a1, a2 10-0701; b1, b2 10-0704; ¢1,c2 10-1103;d1,

d210-1141;e1,e210-1147;f1,f2,f3 10-1171

Page 7 of 13

PbCO,Ph@l =

\

1055 PbCO, 1055 PbCO,
- _
& 3
~ <
b -
2 z
q w
2 g
.i E 1320
g 1329 é
S 1486 =] 1485
e & M . “w
500 1000 1500 2000 500 1000 1500 2000
Wavenumber(cm™ ) Wavenumber(cm_l)

S3 PbCO,-PbCl, Element | At%
= Pb 63.5
S 0 36.5
z ,
w
=l
8
=
(=1
g

1054 1084

S 464 1336

500 1000 1500 2000
Wavenumber(cm™ ')

154 1332 Caco;
-
E 1085
=&
z
2 || 267
8
g
g
g
<
&

500 1000 1500 2000
Wavenumber(cm 1)

52
3
2l
=
w)
=]
8
= | 1268 PbCl
é 2
E 1055 1085
& | | 4647 ppco,-pbel 312

e 13231
300 600 900 1200 1500

Wavenumber(cm )

Fig. 7 EDS and Raman spectroscopy of corrosive substances of samples, a 10-0701; b 10-0704; ¢ 10-1103;d 10-1141; e 10-1147;f 10-1171

the pottery substrate. The white corrosive substance
near the scratch is granular. Raman testing is performed
on the white corrosive substance (Fig. 7a), the main
Raman peaks are recorded at 1055 cm™!, 1329 cm™},

and 1486 cm™!, which are the characteristic peak of
cerussite (PbCO,) [24-26]. The corrosion surface of the
10-0704 (Fig. 6b) sample is a relatively loose layered

-1

structure, with Raman characteristic peaks of 1055 cm™,
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1329 cm ™, and 1485 cm™! (Fig. 7b), which are consistent
with the characteristic peaks of sample 10-0701 and also
belong to PbCO; [22, 23]. A large number of turtle cracks
exist on the surface of the 10-1103 sample (Fig. 6¢), the
surface of the glaze layer is loose, and the white corrosive
substance is in the form of aggregated small particles. The
main Raman peaks are observed at 154 cm™Y, 267 em™,
1085 cm™!, and 1332 cm™. This is the characteristic peak
of calcite (CaCO,) (Fig. 7c) [27-29]. The white corrosive
substance on the surface of the 10-1141 (Fig. 6d) sam-
ple is relatively loose, with pores, and the surface is rela-
tively smooth and irregular. The main Raman peaks are
recorded at 153 cm™!, 273 cm™, 464 cm™!, 1054 cm™},
1084 cm™, and 1336 cm™, this is the characteristic peak
of phosgenite (PbCO;-PbCl,) (Fig. 7d) [30]. The surface of
the 10-1147 sample is a black corrosion pit (Fig. 6e). EDS
testing was conducted on the black corrosion part, and
it was found that only two elements, Pb and O (Fig. 7e),
were present, indicating that the black corrosion sub-
stance should be PbO, [31]. The corrosion composition
on the surface of the 10-1171 sample is relatively com-
plex (Fig. 6f). In addition to PbCO3; and PbCO;-PbCl,
mentioned in the previous corrosion, the presence of lead
chloride (PbCl,) was also detected (Fig. 7f) [32, 33].

Cross-section corrosion analysis

The cross-sections of 10-1103 and 10-1171 samples are
significantly corroded, and the corrosion products are
tested. Figures 8 and 9 show the OM, SEM and EDS ele-
ment maps of the cross-sections of 10-1103 and 10-1171
samples, respectively. V-shaped cracks are observed on
the profiles of the 10-1103 and 10-1171 samples, which
are typical structures of lead-glaze crack corrosion [4].

Page 8 of 13

The corrosion layer that first forms in the crack is located
in the center of the crack, while on the glaze, it is at the
top of the entire corrosion layer. The bottom layer of the
corrosion layer extends closely to the glaze and extends
all the way to the V-shaped inner wall. The “V”—shaped
structure is formed after long-term corrosion of cracks,
and finally forms a layer close to the glaze layer and the
“V”—shaped inner wall-

Compared to the composition of the pristine glaze, the
Si element in the red line area (Fig. 8c) is significantly
higher than Pb, indicating that it should be a Si-rich layer.
The lead-glaze pottery was eroded by water in the bur-
ied environment, and some preferred components in
the glass phase (mainly alkali metals, alkali earth metals,
lead oxides, etc.) were transferred into the environmental
medium, H" undergoes ion exchange with dissolved ions
such as K*, Pb?*, Cu®* in the glaze. Si(OH), is a polar
molecule that adsorbs surrounding water molecules to
form alkali deficient silicon gel Si(OH),n(H,O), also
known as Si-rich layer [1, 4]. Through EDS element maps,
it was found that the white corrosive area of 10-1171
cross-section is mainly composition of Pb and Cl, with
relatively low content of O and Si elements, and no con-
tent of C element. Combined the Raman results in Fig. 7f,
it is indicated that PbCl, is present of 10-1171 sample,
and the white corrosion material here should be PbCl,.

Isolation and identification of microorganisms on corroded
surfaces

Microbial hyphae and spores appeared on the surface of
10-0701 sample, and microbial corrosion pits appeared
(Fig. 10). Two microbial colonies, numbered a and b,
are isolated and purified from the surface of lead-glazed

50pm

50pm

Fig. 8 OM (a, b), SEM (c) and EDS element maps of the cross-section of 10-1103 sample
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Fig. 9 OM (a), SEM (b) and EDS element maps of the cross-section of 10-1171 sample

Fig. 10 a Microbial corrosion pits; b growth spores on the surface of 10-0701

pottery. Cultivate each strain according to the microbial
morphology cultivation method. The colony morphol-
ogy and microscopic morphology characteristics of each
strain on PDA medium are shown in Fig. 11. Based on
the sequencing results, the obtained gene sequence will
be homologously compared with the gene sequences
included in the NCBI nucleic acid sequence database,
and the sequence with the highest score in the database
will be selected as the reference object. Based on the
phylogenetic tree analysis results (Fig. 12), combined
with the morphological characteristics and homology
comparison results of different strains, the phylogenetic
relationship between the two strains was determined.
Finally, it was determined that the two microorganisms
were Aspergillus niger and Aspergillus sclerotiorum. Both
Aspergillus niger and Aspergillus sclerotiorum belong
to the fungal kingdom. Aspergillus niger is widely dis-
tributed in soil and plants around the world, with a fast

growth rate. On PDA medium, the colonies are flat and
olive black, and the surface of the colonies is smooth
and even. The microscopic morphology of the spores is
spherical or radial, resembling chrysanthemums, with a
brown black color. Aspergillus sclerotiorum widely grows
in soil and medicinal materials, with a flocculent texture
mainly concentrated in the center of the colony and faint
yellow color. The microscopic morphology is spherical or
nearly spherical, with smaller conidia.

Discussion
In this section, the principle of corrosion products were
analyzed, and the cultural relics were modeled based on
the corrosion mechanism, clearly expressing the process
of cultural relics being corroded (Fig. 13).

The glaze is a thin glass layer covering the pottery sub-
strate. Glaze is made from mineral materials in a certain
ratio and applied to the surface of the pottery substrate. It
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50jum.

Fig. 11 Morphology (a1, b1) and Microscopic morphology diagram (a2, a3, b2, b3) of microorganism colony

MT628904.1 Aspergillus niger KP329622.1 Aspergillus sclerotiorum

100%
a
100% . .
MT620753.1 Aspergillus niger KU747581.1 Aspergillus sp.
100% MT597823.1 Aspergillus niger
NR131294.1 Aspergillus sclerotiorum
—— MT597434.1 Aspergillus niger
R OP856952.1 Aspergillus sclerotiorum
| MT588793.1 Aspergillus niger KM458796.1 Aspergillus sp.
MT582749.1 Aspergillus niger AY373866.1 Aspergillus sclerotiorum
MT550026.1 Aspergillus niger
OL772720.1 Aspergillus sclerotiorum
100% MT550028.1 Aspergillus niger
’ = e FR733826.1 Aspergillus sclerotiorum
100% MT550027.1 Aspergillus ni
-1 Asperguitus miger FR733825.1 Aspergillus sclerotiorum
100%

MT550525.1 Aspergillus niger FR733824.1 Aspergillus sclerotiorum

Fig. 12 Phylogenetic tree of ITS sequence of microorganisms, a Aspergillus niger; b Aspergillus sclerotiorum

is then calcined at a certain temperature. Due to the high  to be chemically stable and able to resist most environ-
refractive index of the glass layer of lead glazed pottery, mental erosion except strong acids and alkalis. But the
its surface is clearer and more transparent than other surface of the glazed pottery (10-0704) excavated from
glazed pottery, shining brightly. The glaze is considered the Qibi Ming tomb lost its pristine luster, and a layer of
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CaO + H,0 — Ca(OH),
Ca(OH), +CO, — CaCO,
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Fig. 13 Schematic diagram of glazed pottery corrosion, a PbCO;; b CaCOs; ¢ PbCl, and PbCO;-PbCl,; d PbO,; @ microorganisms

silver white metallic luster appeared on the glaze, known
as “silver glaze” [34]. Silver glaze is an amorphous sub-
stance with a layered structure. The formation of silver
glaze is mainly due to the dissolution of Pb*" from the
surface of low-temperature lead green glaze, which reacts
with carbonate ions in the soil or water and carbon diox-
ide in the air (Pb*>" + CO3~ —PbCO,). A layer of sedi-
ment (mainly composed of lead ore PbCO,) is formed in
the contact layer [33, 35]. Due to the insufficient bonding
between the sediment and the glaze layer, there are gaps,
and air can still penetrate through them to corrode the
glaze layer. Over time, this process is repeated, resulting
in an increasing number of sediment layers and a thick-
ening of the sediment layer. This corrosion mechanism
can be attributed to dissolution—precipitation. At this
point, the sediment layer exhibits a silver white luster
under the interference of light (Fig. 13a). PbCO; was also
detected on the surface of 10-0701 sample, due to the
presence of scratches on its surface. More Pb?" dissolved
near the scratches came into contact with carbonate ions
or water and carbon dioxide in the air, preferentially gen-
erating PbCO,, resulting in obvious white corrosion on
its surface.

CaCO; is detected in the corroded area of 10-1103
sample, and the content of CaO is significantly higher
than that in the uncorroded area. The tomb of Qibi Ming

is located in the northwest of Xianyang, China. The soil
here is weakly alkaline, with a pH of 7.5-8.5 [36-38].
This indicates that the soil in which glazed pottery is
buried should contain alkaline metal oxides, such as
CaO and MgO. During the thousands of years of burial,
CaO in the soil deposited onto the surface of glazed pot-
tery. After the excavated glazed pottery, the surface CaO
reacted with H,O and CO, in the air, generating CaCOj
(CaO+H,0 — Ca(OH),, Ca(OH),+CO,— CaCO,)
(Fig. 13b) [39].

A large amount of Cl™ is detected in the corroded areas
of 10-1141 and 10-1171 samples, which are derived from
NaCl, indicating the presence of a large amount of soluble
salt NaCl in the soil of buried glazed pottery. The Pb*"
on the surface of glazed pottery and the Cog_ generate
PbCO,, and some Pb** undergoes reaction with Cl™ in
soluble salts to generate PbCl, (Pb** +Cl~ — PbCl,) [33].
Pb**, CI7, and cog— undergo long-term action to gener-
ate PbCO,-PbCl, (Pb** +Cl~ + CO3~ — PbCO;PbCl,),
causing severe corrosion on the surface of glazed pot-
tery (Fig. 13c). On the surface of 10-1141 sample, there
is only PbCO4-PbCl,, and the morphology of the corro-
sion products is basically consistent (Fig. 6d), indicating
that Pb*T, Cog_ and CI™ fully react. The corrosion on
the surface of 10-1171 sample is relatively complex, with
PbCO;-PbCl, covering the surface of the glaze layer, and
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PbCl, and PbCO, present on the surface of the uncov-
ered glaze layer (Fig. 6f), indicating that the combination
reaction of the two is the main reason for the appearance
of a large amount of white corrosion on the surface of the
terracotta figurine. Due to CO%f was present only on the
surface of the pottery figurine, the corrosion product in
the cross-section of 10-1171 sample was only PbCl,.

The black corrosion pit appears on the surface of the
green glaze in 10-1147 sample. After excavation, the sur-
face of the glazed pottery is exposed to the air for a long
time, fully in contact with the O, in the air, causing oxida-
tion reaction between PbO and O,, generating black cor-
rosive substance PbO, (PbO + O, — PbO,) (Fig. 13d) [31].

During the burial process of glazed pottery, due to the
presence of microorganisms in the soil, these microor-
ganisms can cause biological corrosion on the surface
of glazed pottery. Through collection, separation, and
identification, it was found that the microorganisms on
the surface of glazed pottery mainly refer to two types
of fungi, namely Aspergillus niger and Aspergillus scle-
rotiorum. These two varieties of fungi exude numerous
pigments throughout their life cycle, resulting in the for-
mation of variously colored fungal patches that obscure
the original aesthetic of glazed pottery. Additionally,
these fungi generate organic acids as part of their meta-
bolic processes, which disrupt the integrity of the PbO-
CaO-SiO, network within the glass phase, causing the
breakdown of the glass structure and the rapid release of
metal oxide ions such as Ca, K, and Fe. This phenomenon
leads to the development of corrosion pits on the surface
of the glazed pottery, ultimately compromising its resist-
ance to corrosion. (Fig. 13e) [40—42].

Conclusion
Based on the OM, EDX, SEM—-EDS, and micro-Raman
spectroscopy, it was determined that the lead-glazed
pottery excavated from the tomb of Qibi Ming consists
of low-temperature PbO-CaO-SiO, glaze, with Pb as
the primary flux, and Cu, Fe as the main colorants. The
corrosion observed on the lead-glazed pottery figurines
includes both chemical and microbial corrosion. The
main corrosion products include PbCO,, CaCO,, PbCl,,
PbCO4-PbCl,, and PbO,. In addition, "V"-shaped cracks
are found in the cross-section of 10-1103 and 10-1171
samples, with Si-rich area found in the cross-section of
10-1103 sample. By extracting DNA and using ITS uni-
versal primers for amplification and sequencing, the
microorganisms on the surface of glazed pottery are
identified. It was found that the mainly contains two
types of microorganisms, namely Aspergillus niger and
Aspergillus sclerotiorum.

The different corrosion models are built by identifying
the corrosion products and types. Chemical corrosion
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is mainly caused by dissolution precipitation, chemical
reactions, and oxidation reactions. These reactions lead
to the formation of “silver glaze”, white corrosive sub-
stances, and black corrosion pits on the surface of the
pottery figurines. The organic acids and fungus spots
produced by microorganisms during their growth pro-
cess are the main causes of biological corrosion. This
study provides vital reference value for excavated and
protection research of lead-glazed pottery.
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