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Abstract

In this study, the in-situ non-invasive analysis of the conservation materials on the mural paintings in the Dahut-

ing Han Dynasty Tomb was performed. The analytical process of non-invasive measurement for mural conservation
materials has been designed, including digital microscopy, external reflectance Fourier transform infrared spectros-
copy, and optical coherence tomography. By using these methods, effective analytical results have been acquired.
The microscopic morphologies of the murals were observed and recorded via a portable digital microscope, thereby
the effects of the conservation materials on the surface of the murals and the structural characteristics of the coat-
ings were clarified. Through external reflectance Fourier transform infrared spectroscopy analysis, it was found

that both the painting ground layer and the edge reinforcement material are calcium carbonate, and there are
cellulose nitrate and poly(methyl methacrylate) as conservation materials on the surfaces of the murals in different
areas. The spatial location and distribution of these conservation materials were determined by principal component
analysis of infrared spectra. The thicknesses of cellulose nitrate and poly(methyl methacrylate) coatings were meas-
ured by optical coherence tomography. The above work laid a solid foundation for the subsequent conservation

and restoration of the murals. It is proved that the in-situ non-invasive analytical methods applied in this work have
broad prospects for the measurement of conservation materials on murals.
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Introduction

The Dahuting Han Dynasty Tombs are located in the
west of Dahuting Village, Xinmi County, Henan Province,
China (Fig. 1a). These tombs are two of the biggest Han
Dynasty tombs in China and have over 1800 years of his-
tory. The tombs of the east and west are situated side by
side. From February to December in 1961, the Institute
of Cultural Relics of Henan Province excavated these two
tombs. The west tomb, which is numbered Tomb No. 1,
has a large number of finely carved stone portraits. The
east tomb, which is numbered Tomb No. 2 (Fig. 1b), con-
tains a large quantity of colored and black murals that are
of great historical and artistic value. The colored murals
are basically well-preserved and distributed on the east,
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Fig. 1 Brief introduction to Dahuting Han Dynasty Tombs. a Location of the tombs in China. b Schematic plan of Tomb No. 2. ¢ Photograph

of the central chamber

south, north walls, and the vaulted ceiling of the central
chamber (Fig. 1c). The black murals are mainly observed
on the walls of the antechamber and side rooms. The
two tombs provide important historical materials for the

study of the burial customs, living conditions, and ide-
ology of the middle and upper classes, as well as exqui-
site artworks of stone carvings and mural paintings in
the Eastern Han Dynasty (25-220 A.D.) of China [1].
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According to the on-site investigation of Tomb No. 2,
we found that the walls of the tomb were made of bricks
and coated with lime plaster as a ground layer on which
paintings were later painted. The murals appear blurred
and illegible owing to the serious coming-off of the lime-
whited surfaces on the walls, and many murals have
been historically reinforced and restored. But there is no
archive available about the compositions of the materi-
als used for conservation. The analysis of the composi-
tions and characteristics of conservation materials is of
great significance for evaluating the preservation sta-
tus of murals and conducting future conservation and
restoration.

At present, the conservation materials are typically ana-
lyzed by sampling, which may cause slight damage to the
murals. The research on non-invasive analytical methods
for mural conservation materials has important practical
significance. In recent years, various non-invasive ana-
lytical techniques for cultural heritages have gradually
emerged [2]. These analytical methods have many advan-
tages. Above all, sampling is avoided when determining
the surface morphologies and the chemical compositions
of cultural relics. Moreover, it is convenient to compare
and analyze different areas of the objects. Among all non-
invasive analytical techniques, digital microscopy (DM)
is the basic method for the preliminary investigation of
paintings. The portable DM enables direct observation
of the surface of paintings without sampling [3]. The
detailed features on the painting surfaces can be carefully
observed to provide additional clues for further analy-
sis. External reflectance Fourier transform infrared (ER-
FTIR) spectroscopy can obtain the infrared spectra of
cultural relics without sampling or contacting. The chem-
ical compositions of organic and inorganic materials on
the surfaces of the objects can be elucidated by analyz-
ing the spectral data. This technology has been utilized in
many studies of cultural heritages [4], such as oil paint-
ings [5, 6], mural paintings [7—14], modern art materials
[15, 16], plastic objects [17-19], stone cultural relics [20,
21], marble artifacts [22], and archaeological burnt bones
[23]. In addition, it has been initially applied in the analy-
sis of mural conservation materials on Chinese palace
murals [10]. However, the critical difficulty of this tech-
nique is the interpretation of obtained spectra. The band
shape, position and intensity of ER-FTIR spectra may be
distorted by surface roughness and other factors, causing
the Reststrahlen effect and derivative shape [4]. In order
to interpret the complex spectra acquired, many multi-
variate statistical methods of chemometrics have been
introduced into this field [24, 25]. Among the numerous
chemometric tools, principal component analysis (PCA)
is a powerful multivariate statistical method used to
reduce the complexity of large data sets. Therefore, it can
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be used to facilitate the interpretation of the spectra and
provide visualization of the relationships among spec-
tra [26, 27]. Optical coherence tomography (OCT) is a
tomographic imaging technology that uses the Michelson
interferometer. OCT can perform non-invasive measure-
ments at depth from several microns to 20 mm below the
surfaces of the objects [28]. It has broad application pros-
pects in the non-invasive analysis of cultural heritages
[28], such as paintings [29], porcelains [30], and stone
objects [31]. The combination of the above methods can
form an effective approach to analyze mural conservation
materials non-invasively.

Up to now, there are some literatures focused on the
composition analysis of frescoes by various non-invasive
methods [11-14]. However, there are very few studies
specializing in the analysis of conservation materials of
mural paintings combining several non-invasive meth-
ods [10]. Research in this field is urgently needed. In
this study, a general non-invasive analytical process for
detecting conservation materials on murals was designed.
Non-invasive methods including DM, ER-FTIR spectros-
copy, and OCT were used to conduct the comprehensive
analysis of the conservation materials on the murals in
Dahuting Han Dynasty Tomb No. 2. Eventually, the effec-
tive analytical results have laid a solid basis for the subse-
quent conservation and restoration of the murals.

Materials and methods

In-situ non-invasive analytical process for conservation
materials

The general steps of non-invasive analysis of mural con-
servation materials were shown in Fig. 2. Firstly, micro-
scopic observation of the murals was carried out by
DM to determine the microscopic morphologies. Sec-
ondly, the chemical compositions of the murals and the
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Fig. 2 In-situ non-invasive analytical flow chart for conservation
materials
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conservation materials on the murals were analyzed by
ER-FTIR. Then, the spatial location and distribution of
the conservation materials were determined by PCA of
ER-FTIR spectra of selected locations. Finally, the thick-
nesses of the conservation materials were measured by
OCT.

Sampling criteria and location of measurements

The integrity and flatness of the murals were taken into
consideration in the DM observation and ER-FTIR meas-
urement. OCT measurement was performed on the
murals covered with coatings that were analyzed by DM
and ER-FTIR. The exact locations of DM observations,
ER-FTIR measurements, and OCT measurements were
shown in Fig. 3. The height of the measurement points is
about 1.5 m from the ground of the tomb.

DM observation

The KEYENCE VHX-600E portable digital microscope
was used to observe the microscopic morphologies of the
mural surfaces. Lens model: VH-Z20R (20-200x). The
micrographs of the murals were obtained by placing the
microscope lens on a tripod and recording the images
with the instrument’s own computer. The size of the
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image is 1600x 1200 pixels and the format of the image
is TIFE.

ER-FTIR spectroscopy

The Bruker ALPHA portable FTIR spectrometer was
used to study the chemical compositions of murals and
conservation materials. The instrument is equipped with
an external reflectance module to analyze the murals
non-invasively. The ER-FTIR spectra were collected from
spot size of about 5 mm in diameter and distance of about
15 mm from the surface of the murals. Measurement
parameters are as follows, testing range: 4000 ~ 400 cm™,
spectral resolution: 4 cm™!, number of scans: 128. The
spectra were visualized in pseudo-absorbance mode
(A'=log (1/R), R=reflectance). At first, the spectrum of
a standard gold-coated mirror was measured as back-
ground, and then the flat area of the mural surface was
selected for the spectral collection.

PCA of ER-FTIR spectra

The spectral region of PCA was determined between
2000 and 600 cm™ to exclude interferences of system-
atic noise (600 ~400 cm™!) or irrelevant spectral regions.
PCA of the spectra was performed using OriginPro 2018,
the number of principal components was set to 3. The
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Fig. 3 Exact locations of DM observations, ER-FTIR measurements, and OCT measurements
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ER-FTIR spectra of the murals were not subjected to any
pre-processing. The total number of spectra for PCA was
43. Considering the integrity of the murals, the measure-
ment points were selected in central chamber, north side
room, and east side room. The detailed information of
location and number of measurement points were listed
in Table 1. The measurement points were almost evenly
distributed in the selected areas (Fig. 3), and the spectra
were collected once at each measurement point.

OCT measurements

The Thorlabs Ganymede II portable OCT imaging sys-
tem was used to measure thicknesses of coatings. Instru-
ment parameters are as follows, central wavelength:
900 nm, A-scan rate: 36 kHz, axial resolution: 3.0 pm,
imaging depth: 1.9 mm, sensitivity: 93 dB, A-scan max
pixels: 1024.

Table 1 Location and number of measurement points in the

tomb
Location Number
of points
Central chamber North wall 5
South wall 12
East side room North wall 2
South wall 6
North side room North wall 3
South wall 1
East wall 8
West wall 6

Fig. 4 Macrographs and micrographs of murals, locations of micrographs were indicated by yellow rectangles on macrographs. a Macrograph and
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Results and discussion

Microscopic observation of mural conservation materials
At first, the in-situ DM was used to get the detailed mor-
phologies of the mural surfaces. By using microphotog-
raphy, it is possible to observe the details of the mural
surfaces from a microscopic perspective. The possible
restored areas of the murals can be found. The effects
of the conservation materials on the mural surfaces and
the morphological characteristics of the coatings can be
clarified.

The damaged edge of the mural was reinforced with
white solid material, and white beads appeared locally
on the reinforcement material. The macrograph (Fig. 4a)
shows that the white beads similar to stalactites are
attached to the surface of the reinforcement material. The
micrograph (Fig. 4b) shows the morphology of the white
beads is similar to crystalline aggregate.

The surface of the mural on the north wall in the cen-
tral chamber exhibits a phenomenon of whitening and
flaking. The macrograph (Fig. 4c) shows that there is a
white translucent crust covering the surface of the mural.
The micrograph (Fig. 4d) shows that the surface of the
mural is covered with translucent white waxy substance
which is loosely combined with the mural painting layer.
In some areas, the white waxy substance leaves the mural
surface to form a shell-like suspension or partial detach-
ment. It indicates that the conservation material on the
mural surface has been aged [32-34].

There is slight glare on the surface of the murals in
other side rooms, and no whitening or flaking phenom-
enon has been found (Fig. 4e). The micrograph (Fig. 4f)
shows that there is a kind of material infiltrating into the

b micrograph (100 x) of reinforcement material at the damaged edge. ¢ Macrograph and d micrograph (200 x) of conservation material on north
wall in central chamber. e Macrograph and f micrograph (200 x) of conservation material on east wall in north side room. g Macrograph and h
micrograph (200 x) of conservation material on west wall in north side room
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surface of the mural and it is closely combined with the
mural. Referring to our previous work [10], it is specu-
lated that there is a thin layer of conservation material for
murals.

Relatively obvious glare phenomenon can be observed
on the surface of the mural on the west wall in the north
side room. The macrograph (Fig. 4g) shows that the
surface of the mural has intense glare. The micrograph
(Fig. 4h) shows that there is colorless and transparent
substance covering the surface of the mural, which is
closely combined with the mural. According to our pre-
vious work [10], it is presumed that there is a thick layer
of conservation material coating on the surface of the
mural.

ER-FTIR analysis of mural conservation materials

By performing ER-FTIR spectroscopy analysis, the chem-
ical compositions of the surface substances and conser-
vation materials of the murals can be revealed, which can
provide investigative information for the formulation and
implementation of the later conservation and restoration
strategies for the murals. The central chamber, east side
room and north side room were investigated due to the
relatively well-preserved murals in these regions.

Firstly, the ER-FTIR spectroscopy measurement was
carried out on the white ground layer of the mural on
the north wall in the central chamber, and then the ER-
FTIR spectra of the white and black painted surfaces of
the murals in the same area were measured respectively.
It was found that the testing results of the mural surfaces
were the same as the white ground layer. As shown in
Fig. 5a, the spectral intensity in the figure is defined as the
pseudo-absorbance A’=log (1/R), where R is the reflec-
tance. In the ER-FTIR spectra, the peak at 2875 cm™ is
the overtone band of the asymmetric stretching vibration
of carbonate (2v; CO;%7), the peak at 2512 cm™! along
with its shoulder at 2594 cm™! is the combination band
of the symmetric and asymmetric stretching vibration of
carbonate (v; +v5 CO,%"), the small peak at 1795 cm™! is
the combination band of the symmetric stretching and
in-plane bending vibrations of carbonate (v, +v, CO5>"),
the minimum at 1410 cm™" is the Reststrahlen band of
carbonate asymmetric stretching vibration (v; CO5*7),
the peak at 873 cm™! is out-of-plane bending vibration
of carbonate (v, CO5%"). The above characteristic bands
indicate that the ground layer is composed of calcite [22,
35]. ER-FTIR spectra of the white surface and the black
painted surface were both demonstrated to be calcite,
indicating the murals were made of lime and the black
pigment might be carbon (Chinese ink).

Figure 5b shows the ER-FTIR spectra of the white
reinforcement material at the damaged edge of the
mural on the north wall in the central chamber and
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Fig. 5 ER-FTIR spectra of murals on north wall in central chamber.
a Ground layer and mural surfaces. b White reinforcement material
and white beads on it (Fig. 4a and b)

white beads on the reinforcement material. The posi-
tions of the main bands of the reinforcement mate-
rial are the same as those of the original ground layer.
However, the two peaks around 2981 and 2875 cm™!
(overtone and combination bands of the asymmet-
ric stretching vibration of carbonate) are amplified in
the spectrum of white beads, while they are not obvi-
ous in other spectra. The Reststrahlen band of car-
bonate asymmetric stretching vibration (v; CO,*7) at
1500 ~ 1400 cm™! of reinforcement material and white
beads is more intense than the ground layer and pre-
sents the characteristic inverted shape. The derivative
peaks at 873 and 712 cm™' assigned to out-of-plane
bending vibration of carbonate (v, CO,*") and in-
plane bending vibration of carbonate (v, CO,*") are
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Table 2 Absorption bands and assignments of CN

K-Ktransformation Reference Av Assignments
spectrum (cm~™")  spectrum (cm™")  (ecm™)

[41, 44]
1713 1720 7 (=0 stretching
1647 1650 3 NO, stretching
1373 1378 5 CH deformation
1279 1280 1 NO, stretching
1120 1117 3 C—-O0 stretching
1063 1061 2 C—O stretching
998 1001 3 C—-O0 stretching
914 917 3 CH out-of-plane
840 840 0 N—-0O stretching
745 747 2 NO, wagging
699 692 7 NO, scissoring

visible only in the spectra of reinforcement material
and white beads and hardly recognized on the original
ground layer. These phenomena are mainly due to the
different surface roughness of the reinforcement mate-
rial, white beads, and original ground layer (Fig. 4a)
[22, 35]. The components of the reinforcement mate-
rial and the white beads on it were both confirmed as
calcium carbonate. It is speculated that the edge rein-
forcement material underwent a corrosion process in
the high-humidity environment in the tomb. The for-
mation of the white beads is similar to the formation of
stalactites [36—39]. The first step is dissolution. In this
step, the surface of the water film on CaCQOs is in direct
contact with the atmosphere and CO, flows into the
solution. CaCO; combines with H,O and CO, to form

Page 7 of 12

ER-FTIR
X
> .
© | K-K transformation

T T T T T
2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 7 ER-FTIR and K-K transformation spectra of PMMA
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Table 3 Absorption bands and assignments of PMMA

K-K transformation Reference Av Assignments
spectrum (cm™')  spectrum (cm~") (cm™)

[46]
1730 1729 1 (=0 stretching
1483 1485 2 CH, bending
1448 1450 2 O—CH; bending
1436 1434 2 O—CHj; bending
1383 1382 1 C—CHj; bending
1272 1265 7 C—O—C stretching
1243 1238 5 C—O—=C sstretching
1193 1189 4 C—O—=C stretching
966 962 4 C—CHj; bending

Ca(HCO,), which is soluble in water. The second step
is precipitation. In this step, carbonate in the solution
might become supersaturated due to CO, degassing
when a drop of water containing Ca(HCOs;), contacts
the surface of white reinforcement material and a thin
film of water spreads out. Calcite is precipitated in a
thin layer around the contacting area, resulting in the
formation of bead-like calcite crystalline aggregate
(Fig. 4b).

The ER-FTIR spectrum of the whitening mural on
the north wall in the central chamber was shown in
Fig. 6. The spectral region below 2000 cm™! is different
from calcite and exhibits derivative-like shape that is
mainly due to specular reflection caused by the relatively
smooth surface of the coating, which is consistent with
the microscopic image of the surface (Fig. 4d). Since the
spectrum below 2000 cm™ is not disturbed by the mural
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plane

ground layer and contains the fingerprint region of the
polymer material, the Kramers—Kronig (K-K) transfor-
mation was performed on the 2000~400 cm ™' region
[10]. As the K-K transformation spectrum shown in
Fig. 6, the peak at 1647 cm™' is assigned to the asymmet-
ric stretching vibration of NO,, the peak at 1279 cm™ is
assigned to the symmetric stretching vibration of NO,,
and the peak at 840 cm™" is N—O stretching vibration.
The band near 1063 cm™' is the characteristic band
of cellulose. All the bands are the characteristic bands
of cellulose nitrate (CN) [40]. The peak at 1713 cm™
assigned to the C=O0 stretching vibration may indicate
the aging of CN [41]. The coating on the mural is deter-
mined to be CN which is presumed to be one kind of
material for historical conservation. The difference of the

absorption bands between the K-K transformation spec-
trum and the reference spectrum (Av), and the detailed
spectral assignments were listed in Table 2. The maximal
Avis 7 cm™?, indicating the effectiveness of K-K transfor-
mation as a data processing method. As far as we know,
CN is rarely used in mural conservation, but it is usually
used as an adhesive for pottery [40] and film base [42,
43]. The murals in Dahuting Han Dynasty Tomb No. 2
were reinforced in the 1960s after the excavation. At that
time, there were few materials available for mural conser-
vation in wet environments in China. CN was relatively
easy to obtain, so the restorers employed it to reinforce
the murals.

The ER-FTIR spectrum of the glare mural on the west
wall in the north side room was shown in Fig. 7. The
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CaCOs3, PMMA

spectrum below 2000 cm™! is different from calcite.
Meanwhile, this part of the spectrum shows deriva-
tive-like shape due to specular reflection caused by
the smooth surface shown in the microscopic image
(Fig. 4h). K-K transformation was also carried out in
the region of 2000 ~400 cm™. As shown in Fig. 7, the
peak at 1730 cm™! is C=0O stretching vibration, the
peak at 1483 cm™! is CH, bending vibration, the peaks
at 1448 and 1436 cm ™! are O—CH; bending vibration,
and the peak at 1383 cm™! is C—CHj; bending vibration.
The splitting peaks at 1272 and 1243 cm ™! are C—O—C
asymmetric stretching vibration, and the splitting
peaks at 1193 and 1151 cm™! are C—O—C symmetric
stretching vibration. The splitting of C—O—C stretch-
ing vibration is the structural characteristic of polym-
ethacrylate. The spectrum has all the characteristics of
poly(methyl methacrylate) (PMMA) [45]. As shown in
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Table 3, the maximal Av is 7 cm™?, indicating the K-K

transformation in the data processing is also effective.
It is concluded that PMMA is another kind of historical
conservation material.

PCA of ER-FTIR spectra

The principle of PCA is to replace complex multi-
dimensional spectral data by a series of simplified
components with fewer dimensions named principal
components while retaining most of the characteris-
tic information of the original variables [47]. It is very
suitable for distinguishing complex infrared spectra of
different conservation materials. The rules of selecting
spectral regions depend on the distinguishable char-
acteristic absorption bands of all the compounds [48].
In order to improve the PCA results, the wavenumber
range between 2000 and 600 cm ™! was taken into con-
sideration to exclude interferences of systematic noise
(600~400 cm™) or irrelevant spectral regions. Addi-
tionally, the fingerprint regions of CN, PMMA, and
CaCOg are included in this region very well.

The scores of principal components indicate the
amount of variance explained by each principal compo-
nent (PC). In this study, three PCs were considered dur-
ing PCA modeling. The first three PCs totally explained
87.88% of the total variance, where PC1, PC2, and PC3
captured 66.05%, 13.87%, and 7.96%, respectively. The
first component (PC1) is the most important one due
to its highest variance percentage. The score plots of
PC1, PC2, and PC3 were presented in Fig. 8a along with
their projections on PC1-PC2 plane (Fig. 8b), PC1-PC3
plane (Fig. 8c), and PC2-PC3 plane (Fig. 8d). The visual
presentation of the PCA data displays the existence of
distinct grouping structure and clear separation. The
projections of PCs could further enhance the visual
discrimination. As shown in Fig. 8, the coefficient of
CN on PCl1 is 0.12~0.18, the coefficient of CaCO; on
PC2 is 0.4~ 0.5, and the coefficient of PMMA on PC3
is 0.2~ 0.6, indicating that CN, CaCO; and PMMA are
positively related to PC1, PC2, and PC3 respectively
within our experiments.

Loading plot for each PC indicate the degree to which
each wavenumber contributes to the variance explained
by that particular PC [26, 40]. In short, it reflects the cor-
relation between a PC and a variable. Loading plots were
stacked onto the ER-FTIR spectra of CN, CaCOs3, and
PMMA to identify correlations between PCs and spec-
tra. The correlations were found subsequently. As shown
in Fig. 9, the loading plots of PC1, PC2, and PC3 were
positively correlated with the spectra of CN, CaCO,, and
PMMA respectively, which is consistent with the score
plots (Fig. 8). The above results indicate that the ER-FTIR
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Fig. 10 Spatial location and distribution of conservation materials on murals

spectra of these materials could be successfully distin-
guished by PCA.

Fig. 11 OCT images of conservation materials. a CN. b PMMA

After the conducting of PCA of ER-FTIR spectra, a
map of the spatial location and distribution of the conser-
vation materials on the murals in Dahuting Han Dynasty
Tomb No. 2 was drawn. As shown in Fig. 10, the conser-
vation material on the west wall in the north side room is
PMMA, the conservation material on other areas is CN.

OCT measurement of mural conservation materials

In order to get a deeper understanding of the reasons
for the glare phenomena caused by conservation materi-
als on the murals, the in-situ OCT technique was used
to measure the thicknesses of the coatings. In this study,
OCT measurement was carried out on the east and
west walls in the north side room. As shown in Fig. 11a,
the thickness of the conservation material CN on the
east wall in the north side room was measured to be
17 ~ 28 um. The thickness of the film is thin and the dis-
tribution of the film is not uniform, so it looks like a layer
of translucent white waxy substance, which is consistent
with the microscopic observation (Fig. 4f). As shown in
Fig. 11b, the conservation material PMMA on the west
wall in the north side room is partially divided into two
layers, which may be caused by repeated brushing. The
thicknesses are 13 ~18 um and 30 ~ 83 pum for the upper
layer and lower layer, respectively. PMMA is smoother
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and thicker than CN, resulting in a severe glare phenom-
enon shown in the micrograph (Fig. 4h).

Conclusion

In this study, in-situ non-invasive analysis of the mural
conservation materials in Dahuting Han Dynasty Tomb
No. 2 was carried out by applying DM, ER-FTIR spec-
troscopy, and OCT. The surface details of the murals
were observed by microphotography using in-situ DM.
By this way, the morphologies of the conservation mate-
rials were discussed and the structural characteristics of
the coatings were clarified. The following conclusions can
be drawn from ER-FTIR analysis. The mural ground layer
is composed of calcite. Both the white reinforcement
material and white beads on it at the damaged edge of
the murals are calcium carbonate. Two kinds of organic
conversation materials were found on the surfaces of the
murals. One is CN and another is PMMA. It is proved
that ER-FTIR spectroscopy can obtain reliable results in
the tomb environment with high humidity. The classifi-
cation of the ER-FTIR spectra was conducted by using
PCA. Then, a map of the spatial location and distribution
of the conservation materials on the murals in Dahuting
Han Dynasty Tomb No. 2 was drawn. The thicknesses of
CN and PMMA coatings were measured by OCT, which
explained the cause of the glare phenomena on the mural
surfaces. The integrated non-invasive methods formed
an in-situ analytical process for measuring mural con-
servation materials. By executing the above process,
comprehensive analytical results of mural conservation
materials could be obtained. The analytical results can
provide significant reference for the removal of the mural
conservation materials and laid a solid foundation for the
subsequent conservation and restoration in the future.
The systematic approach in this study provides broad
application prospects for research in analyzing mural
conservation materials.
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