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The investigation of painted layers on murals at Cave 98 from Dunhuang Grottoes was
carried out in situ using portable laser-induced breakdown spectroscopy (LIBS) for the first
time. The ablation effect of laser pulses on a mural surface was evaluated under fixed
experimental parameters, and the results showed that the influence of laser ablation on
ancient murals was acceptable. Then the pigments used in the red, green, and blue layers
were indicated with the LIBS spectral data of the corresponding color coupled with a
classifiable model of pigments based on the principal component analysis (PCA) method.
Finally, the depth profiling of the multilayer structure composed with overlapped painted
layers was determined based on the pigment size information of the superficial green layer
and the relationship of laser shots and ablation depth, and the thickness of the superficial
green layer was analyzed quantitatively, which fits well with the result of the cross-sectional
analysis. Therefore, this work can shed light on the great potential for ancient mural
applications in LIBS.

Keywords: Mogao Grottoes, Dunhuang murals, portable LIBS, in situ analysis, painted layers

INTRODUCTION

As an important artistic crystallization of various cultural integrations on the ancient Silk Road, the
Mogao Grottoes is the largest, oldest, and the best-preserved Buddhist grottoes with the richest
contents in the world today, so it is also named “Library on the Wall” because it carries vast historical,
cultural, and scientific information. The UNESCO World Heritage Site (inscribed the List in 1987)
contains 735 caves excavated into the 1.6 km of cliff face, encompassing approximately 45,000 m” of
chromatic murals and more than 2,000 painted sculptures [1].

The Mogao Grottoes is famous for its massive chromatic murals as shown in Figure 1, which were
drawn using all kinds of colorful mineral pigments on dry ground according to the secco technique
[2]. However, these precious murals are suffering from damage due to the influence of air, light,
humidity in grottoes, and human factors over a long time period [3]. The composition information of
mineral pigments used on painted layers is the basis for revealing reasons for these different types of
damage, such as flaking, detachment, net cracking, and paint loss; therefore, it can provide guidance
for selecting the most appropriate materials and conservation methods, along with determination of
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FIGURE 1 | Photograph of Mogao Grottoes and typical ancient murals in these caves.

suitable processes for possible restoration of the paintings. On the
other hand, the information can give a rich source of exchanges
involved and cultural trade development from the perspective of
scientific investigations of ancient murals made from different
pigments. Therefore, pigment research on Dunhuang ancient
murals has become a focus of great concern.

With the development of laser technology, the laser
measurement techniques have attracted a considerable amount
of research in the area due to its technical features, such as high
sensitivity, noninvasive, and in situ [4-7]. Laser-induced
breakdown spectroscopy (LIBS) technology has great
application potential in the field of cultural heritage analysis
with the advantages of rapid, multi-element analysis, no
sampling, minimal damage, and in situ analysis [8-10], which
meet the strict requirements for cultural objects. Based on the
contribution significantly from ongoing advances in laser,
spectrometer, and detector technologies, the development of
several mobile LIBS instruments provides a lot of
opportunities for analytical campaigns on site, such as at
museums, conservation laboratories and even outdoors at
excavation sites [11, 12]. In a different investigation, several
Minoan bronze-age artifacts such as beads, vessels, and
decorative plaques and figurines made of faience were
analyzed by mobile LIBS [13]. The main objective of different
types of stones, which are the main construction materials in this
class of historical buildings, was qualitatively discriminated
among sandstone, limestone, and cement mortar [14-19]. An
interesting analysis has enabled the identification of the main
minerals present in several building stones using a compact
system based on a stand-off LIBS sensor [20]. The objectives
of jewelry [21], glass artifacts [22], ceramics, and pottery [23, 24]
were investigated using LIBS technique. In some different studies
with a similar objective, painting [25, 26], pigments on
illuminated manuscripts [27] simulated murals [28], and wall
painting fragments [29, 30] were carried out a quick survey

utilizing the compact portable LIBS system. In fact, ancient
murals are types of art painted on the wall around caves,
which resulted in these immovable murals being not permitted
to be taken to the laboratory for analysis, so the portable LIBS
system was regarded as a useful tool to carry out painted layer
research of murals in situ and real time in Mogao Caves.

Therefore, in this work, a portable LIBS was used to analyze
the information of mural painted layers on-site in a cave for the
first time. For this study, the murals on the south wall of Cave 98
were chosen to be analyzed; the analytical area is approximately
1.8 m? (about 2.0 m x 0.9 m). The laser ablation on the mural was
illustrated using optical microscope. Based on our previous
experimental results, the different types of pigments were
indicated and classified by combing the LIBS spectrum with a
classifiable model. Furthermore, the depth profile of overlap
painted layers was revealed, and the thickness of these layers
was also analyzed in Cave 98.

EXPERIMENTAL APPROACH AND MURAL
SAMPLES

Portable Laser-Induced Breakdown

Spectroscopy Apparatus

The schematic and imaging of the portable LIBS setup are
presented in Figure 2. In our studies, all spectrum data were
obtained using the portable LIBSCAN 100 ULTRA, which offers a
highly versatile, adaptable, and upgradeable product suitable for
use either in a laboratory environment or in the field. The main
components of the LIBSCAN 100 ULTRA are the LIBSCAN 100
console and LIBSCAN head [31].

The LIBSCAN 100 console contains the optical spectrometers
with eight channels and electrical circuits for the laser safety
interlock. The detection spectra were collected within the
wavelength range from 200 to 800nm, with a maximum
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FIGURE 2 | Schematic and imaging of the portable laser-induced breakdown spectroscopy (LIBS) setup.

FIGURE 3 | Areas of ancient murals in the south wall of Cave 98 about 2.0 m x 0.9 m.

resolution of 0.07 nm in the range of 410 and 500 nm. The LIBS
spectra were recorded with a delay time of 1,800 ns and a gate
width of 3,000 ns with respect to the laser pulse.

The LIBSCAN head contains the laser and associated optics
required to focus the laser beam onto a sample, and the plasma
light was collected for transmission to the spectrometers located
within the LIBSCAN 100 console. The head is designed to
accommodate a miniature CCD camera, and associated
components are used with the optional imaging kit. A Quantel
Big Sky CFR Ultra GRM and ICE 450 cooling group was used to
produce laser light at 1,064 nm, generating 7-ns pulses, laser pulse
energy up to 100 mJ, repetition rate of 1-10 Hz, and in a 6.5 mm
diameter beam.

Mural Samples

Mogao Cave 98 is located on the first floor of the southern section
of the South District. The cave was built in about 925 AD by a
governor of the Return-to-Allegiance Army named Cao Yijin.
There are about 693.1 m* murals on wall around the cave. The
outstanding feature of murals in the cave is that a large number of

donor images were presented in the areas under the chamber wall,
as shown in Figure 3.

There are 223 visible donor images included according to
statistical survey, and the species of pigments used in these areas
are particularly abundant, the red with different tones, and green,
white, and blue are all existing in these areas. So, the female donor
images in the south wall of Cave 98 were chosen to be analyzed. In
our current studies, the red, blue, and green mineral pigments
were selected to be investigated using LIBS. The test locations are
illustrated in Figure 3 indicated by black circles.

RESULTS AND DISCUSSIONS
Laser Ablation Effect

Considering that a small amount of material is removed involving
the laser ablated on the sample surface in an LIBS measurement
(mass removal about a few nanograms), so the LIBS is termed as a
microdestructive technique. Therefore, it is necessary to analyze
the influence of laser ablation on the surface ancient murals in
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FIGURE 4 | Photographs of laser-ablated area after five laser pulses on the same spot at different distances from the surface.

situ before carrying out measurements. It is notable that the
energy of the laser pulse was fixed at 10 mJ according to the study
of laser ablation, which prevents excessive damage to the
murals [26].

Under the optimized experimental parameters, the laser-
ablated areas in red- and green-painted layers were visualized
by digital photographs and images of optical microscopy.
Figure 4 presents photographs of the laser ablated area after
five laser pulses ablated on the same spot, and these pictures were
taken at different distances from the mural surface. As shown in
Figure 4, the values of d indicate the distances from camera to
mural surface, for example, d = 0.5 m meant that the picture was
recorded at the location of 0.5 m from the surface. The picture at
the position of d = 0.5 m is a key reference to evaluate the effect of
laser ablation because most visitors and researchers are
prohibited from going into this range [32]. From the picture,
the trace left on the object surface is hardly visible with the naked
eye, so the laser-ablated crater cannot be observed outside of this
distance range at all. So, the minor damage was regarded as
acceptable and agreed on from the perspective of appreciation of
ancient murals.

From the images of optical microscopy, which were taken at
200x magnification, there are obvious differences in laser-ablated
areas between red and green layers. As can be seen from Figure 4,
the ablation effect in the green and red layer is different due to the
various physicochemical properties of the two kinds of mineral
pigments, that is, the red-painted layer was not penetrated after
laser ablation under the fixed parameters; only the discoloration
was observed on the red layer, so, the ablation area is defined as
the range of black area. However, the green layer was penetrated
with the same laser ablation; in fact, the ablation area was divided

into two different parts, the penetrated area located inside the
area caused the Gaussian profile laser and the discoloration area
caused by the thermal effect with laser ablation. It is clear that the
diameter values of ablated areas are 246 + 11 and 272 + 25 pym on
the green and red layers, respectively. It is notable that the range
of ablation area on the green layer is indicated as the penetrated
area. Actually, the color in the region of the laser ablation has
become black in the green-painted layer, the laser ablation area in
the red layer penetrated in the center, and the edge range of the
ablation crater started to turn in color from red to black in the
diameter range of 655 + 50 pum. Furthermore, the edge
morphology of the ablated crater was analyzed, and the
microscopy pictures showed that the interaction of laser pulse
and painted layers did not cause significant changes in the depth
profile structure of the painted layer. This meant that the effect of
laser ablation on the stability of ancient murals was negligible.
Based on the above statement, the portable LIBS technique
was, therefore, feasible in the field of mural pigment analysis from
the views of mural appreciation and stability of painted layers.

Pigments Indication and Classification

Most of the pigments used in Dunhuang murals were
manufactured from colored mineral materials, such as red
pigments of cinnabar, red lead, and hematite, green pigments
of malachite and atacamite, and blue pigments of lapis lazuli and
azurite. In order to obtain stable spectral data and improve the
accuracy of the measurement on mural-painted layers with
different colors, the average method of cumulative pulse
ablation was employed to weaken the impact of sample
surface irregularities on spectral fluctuation. The cumulative
number means that one single shot ablated on a fresh location
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and different locations were used to acquire the average spectra;
the value of the cumulative number was fixed as 10 to obtain the
stable spectra in this part work. The stable LIBS spectra of the
three typical types of pigments are presented in Figure 5. In order
to compensate for spectral signal changes due to matrix effects
and influence in experimental conditions, the intensities of these
two selected lines subtracted the values of background signals and
then were normalized by using the min-max normalization
method. As can be seen from the figure, the LIBS spectra of
various color pigments were different and were shown to be
dominated by several characterized elements, including Hg and
Ca in red cinnabar, Mg, Al, Ca, and Na in blue lapis lazuli, Fe, Cu,
Mg, and Ca in green malachite pigment, with the use of
spectroscopic data from the National Institute of Standards
and Technology (NIST) Atomic Spectra Database (ASD) [33].
From the figure, it is also found that the quality of the LIBS
spectra is excellent and the signal-to-noise, especially for the
characteristic lines, is high. It means that the LIBS spectral data
could illustrate the elemental information of these mineral
pigments.

As shown in Figure 3, the red, green, and blue pigments are
commonly utilized in different areas according to the contents of
the mural surface. For the purpose of indication of the pigments
on the murals, a classifiable model of pigments was established
coupled with principal component analysis (PCA). Before
forming a PCA model, the optimum number of principal
components (PCs) must be determined so as not to under- or
over-represent datasets. The appropriate way to determine the
rank is to analyze the number of features captured by each
principal component against the principal component number.
The two PC models (more than 80% variance) was optimum for
capturing all the important information buried in the dataset. The
other high-order PCs were not included because they did not
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FIGURE 6 | Score plots of PC1 and PC2 for the variance between 250
and 600 nm of R1-R7 areas on the mural.

show any evidence of clusters or other relevant information. Then
100 spectral data points from the simulated samples of different
colorful paintings were used to build a classifiable model of the
murals coupling with the PCA method. In caves, considering the
sensitivity and fragility of the murals, only 40 spectral data were
collected in each area and were used to classify the pigments.
It is a very interesting phenomenon that different shades of the
red hues (dark red, light red, or pink red) were presented on
necklace, skirts, and shawl as indicated with the label of R1 to R7.
Figure 6 presents the plots of the scores for PC1 and PC2 for the
spectral data variance obtained from the simulated painted layers
(hollow symbols) and in situ murals (solid circle points) of the red
pigments over the range of 250-600 nm. As can be seen from the
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FIGURE 7 | X-ray diffraction (XRD) patterns of pigments in red (A-D), green (E), and blue (F) areas on murals in caves.

figure, the 400 spectral data from different pigments of red lead,
cinnabar, orpiment, and hematite were classified into four
distinct groups as calibration sets according to the scores in
PCl and PC2. As presented in the figure, PC1 and PC2
explain 64.1% and 19.3%, respectively, 83.4% of the total
variance in the data matrix. As shown in Figure 6, the scores
of PC1 varied from 1.2 to 3.6 for the hematite group, and -1.3 to 0
for the red lead, cinnabar, and orpiment groups; the scores of PC1
meant that the hematite data can be distinguished clearly from
other three pigment data according to the first principal
component. The scores of PC2 varied from —1.3 to —0.8, -0.5
to 0.5, and 0.8 to 2.5 for cinnabar, orpiment, and red lead,
respectively, and it demonstrated that these spectral data of the
three pigments could be clustered into three separate groups. In
short, the classifiable model of these four kinds of pigments was
established according to the two-dimensional principal
component analysis.

Actually, considering the composition of these painted layer,
coupled with the loading vectors at some characteristic lines in
the spectra, it could be concluded that the feature elements of
each mineral pigment provided the dominant contributions to
the first and second principal components. Then the classifiable
model was applied to identify and classify the unknown pigments
on the murals; the spectral data of the red pigments from seven
sites on the murals, which are labeled R1 to R7 in the picture
presented in Figure 3, were analyzed under the classifiable model.

As shown in Figure 6, it is obvious that the 40 spectral data for
each area were located in different clusters; the points of R1, R2,
and R3 tended to be located in the hematite cluster, the points of
R4 and R5 tended to distribute in the cinnabar group, and the
spectral data of R6 and R7 tend to locate near the same area of
red lead.

The score results of painted layers indicated that the pigments
of R1, R2, and R3 were hematite, the cinnabar pigment was used
in the R4 and R5 areas, and red lead was used in the areas of R6
and R7. It is notable that the points were closely distributed in the
cluster of the hematite and cinnabar groups except for the points

of R6 and R7. As can be seen from the figure, the data points of R6
and R7 were not closely overlapping each other among them, and
the unexpected phenomena were revealed using the further x-ray
diffraction (XRD) analysis by obtaining some pigment powders
presented on these areas.

Figure 7 presents the XRD patterns of red, blue, and green
pigments in different areas on murals in caves. The patterns in
Figure 7A illustrates that the components of pigments were the
same as hematite in the R1, R2, and R3 areas, and as cinnabar in
the R4 and R5 areas in Figure 7B, and it can be seen that these
XRD analytical results were in good agreement with the results
from the classifiable model based on the combination of LIBS and
PCA method for the R1 to R5 case. However, the XRD result of
the dark red pigment in the R6 areas in Figure7C shows that the
components of the painted layer were a mixture of red lead and
lead dioxide (PbO,); the lead dioxide was mainly from the
products of lead red discoloration, and this resulted in the
spectral data including the mixture information, which caused
the fluctuation of data points in the R6 area among the lead
red group.

Similar results were also observed in the R7 area in Figure 7D;
the materials of the painted layer was a mixture of orange lead
(PbO) and hematite, but the lead-based pigment was not lead red
because the orange lead pigment is not commonly used in the
murals existing in caves, and actually the orange was usually
mistaken for lead red according to the elemental analysis of lead
by the x-ray fluorescence (XRF) analysis in our previous
investigation. So, it is the first time to find orange lead in the
view of scientific testing. The indication of different lead-
containing pigments using the LIBS technique will be further
studied in our later work.

The same method was used to achieve pigment
classification for the green- and blue-painted layers. As
shown in Figure 3, the green color was presented on
decoration in clothing, and the spectral data from these
area (Gl, G2) tended to locate the cluster of malachite
pigment sets in Figure 8A, which has been reported in our
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FIGURE 9 | Photo of overlapped painted layer in mural.

previous work about indication of green pigments [26]; the
distribution of points in this figure demonstrated that the
malachite pigment was used to present the green color in the
murals. Figure 8B gives the classifiable results for blue
pigments; the results show that the blue pigment was lapis
lazuli mineral powder. Furthermore, the XRD analysis on the
green- and blue-painted layers was carried out, and the results
are included in Figures 7E,F, respectively. The validation
results of XRD were very well fitted with the results from
the classifiable model based on LIBS coupled with the PCA
method.

Depth Profiling Analysis of Murals

Dunhuang murals are the typical secco according to the painting
technique. The painted layers of these murals are often composed
of several layers, so the painted layers are actually a multilayer
structure. The profiling information of these layers is the basis of
establishing appropriate conservation procedures for restoration

and protection of the ancient murals. Therefore, in this part work,
the LIBS technique was used to achieve the depth profiling
analysis of murals with multilayers.

Figure 9 presents an example of multilayer murals, as shown in
the areas indicated with the black box in the figure. As can be seen in
the figure, the red layer was applied with a green layer in the labeled
area. Because the components of the red and green layers have been
indicated as hematite and malachite pigments in previous research,
respectively, the lines of iron (Fe I 385.99 nm) and copper (Cu I
324.75 nm) element were considered to be indicators of red- and
green-painted layers, respectively. The background of these
characteristic lines was subtracted from the corresponding signal,
and the min-max method was used to complete the intensity
normalization for the aim of canceling the spectral signal
fluctuation result of matrix effects and surface roughness of murals.

In fact, the superficial green layer was irradiated with the laser
shots in the initial ablation, and then the intensities of copper lines
presented a significant decreasing trend when the green layer was
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penetrated by the successive laser pulse with an increasing number of
ablation shots in the same spot; in contrast, the signal of iron lines
seemed to intensify at the same time. Therefore, the depth profiling
structure of murals was determined using varied trends of indicator
element lines for the corresponding painted layer.

Figure 10 presents the varied trends of characteristic line
intensities for copper and iron with different numbers of laser
pulse shots at the same point, which can give stratigraphic
information in this area. From Figure 10, the normalized
intensity trends of characteristic lines clearly indicated that the
green-painted layers could be penetrated using six laser pulses.
That is, the penetration numbers of laser shots on the overlapped
painted area were determined as six by means of this method.

It is necessary to get the average ablation rate (AAR) of laser pulse
ablated on the green layers in order to obtain the thickness of the
painted layer. From our previous research about the AAR of laser
pulse on the green layer, the results showed that the AAR of laser

pulse was influenced significantly by the pigment size of the green-
painted layer, the AAR value gradually became larger with the
decreasing pigment sizes on green layers [28]. Therefore, the
pigment size in the green area labeled in Figure 9 was estimated
first by using a classifiable model of green pigment sizes from our
reported results [30]. In the current work, the pigment size in this
green area was estimated with 20 spectral data by employing the
classifiable model of green pigment, and the result is included in
Figure 10B. The 20 spectral points tended to be located in the P3
group, where the mean diameter was about 25 um.

On the whole, the thickness of the green layer was determined
quantitatively based on the information of green pigment size and the
relationships of laser pulses and ablation depth for corresponding
pigment size fractions. The expression of fitting relationship was
concluded as Y = 18.5X + 4.8 on the painted layers for the group
(~22.6 um), where Y indicates the laser ablation depth, and X
indicates the penetration numbers of laser pulses. The thickness
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FIGURE 11 | Microscopy images of cross-sections for the mural pieces.
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was calculated at approximately 115.8 um. To confirm our result, a
cross-sectional analysis of this area was prepared in our laboratory, as
shown in Figure 11. The microscope image shows that the thickness
of the layer was 108.8 +5.1 um, which was consistent with the
estimated results from our evaluated results employing the LIBS
technique.

CONCLUSION

In this paper, a portable LIBS system was used to analyze the
mural-painted layers in the cave for the first time. First, the laser
ablation effect on the mural surface using microscopy images, the
size of the ablation crater, and the stable ablation edge suggested
that the microdestructive effect was acceptable from the view of
mural conservation. Second, the mural pigments in Cave 98 were
indicated by using the pigment classifiable model, and the
pigments commonly used in red, green, and blue areas were
determined. Finally, the multilayer overlapped painted areas were
analyzed in situ by the portable LIBS, and the thickness of the
superficial green layer was calculated quantitatively according to
the reported studies.

The above research shows that the portable LIBS technique is a
potential way to achieve in situ accurately illustrated information
about ancient murals. On the one hand, the information is
significant for possible restoration and conservation of murals.
On the other hand, the accurate spectral data of mural-making
materials can provide an opportunity for in-depth illustration of
the historical information.
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