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Abstract 

A novel combined measurements techniques has been designed in this work, enabling the acquisition of laser-
induced breakdown spectroscopy (LIBS) and Raman spectral signals at the same point on a sample. The applica-
tion of this combined technique to the analysis of multi-layered mock-up blocks painted with orpiment and realgar 
pigments has yielded significant insights. By correlating variations in the emission line intensity of characteristic 
elements within the LIBS spectra with depth-specific Raman spectra, the number of laser pulses that penetrated 
the pigment layers has been accurately determined, thereby establishing a method to measure layer thickness. Finally, 
the technique wasto analysis the actual mural fragment from Mogao Cave 196, determining the types of pigment 
and the thickness of the pigment layers.
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Introduction
The Mogao Grottoes in Dunhuang, situated in China’s 
Gansu province, constitute a significant portion of cul-
tural heritage dating back to the pre-Qin dynasty, over 
1600 years ago. As a global pinnacle of Buddhist art, the 
site encompasses over 2000 painted sculptures, approxi-
mately 735 caves and murals spanning over 45,000 square 
meters [1–3]. Recognized by UNESCO as a World Herit-
age site in 1987, the Mogao Grottoes stand out for their 
rich cultural narratives, artistic mastery, and the sheer 
magnitude of their mural collections. Using the dry fresco 
or secco technique, Dunhuang artists applied vibrant 
mineral pigments mixed with organic binders to create 
murals with varied hues and brightness. In the context 
of these multilayered murals, it is crucial to accurately 
analyze the composition and thickness of individual pig-
ment layers within the paintings. This analysis is essential 
as these murals are susceptible to deterioration, includ-
ing flaking, discoloration, and structural damage, et  al. 
[4]. Consequently, preservation and conservation efforts 
necessitate the use of non-destructive or minimally inva-
sive techniques, ideally suited for on-site application.

In the field of cultural heritage conservation, laser-
induced breakdown spectroscopy (LIBS) has emerged 
as a valuable technique for rapid elemental analysis of 
painted surfaces, particularly murals. Its advantages 
include ease of operation, minimal sample prepara-
tion, and negligible impact on artwork, making it ideal 
for in  situ analysis [5–7]. LIBS functions by focusing a 
laser on the artwork, generating plasma and analyzing 
the emitted atomic and ionic spectra [8, 9]. Importantly, 
LIBS enables depth profiling, also known as LIBS stratig-
raphy. This involves sequential laser ablation to examine 
individual pigment layers [10–15]. By collecting elemen-
tal composition data at various depths, LIBS provides a 

layered analysis of the artwork. Each laser pulse produces 
a depth-specific plasma, allowing for the collection of 
spectral data [16, 17]. However, LIBS may be limited to 
analyzing pigment layers with uniform elemental compo-
sitions. In such cases, complementary molecular analysis 
techniques such as Raman spectroscopy are necessary for 
comprehensive material characterization [14, 18–21].

Raman spectroscopy, a vibrational spectroscopy tech-
nique, facilitates the detection of the molecular structure 
of samples by analyzing the energy change resulting from 
inelastic scattering when a laser interacts with the sam-
ple [22]. Widely adopted in archaeological cultural relic 
research, Raman spectroscopy offers notable advantages 
such as the non-requirement of sample preparation, non-
contact detection, complete non-destructiveness of the 
sample, and high spatial resolution [23–31]. However, a 
significant drawback is the limited penetration depth of 
excitation light, which hinders the acquisition of Raman 
signals from deeper sample layers [32].

To address this limitation, the combination of LIBS 
technology and Raman spectroscopy emerges as a prom-
ising approach, offering distinct yet complementary 
information for the layer-by-layer analysis of multilayer 
pigment murals. Numerous studies have demonstrated 
the synergistic application of these technologies in the 
investigation of multilayered cultural relics and artworks 
[33–39]. Castillejo et  al. [38], for example, successfully 
used LIBS and Raman technology to identify pigments 
on an altar of the eighteenth century of the Museum of 
Zaragoza, Spain. Romain et al. [35] employed a combina-
tion of LIBS and Raman measurement spectra to address 
the analysis of the thickness of green pigments. Ven-
eranda et al. [39] applied LIBS and Raman techniques to 
analyze frescoes at a site in Pompeii, Italy, assessing salt 
damage and discussing the fading mechanism based on 
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combined spectral data. Although studies have effectively 
combined LIBS and Raman techniques for cultural arti-
fact analysis [40], because of surface contaminants, oxi-
dation products, or the presence of salts can significantly 
affect the results of LIBS and Raman [41], further develop 
of combined technique between LIBS and Raman is 
needed that focuses specifically on layer-by-layer analy-
sis of murals painted with pigments that share the same 
elemental composition.

Orpiment (As2S3) and realgar (As4S4) composed by 
elements arsenic and sulfide, both of which have the 
same constituent elements and similar structures, and 
have a long history of use in ancient China, and this pig-
ments were widely used in Dunhuang Murals. Realgar 
exhibits a reddish-yellow hue, while orpiment is a pure, 
bright yellow. In Dunhuang murals, these two pigments 
are typically used in an overlapping shading technique 
to represent different shades. Overlapping shading is a 
technique used in traditional cave painting. It involves 
creating two to four shades from the same color or simi-
lar colors and then arranging and painting them sequen-
tially. For instance, a layer of realgar might be applied 
over orpiment, or vice versa, or multiple layers of each 
might be used. By carefully controlling the thickness of 
each pigment layer, artists achieved nuanced shades of 
yellow, resulting in murals with a complex, multilayered 
structure composed of these pigments. Therefore, the 
analysis of multilayer pigment murals composed of orpi-
ment and realgar can reveal crucial insights into painting 
techniques, as well as trace the variations in material use 
and production processes of yellow pigments in ancient 
murals. However, research on orpiment and realgar pig-
ments in Dunhuang murals remains limited. In 2008, Yu 
et  al. [42] conducted an analysis of yellow pigments in 
two caves by using micro-area X-ray fluorescence com-
bined with microscopy and electron microscopy-energy 
dispersive spectroscopy analysis methods, identifying 
them as arsenic and sulfur compounds. While this led to 
a preliminary presumption of realgar or orpiment usage, 
the study could not definitively distinguish between the 
two pigments.

In this work, we developed a novel combined measure-
ment technique to obtain LIBS and Raman spectral sig-
nals at the same point on a sample. This technology was 
applied to investigate multilayered murals painted with 
orpiment and realgar pigments, which are difficult to dis-
tinguish in the Dunhuang murals. Our experimental pro-
tocol involved cyclic detection. First, LIBS was used to 
ablate a thin layer of pigment and capture atomic spectra. 
Next, a CW laser was used for Raman detection. Follow-
ing the acquisition of the Raman signal, LIBS detection 
was performed again at the same point. By analyzing 
variations in the emission line intensity of characteristic 

elements within the LIBS spectra, we determined the 
number of laser pulses that penetrated the pigment lay-
ers, corresponding to layer thickness. Depth-specific 
Raman spectra were simultaneously acquired. Addition-
ally, a computational depth-of-field camera measured the 
depth of the ablated crater after each laser pulse, estab-
lishing a relationship between the number of laser pulses 
and sample depth.

Experimental setup and samples
Experimental setup
The schematic diagram of the combination of the LIBS 
and Raman experimental setups is shown in Fig.  1. 
Both LIBS and Raman detection are operated in open 
air. An Nd:YAG laser (Beamtech, Dawa-100) outputs 
1064 nm light, which mirror M1 directs into a 30 mm 
cage assembly. An expander E1 ensures uniform beam 
energy distribution before the beam passes through 
components dichroic mirror D1, beam-splitter cube 
C1, dichroic mirror D2, and beam-splitter cube C2. A 
10 × microscope objective focuses the laser onto the 
sample surface, generating plasma. The plasma radia-
tion is collimated by the same objective and reflected 
by dichroic mirror D2 and shifting mirror M2 into an 
optical fiber. This fiber guides the radiation to a high-
resolution spectrometer (Aryelle-200, LTB), and the 
spectra are recorded by ICCD detector (PI Max-400, 
Princeton Instrument) for analyzing. The resolving 
power and spectral range of the spectrometer are 10 
000 and 200–800 nm, respectively. Each LIBS ablation 

Fig. 1  Schematic of experimental setup to combine 
of the laser-induced breakdown spectroscopy (LIBS) and Raman 
spectroscopy
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Fig. 2  Schematic diagram of samples with different painted layer thicknesses. The top left image is a cross-sectional photo of the mock-up sample, 
which clearly shows the different layer structures

was then mixed with 2 g of each pigment and applied to 
the ground layer.

In order to perform stratigraphic analysis, multilay-
ered pigment samples were created, as shown in Fig. 2. A 
white gypsum base layer was applied to the plaster, fol-
lowed by yellow pigment layers of varying thickness. Lay-
ers were applied in ascending order from bottom to top: 
realgar, orpiment, and then realgar. Ten samples with dif-
ferent pigment thicknesses were produced; d1 to d10 rep-
resents a gradual increase in the thickness of each layer. 
As can be seen in Fig.  2, different pigment thicknesses 
can also result in significant differences in color tone. 
The gelatin solution acts as an adhesive and as a fixative, 
ensuring the longevity of the mural [43].

Results and discussion
LIBS and Raman analysis on surface pigments
The identification of pigments on the mural surface is 
crucial for their protection and restoration. However, 
with the deterioration of murals, it has been difficult 
to identify pigments with similar colors directly from 
their color tones, such as realgar and orpiment. There-
fore, we have first attempted to use LIBS technology to 
distinguish these two mineral pigments. Figure  3 pre-
sents typical LIBS spectra for orpiment and realgar 
in the wavelength range of 220–800  nm. Analysis has 
revealed nearly identical elemental compositions for 
both yellow pigments, including As, Fe, Mg, and Ca. 
In addition to As, these elements primarily originate 
from associated minerals within the pigments. Since 
orpiment and realgar are both low-temperature hydro-
thermal minerals, they often form in proximity within 
low-temperature hydrothermal deposits and sulfurous 

crater can be measured by a 3D computational depth-
of-field camera (Tmetrics C20, Tucsen Photonics).

For Raman measurement, a 785  nm CW laser beam 
follows a similar optical path and is focused into the 
ablation crater. Expander E2 and an aperture were used 
to improve the uniformity and reduce the size of the 
laser beam. This resulted in a focused spot smaller than 
the LIBS crater, facilitating convenient alignment of the 
Raman laser beam within the LIBS crater. The shifting 
mirror M2 will be removed from the optical path dur-
ing Raman measurement. Raman signal is collected via 
optical fiber and transmitted to a Czerny-Turner spec-
trometer (Shamrock SR-500i, Andor tech.). The colli-
mating laser and the Raman laser are precisely aligned 
to completely overlap after reflection (the positions of 
the two focal points are determined using a depth-of-
field camera). After the LIBS measurement, the col-
limating laser can confirm whether the Raman laser is 
focused on the LIBS ablation crater.

For the whole LIBS experiment, the sample is fixed 
on an XYZ-3D linear stage, and the spectrometer, laser 
and 3D linear stage are synchronized by a digital delay 
generator (DG535, Stanford Research Systems).

Samples
To replicate the appearance of Mogao Grottoes murals, 
a mock-up sample was created using the secco tech-
nique [3]. This study focuses on two pigments, orpiment 
(As2S3) and realgar (As4S4). The pigments were sourced 
from Lhasa, Tibet and prepared according to traditional 
mineral processing methods. A 5% gelatin solution was 
prepared by dissolving 2 g of gelatin powder in 40 mL of 
deionized water and heating in a water bath. The solution 
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volcanic vents. This shared genesis has resulted in a 
high degree of similarity in both the content and types 
of trace elements found within these two mineral pig-
ments. In particular, characteristic arsenic lines are 
identical between pigments, making differentiation 
based on spectral data alone impossible. Moreover, the 
close similarity between orpiment and realgar LIBS 
spectral intensities has further hindered identification 
efforts. Looking for an alternative approach, we have 
attempted to correlate spectral data for other detected 
elements (Mg, Si, Fe, Ca) to differentiate orpiment and 
realgar. However, this has been unsuccessful. The inher-
ent presence of mineral impurities and the relatively 
low purity of these natural minerals pose a significant 
challenge to rely solely on impurity minerals for reliable 
identification.

PCA-based chemometrics has shown significant 
advantages in clustering LIBS spectral data [44]. There-
fore, we attempted to analyze the LIBS spectra of two 
yellow pigments using PCA. However, mineral pig-
ments used in murals often have particle sizes ranging 
from tens to hundreds of micrometers [45], this size 
is comparable to the laser spot focused in LIBS meas-
urements, leading to spectral instability due to surface 
roughness. Additionally, fluctuations in laser energy 
and optical system jitter can exacerbate this effect. The 
spectral data was preprocessed before performing PCA 
analysis. To analyze the spectral stability, 100 spectra 
were collected from mock-up murals with orpiment 

and realgar-layered surface. The characteristic lines of 
As I 228.81 nm, As I 235.01 nm, As I 278.02 nm, As I 
286.04  nm and Ca II 393.36  nm were selected. Rela-
tive standard deviations (RSDs) of the 100 spectra 
were calculated for both pigments before and after 
normalization, as shown in Fig.  4. Three normalized 
methods were utilized to perform normalization, total 
area normalization, maximum value normalization 
and Min–Max normalization [46]. It can be seen that 
unnormalized data showed significantly higher RSDs 
for characteristic emission lines. After normalization, 
the the RSDs were reduced, and the Min–Max method 
demonstrates the most pronounced decrease. There-
fore, subsequent spectral analyzes will utilize Min–Max 
normalization.

A PCA cluster model has been constructed using 200 
LIBS spectra from orpiment and realgar mock-up sam-
ples. After normalization, 42 emission lines (As, Si, Fe, 
Ca, Mg, Na) have served as input variables. Figure  5 
shows the 2D PCA score plot. PC1 and PC2 explain 
85.8% of the variance (PC1: 76.2%, PC2: 9.6%) and suf-
ficiently represent the data. The two types of pigment 
data sets cluster roughly into separate groups based 
on PC1 and PC2 scores. However, approximately 28% 
of the data overlap, making clear separation impossi-
ble. This implies that LIBS is ineffective in identifying 
these yellow pigments on murals. The main cause, as 
previously stated, is the similarity of accessory miner-
als in the pigments, rendering PCA-based clustering 

Fig. 3  Typical LIBS spectra of orpiment and realgar representative samples
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ineffective regardless of macro- or micro-element 
analysis.

Although realgar and orpiment share the same elemen-
tal composition, their distinct molecular structures make 
Raman spectroscopy a promising technique for their dis-
crimination. Raman spectra result from inelastic light 
scattering, a process sensitive to the vibrational modes of 
molecular bonds. However, direct in  situ Raman meas-
urements on murals face challenges due to strong fluo-
rescence interference from organic protective layers and 
surface dust [47]. To address this, we performed Raman 
measurements within ablation craters previously created 
by LIBS using single-laser pulses. Figure  6 presents the 
Raman spectra (150 to 450 cm−1) of realgar and orpiment 
measured from the crater bottoms. Significant differ-
ences in band positions and intensities are evident, which 
facilitates mineral identification. For clarity, the spectra 

are divided into two regions: (a) 150–250  cm−1 (S-As-S 
bending modes) and (b) 250–450  cm−1 (As-S stretching 
vibrations). Table  1 summarizes the Raman shifts and 
corresponding vibrational modes for each mineral [48]. 
These results demonstrate the ability of Raman spec-
troscopy to successfully distinguish these mineral pig-
ments. When applied to multi-layered murals containing 
both orpiment and realgar, the combination of LIBS and 
Raman technologies offers the potential to reveal strati-
graphic information.

Stratigraphic analysis of murals
This section employs LIBS to investigate the stratigra-
phy of wall paintings under sequential laser ablation. The 
stratigraphic analysis protocol is as follows: The mock-up 
samples displayed a distinct boundary between the yel-
low pigment layer and the base layer. The significant dif-
ferences in composition between these layers allow for 
clear differentiation. Since Ca and As are predominant 
elements in gypsum and yellow pigment, respectively, 
the lines of Ca II 393.36  nm and As I 286.04  nm were 
chosen as indicators for the gypsum base layer and yel-
low pigment layer. We could determine the number of 
laser pulses to penetrate the pigment layer by monitor-
ing variations in the selected characteristic line inten-
sities. However, as seen in Fig.  3, natural orpiment and 
realgar minerals contain associated minerals with Ca 
elements, which can interfere with measurements. To 
address this, solid samples were created using orpiment 
and realgar mineral pigments mixed with glue. Follow-
ing the scheme described previously, LIBS measurements 
were performed on these samples to inspect the intensity 
ratio of Ca II 393.36/As I 286.04 as a function of laser 
pulse number, as shown in Fig. 7. It clearly shows that the 
value of intensity ratio is always around 0.625 ± 0.15 both 

Fig. 4  The relative standard deviation (RSD) of characteristic spectral line intensity before and after the normalization of LIBS spectral signal in the a 
realgar and b orpiment pigment layer

Fig. 5  Score plots of PC1 and PC2 for characteristic LIBS lines 
of orpiment and realgar on the mock-up samples
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for orpiment and realgar in the two pure pressed tablets 
of yellow pigments, this implies that the plasma gener-
ated by LIBS satisfies stoichiometric ablation as the abla-
tion depth increases. Consequently, it is possible to infer 
whether the laser penetrates the pigment layer by analyz-
ing the changes in the ratios of monitored spectral line 
intensities.

Depth analysis was conducted on samples with pig-
ment thicknesses ranging from d1 to d10. The results 
demonstrate that continuous laser ablation at the same 
point leads to a gradual weakening of As spectral lines 
and a corresponding strengthening of Ca spectral lines. 
Notably, the ratio of Ca II 393.36/As I 286.04 spectral line 
intensity offers a more sensitive indicator for determining 
the number of laser pulses required for penetration of the 
pigment layer. As illustrated in Fig. 7, a Ca II 393.36/As 
I 286.04 ratio exceeding 0.725 suggests successful laser 
penetration of the pigment layer.

Figure  8 shows the results of the analysis in the sam-
ple with thicknesses d1 to d10. Considering the sample 
with thickness d1 as an example for analysis; the observed 
change in the Ca II 393.36/As I 286.04 ratio indicates 
that the penetration of the pigment layer occurred at 
the 10th laser pulse. Due to the Gaussian beam profile of 
the laser, the energy is highest at the focal spot’s center. 

Consequently, the higher ablation rate at the beam’s 
center vaporizes the base layer material, whereas lower-
energy regions at the beam wings induce some additional 
signal contribution from the yellow layer boundary. As 
ablation progresses, the entire focal point is penetrated. 
To verify whether the laser pulse penetrated the pigment 
layer at a specific laser pulse, the ablation craters pro-
duced after the 30th laser pulse were measured using a 
computational depth-of-field camera. The morphology of 
the ablation crater is shown in Fig.  8 as inserts. As can 
be seen clearly in the inserts, the base layer was detected 
with off-white was detected at the bottoms of the cra-
ters, and this agrees with the variations in characteristic 
lines. In addition, the interaction between the expand-
ing plasma and the crater wall prevents the characteristic 
element intensities in the pigment layer from vanishing. 
Therefore, the dominant spectral lines observed after the 
20th pulse ablation primarily originate from the Ca in the 
base layer.

For samples with realgar pigment thicknesses ranging 
from d2 to d10, the number of laser pulses required to ini-
tiate penetration progressively increases (19, 25, 30, 35, 

Fig. 6  Raman spectra of orpiment and realgar of selected samples

Table 1  Raman spectra and corresponding vibration mode of orpiment (As2S3) and realgar (As4S4) [46]

Orpiment (As2S3) Realgar (As4S4)

Raman shift (cm−1) Assignment Raman shift (cm−1) Assignment

201 As-S-As bending variation 164,216 As-As-S bending variation

152 As-As-S bending variation 186 As-S-As bending variation

178 S-As-S bending variation 198 As-As stretch

291,310 As-S antisymmetric stretch 273 As-S bending variation

352 As-S stretch 342,351,360 As-S stretch

381 As-S-As stretch 377 S-As-S stretch

Fig. 7  The intensity ratio of Ca II 393.36/As I 286.04 as a function 
of laser pulse number. The solid blue lines represent the mean 
of ratios (0.625). It should be noted that while the number of laser 
pulses changes linearly, the ablation depth does not change linearly
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45, 55, 67, 72, and 85 pulses, respectively). Additionally, 
the ablation craters obtained by a computational depth-
of-field camera reveal a trend toward a conical shape 
as the pigment layer thickness increases. This structure 
aligns perfectly with the behavior of a Gaussian laser 
beam profile.

We measured the depths of ablation craters for 10 
samples at specified numbers of laser pulses with a 
computational depth-of-field camera; for samples d1 to 
d10, the thicknesses of the total pigment layers are 80.2, 
163.4, 210.2, 235.3, 246.2, 278.1, 300.7, 333.2, 345.4, 
and 360.5  μm, respectively. Meanwhile, the average 

Fig. 8  The intensities of two spectral lines, Ca II 393.36 nm and As I 286.04 nm, along with the variation of their intensity ratio as a function 
of the number of laser pulses. The blue dashed line represents the threshold. If the intensity ratios of the two spectral lines exceeds this value, 
it indicates that the laser has penetrated the paint by realgar layer. Samples d1 to d10 correspond to pigment layers with increasing thicknesses. 
The insets on the right of each image are the morphologies of the corresponding ablation craters captured using a computational depth-of-field 
camera after laser ablation complete
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ablation rates at different thicknesses were calculated 
by dividing the ablation crater depth by the number of 
laser pulses, as shown in Fig. 9. It can be seen that the 
depth of the ablation craters increases with continu-
ous laser ablation. Initially, during the first 30 pulses, 
the depth of the crater exhibits a linear relationship 
with the number of laser pulses. However, as ablation 
continues, the rate of increase in crater depth gradu-
ally decreases. This trend is also approved in the aver-
age ablation rate, which decreases after the 30th pulse, 
signifying a decline in the material removal efficiency 
of each laser pulse. The primary reason for this is that, 
as the ablation depth increases, the laser power reach-
ing the bottom of the craters decreases under a con-
stant focusing system. Additionally, the ablation craters 
constrain the plasma, causing a portion of the ablated 
material to return to the bottom of the crater. Despite 
the declining ablation rate, this fixed-focus optical 
design demonstrates sufficient capability to penetrate 
the pigment layers and complete stratigraphic analysis. 
This is essential for examining the layer-by-layer struc-
ture of pigments.

Following each laser pulse ablation for LIBS measure-
ments, Raman spectroscopy was performed directly on 
the crater bottoms. This approach established a one-to-
one correspondence between the LIBS-measured depths 

and the associated Raman spectra. As shown in Fig. 10, 
the red curves represent the Raman spectra obtained 
from the sample surfaces, corresponding to the real-
gar reference spectrum. The notation "d1-2" signifies 
the Raman spectrum acquired at the bottom of the cra-
ter formed on sample d1 after two laser pulse ablations. 
Similarly, "d2-2" denotes the Raman spectrum acquired at 
the bottom of the crater formed on sample d2 after two 
laser pulse ablations, and so on. To enhance clarity, only 
Raman spectra obtained after specific laser pulse abla-
tions are presented for each sample in the figure.

For sample d1, compared to the surface Raman spec-
trum (red curve), the green and pink spectra (2nd and 
8th laser pulse ablations, respectively) structures are very 
similar to it, the difference being the appearance of char-
acteristic peaks from the orpiment at 291 and 310 cm–1. 
As previously mentioned, the Gaussian beam profile of 
the laser results in conical ablation craters. Due to the 
spot size of the Raman laser of approximately 10  μm, 
when focused at the bottom of the craters, the acquired 
Raman spectrum encompasses all substances within that 
diameter. Consequently, when the surface pigment layer 
is initially breached, the spectrum will exhibit charac-
teristic peaks of both orpiment and realgar. Following 
the second laser pulse ablation, the emergence of weak 
peaks at 291 cm–1 and 310 cm–1 in the measured Raman 

Fig. 9  The depth of the laser ablation craters on samples d1 to d10. The numbers insider the red box represent the corresponding number of laser 
pulses when the pigment layer was just penetrated, while the bar chart at the top represents the average ablation rate at this number of laser 
pulses. The error bars represent the standard deviation of ten measurements
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spectrum signifies the penetration of the realgar surface 
layer, revealing the presence of orpiment. However, after 
the 5th laser pulse ablation (blue line), the strong lines 
at 291  cm–1, 310  cm–1, and 352  cm–1 become promi-
nent, signifying the domination of the orpiment. Similar 
trends are observed for samples d2 to d10. This demon-
strates that Raman spectroscopy effectively distinguishes 
between orpiment and realgar based on the characteristic 
Raman shifts under different laser pulse ablation condi-
tions, offering an advantage over LIBS in this regard.

Based on the characteristic changes in the Raman 
spectra and the number of laser ablation pulses, we can 
measure the thickness of each pigment layer using a 
3D computational depth-of-field camera, as shown in 
Table 2. This thickness matches very well with the paint-
ing techniques employed during the creation of our 
samples.

Stratigraphic analysis on actual mural fragment
Based on the successful application of LIBS and Raman 
analysis to mock-up samples, this experimental protocol 
was applied to an actual mural fragment. The fragment 
was collected from a deteriorated section of the north 
wall in Cave 196 of the Mogao Caves.

Cave 196, also known as the He Fashi Cave, was con-
structed during the Jingfu period of the late Tang Dynasty 
(892–893 AD). This cave comprises a front chamber, pas-
sageway, and main chamber. The front chamber features 
a distinctive eave structure, while the square main cham-
ber houses a central Buddha altar with a screen con-
necting it to the ceiling. The cave’s murals depict scenes 
from various Buddhist sutras: the Golden Light Sutra, 
Amitabha Sutra, and Lotus Sutra on the south wall; the 
Maitreya Sutra, Medicine Buddha Sutra, and Avatamsaka 
Sutra on the north wall; the Lāṭṭavistara Sūtra on the 

Fig. 10  Raman spectra of realgar pigment layers from samples d1 to d10 under different numbers of laser ablations. The notation "d1-2" signifies 
the Raman spectrum acquired at the bottom of the crater formed on sample d1 after two laser pulse ablations. Similarly, "d2-2" denotes the Raman 
spectrum acquired at the bottom of the crater formed on sample d2 after two laser pulse ablations, and so on
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west wall; and Manjushri and Samantabhadra transfor-
mations on the east wall. Due to its elevated position, the 
cave’s eave, murals, and statues remain remarkably well-
preserved, exemplifying late Tang artistry.

Despite its age, Mogao Cave 196 exhibits several forms 
of deterioration, including flaking, detachment, pow-
dering, alkaline efflorescence, and salt damage (Fig.  11). 
During ongoing restoration efforts, a mural fragment 
(approximately 2 cm2) detached from the pendant sec-
tion of the canopy above the Buddha’s head on the north 
wall. The largest of these fallen fragments (approximately 
1.2 cm2) was analyzed using the experimental method 
described herein to determine pigment type and layer 
thickness at the detachment site.

Figure  11 details the fragment’s location and presents 
Raman spectra before and after LIBS laser ablation. The 
spectra reveal orpiment as the primary pigment. After 8 
laser pulses, the orpiment’s Raman signal nearly vanishes. 
Based on the previously established average ablation rate, 
the orpiment layer thickness is calculated to be approxi-
mately 56.7  μm. This aligns closely with the 58.5  μm 
ablation crater depth measured using a 3D super-depth-
of-field camera. It should be aware that for the pigment 
layer on actual mural fragment, if it is well-preserved 
without flaking or fading, the ablation rate measured on 
the mock-up block is usually very close to that measured 
on the actual mural. For murals that have obvious flak-
ing and fading, the ablation rate on the mock-up block 

Table 2  The thickness of each layer of orpiment and realgar in samples d1 to d10

Samples Thickness (μm)

d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Layer 1(realgar) 28.5 50.2 68.2 75.2 75.2 90.2 102.5 105.3 117.3 125.3

Layer 2(orpiment) 24.2 58.4 74.3 80.6 86.3 95.6 94.3 118.6 112.2 115.5

Layer 3 (realgar) 27.3 54.8 67.7 79.6 84.7 92.3 103.9 109.3 115.8 119.7

Fig. 11  Actual mural fragment and measurement results
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is often different from that on the actual deteriorated 
fragments. In this work, the LIBS ablation rate obtained 
on the actual mural fragments is very close to that on 
the mock-up blocks because the pigment layer of these 
detached mural fragments is well-preserved and has not 
deteriorated. The primary reason for the detachment is 
the bulging of the ground layer. These findings demon-
strate the efficacy of this experimental method in iden-
tifying pigment types and determining corresponding 
layer thicknesses on murals, providing critical experi-
mental data for subsequent restoration efforts.

Conclusions
In conclusion, this work proposes the combined use of 
LIBS and Raman spectroscopy for the stratigraphic analy-
sis of murals. Through the analysis of mock-up blocks and 
actual mural fragment, the results confirmed that our pro-
posed method has potential application value. The unique 
approach of applying both LIBS and Raman spectroscopy 
to the same sample points has allowed for an in-depth 
stratigraphic analysis of the pigment layers, distinguish-
ing between pigments with similar elemental composi-
tions but different molecular structures, such as orpiment 
and realgar. This study highlights the crucial role of non-
destructive, complementary analytical techniques in the 
field of cultural heritage conservation, especially for sites 
as historically and artistically rich as the Mogao Grottoes.

Our findings demonstrate that by carefully analyzing 
the emission line intensity variations in LIBS spectra and 
correlating these with depth-specific Raman spectra, it 
is possible to accurately determine the composition and 
thickness of individual pigment layers. This method not 
only provides a better understanding of the materials and 
techniques used by the ancient artists, but also contrib-
utes to the development of more informed conservation 
strategies that respect the original work’s integrity while 
protecting it for future generations.

In addition, the successful application of a compu-
tational depth-of-field camera to measure the depths 
of ablation craters further underscores the potential of 
integrating advanced imaging technologies with spectro-
scopic analysis for cultural heritage studies. The accuracy 
with which we could match the measured thicknesses of 
pigment layers to those anticipated on the basis of his-
torical painting techniques validates the effectiveness of 
our combined analytical approach.

In essence, this work reinforces the importance of inter-
disciplinary collaboration in cultural heritage research, 
combining physics, chemistry, and art history to unveil 
the stories behind ancient artworks. As we continue to 
refine these techniques, we look forward to discover-
ing more about the past civilizations that have shaped 
our cultural landscape and ensuring that their legacy is 

preserved in the most authentic form possible. Our study 
stands as a testament to the power of modern analytical 
methods in bridging the gap between past and present, 
offering a glimpse into the artistic practices and preserva-
tion challenges of ancient muralists, with the hope that 
this knowledge will guide the conservation efforts of such 
invaluable cultural heritage sites worldwide.
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