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From remote sensing and machine 
learning to the history of the Silk 
Road: large scale material 
identification on wall paintings
Sotiria Kogou1, Golnaz Shahtahmassebi1, Andrei Lucian1, Haida Liang1*, Biwen Shui2, 
Wenyuan Zhang2, Bomin Su2* & Sam van Schaik3

Automatic remote reflectance spectral imaging of large painted areas in high resolution, from 
distances of tens of meters, has made the imaging of entire architectural interior feasible. However, it 
has significantly increased the volume of data. Here we present a machine learning based method to 
automatically detect ‘hidden’ writings and map material variations. Clustering of reflectance spectra 
allowed materials at inaccessible heights to be properly identified by performing non-invasive analysis 
on regions in the same cluster at accessible heights using a range of complementary spectroscopic 
techniques. The world heritage site of the Mogao caves, along the ancient Silk Road, consists of 
492 richly painted Buddhist cave temples dating from the fourth to fourteenth century. Cave 465 
at the northern end of the site is unique in its Indo-Tibetan tantric Buddhist style, and like many 
other caves, the date of its construction is still under debate. This study demonstrates the powers 
of an interdisciplinary approach that combines material identification, palaeographic analysis of the 
revealed Sanskrit writings and archaeological evidence for the dating of the cave temple paintings, 
narrowing it down to the late twelfth century to thirteenth century.

The Mogao caves in Dunhuang, at the edge of the Gobi Desert, consisting of 492 painted Buddhist cave temples 
dating from the fourth to the fourteenth century with 45,000 m2 of wall paintings, is an immense resource  for 
the study of the history of art and architecture, religion, science and technology, politics and cultural exchange 
along the Silk Road. Cave 465, at the northern end of the site, is unique in its Tibetan tantric Buddhist style. Its 
date of construction is still under debate amongst historians and archaeologists. Its stylistic uniqueness is remark-
able not only at the Mogao site but also amongst the other cave temple complexes in the Dunhuang region. The 
painting style is Indo-Tibetan, and it is the only one with the full range of Mahāyoga tantric Buddhist imagery, 
depicting wrathful deities with multiple arms and heads and in union with their consorts (Fig. 1)1. Historic 
inscriptions and graffiti were found in Chinese, Tibetan, Mongolian, ancient Uyghur, Tangut, and Sanskrit. The 
Dunhuang region was historically controlled by various empires such as the Chinese, Tibetan, Tangut and Mongol 
empires and was multi-cultural and multi-lingual with various ethnic groups, including the Uyghur, Tibetan, 
Tangut, Chinese and Mongolians, living at this crossroad of the eastern Silk Road. The stylistic uniqueness of 
Cave 465 wall paintings makes it especially difficult to date by painting style comparisons alone. Historians and 
archaeologists have argued for at least half a century in regard to the date of the paintings and the construction 
of Cave 465, with suggestions ranging from the ninth century during the Tibetan  occupation2, the Tangut period 
in the eleventh–thirteenth  century3, to the Mongol/Yuan period during the thirteenth/fourteenth  century1,4,5.

It is important to make a distinction between the construction date of the caves and the date of the paintings. 
It is common for the original wall paintings in a cave to be painted over or restored in later centuries. Archaeo-
logical evidence may give indications of the date of construction and period of use of the cave temples, through 
a study of the excavated materials and the architectural structure of the caves. Art historical studies based on 
stylistic comparisons can only date the wall paintings we see today. A detailed study of the painting materials on 
the current wall paintings can add evidence to the date of paintings in Cave 465, since the materials, and more 
importantly how the pigments were used in combination, as well as the painting techniques can be indicative 
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of a historical period. The geopolitics of a period determines the accessibility of trade routes and therefore the 
likelihood of technological and cultural exchanges, communication and trade.

Scientific analysis has been applied to art historical study of paintings and archaeological materials since at 
least the nineteenth century. Until recently, scientific analysis used to identify painting materials, such as pigments 
and binding media, were restricted to isolated tiny areas on artworks using either analysis of physically removed 
samples or non-invasive point-based analysis. Such analyses are time consuming and unrepresentative of large 
paintings. Recent advances in detector technology has turned various spectroscopic techniques that collect a 
single spectrum at a time into more efficient imaging spectroscopy techniques that collect millions of spectra 
simultaneously. Increasing awareness of conservation ethics is also limiting the analysis to mainly non-invasive 
techniques. This is also one of the reasons why 14C dating could not be applied in this case.

Non-invasive reflectance spectral imaging or imaging spectroscopy in the visible and near infrared applied 
to paintings provides a wealth of information, including the detection of preparatory sketches, the revealing of 
faded writings and drawings, as well as the identification of painting materials based on their spectral signatures 
in the visible and the near  infrared6. The in-house developed automated remote spectral imaging system, PRISMS, 
with 10 spectral bands from 400–880 nm, imaging at high spatial resolution (80 µrad) from distances of tens of 
 meters7, makes it feasible to collect, from the ground, spectral images from an entire wall and ceiling paintings 
(Fig. 2). Spectral imaging of large areas at high resolution implies large numbers of image cubes, presenting new 
challenges to the data analysis.

The current study presents the development of a novel clustering algorithm using Kohonen Self-Organizing 
Map (SOM) and its application on the analysis of large spectral imaging datasets collected from cave temples at 
Mogao. Clustering methods have been widely applied for dimensionality reduction of spectral imaging data in 
various fields, ranging from remote  sensing8–10 and  astronomy11 to  medicine12. However, automatic clustering 
methods on large number of image cubes have not been reported so far. Applications of clustering methods on 
spectral imaging data collected from paintings have been illustrated on a limited number of paintings for the 
identification of  pigments13–16, binding  media17 and  substrates18. These methods use the ‘Spectral Hourglass 
Wizard’ in  ENVI19. The drawback of these protocols is that they require the intervention of an operator in several 
stages of the procedure including manual selection of  clusters15, making their application on the automatic pro-
cessing of large datasets impractical. These methods may also lead to inexact spectral classification. For example, 
the ‘spectral angle mapper’ algorithm within ENVI is only sensitive to the spectral shape but not the intensity 

Figure 1.  Wall painting from the main hall of Mogao Cave 465, showing the middle panel on the northern wall 
which depicts the multi-armed Hevajra embracing his consort and trampling on two figures; just outside the 
halo are scenes from the eight cemeteries with eight golden streams; these are surrounded by 12 small panels of 
deities in the upper parts and 8 small panels of the Great Adepts (8 of the 84) in the lower parts.
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of the reflectance spectra. This is convenient in the field of remote sensing, as the illumination conditions are 
not controlled and therefore observed spectral intensity differences can be related to lighting variations, which 
is unrelated to the material information. However, in spectral imaging of cultural heritage objects, the illumina-
tion conditions are usually controlled and remain stable during the imaging procedure. Therefore, any observed 
difference in the spectral intensity can be attributed to variations in the paint mixtures, for example, different 
proportions of white or black paint, or variations in pigment particle size. Methods that consider only the rela-
tive reflectance can result in incomplete classification of materials. Salerno et al.20 suggested the application of 
an unsupervised method, the Kohonen Self-Organising Map (SOM)21–23, to cluster an easel painting based on 
a colour (RGB) image and a near infrared (NIR) image. However, this method was not designed to process a 
large number of spectral image cubes. In addition, the clustering was performed on a set of images collected in 
four broad spectral bands (i.e. R, G, B and NIR), which provides less accurate distinction between the various 
pigments compared with 10 bands.

The present algorithm is designed to overcome the limitations of the existing methods, so that large reflectance 
spectral imaging datasets collected from large scale paintings can be automatically clustered to form a materials 
cluster  map24. SOM is chosen because it is suited to the processing of large datasets with high levels of spectral 
variations. It is an unsupervised technique which does not require user input and naturally reduces the spectral 
image cubes into a 2D map of the clusters which can be easily visualized as a materials cluster map. A reference 
database of unique spectra is produced from the unsupervised SOM clustering of an initial image cube, which is 
then used for the sequential and supervised SOM clustering of the rest of the image cubes. The reference database 
is constantly updated by adding clusters whenever the spectral information of a pixel does not belong to any 
of the existing clusters. It allows effective clustering of pixels of similar spectral reflectance (i.e. both shape and 
intensity) and therefore unique material composition into a manageable number of clusters. Since the processing 
is applied sequentially on individual image cubes, it is therefore scalable to datasets consisting of any number 
of image cubes. Detailed analysis to confirm the material identification can then be conducted on each of these 
clustered regions using a suite of complementary non-invasive spectroscopic techniques including Raman, X-ray 
fluorescence (XRF) and high spectral resolution fibre optic reflectance spectroscopy (FORS) from UV to short 
wave infrared (350–2500 nm).

Uncovered or enhanced faded or ‘hidden’ writings and preparatory sketches are often used for attribution and 
dating by historians. Traditionally, faded writings and preparatory sketches can be revealed in the near infrared or 

Figure 2.  PRISMS system for automated all-cave remote spectral imaging in Mogao Cave 465.
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UV bands of spectral images. However, it was found that there were cases where these bands do not reveal faded 
writing, but manipulation of the entire spectral image cube revealed the writing, e.g. through weighted difference 
images of spectral bands chosen with a priori  knowledge7. Rather than relying on ad hoc educated guesses, it is 
necessary to find an automated method to systematically detect such ‘hidden’ information when dealing with 
a large dataset. Principal Component Analysis (PCA) and Independent Component Analysis (ICA) have been 
applied to the enhancement of writings in documents with varying degrees of  success20,25–28. A method that is 
based on PCA and ICA of the entire spectral cube is adopted. This method was found to not only enhance the 
drawings and writings that can be seen in some of the individual bands but also automatically reveal information 
that is not seen in any of the bands.

Historical background
This section introduces a brief history of the periods in question within their cultural context. The Tibetan 
Empire (Seventh to ninth century) at its peak controlled parts of India, Nepal, China proper and Central Asia, 
and patronized Buddhism from the eighth century until its gradual collapse in the mid to late ninth century. It 
captured the Dunhuang region from the Chinese Tang Empire and ruled it from 787–848 CE. There are few extant 
Tibetan Buddhist paintings from this period, but cloth paintings in the Indian style with Tibetan inscriptions 
from the early ninth century, similar in style to the wall paintings of the same period in the Jokhang temple in 
 Lhasa29, were found in the library cave (Cave 17) at Mogao. The wall paintings of this period in Dunhuang are 
mostly a continuation of the Tang style. Tibetan tantric Buddhism continued to be practiced in Dunhuang after 
the end of Tibetan rule, as is shown by the manuscripts from Cave  1730.

The Tanguts are a people with close ethnic and linguistic affinity to the Tibetans. The Tangut or Western Xia 
Empire (1038–1227 CE) controlled the eastern parts of the Silk Road. The Dunhuang region was controlled by 
the Tanguts from 1036–1227 CE. In the early days of the empire, an ambitious project was commissioned to 
translate Buddhist canons mainly from Chinese and Tibetan sources to the newly created Tangut script. The 
eleventh century happens to coincide with the revival of Buddhism in Tibet, mainly tantric Buddhism, when 
frequent pilgrimages to holy sites in East India brought back art from the Pala Empire (750–1199 CE). It was 
thought that Tibetans patronized East Indian artists during the eleventh–twelfth  century29. Buddhism flourished 
in the Tangut Empire from the mid-twelfth century. Many Tibetan monks from different schools taught at the 
Tangut court, and one of these, from the early Karma Kagyü school, was given the title of Imperial Preceptor. As 
the Tangut state was located between the Chinese and the Tibetan states, they were influenced by both, in terms 
of Buddhism and artistic styles. This is best illustrated by the paintings excavated from the ruins of the Tangut 
northern border city of Khara-Khoto, where similar numbers of paintings in the Chinese and the Tibetan styles 
were  found31.

In 1227, the Mongols led by Genghis Khan conquered the Tanguts, and the Dunhuang region came under the 
control of the Mongol princes in 1227 CE. It was then incorporated into Yuan territory in 1271 CE when Kublai 
Khan proclaimed the formation of the Yuan dynasty in China. The Mongols favoured Tibetan tantric Buddhism. 
Sakya Pandita of the Sakya school arrived from Tibet at Godan Khan’s court in 1247, and in 1264, his nephew 
Chogyal Pagpa was appointed State Preceptor by Kublai Khan. It is also known that after the collapse of the 
Tangut state, many Tangut monks continued to work in the Mongol Yuan  empire32, spreading tantric Buddhism 
even to Southeast China. Tibetan paintings in the thirteenth century became more Nepalese in style, after the 
decline of Buddhism in India as a result of Muslim conquests of Northern India towards the end of the twelfth 
century. In the thirteenth century, Sakya school enlisted Nepalese artists for tantric Buddhist paintings and they 
brought about 80 Nepalese artists to the Yuan court in present day Beijing in  126129. From the fourteenth century, 
a variety of schools of Tibetan painting developed, drawing on both Nepalese and Chinese styles.

Dunhuang declined towards the end of the Yuan dynasty (1271–1368 CE) when the Silk Road was gradually 
replaced by the maritime trade route.

Results
Clustering of reflectance spectra and material identification. Cave 465 originally consisted of a 
front hall which collapsed before the twentieth century, a middle hall (~ 7.0 m × 6.4 m and ~ 4.9 m high with 
slopped ceilings) with paintings of a stupa on each wall, and a main hall at the back (~ 9.9 m × 9.0 m and ~ 5.5 m 
high with sloped ceilings) covered with paintings from ceiling to wall. The PRISMS system was used to automati-
cally capture large areas of wall paintings in Cave 465. For example, the eastern ceiling of Cave 465 covers an area 
of approximately 10 m2, corresponding to a total of around 5000 image cubes. Given the high spatial resolution 
of the PRISMS spectral image cubes, the dataset consists of over  109 spectra. The exposure of the wall paintings 
to natural environmental conditions over the years resulted in complexity in their material composition (i.e. 
ranging from the original materials to those subjected to different levels of chemical degradation and physical 
weathering). This translates to copious spectral variations in the large dataset. After clustering, the number of 
unique spectra over the east ceiling was narrowed down to 960 clusters with ~ 300 of them corresponding to 
areas of physical damage such as cracks or exposed substrate under partially delaminated paint layers. Even 
though some of these clusters are not useful for a survey of material content, they are useful in a conservation 
survey. The idea is to capture all the information at this initial stage. Figure 3 shows that the new clustering 
method grouped all the areas of the ceiling that have similar spectra together, even when they are from different 
spectral image cubes and widely separated from each other.

While the reflectance spectrum of each cluster gives a preliminary identification of the materials, more defini-
tive identification was achieved through the application of a suite of complementary non-invasive spectroscopic 
techniques such as Raman, XRF and FORS. However, these complementary techniques can only be applied 
locally at accessible heights near the ground. Clustering allowed these detailed identifications to be extended to 
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regions at inaccessible heights. Figure 4 illustrates such an example at the east panel of the southern wall. As it 
is shown, the body of a figure at the top part of the wall was clustered with parts of the tiger figure at the ground 
level. The multi-modal, non-invasive analysis of the tiger figure suggested that the paint layer was a combination 
of cinnabar and orpiment on top of the white/blue background of indigo and possibly gypsum. The presence of 
scaffolds in our last field trip, allowed the performance of multi-modal complementary measurements directly on 
the figure at the top of the wall which confirmed that it had the same composition as the tiger figure as expected 
from the clustering results. The results of detailed material identification for the other clusters can be found in 
Supplementary Note 1 and summarised in Table 1. In addition to Table 1, black ink is often applied in a thin 
wash over a paint layer to achieve a darker colour (Fig. 5). Red organic dyes have not been confidently identified 
and therefore not included here. Apart from indigo, identification of organic dyes on these wall paintings are 
notoriously difficult, especially with in situ non-invasive techniques because of the ageing and loss of the organic 
materials over the years. The pigment combinations presented for the various coloured areas in Table 1 do not 
include contribution from the uniform background over which these colours are painted. A rich combination 
of pigments was used to achieve a desired colour. The combination of azurite and indigo to achieve a darker 
blue and the combination of cinnabar and orpiment to achieve an orange colour appear to be characteristic of 
Tibetan  paintings33–35. Similar combinations have been found on the eleventh–fourteenth century wall paintings 
in Shalu (or transcribed in Chinese pinyin as Xialu) temple in  Tibet33. The combination of indigo and orpiment 
to make a green is found in Tibetan thangkas attributed to Nepalese  influence34,35.

Different painting materials or combinations of pigments may have been used in different periods and from 
different cultural groups. Often it is the combination that gives the clue, since most mineral pigments are used 
across geographical and cultural boundaries. A detailed comparison between the pigment composition of Cave 
465 with those of dated Mogao caves of the Tibetan, Tangut and Mongol/Yuan periods, can shed light on the 
date of Cave 465 wall painting. A number of the caves thought to be iconic of these three periods were selected 
as comparison caves and analysed using similar methods as applied to Cave 465. Cave 159 was thought to be 
an iconic Tibetan period temple featuring the Tibetan king; Cave 65 was thought to be an iconic Tangut temple 
with dated Tangut inscriptions (1085 AD); and Cave 95 was a well-known Yuan cave. In addition, the corridor of 
Cave 159 was renovated during the Tangut period and hence included here as a Tangut example. Similarly, Cave 
386 was an early Tang temple but later renovated in the Tibetan period. Cave 97 wall paintings were catalogued 
as late Tangut (1140–1227 AD) by Dunhuang  Academy36 but later changed to  Uyghur37 which would imply 
early eleventh  century38. The general uncertainty on the dates of Tangut caves at Mogao will be discussed later. 
Supplementary Table S1, S2, S3 summarize the pigment composition of these comparison caves for the Tibetan 
(eighth–ninth century), Tangut (eleventh–thirteenth century) and the Mongol/Yuan (thirteenth–fourteenth 

Figure 3.  (a) Colour image of the east side of the main hall of Cave 465; The bright green dots on the ceiling 
indicate green areas in different parts of the east ceiling that share the same spectral information; (b,c) Colour 
images derived from the mosaic of PRISMS spectral imaging data collected from some of these areas assuming 
CIE illuminant D65, 1931 2° standard observer, along with (d,e) their corresponding cluster maps. Each cluster 
is given a unique false colour in the cluster maps.
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Figure 4.  (a) Colour image of the eastern panel of the southern wall of the main hall of Cave 465 showing 
Mahāmāyā and his consort Buddhaḍākinī in union; (b,d) Two zoomed-in areas from the top and bottom of the 
wall along with their corresponding cluster maps (c,e) with a unique false colour assigned to each cluster; (f) 
XRF spectrum and (g) Raman spectrum of a region on the bottom figure (marked by a yellow circle) in one of 
the clusters represent by the dark green false colour in the cluster maps.

Table 1.  Pigment composition of Cave 465. *Degradation product of red lead (turns it from red to brown/
black).

Colour Cave 465

Red

Cinnabar
Cinnabar + orpiment
Cinnabar + orpiment + red lead
Red lead + orpiment
Red ochre

Blue
Indigo
Azurite
Indigo + azurite

Green Atacamite
Indigo + orpiment

White Gypsum + dolomite

Brown/black Cinnabar + plattnerite*
Azurite + plattnerite*

Yellow Orpiment

Lilac Cinnabar + plattnerite*
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century) periods. Cave 465 has by far the most complex combination of pigments compared with the other cave 
temples studied here. Cinnabar, red lead or a combination of the two were used in all the caves studied. Red 
ochre appears to be more prevalent in the earlier period than the later periods. The blue pigment lapis lazuli 
from Afghanistan was used in the two Tibetan period paintings and the Tangut paintings in Cave 65, but it was 
not used in caves 97, 95 and 465. The combination of azurite and indigo for dark blue, characteristic of Tibetan 
paintings, was only found in Cave 95 and Cave 465. Talc was used in the Tibetan and Tangut paintings in caves 
159 and 65 for white, while a combination of gypsum and dolomite were used in the white areas in caves 95, 97 
and 465. For the greens, both malachite and atacamite were found in the Tibetan Cave 159, but only atacamite was 
found in the other caves except for Cave 95 where the copper containing pigment was not identified. The brown 
areas tend to contain plattnerite which is a degradation product of red lead and is brown/black in  colour39,40. 
None of the Tangut paintings had yellows and the Tibetan Cave 159 had only small areas of yellow which were 
identified with yellow ochre. Both orpiment and yellow ochre were found in the Mongol/Yuan paintings in Cave 
95, but the only yellow pigment found in Cave 465 was orpiment. We can separate the comparison caves into 
two groups in terms of affinity in material composition: (1) caves 97 and 95, and (2) caves 159, 386 and 65. The 
pigment composition of Cave 465 is closest to Cave 95.

To increase the number of comparison cases, earlier work conducted by the Dunhuang Academy using 
X-ray diffraction (XRD) and X-ray Fluorescence (XRF) spectroscopy of samples collected from cave temples, 
at Mogao and other neighbouring cave temple sites in the Dunhuang region within a distance of 200 km, dated 
to these three periods can also be included (Supplementary Note 3; Supplementary Table S4, S5, S6)41–43. This 
adds material information from 4 Mogao cave temples with paintings dated to the Tibetan period, 6 caves from 
the Tangut period (3 from Mogao site, 1 from Yulin site and 2 from the East Thousand Buddhas Caves) and 5 
from the Mongol/Yuan period (1 from Mogao, 3 from Yulin and 1 from the East Thousand Buddha Caves). The 
results obtained using XRD and XRF analysis of a few physical samples per cave are not exactly comparable with 
the methods used in our current study where non-invasive spectral imaging of large areas has been used to form 
a representative view of the whole painting. While XRD can identify crystalline materials, it is not sensitive to 
non-crystalline substances such as most organic pigments. As an example, the XRD/XRF analysis of samples 
collected from wall paintings in Cave 465 found red ochre, azurite, atacamite, red lead/plattnerite and  dolomite41 
which are a subset of the pigment composition found using our current method (Table 1). Another potential 
caveat to consider is that while the Mogao, Yulin and East Thousand Buddha cave sites are all in the Dunhuang 
region, slight differences in artistic style have been noted between the sites. For example, the differences in style 
between the Tangut paintings at Mogao and Yulin were thought to be due to the relative political importance of 
Yulin over Mogao during this  period4.

Figure 5.  (a) Colour image derived from PRISMS data collected from an area of the east ceiling of Cave 465, 
assuming CIE illuminant D65, 1931 2° standard observer; (b) the corresponding cluster map with a unique false 
colour assigned to each cluster; (c) mean spectra of the various clusters describing the material variations, colour 
coded to match the colours of the cluster map in (b); (d) The spectrum of the cluster colour coded to light grey 
(light grey circles) compared with the standard spectrum of red lead (magenta curve).
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If we include the data from XRD/XRF analysis of extracted samples, we have a total of 6 comparison caves 
from the Tibetan period, 9 from the Tangut period and 6 from the Mongol/Yuan period. The enlarged compari-
son data is found to be consistent with our earlier conclusions. Talc and calcite, but never gypsum, were used 
for white on the Tibetan period paintings; and talc was never used on the Yuan period paintings. The pigment 
combination of Cave 465 suggest that it is unlikely to be from the Tibetan period. The overall pigment composi-
tion of Cave 465 is still most consistent with the Mongol/Yuan period, though Tangut period cannot be ruled out. 
We would have been able to give a more definitive answer based on the material analysis, if the attribution of the 
Tangut caves were more secure. Until 1964, it was thought that there were only a few Tangut caves at Mogao. An 
interdisciplinary study conducted in 1964 involving art historians, archaeologists and linguists re-classified under 
the Tangut period over 80 caves which were originally thought to be from the 10th to early eleventh  century44. 
Cave 65 was in this category but is currently  contested44. In the 1990s, the caves designated as late Tangut were 
re-assigned as Shazhou Uyghur caves, that is early eleventh  century38,45. Cave 97 is such an  example45. It appears 
that both Cave 65 and Cave 97 in Supplementary Table S2 are not securely dated to the Tangut period based on 
studies involving only humanities disciplines. Based on the material analysis, it would seem more consistent 
if Cave 65 was from an earlier period and Cave 97 was from a later period. By conducting large scale material 
analysis of more caves assigned to the Tangut period at the Mogao site, it will not only help with dating of Cave 
465, but also help in determining which caves are from the Tangut period.

Automatic uncovering of ‘hidden’ writing. Figure  6 shows an example of PCA analysis of spectral 
images of faded writings on the west ceiling of Cave 465, where neither the colour image nor any of the indi-
vidual spectral bands reveal any writing. The application of PCA using the correlation matrix of the spectral 
imaging data clearly unveiled the faded Sanskrit writings. The first principal component (PC) by definition has 
the largest variance and tends to give an image that is close to an average of the different spectral bands, the 2nd 
and 3rd PCs tend to reveal ‘hidden’ writings and drawings while the later PCs reveal imperfections in the data 
such as slight mismatch in intensity between neighbouring images in the final mosaiced image. This is similar 
to the observations made by those using PCA to enhance writings on historical  manuscripts20,25,28. The writings 
were found to be printed or stamped Sanskrit text in cinnabar with decorated borders about a few centimetres 
square on a piece of paper which was then pasted on the ceiling. The sheet of paper on the west ceiling appears 
to have been glued to the ceiling face down as the letters revealed by PCA are flipped (Fig. 6). This also explains 
why the red writing can hardly be seen by the naked eye. ICA was also performed on this example, but the results 

Figure 6.  Colour image derived from PRISMS data collected from an area on the eastern ceiling with faded 
writings, along with the spectral images at the individual bands and the first four principal component images 
from results of PCA on the ten spectral bands. PC 3 reveals the faded Sanskrit writings. The colour image is 
derived from the spectral images assuming CIE illuminant D65, 1931 2° standard observer.
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were similar to those of PCA. In most cases, ICA gave similar results as PCA, but in some cases there were subtle 
differences in the clarity of the revealed writings or drawings. Consequently, the image cubes were processed by 
both PCA and ICA.

The ceiling is painted with the Five Celestial Buddhas, with Vairocana painted in white in the centre of 
the ceiling, Akṣobhya painted in blue on the east ceiling, Ratnasaṃbhava in reddish brown on the south ceil-
ing, Amitābha in yellow on the west ceiling and Amoghasiddhi in green on the north ceiling (Supplementary 
Fig. S19). The Five Celestial Buddhas are identified by their hand gestures (mudrā), however, the colours of the 
south and west Buddhas appear to have been swapped compared to usual convention. Paper sheets with the 
above printed text were found at the bottom of the Buddha images on the four ceilings corresponding to the four 
cardinal directions. Supplementary Fig. S19 shows the best processed images of the 4 stamped text using the 
spectral imaging data. Closer examinations of the text and their decorative borders show that they were clearly 
not stamped by the same seal and the paper were of different quality and size. For example, the letters on row 2 
column 5 of the 4 sheets are clearly different. The paper on the east ceiling is the thinnest and most transparent, 
while the paper on the north ceiling is rectangle in shape unlike the square shape of the others.

The revealed text is identified as a Buddhist Sanskrit phrase known as the “Summary of Dependent Origi-
nation". Considered a summary of the teachings of the Buddha, it can be translated as: “All things arise from 
causes. The Tathāgata has proclaimed these causes, as well as their cessation. This is the teaching of the Great 
Ascetic”, with the usual Sanskrit being: “ye dharmā hetuprabhavā hetuṃ teṣāṃ tathāgato hy avadat teṣāṃ ca 
yo nirodha evaṃ vādī mahāśramaṇaḥ”. The pasting of the paper sheet with the Sanskrit dhāraṇī accords with 
how this Sanskrit text is used in other contexts across the Buddhist world in the consecration of stupas, statues 
and painted  figures46. Here, the paper prints seem to have been produced and pasted on the ceiling during the 
construction of the cave temple, as part of a consecration ritual. The Sanskrit text is written in a form of the 
Nāgarī script which developed in  India47. The form of script seen in these paper prints is also seen in the Turfan 
manuscripts and seems to have become popular across Central and East Asia in the Tangut and Mongol empires. 
For example, the inscriptions carved into the rocks at Feilaifeng in Hangzhou dated to 1287–1292  AD48 are of 
a similar style. Printed texts of the same phrase in a similar script has also been found inside miniature stupas 
in other caves dated to the Mongol/Yuan period (e.g. caves 462 and B168) close to Cave 465 at the Mogao  site49. 
Palaeographic analysis of the script (Supplementary Note 4) suggests that these were produced from after the 
late twelfth century when compared with a reference of Nāgarī scripts collected from dated inscriptions from 
all over India between ninth–thirteenth  century50, which means the paintings could not have been consecrated 
in the early Tangut period. The most likely date of the ceiling paintings based on the stamped texts is, therefore, 
late Tangut or Yuan, consistent with the conclusions based on the painting materials composition.

Discussion
In this section, we will consider the above results in the context of a range of interdisciplinary evidences regard-
ing the history of Cave 465.

Those advocating the Tibetan period relied on a row of writing in Tibetan by the entrance to the main hall 
of the cave temple which suggested that construction of the cave temple was completed in the year 838  AD2. 
However, this date is controversial because this ‘headless’ Tibetan script became popular much later than the 
ninth century and the date was not written in the usual Tibetan way of naming the years (c.f. in Mogao Cave 365 
the inscription of 832 and 834 AD followed the usual Tibetan convention)51. The Mahāyoga tantric Buddhist 
imagery with typical wrathful deities and scenes of deities with their consorts in sexual union depicted in Cave 
465 (Fig. 1) is also surprising for ninth century paintings, since there are no extant Buddhist imageries of this 
kind anywhere in the Buddhist world until at least after the eleventh century despite the existence of earlier tantric 
 texts52. If this is indeed from the ninth century, then it would be a highly significant discovery in Buddhist art 
history. The pigment analysis results from our study shows that it is highly unlikely to be of the Tibetan period.

The suggestions for the early Tangut period relied mainly on art history arguments through interpreting the 
iconography combined with a knowledge of the historical context and the scripture of various Tibetan tantric 
Buddhist  sects3,51,53.  Xie3,51 argued that since most of the other cave temples constructed in the Mongol/Yuan 
period did not have graffiti in Tangut, unlike Cave 465 which has many Tangut graffiti in the middle hall, Cave 
465 must have been in existence earlier than the other Mongol/Yuan caves. It should be noted that Tangut was 
still in use in the Dunhuang region well after the Mongol conquest. It was also suggested that the similarity of 
the wall paintings in Cave 465 with thangkas excavated from Khara-Khoto points to a Tangut origin. However, 
it was thought that those thangkas that looked similar were originally from Tibet and dated to after 1189 CE 
to probably 1227 CE, but certainly before the 1380 s since that was the date of the latest securely dated paint-
ing from Khara-Khoto31. The painting design, that divides the painting surface into a series of rectangles with 
smaller rectangles all around (Fig. 1), was thought to be like those of early Tangut thangkas and eleventh century 
Tibetan paintings. However, those supporting the Mongol/Yuan date also thought the painting design was closest 
to Tibetan paintings of the thirteenth/fourteenth  century4. It was pointed out by  Kossak52 that dating of Tibetan 
paintings was rather difficult as it relied mostly on connoisseurship rather than written words. The perils of dating 
by style alone and indeed by any method alone, even scientific methods, have been well illustrated by  Ernst35. It 
was thought that Cave 465 included deities of various Tibetan tantric Buddhist sects making it difficult to assign 
it to a particular sect. This was used to support the early Tangut date because it was thought that in early Tangut 
period, Buddhism was not mature enough in the Tangut realm to have formed clear separation between the sects. 
Cave 465 is thought to be of Indo-Tibetan style, while all the Tangut cave temples in the Dunhuang region con-
tained paintings that are more of a mixture of styles that included Chinese, Central Asian and Tibetan elements. 
This was thought to suggest that Cave 465 was constructed earlier than any of these caves, at the beginning of 
Tangut adoption of Tibetan Buddhist tradition and before they had the time to form their own  style3. A more 
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recent study of the iconography of Cave 465 has identified all the deities and suggested that the main deity of the 
cave is Cakrasaṃvara and that the cave temple most likely belonged to the Kagyü  sect54. It also suggested briefly 
that Cave 465 appeared to be later than the other cave temples attributed to the Tangut period in the Dunhuang 
region but earlier than the thangkas excavated from Khara-Khoto based on the iconography and the content of 
the paintings.  Meinert55 in her recent study also speculated that Emperor Renzong of the Tangut Empire may have 
been the patron of Cave 465, suggesting that Cave 465 was constructed in the last decades of the twelfth century.

Those arguing for a Mongol/Yuan date, mainly relied on archaeological evidence and the  inscriptions1,4,5. 
Excavations conducted in the passageway between the middle hall and the neighbouring caves found fragments 
of documents in Chinese, Tibetan, Uyghur and Mongolian dated to the Mongol/Yuan  period5. The earliest graf-
fiti found in the middle hall (that is the current front hall) is dated to 1309 AD and the latest is 1373 AD. It was 
argued that the structure of the cave and its relations to the surrounding caves where excavations have been 
conducted, along with the graffiti and the style of the painting, suggested that the cave was constructed in the 
2nd half of the thirteenth  century4, that is the Mongol/Yuan period. However, the graffiti and the archaeological 
artefacts used in the arguments were exclusively from the middle hall and not the main hall.

In the current work, the material analysis showed that the pigment combination found on Cave 465 main 
hall paintings is most consistent with those of the Mongol/Yuan period, though Tangut period cannot be ruled 
out. The archaeological evidence also supports a Mongol/Yuan date. The printed Sanskrit text pasted below each 
of the Buddhas on the four ceilings for consecration of the paintings are found to be from after the late twelfth 
century based on palaeographic analysis. The prevalence of fourteenth century graffiti suggests that the cave 
temple was no longer looked after by the fourteenth century, which suggests that it must have been constructed 
before the fourteenth century. Taking into consideration all the evidences, the date of Cave 465 main hall wall 
paintings must be from the late twelfth to the thirteenth century.

Methods
Automated large-scale spectral imaging. The VIS/NIR version of the in-house developed PRISMS 
spectral imaging system consists of a Jenoptik CCD camera, a filter wheel with 10 filters from 400–880 nm (nine 
filters with bandwidth of 40 nm and central wavelength from 400 to 800 nm at 50 nm interval and a filter at 
880 nm with a bandwidth of 70 nm) and a Meade ETX90  telescope7. It is capable of automatic imaging of large 
murals from a stand-off distance of 3–30 m at an angular resolution of 80 µrad giving both spectral and 3D topo-
graphic information (Fig. 2). The calibration of the images to obtain the spectral reflectance image cubes is auto-
mated and the detailed calibration procedure has been described in a previous  paper7. This ten band reflectance 
spectral imaging system in the visible and near infrared range is a trade-off between maximising the capture 
of spectral features for material identification against cost in budget and time efficiency for large area surveys. 
Reflectance spectra of pigments and dyes tend to have smooth and broad spectral features which are adequately 
captured by the 10 band PRISMS system. Only in the case of a handful of pigments and dyes such as lac, madder 
or cobalt based pigments which have finer spectral features, is it necessary to employ high spectral resolution 
spectroscopy such as high resolution FORS or hyperspectral imaging  systems6. Reflectance spectra extracted 
from PRISMS data cubes are used for clustering of similar spectra and for preliminary pigment identification.

Automated generation of materials cluster map. The ‘kohonen’23 function from the built-in R stats 
 package56 was used for the ‘Self-Organizing Map’ (SOM) clustering. Each image cube consists of over a million 
pixels and pixel-by-pixel clustering would be computationally slow. Therefore, we first reduce the dimensionality 
of the image cubes to a number of initial clusters by applying unsupervised SOM. The number of these initial 
clusters should be large enough to encompass all possible spectral groups within an image cube (e.g. 100 clusters; 
some of these clusters may belong to one larger cluster).

The automatic clustering of large number of spectral image cubes consists of three main steps (Supplementary 
Fig. S1): (1) unsupervised clustering of the initial spectral cube for the acquisition of the ‘Reference Spectral 
Database’, (2) automated clustering of large number of spectral image cubes, and (3) summary and production 
of the final cluster maps.

Unsupervised SOM is applied again on one initial spectral image cube after dimensionality reduction, cluster-
ing them into a smaller number of clusters (‘N-clusters’). This information is stored and constitutes the ‘Reference 
Spectral Database’. This number (N) can be an educated guess but does not need to be precise.

The sequential processing of large spectral imaging datasets is performed by applying supervised SOM, 
using the ‘Reference Spectral Database’ (Supplementary Fig. S2). The resultant clusters are then mapped on to 
the original full-sized image. Those pixels not matched to any of the existing clusters are grouped into a new 
cluster, the so-called ‘unclassified cluster’. Based on this mapping, the mean spectra and standard deviation (σ) 
of each cluster are determined. To confirm the pixel level clustering, the spectrum of each pixel of the original 
image is then compared again to the mean spectrum of each of the ‘N-clusters’ in the reference database. If it falls 
within the range of ± k·σ (k is usually around 2), the pixel is assigned to the corresponding cluster. All pixels that 
are not assigned to any of the reference ‘N-clusters’ are saved to the ‘unclassified cluster’. Finally, unsupervised 
SOM clustering is used to cluster the pixels in the ‘unclassified cluster’. The mean spectrum of each of the result-
ing clusters is compared with the mean spectra of each of the ‘N-clusters’. If it matches, the cluster is merged 
with the corresponding reference cluster, otherwise, it is added as a new cluster to the reference database. After 
processing each image cube, the reference database is updated and becomes ‘(N + w)-clusters’, where w is the 
number of new clusters added.

A final spectral comparison is performed between the clusters to confirm their spectral uniqueness. The ones 
with mean spectra matched within ± k·σ in all the spectral bands are merged. The final clusters are then mapped 
on to the set of original images, providing the final ‘cluster map’.
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The detailed cluster maps of the painting summarize the variations in the paint mixture, the thickness of the 
paint layers, particle size of the pigments, painting scheme and so on. Figure 7 shows the cluster map of one of 
the green areas. The green paint area is described by more than one cluster, but they all have the general spectral 
shape but different intensities which can correspond to different levels of dustiness, pigment concentration and 
particle sizes. All drawings share the same general spectral features at different intensities, indicating different 
levels of fadedness (Fig. 7c). Clustering revealed the presence of additional drawing patterns (Fig. 7b). Principle 
component analysis (PCA) of the spectral image cubes collected from this area confirmed the presence of faded 
drawings (Fig. 7d).

An example of the advantage of using both the spectral shape and the intensity of the reflectance in the cluster-
ing algorithm is demonstrated in the examination of the cloud pattern at the top of the east ceiling (Fig. 5). The 
analysis of the clusters that correspond to the red paint shows a spectral match with the red lead reference. The 
spectral comparison between the clusters of the red lead areas and the darker areas show a gradual reduction in 
the intensity of the spectra without a change in the spectral shape as it gets darker. This is due to the application 
of a thin wash of carbon ink on top of the red lead layer to achieve a darker shade.

The clustering algorithm enabled the distinction between areas with subtle visual differences. For example, 
the dark drawing materials used on the green atacamite (Fig. 7a) and those on the red lead areas (Fig. 5a) are 
different. The drawings on the red areas seem to have been painted using a carbon-based ink. On the other hand, 
the drawings on the green areas have the spectral feature of plattnerite  (PbO2), a degradation product of red 
 lead39,40, which suggests that the original drawings on the green area was red.

Material identification using multimodal spectroscopic techniques. A range of complementary 
analytical techniques were used in the in situ, multimodal, non-invasive analysis of the wall paintings. High 
spectral resolution fibre optics reflectance spectroscopy (FORS) was performed using an ASD FieldSpec spec-
trometer, composed of three detectors that cover the spectral range from 350 to 2500 nm. The spectral resolution 
is 3 nm in the UV, visible and near infrared regime (350–1000 nm) and 10 nm in the short wave infrared (SWIR: 
1000–2500 nm). Raman spectroscopy was performed using a mobile Horiba HE785 Raman spectrometer with 
laser excitation wavelength at 785 nm and laser power of 20 mW, coupled with a 50 × LWD (Long Working Dis-
tance) objective. The laser beam was focused to a spot approximately 30 µm in diameter. The spectral resolution 
is ~ 15 cm−1. Reference Raman spectra for pigments and dyes by Bell et al.57 and Burgio et al.58 were used for 
material identification. A portable Niton XL3t XRF Analyzer was used for X-ray fluorescence (XRF) spectros-

Figure 7.  (a) Colour image derived from PRISMS spectral imaging data collected from a green area on the east 
ceiling of Cave 465, assuming CIE illuminant D65, 1931 2° standard observer; (b) corresponding cluster map of 
this area with a unique false colour assigned to each cluster; (c) mean spectra of the various clusters representing 
the various material mixtures, colour coded to match the colours of the cluster map in (b); (d) 3rd principal 
component of the spectral imaging data collected from this area showing the faded drawings (c.f. the cluster in 
(b) colour coded in purple).
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copy. It consists of an Au anode, with maximum voltage at 50 kV and maximum current at 200 μA, enabling the 
detection of elements with atomic number Z > 14 in air.

Since similarities in reflectance spectra indicate similarities in material composition, clustering of areas at 
upper parts of walls and ceilings with areas on the ground level allows the extension of detailed pigment iden-
tification performed on the ground level to inaccessible parts of the wall painting. This detailed analysis was 
achieved following a multimodal approach with the combination of a series of non-invasive analytical techniques, 
from XRF and Raman to high spectral resolution FORS (see Supplementary Note 1). Kubelka–Munk model fit 
to PRISMS and FORS data was used for the identification of paint  mixtures6,59,60.

Automatic uncovering of ‘hidden’ writing and drawings. PCA and ICA were used to automatically 
process all spectral image datasets in order to reveal ‘hidden’ writings and drawings. For PCA, the ‘princomp’ 
function from the built-in R stats package was applied on the correlation matrix of the original spectral image 
cube and for ICA the ‘fastICA’ function was used.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
authors on reasonable request. The supplementary information shows all the multi-technique spectroscopy data 
used in this study.
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