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Image-based Analysis of Pigments on Cultural Heritage Paintings through Multispectral 

Scanning 

 

 

1. Introduction 

 

A painting is a form of artwork, which is a practice of applying paint, pigment, color or other 

medium to a surface commonly referred to as base. There are different styles of painting, which could be 

classified according to the distinct visual style of an individual artist or the school or movement 

associated with the artist. In the past, studies about paintings focused mainly on its artistic, historical and 

social values. However, in 2003, a charter reported in the 32nd Session of the UNESCO general 

conference in Paris called for stricter measures for the preservation and conservation of cultural and 

digital heritage [1]. Artworks constitute a major type of cultural heritage. The institution of legal policies 

and charters for artworks resulted to the increased interest on its scientific research. 

In this study, focus was given to the characterization of mineral pigments on two-dimensional 

artwork, specifically, traditional Japanese and Korean paintings. There are three kinds of paintings 

analyzed, the first one is a commissioned piece painted using techniques during the Edo period. The 

pigments and the techniques used were documented which makes the pigment identification by spectral 

reflectance reconstruction easily verifiable. The second one used a target which is a more than 400 

year-old painting by a Korean painter Lee Ja Sil. Unlike the first piece, information on this painting is 

very limited and virtually unknown. The third one is a Japanese painting which is considered a National 

Treasure found at the Tokyo National Museum: the Uji Bashi folding screen panels. Since this piece is a 

famous cultural heritage, there are people who could be considered experts and could provide useful 

insights in the analysis. There are three main motivations why these particular types of object were 

selected. First, traditional Japanese and Korean paintings constitute major movements in eastern style 

paintings. These objects of art were selected due to their historical importance. Second, the technical 

difficulties presented by the investigation of actual cultural heritage require ingenious solutions. They 

require strictly non-invasive techniques. Finally, a host of analytical techniques used in conventional 

material analysis is available but selecting the technique, which yields relevant information can be 

challenging. Some of the notable techniques include Raman spectroscopy, Fourier transform infrared 

spectroscopy, X-ray fluorescence, X-ray diffraction and many more others [2]. Selecting the most 

suitable technique is important to enhance our understanding about the media, the base and the actual 

painting itself.  

Two main groups of analytical techniques were selected for this study. The first group is 

x-ray-based and the second group is visible light- near infrared-based (VIS-NIR-based). The x-ray for 

the first group was generated from synchrotron radiation. Synchrotron radiation (SR) is an 

electromagnetic radiation generated by the acceleration of ultrarelativistic charged particle through 
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magnetic fields [3]. Using SR, x-ray fluorescence (SRXRF) and x-ray absorption fine structure 

(SRXAFS) was performed on known Japanese mineral pigments. In addition, VIS-NIR imaging and 

spectroscopy were also performed on the pigments. In this study, the VIS-NIR imaging and 

spectroscopy could be classified as analytical imaging. Analytical imaging is a collective term for 

techniques which yield relevant data beyond the conventional visual information contained by an image 

[4]. In this study, multispectral images were used to generate spectral reflectance data from the pigments 

and utilized for pigment identification and analysis. The technique for reconstructing spectral reflectance 

using multispectral images has been used very effectively based on the results of previous studies [5-8]. 

The techniques used in this experiment were compared in terms of the relevance of the 

information they generate which closely looked at some important aspects of pigment studies. These 

include elemental composition and structure, type of pigment, discoloration and degradation and 

time-dependent variation in the reflectance of the pigments. Results revealed some fundamental insights 

about mineral pigments which could aid in the conservation, preservation and restoration of cultural 

heritage. 

 

2. Methods and Experiments 

 

Characterization of the pigments is important in understanding how exposure to different 

environments affects the state and condition of paintings. Information about the mechanism of 

discoloration and degradation is important for the purposes of preservation, conservation and restoration. 

In this study, important characterization techniques were explored and compared based on the relevance 

of the information they provide. The techniques were categorized based on the spectrum of the 

electromagnetic energy used for the analysis.  

First, x-ray derived from synchrotron radiation was used, specifically, XRF and XAFS. 

Measurements were done at beam line 4A of Photon Factory (Tsukuba, Japan). The electron beam 

energy in the storage ring was 2.5 GeV, with a maximum current of 400 mA.  Incident X-ray energy 

was 15 keV. The cross-section of the beam was approximately 1(v) x 1(h) mm
2
 on the sample. The 

synchrotron radiation was monochromated by a multilayered reflecting mirror. Precise beam size of 

monochromated X-rays was adjusted using slits. The incident and transmitted X-rays were monitored by 

ionization chambers that were set in front of and behind the sample. The fluorescent X-rays were 

collected by a solid-state detector at 90 degrees to the incident beam. Measurements were performed in 

air. Point spectra were measured for obtaining consistent elements of the samples. The spectra were 

obtained by using a multi-channel analyzer. The measurement time was 100 seconds for each spectrum.  

To complement the information from the x-ray-based techniques, analytical imaging at the 

visible light and near infrared spectrum was performed. This was done by capturing multispectral 

images of the Japanese and Korean painting targets and reconstructing the spectral reflectance data from 

the images. Multispectral images were acquired using a high-resolution scanner. The scanning system is 
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composed of three major components. It includes an imaging device, a light source and computer 

software to capture raw images. The imaging device is a monochromatic line CMOS camera. The 

paintings were scanned at 600 dpi. 

The x-ray-based and VIS-NIR-based techniques were used to investigate the commissioned 

traditional Japanese painting. Several important aspects on artwork studies were explored. These include 

detecting the elemental composition of the pigments, identifying the type of pigment used and 

understanding the time-dependent changes in reflectance and absorption of the pigments. Figure 1 shows 

the Japanese painting made from traditional mineral pigments. This painting was not entirely an artistic 

piece but a specially commissioned work which combines several painting techniques used during the 

Edo period. A total of six identical pieces were created for experiment purposes. The points indicated on 

the painting were selected for pigment identification and to demonstrate the importance of 

complementing x-ray data with VIS-NIR data. The pigment identification was accomplished by 

reconstructing the spectral reflectance of the selected points from multispectral images. The 

reconstructed data was used to match with a database of widely used Japanese mineral pigments. 

Similarly, the pigments used on the Korean painting were investigated by spectral reflectance 

reconstruction. However, unlike the commissioned Japanese painting, the Korean painting is in a highly 

discolored and degraded state and no information on the pigments was available. The points analyzed on 

the Korean painting are depicted by Figure 2. Since this is a real cultural heritage, it was not possible to 

perform x-ray analysis like the first case. Finally, spectral analysis was also performed on a famous 

cultural heritage found in Tokyo National Museum. It was also not possible to perform x-ray analysis 

but since this is a known piece, there are people who have studied the techniques of the era when the 

painting was created. The pigment analysis was performed in conjunction with a painting expert to avoid 

unreliable results. Sixteen points were analyzed which best represents the dominant colors found on the 

folding panel painting (Figure 3).  
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Figure 1. Traditional Japanese painting used as the target depicting the points of interest for the spectral 

reflectance reconstruction and pigment identification. (Painted by Koji Matsuhisa in 2007 as part of the 

work entitled Japanese Painting Techniques of the Edo period) 

 

 

Figure 2: Close up view of a Three-Buddha style Korean painting by Lee Ja Sil. This painting is more 

than 400 years old.  
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Figure 3: Reconstructed RGB image of a portion of the Uji Bridge folding panels showing the analysis 

points 

 

3. Analysis of Painting with Documented Pigments 

 

For this particular painting, a total of eight multispectral images were captured which were used 

for spectral reflectance reconstruction and the subsequent pigment identification. This was achieved by 

using eight different filters with distinct spectral characteristics which cover the spectrum from 380-850 

nm. The learning sample was composed of 173 Japanese mineral pigments. Figure 4 shows the 

reconstructed spectral reflectance of the points depicted in Figure 1. Using spectral data matching, the 

name of the pigments used on the selected area is summarized in Table 1. 

 

 

Figure 4: Reconstructed spectral reflectance of the selected points on the Japanese painting 
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Table 1. Result of pigment estimation using the multispectral images 

Area 
Actual 

Pigment 
Color 

Chemical 

Composition 

Estimated 

Pigment 

1 Vermilion Red HgS Vermilion 

2 Hematite Red Fe2O3 Hematite 

3 Cinnabar Red HgS Cinnabar 

4 Malachite Green CuCO3・Cu(OH)2 Malachite 

5 Azurite Blue CuCO3・Cu(OH)3 Azurite 

 

The result of pigment estimation was confirmed using an accompanying document detailing 

the process and actual pigments used in producing the painting furnished by the artist. The elemental 

composition of the pigments was detected using SRXRF (Figure 5). As shown in Table 1, three pigment 

groups were identified: two copper-based pigments, two mercury-based pigments and an iron-based 

pigment. Based on the SRXRF spectra, it could be inferred that it would be difficult to distinguish 

between the two copper-based pigments and the two mercury-based pigments because their spectra are 

overlapping. Therefore, even though the synchrotron radiation-based technique uses high energy, in this 

particular case, the low-energy VIS-NIR technique offers more information in distinguishing and 

identifying the pigments. These two techniques should be used to complement each other.  

 

 

 

Figure 5: SRXRF spectra of the pigments identified from the selected area on the painting. 
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In addition, it is interesting to note the contrast between the flexibility of x-ray-based 

techniques and VIS-NIR technique in terms of the sample size. In order to employ the XRF 

measurement, a small amount of the pigment is required. This can be in the form of raw powder or in 

case of actual cultural heritage, a small piece of the artwork. For objects with high cultural value, 

extracting even a minute piece is unacceptable. In order to preserve the integrity of the sample, a 

non-invasive technique is required. In commercial VIS-NIR spectrometers, the probe of the instrument 

requires contact with the sample. In addition, the size of the area that could be measured is limited to the 

size of the probe. This is the motivation why spectral imaging was employed. This way, spectroscopic 

information could be extracted without touching the target since it only requires spatially co-registered 

images in spectrally contiguous channels. This also eliminates the size limitation in the region of interest 

(ROI) where the size could vary depending on the image resolution. Image resolutions captured using 

the scanner we designed is capable of producing ROIs in the microscopic level. For example, at 1200 

DPI, ROI could be as small as ~20μm. 

 

4. Analysis of Painting with Undocumented Pigments 

 

 The second object used as a target in this study is a Korean painting made by Lee Ja Sil during 

the 16
th
 century. His works are related to the Buddha images displayed in the imperial court of his time. 

This particular painting follows a distinct pattern for painting Buddha images. The three Buddha image 

style is divided into two parts: one main Buddha (Amitaabha) and two bodhisattvas. The main Buddha 

depicts a simple undecorated feature. It is however surrounded by two ring patterns on the background 

which represents head light and body light respectively. On the other hand, the two bodhisattvas beside 

the main Buddha are adorned with few decorations which include veil, breast ornament, vase, stick and 

treasure box. Like the main Buddha, the bodhisattvas have rings on the background which represents 

head light. There is a similarity between the Korean-style and the Japanese style as shown in Figure 6. It 

is believed that this particular piece, shown in Figure 7, is part of a collection of 400 scroll paintings 

which was commissioned as a request of the mother of the Emperor of Lee’s time. However, when there 

is a change in the regime, it is customary to burn all artifacts related to the previous regime. This is the 

reason why there are only six scrolls of this kind remaining in existence all over the world. This 

particular piece in particular is kept Saimyoji temple in Kyoto, Japan. Due to the rarity of this scroll 

painting, it is important to learn as much as possible about it to help in the efforts of preservation and 

restoration of this piece. In this section, spectral reflectance reconstruction and pigment estimation were 

done using the multispectral images of the painting. This is the only high resolution digital archive data 

in existence to date. Due to the precious nature of this object, it was not possible to subject it to 

x-ray-based analysis unlike the object studied in the previous section. In fact this is more of the reality 

when dealing with cultural heritage. It is almost impossible to get a minute sample which could be used 
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for other analytical techniques. The analysis needs to be done not only nondestructively but more 

importantly, noninvasively. 

 

 

 

Figure 6: A diagram depicting the comparison Japanese and Korean Three-Buddha styles of painting [9] 

 

 

Figure 7: Reconstructed tricolor image from multispectral image of the rare scroll painting found in 

Saimyoji temple 
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Using the multispectral images taken using the scanner equipped with line-CMOS camera and 

different color filters, the spectral reflectances of the points depicted in Figure 2 were reconstructed. The 

reconstructed spectral reflectances are grouped into three major spectra: (1) the red pigments used on the 

lips and hair accessory of the main Buddha; (2) the yellowish pigment used to paint the face and lining 

on the clothes of the Buddha; and (3) the red pigment used to pain the background. The first pigment 

cluster is composed of Point 1 and 2. These points have similar spectra which are consist of red 

pigments painted on the lips and on top of the head dress of the main Buddha. The pigment estimation 

predicts that the pigment used is an artificial mineral pigment. This type of pigment is believed to first 

appear during the Asuka-Nara period. The top three pigments given by the spectral matching using the 

RMSE with the pigment database are shown in Table 2 while the spectral reflectances are displayed in 

Figure 6.8.  

Table 2: Pigment estimation results for Points 1 and 2 

 
RMSE 

Pigment 

ID# 

Pigment 

Name 
Pigment Type 

Point 1 

0.024755 135 
焦茶 白 

artificial mineral 

pigment 

0.041317 76 古代紫朱 artificial fine particle 

0.043524 75 
古代朱 濃

口 artificial fine particle 

Point 2 

0.0175 135 
焦茶 白 

artificial mineral 

pigment 

0.033952 76 古代紫朱 artificial fine particle 

0.037401 75 
古代朱 濃

口 artificial fine particle 

 

Figure 8: Comparison of the reconstructed spectra with the estimated pigments from the database 
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 The next pigment cluster is composed of the reconstructed spectral reflectance from points 3-6 

(Figure 9). The pigments were painted on the face and body of the Buddha as well as the linings of the 

dresses. The pigment estimation results are shown in Table 3. It is interesting to note that the estimation 

reveals that the pigments are metallic in nature. There were no official record about this painting but 

according to the monks in charge of holding the scroll painting, it is possible that the linings might have 

been painted with gold pigment. The estimation did not predicted gold but instead some variations of 

copper pigments. The degraded state of the painting has caused some darkening and changes in the hue 

of the pigments which made it difficult to estimate.  

Table 3: Pigment estimation results for Points 3-6 

 

 
RMSE 

Pigment 

ID# 

Pigment 

Name 
Pigment Type 

Point 3 

0.033081 172 銅粉 荒 Metallic 

0.043702 51 黄土 濃口 natural fine particle 

0.061805 173 銅粉 細 Metallic 

Point 4 

0.032791 172 銅粉 荒 Metallic 

0.044882 51 黄土 濃口 natural fine particle 

0.058789 173 銅粉 細 Metallic 

Point 5 

0.042354 172 銅粉 荒 Metallic 

0.062651 51 黄土 濃口 natural fine particle 

0.064861 173 銅粉 細 Metallic 

Point 6 

0.044548 173 銅粉 荒 Metallic 

0.052779 172 黄土 濃口 natural fine particle 

0.064627 144 
古代緑青 

白 

artificial mineral 

pigment 

 

Figure 9: Comparison of the reconstructed spectra with the estimated pigments from the database 
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Finally, the last points cluster selected for estimation and reconstruction are shown in Figure 10 

and summarized in Table 4. The estimation results revealed that the pigments may have been an 

artificially produced mercury-based pigment called vermilion. Although vermilion is a naturally 

occurring pigment, it can also be produced artificially by reacting mercury with molten sulfur. This 

particular type of vermilion first appeared during the Asuka-Nara period. Since the scroll painting is 

only more than 400 years old, it is a plausible estimation basing on the reconstructed spectral 

reflectance. 

 

Table 4: Pigment estimation results for Points 7 and 8 

 

 

 
RMSE 

Pigment 

ID# 

Pigment 

Name 
Pigment Type 

Point 7 

0.020211 77 黒朱 artificial fine particle 

0.023496 78 黒朱 濃口 artificial fine particle 

0.024968 62 古代岱赭 natural fine particle 

Point 8 

0.022432 77 黒朱 artificial fine particle 

0.025387 78 黒朱 濃口 artificial fine particle 

0.025699 62 古代岱赭 natural fine particle 

 

 

Figure 10: Comparison of the reconstructed spectra with the estimated pigments from the database 
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Caution needs to be observed in using the estimation data from this painting.  The spectral 

reflectances of the pigments in the database were measured in pristine condition. At the moment, there is 

no database for degraded pigments but the current database suffices for spectral reflectance 

reconstruction. However, since there is no good record to verify the estimation it might be necessary to 

consult an expert on this genre of painting to know what kind of pigments were commonly used at the 

time when the piece was created. This method has been employed previously to assist in verifying the 

pigment estimation using reconstructed spectral reflectance data.  

The painting is in a highly degraded state as manifested by the black spots, darkening and 

yellowing found all over the painting. The degradation and discoloration may have been caused by soot 

formation and oxidation of the pigments. Since the painting is kept in a temple, whenever it is on display, 

the soot from burning incense and candle could be easily deposited on the scroll. In addition, the 

changes in the season bring changes in humidity and temperature. These two have been reported as the 

main culprit in accelerating the discoloration of pigments [10]. It is also possible that the painting was 

subjected to radiant heating and photochemical effects. Since auxiliary electrical lamps used for general 

purpose lighting is unfiltered, the presence of short wavelength and long wavelength light is unavoidable. 

This causes irreversible damage to highly susceptible artworks [11].   

 

 

5. Analysis of Painting with Expert Guidance 

 

The third object investigated using the high-resolution multispectral scanning is the Uji Bridge 

folding screen panel painting kept at the Tokyo National Museum. This piece is believed to have been 

painted during the Momoyama era (1573-1615). This piece typifies the pinnacle of the Momoyama era 

decorative design. Screen painters of that time used gold to heighten the impact of bold compositions. 

On the other hand, silver was used on the waves to produce a dazzling effect. Figure 11 shows a partial 

view of the folding panels captured at different conditions. In fact, this particular piece was scanned 

using three modes: 1200 DPI trichromatic scans, 600 DPI trichromatic scans using polarized light and 

600 DPI multispectral scans. From Figure 11, the image on the left side is a stitched image of panels 1-3 

from the 1200-DPI color scans under single light condition. The shaded area was selected for 

multispectral analysis because it contains all of the dominant colors found on the object. The images on 

the right-hand side shows a comparison of the 1200 DPI color scan and the reconstructed RGB image 

from multispectral scans. The striking difference in the color is observed. The reconstructed color image 

represents a pseudo-realistic color because it was reconstructed from spectral reflectance. On the other 

hand, the 1200 DPI scans have yet to undergo color management to render a color which best represents 

the real object. In this section, only the multispectral scan is presented. More information on all the 

scanning modes is given at the appendix. 
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Figure 11: The images above shows different color images of the Uji Bridge folding panels. 

 

 

Unlike the Korean painting, this particular piece belongs to a very important era of Japanese art 

history. Therefore, there are experts who could be consulted to facilitate the analysis. Working with 

experts could reduce the possibility of misinterpreting the spectral data estimation. The estimated 

pigments were chosen using spectral matching but taking into consideration the expert advice. This is a 

common practice in analyzing important cultural heritage. This represents the melding of science and art. 

A total of 16 points were selected to represent the four dominant colors found on the folding screen 

panel. The points were selected based on the background color and its location on the object. The 

spectral reflectance reconstruction results and the enlarged views of the points analyzed are given in 

Figure 12-15.  
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Figure 12: Spectral reflectance of Points 1-4 compared with the estimated pigment 

 

 

 

Points 1-4 are the spectral reflectance of the green leaves found on the folding panels. The areas 

selected are the foreground of the other dominant colors found on the object. It could be observed that 

the spectra differ a little because of the different shades of green on the object. The shape and the subtle 

peaks however are characteristic of green pigments. The spectra of the pigments resemble that of burned 

malachite.  
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Figure 13: Spectral reflectance of Points 5-8 compared with the estimated pigment 

 

 

 

Points 5-8 are the spectral reflectance of the brownish pigments found on the folding panels. 

This pigment is one of the dominant colors found on the object. The spectra of the pigments resemble 

that of vermilion which underwent some degradation or vermilion of a different shade of brown. 

According to experts, vermilion is a popular choice of pigment used in traditional Japanese paintings. 
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Figure 14: Spectral reflectance of Points 9-12 compared with the estimated pigment 

 

 

 

Points 9-12 are the spectral reflectance of the gold pigments found on the folding panels. This 

pigment is the most dominant colors found on the folding screen panels. Gold is normally a very 

reflective pigment but in this particular case, the specular reflections were to a minimum because of the 

dual light source configuration used during scanning. However, some of the reflective features of the 

gold pigments were detected by the use of off-angle lighting instead of the conventional symmetric 

lighting. The spectra of a reference gold sample with a brass finished are shown along with the 

reconstructed spectral reflectance. 
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Figure 15: Spectral reflectance of Points 13-16 compared with the estimated pigment 

 

Last but not the least, points 13-16 are the spectral reflectance of the black pigments found on 

the folding panels. This pigment is one of the dominant colors found on the object. A spectrum of a 

known black ink pigment is shown along to reconstructed spectral reflectance for comparison. In 

addition, statistical analysis was performed on the reconstructed spectral reflectance. Similar pigments 

were extracted to show their relative distribution. Individually extracted pigments and superimposed 

pigments are shown in Figure 16 and Figure 17. 
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Figure 16: ROI extraction of similar pigments using the reconstructed spectral reflectances 

 

 

 

 

Figure 17: Superimposed extracted ROI extraction of the similar pigments  
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6. Summary 

 

Characterization of the mineral pigments used in traditional Japanese and Korean painting was 

presented in this study. The techniques were categorized as x-ray-based and VIS/NIR-based. Results 

showed that the x-ray techniques (i.e. XRF and XAFS) using synchrotron radiation are useful for 

detecting the elemental composition of the pigments. However, these techniques require a small piece of 

the sample for the measurements. This is unacceptable in investigating cultural heritage paintings. To 

address the non-invasive requirement of the analysis, analytical imaging using multispectral images was 

employed. The multispectral images were used to reconstruct spectral reflectance and utilized for 

pigment identification. There are three kinds of paintings used as targets. The first one is a Japanese 

pigment prepared using the traditional painting techniques of the Edo period. This was a commissioned 

painting where six identical pieces were made so the technique and the pigments used are well 

documented. The reconstruction and estimation results agreed well with the documentation. The second 

piece used as a target is not as straight forward as the first one. The painting on a long scroll is also a 

part of the commissioned religious Korean painting made more than 400 years ago but due to the custom 

of purging regime-based artifacts, there is no good record about the painting. The spectral reflectances 

were reconstructed successfully. However, the estimation results need to be used with caution since the 

painting is in a highly degraded state. At the moment, there is no database for degraded pigments. 

Experts may need to be consulted to know the kind of pigments used at the time when the piece was 

created. This is what was done in the third target object. The painting is part of the collection of the 

Tokyo National Museum. It is painted on folding screen panels using the artistic style of the Momoyama 

era. Sixteen points were selected for spectral reflectance reconstruction. Using some advice from expert 

on traditional Japanese painting style, the estimation and comparison were done accordingly. For the 

second and the third object, a quick way to verify the estimation would be to use x-ray techniques but 

this is unacceptable since it will require taking a small piece of the scroll painting. The insights provided 

by analytical imaging technique presented in this study may be used for the efforts on the preservation 

and restoration of cultural heritage. 
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