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ABSTRACT Underwater archaeology relies heavily on photography and video image recording during

surveillances and excavations like ordinary archaeological studies on land. All underwater images suffer
poor image quality and distortions due to poor visibility, low contrast and blur, caused by differences
in refractive indices of water and air, properties of selected lenses and shapes of viewports. In the
Yellow Sea (between mainland China and the Korean peninsula), the visibility underwater is far less
than 1 m, typically in the range of 30 cm to 50 cm, on even a clear day, due to very high turbidity.
For photographing 1 m x 1 m grids underwater, a very wide view angle (180o) fisheye lens with an
8 mm focal length is intentionally used despite unwanted severe barrel-shaped image distortion, even
with a dome port camera housing. It is very difficult to map wide underwater archaeological excavation
sites by combining severely distorted images. Development of practical compensation methods for
distorted underwater images acquired through the fisheye lens is strongly desired. In this study, the
source of image distortion in underwater photography is investigated. We have identified the source
of image distortion as the mismatching, in optical axis and focal points, between dome port housing
and fisheye lens. A practical image distortion compensation method, using customized image processing
software, was explored and verified using archived underwater excavation images for effectiveness in
underwater archaeological applications. To minimize unusable area due to severe distortion after
distortion compensation, practical underwater photography guidelines are suggested.
Key Words Underwater archaeology, Fisheye lens, Image analysis software, Barrel distortion, Pincushion
distortion, Distortion compensation

1. INTRODUCTION

ordinary archaeological studies on land. All underwater
images suffer poor image quality and color distortions. The

Underwater and maritime archaeology actively utilizes

distortions are mainly due to poor visibility, low contrast and

photographic and video image recording by divers and

blur, from waves on the water surface, presence of light

remote-controlled underwater drones for surveillances and

scattering centers such as floating particles in water,

during excavations. Because access to the archaeological sites

differences in refractive indices of water and air, properties

is challenging due to the presence of water, water pressure,

of selected lenses and shapes of viewports. Underwater

obstructions, and often lacks visibility, it tends to rely even

photographing is not only physically challenging, but also

more heavily on various imaging techniques compared to

technically challenging from equipment, image processing
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and application points of view.

fisheye lens. Development of practical compensation methods

The Yellow Sea is a marginal sea of the Western Pacific

for distorted underwater images acquired through the fisheye

Ocean located between mainland China and the Korean

lens and practical underwater photographing guidelines are

Peninsula. It can be considered as the northwestern part of

strongly desired.

the East China Sea. Its name is descriptive of the

In this study, the source of image distortion in underwater

phenomenon of turning its waters a golden yellow by fine

photographing is investigated and a practical image distortion

sand grains from the northwest (annual Gobi Desert sand

compensation method, using image processing software, was

storms). It is one of four seas named after common color

explored. Recommendations for underwater photography

terms (the others being the Black Sea, the Red Sea and the

from the view point of image distortion compensation are

White Sea) (Wikipedia, 2021). As the name suggested, the

given towards maritime archaeological applications.

water is very turbid and visibility under water is very limited.
Underwater photographing is very challenging due to the

2. MATERIALS AND METHODS

opaque nature of water.
In the Yellow Sea, the visibility under water is far less

2.1. Underwater photographs

than 1 m, typically in the range of 30 cm to 50 cm, even
on a clear day, due to very high turbidity. For photographing

The National Research Institute of Maritime Cultural

1 m x 1 m grids for maritime heritage excavation sites under

Heritage (NRIMCH) of Korea has conducted underwater

water, a very wide view angle (180 in air) fisheye lens with

excavation in the waters of Mado island in the Yellow Sea,

an 8 mm focal length is intentionally used, despite severe,

in the admirative district of Geunheung‒myeon, South

unwanted barrel-shaped image distortion, even with a dome

Chungcheong Province, Korea. In this study, underwater

port camera housing. The effective view angle of the fisheye

excavation photographs taken using a fisheye lens camera

o

lens is reduced to 130 , through the dome port, under water.

resulted in severe distortions from Taean Mado Shipwreck

It is very difficult to map wide, maritime archaeological

No. 2, Underwater Excavation Report (National Research

excavation sites using severely distorted images from the

Institute of Maritime Cultural Heritage of Korea, 2011).

o

Figure 1. Selected underwater excavation fisheye lens camera photographs (a)∼(d) with severe distortions from Taean Mado
Shipwreck No. 2, Underwater Excavation Report (National Research Institute of Maritime Cultural Heritage of Korea, 2011).
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Mado Shipwreck No. 2, from the Goryeo Dynasty, was being

Camera, Patima Underwater Engineering Co., Ltd., Korea),

used to transport crops collected from the current Gochang

because it is almost impossible to capture the entire grid

area in North Jeolla Province to Gaegyeong, when it was

within the size of 1 m on each side in a single frame with

shipwrecked. The selected images were used for investigating

a wide-angle 15 mm lens (National Research Institute of

the source of distortions, distortion compensation methods,

Maritime Cultural Heritage of Korea, 2011).

and practical and superior solutions for underwater
photography solutions for maritime archaeology in waters
with limited visibility, like the Yellow Sea. Figure 1 shows
selected underwater excavation photographs from a fisheye
lens camera with severe distortions from the Taean Mado
Shipwreck No. 2, Underwater Excavation Report (National
Research Institute of Maritime Cultural Heritage of Korea,

2.3. Image analysis software
A novel image processing/analysis software package
(PicMan from WaferMasters, Inc., CA, USA), which was
originally
applications,

developed
was

for

scientific

customized

for

and
radial

engineering
distortion

2011).

compensation and correction of lens and/or optics originated

2.2. Underwater photography equipment

focal point misalignment adjustment and batch image

distorted images. Specifically, functions for optical axis and
processing capability were enhanced. The amount of

General photography equipment and video equipment for

distortion adjustments in the radial direction, as well as

taking underwater images can largely be divided into two

individual X and Y directions, can be independently

types of equipment. General digital cameras and/or video

controlled. The optical axis offset in both X and Y directions

cameras for use on land are covered with a waterproof

can be controlled separately. The degree of freedom in

underwater housing, to make them suitable for underwater

distortion compensation has been significantly improved by

photography. Taking images during underwater excavation

customization for compensating underwater photography.

takes place in very difficult photographing conditions since

PicMan can be used in statistical colorimetric analysis, image

the photography environment is much different from that of

comparison,

photography on land. In general, it is possible to photograph

conservation science applications. A few application

a subject up to several tens of meters clearly on land, but

examples of PicMan in the field of conservation science have

photography underwater involves various types of difficulties,

been reported (Yoo and Kim, 2017; Yoo et al., 2019; Kim

such as reflection and scattering of light by floating objects

et al., 2019a; Kim et al., 2019b; Yoo, 2020; Yoo and Yoo,

image

highlight,

digital

forensics

and

and poor visibility. Thus, skilled photographers are required

2020; Yoo et al., 2020; Ryu et al., 2020; Kim et al., 2020;

for photographing an underwater excavation. Because of

Kim et al., 2021; Lee and Wi, 2021; Yoo et al., 2021; Yoo

these limitations, underwater excavation mainly uses a

and Yoo, 2021). For details, prior publications can be

wide-angle lens that can photograph a large area at a short

referenced.

distance. A 15 mm (or 14 mm) wide-angle lens was used
in general underwater photography. Specifically, ultra

3. RESULTS AND DISCUSSION

wide-angle lenses (10 mm and 8 mm fisheye lenses) were
used. If photographs were taken using a fisheye lens, the

3.1. Origin of image distortion

distortion of the photographs is severe, but it is unavoidable
at underwater excavation sites with poor visibility. In the

In geometric optics, distortion is defined as a deviation

course of excavation of Mado Shipwreck No. 2, photography

from rectilinear projection and is specified as a percentage

was mainly done with an 8 mm fisheye lens (8 mm F3.5

of the field height. Typically, ±2 to 3% distortion is

EX DG Circular Fisheye lens, Sigma Corporation, Japan) on

unnoticed in a vision system if measurement algorithms are

a full frame camera (EOS-450D camera, Canon Inc., Japan)

not used (Edmund Optics, 2021). If there is no distortion,

with a dome port made of optical glass with anti-diffused

straight lines in a scene remain straight in an image. In

reflection coating (PDCH-450D for Canon EOS-450D

distorted images, straight lines in a scene become curved or
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out of shape as seen in Figure 1 (b) and (d). It is a form
of optical aberration, but it is different from spherical
aberration found in optical systems that have elements with
spherical surfaces. Distortion can be irregular and can follow
many patterns. The most commonly encountered distortions
are radially symmetric, or approximately radially symmetric,
arising from the symmetry of a photographic lens. These
radial distortions can usually be classified as either barrel
distortions (positive distortions) or pincushion distortions
(negative distortions). Barrel and pincushion refer to the
shape of the field, when distorted. In addition, improper
system alignment can result in keystone distortion, which is
a manifestation of parallax (Edmund Optics, 2021).
Depending on literature, positive and negative distortions are
defined in opposing ways. This can be very confusing. Thus,
we use the words, barrel distortion and pincushion distortion,
in this paper.

Figure 2. Effects of lens and viewport configurations on
FOV in air and water. FOV; field-of-view.
to the refractive index difference between air and water. The

3.2. Underwater photography

angles of light incidence and refraction passing through a

All photographic imaging devices were designed and
manufactured for use in air. For underwater photography, the
imaging devices designed to be used in air must be contained
in a waterproof underwater housing before underwater usage.
Refractive index differences between air (n = 1.0) and water
(n = 1.333) can cause other practical problems such as image
enlargement/reduction,

apparent

depth

change,

image

distortion, and field-of-view (FOV) narrowing, which can
depend on viewport shape and materials. The refractive index
of water gradually increases with salinity. The refractive
index (n) of a water-salt solution with a salt concentration
of 25% increases to 1.378 (Stupar et al., 2012). The refractive
index (n) of sea water with a salinity of 35 ppt (parts per
thousand) is known to be 1.3394 (Reef2Reef, 2021).
Figure 2 summarizes the effects of lens and viewport
configurations on FOV in air and water. In air, no window
or viewport is required. Since the refractive index of
atmospheric air is 1.0, there is no effect on FOV or image
distortion unless the window or viewport were made of thick
and/or

irregularly

shaped,

non-homogeneous

optical

materials. For underwater usage, imaging devices must be
protected from (sea) water by placement near a clear window

boundary between two different isotropic media, such as
water, glass, or air can be calculated by Snell’s law
(HyperPhysics, 2021). Such a configuration can result in
chromatic aberrations at extreme angles. To prevent
deformation and/or breakage of a flat port, the thickness and
strength of the port must be selected properly, according to
its working depth in water. The concentric dome port offers
the same FOV as in air with minimal chromatic aberration
and high mechanical strength. Slight misalignment of the
optical axis and/or focal distance can cause unwanted
systematic image distortions. Zoom lenses with variable focal
points should not be combined with dome ports for this
reason. A fixed focal lens or a fisheye lens should be used
with the dome port at the aligned axis and position. An 8
mm fisheye lens can generate severely distorted images
covering 180o in air. The same fisheye lens can only cover
up to 130o in water due to the shape of dome port. It also
generates severely distorted images covering the 130o FOV
in water.
3.3. Requirement for underwater photography in
limited visibility

or viewport. The shape of the viewport can be flat or a dome.

In clear water, an object can be visible up to 100 m.

For the flat port configuration, the FOV narrows by 33% due

Photographic images fade to blue in 40 m to 60 m. For turbid
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middle of its focal length range and is worse at the
wide-angle (wide FOV) end of the range.
Mustache distortion is a mixture of both pincushion
distortion and barrel distortion. It is a complex distortion, but
not rare. It typically shows barrel distortion near the image
center and gradually turns into pincushion distortion towards
the edge of image. It makes horizontal lines in the top half
of the frame look like a handlebar mustache, as suggested
by the name of the distortion.
Figure 3. FOV required to photograph a single 1 m x 1 m
grid at a distance of 0.5 m in air. FOV; field-of-view.

Beside these geometric radial distortions, there is
wavelength (color) dependent radial distortion called “lateral
(radial) chromatic aberration". This can cause colored fringes

water in the Yellow Sea, visibility is significantly limited to
far less than 1 m. To photograph 1 m x 1 m grids using
a 4:3 full frame camera at a distance of 0.5 m, a FOV of

in high-contrast areas at the edge of the image. This is
different from axial (longitudinal) chromatic aberration
(typically purple fringing) throughout the field.

>90o is required (Figure 3). Considering ∼33% FOV
reduction through a flat port in water, a much wider FOV
is required. The only possible option is to use a very wide
8 mm fisheye lens with a dome port as shown in Figure 2.
This will give approximately a 130o FOV under water. It will
allow wide angle photography at close distances even though the
resulting images are severely distorted as shown in Figure 1.
3.4. Types of image distortion

3.5. Software-based distortion compensation
Pincushion and barrel distortions are mathematically
expressed as quadratic (power of 2) functions. The distortions
increase as the square of distance from the image center. In
mustache distortion the quartic (power of 4) term is
significant. In the center, the quadratic (power of 2) barrel
distortion is dominant, while, at the image edge, the quartic
(power of 4) distortion in the pincushion direction dominates.

There are three major types of image distortions. They are

Other distortions are also possible in principle. In practical

pincushion distortion, barrel distortion, mustache distortion (a

lenses, they generally do not occur, and higher order

combination of pincushion distortion and barrel distortion)

distortions are relatively small compared to the main

and keystone distortion from parallax.

pincushion and barrel distortions. Various distortion

Pincushion distortion is typically observed from the

compensation models have been proposed by many research

underwater photography taken through a flat port window

groups (Hughes et al., 2008; Dhane, 2012; Wei et al., 2012;

using a regular lens. Image magnification increases with

Leng, 2016; Lee et al., 2019; Xu, 2019). The proposed

increased offset from the optical axis. Lines that do not go

models are pretty similar as a whole.

through the center of the image are bowed inwards (towards
the center of the image), like a pincushion.

Figure 4 shows mathematically generated barrel distortion
(positive distortion) and pincushion distortion (negative

Barrel distortion is typically seen from photographs using

distortion) with and without optical axis offsets, to

wide angle (FOV) lenses through dome ports underwater.

undistorted grid patterns and clock images. When a flat is

Photographs taken using wide angle (FOV) lenses in air also

used with a regular lens under water (Figure 2, upper right),

show barrel distortion. Image magnification decreases with

pincushion distortion occurs. As the distance between camera

increased distance from the optical axis. Images appear to be

lens and the flat port is reduced, the pincushion distortion

mapped around a wine barrel or a sphere. Fisheye lenses use

becomes larger. If wide angle lenses, such as fisheye lenses,

hemispherical views to map an infinitely wide object plane

are used with a dome port at the common focal point (Figure

into a finite image area, actively utilizing this type of

2, two bottom images), barrel distortion will occur regardless

distortion. In a zoom lens, barrel distortion appears in the

of media (i.e. water or air). As the FOV of fisheye lens

Study on Distortion Compensation of Underwater Archaeological Images Acquired through a Fisheye Lens and Practical Suggestions for Underwater Photography / Young-Hwa Jung, Gyuho Kim, Woo Sik Yoo | 317

Figure 4. Mathematically generated barrel distortion
(positive distortion) and pincushion distortion (negative
distortion), with and without optical axis offsets, applied
to undistorted grid patterns and clock images.
increases, the barrel distortion becomes larger. Any offset
between focal point, and/or optical axis, of the dome port and
camera lens can result in asymmetric complex distortion.
Figure 5 shows (a) a rectangular graph paper image, (b)
simulated photographed image through fisheye lens
(intentionally distorted image using software) and (c) a
compensated image using software. A perfect image, without

Figure 5. (a) A rectangular graph paper image. (b)
Simulated photographed image (intentionally distorted
image using software) and (c) A compensated image using
software.

any distortion, was used to simulate the intentional addition
of barrel distortion and application of pincushion distortion

Excavation Report (National Research Institute of Maritime

to the intentionally barrel distorted image for recovery. As

Cultural Heritage of Korea, 2011) (Figure 6). The FOV of

seen from Figure 5 (c), a distorted image from a fisheye lens

the underwater image by an 8 mm fisheye lens through a

can be compensated using software. The center region (about

dome port is approximately 130o. Rectangles and grid lines

50% of width and height of full frame, indicated by a red

in Figure 6 are inserted to demonstrate the degree of

rectangle) can be successfully compensated. Four red dots in

compensation. The red rectangle and blue rectangle in Figure

Figure 5 (b) are radially stretched to the corner of the red

6 (a) show the maximum 3:2 full frame area of the image

rectangle in Figure 5 (c) by mathematical compensation by

and maximum usable area after compensation. The white

software without considering focal point and optical axis

rectangle and blue rectangle in Figure 6 (b) are the 3:2 full

offsets.

frame image size (the same as Figure 6 (a)) and represent

To evaluate the applicability of the same distortion

maximum usable area after compensation. A slight off set of

compensation process, it has been applied to an underwater

optical axes between the fisheye lens and the dome port can

photograph from Taean Mado Shipwreck No. 2, Underwater

be noticed from the compensated image.
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(a)

(b)

Figure 7. Effect of distortion compensation methods. (a)
Original image. (b) Radial compensation only. (c)
Independent compensation in X, Y direction without
offsets, and (d) independent compensation in X, Y
direction with X, Y offsets.
housing, photographic images cover the majority of a
full-size frame. To evaluate the optical axis alignment
between the fisheye lens and dome port, the black areas at
the corners were measured. They were 12,306 pixels, 10,189
pixels, 9,373 pixels and 10,401 pixels from top left (in the
clockwise direction). This suggests that the optical axis of the
fisheye lens is slightly misaligned in the bottom right

Figure 6. (a) underwater photograph from Taean Mado
Shipwreck No. 2, Underwater Excavation Report (National
Research Institute of Maritime Cultural Heritage of Korea,
2011) and (b) compensated image (Rectangles and grid
lines are inserted to demonstrate degree of compensation).

direction relative to the optical axis of the dome port. This
will cause nonlinear, complex image distortion. It cannot be
compensated by a simple operation in the radial direction, as
seen in Figure 7 (b). If we allow independent compensation
in X and Y directions, without X and Y offsets (translations),
distortion will improve slightly as shown in Figure 7 (c).

3.6. Discussion

When we introduce the optical axis offsets in the X and Y
directions, the image compensation looks much better and

In an ideal case, image distortion in photographs through

more natural. It is important to have higher degrees of

a fisheye lens should be symmetric. Due to the interference

freedom in image distortion compensation for underwater

with a dome port with fisheye lens for underwater

fisheye lens photographs.

photography, distortions are not as symmetric as we would

Once the lens and a dome port configuration are fixed,

expect. For illustration purpose, we have summarized one

systematic distortion is applied to all underwater images

original underwater photograph using an 8 mm fisheye lens

photographed using the same hardware. Thus, the same

and distortion compensated images in three different ways

distortion compensation algorithms can be applied to

(Figure 7). The original photograph shows the very typical

compensate the distorted underwater images. Figure 8 shows,

signature of a fisheye lens photograph. It had black regions

as photographed, three sample underwater images with severe

at four corners. Fisheye lens photographs taken on land show

barrel distortion before and after distortion compensation

a perfect circle in the full frame image. Due to the FOV

using software. The compensation results are satisfactory. For

narrowing under water and the interference with the dome

mapping wide underwater excavation sites in limited

Study on Distortion Compensation of Underwater Archaeological Images Acquired through a Fisheye Lens and Practical Suggestions for Underwater Photography / Young-Hwa Jung, Gyuho Kim, Woo Sik Yoo | 319

Figure 8. Three sample underwater photographs with barrel distortion, after radial distortion compensation only, and after
additional compensation for optical axis offset in X and Y direction using software.
visibility, short distance photography with the aid of a fisheye

image files. Severely distorted video image files can be

lens and a dome port cannot be avoided. Unfortunately, all

converted into compensated image files. If the same

images are heavily distorted and cannot provide realistic area

compensation algorithms are integrated with underwater

maps by placing distorted images side by side. Area map by

video cameras, compensated images can be recorded. This

arranging distortion compensated images, after cropping

will eliminate unnecessary extra steps on land after video

uncompensated areas, can provide more realistic images of

recording underwater.

underwater excavation sites.
Since only 70% of 130o effective FOV underwater images
are usable after distortion compensation, it is better to provide
guidelines for usable areas of image on a viewfinder of the
photographic device. This will be very useful as shown by
the blue rectangle in Figure 9. To generate more accurate
underwater excavation site maps under limited visibility,
smaller grids such as 0.5 m x 0.5 m grids may be more useful
and practical, considering the extra work and after
photographing and mapping accuracy.
By using a batch processing function of the image
processing software, PicMan, many images can be
automatically compensated and the compensated images can
be exported. The same technique can be applied to video

Figure 9. Guideline (blue rectangle) for usable area of
image on a viewfinder of the photographing device.
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4. CONCLUSION
Like all archaeological activities on land, underwater
archaeology also relies heavily on photographing and video
image recording during surveillances and excavations. All
underwater images suffer some degree of poor image quality
and distortion due to poor visibility, low contrast and blur,
differences in refractive indices of water and air, properties
of selected lenses and shapes of viewports. In the Yellow Sea
(between mainland China and Korean peninsula), the
visibility underwater is far less than 1 m, typically in the
range of 30 cm to 50 cm, even on a clear day due to very
high turbidity arising from geological characteristics such as
annual Gobi Desert sand storms from the northwest.
For photographing 1 m x 1 m grids underwater, a very
wide view angle (180o) fisheye lens, with an 8 mm focal
length and a dome port camera housing, is intentionally used
despite unwanted and severe barrel-shaped image distortion.
The effective FOV is approximately 130o underwater. It is
very difficult to map wide underwater archaeological
excavation sites by combining severely distorted images.
Development of practical compensation methods for distorted
underwater images, acquired through a fisheye lens, is highly
desired.
In this study, the source of image distortion in underwater
photography is investigated. A practical image distortion
compensation method using image processing software,
PicMan, was explored and verified for effectiveness in
underwater archaeological applications. Batch processing of
image distortion compensation and streaming line video
image compensation techniques are proposed.
Providing guidelines on a viewfinder of the photographic
device to photographers for easy recognition of usable area
of image is recommended. Use of smaller grids, such as 0.5
m x 0.5 m, is also suggested as an alternative, considering
the limited visibility of many underwater photographic
environments.

For
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accurate
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ABSTRACT This paper focuses on the dating and provenance of two paintings, Climbing the hill and

View from St. John’s Fort by the prominent Singaporean artist Liu Kang (1911–2004). Climbing the
hill, from the National Gallery Singapore collection, was believed to have been created in 1937, based
on the date painted by the artist. However, a non-invasive examination unveiled evidence of an
underlying paint scheme and a mysterious date, 1948 or 1949. These findings prompted a comprehensive
technical study of the artwork in conjunction with comparative analyses of View from St. John’s Fort
(1948), from the Liu family collection. The latter artwork is considered to be depicting the same subject
matter. The investigation was carried out with UVF, NIR, IRFC, XRR, digital microscopy, PLM and
SEM-EDS to elucidate the materials and technique of both artworks and find characteristic patterns
that could indicate a relationship between both paintings and assist in correctly dating Climbing the
hill. The technical analyses were supplemented with the historical information derived from the Liu
family archives. The results showed that Climbing the hill was created in 1948 or 1949 on top of
an earlier composition painted in Shanghai between 1933 and 1937. As for the companion View from
St. John’s Fort from 1948, the artist reused an earlier painting created in France in 1931. The analytical
methods suggested that Liu Kang used almost identical pigment mixtures for creating new artworks.
However, their painting technique demonstrates some differences. Overall, this study contributes to the
understanding of Liu Kang’s painting materials and his working practice.
Key Words Liu Kang, SEM-EDS, IRFC, Painting supports, Hidden paintings, Authenticity, Pigments

1. BACKGROUND

Sino-Japanese War (1937–1945) broke out. Forced to move
to Malaya, he struggled to develop artistically due to poor

Liu Kang (1911–2004) is recognised as a foremost

living conditions during the Japanese Occupation (1941–

Singaporean pioneer artist. He was born in Yongchun, Fujian

1945). The scarcity of oil paints encouraged his practice of

province, China. He obtained an art education at the Xinhua

pastels keep the creative spark alive. Mao’s victory in 1949

Arts Academy in Shanghai in 1928 and continued his art

and the communists’ demand for Chinese artists to adhere

studies at the Académie de la Grande Chaumière in

to the party line on art probably discouraged Liu Kang from

Montparnasse in Paris, where he stayed from 1929 to 1932.

returning to China (Croizier, 1993). Therefore, he decided to

During that time, Liu Kang painted intensively, and his

relocate permanently to Singapore in 1945. Liu Kang taught

technique reflects the influences of the Impressionist,

art in various schools, offered weekend private art tuition and

Post-Impressionist and Fauvist styles he studied during

designed cinema posters and adverts. Despite his demanding

museum and gallery visits (Kwok, 2000). He accepted the

work schedules, he managed to find the time for his passion

post of Professor at the Shanghai Art Academy in 1933, and

and continued painting during trips across Malaya. Liu

continued teaching and painting until 1937, when the Second

Kang’s works developed during that period differ
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significantly from those created in Paris and Shanghai

by Liu Kang and an intriguing, later, date, which appeared

suggesting that he was pursuing the quest of developing his

to be 1948 or 1949. These findings extended the objective

own painting style (Liu, 1997).

of the investigation into the provenance and dating of

Climbing the hill (1937) from the National Gallery

Climbing the hill. A comprehensive comparative technical

Singapore (NGS) is an oil-on-canvas painting measuring 75 ×

study with another painting from 1948 seemed the best

61 cm. It depicts St. John’s Fort in Malacca, Malaysia

approach to verify the dating. Thus, View from St. John’s

(Figure 1a). According to the painted date, the painting was

Fort in the collection of the Liu family was selected for the

created just after Liu Kang’s arrival to Malaya. An analysis

comparative analyses (Figure 1c). The painting is

of this artwork could give insights into the painting materials

oil-on-canvas, measuring 46 × 55 cm. The relationship

Liu Kang used during the war, while he was situated in a

between both paintings has never been debated as View from

remote area and far from the art suppliers. However, the

St. John’s Fort had probably been considered by the artist

initial non-invasive examination of the paint layer revealed

as less successful and thus never exhibited. Both paintings

losses showing an underlying paint scheme, another signature

appeared to have been created at the exact location, albeit

Figure 1. Liu Kang, Climbing the hill, 1937, oil on canvas, 75 × 61 cm, photographed in (a) VIS and (b) IRFC image.
Gift of the artist’s family. Collection of National Gallery Singapore. Image courtesy of National Heritage Board. White
arrows indicate sampling areas. Liu Kang, View from St. John’s Fort, 1948, oil on canvas, 46 × 55 cm, photographed
in (c) VIS and (d) IRFC image. Liu Kang Family Collection. Images courtesy of Liu family. White arrows indicate
sampling areas.
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captured from different observation points. Climbing the hill

both paintings was studied to determine the presence of

is a vertical and symmetrical composition showing St. John’s

characteristic patterns that could assist in the verification of

Fort in the central focal point on top of the hill. The main

the provenance and dating of the Climbing the hill and

subject is framed by trees on the left and right. View from

confirm its relationship with View from St. John’s Fort.

St. John’s Fort is a horizontal composition depicting the
fort’s defence walls and an open view of the Malacca Strait

2.1. Technical photography

towards the distant hills of Pulau Besar island. Moreover, an
initial inspection of the painting revealed the presence of an

Paintings were photographed according to the workflow

underlying paint scheme. As both paintings appeared to be

proposed by Cosentino (Cosentino, 2014; 2015; 2016) with

created over earlier compositions, it was crucial to

a full-spectrum (360 to 1100 nm) modified Nikon 850 DSLR

cross-reference the analytical data obtained from the

camera equipped with a Nikon AF Micro NIKKOR 60 mm

investigated artworks with the research results of Liu Kang’s

f/2.8D lens. The camera was calibrated with X-Rite

painting supports from his Paris (1929–1932) and Shanghai

ColorChecker Passport and the American Institute of

(1932–1937) artistic phases (Lizun et al., 2021b). Moreover,

Conservation Photo Documentation (AIC PhD) target was

some references were made to the earlier research about Liu

used to fine-tune the white balance and exposure for the

Kang’s painting practice (Lizun, 2020; Lizun et al., 2021a;

images. The images were captured in RAW format and

Lizun et al., 2021c). An additional insightful search of the

further processed by Adobe Photoshop CC according to the

Liu family archives provided unexpected evidence, which

standards

combined with the analytical techniques, assisted in

Conservation (Warda et al., 2011).

determining the provenance and dating of Climbing the hill.

described

by

the

American

Institute

of

VIS photography was performed with two 500 W halogen
lamps and X-Nite CC1 and B+W 415 filters coupled together

2. METHODS

and mounted on the camera lens. The same set of filters was
used for the UVF imaging with the illumination system

The paintings were first investigated by means of

consisting of two lamps equipped with eight 40 W 365 nm

non-invasive methods. Technical data was collected from

UV fluorescence tubes. NIR imaging was performed using

both paintings, including the artworks dimensions and the

the same illumination system as for VIS. A Heliopan

characteristics of the textile supports, like the weave, density

RG1000 filter was placed in front of the camera lens.

and twist of threads. Technical photography included visible

Technical photography and in particular the IRFC imaging

light (VIS), ultraviolet fluorescence (UVF), and near-infrared

were the useful tool for the tentative identification of the

(NIR), the objective being to record the condition of the

pigments and the selection of potential sampling areas. A

paintings and conduct a preliminary characterisation of the

digital editing method proposed by Cosentino (Cosentino,

pigments for guiding further in-depth analyses. A digital

2016) was carried out using Adobe Photoshop CC and

microscopy, X-ray radiography (XRR) and NIR imaging

included the calibration of the exposure of both the VIS and

were carried out to determine the evidence of underlying

IR images with the AIC PhD target followed by the greyscale

paint layers. As View from St. John’s Fort had to be

conversion of the IR image, exchange of the RGB channels

examined in-situ, at the Liu family premises, it was not

between the VIS and IR images, and final alignment.

selected for the XRR. Then, the samples of the paint layers
were extracted and studied using optical microscopy (OM),

2.2. XRR

polarised light microscopy (PLM) and field emission scanning
electron microscope with energy dispersive spectroscopy

Climbing the hill was X-ray radiographed with a Siemens

(FE-SEM-EDS) to characterise the compositions of the paint

Ysio Max digital system with a detector of dimensions 35

mixtures. With regard to the textile supports, samples of

× 43 cm and a resolution of 7 million pixels. The X-ray tube

fibres were extracted for morphologic identification, and

operated at 40 kV and 0.5–2 mAs. The images were first

staining test carried out with PLM. The data obtained from

processed with an X-ray medical imaging software, iQ-LITE,
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then exported to Adobe Photoshop CC for final alignment

View from St. John’s Fort). The sampling spots are

and merging.

indicated in Figure 1a, c. Additionally, two fibre samples
were taken from the threads of weft and warp of each

2.3. OM and PLM
The paint samples’ structure was studied in reflected VIS
and UV light on a Leica DMRX polarised microscope at
magnifications of x100, x200 and x400 coupled with a Leica
DFC295 digital camera. PLM of pigments and morphology
of fibres were carried out in transmitted VIS light at
magnifications of x100, x200 and x400. PLM of pigments
was conducted according to the workflow developed by Peter
and Ann Mactaggart (Mactaggart and Mactaggart, 1998).
2.4. High-resolution digital microscopy
The surface of the paint layers and canvases were
examined with a Keyence VHX-6000 digital microscope,
using a zoom lens coupled with a high-speed camera.
Observations were conducted at magnifications of x20–x200.
For measurement analyses, a built-in Keyence software –
VHX-H2M2 and VHX-H4M – was used.
2.5. FE-SEM-EDS
The paint samples’ cross-sections were mounted on carbon
tapes and analysed with a Hitachi SU5000 FE-SEM coupled
with Bruker XFlash® 6/60 EDS. The SEM, backscattered
electron mode (BSE), was operated at 20 kV accelerating
voltage, 60 Pa chamber pressure, 50–60 intensity spot, and
180 s acquisition time. Analyses were conducted at a working
distance of 10 mm. The data acquisition and processing were
performed with Bruker ESPIRIT 2.0 software.
2.6. Staining test
The phloroglucinol stain test was conducted on the natural
fibres to determine the presence and concentration of lignin

canvas. The paint samples were mounted as cross-sections
in a fast-curing acrylic resin, ClaroCit from Struers (USA).
The PLM pigment scrapings were prepared as slides with
a Meltmount nD=1.662 mounting medium from Cargille
(USA). The samples of fibres were cleaned of contaminants
by immersing them in boiled water. Then, they were
mounted on microscope slides with a drop of water under
the cover glass.

3. RESULTS AND DISCUSSION
3.1. Non-invasive examination of Climbing the hill
A digital microscopy of the painting’s surface detected
numerous paint losses in the area of the upper branches of
trees, revealing a different paint scheme underneath the
present composition (Figure 2). In addition, the microscopy
revealed that the brushstrokes in the hidden composition were
applied in different directions from those in the top paint
layer. Further, XRR did not generate sufficient information
about the underlying composition due to disruptions caused
by a thick top paint layer, which is rich in heavy metal
(Schalm et al., 2014). NIR imaging also did not aid in
visualising the underlying composition, probably due to the
thickness of the current paint layer. Nevertheless, the
discovery of different paint scheme is not a unique
occurrence in Liu Kang’s artworks and is consistent with his
earlier practice of reusing former paintings in Paris and
Shanghai (Lizun, 2020; Lizun et al., 2021a; 2021b; 2021c).
However, the NIR photography of the bottom-left corner
of the painting revealed the underlying artist’s signature, a
Chinese character Kang (抗), and a partially legible date in
the Western style, resembling 1948 or 1949 (Figure 3a, b,
c). This was a puzzling discovery as the existing artist’s

(Odegaard et al., 2000).

signature and date (1937) are in the opposite, bottom-right

2.7. Preparation of samples

of whether the existing signature and date (1937) are

corner (Figure 3a, d). This discovery prompted the question
authentic and whether the underlying signature and date are

A total of 16 samples of the paint material were extracted

part of the current composition, or belonging to a different

from the areas of losses of the investigated paintings (nine

composition that was later painted over. According to

samples from Climbing the hill and seven samples from

archival records, the painting was acquired as the artist’s
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Figure 2. Digital microscope images of paint losses revealing a different paint scheme beneath Climbing the hill (a-d).
The location of the losses (e).
donation in 2003, so any alterations detected in the course

in the bottom-right corner of the photographed painting

of this study would be attributed to him. Thus, the initial

(Figure 3e).

supposition of falsification was refuted. Considering that both

Additional comparisons of the bottom-left corner of the

sets of signatures and dates are of Liu Kang’s authorship, it

painting captured in the archival photograph with the same

was crucial to find out which set was applied first as this

area of the current painting imaged in black-and-white, colour

would be critical for dating Climbing the hill. Unexpectedly,

and

an undated photograph of Climbing the hill, provided by the

brushstrokes that had been applied later by the artist. These

Liu family, documents that the painting was signed and dated

brushstrokes appeared purple in the IRFC, suggesting the use

1948 or 1949 in the bottom-left corner (Figure 3e). The

of Cr- and/or Co-containing green pigment applied on top of

location and graphical form of the signature and date captured

earlier painted greenery, also seen in the vicinity and

by the photograph are similar to those recorded with NIR of

represented in IRFC by blue and violet, suggesting a mixture

the investigated painting (Figure 3c, f). It is also important

composed mainly of Prussian blue (Figure 4).

to note that the signature and date (1937) are not present

IRFC photography,

distinguished several

green

Liu Kang’s motivation to overpaint that area remains
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Figure 3. Details of Climbing the hill showing the: (a) positions of the overpainted signature with the date in the bottom-left
corner (red rectangle) and existing signature with the date in the bottom-right corner (blue rectangle); (b) overpainted area
of the signature and date photographed in VIS; (c) same area photographed in NIR; (d) existing signature photographed
in VIS; (e) archival photograph of the Climbing the hill with the position of the original signature and date (green rectangle);
(f) detail of the archival photograph of Climbing the hill showing the signature and date 1948 or 1949. Liu Kang Family
Collection. Images courtesy of Liu family.
unknown as no evident paint losses were found that could

explanation is that in preparation for the exhibition, the artist

have prompted such action. However, it could be speculated

was not able to recall the actual date of creation of the

that the artist returned to the painting and decided to improve

painting and unconsciously painted 1937.

its aesthetics by adding new green hues covering the original

Although the non-invasive imaging techniques supported

signature and date as he did not have sale or exhibition plans

by the archival photograph provided rationale of the

for the work. It could be hypothesised that once the

mysterious hidden signature and date, a comparative

bottom-left corner was reworked, the painting remained

investigation of the painting materials was conducted on View

unsigned and undated for a very long time, until the

from St. John’s Fort. The objective of the investigations was

exhibition in 1993. The exhibition catalogue shows the

to reveal common patterns between both paintings, which

painting in its current condition – with an overpainted

would provide evidence to support the 1948 or 1949 dating

bottom-left corner and a new signature and date (1937) in

of Climbing the hill, and shed light on its provenance.

the bottom-right corner (Liu, 1993). Hence, a possible
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Figure 4. Detail of the bottom left corner of Climbing the hill from the archival photograph (a). Details showing
the same area of the investigated painting imaged in: (b) black-and-white; (c) VIS; (d) IRFC. The white arrows
indicated the areas of the overpaint.

Figure 5. Photomicrographs of canvases from (a) Climbing the hill and (b) View from St. John’s Fort.
3.2. Auxiliary supports and characteristics of the
fabrics and grounds

from earlier research that the artist tended to bend the rules
when choosing painting support formats (Lizun et al., 2021b).
The canvases in both paintings were made in plain weave

The original auxiliary supports for both paintings were not

with Z-twisted threads of weft and warp. A thread count 19

preserved. Based on the visual assessment and according to

× 17 per cm was recorded for Climbing the hill and 20 × 18

the framer’s label, Climbing the hill is stretched over the

per cm was recorded for View from St. John’s Fort (Figure

non-original plywood board, applied in 1992, while View

5a, b). Although both canvases are characterised by similar

from St. John’s Fort remains unstretched. However, the

structure, cotton was identified in Climbing the hill, by

presence of the irregularly distanced nail holes indicates that

flattened fibres with internal helical convolutions. Linen was

the paintings were originally stretched over stretchers or

identified in View from St. John’s Fort, by transverse markings,

strainers. The dimensions of the paintings, measured from the

dislocations and pink, uneven stain after phloroglucinol test

painted edges, conform to common standards: Climbing the hill

(Odegaard et al., 2000).

was created on portrait format number 20, and View from St.

Judging by the presence of the ground on the tacking

John’s Fort adheres to portrait format number 10. It is known

margins, both canvases were commercially prepared.
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Interestingly, the left and right tacking margins of View from

digits could be a part of the 1931 date partially covered by

St. John’s Fort were covered with a paint layer that did not

the current painting. An unusual style of the characters

correlate to the present paint scheme. Moreover, the left

prompted a comparison with other paintings by Liu Kang

tacking margin has painted digits “931” turned 180 degrees

from the same period. A similar dynamic style of character

around with respect to the current composition, suggesting a

“9” was found in Portrait of a man with his hat, Belgium

relation to an underlying painting (Figure 6a, b). As Liu Kang

(1930) from the Liu family collection (Figure 6c), while a

did not have a habit of the numbering of his artworks, these

simplified character “3” appeared in the Boat near the cliff

Figure 6. Detail of View from St. John’s Fort and the underlying painting showing the position of the partially
legible 1931 date (red rectangle) and 1948 date (green rectangle) (a). Detail showing the: (b) 1931 date, rotated
at 180°, partially covered by the current composition of View from St. John’s Fort; (c) 1930 date from Portrait
of a man with his hat, Belgium from the Liu Kang Family Collection; (d) 1931 date from Boat near the cliff from
the collection of National Gallery Singapore; (e) 1948 date from the View from St. John’s Fort. Images courtesy of
National Heritage Board and Liu family.
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(1931) from the NGS collection (Figure 6d). Thus, the

beneath Climbing the hill (sample c1) has a homogenous

collected information could support the hypothesis that the

structure composed of lithopone (PW5, BaO5S2Zn2) and/or

painting beneath was probably created in 1931 in Paris and

barium white (PW21, BaSO4) and zinc white (PW4, ZnO)

then painted over in 1948. The presence of the paint layer

with possible admixtures of lead white (PW1, C2H2O8Pb3)

of the earlier composition along the shoter edge of the canvas

and titanium white (PW6, TiO2) (Figure 8a, b). The structure

suggests that artist re-stretched the canvas over a smaller

of the ground layer for the painting beneath View from St.

auxiliary support and then cut off an excess of the material.

John’s Fort (sample v1) is characterised by distinct particles

As Liu Kang followed common size standards when

of chalk (PW18, CaCO3) mixed with lithopone and/or

choosing painting supports (Lizun et al., 2021b) and the

barium white and zinc white with trace amounts of titanium

underlying composition has a height of 46 cm and a width

and lead whites (Figure 8c, d).

of 60 cm (after trimming), it is hypothesised that, the

Considering that the underlying composition in View from

recycled artwork would have been painted in a landscape

St. John’s Fort was created in 1931, a comparison of the canvas

format of dimensions 46 × 61 cm or a marine format with

and ground characteristics was conducted with Liu Kang’s

dimensions 46 × 65 cm (Figure 7a, b). However, the latter

paintings from the Paris period, and it confirmed a match

format is very unlikely as it was not reported for any of Liu

with canvas type 2 and ground type 5 (Lizun et al., 2021b).

Kang’s artworks from Paris (Lizun et al., 2021b).

Following on this lead, a similar comparison was done for

The optical microscopy of the cross-sections extracted

the painting support of Climbing the hill as the current

from Climbing the hill and View from St. John’s Fort

composition was created over the earlier painting. Cotton

confirmed that they were created on the underlying

canvases of a similar density as the canvas from Climbing

compositions without the application of an intermediate

the hill were used predominantly by Liu Kang in Shanghai

ground. Based on the optical microscopy and SEM-BSE

between 1933 and 1937, and they are classified as type 1.

imaging, the grounds for the earlier compositions are pale

The identified ground mixture would conform to a type 2, found

white and single-layered. The ground layer for the painting

in one Shanghai painting from 1936 (Lizun et al., 2021b).

Figure 7. List of standard canvas formats from the 1929 Bourgeois Ainé catalogue (a) and View from St. John’s Fort
(b), with the dimensions of the current composition corresponding to portrait format number 10 (indicated in red), suggested
dimensions of the underlying painting in landscape format number 12 (indicated in green) and suggested dimensions of the
underlying painting in marine format number 15 (indicated in blue).
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Figure 8. Microscopy and corresponding backscattered electron images (BSE) of cross-sections showing: the homogenous
structure of ground layer extracted from: Climbing the hill (a, b); structure of the ground layer characterised by large particles
of chalk (visualised in dark grey in BSE image) from View from St. John’s Fort (c, d).
3.3. Art materials availability in Singapore in late 1940s

Of the 12 exhibitions, six were by European artists and five
were by artists from China. Only one exhibition, the Seventh

These unexpected attributions of the canvas support to the
Paris and Shanghai periods of Liu Kang’s career sparked a

Annual National Day Art Exhibition, was organised by the
local art community. This is regrettable (Liu, 2011)!”

curiosity about the rationale for reusing old paintings. Liu

His further comments in the same essay reveal the

Kang’s decision could have been impacted by the availability

frustrations of an experienced artist who had spent several

of art materials or his financial constraints, or both. The local

years in two cosmopolitan centres of the pre-war period:

art materials market and artist’s practice were probably still

“Singapore is known as a metropolis with its population of

affected by frequent disruptions to the distribution channels

one million people, of which at least 70 percent are Chinese.

caused by the outbreak of the Second World War. On the

However, there are only a dozen artists, and the number of

other hand, another factor contributing to the scarcity of

art organisations can be counted with the fingers of one hand.

materials could have been the low local demand from art

If we compare ourselves with four million people and

students and professional artists. In Singapore, the Nanyang

300,000 artists in Paris, the proportion is too pathetic and

Academy of Fine Arts, inaugurated in 1938, had to close

laughable (Liu, 2011).”

during the Japanese Occupation (1942–1945); it was reopened

The poor condition of the local art community and its

in 1946. Additionally, the pre-war art community was torn

slow post-war recovery process undoubtedly influenced the

apart and needed time to rebuild (Ong, 2007). As the new

demand for art materials, resulting in a lack of the specialised

President (1946–1958) of the oldest and most influential

retailers in the post-war period. Nevertheless, archival search

Society of Chinese Artists, Liu Kang had good insights into the

revealed that imported brands like Reeves & Sons and

condition of the local art scene during the second half of the

Winsor & Newton were distributed across the island through

1940s. His comments from his 1948 essay reveal the scale

the stationery and book stores like E.J. Motiwalla & Co.,

of damage caused by the war: “It is a miserable fact that there

Peter Chong & Coy (with many branches in Malaya), The

was a total of 12 large and small exhibitions in Singapore

Shanghai Book Company (with a branch in Kuala Lumpur),

last year, with an average of one a month. This is miserable.

and Central Book Store (Figure 9) (“Central Book Store,”
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Figure 9. Advertisements by official retailers of art materials available in Singapore from 1947 to 1949: (a) E.J. Motiwalla
& Co.; (b) Peter Chong & Coy; (c) The Shanghai Book Company; (d) Central Book Store.
1949; “E.J. Motiwalla & Co,” 1947; “Peter Chong & Coy,”
1947; “The Shanghai Book Company,” 1948).
These few advertisements reveal that the availability of the
art materials in Singapore in 1940s was impacted by stock
limitations. They also do not mention canvas supports.
Additionally, the art materials were also available from the
Nanyang Book Company established in 1943 (with stores in
Kuala Lumpur and Penang), and The Straits Commercial,
established in 1947 in Singapore (Tse and Sloggett, 2008).
Nevertheless, given that the prices of the imported materials
were usually unattractive, Liu Kang might not have been
interested in regular purchases as he was focused on
providing for his young family (Liu, 1997). The harsh
post-war economic realities did not stop him from painting
but instead pushed him to the practice of reusing earlier
artworks. In a 1981 interview, Liu Kang recalled that soon
after his arrival to Malaya, his brother-in-law Chen Jen Hao
joined him and brought some of Liu Kang’s paintings from
Shanghai (Mahbubani, 1981). In subsequent interviews from
1989 and 1996, Liu Kang said that he lost many of his works
during the Japanese Occupation; however, he managed to
find and recover some of them (Sabapathy, 1981; Sasitharan,
1989; Tan, 1997). Based on these accounts, it can be
hypothesised that the canvas supports from the recovered
artworks were good enough to be reused.

3.4. Pigments
The results of the pigment analyses are summarised in
Tables 1 and 2 at the end of this section.
3.4.1. Blue

The IRFC imaging of both paintings showed that the most
of the blue painted areas turned purple, suggesting the use
of ultramarine and/or Co-containing blue (Figure 1b, d). The
SEM-EDS measurements of samples c12 and v2 extracted
from both paintings indicated a major use of ultramarine
(PB29, Al6Na8O24S3Si6), confirmed with PLM (isotropic
particles with low refractive index appear red with Chelsea
filter). The intensity of the blue paint was modified by adding
lead white extended with lithopone and/or barium white and
zinc white. However, the bottom part of the sky of Climbing
the hill appeared light blue in the IRFC image (Figure 1b),
indicating a possible use of Prussian blue. SEM-EDS
measurements of the samples (c13 and c17 layer 1) revealed
mixtures of ultramarine and Prussian blue (PB27,
C18Fe7N18). The latter was identified by the detection of a
weak Fe-signal and PLM observation of dark blue isotropic
particles, which appear dark green under a Chelsea filter and
have a low refractive index. Prussian blue is present in the
paint mixture at very low concentration, probably due to its
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high tinting strength (Berrie, 1997); however, that small
admixture accounts for the blue hue of the area, recorded
with the IRFC imaging.
3.4.2. Green

The comparison of green passages from both paintings
unequivocally reveals that the artist produced a range of
green hues in Climbing the hill to depict the upper branches
of trees, whereas the greenery in View from St. John’s Fort
is executed with a limited definition of light effects and
appears almost flat. The SEM-EDS analyses of light green
areas revealed complex paint mixtures that appeared similar
in both paintings (sample c14, v7). The detection of Pb, Ba,
Zn, Cr and Fe suggested the use of Cr-containing green(s)
and/or yellow(s), confirmed with PLM as viridian (PG18,
Cr2H4O5) by large and rough anisotropic particles with high
refractive index and chrome yellow (PY34, PbCrO4) by
anisotropic, rod-shaped particles with a high refractive index.
However, strong Pb-, Ba- and Zn-signals can also be
associated with lead white, lithopone and/or barium white and
zinc white, used for the modification of green tint, whereas
barium white may also appear as a commercial extender for
lead white (Feller, 1986), viridian (Newman, 1997) and
chrome yellow (Kühn and Curran, 1986). Based on the PLM
analyses, the Fe-signal can be linked with Prussian blue, used
by artists to modify the hue of green colours. Dark green

Figure 10. Microscopy image (a) and corresponding SEMEDS mapping of sample c24 of Climbing the hill (b). The
SEM-EDS mapping shows the distribution of chromium
(Cr), zinc (Zn) and barium (Ba) in the paint sample.

paints have a similar elemental composition to the light
greens; however, they are characterised by the absence of

a white ground, which is considered the original preparation

chrome yellow and an increased concentration of Fe,

of the canvas (Figure 10). Meanwhile, the purple imaged

indicating Prussian blue based on the PLM observation (samples

green patches from the bottom-left corner of the Climbing

c17 layer 2, v10). These findings are consistent with the IRFC

the hill correspond to latter alterations conducted by the artist.

imaging, as the blue and violet colours of the examined areas
are notably determined by the presence of Prussian blue and
viridian in the analysed paints (Figure 1b, d).

3.4.3. Red

Certain green painted areas of both paintings are imaged

The optical microscopy and SEM-BSE images of the red

purple in IRFC (Figure 1b, d), suggesting Cr- and/or

paint samples extracted from both paintings (c21, v4) show

Co-containing pigments. The evidence collected with a digital

a non-homogenous structure containing coarse particles of

microscopy enabled to determine that these areas observed

red, black and white, producing the same deep red colour.

in View from St. John’s Fort as well as from bottom-right

The SEM-EDS detection of Fe combined with the PLM

corner of Climbing the hill relate to the earlier, underlying

observation of the anisotropic red particles with a high

compositions intentionally exposed by the artists. The

refractive index allowed the identification of red iron oxide

analyses of the paint sample (c24) from the bottom-right

(PR101, Fe2O3) as the principal component of the paint

corner of the Climbing the hill confirmed a mixture composed

mixtures. A high concentration of lead white with extenders

predominantly of viridian and ultramarine applied directly on

is noticeable in the sample c21 from Climbing the hill. Ca-
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and P-signals suggest the admixture of bone black (PBk9).

been added by the artist or paint manufacturer (Helwig, 2007;

The source of the other detected elements, such as Mg, Al,

Kühn and Curran, 1986) (sample v5) (Figure 11c, d). The

Si, K, Ti and Sr, was challenging to pinpoint during the

other elements present in both samples, such as Pb, Ba, Zn,

SEM-EDS measurements; however, these elements coincide

Ca and S, could correspond to lead white that is

naturally with iron oxides (Helwig, 2007).

commercially admixed with barium white, zinc white and/or
lithopone. Ba, Zn and Ca elements in combination with Cr

3.4.4. Yellow

would account for the presence of other Cr-containing

PLM and SEM-EDS analyses suggest that chrome yellow

yellows not identified by PLM.

was the principal yellow used in the tiny yellow brushstrokes
of Climbing the hill (sample c10). A weak Fe-signal recorded

3.4.5. White

in this paint mixture was assigned to yellow iron oxide

In both paintings, lead white appears to be the primary

(PY43, FeOOH), later confirmed with PLM by anisotropic

white pigment. It was found in the investigated colour mixtures

brown particles with a high refractive index (Figure 11a, b).

as well as in the white painted areas (sample c18, v3).

Chrome yellow was also found earlier as an admixture of

However, a consistent concomitant presence of S, Zn and Ba

light green paints of Climbing the hill (sample c14). In

suggests a commercial admixture of either zinc white and

contrast, the yellow paint used in View from St. John’s Fort

barium white and/or lithopone. A minor and trace concentration

was primarily composed of yellow and red iron oxides with

of Ti identified in both white paint samples may suggest a

probable traces of Cr-containing yellow(s) that could have

further modification of white paint with titanium white.

Figure 11. Microscopy images of cross-sections, corresponding SEM-EDS spectra of yellow layers, and inset backscattered
electron (BSE) images with marked areas of analyses from sample c10 extracted from Climbing the hill (a, b), and from
sample v5 extracted from View from St. John’s Fort (c, d).
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Table 1. Overview of the materials identified in the paint samples extracted from the painting Climbing the hill
Climbing the hill
Colour

Sample SEM-EDS* detected elements

White
(ground layer)

c1

Blue

c12

C, Pb, O, Zn, Ba, Na, S, Al, Lead white, lithopone and/or barium white and zinc white,
Si, Ti, (Sr, Ca, P)
ultramarine, titanium white, possible traces of bone black

Blue

c13

Pb, O, Zn, Ba, Na, S, (Ti, Si, Lead white, lithopone and/or barium white and zinc white,
Cr, Al, Fe, Ca, Cl, Mg)
ultramarine, viridian, Prussian blue

Blue
Green
Green

C, O, Zn, Ba, Na, S, Ti,
(Si, Sr, P, Al, Pb)

Possible PLM and SEM-EDS assignments
Lithopone and/or barium white and zinc white, titanium
white, traces of lead white

c17, Pb, C, O, Zn, Ba, Na, S, Ti, Lead white, lithopone and/or barium white and zinc white,
layer 1
(Si, Al, Fe, Sr, P)
ultramarine, Prussian blue, titanium white, traces of bone black
c14

Pb, O, C, Ba, Zn, Cr, Na, S, Lead white, lithopone and/or barium white and zinc white,
(Ti, Al, Si, P, Fe)
viridian, chrome yellow, Prussian blue

c17, C, O, Ba, Pb, S, Fe, Cr, Ti, Lead white, lithopone and/or barium white and zinc white,
layer 2 Zn, (Sr, Si, Na, Al, Ca, P) Prussian blue, viridian, titanium white

Green

c24

O, C, Ba, Cr, S, Zn, Pb, Ti, Viridian, lithopone and/or barium white and zinc white, lead
Na, (Sr, Ca, Si, Al, Fe)
white, titanium white, ultramarine, yellow iron oxide

Red

c21

O, C, Pb, Ba, Zn, Fe, S, Na, Lead white, lithopone and/or barium white and zinc white,
Ca, Si, Ti, (Al, P, Sr)
red iron oxide, bone black

Yellow

c10

Pb, C, O, Cr, Ba, Zn, Al, Fe, Chrome yellow and lead white, lithopone and/or barium white
(Si, Na, Ca, S, P, Ti, Cl) and zinc white, yellow iron oxide

White

c18

Pb, O, C, Ba, Zn, Na, S, Ti, Lead white, lithopone and/or barium white and zinc white,
(Al, Si, P)
titanium white

*Major elements are given in italic, minor elements in plain type and trace elements in brackets.

Table 2. Overview of the materials identified in the paint samples extracted from the painting View from St. John’s Fort
View from St. John’s Fort
Colour

Sample SEM-EDS* detected elements
C, O, Ba, Ca, Zn, S,
(Si, Na, Ti, Pb)

Possible PLM and SEM-EDS assignments

White
(ground layer)

v1

Lithopone and/or barium white and zinc white, calcium
carbonate, traces of titanium white and lead white

Blue

v2

C, O, Pb, Ba, Zn, S, Na, Al, Lead white, lithopone and/or barium white and zinc white,
Si, (Cr, Ca, Mg, Ti)
ultramarine, traces of viridian

Green

v7

C, Pb, O, Ba, Zn, S, Na, Cr, Lead white, lithopone and/or barium white and zinc white,
(Al, Si, Fe, Mg, Cl, Ca)
viridian, chrome yellow, Prussian blue

Green

v10

C, O, Ba, Pb, Zn, S, (Na, Fe, Lead white, lithopone and/or barium white and zinc white,
Cr, Sr, Ca, Ti, Al, Cl, Si) Prussian blue, traces of viridian

Red

v4

O, Fe, Ca, C, Si, Ba, (Al, S, Red iron oxide, lithopone and/or barium white and zinc white,
Pb, Mg, Zn, K, Sr, Ti, P) lead white, bone black

Yellow

v5

O, C, Pb, Ba, Zn, S, Fe, Ca, Lead white, lithopone and/or barium white and zinc white,
Na, (Si, Al, Mg, Sr, Cr, P) yellow and red iron oxide, possible chrome yellow or other
Cr-containing yellow(s), bone black

White

v3

C, Ba, O, S, Zn, Ca, Pb, Na, Lead white, lithopone and/or barium white and zinc white,
(Ti, Sr, Si, Al, Cr)
titanium white

*Major elements are given in italic, minor elements in plain type and trace elements in brackets.
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3.5. Execution of the paintings
The technical evidence collected from both paintings shows
that Liu Kang reused his earlier artworks. He painted directly
on the previous compositions without applying an intermediate
ground layer. Although NIR did not reveal any preparatory
sketches, an archival search provided an undated pencil
drawing that could be a study conducted prior to his painting
Climbing the hill (Figure 12a, b). The rapidly executed
drawing expressively captures the view of the hill by means
of free-flowing lines with a minimum of shading and
gradation. Moreover, two undated black-and-white photographs
of the hill, taken by the artist, seem to complement the study
with documentary precision (Figure 12c, d). Considering that

the drawing and photographs are consistent with the time that
painting was created, they may be indicative of the artist’s
search for the composition and sources of inspiration. The
photographs could also have been used as references for
developing the painting upon the artist’s return to Singapore.
Nevertheless, these supplementary media demonstrate the
process of the creation of a painting, from the initial study
to the completed work.
With regard to the painting technique, both artworks were
executed rapidly with a combination of a palette knife and
brush. Palette knife touches are more evident in Climbing the
hill as the artist used this tool for quickly covering the surface
with colour. Meanwhile, the brush was used for more detailed
and descriptive work. This technique significantly reduced

Figure 12. Image of (a) Climbing the hill. Image of Liu Kang’s: (b) pencil drawing; (c, d) archival photographs of the
studied scene. Liu Kang Family Collection. Images courtesy of Liu family.

From Paris and Shanghai to Singapore: A Multidisciplinary Study in Evaluating the Provenance and Dating of Two of Liu Kang’s Paintings / Damian Lizun | 337

Figure 13. Details of Climbing the hill illustrating palette knife paint application completed with minor brush strokes (a,
b). Details of View from St. John’s Fort illustrating a combination of palette knife and brush paint application found in
the area of fort wall (c, d).
the time required to complete the work (Figure 13a, b). In

on the artist’s painting process. Digital microscopy proved to

View from St. John’s Fort, the brush played a major role

be effective in evidencing the presence of an earlier

while palette knife paint application was used only for the

composition under the current paint layer, while IRFC

execution of the fort’s wall (Figure 13c, d). Based on these

imaging was crucial in the tentative identification of pigments

observations it is clearly evident that, the painting technique

and selection of sampling areas. A comparative technical

of two artworks demonstrates some differences despite they

study of Climbing the hill and View from St. John’s Fort

have been created the same year. This may reflect Liu Kang’s

gives insights into the material preferences and also unveils

free approach to the technique in support of the artistic

a few converging features. Both paintings were created

expression.

directly over the earlier compositions without an intermediate
ground layer. However, the structure of the canvas and the

4. CONCLUSION

ground composition for the painting beneath Climbing the hill
exhibit features consistent with Liu Kang’s Shanghai period

The multidisciplinary approach – combining analytical and

(1933–1397), while the canvas and ground layer for the

historical data – enabled the dating of Climbing the hill to

painting beneath View from St. John’s Fort have features

be approximated as 1948 or 1949 rather than 1937.

typical of the Paris period (1929–1932), which is further

Moreover, the archival photographs and drawing shed light

supported by the partially visible date 1931. This discovery
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may reflect the scarcity of the painting materials available to

the X-ray radiography. The author wishes to thank Hanna

the artist in 1948 or his financial constraints, which forced

Szczepanowska PhD at West Virginia University for her

him to reuse his earlier compositions in order to continue

comments, which were essential for making further

artistic career. With regard to the pigments, the range of

improvements to the paper. The author also would like to

colours used by the artist in Climbing the hill and View from

thank to the reviewers for their comments and hints related

St. John’s Fort is restricted; however, the range is adequate

to the quality of the article.

for the painted scenes, which are dominated by blue, green
and yellow colours. Hence, Liu Kang made an extensive use
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ABSTRACT We have tried the experimental research of lost-wax casting to reconstruct Gilt-Bronze

Pensive Bodhisattva; preliminary and reconstruction experiment based on ancient texts. Main object to
reconstruct is Korean National Treasure No.83, Gilt-Bronze Pensive Bodhisattva (Maitreya), then we
measure alloy ratio and casting method based on the scientific analysis. Other impurities were removed
from the base metal components(copper : tin : lead) and their ratio was set to 95.5 : 6.5 : 3 where
the ratios for tin and lead were increased by 2.5% each. The piece-mold casting method was used,
and piece-mold casting experiments were carried out twice in this study but supplementary research
on piece-mold casting was necessary.
The microstructure was confirmed to be typical cast microstructure and the component analysis result
was similar to that of the prior study. Analysis of the chemical composition is confirmed to copper,
tin, lead, and zinc, and the chemical composition of the matrix was 87.8%Cu-7.5%Sn-2.7%Pb-2.1%Zn,
and similar to previous experimental research. Also resulted in the detection of small impurity in Zn.
Analysis of the mould revealed that the mould was fabricated by adding quartz and organic matter
for structural stability, fire resistance, and air permeability. We expect that our research will contribute
to provide base data for advanced researches in future.
Key Words Gilt-Bronze Pensive Bodhisattva (Maitreya), Piece-Mold casting, Experimental research,
Microstructure, Component analysis

1. INTRODUCTION

metallic artifacts. Research is lacking on the smelting and
alloys necessary for the traditional casting of copper based

Artifacts of various materials have been discovered, but

metallic artifacts including bronze and brass as well as

among them, gilt-bronze artifacts are rare, making them that

restoration and reconstruction technologies. With regard to

much more important. In the case of plated artifacts, the

research on the Pensive Bodhisattva, it is mostly focused on

artifacts are preserved in conditions where the gold has

the production period, style, and iconography of Buddhist

peeled off and the copper or bronze base material are

sculptures, so research on the manufacturing method is at an

exposed, so there are scientific and technological limitations

elementary stage, resulting in a lack of research materials and

to the exhibition and protection of relics that retain the

historical records. Especially, scientific and technological

uniqueness of Korea.

research on the advanced casting and manufacturing

Also, although a vast number of metallic artifacts was

techniques that support the half-crossed leg posture and the

excavated, only research from natural sciences and

structure and formativeness of the Pensive Bodhisattva is

metallurgical perspectives are carried out for such excavated

necessary (Yun, 2013).
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Therefore, in this study, restoration was carried out on the

artworks of Korea. So, restoration reproduction experiments

bronze Pensive Bodhisattva for the National Treasure No.83

of these artifacts were conducted (National Museum of

Gilt-Bronze Pensive Maitreya. This national treasure exhibits

Korea, 2017).

outstanding casting technology from the consistently thin

The crown on the National Treasure No. 83 Gilt-Bronze

thickness of the bronze metallic base layer and this artifact

Maitreya in Meditation is in the mould of 3 semicircles

is considered one of the most representative Buddhist

connected together, and this crown is simple with no other

sculptures of East Asia. Thus, based on these aspects,

decorations on the surface but makes a strong impression.

reconstruction or reproduction experiments were conducted to

The style of this crown is very unusual and distinctive

investigate the traditional science and technology through the

compared to those of other countries like India and China,

verification and reinterpretation using modern day analysis o

and this style can only be found in the Pensive Bodhisattva

the

of the old Silla region.

material

characteristics,

casting

technique,

and

manufacturing technique. Moreover, the cast was reproduced

The manufacturing technique and the associated

based on the excavated artifact and historical records in order

characteristics of the National Treasure No. 83 Gilt-Bronze

to reproduce the traditional casting and processing techniques

Maitreya in Meditation were examined through scientific

(Min, 2016).

investigation results including the bronze alloy component

This study is expected to contribute to the establishment

analysis using visual observation, gamma ray imaging, and

of protective systems for artifacts used in education and

nondestructive analysis (National Museum of Korea,

exhibitions through the utilization of restorations of

2017).

exhibition artifacts that retain the uniqueness of Korea and

Overall, the internal curves of the National Treasure No.

the traditional bronze smelting, casting, and processing

83 Gilt-Bronze Maitreya in Meditation matched the external

techniques. Furthermore, the traditional casting techniques are

shape, and numerous core pins were identified that maintains

expected to lead to the restoration of metallic relics and attain

the distance between the internal and external clay . Inside,

related fundamental technologies, resulting in the expansion

the soil used as the internal clay partially remained, and it

and application of the research foundation through the

was found that plant stems were cut short and added to the

convergence research of fields related to metallic cultural

sandy clay, where coarse sand particles were mixed in. This

assets.

was considered to be traces of using the typical wax casting

In addition, this study is an experimental study on the

method, which was employed to create the original shape for

reproduction of Pensive Bodhisattva using piece-mold casting

the internal clay as similarly as possible and involved

based on the experimental research of Gilt-Bronze Pensive

sculpting with wax-coated followed by removing the wax and

Bodhisattva using the lost-wax casting in 2020 (Yun et al.,

pouring of bronze for the casting. The head and body were

2020).

made as one from the beginning without separating the
internal clay, and large casting defects were not observed

2. GILT-BRONZE MAITREYA IN MEDITATION
REPRODUCTION EXPERIMENT
2.1. Properties of Gilt-Bronze Maitreya in meditation

except for the rear lower portion of the pedestal and left foot
lotus pedestal (National Museum of Korea, 2017).
The gamma ray imaging results revealed a thick
rectangular iron-core internally from the head to the pedestal
vertically as well as thin iron cores that crossed over like an

The National Treasure No. 83 Gilt-Bronze Maitreya in

X at the chest and extended into each arm. At the locations

Meditation is also referred to as three-mountain headdress (三

where the thick vertical iron core and the thin horizontal iron

山冠) or tri-fold crown Pensive Bodhisattva because of the

cores meet, the cores were not tied to each other and a

unique crown composed of 3 semicircles placed on top of

separate string was not used but rather the thin iron cores

the head. This artifact and the National Treasure No. 78

were placed from both sides into a hole made in the thick

Gilt-Bronze Maitreya in Meditation of similar size are the

iron core so that the thin cores crossed over like an X. The

most highly regarded and representative Buddhist sculpture

bodies of the thin iron cores that extend into each arm was
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securely fixed to the thick iron core so that defects which

First, a 1/2 scale plaster model of the pensive bodhisattva

can occur from the movement of the internal clay in the thin

is prepared. After sprinkling charcoal powder on the bottom

arms during the casting are prevented in advance. Above the

surface, loess is applied in a thick manner. The surface is

thin iron cores within the arms were wires that are wound

then polished with a burin followed by attaching wet hanji.

like a thread and these wires were thought to be devices to

This is done so that when loess is applied to the top surface

facilitate the attachment of the sandy clay with coarse

in the mould fabrication process, they do not stick to each

particles as the wires were not observed in the National

other.

Treasure No. 78 Gilt-Bronze Maitreya in Meditation(National
Museum of Korea, 2017).

After attaching the hanji, a soil mixture is prepared to
fabricate the partial molds. The head, right hand, feet, and

The nondestructive component analysis result showed

waist of the plaster model are small and are at risk of cracks,

that the main body was composed of bronze that contained

so the soil mixture is applied to these areas. Here, the soil

about 4 ∼ 5% of tin and this content is almost equivalent

mixture contains 515 g of loess, 200 g of kaolin, 200 g of

to that of the National Treasure No. 78 Gilt-Bronze

heat treated sand, 50 g of charcoal powder, and 35 g of hanji

Maitreya in Meditation main body. Measurements of the

soaked in water (1 kg soil mixture basis). This soil mixture

repaired areas including two areas at the bottom surface of

is used rather than loess because it is more effective at

the cylindrical chair and the front portion of the left foot

replicate the expression details. Once the soil mixture is

on the lotus showed that the left side of the chair bottom

applied, wet hanji is then applied similarly.

surface and the lotus pedestal were composed of pure

Afterwards, the soil mixture is rolled over to have a

copper with almost no tin. Areas with components that

thickness of 3 ∼ 4 mm over the entire figure. Then, a brush

matched the main body were determined to be areas that

is used to closely adhere the soil mixture. Loess is then

were repaired during the casting and the two areas repaired

applied again and thick rods are placed after criss crossing

with pure copper were determined to have been repaired in

them in a # pattern. Next, rough soil is prepared and applied

the unified Silla period when Buddhist sculptures casted

in a thick manner. The rough soil is prepared with 730 g

using pure copper were introduced. It was thought that all

of loess, 100 g of kaolin, 60 g of rice husk, 80 g of straw

three areas were repaired during the initial casting but later

and 30 g of hanji (1 kg rough soil basis). All the steps up

on these areas had to undergo repairs again (National

to now have to be carried out after sufficient natural drying.

Museum of Korea, 2017).

Now, fabrication of the front mould is complete and the
rear mould is fabricated following the same procedure after

2.2. Reproduction study using piece-mold casting
2.2.1. External mold fabrication (Figure 1)

A sturdy and robust mould is necessary for successful
piece-mold casting. A mould made with appropriate materials
and mixed together at appropriate proportions exhibits high
strength and can withstand heat and pressure when molten
metal is poured.
Preliminary experimentation was conducted to present a
systematic methodology for the traditional casting and
restoration technologies of the bronze Pensive Bodhisattva.
Utilizing preceding materials, the cast was made with
piece-mold and molten metal was poured in followed by a
series of refinements to successfully restore a 1/3 scale model
of the bronze Pensive Bodhisattva. Based on these results,
a 1/2 scale of the Pensive Bodhisattva was cast.

2 ∼ 3 days of drying. Following this, drying is carried out
for around 1 day in a kiln or heating chamber.
2.2.2. Mould supplementation (Figure 2)

When the basic work on the front and rear sides of the
mould is completed, it is dried for around 24 hours in a kiln
at a temperature of around 100 ∼ 150℃. After sufficient
drying, the partial molds within the mould have to be
polished and attached. In this process, a sharp and acute tool
such as a burin or a wooden stick has to be used to carefully
remove the partial molds without damaging them. Areas with
detailed expressions like the ends of the dress are made sure
to preserve the shapes and parts that have fallen off are filled
up or plugged with soil. When all the supplementary work
is done, the needles applied for fixture are removed and water
is used for adhesion to the mould.
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Figure 1. Reproduction study using piece-mold casting (Experiment 1). (A) Attach loess on the bottom surface of the
plaster model. (B) Polish the surfaces smooth. (C) Prepare the soil mixture. (D) Apply hanji to the surface. (E) Fabrication
of the partial molds after applying the soil mixture. (F) Apply hanji to the partial molds(soil mixture). (G) Apply thinly
flattened soil mixture. (H) Place loess over and reinforce with twisted rods. (I) Finish by placing the rough soil over
in a thick manner. (J) Flip over the mould. (K) Remove the loess. (L) Remove the hanji. (M) After removing the hanji
and loess. (N) After removing the hanji and loess. (O) Apply the soil mixture and hanji. (P) Thinly flatten the paper
clay and reinforce with rods. (Q) Cover with loess. (R) Place in a kiln and dry.
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Figure 2. Mould supplementation. (A) Front side mould Separated mould. (B) Separated mould(rear) (C) dried partial molds
(1). (D) Dried partial molds (2). (E) Partial molds separation. (F) Separated partial molds. (G) Partial mold shape polishing.
(H) Try fitting in place. (I) Wooden stick. (J) Needles. (K) Front side mould fixed using pins. (L) Back side mould fixed
using pins. (M) Front side mould original shape separated from the mould. (N, O) Front side mould supplementary process
completed mould.
2.2.3. Core fabrication (Figure 3)

The following is the fabrication process. First, clay is

A separate mold is fabricated to create an empty space

thinly flattened to a thickness of 4 ∼ 5 mm and then adhered

for the molten metal in the casting to be poured into. This

within the mould. Wet hanji is attached on top of this. Next,

is called the core.
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Figure 3. Core Fabrication. (A) Thinly flattened clay. (B) Clay thickness. (C) Clay and hanji adhesion to the mould. (D)
Applying hanji. (E) Filling the mould interior with loess. (F) Drying in a kiln. (G) Removal of the thin clay. (H) Removed
thin clay. (I) Thickness of the removed thin clay (molten metal thickness). (J) Core separation. (K) Drying in a kiln.
(L) Mould with all the thin clay removed. (M) Completed core. (N) Fit the core in place.
the front and rear sides of the mould are joined together and

called a cavity where the molten metal will enter. The molten

the interior is meticulously filled with loess. Afterwards, it

metal thickness is the same 4 ∼ 5 mm as that of the clay

is placed in a kiln and dried for approximately 1 ∼ 2 hours.

thickness and there are thicker parts depending on the area

After sufficient drying, the thin clay adhered within the core

such as the knees. The completed core is then inserted within

and mould dries and a sharp tool is used to remove all of

the mould.

the clay. The empty space produced from this process is
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the leak was located between the reinforcing bar on the core

2.2.4. Mould assembly and molten metal preparation
(Figure 4)

and the piece-mold mould gap, but a follow-up study is

Before pouring the molten metal, the mould is dried again

necessary. The molten metal was injected over 2 pouring

and the front and rear are joined together to be wrapped using

sessions and the injection was completed.

a wire. The mould has to be strongly reinforced for it to

After 1 ∼ 2 hours after the pouring of the molten metal,

withstand the pressure of the molten metal.

the reinforcing bar and mould were disassembled. Inspection

The process of preparing the molten metal to be poured

of the surface revealed that there were areas that the molten

into the mould is necessary. The bronze casting component

metal did not reach. The lower part of the face, the back of

ratios of this process was set to 95.5 : 6.5 : 3 (copper : tin

the head, and the ends of the dress were areas that their

: lead) where the impurities were removed from the base

shapes were not expressed. Also, although the front part is

metal components and the tin and lead proportions were

acceptable, the rear part surface was uneven, resulting in

increased by 2.5% each. However, the fact that the casting

dents. The causes behind these results were, first, that the

component could decrease with increasing molten metal time

core shook in the process of moving it to the casting site,

due to the low melting point was taken into consideration.

second, problems with the soil, firing temperature, and

In this process, ingots were melted and used as the molten

number of times for steps in the mould fabrication process,

metal in accordance with the casting components as metal is

and third, problems with the separation parts and the number

melted and solidified to make ingots (Yun et al., 2019).

of those parts for the piece-mold mould. Solutions to the
above issues will be addressed and the piece-mold mould

2.2.5. Molten metal injection, mould disassembly, abrasion

process will be carried out again. The casting fabricated in

polishing (Figure 5)

this experiment was completed with a primary polishing

Before pouring the molten metal, the molten metal inlet

using a hammer and chisel. Th finished Pensive Bodhisattva

was made on the mould with soil as shown in Figure 5(B).

did not flow smoothly, and there were many casting defects

After melting the molten metal for approximately 1 ∼ 2

(Figure 5(M)). Figure 5(N) shows the results of a second

hours, it was poured into a crucible and then poured into the

experiment with a similar process and a more complete

mould. In the injection process, a small amount of the molten

Pensive Bodhisattva compared to the first experiment.

metal leaked to the side of the mould. It was assumed that

A

B

C

D

E

F

Figure 4. Mould assembly and molten metal preparation. (A) Drying in a kiln. (B) Tie the mould together with a wire.
(C) Fabricate the molten metal inlet. (D) Blast furnace. (E) Crucible. (F) Molten metal.
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Figure 5. Molten metal injection, mould disassembly, abrasion polishing. (A) Molten metal injection. (B) After molten
metal injection. (C) Cooled mould after injection, (D) Reinforcing bar disassembly. (E) Mould disassembly using a hammer.
(F) Disassembled mould (front). (G) Disassembled mould (back). (H) Polishing. (I) Casting with mould disassembly
complete (top). (J) Casting with mould disassembly complete (bottom). (K) Casting with mould disassembly complete
(head). (L) Casting with mould disassembly complete (front). (M) After complete dismantling of the mould. (N) Pensive
Bodhisattva completed after the second experiment.
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3. SCIENTIFIC ANALYSIS

bodhisattva. Figure 6 shows a small ingots pedestal pathway
and a specimen extract areas.

3.1. Analysis subject

3.1.2. Gilt-Bronze Pensive Bodhisattva mould

3.1.1. Gilt-Bronze Pensive Bodhisattva related pedestal

Gilt-Bronze Pensive Bodhisattva moulds produced curing
casting were collected and used for analysis. Figure 7 is a

pathway

In order to analyze the microstructure and chemical

pre-analyzed image of a mould, organic matter was observed

composition of the Gilt-Bronze Pensive Bodhisattva cast

in all specimens where 4 ∼ 5 layers are observed depending

using piece-mold casting, 2 small ingots (head pathway,

on whether the specimen was from the exterior or interior.

pedestal pathway) were extracted after casting the pensive

A

B

Figure 6. A macroscopic image of sample Gilt-Bronze Pensive Bodhisattva. (A) Head pathway. (B) Pedestal pathway.

A

B

C

D

Figure 7. Image of the mould specimen before analysis. (A) No. 1 rear buttocks. (B) No. 2 pedestal knee. (C) No. 3
rear head. (D) No. 4 knee.
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but for mould 2, the exterior and interior were distinguishable

3.2. Analysis method
3.2.1. Pedestal pathway of Gilt-Bronze Pensive Bodhisattva

The extracted ingots were cut into appropriate sizes,
placed in mounting resin, and polished. In order to observe
the microstructure and quantify the chemical composition of
the pensive bodhisattva, the specimens were polished using
0.05 ㎛ diamond paste . After observing the microstructure
of the bronze specimen using EPMA, the chemical
composition of the desired area was quantified. The entire
composition of the bronze was quantified using a 300 ㎛
diameter beam size and then the composition of smaller
areas(white area, light gray area, gray area, dark gray area)
were quantified by reducing the beam size to 1 ㎛. Figure
6 shows a macroscopic image of the cut locations and
observation surfaces of the Gilt-Bronze Pensive Bodhisattva

even with one specimen so only one specimen was extracted
and mounted. The mounted specimen was sequentially
polished from 100 mesh up to 4000 mesh followed by
micropolishing using 3 ㎛ and 1 ㎛ until there were no
scratches on the specimen. Afterwards, the microstructure of
the specimen was observed using a metallographic microscope.
A scanning electron microscope was used to observe the
detailed microstructure and an energy dispersive X-ray
spectrometer was used to analyze the chemical composition
of the microstructure. The analysis specimens were coated
with platinum (Pt) to increase the specimen conductivity and
minimize the effect on the composition ratio.
3.3. Alloy specimen analysis results

casting bronze specimens used in the microstructure and

3.3.1. EPMA analysis result

composition analysis.

Figure 8 shows the scanning electron microscope back
scattered electron (BSE) image and EPMA analysis location

3.2.2. Gilt-Bronze Pensive Bodhisattva mould

of the head pathway bronze specimen. The microstructure of

Before the analysis, the exterior and interior specimens

the Gilt-Bronze Pensive Bodhisattva exhibited the typical cast

were distinguished, then ground into an appropriate size. The

microstructure. Figures 8 (A), (B), and (C) show the 100x,

4 specimens pertaining to the rear head and knee were too

500x, 1000x magnification BSE images and (D) shows the

large for mounting so they underwent powdering by layer

micro-composition analysis locations (2, 3, 4, 5, 6, 7).

followed by principal component and compound analyses.

White and light gray precipitate phases and vacancies

The rear buttocks and pedestal knee were mounted and their

were observed within the base material (bright areas + dark

microstructures were observed (Table 1). For the principal

areas) in the microstructure of the Gilt-Bronze Pensive

component analysis, ultrasonic cleaning was carried out for

Bodhisattva. Table 2 shows the chemical composition

the specimens and then the dried specimens were pulverized.

analysis result of the matrix structure and the precipitate

The principal component analysis was conducted using a

phases dispersed within the matrix structure. The Gilt-Bronze

wavelength dispersive X-ray fluorescence spectrometer. The

Pensive Bodhisattva is composed of copper, tin, lead, and

specimens were vitrified through pretreatment, and the

zinc, and the chemical composition (weight ratio) of the

analysis

matrix was 87.8%Cu-7.3%Sn-2.7%Pb-2.1%Zn. The chemical

result

was

measured

and

shown

through

semi-quantitative analysis.

composition(weight

ratio)

of

the

white

precipitate

For the microstructure observation, mounting was done

phase(location 2) within the matrix structure was 93.9%Pb

using epoxy resin to observe the specimen cross section. For

-6.1%Cu so it was determined to be lead particles. The

mould 1, the exterior and interior were mounted separately,

chemical composition (weight ratio) of the bright gray

Table 1. Analysis method
WD-XRF

XRD

No. 1 rear buttocks
No. 2 pedestal knee
No. 3 the rear head
No. 4 knee

○
○

○
○

Metallographic
microscope
○
○

SEM-EDS
○
○
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A

B

C

D

Figure 8. The scanning electron microscope back scattered electron (BSE) image location of the head pathway bronze
specimen. (A) 100x. (B) 500x. (C) 1000x. (D) The micro-composition analysis locations (2, 3, 4, 5, 6, 7).
Table 2. EPMA analysis result location of the head pathway (Unit: wt% (at%))
Position

total

2

3

4

5

6

Cu

87.8(92.8)

6.1(17.6)

69.2(80.7)

87.5(92.1)

95.5(96.5)

72.4(82.6)

Sn

7.5(4.3)

-

30.8(19.3)

10.6(6.0)

2.0(1.1)

26.6(16.3)

Pb

2.7(0.9)

93.9(82.4)

-

-

-

-

Zn

2.1(2.1)

-

-

1.9(1.9)

2.5(2.4)

1.0(1.1)

δ

α-Cu
(high temp.)

α-Cu
(low temp.)

Eutectoid
(α-Cu + δ)

Comp.

Phase

α-Cu + δ

Pb

phase(location 3) produced in the grain boundary was

the chemical composition of the black (location 7) areas was

composed of the δ phase with copper and tin contents of

found to be MnS (46.6%Mn-35.2%S-1.2Cr%-1.3%Fe-

69.2%Cu-30.8%Sn. The matrix structure was composed as a

7.0%Cu- 8.7%Zn) with small contents of iron, zinc, and

mixedstructure of the bright (location 4) areas and

chrome.

dark(location 5) areas. The chemical composition (weight

Figure 9 shows the scanning electron microscope BSE

ratio) of the bright areas and dark areas were 87.5%Cu-

image and EPMA analysis location of the pedestal pathway

10.6%Sn-1.9%Zn and 95.5%Cu-2.0%Sn- 2.5%Zn, respectively.

bronze specimen. The microstructure of the Gilt-Bronze

The tin concentration of the bright areas was around 8.6%

Pensive Bodhisattva exhibited the typical cast microstructure.

greater than that of the dark areas. Also, the chemical

Figures 9 (A), (B), and (C) show the 100x, 500x, 1000x

composition of the eutectoid structure (location 6) produced

magnification BSE images and (D) shows the micro-

in the grain boundary was 72.4%Cu-26.6%Sn-1.0%Zn while

composition analysis locations (2, 3, 4, 5, 6, 7).
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White and light gray precipitate phases and vacancies

determined to be lead particles. The chemical composition

were observed within the base material(bright areas + dark

(weight ratio) of the bright gray phase (location 3) produced

areas) in the microstructure of the Gilt-Bronze Pensive

in the grain boundary was composed of the δ phase with

Bodhisattva. Table 3 shows the chemical composition

copper and tin compositions of 65.7%Cu- 34.3%Sn. The

analysis result of the matrix structure and the precipitate

matrix structure was composed as a mixed structure of the

phases dispersed within the matrix structure. The Gilt-Bronze

bright(location 4) areas and dark (location 5) areas. The

Pensive Bodhisattva is composed of copper, tin, lead, and

chemical composition (weight ratio) of the bright areas and

zinc, and the chemical composition of the matrix was

dark areas were 85.5%Cu- 12.7%Sn-2.6%Zn and 92.9%Cu-

87.8%Cu-7.5%Sn-2.7%Pb-2.1%Zn. The chemical composition

3.7%Sn- 2.6%Zn, respectively. The tin concentration of the

(weight ratio) of the white precipitate phase (location 2)

bright areas was around 9.0% greater than that of the dark

within the matrix structure was 93.8%Pb-6.2%Cu so it was

areas. Also, the chemical composition of the eutectoid

A

B

C

D

Figure 9. The scanning electron microscope back scattered electron (BSE) image location of the pedestal pathway bronze
specimen. (A) 100x. (B) 500x. (C) 1000x. (D) the micro-composition analysis locations (2, 3, 4, 5, 6, 7).
Table 3. EPMA analysis result location of the pedestal pathway bronze specimen (Unit: wt% (at%))
Position
Comp.
Cu

Total

2

3

4

5

6

87.8(92.8)

6.2(17.7)

65.7(78.2)

85.5(91.0)

92.9(95.8)

72.8(82.7)

Sn

7.5(4.3)

-

34.3(21.8)

12.7(7.3)

3.7(1.1)

25.8(15.7)

Pb

2.7(0.9)

93.8(82.3)

-

-

-

-

Zn

2.1(2.1)

-

-

1.7(1.8)

2.6(2.6)

0.9(1.0)

Pb

δ

α-Cu
(high temp.)

α-Cu
(low temp.)

Eutectoid
(α-Cu + δ)

Phase
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structure(location 6) produced in the grain boundary was

concentration of the high temperature α-Cu phase produced

72.8%Cu-25.8%Sn-0.9%Zn while the chemical composition

at temperatures of 350℃ and higher is higher than 6.2at%

of the black (location 7) areas was found to be MnS

and that of the low temperature α-Cu phase produced at

(16.7%Mn-32.1%S-1.3%Fe-5.0%Cu- 44.9%Zn) with small

temperatures of 250℃ and lower is lower than approximately

contents of iron, zinc, and chrome.

1.0at%. Thus, the tin concentration of the α-Cu phase

From the comparison between the phases observed in the

produced at high temperatures is higher than that of the α-Cu

bronze specimen and the Cu-Sn binary phase diagram, it was

phase produced at low temperatures. From this, it can be

found that the Gilt-Bronze Pensive Bodhisattva exhibited a

determined that the Gilt-Bronze Pensive Bodhisattva cast

binary phase structure composed of the α-Cu matrix phase

using the piece-mold casting method gradually cooled in a

with high copper content and δ(20.5 at%) precipitate phase

wide temperature range.

with high tin content. Also, α-Cu and δ phases mixed
vacancies existed here and there, and Pb and MnS phases

3.4. Mould analysis results

were dispersed within the matrix phase.
Meanwhile, the matrix structure was a mixture of bright

3.4.1. Principal component analysis

and dark areas, and the tin concentration of the bright areas

Table 4 shows the major component analysis result of the

was 8.6 ∼ 9.0 wt%(4.9 ∼ 6.2at%) higher than that of the

mould. The principal components of the interior and exterior

dark areas. The tin concentration difference of the α-Cu phase

of the rear head were SiO2 and Al2O3 but the components

can be predicted from the Cu-Sn phase diagram. The tin

of CaO, FeO, K2O and MgO were also present. Similarly,

Table 4. Component analysis result of the mould
No.

Name

The last
exterior layer
of the rear
head
Exterior layer
2
of the rear
head
Middle layer
3
of the rear
head
Interior layer
4
of the rear
head
The most
interior layer
5
of the rear
head
The last
6 exterior layer
of the kneel
Exterior layer
7
of the kneel
Middle layer
8
of the kneel
Interior layer
9
of the kneel
The most
10 interior layer
of the kneel
1

Chemical composition (wt%)
SiO2 Al2O3 FeO CaO K2O MgO SO3 TiO2 P2O5 Na2O MnO ZnO SrO ZrO2 CuO
55.07 16.90 4.21 12.05 2.75 3.23 3.86 0.79 0.46 0.43 0.05 0.05 0.04 0.03 0.02

55.97 17.30 4.23 11.23 2.83 2.70 4.08 0.76 0.46 0.33 0.05 0.02 0.03 0.03 0.02
54.86 17.20 4.21 12.25 2.74 2.96 3.96 0.83 0.46 0.35 0.06 0.02 0.04 0.03 0.02
56.08 17.10 4.13 11.70 2.74 2.81 3.66 0.77 0.50 0.34 0.05 0.02 0.04 0.03 0.02

67.30 16.90 3.78 3.40 2.93 1.05 2.98 0.76 0.46 0.29

-

0.02 0.02 0.03 0.02

55.98 16.80 4.30 11.23 2.78 2.94 4.13 0.79 0.52 0.38 0.05 0.02 0.03 0.03 0.02
55.70 17.10 4.20 11.68 2.79 2.83 3.93 0.78 0.47 0.33 0.04 0.02 0.04 0.03 0.02
52.59 15.90 4.30 15.13 2.56 3.71 4.12 0.77 0.47 0.27 0.06 0.02 0.04 0.03 0.02
67.90 16.40 3.72 3.64 2.88 1.02 2.66 0.76 0.43 0.36

-

0.02 0.02 0.03 0.02

68.90 16.60 3.92 2.38 3.03 0.84 2.55 0.78 0.47 0.26 0.03 0.05 0.01 0.03 0.08
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the principal components of the interior and exterior of the

quartz are observed in the interior. Additionally, organic

knee were SiO2 and Al2O3 but the components of CaO, FeO,

matter is observed. Table 5 shows the compositions of each

K2O, and MgO were also present. The component analysis

structure using EDS. Number 1 shows unmelted mineral

results for the mould used for each part did not vary

particles while numbers 2, 3, and 5 show fine quartz. Number

significantly within the error range so it was determined that

4 shows the base matrix.

the same materials were used in the fabrication.
3.4.4. Pedestal Knee Microstructure Observation
3.4.2. Chemical analysis

Figure 12 shows the stereoscopic microscope image of the

XRD analysis was carried out to investigate the major

pedestal knee microstructure. Large quartz are observed in

chemical compounds composing the mould. Figure 10 shows

the exterior while large quantities of smaller quartz are

the XRD analysis result for the mould, which revealed the

observed in the interior. Also, organic matter is observed.

detection of quartz, dolomite, and muscovite in the rear head

Figure 12 shows the SEM image of the detailed

and knee interior. The exteriors of the rear head and knee

microstructure of the pedestal knee. Table 6 shows the

also resulted in the detection of large quantities of quartz

compositions of each structure using EDS. Numbers 1 and

along with dolomite and muscovite.

4 are quartz, numbers 2 and 5 are unmelted mineral particles,
and number 3 is the base matrix.

3.4.3. Rear buttocks microstructure observation

Small polygonal particles are observed in the base matrix,

Figure 11 shows the stereoscopic microscope and SEM

and it was determined that the mould was fabricated by

imaging on the rear buttocks microstructure. Large quartz are

adding quartz and organic matter for structural stability, fire

observed in the exterior while a large amount of smaller

resistance, and air permeability.

Figure 10. XRD analysis result of the mould (left: No. 3 the rear head, right: No. 4 knee interior).
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A

B

C
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Figure 11. No.1 rear buttocks microstructure observation. (A) The stereoscopic microscope (x1.60) of the interior. (B) The
stereoscopic microscope (x1.60) of the exterior. (C) SEM image of the interior. (D) SEM image of the exterior.
Table 5. EDS analysis result of No.1 rear buttocks (Unit: wt%)
Elements (wt%)

Analysis
position

SiO2

Al2O3

C

CaO

MgO

K2O

FeO

Cl

1

40.61

31.56

17.17

2.25

1.10

6.41

0.89

-

2

86.03

-

13.97

-

-

-

-

-

3

91.61

-

8.39

-

-

-

-

-

4

31.84

13.73

44.78

1.65

0.98

1.69

4.78

0.57

5

84.70

-

15.30

-

-

-

-

-
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A

B

C

D

Figure 12. No. 2 Pedestal Knee Microstructure Observation. (A) The stereoscopic microscope (x1.60) of the interior. (B)
The stereoscopic microscope (x1.60) of the exterior. (C) SEM image of the interior. (D) SEM image of the exterior.
Table 6. EDS analysis result of No. 2 Pedestal Knee (Unit: wt%)
Elements (wt%)

Analysis
position

SiO2

Al2O3

C

CaO

MgO

K2O

FeO

Na2O

1

93.01

-

6.99

-

-

-

-

-

2

60.29

20.77

1.54

-

-

16.54

-

0.87

3

39.02

28.95

22.33

0.55

0.89

2.31

5.06

0.89

4

91.30

-

8.70

-

-

-

-

-

5

57.39

19.40

2.90

-

-

20.32

-

-
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4. CONCLUSION

result of the analysis of the mould, quartz is observed, and
small polygon particles were observed at the base matrix. A

For the traditional casting and restoration technique
research of the bronze Pensive Bodhisattva, ancient literatures
on bronze alloy, casting, and processing technologies were
investigated and preceding research materials regarding the
traditional metallic casting techniques were collected. Also,
in the case of metallic casting techniques, this study aimed
to investigate the traditional metallic (copper) smelting
method as well as casting and processing techniques that are
dying out by restoring the systematic research process from
smelting to cast fabrication, copper alloys, and casting.
Literature survey for the identification of traditional
smelting and casting techniques was necessary and ancient
literature provided fragmentary insight into copper alloy and
smelting techniques, casting methods, cast fabrication, and
casting records. The bronze Pensive Bodhisattva scaled down
restoration experiment was carried out based on the smelting
method, alloy and casting techniques, cast fabrication
techniques, and casting techniques followed through the
ancient literature review and survey.
Preliminary experimentation was conducted to present a
systematic methodology for the traditional casting and
restoration technologies of the bronze Pensive Bodhisattva.
Utilizing preceding materials, the cast was made with

large number of quartz were observed, indicating that quartz
and organic materials were added to create moulds for
structural stability, fire-resistance, and air permeability.
This study examined the traditional casting and
restoration techniques of Gilt-Bronze Pensive Bodhisattva
and conducted restoration studies based on our disappearing
traditional casting techniques. For this, it was reviewed
through traditional metal casting techniques, mould
production techniques, casting and alloy standards. And this
study can be used as a basic material for research on the
traditional casting and restoration techniques of Gilt-Bronze
Pensive Bodhisattva that have been incomplete. In particular,
Pensive Bodhisattva is a relic of Korea’s unique characteristics
and is an important metal cultural asset for the study of
traditional science history and ancient Buddhist sculpture
history. And it is expected to design a systematic research
process and secure accurate casting scientific technique data.
In addition, the newly restored Pensive Bodhisattva is based
on the traditional casting and processing technique of bronze
and is expected to be used for exhibition and educational
purposes.
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ABSTRACT In order to determine the changes in microbial community due to termites, soil

microorganisms surrounding the termites were investigated. First, bacterial communities from soil with
termites collected at Seonamsa temple, Suncheon city, Korea were compared by next-generation
sequencing (NGS, Illumina Miseq). The bacterial composition of soil from Daeungjeon without termites
and the soil from Josadang, Palsangjeon, and Samjeon with termites were compared. Next, the bacterial
composition of these soils was also compared with that of humus soil cultured with termites. A total
high-quality sequences of 71,942 and 72,429 reads were identified in Seonamsa temple’s soil and humus
soil, respectively. The dominant phyla in the collected Seonamsa temple’s soil were Proteobacteria
(27%), Firmicutes (24%) and Actinobacteria (21%), whereas those in the humus soil were Bacteriodetes
(56%) and Proteobacteria (37%). Using a two-dimensional plot to explain the principal coordinate
analysis of operational taxonomic unit compositions of the soil samples, it was confirmed that the
samples were divided into soil with and without termites, and it was especially confirmed that the
Proteobacteria phylum was increased in humus soil with termites than in humus soil without termites.
Key Words Microbial diversity, Next-generation sequencing, Termites nest, Subterranean termites
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1. INTRODUCTION

diversity of microorganisms. The termite gut microbial
diversity is affected by feeding habitat and surrounding

The wooden cultural buildings in Korea are almost
damaged by termites. Termites mainly feed on plant and
wood biomass, which are rich in cellulose and hemicellulose.
The lignocellulose-degrading capability of termites is
associated with the composition and diversity of their gut
symbionts. Termite-related microbial communities play a
major role in cellulose and lignocellulose degradation. The
nest and soil around the termites are composed of partially
digested food materials and faecal matter and are enriched
with minerals and other organic constituents (Rossmassler et
al., 2015). Thus, it provides a suitable environment for a huge

environments. Termites are classified into lower and higher
termites based on the presence of various flagellate or
protozoan populations in their gut. High termites are more
dependent on bacterial communities for digestion of cellulose
because flagellates or protozoa are presented only in lower
termites (Thongaram et al., 2005). As per previous microbial
surveys on the gut of soil-feeding termites and their nest soil,
there exist differences between the microbial communities in
the termite gut and nest soil. The termite gut is dominated
by the phylum Firmicutes, whereas the Actinobacteria and
Proteobacteria dominate the nest and surrounding soil,
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followed by Bacteroidetes and Acidobacteria (Fall et al.,

Seonamsa temple (Figure 1A). From September 29, 2016 to

2007; Manjula et al., 2016).

October 31, 2019, 61 pieces of timber (5 × 5 × 30 cm) were

The aim of this study was to investigate the bacterial

installed at interval of 2 m around the seven buildings,

community in the soil surrounding the buildings damaged by

checked and replaced periodically. A sampling point was

termites and to determine whether soil bacterial compositions

selected at the location where termites were repeatedly

are affected by termites. The Seonamsa temple is located in

detected in the timbers. The sampling location for each

the south province in Korea; it has been found to have many

building is shown in Figure 1 (B-E). Termites were observed

severely damaged buildings during the termite damage

in the timbers installed around JSD, PSJ and SJ but not in

investigation (Kim et al., 2019; Lim et al., 2019). The result

the timbers around DUJ. When the timbers were removed,

of monitoring through the replacement of detection timbers

50 g of soil samples were taken in triplicates from the

around the damaged buildings annually from 2016 to 2019,

Seonamsa temple at a depth of about 30 cm; these were

damage was observed periodically at the same location in

refrigerated for sequencing analysis. For humus soil test, after

Josadang hall (JSD), Palsangjeon hall (PSJ) and Samjeon hall

putting 250 g of humus soil in 1 L culture bottles and

(SJ). However, no termite damage was observed in the

adjusting the moisture to 70%, 200 termites (180 workers and

detection timbers around Daeungjeon hall (DUJ). The soils

20 soldiers) were added and cultivated in an incubator at 25℃

were collected around the detection timbers where damage

for four weeks. Each group had five replicates. After four

was confirmed, and microbial diversity and community were

weeks, NGS analysis was performed on the humus soil

investigated by Next Generation Sequencing (NGS) analysis.

without termites. The humus soil (Taeheung F&G, Korea)

In another experiment using humus soil, changes in soil

was purchased for gardening, and termite adaptability and

microbial community due to presence of termites were

microbial diversity were investigated before this test.

observed.
2.2. Next Generation Sequencing (NGS) analysis

2. MATERIALS AND METHODS
2.1. Soil sampling location and humus soil test for
NGS analysis
Soil samples were collected around the four buildings in

Sequencing samples were prepared according to Illumina
16S Metagenomic sequencing library protocols. Forward
primer 341F and reverse primer 805R for 16S rRNA
amplification were used to amplify the V3-V4 region of the
bacterial 16S rRNA. Gene amplification and sequencing were

Figure 1. Soil sampling location for NGS analysis. (A) Map of locations of buildings in Seonamsa temple, and
sampling point of Daeungjeon (B), Josadang (C), Palsangjeon (D) and Samjeon halls (E). (Map of Korea National
Geographic Information Institute, 2021). NGS; next generation sequencing.
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performed by Macrogen Ltd. (Seoul, Korea), and the final

Seonamsa temple and humus soil samples at the phylum

results were sequenced using the Illumina MiSeq platform

level. A total of 20 different phyla were observed, which

(Illumina Inc., San Diego, CA, USA) (Caporaso et al., 2012).

represented the overall microbial diversity. On the other hand,

Operational taxonomic unit (OTU) clustering was used in de

about 10 different phyla were observed in humus soil, which

novo (CD-HIT) OTU picking method. Taxonomic assignment

represented less diversity than these of Seonamsa temple’s

was conducted using the National Center for Biotechnology

soil. The soil samples from Seonamsa temple were revealed

Information (NCBI) Database (BLAST).

dominant phyla Proteobacteria (27%), Firmicutes (24%),
Actinobacteria (21%), Bacteroidetes/ Acidobacteria (5%), and

3. RESULTS

other less abundant phyla such as Chloroflexi/ Cyanobacteria,
Gemmatimonadetes,

3.1. Estimated richness and diversity of soil
microbiota based on NGS analysis

Verrucomicrobia

and

Nitrospirae

(Manjula et al., 2014). The dominant phylum Proteobacteria
play a major role in nitrogen fixation in termites. These
results are consistent with the occurrence of nitrogen fixing

Good’s coverage prediction for all soil samples was

Gammaproteobacteria in termite gut. The second most

>99%, indicating that the number of sequences was

abundant phylum Firmicutes present in termite gut are

satisfactory to reveal the bacterial diversity in each sample.

well-known cellulose-fermenters and thrive in alkaline

The sequencing of each group was integrated, yielding

environments. The third dominant phylum Actinobacteria was

71,942 and 72,429 sequence reads from Seonamsa temple’s

reported to play major roles in degradation of cellulose,

soil and humus soil samples, respectively. The diversity of

lignin, and chitin (Ohkuma and Kudo, 1996; Egert et al.,

bacterial communities in soil samples was predicted by

2003; Husseneder et al., 2010; Grieco et al., 2019). Humus

Shannon’s index. In particular, the Shannon’s diversity index

soil test was revealed representative dominant phyla

of SJ was the highest, followed by PSJ, DUJ, and JSD. In

Bacteroidetes (56%) and Proteobacteria (36%). When the

the termite test using humus soil, the Shannon’s diversity

compositions of each soil samples were compared, Firmicutes

index of humus soil with termites was higher than that of

and Actinobacteria predominated the area around JSD, while

humus soil without termites (Table 1).

Proteobacteria and Actinobacteria predominated the areas
around PSJ and SJ. Furthermore, Proteobacteria was the most

3.2. Structural composition of soil microbiota at

predominant around DUJ, followed by Cyanobacteria. In
humus soil experiments, Proteobacteria increased, while

the phylum level

Bacteroidetes decreased in humus soil with termites

Figure 2 shows the microbial composition of soil from

(Figure 3).

Table 1. Estimations of the richness and diversity within soil samples at 3% dissimilarity by 16S rDNA sequencing analysis

a

Sample name

OTUsa

Good’s
coverage (%)b

Chao1

Shannon

Inverse Simpson

DUJ

440

99.78

486

5.6638

0.9135

JSD

491

99.75

512

4.7079

0.8571

PSJ

459

99.70

481

6.1324

0.9524

SJ

515

99.43

561

6.9064

0.9745

Humus soil

155

99.95

163

2.8999

0.6835

Humus soil with
termites

170

99.96

176

3.8251

0.8448

OTUs, Chao1 richness, Shannon and Inverse Simpson diversity were defined at the level of 3% dissimilarity.
Good’s coverage was calculated as C = [1-(s/n)] × 100, where s is the number of unique OTUs and n is the number
of individuals in the sample.
OTUs; Operational Taxonomic Units, DUJ; Daeungjeon hall, JSD; Josadang hall, PSJ; Palsangjeon hall, SJ; Samjeon hall.
b
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Figure 2. Relative abundance (%) of Seonamsa temple and humus soil samples at the phylum level (A; Seonamsa temple,
B; Humus soil).

Figure 3. Relative abundance (%) of Seonamsa temple’s
soil samples at the phylum level (A). Changes in bacterial
phylum composition after termite cultivation using
humus soil (B). (DUJ; Daeungjeon, JSD; Josadang, PSJ;
Palsangjeon, SJ; Samjeon)
3.3. Correlation relationship of samples using
multidimensional analysis

Figure 4. Two-dimensional plot describing the PCA of
OTU composition of the soil samples. This plot visualizes
the clustering of soil bacterial communities based on the
presence of termites. The small colored dots correspond to
different soil types and OUT projections in the sample
space, so the distance between the samples reflects their
specificity. Soil samples (DUJ; Daeungjeon. JSD;
Josadang, PSJ; Palsangjeon, SJ; Samjeon, Humus soil with
and without termites).
together, while the soil microbiota around the DUJ building
was separated. The PCA produced consistent results, showing
that the soil microbiotas around JSD, PSJ and SJ with
termites were correlated to each other compared to those

In this study, significant differences were observed among

around DUJ without termites (Figure 4, red circle). Moreover,

the soil microbiotas around the four buildings in the

the PCA of humus soil test showed that the microbiota of

Seonamsa temple. In a principle coordinate analysis (PCA)

humus soil with termites was closer to microbiota of the

of soil microbiotas based on OTUs, three soil microbiotas

Seonamsa temple’s soil than those of humus soil without

around the JSD, PSJ and SJ buildings were clustered

termites (Figure 4, blue circle).
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4. DISCUSSION
This is the first study that investigated the soil bacterial
communities around the termite-damaged wooden building in
Korea by NGS analysis. Based on the results, it was
confirmed that the soil with termite was dominated by
Proteobacteria, Firmicutes and Actinobacteria phylotypes
derived from the termite gut. A shift in bacterial community
structure between the soil with and without termites was
investigated using PCA. The results of this analysis showed
that microbial structures and communities are correlated with
the presence and absence of termite. The use of large soil
microbial diversity data sets enables the in-depth analyses of
microbial communities in these compartments derived by
termites and comparisons between termite guts and various
soil

compartments.

Although

the

overall

microbial

community in soil with termites was not established in this
study, these preliminary data can be used as a method to
predict termite damage.
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ABSTRACT In museums, exhibition content focuses mostly on cultural heritage’s historical values and
functions, but doing so tends to limit visitors’ interest and immersion. To counter this limitation, the
study developed an experiential media art exhibition fusing bronze mirrors’ traditional production
technology and modern conservation science. First, for the exhibition system, scientific cultural heritage
contents were projected on the three-dimensional (3D) printed bronze mirror through interactions
between motion recognition digital information display (DID) and the projector. Then, a scenario of
17 missions in four stages (production process, corrosion mechanism, scientific analysis and diagnosis,
and conservation treatment and restoration) was prepared according to the temporal spectrum.
Additionally, various media art effects and interaction technologies were developed, so visitors could
understand and become immersed in bronze mirrors’ scientific content. A user test was evaluated
through the living lab, reflecting generally high levels of satisfaction (90.2 points). Qualitative evaluation
was generally positive, with comments such as “easy to understand and useful as the esoteric science
exhibition was combined with media art” (16.7%), “wonderful and interesting” (11.7%), and “firsthand
experience was good” (9.2%). By combining an esoteric science exhibition centered on principles and
theories with visual media art and by developing an immersive directing method to provide high-level
exhibition technology, the exhibition induced visitors’ active participation. This exhibition’s content can
become an important platform for expanding universal museum exhibitions on archaeology, history,
and art into conservation science.
Key Words Bronze mirror, Conservation science content, Experiential exhibitions, Media art, Living lab

1. INTRODUCTION

media art exhibitions are combining cultural heritage with
digital technology to counter the unilateral problem described

Many countries with excellent cultural heritage are
actively developing exhibitions of digital cultural content.
Such previous digital exhibitions have often been delivered
unilaterally using sound and video, but doing so limits
visitors’ interest and immersion into the content. Moreover,
such delivery insufficiently explains cultural heritage’s
historical value and may lead to decreased attraction and
degradation of economic feasibility compared to long-term
investment costs.
Recently, along with the ICT industry’s rapid development,

above and to satisfy the demand for content presented
through

new

methods.

Unlike

previous

unilaterally

appreciated exhibits, visitors can interact with media art
through cultural and artistic works’ transformations that
enhance their content’s diversity. Therefore, history
museums, art galleries, and science museums are actively
using media art as new exhibition technology (Bai and Boo,
2011; Kuo et al., 2016; Yamazoe et al., 2018).
Media art exhibitions of cultural heritage mainly
concentrate on buildings with walls and facades because, as
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targets of projection mapping, they are advantageous in
inducing the audience’s sense of immersion and can be
efficiently produced as video content because they are
relatively flat (Krautsack, 2011; Yun et al., 2013; Nofal et
al., 2018). On the other hand, movable artifacts are not
frequently the targets of media art because they are too small
for projection mapping.
Additionally, because exhibition content in history and
science museums focuses mostly on cultural heritage’s
historical values and functions, the range visitors can
experience is limited (Jeon, 2016; Seong and Lee, 2017).
Therefore, new exhibition services are needed to induce

Figure 1. Bronze mirror with a fine linear design in the
Korean Christian Museum at Soongsil University (National
Treasure No. 141).
times, it has not been reproducible (Figure 1).

visitors’ interest and active participation by expanding

However, since most bronze mirrors now in museums

humanities cultural heritage content to a scientific viewpoint.

were deformed in color and shape due to corrosion and are

In particular, combining media art with high visual effects,

mainly exhibited for their patterned faces, in many cases,

so visitors can intuitively understand complex and esoteric

visitors do not recognize their uses and functions (Jeon et

scientific principles is very important (Kim et al., 2009; Noh

al., 2008). Therefore, developing scenarios based on

et al., 2011).

traditional production technology and modern conservation

This study developed an experiential media art exhibition
service based on conservation science content that enables

science that restores bronze mirrors’ original form is highly
appropriate creative content.

intuitive understanding of the cultural heritage production

In this study, data on history, art, and science related to

process, in this case, the corrosion mechanism, scientific

bronze mirrors were collected to enhance the reliability of the

analysis

and

exhibition’s content. Based on the data, a scenario of 17

and

diagnosis,

conservation

treatment,

mapping

missions in four stages was prepared according to the

technology. A bronze mirror with a fine linear design that

temporal spectrum. In particular, various media art effects

has many scientific properties was selected as the object of

and interaction technologies were developed so users can

study. The core content is the convergence of traditional

understand and become immersed in convergent elements,

science as it relates to the bronze mirror’s production and

that is, in the science, technology, engineering, mathematics,

modern conservation science that restores the corroded

and art of bronze mirrors.

restoration

through

interactive

projection

mirror’s function. In addition, interactive projection mapping
technology was applied to a three-dimensional (3D) printed

3. CONSTRUCTION OF AN EXHIBITION SYSTEM

bronze mirror for realization of media art.

2. OBJECT OF CONTENT

Most importantly for construction of the bronze mirror
exhibition, a multisensory exhibition had to connect
virtuality and reality while inducing a sense of immersion

As scientific cultural heritage, the bronze mirror contains

in the content through user interactions. Thus, interactive

convergent elements for media art exhibitions in science,

projection mapping technology was selected to realize the

technology, engineering, mathematics, and art. In particular,

conservation science content of bronze mirrors as media art

Korea’s National Treasure No. 141, a unique bronze mirror

(Grundhöfer and Iwai, 2018; Guo et al., 2018). This

with a fine linear design, has excellent reflectance and clarity

technology is the optimal method for helping audiences

comparable to modern mirrors: With a diameter of

intuitively understand bronze mirrors’ traditional technology

approximately 21cm, it has about 13,000 straight lines and

and modern conservation science by interacting with the

100 concentric circles drawn on it. Its production technique

user’s recognition of motion according to the content

constitutes a mysterious legacy because even in modern

utilization method (Figure 2a, b).
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Figure 2. Exhibition system based on the interactive projection mapping. (a) Conceptual rendering image. (b) Real exhibition
system. (c) The 3D printing output using material extrusion. (d) The 3D printed bronze mirror for projection mapping.
In addition, at the center of the exhibition space, a large

First, in the “production of bronze mirror” stage, the user

(approx. 1 m), 3D, printed bronze mirror was installed so users

experiences traditional scientific technologies for producing

and visitors can immerse themselves in scientific cultural

bronze mirrors, for example, mining, smelting, alloying,

heritage content (Figure 2c). The 3D printing output method

casting, and polishing. During mining (Mission 1), the user

was material extrusion using PLA. In particular, content was

is immersed in the mining environment to obtain raw material

projected on the printed bronze mirror through interactions

for a bronze mirror (Figure 3a). When the user taps the ore

between the motion recognition digital information display

displayed in the kiosk, sound and flame effects are generated.

(DID) and the projector. That is, when the user’s motion

Next, the user experiences smelting (Mission 2) during which

instructions are input through DID guidance, special effects are

ore is turned into metal (Figure 3b). The user learns that the

expressed along with various content, and the user experiences

bronze mirror’s color changes as the alloy ratio (Mission 3)

various stage-by-stage “missions” related to traditional

is adjusted between copper and tin ingots (Figure 3c). Then,

technology and modern conservation science (Figure 2d).

the user completes the bronze mirror through the casting

Specifically, projection mapping was simultaneously performed

process (Mission 4) in which melted metal is poured into the

on the printed bronze mirror’s front and back to increase the

mirror mold to cool (Figure 3d). Finally, when the user

user’s immersive sense and the stereognostic effect.

selects a piece of leather and polishes the bronze surface, a
bronze mirror with a reflective effect is completed (Mission

4. DEVELOPMENT OF AN INTERACTIVE
MEDIA ART SCENARIO

5). Furthermore, through the camera’s mirror function, an
effect that enables a user to understand the mirror function
was added to the exhibition.

4.1. Production of bronze mirror (Stage 1)

Figure 3. “Production of bronze mirror” stage. (a) Mining. (b) Smelting. (c) Alloying. (d) Casting.
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4.2. Corrosion and discovery of the bronze mirror

4.3. Conservation scientist’s eye (Stage 3)

(Stage 2)

In the “conservation scientist’s eye” stage, the user

In the “corrosion and discovery of the bronze mirror”

examines the corroded bronze mirror from a scientific

stage, a user comes to understand a corroded bronze mirror’s

viewpoint, prescribing restoration of its original shape.

appearance. Because of exposure to burial environments for

Therefore, the user actively participates in the five missions

at least thousands of years, when newly discovered, bronze

of

mirrors are chemically corroded. In the corrosion stage,

prescription, while surrounding visitors can appreciate content

media art’s visual effects actively enhance the user’s learning

projected onto the printed bronze mirror. First, during

about the somewhat difficult chemical process. When the user

recording (Mission 9), a corroded and damaged bronze mirror

controls the time spectrum―from the prehistoric to the

is precisely modeled through 3D scanning (Figure 5a). Next,

present― first, the bronze mirror is buried in the ground

during

(Figure 4a) and corrosion begins (Mission 6). The user is

microscopically observed to determine the bronze disease’s

immersed in the molecular structure’s micro-environment,

cause (Figure 5b). During analysis (Mission 11), the bronze

and at this time, oxygen, moisture (Figure 4b), and chlorides

mirror’s corrosive and components are identified using an

(Figure 4c) become attached to the mirror and cause the

X-ray fluorescence analyzer (Figure 5c). Then, during

bronze disease (Mission 7). Next, to maximize the

diagnosis (Mission 12), the mirror’s condition is understood

educational effect, the bronze mirror, which has lost its

through X-ray radiography (Figure 5d). Last, during

mirror function and become discolored (black), is shown

prescription (Mission 13), through active effort, the user

through excavation (Mission 8).

documents data and takes them.

recording,

observation,

observation

analysis,

(Mission

10),

diagnosis,

the

corrosive

and

is

Figure 4. “Corrosion and discovery of the bronze mirror” stage. (a) The bronze mirror buried in the ground. (b, c) User
immersed in the corrosion environment. (d) Discovery of the corroded bronze mirror through excavation.

Figure 5. “Conservation scientist’s eye” stage. (a) Modeling and recording through 3D scanning. (b) Observation of the
bronze disease’s cause. (c) Identification of the bronze mirror’s corrosive and components using an X-ray fluorescence
analyzer. (d) Diagnosis of mirror’s condition through X-ray radiography.
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Figure 6. “Giving new life to the bronze mirror” stage. (a) Removal of the corrosive on the mirror’s surface. (b) Joining
of separated mirror fragments through user interaction. (c) Restored bronze mirror by a user.
4.4. Giving new life to the bronze mirror (Stage 4)
In the stage “giving new life to the bronze mirror,” the
user becomes a conservation scientist by cleaning,
strengthening, joining, and restoring the corroded bronze
mirror, thereby experiencing the entire restoration process. At
stage 4, the user participates actively through motion
recognition interactive technology. First, during cleaning
(Mission 14), the user removes the corrosive on the mirror’s
surface (Figure 6a). Next, to strengthen its weakened physical
properties, the surface is impregnated with synthetic resin
(Mission 15), and the user joins its separated fragments

virtually (Mission 16) (Figure 6b), so the bronze mirror is
restored to its original shape (Mission 17) (Figure 6c).

5. LIVING LAB RESULTS
Literally a “living laboratory,” a living lab solves
problems with technologies. A “living lab” refers to an
“open” laboratory where, rather than only researchers inside
an institutional laboratory, consumers (e.g., users, visitors,
operators) participate to solve problems and create results. In
other words, the living lab is where consumers and objects

Figure 7. Diagram showing the research performance system.
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of studies exist―not in a research institute or university

students, 46 public visitors, 11 experts in the Science

laboratory. Living labs have recently responded to history and

Museum, and 8 conservation scientists participated. The

science museums’ previous and common installation of

survey method was field paper assisted personal interviewing

exhibits without sufficient verification by examining

using a structured questionnaire, and the survey was

problems in advance and improving exhibits’ quality.

conducted with 22 questions about the exhibition itself and

This study implemented a living lab to evaluate media art

user–visitor satisfaction (Figure 9).

content’s usability and responsiveness in exhibition of the

As evaluated through the living lab, the exhibit drew very

bronze mirror, a scientific cultural heritage. In particular, the

high levels of satisfaction in general (90.2 points). By group,

study closely analyzed feedback through on-site evaluation by

conservation scientists and students had high scores, and by

visitors and related experts to improve the exhibition’s

age, teenagers and visitors in their 30s had high scores (Table

content (Figure 7). Thus, with the theme of “Bronze Mirror,

1). The most helpful method for understanding the exhibit’s

Reflecting Science,” a living lab was held for four days in

content was media art videos. Experiencing traditional

the first-floor showroom of South Korea’s National Science

production technologies and scientific restoration was

Museum (Figure 8a, b). In the evaluation of user tests, 55

evaluated as having interesting stages and missions,

Figure 8. “Bronze Mirror, Reflecting Science” living lab. (a) Stereoscopic image. (b) Real exhibition for the living lab.

Figure 9. Personal interviewing using a structured questionnaire to evaluate media art content’s usability and responsiveness
in exhibition of the bronze mirror.
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Table 1. Evaluation of user tests through the living lab
Target users

Group

Gender

Age

Contents &
quality

Service
delivery

Exhibition
space

Experiential
satisfaction

Overall
satisfaction

Students (55)

90.9

92.7

90.0

90.9

91.1

Public visitors (46)

88.6

88.6

88.6

89.7

88.9

Experts in science
museum (11)

90.0

88.6

84.1

88.6

87.5

Conservation scientist (8)

100.0

93.8

90.6

93.8

94.5

Male (60)

91.3

92.1

89.2

91.3

90.9

Female (60)

89.8

89.6

88.8

89.6

89.4

10s (38)

89.5

91.4

88.2

89.5

89.6

20s (20)

95.0

95.0

92.5

95.0

94.4

30s (22)

92.0

92.0

88.6

94.3

91.8

40s (18)

90.3

84.7

84.7

87.5

86.8

50s (22)

86.9

89.8

90.9

86.4

88.4

90.5

90.8

89.0

90.4

90.2

Average points
Values are presented as points.

respectively. As for emphasis in future production, interesting

was induced by combining an esoteric science exhibition

and easy content and experiences of scientific conservation

focused on principles and theories with visual media art.

were frequently requested.

Moreover, an immersive directing method was developed to

The exhibition’s qualitative evaluation was generally

provide high-level exhibition technology. The exhibition’s

positive, with comments such as “easy to understand and

content is usable as a platform for expanding universal

useful as the esoteric science exhibition was combined with

museum exhibitions centered on archaeology, history, and art

media art” (16.7%), “wonderful and interesting” (11.7%), and

to the field of conservation science.

“firsthand experience was good” (9.2%). In general, however,

So far, the bronze mirror’s conservation science content

the percentage of advice on the media art space (narrow,

is not complete, but to reflect evaluation of user tests from

dark, entrance and exit should be separated) was very high

the living lab, we will supplement it continuously. First, the

at 19.2%. Furthermore, the need for new interactive and

conservation science scenario’s quantitative and qualitative

experiential content (4.2%) and for supplementation of the

fidelity will be improved, as will interaction methods,

content’s length and history (3.3%) was expressed. In the

including UI and UX, to secure completeness. Because, so

future, rather than operating a living lab in a given space,

far, one-stop content in one system has been realized, DID

a space should be designed in which researched and

panel-centered

developed exhibition content can be implemented, and the

interaction technologies suitable for scenarios by stage should

entrance and exit should be separated and the inside

be applied in the future.

brightened.

interactions

were

applied.

However,

To do so, integrated exhibition service platforms should
be constructed separately for a “media art screening zone”

6. DISCUSSION AND CONCLUSION

and “specialized content experience zones by stage.” To
enhance visitors’ immersion and overall understanding of

For this study, exhibition content based on conservation
science that enables easy, intuitive understanding of
production, corrosion, excavation, diagnosis, analysis,
conservation treatment, and restoration of bronze mirrors was
constructed. In particular, the active participation of visitors

content, the media art screening zone will show bronze mirror
conservation science content with projection mapping
technology but without any interaction at the exhibition
space’s center. As for specialized content experience zones
by stage, the core scenario’s four stages (i.e., production
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process, corrosion mechanism and excavation, analysis and
diagnosis, and conservation treatment and restoration) will be
separated into individual exhibition systems that enable
specialized, deepened experiences.
Since the bronze mirror’s conservation science content
based on interactive projection mapping is an experiential
exhibition system that combines traditional technology,
modern conservation science, and futuristic exhibition
technology, its value as source technology is very high. In
addition, 3D scanning, modeling, and printing technologies
were actively used to enhance the exhibition system and
media art contents, resulting in a more realistic experience.
The conservation science content, exhibition system,
advanced technologies, and media art effects provided a new
directing method immersed in the cultural heritage unlike
previous exhibition contents in the science museum. Since
bronze mirrors have excellent global universality, the
exhibition’s content can be broadly applied to East Asian and
European markets, to serve as an important opportunity to
popularize Korean scientific cultural heritage and for South
Korea to leap into becoming a content-power country.
Because this study focused on whether a conservation
science scenario can be realized as media art, exhibiting the
scenario immediately is impractical. Instead, through the
living lab, we must conduct continuous on-site demonstrations
and evaluation of user tests. In particular, we should prepare
improvement plans to secure content diversity suitable for
diverse visitors’ ages and understanding and also disperse the
bottleneck of experiential exhibitions.
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ABSTRACT In the past, PVAc [poly(vinyl acetate)] was used as a fixative for the conservation of the

murals in the murals of the Payathonzu temple located in Bagan, Myanmar. In this study, attention
was paid to gel cleaning as a method for stably removing such PVAc fixatives. Based on the recent
research trend related to the cleaning of murals in Bagan ruins, 3 types of gelling agents (Nevek®,
Laponite®RD, Carbopol®980) and 2 types of organic solvents (Acetone, Dimethyl carbonate) were
selected. Six types of gel cleaners were prepared by mixing gelling agents and organic solvents, and
the properties and fixative removability of these cleaners were compared. As a result of confirming
the properties of the prepared gel cleaners, the pH of the cleaners was all in the weak acidic to weakly
alkaline range, which was a stable condition for mural application. Also, there was no difference in
the viscosity of the cleaners depending on the type of solvent, but there was a difference depending
on the type of gelling agent used. Regarding the weight loss ratio of PVAc, which is an indicator
of removability, the exposure conditions of the gel cleaners, the boiling point of the solvent used, and
the viscosity of the gelling agent acted as factors affecting. As a result of comparing the removability
of gel cleaners, it was confirmed that the solvent’s fixative solubility, the volatility of the solvent itself,
and the solvent release control properties of the gelling agent had a great effect on the removability
of the gel cleaners. In Part 2, the stability and the running applicability of the gel cleaners will be
investigated by making mockup samples reflecting the properties of the materials and techniques used
to produce the mural paintings in the Payathonzu Temple.
Key Words Payathonzu temple, Mural paintings, Gel cleaning system, PVAc, Conservation

1. INTRODUCTION

murals of the Payathonzu Temple. As a result of reviewing
the conditions of the murals, it was concluded that the murals

The Bagan ruins are the largest concentration of Buddhist
heritage in Myanmar, in which the remains of 2,834 buildings
th

th

between the 10 and 13 centuries survive. Among them, 447
temples are decorated with colorful mural paintings
(Lunsford, 2017). However, major earthquakes in 1975 and
2016 caused a damage in Bagan, and the Myanmar
government and international organizations have been
working to restore the temples and conserve the murals. After
the earthquake in 2016, surveys and research were also
conducted in Korea for the conservation treatment of the

needed conservation treatment due to material degradation
over a long period of time and damage caused by repair
materials used in the past (Korea Culture Heritage Foundation
et al., 2018; 2019). In particular, the areas where the painting
layers received thick fixative treatment in the past were
highly polished, stained, and discolored. Excessive fixative
treatment forms a film on the surface of the painting layer,
and the layer of fixatives can accelerate deformation and
deterioration of the painting layer according to temperature
and humidity changes (Lee et al., 2015). Therefore, research
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on stabilizing the painting layer is required to prevent damage

fabricating mockup samples reflecting the characteristics of

to the painting layer of murals that received excessive fixing

the techniques used to produce the mural paintings in the

treatment. Recently, studies using gels are receiving the

Payathonzu Temple.

spotlight as a stable technique to conserve painting layers and

In Part 1 of this study, six types of gel cleaners were

remove synthetic resin-based fixatives. Various gels have

produced by mixing three types of gelling agents (Nevek®,

been used to conserve cultural assets since the 1980s due to

Laponite®RD, Carbopol®980) and two types of organic

advantages such as reducing the volatilization of solvents

solvents (Acetone, Dimethyl carbonate) to compare their

during the cleaning process and controlling the penetration

properties and removability. As the conditions of gel cleaners

and dispersion of solvents into applicable objects (Stulik et

confirmed through the tests may have different effects

al., 2004). The gel cleaning system is widely applied in the

depending on the characteristics of the materials and

preservation treatment of murals because the cleaning agent

techniques used to create the mural paintings, Part 2 will

hardly remains on the surface of the mural and it is easy to

focus on fabricating mockup samples reflecting these

apply even to the porous surface. The painting layers of

characteristics and conducting applicability tests to investigate

murals are relatively sensitive compared to general art

the removal effect and stability of the gel cleaners.

paintings, so they are easily affected by cleaning materials
and techniques. In particular, painting layers that received

2. THEORETICAL BACKGROUND

fixative treatment with synthetic resins with stronger
properties than the materials used in the murals require more
caution to remove the fixatives, and thus, validating the

2.1. Conservation state of Payathonzu Temple

materials and technical research of the gel cleaners is needed.

According to previous studies, the murals of the

Therefore, it is necessary to stabilize the fixative applied

Payathonzu Temple suffered damage due to peeling,

painting layers during previous interventions to conserve the

exfoliation, and contamination of the painting layers and the

painting layers of the Payathonzu Temple murals, and gel

cracks, breakage, and lifting of walls. The surface of the

cleaning system were studied to remove poly (vinyl acetate)

murals is glossy from the floor to the height of human reach

fixatives for this purpose. This gel cleaning system study

due to excessive fixative treatment in the past, and some

evaluated the properties of the gel cleaners made by using

cases displayed discoloration (e.g., yellowing) and fixative

the cleaning materials studied for the Bagan murals and

drippings. As a result of irradiating UV light to areas that

evaluated the removability of the PVAc treated on the mural

received fixative treatment, residual fixative stains were

paintings. Afterward, the applicability was evaluated by

confirmed through the difference in fluorescence reaction

Figure 1. Mural painting under visible light (A) and ultraviolet light (B).
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Figure 2. Excessive fixative region (A: glossy, A-1: crack⋅exfoliation).
(Figure 1). As a result of using a digital microscope to

Preservation and Restoration of Cultural Property (ICCROM)

observe the surface on which fixatives formed thick films,

after the major earthquake in 1975. More than 40 studies

cracks, peeling, and gloss were observed (Figure 2). Such

related to conservation have been conducted since Pierre

damages were caused by the difference in physical properties

Pichard, from UNESCO, investigated the conditions of the

between the fixatives and the painting layer, and the

temple and the murals and documented the necessary

difference in physical properties between these materials may

treatment after the earthquake in 1976. The main content is

cause more damages in the long term. Currently, the fixatives

about the status of temples and murals, the cause of damage,

applied to the murals during past interventions are causing

and the treatment applied, and Table 1 shows the details

cracks and peeling of the painting layer and undermining the

related to removing the fixatives and cleaning the surface of

aesthetics due to excessive gloss. As above, the fixatives used

the painting layers.

as repair materials in the past are one of the main factors

Chemical approaches were used to remove the fixatives

hindering the conservation of the painting layers of the

and clean the old contaminants on the surface of the painting

murals in the Payathonzu Temple (Korea Culture Heritage

layers, such as using cotton swabs dipped in solvents or

Foundation et al., 2019).

applying solvents on Japanese paper. However, repeated
studies revealed the risk of applying solvents directly to the

2.2. Cleaning research trends in Bagan, Myanmar
Research to conserve the Bagan ruins in Myanmar began
with the help of international organizations such as United
Nations Educational, Scientific and Cultural Organization
(UNESCO) and International Centre for the Study of the

surface of the murals. Therefore, most of the treatments were
performed by mixing solvents and water or by using
surfactants. Recently, many studies have been conducted on
using cellulose pulp as a poultice or using gelling agents
(e.g., Carbopol®940, Nevek®) mixed with solvents to avoid
applying the solvents directly to mural paintings.

Table 1. List of references of cleaning the surface on Bagan’s mural paintings
No Year

Title

Publication

1

1976 The Restoration of Pagan

2

1982

3

1983 Conservation of Mural Paintings Pagan, Burma

ICCROM

4

1985 Conservation of Mural Paintings and Stuccoes Pagan, Burma

ICCROM

Mission Report-Technical Assistance for the Conservation of the Mural Paintings and
Stuccoes at Pagan, Burma

UNESCO
ICCROM
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5

1986 Mission Report-Conservation of Mural Paintings Pagan, Burma

ICCROM

6

1988 Restoration Interventions on a 12th Century Cloth Painting from Pagan, Burma

UNESCO

7

1991

8

1991 Conservation of Mural Paintings and External Stuccoes Pagan, Union of Myanmar

ICCROM

9

1993 Conservation of Mural Paintings and External Stuccoes Pagan, Union of Myanmar

UNESCO

10 1993 Conservation of Mural Paintings and External Stuccoes Pagan, Union of Myanmar

UNESCO

Mission Report-Conservation of Mural Paintings and External Stuccoes Bagan, Union
of Myanmar

ICCROM

11 1993 Conservation of Mural Paintings, External Stuccoes and Stone Buildings

UNESCO

12 1994 Conservation of Mural Paintings and External Stuccoes Pagan, Union of Myanmar

UNESCO

13 2012

Propositions for the Conservation-Restoration of Mural Paintings and Carved Stuccoes
in Bagan

14 2013 Training Course in Mural Painting and Stucco Carving Conservation in Bagan

UNESCO
UNESCO

15 2013

India-Myanmar Cooperation Project Structural Conservation and Chemical Reservation Archaeological
of Ananda Temple, Bagan, Myanmar
Survey of India

16 2014

India-Myanmar Cooperation Project Structural Conservation and Chemical Preservation Archaeological
of Ananda Temple, Bagan, Myanmar
Survey of India

17 2015

Training Workshop on Emergency Conservation Intervention of Decorative Works at
Bagan

UNESCO

18 2017

Emergency and First Aid Treatments on the Mural Paintings and Architectural Decorative
Works in the Monuments of Bagan Subsequent the 24th of August 2016 Seism

UNESCO

19 2017

Guidance Note in Approaches for Conservation of Mural Paintings
and Architectural Decorative Works at pagan

UNESCO

20 2017

India-Myanmar Cooperation Project Structural Conservation and Chemical Preservation Archaeological
of Ananda Temple, Bagan, Myanmar
Survey of India

21 2017

Recommendations on the Protection and Conservation of Mural Paintings and
Architectural Decorative Works of 2012 Ananda-ok-kyaung at Pagan

UNESCO

22 2018

Technical Recommendations to Improve the Use of Materials, Techniques and
Methodologies for the Conservation of Architectural Decorative Works at Pagan

UNESCO

23 2018

A Study on the Current State of Temple Murals of Bagan Ruins and Method of
KCHF (Korea)
Conserving Mural Paintings of Payathonzu Temple

24 2019 Lokahteikpan Wall Painting Project, pagoda 1580

TNRICP(Japan)

25 2019 Scientific Analysis of Materials and Making Conservation Manual for Bagan Murals

KCHF(Korea)

UNESCO; United Nations Educational Scientific and Cultural Organization, ICCROM; International Centre for the Study
of the Preservation and Restoration of Cultural Property, KCHF; Korea Cultural Heritage Foundation, TNRICP; Tokyo
National Research Institute of Cultural Properties.

3. MATERIALS AND METHODS
3.1. Materials

3.1.2. Gelling agents and organic solvents

Gel cleaners were prepared by mixing 3 types of gelling
agents and 2 types of organic solvents.
A gelling agent is a substance that increases the viscosity

3.1.1. Fixative

of a liquid solvent to make it a solid state. Depending on

Poly (vinyl acetate) was selected as a fixative based on

the type, the control characteristics according to the surface

the analysis results of the murals of Payathonzu Temple. Poly

action and solvent diffusion are different. In this study,

(vinyl acetate) in the form of beads was dissolved in toluene

focusing on materials that are miscible with solvents and that

to make a 10% solution.

can be applied to vertical or irregular surfaces, Three gelling
agents (Nevek®, Laponite®RD, Carbopol®980) were selected
(Figure 3).
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Figure 3. Gelling agent (A: Nevek®, B: Laponite®RD, C: Carbopol®980).
Nevek (Nevek®, C.T.S, Italy) is a material made based on
ingredients extracted from agar, which is hard and has
thermoplastic properties. In addition, it can be mixed with

murals of the Ananda-ok-kyaung temple in Bagan (Lunsford,
2017).
Acetone (CH3COCH3) and dimethyl carbonate (Dimethyl

organic solvents as well as water, so it is used to remove

Carbonate (DMC, (CH3O)2CO) were selected as solvents that

synthetic resins such as water-sensitive objects or old Vinavil.

can dissolve the fixing agent applied to the murals of

There have been reports of cases in which Nevek® is applied

Payathonzu Temple and have low toxicity. Both solvents

to remove the synthetic resin used for fixing the murals, and

have a purity of 99% or more and are manufactured by

it has also been used to remove the fixing agent from the

Samchun chemical Co., Ltd.

murals of the Loka-hteik-pan temple in Bagan (Yoshifumi et
al., 2019).

3.2. Gel cleaner preparation
®

Laponite is a synthetic siliceous clay that forms an ionic
colloidal gel in water. The main components are silicon oxide
(SiO2, 59.2%) and magnesium oxide (MgO, 27.5%).
Laponite®RD (Laponite®RD, Conservation Support System,
Italy) used in the experiment is a standard grade of Laponite®
and has been widely used in the conservation field due to
its ability to extract water-soluble substances from porous
objects (Ling, 1991; Lee et al., 1997; Monger, 2002; Warda
et al., 2007). Looking at overseas cases, it has been studied
as a material for cleaning contaminants on the surface of
ceramics, and it has also been studied in the field of cleaning
contaminants from paper relics. In Korea, it was used for
fixative removal of painting layers of mud wall murals (Lee
et al., 2018).
Carbopol® is a synthetic polymer with a carboxyl group
(-COOH) in which acrylic acid is polymerized. It can be
applied to various materials because it can be mixed with
organic solvents as well as water. In the field of conservation
of cultural properties, it was mainly used as a thickener to
remove surface contaminants or resin applied to the coating
layer. Carbopol®980 (Carbopol®980, Lubrizol, USA) used in
the experiment has low toxicity because it is polymerized in
a co-solvent system of ethyl acetate and cyclohexane.
Carbopol® 940 with similar properties to Carbopol® 980 was
used in the study of removing the old coating layer from the

Six types of gel cleaners (NA, LA, CA, ND, LD, CD)
were prepared by mixing three gelling agents (N: Nevek®,
L: Laponite®RD, C: Carbopol®980) and two solvents (A:
acetone, D: dimethyl carbonate), as shown in Figure 4, Table
2 shows the recipe of gel cleaners.
3.3. Evaluation methods
3.3.1. Properties of gel cleaner

The properties of the gel cleaners were evaluated to
investigate what kind of effect they would have when applied
to remove the fixatives from the murals of the Payathonzu
Temple. The hydrogen ion concentration (pH), viscosity, and
weight loss rates were measured, which are the factors that
directly affect the removability.
The hydrogen ion concentrations were measured using a
pH meter (P15, iSTEK, Korea), and the concentrations of NA
and ND were measured after eluting in distilled water for
more than 24 hours. The average was derived after measuring
the same gel cleaner three times.
Viscosity was measured using a digital viscometer
(Viscometer DV2T, Brookfield, Canada) for 1 minute after
setting the rotation speed to 0.1 rpm with an LV-04 (64)
spindle at 17±1℃. The average value was derived after
measuring the viscosity of the same gel cleaner five times.
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Figure 4. Manufactured gel cleaners.
Table 2. Recipe of gel cleaners
Gel cleaners
Reagent
Nevek®

NA

LA

CA

ND

LD

CD

40

-

-

40

-

-

®

-

5

-

-

5

-

®

Carbopol 980

-

-

3

-

-

3

Water

-

57

56.4

-

57

56.4

60

38

37.6

-

-

-

Dimethyl carbonate

-

-

-

60

38

37.6

TEA

-

-

3

-

-

3

Laponite RD

Acetone

Values are presented as %.
The weight loss was calculated after measuring the weight

remove the synthetic resin fixatives were evaluated and

to check the properties of each gel cleaner at the intervals

compared according to the application time (30 minutes, 1

of 30 minutes, 1 hour, 2 hours, 3 hours, 6 hours, 12 hours,

hour, 2 hours). A certain amount of synthetic resin fixative

and 24 hours. The same amount and volume of each gel

was applied on a glass petri dish (Ø 60 × 15 mm) to

cleaner were applied to a petri dish (Ø 60 × 15 mm) to

minimize interference from the applied samples. To apply the

measure the weight of the cleaners. The conditions were

same conditions for each gel cleaner during the tests, the gel

divided into exposing the surface of the gel cleaners to the

cleaners were applied in a certain amount and volume after

atmosphere and covering the gel cleaners with polyethylene

placing rayon paper (TNT55, CTS, Italy) on the fixatives. To

vinyl to limit evaporation. The average values were obtained

compare the differences according to the gel cleaner type and

and compared after measuring each gel cleaner three times.

the application time, the degree of removal on the surface
was observed through a stereoscopic microscope (SMZ-800N,

3.3.2. Removability of gel cleaner

Nikon, Japan), and then the removal rate was calculated using

The properties of the gel cleaners and their ability to

the weight before and after removal. The average removal
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rate was obtained after measuring three times for each gel
cleaner.

12.0

10.0

8.0

4. RESULT AND DISCUSSION

6.0

4.0

4.1. Properties of gel cleaner
As a result of evaluating the properties of the gel cleaners,
all of them had a pH between 6 and 10 (Figure 5). NA and
ND, which used Nevek® as the gelling agent, showed values
close to neutral, and CA and CD, which used Carbopol®980

2.0

0.0

Figure 5. pH of gel cleaners (error bar: standard deviation).
1,800,000

as the gelling agent, had weak acidity. LA and LD, which
used Laponite®RD as the gelling agent, had weak alkalinity.
All of the conditions were in the range of weakly acidic to

1,700,000

1,600,000

weakly alkaline, indicating a stable condition for mural
application.

1,500,000

In the case of using the same gelling agent, there was no
difference in the viscosity of each gel cleaner according to
the added solvent. However, the viscosity according to the
gelling agents was in the order of Carbopol®980 >

1,400,000

Figure 6. Viscosity of gel cleaners (error bar: standard
deviation).

Laponite®RD > Nevek® (Figure 6). These results show that
the gelling agent has a significant effect on the gel cleaner’s
viscosity. The difference in viscosity can change the mobility
of the solvent mixed in the gel cleaner and the solubilization
rate of fixatives (Volpi, 2017), which is a significant factor
in fixative removal and painting layer stability.
The weight loss rate was compared under two conditions:
exposing the surface of the gel cleaners to the atmosphere
and limiting evaporation by covering the cleaners with
polyethylene vinyl. In the case of exposing the surface to the

NA

LA

CA

NA

LA

CA

20.00

15.00

10.00

with polyethylene vinyl

5.00

0.00
30min

1hour

2hour

3hour

6hour

12hour

24hour

Figure 7. Weight loss ratio of gel cleaners.

atmosphere, the weight was reduced by up to 17% after 24

addition, when setting the evaporation rate of butyl acetate

hours, whereas the weight was reduced by up to 4.6% when

to 1.0, acetone is 6.22, and dimethyl carbonate is 3.22.

limiting evaporation (Table 3, 4, Figure 7). In the case of

Acetone has a lower boiling point than dimethyl carbonate

using the same gel cleaners under different exposure

and has a faster evaporation rate, which affected the weight

conditions, the weight loss rate was in the range of 0.5% to

loss rate of the gel cleaners according to the solvent. In the

13.7%, but the evaporation of solvents for each cleaner

case of using the same solvent, the weight loss rate was high

showed a similar trend. Overall, the values were high in the

in the order of Nevek® > Laponite®RD > Carbopol®980.

order of NA > ND > LA > CA > LD > CD.

When using the same solvent, the gel cleaners mixed with

When using the same gelling agent, the gel cleaner mixed

Laponite®RD and Carbopol®980 showed relatively similar

with acetone had a relatively higher weight loss rate than the

ranges, but the cleaners mixed with Nevek® showed

one mixed with dimethyl carbonate, and these results were

differences up to 5% compared to those mixed with

attributed to the properties of the mixed solvent. The weight

Laponite®RD and Carbopol®980. These results are caused by

change of the solvent varies depending on the boiling point

the difference in viscosity of the mixed gelling agents. High

(bp), and the lower the boiling point (bp < 100℃), the faster

viscosity limits the mobility of the solvent, so the higher the

it evaporates at room temperature (Pianorsi, 2016). In

condition, the lower the evaporation rate of the solvent.
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Table 3. Weight loss ratio of gel cleaners, uncovered (units: %)
Time

30 min

1 hour

2 hour

3 hour

6 hour

12 hour

24 hour

2.25
2.14

3.59
3.45

5.96
5.34

7.38
6.67

10.59
10.23

13.22
12.94

17.01
14.23

CA
ND
LD

2.08
2.01
1.07

3.24
3.53
1.78

4.90
5.82
3.57

6.09
7.09
4.38

9.06
10.34
6.47

11.19
13.16
8.88

12.89
16.80
11.61

CD

0.57

1.33

3.14

4.02

6.42

8.56

11.33

Gel cleaner
NA
LA

Table 4. Weight loss ratio of gel cleaners, covered (units: %)
Time
Gel cleaner
NA

30 min

1 hour

2 hour

3 hour

6 hour

12 hour

24 hour

0.17

0.39

0.59

0.85

1.66

2.72

4.66

LA
CA

0.09
0.08

0.17
0.17

0.25
0.22

0.30
0.30

0.56
0.55

0.94
0.92

1.83
1.78

ND

0.14

0.36

0.55

0.68

1.01

1.61

3.14

LD
CD

0.08
0.08

0.14
0.14

0.25
0.21

0.28
0.26

0.45
0.43

0.85
0.58

1.55
0.98

Although there were differences in the degree depending on

gel cleaner mixed with acetone, the one mixed with dimethyl

the gel cleaner, the change in the weight loss rate according

carbonate showed relatively better removability and uniform

to the application time appeared to be similar.

aspects of removal. In addition, the removal effect was the
best at 2 hours when using the same gel cleaner.

4.2. Removability of gel cleaner
As a result of observing the surface (Figure 8), there were
differences according to the solvent and gelling agent mixed
in the gel cleaner and the application time. Compared to the

Figure 8. Removal degree of gel cleaners.

As a result of evaluating the removing power through
weight changes, the removal rate increased as the application
time increased, in the order of ND > CD > LD > NA > CA >
LA (Table 5, Figure 9).
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Figure 9. Removal ratio of gel cleaners (error bar: standard deviation).
Table 5. Removal ratio of gel cleaners (units: %)
Gel cleaner

NA

LA

CA

ND

LD

CD

30 min

45.27

42.86

42.81

95.27

81.81

84.56

1 hour

52.57

43.61

47.84

95.30

84.31

89.28

2 hour

55.57

51.22

52.68

96.87

85.02

90.02

Time

As a result of comparing the removal rate according to
the solvents, the removal rate of the gel cleaner mixed with

relatively low compared to the application time, resulting in
higher removability.

dimethyl carbonate was higher than the cleaner mixed with
acetone, and a difference of up to 50% was found even when

5. CONCLUSION

using the same gelling agent. This is because dimethyl carbonate
has higher solvency for poly (vinyl acetate) than acetone, so
dimethyl carbonate has a relatively significant effect on
solubilizing synthetic resin fixatives within the same period.
As a result of comparing the removal rate according to
the gelling agents, the gel cleaners using the same solvent
were in the order of Nevek® > Carbopol®980 > Laponite®RD.
A maximum difference of up to 13% was observed
depending on the gelling agent used. These results are
considered to be influenced by the difference in viscosity of
each gelling agent. Nevek® has a lower viscosity than other
materials, so the ratio of the area where the solvent comes
into contact with the target surface is high, which increases
the speed of fixative solubilization and increases the
removability. The viscosity of Carbopol®980 is higher than
Laponite®RD, so the evaporation amount of the solvent is

The gel cleaning system was studied to secure the stability
of the painting layers while effectively removing the poly
(vinyl acetate) fixatives excessively applied to the painting
layers of the Payathonzu temple murals. Six gel cleaners were
fabricated by mixing three gelling agents and two solvents
to evaluate and compare their properties and removability.
In terms of the gel cleaner’s power to remove fixatives,
the gel cleaners mixed with dimethyl carbonate were higher
than those mixed with acetone. This is a result of dimethyl
carbonate solubilizing poly (vinyl acetate) more effectively
than acetone. In addition, the removal rate increased as the
gel cleaner application time increased.
When using the same solvent, the removal effect of the
gelling agents was in the order of Nevek® > Carbopol®980
> Laponite®RD. In the case of Nevek®, the viscosity is lower
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than that of other materials, resulting in a higher ratio of the
area where the solvent comes into contact. Since Carbopol®980
has a higher viscosity than Laponite®RD, the evaporation
amount of the solvent is relatively low compared to the
application time, so it is judged to have high removal power.
Consequently, the cleaning effect of the gel cleaners was
highly correlated with its fixative solubilization rate, and the
solubilization rate depended on the solvent’s solubility and
volatility and the gelling agent’s solvent release characteristics.
The gel cleaning system studied in this experiment has a
removal effect on the poly (vinyl acetate) fixative, and it was
found that selective cleaning was possible because conditions
that could affect it were selectively applied.
In the follow-up study, the stability of the gel cleaning
system will be established through a pilot test. The gel
cleaners will be prepared and applied to the controlled samples
under conditions that consider the conservation conditions,
material, and manufacturing technique characteristics of
murals of Payathonzu temple.
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ABSTRACT The purpose of this study is to scientifically analyze the rocks of the Obongsan Mountain
in Boseong, Jeollanam-do, which contains the largest extant quarry of Gudlejang (flat stone for heating)
in Korea, and to scientifically determine the petrological characteristics of the area and the reasons
for its use as a quarry. The rocks in the quarry are composed of light-green lapilli tuff, containing
various types of lithic fragments and crystalline fragments in a vitreous matrix consisting of the fine
feldspar crystals. The main constituent minerals were identified as quartz, plagioclase, mica, chlorite
and opaque minerals. When the major element compositions were plotted on a Na2O+K2O versus SiO2
diagram, all samples were situated in the same compositional area as rhyolite. In addition, the result
of magnetic susceptibility measurement also showed a similar range of values, of 1.30 ∼ 4.85 (×10-3
SI), indicating that samples were fractionated from the same magma. Both rock types showed similar
apparent specific gravity values of 2.32 ~ 2.60. In particular, plate-shaped joints are well developed
in the Obongsan Mountain area, and many areas exhibit talus terrain. In conclusion, the rocks of this
area is interpreted to used for a site of Gudlejang quarrying, because the rocks were easily obtainable
due to the terrain characteristics, and their petrological properties made them suitable for use as
Gudlejang stone.
Key Words Ondol, Gudlejang, Talus, Obongsan, Lapilli tuff

1. INTRODUCTION

and regional designs, and one of the key elements of these
structures is the stone used as the Gudlejang. In the literature,

Ondol is a traditional heating system used in traditional

‘Gudeul’ is used as a shortened word for ‘roasted stone’, and

Korean architecture and is well known as a very practical and

this argument can be confirmed by calling it ‘gudol’ in a

scientific heating method. It is thought to have been used

tradition private house (Kim, 1992).

since prehistoric times, and it appears in the mural paintings

Gudlejang (also called Bangjang or Ondolseok) stones,

of the Tomb No.3 Anak Tomb in Hwanghae-do, from around

used in the traditional design and construction of Gudeul

the 4th century. It is generally known that houses were heated

structures, store the thermal energy created through

using this method during the Goryeo Dynasty, and its use

combustion gases. Flat granite or muscovite stones are mainly

spread nationwide from the Joseon Dynasty (Cha, 2017).

used (Jung, 2006), while the stones used as Gudlejang in the

The traditional ondol system involves the heating of a

Standard Specification for the Repair of Cultural Heritage

Gudlejang (flat stone) by a fire burning beneath the floor.

(Cultural Heritage Administration, 2005) are granite and

These Gudeul structures are known to have various historical

slate. In general, Gudlejang stones should be easily split into
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thin plates. From a petrological point of view, metamorphic

the others have a gentle slope and form a low mountainous

rocks such as slate with thin splitting properties (exfoliation)

terrain. Talus refers to a semi-conical terrain in which rock

or schist with distinct schistosity are advantageous. Of course,

fragments split by external factors are rolled and deposited

the options of suitable stones are very diverse because both

by gravity (Lee et al., 2009). The rocks distributed in the

igneous rocks, such as granite, and sedimentary rocks with

Obongsan Mountain comprise the Obongsan Brecciated Tuff,

well-developed bedding can be used.

Dochon-ri Rhyolite and Gaeksan-ri Porphyrite from the

Obongsan Quarry in Boseong, Jeollanam-do is the largest

Cretaceous Period, as well as a large feldspar breccia, which

extant Gudlejang quarry, and its academic and historical

is exposed on the lower slopes of Obongsan Mountain. The

value has been recognized in through previous studies.

Gudlejang quarry is located in Obongsan Brecciated Tuff

Therefore, this study aimed to verify the scientific validity

(Hwang and Jong, 1968) (Figure 1).

of the Obongsan Quarry as a souce of Gudlejang by

The volcanic activity that led to the deposited of Obongsan

analyzing the physical, petrological, and geochemical

Brecciated Tuff began after the eruption of the Gaeksan-ri

characteristics of the rocks to collected here.

Porphyrite and continued until the end of the Dochon-ri
Rhyolite eruption. The Obongsan Brecciated Tuff is the most

2. MATERIALS AND METHODS

widely distributed member of the Gyeongsang System. It starts
at Deukryang-ri and extends to the peak of Wongosang in the

2.1. Location

shape of a crescent moom, forming the Deukryang-myeon
-Hoecheon-myeon system. The strike of this deposit is not

2.1.1. Geological summary

always clear, but it is generally inclined from 10° to 45° toward

Obongsan Mountain is located at the southern tip of the

the northwest; overrall, it forms a gentle slope of less than 30°.

Korean Peninsula and borders the South Sea. It is located at

In particular, sheet jointing is well developed within this rock

34°40′ ~ 34°50′ N latitude and 127°00′ ~ 127°15′ E

type, and the plate-shaped fragments of this rock are collected

longitude. The Obongsan Mountain (382 m) area is composed

and used as Gudlejang in Ondol systems, due to their tendency

of volcanic rocks and the terrain has a cone-shape with a

to split easily along the exfoliation surface parallel to the

steeply sloping terrain. Some areas form a talus terrain, while

mountain slope (Hwang and Jong, 1968).

Figure 1. Geologic map of the study area (modified Hwang and Jong, 1968).
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2.1.2. Study area

For comparison, stone samples were collected from four sites

The research and sampling site is located in the Obongsan

specially designated by the International Society of Ondol

Mountain area, which can be divided into the administrative

(Kim, 2021) (Gudlejang quarry sites A to D) and one sample

districts of Mount Cheongbang and Mount Obong. The target

was obtained from surrounding outcrop (Site E, start of the

area (indicated in Figure 1) was limited to the Obongsan

Yongchu Valley mountaineering trail) (Table 1, Figure 2). In

Mountain area and was centered on the Haepyeong-ri reservoir.

addition, the surrounding rock formations that could not be

The geographical features and regional rock distribution

accessed during geological surveys were examined from

data of the Obongsan Mountain study area were reviewed.

photographs taken at a distance (Figure 2). The remains of

Figure 2. Location of geological survey sites and foreground of Obongsan Mountain, Boseong.
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Table 1. Locations of sampling points
Latitude / Longitude

Altitude (m)

Quarry site A

Study sites

N:34°44′01.2″, E:127°11′44.5″

94

Quarry site B

N:34°43′56.7″, E:127°11′48.0″

156

Quarry site C

N:34°43′53.4″, E:127°11′51.3″

218

Quarry site D

N:34°43′49.2″, E:127°11′54.0″

314

Outcrop (site E)

N:34°43′21.3″, E:127°11′09.3″

92

a stepped stone wall can be seen in the quarry in site A.

used were polarizing microscope (Eclipse LV100n pol,

Although quarried rock is spread over the top of the stone

Nikon, Japan), X-ray diffractometer (Miniflex, Rigaku,

wall, it is currently covered with trees, making it difficult to

Japan) and X-ray fluorescence spectrometer (WD-XRF,

access. Site B is located at the bottom of the Obongsan

PW2404, Philips, Netherland). In addition, the absorption

Mountain, and contains many flat stones that can be used as

rate, apparent porosity, and apparent gravity were measured

Gudlejang. Site C is located in a quarry on the side of

and analyzed using precision electronic scales (GR-200,

Obongsan Mountain, where the terrain is very steep, and

AND, Japan) and a specific gravity determination kit

many flat stones have rolled down from higher up, covering

(AD-1653, AND, Japan) to compare the physical properties

the slope. Site D is a large and well-preserved quarry site

related to the pores of rocks.

located at the top of Obongsan Mountain. Flat stones are
mainly distributed on steep slopes of approximately 60° or

3. RESULTS

more, and several stone towers (formed by piling up the flat
stones) have been erected at the top. In addition, photographs
of the inaccessible outcrops (Long-distance points a and b
of hexagonal, in Figure 2) show that bedding is well
developed in the bedrock, and the terrain on which flat stones

3.1. Geological properties
A regional geological survey was conducted to determine
the petrographic characteristics of the constituent rocks

have rolled down slopes can be observed everywhere.

distributed in Obongsan Mountain area, Boseong, which is

2.2. Methods

A-1 to D-2, obtained from the Gudlejang quarry, were all

known as the largest Gudlejang quarry in Korea. Samples
composed of light-green lapilli tuff, containing lithic

During the field survey, the location of each survey point

fragments of various sizes. However, the samples obtained

was measured using a GPS (GPSmap 60CSx, Garmin, USA),

at site E (Sample E-1 and E-2), at the start of the

and the homogeneity of the rocks was identified by visual

mountaineering trail in Yongchu Valley, were grayish-white

observation.

the

and were identified as rhyolitic tuff. By examining thin

distributed rocks was conducted using a SM-30 meter,

sections and rock cross-sections with a polarized microscope,

manufactured by ZH instruments in the Czech Republic, and

the lapilli tuff was found to contain various types of lithic

a sensitivity of 10-3 SI Unit. Samples were collected at quarry

fragments and crystalline fragments in a vitreous matrix, with

sites (A ~ D) and outcrop site E to identify the mineral

subangular to angular breccia clasts. The matrix consisted of

composition of the rocks, the formation of altered minerals

fine feldspar crystals, and the feldspar and mafic minerals

due to weathering, and the major element contents. The

were altered to chlorite and other alteration minerals. The

collected samples were cut into cubes (5 × 5 × 5 cm) and

sample C-1 was identified as rhyolitic tuff and comprised

Magnetic

susceptibility

analysis

of

o

completely dried at 100 ± 5 C for more than 24 h. The dried

crystalline fragments in a matrix, with small amounts of lithic

samples were weighed (W1), and immersed in distilled water

fragments. The main constituent minerals of the lapilli tuff

for 24 h. The water-soaked samples were weighted in air

and rhyolitic tuff were quartz, plagioclase, mica, chlorite, and

(W2) and in water (W3). Some fragments of the samples were

opaque minerals (Figure 3). In some samples, the constituent

made as thin sections and also as powders. The equipments

minerals formed fine particles while others exhibited sever
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Figure 3. Photographs of slabs and thin sections of the constituent rocks of Obongsan Mountain, under a polarized-light
microscope analysis. Samples A-2 to E-2 were obtained from the locations indicated in Figure 2 (qz; quartz, pl;
plagioclase, opq; opaque mineral).

Figure 4. X-ray diffraction analysis of the constituent rocks of Obongsan Mountain. Samples A-1 to E-2 were obtained
from the locations indicated in Figure 2 (Qz; quartz, Pl; plagioclase, Ca; calcite, Mi; mica, A-f; alkali-feldspar, Ch; chlorite).
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alteration due to weathering. In such cases, identification of

method is widely used in geological petrogenesis research,

the minerals was very challenging and additional crystal

as well as for estimating the origin of culturally significant

structure analysis was performed.
The XRD analysis revealed that the main constituent

stone objects by identifying the homogeneity of rocks (Jwa
et al., 2006; Uchida et al., 2007; Kim and Jwa, 2010).

minerals were quartz, plagioclase, alkali feldspar, mica,

The magnetic susceptibility was measured 10 times at

chlorite, and calcite. Most of the feldspars were plagioclase,

each sampling point. The magnetic susceptibility values in

with limited alkali feldspars. Although chlorite was not

sites A to D ranged from 1.30 to 4.85 (×10-3 SI), with

detected in some samples, the mineral composition of the

high-altitude sites (D and D′) showing relatively higher

lapilli tuff and rhyolitic tuff, determined through X-ray

values. However, in terms of petrogenesis, the samples likely

diffraction analysis of 10 samples, was found to be similar

fractionated from the same magma. At site E, some distance

(Figure 4).

from the quarry, the magnetic susceptibility values were 0.12
to 0.18 (×10-3 SI), lower than that of the stones in the

3.2. Magnetic susceptibility
The magnetic susceptibility of the stones in the Gudlejang
quarry (Sites A to D) were measured and compared with
those obtained from the surrounding outcrop (Site E) at the

Gudlejang quarry. This indicates that the two types of rocks
are petrogenetically different (Figure 5).
3.3. Geochemical properties

Obongsan Mountain site in Boseong. The magnetic

Table 2 shows the results of major element analysis and

susceptibility method measures the degree to which a rock

CIPW norm values for the lapilli tuff and rhyolitic tuff

can be magnetized, relative to an external magnetic field.

samples collected from the Gudlejang quarry (Samples A-1

This method has been used to classify rock samples that are

to D-2) and surrounding rocks (E-1 and E-2) at the Obongsan

difficult to identify through optical methods, because the

Mountain site in Boseong.

magnetic susceptibility value varies with the amount of

Major element analysis of the samples revealed the

strongly magnetic minerals. This magnetic susceptibility

following contents: SiO2 69.6 ∼ 74.4 wt.%, Al2O3 13.8 ∼ 15.7

Figure 5. Histogram of magnetic susceptibility of the constituent rocks of Obongsan
Mountain. Sites A to E were indentical from the locations indicated in Figure 2.
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Table 2. Major element contents (wt.%) and CIPW norms for the lapilli tuff and rhyolitic tuff samples (LT; Lapilli Tuff,
RT; Rhyolitic Tuff). Samples A-1 to E-2 were obtained from the locations indicated in Figure 2
Sample

A-1

A-2

B-1

B-2

C-1

C-2

D-1

D-2

E-1

E-2

Rock type

LT

LT

LT

LT

LT

LT

LT

LT

RT

RT

Symbol

○

○

□

□

△

△

◇

◇

●

●

SiO2

72.13

71.69

71.50

73.26

74.14

74.40

72.76

71.39

71.95

69.64

TiO2

0.21

0.21

0.21

0.19

0.19

0.18

0.27

0.26

0.32

0.36

Al2O3

15.02

14.74

14.73

14.45

13.93

14.19

13.76

14.15

14.59

15.7

Fe2O3

2.66

2.88

2.69

2.47

2.12

1.98

2.93

2.56

3.2

3.45

MnO

0.11

0.12

0.12

0.07

0.08

0.05

0.08

0.07

0.04

0.06

MgO

0.35

0.23

0.32

0.28

0.22

0.23

0.52

0.41

0.54

0.5

CaO

0.26

0.31

0.24

0.23

0.27

0.27

0.96

1.6

0.15

0.28

Na2O

3.29

3.73

3.58

3.35

3.42

3.5

3.17

3.47

1.55

2.29

K2O

4.04

4.64

4.98

4.29

4.32

4.04

3.92

4.11

4.87

5.5

P2O5

0.02

0.04

0.04

0.04

0.05

0.04

0.06

0.06

0.02

0.09

L.O.I.

1.91

1.42

1.57

1.36

1.25

1.12

1.58

1.89

2.76

2.12

Quartz

36.51

31.34

30.74

36.56

36.95

37.77

36.66

31.61

43.23

34.18

Plagioclase

29.00

32.84

31.22

29.23

29.95

30.69

31.19

36.91

13.73

20.18

Orthoclase

23.87

27.42

29.43

25.35

25.53

23.87

23.17

24.29

28.78

32.50

Corundum

4.81

3.11

3.11

3.97

3.26

3.66

2.70

1.23

6.54

5.69

Hypersthene

0.87

0.57

0.80

0.70

0.55

0.57

1.30

1.02

1.35

1.25

Rutile

0.09

0.07

0.07

0.11

0.10

0.12

0.18

0.18

0.27

0.29

Ilmenite

0.24

0.26

0.26

0.15

0.17

0.11

0.17

0.15

0.09

0.13

Hematite

2.66

2.88

2.69

2.47

2.12

1.98

2.93

2.56

3.20

3.45

Apatite

0.05

0.09

0.09

0.09

0.12

0.09

0.14

0.14

0.05

0.21

CIPW norm

wt.%, Fe2O3 2.0 ∼ 3.5 wt.%, TiO2 0.18 ∼ 0.36 wt.%, MnO

Gudlejang

0.04 ∼ 0.12 wt.%, CaO 0.15 ∼ 1.60 wt.%, MgO 0.22 ∼

concentrations, and but showed no clear trend with changing

0.54 wt.%, Na2O 1.55 ∼ 3.73 wt.%, and K2O has a value of

altitude. However, with increasing SiO2 content in the Harker

quarry

exhibited

similar

major

element

3.92 ∼ 5.50 wt.% (Table 1). Both the lapilli tuff and rhyolitic

variation diagram, the Al2O3, Fe2O3, TiO2, MnO, and MgO

tuff samples were situated in the sub-alkaline rhyolite region

contents of the samples are somewhat dispersed, but

of the TAS (Na2O + K2O versus SiO2) diagram, based on the

generally decrease, while the CaO, K2O, Na2O, and P2O5

analysis of the major elements (Figure 6). The samples were

contents are almost constant. In particular, samples taken

also classified as part of the non-alkali group, and when

from site D, at high altitude, had relatively high CaO

plotted in the AFM variation diagram, MgO and FeO

contents. Sample E-1 and E-2, obtained at some distance

gradually decrease as the fractionation proceeds, showing the

from the Gudlejang quarry, exhibited relatively high Fe2O3

typical trend of the calc-alkali rock type, moving toward

contents, while the Na2O content was lower than that of the

Na2O + K2O (Figure 7).

lapilli tuff (Figure 8).

The lapilli tuff samples obtained from sites A to D in the
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Figure 6. Plot of total alkali versus SiO2 (wt.%) content of the lapilli tuff and the rhyolitic tuff samples.
Samples A-1 to E-2 were obtained from the locations indicated in Figure 2.

Figure 7. AFM diagram for samples of lapilli tuff and rhyolitic tuff. Samples
A-1 to E-2 were obtained from the locations indicated in Figure 2.
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Figure 8. Harker variation diagrams for the lapilli tuff and the rhyolitic tuff samples. Samples A-1 to E-2 were obtained
from the locations indicated in Figure 2.

3.4. Physical properties
The absorption rate of the lapilli tuff was 3.03 ∼ 4.39%,
which was similar in all specimens, whereas the rhyolitic tuff
showed large deviations of 1.89% and 5.13% in the two
samples (E-1 and E-2). The apparent porosity of the lapilli
tuff ranged from 7.24 to 10.14%, while samples from high
altitude (C-1, C-2, D-1 and D-2) exhibited higher apparent
porosity values. On the other hand, samples of the rhyolitic
lapilli tuff showed porosities of 4.70% and 11.70%,
respectively, and the deviation between the two samples was
as large as that of the absorption rate. The large difference
in the absorption and porosity values for the rhyolitic tuff
was likely caused by differential weathering of the exposed
bedrock. However, both rock types had similar apparent
specific gravities of 2.32 ~ 2.60 (Figure 9).

4. DISCUSSION AND CONCLUSION
The constituent rocks of Obongsan Mountain, commonly
used as Gudlejang, were identified as green rhyolitic tuff,
containing various types of lithic fragments. Gudlejang is a
flat stone used in Ondol, where it stores heat and forms the
floor of the room itself. Granite and gneiss have been used
extensively as Gudlejang, and the use of slate is also
common, because of its tendency to split easily. In addition,
mica-bearing granite is also suitable, because granite has a
relatively high thermal conductivity, and mica has low
thermal conductivity, so the stones emit heat gradually (Lee,
2010).
It has been presumed that the stones used as Gudlejang
were chosen based on their thermal conductivity and ease of
quarrying. However, stones of the Obongsan Mountain
(Quarry sites A to D), which features the largest Gudlejang
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low thermal conductivity and thermal storage properties, they
have been reported to have excellent thermal durability and
economic efficiency (Kim, 2009). In particular, plate-shaped
joints are well developed in the lapilli tuff found at the
Obongsan Mountain area, forming a talus terrain. Therefore
quarrying of these stones was facilitated by the characteristics
of the terrain, and it is presumed that the plate joints
developed in the lapilli tuff made them easy to process for
use as Gudlejang. Therefore, the Obongsan Mountain area
has specific terrain and geological characteristics, resulting in
rocks that are easily quarried and that work well as
Gudlejang. This area is interpreted as a place where quarrying
has been actively conducted.
In addition, in sites A and B, many flat stones were
stacked to form stone walls. However, since much of the
surface of these areas is covered by recent alluvial sediments,
it is presumed that these flat stones were obtained from an
area further up the mountain slope. Comparing the magnetic
susceptibility measurements for sample obtained at different
altitudes on the Obongsan Mountain, the area above the site
D′ exhibited a relatively high value, while site C low value.
Therefore, it is assumed that the Gudeuljang stones stacked
in site A and B were mainly quarried in near the top of the
mountain (Site D and D′) and moved to the lower area.
In conclusion, the Gudlejang quarry in Obongsan
Mountain has developed a talus terrain through natural
causes, resulting in stone is easily quarried and naturally
forms flat-shaped rocks. In addition, because it was the rocks
were suitable for use as Gudlejang stones, in terms of
lithology and thermal conductivity, this area became the
largest quarry for Gudlejang stone.

Figure 9. Physical properties of the lapilli tuff and the
rhyolitic tuff. Samples A-1 to E-2 were obtained from the
locations indicated in Figure 2.
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ABSTRACT Outdoor sculptures of modern art works are being damaged and deteriorated as they are

exposed to the outdoor environment due to the nature of exhibition in the outdoor environment, but
secure of basic data through the measures for conservation and advanced researches still remain in
the early stage. The surface of “Conversion” which is exhibited in the Busan Cheonmasan Sculpture
Park has been exfoliated and deteriorated due to outdoor exhibition for a long time, so systematic
conservation and management of works are considered necessary. Prior to the conservation and
management, this study conducted observation of cross section, analysis of inorganic components,
FT-IR, Raman and Py-GC/Mass analysis to examine the nature and type of paints used for the work
through a scientific analysis. As a result of analysis, paints used for the “Conversion” include paint
mixed with silvery aluminium powder and white pigment, reddish paint mixed with toluidine red, bluish
paint that mixed prussian blue and titanium white and mixture of phthalocyanine blue and titanium
white. The result is expected to be used as basic data for selecting materials necessary for conservative
treatment of and establishing a plan for conservative treatment of the “Conversion”.
Key Words Outdoor sculptures, Outdoor painted works, Analysis of paint, Conservation of outdoor

sculptures, Analysis of painting

1. INTRODUCTION

buildings and craftworks but for the whole industries.
Painting aims to protect objects due to the characteristics

Traditionally, painting, plating and dye using natural resin

of rust resistance, water resistance, chemical resistance, oil

or pigment and animal protein collected from minerals were used

resistance, heat resistance and weatherproofing using

as materials for painting, but was developed as the type similar

hardened paint film by spreading paint evenly to the object

th

to the present paint around the 18 century and started to change

of painting. Painting is also used for buildings, environmental

significantly as nitrocellulose was synthesized and applied as

sculptures and outdoor sculptures as it alleviates fatigue of

lacquer after 1920 (Son and Lee, 2008). After that, vinyl resin

human body and improves working environment and living

paint, epoxy resin paint and emulsion resin paint based on the

space or heightens aesthetic effect by coloring through the

synthetic resin which was developed indebted to the drastic

mixture of pigments (Kim, 2014).

development of petrochemical industry were developed and

Paints used for painting are divided largely into the water

started to be put to practical use and generalized not only for

paint that use by mixing water and oil paint used by diluting
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with volatile solvent. Although water paint has advantages for

communication with artist, but painting is carried out by the

convenient painting and rapid drying speed, it has mostly

facility specialized in treatment and communication with

been replaced by synthetic resin emulsion for its weak

artist is difficult at times, and it is the reason why restoration

durability and water resistance. On the other hand, oil paint,

of color is the most urgent and difficult.

in spite of relatively slow drying speed and shortcomings of

A study related to the preservation of current outdoor

harmfulness and flammability caused by use of volatile solvent,

painting sculptures or sculptures is a scientific analysis of the

can be used for various objects such as metals and woods

types of paint and painting techniques used in the F-51D

unlike water paint that use and scope of application are limited,

Mustang Fighter, Registered Cultural Heritage No. 666, by

and has advantages of varied materials such as lacquer,

Kang et al. (2020), Kim et al. (2012), analysis of the paint

urethane, epoxy and enamel with wide scope of color selection.

used for the Registered Cultural Heritage Tank No. 381,

Due to the nature of manufacturing using various materials,

Kang et al. (2016), analysis of the characteristics of the paint

outdoor sculptures are mostly painted with oil paint. Liquid

used for the 6.25 war defense equipment in the War

painting is a method of painting with a brush or roller and

Memorial of Korea, Kim et al. (2016), a rickshaw for modern

spraying with an air spray gun by mixing paint with volatile

and modern cultural properties Analysis of the painting layer

solvent, and is painted in order of surface treatment and putty

used in Huh (2009), analysis of painting technique used in

of object, cleaning, degreasing and primer coating for

Alexander

improving adhesive strength of pigment before painting. Next

sculpture by Huh (2009), Nicky de Saint-Phalle ‘Black Nana’

Calder’s

‘Untitled-Swiss

Cheese’

painting

steps include color selection, intermediate coating to adjust

painting sculpture by Kwon et al. (2016) Research on the

thickness of coating and top coating for covering a protective

type of paint and painting technique used in the painting, and

film. While the aforementioned painting work has the advantage

the scientific analysis of painting sculptures exhibited at the

of uniform application suited to the characteristics of

Jeonbuk Sculpture Park by Oh and Wi (2020), has been

various-shaped sculptures without blanks, but is painted

advanced, but this is not the case with registered cultural

manually and has a disadvantage of dripping down. Despite

assets, specific artists, or painting works on display at

secondary coating is made, there is still a drawback of

national and public art museums. Scientific analysis and

discoloration or coming off by scratches for its weak durability.

research on painting works on display in outdoor sculpture

Painting treatment is the most common way for sculptures

parks are only in the early stages because of their limited

made with carbon steel as a main material to prevent rust

application. In addition, since the characteristics of painting

and satisfy aesthetic element, but iron which was painted

using paint vary depending on the artist, period, painting

initially starts to be corroded again due to the limit of

company, and material selection, continuous and extensive

durability of paint and occurrence of discoloration, bleach,

research and construction of basic data are required. We

peeling off, exfoliation by air pollutants, moisture, ultraviolet

intend to build data that can be used as basic data for future

rays, acid rain etc (Considine et al., 2010). which can become

conservation treatment through scientific analysis before it is

a structural problem if it is left unattended. Especially, the

completely decomposed to an impossible degree.

degree of damage of works exhibited in the sculpture parks
that are being exposed to the outdoor environment for a long

2. OBJECT AND METHOD OF ANALYSIS

time become severe with the passage of time, so conservative
treatment through repainting is carried out to prevent the

2.1. Object of analysis

foregoing and preserve works (Kang et al., 2016).
Due to the nature of painted sculptures, it is necessary to

Object of analysis is the “Conversion” exhibited in the

select a color to be applied for conservative treatment, but

Busan Cheonmasan Sculpture Park and the artist Na

restoration of the color of paint which is discolored⋅

Myeong-gyu installed in 2003 assuming a three-dimensional

bleached by lengthy outdoor exposure is not an easy process

formation using circle, triangle and quadrangle and meant to

(Kwon et al., 2016). Restoration may be possible if the data

enable children to experience of materiality and quantitative

at the time of manufacturing is recorded or through

sense from the color of taegeuk (yin-yang symble) spatial
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Figure 1. Analyzed sculpture works. (a) Front of the work. (b) Aspect of the work.

Figure 2. Analysis sample collection. (a) Silver paint sample. (b) Red paint sample. (c) Blue paint sample (c-1).
(d) Blue paint sample (c-2), (e) Blue paint sample (c-3)).
pattern of the work. The sculpture selected for this study is

specimens were studied through analysis results.

the work that analysis sample can be collected as the paint
applied on the surface has been peeled off and exfoliated by
outdoor environment (Figure 1a, b), and this study collected
only a small quantity of sample that was exfoliated completed
from the work and fell to the ground not to cause damage
to the work (Figure 2a∼e), and conducted analysis dividing
specimen of the work painted with 3 colors into silver
(hereafter Specimen a), red (hereafter Specimen b), blue
(hereafter Specimen c). As for blue color, 3 painted layers
were observed with naked eyes and this study separated the
layers as the outermost painted layer (hereafter c-1),
intermediate layer(hereafter c-2) and layer that is closest to
the surface of object (c-3). Silver and red samples, excluding
blue color, were not physically separable, but were analyzed
using peeled and ground-based samples, and silver and red

2.2. Method of analysis
2.2.1. Observation of cross section

This study grinded collected sample using a grinder with
#400 ∼ #4000 sandpaper, grinding cloth and DP-Suspension
solution after ultrasonic cleaning and drying and mounting
with 2K epoxy resin. After grinding, this study manufactured
a sample after removing alien substances in the ultrasonic
cleaning machine replacing distilled water several times, and
observed and took a photo of the sample under reflected light
using an optical microscope(AxioImager A2m™ Upright
Microscope, Zeiss, Germany).
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2.2.2. Analysis of inorganic components

2.2.5. Pyrolysis gas chromatography/Mass spectrometry

To identify the composition of inorganic components

This study used Gas Chromatography-Mass (JTD-505 Ⅲ

included in the paint of the work, this study conducted

+ ISQ 7000, Agilent, USA) which is equipped with a

analysis using an energy-dispersive analyzer installed in the

Pyrolyzer (PY-3030S, Frontier Lab, USA). Analytical

scanning electron microscope. After carrying out gold coating

conditions for GC/MS were set as column HP-5 ms (30 m ×

on the sample manufactured for observation of cross section,

0.25 mm × 0.25 m), gas flow 1 mL/min, oven tempp. 50

this study conducted analysis using energy dispersive

∼ 300oC (10oC/min) and split ratio 50 : 1, mass range 50

spectrometer (EDS, AZtecOne with Xplore Compact,

∼ 500, and set Pyrolyzer as sample weight 1 mg, furnace

Oxford) combined with a scanning electron microscope

700oC and interface 320oC in the way of single-shot.

(EM-30AX, COXEM, Korea) and setting acceleration voltage

Specimens a and b were pyrolyzed over all layers without

as 20kV and time of analysis as 90sec.

separate physical layer separation, and blue series specimens
of c-a, c-2, and c-3 were partially separated, resulting in

2.2.3. Infrared spectroscopic analysis

thermal decomposition for each layer.

Analysis was conducted using ATR method for nondestructive
analysis of surface with a small quantity of samples, which
was conducted targeting the outermost surface of each sample,
in other words the surface of painted layer. IRSpirit of
SHIMADZU was used as an analyzer with the range of 4000

3. RESULT OF ANALYSIS AND
CONSIDERATION
3.1. Observation of cross section

∼ 500 cm-1, and resolution was 4 cm-1 and scan time was
24 times. As for the obtained spectrum, this study searched

As a result of examination on the cross section of painted

for the information through the library inside the software.

layer with optical microscope, Sample a was confirmed to
be 6 layers from the surface of object including putty layer,

2.2.4. Raman spectroscopic analysis

and primer is assumed to be painted using putty to reinforce

Raman (RAMANtouch, Nano photon, Japan) analysis was

adhesive strength of intermediate coat. And 3 layers that are

conducted with 60 mV diode laser having wavenumber 2200

assumed to be repainted were also confirmed, and the area

∼ 200 cm-1, resolution 8 cm-1 and illuminant 785 nm of

is also judged to be repainted twice after putty work (Figure

wavelength, and this study analyzed paint through

3a). Figure 3b shows the result of observation of the cross

comparison with reference. The detailed analysis conditions

section of Sample b, and 10 layers were confirmed

are Laser 532 nm, Grating 600 gr/mm, Spatial resolution (X:

specifically, but those layers are assumed to be repainted 2

0.35 µm) × (Y: 0.5 µm) × (Z: 1.0 µm), and Grating: 600 gr/mm.

∼ 3 times. It is assumed that repetitive painting was made
2 times at the time of primary painting after putty work, and
repainting process was conducted again from the stage of

Figure 3. A photograph of cross section of a paint layer. (a) Silver paint layer. (b) Red paint layer. (c) Blue paint layer.
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putty work after 2 times of additional repainting. It is also

was confirmed to be painted additionally for 3 times after

assumed that repainting was conducted from putty work upon

putty work (Figure 4b).

completion of additional repainting for 2 times. The

As for Sample c, it is assumed that painting was conducted

foregoing can be assumed based on the layer that underwent

one time after putty work and additional painting was made

putty work in the intermediate layer is observed and painted

using a paint with similar color after a specific period of time.

layer with similar colors is repeated.

It is considered that additional painting was conducted at least

Sample c is confirmed to have total 13 layers, and is

more than 3 times for a certain period of time.

assumed that primary painting was conducted after putty work

Painted layer was confirmed to have uniform thickness as 34.5

on the surface of object, and painting for 2 ∼ 3 times was

∼ 35.5 µm and 19.5 ∼ 22.0 µm. It is assumed that repainting

made using a paint with similar color. It is also considered

was carried out most recently including putty work, and painting

that repainting including putty work was conducted for 1 ∼

was made for 2 ∼ 3 times above the putty layer (Figure 4c).

2 times and the outermost painted layer was painted 1 ∼
3 times (Figure 3c).
As a result of observation of the cross section using BEI
(backscattered electron image) of electron microscope (Figure 4),
a relatively bigger and irregular-shaped particles are observed
in the painted layer that is assumed to be putty, and particle
with relatively bright color is scattered. As for Sample a, it
was confirmed that the thickness of painted layer that is
closest to the object was 18.4 ∼ 30.4 µm, and primary
coated layer of the layer that was painted at the time of
secondary repainting was 22.4 ∼ 23.6 µm and the thickness
of secondary coated layer was 19.2 ∼ 19.9 µm, showing that
the object was painted relatively uniformly (Figure 4a).
This study also confirmed that the layer just above putty
layer out of painted layers that are closest to the object of
Sample b was painted repeatedly for 2 times, and the
thickness of primary painted layer was 91.8 ∼ 96.7 µm and
secondary painted layer was 60.1 ∼ 61.7 µm respectively,
showing that primary painting was thicker than secondary
painting. It is also assumed that additional painting after that,
and the thickness of painted layer was 60.9 ∼ 74.7 µm
showing relatively nonuniform painted layer as additional
painting was made without putty work. Newly-painted layer

3.2. Energy dispersive X-ray spectroscopy analysis
This study conducted analysis of inorganic components
using EDS attached to SEM, and the analysis was carried out
targeting all samples in order of internal to external painted
layers based on the layer close to the surface of sculptures,
and analyzed each putty layer targeting the area where bright
particle is shown as scattered shape on the electron
microscope. We also conducted a face analysis for each floor.
As a result of analysis on the Sample a, Mg, Al, Si and
Ti were detected from putty layer located between putty layer
and painted layer that are the closest to the surface of the
work, it is judged that putty having kaolin(kaolinite Al2O3⋅
2SiO2⋅2H2O and halloysite Al2O3⋅SiO2⋅4H2O), white
titanium dioxide (TiO2) and talc (3MgO⋅4SiO⋅H2O) as
ingredients was used. Considering that the first painted layer
has high in Mg and Ti, it is assumed that it used mixture
of extender pigment and white pigment, and is judged that
the paint used for subsequent repainting has materials that
mixed aluminium powder with white pigment having Al and
Ti as main ingredients (Table 1).
It is assumed that main ingredients of the first putty layer

Figure 4. Photo of sectional observation by scanning electron microscope. (a) Silver paint layer. (b) Red paint layer.
(c) Blue paint layer.
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of Sample b are Ca and Si, so it used calcium carbonate

that the layer was painted using materials that mixed

(CaCO3)-based materials, and Si was detected as a main

aluminium powder with white pigment as a main ingredient.

ingredient from 3 layers painted on it, so it was difficult to

As for the paint layers, Fe, Ti, Al, Si and Mg were detected

assume which mineral pigment was mixed. However, Fe was

from the second to the fifth layer, so it is judged that painting

detected from the last layer, which is assumed to be red iron

was conducted using a paint that mixed deep blue mineral

oxide. From the putty layer that is assumed to be conducted

pigment and white titanium dioxide (TiO2) with iron

for the subsequent repainting, Si was detected, and Si, Al,

(Ⅱ)-ferrocyanide as a main ingredient. From the blue paint

Ca, Ti were detected as main ingredients from the painting

layer, Si and Al that can be assumed as ultramarine

on the intermediate layer and Fe was identified partially, but

(Na6Al6Si6O24S4) were detected partially, but because Cu

due to the difficulties in assuming a specific mineral pigment,

which is an ingredient of organic phthalocyanine pigment was

this study intends to compare comprehensive with FT-IR and

detected partially, so this study intends to compare with

result of Raman spectroscopic analysis (Table 2).

FT-IR and result of Raman spectroscopic analysis (Table 3).

Total 13 painted layers were identified in the Sample c,

However, although most of the putty work is collectively

and it is assumed that it used putty having white titanium

processed throughout the work to evenly represent the paint

dioxide (TiO2) and talc (3MgO⋅4SiO⋅H2O) as ingredients

layer, the analysis of samples taken from one work showed

because Mg, Si, Ti, Fe were detected as main ingredients

that the first putty layer, which is close to the foundation,

from the first putty layer. The second putty layer is assumed

is different. It is believed that the specimen may have been

to use putty containing (kaolin, kaolinite Al2O3⋅2SiO2⋅

contaminated using specimens that were already peeled off

2H2O, halloysite Al2O3⋅SiO2⋅4H2O), white titanium

during the sample collection process, and that reproducibility

dioxide (TiO2) and talc (3MgO⋅4SiO⋅H2O) as ingredients

should be secured through repeated analysis.

as Mg, Si, Ti, Fe and Al were detected. And only Si and
Ti were detected from the third putty layer, so it is assumed
Table 1. Result of inorganic component of the sample of A (a)
Samples
Outside

↑
Inside

Painted layer
Painted layer
Putty layer
Putty layer
Painted layer
Putty layer
Putty layer

Elements (wt%)
C
32.08
32.04
40.57
30.76
28.03
31.39
32.49

O
20.14
23.94
26.07
32.34
28.80
27.02
27.60

Mg
7.91
7.33
3.32
3.49
9.14
7.14
6.79

Si
17.79
17.10
15.08
15.51
14.83
13.83
13.51

Al
6.95
5.55
2.44
2.12
1.75
2.13
1.65

Ca
-

Ti
15.13
14.04
12.52
15.78
17.45
18.49
17.96

Fe
-

Cu
-

Elements (wt%)
Si
Al
Ca
13.82
0.75
5.50
13.46
0.77
5.14
16.21
0.48
4.68
13.32
3.21
9.96
2.50
7.83
8.32
9.12
9.82
6.87
2.95

Ti
10.56
7.14
5.58
4.12
4.27
-

Fe
4.21
5.47
-

Cu
-

Table 2. Result of inorganic component of the sample of B (b)
Samples
Outside

↑

Inside

Painted layer
Painted layer
Painted layer
Painted layer
Painted layer
Putty layer
Painted layer
Painted layer
Painted layer
Putty layer

C
40.58
41.08
39.67
44.98
42.41
67.45
72.17
73.47
72.31
70.58

O
28.79
32.41
33.38
34.37
36.65
24.72
14.04
17.41
17.87
19.60

Mg
-
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Table 3. Result of inorganic component of the sample of C (c)
Samples
Outside

↑

Inside

Painted layer
Painted layer
Painted layer
Putty layer
Painted layer
Painted layer
Painted layer
Painted layer
Painted layer
Painted layer
Putty layer
Painted layer
Putty layer

Elements (wt%)
C

O

Mg

Si

Al

Ca

Ti

Fe

Cu

27.31
17.92
12.15
12.19
11.62
28.48
25.15
26.27
28.19
27.46
20.31
24.32
23.98

19.37
14.52
11.80
12.11
11.07
19.96
18.28
25.11
21.06
20.85
19.91
19.72
23.16

3.52
3.45
4.15
5.85
8.13
7.52

2.18
3.82
3.99
4.10
3.34
1.65
1.72
17.71
18.63
21.16
25.24
21.81
26.55

1.06
0.62
0.42
1.84
-

-

51.14
55.59
72.06
71.60
72.91
49.29
54.85
15.43
17.89
14.12
12.44
12.04
16.44

10.94
10.78
12.26
14.41
13.98
2.35

8.15
-

3.3. Infrared spectroscopic analysis
When illuminating analysis sample changing the wavelength
of infrared rays, infrared rays of a special category are
absorbed depending on the functional grup such as amino
group or carbonyl group, and this study searched for infrared
rays spectroscopic analysis spectrum that can be used for
examining unidentified substance according to intrinsic
absorption spectrum (Michele et al., 1999) through the library
of software, and analyzed external painted layers of Sample
a and b that are currently exposed, and external (c-1) and
existing painted layer (c-2, c-3) of Sample c that are
currently exposed.
Based on the 3642 cm-1, 2352 cm-1, 1464 cm-1, 1091 cm-1
and 873 cm-1 as a result of spectrum search of Sample a,
it is assumed that extender pigment was used. As 3424 cm-1,
2850 cm-1, 1655 cm-1, 1614 cm-1, 1506 cm-1 and 1454 cm-1
were confirmed, it appears that painting was conducted using

a paint that aluminum power metallic pigment is added, and
the result confirms to the result of inorganic components
(Figure 5a). Sample b shows the values of 2969 cm-1(O-H),
2907 cm-1(O-H), 1711 cm-1(C = O), 1472 cm-1, 1405 cm-1,
1241 cm-1, 1093 cm-1, 1015 cm-1 in the painted layer, it is
assumed to be polyester resin(Acid-functional Polyester resin)
having carboxylic acid group (Figure 5b)(Thomas, 2004).
Polyester-based paints are used widely for buildings and
sculptures that are installed in outdoors and exposed severely
to ultraviolet rays, and the result shows the possibility to
assume that the paint was also used for sculptures exhibited
in the outdoors. In addition, polyester resin may be an
ingredient derived from a clear coat applied to the top layer
of the paint face, and the same ingredient is identified in
specimens a and c, which are also identified as a result of
the collective process of the clear coat work.
In the result of spectrum search, D-Polydiallyl-Phthalate

Figure 5. FT-IR Spectra of paint layers. (a) Silver paint layers. (b) Red paint layers. (c) Blue paint layers.
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which is an ingredient that improves flexibility, transparency,
durability and conservativeness of paint as a plasticizer was
also identified, which supports the assumption. As a result of
spectrum search, 3047 cm-1, 1611 cm-1, 1508 cm-1, 1480 cm-1,
1465 cm-1, 1421 cm-1, 1333 cm-1, 1287 cm-1, 1120 cm-1, 770
cm-1 and 754 cm-1 were identified in c-1, c-2 and c-3 of
Sample c, so it is assumed that painting was conducted using
a phthalocyanine blue paint (Figure 5c). And D-PolydiallylPhthalate which is used commonly as plasticizer to improve

Figure 6. Raman spectra of silver paint layers.

flexibility, transparency, durability and conservativeness of
paint was also identified, so it is assumed that painting was
carried out using a paint with functionality.
3.4. Raman spectroscopic analysis
As a result of Raman analysis, characteristic peak of
N-Benzylethanolamine was identified in the Sample a, but
characteristic peak of silver was unidentifiable (Figure 6). As
for red, 342.0 cm-1, 987.3 cm-1, 1126.2 cm-1, 1188.0 cm-1,

Figure 7. Raman spectra of red paint layers.

1330.0 cm-1, 1397.9 cm-1, 1617.2 cm-1 that are the
characteristic peak of toluidine red were confirmed, so it is

through the Raman analysis to identify the types of organic

judged that toluidine red was used for red paint layer (Figure

pigment by color, toluen, 1,3,5,7-Cyclooctatetraene, Naphthalene

7). Considering that 680.0 cm-1, 746.4 cm-1, 1340.2 cm-1,
1447.8 cm-1 and 1528.0 cm-1 that are the characteristic peak

and 2-Benzenedicarboxylic acid were identified in the Sample
a (Figure 9), and 2-Butanone, Benzoic acid, Phthalic

of copper phthalocyanine blue are shown in blue, it is judged

anhydride and Dibutyl phthalate were measured in the

that copper phthalocyanine blue was used as a blue pigment

Sample b (Figure 10). In the Sample c-1, c-2 and c-3,

(Figure 8a∼c). The value corresponds to the phthalocyanine

Phthalic anhydride, p-Terphenyl, Dibutyl phthalate and

blue identified in the FT-IR analysis result and Mg and Cu

1,4-Benzenedicarboxylic acid were identified (Figure 11∼13),

detected in the analysis of inorganic components.

but pyrolysis product related to color pigment was not
identified in any of 5 samples, so it was difficult to identify

3.5. Pyrolysis gas chromatography/mass spectrometry

if it corresponds to Raman data.

As a result of examining organic pigment assumed

Figure 8. Raman spectra of blue paint layers. (a) Inside blue paint layer (sample c-1). (b) Middle blue paint layer (sample c-2).
(c) Outside blue paint layer (sample c-3).
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Figure 9. Pyrograrm of silver paint layer (sample a).
1: Toluene, 2: 1,3,5,7-Cyclooctatetraene, 3: à-Methylstyrene, 4: 9-brom anylbicyclo[4.2.1]nona-2,4,7-triene, 5: Naphthalene,
6: 1,2-Benzenedicar boxylic acid, 7: 1,1’-Biphenyl, 4-methyl-, 8: 1,2-Dihydroanthracene, 9: n-Hexadecanoic acid, 10:
6-[(2-Ethylhexyl)oxy]-6-oxohexanoic acid, 11: 2’-Deoxy-2’-methyleneadenosine, 12: 2,2,2-trifluoro-N-[5-methoxy-2(methoxymethyl)phenyl]acetamide.

Figure 10. Pyrograrm of red paint layer (sample b).
1: Toluene, 2: 2-Butanone, 3: 1,3,5,7-Cyclooctatetraene, 4: à-Methylstyrene, 5: Acetophenone, 6: Benzoic acid, 7:
Phthalic anhydride, 8: 5-benzo[e][1,3] benzoxazolesulfonic acid, 9: 4-phenyl-1,4-dihydro-2,3-benzoxathiine 3-oxide, 10:
Dibutyl phthalate, 11: 2’-Deoxy-2’-methyleneadenosine, 12: 2,2,2-trifluoro-N-[5-methoxy-2-(methoxymethyl)phenyl]
acetamide. 13: Bis(2-ethylhexyl) phthalate, 14: Benzo[b]phenanthridin- 5(6H)-one.

Figure 11. Pyrograrm of blue (inside) paint layer (sample c-1).
1: 2-Butanone, 2: Tetracyclo[3.3.0.0(2,4).0(3,6)]oct-7-ene, 3: Benzene, (1-methylethenyl)-, 4: Phthalic anhydride, 5:
4-phenyl-1,4-dihydro-2,3-benzoxathiine 3-oxide, 6: Dibutyl phthalate, 7: p-Terphenyl, 8: 2'-Deoxy-2'-methyleneadenosine,
9: 1,3-Benzenedicarboxylic acid, 10: 1,4-Benzenedicarboxylic acid.
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Figure 12. Pyrograrm of blue (middle) paint layer (sample c-2).
1: Toluene, 2: Styrene, 3: à-Methylstyrene, 4: Benzoic acid, 5: Phthalic anhydride, 6: Phthalimide, 7: 4-phenyl-1,
4-dihydro-2,3-benzoxathiine 3-oxide, 8: Dibutyl phthalate, 9: m-Terphenyl, 10: 2’-Deoxy-2’-methyleneadenosine, 11:
1,4-Benzenedicarboxylic acid, 12: 1,3-Benzenedicarboxylic acid.

Figure 13. Pyrograrm of blue (outside) paint layer (sample c-3).
1: Methyl methacrylate, 2: Bicyclo[4.2.0]octa- 1,3,5-triene, 3: à-Methylstyrene, 4: Acetophenone, 5: Benzoic acid, 6:
Phthalic anhydride, 7: 3-methyl-1-propyl-6,7,8,9-tetrahydro-5H-cyclohepta[c]pyridine, 8: n-Hexadecanoic acid, 9:
Octadecanoic acid, 10: Hexanedioic acid, bis(2-ethylhexyl)ester, 11: 2’-Deoxy-2’-methyleneadenosine.

4. CONCLUSION

and color applicability of paint have been weakened.
Although exact record was not found, it is assumed that the

This study conducted an analysis of paint applied to the

work underwent repeated repainting.

“Conversion” by the artist Na Myeong-gyu which is

To identify the foregoing, this study investigated layers of

exhibited in the Busan Cheonmasan Sculpture Park through

paint through the observation of cross section, and assumed

a scientific method of analysis aiming at securing basic data

ingredients of mineral pigment through the analysis of inorganic

of the work that has been damaged continuously with the

components, and examined ingredients of paint through

passage of time by being exposed to the outdoor

FT-IR, Raman and GC-MS analysis. It is assumed that silver

environment. Currently, the work has been discolored and

Sample a underwent two times of painting work, and painting

bleached by air pollutants and various environmental factors,

was conducted using a paint that mixed aluminium powder

and deterioration such as crack and exfoliation is also

with white pigment after primer and surfacer using materials

occurring, and especially, coupled response by ultraviolet

such as kaolin, talc etc. As for the red Sample b, it was

rays in the atmosphere, moisture and oxygen is deforming

confirmed that painting was conducted using a paint mixed

binding of

high molecule and causing continuous

with toluidine red (Color of Art Pigment Database: Color

deterioration, so durability, water resistance, conservativeness

Index (CI) name PR3, Molecular Formula: C17H13N3O3), and
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is assumed that additional painting was made after two times
of painting work. For putty used in the course of painting,
calcium carbonate-based mixed materials were used and such
putty work was confirmed to be carried out two times. As
for blue, it is judged that a paint that mixed prussian blue
(Color of Art Pigment Database: CI name PB27, Molecular
Formula: C18Fe7N18) with titanium white (Color of Art
Pigment Database: CI name PW6, Molecular Formula: O2Ti)
was used for the initial painting, and similar paint was used
for 2 ∼ 3 times after that. For additional painting, however,
it was confirmed that a paint that mixed phthalocyanine blue
(Color of Art Pigment Database: CI name PB15:1, Molecular
Formula: C32H16CuN8 with titanium white was used.
As a result of analysis on the “Conversion”, it was
difficult to make a quantitative comparison due to the lack
of analysis of paint and advanced researches on the status
of damage etc., but this study was able to secure basic data
that can be referred in establishing the directivity of
conservative treatment and selection of materials in terms of
conservation⋅management

of

works

in

the

future.

Continuous researches on the materials and technology for
conservation shall be carried out simultaneously with secure
of basic data through scientific analysis, and if a system that
enables communication, cooperation and research activities
with actual decision-makers such as artists, foundations and
assistants is adopted, it is expected that data of this study
can be used for maintaining intention of artist and originality
of works, and securing conservativeness and communicability
of works.
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ABSTRACT Woolen tapestry curtains possessed by the Seoul Museum of Craft Art were used to hung

on the wall or used for carpets in the winter season in the late Joseon dynasty. Since similar artifacts
were only used for the curtain as functional aspects, woolen tapestry curtains were a rare case. In this
study, scientific analysis on the accessory ornament of woolen tapestry curtains such as components
of metal accessories and frame bar were conducted with the microscope, p-XRF, and SEM. Result
of frame bar pigments, organic pigments such as ink stick were likely been used in woolen tapestry
curtain 1. In woolen tapestry 2, lead red (Minium) was used in the frame bar. The result of metal
parts, copper, and zinc were analyzed by p-XRF. This suggests that metal accessories were crafted
using brass. Frame bar of woolen tapestry curtain 2 was made of soft pine (Pinus spp.) analyzed with
the scanning electron microscope. Artifacts like woolen tapestry curtains are rare in Korea and scientific
analysis databases were scarce, so it is important to construct components analysis data of woolen
tapestry curtains. It is expected that additional scientific analysis and interpretation on the artifact’s
crafting technique can be merged with the analytical data gathered in this study to be utilized on the
conservation and restoration of not only woolen curtains but curtain artifacts of the late Joseon dynasty
in general.
Key Words Wood species identification, Pigment analysis, Woolen tapestry, Minium, Brass, Soft pine

1. INTRODUCTION

Most curtains structures are composed of frame bar and
metal accessory ornaments, and are decorated by crafting

Tapestry curtains are drapes hung around a room to keep

them with silk weaving and applying appliqué on bat pattern,

out external air, and are mostly made of wool or silk for

character ‘Hui (喜)’ pattern and character ‘Su (壽)’ pattern.

winter use. They are made to lean on the wall and hang from

Meanwhile, the only woolen tapestry curtains are the two

the side nearest to the ceiling and were used in Korea since

artifacts possessed by Seoul Museum of Craft Art. Similarly,

Three States period (Shin, 1995). Moreover, curtains were

accessories such as metal accessories and frame bar used to

considered luxury only used by the upper class for a long

hang vertically on top, middle, and bottom door or window

time, and several remaining artifacts from late Joseon dynasty

frames are present, and fabric is composed of Modam

are under the possession of Seoul Museum of Craft Art, Seoul

(Woolen tapestry) crafted from cotton and wool. Especially,

Museum of History, and National Folklore Museum of Korea

in terms of technique, patterns on the fabric were crafted

(Seoul Museum of History [SMH], 2006; e-Museum, n.d.).

using tapestry prior to painting, which is called Chaedam
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(Overpainted woolen tapestry) (Shim, 2016). A similar artifact

with frame bar and metal accessories is owned by Seoul

is Joseoncheol (Joseon’s carpet) owned by Yoshida Gojiro

Museum of History were investigated. Curtain 511 was

from Kyoto, Japan (Kyungwoon Museum, 2016). However,

crafted in late Joseon dynasty (19th century) and spans 207

Joseoncheol was used as a rug without any accessories which

cm in length and 149 cm in width. Five metal accessories

is a significant difference from the woolen tapestry curtain.

fixate frame bar and two metal rings are attached to the top.

Studies on woolen tapestry curtain by Min (1992) focused

Curtain 512 was crafted in 20th century and spans 237 cm

on the fabric, pattern, and weaving technique rather than its

in length and 220 cm in width. Nine bat shaped hinges fixate

functions as a curtain due to the rarity of woolen fabric from

the frame bar and two metal rings are attached to the top.

Joseon dynasty (Shim, 2016; An et al., 2019). Rugs, drapes,

Curtain 513 was crafted in late Joseon dynasty (19th century)

and curtains of Joseon dynasty may share similar crafting

and spans 241 cm in length and 213 cm in width. Frame

techniques but their fundamental usage differ according to the

bar is fixated using metal accessories, and three metal rings

existence of accessories.

are attached to the top. Curtain 514 is crafted in 20th century

This study is on a rare case of woolen tapestry curtain

and spans 212 cm in length and 228 cm in width formulating

possessed by the Seoul Museum of Craft Ar. Accessories of

a shape similar to a square. Frame bar is fixated using seven

woolen tapestry curtain, which is significant as it examines

bat shaped hinges with two metal rings attached to the top.

the functional and technological aspects of the curtain.

Curtain 515 was crafted in 20th century and spans 236 cm

Specifically, scientific analysis on the frame bar pigments,

in length and 226 cm in width, formulating a shape similar

metal accessories and wood species identification were conducted.

to a square. Frame bar is fixated using seven bat shaped

This study will shed new light on the accessories of curtains

hinges, which are partially missing. Three metal rings are

from late Joseon dynasty and provide scientific analysis on

attached to the top.

the material of the accessories. Moreover, this study is

Examining accessories of curtains in late Joseon dynasty

expected to be applicable of fundamental data for the

shows that they are black or red as can be seen in Figure

conservation and restoration of Joseon curtains in the future.

1, and there are cases where frame bar is placed only at the
top and bottom. The number of metal accessories varies from

2. ANALYTICAL SUBJECT AND METHOD

five, seven, to nine, and they are in the shape of circle, bat,
or flower and are sometimes attached (Huh, 2006; SMH,
2006; e Museum, n.d.). Frame bar is also called a support fixture,

2.1. Subject

and its width is approximately 3∼3.4 cm (e Museum, n.d.).
Understanding of the similar case of woolen tapestry,

The two woolen tapestry curtains of Seoul Museum of

Unhyeongung curtain artifact crafted in 19th∼20th century

Craft Art all union cloth that use cotton for warp and wool

(A)

(B)

(C)

(D)

Figure 1. Silk curtain of late Joseon dynasty period. (A) Seoul Museum of Craft Art. (B) Seoul Museum of History. (C) &
(D) National Folklore Museum.
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frame bar and metal accessories on the top, middle, bottom
parts to hang the curtain on a door or window frame. Woolen
tapestry curtain 1 is 216 cm in length and 156 cm in width
as can be seen in Figure 2, and woolen tapestry curtain 2
is 181 cm in length and 129 cm in width as can be seen
in Figure 3. They vary by 30 cm in size, and the color of
the frame bar also varies. Woolen tapestry curtain 1’s frame
bar is black whereas the frame bar of woolen tapestry curtain 2
is black at the top but painted red at the middle and bottom.
frame bars are 4.5 cm wide in and 1.8 cm thick after fastening
(A)

the clothing. In the case of metal accessories, 7 metal

(B)

accessories are stuck on each frame bar, and hook shaped

Figure 2. Woolen tapestry curtain 1. (A) Front side. (B)
Back side.

ones are attached at both ends of the top to hang the curtains.
metal accessories’s diameter is approximately 3.5 cm long.
In this study, with the subject set as the frame bar and
metal accessories of woolen tapestry curtain, the pigments on
the surface of frame bar and main components of metal
accessories were examined using a digital microscope and
p-XRF. Moreover, a fragment of frame bar that naturally
detached from woolen tapestry curtain 2 was used to conduct
wood species identification.
2.2. Analytical method

(A)

A high performance multi-digital microscope (DG-3,

(B)

Scalar, JPN) was used to observe the pigment particles on

Figure 3. Woolen tapestry curtain 2. (A) Front side. (B)
Back side.

the surface of frame bar. Furthermore, a handheld XRF
analyzer (Delta Professional, Olympus, USA) was used to

for weft (An et al., 2019), and there are accessories such as

analyze the main composing elements of pigments and metal

Table 1. Scientific analysis point of woolen tapestry curtains
No.

Classification

1

Metal accessory

2

Frame bar pigment

3

Metal accessory

3

4

Metal accessory

4

5

Metal accessory

5

6

Metal accessory

7

Frame bar pigment

8

Frame bar pigment

Sample name
Woolen tapestry curtain 1

Sample number
1
2

6
Woolen tapestry curtain 2

7
8

9

Frame bar pigment

9

10

Wood species identification

10

11

Wood species identification

11
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Figure 4. Analysis points (Blue: Metal parts, Red: Pigment parts, Yellow: Wooden parts).
accessories. The analytical conditions of XRF was 50 kV,

color were found. Black particles were observed at the black

200 µA, and 15 seconds with soil mode and alloy mode

pigments of frame bar from the woolen tapestry curtain 1.

simultaneously analyzed. The type of pigment and metal

And the red, dark red, and deep color red particles were

components were derived based on the data from XRF

partially confirmed in frame bar from woolen tapestry curtain 2

analysis (Table 1, Figure 4).

(Table 2).

Wood species identification were conducted using a

XRF analysis was conducted by first checking the

fragment of frame bar retrieved from the central frame bar

components of the background and bottom layer and

of woolen tapestry curtain 2. Sample was made in a

analyzing the main elements based on the obtained data.

hexahedral shape to expose vertical, horizontal, and diagonal

Traces of Ca, K, and Fe were detected as major elements

cross-sections using a stainless razor blade (ST-300, Dorco,

from the background and bottom layer. As no major

KOR) and the tissues were observed. Three cross-sections of

component was detected in the background layer for frame

each tissue were observed using an optical microscope

bar of woolen tapestry curtain 1, organic pigment has likely

(Eclipse Ni-E, Nikon, JPN) to produce specimen. Each

been used. Since, black colors were painted in frame bar and

specimen was fixated on an aluminium holder using carbon

carbon were detected by XRF, assumed that ink stick might

tape and observed using a scanning electron microscope

be used for the black pigment (Lee et al., 2017). In the frame

(TM-3000, Hitachi, JPN) to record photos that could be used

bar of woolen tapestry 2, lead (Pb) was detected from red

to identify the wood species. The photos were taken at

and dark red pigments, suggesting the usage of minium

acceleration voltage of 15 kV, and 120∼800 magnification

(Pb3O4) (National Research Institute of Cultural Heritage

rate. Preceding studies and database on wooden species

[NRICH], 2018). Minium depicts color slightly brighter than

identification were referenced.

orange and is called red lead. XRF analysis results of
Jongmyo Shinyeojuryeom, from a similar period, confirmed

3. ANALYTICAL RESULTS

Pb as well as Hg and S from its red painting on the surface,
signifying the usage of ruddle along with lead tetroxide

3.1. Analytical results of frame bar pigments
Status and main elements at four locations were analyzed

(Minium) and cinnabar (Kim, 2012).
3.2. Analytical results of metal accessories

using digital microscope and handheld XRF analyzer to
investigate the pigments used on woolen tapestry curtain’s

Five metal accessories from woolen tapestry curtains were

frame bar. Filming the two woolen tapestry curtains using a

shot at measuring points using a digital microscope and their

digital microscope showed no particles on the background

main elements were confirmed using a handheld XRF analyzer
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Table 2. Component analysis result of metal accessory and frame bar pigment
Sample
number

Classification

1

Metal accessory

Sample
name

Micrograph
(×100)

Main
element

Estimated
material

Cu, Zn

Brass

Woolen
tapestry
curtain 1

2

Frame bar
pigment

C

Organic
pigment

3

Metal accessory

Cu, Zn, Pb, Sn

Brass

4

Metal accessory

Cu, Zn, Pb, Sn

Brass

Woolen
tapestry
curtain 2

5

Metal accessory

Cu, Zn, Pb

Brass

6

Metal accessory

Cu, Zn, Pb, Sn

Brass

(Continue on the next page)
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Sample
number

Classification

7

Sample
name

Micrograph
(×100)

Main
element

Estimated
material

Frame bar
pigment

Pb

Minium

8

Frame bar
pigment

Pb

Minium

9

Frame bar
pigment

Pb

Minium

(Table 2). XRF analysis results showed copper and zinc from

call them zinc and Korea refers to it as Hamseok (含錫) (Kim,

metal accessories of both curtains. This suggests that metal

2008).

accessories was crafted using brass, an alloy of copper and
zinc (Lee and Jeon, 2015). Brass is an alloy made by adding
zinc to copper, and is an important copper alloy along with
bronze. It has beautiful color, is easy to cast, has superior
hardness and strength as well as malleability, making it
suitable for crafting thin films or wires, and ultimately used
for various ornaments. This can also be confirmed from
Geumjeonji (Decorating gold paper) of Shinyeojuryeom
possessed by Jongmyo which dates to late 19th century to
early 20th century and metal ornaments of leather belt
possessed by Chuncheon National Museum (Park et al., 2010;
Kim, 2012).
According to a study by Kim (2008), brass shares the same
meaning as pisolite, Waeyeon (Japanese zinc), zinc, and
Hamseok (Thin sheet of iron with zinc plated on the surface).
Myeongmulgo (名物考) (Examination of famous objects), a
document from Joseon dynasty, designates a pisolite as brass.
According to Ojuyeonmunjangjeonsango (五洲衍文長箋散
稿, Waeyeon signifies zinc in main China whereas Japanese

3.3. Results of wooden species analysis
Wooden species analysis was conducted on two samples
that naturally detached from the central crossing bar of
woolen tapestry curtain 2. Cross section was composed of
coniferous trees with tracheid being the principal cell,
Transition from earlywood to latewood were gradual and
Growth ring boundaries were distinct. Axial intercellular
canal was difficult to observe as sample size was small.
Tracheid in the radial section showed one row of bordered
pit in the inner wall, while radial structure was composed of
ray parenchyma cells and ray tracheids. In the cross-field
pitting, inside ray parenchyma cell was in the shape of
window-like pit, while the inner wall of ray tracheid was flat
without ray tracheids dentate. Tangential section showed a
single layer ray composition, along with fusiform ray located
at the center of radial intercellular. Such characteristics are
distinguishable features of Pinaceae plants (Pinus spp.) and
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(A) Cross section ×180

(B) Radial section ×800

(C) Tangential section ×120

Figure 5. SEM image of woolen tapestry curtain 2 sample 10.

(A) Cross section ×300

(B) Tangential section ×400

(C) Tangential section ×120

Figure 6. SEM image of woolen tapestry curtain 2 sample 11.
soft pine (Park, 1987; National Folklore Museum, 2004; Lee,

accessories which were analyzed through digital microscope,

1997a; Lee, 1997b; Lee, 1997c; Eom, 2015).

XRF analysis, and wooden species analysis. Analytical results

Due to the above traits, the specimen was identified as

showed that frame bar of woolen tapestry curtain 1 is organic

soft pine in the genus Pinus and in the family of Pinaceae

pigment as main component was undetected through XRF

(Figure 5, 6). Pinus koraienesis S. et Z. is a typical native

analysis, and is considered to be a black paint mostly

soft pine, and is known to be located above central Korean

composed of carbon such as ink stick as it is black and

peninsula (Eom, 2015). Meanwhile, frame bar has been

particles can be confirmed by observing through a digital

identified as a soft pine from Hanging Painting of Sudosa

microscope. Red particles were observed from the red and

Temple (Rocana Buddha) which were made in 1704 (Kim

dark red areas of woolen tapestry curtain 2, which were

et al., 2016), but there does not seem to be many cases where

confirmed to be mainly lead, suggesting the usage of lead

soft pine was used on frame bar.

red (Minium). XRF analysis results of metal accessories
showed that copper and zinc were mainly used on all metal

4. DISCUSSION AND CONCLUSION

accessories. This implies the usage of brass, an alloy of
copper and zinc. Wooden species analysis was conducted on

Woolen tapestry curtain 1 and 2 are curtain artifacts made

two samples retrieved from woolen tapestry curtain 2’s

from woolen tapestry composed of cotton warp and wool

central frame bar which identified the specimen as soft pine

weft and hung on doors or windows using accessories. Fabric

(Pinus spp.) Frame bar is considered to have been crafted

was painted using pigment and patterns were depicted in

using soft pine when making woolen tapestry curtain 2.

tapestry. frame bar and metal accessories were attached as

Generally in Korea, hard pines and soft pines are mostly
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commonly used for wooden artifacts. In appears that further
specimen analysis is required on woolen tapestry curtain 1
and 2 to confirm what type of trees were used.
Artifacts like woolen tapestry curtain are rare in Korea and
analysis on its material is scarce, so scientific analysis of
wooden tapestry curtain is significant as it examined that
materialistic traits of the artifact and confirmed its crafting
method. Moreover, the pigments used on frame bar was
confirmed as well as the main elements of metal accessories.
Inorganic pigment such as lead red (Minium) were confirmed
using XRF analysis but organic pigments need to be further
analyzed using organic analysis such as FT-IR, HPLC/MS or
pyrolysis GC/MS. Also, confirmation on whether the metal
accessories (Brass) and frame bars (Soft pine) has been
reprocessed is necessary. It is expected that additional
scientific analysis and interpretation on the artifact’s crafting
technique can be merged with the analytical data gathered in
this study to be utilized on the conservation and restoration
of not only woolen curtains but curtain artifacts of late Joseon
dynasty in general.
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