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Non-invasive mineral analysis of pigments of wall paintings
in the Sungseonjeon Hall

Na Ra Lee, So Jin Kim, and Dong Hyeok Moon*
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ABSTRACT: Non-destructive investigations were conducted by applying various analysis methods to investigate the production
period of six wall paintings of the Sungseonjeon Hall in the royal tomb of King Suro, Historic Site No. 73 in Gimhae, South Korea.
Portable microscopy and portable X-ray fluorescence analysis were performed in situ, and Raman spectroscopy and X-ray diffraction
were applied to small fragments of painting layers. From microscopic observations, the size and arrangement of the mineral pigment
particles used in the wall paintings were confirmed to be suitable for non-destructive analysis. Among the major elements and mineral
phases detected in the wall paintings that are regarded to be earlier works (late 17th century), talc, minium with cinnabar, atacamite
with botallackite, and lazurite have been detected in white, red, green, and blue specimens, respectively, confirming the use of tra-
ditional mineral pigments employed since ancient times. In contrast, in wall paintings added later (after the 19th century), anatase,
minium, lavendulan with cornwallite, and lazurite were detected, along with crocoite in yellow specimens. These results indicate the
existence of modern traces through synthetic pigments such as titanium white, emerald green, and chrome yellow, which were intro-
duced by the West with the passage of time.
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1. INTRODUCTION

Since prehistoric times, humans have used materials found in
the earth, such as soil, rocks, metals, and wood, in various activities
and to make various products; humans have shared the knowledge of
previous generations through cultural heritage. Throughout
human history, from the Late Pleistocene to the Holocene/
Anthropocene periods, mineral-based painting materials (pigments)
have been used in paintings, makeup, architectural structures,
sculptures, and the surface painting of ceramics for the purposes of
coloring, decoration, and protection (Watts, 2010; Siddall, 2018).
For example, a recent scientific analysis reveals that Neanderthals,
who were active before modern humans, used stone tools as
well as colored mineral-based soil pigments as raw materials

Editorial responsibility: Young Kwan Sohn

*Corresponding author:

Dong Hyeok Moon

Conservation Science Division, National Research Institute of Cultural
Heritage, 132 Munjiro, Daejeon 34122, Republic of Korea

Tel: +82-42-860-9072, Fax: +82-42-860-9077,

E-mail: moondh@korea.kr

©The Association of Korean Geoscience Societies and Springer 2023

(Hoffman et al., 2018a, 2018b; Marti et al., 2021). Therefore, the
scientific analysis of pigments in colored works of cultural heritage
can have extensive geoscientific and archaeological implications,
and aid in the identification of their raw materials.

According to literatures on the history of pigments, various
mineral species have been used as pigment raw materials since
ancient times (Barnett et al., 2006; Wagner et al., 2007; Watts,
2010; Ribechini et al,, 2011; Holakooei and Karimy, 2015;
Siddall, 2018; Reiche, 2019; Gliozzo and Ionescu, 2022). In the
case of white pigments, minerals obtained from deposits of white
earth {such as calcite [CaCQj;], aragonite [CaCOs], dolomite
[CaMg(CO3),], huntite [Mg;Ca(CO;),], and gypsum [CaSO,2H,0],
kaolin minerals (e.g., kaolinite, halloysite, and dickite; [AL(Si,Os)
(OH),])}, and galena-based synthetic phases of naturally occurring
minerals (such as anglesite [PbSO,], cerussite [PbCOj3], and
hydrocerussite [Pb;(CO3),(OH),]) have been used. Carbon black,
which is composed of amorphous carbon, has mainly been used
as black pigments, along with various manganese oxide and
hydroxide minerals, such as cryptomelane [K(Mn**,Mn**)O ],
groutite [Mn**O(OH)], hausmannite [Mn**Mn’*,0O,], hollandite
[Ba(Mn*Min™,)Ol, manganite [Mn**O(OH)], nsutite [(Mn®*;Min*)
(O,0H),], pyrolusite [Mn**O,], ramsdellite [Mn*"O,], romanechite
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[(Ba,H,0),(Mn*Mn*);0,], and todorokite [(Na,Ca,K,Ba,Sr);
(Mn,Mg,Al)¢O,,:3-4H,0]. Moreover, the use of raw galena [PbS]
and plattnerite [PbO,], a decomposition product of white lead,
has also been reported. In the case of red mineral pigments, metal
ore minerals, such as cinnabar [HgS], litharge [PbO], and minium
[Pb;04), have been used, along with hematite [Fe,O5]-rich reddish
ochre. As yellow pigment minerals, yellowish ochre based on iron
hydroxides (such as goethite [FeO(OH)], jarosite [KFe™3(SO,),(OH),),
and natrojarosite [NaFe3(SO,),(OH);)), orpiment [As,S;], realgar
[o-As,S,], mimetite [Pbs(AsO,);Cl], and massicot [PbO;
polymorphous with litharge] have been used. For green and
blue pigments, naturally occurring minerals such as malachite
[Cu,(CO;3)(OH), ], antlerite [Cu;(SO4)(OH),], brochantite [Cu,(SO,)
(OH)g4], atacamite group minerals (atacamite, clinoatacamite,
and botallackite; polymorphous of [Cu,ClI(OH);]), tyrolite
[Ca,Cuy(AsO,)(CO;)(OH)g 11H,O], veszelyite [(Cu,Zn),Zn(PO,),
2H,0], azurite [Cu;(CO3),(OH),], and lazurite [NagCa,(A;¢Sig
0,4)(50,,5,52,53,C1,OH),] have been used. Furthermore, ancient
synthetic analogues such as Egyptian Green [CaSiO; + Cu glass],
Egyptian Blue [CaCuSi;O,,], Han blue [BaCuSi,O,y], and Han
purple [BaCuSi,Og] have also been used.

Since the 18th century, synthetic pigments of various colors
have been produced during the rapid development of the European
chemical industry. According to Clark (2002) and Oh et al. (2015),
representative synthetic pigments that have been used for Korean
painted cultural heritages include titanium white (after 1916;
titanium dioxide compounds), zinc white (after 1834; zinc oxide
compounds), chrome red (early 19th century; basic lead chromate
compounds), chrome yellow (after 1809; either lead chromate
or solid solutions of lead chromate and lead sulfate), Prussian blue
(after 1704; exotic iron pigment based on hydrous ferriammonium
ferrocyanide), ultramarine blue (after 1828; sodium aluminum
sulfosilicate, which is chemically identical to the principal pigment
in natural lazurite), Scheel€’s green (after 1775; copper compounds
based on cupric hydrogen arsenite), and emerald green (after
1814; copper acetoarsenite-based compounds).

In Korean traditional painting cultural heritage, naturally
occurring mineral-based pigments were mainly used; however,
a trend of the original pigments being replaced with synthetic
pigments has been observed in Korean colored cultural heritage
toward the end of the Joseon Dynasty (Song, 2018). Furthermore,
there have been cases where artificial pigments were used in the
restoration and repair of architectural cultural heritage since the
1970s (Park et al., 2015). Thus, it has been difficult to confirm
the exact coloration date of temple wall paintings and dancheong
(Korean traditional decorative coloring on wooden buildings
and artifacts) that have been conserved and repainted several
times; moreover, it is also difficult to clearly distinguish between
the pigments used for the restoration and the original paint
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according to the times (Lee et al., 2012). Therefore, investigations
through scientific analysis of colored cultural heritage requires
careful and accurate identification of the colored materials,
especially in conserved and repainted areas.

The application of scientific analysis to the identification and
valuation of raw materials used in cultural heritage properties,
especially analysis carried out non-destructively without sample
collection, is in increasing demand worldwide. Since the 2000s,
research on the identification of raw materials in coloring materials
has been conducted on Korean painting cultural heritage, including
wall paintings, mainly using portable X-ray fluorescence analyzers
(Chun and Lee, 2011; Yoo et al., 2014; Ha and Lee, 2015; Lee et
al.,, 2017, 2019, 2021a). The most popular research method used
in these studies was the estimation of the raw material minerals
based on the major elements detected without sampling. This
method is still used as a non-destructive method of identifying
raw minerals. However, recently introduced portable Raman
spectroscopy and non-destructive X-ray diffraction (ND-XRD)
enable more precise mineral identification based on phase
structure (Abe et al., 2010; Nakai and Abe, 2012; Garcia-Guinea,
2013; Hansford, 2013; Hansford et al., 2017; Culka and Jehli¢ka,
2019; Klisinska-Kopacz, 2019; Santos et al., 2019; Saviello et al.,
2019). Therefore, the complementary application of these
techniques will enable more accurate mineral identification by
reducing uncertainties such as polymorphic and isomorphic
phases (Miriello et al., 2018; Moon and Lee, 2019; Kostomitsopoulou
Marketou et al., 2020; Secco et al., 2021).

The focus of this study is on the identification of traditional
mineral pigments and their inorganic synthetic analogues in
Korean colored cultural heritage using non-invasive analysis
techniques. Furthermore, the suitability of these analytical techniques
as in situ non-destructive investigation methods at an essential
storage site, which required preservation and exhibition of cultural
heritage, is assessed. As subjects suitable for this study, several
wall paintings of the Sungseonjeon Hall in the Royal Tomb of
King Suro in Gimhae, in which the use of pigments in the past
and modern times can be distinguished with the naked eye and
from documentary records, were selected.

2. MATERIALS AND METHODS
2.1. Sungseonjeon Wall Paintings

The Sungseonjeon Hall in the Royal Tomb of King Suro,
Historic Site No. 73 in Gimhae, South Korea, was constructed in
the 24th year of King Sukjong (1698) as a hall where the royal
ancestral tablets of the king and queen of Garakguk are enshrined
and ancestral rites are held. In 1792, it was reconstructed into
four rooms, and in the 15th year of King Gojong (1878), when



Mineral composition of pigments in Sungseonjeon Hall wall paintings by production period

the name of the building was changed, the Jeongjagak (T-shaped
wooden shrine) was demolished and a new building was built
with three rooms (Lee et al., 2020).

According to Baek (1989), a total of 55 wall paintings (61
pieces) were found during the dismantling of the Sungseonjeon
Hall during the “Maintenance Construction of the Tomb of
King Suro (First) and Conservation Treatment of Sungseonjeon
Wall Paintings” project carried out by the Cultural Heritage
Administration in the 1980s. At the time of their discovery, 10 of
the 55 wall paintings were found to have been copied from 45
wall paintings from the previous period. This was determined
based on a difference in the workmanship of the paintings, as
well as the color and texture of the pigments. Additionally, some
wall paintings were painted over or their colors were changed
even at the time of construction in 1987. In particular, in the
case of the wall paintings located at the bottom of the building,
the wall itself was not well preserved; thus, it was judged that the
wall should be newly created and painted.

In situ investigation in this study, contrary to the description
of Baek (1989), revealed a total of 51 wall paintings in Sungseonjeon,
located at the upper, middle, and lower parts: 18 on the north
side of the building, 15 on the south side, nine on the east side,
and nine on the west side. The upper part carried paintings of
animals and plants in the folk-painting style; the middle part

Fig. 1. Analysis points of Sungseonjeon wall paintings. (a) O1, (b) 02, (
specimen collection points.
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carried paintings depicting the tales of King Suro and Empress
Heo, exhibiting the characteristics of a historical site; and the
lower part carried paintings of figures from the deity enshrining
the tablets of King Suro and plants. In particular, in the 12 wall
paintings at the bottom, the deity was depicted as standing
symmetrically, wearing official robes and facing the mortuary
tablet of King Suro. Of these, four wall paintings on the east side
and four on the north side were presumed to have been newly
painted. Non-destructive analysis of these paintings are required
to evaluate and preserve the Sungseonjeon wall paintings as
cultural heritage.

To distinguish between the original and new materials used as
mineral pigments in the Sungseonjeon wall paintings, six paintings
of a deity wearing a blue robe at the bottom, similar in color and
subject, were selected for the study (Fig. 1). Of these, three wall
paintings were presumed to have been painted in the early
period and were labeled as group O (01, 02, and O3), and three
wall paintings were presumed to have been painted later and
were labeled as group N (N1, N2, and N3).

2.2. Investigation Points and Sample Collection

After checking the overall condition of the selected wall
paintings, investigation points were selected, focusing on main

c) 03, (d) N1, (e) N2, and (f) N3. The red labels indicate the delaminated
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colors such as black, red, blue, white, green, and yellow. The labeled
points in Figure 1 indicate the points for portable microscopic
observation and portable X-ray fluorescence (PXRF) analysis; the
red points denote the delaminated specimen collection sites.

In consideration of artistic and historic value and conservation,
only very small specimens were collected from naturally peeled
areas. Specimen collection was performed by separating the
weakly attached remaining edge of the mural screen using tweezers,
resulting in fragments approximately 5 mm in diameter. The
amount of the collected specimens was approximately 10 mg on
average, ranging from 2 to 30 mg depending on the volume of
basecoat collected.

2.3. Analytical Methods

For in-field investigation, portable microscopy and PXRF
were performed. The surface of the colored layer was observed
using a portable microscope (Scalar, DG-3x, Japan) to determine
the shape, size, and coloration of the pigment particles. The
chemical composition of the coloring material was determined
using a PXRF analyzer (Bruker, Tracer 5i, DEU) at the site where
the wall painting was preserved using a Rh target, with operating
parameters of 15-50 kV and 4.5-195 mA, the Geo Exploration
mode, a spot size of 8 mm, and measuring time of 40 s.

Raman spectroscopy and XRD analyses were performed
non-invasively to confirm the mineral composition of the small
fragments collected at the site. These analyses used unpowdered
raw specimens to examine the applicability of non-destructive
in situ investigation methods.

Micro-Raman spectra were obtained using an XperRam F2.8
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Raman micro spectrometer (Nanobase, Republic of Korea). A
BX41M-LED microscope (Olympus, Japan) with a magnification
of x40 was used to focus the laser onto the specimens. Laser
wavelengths of 473 nm (2300 gr/mm) or 633 nm (1800 gr/mm)
were used for excitation and the better spectrum selected based
on the signal-to-background fluorescence ratio. Wavenumber
calibration was performed using the Raman peak of a silicon
crystal at 520 cm™.

For XRD analysis, an EMPYREAN X-ray diffractometer
(PANalytical Co., Netherlands) was used to continuously scan
the 20 range of 5-60° using a Cu target (CuKa = 1.5406 A), step
size of 20 = 0.02°, and operating conditions of 45 kV/40 mA.
Furthermore, non-destructive scanning was performed after
detaching the stage for powder samples and placing the colored
surface of a small specimen collected in the field in the space
between the X-ray tube and the detector, as suggested by Moon
and Lee (2019). This method was applied considering the
equipment specifications for the position of the specimen, flatness
of the analysis target surface, and scan area.

3. RESULTS AND DISCUSSION
3.1. In Situ Site Investigation

3.1.1. Microscopic observation

To accurately identify the pigments painted on murals,
understanding their condition in the colored layer is critical.
Figures 2 and 3 show the residual status of the pigment particles
in the colored layers of the group O and group N wall paintings
in Sungseonjeon Hall, respectively, observed in the field using a

X100 1 mm

Fig. 2. Optical microscope images of wall painting surfaces in group O. (a) 02-W3, (b) 02-Bk2, (c) O1-R2, (d) O1-G2, and (e) O2-B2. The name
of each specimen indicates the wall painting number and analysis point in Figure 1.

https://doi.org/10.1007/s12303-022-0027-9
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Fig. 3. Optical microscope images of wall painting surfaces in group N. (a) N2-W9, (b) N2-Bk5, (c) N2-R9, (d) N1-G5, (e) N2-B5, and (f) N3-Y3.
The name of each specimen indicates the wall painting number and analysis point in Figure 1.

portable microscope.

In general, the pigments seemed to have been processed to a
relatively smaller and more homogeneous particle size in group
N than in group O. In both groups, the distinction of the colored
material between the surface and lower layers was clear, with no
obvious impurities (Figs. 2 and 3). In particular, the particle size
and arrangement observed in Figures 2 and 3 are similar to
those of randomly oriented powder pigment specimens. These
conditions are suitable for the application of Raman spectroscopy
and XRD as analytical methods, which can identify mineral
species more directly and precisely, in addition to PXRF, which
is mainly used for non-destructive in situ investigations of cultural
heritage. These methods can be used to analyze raw specimens
that have not undergone destructive treatment (Moon and Lee,
2019; Moon, 2021).

3.1.2. X-ray fluorescence analysis

Table 1 lists the major and minor elements of each color
detected in the colored layers of the six wall paintings investigated.
In group O, Mg and Pb were detected as main components in
white pigments, and no specific element was detected in black
and blue pigments. In red pigments, mainly Pb and Hg were
detected, but in the case of orangish O3-R6, only Pb was detected.
In green pigments, Cu and Cl were identified as the main
elements, and in O3-G4, which had a bluish color compared to
the other green spots, As was detected along with Cu.

In the wall paintings of group N, Ti and Pb were detected as
the major elements in white and red pigments, respectively. In
addition, mainly Cu and As were detected in green pigments,

and mainly Cr and Pb were detected in yellow pigments. In black
and blue pigments of group N, no specific coloring element was
detected for each color were relatively consistent with those of
the paintings of group O.

In the case of group O, Mg-rich white earth (such as periclase
[MgO] and magnesite [MgCO,], which are secondary decomposed
phases of huntite, along with huntite and talc [Mg;Si,O,4(OH),]), lead
white (such as anglesite, cerussite, and hydrocerussite), cinnabar,
minium, and copper chlorides (such as atacamite group minerals)
can be potential chromophores. The painting materials that can
be identified based on PXRF data of the wall paintings in group
N include titanium dioxide compounds, minium, Cu- and As-
containing green mineral (such as tyrolite) or green synthetic
pigments (such as Scheel’s green and emerald green), and chrome
yellow or yellow lead-containing minerals (such as mimetite
and massicot).

However, although PXRF provides traces of specific chromophores,
a wide range of potential candidates, as in the above cases, can
sometimes lead to misinterpretation of painting materials.
Furthermore, considering the characteristics of the equipment,
thorough interpretation is required in cases of complex analyzing
data detected. This is because, depending on the analysis target,
interfering data can be detected from the under layer (Chun and
Lee, 2011). In addition, pigments are possibly composed of
elements that are beyond the detection limit of the equipment.
For example, in previous non-destructive investigations of cultural
heritages using PXRE, in the case of the indicator element was
not detected, such as Mn-containing black minerals, it has been
considered to be meok (ink stick) or carbon black, but cross-

https://doi.org/10.1007/s12303-022-0027-9
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Table 1. Chemical compositions of painted layers on Sungseonjeon
wall paintings obtained using a portable X-ray fluorescence (PXRF)
analyzer. Major and minor elements were classified by values and
count rates of the PXRF spectral peaks, respectively

Painting Investigation  Pigment Major Minor
point color elements elements
W1 White Mg, Pb Si, S, B, Fe, Ca
W2 White Pb, Mg Si, Fe, Ca
Bkl Black - Si, Fe, Ca, S, AL, K, Mg
o1 RI Red Pb, Hg Si, S, Mg, Ca
R2 Red  Pb S, Hg Si
Gl Green Cu, Cl, As Si, Mg, Al
QG2 Green Cu, Cl Si, Fe, Al
B1 Blue - Si, S, Al, Mg, Fe
W3 White Mg, Pb Si, S, P, Fe, Ca
W4 White Pb, Mg Si, P, Fe, Ca
Bk2 Black - Si, Fe, Ca, P, Mg, ALK
02
R3 Red Pb Si
R4 Red Pb, Hg S, Si, Mg
B2 Blue - Si, AL, Fe, K, Ca, S
W5 White Mg, Pb Si, S, P, Fe, Ca
Wé White Pb, Mg Si, P, Ca, Fe
Bk3 Black - Si, Fe, Ca, P, K, Al
03 RS Red Pb, Hg Si, S, Al
R6 Red Pb Si, S, Fe, AL P
G3 Green Cu, Cl Si, Al, Fe, P
G4 Green Cu, As Mg, Si, Fe, Ca
B3 Blue - Si, AL, S, Fe, Mg, P, Ca
W7 White Ti S, Ca, Mg, Al
W8 White Ti Ca, S, Mg
Bk4 Black - Ca, S, Mg, Si, P, Al
N1 R7 Red Pb S, Si, Ca
Y1 Yellow Cr, Pb S, Ca, Si
G5 Green Cu, As Mg, Ca
B4 Blue - Si, S, AL K, Ca, P
W9 White Ti S, Ca, Si, Mg, P
w10 White Ti Ca,Mg, S
Bk5 Black - Ca, S, Si, Mg, P
R8 Red Pb S, Si, Ca
N2 R9 Red Pb Ca, Si, Cl
Y2 Yellow Cr, Pb S, Ca, Si
G6 Green Cu, As Mg, Ca
B5 Blue - Ti Si, S, Al Ca, K
W11 White T Ca, S, Al Si
w12 White Ti Ca, S, Al, Si
Bk6 Black - S,Ca, Mg, K
N3 R10 Red Pb S, Si
Y3 Yellow Cr, Pb Si, Ca, Al
G7 Green Cu, As Mg, Ca, Si
B6 Blue - Si, S, Ca, K

verification for presence of amorphous carbon has not been
performed (Ha and Lee, 2015; Lee et al., 2017; Alberghina et al.,
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2020; Merkaj and Civici, 2020). Therefore, for the more accurate
identification of minerals in pigments, it is necessary to confirm
various possibilities by cross-validating analyses, such as direct
mineral composition based on phase structure.

3.2. Non-invasive Specimen Analyses

3.2.1. Micro-Raman spectroscopy

Raman spectroscopy was performed on the small fragments
collected during the in situ investigation to confirm the raw
materials in the pigment used in the colored layer for each color.
Figure 4 shows the Raman spectrum of each colored sample
collected from the group O wall paintings. The spectrum for
02-W3, a white specimen, contained noise from fluorescence,
but was identified as that of talc based on peaks at 199, 361, and
674 cm™' (Wang et al,, 2015). The broad signal from 1370 to
1594 cm™ identified in the spectrum of the black specimen
(02-Bk2) was considered to be related to the bands of amorphous
carbon appearing widely in the areas around 1350 cm™ and
1600 cm™ (Bell et al., 1997; Tomasini et al., 2012, 2015; Gutiérrez-
Neira et al., 2013). In the spectrum of the red specimen (O1-
R2), the characteristic peaks of minium were confirmed at 116,
477,and 547 cm™ along with the characteristic peak of cinnabar
at 248 cm™" (Bell et al., 1997; Caggiani et al., 2016; Marucci et al,,
2018). The spectrum of the green specimen (O1-G2) was confirmed
to contain characteristic peaks of copper chloride minerals (one
of the possible isomers of atacamite, paratacamite, clinoatacamite,
or botallackite) at 153, 447, 507, 896, 3307, 3376, and 3454 cm™*
(Bertolotti et al., 2011; Coccato et al., 2016; Fan et al., 2020). The
spectrum of the blue O2-B2 specimen was confirmed to contain
characteristic peaks of lazurite at 545 and 1094 cm™" (Bell et al,,
1997; Ballirano and Maras, 2006).

Figure 5 shows the Raman spectrum of each colored specimen
collected from the group N wall paintings. The spectrum of the
white specimen (N2-W9) exhibited characteristic peaks of
anatase at 142, 195, 393, 512, and 637 cm™ (Lubas et al., 2014;
El-Deen et al., 2018; Tuschel, 2019). The black specimen (N2-
Bk5) exhibited a spectrum of amorphous carbon in a similar range
as that of O2-Bk2. The spectrum of the red specimen (N2-R9)
was confirmed to contain characteristic peaks of minium at 120,
120,478, and 549 cm ™, and that of the green specimen (N1-G5)
was confirmed to contain characteristic peaks of emerald green
([Cu(C,H;0,)2-3Cu(AsO,),]) at 216, 247, 294, 373, 432, 490,
540, 950, 1439, and 1557 cm™. Features attributable to the acetate
group were evident at 950 and 1439 cm™, corresponding to C-C
and -CO, stretching, respectively (Bell et al., 1997; Rosi et al.,
2004; Li et al,, 2020). The spectrum of the blue specimen (N2-
B5) exhibited characteristic peaks of lazulite at 545 and 1092 cm™
and characteristic peaks of anatase at 141, 392, and 637 cm™.
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The yellow pigment observed only in group N was identified as
chrome yellow, with it’s the spectrum of specimen N3-Y3 exhibiting
its characteristic peaks at 355 and 839 cm™ (Bell et al,, 1997;
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Caggiani et al., 2016; Papliaka et al., 2016; Geldof et al., 2019).
Raman spectroscopy provides information regarding the
molecular structure of the colored particles in pigments. In particular,
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characteristic peaks of amorphous carbon and lazurite were
detected in the spectra of the black and blue pigments, respectively,
which were not confirmed by PXRE These results indicate that
Raman spectroscopy supplemented the existing in situ investigation.
However, this method may sometimes require specific mineral
phase identification by cross-checking with XRD analysis
(Cermékova et al., 2015; Moon et al.,, 2021; Shen and Shen,
2021). Examples from the present study include O2-W3 with no
Pb-containing minerals, which was detected by PXRE, O1-G2
broadly identified as comprising copper chlorides, and N1-G5
and N3-Y3 containing emerald green and chrome yellow,
respectively.

P: pyromorphite
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3.2.2. Non-destructive X-ray diffractometry

Figure 6 shows the XRD results of the small fragments collected
from group O wall paintings. The pattern of the white specimen
(02-W3) was characterized by clear peaks of talc, along with
minor diffraction peaks of pyromorphite. The diffractogram of
the red specimen (O1-R2) mainly consisted of minium and
cinnabar, with a small trace of quartz. The pattern of the green
specimen (O1-G2) was characterized by the presence of copper
chloride minerals, specifically botallackite and atacamite, with a
small trace of quartz. The pattern of specimen O2-B2 was
characterized by peaks of quartz, feldspar, mica, and gypsum, as
well as a characteristic peak of lazurite, a blue mineral.
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Mi: mica group
G: gypsum

Fd: feldspar

L B B L L L L I
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Q: quartz
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Fig. 6. Non-destructive X-ray diffraction results of Sungseonjeon wall painting fragments in group O. (a) 02-W3, (b) 02-Bk2, (c) O1-R2, (d) O1-
G2, and (e) 02-B2. The name of each specimen indicates the wall painting number and analysis point in Figure 1.
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Figure 7 shows the XRD results of the small fragments from
group N wall paintings. In the pattern of the white specimen
(N2-W9), the diffraction peak of anatase was dominant, and
fine rutile and calcite peaks were confirmed. The diffractogram
of the red pigment (N2-R9) exhibited diffraction peaks indicating
a mixture of minium, laurionite, and calcite, and that of the
green pigment (N1-G5) showed traces of cornwallite along with
lavendulan. The pattern of N2-B5 exhibited peaks for white
minerals such as zincite, anatase, calcite, and quartz, together
with lazurite. The pattern of the yellow specimen (N3-Y3) exhibited
peaks of crocoite, a lead chromate mineral, as a coloring mineral,
along with traces of cerussite and gypsum.
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The black specimens, O2-Bk2 and N2-Bk5, the diffraction
patterns of black mineral species were not recorded. However,
the Raman spectra in Figures 4 and 5 confirm that these black
materials consisted of amorphous carbon. Therefore, amorphous
carbon in the black pigment of these two specimens suggest that
was not present in a sufficient amount, thickness, or crystallinity
to record a X-ray halo pattern (Peng et al., 1993; Moon and Lee,
2019; Lee et al., 2021b).

The diffraction information was detected not only for the
target particle but also for all particles in the scan area due to the
nature of the XRD analysis. In addition to the detection of specific
coloring minerals, it is suggested that additional minerals are
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An An
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RCa ém An An n
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Fig. 7. Non-destructive X-ray diffraction results of Sungseonjeon wall painting fragments in group N. (a) N2-W9, (b) N2-Bk5, (c) N2-R9, (d) N1-
G5, (e) N2-B5, and (f) N3-Y3. The name of each specimen indicates the wall painting number and analysis point in Figure 1.
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impurities that were present in the raw materials or added as
fillers, such as quartz, feldspar, and mica in group O, and calcite,
gypsum, zincite, and quartz in group N. Moreover, these secondary
minerals may be present in the raw materials constituting the
basecoat. However, it has been noted in previous applications of
ND-XRD to painted layers that mainly the diffraction patterns
of mineral phases in the surface layer were recorded (Moon and
Lee, 2019; Moon, 2021). To further explore these phenomena, it
is necessary to observe the cross-sections of the specimens;
however, because this study concerns the application of non-
destructive in-field analysis of cultural heritages (Chiari, 2008;
Abe et al., 2010; Nakai and Abe, 2012; Santos et al., 2019), and
the specimens must be preserved, this was not feasible.

3.3. Raw Minerals of Pigments

For the accurate mineral identification of colored pigments in
the Sungseonjeon wall paintings, we applied non-invasive Raman
spectroscopy and ND-XRD analyses which can be used in future
field investigations along with widely used PXRE The raw materials
for each coloring pigments identified by cross-checking the
results of the three analysis techniques are discussed below. In
addition, the history of each is reviewed to better convey the
differences in the raw materials based on their production periods.

3.3.1. White pigments

In group O, talc seems to have been mainly used as a white
coloring material, possibly mixed with some Pb minerals. In
group N, the synthetic pigment titanium white, which comprises
titanium dioxide minerals, seems to have been used as a white
coloring material.

Cases of mixing talc and Pb minerals in Korean colored
cultural heritage properties have been reported not only in wall
paintings but also in large Buddhist paintings (Gwaebul) (Lee et al,,
2017, 2019), which have been found to contain lead carbonates,
cerussite [PbCOs], and hydrocerussite [2PbCO;-Pb(OH),]. In
contrast, the Pb component detected in this study was confirmed to
be that of pyromorphite [Pbs(PO,);Cl] based on the XRD
pattern (Table 1, Fig. 6), which is a mineral that rarely occurs as
white in nature but is primarily green or yellowish green (Keim
and Markl, 2015). It was not clear whether it was mixed with talc
during the initial coloring. However, as a phase that was relatively
easily decomposed from several secondary phases such as cerussite
and anglesite [PbSO,] generated from the weathering of galena
(Manecki et al., 2020; Gliozzo and Ionescu, 2022; Li et al., 2022),
it was presumed to be a secondary phase generated from lead
white added during the creation of the Sungseonjeon wall
paintings.

Typical titanium dioxide phases produced in nature include
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rutile, anatase, and brookite. Their crystals are reddish to yellowish
brown, dark blue, gray, and black in color with a steely luster, but
the streak color is a very bright shade of white, enabling the
mass production of a white pigment called titanium white or
Pigment White 6 (PW6) since 1916 (Clair, 2016). The pigment
used in the white color of the group N Sungseonjeon wall painting
analyzed in this study had the crystal structure of anatase (Figs.
5 and 7). In South Korea, titanium white has a short history of
being introduced and used; it has been popularly used as a
replacement for existing white pigments as it offers excellent
whiteness, waterproofness, and durability (Gettens and Stout,
1942; Jeong, 2001).

3.3.2. Black pigments

No component related to color was detected in the chemical
composition of all the black analysis points of the two groups or
in the XRD results of the specimens (Table 1, Figs. 6 and 7).
However, amorphous carbon was identified in the Raman
spectroscopy results of the black specimens (Figs. 4 and 5).

From these findings, the black color used in the Sungseonjeon
wall paintings was mainly an amorphous carbon-based pigment
called carbon black. Carbon black has traditionally been produced
from carbonized organic materials (soot and chars) and has
been used for a long time, from the artistic activities of prehistoric
humans to the preparation of raw materials for modern paints
and inks (Zilhdo et al., 2010; Siddall, 2018). Considering the
production period of the Sungseonjeon wall paintings, ink
sticks or Chinese ink (mainly used in Asian cultures) may have
been used as carbon black materials. Further, modern carbon
black products with relatively improved color and durability may
have been used in the production of the group N wall paintings.

3.3.3. Red pigments

In group O, the red color used was created by mixing cinnabar
[HgS], which was sometimes referred to as vermilion, and the
lead oxide mineral minium [Pb;O,4], also called red lead. In group
N, only minium seems to have been used as a coloring material.
Records of processing and using powders of these minerals in
pigments date back to approximately 8,000 BC. As coloring
materials with vivid and strong red or reddish orange hues, they
have been used in various fields to date (Edwards et al., 1999;
Barnett et al., 2006; Hazen et al., 2012; Clair, 2016). Therefore,
the detection of these minerals was not a suitable metric to
determine the production period of the Sungseonjeon wall
paintings. However, sufficient sample collection for these minerals
containing high concentrations of lead is expected to allow the
analysis of the raw material origins based on lead isotope research
in the future (Nord et al., 2015; Rodriguez et al., 2020).
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3.3.4. Green pigments

Phases such as botallackite and atacamite were found in the
green pigment of group O among the polymorphs of Cu,(OH),Cl,
confirming that copper chloride minerals were used as a coloring
material. In contrast, in the green pigment of group N, lavendulan
[NaCaCus(AsO,),Cl-5H,0] and cornwallite [Cus(AsO,),(OH),]
were detected, suggesting the use of a copper arsenate-based
pigment.

Copper chloride minerals have been mainly detected in the
degeneration of copper ores such as malachite and azurite and
corrosive substances of copper and bronze cultural heritage
artifacts (Riederer, 1974; Pollard et al., 1989; Siddall, 2018). They
have been used as a popular pigment since being synthesized by
the 12th century artist Theophilus, who named the copper
chloride pigment “viride salsum,” meaning salt green (Eastaugh
et al.,, 2004; Siddall, 2018). Among the copper arsenate minerals
detected in the green pigment of group N, lavendulan, in particular,
has been reported as a secondary phase of emerald green
[Cu(C,H;0,),:3Cu(AsO,),]; it is a synthetic pigment produced
after the 19th century, formed by various reactions with the
surrounding environment (Li et al., 2020). These examples indicate
that the green color of group N was obtained by using more
modern coloring materials compared to those of group O.

3.3.5. Blue pigments

For the blue painted surface, the blue pigment lapis lazuli was
used for both groups O and N, because lazurite [Na,Ca(AlsSigO,4)
(SOL)(S3)-H,0] was detected. Lapis lazuli occurs as a rock and
has been mainly found in the jewelry of ancient civilizations such
as Mesopotamia (around 7,000 years BC) and Egypt (4,000
3,500 BC). Its processing in a more refined form from the ore
and use as a blue pigment has been recorded since the 6th century
AD (Bicchieri, 2014; Frison and Brun, 2016; Siddall, 2018). The
modern pigment synthesized from high-purity lazurite is called
ultramarine blue, the production process for which was first
introduced in 1828 (Kendrick et al., 2004). The blue pigment
based on lazurite has been used since before the production
period of the Sungseonjeon wall paintings, even in Korean
colored cultural heritage properties (Kim et al., 2014; Lee et al.,
2017). However, based on the non-destructive analytical method
employed in this study; it is not possible to confirm whether the
lapis lazuli has been purified from the ore or ultramarine blue.
Therefore, this aspect needs to be addressed in future research.

3.3.6. Yellow pigments

The yellow pigment was used only in group N wall paintings,
and was mainly composed of crocoite [PbCrO,], as confirmed
by the detection of Cr and Pb in the PXRF results. Cases of using
the natural mineral crocoite as a coloring material for yellow are
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rare but have been reported in literature on ancient Egypt and
some 13th century European wall paintings (Edwards et al.,
2004; Mugnaini et al., 2006; Hradil et al., 2014). However, the
first record of Cr-based pigments synthesized to possess a vivid
yellow tint compared to natural crocoite, which was produced
as a crystal with a strong red or orangish red hue, dates to 1804
or 1809. A patent for chrome yellow as a material for painting
and leather tanning was registered in 1884 by Augustus Schultz
and Martin Dennis (Gliozzo and Ionescu, 2022). A trend of the
original pigments being replaced with synthetic pigments is
observed in Korean colored cultural heritage toward the end of
the Joseon Dynasty (Song, 2018), and lead chromate has been
detected in recently preserved cultural heritage properties (Hong
and Lee, 2013), suggesting that the use of chrome yellow as a
yellow pigment was common at the time of creating the group
N wall paintings in Sungseonjeon Hall.

3.4, Mineralogical Traces of the Period

We have identified the mineral raw materials of the pigments
for each color used in six murals of Sungseonjeon via non-
destructive elemental and mineral phase analyses. Based on our
results, it is possible to present significant evidence for differences
in the coloring materials used for early (group O) and newly
added (group N) wall paintings. In particular, the detection of
synthetic pigments such as titanium white, emerald green, and
chrome yellow in the group N paintings indicates a production
period after the end of the Joseon Dynasty (late 19th century to
early 20th century) when they were broadly used in Korean
painted cultural heritages. However, due to the lack of detailed
records on the maintenance of the murals of Sungseonjeon,
more specific interpretations cannot be drawn in this study, that
is, the synthetic pigments used during reconstruction in 1878
(Lee et al., 2020) or the repair work carried out in 1987 (Baek,
1989) could not be distinguished.

Nevertheless, to improve cultural heritage site surveys, we
emphasize the role of non-destructive analytical instruments in
providing more detailed mineralogical traces compared to
conventional analysis techniques. The application of these analysis
methods to various cultural heritages with more detailed historical
records compared to those of the current study will elucidate the
use of earth materials and technology by our ancestors.

4. CONCLUSIONS

This study accurately identified mineral pigments in the wall
paintings of the Sungseonjeon Hall in the royal tomb of King
Suro, Historic Site No. 73, in Gimhae, South Korea through the
complementary application of non-invasive analyses such as
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PXRE Raman, and ND-XRD. The results of this study suggest
the possibility of improving non-destructive in situ investigation
methods for cultural heritage in the future.

In the wall paintings produced at the time Sungseonjeon Hall
was built or prior to the 18th century (group O), talc, minium
with cinnabar, atacamite with botallackite, and lazurite were
detected in white, red, green, and blue specimens, respectively,
confirming the use of traditional mineral pigments dating back
to ancient times. In contrast, in the wall paintings added later
(group N), crocoite-based pigments were found to have been
used in yellow specimens, along with anatase, minium, lavendulan
with cornwallite, and lazurite. These results provide significant
evidence for the cultural history of traditional mineral pigments
that have been used since ancient times to produce wall paintings,
as well as synthetic pigments such as titanium white, emerald
green, and chrome yellow. In particular, according to the history
of Korean painting cultural heritages, traces of modern painting
materials indicate that the production period of the Group N
wall paintings is at least after the end of the Joseon Dynasty (the
late 19th century to the beginning of the 20th century).
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