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Abstract

The study analyzes the black color factors of black-burnished pottery excavated from the Pungnap Fortress

and the Seokchon Tomb during the Hanseong period of the Baekje Kingdom. The current hypothesis surrounding
the pottery’s black color factors suggests the use of magnetite, manganese oxide, and carbon. To compare the results
of the black pottery, red pottery was used as the control group. To identify these black color factors, each hypothesis
was investigated using several spectroscopic techniques. However, it was difficult to detect sufficient magnetite

and manganese oxide on the surface of the black pottery to account for its black color. In contrast, a larger amount
of carbon was located on the surface and core of the black pottery compared to the red pottery. These results indi-
cate that the black factors can be credibly attributed to carbon rather than to magnetite or manganese oxide. The
firing temperature of the black-burnished pottery was estimated from the mineral composition based on X-ray dif-
fraction, and the firing atmosphere was deduced from the redox conditions based on the reduction index from Moss-
bauer spectroscopy. In addition, seven pieces of pottery excavated from Gunsu-ri Temple Site and Buyeo Ancient
Tomb from the Sabi period of Baekje were investigated and compared the five pieces of pottery from the Hanseong
period. Although the results were based on a limited number of potteries, various firing temperatures and redox
atmosphere for pottery from the Hanseong and Sabi periods were carefully proposed.

Keywords Black-burnished pottery, Ceramic, Iron oxide, Amorphous carbon, Mdssbauer spectroscopy

*Correspondence:
Young Rang Uhm
uyrang@kaeri.re.kr
Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the

— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-024-01336-9&domain=pdf

Choi et al. Heritage Science (2024) 12:236

Introduction

Baekje, one of the three ancient kingdoms that emerged
in the southwestern region of the Korean Peninsula dur-
ing the Three Kingdoms Period, coexisted with Gogu-
ryeo and Silla. The history of Baekje can be divided into
three stages—Hanseong (250-475 CE), Ungjin (475-538
CE), and Sabi (538-660 CE) [1, 2]. The earliest stage, the
Hanseong period, developed around the Pungnap For-
tress, located on the Han River. The Pungnap Fortress
(currently located in Seoul, South Korea) is an earthen
flatland Fortress situated along the Han River and is pre-
sumed to have formed the main Fortress wall of Baekje
during the Hanseong period [3, 4]. This site was inhab-
ited by people until the capital was moved to Ungjin
(Gongju in South Korea’s South Chungcheong Province).
Numerous dwellings and water supplies have been iden-
tified through excavation surveys within the Fortress,
and tens of thousands of ceramics have been unearthed.
Types of Baekje pottery include bowls, dishes, plates, tri-
pod bowls/dishes/plates, lids, and pot holders, with the
most common types being jars, lids, and lidded vowel [2].
Among the ceramics discovered, pottery has undoubt-
edly proven the most abundant, with all types of pottery
used during the Hanseong period having been found. The
fact that a diverse range of pottery types has been exca-
vated from the Pungnap Fortress implies that the Fortress
served several functions [5]. This historical site is of para-
mount importance for clarifying the historical identity
of the early Baekje period. Baekje’s black-burnished pot-
tery is unique in terms of its shape and technical aspects
compared to the pottery of the earlier Three Kingdoms
Period [1, 6]. Based on the current findings from pottery
excavations, the distribution of black-burnished pottery
is almost exclusively concentrated in the central Han-
seong region. Black-burnished pottery was primarily
excavated from Fortress and Tomb sites in Seoul relat-
ing to the Hanseong period of Baekje. One of the ancient
tombs where black-burnished pottery was excavated is
the ancient tomb in Seokchon-dong, which is located on
a low hill in the southeast of central Seoul [7]. The Seok-
chon-dong Tomb is a stone-built tomb that dates back to
the early Baekje period and is presumed to have belonged
to the ruling class. Black-burnished pottery has been
identified as ware of the social elite, and leaders used it
in political gift exchanges to win the loyalty of allies and
regional leaders [6, 8]. Therefore, this pottery can be pre-
sumed to be the exclusive possession of the Baekje ruling
class.

While red (reddish-brown) and grey (greyish-black)
pottery have been unearthed throughout the Baekje
region, black-burnished pottery has been predominantly
excavated from the Pungnap Fortress [9]. Other exam-
ples of black-burnished pottery have been discovered in
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provincial regions dating back to the Hanseong period
[10]. Examples include pottery found with only a partially
black surface, non-glossy pottery with entirely black sur-
faces and cores, and non-glossy pottery with black sur-
faces and non-black cores [10, 11]. However, due to the
difficulty of maintaining uniform firing conditions using
traditional methods, the color expressed in each part
of a pottery may differ. The most prominent features of
the black-burnished pottery excavated from the Pung-
nap Fortress are its highly refined clay body and its black
color, distinguishing it from other pottery types.

The factors that produced the black color of this black-
burnished pottery have been determined as follows:

i. Magnetite formed by the reduction of iron oxide
and oxide-hydroxide. In the case of red pottery, the
red color is attributed to hematite (a-Fe,O;) and
maghemite (y-Fe,O;), whereas in black pottery, the
black color (including gray) is attributed to wiistite
(Fe;_,O), hercynite (FeAl,0,), and magnetite
(Fe;0,) [12, 13]. The color development is related
to the firing atmosphere. The iron found in the clay
turns red to brown in an oxidizing atmosphere and
gray to black in a reducing atmosphere [14]. There-
fore, the black color of the pottery may be due to
reduction firing, which reduces the oxidized iron.

ii. Carbon adsorption from organic matter. The outer
surface of the black-burnished pottery has been
reported to have a relatively high degree of organic
matter [15]. This has been hypothesized as being
attributable to the use of colorants derived from
the combustion of organic matter. As such, the
black color of the black pottery may have been cre-
ated by the adsorption of carbon derived from the
combustion of organic matter (lacquer or plant
ash) [2, 16, 17]. Carbon, as a product of the incom-
plete combustion of fuels when the oxygen sup-
ply is insufficient or the proper temperature is not
maintained, can appear as black soot on the pot-
tery surface. These fine soot particles can penetrate
the surface and the core of the pottery.

Spectroscopic techniques have become standard meth-
ods for characterizing the composition of archaeological
ceramics [18—20]. Micro-Raman spectroscopy is a tech-
nique that obtains qualitative information through non-
destructive analysis without sample preparation; thus,
determining the pigment composition of a given arti-
fact [21, 22]. The structural characteristics and informa-
tion on ceramic composition can be obtained using this
method. For example, Raman spectroscopy was employed
to identify the mineralogical composition of Roma pot-
tery discovered at the Oiasso harbor [23]. The mineral
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composition observed from the Raman spectra analysis
confirmed that the Roma pottery was fired at high tem-
peratures. Mdssbauer spectroscopy allows for the effects
of firing on clays to be determined, with the differences
originating from various iron compound phases, such as
information about the original firing conditions (temper-
ature and atmosphere) [24, 25]. Mdssbauer spectra pro-
vide hyperfine parameters that can be used to infer the
oxidation state and local symmetry of the iron site [26].
Through this method, it is possible to determine the state
of iron, such as Fe(II) and Fe(III), in various silicate and
oxide phases, depending on the redox conditions during
firing [27]. For example, Mssbauer spectroscopy was
used when additional information was needed to explain
the firing technique of black pottery found in Nepal [28].
Using Mossbauer spectroscopy, the spinel phase and her-
cynite, which are high-temperature fired minerals, were
identified in black slip pottery from Nepal and the firing
atmosphere was inferred from the reduction index. The
firing atmosphere of pottery can be determined based on
the reduction index, defined as the ratio of Fe(II) to total
Fe, which can be obtained using the Mossbauer spectros-
copy [29]. Furthermore, Mdssbauer spectroscopy can be
used to identify mineral phases, such as the spinel phase
and metallic iron. Notably, Raman and Mdssbauer spec-
troscopy techniques were both employed to analyze the
pigments of the Nasca ceramics [14]. Among the vari-
ous pigments used in Nasca ceramic production, black
and red pigments are formed by amorphous carbon and
hematite, respectively. X-ray fluorescence spectroscopy
and neutron activation analysis provides crucial infor-
mation for provenance estimation in material analysis by
measuring the various major and trace elements present
in ceramics [30].

This study investigated the mechanism through which
the black color and characteristics of the pottery from the
Hanseong period of the Baekje Kingdom were formed,
focusing on the black-burnished pottery excavated from
the Pungnap Fortress and the Seokchon Tombs. To accu-
rately identify the black color factor of this black-bur-
nished pottery, the surface and core of the pottery were
separated and the components of each part were ana-
lyzed using various analytical approaches, particularly
spectroscopic analysis techniques. In addition, the char-
acteristics of pottery from the Sabi period of Baekje were
investigated, and the characteristics of pottery from the
early Hanseong period and the late Sabi period of Baekje
were compared and analyzed.

Materials and methods

Site and sample information

The Pungnap Fortress is a historic castle site built by
the Baekje Kingdom when it established its capital on
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the Han River (Hanseong period). The excavation of the
Pungnap Fortress began in 1997 and is ongoing to this
day. Black-burnished pottery from the Hanseong period
has been discovered at both the Pungnap Fortress and
the Seokchon Tomb sites. Figure 1a shows the locations
(Google Maps) of Pungnap-dong and Seokchon-dong
in Seoul, South Korea. The present study focuses on the
black-burnished pottery excavated from the Pungnap-
dong 197 and the Seokchon-dong Tomb and investigates
red pottery as a control group for comparison. Among
the various pottery pieces analyzed, four representative
black-burnished pottery pieces were selected with differ-
ent colors on the surface and core, and one red pottery
piece was selected for comparison. A total of 10 samples
were studied by separating the surface and core of each
piece of pottery. Table 1 summarizes the data obtained
about the black and red pottery pieces taken from the
excavation site. “S” and “C” in Table 1 refer to the outer
surface and core, respectively.

After the Hanseong and Ungjin periods, the Baekje
Kingdom established its capital in Buyeo (Sabi period).
Various pottery from the Sabi period was excavated at
the Buyeo Gunsuri Temple site and the Buyeo Ancient
Tomb (Fig. 1b). Representatively, two soft potteries and
five soft-hard potteries were selected, and a total of seven
samples were studied. Photographs of the pottery sherds
from Fig. 1 is shown in Fig. S1.

Analytical methods

X-ray diffraction (XRD)

XRD patterns of the pottery were obtained to determine
the mineral composition and estimate the firing tempera-
ture. XRD data were collected using a Rigaku Ultima IV
X-ray diffractometer in continuous scanning mode with
Ni-filtered Cu-Ka radiation (\=1.5406 A). The working
conditions were set at 40 kV and 30 mA, using the ICDD
PDF-2 Database. Phase identification was performed
using the X'Pert Highscore Plus program in the range of
10-80.

Elemental analyzer (EA)

Elemental analysis was conducted to determine the
carbon, hydrogen, and nitrogen compositions of the
pottery material. An automatic elemental analyzer
(Thermo Fisher Scientific, FLASH 2000) was used with
a thermal conductivity detector (TCD). The sample was
combusted in a high-temperature furnace, and under-
went oxidation and reduction processes. Carbon and
hydrogen were converted to carbon dioxide and water,
respectively, through combustion, and nitrogen was
converted to nitrogen gas. The gas produced was ana-
lyzed to determine the ratios of carbon, hydrogen, and
nitrogen. Subsequently, the components were detected
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Fig. 1 Map and details of the Pungnap Fortress and the Seokchon Tomb from the Hanseong period, and the Buyeo Ancient Tombs and the Gunsuri
Temple site from the Sabi period. Picture of potteries from (a) Hanseong (PN-Pungnap, SC-Seokchon) and b Sabi period (BY-Buyeo)

Table 1 Samples description with excavation site from the Hanseong and Sabi periods
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Hanseong period

No Sample Excavation site Type Color

1 PN-BO1/S Pungnap Fortress Black-burnished pottery Black

2 PN-B01/C Pungnap Fortress Black-burnished pottery Dark grey

3 PN-B02/S Pungnap Fortress Black-burnished pottery Black

4 PN-B02/C Pungnap Fortress Black-burnished pottery Dark brown

5 PN-R03/S Pungnap Fortress Red pottery Yellowish red
6 PN-R03/C Pungnap Fortress Red pottery Light yellowish red
7 SC-B01/S Seokchon Tomb Black-burnished pottery Black

8 SC-BO1/C Seokchon Tomb Black-burnished pottery Grayish brown
9 SC-B02/S Seokchon Tomb Black-burnished pottery Black

10 SC-B02/C Seokchon Tomb Black-burnished pottery Grayish brown
Sabi period

No Sample Excavation site Type Hardness

1 BY-SO1 Buyeo Gunsuri Temple Site Reddish brown pottery Soft

2 BY-S02 Buyeo Gunsuri Temple Site Reddish brown pottery Soft

3 BY-HO3 Buyeo Gunsuri Temple Site Gray pottery Soft-Hard

4 BY-HO4 Buyeo Gunsuri Temple Site Gray pottery Soft-Hard

5 BY-HO5 Buyeo Gunsuri Temple Site Gray pottery Soft-Hard

6 BY-HO6 Buyeo Ancient Tomb Gray pottery Soft-Hard

7 BY-HO7 Buyeo Ancient Tomb Gray pottery Soft-Hard
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using a TCD. The absolute accuracy of carbon, hydro-
gen, and nitrogen elements is 0.1 to 0.3%.

Raman spectroscopy

Raman spectroscopy is a well-established technique
for characterizing the mineralogical composition of
cultural heritage materials, including minerals such as
quartz, carbon, and iron oxides. Micro-Raman spec-
troscopy measurements were performed using a Horiba
Jobin Yvon LabRam HR800 instrument with ND: YAG
laser excitation (785 nm). The grating was used 600 gr/
mm and the spectrum was obtained ranging from 100—
2000 cm™! with a resolution of 1 cm™!. The accumula-
tion time was 5 s with three repetitions.

X-ray fluorescence spectroscopy (XRF)

XRF analysis was used to determine the major ele-
ments in the pottery samples. XRF was performed
using a Rigaku ZSX Primus II spectrometer with a
60 kV, 150 mA (4 kW) Rh anode X-ray tube. The pot-
tery powder was placed inside a polymer holder as a
sample. The concentrations of major and trace elements
are expressed as percentages, whereas the concentra-
tions of other trace elements are expressed in parts
per million (ppm). The relative uncertainty for a given
concentration is within 1 to 5% for major elements and
exceeds 5 to 10% for some trace elements.

Méssbauer spectroscopy

A transmission-type Mossbauer spectroscopy was per-
formed in a constant acceleration drive at room tem-
perature. A *’Co/Rh source of nominal strength 50 mCi
was used as y-source. The y-ray detector used a beryl-
lium side window proportional counter filled with
Xe gas. The Mossbauer spectra were recorded with a
512-channel spectrometer and the velocity range was
set to £12 mm/s. The pottery powder was prepared
by dispersing it in a 2 cm diameter sample holder. Iso-
mer shift data are presented relative to those of metal-
lic a-Fe. The hyperfine parameters of the spectra were
fitted to the Lorentzian line shapes using the standard
least-squares method. The unit of the isomer shift (IS),
quadrupole splitting (QS), and full line width at half
maximum (T) is expressed in mm/s. The proportion of
each Fe species is proportional to the relative spectral
area. Different types of Mdssbauer spectra that can be
associated with different firing procedures have been
defined, primarily based on the positions and intensi-
ties of components in the Mossbauer spectrum [14].
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Results and discussion

Black-burnished pottery from the Hanseong period: black
color development

Mineralogical composition

Most clay pottery exhibits differences in color, hard-
ness, and other properties owing to variations in tem-
perature, atmosphere, and duration of the firing process.
The temperature range at which pottery is fired can be
known through XRD due to changes in minerals that
occur during the process of making pottery [31]. When
clay minerals are fired at high temperatures, it includes
components, such as silica (SiO,) that melt and vitrify,
making the pottery much harder. The crystal struc-
ture of clay minerals begins to change at temperatures
above 500 °C. When the temperature exceeds 900 °C, the
original structure transforms into new silicate minerals.
Figure 2a shows the XRD pattern of the pottery, where
quartz, plagioclase, orthoclase, and mica were commonly
observed on the surface and core of all the analyzed sam-
ples. XRD analysis showed no significant difference in
the mineral composition between the surface and core of
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Fig. 2 a XRD patterns of black-burnished and red pottery
from the Hanseong period. b XRD patterns of PN-B0O1/S
and references of minerals
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the pottery. In general, pottery contains minerals, such
as quartz, feldspar, and mica, allowing for the estima-
tion of the firing temperature. The raw pottery materials
undergo phase transitions or decompose into different
minerals as the firing temperature increases. Illite, begins
to decompose when the firing temperature exceeds
900 °C, and feldspar decomposes at temperatures above
1200 °C. Based on the XRD pattern observed in pottery
in which mullite were not observed and feldspar and
illite remained, the firing temperature of Hanseong pot-
tery was estimated to be below 900 °C. The color of pot-
tery is closely related to the composition of the raw clay;
however, it is greatly influenced by the firing atmosphere.
This refers to whether oxygen is continuously supplied
or not during the firing process, and whether this firing
atmosphere is related to iron oxide. When pottery is fired
with a continuous supply of oxygen, the iron in the clay is
oxidized, giving the pottery a reddish color. Conversely, if
the oxygen supply is blocked, a reduction reaction occurs,
resulting in dark colors, such as gray or black. Figure 2b
shows the results obtained from matching the black-
burnished pottery (PN-B01/S) with the reference data
of minerals. Major minerals contain quartz, plagioclase,
orthoclase, and mica. In addition, it is expected that iron
oxide minerals, such as hematite, maghemite, and mag-
netite, remain present in the pottery. Figure S2 shows the
comparison of the representative black (PN-B01) and red
(PN-R03) pottery with reference data of iron oxide and
oxide-hydroxides. However, it is difficult to confirm the
level of iron oxide peaks due to the relatively high peaks
of quartz and feldspar.

Geochemical features

The pottery samples taken from the Pungnap-dong and
Seokchon-dong archaeological sites, both major and
trace elements were analyzed. The geochemical features
of the pottery samples obtained through XRF are listed
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in Table 2. The major elements found in the pottery
samples include SiO, and Al,O;. The black-burnished
pottery excavated from the Pungnap Fortress and the
Seokchon Tomb shows a SiO, content ranging from
61.86—64.52wt% and an Al,O; content ranging from
19.66-23.26wt%. The content of Fe,O; in red pottery is
8.34-8.82wt%, whereas it is relatively low in black-bur-
nished pottery, ranging from 3.50-5.62wt%. This suggests
that Fe,O, which was assumed to be highly related to the
black color expression, was not present in a higher pro-
portion in the black-burnished pottery samples than in
the red pottery. In addition, while Fe,O5 can be present in
the clay used as a raw material, these minerals can appear
as by-products created during the firing process as the
iron-bearing minerals in the raw material are destroyed
and recrystallized [32]. The CaO content in the black-
burnished pottery samples obtained from the Pungnap
Fortress is 0.88-1.02wt%, which is slightly higher than
the black-burnished pottery samples taken from the
Seokchon Tomb (0.70-0.77wt%). CaO is abundant in
plant ash [33], and P,O; is presumed to be generated in
the process of burning plants and coating them with soot
[34]. The difference in the CaO content between black
and red pottery is presented in Fig. 3. Similarly, the P,O4
content in black-burnished pottery was found to be more
than 1wt%, whereas it was less than 1wt% in the red pot-
tery control samples. The contents of black-burnished
pottery have 0.94-1.15wt% of MgO, 0.95-1.45wt% of
TiO,, 0.60-0.98wt% of Na,O, and 2.33-2.96wt% of K,O.
Phyllosilicates are a group of silicate minerals named for
their layered atomic arrangements. K and Ca are related
to illite, whereas Mg and Al reflect the presence of phyl-
losilicates [35].

Black color component
Black-burnished pottery has been reported to be influ-
enced by organic elements, such as carbon and hydrogen

Table 2 Major elements (wt%) and trace elements (ppm) of pottery obtained by XRF

Sample SiO, AlLO; MgO Na,0 K,0 CaO Fe,O; TiO, P,0, MnO Ba Sn Ni V. Zr C Zn Sr Rb Cu

PN-BO1/S 6452 2080 104 071 296 102 458 145 241 <005 2101 355 170 152 156 290 140 140 140 109
PN-BO1/C 6421 2185 101 069 288 092 424 137 224 <005 1925 49 219 147 150 331 123 127 125 47
PN-B02/S 6311 2253 1.15 061 238 095 488 140 192 <005 1345 451 193 200 136 267 113 128 142 112
PN-B0O2/C 6186 2326 1.11 060 235 088 562 137 181 <005 1846 426 190 283 203 286 163 114 174 32
PN-RO3/S 5972 2410 079 056 291 048 882 147 041 <005 149 241 19 105 197 393 111 202 148 59
PN-RO3/C 5876 2324 076 052 299 039 834 151 044 <005 1244 245 144 95 364 382 184 146 125 77
SC-BO1/S 6403 2073 105 093 260 077 465 099 203 <005 1192 298 195 140 168 228 116 121 121 109
SC-BO1/C 6284 2141 099 097 241 073 521 1.05 185 <005 1074 358 205 146 151 195 111 133 132 72
SC-B02/S 6312 2052 107 093 256 075 350 1.03 203 <005 1083 346 201 168 146 231 109 94 126 106
SC-B02/C 6272 1966 094 098 233 070 407 095 197 <005 1124 343 194 209 199 206 140 128 118 57
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[36]. Therefore, to quantify the total amount of carbon in
the black-burnished pottery samples used in this study,
an EA measurement was conducted. The carbon, hydro-
gen, and nitrogen contents of the organic elements ana-
lyzed are presented in Fig. 4. A carbon content of over
1wt% was found in all black-burnished pottery, excluding
red pottery (PN-R03). In particular, the carbon content
of PN-B01/S has a maximum value of 4.91wt%. Among
the measured organic elements, the nitrogen content was
low in general; however, it was at its highest, at 0.22wt%,
in PN-B01/S. Furthermore, the black-burnished pot-
tery excavated from the Pungnap Fortress site showed
relatively higher carbon content compared to the sam-
ples found at the Seokchon Tomb site. It was confirmed
that the carbon content of the black-burnished pottery
excavated from the Pungnap Fortress was high both on
the surface and in the core, which can be explained by
the penetration of the black material from the surface
to the core. This is similar to one of the results obtained
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by observing the cross-section of black-burnished pot-
tery with optical and polarizing microscopes. According
to the reported results [36], the cross-section of the pot-
tery was divided into two types; the type with deeply fade
cross-section from the surface to the depth and the other
is that a fine, thin black layer is observed on the surface.
Hence, it can be inferred that the black material in black-
burnished pottery is more closely related to the presence
of carbon rather than magnetite, supporting previous
studies [14, 36—38]. For example, microscopic observa-
tions and Raman spectroscopy measurements of black
pottery from the Bronze Age in Denmark revealed that
the black material in the pottery was tar obtained from
birch [37]. Furthermore, using Raman spectroscopy and
XRE, it was discovered that the observed black coating
on pottery pigment, dating from the sixth century BCE
found in Keeladi, India, was formed of carbon nanotubes
[38]. In addition, based on the results obtained from the
Time-of-Flight Secondary Ion Mass Spectrometry (ToF—
SIMS measurements), the black material of the black pot-
tery was composed of urushiol, the main component of
lacquer [36].

Several researchers use Raman spectroscopy to com-
plement XRD and XRF information [39]. Amorphous
carbon peaks were not observed in the XRD patterns
of the pottery because of the presence of high peaks of
quartz and feldspar. However, since a high carbon con-
tent was determined from the EA measurements, it can
be assumed that carbon was present in the pottery. The
Raman spectra of the black-burnished pottery excavated
from the Pungnap Fortress site and the Seokchon Tomb
site are presented in Fig. 5. The Raman bands (462 cm™
[40, 41]) appearing on the surface and core of the black
pottery indicate the presence of quartz. As shown in
Fig. 5, some of the Raman bands of quartz appear very
broad. The bands become broader as the firing process
distorts the crystalline structure of quartz [42]. If the
Raman bands of quartz exist in free or isolated forms,
such as SiO,, they appear very intense and narrow [43].
Therefore, the changes in the morphology and structure
of quartz can be evaluated based on the intensity and
shape of the Raman bands. The presence of Illite shows
a band at approximately 707 cm™ [44]. In Fig. 5, the
Raman bands cannot distinguish the presence of illite.
This is because Raman signals are weak, and the Raman
peaks are often obscured by noise. The measured Raman
spectra showed a broad band and a strong fluorescence
background for the pottery samples. This made it difficult
to distinguish between the Raman bands of feldspar (pla-
gioclase and orthoclase). The broadening of the Raman
bands around 1357-1360 cm ™' and 1585-1595 cm™" can
be explained by the presence of amorphous carbon [45,
46]. Raman bands corresponding to amorphous carbon
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Fig. 5 Micro Raman spectra obtained from PN-B01/S, PN-B01/C,
PN-B02/S, PN-B02/C, SC-B01/S, and SC-B0O1/C. Reference spectra
(Figure legend) are provided for comparison with the spectra

of samples

were confirmed on the surface and core of the black-bur-
nished pottery. Plant ash or urushiol (the main compo-
nents of lacquer) may be considered as sources of carbon.
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To solve the fluorescence problem in the samples, the
pottery samples were measured using FT-Raman spec-
troscopy (Nd:YAG laser with a wavelength of 1064 nm).
However, satisfactory data could not be obtained.

How to characterize Fe-based minerals in pottery

From the XRD results, the crystalline phase composi-
tion of the pottery can be identified, which provides
information for investigating the raw materials and fir-
ing techniques used in pottery creation. Through XRD,
only the crystalline compositions of quartz and feldspar
(both plagioclase and orthoclase) were identified in the
pottery, whereas metal oxides and other phases were
not found because of their low content and amorphous
nature. In the case of amorphous carbon, it was con-
firmed using Raman spectroscopy; however, the pres-
ence of iron oxide, which is most abundant in soil, could
not be confirmed. The firing effect on clays can be stud-
ied by tracking the transformation of the components of
the Mossbauer spectrum with different iron-containing
phases. >’Fe Mossbauer studies can be combined with
other techniques such as XRD, mineralogical, and geo-
chemical analysis to help gather information about how
pottery was produced.

The Mossbauer spectra of the black-burnished pottery
(B-PN, B-SC) are presented in Fig. 6. The pottery spec-
trum consists of only doublets. In many ancient pottery
works, sextets have been found in the room-temperature
Maossbauer spectrum [14, 47—-49]. However, unlike other
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Fig. 6 Mossbauer spectra of black-burnished pottery (a-h); PN-B01/S, PN-B01/C, PN-B02/S, PN-B02/C, SC-B01/S, SC-B01/C, SC-B02/S, and SC-B02/C
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types of pottery, the pottery used in this study does not
contain a sextet of hematite, magnetite, or goethite. All
the spectra showed strong paramagnetic Fe(III) absorp-
tion and weak Fe(II) absorption. From a, ¢, e, and g in
Fig. 6, the surface of the black-burnished pottery was
analyzed as D1 and D2 corresponding to Fe(III), and
D3, corresponding to Fe(II). The D1 and D2 doublets
are associated with the presence of nanosized iron oxide
particles and Fe(IIl)-bearing silicates. Nanosized oxide
and/or oxyhydroxide particles exhibit superparamag-
netic behavior as doublets at room temperature [50,
51]. Superparamagnetic doublets are difficult to distin-
guish between minerals at room temperature. The types
of magnetically ordered species can be described by low
temperature measurements. The observed D3 param-
eter (IS=0.94-1.15 mm/s, QS=2.08-2.35 mm/s) arises
from the paramagnetic Fe(II) ions present in the Fe(II)-
bearing silicate [28, 52, 53]. The low ratio of Fe(II) to the
silicate sub-spectrum demonstrates that the pottery was
fired under controlled oxidizing conditions. The firing
conditions, firing temperature, and color mechanism of
archaeological pottery can be inferred based on the pres-
ence or absence of paramagnetic Fe(II) and Fe(III) ions.

Figure S3 shows the Mossbauer spectra of the red
pottery (PN-R03). Similarly, no other sextet spectrum
was found in the red pottery. The line width of the site
for each spectrum may vary due to the overlapping of
iron oxides and/or oxyhydroxides, poor crystallinity,
and small particle size. The fitted Mossbauer parame-
ters are listed in Table S3.

Reddish brown and gray pottery from the Sabi period:
hardness and firing temperature

Mineralogical composition

XRD analysis was conducted to determine the mineral
composition of the Sabi period potteries and estimate
the firing temperature (Fig. 7). The main minerals of
pottery are quartz, feldspar, and mica. In some pottery,
mica, mullite, hercynite, and hematite, which indicate
high firing temperatures, were detected differently,
therefore, it is assumed that the Sabi period pottery was
sintered at various firing temperatures. The differences
in the mineralogy of potteries lead to three groups:

+ Mineralogical Group 1: Quartz+ Feldspar (Plagio-
clase and Orthoclase) + Mica; BY-S01, BY-S02

+ Mineralogical Group 2: Quartz+ Feldspar (Plagio-
clase and Orthoclase); BY-H03, BY-HO04

+ Mineralogical Group 3: Quartz+ Feldspar (Plagio-
clase and Orthoclase) + Mullite + Hematite or Her-
cynite; BY-HO5, BY-HO06, BY-H07
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Fig. 7 XRD patterns of the potteries from the Sabi period

The firing temperature for pottery in groups 1, 2, and
3 is as follows: Group 1 is fired below 900 °C, result-
ing in soft pottery; Group 2 is sintered at 900-1000 °C,
yielding soft-hard pottery; and Group 3 is sintered at
1000-1100 °C, also producing soft-hard pottery. These
temperature ranges are determined based on the detec-
tion of high-temperature fired minerals. Additionally,
Group 1 shares the main mineral composition with Han-
seong period pottery.

In group 2, the mica peak disappeared, therefore, the
potteries were fired at a temperature above 900 °C. In
group 3, hematite is detected in the pottery of BY-HO5
and BY-HO06. This has a reddish-brown cross-section and
is presumed to have been formed without sufficient expe-
rience in a reducing atmosphere. Depending on the firing
temperature, group 1 was confirmed as soft, group 2 and
3 as soft-hard.

Geochemical features

The major elements of the Sabi period pottery were ana-
lyzed (Table S2). In general, the major elements of clay
are SiO, and Al,O,, which maintain viscosity and facili-
tate molding. Quartz, one of the main raw materials
for pottery, has a high melting point and maintains the
shape of ceramics. In addition, feldspar, one of the main
raw materials of clay, plays a flux role in the firing pro-
cess as the viscosity and firing temperature of the clay is
determined by the content of feldspar [54]. The results of
the XRF analysis of pottery from the Hanseong and Sabi
periods of Baekje are compared in Fig. 8. Clay minerals
are decomposed into SiO, and Al,O4 during the firing
process to produce mullite at high temperatures. The lib-
erated SiO, components remain after being converted to
quartz, tridymite, or cristobalite. Mullite (3A1,05-25i0,)
is a crystal phase that is easily formed as the Al,O4
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content increases [55]. The SiO,-Al,O distribution dia-
gram for this is presented in Fig. 8a. From the high Al,O4
content of the Sabi period pottery, it can be inferred that
it was fired at a temperature of over 1000 °C or was fired
for a long duration. The CaO content of Sabi pottery was
0.28-0.77 wt%, which was lower than the Hanseong pot-
tery. In particular, the P,O5 of Sabi pottery was 0.10—
0.33 wt% (Hanseong pottery: 0.41-2.41 wt%), showing a
clear difference (Fig. 8b). The content distribution of the
coloring components, Fe,O; and TiO,, are presented in
Fig. 8c. The TiO, content is maintained at 1.0-1.5wt%,
regardless of the production period, and the Fe,O; con-
tent is almost similar.

Absorption (%)

How to determine the firing atmosphere of pottery

The Mossbauer spectra of the pottery from the Sabi
period are presented in Fig. 9. To understand the firing
atmosphere of pottery from the Hanseong and Sabi peri-
ods of Baekje, it was estimated through the iron com-
pounds from the Mdossbauer results. The Mossbauer
spectra of soft and soft-hard pottery consist only of dou-
blets (Fig. 9a—d). Soft potteries of group 1 are similar to
the spectrum of pottery from the Hanseong period. The
D4 site, corresponding to the Fe(Il) state in soft-hard
pottery (group 2), increased relative to that of soft pot-
tery (group 1). The spectra of soft-hard pottery (BY-HO05
and BY-HO06 of group 3) were analyzed with sextet of
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Fig. 9 Mossbauer spectra of the potteries (a—g); BY-S01, BY-S02, BY-HO3, BY-H04, BY-HO5, BY-HO6, and BY-HO07. h Reduction index of the potteries

from the Hanseong and Sabi periods
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hematite and three doublets (Fig. 9e—f). Considering that
mullite was confirmed in XRD, it is presumed that these
two potteries (BY-HO5 and BY-HO06) were fired at high
temperatures; however, hematite confirms that they were
not sufficiently fired in a reducing atmosphere. The other
pottery (BY-HO7 of group 3) was analyzed as D1, D2,
and hercynite (FeAl,O,). When the biotite, vermiculite,
and chlorite containing Fe collapse at high temperatures
and then Fe combines with Al, the hercynite is formed
at 900-1000 °C. In hercynite, Fe(II) ions occupy both
tetrahedral (T4) and octahedral (O;) sites [56, 57]. The
presence of Fe(II) means that the ceramics were likely
produced in a reducing atmosphere. Hercynite has Fe(II)
ion state and is black in color. However, in the color anal-
ysis of pottery, if the pottery is gray, it may be the result
of a reducing atmosphere or insufficient oxidation of the
carbon component in the clay.

Although it is difficult to distinguish sites among
clay minerals from the Mdssbauer spectra, the relative
amounts of Fe(II) can serve as a basis for comparison
with the reduction index (RI) of archaeological pottery
to understand their firing atmosphere [27, 28]. Accord-
ing to previous research [29, 58-60], the atmosphere in
which pottery is fired can be deduced from the RI. The
RI is calculated from the Fe(II) area of the Mossbauer
spectrum and represents the contribution of reduced
iron to total iron (Fe(II)/Fe). RI values greater than 0.20
relate to reducing conditions, whereas RI values less than
0.20 indicate oxidizing conditions. Figure 9h was plot-
ted against the RI values to identify possible clustering
among the Hanseong and Sabi periods. The RI value of
0.20, indicated by the dashed line in the graph, represents
the upper limit of amount of Fe(Il) in the analyzed clays.
The RI values of Hanseong period potteries and Sabi
period soft potteries (group 1) less than 0.20, indicating
that the potteries were fired in an oxidizing atmosphere.
However, it is presumed that the black-burnished pot-
tery from the Hanseong period went through a reduc-
ing atmosphere process in which carbon was absorbed
by closing the kiln in the final firing stage. The RI values
of group 2 and BY-GO07 of group 3 are greater than 0.2,
and the presence of high Fe(II) indicates that they were
calcined in a reducing atmosphere. It can be assumed
that the hematite in BY-HO05 and BY-HO06 was fired in an
incomplete oxidation/reduction atmosphere.

Conclusion

The purpose of this study is to characterize the color
and firing conditions of black-burnished and red pottery
samples dating from the Hanseong period of the Baekje
Kingdom and investigate the characteristics of pottery
from the Sabi period of Baekje. Various spectroscopic
methods (X-ray fluorescence, Raman, and Maossbauer
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spectroscopy), XRD, and EA measurements were used to
evaluate the black color factor and firing temperature of
the black-burnished pottery. In this study, the mineralogy
and physical properties of black-burnished and red pot-
tery samples excavated from the Pungnap Fortress and
the Seokchon Tomb sites were analyzed. The presence of
mica in all measured pottery samples indicated the fir-
ing temperature to be below 900 °C. Based on the reduc-
tion index, the firing conditions of these pottery samples
indicate that they took place in a controlled oxidizing
atmosphere, which includes reduction atmosphere pro-
cesses. The black color factors of black-burnished pot-
tery are presumed to be due to carbon, rather than iron
oxides. The basis for this is the high carbon content in EA
measurement, the higher CaO and P,O; contents in XRF
than in red pottery, no crystalline carbon peak observed
in XRD, rather an amorphous carbon peak measured in
the Raman band, and magnetite of sextet not observed in
the Mossbauer spectrum (the nanocrystalline phase may
exist; however, the amount present in the pottery sam-
ples was insufficient to be considered a factor in the black
color). Based on these results, it is probable that the black
color factor in black pottery can be attributed to amor-
phous carbon.

The characteristics of the Sabi period pottery were
analyzed according to firing temperature and hardness.
Hardness increases as the firing temperature increases
and the firing temperature was confirmed by high-tem-
perature calcination minerals (mullite and hercynite)
through XRD patterns. As a result of the Mdssbauer
analysis, the Fe(III) content of group 1 (soft pottery) was
higher than the Fe(II) content, and the Fe(II) content of
groups 2 and 3 (except hematite) was relatively higher
than the Fe(III) content. Therefore, this suggests that the
Sabi period pottery was produced at a more diverse firing
temperature and atmosphere than the Hanseong period
pottery.

Five pieces of pottery from the Hanseong period of
Baekje and seven pieces of pottery from the Sabi period
were analyzed and compared, and the results are limited
by focusing on a limited number of potteries. Therefore,
in order to obtain additional information about the firing
technology of Baekje pottery, additional research must be
conducted on pottery of many different colors. Another
potential approach would involve the manufacture of
suitable fired clay and ceramic samples that could be
used to facilitate further investigations.

Abbreviations
XRD  X-ray diffraction
TCD  Thermal conductivity detector

ppm  Parts per million

XRF X-ray fluorescence spectroscopy
EA Elemental analyzer

IS Isomer shift
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