
Ceramic color as an unreliable proxy for firing conditions: new approaches 
from Gwanbuk-ri site, Korea

Hyunkyung Choi a, Myeong-Kyu Kang b,c, Hyun Ho An c, Seoeun Jang a,d, Gwang-Min Sun a,  
Dong Hyeok Moon e, Sung Baek Kim c, Young Rang Uhm a, Chul Sung Kim b,f,*

a HANARO Utilization Division, Korea Atomic Energy Research Institute, Daejeon, 34057, Republic of Korea
b ASK Corporation, Gyeonggi-do, 14058, Republic of Korea
c Department of Biomedical Materials, Konyang University, Daejeon, 35365, Republic of Korea
d Department of Cultural Heritage Conservation Science, Kongju National University, Gongju, 32588, Republic of Korea
e Geological Research Division, Korea Institute of Geoscience and Mineral Resources, Daejeon, 34132, Republic of Korea
f Department of Physics, Kookmin University, Seoul, 02707, Republic of Korea

A R T I C L E  I N F O

Keywords:
Roof tiles
Baekje sabi period
Firing condition
Iron oxide
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A B S T R A C T

Understanding the relationship between the coloration and firing conditions of ancient ceramic provides crucial 
insights into historical firing technologies. In this study, roof tiles from the Gwanbuk-ri archaeological site, 
dating to the Baekje Sabi period (538–660 CE), were analyzed to identify the firing technologies and origin of 
surface color variation and investigate the characteristics of black and non-black roof tiles. Analytical methods 
included chromaticity measurements, X-ray diffraction, Carbon–Hydrogen elemental analysis, X-ray fluorescence 
spectroscopy, neutron activation analysis, Mössbauer spectroscopy, and vibrating sample magnetometry. While 
non-black roof tiles displayed expected correlations between iron oxide phases and color, black roof tiles pre
sented a negative correlation: black coloration was linked to carbon deposition from incomplete combustion at 
low firing temperatures, rather than iron phase transformations. Additional evidence from the phosphorus and 
calcium distributions supports the influence of organic fuel ash. The magnetic properties and Mössbauer data 
enabled the estimation of the firing atmosphere inside the kiln. These findings demonstrate that visual color 
alone cannot reliably indicate the firing conditions. By integrating chemical, mineralogical, and magnetic data, 
this study offers a refined interpretive framework for ancient tile technologies and contributes to a broader 
understanding of the production practices of the Baekje Sabi period.

1. Introduction

Archaeological research on ceramics has traditionally sought to infer 
firing conditions and manufacturing techniques from macroscopic fea
tures such as color. Color has traditionally been considered indicative of 
changes in kiln temperature and firing atmosphere, and thus has served 
as an important proxy for the reconstruction of production technologies 
(Mirti, 1998; Wísniewska et al., 2021). However, this approach over
simplifies the interpretation of colour. Although firing conditions do 
influence color, it is also determined by a variety of factors, including 
the composition of raw materials, fluctuations between reducing and 
oxidizing atmospheres, and subsequent processes of discoloration. As a 
result, reconstructions of firing environments that rely solely on color 
are inherently uncertain.

Among ceramics, roof tiles occupy a particularly significant position 
as architectural materials that embodied architectural technology, cul
tural symbolism, and political hierarchies of past societies, and that 
were closely tied to large-scale production systems (Ahn et al., 2021a; 
Kim, 2023). Buyeo, the capital of Baekje during the Sabi period 
(538–660 CE), functioned as the political and economic center of the 
kingdom, acting as a key hub for ancient cultural exchange. The 
archaeological site in Gwanbuk-ri is thought to contain the remains of a 
royal palace from the Baekje Sabi period (Gim, 2020). During the Baekje 
Sabi period, the establishment of a centralized government, along with 
the active development of Buddhist temple and royal palace architec
ture, led to a growing demand for roof tiles (Lee, 2021).

Although roof tile–dedicated kilns have not been conclusively iden
tified at the Gwanbuk-ri site, contemporaneous archaeological evidence 
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