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Abstract 

Plain pottery excavated from the Tang Dynasty tomb of Liu Jing was taken as the research object. The color, chemical 
composition, microstructure, and phase were tested to investigate the influencing factors of color for plain pot-
tery fragments. The results indicated that the contents of  Fe2O3 and  TiO2 in all fragments varied little, and the influ-
ence of humic acids in clay as well as the firing atmosphere on the appearance color of plain pottery was excluded. 
Therefore, the main factor affecting color saturation (C*) was identified as the firing temperature (T). More importantly, 
the correlation between C* and firing temperature was established by replicas fired at different temperatures. Before 
the appearance of the glass phase, iron-containing minerals played a major role in coloring, and after that, iron ions 
in the glass phase and iron crystallization rose the important function of coloring. Consequently, with the increase 
of firing temperature, C* value increased firstly and then decreased. The inflection point of the fitted C* − T curve 
corresponded to the glass phase formation temperature. By comparing the estimated firing temperatures obtained 
by the fitted C* − T correlation curve with the known firing temperature of replicas, it was demonstrated that the color 
measurement is an ideal method for deducing the firing temperatures of ancient plain pottery.

Keywords Plain pottery, Firing temperature, Color saturation, Iron-containing minerals, Replica

Introduction
There are numerous pottery cultural relics excavated 
from ancient tombs in China. They are the witnesses and 
physical carriers of thousands of years of history and civi-
lizations, and have extremely high historical, artistic, and 
scientific values. However, under the influence of natural 
and human factors, pottery cultural relics have serious 
diseases, such as cracks and fragments, which are closely 
related to their mechanical properties [1, 2]. To a certain 
extent, the firing temperature decides the density of the 
pottery and thus affects its mechanical properties [3]. 
At the archaeological excavation site, there are diverse 
extraction methods for pottery fired at different tempera-
tures. Generally, it could be extracted directly for high-
temperature pottery, while it needs to be temporarily 
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reinforced firstly and then extracted for low-temperature 
pottery. Therefore, the determination of firing tempera-
ture is essential for the safe extraction and emergency 
conservation of pottery cultural relics during the excava-
tion process of ancient tombs [4].

At present, the measurement method for the firing 
temperature of ancient pottery could be roughly divided 
into two categories. The first is to analyze the shrinkage 
and expansion characteristics of pottery caused by the 
phase transition, reaction, or decomposition of raw mate-
rial components during heating, such as the push-rod 
thermal expansion method [5]. Nevertheless, its sample 
preparation process is complex, and the use of the dilato-
meter to determine the firing temperature of low-tem-
perature pottery (ancient firing temperature is lower than 
the glass phase formation temperature) is not an ideal 
method [6–8]. Simultaneously, only the measurement of 
the densification process by a dilatometer is precise pro-
vided that the firing atmosphere is comparable to that of 
the first firing. The second is to research the change char-
acteristics of specific mineral components in pottery at a 
certain temperature, such as X-ray diffraction (XRD) [9], 
simultaneous thermal gravimetric analysis (TGA) [10], 
Fourier transform infrared spectroscopy (FT-IR) [11] and 
Raman spectroscopy (Raman) [12]. Although its sample 
preparation method is simple and the test temperature 
range is wide, it is also a destructive test. Herein, a non-
destructive and rapid detection method of firing tem-
perature is urgently required for the safe extraction and 
emergency conservation of pottery cultural relics exca-
vated from ancient tombs.

As early as 1971, Matson et al. [13] proposed that the 
color of pottery was directly related to its firing tempera-
ture. But due to the excessive subjectivity of visual color, 
the method of measuring firing temperature by color had 
not been widely used. With the continuous development 
of testing technology, the accuracy and portability of 
color measuring apparatus are higher and higher, which 
makes the application of this method possible. Mirti et al. 
[14] refired the pottery fragments at different tempera-
tures and succeeded in determining the actual firing tem-
perature by analyzing the color changes. Meanwhile, the 
effect of primary and secondary calcite in the evaluation 
of the firing temperature of pottery was also studied. It 
was found that the possibility of correctly estimating fir-
ing temperatures may not be affected by CaO contents 
up to about 5% in a sample fired under oxidizing condi-
tions. Moreover, the error introduced by CaO contents 
up to 10% may still be comparable with the variation of 
temperature occurring within an ancient kiln. However, 
the refiring experiment took a long time and caused 
damage to the samples. Therefore, it does not meet the 

requirements of rapid extraction and emergency conser-
vation of unearthed pottery cultural relics.

In this work, the plain pottery fragments excavated 
from the Tang Dynasty tomb of Liu Jing in the 12th 
year of Zhenguan (638 AD) were obtained from Shaanxi 
Academy of Archaeology. Through the analysis of color, 
chemical composition, microstructure, and phase, the 
relationship between color and firing temperature of 
plain  pottery fragments was be determined, and the 
influence mechanism of firing temperature on the color 
of plain pottery was also studied. To verify the reliability 
of the relationship between color and firing temperature, 
the samples were fired at different temperatures by the 
loess from Yaozhou kiln site and the eastern mausoleum 
of Qin Dynasty in Shaanxi Province, respectively. This 
work not only provided a theoretical basis for the rapid 
determination of the firing temperature of plain pottery 
cultural relics, but also provided a scientific basis for the 
on-site extraction and emergency conservation of pottery 
cultural relics excavated from ancient tombs.

Experimental
Sample descriptions
From November to December 2020, a Tang Dynasty 
tomb was excavated by Shaanxi Academy of Archaeology 
in Buli Village, Dizhang Street, Xianyang City. Accord-
ing to the unearthed epitaph, the tomb owner is Liu Jing 
who lived in the 12th year of Tang Zhenguan (638 AD). 
Thirty-two fragments of plain pottery excavated from the 
tomb of Liu Jing are selected and shown in Fig. 1. Accord-
ing to the different types and parts, they were divided 
into three categories: nine pottery figurines, twelve pot-
tery horse legs, and eleven pottery horse bodies. Among 
them, the overall hardness of the pottery figurine was 
low; the pottery horse leg was relatively firm due to the 
fixation of iron wires, but there were many cracks; the 
pottery horse body was porous and fragile.

Characterization
Chroma values (L*, a*, b*, C*, h*) were obtained with 
an X-Rite Ci7800 colorimeter and a white standard as 
reference. X-ray fluorescence (XRF) was operated using 
a spectrometer from HORIBA XGT-7200, at 50 kV and 
1 mA, with a beam size of 1.2 mm diameter. XPS analy-
sis was carried out using an AXIS Supra photoelectron 
spectrometer equipped with an Al Kα radiation. X-ray 
diffraction (XRD) patterns of powder samples were 
obtained by a Rigaku Smart Lab 9  kW diffractometer, 
using Cu Ka radiation, operating at 40 kV and 100 mA. 
The step speed was 8 °C/min and the step interval was 
0.02º. Optical images of the sample surface were per-
formed using a KEYENCE optical microscope equipped 
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with a surface depth observation system (VHX-7000). 
The pore size distribution and porosity of samples were 
measured by the mercury intrusion method. Hyster-
esis loops of powder samples at room temperature 
were performed on a LakeShore 7404 vibrating sample 
magnetometer (VSM) with a maximum applied field of 
2.17 T. The hysteresis parameters saturation magnetiza-
tion (Ms), saturation remanent magnetization (Mrs) and 
coercive force (Bc) were determined by hysteresis loops.

Micro-Raman spectra of the sample surface were 
performed using the Renishaw inVia spectrometer. 
The laser spot size was around 2–3 μm diameter. Laser 
power of 1 mW at × 50 magnification was employed to 
analyze crystals on the pottery surface. The thermal 
expansion curve was carried out by the NETZSCH 
DIL402 thermodilatometer with the sample size of 

25 × φ 5 mm, the heating rate of 10  °C/min, and purge 
gas of nitrogen at flow rate of 50  mL/min. The total 
humic acids in samples were determined by the Agri-
cultural Industry Standard of the People’s Republic of 
China (NY/T 1867–2010). The content of humic acids 
is measured by mass fraction, the value is expressed in 
milligrams per kilogram (mg/kg or ppm), and calcu-
lated according to Eq. 1:

where V0 is the volume of ferrous sulfate standard solu-
tion consumed during the blank test, and the unit is mil-
liliters (mL); V is the volume of ferrous sulfate standard 
solution consumed for sample determination, in millilit-
ers (mL); c is the concentration of ferrous sulfate standard 

(1)X0 =

0.003(V0 − V )c

m

Fig. 1 Photos of thirty-two plain pottery fragments from the Tang Dynasty tomb of Liu Jing



Page 4 of 12Zhang et al. Heritage Science           (2024) 12:61 

solution, in moles per liter (mol/L); 0.003 is the millimo-
lar mass of 1/4 carbon atom, in grams per mole (g/mol), 
and m is the mass of the powder sample, in grams (g).

Results and discussion
The chroma values of the plain pottery fragments are 
given in Additional file 1: Table S1. The variation ranges 
of L* of the pottery figurines, pottery horse legs and pot-
tery horse bodies were similar, 45–59, 49–62, and 51–59, 
respectively. However, the a* and b* values varied widely, 
causing the values of C* and h* to vary between 14–32 
and 60º–72º. In order to analyze the variation law deeply, 
the polar diagram of C* and h* is shown in Fig.  2. For 

all plain pottery fragments, the angular distribution of 
the color points had little change, concentrating in the 
orange-yellow area, and the radial change was obvious. 
It was indicated that the difference between their colors 
was mainly reflected in C*, not in h* [15]. Moreover, it 
was indicated that the firing atmosphere of plain pottery 
could be the same because of the very narrow distribu-
tion of h*.

Redox balances are a function of both the atmosphere 
(CO/CO2 and  H2/H2O balance) and also the presence 
of carbon in the dough which leads to the formation of 
C and CO. Because the raw material for pottery is clay, 
which contains very little carbon content, it has little 
impact on the redox balance. Hence, the main impact is 
still the firing atmosphere. To determine the firing atmos-
phere of the thirty-two plain pottery fragments from the 
Tang Dynasty tomb of Liu Jing, high-resolution XPS 
spectra of Fe 2p region (700–735 eV) for the surface and 
core of TMS-08 were conducted, as shown in Fig.  3. Fe 
2p region for Fe  2p3/2 and Fe  2p1/2 showed double peaks 
around 710.3 and 724.5  eV. The binding energy values 
were consistent with typical values observed for  Fe2O3 
[16]. The two satellite peaks were observed at approxi-
mately 712.8 and 718.2  eV, most likely indicating the 
presence of  Fe3+ species [17]. In addition, the XPS spec-
tra on the surface and core are not significantly different, 
indicating that their use and burial have little impact on 
the color.

The main factors affecting C* of pottery include the 
mineral composition of clay, the chemical composition 
of products, and firing temperature [18]. Humic acids, 
as one of the mineral components of clay, often make 
the clay appear dark or even black. In order to verify 
the effect of humic acids content in clay on the color of 
plain pottery, the loess from Yaozhou kiln site was used 

Fig. 2 Polar diagram of C* and h* for thirty-two plain pottery 
fragments

Fig. 3 XPS high-resolution spectra of Fe 2p for the surface (a) and core (b) of TMS-08
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as raw material, and pressed into cake-like bodies of φ 
2 cm. The green bodies were fired by a muffle furnace at 
600, 800, and 1000 °C under an oxidizing atmosphere to 
obtain the replicas. The total humic acids in samples were 
determined according to NY/T 1867–2010. The techni-
cal parameters and calculation results of humic acids 
content during determination are shown in Table  1. It 
can be seen that the content of humic acids in the unfired 
sample is relatively high (4122.23 ppm), while the content 
of humic acids in the sample fired at 600 ℃ decreases 
sharply (only 0.58 ppm), indicating that the humic acids 
have been basically decomposed at 600 ℃. The content 
of humic acids in the sample fired at 800 ℃ and 1000 ℃ 
is none, indicating that the humic acids have been com-
pletely decomposed at these two temperatures, which is 
consistent with the results reported in the literature [19, 
20]. Therefore, the effect of humic acids on the color of 
plain pottery does not need to be considered. Additional 
file 1: Table S2 shows the chemical compositions of plain 
pottery fragments measured by XRF. The contents of 
all elements were basically constant, indicating that the 
source and proportion of raw materials were relatively 
stable. The similar firing atmosphere, stable source and 
proportion of raw materials proved that the plain pottery 
excavated from the Tang Dynasty tomb of Liu Jing might 
have been fired in the same kiln.

In the chemical composition of plain pottery, the col-
oring element has a remarkable influence on its color-
ing. Based on Additional file 1: Table S2, the contents of 
 Fe2O3 and  TiO2 in different plain pottery fragments were 
analyzed. As shown in Fig. 4, they varied little. Therefore, 
for the plain pottery fragments excavated from the tomb 
of Liu Jing, the factor affecting C* was not the chemical 
composition, but the firing temperature. In order to study 
the influence of firing temperature on C* of the plain pot-
tery fragments, TMS-07, TMS-08, and TMS-09 were 
selected for in-depth analysis based on the test data in 
Additional file 1: Tables S1 and S2.

Figure  5 displays the optical micrographs of TMS-
07, TMS-08, and TMS-09 and the corresponding 
three-dimensional microstructures. The comparison 
revealed that the dark brown irregular patches in the 

optical micrographs corresponded to the dark blue areas 
of pores in the 3D microstructure images. Furthermore, 
the number of pores in TMS-08 was the largest, followed 
by TMS-07, and TMS-09 the least. Generally, the higher 
the firing temperature, the denser the microstructure 
of pottery and the smaller the porosity. From the above 
micrographs, it can be roughly judged that the firing tem-
peratures of three plain pottery fragments increase in the 
order of TMS-08, TMS-07, and TMS-09. The measure-
ment results of the porosity and average pore diameter 
also strongly support this inference (Additional file 1: Fig. 
S1). In addition to the pores, there were a large number 
of brownish-yellow bulk crystals and translucent bulk 
crystals, as well as a small amount of black lamellar crys-
tals and reddish-brown reniform crystals on the surface 
of the samples.

The XRD patterns of TMS-07, TMS-08, and TMS-09 
are shown in Fig. 6a. The characteristic peaks of quartz, 
anorthite, plagioclase, calcite, and mica minerals (illite 
and muscovite) were recorded in every pottery frag-
ment. Feldspar minerals start to melt above 1000  °C 
[9]. The melting temperature range of mica minerals is 
850–950  °C, and the thermal decomposition of calcite 
is started at approximately 750–850  °C [21]. In addi-
tion, comparing the diffraction peak intensity of samples, 

Table 1 The technical parameters and calculation results of humic acids content in replicas

Sample The volume of ferrous 
sulfate standard solution 
consumed during blank 
test (V0/mL)

The volume of ferrous 
sulfate standard solution 
consumed for sample 
determination (V/mL)

The concentration of 
ferrous sulfate standard 
solution (c/ mol/L)

The mass of the 
powder sample 
(m/ g)

The content 
of humic acids 
(X0/ppm)

Unfired 49.17 44.68 0.1 0.3269 4120.53

Firing at 600 ℃ 49.17 48.54 0.1 0.3276 0.58

Firing at 800 ℃ 49.17 49.17 0.1 0.3286 0

Firing at 1000 ℃ 49.17 49.17 0.1 0.3808 0

Fig. 4 Content changes of  Fe2O3 and  TiO2 in the thirty-two plain 
pottery fragments
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quartz and feldspar minerals were not much different, 
but mica minerals and calcite had differences (Fig.  6b). 
TMS-08 was the strongest, TMS-07 was in the middle, 
and TMS-09 was the weakest. The results indicated that 
the firing temperature increases in the order of TMS-08, 
TMS-07, and TMS-09. Besides, TMS-08 was fired at less 
than 750 °C, TMS-07 was fired at 750–850 °C, and TMS-
09 was fired at 850–950 °C.

Even though the detected minerals were known as 
white or clear colors, iron oxide, mineralogical fac-
tors that induce brownish or blackish colors, were 
not detected among the soil component materials. In 

particular, the iron oxides in the soil exist as nano-sized 
particles that cover individual soil particles and have a 
low crystallinity.

Hysteresis loops were used to infer the type of iron 
oxide crystals by analyzing the magnetic domain struc-
ture of magnetic minerals. The hysteresis loops of 
TMS-07, TMS-08, and TMS-09 are shown in Fig.  7, 
while all the parameters obtained are summarized in 
Table 2. Mrs/Ms is a sensitive indicator of the magneti-
zation state, which can give the distribution of mag-
netite domain state. If the sample contains only single 
domain (SD) particles of magnetite, Mrs/Ms equals to 

Fig. 5 Optical micrographs of TMS-07, TMS-08, and TMS-09 (a–c) and corresponding three-dimensional micrographs under × 500

Fig. 6 XRD patterns (a) and local enlarged drawing (b) of TMS-07, TMS-08, and TMS-09 (Q Quartz; A Anorthite; M Muscovite and illite; P Plagioclase; 
C Calcite)
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0.5. If the sample contains only multi-domain (MD) 
particles, Mrs/Ms is less than 0.1. And if there are only 
superparamagnetism (SP) particles in the sample, 
Mrs/Ms is 0 [22, 23].

From Table 2, the Mrs/Ms values of the samples were 
between 0.1 and 0.5, indicating that there were stable 
SD, MD, and SP particles in the magnetite. When the 
applied magnetic field was about 300 mT, the hyster-
esis loop was closed, and the sample reached satura-
tion magnetization. It showed that the ferrimagnetic 
content was the main magnetic carrier mineral. At 
the same time, the slight “bee waist” morphology also 
manifested that the sample contained a small amount 
of antiferromagnetic minerals (SD + SP/MD). Different 
magnetic minerals have different residual magnetic flux 

densities (Br). The Br of soft magnetic minerals such as 
magnetite and maghemite is smaller, while that of hard 
magnetic minerals (hematite, goethite, etc.) is larger 
[24]. According to Fig.  6d, Br values were similar and 
small as a whole, illustrating that soft magnetic miner-
als accounted for the main component in the samples.

The micro-Raman spectra of TMS-07, TMS-08, and 
TMS-09 are shown in Fig.  8. The brown-yellow and 
translucent bulk crystals were identified as quartz and 
feldspar by Raman spectra, respectively [25, 26]. By com-
paration, the peak intensities of TMS-09 were stronger 
than that of TMS-07 and TMS-08. In addition, the black 
lamellar crystals and reddish-brown reniform crystals 
only in TMS-09 were identified, as magnetite and hema-
tite by Raman spectra. The Raman characteristic peaks of 
iron-containing minerals such as magnetite and hematite 
were not detected in TMS-07 and TMS-08. The overall 
intensity of Raman characteristic peaks was very weak, 
and even some are invisible. It can also reflect the firing 
temperature of pottery based on the intensity of Raman 
peaks. In consequence, it can be inferred that the firing 
temperature of TMS-09 is higher than that of TMS-07 
and TMS-08, which is consistent with the results of XRD 
analysis. Meanwhile, TMS-07, TMS-08, and TMS-09 

Fig. 7 Hysteresis curves (a–c) and the enlarged image (d) of TMS-07, TMS-08, and TMS-09

Table 2 Hysteresis parameters of TMS-07, TMS-08, and TMS-09

Sample No Ms  (Am2/kg) Mrs  (Am2/kg) Bc (mT) Mrs/Ms

TMS-07 0.207 0.0276 91.2 0.133

TMS-08 0.292 0.0426 82.2 0.146

TMS-09 0.563 0.09 73.4 0.160



Page 8 of 12Zhang et al. Heritage Science           (2024) 12:61 

contain anorthite by comparing peak positions, which is 
also consistent with the XRD results.

Whether in ancient China or ancient Western coun-
tries, most of the clay as raw materials used for pot-
tery production comes from near the kiln site, which 
is the essential reason for the differentiation of pottery 
characteristics in different regions [27, 28]. Yaozhou 
kiln was an essential kiln for firing pottery and por-
celain in the Tang Dynasty. Its kiln scale and output 
were the largest in the north [29]. Therefore, the plain 
pottery excavated from the Tang Dynasty tomb of Liu 
Jing was most probably produced in Yaozhou kiln. The 
loess from Yaozhou kiln site was used as raw material 
to reproduce the plain pottery excavated in the Tang 

Dynasty tomb of Liu Jing. Its chemical composition 
is shown in Table  3. The loess was ground by mortar, 
sieved by a 40-mesh sieve, and granulated with 5 wt% 
moisture content. To obtain a cake-like body of φ 2 cm, 
the powder was pressed by a tablet press under 7 MPa 
for 15 s. Finally, the green bodies were fired by a muffle 
furnace at 600–1100 °C under an oxidizing atmosphere. 
The samples were heated from room temperature to 
300 °C at 5 °C  min−1, then to the target temperature at 
3  °C   min−1, and finally cooled naturally to room tem-
perature in the muffle furnace.

Figure  9a is photos of replicas at different firing tem-
peratures. It can be seen that the surface color of repli-
cas is brownish-yellow, but the color saturation is varied. 

Fig. 8 Optical micrographs under × 1000 and Raman spectra of TMS-07, TMS-08, and TMS-09

Table 3 Chemical composition of the loess from Yaozhou kiln site (wt%)

The value in the bracket is the standard deviation which is calculated by ten points of the loess from Yaozhou kiln site

Sample Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3

Loess 0.55 1.85 15.51 65.69 2.59 9.11 0.52 4.19

(0.04) (0.12) (0.29) (0.77) (0.20) (0.50) (0.23) (0.84)
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Color saturation values on the surfaces of replicas were 
measured, as shown in Additional file 1: Table S3. Based 
on these data, the firing-temperature dependence of 
C* for replicas is shown in Fig.  9b. Each plot was fitted 
using the least-squares method. The value of 0.92 for the 
coefficient of determination R2 indicated a strong cor-
relation. From the calibration curve, with the increase 
of firing temperature, C* value increased firstly and then 
decreased. Specifically, about 850  °C corresponding to 
the peak value was the glass phase formation temperature 
[6]. Based on the thermal expansion curve of the replicas 
fired at 600  °C (Fig. 9c), the glass phase formation tem-
perature was 835  °C. Before the appearance of the glass 
phase, iron-containing minerals played a significant role 
in coloring. After the glass phase formation temperature, 
iron-containing minerals gradually dissolved in the glass 
phase, and iron ions in the glass phase and high purity 
iron crystallization in the body rose the vital function 
of coloring. It can also be seen from Fig. 9c that the net 
shrinkage temperature (the inflection point temperature) 
of the thermal expansion curve does not correspond to 
the original firing temperature for pottery whose fir-
ing temperature is lower than the glass phase formation 
temperature. The inflection point temperatures of the 

thermal expansion curve corresponding to the sample 
under different heating rates cannot be determined the 
original firing temperature (Additional file 1: Fig. S2). In 
addition, the C* at 27.12, 21.33, and 29.88 for TMS-07, 
TMS-08, and TMS-09 corresponded to a firing tempera-
ture of 773.5, 594.8, and 858.6  °C according to the cali-
bration curve, which was consistent with XRD results. 
Furthermore, the color saturation values of thirty-two 
plain pottery fragments were substituted into the fitted 
C* − T correlation curve, their firing temperatures were 
thus deduced, as shown in Table 4. Because the error of 
estimated firing temperature based on the fitted C*−T 
correlation curves is large, the T values are rounded to 
the tens place. Therefore, the firing temperature of the 
ancient plain pottery could be estimated from the change 
in C*.

It is worth noting that one color saturation C* corre-
sponds to two firing temperatures at the same time in 
the C* − T correlation curve. However, the firing period 
of pottery can be roughly judged according to the epi-
taph in the unearthed tombs. At the same time, there is 
also a basic judgment on whether the pottery belongs to 
low-temperature or high-temperature pottery according 
to the appearance and surface hardness of the unearthed 

Fig. 9 Photos (a) and firing-temperature dependence of C* of replicas at different firing temperatures (b) and thermal expansion curves of replicas 
fired at 600 °C (c)
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pottery, so as to determine the firing temperature of 
pottery.

In addition, in order to verify the correlation and reli-
ability of C* − T, the loess near the eastern mausoleum of 
Qin Dynasty in Shaanxi Province was selected as the raw 
material, and pressed into cake-like bodies of φ 20 mm. 
The green bodies were fired at 600, 650, 700, 750, 800, 
850, 900, 950, 1000, 1050, and 1100 °C under an oxidiz-
ing atmosphere. The color saturation C* values of the 
samples were measured successively, and the results are 
shown in Additional file  1: Table  S3. Similar to Fig.  9b, 
the measured data were fitted with the least square 
method to obtain the C* − T correlation curve (Addi-
tional file 1: Fig. S3). It can be seen that the variation rule 
is consistent with the results obtained from the loess of 
Yaozhou kiln site, which further verifies the reliability 
of the determination of the firing temperature for plain 
pottery by the color measurement. The standard devia-
tion and error of the estimated firing temperatures of the 
samples fired by the loess from Yaozhou kiln site and the 
eastern mausoleum of Qin Dynasty in Shaanxi Province 
are shown in Additional file 1: Table S4 and S5. It is found 
that the error of the firing temperature estimated by the 
color measurement is small, which indicates that this is 
an ideal method to measure the firing temperature of 
pottery, especially low-temperature  plain pottery.

Conclusions
Herein, for the plain pottery fragments excavated from 
the Tang Dynasty tomb of Liu Jing, the difference in C* 
was not caused by the  Fe2O3 and  TiO2 contents, humic 
acids in clay and the firing atmosphere, but was closely 
related to the firing temperature. The XRD, hyster-
esis loop, and Raman results showed that the plain pot-
tery fragments contained a large amount of quartz and 

feldspar crystals, as well as a small amount of mica min-
eral, magnetite, and hematite crystals. In order to study 
the intrinsic relationship between color and firing tem-
perature, the plain pottery replicas were prepared by the 
loess from Yaozhou kiln site and the eastern mausoleum 
of Qin Dynasty in Shaanxi Province. The correlation 
between color saturation C* and firing temperature T was 
established. The ancient firing temperatures of TMS-07, 
TMS-08, and TMS-09 were deduced by the fitted C* − T 
correlation curve, and the results were in agreement with 
XRD, optical micrographs, and mercury intrusion data. 
In addition, the color saturation values of thirty-two plain 
pottery fragments were also measured and substituted 
into the fitted C*–T correlation curve, their firing tem-
peratures were thus deduced. The correlation between C* 
and T can be explained as follows: The inflection point 
of the fitted C* − T curve corresponded to the glass phase 
formation temperature, and the coloring mechanism is 
different before and after the inflection point. Before the 
appearance of the glass phase, iron-containing minerals 
played a vital role in coloring, and after the glass phase 
formation temperature, iron-containing minerals gradu-
ally dissolved in the glass phase, and iron ions in the glass 
phase and high-purity iron crystallization in the body 
rose the vital function of coloring. It is demonstrated that 
the color measurement is an ideal method for deducing 
the firing temperatures of ancient plain pottery by com-
paring the estimated firing temperatures obtained by the 
fitted C*–T correlation curve with the known firing tem-
perature of replicas. It would eliminate the hassle of sam-
ple preparation and estimation of the firing temperatures 
with the nondestructive style. This method could be use-
ful for both archaeology and cultural relics conservation 
science.

Table 4 The firing temperature determination of thirty-two plain pottery fragments by the color measurement

Sample TY-01 TY-02 TY-03 TY-04 TY-05 TY-06 TY-07 TY-08

C* 29.22 28.05 22.27 30.17 22.74 26.80 28.25 21.22

T (℃) 840 800 620 870 640 760 810 590

Sample TY-09 TMT-01 TMT-02 TMT-03 TMT-04 TMT-05 TMT-06 TMT-07

C* 25.69 26.82 31.68 24.56 23.13 25.79 24.04 30.90

T (℃) 730 760 910 690 650 730 680 890

Sample TMT-08 TMT-09 TMT-10 TMT-11 TMT-12 TMS-01 TMS-02 TMS-03

C* 25.20 29.32 33.41 28.69 28.10 29.62 29.99 23.89

T (℃) 710 840 970 820 800 850 860 670

Sample TMS-04 TMS-05 TMS-06 TMS-07 TMS-08 TMS-9 TMS-10 TMS-11

C* 31.21 28.20 29.90 27.12 21.33 29.88 31.04 29.44

T (℃) 900 810 860 770 590 860 890 850
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