GEOCHRONOMETRIA 40(4) 2013: 317-321
DOI 10.2478/s13386-013-0122-9

/
VERSITA

Available online at
www.springerlink.com

FIRING TEMPERATURE OF A CLAY CORE SAMPLE IN A BRONZE
TRIPOD FROM DAXINZHUANG SITE IN CHINA USING TL TECHNIQUES

YOUJIN WU', ZHENGYAO JIN"?, ANCHUAN FAN' and HUI FANG’
'"USTC Archaeometry Laboratory, University of Science and Technology of China, 96 Jinzhai Road, Hefei, Anhui 230026, PR China
°National Laboratory for Physical Sciences at Microscale, University of Science and Technology of China,
96 Jinzhai Road, Hefei, Anhui 230026, PR China
*The School of History and Culture, Shandong University, Jinan, Shandong 250100, PR China

Received 30 January 2013

Accepted 1 July 2013

Abstract: In this paper, we studied the thermal history of a clay core sample from one leg of a bronze
tripod unearthed at Daxinzhuang Site, Shandong, China. The properties of the luminescence signals
of quartz depend on the maximum temperature at which the quartz was annealed in the past. We ex-
amined the feasibility of measuring the thermoluminescence (TL) sensitivity change of quartz for ex-
ploring the firing temperature of archaeological materials. The sensitization factor of the 110°C TL
peak (S,/S) and the ratio of the 210°C TL peak to the 110°C TL peak at different annealing tempera-
tures were utilized to unveil the firing temperature in the clay core sample. The firing temperature of
the clay core sample was approximately 700°C-800°C, proving the clay core has been fired. This re-
sult proved that the clay core has been fired by human agencies and indicated on the temperature of
the clay core in drying and firing given by the foundry workers before the actual casting step.
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1. INTRODUCTION

Thermal treatment has a profound influence on the
luminescence properties of quartz. There are large differ-
ences in the sensitivity of the 110°C TL glow peak signal
and the optically stimulated luminescence (OSL) signal
between unheated and heated quartz (Aitken and Smith,
1988; Better-Jensen and Duller, 1992). The sensitivity
change experienced by a sample since antiquity is primar-
ily governed by the thermal treatment during manufactur-
ing or thereafter during its lifetime (Roque et al., 2004).
For excavated bronzes, the firing temperature of ceramic
cores or moulds before the casting processes can provide
a basis for understanding the ancient casting technique.
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Attempts have been made to estimate the firing tem-
peratures of quartz (Sunta and David, 1982; Watson and
Aitken, 1985; Koul ef al., 1996; Lahaye et al., 2006) and
flint (Melcher and Zimmerman, 1977; Goksu et al., 1989;
Godfrey-Smith and Iiani, 2004) based on the changes of
thermoluminescence (TL) sensitivity. In recent years,
studies focused on the possibility of monitoring the sensi-
tivity changes for both the TL and the OSL signals of
quartz to determine the firing temperature (Polymeris et
al., 2007; Koul and Chougaonkar, 2011; Jin ef al., 2012).
Polymeris et al. (2007) suggested that techniques based
on both TL and OSL signals would provide an assess-
ment of the firing temperatures. The TL glow curves
showed different shapes for the annealing temperature
above the firing temperature, particularly the 210°C TL
peak. Using the sensitivity of 210°C TL glow peak and
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sensitization characteristics of 110°C TL peak and OSL,
Jin et al. (2012) studied the firing temperature of archaeo-
logical sand. Their results suggested that a combination
of luminescence sensitivity, sensitization factor and TL
glow curve can provide a new method for unveiling firing
temperatures of archaeological ceramics. They have suc-
cessfully used the natural quartz of industrial interest
presenting a high degree of purity (99.8% of SiO,, ac-
cording to Sinopharm Chemical Reagent industry data) as
a standard sample (hereinafter referred to as ‘SQ’ sample)
to determine the firing temperature of quartz sand from
archaeological materials.

The present work investigates the sensitization char-
acteristics of the 110°C TL peak and TL glow curve of
the samples heated at different temperatures to estimate
the firing temperature of the clay core sample in a bronze
tripod from the Daxinzhuang Site.

2. SITE AND SAMPLES

The Daxinzhuang site is in the southeast of Dax-
inzhuang Village, Wangsheren Town, Licheng District of
Jinan City, Shandong Province. To the south of the site is
the piedmont of the Tai-Yi mountain, and Xiaoqinghe is
less than 3 km to the north of the site (Fig. 1). The Dax-
inzhuang site is one of the most important Shang settle-
ments in eastern China (report from the Centre for East
Asian Archaeology Studies of Shandong University,
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Fig. 1. The location of Daxinzhuang site which located in the south of
Xiaoginghe and in the north of the Tai-Yi mountain.

2008). The rapid emergence of this town provided the
first indication of a Shang population intrusion into the
coastal region of Shandong. The discoveries of the Shang
oracle bone inscriptions outside of the Late Shang capital
Anyang and the early Shang bronzes add some rare mate-
rial for historical and sociological research during the
Shang period. In this study, a clay core sample in one
bronze tripod which had not been removed by human
agencies (Fig. 2) from the Daxinzhuang Site was investi-
gated (report from Department of Archaeology, Shan-
dong University and Shandong Provincial Institute of
Cultural Relics and Archaeology, 2010). According to the
stylistic characterics of the bronze tripod, the age of the
clay core sample may be from a period of 770-256 BC
The archaeological quartz sample (hereinafter referred to
as ‘AQ’ sample) was extracted from the clay which be
sampled from the centre of the clay core.

3. EXPERIMENTAL DETAILS

Sample preparation was carried out under subdued red
light in the Archaeometry Laboratory, University of Sci-
ence and Technology, China. The quartz sample (AQ)
was processed using conventional sample preparation
techniques (sieving, HCI, H,O,, HF etching and re-
sieving) to obtain 90-150 um quartz grains (Jin et al.
2012). The purity of the quartz extracts was confirmed by
infrared-testing (the ratio of the infrared stimulated lumi-
nescence (IRSL) to the blue light stimulated lumines-
cence (BLSL) ratios is less than 1%).

The AQ and SQ samples were thermally annealed in
an electric oven at various temperatures using a linear
heating rate of 5°C/s for two hours followed by a slow
cooling down to room temperature (cooling rate: less than
2°C/min). The SQ sample was annealed to temperatures
of 300°C, 400°C, 500°C, 530°C, 550°C, 580°C, 600°C,
630°C, 650°C, 680°C, 700°C, 730°C, 750°C, 780°C,

The sampling position
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Fig. 2. The clay core sample in a bronze tripod (04JDM4:10) from
Daxinzhuang Site, Shandong, China. The bronze tripod line graph is
not the artifacts unearthed in Daxinzhuang Site but is only used to refer
to the bronze artifact's type. The archaeological quartz grains were
extracted from the clay sampled from the centre of the clay core.
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800°C, 830°C, 850°C, 880°C, 900°C in order to set a
standard reference. The AQ sample was annealed to
temperatures of 500°C, 600°C, 700°C, 800°C and 900°C.

All luminescence measurements were carried out with
an automated Risg TL/OSL-DA-20 system (Botter-
Jensen et al., 2003), equipped with 28 blue LEDs
(47020 nm) operating at 80% power (~40 mW cm?). Tt
contains an attached *°Sr/*’Y beta source with a dose rate
of 0.1636 Gy/s on quartz grains on stainless discs. The
filters are 7.5 mm thick U-340 filters. Six aliquots for
each annealing temperature were measured.

In the 110°C TL measurement experiment, each ali-
quot was heated up to 260°C after a given beta dose of
4.81 Gy. The aliquot was then bleached and heated to
500°C to eliminate signals. Such procedures were repeat-
ed two times for each aliquot. The sensitivity S;, which is
based on the 110°C TL peak, was recorded in the pre-
heating procedure. The first measurement without the
500°C annealing in the equipment yielded S;. The proce-
dure as follows:

1) Administer a test dose of 4.81 Gy;

2) Heat to 260°C at 5°C/s and record the intensity of
110°C TL peak (S));

Bleach by Blue-LED at 125°C for 40 s;

Heat to 500°C to eliminate signals;

Repeat steps 1 to 4 to record the intensity of 110°C
TL peak (8S,).

Another group of aliquots of the AQ sample were
used to study the behavior of the TL signal after anneal-
ing at various temperatures. The TL glow curves were
recorded up to 500°C using a heating rate of 5°C/s. The
given beta dose was 48.1 Gy. The ratio of the TL peak
heights of 210°C to that of the 110°C (S;10°¢/S110°c) of the
AQ samples was obtained after annealing to 500°C,
600°C, 700°C, 800°C and 900°C. The procedure as fol-
lows:

1) Administer a test dose of 48.1 Gy;

2) Heat to 500°C at 5°C/s to record the TL glow curves;
3) Repeat steps 1 and 2 to record the TL glow curves
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4. RESULTS AND DISCUSSIONS

Variation in the sensitization factor (S,/S;) of 110°C
TL peak

The sensitivity of the 110°C TL peak shows a signifi-
cant difference between the clay core samples and stand-
ard quartz. It is consistent with the difference between
heated archaeological samples and unheated quartz re-
ported by other authors (Aitken and Smith, 1988; Baetter-
Jensen and Duller, 1992). We infer that the clay core
sample was heated in the past for casting. The sensitiza-
tion factor (S,/S;) is the ratio of the 110°C TL peak inten-
sities annealed between the second and first TL glow
curves to 500°C. The variation of the sensitization factor
(S,/S;) of the 110°C TL peak of the SQ samples was
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reported (Jin et al., 2012). Comparing S,/S; ratios of the
AQ sample with the SQ sample suggests that the factor of
the AQ sample correspond to three firing ranges of the
SQ sample (Fig. 3), i.e. 500-600°C, 700-800°C and
above 850°C. Based on those results, we selected the
annealing temperatures of 500°C, 600°C, 700°C, 800°C
and 900°C to study the pattern of the TL signal of the AQ
samples.

Variation of the pattern of the TL signal

In order to unveil the firing temperature of the clay core
sample in the past, the changes of the 210°C TL peak of
the AQ samples annealed at 500°C, 600°C, 700°C, 800°C
and 900°C after the OSL bleaching were investigated. As
can be seen in Fig. 4, the TL glow curves of the AQ sam-
ples annealed at 500°C, 600°C, 700°C exhibit no signifi-
cant changes. The TL glow curves attain a different shape
when the AQ samples were annealed at 800°C and 900°C.
The 210°C TL peak of the AQ samples annealed at 800°C
and 900°C increase distinctly.

To explore this further, we compared the ratio of the
210°C TL peak to the 110°C TL peak. The normalized
ratio of the 210°C TL peak height to the 110°C TL peak
height (Sz100c/St100c) for the AQ samples versus the an-
nealing temperature is presented in Fig. 5. The ratio of
S10°¢/S110°c Temained stable for annealing temperatures
up to 700°C, but the ratio (S;jooc/St10oc) increases abrupt-
ly when the annealing temperature exceeds 800°C. An-
nealing at the temperature of 800°C enhances the ratio by
a factor 14. The equivalent firing temperature range for
the AQ samples from the clay core is estimated to be at
around 700°C less than 800°C.
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Fig. 3. Curves for the variation in the sensitization factor (S2/S1) of the
110°C TL peak for the SQ samples annealed at different temperatures
and the ambient temperature of AQ samples with a beta dose of
4.81 Gy. The graph shows the ratio of the 110°C TL peak between the
second and first TL glow curves to a maximum temperature of 500°C.
For the unheated AQ samples, six aliquots were used.
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Fig. 4. The TL glow curves of the AQ samples annealed at different
temperatures. Glow curves were obtained for various annealing tem-
peratures with heating to a maximum temperature of 500°C using a
linear heating rate of 5°C/s and normalized to the intensity of 110°C
TL peak. Inserted plot shows the TL glow curves of the AQ samples
annealed at different temperatures from 100°C to 400°C.

5. CONCLUSION

The sensitization characteristics of the 110°C TL peak
and the pattern of the TL signal change as a function of
the annealing temperature. The TL signal suggests that
the clay core sample had been heated in the past. The
equivalent firing temperature range is 700-800°C. This
result proved that the clay core has been fired by human
agencies and indicated on the temperature of the clay core
in drying and firing given by the foundry workers before
the actual casting step.

It is possible that a combination of the sensitization
factor of the 110°C TL peak (S,/S;) and the pattern of the
TL signal may be applied as a new method for firing
temperature estimation. The variation in the sensitization
factor of the 110°C TL peak (S,/S;) could indicate the
range of the firing temperature. The behavior of the entire
TL glow curve could provide more information in deter-
mining the firing temperature.
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Fig. 5. A plot of the normalized ratio of the 210°C TL peak height to the
110°C TL peak height (Sz10°c /S110°c) against the annealing tempera-
ture on quartz grains separated from the clay core (AQ) sample. The
ratio of Sa210°c /St110°c is normalized to the ambient temperature of the

AQ sample.
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