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Abstract

Nakhon Kalong, located in Ban Khon Sawan, Khon Sawan District, Chaiyaphum Province,
Northeastern Thailand, is an archaeological site associated with the Dvaravati period (12"-16%
Buddhist centuries). The site features distinctive characteristics of Dvaravati culture, including
a moated settlement, earthen ramparts, laterite structures, sandstone sema markers (bai sema), and
a large sandstone Buddha image. The bricks used in construction at the site were subjected to
a heating process prior to use, which makes them suitable for luminescence dating. In this study,
brick samples obtained as rubble from excavation sites in Ban Khon Sawan were analyzed to
determine their age. The accumulated dose was measured using Optically Stimulated Luminescence
(OSL) dating, while the annual dose was determined by Laser Ablation-Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS). The annual dose was measured at 2.80+0.67 mGy per year, and
the accumulated dose was found to be 2.92+0.24 Gy. These values yield an estimated luminescence
age of 1,042+263 years. The dating results are consistent with historical records, confirming
the occupation of Nakhon Kalong during the Dvaravati period.
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Introduction

Nakhon Kalong in Ban Khon Sawan is located at
15°55'54"N and 102°16’52"E, 300 m above sea
level, in Khon Sawan district, Chaiyaphum
province, Northeastern Thailand. Ban Khon Sawan
or Nakhon Kalong has been an ancient city since its
origin. When Phraya Khunhan discovered the city,
he found that the area was fertile and had a variety
of plants and fruits. Crows flew in to find food in the
fertile area and forgot to return to their nests. Hence,
the name of the town “Nakhon Kalong”.

The Ban Khon Sawan community, or Nakhon
Kalong town, was a large ancient settlement with
evidence and traces of people living there since
the Dvaravati period, between the 12" and 16%
Buddhist centuries (Wakadoun, 2024). Archaeological
finds include traces of ditches and ramparts, pottery
and Sema stones, or bai sema, Buddhist boundary
markers that were once used to demarcate the sacred
area of places of worship. Sema stones, found in
large quantities, testify to the prosperity of
the community and especially to the prominence of
Buddhism. The most important feature of the Sema
stones of Ban Khon Sawan is that they are made of
sandstone. They are stone slabs carved with patterns
and decorated with images of Jataka scenes
narrating the life of the Buddha, executed with
considerable artistic skill.

There were also fragments of coarse pottery
that had been fired at low temperatures. Most of
them had a smooth surface, some were decorated
with rope patterns or carved and painted.
In addition, five standing ancient Buddha images
from the Dvaravati period were found, carved from
red sandstone and so damaged that only the bodies
remained. The villagers have restored the heads and
some parts of the bodies, with the exception of
a large statue about 3 m high. It is in perfect
condition but not yet fully carved. Many people in
Chaiyaphum province worship it and call it “Luang
Por Yai” or “Phra Yai Dvaravati”. It is assumed that
the Buddha image was erected when the Khmer
were in power in the nearby region. The ancient
Buddha image in Ban Khon Sawan was usually
inspired by Indian art, as can be seen from the clean
robe without wrinkles, the round face, connected
eyebrows in the shape of a bracket, flat nose, thick
parted lips, straight stance, and often the posture of
a sermon with both hands. These forms were
presented only in the Dvaravati style (Murphy,
2010). This statue is highly revered by the people of
Chaiyaphum Province.

After the end of the Dvaravati culture, the Ban
Khon Sawan area continued to be inhabited during
the Khmer period, between the 16" and 18"

Buddhist centuries. During investigations, parts of
pillars, door frames, and other architectural
components arranged in the Sema building were
found, as well as strong brown glazed clay vessels
(Khmer jars). However, absolute dating had not yet
been applied in this area.

There are various absolute dating techniques
that provide accurate dates for sediments, soil,
pottery, ceramics and burnt flint, e.g. radiocarbon
dating, electron spin resonance (ESR) dating and
luminescence dating.

Radiocarbon dating, or *C dating, is a scientific
method that can accurately determine the age of
organic material up to about 60,000 years (Margariti
et al.,, 2023). This method can be applied to
materials such as wood, charcoal, bones, shells,
peat, ivory, seeds, grains, and charred food remains.
However, the half-life of 1“C is relatively short, so it
cannot be used to date samples older than 50,000
years, nor is it suitable for inorganic materials.

Electron spin resonance (ESR) dating is
a technique that can date materials based on
the accumulation of electrons and holes in their
crystal lattice (Moreno et al., 2017). This method
can be applied to materials that are hundreds of
thousands of years old, beyond the range of
radiocarbon dating. However, ESR dating is not
always reliable, and its accuracy depends on several
factors, such as environmental influences, heating
events, and uranium enrichment.

Luminescence dating refers to a group of
methods in which trapped charges are used to
determine the age of crystalline materials since their
last exposure to sufficient heat or sunlight (Wallinga
et al., 2002). This method can date sediments that
are as young as a few years to over a million years
old (Murray and Olley, 2002). It has been applied to
feldspars in the ceramic industry, prehistoric
ceramics (Tatumi et al., 1998; Pacompia et al.,
2023), pottery (EI-Fiki et al., 1994; Zarie et al.,
2001; Bonsall et al., 2002; Wang, 2009; Janz et al.,
2015; Chuenpee et al., 2021; Elghareb, 2021,
Carstea (Elekes) et al., 2024; Wei et al., 2024), the
deposition of sediments, (Hossain, 2003; Spencer
and Owen, 2004; Punpate et al., 2005; Thamo-
Bozso et al., 2007; Harriét, 2008; Rhodes, 2011;
Kim et al., 2012; Cano et al., 2020; Mahan et al.,
2023; Peng et al., 2023; Sanjurjo-Sanchez et al.,
2024) brick (Puttagan et al., 2019; Pailoplee et al.,
2025) unheated flint (Ageby et al., 2024a; 2024b) or
archeological material. The main minerals used are
quartz or feldspar (Aitken, 1970: 1998). Trapped
charge accumulates in minerals over time as energy
is absorbed from ionizing radiation such as 23U,
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232Th, 40K and cosmic rays. When light releases the
trapped charge, the resulting signal is referred to as
optically stimulated luminescence (OSL), whereas
when heat serves as the agent, it is known as
thermoluminescence (TL).

The time elapsed since the last daylight
exposure or heating or luminescence age is
calculated by dividing the accumulated dose (AD)
by the annual dose (D). The accumulated dose is the
total amount of absorbed energy per mass (1 J kg*
= 1 Gy (gray)) of mineral due to natural radiation
since zeroing, measured by comparing natural
luminescence signals with those induced through
artificial irradiation (Preusser et al., 2008). The
annual dose is a measure of the absorbed dose per
time unit, determined by analyzing concentrations
of the major radionuclides (23U, 2%2Th, 4°K) in the
sample material using methods such as gamma
spectrometry, neutron activation analysis (NAA),
inductively coupled plasma mass spectrometry
(ICP-MS).

In the present study, bricks from the
archaeological site of Ban Khon Sawan were
analyzed using Optically Stimulated Luminescence
(OSL) dating. The luminescence ages obtained
through this techniqgue were compared with
historical records, confirming the construction
period of the bricks.

Materials and Methods

Sample Collection

The samples, consisting of sediments with
brick rubble, were collected from the Ban Khon
Sawan excavation site, Khon Sawan District,
Chaiyaphum Province. Figure 1 presents the site:
(a) a map of Thailand with Chaiyaphum Province
marked, (b) the Khon Sawan District, including
the town plan, and (c) the moat and earthen rampart.

To prevent light exposure, both brick and
sediment samples were carefully collected. Table 1
details the sample names and information, while
Figure 2 provides sample photographs.

Preparation of Samples

The samples, consisting of sediment
containing brick rubble from each site, were divided
into two parts. The first part was prepared under
subdued red light for the determination of the
accumulated dose (AD), while the second part was
prepared under ambient light for the determination
of the internal annual dose (Din).

In the preparation of the first part, the brick
rubble was meticulously scraped to remove
approximately 1-2 mm of its surface layer. This step
aimed to eliminate potential light contamination and

environmental impurities.  Subsequently, the
samples were crushed using a hammer and chisel,
followed by careful grinding with an iron mortar.
The resulting grains were then sieved to obtain a size
range of 90-150 um (Vichaidid and Danworaphong,
2021). At this stage, the samples were further
divided into two grain size fractions: fine grain
(1-90 pum) and coarse grain (90-150 pm).

(a)

Chaiyaphum
Province

Figure1l. (a) Map of Thailand with Chaiyaphum
Province marked (red star). (b) Ban Khon
Sawan archaeological site and (c) Close-up
of Ban Khon Sawan

Figure 2. Brick sample. ASSC1

Table 1. Sample codes and descriptions

Sample code Sample feature
ASC1 Brick rubble at 40-60 cm depth.
SD1 Surrounding sediments near ASSC1.
ASC2 Brick rubble at 60-80 cm depth.
SD2 Surrounding sediments near ASSC2.

The coarse grains were subjected to etching in
15% hydrochloric acid (HCI) for 15 min to remove
carbonates, followed by thorough washing with
distilled water. The samples were then etched in
45% hydrofluoric acid (HF) for 40 min to eliminate
feldspar and remove a thin surface layer of the
grains. After HF etching, the samples were soaked
in water and etched again in 15% HCI for 15 min to
eliminate fluorides formed during the HF treatment.
The samples were subsequently rinsed with distilled
water and dried at 40°C for 24 h.
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Once dried, the cleaned samples were
immersed in Sodium Polytungstate (SPT) and
centrifuged at 2,000 rpm for 1 h to separate quartz
grains from heavy minerals (Tudela et al., 2012).
The purified quartz grains were then rinsed with
distilled water and acetone, sequentially, before
being stored in opaque plastic containers for
accumulated dose measurement.

For the OSL measurement, stainless steel discs
provided by Freiberg Instruments were coated with
a thin layer of silicone (2 mm). Quartz grains were
evenly sprinkled onto the discs, and any non-
adhering grains were removed by gently tapping the
discs.

Accumulated dose Calculation

The accumulated dose was determined using
the Lexyg Research TL/OSL Reader (Richter et al.,
2013), which is equipped with a **Sr/*°Y beta source
with a dose rate of 0.06 Gy/s and a 525 nm green
LED, at the Amata Siam Science Center in
Bangkok, Thailand. The OSL measurement was
conducted using a modified version of the single
aliquot regenerative dose (SAR) protocol (Murray
and Wintle, 2003). In this study, preheating at
200°C/125°C was selected for accumulated dose
determination, and eight aliquots were measured for
each sample. The SAR protocol used for
accumulated dose determination is detailed in
Table 2.

Annual dose Calculation

Fine-grain samples were used to determine
the concentration of natural radioisotopes, specifically
238, 22Th, and “°K, using laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS)
(Thermo Fisher Scientific Inc., USA). These
concentrations facilitate the calculation of the
internal annual dose (Din).

To estimate the external annual dose (Dex),
the surrounding sediment was lightly ground using
a mortar, and the grains were sieved with a 90 um
mesh to obtain a particle size range of 0-90 pm.
LA-ICP-MS was employed for this measurement.

The total annual dose (D) consists of three
components: the internal annual dose (Din), the
external annual dose (Dex), and the cosmic ray dose
(D¢). Din originates from radiation emitted by 28U,
232Th, and *°K within the brick, while Dex results
from radiation emitted by the surrounding sediment.
These contributions were evaluated by measuring
the concentrations of radioactive elements, whose
decay products emit alpha (a), beta (), and gamma
(y) radiation.

D. was also included in the total annual dose.
Its intensity is influenced by the geographical
coordinates and elevation of the sampling site, with

attenuation due to sample depth. The cosmic dose
rate was derived based on location and elevation and
remained consistent across all sampling sites, with
minimal variation.

The annual dose can be determined using
the following equation:

D = Din + Dex + D¢ (1)

The age was determined using the following
equation:

_ AD(GY)

Ages
D(Gyly) @)

Results and Discussion

The concentrations of those radioactive elements
were then used to estimate Di, and Dex based on the
online Dose Rate and Age Calculator (DRAC)
(Durcan et al., 2015) using the conversion factors
from Adamiec and Aitken (1998) grain size
attenuation factors respectively from Bell (1979).
The results of the concentration of 2%¥U, 232Th
and “°K in the samples are shown in Table 3.

Table 2. SAR protocol used for accumulate dose
determination

Operation
Give dose (N, R1, R2, R3 (repeat))
Preheat at 200°C (5°C/s) for 50 s
OSL measurement, Ly
Test dose
Cutheat at 125°C (5°C/s) for 50 s
IRSL measurement, only last cycle
OSL measurement, Ty
Returntorun 1

Ry
O~NOOUAWN RS
=

Table 3. Concentration of U, Th and K in the samples
used to calculate the annual dose (D) of the

samples.
Sample Concentration
code 28y 22Th VK
(ppm) (ppm) (%)
ASC1 4.71+0.05 7.58+0.39 2.19+0.03
SD1 6.32+0.08 12.74+0.65 3.62+0.02
ASC2 3.84+0.04 8.15+0.51 2.41+0.06
SD2 4.59+0.07 14.62+0.74 5.34+0.09

The OSL decay curve describes the reduction
in luminescence intensity over time when a sample
is optically stimulated after radiation exposure.
The initial intensity reflects the number of trapped
charge carriers, directly correlating with the
absorbed dose. Higher doses yield stronger initial
signals before fading to the background level.
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Figure 3 illustrates this relationship in
the ASSC1 sample, where the natural dose shows
the lowest initial intensity, increasing with
additional doses of 1.65 Gy, 2.7 Gy, and 4.5 Gy.
This confirms the direct correlation between dose
and luminescence intensity.

In contrast, the OSL growth curve represents
luminescence intensity as a function of radiation
dose. At low doses, this relationship is typically
linear, but saturation may occur at higher doses as
trapping sites fill up.

Figure 4 illustrates this trend by showing
the OSL growth curve of the ASSC1 sample, where
luminescence intensity increases linearly with dose.
By comparing the natural OSL signal with this
curve, the accumulated dose can be determined. The
intersection of the natural signal with the growth
curve provides an estimate of the total absorbed
radiation dose before laboratory irradiation.

The age of all samples was determined by
dividing the accumulated dose (AD) by the annual
dose (D). Table 3 presents the results for AD, D,
and the calculated OSL ages, which fall within
the estimated range of the brick rubble at 1,042+53
years. The obtained OSL ages align with estimates
derived from the online dose rate and age calculator
for quartz using standard conversion factors.
Furthermore, the luminescence dating results are
consistent with the historical records of Nakhon
Kalong, which was established during the Dvaravati
period.

Conclusions

In this study, the OSL-SAR method was used to date
brick rubble-containing sediments from the
excavation site at Nakhon Kalong in Ban Khon
Sawan, Khon Sawan District, Chaiyaphum Province,
northeastern Thailand. This site is a significant
ancient settlement with evidence of continuous
habitation dating back to the Dvaravati period (12"-
16" Buddhist centuries).

The annual dose was estimated based on the
concentrations of uranium (U), thorium (Th), and
potassium (K). The resulting OSL age of the brick
rubble was 1,042+2 63 years, aligning with historical
records of Nakhon Kalong’s establishment during the
Dvaravati period. These results confirm the reliability
of luminescence dating for determining the age of
heated materials such as brick rubble, pottery,
sediments, volcanic tephra, and colluvial wedges.

However, external factors such as post-
depositional processes, water content variations, and
radiation flux changes may affect luminescence
signals and should be carefully considered for
accurate age estimation.

Natural

1.65 Gy

2.7 Gy

45 Gy

OSL Intensity (count/sec)

0 10 20 30 40
Exposure Time (s)

Figure 3. OSL intensity decay over time for the
ASSC1 sample under different radiation

doses (Gy)
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Figure 4. OSL growth curve for the ASSC1 sample
as a function of additive dose, with the
accumulated dose (AD) determined from
the curve
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