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Abstract

The Lanna group is a traditional ceramic production style from Southeast Asia, with several kiln sites found distributed all
over present northern Thailand. However, its origin and development are considered controversial and chronological con-
straints are scarce. Applied here are radiocarbon dating to charcoal remains and luminescence dating to ceramics, kiln wall
material, and fluvial sediments from the Ban Bo Suak archaeological site near Nan, northern Thailand. The site has been
suspected to have been abandoned due to destruction by a flood. Unexpectedly, the ceramic samples lack proper thermolu-
minescence signal properties and only two samples could be dated using optically stimulated luminescence (OSL). These
ages in combination with published radiocarbon ages point towards a ceramic production around AD 1700. The kiln wall
material and fluvial sediments reveal evidence for partial resetting of the OSL signal, which is unexpected for heated mate-
rial. Supported by some radiocarbon ages, the OSL ages imply a temporal connection between the last use of the kilns and
the flood deposits, during the fifteenth century AD. Besides general methodological considerations, the data reported here
indicates that while a flood apparently dismantled several kiln sites, this did not stop the production of Lanna style ceramics

in the region.
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Introduction

Developments in the characteristics of ceramic stoneware
technology in Southeast Asia deliver valuable perspectives
with regard to the prehistoric evolution (Reynolds, 1992;
Higham and Rispoli 2014; Sarjeant 2014) as well as to the
deciphering of social, political, and economic changes dur-
ing the historical period (Grave 1995; Grave et al. 2000; Low
2004). A critical point is the accurate dating of ceramic tech-
nologies using chronometric dating techniques. An alarming
example in this context is the radiocarbon dating of charcoal
found in a soil layer associated with a stoneware assem-
blage at Spirit Cave, northern Thailand, that was originally
interpreted to reflect an early cultural development during
the transition from hunter-gatherer to farming communities
around 5500 BC (Gorman 1970; Higham 1989). It was later
shown by the radiocarbon dating of organic resin attached
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to the ceramics that the pottery is actually much younger
(Lampert et al. 2003). This highlights the need to carefully
consider if a radiocarbon age does in fact reflect the age of
the event, i.e., the time of manufacture or the last use (cf.
Casanova et al. 2020). The general problem is that older
or younger organic matter can be added into the archaeo-
logical context through sediment reworking by bioturbation
(e.g. Zuo et al. 2016), for example by roots or insects, and
anthropogenic activities such as resettlement and deforesta-
tion (e.g. Lechterbeck et al. 2014).

Due to the problems discussed above and the fact
that material suitable for radiocarbon dating has a poor
preservation potential under tropical climate conditions
(Storm et al. 2013), different luminescence techniques
represent alternative approaches in the context of dat-
ing archaeological finds (cf. Liritzis et al. 2013). Ini-
tially, thermoluminescence (TL) was proposed for the
dating of pottery (Aitken et al. 1964) and the methodol-
ogy was later adopted for the dating of heated objects
such as kilns (e.g. Aitken 1985; Zacharias et al. 2006;
Zander et al. 2019). With the advent of optically stimu-
lated luminescence (OSL) dating (Huntley et al. 1985),
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which uses a signal that is rapidly reset by daylight,
direct dating of sediments embedding archaeological
remains became feasible (cf. Roberts et al. 2015).

Both TL and OSL are based on electrons trapped at
defects within the crystal lattice of quartz and feldspar min-
erals, which act as natural dosimeters (e.g. Aitken 1985,
1998; Preusser et al. 2008). During burial, the minerals
absorb energy from ionizing radiation of the surrounding
material and with time more and more electrons are trapped
at the lattice defects. The latent TL and OSL signal growths
proportional to time and the sample specific radiation level.
The term luminescence refers to the light emitted from min-
erals during stimulation by either heat (TL) or light (OSL).
To obtain a luminescence age, two parameters have to be
determined. These are the amount of dose (radiation energy
per mass) absorbed since the event to be dated, also known
as equivalent dose (D, in the unit Gy =J kg1, and the level
of ionizing energy acting on the sample with time, known
as dose rate (Gy a’h.
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Fig. 1 A Location of the province of Nan in northern Thailand. B
Position of the wider study area in the center of the Nan region. C
Digital Elevation Model (DEM) of the Nan Valley showing the loca-
tion of individual kiln sites JMK and NTO near Ban Bo Suak village.
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The focal point of this study is located in the Nan region,
an intermountain basin in northern Thailand, situated
between the Phi Pan Nam Range in the west and the Luang
Prabang Range in the east (Fig. 1). The central part of Nan is
characterised by the meandering river course and the associ-
ated floodplain of the Nan River, which fostered the growth
of local communities. During historic times, Nan was ini-
tially an independent kingdom that was established in the
thirteenth century AD to govern multi-ethic groups, espe-
cially the highland tribes (Cheewinsiriwat 2013). The king-
dom was forced to join the Lanna Kingdom in the fourteenth
century and later the Siamese Kingdom (modern Thailand)
in the seventeenth century AD. According to the distribution
of archaeological sites, the Nan region shares similarities
with other northern Thai ancient cities, and is characterised
by a linear settlement pattern along rivers, as these acted
as transportation lines and ensured constant water supply
(Boomgaard 2007; Ng et al. 2015). However, due to their
location along the river courses, Nan settlements have been
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The area within which Nan city was relocated several times is indi-
cated, as well as the position of important archaeological sites (DEM
derived from TanDEM-X 2016 with 11 m resolution and defined pro-
jection using WGS1984 zone 47 N coordinator system)
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at high risk from seasonal flooding that regularity occur
during the monsoon period (currently May till October). In
fact, historic records document that during the period AD
1368-1818, the main city of Nan was several times severely
destroyed by floods and had to be relocated to other parts
of the valley plain (Pharitdet 1918; Boonyai 2008; Chairat
2009). One of these flood events appears contemporary
with the period when the ceramic production site at Ban Bo
Suak village (Fig. 1C) was abolished, as the site is covered
by flood sediments. This site comprises glazed stoneware
ceramics and a well-preserved kiln complex, representing
the adaption of techniques developed in China (Hein et al.
2004). From the location and typology, it is believed that the
production was active during the period of the Lanna King-
dom (thirteenth—seventeenth century AD) and it resembles
the well-known ceramics from Si Satchanalai of Sukhothai
(Hein 2008; Praicharnjit 2011). However, the origin and
development of this site and the entire Lanna ceramic group
are considered controversial (see below).

The aim of this study is to provide additional chronologi-
cal data for the Ban Bo Suak archaeological site and, through
this, to contribute to the open scientific questions surround-
ing the Lanna ceramic group. The approach applied here is
fourfold. First, charcoal material associated with the ceram-
ics was dated using radiocarbon and the results are analysed
with regard to plausibility. Second, it was attempted to date
pottery directly using both TL and OSL. Third, the material
taken from the kiln walls by the inner side of the firebox of
three kilns was dated using OSL to determine the date of last
use. Fourth, fluvial sediments covering both kiln structures
and pits filled with pottery were dated by OSL. The fluvial
sediment was used to determine the age of the natural haz-
ard (flood) which might buried the pottery production site.
By doing so, we expect to unveil the relationship between
the flood deposits and the decline of the pottery production.
Besides the implications for the human history of the Nan
region and potentially the wider geographic context, this
study highlights in particular several aspects that call for
general caution when applying the presented methodology in
similar archaeological settings. While some of these aspects
have been reported in previous studies, some are described
here for the first time. Hence, presented here is a case study
that highlights problems and pitfalls associated with rather
well-established methods routinely used in archaeological
research.

Archaeological context

Information concerning the origin of the Lanna ceramic
group is considered controversial since available data is only
fragmentary. However, it appears that the emergence of pot-
tery production might be related to trading and the migration

of potters from southern China to the Lanna region in pre-
sent-day northern Thailand (e.g. Srisuchat 1996; Miksic
2006; Sukkham 2018). Pottery production was apparently
firstly conducted in the Sukhothai area (Fig. 1A) in the late
twelfth century AD (Rajanubhab and Crosby, 1919; Graham
1922; Le May 1933; Hein et al. 2004). This theory is sup-
ported by the observation that Lanna ceramic products share
similarities with the technology widely applied in southern
China around the tenth century AD, i.e. high-fired-glazed
stoneware and the use of the “dragon kiln” type (Stargardt
2014). It has to be noted that the ceramics produced at Lanna
and Sukhothai kiln sites are distinguished into two different
group styles based on typology, although it is believed that
the manufacture period was temporary (e.g. Shaw 1984).
Both group styles share similar techniques, for example,
wiping the glaze at the mouth rim and placing mouth-to-
mouth rim-to-rim in the kiln while firing (Thansawang-
dumrong 2005). However, each site of Lanna and Sukhothai
group styles also has their own special characteristics. The
ceramics from the Ban Bo Suak kiln complex seem simi-
lar to those from Ban Ko Noi in Sukhothai, as the same
type of kilns was used and primarily glazed stoneware was
produced. In the Ban Bo Suak kilns, mostly green glazed
wares were produced with an outstanding imprinted motif,
especially green glazed dishes with a fish imprinted motif
(Supplementary Figure 1A). The glazed ware produced at
this site is of a creamy, quite pale green. Only a few ceramics
painted with flower motifs were (Supplementary Figure 1B).
At Ban Ko Noi, brown-green glazed ceramics with a more
intense colour than at Ban Bo Suak were produced (Supple-
mentary Figure 1C). The dishes produced at Ban Bo Suak
have a quite flat rim towards the outside, whereas the dishes
from Ban Ko Noi are rounder and the rim extends inside. In
addition, a black painting pattern is typically for ceramics
from the latter (Supplementary Figure 1D). For the ceramic
style of Ban Bo Suak, imprinting techniques were used or
an extra pattern for the decoration was added; especially in
the upper parts of the jar, patterns of owls and lotus have
been recognised as typical (“Nan Pattern”; Supplementary
Figure 2A). In contrast, the glazed jar style from Ban Ko Noi
shows a vivid green colour but lacks decoration pattern and
only sometimes the potter drew a line to decorate the item
(Supplementary Figure 2B).

Shaw (1984) and Brown (1988) agree that the production
of Lanna ceramics began in the thirteenth century AD. How-
ever, both authors assume that the ceramic production was
already practiced in the area by the local Mon tribe before
adopting Chinese ceramic styles and developing it further.
Mon ceramics present various types: flat bottomed bowls
and jars with assorted colours as well as light to dark green
and brown or black items but only glazed on the inside. The
theory of early Mon ceramic production is supported by the
used firing technique, wherefore stoneware is stacked in a
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chamber and laid out base-to-base or rim-to rim before fir-
ing. For the ceramic production at Ban Bo Suak, an engobe
(slip) process that uses kaolin or high-clay slurrie coating
was applied. For this, the dry ceramic is coated to conceal
defects on the surface before the glaze layer is applied (B6
et al. 2014). This process is a typical practice observed at
Lanna kilns, especially those found in Nan and Sukhothai
(Hein et al. 1986; Thansawangdumrong 2005).

Barbetti and Hein (1989) assessed the development of
the ceramic industry of the Ban Ko Noi kiln complex by
investigating stratigraphic information including changes
in kiln type (from in-ground to above-ground cross draft).
The in-ground kilns are believed to be the earlier kiln type
used and being constructed by tunneling into a natural hill or
riverbank. The above-ground cross draft kilns are believed
to be younger as they were mostly built over the ruins of
earlier in-ground kilns. Their kiln structures (chimney and
chamber) are preserved above the ground surface. Barbetti
and Hein (1989) suggest that the change of kiln type hap-
pened for maintenance or temperature adjustment reasons.
For example, changing the size of the kilns permitted an
improved temperature control. Also, it allowed for uncom-
plicated rebuilds when kilns were made unusable by floods,
which represented a constant thread to production sites
nearby rivers.

Different dating techniques have been applied to acquire
insights into the chronology of ceramic production in north-
ern Thailand. Barbetti and Hein (1989) have used radiocar-
bon dating for charcoal from several kilns found, for example
at Ban Ko Noi and Ban Pa Yang archaeological sites in the
Sukhothai area. The results revealed a wide age range for
the active production period from between the tenth to the
seventeenth century AD (Supplementary Table A). In con-
trast, TL ages of sherds from the same sites dated earlier
by Robertson and Prescott (1988) indicate a later onset of
the production period starting in the twelfth and extending
into the seventeenth century AD (Supplementary Table B).
Bishop et al. (1992) used radiocarbon dating to investigate
the link between river terrace erosion and the cessation of
the ceramic industry at Ban Ko Noi in the Sukhothai area.
They found that the latter occurred around the sixteenth cen-
tury AD, hence prior to the time of terrace erosion in the
eighteenth century AD. Sako (2017) used radiocarbon dat-
ing of charcoal samples which were buried with Sukhothai
potteries found in the Baray and concluded that these were
used during the early fourteenth century AD (Supplementary
Table C).

Compared to the Sukhothai area, sites presenting the
Lanna ceramic group style within the region of Nan still
lack proper chronometric dating. The ceramic production at
Ban Bo Suak, in particular, was assumed to have been active
around the same time as the Sukhothai kiln sites, for exam-
ple the Ban Ko Noi kiln complex. This was concluded from
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pottery pieces from Ban Ko Noi and Ban Bo Suak found
during the Nan ancient city wall excavation (Boonyai 2012;
Nokngam 2018). For the Ban Bo Suak archaeological site,
it is believed that the majority of ceramic production begun
around the thirteenth century AD when the area belonged to
the Nan Kingdom (Le May 1933). The Nan Kingdom had a
close relationship with the Sukhothai Kingdom with regard
to religion (Buddhist), arts, politics, and kinship during AD
1356-1442 (Nokngam 2018). Furthermore, Praicharnjit
(2011) suggests that the Ban Bo Suak kiln site was called
“Ban Tao Hai Jae Liang” in the local Nan historical docu-
ment. The sound of “Jae Liang” sounds similar to “Chali-
ang”, a place that was located in the Sukhothai area and
produced large amounts of ceramics (Le May 1933). Moreo-
ver, it is recorded in the annual of Nan (Pharitdet 1918) that
King Intakaen of Nan had been overthrown by his brothers
and escaped to “Ban Tao Hai Jae Liang” in AD 1432 before
traveling southward to Chaliang city. The link between the
king’s history and the village naming suggests that the pot-
ters of the Ban Bo Suak kiln site may have originally come
from the Sukhothai area. However, there is no detailed study
on this migration and further evidence is needed to substan-
tiate these claims (Le May 1933).

The Nan Kingdom was an independent state until AD
1448. After that, Nan became a dependent state of Lanna,
which governed the other kingdoms in present-day northern
Thailand (Srisum-Ang et al. 1994). The relationship with
Sukhothai and Lanna turned Nan into a cultural melting pot
which is expressed, for example in the arts. Hence, at the
Ban Bo Suak kiln complex, the style of the kilns, ceram-
ics, and imprinted clay tablets (Phra Pim) shares similari-
ties with those from the other sites in Lanna and Sukhothai
(Praicharnjit 2011). However, the Ban Bo Suak kiln complex
shows a technique in the production, which is different in
comparison to sites in Lanna and Sukhothai. In Nan, “sag-
gar” (protective boxes) were used, i.e. earthen boxes with
three holes to release heat at the sides and to protect the
ceramics from contamination of dust during the production
(Supplementary Figure 3). Before being placed into a kiln,
ceramics were stored inside saggars. In Eastern Asia, the
use of this technique is otherwise only known from China,
Vietnam, and Japan during this time (Praicharnjit 2003; Ste-
venson and Guy 1997; Thansawangdumrong 2005).

From the historical point of view, the ceramic industry
at Ban Bo Suak village is assumed to have ended in the
early sixteenth century AD after the reign of King Mekut of
Lanna due to the first Burmese invasion (Shaw 1981; Than-
sawangdumrong 2005). However, solid references about the
timing of the decline of the ceramic production are lacking.
Connecting the decline of ceramic production with the Bur-
mese invasion in AD 1560 is doubtful since there is evidence
for subsequent human occupation in the Nan area. In fact,
arts from local craftsman, such as Buddha images, were still
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produced when Nan was under Burmese rule during AD
1560-1785 (Nokngam 2018), allowing for the assumption
that ceramic production was also still active at this time.

Study site

According to Praicharnjit (2011), the area of the Ban Bo
Suak kiln complex covered 3—4 km? nearby the Luang (local
name: Nam Suak) and Puan (local name: Huay Puan) creeks,
both tributaries of the Nan River. Currently, the area of Ban
Bo Suak and Ban Nong Tom village is located in the Suak
subdistrict (Fig. 2A). The kilns are mainly found buried in
the ground and their insides are filled with sediment.

Since 1999, several kilns in Ban Bo Suak village (Fig. 2B)
have been excavated during a community-based archaeo-
logical project (Praicharnjit 2003). The project was extended
in 2007 by the collaboration between the local authorities
and the Fine Arts Department of the Ministry of Culture
of Thailand to excavate other kilns in the Ban Nong Tom
village (Fig. 2A). The present kiln type is identified as an
above-ground cross draft kiln single chamber and a clay-slab
structure. The latter is produced by adding wet locally found
silty clay to the structure and stabilising it by firing. These
kilns are constructed with three essential parts: a chimney, a
chamber, and a firebox (Fig. 2C). The ceramics found on site
are mostly green glazed stoneware such as jars and shallow
bowls. These shallow bowls have been decorated with fish
imprints which is typical for the Lanna region.

For this study, we collected samples from two sites of
the Ja-Manus (JMK) and Nong Tome (NTO) kilns of the
Ban Bo Suak kiln complex in May 2019 (Fig. 2A). JMK is
located nearby the Luang Creek in the residential area of Mr.
Manus Tikham and four kilns have already been excavated
in 1999 at this site (Praicharnjit 2011). We collected sam-
ples for luminescence dating from kiln JMK1 (Tao Ja-Manus
kiln; Fig. 2C) and JMK2 (Tao Chuen kiln). JMK1 is situated
on a natural hill with its firebox facing towards the Luang
creek. This kiln is 3.0 m wide and 6.5 m long. According to
the excavation report, only a small part of the chimney was
exposed above the terrain surface. The chamber and firebox
collapsed prior to the excavation (Praicharnjit 2011). The
chimney comprises two individual layers of loam, possibly
related to enforcing the structure after initial construction.
Kiln JMK?2 is smaller than JMK1, being 1.4 m wide and 4.5
m long. The kiln-mound of JIMK2 was well-preserved and
its inside was filled with sediment (Praicharnjit 2011). Both
JMK1 and JMK2 were buried by sediment with a thick-
ness of ca. 1.7 m measured from the top of present terrain
to the floor of kiln firebox. However, they are classified as
above-ground cross draft kilns. At the JMK site, many pot-
tery pieces were found both next-to and inside the chambers
and also in apit nearby JMK1 (Fig. 2B). This pottery pit

was presumably used as a repository for defective ceramics
(Choopoon 2001). We found many broken pottery pieces and
none of them was in good enough shape to identify the spe-
cific type. In general, types of pottery found at this site are
green glazed plates, bowls, and jars with a single mouth rim
decorated with a bird motive. Imprinted clay tablets (Phra
Pim) of Sukhothai and Chinese ceramics, presumably of
Ming Dynasty age (AD 1368-1644), were previously found
on this site (Nokngam 2018). The changes of ceramic style
at the JMK site suggest that it was likely operated for 200
years (Choopoon 2001).

The second site (NTO) is located approximately 500 m
south of JMK (Fig. 2A). At this site, two kilns were exca-
vated by the Fine Arts Department of the Ministry of Culture
of Thailand in 2007. The NTO complex is situated on a natu-
ral hill, nearby Puan Creek. We collected samples from one
kiln referred to as Tao Nong Tome No. 2 (Boonyai 2007).
The kiln (further referred to as NTO) is rather small with
1.7 m in width and 4.7 m in length. All investigated kilns
(NTO and JMK) are at a similar terrain elevation. However,
the NTO kiln is less deeply buried than those at the JIMK
site; depth from the present terrain surface to the kiln floor
of the firebox is ca. 0.5 m. Due to the small size of the kiln,
it assumed that the potters have opened the celling of the
chamber after each use (Boonyai 2007). The ceramics found
on site were mostly green glazed plates and bowls.

Methods
Sampling

Ceramic samples were collected from the pottery pit nearby
JMKI1. The pit was originally opened at the same time as
JMKI1, i.e. during the excavation campaign that took place
in October 1999. In the pit, pieces of broken ceramics and of
charcoal were found surrounded by homogeneous sediments.
The ceramics from this pit are identified to be of the Lanna
ceramic group style (Praicharnjit 2011). We hypothesize that
this pit is of the same age as the JMKI kiln, and speculate
it was used to dispose ceramics of poor quality or that has
been broken during the manufacturing process. According
to Malee and Thiansem (2015), the chemical composition
of ceramics from Ban Bo Suak shows that they were fired to
more than 1000°C until their surface formed mullite grains.
For this pit, seven pieces of pottery (JMK-P1 to JMK-P7;
Table 1) were collected for luminescence dating and the
sediment surrounding the pottery was collected for external
dose rate determination. Furthermore, two charcoal sam-
ples were taken for radiocarbon dating (BS-P1 and BSP2;
Table 2), found at 25 cm depth and mixed in with ceramics
pieces in the pit.

@ Springer
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Fig.2 A Location of the kiln
sites investigated in this study.
B At the kiln site JMK, samples
were collected from two kilns,
a pottery pit, and exposed flood
sediment. C Sketch of an exca-
vated kiln structure (JMK1) and
the sample locations within the
fire box. The sediment profile
and samples collected for OSL
are shown in relation to the kiln
(satellite images derived from
Microsoft Bing 2015)
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Table 1 Overview of samples

for luminescence dating

Table 2 Radiocarbon dating results for two charcoal samples from
the pottery pit and for four charcoal samples from the sediment pro-

Sample name Material Depth® (cm) Grain size (pm) Method Aliquot size®
Site: IMK

JMK-P1 Pottery 30 63-200 TL, OSL SA
IMK-P2 Pottery 30 63-200 TL, OSL SA
JMK-P3 Pottery 30 63-200 TL, OSL SA
JMK-P4 Pottery 30 63-200 TL, OSL SA
JMK-P5 Pottery 30 63-200 TL, OSL SA
IMK-P6 Pottery 30 63-200 TL, OSL SA
JMK-P7 Pottery 30 63-200 TL, OSL SA
JMK1-1 Kiln 160 105-177 OSL I, MA, SA
IMK1-2 Kiln 160 105-177 OSL MA, SA
IMK2-1 Kiln 150 105-177 OSL MA, SA
IMK2-2 Kiln 150 105-177 OSL MA, SA
JMK2-3 Kiln 150 105-177 OSL MA, SA
BS1 Fluvial 30 105-177 OSL MA, SA
BS2 Fluvial 70 105-177 OSL MA, SA
BS3 Fluvial 30 105-177 OSL I, MA, SA
Site: NTO

NTOLl Kiln 40 105-177 OSL MA, SA
NTO2 Kiln 40 105-177 OSL MA, SA
NTO3 Kiln 40 105-177 OSL MA, SA

2] individual grains (test only), MA mini-aliquots; ca. 10-15 grains, SA small aliquots; 2 mm stamp with
ca. 130 grains (for kiln and fluvial sediment samples) and 6 mm stamp with ca. 1350 grains (for pottery

samples)

"Depth below the terrain surface prior to excavation. Both sites are at the same elevation with ca. 180 m
above mean sea level

file. In addition, BBS-1 and BBS-2 are from Praicharnjit (2011) and bomb results)
were obtained for samples from the first excavation in 1999. The

original data has been re-calibrated for this study. Reported ages have
been rounded to full decades. pMC percent Modern Carbon (post-

Sample Lab code Depth (cm) 14C Age Calibrated radiocar- Probability (%)
bon age (AD)
BSF-T1 Poz-128732 35 118.42+0.34 pMC (R Date -1358 +23) 1950-1960 20
1980-1990 76
BSF-T2 Poz-128733 35 136.49 +£0.36 pMC (R Date -2499 +21) 1950-1960 6
1970-1980 90
BSF-B1 Poz-128734 65 119.32+0.34 pMC (R Date -1419 +23) 1950-1960 20
1980-1990 75
BSF-B2 Poz-128735 65 121.34 +£0.38 pMC (R Date -1554 +25) 1950-1960 17
1980-1990 79
BS-P1 Poz-128736 25 115+30 BP 1680-1740 26
1750-1760 2
1800-1940 68
BS-P2 Poz-128737 25 65+35BP 1690-1730 26
1810-1920 70
BBS-1 Beta-140087 - 670+ 60 BP 1230-1240 1
1260-1410 95
BBS-2 Beta-140088 - 450+ 60 BP 1330-1350 2
1400-1530 76
1550-1630 18
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Of two kilns, JMK1 and JMK?2, the walls of the fire boxes
were sampled for luminescence dating (Fig. 2C), expecting
that heating during use, i.e. ceramic production, has depleted
the luminescence signal in the quartz grains of the kiln wall
material. The walls were first cleaned by removing and the
outer 5 cm before opaque tubes were pushed horizontally
into the material. Samples JMK1-1 and JMK1-2 were col-
lected at the same depth, ca. 160 cm below the terrain sur-
face (burial depth) and about 10 cm apart from each other
(Table 1; Fig. 2C). Additional material was taken from the
surrounding of the sample tubes for dose rate determina-
tion. The sampled material is hard and of orange colour; it
resembles burned bricks. Samples IMK2-1, IMK2-2, and
JMK?2-3 were collected from the kiln inside the fire box wall
of IMK?2 (Table 1), 15 cm apart from each other and ca. 150
cm below the terrain surface.

At the NTO site, we collected three samples (NTO1 to 3;
Table 1). Samples NTO1 and NTO2 were collected about
40 cm below the surface from the inside part of the fire box.
Sample NTO3 was collected from the outside of the kiln
wall. Further samples were collected from an exposure of
sediment that buried the JMK kiln complex (Fig. 2C). The
sediment is ca. 100 cm thick and consists of one homog-
enous silty sand unit. The sediment is assumed to have been
deposited by a flood that presumably stopped the produc-
tion of ceramics at this site. From the sediment, pieces of
charcoal were collected for radiocarbon dating in addition
to luminescence samples. Sample BS1 was collected at 30
cm depth for luminescence dating together with two charcoal
samples (BSF-T1 and BSF-T2; Table 2) for radiocarbon dat-
ing. Luminescence sample BS2 was collected 40 cm below
BS1. Two further charcoal samples were obtained at a depth
of 65 cm (BSF-B1 and BSF-B2; Table 2). Sample BS3 was
taken from the same horizon as sample BS1, but about 20
cm horizontally apart. In total, we collected three samples
for luminescence dating and four samples for radiocarbon
dating from this profile.

Radiocarbon dating procedures

Sample preparation and measurements via accelerator mass
spectrometry (AMS) were conducted at the Poznan Radio-
carbon Laboratory (PRL), Poland. The six charcoal samples
taken from the pottery pit and the sediment profile (Fig. 2C,
Table 2) were cleaned using a standard acid-alkali-acid
(AAA) treatment (Mook and Streurman 1983). Samples
were rinsed with deionized water, treated with hydrochloric
acid (10% HCI) for 30 min and with potassium hydroxide
(10% KOH) for 30 min. Afterwards, samples were rinsed
with HCI (10%) until the solution became sufficiently trans-
parent and was eventually dried in the oven at 40°C. OxCal
4.4 (Bronk Ramsey et al. 2009) was used to calibrate all
ages. For the pre-bomb AMS ages (BS-P1 and BS-P2),
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the “INTCAL20” calibration curve (Bronk Ramsey 2017;
Reimer et al. 2020) was used while post-bomb (modern)
samples (BSF-T1, BSF-T2, BSF-B1 and BSF-B2) were cali-
brated against “Bomb13 NH1” (Hua et al. 2013).

Luminescence dating procedures

Samples for D, determination were collected using opaque
tubes, subsequently opened and processed under subdued
red-light conditions to prevent loss of the natural lumines-
cence signal. For the pottery samples, light-exposed surfaces
of about 2 mm thickness were removed from both sides by
using a rotary tool grinder. The sample material was then
softly ground with mortar and pestle. All samples were wet-
sieved (63-200 pm for pottery, 105—177 um for all other
samples) and further processed to extract and purify quartz
grains (Wintle 1997). The material was treated with HCI
(10%) and subsequently with H,0, (30%) to remove carbon-
ates and organic material, respectively. Heavy minerals were
removed using density separation (2.7 g cm ™). Quartz grain
rinds were etched using HF (40% for 1 h).

For D, measurements, grains were mounted onto stain-
less-steel discs by Freiberg Instruments using silicone oil
stamps. Three different aliquot sizes were used: (1) small
aliquots (SA) with silicon stamp sizes of 2 mm containing
ca. 130 grains (for kiln and fluvial sediment samples) and 6
mm with ca. 1350 grains (for pottery samples; Table 1); (2)
individual grain aliquots (I) with only one grain mounted;
and (3) mini-aliquots (MA) with 10-15 grains attached to
the discs by a spot of silicon oil applied with a pin.

D, measurements were conducted using an automated
Risg reader (TL/OSL-DA-15C/D) updated with a DA-20
controller unit. The reader is equipped with a *°Sr/*’Y beta
source delivering ca. 0.11 Gy s™' which was calibrated with
the LexCal 2014 quartz standard. For OSL measurements,
sample material was stimulated using blue light-emitting
diodes (LEDs, A, = 470 nm, 34.4 mW c¢m™2). For TL
measurements, the samples were heated by the reader
heater plate directly under the photomultiplier tube (heat-
ing rate 3°C s~!). The emitted luminescence signals were
filtered through a 7.5 mm thick Hoya U-340 UV filter for
both approaches. For TL, we also tested the performance
using a blue-transmitting filter set (Schott BG-39 and Corn-
ing 7-59). OSL measurements were conducted using the
single-aliquot regenerative-dose (SAR) protocol (Table 3)
following Murray and Wintle (2000). Only for the pottery
samples, a hot-bleach step was applied for 60 s at 230°C at
the end of every SAR cycles to reduce recuperation (Murray
and Wintle, 2003). Sensitivity changes occurring during the
course of the SAR protocol were corrected for by applying
L/T, ratios, where L, is the natural (L,) or regeneration (L,)
dose, and T the test dose (1.14 Gy or 1.16 Gy) applied to the
aliquot following each L; measurement (Murray and Wintle
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Table 3 SAR protocols used for

i Method Step Protocol
D, determination
TL 1% Irradiation; 4.50, 2.25, 6.74, 0, 4.50 Gy

2% Preheat of 200 °C for 10 s

3 Thermal stimulation to 450 °C (L,)
Irradiation; test dose of 1.14 Gy

54 Preheat of 200 °C for 10 s

6 Thermal stimulation to 450 °C (T,)

7 Repeat steps 1-7 with the other regenerative doses during the subsequent cycle

OSL 1* Irradiation; given regenerative doses are

4.60, 2.32, 6.95, 9.26, 0, 4.60 Gy for JMK1-1 kiln samples
6.95,3.47, 0, 6.95 Gy for JIMK kiln samples
1.14,0.57, 1.71, 0, 1.14 Gy for JMK pottery samples, with hot-bleach step
5.77,2.31, 0, 5.77 Gy for NTO kiln samples
5.77, 11.54, 23.08, 0, 5.77 Gy for BS sediment samples
Preheat of 200 °C for 10 s
Infrared stimulated luminescence (IRSL) measurements 40 s at 0 °C

4v Optical stimulation for 60 s at 125 °C (L;)

5 Irradiation; test dose of 1.16 Gy

6 Preheat of 200 °C for 10 s

7 Optical stimulation for 60 s at 125 °C (T)

8¢ Optical stimulation for 60 s at 230 °C (hot-bleach step)

9 Repeat steps 1-7 with the other regenerative doses during the subsequent cycle

*Omitted during the first SAR cycle

#This step was excluded for the non-preheat TL measurements

°Only conducted for the last cycle of the measurement

“Only applied for pottery samples

2000). Preheat plateau, dose recovery, and thermal trans-
fer tests were conducted for OSL measurements on sample
JMKI1-1 to ensure protocol performance. These tests were
done using SA with five different preheat temperatures from
180 to 260°C in 20°C steps. Preheats were applied prior to
stimulation of L , L,, and T, doses with a heating rate of
3°C s™! and held for 10 s. For both thermal transfer and dose
recovery tests (given dose of ca. 4.60 Gy), five aliquots per
preheat temperature were LED bleached, measured, and an
average D, value was derived using the Central Age Model
(CAM; Galbraith et al. 1999). The preheat plateau test was
conducted on the natural signal of 48 aliquots for each tem-
perature. D, values were determined for all samples by inte-
grating the first 0.4 s of stimulation and subtracting the last
20 s. An exponential curve fitting was used for the dose
response curve. The following rejection criteria were applied
to OSL D, measurements: (1) a recycling ratio limit of 10%,
(2) a maximum test dose error of 10% for SA and 20% for
MA, (3) a maximum recuperation of 10% for SA and of
20% for MA, and (4) T, signals larger than 3¢ background.
Further details on rejection and the number of rejected ali-
quots are provided in the Table D in the Supporting Informa-
tion. For the statistical analysis of obtained OSL D, values,
two different age models were applied: the CAM and the

Minimum Age Model (MAM; Galbraith et al. 1999). Details
regarding the latter are described below. Age models were
calculated using the Luminescence Package for RS studio
(Kreutzer et al. 2012). Additional dose recovery tests were
conducted on additional kiln (JMK2-3 and NTO2), one flu-
vial (BS3) and two ceramic samples (JMKP1 and P6).

TL measurements were conducted on seven pottery sam-
ples (Table 1) following two variants of the SAR protocol,
one without and one with applying preheating to 200°C for
10 s (Table 3). TL signals were readout between room tem-
perature and 450°C. A dose recovery test with a given dose
of ca. 4.50 Gy was performed on JMK1-1.

For dose rate determination of sedimentary samples,
about 290 g of material surrounding the tubes during sam-
pling was collected and dried. The material was then trans-
ferred to plastic containers and wrapped air-tight to retain
any radon produced. Samples were kept like this for over
a month to allow radionuclide concentrations to reach the
equilibrium state before measurement (Guibert and Schvo-
erer 1991). The concentration of dose rate relevant elements
(U, Th, K) of the kiln wall material, the fluvial sediment,
and the material surrounding the ceramic in the pottery pit
were determined by high-resolution gamma spectrometry
(HRGS) at the VKTA laboratory (Dresden, Germany). The
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dose rate samples were also used to determine field water
content. For dose rate calculation, a water content of 5 + 3%
was assumed to best represent long-term conditions. Dose
rates and ages were calculated using ADELE-2017 software
(Degering and Degering 2020).

In the case of ceramics, further details for dose rate deter-
mination have to be addressed. We hypothesized that a single
event filled the pit as we found the infilling sediments to be
homogeneous. One component of dose rate will come from the
sediments surrounding the ceramics and dose rate determina-
tion was conducted as described above for sedimentary samples.
The other component comes from the pottery pieces themselves.
Hence, we used the outer part of the pottery samples, ground
to <200 um, to determine the dose rate by neutron activation
analysis (NAA). In contrast to HRGS, NAA requires a much
smaller amount of material which in this case was a restricted
by the size of the particular samples. NAA analyses were carried
out by Bureau Veritas Laboratories, Canada. The final dose rate
calculation was done using a layer model in ADELE software, in
which the ceramic sample represents one dosimetric layer in the
middle. The dosimetric data from the surrounding sediment was
used for the top and bottom layer of the middle layer (Table 4).

Results of radiocarbon dating

Results of the six radiocarbon samples are presented in
Table 2. For the two samples taken from the pottery pit,
radiocarbon ages of 115+30 '“C yr BP (BS-P1) and 65+35
14C yr BP (BS-P2) were determined which correspond to

a wide age range after calibration, between AD 1680 and
AD 1940, with the highest likelihood in the nineteenth
(BS-P1) and early twentieth (BS-P2) century AD (68% and
70%, respectively). The '*C measurements of all charcoal
fragments from the fluvial sediment indicate modern (post-
bomb) ages. These modern ages could either indicate that
the fluvial sediment was indeed recently deposited or that
the charcoal particles were introduced after sediment deposi-
tion. This could, for example, be a result of roots that have
grown into the sediment and were later burned, or of insects
that buried charcoal particles (e.g. Dickau et al. 2015). The
radiocarbon ages are unexpected in the context of the flood
deposits and are discussed below together with the age esti-
mates based on luminescence dating.

Luminescence properties and performance
Thermoluminescence signal properties

TL measurements were only tested on pottery samples.
There, TL signals of the quartz were expected to show TL
peaks at 325°C and/or 375°C (Wintle 1997). However, the
samples investigated here hardly emit a natural signal using
both the ultra-violet and blue-transmitting filter sets. This is
emphasised by comparing the natural signal with the “zero”
irradiation signal during the SAR measurement (Fig. 3A,
B). The TL glow curves of neither measurement (with and
without preheating) presented dominant peaks at 325°C
or 375°C. As expected, the non-preheated measurements

Table 4 Results of dosimetric

Sample we* (%) K (%) Th (ppm) U (ppm) Dose rate (Gy ka™")
measurements
JMK-P1 sed 3.27 0.44+0.05 8.40+0.50 2.70+0.30 -
JMK-P1 pot - 0.90+0.08 15.90+0.79 3.40+0.27 2.43+0.09°
IMK-P6 sed 3.27 0.44+0.05 8.40+0.50 2.70+0.30 -
JMK-P6 pot - 1.10£0.09 16.10+0.81 3.60+0.31 3.17+0.19°
JMK1-1 2.75 0.52+0.05 9.50+0.60 2.51+0.29 1.86+0.17
IMK1-2 2.75 0.52+0.05 9.50+0.60 2.51+0.29 1.86+0.18
IMK2-1 1.24 0.55+0.05 9.00+0.60 2.40+0.30 1.82+0.14
IMK2-2 1.24 0.55+0.05 9.00+0.60 2.40+0.30 1.82+0.13
IMK2-3 1.24 0.55+0.05 9.00+0.60 2.40+0.30 1.82+0.14
BS1 6.64 0.80+0.06 10.00+0.60 2.90+0.40 2.22+0.19
BS2 7.13 0.81+0.08 10.40+0.60 3.00+0.30 2.25+0.17
BS3 6.64 0.80+0.06 10.00+0.60 2.90+0.40 2.22+0.18
NTO1 2.55 0.37+0.04 9.70+0.60 2.80+0.30 1.84+0.16
NTO2 1.32 0.37+0.03 9.10+0.60 3.00+0.30 1.84+0.13
NTO3 2.55 0.37+0.04 9.70+0.60 2.80+0.30 1.85+0.15

*Water content as measured in the laboratory. Samples were collected during the dry period (May 2019),
to account for higher water contents during monsoon season, a long-term water content of 5 +3% was used

for DR determination

PPottery dose rates were calculated using a layer model with ADELE software
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showed a very prominent peak at 125°C that is known to be
unstable (Fig. 3C; cf. Aitken 1985). After laboratory irra-
diation, the TL emissions are dominated by a peak at 260°C
that is not present in the natural sample (Fig. 3D). Also,
dose response curves could not be fitted due to scattering of
L;/T, values. A large increase in sensitivity was additionally
observed for the non-preheated in comparison to the pre-
heated measurements. In summary, these particular pottery
samples are considered non-suitable for TL dating.

Optically stimulated luminescence signal properties

In this section, we explore the quartz OSL signal of the dif-
ferent materials (pottery, kiln wall, fluvial sediment) inves-
tigated in this study. Of the seven ceramic samples, only
JMK-P1 and JMK-P6 show a recognisable OSL signal but
present unusual OSL decay curves (Fig. 4). Measurements
of these samples show rather slow decays compared to typi-
cal sedimentary samples and the shape of the decay curves
is not identical for the natural and regenerative-dose signals
of some aliquots. As we recorded significant recuperation,
a hot-bleach step was added to the SAR protocol follow-
ing Murray and Wintle (2003). The measurement results of
sample JMK-P1 and JMK-P6 show acceptable OSL signal
characteristics but not a clear dominance of the fast com-
ponent (Fig. 4). Also, the amount of emitted luminescence
was comparatively low. We had to use large aliquots with

ca. 1350 grains to allow for a bright enough signal to be
detected during the measurement (Fig. 4A). Both optical
investigation (binocular) and the lack of any response to
infrared stimulation prove the absence of feldspar in the
samples, which could have explained the shape of the dose
response curves.

Considering the unusual shape of the OSL curves of the
two suitable samples (JMK-P1, JMK-P6), D (t) plots (Fig. 5)
were computed to investigate signal stability (Bailey 2000).
Ideally, D, values should remain stable over the stimulation
time. The two examples shown in Figure 5 display some
variation in the D, values, which is likely explained by the
noisy nature of the OSL signal. There is no clear trend in the
values, these scatter around an average value, which implies
the presence of stable signals (cf. Steffen et al. 2009).

In contrast to the pottery samples, the kiln and fluvial sed-
iment samples reveal bright OSL signals already for fewer
grains (ca. 10% as used for the pottery samples). For D,
determination of those materials, it was originally attempted
to measure D, values for two different aliquot sizes (indi-
vidual grains (I) and small aliquots (SA)) using JMK1-1
as a test sample. However, none of the individual grain ali-
quots tested exhibited a measurable OSL signal (Fig. 6A).
Therefore, this approach was suspended, and further meas-
urements first concentrated on using SA.

The SA OSL curves show a quick decay during the first
0.4 s (Fig. 6B, D) and dose response curves are well fitted

Fig.3 Results of TL measure- 200 " 50000 T
ments for sample JMK-P2. A 0Gy . 2'30 Gy
and C without preheat step, O O 20000 Suhy
. o o ——6.90 Gy
B and D after preheating at 2 2
o > > ——4.60Gy
200 °C. Measurement protocols 8 2 300004
are presented in Table 3. A TL & 1004 -
glow curve of a measurement © ©
. c £ 20000
without preheat step reveals a oo oo
very weak natural TL signal. B “ “
TL glow curve of a measure- = F 10000+
ment after applying a preheat
step show a similarly weak 0+ T . . . 0 ; : . .
natural TL signal as for A. C 0 100 200 300 400 0 100 200 300 400
TL measurements of labora- IE Temperature (°C) Temperature (°C)
tory given doses. A dominant
peak at 125 °C is induced by
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the artificial radiation. D TL —N ——4.49 Gy
measurements after preheating — ——0Gy =) ——2.25Gy
to 200 °C for 10 s. The TL peak ?_: — 1500 ——6.74Gy
at 125 °C is removed and a TL > > ———4.49 Gy
peak at 260 °C becomes most k3 5
prominent 2 100 » 1000 A
© ©
c c
&0 ()
X =z
'—_" '—_l 5004
0+ T T T T 0 f
0 100 200 300 400 0 100 200 300 400
Temperature (°C) @ Temperature (°C)

@ Springer



149 Page 12 of 22

Archaeological and Anthropological Sciences (2022) 14: 149

1.0
©

c

(oT]

]

o |

(7]

(@]

© 0.5 0.0 : : :
2 00 05 10 15
g Dose (Gy)
S

o

2

Normalised OSL signal

0 10

Stimulation time (s)

Fig.4 Examplary OSL signals and dose response curves of the pot-
tery samples using aliquots with ca. 1350 grains. A Example of a
good OSL signal for sample JMK-P1 with a hot-bleach step added to
the SAR protocol to reduce recuperation. Dose response curves were
fitted with a single-saturating exponential function. B Example of a
poor OSL signal for sample JMK-P7. The dim natural OSL signal
shows a different decay shape as the artificial OSL signal (4.60 Gy).
The dose response curve fails to fit due to poor recycling

with a single saturating exponential function. While SA
measurements present favourable luminescence character-
istics, they are prone to suffer from signal averaging when
containing partially reset grains. Due to this and the unsuita-
bility of individual grain measurements, mini-aliquots (MA)
consisting of about 10-15 grains were produced. While a
large number of these aliquots did not pass the rejection cri-
teria, mainly due to test dose errors >20% and signals below
3*c background (further details in Supplementary Infor-
mation Table D), a substantial number of aliquots produce
acceptable signals (Table 5). The MA signal, although dimer
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Fig.5 Natural decay signals and D(t) plots of the pottery samples.
A JMK-P1 and B JMK-P6. OSL measurements were both conducted
following the SAR protocol adding a 230 °C hot-bleach step. The
OSL signals were normalised to the first value of the decay curve.
D, values were calculated as function of stimulation time over 0.4 s
intervals

than those of the SA, shows almost identical properties as
the SA (Fig. 6C, E). For both MA and SA, a similar number
of D, values were obtained which are discussed below.

OSL performance tests

The performance of the SAR protocol was tested on SA of
sample JMK1-1. To determine the suitable protocol, pre-
heat plateau, dose recovery, and thermal transfer tests were
conducted and results are presented in Figure 7B. For the
preheat plateau test, the natural signal shows a wide scat-
ter of D, values (48 aliquots) for each of the five preheat
temperatures (180-260°C) tested. This likely reflects the
effect of partial resetting of the OSL signal in the sample
which is unexpected for the heated kiln material. It appears
the sample contains a mixture of well-reset and poorly reset
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Fig. 6 Examplary OSL decay signals and dose response curves of the »

kiln wall sample JMK1-1 (A—C) and fluvial sediment sample BS1
(D-E). A Individual grain aliquots (JMK1-1) were tested but meas-
urements were discontinued due to weak natural OSL signals. B SA
and C MA of JMK1-1; the SA aliquots of the kiln walls show a quick
decay shape with the signal intensities reaching the residual lev-
els within 0.4 s of stimulation time (dominance of fast component).
D SA and E MA fluvial sediment; the SA and MA OSL signal and
decay curve of fluvial sediment show the same behavior as present
in kiln walls (B and C). Dose response curves are fitted well with a
single saturating exponential function. The MA have almost identical
OSL signal characteristics as SA for both materials but produce gen-
erally weaker OSL signals

grains that produce the large scatter and makes it difficult
to extract a representative population of D, values (as dis-
cussed further below). For this reason, the preheat plateau
test are regarded subsidiary but average D, values seem
to present a plateau starting at 200°C. Since we observe
negligible thermal transfer and excellent dose recovery for
all preheat temperatures (Fig. 7B), a preheat of 200°C was
chosen and applied for all further measurement. Additional
dose recovery tests using this temperature setting on two
potteries JMK-P1 and P6), two further kiln (JMK2-3 and
NTO?2), and one fluvial sample (BS3) all resulted in recovery
ratios close to 1.00.

D, distributions and age models

D, distributions for all samples are presented in Figure 8
(kiln samples) and Figure 9 (fluvial sediments). All distribu-
tions are broad and positively skewed, which is interpreted
to be due to differential and incomplete resetting of the OSL
signal prior to the event being dated. While this is a com-
mon phenomenon in fluvial sediment (cf. Wallinga 2002;
Rittenour 2008), we did not expect partial resetting in the
heated kiln material. According to Smith et al. (1990), a
temperature over 300°C will quickly reset the OSL signal in
quartz. While the temperature inside the Ban Bo Suak kilns
is not precisely known, Malee and Thiansem (2015) sug-
gest that the ceramics were fired to a temperature of above
1000°C. This leads to the assumption that at least some of
the quartz grains obtained from the kiln walls should have
been completely reset. Therefore, we interpret D, values at
the lower edge of the distributions as those having been reset
completely.

The presence of incompletely reset OSL signals could
be explained by the kiln walls having possibly been thicker
during ceramic production than after the excavation. The
sidewall of the firebox that received most heating during
the last time the kiln was operated might have been removed
with the burying sediment during excavation. This assump-
tion is supported by the local archaeologists who observed
that the kiln walls, for example JMK 1, have two layers at
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Table5 Results of D, determination and ages for all samples
obtained by the SA and MA approach. The numbers of individual
D, values (n) used for CAM and MAM calculations (Galbraith et al.

1999) are indicated. Sigma_b values of 0.10 (MA) and 0.20 (SA)
were used within the MAM as discussed in the text. The dose rate
data for age calculation is given in Table 4

Sample name Aliquot size n oD? CAM MAM Age (AD)¢
D, (Gy) Age (ka) D, (Gy) Age (ka)
JMK site
JMK-P1® SA 10 0.05 0.77+0.02 0.32+0.01 - - 1690-1720
JMK-P6® SA 10 0.15 1.33+0.06 0.42+0.02 - - 1580-1620
IMK1-1 SA 48 0.47 5.77+0.39 3.10+0.24 3.39+0.21 1.82+0.13 -
MA 44 0.61 4.07+0.39 2.19+0.23 1.82+0.23 0.98+0.13 910-1170
JMK1-2 SA 48 0.53 4.19+0.32 2.26+0.19 1.87+0.15 1.00+0.09 -
MA 47 0.49 1.63+0.13 0.88+0.08 1.08+0.16 0.58+0.09 1350-1530
JMK2-1 SA 48 0.46 3.75+0.25 2.06+0.16 1.99+0.13 1.09+0.08 -
MA 44 0.72 2.20+0.25 1.21+0.15 1.37+0.13 0.75+0.08 1190-1350
JMK2-2 SA 48 0.38 3.35+0.19 1.84+0.13 1.95+0.11 1.07+0.07 -
MA 47 0.71 2.08+0.22 1.14+0.13 1.05+0.16 0.58+0.09 1350-1530
IMK2-3 SA 48 0.38 4.19+0.23 2.30+0.16 2.40+0.15 1.32+0.10 -
MA 48 0.69 3.11+0.33 1.71+0.14 1.12+0.18 0.61+0.10 1300-1510
BS1 SA 48 0.52 6.12+0.46 2.76+0.24 2.66+0.20 1.20+0.10 -
MA 35 0.89 4.02+0.62 1.81+0.29 1.28+0.25 0.58+0.12 1330-1560
BS2 SA 48 0.41 4.99+0.30 2.22+0.16 2.65+0.17 1.18+0.09 -
MA 42 0.79 3.12+0.39 1.39+0.18 0.98+0.17 0.44+0.08 1510-1660
BS3 SA 48 0.47 6.51+0.44 2.94+0.23 3.35+0.24 1.51+0.13 -
MA 33 0.46 3.75+0.32 1.69+0.16 2.10+£0.28 0.95+0.13 940-1200
NTO site
NTO1 SA 48 0.41 2.77+0.17 1.51+0.11 1.69+0.13 0.92+0.08 -
MA 48 0.52 1.84+0.15 1.00+0.09 1.20+0.16 0.65+0.09 1280-1460
NTO2 SA 48 0.36 2.73+0.14 1.49+0.10 1.63+0.10 0.89+0.06 -
MA 52 0.59 2.05+0.18 1.12+0.11 0.94+0.13 0.51+0.07 1430-1580
NTO3 SA 48 0.40 2.52+0.14 1.37+0.09 1.58+0.12 0.86+0.07 -
MA 44 0.65 1.99+0.21 1.08 +0.12 1.18+0.18 0.59+0.07 1370-1500

#Qverdispersion values were calculated using the CAM (Galbraith et al. 1999)

bFor the pottery samples, only the CAM was used as the number of grains on each aliquot (> 1000) prevents the application of the MAM

“Ages (AD) were calculated using the MAM D, values and are given with reference to the year of sampling (AD 2019) except for the pottery

samples which were calculated using the CAM

the chimney (Supplementary Figure 3B) and that the glassy
coating of the chamber already collapsed (Supplementary
Figure 3E). It can be assumed that the kiln was renovated
from time to time during operation, so the walls contained
several layers. As the kiln was buried and collapsed before
the excavation, the glassy coating was not found in its origi-
nal location. Furthermore, we collected samples by inserting
the tube horizontally through the wall and have to consider
that we have sampled material that received less heating
than those close to the inner part of the kiln wall, i.e. the
resetting heat source.

D, distributions derived for MA and SA show significant
differences even though these were determined for the same
samples. Generally, the MA D, distributions are shifted
towards lower values. Considering the young age of the

@ Springer

samples, we assume this is related to an averaging effect, i.e.
the mixing of OSL signals from several well and poorly reset
grains, which will result in masking the true mean D, value
(Duller 2008). This has, for example, been demonstrated for
the nineteenth century AD samples from the Rhine River,
for which overestimation was in the order of a few centuries
(Preusser et al. 2016). This leads us to regard results of the
MA measurements as more reliable than those of the SA.
However, the results of both approaches will be discussed
as the latter is often preferred in dating studies since it has
higher OSL signal output.

To calculate average D, values for each distribution,
we used two different age models (CAM and MAM), with
results summarised in Table 5. According to Galbraith
et al. (1999), application of the CAM is appropriate only
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Fig.8 D, distributions of the kiln samples for all measurements.
Additionally, average D, values derived using different models
(CAM, MAM) are presented

for well-reset samples, which usually have overdispersion
(OD) values of 0.10-0.20. Overdispersion describes the
presence of greater variability in a data set than would be
expected from measurement reproducibility alone. Since the
observed OD values obtained in this study (Table 5) are
mainly above 0.40 for both kiln and fluvial samples, it is
concluded that CAM estimates likely overestimate the real
age. However, we are reporting and discussing these values
below for completion.

When applying the MAM, it is required to estimate the
parameter sigma_b, which is the expected overdispersion of
the well-reset proportion of the sample. We have computed
the effect of sigma_b on the average D, calculation from
0.10 to 0.30 using 0.02 steps (Fig. 10). Notable is that there
is only a small impact of sigma_b on average D, values and
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Fig.9 D, distributions of the kiln samples for all measurements. »

Additionally, average D, values derived using different models
(CAM, MAM) are presented

based on this we used 0.20 for MA and 0.10 for SA as rather
conservative estimates. The larger number of grains on SA is
expected to produce some averaging effects and reduces the
expected overdispersion (Cunningham et al. 2011).

Figure 11A illustrates the comparison of average D, val-
ues computed using the different age models. As expected,
these are systematically higher for CAM. For SA, CAM D,
values range from 2.52+0.14 to 6.51+0.44 Gy and for MA
CAM D, values of between 1.63+0.13 and 4.07+0.39 Gy
were obtained. MAM D, values determined for the kiln sam-
ples range between 0.86+0.07 and 1.82+0.13 Gy (SA) and
between 0.51+0.07 and 0.98+0.13 Gy (MA; Fig. 11B). For
the fluvial sediments, the range falls between 1.18+0.09 and
1.51+0.13 Gy (SA) and 0.51£0.07 to 0.98+0.13 Gy (MA).
These observations indicate that the use of 2 mm aliquot size
(SA) leads to a significant overestimation of the average D,
likely due to partial resetting of the OSL signal, in particu-
lar for young samples (cf. Preusser et al. 2016). Therefore,
aliquots with fewer grains are expected to represent the D,
values close to the “true dose” (Li 1994). In combination
with the application of MA, with likely few if not only one
a single grain contributing to the OSL signal, applying the
MAM is the approach of choice to isolate the D, values that
represent the dose absorbed since burial.

Chronological implications

In the following, the dating results for ceramics from the
pottery pit, the kiln wall material, and the fluvial sediment
are discussed separately before being compared. In the con-
text of this study, it is important to note that radiocarbon
and OSL are not determining the age of the same event.
With radiocarbon dating, the end of '*C absorption from
the atmosphere by organic material is determined, in the
present case the death of plants that were later transformed
into charcoal. With OSL, the event dated is the resetting of
the signal, in the present case the firing of ceramics, the last
heating of the kilns, or the last daylight exposure during
fluvial transport. However, from the sampling context, it was
originally assumed that these events should all be tempo-
rally related to the manufacturing process, thus synchronous
within the given dating uncertainties. Figure 12 shows the
calibrated radiocarbon and OSL ages expressed on the same
scale in years (AD) and rounded to full decades. Radiocar-
bon ages are presented with two-sigma confidence intervals
(95.4% probability) and plotted as horizontal lines to dis-
play the ages and their uncertainties. For radiocarbon dating,
plateaus in the calibration curve produce rather large areas
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of possible calibrated ages with different individual likeli-
hoods. For example, for sample BS-P2, the radiocarbon age
of 65+35 BP corresponds after calibration to potential time
periods with different likelihood: AD 1690-1730 (26%) and
1810-1920 (70%). However, a lower likelihood still requires
to fully consider this result, which makes the interpretation
of data quite complex.

For the pottery from the JMK site, two OSL ages of AD
1690-1720 (0.32+0.01 ka; JMK-P1) and AD 15801620
(0.42+0.02 ka; IMK-P6) were obtained. While the ages
do not overlap within the reported error margins, the
sampling context strongly implies these should be of the
same age. Presumably, this could be explained by uncer-
tainties related to dosimetry, as the setting is rather com-
plex, representing a mixture of sand and ceramic pieces
with significant differences in the amounts of radioactive
elements. Resolving this problem would have required a
detailed description of the site, multiple sampling of layers
and objects, and applying complex dose rate models (cf.
Guérin, 2015).

The two radiocarbon samples from the pottery pit
(Table 2) have very large uncertainties after calibration, with
the most likely age in the nineteenth to twentieth century
AD (BS-P1: AD 1800-1940 at 68% likelihood; BS-P1: AD
1810-1920 at 70% likelihood). Howeyver, calibration of both
samples also results in statistically less likely (26%) ages of
AD 1680-1740 (BS-P1) and AD 1690-1730 (BS-P2). These
ages are in perfect agreement with the OSL age determined

for sample JIMK-P1 (AD 1690-1720). Hence, considering all
available data, the dated ceramic pieces were likely produced
during the late seventeenth or early eighteenth century AD.

The samples from kilns of the JMK site have mainly
overlapping OSL ages (JMK1-2: AD 1350-1530; JMK21:
AD 1190-1350; IMK2-2: AD 1350-1530; JMK2-3; AD
1300-1510), except for sample JMK1-1 that has a much
older age (AD 910-1170). For the samples of the NTO
kiln, three OSL ages consistent with each other have been
determined (NTO1: AD 1280-1460; NTO2: 1430-1580;
NTO3: 1370-1500). This age estimate is corroborated by
the previously published radiocarbon ages of AD 1260-1410
(95% likelihood; BBS-1), AD 1400-1530 (76%) and AD
1550-1630 (18%; both BBS-1). In summary, the available
data points with exception of IMK1-1 towards a last use of
the kilns during the fifteenth century (Fig. 12).

The three OSL ages of fluvial sediments indicate deposi-
tion at AD 1330-1560 (BS1), AD 1510-1660 (BS2), and
AD 940-1200 (BS3). Please note that BS3 was taken par-
allel to sample BS1 and is expected to be of the same age.
Rejecting this age as an outlier implies deposition between
AD 1420--1520 for the fluvial sediments, i.e. most likely
during the fifteenth century AD. In contrast, all radiocar-
bon ages taken from the fluvial sediments have post-bomb
ages, i.e. the organic material formed during the second half
of the twentieth century. As local witnesses confirmed that
the kilns were buried at this time, the radiocarbon ages are
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Fig. 11 Comparing average D, values of kiln and fluvial samples cal-
culated using CAM and MAM for different aliquot sizes. A The D,
values calculated with the CAM are generally and significantly higher

likely not related to the flooding event. We speculate that
the presence of the organic material in the sediment is likely
related to burrowing insects or by roots, an issue that has
been reported in the literature for sites from similar settings
(Grave and Kealhofer 1999; Tribolo et al. 2010).

While the dating attempts presented proved much more
challenging than originally expected, it appears nonetheless
eligible to discuss them in terms of historical interpretation.
First, the ages reported imply that the last use of the kilns
at both sites and the deposition age of the covering fluvial
sediment fall into the fifteenth century AD. While the dating
uncertainties do not allow to prove a strict relationship on
a temporal basis, it seems reasonable to draw a connection
between the two events. However, the age of the pottery
found in pit nearby the kilns is some 200 years younger.
Hence, while the flood may have caused the abandonment
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than with the MAM. B The D, values calculated for SA are generally
significantly higher than for MA (The red line indicates 1:1 ratio)

of the now buried kiln, the production of ceramics continued
afterwards for quite some time. This observation is in agree-
ment with the data published by Robertson and Prescott
(1988) who report ceramic production until the seventeenth
century AD in the Sukhothai area. However, it is uncer-
tain where the kiln related to their production phase could
have been situated. The fact that the ceramics were disposed
implies a certain proximity, but no traces of kilns have been
reported above ground surface around the site. Already
Shaw (1984) observed this fact and assumed that kilns above
ground were destroyed by later agricultural activity. In this
context, it should be noted that several rebellions by the local
population occurred during 200 years of the Burmese occu-
pation (AD1560-1785). During that time, the current region
of northern Thailand and especially Chiang Mai, which was
a center of the Lanna Kingdom, was control by Burma as
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was the rest of the Lanna state. After one such unsuccessful
attempt for liberation, known at the second Burma War in
the region, the city of Nan was abandonedd for five years
(AD 1703-1708). The same happened in AD 1778 (third
Burma War), when the inhabitants of Nan city were forced
to migrate to Chiengsaen (Pharitdet 1918; Thansawangdum-
rong 2005), contemporary the north most part of Thailand
but under Burmese rule at that time. The city of Nan was
only repeopled in AD 1800 when the region was under the
rule of the Siam Empire. Hence, a connection of the decline
of Lanna ceramic group production with the political situa-
tion appears as a more likely explanation.

Conclusions

This study experienced unexpected challenges when aiming
at dating the decline of ceramic production at the Ban Bo
Suak site in the Nan region, northern Thailand. In contrast
to many other regions, quartz grains extracted from ceramic
sherds did not show suitable TL signal; only for two out of
seven samples, the OSL signal was bright enough to be used
for dating purposes. The results for these two samples are

quite scattered, which might be related to dosimetric issues.
However, in combination with previously published radio-
carbon ages, it appears that ceramic production continued
at the site until around AD 1700. All samples taken from
the kiln walls show clear evidence for partial resetting of
the OSL signal. This is in contrast to previous studies and it
is speculated that the heat flux was not high enough in the
present setting. The use of too many grains on the aliquots
will mask the spread of individual D, values and averag-
ing effects can lead to significant age overestimation for the
samples under consideration. Despite one outlier, the dating
results point towards a last use of the kilns during the fif-
teenth century AD. This coincides with two out of three OSL
ages determined for the sediment covering the kilns. Char-
coal extracted from the sediment is dated to the second half
of the twentieth century (post-bomb) and is likely related to
burrowing by insects or roots. This again highlights the need
to carefully consider if radiocarbon dating does necessarily
reflect the age of the event to be dated. Overall, this study
demonstrates the need to carefully consider the methodo-
logical challenges that are related to rather well-established
physical dating approaches. Despite these limitations, the
presented data strongly implies that while a severe flooding
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event in the fifteenth century AD buried the kiln sites, this
did not stop the production of Lanna group ceramics in the
Nan region, which continued for some two centuries.
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