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Technological characterization and
maritime trade implications of Sui Tang
dynasty Deqing Kiln ceramics
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During theSui andTangDynasties, DeqingKiln in the Taihu Lake region producedblack- and celadon-
glazed ceramics widely distributed across East Asia. This study investigates how maritime trade
influenced production strategies at the kiln site. Using XRF, SEM, and PCA, we analyzed ceramics
from Deqing and the contemporaneous Xuanzhou Kiln. Results reveal refined raw material selection,
improved firing control, and increased standardization during the Sui and TangDynasty. Rather than a
decline in quality, changes in product characteristics reflect a strategic shift toward efficient, scalable
production for trade. This study underscores Deqing Kiln’s technological adaptability andmanagerial
sophistication during a key period of early Chinese ceramic globalization.

During the Sui (581–618AD) and Tang Dynasties (618–907AD), China
experienced a golden age of economic prosperity and cultural exchange1,2.
Institutional reforms, advancements in transportation3, and growing mar-
itime networks contributed to a thriving trade industry4–9. The development
of ceramics played a crucial role in this trade10,11, particularly in regions such
as the Taihu Lake region, where the Deqing Kiln was one of the most
significant ceramic production sites (Fig. 1). The Deqing Kiln reached its
peak production capacity during this period, not only catering to domestic
markets but also actively participating in international trade.

Deqing kiln’s peak production period coincided with the rise of Tang
maritime trade. In 600 AD, Japan began dispatching envoys to China to
learn from the TangDynasty, fostering Sino-Japanese trade12,13. Particularly
from the 670 s onward, Japanese envoys switched to entering China via the
Yangtze River estuary, establishing a direct East China Sea route, which
further facilitated the export ofTaihuLake region ceramics to Japan14. Given
Deqing’s developed waterway system and proximity to the Yangtze River
estuary, the Deqing Kiln had a geographical advantage for maritime trade.
Typological researchhas shown thatDeqingKilnproducts had already been
exported overseas since the Eastern Jin (317–420AD) and Southern
Dynasties (420–589AD), with finds in Baekje sites in Korea15 and large
quantities discovered at theQinglongTownport site in ShanghaiChina16–18.

Amid rapid economic growth and thriving trade during the Sui and
Tang dynasties, the Deqing Kiln reached the pinnacle of its development,
with a substantial increase in production volume. It emerged as the ceramics
manufacturing centre of the Taihu Lake region and became the most sig-
nificant kiln site in the lower Yangtze River area during this period. The

Deqing Kiln first appeared in the late Eastern Han Dynasty (25–220AD),
evolved throughout the Three Kingdoms (220–280AD) and Western Jin
periods (266–317AD), peaked during the Eastern Jin (317–420AD) and
Southern Dynasties (420–589AD), and ceased operation by the late-Tang
Dynasty (705–907AD)19,20. Its kilns, known for jointly firing celadon-glazed
and black-glazed ceramics, were primarily distributed across Deqing,
Yuhang, and southern Huzhou along the middle and lower reaches of the
East Tiaoxi River. The earliest written reference to the term “Deqing Kiln”
appeared in A Draft History of Chinese Celadon by Japanese scholar Fujio
Koyama. Formal archaeological surveys and excavations began in 1956, and
over the subsequent seventy years, extensive archaeological findings have
established a comprehensive developmental chronology of the kiln from the
late Eastern Han Dynasty to the Sui and Tang eras21,22.

Currently, archaeometric studies on Deqing kiln products remain
scarce,with particularly limited understandingof ceramic technologies used
during the Sui and Tang Dynasties. In 1979, Ling Zhida conducted analy-
tical studies on black-glazed ceramics from seventeen kiln sites in both
northern and southern China, comparing the differences in ceramic bodies
and glazes among these regions. However, samples from Deqing Kiln were
notably absent23. In 2023, Li Gen investigated the presence of ε-Fe2O3 in
TangDynasty black-glazed ceramics from the Deqing kilns, suggesting that
this represents the earliest known artificially synthesized ε-Fe2O3

24.
Despite the importance of the Deqing Kiln in ancient ceramic pro-

duction and trade, comprehensive scientific research on its technological
attributes remains limited. This study seeks to address this gap by applying
modern analytical techniques to examine the composition, structure, and
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technological characteristics of Deqing ceramics, thereby shedding light on
the sophisticated craftsmanship of this influential kiln.

Methods
This study collected 43 ceramic samples from four Sui and Tang Dynasty
kiln sites in Deqing: Gangdong No.1 Kiln, Gangdong No.2 Kiln, Qianshan
Kiln, and Shuyuantou Kiln (Fig. 2, Table S1). The samples represent a
variety of ceramic forms, including bowls, plates, and jars, which were
classified into two major phases: Sui to early Tang (hereafter referred to as
the Sui Dynasty) and mid-to-late Tang (hereafter referred to as the Tang
Dynasty). Bowls and plates from the Sui Dynasty were characterized by
either partial glazing on both inner and outer surfaces or fully glazed
interiors with partially glazed exteriors (Fig. 2A). By the Tang Dynasty, this
evolved into fully glazed interiors and exteriors (Fig. 2C). Jars from the Sui
Dynasty were characterized by unglazed interiors and partially glazed
exteriors (Fig. 2B), evolving later to fully glazed exteriors during the Tang
Dynasty (Fig. 2C). The distinguishing typological features of these ceramics
were analyzed in conjunction with chemical and micro-structural
characteristics19.

For comparative purposes, 26 ceramic samples from the Xuanzhou
Kiln inAnhui Province25, a contemporary kiln that also produced black and
celadon-glazed ceramics, were analyzed. Given its proximity to Deqing and

its similar ceramic production techniques, XuanzhouKiln serves as an ideal
reference point for understanding regional variations in ceramic technology
(Fig. 2M–P).

The study employed a multi-faceted analytical approach to assess the
composition and structural attributes of the ceramics. TheBrukerTracer 5 g
energy-dispersive X-ray fluorescence spectrometer (XRF) was utilized to
determine themajor and trace elemental composition of the ceramic bodies
and glazes26,27. Elemental micro-distribution was conducted using a Bruker
M4 Tornado. Microstructural features were examined using a Thermo
Scientific Phenom XL scanning electron microscope (SEM), which pro-
vided high-resolution imaging of the ceramic matrix, glaze, and inter-
mediate layers. All data analyses are conducted using R version 4.4.328,29.

Results
Ceramic body
The Deqing Kiln ceramics are characterized as high-silica, low-alumina
products. The ceramic body composition analysis reveals that SiO2 and
Al2O3 contents are high, while K2O and Fe2O3 range between 1-5%, with
other major elements below 1% (Table S2). Over time, Al2O3 content
increased, while SiO2 and Fe2O3 decreased, indicating technological
advancements (Fig. 3). The higher Al2O3 content improved structural sta-
bility, and the lower Fe2O3 content lightened the ceramic body colour. Black

Fig. 1 | Geographical context of Deqing Kiln and
related sites during the Sui and Tang dynasties.
A Regional map showing the locations of Deqing
Kiln, Xuanzhou Kiln, Qinglongzhen Site, and Tai
Lake; B Distribution of identified Deqing Kiln sites.
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and celadon ceramics have similar compositions but differ in Fe2O3 levels,
suggesting distinct raw material processing methods.

The XRF trace element contents of ceramic bodies from Deqing kiln
products are shown in Table S3. Overall, the trace element variations
between the Sui and Tang Dynasties are minor; although slight differences
in Rb, Sr, Zr, and Ba are observable, these variations remain relatively
limited. Additionally, differences between black-glazed and celadon-glazed
ceramics within and across these periods are also minimal.

From the SEM images (Fig. 4), it is evident that the ceramic bodies of
Deqing wares exhibit relatively fine particles and uniformly distributed
small pores with no apparent structural defects, reflecting a well-controlled
manufacturing process. A comparison between samples from the Sui and
Tang Dynasties reveals progressive improvements in raw material proces-
sing, the average grain size decreased notably from the Sui period to the
Tang period, indicating enhanced grinding and particle sorting. These
changes demonstrate the development of more refined ceramic body pre-
paration techniques over time. Furthermore, no significant structural dif-
ferences are observed between black-glazed and celadon-glazed wares,
suggesting a high degree of standardization across different product types.

Glaze
Both black and celadon glazes are calcium-based30. The black glaze has
higher Fe2O3 content, while the celadon glaze has higher Al2O3 (Table S4,
Fig. 5). These variations suggest deliberatemanipulation of rawmaterials or
firing conditions tailored specifically for achieving desired aesthetic out-
comes. The SEMdata (Fig. 4) show that the glaze layers of bothblack-glazed

and celadon-glazed ceramics became noticeably thinner from the Sui to the
Tang Dynasty. This change may be related to improvements in body fab-
rication techniques, higher-quality ceramic bodies could achieve desirable
aesthetic and functional effects without requiring a thick glaze coating.
Additionally, thinner glazes are easier to fire and help reduce production
costs. This transformation aligns with the increased demand for large-scale
ceramic production during the expansion of maritime trade in the Tang
Dynasty.

The trace element contents of celadon andblack glazes are very similar,
indicating similar raw materials for glaze production. However, there are
significant differences in trace element contents between the ceramic body
and glaze, particularly in Sr content, suggesting different raw material
sources (Table S5).

Intermediate layer
In the elemental micro-distribution maps of Deqing kiln ceramics (Fig. 6),
an intermediate layer between the glaze and ceramic body can be clearly
observed. During firing, the glaze melts earlier than the ceramic body,
infiltrating into the ceramic body and forming this intermediate layer. This
layer can be considered as a ceramic body containing a small amount of
glaze31,32. Its Fe2O3 content is lower than that of the ceramic body, resulting
in a visibly lighter color.Overall, the composition of the intermediate layer is
relatively close to that of the ceramic body, which reflects immature
ceramic-making technology during the Sui and Tang Dynasties. From the
elementalmicro-distributionmaps, theCa content follows the order: glaze>
intermediate layer > ceramic body, while Fe content follows the order:

Fig. 2 | Representative photographs of ceramic samples of Sui and Tang Dynasties from Deqing Kiln (Zhejiang Province) and Xuanzhou Kiln (Anhui Province).
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ceramic body > intermediate layer > glaze. This intermediate layer is present
in ceramics from both the Sui Dynasty (Fig. 6A, B) and the Tang Dynasty
(Fig. 6C, D), as well as in products from the nearby Xuanzhou kiln
(Fig. 6E, F). Additionally, there is no significant difference in ceramic body
structure between black-glazed and celadon-glazed wares from Deqing
kilns, demonstrating consistent structural characteristics (Fig. 4).

Discussion
The PCA analysis33,34 of elemental contents of ceramic bodies excavated
from four kiln sites of Deqing kilns is presented in Fig. 7A. Results show no
significant differences among these kiln sites, indicating a relatively stan-
dardized and mature ceramic body manufacturing technology at Deqing
kilns. This standardization ensured consistent product quality across dif-
ferent batches andkiln sites. Such standardization likely reflects coordinated
kiln management and specialized craftsmanship aimed at meeting
increasing market demand during the Tang Dynasty’s commercial expan-
sion. Typological analysis suggests that while Deqing kilns reached their
peak product refinement during theEastern Jin andSouthernDynasties, the
Sui and Tang periods witnessed strategic adjustments in production focus.
In response to growing maritime trade, kiln administrators prioritized
standardization and efficiency over artisanal complexity. This shift did not
imply a decline in technological capability, but rather reflects a deliberate
balance between production volume and consistent quality to maximize
economic benefit and trade compatibility35.

PCA analysis across different periods (Fig. 7B) reveals two distinct
groups representing the Sui and Tang Dynasties, respectively, indicating
technological changes in ceramic bodymanufacturing over time.Therefore,

the chronological phases of Deqing kiln products can be identified by
period-specific technological characteristics, offering crucial insights for
future maritime trade studies.

The PCA analysis of elemental contents in the glaze of Deqing kiln
products demonstrates that black glaze and celadon glaze can be clearly
distinguished (Fig. 8A), consistentwith the results of elemental composition
analysis. No significant differences in glaze compositions were observed
among different kiln sites, indicating relatively standardized glaze produc-
tion techniques across the kiln sites (Fig. 8B). Additionally, the develop-
mental changes in celadon glaze (Fig. 8C) and black glaze (Fig. 8D) between
the Sui and Tang Dynasties are not apparent, making them challenging to
differentiate by period.

The microstructural advancements further support the notion of
technological improvement from the Sui toTangDynasties. The thinningof
the glaze layer, likely aimed at conserving glaze materials and improving
firing efficiency, reflects greater control over firing parameters. The
enhanced particle sorting suggests a shift toward more standardized and
purified clay preparation techniques. Such structural refinements demon-
strate a nuanced evolution of production techniques, highlighting Deqing
kilns’ capacity for technical adaptation during a period of expanding mar-
itime demand.

Overall, ceramic technology at Deqing kilns improved significantly
from the Sui to Tang Dynasties. Production scale and output during the
Tang Dynasty far exceeded those of the Sui, and product quality became
more consistent and standardized. These changes reflect not only
improvements in manufacturing processes and materials control but also
strategic management decisions tailored to the demands of long-distance

Fig. 3 | Boxplot of the major elemental contents in
the body of Deqing Kiln ceramics.
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trade. The evolution of Deqing’s ceramic production illustrates a sophisti-
cated understanding of balancing craftsmanship, efficiency, and commer-
cial adaptability.

The black-glazed ceramics of the Deqing Kiln are highly characteristic
of their time. Most existing research on black-glazed ware has focused on
those produced in Fujian during the Song Dynasty36. However, the black-
glazed ceramics fromDeqingKiln appeared several centuries earlier. At that
time, Deqing was already capable of producing high-quality black-glazed
wares on a large scale. Despite this early achievement, the historical sig-
nificance of Deqing’s black-glazed ceramics has remained largely
overlooked.

Based on elemental content (Table S6) and PCA analysis (Fig. 9), the
ceramic body and glaze compositions of Deqing and Xuanzhou Kiln pro-
ducts are very similar, indicating similar ceramic production technologies.
Although both kiln complexes shared similar ceramic formulations, Deqing

Kiln ceramics demonstrate greater uniformity and superior overall quality,
highlighting Deqing’s leading role in ceramic production within the Taihu
Lake region during the Sui and Tang Dynasties. This technological super-
iority provided Deqing kilns with a competitive advantage in domestic
markets and significantly facilitated its role in international maritime trade,
further attested by archaeological discoveries ofDeqing ceramics in overseas
contexts.

Given these findings, DeqingKiln offers significant potential for future
research as a focal point to explore technological exchange and the devel-
opment of trade networks. Investigating its interactions with con-
temporaneous kilns, material sourcing strategies, and production
management could greatly enhance our understanding of ancient ceramic
economies and maritime trade dynamics in East Asia.

This study highlights Deqing Kiln’s prominent role as a ceramic pro-
duction center during the Sui and TangDynasties, marked by technological

Fig. 4 | SEM images of ceramic microstructures from Deqing Kiln. The rest of the legend has been removed, as the specific information for each panel (A-L) is already
clearly labeled within the figure itself.
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Fig. 6 | Elemental micro-distribution maps of
Deqing Kiln ceramics. A, B ZJQS-7, Sui Dynasty;
C, D ZJGD2-8, Tang Dynasty; E, F AHXZ-8, Tang
Dynasty.

Fig. 5 | Boxplot of the major elemental contents in
the glaze of Deqing Kiln ceramics.
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innovation, consistent quality control, and significant output expansion.
The detailed characterization presented here reveals a sophisticated
understanding of raw material properties and standardized manufacturing
techniques. This technological refinement observed in ceramic bodies and
glazes facilitated Deqing Kiln’s active participation in early international
maritime trade networks.

Previous maritime trade research has predominantly focused on
shipwreck and port-site materials, often neglecting the impact of large-
scale trade on kiln-site production. This study uniquely emphasizes the
Sui and Tang Dynasties—a pivotal era marking the rise of large-scale
ceramic trade in ancient China. By examining Deqing Kiln, this study
clearly demonstrates the direct influence of expansive maritime

commerce on production practices, technological improvements, and
product quality stabilization. The kiln administrators strategically
balanced production volume with quality, demonstrating significant
managerial capability and operational efficiency achieved during the
Sui and Tang Dynasties.

Through comprehensive analysis of Deqing Kiln’s ceramic production
technology, this study contributes to a broader understanding of medieval
ceramic trade and technological exchanges in East Asia. Moreover, com-
parative analyses with contemporaneous regional kilns underscore Deqing
Kiln’s technological excellence and its strategic commercial orientation.
These findings significantly enhance our understanding of ancient Chinese
ceramics’production, distribution, and trade dynamics. Future research can

Fig. 7 | PCA biplots of elemental compositions of ceramic bodies from the Deqing Kiln under different classification criteria. A Grouping by kiln site; B grouping by
chronological period.

Fig. 8 | PCAbiplots of elemental compositions of glazes from theDeqingKiln under different classification criteria. AGrouping by glaze color;B grouping by glaze color
and kiln site; C celadon-glazed ceramics grouped by kiln site and chronological period; D black-glazed ceramics grouped by kiln site and chronological period.
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build upon these insights by exploring technological interactions among
kiln sites, tracing material sourcing networks, and examining the broader
implications of ceramic technologies within East Asian maritime
commerce.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementaryinformation files.

Code availability
All data processing and visualization were performed using standard
functions in R (version 4.4.3).
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