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Provenance study of Tang-dynasty black-
glazed porcelains unearthed at the
Yingou site
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Caoyuan Ma1, Hongjie Luo1,2, Fen Wang1 , Jianfeng Zhu1, Deyi Wang3, Tian Wang1 & Chen Chen4

This study investigates the provenance of Tang-dynasty black-glazed porcelain excavated from the
Yingou site in Fuping, Shaanxi, through comparative analysis with authenticated Tang-dynasty
Yaozhou kiln samples. A multi-analytical approach combining EDXRF, ICP–MS, XRD, SEM–EDS and
Raman spectroscopy reveals that the Yingou samples exhibitminimal internal variability and share the
high-alumina, low-silica signature characteristic of northern porcelains. Their glaze compositions,
microstructural features, and diffusion behaviors closely match those of the Yaozhou samples.Major,
trace, and rare-earth-element patterns show substantial overlap, with no meaningful compositional
separation. The results show that Tang-dynasty black-glazed porcelains from the Yingou site exhibit
strong compositional and technological consistencywith Yaozhou black-glazedwares. This similarity
supports production within a shared raw-material and technological framework, likely reflecting a
common geological resource base or closely connected production systems, while acknowledging
that finer-scale attribution requires broader comparative datasets.

TheYingou Site, as shown in Fig. 1, located in FupingCounty,WeinanCity,
Shaanxi Province, has been archeologically confirmed as a large, multi-
component archeological complex encompassing diverse cultural sites,
including urban foundations and ceramic relics. Before systematic excava-
tions at the site, several locations from different historical periods had
already been documented in the Fuping area. The site’s discovery provides
crucial evidence for researching craft-production systems innorthernChina
during the Tang and Song periods and attests to a strong continuity of
regional civilization.

Black-glazed porcelains plays a crucial role in the history of Chinese
ceramics. Its firing techniques originated from the experimental stages of
southern celadon kilns during the Eastern Han Dynasty. During the Tang
Dynasty, northern kilns, building upon the expertise from southern por-
celain production, achieved both maturity and innovation in black-glazed
porcelain craftsmanship. By the Song Dynasty, black-glazed porcelain
reached its zenith, driven by the popular culture of tea competitions. From
2011 to 2013, the Yingou site underwent systematic excavation for arche-
ological research purposes. The site includes a variety of kiln-like structures,
such as round, semicircular, and horseshoe shapes, exhibit typical char-
acteristics of northern kilns. Among the numerous porcelain samples

recovered was a group of high quality black-glazed porcelains. These por-
celains are distinguished by their refined craftsmanship, uniformly smooth
and lustrous glazes, and minimal decorative patterns. Geographically, the
Yingou site is located in close proximity to the renowned Yaozhou kilns.
This geographical andadministrative context has sparkedongoing scholarly
debate over the provenance of the black-glazed porcelains excavated at the
Yingou site: specifically, whether theseTang-dynasty porcelainswere locally
produced or from elsewhere?

JundingXia1 carriedout thermoluminescence (TL) datingonporcelain
unearthed from the Yingou site. The results indicate that the celadon and
black-glazed porcelain samples date to approximately 1200–1550 years ago,
corresponding to the Tang dynasty. Li and Zhang2 analyzed the chemical
compositions of the bodies and glazes of several black porcelain sherds
unearthed from the Yingou site and compared them with Jian kiln black
porcelain. The results indicate that the Yingou bodies are characterized by a
distinct “high-alumina, low-silica” composition, thereby effectively
excluding the possibility that the black-glazed porcelains from Yingou was
produced at the Jian kiln. Liu and Li3 employed portable X-ray fluorescence
(pXRF) to compare the chemical compositions of the bodies and glazes of
Qingbai porcelain sherds unearthed from the Yingou site and the Hutian
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kiln. The results show that both belong to high silica, low alumina porce-
lains, but they differ markedly in several trace elements. Zhu et al.4 and
Wang et al.5 investigated trace elements in the bodies of Qingbai porcelain
from theXicun kiln using LA-ICP-MS. The results indicate that thin-walled
vessels unearthed at the Xicun kiln site were produced at the Hutian kiln,
whereas thick-walled vessels were fired locally at Xicun. The concentrations
of trace elements (V, Rb, Ba, Ta, Pb, and Th), together with theNb/Ta ratio,
can be used to discriminate between products from the Xicun and Chaoz-
hou kilns. This approach further demonstrates the effectiveness of trace
elements as indicators for determining ceramicprovenance. Shenet al.6 used
LA-ICP-MS to investigate trace elements in the glazes of Yaozhou kiln
celadon from the Tang to Five Dynasties periods and found that glazes with
the same geological signature were employed across different historical
periods. According to the literature, this rawmaterialmay correspond to the
so-called “Fuping glaze stone”, providing strong material evidence for the
close relationship between the Yingou site and the Yaozhou kiln. Shi and
Yong7 conductedmultiple analyses and characterizations of unearthed Jun-
glazedwares—usingED-XRF, ICP-MS, andSEM-EDS—the results indicate
that some of the artifacts unearthed in InnerMongoliamay have originated
from theDing kiln inHebei, while other artifacts are very likely from the Jun
kilns in central and western Henan. As discussed above, although some
preliminary research has been carried out on the celadon and Qingbai
porcelain unearthed at the Yingou site, very limited work has focused on
black porcelain. Black porcelain is generally considered to be produced from
relatively high grade raw materials with complex chemical compositions
and compared with celadon and white porcelain, its manufacture depends
more strongly on locally available resources. Consequently, provenance
studies based on black porcelain are of particular importance for deter-
mining the place of production with greater accuracy.

Previous studies have examined Yingou celadon, Qingbai porcelain,
and regional clay resources, establishing that the area contains abundant
kaolin and related raw materials suitable for ceramic production. Compo-
sitional analyses have excluded a Jian kiln origin and identified similarities
and differences with other northern kilns. Trace-element studies on Yaoz-
hou glazes further suggest that certain rawmaterialsmay have been sourced
from the Fuping region.However, no study has yet undertaken a systematic,
multi-method comparison specifically targeting Yingou black-glazed

porcelain, despite its high provenance sensitivity and its greater reliance on
local raw-material systems compared with celadon and white porcelains.

This study addresses this gap by analyzing the major, trace, and rare-
earth element compositions, mineralogical phases, and microstructural
characteristics of Yingou black-glazed porcelains using EDXRF, ICP-MS,
XRD, SEM–EDS, andRaman spectroscopy. By comparing 15 samples from
Yingou site with 8 authenticated Tang-dynasty Yaozhou kiln black-glazed
porcelains, we aim to clarify whether the Yingou black-glazed porcelains
were locally produced or formed part of the Yaozhou technological system.

Methods
A total of 15 Tang-dynasty black-glazed porcelains excavated from the
Yingou site and 8 Tang-dynasty black-glazed porcelains fromYaozhou kiln
were selected for analysis, descriptions of their bodies and glazes are given in
Table 1, and representative photographs of the black-glazed porcelain
samples are presented in Fig. 2. No intentional surface ornamentation or
relief decoration was observed on the glaze surfaces, either through mac-
roscopic examination or under optical microscopy. The visual character-
istics of these wares are therefore defined primarily by glaze color, gloss, and
surface texture rather than by decorative patterning, a feature consistent
with typical Tang-dynasty northern black-glazed porcelains. The samples
were sectioned using an SYJ-160 low-speed cutting machine and then
embedded in epoxy resin for subsequent analyses.

This study did not involve human participants, human tissue, personal
data, animals, or any procedures requiring ethical approval. According to
the institutional guidelines of the Shaanxi University of Science and Tech-
nology, research involving archeological ceramic sherds does not fall under
the scope of ethics committee or institutional review board oversight.
Therefore, no ethical review or approval was required, and all analyses were
conducted in accordancewith institutional andnational research guidelines.

Analytical methods
Cross-sections of all samples were examined using a KEYENCEVHX-7000
optical microscope to document microstructural features and to guide the
selection of analytical points. The chemical compositions of the cross-
sections were measured with an XGT-7200V X-ray fluorescence spectro-
meter (XRF). For each sample, three to five spots were selected on the body
region while explicitly avoiding glaze–body transition zones to prevent
compositional mixing. The instrument was operated at 30 kV and 0.8mA
with a 120 s acquisition time, and mean values were calculated for sub-
sequent interpretation.

Trace element concentrations were obtained using a NexION 5000
ICP-MS system. Prior to analysis, 100mg of each powdered sample was
digested in a closed-vessel system with a mixed acid matrix (HNO3-HF-
HCl) at 180 °C for 90min. ExcessHFwas removed by repeated evaporation
with HNO3. The digested solutions were diluted to 50mL with ultrapure
water. QA/QCprocedures included analysis of procedural blanks, duplicate
digestions (RSD < 5%), and the certified reference material GBW 07105
(Chinese pottery clay), which showed recoveries of 92–105%. Each ICP-MS
measurement consisted of 20 scans and triplicate runs.

Raman spectra were acquired using a Renishaw inVia confocal micro-
Raman spectrometer to characterize crystalline phases at the glaze–body
interface. A 532 nm excitation laser was applied at 1.31mW to avoid
thermal alteration, with an integration time of 10 s and three accumulations
per spectrum. Raman spectral data were compared with the RRuff Raman
standard spectral database (website: https://rruff.info/).

The microstructure and elements were observed using a FlexSEM
1000II scanning electron microscope equipped with an EDS detector. The

Fig. 1 | Geographical locationmap of the Yingou site and Yaozhou kiln. Themap
shows the regional setting and relative positions of the Yingou site (Fuping County,
Weinan City, Shaanxi) and the Yaozhou kiln area (Tongchuan, Shaanxi). Location
markers and labels are as indicated on the map.

Table 1 | Samples selection

Samples Kiln Appearance

T-YG-1、T-YG-3–7、T-YG-9–17 Yingou archeological Site Beige body、black glaze surface

T-YZY-1–8 Yaozhou kiln Gray body、black glaze surface
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polished cross-section was coated with gold and analyzed at an accelerating
voltage of 20 kV.

The present study is based on 15 Yingou site and 8 Yaozhou kiln
black-glazed porcelain samples. While this sample size is appropriate for
an initial multi-method provenance comparison, it inevitably constrains
the statistical resolution, particularly for distinguishing closely related
production contexts within a large and temporally extensive kiln complex

such as Yaozhou. Moreover, the Yaozhou kiln samples analyzed here
derive from a limited number of kiln contexts and therefore may not
capture the full compositional variability of the broader production sys-
tem. Nevertheless, the strong internal coherence observed within each
group, together with the convergence of multiple independent analytical
proxies, lends confidence to the comparative interpretations presented in
this study.

Fig. 2 | Photos of the black porcelain from Tang
Dynasty Yingou site and Yaozhou kiln. Photo-
graphs show typical macroscopic appearance of the
studied sherds from the Yingou site and the Yaoz-
hou kiln, illustrating body color and black glaze
surfaces. Sample grouping (T-YG and T-YZY) is
indicated in the figure.

Table 2 | XRF data for body of all samples(wt%)

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO2 Fe2O3

T-YG-1 0.61 0.74 20.66 69.14 0.00 3.15 0.57 1.10 0.03 4.02

T-YG-3 1.56 1.13 22.40 66.83 0.00 1.76 0.47 1.80 0.01 4.04

T-YG-4 1.53 1.26 22.42 66.65 0.01 1.96 0.67 1.31 0.02 4.18

T-YG-5 1.76 0.68 21.56 67.82 0.00 2.33 0.48 1.26 0.06 4.08

T-YG-6 2.09 0.82 21.86 67.85 0.00 1.33 0.53 2.56 0.02 2.95

T-YG-7 0.64 0.91 21.70 66.96 0.03 2.00 0.61 1.40 0.03 5.72

T-YG-9 1.24 0.83 20.98 68.09 0.00 3.12 0.51 1.04 0.02 4.17

T-YG-10 0.78 1.21 25.37 65.58 0.00 1.89 0.51 1.97 0.01 2.68

T-YG-11 2.19 1.15 24.99 63.07 0.00 1.78 0.49 2.15 0.01 4.16

T-YG-12 1.00 0.89 22.82 68.40 0.00 1.92 0.48 1.62 0.01 2.85

T-YG-13 1.23 0.58 20.01 70.08 0.00 2.32 0.75 1.32 0.04 3.68

T-YG-14 0.67 1.22 22.55 65.75 0.00 2.47 0.56 1.69 0.03 5.06

T-YG-15 1.96 0.65 20.32 69.34 0.00 2.45 0.83 1.18 0.02 3.25

T-YG-16 1.01 0.93 19.35 71.70 0.00 1.80 0.50 1.91 0.01 2.79

T-YG-17 1.33 0.66 21.68 67.57 0.00 2.31 0.71 1.20 0.03 4.50

T-YZY-1 0.69 0.97 19.91 71.42 0.00 1.75 0.36 1.88 0.01 3.02

T-YZY-2 0.55 0.75 24.26 65.44 0.00 1.92 1.07 2.17 0.01 3.83

T-YZY-3 1.89 0.70 22.84 66.81 0.00 2.10 0.64 1.18 0.02 3.82

T-YZY-4 2.01 0.55 25.15 62.45 0.00 1.54 0.34 1.94 0.02 6.00

T-YZY-5 1.24 1.25 20.99 67.98 0.00 1.40 0.63 1.70 0.01 4.80

T-YZY-6 0.69 0.96 21.29 70.19 0.00 1.51 0.49 1.96 0.01 2.90

T-YZY-7 1.57 1.08 22.91 67.91 0.00 1.90 0.63 1.63 0.01 2.36

T-YZY-8 1.18 0.82 19.46 71.67 0.00 1.72 0.40 1.86 0.00 2.89
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Results
Chemical composition analysis
The chemical compositions of all sample bodies are summarized in Table 2.
The results indicate that the Tang-dynasty Yingou black-glazed porcelain
bodies exhibit the typical high-alumina and low-silica characteristics of
northern porcelains. The main oxide contents in the bodies are as follows:
the mean SiO2 content is 67.66%, and the mean Al2O3 content is 21.91%.
These values are very close to those of Tang-dynasty Yaozhou kiln samples
(mean SiO2 67.98%; mean Al2O3 22.10%). This similarity suggests that the
Tang-dynasty Yingou samples may have shared highly consistent raw-
material choices and body recipes with those of the Yaozhou kiln. The
Yingou site in Fuping County, Shaanxi Province, is located in close proxi-
mity to the Yaozhou kiln in Tongchuan City, Shaanxi Province. Given that
raw materials for porcelain production were typically obtained locally, it is
reasonable to infer that Yingou black porcelains most likely made use of
kaolin or clay resources similar to, or even identical with, those exploited by
the Yaozhou kiln, suggesting a relatively close geological relationship
between the two areas.

Figure 3 presents box plots of the main oxide contents in the bodies of
theblackporcelain samples. First, theTang-dynastyYingou samples and the
Tang-dynasty Yaozhou kiln samples display very similarmedian values and
dispersion ranges for SiO2, Al2O3, and MgO. Second, the TiO2 contents of

the Tang-dynasty Yingou samples (mean of 1.57%) differ only slightly from
those of the Tang-dynasty Yaozhou kiln samples (mean 1.79%), and the
Fe2O3 contents of the Tang-dynasty Yingou samples (mean 3.88%) and the
Tang-dynasty Yaozhou kiln samples (mean 3.77%) are similarly distributed
and relatively high.During high temperature firing, the similar ionic radii of
Ti4+, Fe2+, and Fe3+ (rTi4+ = 0.068 nm, rFe2+ = 0.077 nm, rFe3+ = 0.069 nm)8

allow iron–titanium solid solutions to form readily, thereby producing a
darker body color. Because the iron content in all samples is higher than the
titanium content, the overall body color appears predominantly
gray9.However, the relatively high TiO2 contents of the Tang-dynasty
Yaozhou kiln samples enhance the yellow component of the body color,
resulting in an overall grayish-yellow appearance.These observations are
consistent with those reported in ref. 9: black porcelain bodies from the
Yaozhou kiln of the Tang dynasty are predominantly dark gray, with some
examples appearing gray, yellow, or grayish-yellow in tone, and most are
coarse and relatively heavy.

With respect to fluxing components, the K2O contents of the Tang-
dynasty Yaozhou kiln samples (median ≈ 1.73%) are slightly lower than
those of the Tang-dynasty Yingou site samples (median ≈ 2.20%). This
difference may reflect variations in the proportions of fluxing agents or raw
materials used in the Yingou black porcelain bodies. The CaO contents of
the Tang-dynasty Yingou and Yaozhou kiln samples differ very little

Fig. 3 | Distribution maps of major oxide contents and principal component
analysis (PCA) of samples fromYingou site and Yaozhou kiln.Box plots ofmajor
oxide contents in the bodies of the Yingou (T-YG) and Yaozhou (T-YZY) samples.

PCA score plot based on the selected major oxides showing the compositional
relationship between groups. Symbols/colors distinguishing T-YG and T-YZY are
as indicated in the figure; box plots show median, interquartilerange, and whiskers.
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(median values of 0.58% and 0.57%, respectively), suggesting that the cal-
careous content of the clays and the control of the firing atmosphere were
broadly similar.

Aprincipal component analysis (PCA)was carried out on seven oxides
(MgO, Al2O3, SiO2, K2O, CaO, TiO2 and Fe2O3) in the chemical-

composition dataset for the sample bodies. Principal components 1 (34.6%)
and 2 (27.7%) together account for 62.3% of the total variance, which
adequately captures the overall differences among the samples. In the
PC1–PC2 score plot, the two sample groups show substantial overlap with
no clear boundary, indicating that their overall chemical compositions are
similar and do not exhibit pronounced separation by provenance. In
comparison, the T-YG samples exhibit greater dispersion along PC1,
whereas the T-YZY samples are more tightly clustered. This slight separa-
tion occurs primarily along PC1 and is likely related to intrinsic factors such
as variations in raw-material proportions within each group. Overall,
however, the two groups show highly consistent body elemental composi-
tions, indicating that the raw-material sources for the ceramic bodies were
very similar. The substantial overlap between Yingou andYaozhou samples
in bothmajor-oxide compositions and PCA space indicates a high degree of
chemical similarity between the two groups. However, this overlap should
be interpreted with caution. In geologically homogeneous regions such as
northern Shaanxi, where ceramic raw materials are derived from broadly
similar loess-related and sedimentary systems, compositional convergence
may reflect the exploitation of shared geological resources rather than
production within a single kiln or workshop. Accordingly, the PCA results
support similarity at the level of raw-material background and technological
tradition, but donot, in isolation, permit unequivocal attribution to aunique
production center.

The chemical compositions of the glaze layers of the black porcelain
samples are summarized in Table 3. For the Tang-dynasty black porcelain
unearthed at the Yingou site, themean SiO2 andAl2O3 contents are 64.66%
and 11.86%, respectively, whereas for the Tang-dynasty Yaozhou kiln black
porcelain samples the corresponding values are 66.27% and 10.51%.
Because the T-YZY group has a higher SiO2 content and a lower Al2O3

content, the proportion of clay in the glaze is reduced, and the glaze is
therefore expected to appear clearer (more transparent). Both T-YG (mean
CaO5.80%) andT-YZY(meanCaO7.11%) contain relativelyhigh amounts

Table 3 | XRF data for glaze of all samples(wt%)

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO2 Fe2O3

T-YG-1 2.07 4.39 14.39 63.18 0.36 4.23 2.79 0.86 0.08 7.64

T-YG-3 4.02 3.93 9.91 62.56 0.01 3.16 7.46 0.63 0.13 8.20

T-YG-4 1.21 3.36 11.06 68.04 0.19 2.96 4.94 0.80 0.11 7.34

T-YG-5 1.52 3.11 11.68 64.91 0.13 4.51 5.61 0.78 0.12 7.63

T-YG-6 2.13 2.64 13.57 65.20 0.09 2.61 5.20 1.50 0.08 6.99

T-YG-7 1.71 3.39 12.31 64.75 0.04 2.81 5.52 0.83 0.16 8.48

T-YG-9 0.58 3.44 12.58 66.16 0.33 3.82 4.05 0.98 0.17 7.89

T-YG-10 3.32 3.22 10.65 64.83 0.00 2.75 7.84 0.69 0.12 6.58

T-YG-11 1.50 4.74 11.29 61.03 0.01 2.16 8.13 0.74 0.15 10.27

T-YG-12 0.52 3.22 13.33 67.53 0.13 3.07 4.06 1.00 0.10 7.04

T-YG-13 2.85 3.64 11.95 63.69 0.08 3.09 5.87 0.76 0.13 7.95

T-YG-14 0.79 3.39 12.35 64.34 1.74 2.91 6.31 0.85 0.11 7.21

T-YG-15 2.26 3.67 11.04 64.29 0.04 3.21 5.96 0.69 0.12 8.72

T-YG-16 4.44 3.88 10.71 63.74 0.12 2.60 6.23 0.64 0.13 7.50

T-YG-17 1.63 3.11 11.03 65.67 0.00 3.00 7.06 0.70 0.12 7.66

T-YZY-1 1.61 3.55 10.48 63.68 0.12 2.88 9.21 0.70 0.14 7.62

T-YZY-2 3.17 2.95 10.01 67.97 0.17 2.41 6.32 0.67 0.12 6.21

T-YZY-3 0.43 3.63 11.64 65.31 0.17 3.35 5.96 0.86 0.18 8.47

T-YZY-4 1.58 2.71 10.49 67.50 0.00 3.17 6.66 0.68 0.12 7.09

T-YZY-5 0.99 3.01 11.02 67.50 0.09 2.86 6.44 0.76 0.14 7.18

T-YZY-6 1.02 2.48 9.41 71.39 0.00 2.92 5.56 0.66 0.12 6.44

T-YZY-7 1.07 4.85 10.49 61.13 0.00 2.33 8.90 0.66 0.14 10.44

T-YZY-8 1.88 3.27 10.53 65.70 0.07 2.87 7.83 0.67 0.13 7.05

Fig. 4 | 3D cluster analysis of Glaze layers on samples from Yingou site and
Yaozhou kiln. 3D clustering plot based onmajor-oxide compositions of glaze layers.
Each sphere represents an individual sample, and the ellipsoids indicate the con-
fidence regions for each group (T-YG vs T-YZY), as labeled in the figure.
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of CaO, which is conducive to enhancing the gloss and melt fluidity of the
glaze10. Consequently, the glazes of both sample groups can be regarded as
relatively high in quality. Both groups also showhigh Fe2O3 contents (T-YG
mean 7.81%; T-YZY mean 7.56%), indicating that iron is the principal
chromophore responsible for the black glaze coloration in both sample
groups, which is consistent with the established color-development
mechanism of black-glazed porcelain.

Cluster analysis based on seven oxides (MgO, Al2O3, SiO2, K2O,CaO,
TiO2, andFe2O3) in the glaze compositiondatasets of the above sampleswas
carried out, as shown in Fig. 4. Principal components 1, 2, and 3
(PC1 = 43.0%, PC2 = 32.4%, PC3 = 13.8%) together account for 89.2% of
the total variance, indicating that these three components adequately cap-
ture the main differences among the samples. In the plot, each sphere
represents an individual sample, and each ellipsoidal surface denotes the
confidence region of a sample group in multidimensional space. As shown
in the figure, the ellipsoids corresponding to the Tang-dynasty Yingou
samples and the Tang-dynasty Yaozhou kiln samples are relatively compact
and largely overlapping, and their confidence regions likewise exhibit a high
degree of overlap. This indicates that the main chemical characteristics of
the Tang-dynasty Yingou black porcelains and the Tang-dynasty Yaozhou
kiln black porcelains are highly similar, and further suggests that the glaze
composition ratios and technological control in the two sample groups are
broadly comparable.

The use of rare earth elements (REEs) in geochemical studies is now
well established, and they have been widely employed as effective geo-
chemical indicators11. According to previous studies, the types of raw
materials used for porcelain production vary between regions, and the
corresponding REE contents also differ. Moreover, because rare earth ele-
ments are highly stable, their abundances do not readily undergo significant
changes over time12. Therefore, REE signatures can be used to constrain the
provenance of the raw materials employed in the production of Tang-
dynasty black porcelain unearthed at the Yingou site. In this study, the
average rare earth element (REE) abundances of chondrites reported by
Boynton13 were used as the reference standard. Following published

procedures14–16, the REE contents of the Tang-dynasty black porcelain
samples excavated from the Yingou site were normalized to chondrite, and
the logarithms of the normalized values were plotted with log-normalized
REE content on the vertical axis and atomic number on the horizontal axis.
In addition, trace elements such as Zr, Nb, Cr, Ni, V, Sr, Rb, Tl and Pb were
employed as auxiliary tracers to more accurately constrain the provenance
of the Tang-dynasty black porcelain samples from Yingou site.

Box plots were constructed for the nine trace elements listed in Table 4
(excluding the rare earth elements) topresent the resultsmore intuitively.As
shown in Fig. 5, the overall contents of Zr, Nb and Rb in the Tang-dynasty
Yaozhou-kiln black-porcelain samples are slightly higher (Zr mostly
500–750 ppm, Nb mostly >20 ppm, Rb mostly 90–170 ppm), whereas the
Tang-dynasty black-porcelain samples unearthed from the Yingou site
show relatively lower levels (Zr approximately 300–680 ppm, Nb approxi-
mately 10–16 ppm, Rb mostly 40–160 ppm). The median values and dis-
tribution ranges of Cr, Ni, Ti, V, Sr, Tl and Pb show a high degree of overlap,
indicating that the twogroups share broadly consistentpatterns inkey trace-
element compositions. Although the overall trace-element distributions of
the two groups show substantial overlap, the Tang-dynasty Yaozhou sam-
ples display slightly higher median concentrations of Zr, Nb, and Rb than
those from Yingou cite. These elements are commonly associated with
accessorymineral phases, including zircon (Zr), rutile or ilmenite (Nb), and
mica or K-feldspar (Rb). Their modest enrichment in the Yaozhou samples
may therefore reflect minor differences in the abundance of heavy-mineral
or mica-bearing components within otherwise comparable clay deposits,
rather than fundamentally distinct geological sources. Importantly, these
variations are small relative to the total compositional ranges and do not
disrupt the overall similarity of trace-element patterns between the two
groups. Consequently, they are best interpreted as expressions of local raw-
material heterogeneity within a shared or closely related geological basin.

The rare earth element (REE) distribution patterns for the ceramic
bodies of Tang-dynasty black porcelain samples from theYingou site and
Tang-dynasty Yaozhou kiln black porcelain samples are shown in Fig. 6.
As illustrated, the overall REE distribution characteristics of the two

Table 4 | ICP-MS data of body from Tang Yingou site and Yaozhou kiln(ppm)

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

T-YG-1 63.79 182.99 15.98 91.24 7.45 1.53 4.25 0.56 3.42 0.88 2.88 0.36 2.78 0.32

T-YG-4 33.03 93.21 9.62 52.54 5.13 1.10 3.05 0.42 2.49 0.81 2.42 0.31 2.53 0.26

T-YG-5 5.94 21.14 1.89 11.87 1.20 0.26 0.98 0.12 1.02 0.31 0.95 0.13 1.04 0.11

T-YG-9 5.16 14.06 1.78 8.87 1.45 0.28 1.25 0.19 1.56 0.50 1.64 0.21 1.70 0.20

T-YG-13 19.73 55.16 5.21 30.63 2.73 0.52 1.71 0.21 1.29 0.35 1.34 0.13 1.39 0.12

T-YZY-2 14.97 36.25 3.29 18.74 1.45 0.30 1.26 0.24 1.89 0.55 2.10 0.28 2.42 0.32

T-YZY-3 8.64 27.01 3.08 17.36 2.34 0.63 1.97 0.29 2.15 0.69 2.11 0.25 1.86 0.20

T-YZY-4 27.08 80.98 8.03 44.64 3.89 0.83 2.59 0.33 2.27 0.55 1.63 0.18 1.45 0.12

T-YZY-5 38.52 90.43 11.24 57.79 8.42 1.80 7.73 1.40 10.11 2.70 9.12 1.38 9.42 1.28

T-YZY-6 47.62 110.31 15.53 76.41 12.55 2.32 10.87 1.97 13.60 4.07 13.14 1.78 13.75 1.89

Sample Zr Nb Cr Ni V Sr Rb Tl Pb

T-YG-1 377.51 11.54 58.41 101.07 20.88 0.15 64.75 0.71 33.22

T-YG-4 683.21 16.28 34.38 197.55 61.21 0.19 163.96 0.61 41.47

T-YG-5 306.32 10.57 56.49 101.10 20.85 0.13 51.61 1.04 36.80

T-YG-9 416.47 12.88 44.42 119.19 21.32 0.14 44.82 0.81 29.50

T-YG-13 427.76 10.84 65.99 93.90 22.65 0.11 73.16 0.99 43.25

T-YZY-2 755.57 26.07 21.52 172.45 35.35 0.20 95.99 0.51 34.35

T-YZY-3 406.59 11.84 44.09 111.31 40.65 0.21 90.16 0.84 48.06

T-YZY-4 552.01 20.57 66.10 204.49 68.70 0.14 168.83 0.51 48.41

T-YZY-5 545.45 21.32 35.49 136.40 26.12 0.42 117.84 0.38 38.53

T-YZY-6 681.24 24.17 33.59 142.30 34.00 0.43 126.28 0.34 40.61
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Fig. 5 | Box plots of trace elements in representative samples from Yingou site
and Yaozhou kiln. Box plots summarize concentrations of selected trace elements
(e.g., Zr, Nb, Cr, Ni, V, Sr, Rb, Tl, Pb) for the Yingou (T-YG) and Yaozhou (T-YZY)

groups. Group identifiers and plot conventions (median, interquartile range,
whiskers, and outliers if present) are as shown in the figure.

Fig. 6 | Distribution pattern of rare earth elements in representative samples
from Yingou site and Yaozhou kiln. REE concentrations of body samples are
normalized to chondrite values and plotted as log-normalized abundances versus

atomic number. Curves/symbols for the Yingou (T-YG) and Yaozhou (T-YZY)
groups are distinguished as indicated in the figure.
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sample sets are broadly consistent: the contents of the light REEs from La
to Nd are markedly higher than those of the other REEs, with log10
normalized values above 1. In addition, theREEdistribution curves of the
three sample groups are generally similar and follow nearly identical
trends. These features indicate that the rawmaterials used to prepare the
bodies of the two sets of black porcelain samples most likely derive from
geologically similar sources.

According to historical records, the Yaozhou kiln industry expanded
progressively in area from the Tang to the Song dynasty, and large-scale
ceramic remains uncovered in subsequent archeological excavations led
later generations to refer to the complex as the “ten-mile-long kiln site”.
The porcelain clay used at the Yaozhou kilns was reportedly extracted
from collapsed rock formations beneath the loess terraces on both banks
of the Qishui River. In addition, “ni chi” clay was the principal body
material used in the ancient Yaozhou kilns, with further sources located
along the Xiaoqing River, at Tuhuang Gou and beneath nearby terraces17.
These accounts indicate that more than one clay source existed in the
vicinity of the ancient Yaozhou kiln sites18, whichmay also help to explain
the slight differences in trace-element compositions observed in the
ceramic bodies of the Yingou samples compared with those from the
Yaozhou kiln19,20.

Rare-earth-element (REE) analysis in this study was conducted on the
ceramic bodies rather thanon the glaze layers. Thismethodological choice is
based on the premise that ceramic bodies more directly preserve the geo-
logical signatures of primary clay rawmaterials, whereas glaze compositions
are more strongly influenced by technological interventions, including flux
addition, raw-material mixing, and melt homogenization during firing.

These processes may partially overprint or obscure the original REE pro-
venance signals.

Micromorphology and structural analyses
The cross-sectional structures of representative black porcelain samples
from different periods and locations were examined using an optical
microscope (OM) with extended depth of field. As shown in Fig. 7, the
Tang-dynastyYingou sample contains bubbleswithin the glaze and exhibits
a fine black glaze layer; the body includes partially unmelted particles, has a
beige tone and relatively coarse texture, and short needle-like crystals can be
observed at the body–glaze interface. The Tang-dynasty Yaozhou kiln
sample likewise contains bubbles in the glaze, with a dark-brown, relatively
translucent glaze layer inwhichdistinct layered color bands can be seennear
the surface; the body is rough and heavy, densely packed with fine particles
and gray in color, and the body–glaze interface is particularly prominent,
displaying neatly arranged needle-like crystalline precipitates.

Representative samples were analyzed by X-ray diffraction (XRD),
and the results are presented in Fig. 8. As shown in the figure, repre-
sentative black-porcelain samples from the Yingou site and the Yaozhou
kiln display distinct diffraction peaks at 2θ ≈ 16.3°, 26°, 33°, 35°, 40.8° and
60°, which match the standard reference pattern for mullite
(3Al2O3·2SiO2, PDF#89-2645). Characteristic peaks near 2θ ≈ 26.6°, 50°
and 59° correspond to quartz (SiO2, PDF#65-0466), and the peak at
around 2θ ≈ 21.9° is attributable to cristobalite (SiO2, PDF#39-1425).
The diffraction-peak positions of the two sample groups are nearly
identical over the range 2θ = 10°–80°, indicating that their main crys-
talline phases are essentially the same.

To further compare the compositions and contents of the ceramic
bodies and glazes, EDS elemental mapping and semi-quantitative analysis
were carried out on polished cross-sections of the samples. As shown in Fig.
9, the Si distribution in the bodies of T-YG-12 and T-YZY-7 exhibits pro-
nounced blocky enrichment, which is most likely attributable to residual,
incompletely melted quartz particles formed during firing. The spatial
distribution of Si also differs between phases: in both T-YG-12 and T-YZY-
7, Si enrichment in the glaze is markedly higher than in the body, whereas
the Al distribution shows the opposite pattern, with stronger enrichment in
the ceramic body than in the glaze. At the body–glaze interface, both T-YG-
12 and T-YZY-7 display a distinct Ca-enriched band.

Figure 10 shows the crystalline phases at the body–glaze interface of
representative Tang-dynasty black porcelain samples from the Yingou site
and the Yaozhou kiln, as identified by Raman spectroscopy. The peaks
marked in red in T-YG-12 (198, 484, 506, 556 and 768 cm−1) and T-YZY-7
(484, 506, 556 and 761 cm−1) correspond to anorthite. In addition, the peaks
near 678 cm−1 (T-YG-12) and 667 cm−1 (T-YZY-7) are identified, on the
basis of comparison with the Raman database, as O–Si–O asymmetric
stretching vibrations in SiO2 crystals.In addition, the band at 205 cm−1

observed in T-YZY-7 is consistent with the characteristic Raman band of
quartz, whereas the bands at 983 cm−1 in T-YG-12 and 999 cm−1 in T-YZY-
7 are attributable to vibrations of the glassy phase21. This behavior is likely
due to the crystals being located very close to the glaze layer, so that during

Fig. 7 | OM images of the cross-section. Cross-
section of sample T-YG-12. Cross-section of sample
T-YZY-7. The glaze layer, body, and glaze–body
interface features are visible; scale bars and labels are
provided in the figure.

Fig. 8 | XRD pattern of body of representative samples from Yingou site and
Yaozhou kiln.XRDdiffractograms of representative body samples from the Yingou
site and the Yaozhou kiln are shown for comparison. Major crystalline phases (e.g.,
mullite, quartz, cristobalite) are labeled on the patterns as indicated in the figure.
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Raman analysis the laser spot simultaneously excites signals from the
adjacent glassy matrix22.

In addition to Raman bands attributable to anorthite, several spectral
features observed in the low-wavenumber region (approximately
680–700 cm−1) may also be consistent with Fe–Ti oxide phases, such as
ilmenite. In the present study, baseline correction was applied to enhance
weak interfacial signals; however, this processing step can influence peak
intensities and background characteristics, particularly in complex

multiphase assemblages. Given the spectral overlap between silicate and
oxide phases, together with the sensitivity of Raman spectra to baseline
treatment, the identification of minor Fe–Ti phases should therefore be
considered tentative.

Althoughanorthite is thermally stable up to~1550 °C, its occurrence in
archeological ceramics does not necessarily imply firing at such extreme
temperatures. In this study, anorthite was detected exclusively at the
glaze–body interface by micro-Raman spectroscopy and was absent from

Fig. 9 | Elemental mapping distribution of andMg
in the cross-section. Elemental distribution maps
for the cross-section of T-YG-12. Elemental dis-
tribution maps for the cross−sectionof T-YZY-7.
Mapped elements include Si, Al, Fe, Ca, andMg; the
interface region and layer boundaries are indicated
in the figure.

Fig. 10 | Raman spectras of crystal at glaze-body interface of T-YG-12 and T-YZY-7.Raman spectra collected from the glaze–body interface of T-YG-12 and T-YZY-7 are
shown for phase identification. Diagnostic bands and assigned phases (e.g., anorthite and silica-related bands) are marked in the figure.
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bulk-body XRD patterns, indicating its highly localized formation and low
overall abundance. This phase is interpreted as an interfacial reaction pro-
duct generated by CaO diffusion from the lime-rich glaze into the alumi-
nosilicate body during high-temperature firing. Under liquid-phase
conditions, anorthite may precipitate at temperatures significantly lower
than its equilibrium stability limit (typically ~1200–1300 °C), yet remain
confined to a thin reaction zone, where its weak diffraction signal is readily
obscured by dominant crystalline phases such as mullite and quartz, as well
as by the amorphous glassy matrix. Owing to its high spatial resolution and
sensitivity to minor phases, micro-Raman spectroscopy is therefore more
effective for identifying such interfacial products. The coexistence ofmullite,
quartz, cristobalite, and interfacial anorthite thus reflects efficient
glaze–body interaction and a mature firing technology, rather than anom-
alously high firing temperatures. The foregoing spectroscopic and phase
analyses indicate that the Yingou black porcelains were produced using
mature firing technology, yield high quality porcelains, and basically similar
to Yaozhou kiln black porcelain.

The occurrence of anorthite at the glaze–body interface, together with
possible minor Fe–Ti oxide phases, reflects localized interfacial reactions
during high-temperature firing rather than equilibrium bulk crystallization.
Importantly, theseRamanobservations shouldbe interpretedasmicro-scale
interfacial phenomena, rather than as direct indicators of bulk firing tem-
perature or kiln-specific technological markers. Their significance lies pri-
marily in demonstrating effective glaze–body interaction and a mature
firing process shared by both the Yingou and Yaozhou samples.

Discussion
On the basis of the foregoing experimental analyses and discussion of the
results, the following conclusions can be drawn:

The major oxides in the bodies of both sample groups display the
typical high alumina, low silica characteristics of northern porcelains. The
glaze are calcium-alkaline glaze dominated by CaO+MgO, with
Na2O+K2O as subordinate fluxes, and the relatively high Fe2O3 contents
are consistentwith the development of black glaze coloration. XRDanalyses
show that the principal crystalline phases in the bodies of both groups are
mullite, quartz and cristobalite. Cross-sectional microscopy combined with
elemental mapping reveals similar body–glaze transition zones and Ca-
enriched bands, and Raman spectroscopy reveals the presence of calcium
aluminosilicate phases at the glaze–body interface, together with possible
minor Fe–Ti oxide phases, suggesting localized interfacial reactions during
firing. When considered alongside XRD results and microstructural
observations, these features indicate effective glaze–body interaction and
broadly comparable firing practices, rather than serving as standalone
indicators of firing temperature or kiln attribution.

The shapes of the rare earth element distribution curves and the
positions of their peaks and troughs are generally consistent, indicating that
the clay rawmaterials derive from similar geological sources. Although trace
elements such as Zr, Nb and Rb are slightly enriched in the Yaozhou
samples, the overall trace-element patterns overlap closely and remain
within the normal range of variability expected for the raw materials.

Integrating major-element and trace-element chemistry, rare-earth-
element patterns, mineralogical phases, and microstructural features, the
Tang-dynasty black-glazed porcelains from the Yingou site and those from
the Yaozhou kiln exhibit a consistently high degree of similarity. These
results support the interpretation that both groups were produced within
closely related raw-material and technological systems, most plausibly
linked to a shared or overlapping geological resource base and a common
technological tradition. While the current dataset does not allow unequi-
vocal attribution to a single production center, it provides strong evidence
for a tight provenance relationship between Yingou site and Yaozhou kiln
black-glazed porcelains during the Tang dynasty.

Data availability
All data generated or analysed during this study are included in this pub-
lished article (and its tables).
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