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Archeological surveys and excavations indicate that during the Late Neolithic Age, the Linfen Basin
featured a multi-tiered settlement hierarchy centered in Taosi. This study focuses on the pottery
artifacts in the Linfen Basin, aiming to explore the relationship between pottery production and the
development of social complexity in the middle reaches of the Yellow River Basin. We analyzed 109
pottery sherds collected from the Linfen Basin using XRF and inductively coupled plasma-mass
spectrometry (ICP-MS). This study finds no difference in the chemical composition of pottery clay
among the Longshan sites in the Linfen Basin, either diachronically or synchronically. Considering the
distribution of clay resources in the Linfen Basin, it is possible that these Longshan communities
shared a clay resource near Taosi, which possibly controlled the clay resources. The chemical analysis
of pottery clay sherds points to further study of resource acquisition patterns in the development of

social complexity in Neolithic China.

China’s cultural landscape underwent a major transformation during the
Late Neolithic Age. Following the collapse of Neolithic societies in the
Yangzi River Basin, the Yellow River Basin emerged as a new social center
for political experimentations around 2300 BCE. Zhang Chi summarized
notable characteristics of this change as follows: first, the rapid decline of
Neolithic centers in the middle and lower Yangzi River regions around ca.
2300 BCE in the Longshan period; second, the rise of societies in the
northern part of China, marking a profound change of the prehistoric
Chinese cultural landscape; and third, the beginning of “globalization,”
which greatly impacted the cultures in the Bronze Age'. Similarly, Li Min’
found that following the decline of Neolithic centers in the Yangzi River
Basin, the highland societies emerged as political hotspots during the Late
Neolithic Age.

In the widespread reconfiguration of China’s cultural landscape during
the Late Neolithic Age, Taosi, located in the Linfen Basin of southern Shanxi
province, emerged as a prominent political hotspot in China. Owing to its
importance in investigating the development of social complexity in the
Neolithic Age in China and its ambiguous relationship with the legendary
Hero Yao, the Taosi site has received substantial global attention from
archeologists. Through more than 40 years of excavation, the Taosi site has
yielded the most extensive Late Neolithic archeological remains in this
region’. Taosi emerged as a walled settlement covering 300 ha during the

Late Neolithic Age. Archeologists have identified various functional pre-
cincts at Taosi, such as the palatial precinct, cemeteries, workshops, and
ceremonial areas. Its large-scale and distinct spatial organization makes
Taosi the focal point of investigating state formation in early China’.
Although Taosi became the regional center in southern Shanxi during
the Longshan period, it did not initially span 300 ha. Taosi’s development
underwent three phases. During the early phase of development, around
2300-2100 BCE, Taosi initially spanned approximately 160 ha. Arche-
ologists have uncovered a palatial precinct with several rammed-earth
foundations, an elite cemetery, storage zones, and ordinary residential areas.
Taosi was extended to 280 ha during the middle phase of development,
around 2100-2000 BCE. During this phase, more features such as a palatial
precinct, an outer wall enclosure, an elite cemetery, an astronomical
observation and sacrificial platform, a workshop for craft production
managed by officials, and ordinary residential areas were built. Within the
palatial precinct, archeologists have uncovered the largest rammed-earth
platform of the Neolithic Age in China (Palace Foundation No. 1), covering
approximately 6500 m’, with the largest known single building (Palace D1)
constructed on top of it. These findings suggest that Taosi reached its apogee
during the middle phase of development. During the later part of devel-
opment (around 2000-1900 BCE), although the area remained 300 ha, the
most important features, such as walls, rammed-earth foundations, and the
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astronomical observatory, were demolished, suggesting that Taosi was no
longer considered the political center in the Linfen Basin. Most high-status
graves were damaged or looted during the late phase, suggesting that the
collapse of Taosi was likely attributed to political turbulence during
this time.

The emergence of Taosi built momentum for the increasing social
complexity in southern Shanxi. However, owing to limited data, arche-
ologists could not analyze the settlement patterns to delineate the devel-
opment of social complexity in southern Shanxi for a long time. In
2009-2010, an archeological survey of the Linfen Basin identified 54
Longshan-period sites contemporaneous with Taosi. The sizes of these sites
were categorized into five tiers, from the smallest, ranging <1 ha to 300 ha,
the latter representing Taosi. This categorization suggests the existence of a
complex, multi-tiered settlement hierarchy centered around Taosi in the
Linfen Basin during the Longshan period’. The survey, along with the large
amounts of archeological remains from Taosi, provided a detailed overview
of the trajectory of increasing social complexity in the middle Yellow
River Basin.

An increase in social complexity is often accompanied by the emer-
gence of a labor division and specialized production. Rice argued that craft
specialization is consistently associated with the development of social
complexity. Taking pottery as an example, she claimed that changes in
pottery technology, styles, or decoration were likely related to the change of
production modes®’. She believed that craft specialization is a dynamic
adaptation process between nonindustrial societies and the environment
rather than a static structural feature. Through this process, the diversity of
behaviors and materials involved in extraction and production activities is
managed or standardized. In complex societies, this diversity is managed in
different ways and to varying degrees.

This study aims to analyze the pottery technology in the Linfen Basin
during the Longshan period through scientific testing of ceramics collected

from Taosi and the aforementioned 2009-2010 survey. Pottery is the pre-
valent artifact found at archeological sites. As an artifact closely related to
daily life, pottery contains important cultural information and is also a key
entry point for archeologists to explore the development of prehistoric
complex societies®"’. Therefore, analyzing pottery technology may provide
insights into the organization of craft production, offering a new perspective
on the role of craft production in the development of social complexity in the
Linfen Basin. The chaine opératoire approach, which encompasses a
comprehensive study of the production, distribution, usage, and disposal of
technologies, was used to analyze pottery production in this study’. The first
stage of pottery production—-the procurement of raw materials——offers
critical insight into the production organization at the outset of chaine
opératoire. The raw materials used for pottery in the Neolithic Age primarily
comprised clay and temper, among other constituents. The chemical
composition of clay serves as a key indicator of its source, as clay retains
geochemical signatures, including chemical composition, isotopic ratios,
and mineral structures, from its place of origin''. Therefore, analyzing the
composition of clay in pottery is an important approach'*™“. Major elements
such as sodium, magnesium, aluminum, silicon, potassium, calcium, and
iron determine clay properties, as well as pottery production techniques.
Conversely, trace elements (<0.5% in concentration) are less affected by
manufacturing processes, depositional conditions, or weathering, making
them useful for identifying the provenance of raw materials"’.

Studies have shown that Taosi pottery primarily consists of silica and
alumina and that the clay used in pottery production is a common, high-
iron, easily fusible clay, suggesting reliance on local raw materials'*'". Using
energy dispersive X-ray fluorescence (EDXRF) spectroscopy, Wang et al.
found that common household pottery in the Taosi phase likely involved the
use of a single clay material, suggesting that a specialized division of labor in
clay sourcing was absent in the region'®. Among the various techniques of
compositional analysis, portable X-ray fluorescent analyzer has been widely

Fig. 1 | The geographical locations of the Taosi site and other sites mentioned in this
study (base map converted by ArcGIS 10.3, using free data from the Geospatial Data
Cloud, http://www.gscloud.cn). 1. DD Dongduan, 2. BX Beixi, 3. LB Lingbo, 4. XM

Xinmin, 5. ZC Zhangcuan, 6. TS Taosi, 7. NC Nanchai, 8. FC Fangcheng, 9. CY
Chaoyang, 10. ZZ Zhouzhaung, 11. TC Tingcheng, and 12. YM Yimen.
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and effectively used in pottery research around the world because it facil-
itates non-destructive testing while enabling the acquisition of large quan-
tities of compositional data from samples in a short period of time. For
example, Cristina et al. studied the sources of pottery unearthed from two
different archeological sites in Sicily”. Lu et al. studied the pottery

manufacture and exchange at the Qixingdun site in Hunan Province,
China®. Parviz Holakooei et al. studied the provenance study on the cera-
mics excavated at the Varzaneh Plain, central Iran®'. The above studies have
effectively solved some archeological problems. However, XRF is not as
accurate and precise as other destructive analytical methods. It is not

Table 1 | Context and types of the analyzed ceramic samples (ICP-MS)

Site name Site level Sample ID Pottery type Vessel type Clay type
Taosi Level 1 TS1 Sand-tempered Fuzao stoves High-alumina refractory clay
TS3 Sand-tempered Flat-based hu bottles Common fusible clay
TS6 Sand-tempered Fuzao stoves Common fusible clay
TS8 Sand-tempered Li tripods Common fusible clay
TS12 Sand-tempered Li tripods Common fusible clay
TS9 Fine clay Small-mouthed shouldered jar High-silica clay
TS10 Fine clay Small-mouthed shouldered jar Common fusible clay
TS11 Fine clay Flat-based hu bottles Common fusible clay
Nanchai Level 2 NC1 Sand-tempered Fuzao stoves Common fusible clay
NC2 Sand-tempered Fuzao stoves High-alumina refractory clay
NC3 Sand-tempered Li tripods Common fusible clay
NC4 Sand-tempered Fuzao stoves Common fusible clay
Fangcheng Level 2 FC1 Fine clay Ring-footed jar Common fusible clay
FC3 Fine clay Small-mouthed shouldered jar Common fusible clay
FC4 Sand-tempered Li tripods Common fusible clay
FC5 Sand-tempered Flat-based hu bottles High-silica clay
Chaoyang Level 3 CY1 Sand-tempered Fuzao stoves Common fusible clay
CY4 Sand-tempered Li tripods High-alumina refractory clay
CY5 Sand-tempered Li tripods Common fusible clay
Lingbo Level 3 LB3 Sand-tempered Li tripods Common fusible clay
LB1 Fine clay Flat-based hu bottles Common fusible clay
LB2 Fine clay Small-mouthed shouldered jar Common fusible clay
LB5 Fine clay Ring-footed jar Common fusible clay
Tingcheng Level 3 TC1 Fine clay Small-mouthed shouldered jar Common fusible clay
TC2 Fine clay Small-mouthed shouldered jar Common fusible clay
TC3 Sand-tempered Li tripods Common fusible clay
TC4 Sand-tempered Li tripods Common fusible clay
TC5 Sand-tempered Fuzao stoves Common fusible clay
Dongduan Level 3 DD1 Fine clay Small-mouthed shouldered jar Common fusible clay
DD2 Fine clay Small-mouthed shouldered jar Common fusible clay
DD3 Sand-tempered Li tripods Common fusible clay
DD4 Fine clay Ring-footed jar Common fusible clay
Zhangcuan Level 4 ZCA Sand-tempered Fuzao stoves Common fusible clay
ZC2 Sand-tempered Li tripods Common fusible clay
ZC5 Fine clay Ring-footed jar Common fusible clay
Yimen Level 4 YM1 Sand-tempered Li tripods High-alumina refractory clay
YM2 Fine clay Small-mouthed shouldered jar Common fusible clay
YM3 Fine clay Ring-footed jar Common fusible clay
Beixi Level 4 BX1 Sand-tempered Li tripods Common fusible clay
BX2 Fine clay Flat-based hu bottles Common fusible clay
BX3 Sand-tempered Flat-based hu bottles Common fusible clay
Xinmin Level 5 XM1 Sand-tempered Fuzao stoves High-silica clay
XM2 Sand-tempered Fuzao stoves Common fusible clay
XM5 Fine clay Flat-based hu bottles Common fusible clay
Zhouzhuang Level 5 ZZ1 Sand-tempered Fuzao stoves Common fusible clay
772 Sand-tempered Fuzao stoves Common fusible clay
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sufficiently sensitive to detect trace elements, limiting the ability to identify
the origins of raw materials in detail””. This underscores the need for a
precise source detection method.

Laser ablation inductively coupled plasma-mass spectrometry (LA-
ICP-MS) has been widely used in pottery analysis owing to its high preci-
sion. For example, Eckert et al. used LA-ICP-MS to study the production
and distribution of plain pottery in the Samoan archipelago, demonstrating
its effectiveness in distinguishing clay sources, even in geologically similar
regions™. Similarly, Kennett etal. used this method to analyze Lapita pottery
from Fiji, Tonga, and New Ireland, revealing profound elemental differences
among similar pottery types produced in different regions™. They found
that LA-ICP-MS was an effective tool for tracing the circulation of Lapita
pottery both within and between island groups in the Pacific. Therefore, in
this study, we combined XRF and LA-ICP-MS methods to identify the
sources of raw materials used in pottery in the Linfen Basin of southern
Shanxi in the Late Neolithic Age. In fact, some studies have comprehensively
used multiple analytical methods to study pottery, solving some arche-
ological problems™™".

Methods

Selection of pottery samples

We examined a total of 109 pottery sherds, including 97 sherds collected
from 11 Longshan period sites during the aforementioned
2009-2010 survey and 12 sherds from the 2023 excavation of a ceramic
production workshop at the Taosi site (Fig. 1). Among the 109 sherds, 67
were sandy-paste pottery sherds and 42 were fine-paste pottery sherds. Most
of the sherds were identifiable by the vessel type, including fuzao stoves,
hollow-leg /i tripods, flat-based hu bottles, small-mouthed shouldered guan
jars, and ring-footed guan jars, which are typical utilitarian ceramics of the
Taosi culture. Additionally, there are some unidentified pottery sherds.
These samples provided insights into the production of utilitarian ceramics
across sites within the Linfen Basin. Details of the sherds are shown in
ancillary form, and some are shown in Table 1 and Figs. 2 and 3.

Chemical composition analysis

We used the XGT-7000 EDXRF spectrometer produced by Horiba Inc. for
the chemical composition testing. The detection limits for analyzing sam-
ples were based on a 90 s total analysis time (30 s for the high filter,30 s for
the low filter, and another 30 s for the main filter) in the soil mode. We tested
two available readings from different parts of each piece of pottery. The
instrument was calibrated by using the fundamental parameters method
designed by the manufacturer. The experiment was conducted in the
laboratory of the Archeological Science Center of Sichuan University. We
analyzed all 109 samples, mainly testing chemical elements including Na,
Mg, Al, Si, K, Ca, Ti, Fe—all expressed as oxides.

In addition, we selected 46 identifiable samples for LA-ICP-MS ana-
lysis(Table 1 and Figs. 2 and 3). The trace element contents in all samples
were determined using a 193-nm ArF excimer laser system (RESOLution
S155-LR, ASI) coupled with an Agilent 7900 ICP-MS system at the State Key
Laboratory of Continental Dynamics, Xibei University. The analysis was
performed under the following conditions: beam diameter, 80 um; fre-
quency, 6 Hz; helium flow rate, 0.28 mL/min; and argon flow rate, 1.16 L/
min. Each single-point analysis consisted of background collection for 20 s
followed by 45s of ablation for signal collection and 50's of washing to
reduce memory effects. The trace element compositions of the samples were
calibrated using reference materials (NIST 610, NIST 612, BCR-2G, and
BHVO-2G) without using an internal standard. The Excel-based software
ICPMS Data Cal was used for offline selection and integration of back-
ground and analyzed signals, time-drift correction, and quantitative cali-
bration of trace element content. The analytical approach followed the
procedure described by Bao et al.”.

Results

Analysis of major elements

Eight major elements were identified from the 109 pottery samples: the
AL, O; content ranged from 14.2 to 24.3 wt% (mass percentage, same below),
Na,O from 0.3 to 2.8 wt%, MgO from 0.1 to 4.1 wt%, SiO, from 54.5 to

Fig. 2 | Clay pottery samples analyzed in ICP-MS
study (TS Taosi, FC Fangcheng, LB Lingbo, YM
Yimen, TC Tingcheng, DD Dongduan, BX Beixi,
XM Xinmin, and ZC Zhangcuan).
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Fig. 3 | Sand pottery samples analyzed in ICP-MS
study (TS Taosi, CY Chaoyang, NC Nanchai, TC
Tingcheng, ZC Zhangcuan, XM Xinmin, ZZ
Zhouzhaung, FC Fangcheng, LB Lingbo, DD
Dongduan, YM Yimen, and BX Beixi).
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Table 2 | Chemical compositions of four types of ancient
pottery clays (Wang et al. 2020)

Clay type Si0, (%)  Al,O3 (%) Total flux agents (%)
Average Range Average

Ordinary fusible clay <70 56.02-69.79 <20

High-magnesia clay <69 54.85-68.06 <6

High-alumina <69 56.19-68.12  >20

refractory clay

High-silica clay >69 69.89-71.72 <22

71.4 wt%, K,O from 2 to 10.3 wt%, CaO from 0.4 to 13.5 wt%, FeO from 3.2
to 8.2 wt%, and TiO, from 0.1 to 1.7 wt%.

Li categorized the clay used in pottery production from the Neolithic
Age to the Han Dynasty in China into four types based on the composition
of major elements in the products®. The first type, ordinary fusible clay, is
characterized by low silica, low alumina, and high cosolvent levels. The

second type, high-magnesia melting clay, is characterized by low silica, low
alumina, and high magnesia levels. The third type, high-alumina refractory
clay, is characterized by low silica, high alumina, and low combustion aid
levels. The fourth type, high-silica clay, is characterized by high-silica
dioxide and low cosolvent levels. Based on this categorization, Wang et al."®
summarized the SiO,, Al,O;, and the average and range of flux content,
including oxides such as FeO, Fe,O;, CaO, MgO, K0, Na,O, and TiO,
(Table 2).

Most of the pottery samples in this study were made from common
fusible clay. However, TS1, NC2, CY4, and YMI samples exhibited high-
alumina characteristics, with the Al,O5 contents of 21.06 wt%, 24.37 wt%,
20.51 wt%, and 21.48 wt%, respectively. These samples were likely made
from high-alumina refractory clay (Fig. 4). Additionally, three samples—
TS9, XM1, and FC5—had relatively high SiO2 content, indicating that they
were made from high-silica clay. Most samples had CaO levels below 6 wt%.
However, four samples—NC1, NC3, TC2, and TC4—exhibited higher CaO
content (9.43 wt%, 13.54 wt%, 6.98 wt%, and 6.95 wt%, respectively). These
samples were categorized into two groups on the SiO,-CaO scatter plot
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Fig. 5 | SiO,-CaO scatter plot of pottery sherds from different sites.

(Fig. 5). Although the four samples were likely made from common fusible
clay, their relatively high CaO content demonstrated a certain level of
uniqueness.

Clay is a type of soil mineral composed mainly of hydrous aluminum
silicates, with a high content of silicon and aluminum oxides. Variations in
clay types reflect the potter’s choices of clay sources. Clay is abundant on the
Earth and is easy to obtain and process. Its defining features include plas-
ticity when wet and high mechanical strength and hardness after high-
temperature firing, making it the primary raw material for pottery
production®. The late Tertiary red silty clay deposit found beneath Qua-
ternary loess—paleosol sequences, widely distributed in the Loess Plateau™, is
characterized by a high carbonate content, with calcium levels usually
exceeding those found in Quaternary loess—paleosol sequences ™. The Linfen
Basin is located at the southern edge of the Loess Plateau, where the pre-
dominant soil type is carbonate-rich brown soil. Alluvial carbonate-rich
brown soils are distributed on alluvial fans, whereas loess-like and red-
yellow carbonate-rich soils are found on secondary terraces™.

The study showed that the soil near the Taosi site can be categorized
into high- and low-calcium types'’. The CaO content of high-calcium loess
can reach up to 11.66%, whereas low-calcium red soil contains <2% CaO. As
shown in Fig. 5, the pottery samples analyzed in this study were divided into
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Fig. 6 | Scatter plot of major elements in pottery from different sites.

high- and low-calcium groups based on the CaO content. The CaO content
of NC1, NC3, TC2, and TC4 samples was comparable to that of high-
calcium loess, indicating that the clay used for manufacturing these items
likely originated from high-calcium loess. The remaining samples, with
lower CaO contents, were most likely produced using low-calcium red clay.

Major element data were used to determine the provenance of the clay
used in pottery from different sites in the Linfen Basin. Figure 6 presents the
results of principal component analysis (PCA) of the major element data
from pottery samples across sites. The clay varieties used for daily-use
pottery across sites were indistinguishable, indicating a common source.
However, one discrete point was observed, a li-tripods (TS8) made of high-
alumina refractory clay. This pottery sherd became a discrete point due to its
elevated aluminum content.

We selected 70 pieces of ceramics that can identify the shape, analyzed
their major elements, and made them into Fig. 7. The results show that it is
difficult to distinguish the major elements of these ceramic pieces. Figure 7
shows the results of PCA of various types of pottery. However, one discrete
point was observed, a li-tripods (TS8) made of high-alumina refractory clay.
The sample TS8 will be further explained in the analysis of trace ele-
ments later.

Analysis of trace elements

Because PCA of major element data could not distinguish the clay sources,
and trace elements provide better information on the place of origin, sta-
tistical analysis was performed on trace elements. A total of 52 trace ele-
ments were analyzed, among which six elements, S, V, Cr, Zn, Rb, and Sr,
had relatively high concentrations and statistical significance. The
remaining elements had extremely low concentrations and were not
analyzed.

Figure 8 shows the composition of trace elements in pottery samples
from different sites. Only one discrete point (TS8) was found, and all other
pottery samples across sites remained indistinguishable. These results sug-
gested that the source of pottery raw materials at various sites in the region
was the same, consistent with the results of PCA of major elements.

Figure 9 shows the composition of trace elements in various types of
pottery samples. The same discrete point, TS8, appears in both scatter plots.
TS8 is a li-tripods with a significantly different chemical composition from
other samples. From the analysis results of major elements, there is basically
no difference between TS8 (li-tripods) and other samples. The analysis
results of trace elements showed significant differences between this sample
and other samples. In the remaining samples that have undergone trace
element detection, the content of V is between 70.2 and 149 ppm, and the V
content of TS8 is 1.05 ppm. The Cr content of the remaining samples is
between 52.59-115.45ppm, and the TS8 content is 2.32 ppm. The Zn con-
tent of the remaining samples is between 67.1-204.63 ppm, and the Zn
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Fig. 8 | Scatter plot of trace elements in pottery from different sites.

content of TS8 is 9.98 ppm. The Rb content of the remaining samples ranges
from 89.06 to 186.98 ppm, while the TS8 content is 268.33 ppm. The Rb
content of the remaining samples is between 111.24 and 505.37 ppm, and
the TS8 content is 1098.52 ppm. The results of trace elements indicate that
the clay source of TS8 is highly likely to be inconsistent with the other
samples. The TS8 device is a fragment, and based on its morphological
characteristics, it can be inferred that it is a li-tripods, but it is unknown
whether it is a monaural or binaural device. In the late Neolithic Age of
China, except for the Linfen Basin, this type of artifact was found in the
surrounding areas. Due to the difficulty in identifying the specific form, it
cannot be ruled out that TS8 was imported from another location.

Except for TS8, the two scatter plots suggested that the composition of
major or trace elements in the pottery samples cannot be distinguished.
Based on the composition of major and trace elements, no significant dif-
ferences were observed in the elemental composition of pottery samples
across sites. These findings suggest that the pottery raw materials used across
sites in the Linfen Basin originated from the same source, possibly a fixed
location for clay procurement.

Discussion

The Taosi culture endured for approximately 400 years and is typically
divided into three phases, each with a distinct set of pottery assemblages’.
Although the pottery samples examined in this study cover these three
phases, their chemical compositions showed no marked differences. Fur-
thermore, no strong correlation was observed between pottery style and
function. Three pieces of pottery made of high-silica clay were identified: a
small-mouthed, shouldered jar (TS9), a sand-tempered flat-based hu bottle
(FC5), and a sand-tempered fuzao stove (XM1), which functioned as a
storage vessel, a water-fetching container, and a cooking utensil, respec-
tively. However, no profound correlation was observed between high-silica
clay and the functions of pottery vessels. It is noteworthy that four samples
(TS1,NC2,CY4, and YM1) exhibited high-alumina characteristics. TS1 and
NC2 samples were collected from fuzao stoves, and CY4 and YM1 samples
were collected from /i tripods, both of which were cooking vessels. These
findings suggest that potters had some understanding of the properties of
high-alumina clay and made conscious choices when making pottery. The
fire resistance of high alumina clay is stronger than that of ordinary clay,
which may be the reason why potters use it to make cookware. However,
pottery made of high-alumina clay has higher hardness and is more prone to
damage, making it unsuitable for everyday use as cookware. So, in the Linfen
Basin, the number of cookware made from high alumina clay is relatively
small. Therefore, using high alumina clay to make cookware may have been
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Fig. 9 | Scatter plot of trace elements in different types of pottery.

an innovative experiment by potters during the production process, but it
was not later promoted.

Based on the composition of major elements, most of the samples were
made of common fusible clay, with some containing a high calcium content.
Additionally, a small number of pottery sherds were made of high-alumina
refractory clay and high-silica clay. Pottery made of high-alumina refractory
clay was found at different sites, including the primary center Taosi, the
second-tiered settlement Nanchai, and the fourth-tiered settlement Yimen.
Similarly, pottery made of high-silica clay was found in both Taosi and the
fifth-tiered settlement Xinmin. The use of these two types of ceramic raw
materials was not associated with settlement hierarchy, suggesting that
technological choices in pottery making were not directly related to settle-
ment hierarchy in the Linfen Basin. Notably, four samples (NC1, NC3, TC2,
and TC4) exhibited a high calcium content. These samples were collected
from the Nanchai and Tingcheng sites, suggesting that potters at these two
sites had unique choices for pottery paste.

Taosi was not culturally insular, it interacted with cultures in different
regions. Wang et al. analyzed the chemical composition of exotic cultural
artifacts such as gui vessels, grid-patterned sand-tempered jars, and small
grid-patterned i tripods from the Taosi site". Results showed that these
artifacts were made of high-alumina clay. According to the data released by
Wang et al,, the aluminum content of these exotic pottery clays ranges from
21.61% to 26.48%'. In this study, we found that sandy stoves and sandy /i
tripods made of high-alumina clay were present at several sites across the
Linfen Basin, including Taosi, Nanchai, Chaoyang, and Yimen. The alu-
minum content of these specimens ranges from 20.51 to 24.37%. These
findings suggest that the chemical compositions of local and exotic pottery
were not different.

Overall, the chemical composition of daily-use pottery from different
phases, sites, types, and origins of the Taosi culture cannot be distinguished,
suggesting the high consistency and stability of pottery making in the Linfen
Basin during the Longshan period. The paste of the 109 pottery sherds
showed no obvious difference in chemical composition, suggesting potters
in the Linfen Basin might use similar clay sources. It is possible that a specific
clay source was shared by these Longshan communities. The distribution of
clay resources in the Linfen Basin provides us with a geological background
for interpreting these data. The Linfen Basin is located on the southern edge
of the Loess Plateau, and loess is widely distributed within the basin. An
examination of the relationship between the chemical composition of
pottery from Taosi and surrounding environments showed their

similarities, suggesting that the clay used for pottery production was pri-
marily collected locally’. According to the research of Wang et al."*, there
are differences in the distribution of clay in the Linfen Basin, especially high
alumina clay, which is only found in the area where the Taosi site is located.
However, pottery made of high alumina clay is not only found at the Taosi
site, but also in other sites distant from Taosi, indicating that these sites far
from Taosi probably also acquired the clay resources of the high alumina
clay near Taosi. The analysis results show that it is difficult to distinguish
trace elements between these samples, with only the TS8 sample showing
significant differences from other samples. Based on this, it is possible that
the local communities in Linfen Basin shared clay from a location near the
Taosi site during this period.

Ceramics were not only important for daily lives, but also one of the
important markers of social status for the Longshan communities in the
Linfen Basin, as shown by the large amounts of ceramic vessels placed in
the elite burials at Taosi’. As the most important key material, the
acquisition of clay was critical for the success of the Chaine Opératoire of
ceramic production and the succeeding use. As mentioned above, the
chemical analysis of pottery sherds indicates that clay was probably
acquired from the resources near Taosi. Considering the social impor-
tance of ceramics for the Longshan communities in the Linfen Basin, it is
possible that the clay resource was managed under a central regulatory
system or even controlled by Taosi. Archeological findings have
demonstrated the existence of resource control at the Taosi site. The high-
value objects, such as drums made of alligator skins, alligator bone plates,
cinnabar, and precious woods, were most often found in large burials or
high-status architectures’. Thus, as suggested by the chemical analysis, the
possibility of clay resource control cannot be ruled out. Taosi stood out as
the center of the multi-level settlement hierarchy in the Linfen Basin for
nearly 400 years, but the chemical analysis shows the consistent use of clay
resources since the early phase of Taosi, indicating the clay resource near
Taosi was possibly shared, or even controlled, from the beginning of the
Taosi culture. As Rice argues, economic specialization often accompanies
the development of social complexity, the allocation and management of
resources are important aspects of it’. The wide share of clay resources
among the communities was possibly the result of social complexity and
economic specialization in the Linfen Basin during the Longshan period.
This study, of course, cannot answer all the questions about the complex
relationships between pottery production and social evolution in this
region. More nuanced studies are needed.
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Moreover, it is worth noting that Li et al. conducted chemical
analysis on Qujialing culture pottery unearthed from the Zoumaling site
and suggest that the acquisition of clay resource did not differ based on
household status”. The analysis of the chemical composition of pottery
unearthed from the Zoumaling site by Wu et al. showed that there was no
difference in the chemical composition of the pottery, and the clay
always came from the same location. Even though households inside
Zoumaling walled town had different social statuses or wealth, there was
little difference in obtaining pottery clay raw materials among them™. In
another study, Yao et al. conducted an analysis of chemical composition
on the pottery in elite and civilian graves in the Liangzhu site complex,
and found that the raw materials for the two types of pottery were
acquired from different sources. They believed that elites were probably
involved in pottery production and controlled production of specific
pottery as a means of sustaining their status”. In this article, the study
shows that there is no difference in the chemical composition of pottery
among the Longshan sites in the Linfen Basin, indicating that they might
share a clay resource near the Taosi site. It is possible that Taosi con-
trolled the clay resources in the Linfen Basin during the Longshan
period. These different ways of obtaining clay reflect the diverse ways of
resource acquisition and distribution in the development of social
complexity in the Neolithic Age of China.

This article still has limitations. Most of the materials we use are
obtained through archeological surveys, and some samples are obtained
through archeological excavations. Due to the limited number of pottery
samples obtained from archeological surveys at most sites, it is currently not
possible to obtain more samples for testing through archeological excava-
tions. Therefore, there is an imbalance in the number of samples between
different sites, which may lead to biases in interpretations. More excavations
and data are needed to solve this problem. Moreover, a more comprehensive
analysis of the interrelationship between politico-economic development
and pottery production is also needed in the future.

Data availability
All data supporting the conclusions of this study are available for download
in the Supplementary Information.
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