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During the Neolithic period, ground stone tools were essential for both social production and daily life,
serving as one of the most significant indicators of prehistoric human activities. Among these tools,
grinding stones are particularly noteworthy, facilitating the production of other ground stone artifacts.
Based on the ground stone tools unearthed from a Liangzhu culture site at Xicaodun, this study
employs a combination of hierarchical dynamic typology, design theory, use-wear analysis, and
microeconomic concept to provide a comprehensive understanding of the ground stone artifacts. The
study further explores the design and use strategies of grinding stones to reveal the underlying
economic practice. The findings suggest that the Xicaodun site may have functioned as a specialized
workshop for the production of ground stone tools. Moreover, the design and use patterns of the
grinding stones reflect a strategic effort to optimize material use for the continued operation of the

workshop.

During the Neolithic period, ground stone tools were fundamental to
production activities, and the methods by which they were made and uti-
lized offer valuable insights into the societal organization and lifestyle of the
time. The term “ground” actually refers to two different processes, namely
manufacture-ground and use-ground'. Manufacture-ground is a techno-
logical perspective, which means that stone tools are primarily manu-
factured through abrasion, polish, or necessary impaction, like an axe. Use-
ground is a functional perspective used to describe tools that are used to
grind, abrade, polish, pound or impact, such as metates and mortars™.
Grinding stones, as a category, are typically considered “use-ground” tools,
primarily used for various grinding activities.

Grinding stones have been utilized by humans since at least the African
Middle Stone Age, primarily for processing cereals, pulses, and other
foodstuffs for consumption, as well as for grinding pigments**. As tools with
a global presence, grinding stones have been extensively studied
worldwide”". Archaeological research on grinding stones in China began in
the 1930s, when Liang first discovered and reported the earliest examples in
northern China™. A subsequent report confirmed that these grinding stones
were used for grain processing, a finding that has been widely accepted in the
field”. From the 1970s to the 1990s, as archaeological materials became

more abundant, systematic functional studies of grinding stones were
conducted. Since the early 21st century, the integration of advanced scien-
tific methods and techniques has provided new insights into the functions of
grinding stones™ . While the majority of research has focused on the
relationship between grinding stones and plant-based foods, one of their key
functions is the production of tools, particularly ground stone tools.

Based on the ground stone artifacts unearthed from a Liangzhu culture
site at Xicaodun, this paper clarifies the overall picture of ground stone
artifacts by means of hierarchical dynamic typology. The focus is primarily
on grinding stones, with an exploration of their design and usage strategies,
analyzed through design theory and use-wear analysis. Additionally, the
fundamental microeconomic principle of ‘opportunity cost’ is introduced to
explore the economic thinking and behavioral patterns of the prehistoric
inhabitants in relation to the production and use of stone tools.

The Xicaodun site (30°38'21”N, 120°47'32"E) is located in the south-
east of Nanhu District, Jiaxing City, Zhejiang Province, China (Fig. 1). In
June 2020, it was investigated and recognized as a site of Liangzhu culture
(3300BC-2300BC) by the Cultural Heritage Department. From 2020 to
2021, rescue excavations were conducted at the site under the auspices of the
Zhejiang Provincial Institute of Cultural Relics and Archaeology. Many
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Fig. 1 | Study area and site location. a Geographic location of the Xicaodun site. b Topographic map of thesite surroundings. ¢ The distribution of archaeological features at

the Xicaodun site.

different features were uncovered, including mounds, ash pits, ash ditches,
shaft kiln as well as remnants of pottery, stone tools and jade objects™.
Among them, the number of ground stone tools accounted for about 81.1
percent of the total amount, which shows that the typical artifacts of the
Xicaodun site are ground stone tools. At present, the site has not been
subjected to absolute dating techniques. Pottery styles suggest that this site
dates back approximately to middle-late period of Liangzhu culture
(3300BC-2300BC). Mainly distributed in the valley of the Lower Yangtze
River, near Lake Tai (one of China’s largest lakes), the Liangzhu culture was
considered to be an early civilized state with a unified belief system in Late
Neolithic China, with about 1000 archaeological sites found’~’.

The Jiaxing City region is characterized by a low and flat topography,
with an average elevation of only 3.7 meters above sea level. The landscape is
predominantly composed of low hills, primarily concentrated in the
southeastern part of the Qiantang River, on the northern shore of Hangzhou
Bay, to the south of the Xicaodun site. These hills have elevations generally
below 200 meters, with the highest peak being Gaoyang Mountain at 251.6
meters. From an engineering perspective, the stone resources in these
nearby mountains are insufficient to support the establishment of a stone
quarry. Lithologically, the dominant rock types in this area include dolo-
mite, dacitic breccia-bearing tuff, lava, and ignimbrite. In contrast, the
residents of the Xicaodun site predominantly selected raw materials such as
siltstone, fine sandstone, mudstone, siliceous rock, and spotted hornfels for
tool production. This suggests that the stone materials used at the Xicaodun
site were not sourced from the nearby mountains but rather from more
distant mountain ranges.

The Tianmu Mountains, situated on the Hangjiahu Plain, are char-
acterized by a greater abundance of stone resources and rock types. It is
located in the south-west of the Xicaodun site, approximately 100 kilometers
from the latter. The Tianmu Mountains are predominantly composed of

medium- and fine-grained quartz sandstone and siltstone, which are also
commonly found at the Xicaodun site. Given the scarcity of local stone
resources in the immediate vicinity, it is likely that the majority of raw
materials used at the site were sourced from external locations, with the
Tianmu Mountains representing the most probable source, or potentially
other more distant areas.

Methods

A total of 671 stone artifacts have been excavated from the Xicaodun site,
with the primary tool types including grinding stones, stone knives, stone
arrowheads, stone adzes, stone chisels, stone sickles, and stone axes, col-
lectively representing a diverse and comprehensive range of tools (Fig. 2).
Among these, grinding stones are the most abundant, with a total of
221 specimens. These grinding stones exhibit a variety of shapes and sizes,
ranging from relatively large specimens with clear evidence of modification
to smaller pieces that retain the original form of the raw material.

The lithic materials used at the Xicaodun site are closely associated with
specific types of ground stone tools. Stone arrowheads, which exhibit
complex shapes and are prone to wear, are primarily made from softer and
more easily worked mudstone. Stone knives, designed for cutting, are
generally crafted from compact and durable spotted hornfels. Stone adzes,
used predominantly for woodworking™, are typically made from siliceous
rock, chosen for its harder texture. To optimize their effectiveness, the rock
layers of the adzes are often oriented perpendicular to the edge, preventing
the force of impact from aligning parallel to the rock’s natural planes of
weakness. Grinding stones, which are the most numerous tool type at the
site, are made from a wider variety of rocks, including sandstone, fine
sandstone, siltstone, spotted hornfels, andesite, mudstone, and tuff. Among
these, fine sandstone grinding stones are the most abundant, with a total of
148 pieces. Fine sandstone is characterized by uniform grain structure, fine
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Fig. 2 | Part of the ground stone tools retrieved
from the Xicaodun site. 1-3. Grinding stones; 4-5.
Knives; 6-7. Ploughs; 8-9. Sickles; 10. Axe; 11-12.
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texture, and loose composition, with properties such as high-water
absorption, sound insulation, and resistance to breakage and weathering.
These qualities make fine sandstone an ideal material for crafting grinding
stones, potentially extending their service life and enhancing their functional
efficiency.

Given that the raw materials likely originated from the relatively distant
Tianmu Mountains, or potentially even more distant regions, it is highly
probable that stone tool makers were selective in their choice of lithic
materials.

Hierarchical dynamic typology

To provide a comprehensive understanding of ground stone tools, a typo-
logical analysis is essential. Hierarchical Dynamic Typology is a method
used to classify chipped stone tools within the framework of the ‘Chaine
Opératoire’ concept. This approach involves a preliminary analysis of the
technology, form, and function of the tools, followed by an examination of
their development from preparation to discard. Based on this progression,
tools are categorized into four main groups: prepared type, manufactured
type, utilized type, and discarded type, with additional sub-groups for fur-
ther differentiation™.

The concept of the ‘Chaine Opératoire’ originated in the 1960s within the
field of Paleolithic archaeology in France. Initially, it was used in a more
specific context to describe the operational procedures involved in the pro-
duction of stone tools, emphasizing the distinct phases of the stone tool
production process™”. By the 1980s, the definition of ‘Chaine Opératoire’was
expanded to encompass not only the production process but also the pro-
curement of raw materials, the manufacture and processing of tools, and their
subsequent use and disposal as part of a dynamic, continuous sequence™. The
purpose of examining the life history of stone tools should not stop at the stage
of analysing the process of stone tool production, but extend further to an eco-
economic consideration of human technological behavior”.

Guided by the ‘Chaine Opératoire’ framework, this paper views the
production to the disposal of ground stone artifacts at the Xicaodun site as a
dynamic process. Through the application of hierarchical dynamic typol-
ogy, the study provides a comprehensive summary of the ground stone tool
assemblage, establishing a foundation for further research into the grinding
stones at the site.

Design theory

Design refers to the entire process of transforming an idea into a tangible
object. It begins with the initial conception of an idea, which is then shaped
through imagination and ultimately brought to fruition through skilled
techniques. This process is characterized by a clear progression from idea to

action. In the context of Paleolithic lithic technology, a distinction already
existed between curated and expedient tools*>*'. Curated stone tools were
refined, standardized in form, and designed to serve a variety of functions. In
contrast, expedient tools were typically rough, simple, and variable in shape.
The former reflects a deliberate design process, suggesting that toolmakers
had a pre-conceived notion of the tool’s form and function, which was then
realized through curation techniques. Expedient tools, however, demon-
strate the toolmaker may have had a general idea but created a tool with
minimal modification, driven by practical necessity.

Adams applied design theory to the study of ground stone artifacts,
proposing two behavioral constructs of design: expedient and strategic. If
the natural shape of the rock was altered only through use or only enough to
make it functional, the item is considered to have an expedient design.
Modifications that make the item easier to hold, to improve efficiency, or to
achieve a specific shape that does not relate to function indicate a strategic
design’. These two design behaviors not only reflect different technological
considerations but also suggest varying levels of preference and intensity in
tool use. Building on Adams’ criteria for classifying ground stone tools, this
study examines the design strategies employed in the grinding stones at the
Xicaodun site.

Use-wear analysis

The term ‘use-wear’ is used to describe the study of wear traces on the edges
and/or surfaces of objects caused by use*>”. In practice, a variety of
behaviors can contribute to or influence the formation of traces on objects.
Beyond functional studies*~”, the scope of use-wear analysis has increas-
ingly expanded to include not only the formation of use-wear but also post-
depositional processes*™". By examining the surface traces on stone artifacts
through use-wear analysis—such as microtraces including flake scars, pol-
ish, rounding, and striations—and comparing archaeological specimens
with experimental replicas in simulation experiments, it is possible to gain
insights into the manufacturing techniques, usage, and processing of stone
artifacts, as well as other relevant information.

For the study, we selected typical archaeological grinding stones and
experimental grinding stones to collect data of wear traces. These specimens
were observed under a 3D digital Keyence VHX-5000 microscope with
magnifications between 20 x and 200 x. The data we applied in this study for
use-wear analysis are collected by the Laboratory of Art and Archaeology
Image, Zhejiang University, China.

Microeconomics analysis
The products of the ‘economy’ encompass both material and spiritual
goods, as well as economic behaviors and activities. Among these, material
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products or commodities are of primary importance and represent the
central focus of archaeological research. The relics of stone tools, pottery,
jade objects/tools, as well as the remains of workshops, buildings, and set-
tlements uncovered by archaeologists, are closely linked to the production
and daily life of ancient societies. These artifacts serve as tangible evidence of
the economic behaviors and activities of past populations.

Microeconomics is a branch of economics that examines the behavior
of individuals and firms in making decisions about the allocation of scarce
resources, as well as the interactions between these agents™. The efficient
allocation and utilization of limited resources require individuals to carefully
assess the trade-offs between resource use and associated costs. The concept
of opportunity cost provides a framework for such evaluations. According to
the New Oxford American Dictionary, opportunity cost is defined as “the
loss of potential gain from other alternatives when one alternative is cho-
sen.” Given the finite nature of resources, allocating them to one purpose
often results in the forgoing of potential benefits from alternative uses, thus
incurring a cost. Opportunity costs encompass both explicit and implicit
costs: explicit costs refer to the direct financial outlay associated with a
particular decision, while implicit costs represent the value of benefits lost by
not choosing the next best alternative™.

The principle of opportunity cost encourages the efficient use of scarce
resources by maximizing the benefits derived from their allocation to a
particular purpose, rather than to alternative uses. During the Neolithic
period, as prehistoric people engaged in the production and use of stone
tools, pottery, and other materials, they faced considerations and trade-offs
in the selection of raw materials, design choices, and functional require-
ments. By incorporating the concept of opportunity cost into the analysis,
the production and use of ground stone artifacts can be examined from an
economic perspective, offering insights into the social organization and
production strategies of prehistoric societies.

Results

Results of hierarchical dynamic typology

The first category of stone products is prepared type. That is to say, stone
products at the stage of quarrying or production processing include both the
raw materials and the stone tools required for production.

At the Xicaodun site, a total of 263 artifacts belong to this category,
comprising 42 raw material specimens and 221 grinding stones. The latter
account for 32.9% of the total stone assemblage. The raw materials are
primarily composed of crystalline tuff, with smaller quantities of mudstone
and spotted hornfels.

The second category, manufactured type, refers to stone products
produced during the manufacturing process that were not utilized,
including stone flakes, by-products, blanks, and preforms. At the Xicaodun
site, a total of 237 artifacts fall into this category, representing 35.3% of the
entire lithic assemblage.

Stone flakes (92 pieces) are primarily formed during the production
and trimming of ground stone tools. These are divided into two types:
normal flakes (without traces of ground) and special flakes (with visible
ground traces, but the cause is unknown). Of the total, 81 are normal
flakes, predominantly made from mudstone and spotted hornfels. The
remaining 11 special flakes are also made from spotted hornfels and
mudstone.

Blanks (24 pieces) are stone artifacts that have been partially flaked and
shaped, and they are associated with tools such as knives, arrowheads,
chisels, ploughs, and soil-working tools.

Preforms (45 pieces) refer to stone artifacts that have been largely
shaped through knapping but have not yet been polished.

By-products are non-purposeful products generated during the man-
ufacturing process, including chips and chunks, which are more difficult to
characterize in terms of their intended use. The 19 chips identified are small,
broken flakes less than 1 cm in size, while the 57 chunks represent larger
blocks produced during the manufacturing phase. Some of these chunks
display visible traces of ground, and are mainly composed of spotted
hornfels and mudstone.

Turning to the third category, utilized type includes stone artifacts that
have been used, as well as those that have been subsequently modified for
secondary purposes. These primarily include various types of shaped tools,
reshaped tools, and some unidentified implements.

At the Xicaodun site, 91 shaped tools are identified, accounting for
approximately 13.6% of the total lithic assemblage. These tools mainly
consist of knives, arrowheads, adzes, chisels, axes, soil-working tools, net
sinkers, as well as some unidentified items. Among the stone knives (21
pieces), two types are distinguished: handled and handleless knives. The
38 stone arrowheads include both willow leaf-shaped and sword-shaped
varieties. The 16 stone adzes and 10 stone chisels are categorized into large
and small subgroups. The smaller adzes and chisels are well-polished, with
visible breakage at the edges, while the larger specimens exhibit more sig-
nificant edge damage. In addition, there is one axe, one soil-working tool,
one net sinker, and one unidentified tool.

Two modified tools are also present at the site. One of these is identified
as a stone axe; however, its poor symmetry and the wide, short shape suggest
it may be a modified artifact rather than a typical stone axe. The second
modified tool is of an unusual form, with an almost trapezoidal plane and a
pecked hole, leading to the hypothesis that it may be a uniquely shaped stone
plough. However, due to significant breakage, the exact function and nature
of this ground stone tool remain uncertain.

Discarded type is the final category. It refers to stone artifacts that were
intentionally discarded due to technological failures during production or a
loss of effectiveness through use.

At the Xicaodun site, a total of 80 broken stone artifacts have been
identified, including knives, arrowheads, adzes, chisels, sickles, ploughs, soil-
working tools, and some unidentified implements. These broken artifacts
represent 11.9% of the total lithic assemblage from the site.

The results of hierarchical dynamic typology reveal that the prepared
type of stone artifacts accounts for the largest proportion (39.2%), with 42
pieces of raw materials and 221 pieces of grinding stones (see Table 1). The
manufactured type makes up a smaller proportion (35.3%), while the uti-
lized type represents an even lower share (13.6%). Within the shaped tools
category, stone knives and stone arrowheads are particularly prevalent,
appearing in various stages of production, such as blanks and preforms. This
suggests that stone knives and arrowheads were likely the primary products
at the Xicaodun site, and that a relatively complete production process was
followed. The decreasing proportions of the prepared, manufactured, uti-
lized, and discarded types imply that the Xicaodun site was predominantly
focused on the production of ground stone tools, utilizing advanced man-
ufacturing technologies. This is supported by the high utilization rate of raw
materials and the low incidence of waste. It is therefore hypothesized that the
site functioned as a specialized workshop for ground stone tool production,
with stone knives and stone arrowheads serving as the main products. Given
the crucial role of grinding stones in the production of these tools, under-
standing their design and use is of particular significance.

Design strategy of grinding stones
The grinding stones at the Xicaodun site exhibit clear evidence of deliberate
modification and strategic design. These stones come in various shapes,
including pillow-shaped and polygonal pyramid forms. Typically, they
feature multiple working surfaces, each carefully processed to achieve a
flatness suitable for use. The working surfaces show signs of high-intensity
use, evidenced by internal concavities, which likely formed through repeated
use over an extended period. A total of 143 strategically designed grinding
stones were identified at the site, with medium to large specimens pre-
dominating, and some extra-large examples also present. Of these, 27 stones
have a single working surface, 29 have double working surfaces, and 87
exhibit multiple working surfaces. In terms of lithology, nearly all the
grinding stones are made of sandstone and fine sandstone, with only two
examples composed of mudstone and tuff.

Pillow-shaped grinding stones at the site exhibit varied characteristics
in their working surfaces. For example, T4G1®:9, made of mica-bearing fine
sandstone, has four distinct working surfaces. Working surface 1 is
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Table 1 | Hierarchical dynamic typology of ground stone artifacts at the Xicaodun site

Group Type Subtype Quantity (Piece) Percentage inthe Group (%) Total (Piece) Percentage in the Total (%)
Prepared Type Raw material - 42 16.0 263 39.2
Grinding stone Single-working surface 80 84.0
Double-working surface 44
Multi-working surface 97
Manufactured Type  Flake Normal flake 81 38.8 237 35.3
Special flake 11
By-product Chip 19 8.0
Chunk 57 241
Blank Knife 1 10.1
Arrowhead 13
Chisel 1
Plough 1
Unidentified 8
Preform Knife 16 19.0
Arrowhead 8
Adze 2
Sickle 5
Axe 1
Unidentified 13
Utilized Type Knife - 21 23.1 91 13.6
Arrowhead = 38 4.7
Adze = 16 17.6
Chisel - 10 11.0
Axe - 1 1.1
Soil-making tool  — 1 1.1
Net sinker — 1 1.1
Unidentified - 1 1.1
Modified — 2 22
Discarded Type Broken tool Knife 29 36.2 80 11.9
Arrowhead 6 7.5
Adze 10 12.5
Chisel 5 6.3
Sickle 5 6.3
Plough 4 5.0
Soil-making tool 8 10.0
Unidentified 13 16.2
Total 671 100

polygonal and concave, with faintly visible striations. Working surface 2 is
polygonal and flat, also exhibiting visible striations. Working surface 3 is
polygonal, wavy, and undulating, with pronounced subsidence and visible
striations. Working surface 4 is polygonal, characterized by interwoven
natural and working areas, and displays a significant degree of concavity.
The edges of all the working surfaces are angularly smoothed (Fig. 3:1).
Similarly, H7®:5, made of mica-bearing feldspathic fine sandstone and
exhibiting four working surfaces, shows distinctive wear patterns. Working
surface 1 is quadrilateral and concave, with moderate use wear, displaying
messy and deeper striations along with a few pecked traces. Working surface
2 is sub-rectangular and more deeply concave, with striations parallel to the
long axis. Working surface 3 is quadrilateral, featuring two concave
depressions with inconspicuous striations. Finally, working surface 4 is
irregularly polygonal and slightly concave, with visible transverse and
oblique striations (Fig. 3:2).

Large polygonal pyramid-shaped grinding stones exhibit significant
wear on their working surfaces. An example of such a stone is T4G1®:8,
made of mica-bearing feldspathic fine sandstone. This specimen has a
quadrangular pyramid shape, wide at the base and narrowing towards the
top, with a nearly flat bottom. The working surfaces are all quadrilateral,
smooth, and concave, displaying faint striations. Among these surfaces, the
concavity of working surface 2 is particularly pronounced (Fig. 4).

A total of 78 grinding stones with expedient design have been identified
at the Xicaodun site. These artifacts show no clear signs of intentional
modification or design, retaining the natural shapes of the raw materials.
Generally, the natural surfaces are exposed, with significant soil coverage
and alack of striations. The working surfaces are only roughly processed and
were used without further smoothing. Of these, 49 pieces feature a single
working surface, 16 have double working surfaces, and 13 exhibit multiple
working surfaces.
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Fig. 3 | Pillow-shaped grinding stones. 1.
T4G1@:9; 2. H7®:5.
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Fig. 4 | The polygonal pyramid-shaped grinding
stone T4G1®:8.
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Fig. 5 | Expedient grinding stones with single working surface. 1. T1®:4;
2. T3@:41.

The category with a single working surface is predominantly composed
of small to medium-sized stones, with only one working surface. Notably,
post-depositional traces are relatively pronounced. For example, T10:4,
made of fine sandstone, has an irregularly polygonal and slightly concave
working surface, with three grooves visible. The left groove is wider, while
the right two are narrower (Fig. 5:1). Another example, T3@:41, made of
andesite, has a nearly triangular working surface, with visible striations
along the thicker side and reddish-orange attachment on the surface
(Fig. 5:2).

The grinding stones with double working surfaces are generally more
smoothly ground. For instance, T1G1®@:33, made of greenish-grey feldspar
fine sandstone, features two working surfaces. Working surface 1 is trian-
gular, predominantly retaining its natural surface, though it appears to have
been pecked, showing numerous pits. Working surface 2 is rectangular,
relatively flat, and exhibits small striations (Fig. 6:1). Another example,
T1G1®:19, made of mica-bearing fine sandstone, has two working surfaces.
Working surface 1 is approximately triangular, with the left half flat and
featuring two deep U-shaped grooves, accompanied by distinct striations
within the grooves, while the right half retains its natural surface. Working
surface 2 is natural and shows no obvious signs of use (Fig. 6:2).

As an example of the type with multiple working surfaces, H7®:6 is a
large grinding stone made of mica-bearing feldspar fine sandstone. All of its
surfaces are heavily abraded. Working surface 1 is trapezoidal and flat,
displaying cluttered striations that may correspond to the natural texture of
the stone. Working surface 2 is also trapezoidal and flat, with subtle stria-
tions. Working surface 3 is relatively flat but rough, clearly retaining a
natural surface with no evidence of ground or grinding. Similarly, working
surface 4 shares the same characteristics as surface 3, although it has a
regular shape (Fig. 7).

Expedient grinding stones exhibit a certain degree of randomness in
their design, characterized by irregular shapes, uneven working surfaces,
and the direct use of natural surfaces. These stones, however, display
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Fig. 6 | Expedient grinding stones with double
working surfaces. 1. T1G1®:33; 2. T1G1®:19.
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variable patterns of use; some may remain in use for extended periods, while
others are discarded after only brief use. In terms of material composition,
expedient grinding stones are predominantly made of sandstone, with a
smaller proportion (11 pieces) crafted from spotted hornfels, siliceous rock,
and tuff. While the number of grinding stones made from non-sandstone
materials is relatively small, it significantly exceeds their representation
among strategic grinding stones. This suggests that the inhabitants of the
Xicaodun site demonstrated flexibility in the production of expedient
grinding stones, indicating a rational approach to the allocation and use of
lithic resources. Specifically, when high-quality raw materials for grinding
stones were scarce, they likely opted for readily available or discarded
materials for short-term use.

At the Xicaodun site, there are also grinding stones that exhibit both
strategic and expedient design features. Observations suggest that these
stones generally prioritize strategic design, with expedient design features
added later. The use of these grinding stones varied according to the specific
requirements of the task in the actual activity, often resulting in the co-
existence of both design types. This dual design approach appears to be
relatively common at the site. For example, T4G1®:4 (Fig. 8), made of fine
sandstone, has four working surfaces. Working surfaces 1 and 2 are quad-
rilateral, flattened by ground, and slightly concave, showing signs of mod-
erate wear, indicating their strategic design. Working surface 3 is
rectangular, while working surface 4 is nearly trapezoidal; both retain the

natural texture of the raw material over most of their area, although they are
marked by numerous crosswise grooves. Based on these characteristics, it is
suggested that working surfaces 1 and 2 were designed strategically, while
surfaces 3 and 4 likely represent expedient design.

Based on the raw material choices and design characteristics of the
grinding stones, several conclusions can be drawn. Decisions made at the
design stage generally begin with choosing lithic material for appropriate
size and texture'*'®*". At the Xicaodun site, the prehistoric people pre-
dominantly favored three types of rocks—sandstone, siltstone, and fine
sandstone—which were well-suited for the manufacture of grinding stones.
The varying grain sizes of these materials allowed the production of grinding
stones capable of performing a range of tasks. Consequently, grinding stones
made from these materials tend to feature strategic design, typically incor-
porating multiple working surfaces to enhance functionality. In contrast,
expedient grinding stones are characterized by fewer working surfaces than
their strategic counterparts (Table 2). The purpose of strategic design is to
extend the lifespan of the grinding stones and improve their usability. As
such, the number and arrangement of working surfaces are deliberately
planned during the manufacturing process. Expedient design, on the other
hand, prioritizes flexibility, allowing for modifications as needed. These
grinding stones often retain more of the natural surface of the raw material
and lack fixed shapes. This adaptability reflects a more immediate or short-
term use pattern. In general, the preference for strategic design may stem
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Table 2 | Relationship between design behavior and quantity of working surfaces

Rock type The quantity of working The proportion of different designs (expedient: The quantity of grinding Total (piece)
surfaces strategic) stone (piece)

Andesite 1 1:0 3 221

Sandstone 1-6 1:1 22

Fine sandstone 1-8 1:1.9 148

Siltstone 1-7 1:3.5 37

Spotted hornfels 2 1:0 1

Siliceous rock 1 1:0 1

Mudstone 1 2:1

Tuff 1-4 2:1 6

Fig. 9 | The V-shaped groove on T3G1@:3, 50x.

0

Scm

from a natural inclination to maximize the service life of the grinding
stones. Furthermore, the prevalence of strategic grinding stones at the site
could also reflect the scarcity of lithic resources, underscoring the impor-
tance of rational resource allocation and utilization in the production
process.

Use strategy of grinding stones

Both expedient and strategic grinding stones were used intensively at the
site, and most of these stones exhibit visible traces of use on their working
surfaces, reflecting a typical pattern of maximizing the utility of stone tools.
Grooves are commonly observed on the working surfaces of expedient
grinding stones, and it is hypothesized that these grooves may have resulted
from grinding tools. For instance, T3G1@:3 (Fig. 9) features a particularly
deep, V-shaped groove. This specimen is small enough to be handheld, and
under 50x magnification, the groove is observed to be long, narrow, and
asymmetrical, with a shallow left side and a deeper right side. The depth and
intrusion distance of the groove suggest that the stone was subjected to
intensive use.

Strategic grinding stones are generally in good condition, with some
working surfaces exhibiting reflective areas that may be indicative of patchy
polish resulting from either manufacture or use. For example, on working
surface 1 of specimen T4G1®:4, the visible polish appears brighter and is
distributed in clusters, with a smooth texture. Under 200x magnification,
diagonal striations can be observed within the polish (Fig. 10:1, 2). Com-
parative analysis with the results of a simulation experiment reveals that, at
the same magnification, the polish on the archaeological specimen closely
resembles that of the experimental specimen, albeit more developed. In the
simulation experiment, a replication with similar lithology to the archae-
ological piece was used to grind hornfels for 5min, resulting in polish
created through contact between the stones (Fig. 10:3, 4). Based on this
comparison, it is inferred that the polish on specimen T4G1®:4 likely
formed during the processing of other stone tools. The brightness and
development of the polish suggest that this grinding stone was used with
considerable intensity.

The use strategy of grinding stones at the Xicaodun site is reflected not
only in the intensity of their use but also in the sequence in which the
working surfaces were utilized. Through both macro- and micro-level
observations, we have identified 22 grinding stones that exhibit clear trace-
breaking patterns between working surfaces, indicating that these surfaces
were used sequentially (Table 3). This suggests that prehistoric people
selectively employed different working surfaces according to their specific
needs during production and processing activities. Notably, this phenom-
enon is observed exclusively in strategic grinding stones, further supporting
the notion that such stones were used more frequently and intensively. This
evidence underscores the effectiveness of strategic design in extending the
functional lifespan of grinding stones, despite the greater initial time and
labor investment required. The process of strategically designing a grinding
stone typically involves considerable pre-conceptualization and additional
effort during manufacture, resulting in higher initial costs. However, these
stones ultimately provide greater long-term utility compared to their
expedient counterparts.

Regarding the utilization sequence, it is evident that strategic grinding
stones were used multiple times across different surfaces. As noted earlier,
these grinding stones are predominantly of medium to large size, with some
reaching extra-large dimensions. Such sizes require high-quality stone and
more lithic resources, meaning that the initial selection of a larger stone for
strategic design reduces the overall quantity of grinding stones produced.
This necessitated careful planning by prehistoric people to maximize the
utility of available resources. In this context, the reuse of strategic grinding
stones allowed for more efficient utilization of both the stones and the
available lithic resources, contributing to a more economical approach to
tool production.

Cost-effectiveness of grinding stones

The selection, acquisition, transport and management of lithic raw materials
can provide significant insight into people’s economic activities”’. These
issues has been the subject of ongoing research by scholars™ . While it is
not always stated explicitly, a widespread assumption is that people will try
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Fig. 10 | Polish on archaeological and experi-
mental specimens. 1. Polishon T4G1®:4, 100x; 2.
Polish on T4G1®:4, 200x; 3. Polish on the experi-
mental specimen, 100x. 4. Polish on the experi-
mental specimen, 200x.

Table 3 | Utilization sequence of working surfaces of strategic
grinding stones

Specimen The quantity of Utilization Design
working surfaces sequence
T1©:3 2 1-2 Strategic
T2®:11 3 1-2
T2G1®:22 2 152
T2G1@:34 3 1-2
T3@:27 3 3—-2
T3G1@:2 4 2,1
T3G1@:29 3 1/2—-3
T3G1@:30 3 3-2
T3G1@:36 2 1-2
T6G1@:1 3 2—-1;3-1
H7®:1 4 1-.3
H100:2 4 2-1/3—4
J6:1 4 2—-13—4
T4G1D:4 4 1—4;2/4-3
T4G1©:22 4 3-2;1-4
T4G1@:9 4 21
T4G1@:28 3 1/3—-2
T4G1@:34 2 2—-1
T4G1@:35 3 21
T4G1G@:3 3 1/3—2
T4G1@:5 4 2—3
T4G1@:9 2 1-2

“"Note: ‘—’ denotes a sequential relationship between working surfaces; /’ denotes no direct
sequential relationship between working surfaces.

and optimize their use of raw materials, obtaining the greatest utility with the
least effort”, especially when resources are scarce. Ultimately, these beha-
viors may reflect the economic decision-making processes of prehistoric
people, whether made consciously or unconsciously, in response to the
challenges posed by limited resources. These practices also indicate their

task-oriented cognitive abilities, which were focused on setting specific goals
for engaging in productive activities.

The concept of opportunity cost, borrowed from microeconomics,
helps to better understand the economic decision-making processes from a
cost/benefit perspective, as it refers to the trade-offs inherent in the choices
individuals make when resources are scarce. In this context, the various
labor costs directly or indirectly involved in the production, use, or repair of
grinding stones can be considered explicit costs. Direct and indirect modes
of lithic material acquisition have been identified, including incidental,
logistically mobile, exchange, trade, etc®™'. Each mode requires varying
amounts of time and labor. Notably, no lithic resources have been identified
in the immediate vicinity of the Xicaodun site, and the Tianmu Mountains, a
likely source, are located approximately 100 kilometers away. This suggests
that the mode was likely logistically mobile or indirectly acquired, meaning
that raw materials were either collected by specialized individuals or
obtained through trade or exchange. This process would have made access
to raw materials costly and limited. Therefore, optimizing the use of lithic
resources became essential. The first step in this optimization was the
selection of different rock types for various ground stone tools. For grinding
stones, the strategic design utilized higher-quality raw materials, with 98.6
percent of these stones being composed of sandstone and fine sandstone. In
contrast, expedient grinding stones were made from materials of varying
quality, as detailed in Table 2. The final step involved enhancing the effi-
ciency of grinding stone use and extending their service life through design
and use strategies, thus improving the overall utilization of lithic resources.

Furthermore, it is crucial to account for implicit costs, which refer to
the foregone benefits associated with alternative options when making a
choice. In this context, opting for an expedient design would reduce pro-
duction time and, consequently, production costs, allowing grinding stones
to be put to use more quickly. However, the prevalence of strategic grinding
stones suggests that this may not necessarily be the most optimal solution.
As surmised earlier, the site might function as a specialized workshop for
ground stone tool production and tasks are defined primarily in terms of
their objectives®. The strategic grinding stones are capable of enduring more
intensive use, thereby decreasing the frequency of replacement. This dur-
ability enables them to serve as the primary tools in ground stone tool
production, even during periods of raw material scarcity, thus ensuring the
continuous operation of the workshop. As such, these strategies, encom-
passing the design and use strategies, transcend mere subsistence strategies
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to become social strategies. This implies that these grinding stones may be
imbued with social and cultural values beyond their functional roles®***, and
the prehistoric people may gain from being seen to conform to socially
sanctioned values®, as the ‘workshop’ itself functions as a social institution.
Such economic decisions are not only driven by material constraints but are
also shaped by power dynamics, social roles, and collective identities®.

However, in applying the concept of opportunity cost, the site is
considered as an individual entity, or a system. Actually, the society is a
plurality of individuals, which including diverse genders, identities, classes,
etc. Finding the proper balance between the individual and the system, has
been a persistent problem for archaeology”, especially with the lack of
relevant research. Although the concept of opportunity cost faces certain
limitations in specific contexts—such as the difficulty of fully capturing the
complexity of social roles and interactions—its application to the Xicaodun
site provides valuable insight into the economic decisions of its inhabitants,
thereby enriches our understanding of prehistoric economic practices, even
within the constraints of the available evidence.

Discussion

In this study, we first employ a hierarchical dynamic typology to demon-
strate that the Xicaodun site likely functioned as a workshop for ground
stone tool production, with stone knives and stone arrowheads as its pri-
mary outputs. Attention is given to the characteristic artifacts, particularly
the grinding stones, which were key tools in the workshop. Through an
analysis of their design and use strategies, aided by design theory and use-
wear analysis, we find that strategic grinding stones were the predominant
tools at the site, while expedient grinding stones were used less frequently.
Strategic grinding stones are generally larger, with specific shapes and
multiple working surfaces, whereas expedient grinding stones are typically
smaller, irregularly shaped, and feature only one working surface. Despite
these differences, both types exhibit high use intensity, characterized by
deeply ingrained grooves, with strategic grinding stones showing extensive
polish and a well-developed utilization sequence across their working sur-
faces. Furthermore, the concept of opportunity cost is introduced to explore
the economic aspects behind the grinding stones. This analysis focuses on
reducing the costs associated with the quarrying of lithic resources and
making trade-offs between raw materials, design, and use strategies in order
to achieve the optimal allocation of resources for sustaining workshop
operations.

In comparison to other ground stone tools, grinding stones involve
relatively simple production technology, with their primary function being
grinding, albeit with variation in the types of materials processed. Never-
theless, grinding stones serve not only as tools in productive activities but
also as instruments for producing other productive tools. The various layers
of information embedded in their design and use merit further investigation.
This paper aims to uncover the economic information behind grinding
stones from a design and use-strategy perspective. In doing so, it seeks to
offer insights into the production and economic behaviors of prehistoric
people during the Neolithic period.

Data availability
The data used and analyzed during the current study are available from the
corresponding author on reasonable request.
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