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SI section 1 

Supplementary Discussion  Geological and archaeological background 

Introduction to Guanyindong Cave 

Guanyindong Cave (26°51′26″N, 105°58′7″E, 1464 m a.s.l.) is located in the Qianxi county of Guizhou 
province, the eastern end of the Yungui Plateau, Southwest China (Fig. 2). This region has a typical karst 
landscape (Extended Data Fig. 1) with a general elevation of 1400–2000 m, and is composed of carboniferous 
and Permian limestones, cataclastic rocks, basalt, and coal deposits. The main ecosystem types include 
evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, and montane elfin forest. With a 
subtropical humid climate (humid in summer and dry in spring), this region is controlled by the East Asian 
summer monsoon and the cold fronts of the winter monsoon and the southwest warm-wet air masses 1. The 
mean annual temperature is about 14 °C, with the highest monthly mean temperature (20–21 °C) in summer 
and the lowest (4–5 °C) in winter. Mean annual precipitation in this region is ~1400 mm.  

Guanyindong Cave is a limestone cave developed during the Late Tertiary or beginning of the Quaternary 2, 
and is one of the highest and most developed karst caves in this region. The cave, extending from east to 
west, was developed from a fracture that was mainly formed by an east-west strike, joint with several south-
north branches (Extended Data Fig. 2a). The main entrance, which is also the main excavation area, is located 
at the west end of the cave. The cave, about 90 m long and 2–4 m wide, has a narrow roof that gradually 
broadens down to the floor. The distance from floor to roof is about 2–8 m high. The cave floor is about 15 
m above the bottom of the depression.  

The sedimentary deposits slope down from the entrance to the inside of the cave (Extended Data Fig. 2b), 
and there is a general trend of decreasing grain size of sediments from outside to inside 2, indicating that the 
source of the deposit came mainly from the outside. Stalactites and stalagmites are well developed inside the 
cave, and some of them are connected, forming stalagnates. Thick flowstone plates were developed 
surrounding the stalagnates at various areas in the cave, these plates cover the majority of sediment in the 
cave, but the thickness of the plates varies. 

The Guanyindong Cave site was first discovered in 1964 by a field team organised by the Institute of 
Vertebrate Paleontology and Paleoanthropology and the Provincial Museum of Guizhou. Four excavation 
seasons were conducted in 1964, 1965, 1972 and 1973, respectively. Several trenches (Profiles 1, 2a, 2b and 
3) were opened within the cave (Extended Data Fig. 2a) in the 1960s, which yielded about a hundred stone 
artefacts. The main excavation was conducted in the 1970s at the west cave entrance (Extended Data Fig. 
2a), where most of the fauna fossils and stone artefacts were found 2.  

 

Stratigraphy and fossil assemblage 

The deposits at the site are mainly sandy/silty clays with limestone and breccia fragment inclusions. 
According to the excavation report by the original excavators 2,3, the stratigraphy of the sediments at the main 
entrance was divided into 9 layers (Layers 1–9) (Extended Data Fig. 2a) and 3 groups: Group A (Layer 2), 
Group B (including Layers 3–8) and Group C (Layer 9) 2. While Layer 1 and Group B extend from the outside 
to the inside of the cave, Layer 2 (Group A) was found in front of the cave entrance only (Extended Data Fig. 
2b). Most sediments from Layer 1, Groups A and B in the main excavation area had been removed during 
the previous excavations. In 2015, we visited the cave and found a ~3m residual profile, named S1, which is 
located at the south-wall near the cave entrance (Extended Data Figs 2b and 3a).The Layer 1, Groups B and 
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C were still visible at S1 (Extended Data Figs. 3b, c). In 2018, we re-visited the site and found another residual 
profile, S2, at the south wall, about 14 m away from the cave entrance (Extended Data Figs 2b and 4), where 
the Layer 1 and Layer 2 are exposed. The stratigraphic features of the two profiles are consistent with those 
described by the excavators 3. The features of each layer are described in Supplementary Table 1.  

The fossils from Group A are mostly fragments 2, indicating that the material of Group A was probably 
reworked before deposition. Only a few species were identified, including Rhinoceros sinensis Owen, 
Stegodon sp., Hystrix sp. and Bovinae. In contrast to Group A, the fossils from Group B were much better 
preserved, and abundant species can be identified, including 23 families [Eulota (Cathaica) sp., Testudinidae 
indet., Macaca sp., Hystrix cf. subcristata Swinhoe, Rhizomys cf. sinensis Gray, Vulpes cf. vulgaris L., Ursus 
thibetanus kokeni M. et G., Ailuropoda melanoleuca fovealis M. et G., Mustelidae indet., Crocuta ultima 
Matsumoto, Panthera cf. tigris L., Gomphotheriidae indet., Stegodon cf. orientalis Owen, Stegodon 
guizhouensis Li et Wen sp. nov., Equus sp., Megatapirus augustus M. et G.,  Rhinoceros sinensis Owen, Sus 
cf. scrofa L., Muntiacus sp., Cervus (cf. Pseudaxis) sp., Rusa sp., Bovinae, and Capricornis sumatraensis 
Bechstein] and 13 species (Gastropoda, Chelonia, Primates, Rodentia, Carnivora, Proboscidea, 
Perissodactyla and Artiodactyla). Most of these species belong to the Middle Pleistocene Ailuropoda-
Stegodon fauna group, which is commonly found at cave sites in South China. 

 

Previous chronological studies 

There were a few attempts to date the Guanyindong site since the 1980s. The first dating work was conducted 
by Yuan et al. 4 using U-series dating on fossil teeth recovered directly from the stratigraphic units of the site. 
In their study, a total of 6 fossil teeth were dated, including one from Layer 2 (Group A), one from Layer 4, 
three from Layer 5 and one from Layer 8 (Supplementary Table 1). Given the complexity and difficulty of 
quantifying uranium migration into and out of skeletal tissues, the U-series results on bones and teeth should 
be regarded as minimum age estimates 5. The U-series age of the fossil tooth from Layer 2 is 55 ± 3 ka, hence, 
providing a minimum estimate for the age of Group A. The other U-series ages obtained for the fossil teeth 
from Group B range from ~75 to ~120 ka, placing a minimum age of ~120 ka for the Layer 4 and those 
below.  

The second atempt was conducted by Shen and Jin 6, based on U-series dating on carbonate and fossil teeth. 
In their study, samples were taken from three locations (named Profiles 1, 2a and 3 by Pei et al. 3) inside the 
cave (Extended Data Fig. 2c). Profile 1 is located at the cave entrance. Profiles 2a and 3 are two of the earliest 
test pits excavated by Pei et al. 3 in the 1960s. They are located further inside the cave, where very few 
artefacts (~100 stone artefacts) were found and many of them were collected from the surface. Since the 
artefacts excavated inside the cave are not analysed in our study, we focus our discussion on Shen and Jin’s 
dating results for the samples from the cave entrance only. A total of 8 samples were collected from the cave 
entrance (see Extended Data Fig. 2a for their plane locations). The first two samples (QGC-19-1 and QGC-
19-2) were taken from the bottom tip of a hanging stalactite, yielding ages of 58 ± 3 and 42 ± 2 ka, 
respectively. The authors claimed that this stalactite “has sign of residual red clay on the bottom surface”, 
indicating that this stalactite was in contact with the red-clay deposits from Layer 2 and, hence, should provide 
a maximum age estimate for Layer 2. However, this age is younger than the U-series age (~55 ka) of the 
fossil tooth extracted in-situ from Layer 2 reported by Yuan et al. 4; the latter should be viewed as a minimum 
age of Layer 2. Furthermore, according to the stratigraphic description by Li and Wen 2 (see Extended Data 
Fig. 2b), the deposits of Layer 2 terminated outside the cave, so the ‘red-clay attachement’ on the stalactite 
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should not be linked to the Layer 2, and, therefore, its age should not be used to constrain the age of Layer 2. 
Our OSL age of ~80 ka for Layer 2 also confirms that their age estimates for Layer 2 are underestimated.  

The third sample (QGC-4) is a piece of broken stalactite sitting on top of “some residual deposits” at the 
north wall, which yielded an age of > 350 ka, and it should not be linked to any stratigraphic unit of the site. 
The fourth sample (QGC-12) is “a piece of flowstone sitting on top of some residual deposits attached to the 
north wall of the cave”. This sample yielded an age of 52 ± 2 ka. According to Shen and Jin, this sample has 
the same elevation as Layer 4, and they regarded this age as an estimate of the age of Layer 4. However, this 
age is significant younger than the minimum age (~119 ka) obtained from the fossil teeth directly taken from 
Layer 4 reported by Yuan et al. 4, suggesting that the correlation of the sample and Layer 4 simply based on 
their elevation is unreliable.  

The fifth sample (QGC-21) is a piece of carbonate ‘curtain’ taken on the north wall but a few tens of 
centimeters below QGC-12. This sample yielded an age of 147 ± 14 ka. Given the failed correlation of the 
overlying sample QGC-12 mentioned above, the stratigraphic location of QGC-21 remains unclear. The sixth 
sample (QGB-4) is a rhinoceros tooth recovered from Layer 6 in the residual sediment profile at the south 
wall (where our OSL samples were taken). The U-series age of this sample is 73 ± 3 ka, and should be viewed 
as a minimum age for this layer. The seventh sample (QGC-7) is ‘a small piece of stalagmite sitting on top 
of the flowstone from Layer 6’ of the residual profile at the south wall. The age of this sample is 185 ± 15 ka, 
providing a reliable constraint of the age for this layer. The last sample (QGC-23) is an in-situ stalagmite 
from the bottom of the profile at the north wall, which yielded an age of 260 ± 30 ka. This age should provide 
a reliable constraint of the maximum age for Layer 8 or Group B.  

In conclusion, previous U-series dating on fossil teeth and carbonate have provided controversial results, 
mainly because many of the analysed carbonate samples lack firm stratigraphic control. As a result, only 
those samples with a reliable stratigraphic control can provide useful constraints on the chronological 
framework of this site (Supplementary Table 1). For this reason, all of the U-series ages of fossil teeth 
extracted directly from sediments should be viewed as minimum ages for the associated layers, and only one 
stalagmite sample  (QGC-7) taken directly from Layer 6 from the residual profile at the south wall yielded 
reliable age estimate for this layer (~180 ka).  
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SI section 2 

Supplementary Discussion  Guanyindong Cave lithic analysis 

Previous analyses of Guanyindong Cave lithics 

The classification of Levallois products remains a subjective matter, on which analysts often disagree 7-9. As 
one of the most important Palaeolithic sites in Southern China, Guanyindong is no exception to this, with 
previous studies coming to differing conclusions about the presence of Levallois in the Guanyindong Cave 
assemblage.  

One of the earliest English-language sources 10 describes casts of five artefacts and identifies one as a 
transverse concave scraper made on a pseudo-Levallois point. Anticipating additional Levallois products, 
Freeman concludes that he ‘would venture to guess that the collection will prove to have some proto-Levallois 
or true Levallois flakes when it is finally studied’ (p. 101). Li et al. 11 came to a different conclusion after 
detailed examination of 1108 stone artefacts housed in the IVPP collections. They employ the chaîne 
opératoire concept to conduct a ‘technological reading’ of the assemblage. They identified three categories 
of cores representing three technological systems. Neither of these ‘involve intentional preparation’ (p. 3869) 
so they conclude that the Guanyindong Cave artefacts are ‘quite distinct from the concept of Levallois’ and 
reflect ‘different modes of cognition’ (p. 3870). A third report mentioning Guanyindong stone artefacts 
summarises the assemblage and notes that ‘a few Levallois-like flakes were identified’ 12. 

Of the three previous English-language reports on the Guanyindong Cave stone artefacts, two claim to have 
observed traces of Levallois in the assemblage, and one argues that it is absent. We interpret the artefacts 
differently than past researchers and we have made 3D models for anyone else to examine and interpret (see 
Supplementary Data). In our view, the analysis of Li et al., which concluded that Levallois concepts are 
absent from Guanyindong, is problematic because of their relying on chaîne opératoire-related methods that 
contribute to the  irreproducibility of their results. The clarity and objectivity of chaîne opératoire methods 
have been widely questioned by stone artefact analysts. For example, Bar-Yosef and Van Peer argued that 
chaîne opératoire is ‘overformalized and provides but an illusion of reading the minds of prehistoric 
knapper’13. Similarly, Monnier and Missel 14 have noted that use of chaîne opératoire concept is ‘highly 
subjective; being based upon the analyst’s experience and intuition” (p. 3). A well-known example of this 
problem can be found in the analysis of the assemblage from Biache Saint-Vaast level IIA. Boëda 15 identified 
unidirectional and bidirectional recurrent Levallois core reduction, but Dibble 16 found that the core reduction 
strategy changed from unidirectional to bidirectional as cores were more extensively reduced. This example 
highlights the difficulty of using the chaîne opératoire concept to obtain a result that can be reproduced by 
another analyst.  

In their chaîne opératoire analysis, Li et al. describe three cores from Guanyindong Cave in detail (P4114, 
P4122, P15948). We concur with their assessment of P4114 and P4122 that these cores are not Levallois. 
Contrary to Li et al, however, we identify P15948 as Levallois  (see Fig. 3a, Extended Data Fig. 5a and the 
3D structure in Supplementary Data), and we will discuss this piece in detail as an example of how our 
approach differs from Li et al. We disagree with Li et al. on details of the analysis of this piece: Li et al. 
claimed that 1) each flaking sequence is unrelated; 2) there is only one flaking sequence; 3) all the flake scars 
come from the same direction, 4) convexity is obtained by the flake ventral surface; and 5) the platform is 
not prepared. They, however, offer no explanation for one critical assumption, why they found each flaking 
sequence to be unrelated. On the contrary, we found each sequence to be hierarchically related. First, through 
faceting along the edge, the striking platform size and shape was adjusted to allow removal of flakes parallel 
to the plane of intersection of the upper and lower surfaces. Then, convexities were shaped and maintained 
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with removals based on the previously prepared striking platform. Finally, the Levallois products were split 
off by using a centripetal recurrent method along the fracture plane that is parallel or sub-parallel to the plane 
of the intersection. We consider each of these flaking sequences to be related because one sequence could 
not start before the other was completed. In our view there are three flaking sequences, not one, as claimed 
by Li et al.. In addition, rather than originating from the same direction, these scars run from multiple 
directions by using the Levallois recurrent centripetal method. There are two flake scars for which they did 
not explain the sequence ascription 

Their fourth claim, that the blank of the core is a flake, is not convincing because this core is a slab or nodule 
with part of the cortex left on the lower surface. The most distant ends of the piece have a similar thickness 
of about 20–30mm. It is not like a typical Guanyindong flake which is thick at the proximal end and thin at 
the distal end. There are many cores that are made from flakes in Guanyindong and we describe these with 
the term “truncated faceting”. From these cores, we can see that the scars are either too small or too scarce to 
be classified as Levallois, and most of them are on the edge without extending across the whole ventral 
surface. Even if the ventral surface was flaked, we cannot say that it was not prepared. For example, at Orgnac 
3 in France, slabs are a common component of the Levallois assemblage, and half of Levallois cores take 
advantage of the natural convexity of a flake’s ventral surface to maintain the distal and literal convexities17,18. 

Finally, we observed signs of preparation on the platform of this piece, which is not a cortical surface as 
reported by Li et al.. Our analysis found Levallois attributes on P15948, which presents all stages of reduction 
and manufacture of a Levallois core. The upper surface is covered with several scars come from different 
directions forming a centripetal scar pattern. Before flaking on the debitage surface, the core had been 
knapped along the edge to prepare the striking platform. The fractures of the predetermined flakes are parallel 
to the plane of the flake release surface and the striking platform surface.  

Our detailed description of P15948, above, is typical of how our analysis of the Guanyindong assemblage 
differs from Li’s. In Li's Ph.D. thesis 19 she describes 18 cores. Besides P15948, there are two more artefacts 
that we identified as Levallois cores (P5262 and P16311), but Li did not. For P5262, Li’s conclusion is based 
on the assumption that the core was knapped from a naturally convex surface. But we did not find a natural 
convex surface, and instead observed preparation scars on its lateral and distal convexity, creating this 
geometry. Furthermore we found a prepared platform, contrary to Li’s observation of a cortical platform. For 
P16311, which has the least clear scar pattern of the three pieces noted here, Li identified a joint face, but in 
our view there are scars resulting from upper and lower surface structures typical of Levallois pieces. The 
key issue for each of their pieces remains the same: we did not make assumptions about the blank’s geometry, 
but observed it directly. We report a summary of our analysis in the following sections. 

 

Whole assemblage characteristics: cores, flakes & retouch 

We analysed 2273 artifacts in the whole assemblage which consists of 267 cores, 1195 flake pieces, 42 
retouched pebbles & chunks and 769 chunks & debris (see examples shown in Extended Data Figs 5 and 6 
and Supplementary Figs 21–24). The R code used to produce the results presented here is available online at 
http://doi.org/10.17605/OSF.IO/ERNTJ.  

Chert is the dominant raw material for the assemblage (~80%). The 1195 flake pieces include a large number 
of retouched flakes and retouched flake breaks (n=1008), complete flakes (n=182) and a small quantity of 
flake fragments (n=5). While all stages of reduction and manufacture are represented, final stages are most 
abundant. The average maximum length of the flakes pieces is 55.5 mm, the average thickness is 16.3 mm. 
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Plain platform is the major type of flake platforms. The average number of scars on the dorsal side of 
complete flakes is three. Flakes with three dorsal scars are the largest proportion and more than 80% of flakes 
have four scars or less. Most of the cortex is limited, ranging from 0 to 10%.  It suggests that before hominins 
brought knapping products into the cave they had knapped the blank outside of the cave, and, therefore, the 
flakes were on the later stages of knapping, with less cortex. 

In total, we found 267 cores in the lithic assemblage. The average max dimension is 74.8 mm and with an 
average mass of 165 g. This dimension is slightly larger than the flakes. The flaking technique of 
Guanyindong Cave is free-hand percussion with hard hammer. The raw material of cores is dominated by 
chert (85%) followed by limestone (14%). There are various geometries of cores, including irregular (80%), 
conic (9.6%), column (6.8%) and small amounts of wedged and circle. Most cores (~80%) produced 1–4 
flake scars before being discarded. Cores that have more than eight scars are rare (n = 4). The average scar 
length is 33 mm. Most cores are covered with zero (46.5%) or 5–20% cortex (31.5%). The majority of 
platform type is plain (52%), which suggests that using former scars as platform to continue flaking is the 
main strategy of knapping.   

Five discoid cores were identified in the assemblage (see examples from Supplementary Figs 21.3, 21.4, 22.3 
and 22.4). Morphologically, some of these discoid cores resemble several features with Levallois cores, but 
they are rejected based on the criteria of Levallois technology, mostly because either the direction of flaking 
is secant to the line of the plane of the upper and lower surfaces or the two surface are exchangeable. In the 
Guanyindong Cave assemblage, toolmakers usually selected a flat surface from the blank and then knapped 
around the edge forming geometries varying from conic to irregular. The average maximum dimension of 
discoid cores is ~64 mm. The average number of flakes obtained from a discoid core is four. Three of them 
have a surface covered with cortex  and the platforms are mainly plain. 

A total of 1050 retouched pieces were found in the assemblage (see examples from Supplementary Fig. 24), 
accounting for 46% of entire lithic assemblage. The average max dimension of retouched pieces is about 56 
mm. Side scrapers and denticulates dominate the sub-division of retouched pieces (74%), followed by notches 
(9%) and borers (7%). Over 50 % (n=525) of the retouched pieces have more than one retouched edge. The 
shapes of 1683 retouched edges include convex, concave, straight, denticulate, end, notch, and borer. Among 
them, straight edge constitutes the largest proportion of the retouched edge (n=523) followed by convex 
(n=348) and concave (n=250).  

 

Assemblage characteristics: prepared elements, cores and flakes 

In addition to the Levallois assemblage, cores and flakes with prepared platforms, blade cores and truncated-
faceted pieces are also found in the assemblage. Eighteen cores are found with prepared platforms. This type 
of core features facetted scars on the striking platform in order to preparing a proper angle before knapping. 
Shapes of these cores are mainly irregular (67%) and conic (22%). Most of them (~56%) have only one 
platform. The average max dimension is 79.6 mm.  

There are 43 flakes with faceted platforms, 72% of which were retouched to make tools. The majority of 
platform shapes are quadrangle (364%) and triangle (20.5%). The average platform width and thickness is 
35.2 × 11.4 mm. The average max dimension of these flakes is 62.3 mm. Only a few flakes show traces of 
dorsal cortex (20%) and most of them have one or more previous flake scars remaining on the dorsal surface. 
A small amount of blade cores were also found (see examples from Supplementary Figs 21–23). Compared 
with blade cores from the European Upper Palaeolithic 20, these blade cores present distinctive features. The 



8 

 

geometries of these cores vary from flat circle to cylinder, and are not as regular as those found in typical 
Upper Palaeolithic assemblages, where blade cores usually present prismatic shapes. Some of their platforms 
are facetted and only a few blades were obtained from each core.  

Core preparation is also present on 60 truncated-faceted pieces 21-24. These pieces usually started from a flake 
that was then knapped on the ventral side, ending up as cores with the flake scars on ventral side, indicating 
the production of invasive flakes from platforms along the dorsal edge (Supplementary Figs 21–23). Other 
than on cores themselves, attributes indicating core preparation are also found on flakes (see examples from 
Figs 3t–3z and Extended Data Figs 6–7). Furthermore, evidence for maintaining core convexities is observed 
from 26 débordants (Fig. 3l and Extended Data Fig. 6), blanks that remove a large part of a core's lateral edge 
and are typically considered to be byproducts of core maintenance 25. 

 

Patterns in artefact reduction 

To understand the technological sequences that produced the artefacts at Guanyindong Cave we investigated 
how flake attributes vary across different sized pieces. The distribution of flake mass is strongly right-skewed 
with a long tail, typical of many flaked stone artefact assemblages (Extended Data Fig. 8). The unimodal 
quality of this distribution does not indicate any obvious size classes suitable to use as analytical categories 
to compare flake attributes in different reduction stages. To divide the flakes in the assemblage into analytical 
categories we used a dynamic programming algorithm for optimal one-dimensional k-means clustering26. 
This method selects optimal number of clusters of flake sizes based on the Gaussian mixture model using the 
Bayesian information criterion (BIC). After limiting cluster membership to 30 or more artefacts, we found 
five clusters of size classes in the Guanyindong Cave flakes that we can use to investigate changes in flaking 
behaviours relative to size.  

Raw materials are uniformly distributed across each size class (Extended Data Fig. 9). Cortex location shifts 
markedly from the left, right and distal areas of the dorsal surface for larger flakes (size class 5), to be found 
mostly on the platform and right side of the dorsal surface of smaller flakes (size classes 1, 2 and 3). This 
indicates that most small flakes result from advanced stages of the reduction process. The high proportion of 
flakes with cortex on the right indicates a repeated sequence of flake removals moving left to right across the 
face of a core. Platform shape shows a trend of an increasing proportion of rhombus platforms as flake size 
decreases. The “gull-wing” 27 platform (also called "platform beveling" 28) is increasingly represented in the 
smaller size classes. This shape of platform resulted from the detachment of a flake directly behind the 
location of a previously detached flake, and has been frequently found in Levallois points 29, as well as Nubian 
Complex 30 and tula adze blanks 27. This pattern in the Guanyindong assemblage indicates a high degree of 
precision when producing the smaller flakes. 

Platform types are highly diverse throughout the reduction sequence. Missing platforms are more common 
on the smallest flakes. Faceting is only evident on mid- and small-sized flakes (size classes 1, 2, and 3), 
consistent with a Levallois strategy of preparing cores by flaking across their platforms, resulting in flakes 
with facetted platforms. The low proportions of faceting on large flakes indicate that this was not a generic 
technique applied at all reduction stages, but only preferentially applied to certain-sized flakes produced via 
Levallois processes. We can see further support for this in the distribution of flake types, with Levallois flakes 
also appearing only in the mid- and small-sized flakes. This indicates a well-controlled reduction strategy 
where the production of Levallois flakes was constrained to a specific size range. Kombewa flakes are most 
abundant in the largest size class. This type of flake is distinctive due to having two opposed bulbs of 
percussion because it is detached at the intersection of the platform and ventral surface of a larger flake. The 
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rarity of Kombewa flake in the smaller sized flakes reflects the high levels of inertia and precision required 
to detach a flake from a larger flake 

The distribution of retouch types shows complex variation across the reduction sequence. Only subtle 
changes in proportions are evident across the size classes. The three smaller size classes have the greatest 
diversity and most even distribution of retouch types. This indicates how retouch types present in the larger 
size class, such as scrapers, notched pieces, borers and denticulate pieces, are transformed into new types, 
such as tanged pieces, points, and end-scrapers, as reduction of a piece proceeds further and the mass of the 
pieced is reduced by reduction.  

Extended Data Fig. 8 shows that as for larger flakes sizes, the oriented thickness and flake thickness (at 25%, 
50% and 75% of the length axis) all increase only very slightly, relative to increases in mass, length, oriented 
width, platform width and platform thickness, which increase substantially. For the most part, flake thickness 
is thus less than expected for larger flakes. This indicates that the thickness of larger flakes was controlled 
by the knappers at the start of the reduction sequence, consistent with a deliberate strategy to produce flakes 
with desirable features in tools, such as capacity for retouch and reduction of torque. The percentage of dorsal 
cortex varies little, from a median of 10% to 0%, but with a higher range in the larger flakes. This indicates 
even the largest flakes often do not have much cortex on their dorsal surface, so some pre-processing of the 
artefacts must have happened before they arrived at Guanyindong Cave. The median and range in the number 
of flake scars is nearly constant across size classes.  

 

Artefact taphonomy 

Among the flake pieces in the assemblage, 63% (n = 748) are broken, among which most of them are 
retouched. Two processes are likely responsible for this high percentage: manufacturing failures during the 
knapping activity, and energetic taphonomic processes that have damages the artefacts after discard. The 
generally homogenous nature of the stone indicates that failures during knapping should be expected at a low 
frequency, assuming a competent knapper. The sedimentary feature of the deposits (characterised by well 
stratified and sorted silt and sand layers) inside the cave indicates a low-energy depositional process. Thus, 
many of the breakages may be attributed to post-depositional processes such as ground surface breakage due 
to trampling. We found two artefacts that can be refitted (Supplementary Fig. 22.12). Many of the artifacts 
show considerable edge rounding/chipping, indicating some form of taphonomic influence. For example, 
trampling and post-depositional processes may have damaged artefact edges in ways that resemble light 
retouch, which may partly explain the high percentage (46%) of retouched pieces in the whole assemblage. 
With just two artefacts showing signs of heat treatment, we conclude that artefact damage due to excess 
heating occurred at a negligible rate at Guanyindong Cave. The surface texture of the artefacts is generally 
fresh, indicating limited weathering from exposure to pedogenic processes. This is probably a result of the 
cool, dry environment within the rockshelter.  

 

Chronological change in the lithic assemblage 

The artefacts that we analyzed were collected during excavations in 1964–1973, when it was not typical to 
record artefact provenance at high spatial resolutions. Thus, only a small amount of the stone artefact 
assemblage contains provenance information that allows us to determine what period of time is represented. 
A total of 204 pieces of the studied stone artefacts have clear stratigraphic information, with 117 pieces from 
the lower layer (Group B, 170–160 ka) and 87 from the upper layer (Group A, ~90–80 ka). Only five Levallois 
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pieces included information about which layer they were recovered from (3 from the upper layer, 2 from the 
lower layers). This small number of artefacts with chronological context limits the robustness of any claims 
we can make about change over time at Guanyindong Cave. Nevertheless, the patterns that are evident 
provide support to our main claim for Levallois technology appearing here at 170–80 ka. 

Extended Data Fig. 10 shows that flakes are slightly larger in the upper layer, and more variable in the 
thickness dimensions. Limestone is more frequently utilized as a raw material in the upper layer, as well as 
a small amount of sandstone, which does not appear in the lower level assemblage. This minor increase in 
raw material breadth in the upper layer may relate to a decrease in the availability of chert on the landscape, 
perhaps due to increased vegetation cover during MIS 5 that may result in changes in forager mobility 
strategies. Most of the technological attributes show little difference between the upper and lower layers, 
indicating that the technological strategies were similar across the two periods. Notable differences include 
platform shape, where we see higher proportions of rhombus and gull-wing platforms in the lower layer. We 
also see a much higher proportion of facetted platforms in the lower layer. The high frequency of platform 
faceting in the lower layer is notable because faceting is a key step in the preparation of striking platforms 
on Levallois cores. While this attribute by itself is not sufficient to identify a piece as Levallois, the high 
frequency of it in the lower layer is consistent with this period (170–80 ka) as a time when the cave’s 
occupants were producing Levallois technology. 
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SI section 3 
Supplementary Table 1 | Description of stratigraphic layers, number of stone artefacts, together with ages (±1σ 
error) obtained from samples that have reliable stratigraphic age control and associated dating methods. Note that the 
U-series ages of fossils should be regarded as minimum age estimates. 

  
Layer Thickness 

(cm) 
Sedimentary features Number of stone 

artefacts 
Age (ka) / Method / Reference 

1 ~15–70 Archaeologically sterile and consists of black silty clay 0  40–70 (OSL on 3 sediment samples) (this study) 

Group A     

2 ~40–240 Reddish-yellow silty clay, containing abundant rock debris 
and plenty of stone artefacts and fragments of mammal 
fossils. This layer sits unconformably on top of Group B 
(Extended Data Fig. 2b).  

879  57 ± 3 (U-series on a rhinoceros tooth) 4 
 87 ± 3 (weighted mean of 4 OSL samples) (this 

study) 

Group B     

3 ~50–100 A loose layer with brown-yellow and grey-yellow silty clay, 
containing fragments of limestone and breccias. 
According to the excavation report, this layer yielded only 
a small number of stone artefacts and fossils. 

20  

4 ~40–50 Brown-yellow and red-yellow silty clay with some 
fragments of limestone breccias. The top of this layer is 
capped by a flowstone layer (3–5 cm in thickness). Many 
stone artefacts and fossils were found from this layer. 

68  119 ± 10 (U-series on a unknown fossil tooth) 4 
 163 ± 12 (weighted mean of 2 OSL samples) 

(this study) 

5 ~20 Grey silty clay with abundant limestone fragments, which 
yielded plenty of stone artefacts and fossils. 

801  84 ± 5 (U-series on a Bovinae tooth) 4 
 76 ± 4 (U-series on a unknown fossil tooth) 4 
 104 ± 6 (U-series on a rhinoceros tooth) 4 
 163 ± 12 (OSL on sediment) (this study) 

6 ~10 Similar to Layer 4 but with the absence of large limestone 
fragments. This layer yielded more stone artefacts and 
fossils than Layer 4. 

236  73 ± 3 (U-series on a rhinoceros tooth) 6 
 181 ± 16 (U-series on stalagmite) 6 
 175 ± 32 (OSL on sediment) (this study) 

7 ~15 A grey-yellow silty clay layer containing stone artefacts 
and fossils with abundant small limestone fragments. 

139  167 ± 12 (OSL on sediment) (this study) 

8 ~10 Yellow silty clay, containing limestone and breccias 
fragments. Stone artefacts and fossils were found from 
this layer too. 

20  115 ± 7 (U-series on a Cervidae tooth) 4 
 169 ± 14 (OSL on sediment) (this study) 

Group C     

9 > 10 cm Archaeologically sterile and consists of layers of sand, 
gravels and breccias. 

0  260 ± 30 (U-series on stalagmite) 6 
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Supplementary Table 2 | Summary of the sites shown in Fig. 1, together with their corresponding ages and dating 
methods used. For some sites, precise numerical ages are not available because absolute dating methods were not 
applied and their ages were only roughly estimated by stratigraphic correlation, so only MIS stages were provided for 
these sites. All uncertainties are expressed at 1σ. 

ID Site Country Age (ka) MIS stage Dating method Reference 

1 Guanyindong China  6–4  OSL/U-series This study 

 AFRICA      

2 Bundu farm South Africa 190–340 9 ESR 31 

3 Kathu Pan South Africa 291 ± 45 9 OSL/ESR/U-seires 32 

4 Kibish formation Ethiopia ~195 7 Ar/Ar 33,34 

5 ETH72-8B & Kulkuletti (Gademotta formation) Ethiopia ~280 8 Ar/Ar 33 

6 Florisbed South Africa 268 ± 26 8 ESR, OSL 35 

7 Sterkfontein cave South Africa 252 ± 42 8 ESR/stratigraphy 31 

8 Gademotta Ethiopia 180–280 8 Ar/Ar 31,36 

9 Kulkuletti Ethiopia ~280 ± 8 8 Ar/Ar 31,36 

10 Border cave South Africa 217–238 7 ESR 31 

11 Kapthurin formation Kenya 200–250 7 Tephra 33,37 

12 Kharga oasis & site REF-4 Egypt 220 ± 20 7 U-series 38 

13 Sai island Sudan 152–223 7 OSL 39 

 EUROPE      

14 Achenheim France 258 ± 23 9 stratigraphy 40 

15 Ambrona Spain 336 ± 36 9 ESR / U-series 41 

16 Aridos 1 Spain  9 stratigraphy 42 

17 Atapuerca Spain 345 ± 26 9 ESR / U-series 43 

18 Dall'Olio Cave Italy  9 stratigraphy 44 

19 Domeny Spain > 317 ± 49 9 Ar/Ar, stratigraphy 45 

20 Gentelles base France  9 stratigraphy 44 

21 La Micoque France 288–350 9 ESR/U-series 46 

22 Cagny Lépinette France  9 stratigraphy 47 

23 Orgnac 3 France > 303 9 Ar/Ar, U-Th 48 

24 Petit bost France 325 ± 30 9 TL 49 

25 Puig den Roca Spain < 317 ± 49 9 Ar/Ar, stratigraphy 45 

26 Purfleet UK  ~ 324 9 TL, stratigraphy 50 

27 Solent River UK  9 stratigraphy 51 

28 Torralba Spain > 243 ± 18 9 U-series, stratigraphy 52 

29 Torre in Pietra Italy  9 stratigraphy 53 

30 Argoeuves France  8 stratigraphy 54 

31 Baume Bonne France  8 stratigraphy 55 

32 Kesselt -Op de Schanz Belgium  8 stratigraphy 48 

33 Les Bossés France 274 ± 12 8 TL 56 

34 Markkleeberg Germany  8 stratigraphy 57 

35 Mesvin Belgium 283 ± 30 8 U-Th 58 

36 Raspide 2 France  8 stratigraphy 59 

37 Rheindahlen Germany  8 stratigraphy 60 

38 Abri Vaufrey France 208 ± 8 7 U-series 61 

39 Bapaume les (Pas-De-Calais) France ~195 7 IRSL 62 

40 Bečov I Czech Republic  7 stratigraphy 63 

41 Biache-Saint-Vaast France 230 ± 18 7 ESR/U-series/TL 64 

42 Biśnik Cave Poland 230 ± 51 7 TL 65 

43 Bonneval France 240 7 TT-OSL 66 

44 Campsas France  7 stratigraphy 67 

45 Cantalouette Ukraine 223 ± 20 7 TL/stratigraphy 68 
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ID Site Country Age (ka) MIS stage Dating method Reference 

46 Dzierżysław Poland  7 stratigraphy 69 

47 Galeria Pesada Portugal 241 ± 22 7 ESR/U-series 70 

48 Gran Rois France  7 stratigraphy 62 

49 Hundisburg Germany  7 stratigraphy 71 

50 Korolevo Ukraine 220 ± 35 7 OSL 72 

51 La Cotte de St.Brelade UK 238 ± 35 7 TL 73 

52 Le Pucheuil France  7 stratigraphy 74 

53 Le Rissori(MSJ) Belgium  7 stratigraphy 75 

54 Maastricht Belvédère Netherlands 258 ± 19 7 TL/ESR 76 

55 Nové Mesto nad Váhom Slovakia  7 stratigraphy 69 

56 Raciborz Studienna 2 Poland  7 stratigraphy 69 

57 Salouël France > 200 ± 57 7 ESR/U-series 77 

58 San Bernardino Italy 184 ± 6 7 ESR  78 

59 Thames valley UK  7 stratigraphy 79 

60 Therdonne France 178 ± 11 7 TL/stratigraphy 80 

61 Weimar-Ehringsdorf Germany 230 7 U-Th 81 

62 Susiluola Cave Finland > 100 5 OSL, TL, stratigraphy 82 

 ASIA      

63 Attirampakkam India 385 ± 64 9 OSL 83 

64 Nor Geghi Armenia 335–325 9 Ar/Ar, stratigraphy 71 

65 Denisova Cave Russia 220–280 8 TL 84 

66 Hayonim Israel ~ 220 7 TL/ESR 85 

67 Misliya Cave Israel 177–194  6 ESR/U-series 86 

68 Hummal Syria 150–220 7 TL 87 

69 Jebel Qattar JQ-1 Saudi Arabia 211 ± 16 7 OSL 88 

70 Karain cave Turkey 250–200 7 TL/ESR 89 

71 Misliya cave Israel 166–212 7 TL 90 

72 Tabun(Mount Carmel) Israel 256 ± 26 7 TL/ESR 91 

73 Mikhailovskoe Russia  9–7 stratigraphy 92 

74 Obi-Rakhmat Grotto Uzbekistan 55–73 6 ESR, OSL 93 

75 Ust-Karakol 1 Russia 133 ± 33 6–5 TL 94,95 

76 Aybut al Auwal Oman 106 5 OSL 96 

77 Bogdanovka Russia  5 stratigraphy 97 

78 Garchi I Russia ~115 5 OSL 98,99 

79 Jwalapuram (JPW 3a) India 74–77 5 OSL 100 

80 Katoati India 
50–100 or 
older 

5 OSL 101 

81 Khotyk Russia  5 TL 82 

82 Myshtulagty Lagat Russia 70–250 5–7 Ar/Ar, stratigraphy 102 

83 Ust’-Izhul Russia ~125 5 IRSL 103 

84 Kara-Bom Russia ~62 4 ESR 95,104 

85 Shergarh Tri-Junction India 60–43 4 OSL 105,106  

86 Jinsitai China 41–28 3 C-14 107 

87 Okladnikov Cave Russia 45–33 3 U-series, C-14 104,108 

88 Shuidonggou Locality I China 38–34 3 C-14 109-111 

89 Tsagaan Agui Mongolia <70–90  5–3  TL 112,113 
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Supplementary Table 3 | Number of single grains or aliquots measured, rejected and accepted for each sample, together with the reasons for their rejection.  

Sample 
Grain size 

(µm) 
Number of 
measured 

Rejection criteria 
Rejected 

Accepted De 
values b 

Proportion of 
saturated c 

Tn below 3σ 
above BG a 

RSE of Tn  
> 20% a 

Recuperation 
> 5% 

Poor 
DRC a 

De by 
extrapolation 

No Ln/Tn 
intersection 

   

GYD-OSL1 
90–150 800 224 221 3 199 22 32 701 99 (12%) 35% 

180–212 1000 619 272 1 85 1 8 986 14 (1%) 39% 

GYD-OSL2 
90–125 800 148 210 2 203 42 15 620 180 (23%) 24% 

180–212 4200 2820 979 11 291 2 12 4115 85 (2%) 14% 

GYD-OSL3 
90–125 600 138 134 0 187 19 24 502 98 (16%) 30% 

180–212 800 505 210 1 59 1 4 780 20 (3%) 20% 

GYD-OSL4 90–180 1400 680 346 5 225 7 29 1292 108 (8%) 25% 

GYD-OSL5 
90–180 1500 631 451 4 274 19 29 1408 92 (6%) 34% 

180–212 1000 662 217 1 94 1 6 981 19 (2%) 27% 

GYD-OSL6 
90–180 1000 441 284 3 190 9 18 945 55 (6%) 33% 

180–212 800 558 170 1 56 0 0 785 15 (2%) 0% 

GYD-OSL7 90–125 600 308 147 6 54 0 15 530 70 (12%) 18% 

GYD-OSL8 90–125 500 147 116 16 92 0 25 396 104 (21%) 19% 

GYD-OSL9 90–125 500 149 114 12 93 0 39 407 93 (19%) 30% 

GYD-OSL10 90–125 1000 390 317 43 147 16 24 937 63 (6%) 39% 

GYD-OSL11 90–125 600 248 222 15 77 6 9 577 23 (4%) 39% 

GYD-OSL12 90–125 1000 412 269 28 148 14 24 895 105 (11%) 27% 

GYD-OSL13 90–125 500 204 159 8 69 9 14 463 37 (7%) 38% 
 

a BG, RSE and DRC represent background, relative standard error and dose response curve, respectively. 
b The proportion of grains with acceptable De values is shown in the parentheses and was calculated as a ratio to the total number of measured grains. 
c The proportion of saturated grains was calculated as the number of grains with De obtained by extrapolation and those without Ln/Tn intersection divided by the total number of grains that 
passed the first four criteria (columns 4–7).
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Supplementary Table 4 | Summary of number of grains with saturated natural signal and De estimation results based on LS-normalised Ln/Tn for individual 
DRC groups and different grain sizes of each sample. All uncertainties are expressed at 1σ. 

Sample Grain size (µm) DRC Group Number of 
accepted DRCs 

Number of 
saturated grains 

Over-dispersion 
(%) 

Age model a De (Gy) b Final De (Gy) d 

S1                 

GYD-OSL1 

90–150 

1 49 25 92 ± 9 FMM-2 (84%) saturated 

208 ± 14 2 57 23 75 ± 7 FMM-2 (95%) 238 ± 31 

3 47 7 114 ± 12 FMM-3 (72%) 199 ± 15 

180–212 
1 9 3 144 ± 36 nMAD (78%) saturated 

211 ± 27 
2 14 2 70 ± 14 nMAD (71%) 211 ± 27 

GYD-OSL2 

90–125 

1 21 11 40 ± 6 nMAD (90%) saturated 

224 ± 18 
2 66 26 69 ± 6 FMM-3 (89%) 204 ± 30 

3 68 12 74 ± 7 FMM-4 (72%) 198 ± 20 

4 82 9 99 ± 8 FMM-4 (67%) 260 ± 20 

180–212 

1 4 1 - - c - 

198 ± 16 
2 32 10 59 ± 8 FMM-2 (91%) 157 ± 29 

3 27 3 98 ± 14 FMM-3 (59%) 203 ± 33 

4 36 2 139 ± 17 FMM-4 (53%) 211 ± 22 

GYD-OSL3 

90–125 

1 67 23 76 ± 7 FMM-4 (73%) saturated 

237 ± 13 2 51 17 80 ± 8 FMM-2 (78%) 226 ± 15 

3 23 4 50 ± 8 FMM-3 (65%) 258 ± 24 

180–212 
1 5 2 11 ± 5 CAM (100%) saturated 

206 ± 42 
2 20 3 207 ± 34 FMM-3 (55%) 206 ± 42 

GYD-OSL4 90–180 

1 53 20 202 ± 22 FMM-4 (55%) saturated 

292 ± 50 2 94 23 204 ± 16 FMM-4 (41%) 292 ± 50 

3 2 0 135 ± 69 - - c 

GYD-OSL5 

90–180 

1 16 9 14 ± 3 nMAD (75%) saturated 

224 ± 12 2 72 28 29 ± 3 nMAD (88%) 232 ± 30 

3 52 12 67 ± 7 FMM-3 (79%) 222 ± 13 

180–212 

1 7 5 3 ± 9 CAM (100%) saturated 

217 ± 36 2 12 3 71 ± 16 FMM-2 (75%) 217 ± 36 

3 7 0 126 ± 37 - c - 

GYD-OSL6 

90–180 
1 42 20 74 ± 8 FMM-2 (93%) saturated 

168 ± 12 
2 40 7 81 ± 9 FMM-3 (80%) 168 ± 12 

180–212 
1 7 1 125 ± 39 - c -   

2 8 0 98 ± 26 - c -   

GYD-OSL7 90-125 

1 22 14 12 ± 3 nMAD (82%) saturated 

81 ± 4 2 34 2 37 ± 5 nMAD (91%) 85 ± 5 

3 29 0 59 ± 8 FMM-3 (72%) 74 ± 6 
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Sample Grain size (µm) DRC Group Number of 
accepted DRCs 

Number of 
saturated grains 

Over-dispersion 
(%) 

Age model a De (Gy) b Final De (Gy) d 

GYD-OSL8 90-125 

1 31 22 12 ± 2 nMAD (87%) saturated 

99 ± 4 
2 36 3 24 ± 3 nMAD (78%) 109 ± 4 

3 40 0 16 ± 2 nMAD (83%) 93 ± 3 

4 22 0 36 ± 6 nMAD (82%) 93 ± 6 

GYD-OSL9 90-125 

1 22 18 21 ± 4 nMAD (86%) saturated 

115 ± 5 
2 46 18 14 ± 2 nMAD (85%) 129 ± 39 

3 39 4 23 ± 3 nMAD (87%) 122 ± 7 

4 25 0 35 ± 5 nMAD (88%) 106 ± 7 

S2                 

GYD-OSL10 90-125 

1 25 18 9 ± 2 nMAD (96%) saturated 

272 ± 11 
2 34 13 27 ± 4 nMAD (88%) 248 ± 37 

3 30 7 28 ± 4 nMAD (83%) 258 ± 29 

4 14 2 36 ± 8 nMAD (79%) 276 ± 12 

GYD-OSL11 90-125 

1 11 8 19 ± 5 CAM (100%) saturated 

201 ± 24 2 16 3 45 ± 8 FMM-2 (75%) 181 ± 41 

3 11 4 104 ± 23 nMAD (82%) 209 ± 29 

GYD-OSL12 90-125 

1 32 16 16 ± 3 nMAD (88%) saturated 

202 ± 17 
2 41 12 27 ± 3 FMM-2 (37%) saturated 

3 50 8 29 ± 3 FMM-2 (66%) 192 ± 20 

4 20 2 55 ± 9 FMM-3 (60%) 220 ± 30 

GYD-OSL13 90-125 

1 14 7 11 ± 3 nMAD (93%) saturated 

214 ± 16 
2 24 14 20 ± 4 nMAD (71%) 290 ± 132 

3 20 3 15 ± 3 nMAD (85%) 212 ± 16 

4 2 0 9 ± 6 - c - 

 

a The percentage of grains used for De estimation is shown in parentheses.  
b The De shown as ‘saturated’ means that the weighted mean of LS-normalised Ln/Tn is statistically consistent with the saturation level of the corresponding SGC.  
c The number of accepted grains are insufficient for reliable statistical analysis, i.e., there is less than 5 grains that are statistically identified from the same De component. 
d The final De were obtained based on the weighted mean of the finite De values obtained from each of the groups. 
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Supplementary Table 5 | Dose rate data, equivalent doses (De) and OSL ages for sediment samples from the Guanyindong site.  

Sample 
Layer / 
Group 

Depth 
(cm) 

Grain 
size (µm) 

Water content 
(%) a 

Gamma dose rate 
(Gy/ka) 

Beta dose rate 
(Gy/ka) 

Cosmic dose rate 
(Gy/ka) b 

Total dose rate 
(Gy/a) 

De (Gy) c Age (ka) c 
Final age (ka) 

c,d,e 

S1                       

GYD-OSL7 1 10 90–125 20 ± 5 (17) 0.97 ± 0.03 0.99 ± 0.05 0.031 2.00 ± 0.05 81 ± 4 41 ± 2 41 ± 2 

GYD-OSL8 1 50 90–125 20 ± 5 (14) 0.89 ± 0.02 1.18 ± 0.09 0.030 2.10 ± 0.09 99 ± 4 47 ± 3 47 ± 3 

GYD-OSL9 1 75 90–125 20 ± 5 (11) 0.60 ± 0.02 1.04 ± 0.08 0.027 1.66 ± 0.08 115 ± 5 69 ± 5 69 ± 5 

GYD-OSL1 4/B 210 
90–150 

30 ± 8 (20) 
0.59 ± 0.05 0.69 ± 0.04 0.024 1.30 ± 0.07 208 ± 14 160 ± 14 

161 ± 12 
180–212 0.59 ± 0.05 0.66 ± 0.04 0.024 1.28 ± 0.07 211 ± 27 165 ± 23 

GYD-OSL2 4/B 235 
90–125 

30 ± 8 (21) 
0.39 ± 0.04 0.89 ± 0.06 0.023 1.30 ± 0.07 224 ± 18 173 ± 17 

165 ± 12 
180–212 0.39 ± 0.04 0.84 ± 0.06 0.023 1.25 ± 0.07 198 ± 16 158 ± 15 

GYD-OSL3 5/B 245 
90–125 

30 ± 8 (24) 
0.44 ± 0.04 0.97 ± 0.06 0.023 1.43 ± 0.08 237 ± 13 165 ± 13 

163 ± 12 
180–212 0.44 ± 0.04 0.92 ± 0.06 0.023 1.38 ± 0.08 206 ± 42 149 ± 32 

GYD-OSL4 6/B 260 90–180 30 ± 8 (23) 0.49 ± 0.04 1.16 ± 0.08 0.022 1.67 ± 0.09 292 ± 50 175 ± 31 175 ± 32 

GYD-OSL5 7/B 270 
90–180 

30 ± 8 (20) 
0.42 ± 0.04 0.89 ± 0.06 0.022 1.34 ± 0.07 224 ± 12 167 ± 12 

167 ± 12 
180–212 0.42 ± 0.04 0.87 ± 0.06 0.022 1.31 ± 0.07 217 ± 36 166 ± 29 

GYD-OSL6 8/B 290 90–180 30 ± 8 (20) 0.42 ± 0.04 0.54 ± 0.03 0.022 0.99 ± 0.05 168 ± 12 170 ± 14 170 ± 14 

S2                       

GYD-OSL10 2/A 80 90–125 30 ± 8 (28) 1.25 ± 0.03 1.59 ± 0.10 0.132 2.96 ± 0.11 272 ± 11 92 ± 5 92 ± 5 

GYD-OSL11 2/A 95 90–125 30 ± 8 (32) 1.04 ± 0.02 1.54 ± 0.11 0.126 2.70 ± 0.11 201 ± 24 75 ± 9 75 ± 9 

GYD-OSL12 2/A 120 90–125 30 ± 8 (31) 0.87 ± 0.02 1.28 ± 0.09 0.120 2.28 ± 0.09 202 ± 17 89 ± 8 89 ± 8 

GYD-OSL13 2/A 190 90–125 30 ± 8 (30) 1.11 ± 0.02 1.36 ± 0.10 0.108 2.57 ± 0.10 214 ± 16 83 ± 7 83 ± 7 

 

a Values used for dose rate and age calculations, with measured (field) water contents shown in parentheses. 
b Values after correction for the zenith angular distribution of cosmic rays. 
c The uncertainties provided after the ± symbol represent the uncertainty at 1σ.  
d A systematic error of 2% was added (in quadrature) to the propagated random errors in the final ages to allow for any bias associated with the calibration of the laboratory beta sources. 
e For samples with two grain sizes measured, their final ages were obtained based on the weighted mean of the ages obtained from each of the two grain sizes.   
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SI section 4 

 

 

 

Supplementary Figure 1 | Dose recovery results and luminescence characteristics. a–e, Radial plots showing the 
distributions of dose recovery ratios for individual grains from GYD-OSL2 using different preheat temperatures (from 260 to 
180 °C, respectively) and the corresponding CAM and OD values. f, The weighted mean dose recovery ratios obtained from 
panels a–e plotted against preheat temperature. The vertical bars represent 1σ standard error. g–h, Selected typical natural OSL 
decay curves of 10 grains from each of samples GYD-OSL2 and -OSL6, respectively. i, Distribution of OSL signal intensities for 
individual quartz grains for different grain sizes from samples GYD-OSL1, -OSL2 and -OSL3. Data are plotted as the proportion 
of the total light sum that originates from the specified percentage of grains. 
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Supplementary Figure 2 | Single-grain SAR De results for all the OSL samples. For those samples (GYD-OSL1, 2, 3, 5 and 
6) where two grain sizes were measured, the filled circles are the results from the 180–212 µm size fraction and the open 
triangles are those from the smaller grain size (< 180 µm). See the next page for more figures. 
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Supplementary Figure 2 continued | see the previous page for caption.  
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Supplementary Figure 3 | Single-grain DRCs and SGC results for the 90–150 µm grains of sample GYD-OSL1. a, 
Comparisons of all the DRCs that pass the rejection criteria. b, Radial plot showing the distribution of the ratios of Lx/Tx values 
between two regenerative doses of ~280 and ~70 Gy for all the accepted grains. Different symbols represent different groups of 
grains identified using FMM. c, Comparison of the LS-normalised Ln/Tn and Lx/Tx for different groups. The data set for each 
group were fitted using a GOK function (full lines) and then normalised to unity at 50 Gy. d–f, Radial plots showing the ratios 
between the LS-normalised Lx/Tx and the expected values from the best-fit SGCs shown in panel c; the shaded band captures 2σ 
range from unity. The total number of grains (n) and percentage falling inside the 2σ band are shown for each group. g–i, Radial 
plots showing the LS-normalised natural signals (Ln/Tn); different age groups were identified using FMM and distinguished 
using different symbols. The full lines represent the central values of individual groups obtained using FMM. All the figures and 
data analysis were based on the building functions in R packages “Luminescence” 114 and “numOSL” 115. All the error bars in 
panels a and c represent 1σ standard error. 
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Supplementary Figure 4 | Single-grain measurement results for the 180–212 µm fraction of sample GYD-OSL1. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–e, Results similar to those described in Supplementary Figs 3d–
f. f, Results similar to those described in Supplementary Figs 3g–i. g, Radial plots showing the LS-normalised natural signals 
(Ln/Tn) for group 2; this distribution contains a small number of intrusive grains (open circles) identified as outliers using nMAD, 
so only the data points shown in filled circles were included in the final weighted mean Ln/Tn value calculated using the CAM. 
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Supplementary Figure 5 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL2. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–k, Results similar to those described in Supplementary Figs 3g–i. 
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Supplementary Figure 6 | Single-grain measurement results for the 180–212 µm fraction of sample GYD-OSL2. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–j, Results similar to those described in Supplementary Figs 3g–i. Note that only 3 grains were identified as group 1 and 
all are ‘modern’ grains, so their natural signals are not plotted here. 
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Supplementary Figure 7 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL3. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–f, Results similar to those described in Supplementary Figs 3d–
f. g–i, Results similar to those described in Supplementary Figs 3g–i. 

 



26 

 

 

 

Supplementary Figure 8 | Single-grain measurement results for the 180–212 µm fraction of sample GYD-OSL3. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–e, Results similar to those described in Supplementary Figs 3d–
f. f–g, Results similar to those described in Supplementary Figs 3g–i. 
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Supplementary Figure 9 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL4. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–e, Results similar to those described in Supplementary Figs 3d–
f.  f–g, Results similar to those described in Supplementary Figs 3g–i. 
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Supplementary Figure 10 | Single-grain measurement results for the 90–180 µm fraction of sample GYD-OSL5. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–f, Results similar to those described in Supplementary Figs 3d–
f. g, Results similar to those described in Supplementary Fig. 4g. h–i, Results similar to those described in Supplementary Figs 
3g–i. 
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Supplementary Figure 11 | Single-grain measurement results for the 180–212 µm fraction of sample GYD-OSL5. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–f, Results similar to those described in Supplementary Figs 3d–
f. g–h, Results similar to those described in Supplementary Figs 3g–i. i, Radial plots showing the LS-normalised natural signals 
(Ln/Tn) for group 3; the data sets of this group are too scattered and too few to apply any age model reliably.  
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Supplementary Figure 12 | Single-grain measurement results for the 90–180 µm fraction of sample GYD-OSL6. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–e, Results similar to those described in Supplementary Figs 3d–
f. f–g, Results similar to those described in Supplementary Figs 3g–i.  
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Supplementary Figure 13 | Single-grain measurement results for the 180–212 µm fraction of sample GYD-OSL6. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–e, Results similar to those described in Supplementary Figs 3d–
f. f–g, Results similar to those described in Supplementary Fig. 11i. 
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Supplementary Figure 14 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL7. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–f, Results similar to those described in Supplementary Figs 3d–
f. g–h, Results similar to those described in Supplementary Fig. 4g. i, Results similar to those described in Supplementary Figs 
3g-i. 
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Supplementary Figure 15 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL8. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–k, Results similar to those described in Supplementary Fig. 4g. 
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Supplementary Figure 16 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL9. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–k, Results similar to those described in Supplementary Fig. 4g. 
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Supplementary Figure 17 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL10. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–k, Results similar to those described in Supplementary Fig. 4g. 
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Supplementary Figure 18 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL11. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–f, Results similar to those described in Supplementary Figs 3d–
f. g–i, Results similar to those described in Supplementary Figs 3g–i and 4g.  
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Supplementary Figure 19 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL12. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–k, Results similar to those described in Supplementary Figs 3g–i and 4g.  
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Supplementary Figure 20 | Single-grain measurement results for the 90–125 µm fraction of sample GYD-OSL13. a–c, 
Results similar to those described in Supplementary Figs 3a–c. d–g, Results similar to those described in Supplementary Figs 
3d–f. h–j, Results similar to those described in Supplementary Fig. 4g. k, Results similar to those described in Supplementary 
Figs 11i. 
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Supplementary Figure 21 | Line drawings of selected non-Levallois artefacts. 1, Single platform core. 2, Double platform 
core. 3–4, Discoid cores. 5, Blade core. 6, 7, Truncated facetted pieces. 8, Kombewa flake. 9, 10, 14, Flakes. 11 and 13, 
Denticulates. 12, Convergent scraper. 15, Double scrapers. 16, Burin. The photos of these artefacts are shown in Supplementary 
Fig. 22. 
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Supplementary Figure 22 | Photos of selected non-Levallois artefacts. 1, Single platform core. 2, Double platform core. 3–4, 
Discoid cores. 5, Blade core. 6, 7, Truncated facetted pieces. 8, Kombewa flake. 9, 10, 14, Flakes. 11 and 13, Denticulates. 12, 
Convergent scraper. 15, Double scrapers. 16, Burin. The line drawings of these artefacts are shown in Supplementary Fig. 21. 
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Supplementary Figure 23 | Photos of selected non-Levallois artefacts. 1–2, Blade cores. 3, Truncated facetted pieces. 4–5, 
Bifaces. 6–10, Flakes. 
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Supplementary Figure 24 | Photos of selected non-Levallois artefacts. 1–5, 9, Scrapers with retouched edges that resemble 
tools found in Mousterian industries. 6, 10, 11, Convergent scrapers. 7, 8, 19, Double scrapers. 12–14, Denticulates. 15–17, 
Borers. 18, Notch. 
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Selected Levallois cores in 3D PDF Format 

The following three pages show the CT-scanned structures of three selected Levallois 
cores from GYD in 3D PDF format, where the structures can be manipulated within 
Acrobat Reader. 
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Supplementary Data 1 | The structure of a Levallois preferential core from Guanyindong 
Cave. The maximum dimension, length and thickness of this specimen are 83, 72 and 23 mm, 
respectively. This artefact is identical to that appearing in Fig. 3b and Extended Data Figure 5b.  
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Supplementary Data 2 |  The structure of a Levallois preferential core from Guanyindong 
Cave. The maximum dimension, length and thickness of this specimen are 86, 76 and 22 mm, 
respectively. This artefact is identical to that appearing in Fig. 3c and Extended Data Figure 5c.  
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Supplementary Data 3 | The structure of a Levallois recurrent core from Guanyindong 
Cave. The maximum dimension, length and thickness of this specimen are 69, 56 and 21 mm, 
respectively. This artefact is identical to that appearing in Fig. 3a and Extended Data Figure 5a.  
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