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The Three Gorges region (TGR) located in the geographic center of China, is a transition zone
between mountain and plain areas, and a probable migration corridor for hominins and other
mammals between South and North China. Detailed chronological information of
paleoanthropological evidence in this area could help us better understand the human
evolution in East Asia. The OSL and U-series dating methods are two conventional dating
methods generally adopted to date such sites; however, their applications were limited by the
dating range—restricted to several hundred of millennia and ambiguous stratigraphic
relationship between the archaeological remains and the dating target materials.
Cosmogenic nuclide burial dating of quartzite stone artifacts and coupled electron spin
resonance and uranium series dating (ESR/U-series) of fossil teeth have the potential to
date Early–Middle Pleistocene hominin sites in Asia and were applied increasingly in China in
recent years. However, the application of cosmogenic 26Al/10Be burial dating is limited in TGR
because most sites are dominated by limestone, leading to the scarcity of the quartz
component. In this case, the coupled ESR/U-series method plays a more important role in
the establishment of the chronology of human settlement. In TGR, by using the coupled ESR/
U-series method, we have dated seven important Early and Middle Pleistocene hominin
settlement sites, including Longgupo, Jianshi, Yunxian, Meipu, Bailongdong, Changyang, and
Yumidong sites. Based on our dating results, we propose that hominins were settled in TGR
probably from the early stage of Early Pleistocene (~2.5−2.2Ma) at the Longgupo site to the late
Middle Pleistocene to Late Pleistocene of the Yumidong site (~274−14 ka) and very likely to
spread to other parts of East Asia during this time period. In view of the potential of coupled
ESR/U-series dating on fossil teeth from the hominin sites in the TGR, future workmay consider
the micro damage or non-destructive analysis of enamel fragment with the ESR method and
laser ablation ICP-MS techniques that will make possible the direct dating of precious human
fossils in China.
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INTRODUCTION

In recent years, numerous new fossil hominin findings in the
Three Gorges region (TGR) have reshaped our understanding of
the human settlement and evolution in China and East Asia.
However, it was difficult to put these discoveries in a precise
temporal context due to the lack of suitable dating methods.
Published data on these sites were mainly based on fauna
assemblage or paleomagnetic method, only a few radiometric
dating works were carried out on the materials associated with
the human remains, such as charcoals, speleothems, or sediments
rather than the fossils itself. Such way of dating is problematic
sometimes because of the ambiguous stratigraphic relationship
between the associated materials and the target specimen.
Meanwhile, some commonly used techniques were limited by
their dating range, such as radiocarbon dating (<50 ka), OSL
dating (<500 ka), and U-series dating (<700 ka); as a
consequence, many questions about human survival and
evolution cannot be fully addressed. Cosmogenic nuclides 26Al/
10Be burial dating is a technique developed in the last two decades
and shows the potential of dating quartz minerals, especially in the
sediments of the cave site. However, in the TGR, the geological
setting of limestone makes the extraction of enough quartz for
26Al/10Be burial dating rather difficult or even unsuccessful in
many cases. Coupled electron spin resonance and uranium-series
dating method (ESR/U-series) evolve from the traditional ESR
fossil dating and were successfully applied to some significant
paleoanthropological sites in recent years (Gran Dolina, Falguères
et al., 1999; Kalinga, Ingicco et al., 2018; Jebel Irhoud, Richter et al.,
2017; Misliya, Hershkovitz et al., 2018; Broken Hill, Grün et al.,
2020). The advantage of this method is not only the wide dating
range that almost covers the entire Quaternary period but also its
various dating targets, including the animal fossils, which
sometimes have preserved the direct evidence of human
activities. In this article, we present a detailed introduction of
the coupled ESR/U-series dating method on fossil teeth and its
application to the Middle and Early Pleistocene hominin sites in
the TGR, requirements and limitations of this dating approach are
also discussed.

Coupled ESR/U-series Dating on Fossil
Teeth
The electron spin resonance (ESR) dating is a trapped charge
dating technique similar to luminescence dating, which is based
on the accumulation of unpaired electrons or holes in the crystal
lattices of minerals caused by the exposure to natural radiation
(Grün, 1989; Rink, 1997). The number of traps is functional
related to the received radiation dose and is reflected by the
measured ESR signal intensity. It depends not only on the dose
rate (annual dose) but also on the duration of radiation which
corresponds to the ESR age of the dated sample. The total dose the
sample received in the past is called equivalent dose (DE) or
paleodose, and it could be expressed as the following function:

DE � ∫t

0
D(t)dt. (1)

In the case the dose rate is a constant, the aforementioned
equation could be simplified as

DE � D(t)T (2)
where the ESR age T can be calculated by DE/D(t) directly, and it
is a basic formula used for quartz grains ESR dating.

In the case of fossil teeth dating, the situation is quite more
complex. The fossil teeth which are composed of different dental
tissues (enamel, dentine, and cementum) will absorb the uranium
from the surrounding environment after burial. The radioactive
decay from the uranium series isotopes will contribute to the dose
rate as internal dose and makes the dose rate vary with time. In
order to model the uranium migration process in the fossil tooth
and the evolution of the internal dose rate, U-series analysis needs
to be combined with the ESR measurement, and the US model
was proposed by Grün et al. (1988) by using a U-uptake
parameter p to describe the U-uptake history:

U(t) � Um(t/T)p+1 (3)
where U(t) is the uranium concentration at time t, Um is the
measured U concentration at present-day, and T is the age of the
samples.

The age calculation process of the US model is shown in
Figure 1, and the mathematical basis was described by Shao et al.
(2015). When p values equal to −1 and 0, it corresponds to early
uptake (EU) and linear (LU) models, respectively, which assumes
that uranium is absorbed in the early stage or constantly after the
burial of fossil teeth. The EU and LU models were generally
adopted in the early years of ESR age calculation and used to
bracket the fossil age. However, recent uptake of uranium (p > 0)
can also occur in the fossil samples as well as U-leaching which
was indicated by 230Th/234U ratio higher than unity. In such case
of U loss, the US model cannot calculate the fossil age, and the
acceleration uptake (AU) model was proposed to stimulate the
uranium migration process (Shao et al., 2012). The AU model
describes the uranium uptake in the dental tissues as an
accelerating process by introducing an initial uptake rate (f)
and the acceleration of this initial uptake rate (a). The a/f
ratio is then defined as a U-uptake parameter n for
computation. This model also necessitates the U-series analysis
of the different dental tissues, and it can be used to calculate the
age of the sample with a measured 230Th/234U ratio higher than
one (system beyond equilibrium) by a negative n value when the
US model cannot be applied.

In the present study, both US and AU models were used to
obtain the ESR/U-series ages of the fossil samples from hominin
sites in the TGR.

Three Gorges Region
The uplift of the Tibetan Plateau is the most distinguished
tectonic movement in the Cenozoic, and it promoted to shape
present landscape of China with three geomorphologic steps. The
highest step is the Tibetan Plateau (average altitude >4,000 m
a.s.l.), the Mongolian Plateau–Loess Plateau–Yunnan Plateau
forms the second step (average altitude 1,000–2,000 m a.s.l.),
and the lowest eastern plain is the third one (average
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altitude <500 m a.s.l.). The TGR, composed by Qutang Gorge
(~8 km long), Wu Gorge (~46 km long) and Xiling Gorge
(~66 km long) from Fengjie County, Chongqing Municipality
in the west to Yichang city, Hubei Province in the east, is the
transition region between the second and third geomorphologic

steps. Numerous hominin sites are distributed along the TGR in a
broad sense, which covers the area along the Yangtze River, but
also the sites close to the Han River, one of the largest tributaries
of the Yangtze River and Danjiang River, a tributary of the Han
River in the western Hubei area, both originated and flowing

FIGURE 1 | Flowchart of the ESR/U-series age calculation process with the US model (p-value) (after Grün et al., 1988).

FIGURE 2 | Location map of the hominin settlement sites in the Three Gorges region mentioned in the text.
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TABLE 1 | A summary of the hominin sites in Three Gorge area mentioned in the text.

Site name Location Latitude(°N) Longitude(°E) Elevation(m) Site
type

Fauna Age1 Dating
method2

Dating material Reference

Longgupo Wushan County,
Chongqing

30.8631 109.6656 830 cave/
fissure

Late Pliocene-
Early Pleistocene

2.0 - 2.5 Ma Paleomag sediment Sun et al., submitted

~ 2.2 - 2.5 Ma ESR/U fossil teeth Han et al., 2017

Jianshi Jianshi County,
Hubei

30.6541 110.0748 738 cave Early Pleistocene > 2.14 Ma (below
Layer 6)

Paleomag sediment Cheng et al., 2004

1.52 ± 0.09 Ma
(Layer 8) / 1.05 ± 0.05

Ma (Layer 4)

ESR/U fossil teeth Han et al., submitted

Yunxian Yunxian County,
Hubei

32.8317 110.5897 219 river
terrace

early Middle
Pleistocene-late
Early Pleistocene

936 ka Paleomag sediment de Lumley and Li,
2008

1.10 ± 0.16 Ma ESR/U & ESR fossil teeth &
quartz sand

Bahain et al., 2017; in
progress

Meipu Yunxian County,
Hubei

33.0047 111.1708 263 cave early Middle
Pleistocene-late
Early Pleistocene

780 - 990 ka (Layer 2) Paleomag sediment
Xing et al., 2021

> 630 ka (bottom of
Layer 1)

U-Th flowstone

849 ± 39 ka (Layer 2) ESR/U fossil teeth Han et al., 2022

Bailong
Cave

Yunxi County, Hubei 32.9944 110.526 550 cave Middle Pleistocene/late
Early Pleistocene

~0.78 Ma Paleomag sediment Kong et al., 2018

578 ± 26 ka (Layer 1-3) ESR/U fossil teeth Han et al., 2019,
this study

0.76 ± 0.06 Ma (Layer
4-6)

26Al/10Be quartz sand &
gravel

Liu et al., 2015

Changyang Changyang County,
Hubei

30.2701 111.0698 730 cave early Late Pleistocene-late
Middle Pleistocene

193 - 143 ka U-Th fossil teeth Lu et al., 2020

ESR/U fossil teeth Bahain et al.,
in progress

Xinglong
Cave

Fengjie County,
Chongqing

30.6275 109.135 1260 cave Late Middle Pleistocene 129-199 ka U-Th flowstone Peng et al., 2014

Yumidong Wushan County,
Chongqing

30.8457 109.6359 1085 cave Holocene-late
Middle Pleistocene

14 - 41 ka (Layer 2) 14C charcoal

Shao et al., 2022

4.8 - 22.6 ka (Layer 2) /
46.7 - 112.7 ka (Layer

3-15)

U-Th bone

35 - 291 ka
(Layer 2-15)

speleothem

~ 65 - 295 ka
(Layer 2-11)

ESR/U fossil teeth

1Note: The stratigraphic layer of the dated sample was present in parentheses. No layer information was given if the age range brackets the hominin fossil layer or estimated by paleomagnetism.
2Paleomag - Paleomagnetism; ESR/U - Coupled ESR/U-series method; 26Al/10Be - Cosmogenic burial dating method.
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through the Qinling Mountains (Figure 2) (Table 1). As the
western Hubei and TGR were located in the geographic center of
China, it is a crucial passage area of the hominin settlement and
migration between South and North China.

The Three Gorges was formed by severe incision along narrow
fault zones, in response to the tectonic uplift of massive limestone
formations of late Paleozoic andMesozoic age (Zheng et al., 2013;
Zhang et al., 2021). The Yangtze River transects the Huangling
anticline at the eastern margin of the Three Gorges (Richardson
et al., 2010). The region is dominated by a subtropical humid
climate nowadays, which is warm in winter and cool in summer.
Sedimentological and geochemical studies of the river terrace
deposits in the TGR indicate a warm–wet climate during the Early
and Middle Pleistocene period and gradually change to a
cold–dry environment since the late Middle Pleistocene
probably in relation to the uplift of Qinghai–Tibet Plateau
(Gonghe Movement), which enhances the plateau monsoon
and weaken and block the Indian monsoon (Xiang et al., 2020).

Evidence of the environmental changes mentioned above is
also proven by the occurrence of Gigantopithecus blacki, a
representative primate once lived in Southeast Asia and South
China. A carbon stable isotopic composition analysis of the
enamel of Gigantopithecus blacki teeth indicates their habit
was limited to a forested environment with a general
vegetarian diet (Bocherens et al., 2017). Due to the climatic
shifts during the Pleistocene, Gigantopithecus blacki were
forced to migrate from the TGR which had a warm and
humid climate during the Early Pleistocene period (e.g.,
Longgupo and Jianshi sites) to the more southern region, such
as Guangxi and Guizhou provinces in China and Southeast Asia,
and probably became extinct at the late Middle Pleistocene or
early Late Pleistocene period because of the reduction of forest
environment and food shortage. Although some mammalian
species of North China appeared in the sites of South China,
the evidence of the highest altitude of Gigantopithecus blackiwere
found only in the south of the Yangtze River, which indicates the
natural barrier of the Yangtze River may already exist at the
beginning of the Quaternary period, and it could be partially
supported by the recent ESR dating study of the sand lenses in the
Yichang Gravel Layer, which indicate the Three Gorges valley
incision and the channelization of the Yangtze River began
probably before ~1 Ma (Wei et al., 2020).

The fauna assemblage found in Three Gorges hominin sites
belong to the main types of the Oriental Realm and was
represented by the Ailuropoda–Stegodon fauna (sensu lato).
The early stage of the Ailuropoda–Stegodon fauna include the
typical Gigantopithecus-bearing assemblage, which can be found
in two Early Pleistocene sites—Longgupo and Jianshi. The
Middle Pleistocene Ailuropoda–Stegodon fauna (sensu stricto)
is commonly found in the karstic deposits of caves and
fissures, and the most representative assemblage is the
Yanjinggou fauna, which was found by Walter Granger during
the 1920s in Sichuan Province (now allocated to Chongqing
municipality) (Colbert and Hooijer, 1953). Three karst caves
discovered in the later time in Guangxi Province—Daxin,
Wuming, and Bama yielded not only Ailuropoda–Stegodon
fauna but also Gigantopithecus remains. The fauna assemblage

comparison of our studied Bailongdong site near the Han River
with Gongwangling and Yunxian sites indicate an early stage of
the Middle Pleistocene. Last, the Late Pleistocene
Ailuropoda–Stegodon fauna (sensu lato) recorded in the TGR
contains few archaic forms; meanwhile, it shows the features
similar to the Middle Pleistocene Ailuropoda–Stegodon fauna and
modern Oriental Realm (Wu and Olsen, 1985). The presence of
Hyaena ultima in Changyang site indicates its relatively early age
in comparison with some other typical Late Pleistocene sites in
South China (e.g., Maba site in Guangdong Province or Tongzi
site in Guizhou Province). As the TGR is a transitional zone
between South and North China, the fossiliferous assemblages
from some of the sites in this region show a mixed characteristic
of both northern and southern faunas. A detailed comparison of
the fauna assemblage from the hominin sites in the TGR with two
hominin sites nearby—Gongwangling (Early Pleistocene) and
Chenjiawo (Middle Pleistocene) in Shaanxi Province is shown
in Supplementary Table S1.

The stone artifacts found in the early hominin sites in western
Hubei and TGR are not as sophisticated as those unearthed in
North China for the same period. This phenomenon may
contribute partly to the limitation of the raw materials since a
large number of the sites are situated in the limestone area, and
the characteristics of the lithic made by limestone sometimes are
difficult to distinguish from the traces formed by the natural
process. The use of bamboo tools may be another reason to
explain the relatively lagging lithic techniques in the vast area of
South China and Southeast Asia compared with Europe and even
North China. A recent experimental study shows that the tools
made by bamboo could almost completely replace the basic
function of some stone tools to cut the meat (Bar-Yosef et al.,
2012). The primitive stone artifacts unearthed from the early sites
in the TGR therefore may not reflect the real technology level at
that time, since the wide spread of bamboo and other arbores in
South China could be good materials for making tools and were
used by local people even nowadays. However, the woodworks
were not easy to be preserved for a long time in the warm and
humid environment, except for some special conservation
environment (e.g., Gantangqing site, Yunnan Province) (Gao
et al., 2021).

CHRONOLOGICAL STUDY OF THE
HOMININ SETTLEMENT SITES IN THE
THREE GORGES REGION
Due to the relatively survivable climate and natural
environment in South China during almost the entire
Pleistocene period, the chronology of the hominin sites in
the TGR is difficult to be established only rely on fauna and
lithic culture evidences. Meanwhile, most of the sites discovered
in this region are associated with cave or fissure environments
with limestone parent rock, in which the optimal dating
materials for some routine optical dating methods (e.g., OSL
dating) are limited. For the Early Pleistocene and early Middle
Pleistocene sites, which are beyond the dating range of the U–Th
method, cosmogenic 26Al/10Be burial dating may works
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occasionally if enough quartz minerals can be extracted from the
sites. Because of the complexity and interruption of the
deposition in some cave sites, the paleomagnetic dating study
is only valid if other radiometric dates are available to provide a
constraint. In most cases, coupled ESR/U-series dating of fossil
teeth is the only feasible chronological method to study the early
human settlement in the TGR.

Here, we give a brief introduction of the hominin
settlement sites in the TGR that we have dated by the
coupled ESR/U-series dating method in recent years (based
on the chronological sequence), the limitations and cautions
of this method are also addressed in the discussion part in
order to call attention to its application in archaeological
dating.

Longgupo
Discovered in the 1980s, the Longgupo site (“Longgu” is literally
translated as “dragon bone” in Chinese, which are the
mammalian fossils used in Chinese medicine, and “po” means
hillside) is about 16 km south of the Yangtze River (Figure 2). It is
located on a limestone hill slope (830 m a.s.l.) filled with
Plio–Pleistocene deposits. The Longgupo site was once a cave
but carpeted by collapsed breccias during the Pleistocene period
(Rasse et al., 2011). It is well known because of the discovery of a
mandible fragment with two teeth and an upper incisor, which
show affinities with African early Homo specimens. The site was
previously dated to ~ 1.9 Ma by both paleomagnetism and ESR
methods and was thought as the earliest evidence of human
occurrence in Asia challenging the “Out-of-Africa” theory
(Huang et al., 1995). Although the fossil specimens were
questioned by a batch of scholars and considered as ape
instead of Homo (Schwartz and Tattersall, 1996; Ciochon,
2009; Etler, 2009), the stone artifacts recovered from the
stratigraphic layers were identified and confirmed by the
specialists (Huang et al., 1995; Boёda and Hou, 2011) and led
to speculation of the status of the tool-makers (Dennell, 2009).

From 2003 to 2006, a Sino-Franco joint excavation recovered
thousands of stone artifacts from re-divided stratigraphic layers
of the south and north walls (Boёda and Hou, 2011). A new
chronological study was conducted during the joint excavation by
using paleomagnetism and ESR/U-series methods. The coupled
ESR/U-series method was applied to 17 fossil teeth from different
layers and it was possible to reconstruct the uranium migration
history more precisely. The US-ESR age results of Longgupo fossil
teeth range from ~2.2–2.5 Ma (Han et al., 2017), which confirms
the site as one of the earliest evidences of hominin settlement in
East Asia.

Jianshi
The Jianshi hominin site (also called Longgudong site, “dong”means
cave in Chinese) is a cave site located in the west of Hubei Province,
about 400 km west of Wuhan and 50 km south of Three Gorges
(Figure 2). The specimens of Gigantopithecus blacki and three
hominin teeth were discovered in 1970 (Gao, 1975; Li et al.,
2017). The cave has two entrances, facing east and west, and the
paleomagnetic dating work conducted by two teams gives different
results and interpretations (Cheng et al., 2003; Shi, 2006), which

made the age of Jianshi debatable. The fauna analysis and
comparison with some Early Pleistocene sites of China indicate
that Jianshi assemblage corresponds probably to an early stage of
Early Pleistocene, younger than the Longgupo site nearby but older
than Gongwangling and Yunxian sites (Zheng, 2004).

Our coupled ESR/U-series dating of two mammalian fossil
teeth from the lower layer 8 gives a weight mean age of 1,521 ±
92 ka, while another two teeth from the upper layer 4 yield a mean
age of 1,052 ± 49 ka (Han et al., submitted). Our ESR/U-series
dating results are younger than previous paleomagnetic dating
interpretation which proposes that the hominin fossil layer in the
Jianshi site was older than the Reunion event (>2.14 Ma) (Cheng
et al., 2003), but in agreement with the fauna record which
suggests Jianshi is younger than the neighboring Longgupo
site dated by the ESR/U-series method and paleomagnetism
(Han et al., submitted).

Meipu
The Meipu site is located in Meipu Commune, Yunxian County,
Hubei Province (about 90 km northeast of Yunxian Man site)
(Figure 2). Four human teeth were found in 1975 and during the
excavations in the following years, including two incisors, one
molar, and one premolar. The human teeth fossils show similarity
with Zhoukoudian Homo erectus teeth according to Wu and
Dong (1980). More than 20 species of mammalian fossils and one
stone core were also unearthed with the human fossils. Most of
the species found in the Meipu site belong to
Ailuropoda–Stegodon fauna typical in South China. The
identified fossils also include Gomphotherium and Hyaena
brevirostris licenti, which indicates a late Early Pleistocene to
early Middle Pleistocene age.

The deposition in theMeipu cave was divided into three layers:
the upper flowstone layer (~0.3 m thick), the intermediate yellow
sandy clay layer (~0.5–2.5 m thick), and the lower firm yellow
deposit with small breccias (~0.6 m) (Xu, 1978). We carried out
the coupled ESR/U-series dating study on nine fossil teeth
collected from the intermediate layer where hominin remains
were unearthed. The fossil dating provided two main age groups
at 541 ± 48 ka and 849 ± 39 ka, respectively; the older age group is
in agreement with the U-series age (>630 ka) of the flowstone
overlying the fossil layer and the paleomagnetic data, which
placed the Brunhes–Matuyama boundary in the fossil layer
(Xing et al., 2021; Han et al., 2022). The reason for this age
difference is probably caused by the U-content discrepancy in the
enamel of the dated fossil samples. This study exhibits the
limitation of ESR/U-series fossil dating and the importance of
using multiple dating approaches when it is possible in order to
identify the problematic ages (Han et al., 2022).

Yunxian (Quyuanhekou)
The Yunxian site is located on the fourth terrace of the left bank of
the Han River in Hubei Province, China (Figure 2). The top of
the terrace is about 50 m above the water level, and two deformed
hominin skulls were discovered in its fluvial sediments in 1989 in
association with a number of stone artifacts, including choppers,
chopping tools, and bifaces. Most of them were made by the large
gravels from the river beach (Li and Etler, 1992). Abundant
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animal fossils were found in the site and showed a mixing of
typical species from both North and South China, which may
indicate the geographic barrier of the Qinling Mountains was not
formed sufficiently to hinder the migration of mammals. The
fauna assemblage of the Yunxian site exhibits the similarity with
the Lantian Gongwangling site in Shaanxi Province, which
represents a typical Early Pleistocene record (Dong, 2016).

Initial paleomagnetic dating of the Yunxian Man site placed
the hominin layer at 870−830 ka (Yan, 1993). A subsequent ESR
dating study of nine fossil teeth from the fossil layer 3 by
assuming the EU model for age calculation gave a mean age
of 581 ± 93 ka (Chen et al., 1997), and the authors argued that the
ESR ages were underestimated due to the very high U-content in
enamel. Magnetostratigraphic study of the geological section of
the Yunxian site was resumed in 2000 by a Sino-French
archaeological team, and the B/M boundary was observed on
the top of the stratigraphic sequence. Based on this study, the
archaeological layer of the Yunxian site was placed at 936 ka (de
Lumley and Li, 2008). The succeeding chronological studies of the
YunxianMan site conducted an ESR/U-series dating work on two
herbivorous teeth from the hominin layer and the quartz sands
from the fluvial sediment of the fossil layers and obtained a mean
age of 1.10 ± 0.16 Ma, which confirmed the Early Pleistocene age
of the Yunxian Man site (Tissoux et al., 2008). Recent studies of
the ESR fossil dating show that the single saturation exponential
function commonly used for paleodose determination of fossil
enamel samples will cause dose overestimation (Duval and Grün,
2016), and the U-series analysis of Yunxian samples also indicate
the possibility of uranium leaching in the dental tissues.
Therefore, aforementioned ESR/U-series dating results of the
Yunxian samples should be considered as the maximum age
of the site (Bahain et al., 2017).

Bailong Cave
The Bailong Cave site (called “Bailongdong” in Chinese), discovered
in 1976, was located in Yunxi County, Hubei Province (Figure 2).
Six human teeth were found in the excavation of the 1970s and
1980s, and one more tooth unearthed in 2008. Several mammalian
teeth collected from the hominin fossil layer were dated by the
coupled ESR/U-series datingmethod (Han et al., 2019). Both gamma
and beta external dose rates were reconstructed from the laboratory
analysis of the sediment around the fossil samples. This may
sometimes cause the bias of the gamma dose estimation due to
the heterogeneous depositional environment of the site. In order to
reconstruct the external dose rate of the dated samples more
precisely, we therefore revisited the site in 2019 in order to
realize in situ gamma dose measurement using a portable gamma
spectrometer. The sample ages were recalculated with the new
measured in situ dose rate values.

The recalculated ESR/U-series ages of the fossil samples from
the Bailongdong site were generally older than the ones in the
previous study from 5.6% to 25.4%. This is due to the in situ
measured gamma dose rates by portable gamma spectrometer,
which were significantly lower than the values measured in the
laboratory by HpGe gamma spectrometer between 19.3% and
47.6% (Supplementary Table S2). Although the updated ESR/
U-series ages of Bailongdong fossil samples became older as a

whole, they are still in agreement with the cosmogenic 26Al/10Be
burial age of the quartz sands and gravels from the sediment
beneath (<0.76 ± 0.06Ma) (Liu et al., 2015), the mid-Middle
Pleistocene age of the fauna record (Tong et al., 2019) and the
magnetostratigraphic results which dates the hominin-bearing
layer to the early Brunhes Chron (Kong et al., 2018). The ESR/
U-series dating of the Bailongdong site reemphasized; hence, the
importance of the in situmeasurement of the external gamma dose
for the fossil age calculation.

Changyang
The Changyang hominin site, a cave site in Changyang
County, Hubei Province, is located about 40 km south of
the Yangtze River (Figure 2). A maxillary fragment was
first discovered in 1956 by a local farmer, and a lower
human premolar and abundant mammalian fossils were
found in 1957 during the following investigation of the
IVPP team. The morphological features of the Changyang
hominin fossils were described by Chia (1957) and were
considered close to the modern human than Zhoukoudian
Homo erectus. Changyang was the first Middle Pleistocene
hominin site discovered in South China, and an initial dating
study by alpha-spectrometer U-series analysis of two fossil
teeth gives the 230Th age of 196 ± 20/17 ka and 194 ± 24/20 ka,
respectively (Yuan et al., 1986). Most recent re-dating work on
carbonate crystals and tooth fossils by the ICP-MS U-series
technique suggests the age of Changyang site range from 196 to
143 ka, which conforms with the previous results (Lu et al.,
2020). As the U–Th analysis of the fossil bone could only
obtain the apparent age because of its open system behavior,
coupled ESR/U-series dating study of the fossil teeth from the
site is currently underway in order to establish a more reliable
chronology of the Changyang hominin site.

Yumidong
The Yumidong Cave, about 4 km southwest of the Longgupo site,
is located in Miaoyu Town, Wushan County, Chongqing
Municipality (Figure 2). The site is a horizontal limestone
cave with a skylight about 3 m in diameter, at ~20 m distance
from the cave entrance. The site was discovered in 2004 and a
large number of stone artifacts and mammalian fossils were
unearthed during the excavations conducted in 2011–2013
(Wei et al., 2017).

The cave deposits are mainly composed of brown karstic
sandy clay and limestone breccia and the stratigraphic
sequence was divided into five layers initially by Wei et al.
(2017) and further subdivided in detail into 18 layers (Shao
et al., 2022). Two fossil teeth and three calcite samples
collected from Layer 2, 3 and 4 were dated by the U-series
method at the University of Queensland, the tooth sample
from Layer 2 gives an age of ~8.4 ka, while another tooth
sample and one calcite sample from Layer 3 were dated to
~78.5 ka and ~75.2 ka, respectively. The other two calcite
samples from Layer four yield distant U-series ages of 198 ±
51 ka and 398 ± 30 ka, respectively, and put the deposits of
the Yumidong site range from ~400 ka to ~ 8 ka (Wei et al.,
2017).
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To better constrain the chronology of the Yumidong
depositional sequence, a multimethod dating study was
realized including coupled ESR/U-series analyses on six fossil
teeth from L2 to L12, and a Bayesian approach was used to refine
the chronostratigraphy of the Yumidong site (Shao et al., 2022).
Based on this study, a ~300 ka long history of human occupation
in the Yumidong site was established, and it indicates a
continuous human settlement in the TGR during cold and
warm stages from late Middle Pleistocene to the Late
Pleistocene period.

Xinglong Cave
Xinglong Cave, located about 90 km south of the Yangtze River in
Fengjie County, Chongqing municipality (Figure 2), was
discovered in 2001 by a Chinese expedition team (Gao et al.,
2004). One human molar was unearthed from the site, and an
engraved tusk of Stegodon orientalis was found in the same layer.
It was considered the intentional engravings and may relate to the
earliest art form in East Asia.

The deposition of Xinglong Cave was divided into six layers,
and more than 50 species of mammalian fossils and 20 stone
artifacts came from layer 2, which bears the human remains. The
fauna assemblage suggests a late Middle Pleistocene age of the
Xinglong site, and U-series analysis of the enamel and dentine
tissues from a molar of Stegodon orientalis gave the age of the
cultural layer of the Xinglong site between 120 and 150 ka (Gao

et al., 2004). The updated U-series ages obtained by MC-ICPMS
dating on the flowstone samples collected above and beneath the
fossil layer show the weightedmean of 129 ± 5 ka and 199 ± 16 ka,
respectively, which could bracket the age of the human remains in
Xinglong Cave (Peng et al., 2014). In future, direct dating of the
fossil teeth from the human fossil-bearing layer by coupled ESR/
U-series method may constrain the age of the Xinglong site more
precisely.

RESULTS AND DISCUSSION

The ESR/U-series ages and modeled uranium uptake history of
five hominin sites in the TGR (no hominin fossils found in the
Yumidong site) are shown in Table 1; Figure 3. Not like our
previously dated Paleolithic open sites in the Nihewan Basin,
which has intensive surface erosion and complex hydrodynamic
conditions that may cause repeat U uptake and loss in the dental
tissues (Han et al., 2015), most of the hominin sites we analyzed in
the TGR are cave sites with a geological limestone background
except Yunxian Man site which is situated on Han river terrace.
However, even preserved in a similar cave deposition
environment, the fossil teeth collected in different caves show
the distinct variation of the U-migration process. In the
Longgupo site, the majority of the analyzed teeth display a
very recent U-uptake history (p > 0) (Figure 3A), which may

FIGURE 3 | Uranium migration process of the dated fossil samples by the ESR/U-series method from six sites in the Three Gorges region reconstructed by US
(p-value) or AUmodel (n-value) (the U-uptake history of both enamel and dentine tissues of each sample from the site were present in the same figure with different colors.
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indicate a dramatic hydrological change during the Last
Pleistocene in relation with the collapse of the cave ceiling,
making the Longgupo site look like a fissure site rather than a
cave nowadays (Rasse et al., 2011; Han et al., 2012, 2017). The
p-values of four teeth from the Jianshi cave range between −1 and
0, which indicate a relatively early uptake of uranium in the dental
tissues (Figure 3B) (Han et al., submitted). The fossil samples
from the youngest Yumidong site show different uranium uptake
behaviors which both relatively early and recent uptake history
were indicated by p-values (Figure 3E) (Shao et al., 2022). Three
fossil samples from the Bailongdong site exhibit early U-uptake
history, while the other five experienced U loss based on their
U-series data, and the ESR/U-series ages can be obtained only
using the AU model (Figure 3D) (Han et al., 2019). The Meipu
samples have the most variable U-migration history in which
early, recent, and approximately linear uptake of uranium were
all present, and the dentine tissue of one sample also exists in the
U-loss (Figure 3C) (Han et al., 2022). Last, the only site with an
open environment in this study—the Yunxian site displays an
obviously different U-migration history from other sites, in
which the uranium leaching process was present in all the
fossil samples except one (Bahain et al., in progress)
(Figure 3F). The coupled ESR/U-series analysis of teeth from
the aforementioned sites indicates that there is no certain rule of
uraniummigration history in the fossil teeth even from the same
site. The fossil teeth ESR ages of a majority of hominin sites in
China obtained previously by assuming specific U-uptake

models, in which the uptake history was postulated (e.g., EU
and LU models) should be cited with great caution and need to
be re-evaluated in the future.

Which Fitting Function Should be Used for
DE Determination?
In the early study of ESR dating, the single saturation exponential
fitting (SSE) function was commonly used for DE determination. It is
based on the assumption of the exponential growth of a single
paramagnetic center with the increase of radiation dose. The fossil
teeth fragment ESR study in recent years indicates that the ESR signal
of enamel tissues is generated by at least two CO2

− radicals, which has
different dose responses with natural and artificial radiation. A double
saturation exponential (DSE) function which was first used for the
coral samples has been proposed for the DE determination of fossil
enamel, and it has been proven to fit the dose points better than SSE,
especially for the old fossil samples (Duval et al., 2009; Han et al.,
2011). However, in order to use the DSE function for DE

determination, it needs at least 15 aliquots and irradiated with a
high maximum dose (>10 kGy) to ensure the fitting precision, which
is difficult to be achieved sometimes by the small fossil teeth and
irradiation facilities without a well-established calibration curve in the
high dose range. To find the better fitting function for DE

determination, we compared the goodness of fit of two functions
quantitatively by analyzing the fossil enamel samples from the Early
andMiddle Pleistocene sites in theTGR. For the Early Pleistocene sites

FIGURE 4 | Equivalent dose (DE) of fossil samples from Three Gorges sites (LGP06N10 from the Longgupo site, JS-2 from Jianshi site, and BLD1-2 from
Bailongdong site) determined by single saturation exponential (SSE) function (blue-dashed line and confidence band) with 10 dose points up to 5 kGy and double
saturation exponential (DSE) function (red solid line and confidence band) with 15 dose points up to 60 kGy.
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of Longgupo and Jianshi, our study shows that the DSE function
indeed fits the dose points better than the SSE one in case the requisite
of 15 aliquots irradiated up to 50 kGy can be met. For the Middle
Pleistocene sites, the DE are usually less than 2,000 Gy, it could be
obtained by irradiating 10 aliquots up to 5 kGy, and the fitting results
are in consistent with the DSE ones in the error range (Figure 4).
According to our study, the conventional SSE fitting function could
provide a reliableDE in case themaximum irradiation dose is nomore
than 5 kGy, and it has an advantage over DSE function when the
sample volumes are limited and could be only divided into less than
15 aliquots.

Reconstruction of the External Dose Rate
The reconstruction of the external dose rate of the fossil teethwhich are
contributed by the surrounding sediments in their burial environment
is crucial for obtaining reliable ESR/U-series age. The reliability of the
fossil ages was greatly affected by the external dose rate, particularly in
the case that the external dose rate account for a large portion of the
total dose rate. However, the accuracy of external dose rate
reconstruction was hindered by several cases mentioned as follows:
1) the absence of the provenance information of the fossil samples.
This is the worst situation for reconstructing the external dose and
making it even impossible. However, it is not an uncommon situation,
especially for some hominin sites in China excavated in the early years,
in which detailed records of the position of the archaeological remains
were lacking. Fortunately, the fossil teeth from the Three Gorges sites
we used for coupled ESR/U-series dating were all collected in situ or
from the formal excavation with definite unearthed position records,
which significantly reduces the uncertainty of external dose rate
reconstruction; 2) inaccessibility of the fossil section or incapability
to provide in situ dose rate measurement. This issue may be due to
natural orman-made causes such as the rainy season (Han et al., 2019)
or road construction, in which the original section did not survive
(Han et al., 2016). In most cases, revisiting the site is necessary to fulfill
or refine the in situmeasurement, and only in this way more reliable
ESR/U-series ages of the fossil samples could be obtained, like our
datingwork onLonggupo (see the impact on results inHan et al., 2012,
2017) and Bailongdong sites (Han et al., 2019, this study); and 3) the
inhomogeneous deposition environment in the surrounding area of
the dated fossil samples. This is the most common case in the
archaeological sites in which different kinds of deposits and
remains were present in the fossil layer, and make it a typical
“lumpy” environment. Some scholars proposed different ways to
stimulate the gamma dose rates in such environment (Brennan
et al., 1997; Nathan and Grün, 2003) and model the external dose
rates variation by the absorption of uranium in the surrounding fossil
fragments (Blackwell and Blickstein, 2000; Guibert et al., 2009).
However, none of them could completely replace the in situ
measurement with a portable gamma spectrometer or TL
dosimeter, and sometimes measuring the gamma dose rate in
variable positions surrounding the dated fossil sample and using
the averaged values for the age calculation is the most
straightforward way. In the case in situ measurement is not
possible, the sediment attached on the surface of the fossil may
provide the only choice for external dose rate reconstruction, and
the distribution of gamma dose rates may be discussed in order to give
a reasonable range of the fossil ESR/U-series ages (Duval et al., 2019).

The ESR isochron dating of the fossil teeth may be another
solution for the external dose rate reconstruction. It plots the DE

vs. internal dose rate of several subsamples from one single tooth
to build the isochron, the intercept is the external dose the fossil
sample received from the surrounding sediments, and the slope of
the isochron could give the fossil age (Blackwell and Schwarcz,
1993). To build an ideal isochron, it needs the subsamples to
experience the same external dose during the burial history and
have a discrepancy of uranium content in the enamel tissue; the
variation of the internal dose rate of subsamples ensures the
precision of isochron construction. Most of the isochron ESR
dating studies were realized through the EU and LU models for
calculating the internal dose rate of subsamples (Blackwell and
Blickstein, 2000; Blackwell et al., 2016).

We have tried to combine the US model with the isochron
technique to calculate the isochron age of five fossil samples from
the adjacent squares in layer C III′6 of the Longgupo site (Han et al.,
2012). It should be noted that the assumption of applying the isochron
method on the fossil teeth is that all the subsamples analyzed shared
the same external dose rate. However, the external dose rate not only
includes the gamma dose rate from the surrounding sediments which
is considered identical to the subsamples but also the beta dose rate
which is contributed by the beta radiation (attenuation depth ~2mm)
from the sediments attached on the surface of enamel (or cementum if
existing). This beta dose rate component may vary from each
subsample, which makes their external dose rate not exactly the
same. That might explain why the isochron does not works so well in
some cases even though the subsamples were collected from the same
place and have variable U contents.

Uranium Distribution in the Enamel
During our ESR/U-series dating study on the fossil teeth from the
Three Gorges sites, the age results of some of the samples were
obviously underestimated (Han et al., 2022), and it could not be
attributed to a problematic DE determination or a bias linked to
the external dose rate estimation. We observed that in such cases
the U content in the enamel tissues was oftenmuch higher than in
other samples even about one order, and it could not be explained
simply to the contamination of dentine tissues on the enamel
surface because the DE value is generally high and dentine
contribute little to the ESR signal and DE. Bahain et al. (1992)
noticed the high U content in the enamel samples of Isernia, Italy,
and they supposed that uranium is concentrated in the impure
zones of the enamel, which capture the most electrons created by
ionization, and this may lead to inverse correlation of the U
concentration and alpha efficiency due to the irradiation
sensitivity change. Chen et al. (1997) also mentioned the
similar situation of high U-content in Yunxian enamel
samples and suggested that it may cause the age
underestimation by micro-regional saturation of the
paramagnetic centers in the enamel. The fossil dating works
were carried out again in the years later on the
aforementioned two sites by the coupled ESR/U-series method
(Shao et al., 2011; Bahain et al., 2017; Bahain et al., 2021, in
progress). Although the age underestimation of Isernia was
considered to be mainly attributed to the variation of the
environmental gamma dose rate related to the recent
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U-uptake of bones in the archaeological level, the Yunxian fossil
samples again show very high uranium concentration in the
enamel samples and significantly younger than the paleomagnetic
results. This is also the case of Meipu samples we analyzed in the
recent study (Han et al., 2022), the distribution of ESR/U-series
ages of fossil samples collected from the same fossil layer was
divided into two groups, and the younger one with much high
enamel U-content was obviously underestimated based on
another independent age constraint. In recent years, the laser
ablation ICP-MS technique was developed to investigate the
spatial distribution of uranium in dental tissues (Grün et al.,
2014). However, at present high-resolution U-series data could
be obtained only on the flat cross-section of the fossil teeth. Few
studies of uranium distribution were carried out on the irregular
surface of the enamel, and the non-destructive 3D U-mapping
may help to select the optimal part of the enamel with low
uranium concentration for the further dating study.

Combined Multiple Dating Techniques
Approach
The dating study of hominin sites in the TGR does show the great
potential of the ESR dating method. However, the limitation of
ESR/U-series dating on fossil teeth was also discussed above in

order to call attention to the questionable age results. If the
sampling condition permits, applying multiple dating methods to
different kinds of dating materials is preferable, and they could
complement each other and eliminate the disadvantages and
limits due to the assumption or requirement of the methods.
The study of the Yumidong site shows clearly the advantages and
interests of such multi-methods approach to provide a single
unified chronological framework (Shao et al., 2022).

For the Early and Middle Pleistocene sites, cosmogenic 26Al/
10Be burial dating on the quartz sands and gravels could be
combined with coupled ESR/U-series dating on the fossil teeth. It
was attempted to date Bailongdong and Meipu sites, but the
extraction of quartz minerals in these two cave sites was tough
due to the limestone background. U-series dating of the
speleothem may constrain the age of the interested
archaeological remains if their stratigraphic relationship could
be clarified. In Meipu cave, the U-series dating of the flowstone
layer overlain helps to identify the problematic ESR/U-series ages
of the fossil teeth samples from the fossil layer beneath (Han et al.,
2022). Due to the open system behavior of fossil bones, their
apparent U-series age should always be considered as the
minimum age limit in the case of no U-loss occurred.

Archaeological Perspectives
At the time of writing this article, five archaeological sites with
hominin fossils were dated by the coupled ESR/U-series method in
the TGR and western Hubei area: Jianshi, Yunxian, Meipu,
Bailongdong, and Changyang sites mentioned above. Although the
phylogenetic status of the fossil specimen found in Longgupo and
Jianshi sites on the hominin evolutionary relationship is still
controversial, the morphological features of the hominin fossils
from Yunxian, Meipu, Bailongdong, and Changyang sites do
represent different stages of human evolution in East Asia, and the
most recent study of the Meipu hominin fossil teeth shows their
features are intermediate between early Homo specimens in Africa
and Dmanisi in Georgia, and Middle Pleistocene hominins in East
Asia which represent by Zhoukoudian Homo erectus (Xing et al.,
2021). The two skulls from the Yunxian Man site were seriously
deformed by the strata compression, and the reconstructions of the
fossils by 3D virtual imaging techniques confirmed the specimens to
Homo erectus and also indicate the variability of this species (Vialet
et al., 2010). More detailed 3D reconstruction work of the Yunxian
Man skulls is ongoing in order to specify their evolutionary position.
The Bailongdong fossil specimens were also classified as Homo
erectus, but the more in-depth morphological study was limited
because only fossil teeth were found in the site. The Changyang
hominin was classified previously as archaicHomo sapiens (Wu and
Poirier, 1995), and recent studies of the premolar from Changyang
specimen show the features aligned with Asian Homo erectus and
probably indicate a late representative of an East AsianHomo erectus
lineage (Pan et al., 2019). Due to its late Middle Pleistocene age and
other non-Homo erectus evidence (Denisovans probably) found in
China (e.g. Panxian Dadong, Tongzi and Xujiayao hominin sites), it
may support a multi-lineage and discontinuous settlement of
hominin in East Asia (Pan et al., 2020).

The lithic industry of the Longgupo site is difficult to compare
with other sites in China because of its old age and the majority of

FIGURE 5 | Chronological and paleoenvironmental summary of the
hominin sites in the TGR dated by radiometric methods. The age bars with
golden color are obtained by the coupled ESR/U-series method, and the gray
color was yielded by other radiometric dating methods (the chart was
generated by TimeScale Creator GTS 2020).
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the raw materials of tools were cobbles or blocks of local
limestone, which could explain the choice of variable
operational processes and high rate of presence of knapping
accidents (Boёda and Hou, 2011). In numerous of
Middle–Late Pleistocene Paleolithic sites found in the TGR
and Han River valley, the raw materials were selected water-
rounded cobbles from the river beds, and the operative schemes
of lithic production show continuity and stability (Pei et al.,
2013), and distinct from those of the West, which suggest the
Paleolithic cultures in this region may follow an independent
trajectory (Li et al., 2014, 2018).

The distribution statistics of hominin sites in China from Early
Pleistocene to Late Pleistocene show that the Homo sites during
the period of Early Pleistocene were more restricted to central and
southern China, and gradually present in the east and northern
China since the Middle Pleistocene (Bae et al., 2018). This pattern
may be driven by the paleoclimatic variation during the Early and
early Middle Pleistocene and the ability to transport portable
water. In the last two decades, some new hominin sites were
discovered successively in the western Hubei and TGR (e.g.,
Huanglong Cave, Leiping, Migong, and Caotang sites) (Liu
et al., 2006, 2010; Wu et al., 2006; Shen et al., 2013), more
detailed excavation and dating works of the sites are still in
progress. In a word, we believe that the TGR in central China
which found abundant hominin sites from the Early Pleistocene
to the Late Pleistocene may not only be the migration corridor of
hominins and other mammals between southern and northern
China, but probably also a diffusion center for the Middle and
Late Pleistocene Homo appeared in the north and east of China
(Figure 5).

CONCLUSION AND PERSPECTIVE

At present, the earliest hominin site in East Asia is the Yuanmou site
in Yunnan Province, South China. It was dated to ~ 1.7Ma by the
paleomagnetic method (Zhu et al., 2008), and this age was recently
confirmed by cosmogenic 26Al/10Be isochron burial dating in a
recent study (Luo et al., 2020). In North China, although there is still
a debate about the age of the Lantian Man site, which was dated
about 1.6Ma by 26Al/10Be burial dating (Tu et al., 2017), some recent
discoveries and restudies of the paleolithic sites do show the early
evidence of hominin settlement at the early stage of Early Pleistocene
(Shangchen, ~ 2.12Ma, Zhu et al., 2018; Xihoudu, ~2.43Ma Shen
et al., 2020). Although we could not entirely exclude the possibility
that a separate migration route may exist along the high latitude area
in North China during the Early and Middle Pleistocene, our
chronological studies of the hominin sites in the TGR indicate
that the hominin activities already existed in this corridor zone
between South andNorth China during the Early Pleistocene period.
The Longgupo site, though the fossil species identification is still in
debate (Dalton, 2009), the stone artifacts with distinct characters and
the updated ESR/U-series age of the site at ~2.2–2.5Ma make it as
old as the earliest evidence in North China. Other hominin sites of
the Early Pleistocene age have also been discovered in recent years in
SouthChina, some of themwere found associatedwith another giant
primate—Gigantopithecus blacki in the same living place, and

coupled ESR/U-series dating on the mammalian fossil teeth has
shown a great potential to apply on these cave sites. The
combination of ESR measurement of the enamel fragment
and Laser-ablation ICP-MS analysis of the dental tissues
highlight the possibility of minimum or non-destructive
analysis of the precious human fossils, with accurate and
detailed measurement of the external dose rate of the fossil
specimen, the ESR dating method will continue to make a
significant contribution to our understanding of the history
of human evolution in China and East Asia.
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