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Luminescence dating of reticulated red clay buried
in Lanshanmiao Paleolithic site in Zhejiang
Province, southern China
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Abstract: The Lanshanmiao (LSM) Palaeolithic site, which was excavated in the summer of
2017 by the Zhejiang Provincial Institute of Cultural Relics and Archaeology, is the only ex-
cavated palaeolithic site in central Zhejiang Province to date. Luminescence dating methods,
including optical stimulated luminescence (OSL) and thermal transfer OSL (TT-OSL) for
quartz and post-infrared (IR) stimulated luminescence (pIRIR,q0) for feldspar, were used to
determine the age of the LSM site. The results showed that the LSM section developed be-
fore 145.5 + 12.5 ka and ended after 17.1 + 1.0 ka. The TT-OSL dating of samples NJU2576
and NJU2615 showed that palaeolithic artifact-bearing layer was between 150 and 100 ka in
age. The age range of the palaeolithic layer mainly corresponded to the transition between
Marine Isotope Stage (MIS) 6 and MIS5. Our study showed that hominins prominently occu-
pied the LSM site during the glacial and interglacial stages, when it exhibited a floodplain
environment.
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1 Introduction

Over 2000 palaeolithic sites, most of which were buried in loess deposits, have been discov-
ered in China (Gao, 2019). Loess deposits in China are divided into typical loess, which oc-
curs on the Loess Plateau of Central China, and atypical loess, which occurs in other areas,
such in the Qinling Mountain Range, in the Xiashu loess, and in Quaternary reticulated red
clay in the lower drainage of the Yangtze River (Liu et al., 1985; Xiong et al., 2000; Sun et
al., 2017a; Wang et al., 2008). Accurate age estimates are available for most palaeolithic
sites in the loess regions in North and Central China (e.g., Chen et al., 1984; An et al., 1990;
Xiao et al., 2002; Yang et al., 2005; Nian et al., 2014b; Wang et al., 2005, 2008, 2014, 2016;
Nian et al., 2016; Lu et al., 2007, 2011a, 2011b; Sun et al., 2012, 2013, 2014, 2016, 2017b,
2018; Lu ef al., 2017; Wang et al., 2019). However, dating information is lacking for sites
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buried in reticulated red clay.

As excavation in the lower reaches of the Yangtze River has expanded, palaeolithic sites
buried in Quaternary reticulated red clay have been increasingly unearthed; these discoveries
aid the study of the evolution of palaeolithic culture in this area. Quaternary reticulated red
clay is widely distributed in the lower reaches of the Yangtze River and is sensitive to the
East Asian monsoon (Huang et al., 1999; Qiao et al., 2003; Yin and Guo, 2006; Yuan et al.,
2008). These conditions are significant for understanding the linkage between hominin ac-
tivity and climatic change in South China (Hu et al., 1999; Zhu et al., 2005, 2011; Xu, 2008).
However, reticulated red clay is also generally affected by weathering, which causes the
preservation of bones or organic matter for radiocarbon and uranium-series dating to be less
likely. The main methods previously used to date reticulated red clay have involved palaeo-
magnetic and stratigraphic correlations (Yuan et al., 2008; Liu and Deng, 2011; Deng et al.,
2019); however, these techniques cannot provide a high-resolution chronology, except ages
that occur during polarity reversals.

Earlier studies provided an ambiguous chronological framework for the Quaternary re-
ticulated red clay in the middle-lower drainage of the Yangtze River, suggesting that the clay
mainly developed during the Middle Pleistocene. The lower boundary age of the reticulated
red clay is 1-1.2 Ma, as estimated by palacomagnetic and stratigraphic correlations (Liu et
al., 2008; Deng, 2019). No consensus has been reached for the top boundary age of the re-
ticulated red clay. Climatic stratigraphy and pedological analysis have shown that the upper
limit of the reticulated clay is 400—500 ka and is characterized by an extremely warm and
humid environment (Qiao et al., 2003; Yin et al., 2006; Deng et al., 2019). In other cases,
dating methods such as luminescence dating was used to date the reticulated red clay to the
Early—Late Pleistocene (Mao et al., 2008; Han et al., 2012). These age estimates provide
references for palaeolithic sites found in the reticulated red clay. However, most sites lack
independent and credible age estimates. Further chronological studies on the reticulated red
clay are essential, especially those based on excavations of palaeolithic sites, and will con-
tribute to the construction of palaeolithic cultural sequences and corresponding climatic
stages.

Luminescence dating is a robust Quaternary dating method and has been widely used in
dating Chinese palaeolithic archaeological sites (e.g., Zhang et al., 2019, 2010; Sun et al.,
2010, 2012, 2013; Nian et al., 2014a; Nian et al., 2016; Guo et al., 2016, 2017; Hu et al.,
2019, Huang et al., 2019). It has been applied to reticulated red clay deposits and used to
obtain reliable chronological results (e.g., Han et al., 2012; Zhang et al., 2007, 2019; Huang
et al., 2019). Problems caused by deposit weathering may influence the application of lumi-
nescence dating and lead to instability in the dose rate and the extraction of feldspar (Lai et
al., 2001; Zhang et al., 2007; Yi et al., 2018). Nevertheless, luminescence dating results
have been proven to be credible when the fluctuation in the dose rate is within the limits of
experimental error (Zhang et al., 2019), while feldspar extracted from weathered deposits
for luminescence measurements may generate reasonable age estimates (Huang et al., 2019).
In this study, we attempted to use luminescence dating methods to date the Lanshanmiao
(LSM) site, which is located in a reticulated red clay area, to further interpret its archaeo-
logical and environmental implications.
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2 Geographic, stratigraphic, and archaeological investigations

The LSM Palaeolithic site is located in the west Shengzhou Basin, 3.5 km southwest of the
Chongren County (120°41°37”E, 29°34’37”N;, Figure 1) at an elevation of 45 m. The Chon-
gren River lies approximately 1.5 km east of the LSM site; this river is a tributary of the
upper reaches of the Cao’e River. At present, more than 80 palaeolithic sites have been
found in Zhejiang Province (Zhang, 2003; Xu, 2008; Guo et al., 2016). Most of these pa-
laeolithic sites are concentrated in the Xitiaoxi River Basin or Taihu Lake Basin. Further-
more, two sites containing human fossils, including those of the Tonglu Man and Jiande
Man, were found in the Qiantang River Basin (Xu, 2008). To date, LSM is the only exca-
vated palaeolithic site in the Cao’e River Basin (Figure 1). The modern climate in this area
is that of a subtropical monsoon region, with a mean monthly temperature of 4.2°C in Janu-

ary and 28.6°C in July and an average annual precipitation of 1446.8 mm.
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Figure 1 Locations of the LSM (9), Qiliting (QLT) (5), and Yindinggang (YDG) (3) sites and other areas in the
Zhejiang Province, including 1-Zijinshan, 2-Hexi Cave No. 1, 4-Wangjiashan, 6-Shangmakan, 7-Tonglu Man, and
8-Jiande Man

The field excavation was conducted by the Zhejiang Provincial Institute of Cultural Rel-
ics and Archaeology in the summer of 2017 (Figure 2a). The disturbed topsoil was cleared
and a deposit from the LSM section (4.65 m thickness) was collected. The first natural soil
layer was labeled Layer 1 and the bottom layer was labeled Layer 5 (Figure 2b). The degree
of reticulation gradually increased from Layer 2 to Layer 5. Layer 5 (below 4 m) comprised
strong reticulated red clay. The top layer measured 0—1 m in depth and was composed of
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brown (7.5YR 4/6) loose silty clay with numerous small spherical Fe-Mn oxide nodules.
Layers 2 (1-1.75 m) and 3 (1.75-2.75 m) consisted of weakly reticulated brown clay (7.5YR
5/6). Layer 3 was marked by hard clay and an evident loose gray (10YR 8/2) reticulated
pattern. Layer 4 (2.75—4 m) was dominated by reticulated red (10R 4/8) clay with a hard
texture.
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Figure 2 Fieldwork at the LSM site and the stone artifacts uncovered (a. Scenery at the LSM Palaeolithic site;
b. LSM stratigraphy with blue points indicating the sampling positions; c. palaeolithic artifacts)

More than 60 palaeolithic artifacts were unearthed from a 60 m? trench. The relics mostly
included broken pieces, with several flakes and cores (Figure 2c). The stone artifacts were
scattered from Layer 2 to Layer 5 in the reticulated red clay. These artifacts were dominated
by flint and quartzite material. Among these artifacts of stone, the small stone fragments and
stone cores mostly comprised quartzite and red-purple high-quality flint, and were modified
by simple hammering and stripping methods. Numerous small pebbles and breccia coexisted
in Layer 3 to Layer 5.

3 Luminescence dating
3.1 Sampling, laboratory measurement, and protocols

We inserted a metal tube in the cleaned loess section and obtained six samples at the LSM
site for luminescence dating (Figure 2b). The samples were sealed with tape and preserved
in black plastic bags to avoid exposure and water loss by dispersion. Four samples were
collected in the cultural layer below 1 m. NJU2572 and NJU2574 were sampled 0.1 and 0.75
m above the cultural layer, respectively. NJU2578 and NJU2615 were sampled at depths of
2.75 and 4 m, respectively, where the position stone artifacts were relatively concentrated.
Moreover, samples for magnetic susceptibility, a proxy for palacoenvironmental variations,
were collected from the section at intervals of 10 cm. These samples were dried at 38°C  for
40 h and prepared for low-frequency magnetic susceptibility (470 Hz) measurements using a
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Batington MS-2 magnetic meter in the laboratory at Nanjing University.

The sample preparation for equivalent dose (D.) determination was conducted under dim
red light in the laboratory. The two ends of the sample (~2—-3 cm) that might have been ex-
posed to sunlight were removed to ascertain the environmental dose rate and water content.
The rest of the sample was treated with 30% H,0, and 10% HCI to remove organic matter
and carbonates. Then, the 40-63 and 63—-90 um size fractions were separated by wet sieving.
The 40-63 um particles were used for quartz extraction and were immersed in 40% H,SiF,
for two weeks to remove feldspar and then cleaned by using 10% HCI for 40 min. The purity
of the isolated quartz was checked by the OSL IR depletion ratio method (Mejdahl et al.,
1994; Duller, 2003). Samples were accepted until the influence of the IR stimulated lumi-
nescence (IRSL) signal could be neglected (i.e., IRSL/optical stimulated luminescence (OSL)
< 10%). The 63—-90 um particles were soaked in 10% HF for 15 min to remove the wrap and
outer layer affected by a-ray and then cleaned by 10% HCI for 20 min. The feldspar particles
were separated using a heavy liquid solution (density of 2.58 g/cm ). Subsequently, quartz
grains were settled onto stainless steel discs in large aliquots (~8 mm diameter) and feldspar
grains were settled in cups as small aliquots (~2 mm diameter) with silicon oil.

All luminescence measurements were performed on a Risg TL/OSL reader (model DA-20)
equipped with an accurately calibrated **Sr/*’Y beta source at the Luminescence Laboratory
of Nanjing University. Blue light-emitting diodes (LEDs; 470 nm, ~80 m W.cm ) were em-
ployed for quartz stimulation, whereas IR LEDs (870 nm, ~135 m W.cm °) were utilized to
stimulate the feldspar (Bétter-Jensen et al., 2010). The quartz OSL signal was detected using
a 7.5 mm Schott U-340 (UV) filter, whereas feldspar post-IR IRSL (pIRIR,q¢) signals were
detected using combined Corning 7-59 and Schott BG-39 filters. The environmental dose
rate was obtained by measuring the radioactive dose of the sample. The radioactive elements
(uranium (U), thorium (Th), and potassium (K)) in all the samples were determined using
inductively coupled plasma mass spectrometry. Other factors, such as the measured water
content (mass of moisture/dry mass) and contribution of cosmic rays (Prescott and Hutton
(1994), were also considered in the final dose rate calculation. Small internal dose rates of
0.030 £ 0.015 and 0.06 + 0.03 Gy/ka from U and Th, respectively, were assumed for quartz
and feldspar (Zhao and Li, 2005). For the 63—90 um feldspar grains, an internal radioactivity
from K and Rb contents was considered (Huntley and Baril, 1997). The element concentra-
tions were converted into the final dose rate using the conversion parameters provided by
Guérin et al. (2011).

Given the upper limit of dating, three methods were used to determine D.: the sin-
gle-aliquot regenerative-dose (SAR) protocol for quartz OSL dating, thermal transfer OSL
(TT-OSL) and feldspar pIRIR,99. The OSL dating method was validated for dating young
sediments (Wintle and Murray, 2006). A standardized procedure (Murray and Wintle, 2000,
2003) using a preheat of 260°C (10 s) and a cutheat of 220°C for the test dose before the 40
s blue stimulation at 125°C was employed in this study to detect the natural signal (Ln). The
TT-OSL examines weak recuperative signals but effectively extends the dating limit (Wang
et al., 2006, 2007a). The procedure provided by Stevens ef al. (2009) was also performed. A
special high-temperature blue-light bleach (290°C for 400 s) was used to remove any rem-
nant TT-OSL signal following the previous dosing. The pIRIR,g procedure can effectively
eliminate the effects of abnormal decay and obtain a reliable age (Thomsen et al., 2008; Jain



LU Ying et al.: Luminescence dating of reticulated red clay buried in Lanshanmiao Paleolithic site in Zhejiang 1441

and Ankjergaard, 2011; Li and Li, 2011, 2012; Thiel et al., 2011; Buylaert et al., 2012;
Zhang and Li, 2020). In this study, the pIRIR20 290 protocol was used to determine D.. The
preheating temperatures of the regenerative and test doses were both 320°C for 60 s. After
the 200°C low-temperature IR stimulation, IR light at 290°C was used to eliminate the ab-
normal decay of feldspar (Thiel et al., 2011; Buylaert et al., 2012).

3.2 Results

NJU2572, NJU2574, and NJU2578 were measured by quartz OSL. The quartz samples gen-
erated a bright and fast-decaying natural OSL signal (Figures 3a and 3b). The decay curves
of NJU2572 and NJU2574 quickly decreased to near zero in the initial 1.28 s stimulation.
These results suggest that our samples were dominated by the fast component. The recycling
ratio and recuperation of the two samples ranged from 0.94 to 1 and 0% to 0.1%, respec-
tively, consistent with the criteria of acceptance. The dose-response curve (DRC) was fitted
using a single exponential function. The DRC of NJU2572 fit well and showed linear growth,
implying that the signals were far from saturation. However, the signals of NJU2574 and
NJU2578 were saturated. As revealed in Figure 3b, the DRC plot of NJU2574 appeared to
be flat, and the natural signal (L,/T) reached 80%—90% of the saturation value (i.e., 2Dy). In
addition, the natural signal of NJU2578 was approximately 85%—-90% above the saturation
value, with an aliquot exceeding 2Dy. Therefore, the D, values of NJU2574 and NJU2578
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Figure 3 (a) and (b) DRC acquired using the quartz OSL for samples NJU2572 and NJU2574; (c) radial plot of
quartz aliquots obtained by OSL for sample NJU2572; (d) DRC acquired with the quartz TT-OSL for sample
NJU2574 (The inset of (a), (b) and (d) shows the decay curves of the natural signal)
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determined by OSL were underestimates (Wintle and Murray, 2006; Nian et al., 2013;
Wintle and Adamiec, 2017). Thirteen aliquots of NJU2572 were examined. The D, displayed
a normal distribution, and the average values were feasible for the final D.. After eliminating
the two maxima and two minima that deviated by approximately 20% from the mid-value,
the D, values of the remaining nine aliquots of NJU2572 were clustered at approximately
38-44 Gy (Figure 3c).

All samples were measured by TT-OSL to determine their D, values. The inset indicates
that the TT-OSL signal of NJU2574 decayed quickly and was dominated by the fast compo-
nents (Figure 3d). The DRC of NJU2574 showed a robust linear upward trend (Figure 3d),
thereby suggesting a good dating potential. The deposit at the LSM section was composed of
fine clay particles that had experienced weak hydrodynamic conditions, implying that the
quartz grains were well sorted and bleached. For the aliquots of all samples (n=25), the re-
cycling ratio was between 0.9 and 1.1, except for one aliquot of NJU2578 (0.8); further, the
recuperation was below 1.4% (<5%). The D, values of each sample showed a normal distri-
bution, indicating that the mean values of the accepted aliquots could be used as the final D,
values for each sample. For the accepted samples of NJU2578, any maximum (~440.4 Gy) and
minimum (~162.7 Gy) D, values with large discrepancies from the mid-values were disre-
garded. The D, values from the remaining five aliquots acquired by TT-OSL were not as con-
centrated as those acquired by OSL but were within the standardized estimation, with a rela-
tive D¢ error < 10 % (Figure 4c). The average D, of NJU2574 was approximately 223 Gy,
which is a bit higher than that of the samples measured by OSL. The mean D, of NJU2572
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Figure 4 (a) and (b) DRC obtained using TT-OSL and pIRIR,9y for sample NJU2615 (The inset shows the decay
curves.); (c) and (d) radial plot for NJU2578, using quartz TT-OSL and feldspar pIRIR9o, respectively
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was consistent with the OSL results and showed no large discrepancy.

The pIRIR;9y protocol was also used for all samples, but the D, value was obtained for
NJU2578 at 2.75 m depth and for NJU2615 at the bottom of the LSM section. The pIRIR
signals for NJU2572, NJU2574, NJU2576, and NJU2577 were dim and dispersed. A total of
21 aliquots were tested for two samples (11 aliquots for NJU2578 and 10 for NJU2615).
Five aliquots of NJU2578 and four aliquots of NJU2615 were rejected after examining the
recycling ratio and recuperation results. As illustrated in Figures 4a and 4b, the IRSL signal
of NJU2615 was brighter than its TT-OSL counterpart. The DRC of NJU2615 continually
increased up to 600 Gy, which also indicated its dating potential. The D, values ascertained
using feldspar from NJU2578 (Figure 4d) were distributed at different precision locations
and were more scattered than those obtained using quartz TT-OSL. This result may be at-
tributed to the unstable and weak feldspar signal of these samples, which possibly hindered
the acquisition of reliable results for several aliquots. Finally, we used the mean D, values of
376 and 412 Gy for NJU2578 and NJU2615, respectively, as references.

3.3 Magnetic susceptibility and dose rate

The magnetic susceptibility of the LSM profile decreased with depth (Figure 5). The suscep-
tibility decreased considerably above 1 m and decreased and stabilized below 1 m. The stra-
tigraphy of the profile showed that the reticulated pattern also disappeared at a depth of 1 m.
Previous research has shown that the magnetic susceptibility of the reticulated red clay and
leached palaeosol layers in the middle and lower reaches of the Yangtze River is generally
lower than those measured on the Loess Plateau (Ji and Xia, 2007; Mao et al., 2008; Zhu
et al.,2011; Yang et al., 2015; Zhang et al., 2018). This condition may be related to the loss
of magnetic minerals or weathering due to precipitation leaching. Similarly, the LSM profile
experienced eluviation, which weakened the magnetic susceptibility below 1 m depth and
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Figure 5 Curves of the magnetic susceptibility, radiation dose (U, Th, and K), and water content
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reflected a humid climate, as shown by earlier studies on the Qinling loess deposits (Zhao et
al., 2008; Lu et al., 2011b; Sun et al., 2017a). Thus, the magnetic susceptibility of the re-
ticulated red clay is not only a climate proxy but also represents an important boundary be-
tween the reticulated red clay and overlying loess deposits.

Earlier studies on red clays in South China indicated that weathering eluviation causes the
enrichment of U, which results in overestimations of the dose rate (Zhang et al., 2007; Han
et al., 2012). In the LSM section, the U, Th, and K contents slightly increased below
1.5-1.75 m, but this caused no marked disturbance in the radioactive elements and the final
dose rate. As illustrated in Figure 5, the U and Th contents varied over the ranges of
2.67-3.44 and 13.6-15.7 ppm, respectively, whereas K ranged between 0.82% and 1.03%;
the values were all constant within a 10% range of error (Zhang et al., 2019). The water
content, another significant and influential factor, was stable and uniform and concentrated
at 18%—19% with an average value of 17.27%. In general, the radioactive element and water
contents were constant and caused a minimal effect on dose rates. The environmental dose
rates of other samples ranged from ~2.3 Gy/ka to ~2.48 Gy/ka, except in NJU2578. The rel-
atively high dose rate of NJU2578 (~2.73 Gy/ka) might be attributed to its high U and K
contents, whereas its relative error was acceptable within 10%. The dose rates of all samples
remained constant, with an average of 2.49 Gy/ka. Table 1 shows the U, Th, K contents,
dose rates, and D, values obtained using the three luminescence dating methods and the age
of each sample.

Table 1 Dating results of quartz OSL, TT-OSL, and feldspar pIRIR,9y dating methods

Depth we Dose rate (Gy/ka) D. (Gy) Age (ka)
Lab No. m (%) U (ppm) Th(ppm) K (%)
OSL & TT pIRIR,y OSL  TT-OSL pIRIRy, OSL  TT-OSL pIRIR,y
NJU2572 0.10 182 2.88+0.11 14.1+0.38 0.87+0.04 2.44+0.11 - 41.7£1.4 47.0+7.6 - 17.1£1.0  19.9+3.4 -
NJU2574 0.75 18.0 2.67+0.10 13.6+0.38 0.86+0.04 2.30+0.11 - >217 2225448 - >94 96.8+5.4 -
NJU2576 145 163 2.89+0.11 14.4+0.39 0.88+0.04 2.42+0.12 - — 29144394 - - 120.3+17.5 -
NJU2577 1.75 14.6 3.21+0.12 14.740.40 0.82+0.04 2.48+0.12 - — 31112451 — - 125.6+194 -

NJU2578 2.75 15.6 3.44+0.12 15.7+0.42 1.03£0.04 2.73+0.13 3.20£0.13 >331 346.7+17.3 376+14  >121  126.9£9.3 118+7
NJU2615 4.00 18.6 3.36+0.13 14.9+0.42 0.91£0.04 2.47+0.12 3.00+0.12  —  358.7£24.6 412+42 - 145.5+12.5 167+18

“>” means saturated age estimation; “wc” = water content

4 Discussion
4.1 Chronological sequence

The ages obtained from the quartz OSL, TT-OSL, and feldspar pIRIR»99 dating methods in-
creased with depth (Figure 6). The OSL and TT-OSL ages of the youngest sample (NJU2572)
at the top of the section were consistent, at 17.1 + 1.0 and 19.9 + 3.4 ka, respectively. The
OSL age of NJU2574 at 0.75 m was older than 94 ka, and its TT-OSL age was 96.8 + 5.4 ka,
which constrained the age to between 94 and 102 ka. NJU2576 and NJU2577 were 0.3 m
apart, yielding TT-OSL ages of 120.3 = 17.5 and 125.6 + 19.4 ka, respectively. The age er-
rors of NJU2576 and NJU2577 were >10% because the extracted quartz was insufficient for
additional measurements. However, the ages were consistent with the chronological se-
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quence. Various ages were obtained for sample NJU2578 using the three methods. The
minimum age obtained by the OSL was 121 ka, suggesting that the layers below this sample
accumulated before 121 ka. The quartz TT-OSL age of NJU2578 was 126.9 + 9.3 ka, which
was slightly older than that given by feldspar. The TT-OSL and feldspar ages of sample
NJU2615, which was sampled from the bottom of the section, were 145.5 £ 12.5 and 167 +
18 ka, respectively. The TT-OSL age was slightly younger than the feldspar age. The results
obtained using TT-OSL and pIRIR protocols were identical in terms of age errors. Therefore,
the TT-OSL and pIRIR;9y methods can be used to check their respective age results. The
deposits at the LSM section were composed of fine clay particles that were deposited under
weak hydrodynamic conditions. The quartz TT-OSL ages corresponded with the feldspar
pIRIR9y ages. These results imply that the quartz and feldspar were well bleached. However,
the unstable signal and relatively scattered D, values from the feldspar reduced the chrono-
logical accuracy. Finally, the quartz OSL and TT-OSL ages were used to constrain the final
ages of the site.

In summary, the samples dated from 145.5 + 12.5 ka to 17.1 + 1.0 ka, and the ages ex-
tended from the Late-Middle Pleistocene to the Late-Late Pleistocene. According to the OSL
and TT-OSL ages of NJU2574, the upper age limit of the reticulated clay layer is approxi-
mately 94—-102 ka, which indicates that the boundary of the Quaternary reticulated red clay
formed in the Early-Late Pleistocene. The cultural layer was deposited between 150 and 100 ka,
during the Late-Middle Pleistocene.
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Figure 6 The LSM section, ages, and the cultural layer correspondence to marine oxygen isotopic stages

4.2 Correlation with QLT and YDG palaeolithic sites

Most palaeolithic industries in Zhejiang Province belonged to the southern main industry,
which was characterized by direct hammer percussion methods and simple tools made of
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pebbles and large pieces, such as those found in the QLT (Figure 1, No.5) and YDG sites
(Figure 1, No.3) in China. In the QLT site, approximately 200 palaeolithic artifacts belong-
ing to the upper cultural layer were buried in Xiashu loess and were estimated to date to the
late stage of the Middle Pleistocene based on stratigraphic correlation (Guan et al., 2018).
Half of the artifacts were simple and large and coexisted with small flakes and scrapers,
which were also identified as the chopper—chopping tool tradition in South China or were
placed under “Mode 1” industry, with minimal modification (ZPICRA, 2009; Guan et al.,
2018). Compared with the results of the QLT site, the proportion of small-sized flakes and
scrapers at the YDG site increased to 89.2%, and the number of artifacts using flint as the
raw material sharply increased (accounting for 44.2%). Therefore, the upper cultural layer of
the YDG site might have existed in the Late Pleistocene based on stratigraphic correlation
(ZPICRA, 2009).

The miniaturisation of stone artifacts at the YDG site is evidently similar to the conditions
observed at the LSM site. Stone artifacts at the LSM site also consisted of flint. However,
bipolar techniques were only applied at the YDG sites, whereas the hammer percussion
technique was used only at the QLT and LSM sites. The LSM site was in the same age range
as the upper cultural layer of the QLT site. Therefore, the LSM site can be regarded as a
supplementary material for the Middle to Late Palaeolithic industry in Zhejiang Province
during the late stage of the Middle Pleistocene to Late Pleistocene. Our detailed lumines-
cence dating results are essential for setting the chronological sequence of palaeolithic in-
dustry in Zhejiang Province.

4.3 Environmental implication

Pebbles and breccia coexisted with the artifacts and disappeared at approximately 1.75 m on
the LSM section (top of Layer 3) (Figure 6). Under a high-energy hydrodynamic environ-
ment, water could have occasionally carried large pebbles to the site. Under a low-energy
hydrodynamic environment, water flow would have been weakened, silt and clay deposited,
and aeolian sediment enhanced, thereby resulting in fine-matter accumulation. The deposit
at the LSM section was composed of fine clay particles that were deposited under extremely
weak hydrodynamic conditions. Consequently, the stone artifacts of the LSM site may re-
flect hominin activities on the floodplain spanning a long period of time. However, we can-
not dismiss possibility that hominins transferred pebbles to the LSM section.

The age range of LSM site mainly corresponded to transition from MIS6 to MISS,
thereby implying that hominins lived in both glacial and interglacial stages. For the rela-
tively steady glacial period, pollen analyses of Late Quaternary boreholes in the Yangtze
River Delta (Wang et al., 2008) have revealed that the climate at the MIS6 stage might have
been cool and dry, resulting in a relatively open or mosaic habitat. Studies of hominins and
environmental evolution around the world generally posit that hominins were possibly
adapted for survival in relatively open environments, and they expanded their habitats from
an originally closed environment (Cerling et al., 2011; Cuenca-Bescds et al., 2011; Serrano
et al., 2015; Sémah et al., 2016; Muttoni et al., 2018). Correspondingly, hunting acquisition
tools might have been adapted to environmental changes (Moncel et al., 2018). Therefore,
the LSM site proves that during the glacial period, the lower reaches of the Yangtze River
were suitable for the survival of hominins and indicates that the transition from the MIS6
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glacial period to the MISS5 interglacial period was probably associated with changes in pa-
laeolithic industries and hominin behaviours in response to climate change. In correlation
with the QLT and YDG palaeolithic sites, the LSM cultural layer, which was dominated by
small-sized stone flakes and cores, may show miniaturisation of artifacts due to a cooling
glacial environment. However, additional evidence is needed to support this interpretation.

5 Conclusion

This study indicated that multiple protocols of luminescence dating methods, namely, OSL,
TT-OSL, and pIRIR,q, are applicable for the LSM palaeolithic site, which is buried by re-
ticulated clay. The results showed that the LSM section developed before 145.5 + 12.5 ka
and ended after 17.1 £ 1.0 ka. The OSL and TT-OSL ages of NJU2574 ranged from 94 to
96.8 + 5.4 ka and provide a possible absolute age of approximately 94—100 ka for the upper
boundary of the reticulated red earth. This finding also proves that the reticulated red clay in
this area developed in the Late Pleistocene. The feldspar ages of the lower two samples were
disregarded due to their poor luminescence performances. Based on the TT-OSL ages, the
artifact assemblages buried entirely in the reticulated red clay dated to approximately 150 to
100 ka and corresponded to stage of transition between MIS6 and MIS5. The luminescence
dating results confirmed the presence of hominin activity in the glacial period at the late
stage of the Middle Pleistocene in southern China. An independent chronological reference
was added for further study of the evolution of palaeolithic industry in Zhejiang Province.
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