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Since 2010, we have found stone artifacts at the Houfang and Dishuiyan loess sections on the second
terrace of the Hanjiang River and the Wolonggang thick natural loess section on the fifth terrace of the
same river near the Xuetangliangzi site. We dated Dishuiyan and Houfang loess sections by optically
stimulated luminescence (OSL) and thermally transferred OSL (TT-OSL) methods respectively. Dating
results showed that the loessepaleosol deposited on the second Hanjiang River terrace as L1, S1, L2, and
S2 in sequence. We dated the Wolonggang loess section by high-resolution paleomagnetostratigraphic
analyses. The Jaramillo subchron was found at this section. Correlating with the central Loess Plateau, we
recognized the continuous loessepaleosol sequence from L9 to L15. Investigations showed that loess was
continuously deposited on the terraces of the Hanjiang River at Yunxian Basin since at least 1200 ka.

© 2015 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Two fossil human crania show features associated with Homo
erectus were successively discovered in the Xuetangliangzi (Yun-
xian Man) site at the Yunxian Basin, Hubei province, central China
in 1989 and 1990 (Li and Etler, 1992, 1994; Li and Feng, 2001; Feng,
2004, 2008). The preliminary paleomagnetism dating suggested an
age about 0.8 Ma (Yan, 1993). A later high-resolution magneto-
stratigraphic dating result put the age approximately at 0.9Ma (De
Lumley and Li, 2008). A recent ESR dating showed a result of about
1.10 Ma (Feng et al., 2011). Until now, the pedostratigraphy study of
the Xuetangliangzi site was limited, and the ages of the Yunxian
Man and the Yunxian Paleolithic assemblages remained
controversial.

At the Xuetangliangzi site, the deposition cover is only 7 m thick
with only one loess unit and one paleosol complex. This caused
problems in paleomagnetism dating and loessepaleosol sequence
reserved.
correlation with the central Loess Plateau. Furthermore, previous
investigations regarded the widely distributed Quaternary deposits
in Yunxian Basin as fluvial sediment (Huang and Li, 1995; De
Lumley and Li, 2008).

Aeolian deposits are widely distributed in China (Liu, 1985). The
Qinling Mountains are a natural barrier blocking the spread of dust
from the north to the south. In the north, many thick aeolian de-
positions have been well studied (Liu, 1985; Liu and Ding, 1998;
Ding et al., 1998, 2001; Lu et al., 1999, 2004). A small quantity of
fine particle dust suspending at higher levels could cross over the
Qinling Mountains (Yang et al., 1997; Han, 1988; Xiong et al., 2000,
2002; Qiao et al., 2003, 2011; Lu et al., 2008, 2011; Sun et al., 2012).
Yunxian Basin is located south of the Qinling Mountains (Fig. 1).

Since 2010, during our field investigations in the Yunxian Basin,
we found that the sediment cover in this areawas aeolian. Stronger
weathering and pedogensis processes were clear during the field
observation. Aeolian silts were deposited on the Hanjing River
terrace systemwith a thickness ranging from 2 to 30 m. There were
some thick sections containing distinct loessepaleosol sequences
near the Xuetangliangzi section. These aeolian sections could pro-
vide more information about the pedostratigraphy and ages of the
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Fig. 1. Location of the Yunxian Man (Xuetangliangzi) site in the Yunxian Basin at the south Qinling Mountains and the Middle Pleistocene archaeological sites around the Qinling
Mountains.
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Yunxian Man and the Yunxian Paleolithic assemblages. Based on
investigations of these aeolian sections from the first to the fifth
terraces (Fig. 2), we could outline the pedostratigraphy of the
aeolian deposition at the Yunxian Basin.
2. Geographical setting and sampling

Previous studies differentiated four Hanjiang River terraces in
the Yunxian Basin (Shen et al., 1956; Huang and Li, 1995; De Lumley
and Li, 2008). In 2012, we carried out detailed investigation and
measurement on the Hanjiang River terrace system (Fig. 2). In this
study, we identified six terraces near the Xuetangliangzi site,
Yunxian Basin. The first terrace was found along both sides of the
river. The fluvial cobbles occurred 5e10 m above the modern
riverbed and the loess cover was about 5 m thick. The second
terrace was also found on both the north and south banks, with
most village buildings on it. The fluvial sand and cobbles occurred
20e25 m above the modern riverbed, and the aeolian deposit on
topwas less than 10m thick. On the third terrace, the base of fluvial
sand and cobbles was 40e45 m above the riverbed. The loess cover
was very thin, less than 5 m. Some small villages were built on the
third terrace. The fourth terrace was at 50e60 m above the current
riverbed. The aeolian deposit on the fourth terrace was 5e10 m
thick and contained a thin loess unit and a paleosol complex. The
Xuetangliangzi site was on this terrace. The fifth terrace was
65e75 m above the riverbed and was covered by thick loess
comprising indistinct loessepaleosol alternations. We also found a
sixth terrace which was about 90 higher than the current riverbed.
On the sixth terrace, fluvial pebbles were exposed on the bed rock.

In 2010, many stone artifacts were excavated by the team of
Professor Li Yinghua at the Houfang site (Li and Sun, 2013). The
Houfang site was only about 2 km away from the Xuetangliangzi
site, about 187 m above sea level. It was on the second Hanjiang
River terrace. We found a loess unit and two paleosol complexes at
the Houfang loess section (Fig. 3). We took sediment samples for
luminescence dating at the top, middle, and bottom of the section.

In 2012, numerous stone artifacts were excavated by the team of
Professor Feng Xiaobo at the Dishuiyan site, which was adjacent to
the Xuetangliangzi site (Liu and Feng, 2014). The Dishuiyan site was
also on the second Hanjiang River terrace about 181 m above sea
level. We found two loess layers and a paleosol unit at the Dish-
uiyan loess section. We took OSL samples from the top, the middle,
and the bottom of the section.

In 2012, we found a thick natural loess section at the Wolong-
gang village (Fig. 3). This section contained distinct loessepaleosol
alternations at about 230 m above sea level. The Wolonggang
section was on the fifth Hanjing River terrace. It was 15.5 m thick
and approximately 14 km from Xuetangliangzi section. During the
field observation, we could easily make out the loessepaleosol
sequence, which contained 8 loess units and 7 paleosol complexes
(Fig. 3) based on changes of soil color. Loess units were light
yellowish brown 10YR 6/4 and 10YR 6/6 (Munsell). Paleosol layers
were brown 7.5YR 5/6 and strong brown 7.5YR 4/6. Loess units in
southern China differ from those in northern China. They are closer
to weakly developed soil (Sun et al., 2012; Zhang et al., 2012).



Fig. 2. Terrace system of the Hanjiang River and aeolian deposit at the Yuanxian Basin. The position of the Dishuiyan, Houfang, Wolonggang, and Xuetangliangzi sections are also
shown.
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Although we regarded the light color layer as loess at the
Wolonggang section, they were actually weakly developed soil
layers. We took paleomagnetism samples from the top to the bot-
tom at the section. High resolution block samples were taken with
the north direction marked on the top face for paleomagnetism
dating at 10 cm intervals from 10 cm to 400 cm and at 20 cm in-
tervals from 400 cm to 1600 cm at the Wolonggang section.

3. Methods

Optically stimulated luminescence (OSL) dating, using the single
aliquot regeneration (SAR) protocol (Murray and Wintle, 2003) has
beenwidely used for sedimentary grains (Murray andWintle, 2000)
particularly, in deserts and the Loess Plateau in China (Buylaert et al.,
2007; Roberts, 2008; Lai, 2010). Thermally transferred optically
stimulated luminescence (TT-OSL) (Wang et al., 2006, 2007;
Tsukamoto et al., 2008; Stevens et al., 2009; Sun et al., 2013) has
Fig. 3. Photos of Wolonggang section (16 m) form T5, Xuetangliangzi section (8 m) fo
offered new approaches for establishing age control on sedimentary
deposits that exceed the traditional upper age limits of quartz OSL
dating. Magnetic polarity chronostratigraphy method is useful in
establishing temporal control of loess deposition and hominin-
bearing strata in north and central China (An and Ho, 1989; Zhu
et al., 2001, 2004; Deng et al., 2008; Ao et al., 2012). In this study,
we used OSL, TTT-OSL, and magnetic polarity chronostratigraphy
methods to date the aeolian deposits in the Yunxian Basin.

4. Measurements

4.1. OSL measurements for the Houfang and Dishyian samples

The light-exposed ends of the sample tubes were removed in
the laboratory under subdued red light and used for water content
measurement and dose rate analysis. The unexposed material was
then prepared for extraction of pure quartz grains. The samples
rm T4, and Houfang-2 section (1.2 m) and Dishuiyan-2 section (1.5 m) from T2.
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were first treated with 10% hydrochloric acid (HCl) and 30%
hydrogen peroxide (H2O2), and then the 63e90 mm size fraction
was extracted by wet sieving. After drying, the pure quartz (no
significant IRSL signals) was obtained after a 40 min 40% hydro-
fluoric (HF) acid etch and 10% hydrochloric acid rinsing.

All measurements were carried out in the Luminescence Dating
Laboratory at Nanjing University. All signals were measured using a
Risø TL/OSL reader model DA-20equipped with a beta source cali-
brated for stainless steel discs. Blue LEDs (l ¼ 470 ± 30 nm) were
used for optical stimulation of the quartz grains. The quartz signals
were measured using an EMI 9235QB15 photomultiplier tube and
7.5-mm-thick Hoya Ue340 glass filter (Bøtter-Jensen et al., 1999).
Quartz grains were mounted as large (8 mm diameter) aliquots on
stainless steel discs.

The concentrations of 238U, 232Th and 40K were obtained by
neutron activation analysis (NAA). Sample-specific water contents
were determined by laboratory analysis and the absolute uncer-
tainty in the water content was assumed to be ±5% (Table 1). The
cosmic ray dose rate was calculated using presenteday burial
depths (Prescott and Hutton, 1994). A summary of the dosimetry
data for all samples is listed in Table 1.
Table 1
Radioactive data, water content, equivalent dose, dose rate, OSL, and TT-OSL ages of the samples from the Dishuiyan (DSY) section and the Houfang (HF) section.

Sample no. Depth U (ppm) Th (ppm) K (%) H2O (%) De (Gy) Dose rate (Gy/ka) Age (ka)

OSL TT-OSL OSL TT-OSL

DSY-T Top 2.38 ± 0.09 14.9 ± 0.40 2.28 ± 0.07 15 87.1 ± 6.9 3.15 ± 0.16 24.9 ± 2.4
DSY-M Middle 2.33 ± 0.09 14.4 ± 0.39 2.25 ± 0.07 15 158.1 ± 8.2 3.43 ± 0.18 45.2 ± 3.3
DSY-B Bottom 2.18 ± 0.09 8.95 ± 0.28 1.43 ± 0.05 15 251.9 ± 16.8 3.37 ± 0.17 108.1 ± 9.1
HF-T Top 3.11 ± 0.11 14.9 ± 0.40 2.09 ± 0.06 15 316.0 ± 25.7 3.70 ± 0.18 85.3 ± 8.3
HF-M Middle 2.61 ± 0.10 14.6 ± 0.39 2.04 ± 0.06 15 512.3 ± 17.0 3.43 ± 0.17 149.2 ± 9.4
HF-B Bottom 2.79 ± 0.10 13.9 ± 0.36 1.86 ± 0.06 15 607.2 ± 37.7 3.27 ± 0.23 185.5 ± 17.3
4.2. Paleomagnetic measurements for the Wolonggang samples

Paleomagnetic measurements were performed in the Nanjing
University. Blocks were cut into cubic specimens (approximate
2 � 2 � 2 cm3) with a non-magnetic saw. Remanence measure-
ments were made using a 2G Enterprises Model 760R cryogenic
magnetometer undertaken at room temperature. Samples were
subjected to progressive thermal demagnetization using a mag-
netic measurements thermal demagnetizer. The progressive
demagnetization successfully isolated characteristic remnant
magnetization (ChRM) component after removing a viscous
component of magnetization.

Initially, a suite of eight samples with good stratigraphic dis-
tribution were picked from the Wolonggang section for thermal
demagnetization studies. All samples were subjected to progressive
thermal demagnetization (12e16 steps) up to a maximum tem-
perature of 680 �C (or 650 �C), with 50 �C interval below 500 �C, and
30 �C or 20 �C interval above 500 �C. All samples displayed
demagnetization of a single direction toward the origin above
150e300 �C. That direction was usually lost by 550 �C, but a few
samples had a considerable component of the same direction that
demagnetized above 650 �C. No sample produced stable direction
(stable end point) or directional loss above 680 �C. The pattern of
intensity loss under thermal demagnetization (blocking tempera-
ture spectrumwith most NRM loss by 550 �C or 650 �C) was largely
consistent with the magnetite or hematite mineralogy respectively.
On the basis of these measurements, all other samples in this study
were subjected to thermal demagnetization up to 680 �C, with
50 C� intervals below 500 �C, and 30 C� or 20 C� intervals above
500 �C.
After systematical thermal demagnetization, all results were
evaluated by orthogonal diagrams (Zijderveld, 1967). The principal
components direction was computed by a “least-squares fitting”
technique (Kirschvink,1980), using the KIRSCH software. The ChRM
directions were then determined by using at least six continuous
steps of demagnetization and with a maximum angular deviation
(MAD) usually smaller than 15�. Most specimens (90%) gave reliable
characteristic remanence directions. On the basis of these analyses,
inclination and declination of all oriented samples were plotted in
Fig. 5, and the virtual geomagnetic pole (VGP) latitudes were
calculated from the ChRM data to construct the magneto-
stratigraphy for the Wolonggang section (Fig. 6).
5. Results

5.1. Equivalent dose (De) determination, OSL age, and TT-OSL age
results

Initially, the SAR protocol proposed by Murray and Wintle
(2000, 2003) was used to determine the sample equivalent
doses. The initial 0.16 s of the OSL signal minus an early back-
ground (0.16e0.32 s) was used for the calculation. Dose response
curves were fitted using saturating exponential or saturating
exponential plus linear functions in Analyst version 4.11. Aliquots
with 2 � D0 values smaller than the dose we are trying to measure
(derived from all aliquots) are not incorporated in the final De
calculation, irrespective of the De value of the individual aliquot.
This criterion is used to ensure that only those aliquots that are
capable of measuring the dose of interest are included in the
calculation of the mean De. For DSY-T, DSY-M, and DSY-B, this
criterion leads to a rejection rate as, of 0%, 8.3%, and 42% respec-
tively. For all samples, recuperation was <3% and the average
recycling ratio is 1.001 ± 0.003 indicating that the adopted SAR
protocol successfully corrects for sensitivity changes. The OSL
signals decreased very quickly during the first second of stimula-
tion. The De and dose rate information of the Dishuiyan section are
listed in Table 1. The OSL De values ranges from 87 ± 7 to
252 ± 17 Gy. OSL ages ranged from 25 ± 2 ka to 108 ± 9 ka (Table 1).
Typical dose response curves and OSL decay curves are shown for
DSY-B samples in Fig. 4a.

At the Houfang site, the OSL measurements were saturated.
Then the TT-OSL equivalent measurements were carried out using
the protocol proposed by Stevens et al. (2009). The TT-OSL signal
was calculated from the sum of the first 0.6 s of optical stimula-
tion, from which a background signal was subtracted, estimated
from the final 6 s of optical stimulation (total stimulation time
60 s). The recuperation values were less than 10% in all cases. The
recycling ratios of these samples ranged between 0.91 ± 0.17
(n ¼ 8; HF-T) to 1.15 ± 0.14 (n ¼ 10; HF-B). Dose response curves
were fitted using saturating exponential or saturating exponential
plus linear functions. A representative TT-OSL decay curve and the



Fig. 4. Dose response and decay curves for Quartz SAR OSL form DSY-B (a) and for TT-OSL from HF-M (b). Frequency histogram of De distribution for DSY-T (c) and HF-M (d) from 12
to 9 single aliquots measurements respectively.
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growth curve for one aliquot from sample HF-M is shown in
Fig. 4b. Frequency histogram of De distribution for DSY-T (c) and
HF-M (d) from 12 to 10 single aliquots measurements respectively
were also shown in Fig. 4c and d. For all samples, the TT-OSL dose
response curves were similar and showed De values between
316 ± 26 and 607 ± 38 Gy. The age ranged from 85 ± 8 ka to
186 ± 17 ka (Table 1). The low TT-OSL signal intensity (Fig. 4b)
could lead to inaccuracy of the TT-OSL results.

5.2. Paleomagnetic results

Using demagnetization, three magnetozones were recognized
at the Wolonggang section: two main reverses, R1 (0e230 cm)
and R2 (280e1550 cm); and a small normal magnetozone, N1
(240e270 cm) (Fig. 6). However, on the basis of the paleomagnetic
and sedimentological data, the magnetozones correlation be-
tween the Wolonggang and the geomagnetic polarity time scale
(GPTS) (Cande and Kent, 1995; Ogg, 2012) was uncertain. How-
ever, Jaramillo and Olduvai excursions are two typical episodes
between Brunhes chron and Gauss chron on the central Loess
Plateau (Liu, 1985; Liu et al., 2010). These two subchrons are also
well documented in Lantian Basin (Zheng et al., 1992; Wu et al.,
2011) which is about 200 km away from the Yunxian Basin.
From this, we inferred that the small normal magnetozone at the
240e270 cm in the Wolonggang section might be Jaramillo or
Olduvai subchron.

Based on the normal magnetozone in depth 240e270 cm, it
was reasonable to assume that the four paleosol complexes from
0 cm to 430 cm corresponded to S9, S10, S11, and S12 of the central
Loess Plateau, and that the small normal magnetozone corre-
sponded to the Jaramillo excursion. A paleosol layer at the depth
of 620e700 cm corresponded to S13, and the paleosol complex at
the depth of 850e900 cmwith a calcium carbonate layer was S14.
The thick sandy loess layer from 905 to 1550 cm corresponded to
the loess unit L15 on the central Loess Plateau, also known as ‘the
lower sandy loess’, a widely used stratigraphic marker (Fig. 6).

6. Discussion

6.1. Pedostratigraphy of aeolian deposition

At the Dishuiyan section, we found two loess layers and a
paleosol unit. According to OSL ages (ranging from 25 ± 2 ka to
108 ± 9 ka) and correlation with loessepaleosol sequence on the
central Loess Plateau (Lu et al., 1999; Heslop et al., 2000), the
pedostratigraphy of the Dishuiyan loess section was recognized
as L1, S1, and L2 in sequence. At the Houfang section, we found a
loess unit and two paleosol complexes. According to TT-OSL ages
(ranging from 85 ± 8 ka to 186 ± 17 ka) and correlation with
loessepaleosol sequence on the central Loess Plateau (Lu et al.,
1999; Heslop et al., 2000), the pedostratigraphy of the Houfang
loess section was recognized as S1, L2, and S2 in sequence. The
pedostratigraphy of the loess section at the second Hanjiang
River terrace was L1, S1, L2, and S2 in sequence.

Several loess sections on the first Hanjiang River terrace were
dated by OSL (Pang et al., 2014). Dating showed that the first
Hanjing River terrace was formed since 25 ka. Correlation with the
loessepaleosol sequence on the central Loess Plateau, the pedos-
tratigraphy on the first Hanjiang River terrace was recognized as L0,
S0, and L1 in sequence. Therefore, the dust sediment was contin-
uous as L0, S0, L1, S1, L2, and S2 in sequence on the first and the
second terrace.

At the Xuetangliangzi section on the fourth Hanjiang River
terrace, a paleosol complex and a loess unit were regarded as S8
and L9 (Guo et al., 2013). The Wolonggang section on the fifth
Hanjiang River terrace was dated by high-resolution paleo-
magnetostratigraphic analyses and correlation with the central
Loess Plateau. We found a continuous loessepaleosol sequence



Fig. 5. Representative vector-end plots for progressive thermal demagnetization of selected samples from the Wolonggang section. Open and closed circles indicate projections
onto the vertical and horizontal planes respectively. Numbers on the plots indicate heating temperatures in �C.

Fig. 6. Pedostratigraphy of the Wolonggang section, showing correlations between loessepaleosol sequence, declination, inclination, virtual geomagnetic pole (VGP) latitude,
magnetic polarity zonation, and the geomagnetic polarity time scale of the standard Luochuan section.
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from L9 to L15. Dust sediment was continuous as S8, L9, S9, L10,
S10, L11, S11, L12, S12, L13, S13, L14, S14 and L15 in sequence at
the fourth and the fifth terrace. Therefore, we concluded that
loessepaleosol sequences are continuously distributed from the
fifth to the first Hanjiang River terrace. On the higher terraces,
the loess sediment was old and at the lower terraces the loess
deposit was young. Furthermore, we believe that the break of
dust sediment from L3 to L8 stages should be found on the third
Hanjing River terrace during future investigations.
6.2. Glacial and interglacial paleoenvironmental changes at the
Yunxian Basin

Loess deposits are important terrestrial records of environmental
changes. The loessesoil sequences in southern China are valuable
geological records of Quaternary environmental and climate change
(Liu, 1985). In the Yunxian Basin, the loessepaleosol sequence at the
Dishuiyan, Houfang, Xuetangliangzi, and Wolonggang sections
recorded climate information of the glacial and interglacial periods.
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At the fifth Hanjiang River terrace, the thick L15, L14, and L13 stages
were formed under significantly strengthened winter monsoon.
Thin S14 and S13 stages indicated weakened summer monsoon. At
the fourth Hanjiang River terrace during L9 and S8 stages, both
summer and winter monsoons were strengthened.

The increase of both dust sedimentation rate and grain size of the
wind-blown silt deposit in northern China indicates a significant
drying in central Asia (Lu et al., 2008, 2010). Equally, the onset and
significant increase of dust in southern China was also the mark of
paleoenvironmental drying. In the Yunxian Basin, the first onset of the
aeolian deposit was located on the fifth terrace atWolonggang section
during MIS 34 (L15). The second significant increase of dust deposit
was at the Xuetangliangzi section during MIS-22 (L9) at the fourth
terrace. During MIS-34 and MIS-22, with the strengthening of the
winter monsoon circulations, the paleoenvironment was dry. These
two drying events in the Yunxian Basin were a response to the well-
known Mid-Pleistocene climate change of global significance.

Intermountain basins at the south and east of Qinling Mountains
had a relatively warm and humid climate during glacial periods of the
Middle Pleistocene (Zhang et al., 2012). Mammalian fossil analysis
(Feng et al., 2011) showed that during MIS-22 interglacial (L9), the
paleoenvironment in the Yunxian Basin was still a subtropical warm-
temperate climate with dense forest mixedwith little grass. Therefore,
we concluded that from L15 to L9, the paleoenvironment in the Yun-
xian Basinwas still warm and humid. The climatewas drier and cooler
during the glacial periods than in interglacial periods. Hominins also
lived during L9 (Li and Elter,1992, Li et al.,1994; Li and Feng, 2001; Guo
et al., 2013), L2 (Li and Sun, 2013; Li et al., 2014), and L1 (Liu and Feng,
2014) glacial stages at the Yunxian Basin.

7. Conclusions

According to our investigations at the Yunxian Basin, aeolian dust
covered the fifth terrace since about 1200 to 900 ka, was deposited
on the fourth terrace from approximately 1000 to 700 ka, on the
second terrace from at least 190 to 24 ka, and covered thefirst terrace
since at least 25 ka. The loessepaleosol sequences from the fifth to
first Hanjiang River terrace should be continuous. The loessepaleosol
sequences recorded the glacial and interglacial paleoenvironmental
changes and hominin activities at the Yunxian Basin. Hominins
occupied Yunxian Basin during two stages, from about 1000 to
780 ka at Xuetangliangzi site and from approximately 150 to 50 ka at
Houfang and Dishuiyan sites.
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