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Increased flooding caused by global warming threatens the safety of coastal and river basin dwellers, but the
relationship of flooding frequency, human settlement and climate change at long time scales remains unclear.
Paleolithic, Neolithic and Bronze Age cultural deposits interbedded with flood sediments were found at the
Shalongka site near the north bank of the upper Yellow River, northeastern Tibetan Plateau. We reconstruct
the history of overbank flooding and human occupation at the Shalongka site by application of optically stimulat-
ed luminescence and radiocarbon dating, grain size, magnetic susceptibility and color reflectance analysis of
overbank sediment and paleosols. The reliability of OSL dating has been confirmed by internal checks and com-
paring with independent 14C ages; alluvial OSL ages have shown a systematic overestimation due to poor
bleaching. Our results indicate that the Yellow River episodically overflowed and reached the Shalongka site
from at least ~16 ka and lasting until ~3 ka. Soil development and reduced flooding occurred at ~15, ~8.3–5.4,
and after ~3 ka, and prehistoric populations spread to the Shalongka site area at ~8.3, ~5.4, and ~3 ka.We suggest
that climate change influenced the overbank flooding frequency and then affected prehistoric human occupation
of the Shalongka site.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Rise in global average temperature is already causing extreme
weather events and increasing risk of flooding is beginning to affect
the lives of millions (Min et al., 2011; Pall et al., 2011; IPCC, 2012). The
increasing intensity and frequency of flooding in the valleys of rivers
around the world pose a great threat to the safety of humans nearby
(Wilby et al., 2008; Botzen and Van Den Bergh, 2009; de Moel et al.,
2009; Milly et al., 2002). Prehistoric people favored settlement near
river valleys in order to obtain water and subsistence resources, making
them vulnerable to flooding disasters, as much as or even more than at
present. Thus, the exploration of dynamic relationships between
flooding and human settlement near rivers on a long term scale is of sig-
nificance, and can provide perspectives on human settlement and
climatic changes in areas subject to frequent flooding.

The linkages between climate change, floods and human settle-
ments on different reaches of rivers in China have been often studied
(e.g., Yang et al., 2000, 2003; Huang et al., 2010; Dong et al., 2013a;
Ma et al., 2014), and it has been suggested that variable and unstable cli-
mates typified by flooding and/or droughts may have resulted in
settlement destruction and abandonment. For example, the Lajia Site,
y Elsevier Inc. All rights reserved.
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a Qijia Culture site (4100–3600 cal yr BP) located in the Guanting
Basin near the upper reaches of the YellowRiver,was ruined by contem-
porary earthquakes and floods (Yang et al., 2003). Paleoflood disasters
in the Guanting Basin occurred between 6500–2220 cal yr BP and influ-
enced human settlements during that period (Hou et al., 2012;Ma et al.,
2014). One of these events may have been caused by the breaching of a
large dammed lake in the upper reaches of the Yellow River (Dong et al.,
2014) caused by variation in monsoon precipitation (Ma et al., 2014).

The Jinghe River is a tributary of the middle reaches of the Yellow
River, and extraordinary floods and droughts along the river related to
abrupt climatic shifts between 4200–4000 cal yr BP resulted in settle-
ment abandonment, and the possible decline of highly developed late
Neolithic civilizations in China's monsoonal regions (Huang et al.,
2010). The collapse of late Neolithic urban centers of the Longshan
culture (4350–3950 cal yr BP) in the lower reaches of the Yellow
River, and the Liangzhu culture in the lower reaches of the Yangtze
River, have been attributed to great floods (Wang et al., 2005; Gao
et al., 2007). Also in the lower Yellow River, the Sanyangzhuang
site (~2100 cal yr BP) on the North China plain was inundated by a
sudden burst of muddy water from a catastrophic levee breach dur-
ing the late Western Han period (~202 BC–AD 9). There was appar-
ently little warning as workers reroofing one compound left behind
their tools and tiles (Kidder et al., 2012a,b). However, these previous
studies have mainly focused on reconstruction of hydrological/
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cultural relationships during short episodes (e.g., Yang et al., 2000,
2003; Huang et al., 2010), while relationships among flood disasters,
human settlement and climate change at long time scales are still
poorly understood.

The Yellow River is located in a semi-arid region of China and is
characterized by a marked flood frequency (Yang et al., 2000). As
recorded in Chinese history, the Yellow River broke through its levees
1593 times with 26 major changes of course in the past 2550 years, an
average of two breaches every 3 years and one major course change
per century (YRCC, 1959). Paleofloods occurred frequently along the
upper Yellow River during the Holocene, and at least 4 cycles of fre-
quent flooding followed by periods of reduced flooding have been
detected (Ma et al., 2014). Hundreds of prehistoric archeological sites
have been found in the upper valleys of the Yellow River (BNCR, 1996;
Aldenderfer, 2006; Dong et al., 2013a) and are mainly distributed on
adjacent river terraces. Cultural layers sandwiched between paleoflood
sediments are present in many of these valley basins (Dong et al.,
2013a; Ma et al., 2014) and provide sedimentological records with
which to explore relationships between ancient human occupation
and flooding-related environment change.

Radiocarbon dating is the most commonly used method for estab-
lishing chronologies of archeology sites, which has been widely applied
to the archeology sites on Tibet Plateau (e.g., Sun et al., 2010, 2012;
Dong et al., 2013a). However, the 14C method can be problematic in
dating eolian deposits because of their low organic carbon content (Li
et al., 2007), and dates on organic carbon from sediment of archeology
sites are often overestimated because of a reservoir effect (Björck
et al., 1991; Colinan et al., 1996;Wang et al., 2002b). OSL dating technol-
ogy can determine the ages of eolian and waterlain deposits by di-
rectly measuring quartz or feldspar minerals (Aitken, 1998). With the
development of the single-aliquot regenerative-dose (SAR) protocol
(Murray and Wintle, 2000), quartz OSL dating is now being widely
applied to the dating of Quaternary sediments in Tibet Plateau and
other parts of northwestern China (Zhao et al., 2007; Lai et al., 2009;
Zhang et al., 2012; Zhao et al., 2012; Han et al., 2014; Lai et al., 2014;
Yu and Lai, 2014). In the Tibet plateau, OSL dating also has been success-
fully applied to the Xindian Culture site of Lamafeng on the NE edge of
the Tibetan Plateau, where OSL ages have shown a good consistence
to the charcoal accelerator mass spectrometry (AMS) dating ages of
culture layer (Hou et al., 2012). Sun et al. (2010) dated the archeological
sites in Xiao Qaidam Lake of the NE Tibetan Plateau by quartz OSL
dating, and OSL ages provide the time frame for this archeological site
which ranges from ~3 to 11 ka.

The Shalongka (SLK) archeology site is located on second terrace of
the upper Yellow River valley in the Qunjian Basin, northeastern Tibet-
an Plateau (TP) (Figs. 1a, b). Artifacts representative of Paleolithic,
Majiayao (5900–4000 cal yr BP) and Kayue (3400–2600 cal yr BP)
cultural periods, as well as overbank deposits were found in a stream
cut exposure (BNCR, 1996; Dong et al., 2013a). As a kind of fluvial pro-
cess, overbank floods have often left their sedimentary records over the
inundated areas in their paths. Overbank floods deposit was the
suspended sediment load in floodwater flow and deposited in areas of
flow separation and has been preserved after the flood recession
(Huang et al., 2010). Some culture layers occur in paleosol layers inter-
bedded in Yellow River overbank flood deposits (Fig. 2).

In this study, 14C dating methods were employed to determine
the ages of these culture layers and associated paleosols. OSL dating
methods were applied to eolian and fluvial deposit by directly mea-
suring quartz minerals, and a quartz single-aliquot regenerative-
dose protocol was tested by the use of internal checks and equivalent
dose (De) determinations. In the following, the reliability of OSL
dating applied to potentially poorly bleached flooding deposit is
discussed in comparison to independent 14C dating ages and reliable
eolian quartz ages. By combining the lithology, chronology, and
proxy indexes of grain size, magnetic susceptibility and color reflec-
tance analysis and comparing the results with high-resolution
rg/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
paleoclimatic records, we identify periods of Yellow River overbank
flow at the SLK site since the last deglaciation and discuss the
relationship between human settlement and changing climatic
conditions.

Materials and methods

Study area, section and sampling

The upper Yellow River valley is situated in the northeastern TP. The
Guanting, Xunhua-Hualun and Qunjian basins are distributed from
southeast to northwest along the Yellow River. As shown in Figure 1B,
the Qunjian Basin is surrounded by Songba Gorge (east), Gongbo
Gorge (west), Laji Mountains (north) and Geji Mountains (east). The
Yellow Rivers runs through the western part of the basin from NW to
SE. The basin has a annual average temperature of 7.8°C, and annual
average precipitation of 357.3mmwith 70% of that precipitation occur-
ring during the summer. Elevations range between 1960 and 4614 m,
and the Yellow River drops from 2020 m a.s.l. in the northwest to
1990 m in the southeast.

The SLK site (36.01°N, 102°E, 2021 m) is located on the second
terrace of the Yellow River in the southern Qunjian Basin, ~500 m
north of the present Yellow River channel. It consists of three
paleosol layers interbedded in Yellow River overbank deposits. A
microlithic cultural layer is present in the bottom of the middle
paleosol layer. As shown in Figure 2, nine OSL samples and five 14C
samples were collected from the SLK site for chronological determi-
nations. OSL samples SLK-126-130, SLK-190-194 and SLK-270-274
were collected from 126 to 136 cm, 190 to 194 cm, and 270 to
274 cm in the paleosol layers, while samples SLK-36-40, SLK-92-96,
SLK-160-164, SLK-216-220, SLK-256-260, and SLK-320-324 were
collected at depths of 36–40 cm, 92–96 cm, 160–164 cm, 216–
220 cm, 256–260 cm, and 320–324 cm in fluvial silty sand. For 14C
dating, charcoal sample SLK-01 was collected from a Kayue cultural
layer at 10 cm near the surface. Two bulk organic matter samples
SLK-02 and SLK-03 were collected from depths of 115 cm and
180 cm in the middle paleosol, and two charcoal samples, SLK-04
and SLK-05, were collected at depths of 180 cm and 190 cm of the
lowest culture layer. Bulk samples at 2-cm intervals were collected
from the entire 320-cm section for environmental proxy analysis.

OSL dating and 14C dating

OSL dating sample preparation and measurement
All laboratory sample preparation and luminescence measurements

were carried out in a darkroomwith subdued red light. All raw samples
were treated with 10% HCl and 20% H2O2 to remove carbonate and
organic matter. The samples were then sieved in water to select sedi-
ments consisting of grains with specific sizes of 90–150 μm. Heavy
liquids with densities of 2.62 g/cm3 and 2.75 g/cm3 were then used to
separate quartz and feldspar fractions of each sample. Quartz grains
were treated with 40% HF for 60 min to remove the outer layer that
was irradiated by alpha particles and any remaining feldspar grains.
Then, all samples were treated with 1 mol/L HCl for 10 min to remove
fluorides created during the HF etching.

OSL signals were measured using an automated Risø TL/OSL-DA-
15 reader (Markey et al., 1997). The OSL signal was detected through
two 3-mm-thick Hoya U-340 filters. Laboratory irradiation was
carried out using 90Sr/90Y sources mounted within the reader, with
a dose rate of 0.104 Gy/s. The purity of quartz extracts was verified
using infrared stimulation. For the quartz grains, in order to elimi-
nate the influence from feldspar contamination, the post-IR single
aliquot regenerative protocol (SAR) was employed to measure De

values from quartz extracts in 5-mm aliquots (Banerjee et al., 2001;
Zhang and Zhou, 2007).

https://doi.org/10.1016/j.yqres.2014.07.005


Figure 1. The location of study area and other localities mentioned in the text (Fig. 1A): 1—Guliya ice core; 2—Tianmen Cave; 3—Qinghai Lake; 4—Genggahai Lake; 5—Dongji Cona
Lake, 6—Hongyuan peatland; 7—Dongge Cave; and 8—SKL site. Fig. 1B shows the location of the Qunjian basin and the SLK site locality.
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The environmental dose ratewas calculated from themeasurements
of radioactive element contents in the sample and surrounding sedi-
ments, with a small contribution from cosmic rays. For all samples,
the uranium (U) and thorium (Th) concentrations and potassium
(K) content were determined by means of Neutron Activation Analysis
(NAA). All resultswere converted to beta and gammadose rates accord-
ing to the conversion factors of Aitken (1998). The dose rate from cos-
mic rays was calculated according to sample burial depth and the
altitude of the section (Prescott and Hutton, 1994). Water content
may change drastically after burial for those samples thatwere collected
from lacustrine sediments in an arid area. Due to the uncertainty of sed-
iment water content in the burial period, a water content of 5 ± 2.5%
oi.org/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
and 10± 5%was introduced to calculate ages for eolian sand and fluvial
sediment, respectively.
14C dating sample measurement
Charcoal samples SLK-01 and SLK-04, and bulk organic matter sam-

ples SLK-02 and SLK-03 were dated using the conventional liquid
scintillation counting method at the MOE Key Laboratory in Lanzhou
University. The IntCal09 curve (Reimer et al., 2009) and the Libby half-
life of 5568 years were used in the calculation of all dates, with the
calibration performed using Calib (v.6.0.1) (Stuiver and Reimer, 1993).
All ages reported are relative to AD 1950 (referred to as “cal yr BP”).

https://doi.org/10.1016/j.yqres.2014.07.005


Figure 2. Lithology, photo, and dating results for the SLK section. All of theOSL ages are labeled besides the red circles. TheOSL ages in red are reliable OSL ages and are used for chronology;
the OSL ages in black are overestimated OSL ages that were not used for chronology.
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Grain size, magnetic susceptibility and color reflectance analysis

A total of 165 grain-size samples from SLK section, collected at
intervals of 2 cm, were measured. The samples were pretreated with
10 ml of 30% H2O2 to remove organic matter and then 10 ml 10% HCl
with heating to remove carbonates. Deionized water was then added
and each sample suspension was kept for 24 h to remove acidic ions.
Finally, the sample residue was dispersed with 10 ml of 0.1 mol/L
Figure 3. Stratigraphic subdivisions, ages and environm

rg/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
(NaPO3)6 using an ultrasonic vibrator for 10 min to facilitate dispersion
(Peng et al., 2005). The grain sizewasmeasured using aMalvernMaster
Sizer 2000 at Lanzhou University. The measurement range is 0.02 and
2000 μm and the mean measurement error is b2%.

The magnetic susceptibility of all 165 samples from the SLK sec-
tion was determined using 7 g of ground sediment and a Bartington
MS2 magnetic susceptibility meter (0.47/4.7 kHz). Color reflectance
for these samples was measured using a handheld Minolta-CM2002
ental proxy analyses results for the SLK section.

image of Figure�2
image of Figure�3
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spectrophotometer after a 2–3 g sample was dried at 40°C for 24 h and
crushed. The color reflectance values of all samples are given by the
spherical L*a*b* color space (Robertson, 1977). Red–green chromaticity
a*(+a* is the red direction, −a* is the green direction) and L* (the
range from 0 to 100 represents the variations in lightness from black to
white).

Results

Lithology

The detailed stratigraphic lithology of SLK section can be divided to
four units (Fig. 3).

Unit 4: 0–110 cm, fluvial light brownish-red sandy silt with an
uncompacted texture. The top 20 cm is the modern soil layer,
containing abundant bio-pores.
Unit 3: 110–210 cm, eolian sandy silt containing paleosol and culture
layer intervals. The upper portion of this unit (110–135 cm) is eolian
gray sandy silt with soil development. It is firm, compact, breaks into
a blocky structure, and is rich in organicmatter. Themiddle 135–170
cm is fluvial brown sandy silt interrupted by a 1–2 cm deep gray soil
layer; the bottom 170–210 cm of this unit is a 40-cm cultural layer
containing microlithic artifacts including a chalcedony microblade
and a chert flake. This layer contained no pottery or other Neolithic
remains, and is assumed to be pre-Neolithic pending complete exca-
vation (Dong et al., 2013a).
Unit 2: 200–320 cm, this unit is fluvial brown silty sand with
horizontal bedding, interrupted by eolian sandy silt at 263–280
cm. Gravelly coarse sand irregularly occurs at 240–250 cm.
Unit 1: N320 cm, sandy gravel of the second terrace of the Yellow
River.
Figure 4. (a). Dose recovery test results for sample SLK-126-130. (b). Luminescence characteris
of 7.4 Gy, and regeneration doses of 59.4 Gy and 0 Gy. The curve of 0 Gy shows that recuperat
function.

oi.org/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
Chronology

OSL dating results
The suitability of the quartz SAR sequence for De determination

was checked with a ‘dose recovery test’ (Murray and Wintle, 2003)
for sample SLK-190-194. This test examines the combined function
of all the conditions of the procedure, such as preheat temperature,
size of test dose, etc. The sample was prepared into 6 groups with 4
aliquots for each group. Preheat temperatures from 220°C to 300°C
at 20°C intervals for 10 s were tested and the cut-heat was 220°C
for 10 s, using a heating rate of 5°C/s. The calculated De, recuperation
and recycling ratios are plotted in Figure 4a. They indicate that the De

values are independent of preheat temperature in the range of 220–
300°C and a De cluster appeared at temperatures of 240–280°C. All
the recycling ratios are between 0.9 and 1.1. The recycling ratio for
different measurement temperatures is between 1.00 and 1.09. The
recuperations for different preheat temperatures were less than 5%,
ranging from 0.3 to 1.3%, with the cluster recuperation at 220°C
and 260°C. Based on these results the SAR sequence with a preheat
temperature of 260°C and a cut-heat of 220°C was selected to mea-
sure the De of the quartz fraction in our study samples.

As shown in Fig.4b, the OSL signal of nature and regeneration dose
decreased very quickly during the first second stimulation, which indi-
cates that the OSL signal is fast-component dominant and the growth
curve can be readily fitted using a single saturation exponential
(Fig. 4c). For each sample at least twenty aliquots were measured. The
De and the associated standard error for each sample is listed in
Table 1. The extent of OSL sample bleachingwas detected and estimated
by the scatter patterns ofDe values in radial plots (Galbraith et al., 1999).
We observed from Figure 5 that most aliquots of samples SLK-126-130,
SLK-190-194 and SLK-270-274 were inside the ±2 standard deviation
band in the radial plot, and only few aliquots were outside this band.
These imply that the grains in the three eolian samples were well
tics of sample SLK-270-274: quartz OSL shine-down curves for the natural signal, test dose
ion is negligible. (c). Best fit growth curves for sample SLK-270-274 using an exponential

image of Figure�4
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Table 1
OSL dating results for samples from the SLK section.

Sample Aliquots De (Gy) Grain size U (ppm) Th (ppm) K (%) Water content (%) Cosmic ray (Gy/ka) Dose rate (Gy/ka) Age (ka)

SLK-36-40 24 40.92 ± 1.83 90–125 3.31 ± 0.12 8.91 ± 0.28 2.36 ± 0.07 10 ± 5 0.29 3.75 ± 0.25 10.92 ± 0.88
SLK-92-96 24 93.12 ± 6.37 90–125 3.00 ± 0.11 9.46 ± 0.28 1.90 ± 0.06 10 ± 5 0.27 3.29 ± 0.22 28.35 ± 2.72
SLK-126-130 23 26.00 ± 0.62 63–90 4.03 ± 0.13 12.00 ± 0.34 2.02 ± 0.06 5 ± 2.5 0.26 4.06 ± 0.20 6.41 ± 0.36
SLK-160-164 23 65.37 ± 4.11 125–180 3.49 ± 0.12 12.30 ± 0.34 2.02 ± 0.06 10 ± 5 0.25 3.63 ± 0.24 18.01 ± 1.64
SLK-190-194 20 30.64 ± 0.52 90–125 3.47 ± 0.12 10.00 ± 0.29 1.98 ± 0.06 5 ± 2.5 0.24 3.68 ± 0.16 8.32 ± 0.38
SLK-216-220 20 97.06 ± 5.74 90–125 3.42 ± 0.12 10.40 ± 0.30 2.18 ± 0.06 10 ± 5 0.23 3.65 ± 0.25 26.57 ± 2.39
SLK256-260 24 154.95 ± 12.04 90–125 1.66 ± 0.08 6.39 ± 0.24 2.91 ± 0.08 10 ± 5 0.23 3.64 ± 0.24 42.59 ± 4.37
SLK-270-274 22 59.88 ± 3.45 90–125 3.14 ± 0.11 9.73 ± 0.29 2.20 ± 0.08 5 ± 2.5 0.22 3.78 ± 0.17 15.86 ± 1.15
SLK320-324 24 138.16 ± 9.59 90–125 2.87 ± 0.11 10.40 ± 0.30 2.08 ± 0.08 10 ± 5 0.2 3.41 ± 0.24 40.49 ± 3.98

The data rendered in bold are reliable OSL ages used for chronology.
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bleached before deposition. However, most aliquots of Des of the other
six fluvial samples SLK-36-40, SLK-92-96, SLK-160-164, SLK-216-220,
SLK-256-260, and SLK-320-324were scattered outside the±2 standard
deviation bands in the radial plot, indicating that the grain sizes of these
samples were poorly bleached or/and unbleached before deposition.
Weighted mean De and average standard deviations were used to esti-
mate well bleached samples for age calculation, and ages of 6.4 ±
0.4 ka, 8.3 ± 0.4 ka and 15.7 ± 1.2 ka were obtained for samples SLK-
126-130, SLK-190-194 and SLK-270-274, respectively.

One of the main problems in OSL dating of geological deposits con-
cerns the completeness of accumulated luminescence signal reset at
Figure 5. The distribution of De values in radial plots for samples SLK-36-40, SLK-92-96, SLK-12
324.

rg/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
the moment of burial. It is assumed that for some types of sediments,
such a reset is stimulated by exposure to daylight, which takes place
prior to deposition. However, the effectiveness of such optical bleaching
is controlled by many conditions, which strongly depend on the envi-
ronment of transport and sedimentation (Przegiętka and Chruścińska,
2013). The partial bleaching of sediment not only increases the scatter
of the obtained OSL results, but also makes the calculated age of the
deposit appear to be older than it really is (Rittenour, 2008; Rodnight,
2008; Sun et al., 2010). To check how much the age can be affected by
poor bleaching, the ages of the poorly bleached fluvial samples in SLK
section were also calculated. These calculated OSL ages of 10.9 ± 0.9,
6-130, SLK-160-164, SLK-190-194, SLK-216-220, SLK256-260, SLK-270-274, and SLK320-

image of Figure�5
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Table 2
Calibrated radiocarbon dates for the SLK site.

Lab no. Depth
(cm)

Method Dating material 14C age
(BP)

Cal yr BP 1σ
(IntCal09)

Cal yr BP 2σ
(IntCal09)

Reference

SLK-01 10 LQC Charcoal 2883 ± 53 3032 ± 105 3037 ± 169 This paper
SLK-02 115 LQC BOM 4755 ± 61 5459 ± 126 5459 ± 136 This paper
SLK-03 180 LQC BOM 6910 ± 60 7747 ± 71 7772 ± 150 This paper
SLK-04 190 LQC Charcoal 7535 ± 58 8317 ± 92 8310 ± 112 Dong et al. (2013a)
SLK-05 190 AMS Charcoal 7220 ± 40 8061 ± 90 8061 ± 99 Dong et al. (2013a)

LQC—liquid scintillation counting; BOM—bulk organic matter.
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28.4± 2.7, 18.0 ± 1.6, 26.6 ± 2.4, 42.6± 4.4 and 40.5± 4.0 ka for sam-
ples SLK-36-40, SLK-92-96, SLK-160-164, SLK-216-220, SLK-256-260,
and SLK-320-324, aremore than 100% overestimated compared to inde-
pendent 14C ages and reliable eolianOSL sample ages. This suggests that
the effectiveness of optical bleaching for fluvial or water-laid deposits
must be carefully examined when using OSL dating technology.

14C dating results
Results of radiocarbon dating are shown in Table 2. The calibrated

radiocarbon dates of SLK-01, SLK-02, SLK-03, SLK-04, and SLK-05 are
3032 ± 105, 5459 ± 126, 7747 ± 71, 8061 ± 90 and 8317 ±
93 cal yr BP, respectively. The 14C ages at the bottom of unit 3 are
8061 ± 90 and 8317 ± 93 cal yr BP, and are consistent with the OSL
age of 8.3 ± 0.4 ka at the same position. The 14C age of sample from
110 cm unit 3 is 5459 ± 126 cal yr BP and the OSL age of the sample
from 126 to 130 cmof unit 3 is 6.4± 0.4 ka, which, again, are consistent
relative to depth. The comparison between OSL dating results and 14C
dating results indicate that of the OSL ages and 14C ages are reli-
able chronological estimates. The OSL ages of 6.4 ± 0.4, 8.3 ± 0.4 and
15.9 ± 1.2 ka at the depths of 160 cm, 190 cm and 270 cm, and 14C
ages of 3032 ± 105, 5459 ± 126, 7747 ± 71, 8061 ± 90 and 8317 ±
93 cal yr BP at depths of 10, 110, 120, 180 and 190 cm are considered
acceptable and are employed for the chronology of the SLK site.

Variations of grain size, magnetic susceptibility and color reflectance

Changeswith depth in grain size,magnetic susceptibility and color re-
flectance of the SLK section are shown in Figure 3. Silty sand/sand domi-
nates the bottom of the SLK section from 330 to 200 cm, with highmean
grain-size fluctuations from91 to 670 μm(lithological unit 2). Up section,
the grain size decreases to amean grain size less than 200 μm,withmod-
erate fluctuations varying from 38 to 200 μm from 112 cm to 200 cm
(lithological unit 3). The upper part of the section from 112 to 10 cm
(lithological unit 4) consists of silty sand and sand with mean grain-size
fluctuations from 38 to 542 μm, similar to lithological unit 2.

Themagnetic susceptibility (χIf) in units 2 and 4 varies between 8 and
35 · 10−9 m3/kg and 8 and 46 · 10−9 m3/kg, while a high value of χIf ap-
pears in unit 3 ranging from 22 to 136 · 10−9 m3/kg. An χIf peak appears
at the bottomof unit 2 and is as high as 136 · 10−9m3/kg. The frequency-
dependent magnetic susceptibility (χfd) generally has similar changes to
χIf in the section. The χfd in unit 2 and unit 4 is generally low ranging
from−2 to 7% and−3 to 6%, while in unit 3 the χfd varies from 5 to 12%.

Lightness and redness appear consistent in the section and show an
opposite correlation with χIf. All samples from the SLK section have
positive values ranging from 2 to 7%, and lightness ranges from 58 to
67%. Among the three units, unit 3 is characterized by low lightness
(as low as 58%) and redness (as low as 2%). The highest lightness and
redness values appears at the bottom of unit 3 from 150 to 200 cm.

Discussion

Paleoenvironment recorded by SLK section

Four main units in the SLK section can be reconstructed from the
sediment lithology and proxy indexes analysis (Fig. 3).
oi.org/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
Unit 1 consists of sandy pebbles or gravels, associated with the
second terrace of the Yellow River that formed ~40 ka ago (Miao et al.,
2012). Although the age of the sandy gravels have not been directly
obtained in this study, the OSL age of the paleosol above the gravels is
15.9 ± 1.2 ka, indicating that the second Yellow River terrace in the
Qunjian Basin area formed sometime prior to that time.

The grain-size frequency distributions of samples from units 2a,
2b, and 2c show three peaks, a distinctive peak at around 400 μm
and two smooth peaks at around 10 μm and 60 μm (Fig. 6, unit 2).
This is a typical grain-size distribution for overbank fluvial
sediments of Yellow River in the SLK site area (Qiang et al., 2006;
Yin et al., 2009; Chen et al., 2013). The grain size of unit 2 is silty
sand, with a dramatic fluctuation in mean grain size from 100 to
700 μm, indicating that flooding frequently occurred in unit 2. The
magnetism parameter (e.g., χIf and χfd) and color reflectance can be
used to distinguish between sediments deposited during flooding
episodes and during less frequent flooding intervals, as magnetic
minerals will increase during the pedogenic process (Zhan and Xie,
2001; Shi, 2007). Magnetic minerals are sparse in the fluvial
brown-red silty sand, but higher in the black eolian sandy silt.
There is a color contrast between the black eolian sandy silt and
the brown-red silty sand, with the values of redness and lightness
being relatively higher in the latter. As shown in Figure 3, the gener-
ally low values of χfd and χIf, and the high values of redness and light-
ness imply a fluvial environment in unit 2. However, the redness and
lightness of the sandy silt in unit 2b is at their lowest points in unit 2
and the χfd values are relatively high, indicating that the pedogenic
process occurred at unit 2b. These indicators suggest that unit 2
mainly consists of overbank flow deposits of the Yellow River, but
that a pedogenic process occurred during a period of river regression
corresponding to unit 2b.

The grain size of unit 3 is sandy silt, and the mean grain size rapidly
decreases to less than 100 μm from the bottom to top of this unit (Fig. 3,
unit 3), while the clay and silt components increase. The grain-size fre-
quency distributions of samples from unit 3, unlike the typical grain-
size frequency distribution of Yellow River fluvial samples from unit 2,
are characterized by smooth peaks at around 10, 40 and 600 μm. The
redness and lightness values of the sandy silt in unit 3 decreased com-
pared to those in unit 2, while χIf and χfd values rapidly increased, a
shift resulting from a change from brown fluvial silty sand to black
eolian sandy silt as a result of pedogenic processes. A plateau peak of
χIf values and the lowest values of redness and lightness occur in the
culture layer at the bottom of unit 3, again indicating soil development
within this unit. Human activity may have been responsible for an
increase in magnetic minerals, and thus an increase in χIf values. This
unit is mainly eolian sandy silt with some soil development, and was
probably deposited at a period when the Yellow River was at low
water levels and overbank flow was limited. In other word, this was a
non-flooding or very low-frequency flooding period.

The grain size of unit 4 consists of silty sand with interbedded sandy
silt, and clay and silt trend to decrease from bottom to top. As shown in
Figure 6, the grain-size frequency distributions of samples from units 4a
and 4b are similar in character to unit 2, consisting of a distinctive peak
at around 500 μm and two very smooth peaks at around 10 μm and
60 μm, although a few samples are characterized by one very smooth
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peak at around 20 μm (Fig. 6). The redness and lightness of this unit are
higher compared to unit 3, and the χIf and χfd of this unit decrease to
levels similar to unit 2. All this evidence indicates that flooding occurred
frequently in this unit and fluvial deposition reappeared. The modern
soil developed in unit 4a is characterized by low redness and lightness,
aswell as high χIf and χfd values. However, the grain size of unit 4a has a
typical fluvial grain-size frequency distribution, indicating that the
modern pedogenic process probably occurred in fluvial deposits near
the surface.

Yellow River overflow and human settlement in the SLK site area

As indicated by the SLK section, fluvial silty sand and gravelly sand
deposited above the second Yellow River terrace indicates that Yellow
River overbank flow occurred after the second terrace formed. The
OSL age of the paleosol layer (unit 2b, Fig. 3) within the fluvial silty
sand and gravel sand (unit 2a, 2c, Fig. 3) is ~16 ka, indicating that the
Yellow River overflowed to its second terrace before 16 ka and that a
reduction of overbank flow occurred at ~16 ka. The exact timing of
second terrace formation remains unclear and needs further study.

As shown in Figure 3, the sand component of samples in unit 2c
gradually decreases, and silt and clay components increases from
bottom to top, indicating that water energy gradually became weak-
er and reduced overbank flow. The low χIf and χfd values of unit 2
suggest that no obvious pedogenic process developed on the fluvial
unit 2. A rapid mean grain size decrease from unit 2 to unit 3 occurs,
and mean grain size is steady around 100 μm in unit 3. The grain-size
frequency curve of one distinctive peak in unit 2 changes to three
smooth peaks in unit 3. The χIf and χfd values increase rapidly from
unit 2 to unit 3 and a distinct peak occurs in the culture layer at the
bottom of unit 3, indicating that a pedogenic process occurred in
rg/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
eolian sandy silt of unit 3 without flooding. It is reasonable to con-
clude that from unit 2 to unit 3 the fluvial and/or frequent flooding
environment changed to an eolian environment without flooding
or with low-frequency flooding.

The OSL age of the soil at the bottom of unit 3 is about 8.3 ka, and
the 14C age of charcoal from culture layer in the bottom of unit 3 is
~8.3 ka cal yr BP, indicating that Yellow River overbank flow largely
stopped after ~8.3 ka and that a paleosol developed on the river
overbank plain after that time. In the SLK site, microlithic artifacts
are present at the bottom of unit 3 and no pottery or other Neolithic
remains were found (Dong et al., 2013a). The 14C ages of charcoal
from the culture layer and the OSL age from the paleosol show that
this culture layer formed at ~8.3 ka. Previous study at this site
suggested that microlithic hunter-gatherers were present in the
Qunjian Basin 8300–8150 cal yr BP (Dong et al., 2013a), an age
range consistent with this study.

Sand-tempered brown and gray simple cord-marked sherds
found on the ground surface of the SLK site have characteristics of
early Majiayao culture. These Neolithic farmers began to settle in
the upper Yellow River valley beginning ~5500 cal yr BP (Dong
et al., 2013a). The calibrated 14C age of bulk organic material from
the paleosol at 115 cm depth in the profile is ~5450 cal yr BP, corre-
sponding to the radiocarbon dates of charcoals from the Andaqiha
Majiayao site that is just 150 m to the SLK site (Dong et al., 2013a),
suggesting that the site was occupied by early Majiayao peoples
when the paleosol developed. The ages of the paleosol from bottom
to top in unit 3 are ~8.3 ka (OSL age), ~7700 cal yr BP (14C dating
age), and ~6.4 ka (OSL age), and it is reasonable to deduce that
the paleosol developed during 8.3–5.4 ka. On the surface near the
SLK section, a Kayue cultural layer containing an array of sand-
tempered brown pottery sherds and charcoal was found. The
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calibrated 14C age of charcoal from the culture layer 10 cm below the
surface is about 3030 cal yr BP, indicating that a paleosol again
developed at ~3.0 ka after the Yellow River flow was reduced.

In summary, the paleosol/fluvial sequence implies that the Yellow
River overbank flow intensity changed episodically. The Yellow River
Figure 7. Comparison of human settlement at site SLK to climatic records: a—GISP2 ice core, Gre
Cave, TP (Cai et al., 2012); d — Qunf Cave, Oman (Fleitmann et al., 2003); e — Dongge Cave D4
Hongyuan peat land (Yu et al., 2006); i— Genggahai Lake (Qiang et al., 2013); and j— DongjiCo
episodes of human settlement at the SLK site.

oi.org/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
overflowed to its second terrace and reached the SLK site by at least
~16 ka ago, and frequent flooding periods and infrequent flooding epi-
sodes alternated until after ~3 ka. Limited flooding and associated soil
formation occurred at ~15, 8.3–5.4, and ~3.0 ka, while prehistoric
people occupied the SLK site area at ~8.3 ka, ~5.4 ka and ~3.0 ka,
enland (Stuiver et al., 1995); b—Guoliya ice core, TP (Thompson et al., 1997); c— Tianmen
, China (Dykoski et al., 2005); f & g — Qinghai Lake (Ji et al., 2005; Shen et al., 2005); h —

na Lake (Dietze et al., 2013). The locations are shown in Fig. 1A. The green lines represent

image of Figure�7
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corresponding to periods of late Upper Paleolithic, early Majiayao and
Kayue culture settlement.

Correlation between human occupation and climate change

During the early Holocene, people occupied the SLK site at ~8.3 ka,
corresponding to a cold/dry period identified at around 8.2 ka on the
TP (Liu et al., 2002; Ji et al., 2005). That cold period at around 8.2 ka
was of global extent and apparently had a world-wide climatic impact
(Alley et al., 1997; Cheng et al., 2009). As shown in Figs. 7a, b, e, the
~8.2 ka cold event is clearly recorded by oxygen isotope data in the
GISP2 ice core in Greenland (Stuiver et al., 1995), in the Guliya ice
core from the TP (Thompson et al., 1997), and in the Dongge Cave
speleothem record from southern China (Dykoski et al., 2005). The
δ18O in precipitation has been suggested to have a quantitative correla-
tion with air temperature on the TP and peak cooling (~8.3–8.2 ka) on
the TP was ~7.8–10°C, with 3–4°C temperature decrease (Wang et al.,
2002a). The speleothem oxygen isotope record from Tianmen Cave
(Fig. 7c) on the southern TP and Qunf Cave (Fig. 7d) in Oman also
shows that the lowest Holocene precipitation period occurred at
~8.2 ka, indicating a weak East Asia Summer Monsoon (ESM) that
may have occurred in response to a Northern Hemisphere summer
insolation decline during the early to mid-Holocene (Cai et al., 2012).
The redness and lightness records of lake sediments from Qinghai
Lake, are also considered to be indicators of precipitation, and thus, of
increasing monsoon strength (Ji et al., 2005). As shown in Figure 7f,
the redness at ~8.2 ka also peaks in the early middle Holocene. Pollen
data from Qinghai Lake (Fig. 7g) also show a rapid decrease in arboreal
pollen concentration at ~8.2 ka. All these data indicate that precipitation
and temperature decreased in phase at ~8.2 ka on the TP as a result of a
decrease in ESM strength. The Yellow River originates from the east-
central TP, and its water sources are streams recharged by local precip-
itation in response to ESM, andby snow/icemelt that responded to tem-
perature changes. Due to dry and cold climatic condition ~8.2 ka, Yellow
River water flow in these source areas decreased and Yellow River
overbank flow at the SLK site was correspondingly reduced. Soil devel-
opment and vegetation cover may provide suitable conditions for site
occupation.

The early Majiayao and Kayue cultural occupations were present in
the SLK site area at ~5.4 and ~3.0 ka, respectively, both also fall in cold
and dry periods on the TP. Precipitation during the middle Holocene
on the TP, as indicated by δ18O data from the Tianmen Cave speleothem
wasmarkedly reduced during 5.5–5 ka. TheHongyuan peat record from
the southern TP, as shown in Figure 7h, also shows a marked decrease
in precipitation after ~6.0 ka, with the lowest precipitation occurring
~5.4–5.0 ka. In the nearby Qinghai Lake sediment record many
centennial-scale oscillations during the mid-Holocene make it difficult
to confirmmoist changes at ~5.4 ka from a redness curve alone. Howev-
er, arboreal pollen in the sediments is much reduced during ~6–5 ka,
suggesting a decrease in moisture during this period (Liu et al., 2002).
Qinghai Lake lacustrine redness and pollen analyses suggest that
climate conditions at ~3 kawere cold and semi-arid and arboreal pollen
disappeared (Liu et al., 2002; Ji et al., 2005). The Guliya ice-core record
suggests that ~3 ka temperatures on the TP decreased to their lowest
levels during the whole of the Holocene (Fig. 7).

As shown in Figure 1A, Genggahai and DongjiCona lakes are near the
headwaters of the Yellow River near the SLK site and lake levels at the
lakes appear to have responded to ESM variability. In combination
with sediment geochemical variables including TOC, TN, and δ13C
bulk-organic, macrofossil assemblages (aquatic plant remains, stem
encrustations, and mollusc shells), Qiang et al. (2013) reconstruct
lake-level fluctuations of Genggahai Lake over the past 16 ka as shown
in Figure 7i. The lake sustained a low level from 9.2 to 7.4 cal ka BP
during the early Holocene. Stepwise drops in lake level occurred from
6.3 to 5.5 cal ka BP, and reached their lowest level at ~5 kawith another
low level lasting from 4.1 to 2.1 cal ka BP during middle-late Holocene.
rg/10.1016/j.yqres.2014.07.005 Published online by Cambridge University Press
As shown in Figure 7j, similar low lake-level periods have been reported
for DongjiCona Lake by using radiocarbon dating and grain-size analysis
on the lacustrine sediment in three onshore terraces around the lake
(Dietze et al., 2013). All three episodes of cultural activity at ~8.3, ~5.4
and ~3.0 ka at the SLK site fall in the lowwater-level intervals at Dongji
Cona, indicatingweak ESMperiodswith relatively lowprecipitation and
temperature.

Majiayao and Kayue settlements at the SLK site occurred during
periods of “harsh” climatic conditions, but flooding frequency was
low during these periods and site occupants were able to avoid a
natural disaster (e.g., flooding). Perhaps more importantly, millet
cultivation was an important subsistence strategy during Majiayao
periods (Jia et al., 2013), and millet agriculture has strict water and
temperature requirements (Guedes et al., 2013; Jia et al., 2013).
During periods of higher temperature and precipitation, these early
millet farmers may have been able to settle far away from the river
channel, but when the temperature decreased millet cultivation
may have been limited in the piedmont and mountain areas, forcing
people into lower elevation river valleys for millet cultivation where
there were warmer conditions and a sufficient water supply. Analy-
sis of tool assembles from excavated sites of the Majiayao culture
suggests that hunting was an important auxiliary subsistence strate-
gy (Dong et al., 2013b) and ready access to both riverine and adja-
cent mountain resource areas may have been another factor in the
occupation of the SLK site during Majiayao period. During Kayue
period, millet agriculture was still a very important subsistence
strategy, while wheat and barley were also cultivated in the sites
near themain channel of the Upper Yellow River (Jia, 2012), suggest-
ing that Kayue people settled in the SLK site mainly for the
convenience of obtaining water resources to guarantee food produc-
tion. In summary, climatic changes might have reduced the frequen-
cy of Yellow River floods at Shalongka site area during these periods
of early Majiayao and Kayue, which also prompted Majiayao and
Kayue human to settle in SLK site for taking advantage of periods of
fluvial stability in river valleys, as they could easily obtain water
resource as well as stable and fertile lands.

Conclusion

OSL dating technology was applied to 9 samples from fluvial
sandy silt, paleosol layers and culture layers. Our internal checks of
the quartz OSL dating indicate that the quartz single-aliquot
regenerative-dose protocol is appropriate for equivalent dose deter-
mination. OSL ages for cultural layers and eolian paleosols appear to
be reliable as confirmed by comparison to independent 14C ages from
culture layers, but OSL ages for fluvial silty sand appear to be
overestimated due to poor bleaching prior to deposition.

The Yellow River overflowed to its second terrace and reached
the SLK site by at least ~16 ka ago, with frequent periods of flooding
occurring episodically until ~3 ka. Periods of reduced flood frequen-
cy associated with soil development occurred at ~15, ~8.3–5.4, and
after ~3 ka. Prehistoric people settled in the SLK site area at ~8.3
(late Upper Paleolithic), ~5.4 (early Majiayao) and ~3 ka (Kayue).
These periods correspond to cold and dry climatic conditions,
suggesting that climate change influenced overbank flooding fre-
quency in SLK site and affected human settlement by reducing
overbank flooding risks and facilitating subsistence strategies, such
as hunting, fishing and the planting of crops.
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