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Aeolian deposits are widely distributed in the interior of the Tibetan Plateau, and their chronology is poorly
known. It is not yet clear whether they accumulated only after the last deglaciation, or over a longer time. We
applied quartz OSL dating to aeolian samples from the Lhasa area with OSL ages ranging from 2.9±0.2 to at
least 118±11 ka. The probability density frequency (PDF) distribution of 24 ages reveals age clusters at about
3, 8, 16–21, 33, and 79–83 ka, indicating enhanced sediment accumulation then. The results show that aeolian
deposition occurred throughout most of the last 100 ka. This implies that: 1) an ice sheet covering the whole
Tibetan Plateau during the last glacial maximum (LGM) could not have existed; and 2) erosion during the
last deglaciation was not as strong as previously proposed, such that not all pre-Holocene loess was removed.
The age distribution shown in the PDF indicates that aeolian accumulation is episodic. Sand-formation events
revealed by age clusters at 3, 8, and 16–21 ka imply roughly synchronous environmental responses to
corresponding global-scale arid events.

© 2009 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Tibetan Plateau occupies an area of c. 2.2 million km2 and has
an average elevation of ∼5000 m above sea level (asl) (Fielding et al.,
1994). The extent of glaciations on the Tibetan Plateau is controversial.
Kuhle (e.g. 1998, 2005) proposed that there was an ice sheet of
2.4 million km2 in area, 2 to 2.5 km thick, covering nearly the whole
Tibetan Plateau during different Pleistocene glaciations. However,
increasing evidence suggests that glaciations on the Tibetan Plateau
were restricted and characterized by valley glaciers or small mountain
glaciers (e.g. Derbyshire et al., 1991; Shi et al., 1992; Zheng and Rutter,
1998; Zhou and Li, 1998; Lehmkuhl et al., 2000; Owen et al., 2002).
These different views lead to different interpretations of the impact of
Tibetan glaciations on global palaeoclimatic changes.

The Tibetan Plateau also plays an important role in both regional
and global climatic systems today (Ye and Gao,1988; Böhner, 1994). In
winter, thewesterlies are divided into north and south branches at the
west end of the Tibetan Plateau, and then converge at the east edge.
The north branch of the westerlies is largely responsible for the lower-
level formation of several anticyclones in the Asian inland, such as the
Siberian-Mongolian High. During summer, air temperature in the
Plateau rises above the zonal mean for the free atmosphere at the
same elevation, which intensifies the pressure gradient, and thus
(Z. Lai), knut.kaiser@gmx.net
ner).
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strengthens the South Asian summer monsoon (Ye and Gao, 1988).
The onset and evolution of the Indian and East Asian monsoons have
been linked to the uplift phases of the Tibetan Plateau (Ruddimann
and Kutzbach, 1989), which induced the development of loess-
palaeosol sequences on the Chinese Loess Plateau (An et al., 2001).
These sequences have been regarded as sensitive paleoenvironmental
indicators.

In the interior Tibetan Plateau with an average elevation of N3500
m asl, long-term and continuous paleoenvironmental records have
been obtainedmainly from ice cores (Thompson et al., 1989, 1997; Yao
et al., 1997) and lacustrine sediments (e.g. Gasse et al., 1996;
Herzschuh et al., 2006; Wu et al., 2006). However, it is difficult and
expensive to drill ice cores, and most of the lakes in the interior
Tibetan Plateau have accumulated sediments only since the late
glacial period, whereas the access to loess and aeolian sand is more
convenient. Under favorable circumstances, aeolian sediments in the
Tibetan Plateau can provide continuous paleoenvironmental informa-
tion since the last interglaciation (e.g. Fang et al., 2003; Lu et al., 2004).
Although loess-palaeosol sequences on the Chinese Loess Plateau
have been intensively studied as sensitive palaeoclimatic recorders
(e.g. Liu, 1985; Kukla and An, 1989; An et al., 1991; Ding et al., 1992;
Porter and An, 1995; Lai and Wintle, 2006), loess deposition on the
adjacent Tibetan Plateau has attracted only limited attention.

Aeolian deposits on the Tibetan Plateau are partly associated with
glacial activity. In areas where the surfacewas glaciated during the last
glaciation (see Table 1 for its age range), aeolian sediments could
accumulate only after the last deglaciation. In periglacial areas, the
c. All rights reserved.
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Table 1
Terms and age ranges for marine oxygen isotope stages (MIS) (age ranges are from
Martinson et al., 1987).

Marine oxygen isotope stage (MIS) Age range (ka)

Holocene 1 12.1–present
Last glacial maximum (LGM) 2 24.1–12.1

3 59.0–24.1
4 73.9–59.0

Last interglaciation 5 129.8–73.9
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previously accumulated sediments might have been eroded and
sediments might accumulate again (Sun et al., 2007).

Different views exist on the process of loess formation in the
interior Tibetan Plateau. Based on geochemical, mineralogical, and
granulometrical evidence, Sun et al. (2007) demonstrated that—
unlike the loess on the Chinese Loess Plateau where the dust source
was from distant deserts—loess deposits in their study area along the
middle reaches of the Yarlung Zangbo River were locally derived
during the last glaciation. Then, glaciers expanded and the production
of silt-sized particles was increased. Silt particles were deflated from
braided river channels by local near-surface winds. Fang (1995)
Figure 1. Map showing the study are
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argued that, for loess in the eastern edge of the Tibetan Plateau, dust
comes mainly from central and western Tibetan Plateau through
transport by the high-level westerlies and the Tibetan winter
monsoon. According to Lehmkuhl et al. (2000), for loess in the higher
mountain areas of eastern Tibet as well as in western Tibet, coarser
grains appear to derive from local materials, silts may represent the
long-distance dust flux.

In an ice core from the Guliya ice cap in the Tibetan Plateau, the
average concentration of dust (0.63–50.0 μmdiameter) during the last
glaciation was 6% higher than during the Holocene and 37% higher
than during the last interglaciation (Thompson et al., 1997). This
implies that dust has been available on the Tibetan Plateau since the
last interglaciation, and that loess deposition might have reached its
maximum thickness during the last glaciation. However, based on OSL
dating of samples from middle reaches of the Yarlung Zangbo river in
southern Tibet and the analysis of some previously published dating
results, Sun et al. (2007) concluded that present loess deposits in the
interior of Tibet accumulated after the last deglaciation and had a
basal age of 13–11 ka. According to these authors, the lack of full-
glacial loess deposition is either due to the minimal vegetation cover
with resultant limited dust-retention ability, or due to erosion of loess
as glaciofluvial outwash during the beginning of each interglaciation
period, and not due to the lack of silt availability. They also noted that
a and the sections investigated.

https://doi.org/10.1016/j.yqres.2009.07.005


423Z. Lai et al. / Quaternary Research 72 (2009) 421–430

https://doi.o
within their study area loess occurs mainly between 3800 and 4300m
asl, where steppe vegetation had effectively trapped aeolian silts.
With respect to the distribution of loess and loess-like sediments
within the Tibetan Plateau, Lehmkuhl (1997) and Lehmkuhl et al.
(2000) argued that in general Holocene loess lies above ∼4000 m asl,
whereas Pleistocene loess lies below ∼4000 m asl. These authors also
reported (a) that up to several meters of typical loess occurs in basins
of eastern Tibet below 3600 m asl, and (b) that in areas above
∼3600 m asl and up to 4300 m asl in eastern Tibet and up to more
than 5000 m asl in western Tibet, this aeolian cover is dominated by
sandy loess.

Numerical chronologies for aeolian deposits in the interior Tibetan
Plateau are still limited. Although the majority of luminescence and
Figure 2.OSL characteristics (shine-down curves, growth curves, and De distributions) for an
vertical dotted lines in (e) and (f) show the mean equivalent doses for the two samples, re

rg/10.1016/j.yqres.2009.07.005 Published online by Cambridge University Press
radiocarbon dating results indicate that aeolian sediments in the
Tibetan Plateau accumulated during the Holocene (Péwé et al., 1995;
Lehmkuhl et al., 2000; Porter et al., 2001; Li et al., 2006; Owen et al.,
2006; Sun et al., 2007), some results suggest that the aeolian
sediments could date back to the last glaciation (Lehmkuhl et al.,
2002; Kaiser, 2007).

In the present study, in order to expand our knowledge of
chronology of aeolian deposits in the interior Tibetan Plateau, nine
aeolian sections in the Lhasa area, southern Tibet, were investigated
using optically stimulated luminescence (OSL) of quartz, as a part of
a research project investigating the late Quaternary landscape
evolution of the Kyichu river catchment (Kaiser et al., 2009a,b,c,d;
Fig. 1).
aeolian sand sample STA1A (left column) and a loess sample GYA3A (right column). The
spectively.

https://doi.org/10.1016/j.yqres.2009.07.005


424 Z. Lai et al. / Quaternary Research 72 (2009) 421–430

https://d
Study area and luminescence samples

Selected sites under study are located in the Kyichu river valley and
its tributaries (Fig. 1). The area belongs to the catchment of the
Yarlung Zangbo River, and is covered by a thin veneer (b1 m) of
aeolian sediments, except for active fluvial and peat bog sites, screes or
barren rocks. In the middle and lower Kyichu river valley there are
some larger basins, such as the Lhasa Basin (∼3650 m asl), the north–
south dimension of which reaches ∼6 km. Larger areas of active
aeolian sediments exist on valley flanks in the river mouth area
adjoining the Yarlung Zangbo river (Atlas of Tibet Plateau, 1990). In
Lhasa (∼3650 m asl), the mean annual temperature (MAT) is 7.7°C,
with summer temperatures of N15.5°C and winter temperatures
below−2.1°C (Domrös and Peng, 1988; Miehe et al., 2001). The mean
annual precipitation (MAP) in the study area is 361–490 mm. This
area is dominated by the southwest Asian monsoon.

Nine sections (Figs. 1 and 3) were selected and a total of twenty-
seven samples for luminescence datingwere collected. These included
twenty-four aeolian sediment samples, one sample each from
lacustrine and fluvial sand, and one surface sample (CHI1G) collected
from section CHI1 for checking luminescence clock-zeroing assump-
tion (by daylight exposure). Samples were collected by driving iron
tubes (∼18 cm in length and ∼5–6 cm in diameter) into the freshly
prepared section. The ends of each tube were covered by a thick black
cloth when the tube was filled with sediment, and thenwrapped with
opaque plastic tape.

Sample preparation and measurement techniques

The samples in the iron tubes were sub-sampled under subdued
red light. The outer 2–3 cmwere removed and the interior were used
for further processing that involved, pretreatment with 10% HCl (to
remove carbonates), 38% H2O2 (to remove organics) and wet sieving
for 38–63 μmgrain fraction. The fraction of 38–63 μmwas etched with
35% hydrofluorosilicic acid (H2SiF6) for about 2 weeks to dissolve
feldspars and then with 10% HCl to remove any acid-soluble fluoride
precipitates. The purity of the extracted quartz was checked by IR
Table 2
OSL dating results.

Lab. no. Sample Depth
(cm)

Coordinates Altitude
(m a.s.l.)

Sediment
type

U (pp

MR0545 STA1A 50 29°37′59.4″N, 91°05′52.0″E ∼3660 Aeolian sand 2.76±
MR0546 STA1B 180 Aeolian sand 2.69±
MR0547 STA1C 280 Aeolian sand 3.10±
MR0548 QUX 1A 280 29°21′19.0″N, 90°43′25.1″E ∼3603 Aeolian sand 2.15±
MR0549 JIN 2A 130 29°25′38.7″N, 90°54′27.3″E ∼3597 Aeolian sanda 2.68±
MR0550 JIN 2B 250 Aeolian sand 2.76±
MR0551 JIN 2C 340 Aeolian sand 2.63±
MR0552 CHI1F 70 29°21′47.9″N, 90°53′36.0″E ∼3820 Aeolian sand 2.66±
MR0553 CHI1E 300 Aeolian sand 2.83±
MR0554 CHI1C 650 Aeolian sand 2.33±
MR0555 CHI1B 1000 Aeolian sand 2.86±
MR0556 QUX2A 130 29°21′57.3″N, 90°45′20.2″E ∼3536 Aeolian sand 1.92±
MR0557 QUX2B 600 Lacustrine silt 2.71±
MR0558 QUX2C 950 Fluvial sand 2.74±
MR0559 MOG4A 130 29°47′30.0″N, 91°48′45.2″E ∼3894 Aeolian sand 3.45±
MR0560 MOG4C 350 Aeolian sand 2.99±
MR0561 MOG4E 600 Loess 3.25±
MR0562 MOG4F 800 Loess 3.15±
MR0563 GYA3A 160 29°44′54.6″N, 91°40′02.5″E ∼3840 Loess 3.0±
MR0564 GYA3B 320 Loess 3.04±
MR0565 GYA3C 400 Loess 1.92±
MR0566 DRE18A 330 29°40′09.7″N, 91°02′41.6″E ∼3707 Aeolian sand 3.26±
MR0567 DRE18B 590 Loessa 5.46±
MR0568 DRE18C 850 Loessa 3.59±
MR0569 MOG 1A 600 29°47′57.0″N, 91°38′06.2″E ∼3778 Loess 2.09±
MR0570 MOG 1B 800 Loess 2.04±

The water content is taken as 10±5 for all samples.
a Has been developed into palaeosol. A modern sample from section CHI1 gave a De of 0
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(830 nm) stimulation. The quartz grains were then thinly spread on
the center part (with a diameter of 5–6 mm) of stainless steel discs
(with a diameter of 9 mm) using silicone oil.

The OSL experiment was carried out in the Marburg Luminescence
Laboratory, University of Marburg, Germany. Luminescence measure-
ments were performed on a Risø TL-DA-15 reader TL/OSL system
(Bøtter-Jensen et al., 2000), equipped with a 90Y/90Sr beta source and
blue LEDs (λ=470±20 nm) for optical stimulation. Quartz OSL
signals were recorded at 130°C for 60 s using a photomultiplier tube
with the luminescence filtered through two U-340 glass filters. The
concentrations of uranium, thorium, and potassium were measured
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at
Cologne University, Germany. The “a value” for quartz was taken as
0.035±0.003 (Lai et al., 2008a), and the water content 10±5% for all
samples. The cosmic-ray dose rate was estimated according to
Prescott and Hutton (1994).

Equivalent dose determination

Because the equivalent dose (De) could be severely underesti-
mated for some loess samples when using feldspar infra-red
stimulated luminescence (IRSL) (Aitken, 1998; Lai and Brückner,
2008), quartz was selected for De determination in the current study.
The single-aliquot regenerative-dose (SAR) protocol (Murray and
Wintle, 2000) has been shown to be suitable for De determination for
quartz of medium grain size (e.g. 38–63 μm) extracted from loess
(Roberts et al., 2003; Lai and Wintle, 2006; Lai et al., 2007; Lai, in
press). For growth curve construction using the SAR protocol, seven
regeneration dose points were used. These included a zero-dose for
the measurement of recuperation and a recycling ratio (for assessing
the sensitivity change correction). At the end of the protocol, the
sample was dosed and tested for feldspar contamination.

Laboratory dose (50 Gy) recovery test was performed on sample
GYA 3B, with preheat temperatures increasing from 220 to 300°C at an
interval of 20°C, and with a test dose of 11 Gy and readout time of 60 s
at a temperature of 130°C. For all experiments we used hold times of
10 s for both preheats and cutheats. For each preheat temperature
m) Th (ppm) K (%) Dose rate
(Gy/ka)

Number
of aliquots

Equivalent
dose (Gy)

OSL age (ka)

0.19 17.33±1.21 2.72±0.14 4.76±0.36 13 14±0.4 2.9±0.2
0.18 17.34±1.21 2.68±1.13 4.64±0.36 14 19±1.1 4.1±0.4
0.22 18.73±1.31 2.65±0.13 4.78±0.37 11 32±0.6 6.7±0.5
0.11 15.20±1.06 2.82±0.19 4.00±0.30 11 34±1 8.5±0.7
0.13 13.91±0.97 2.19±0.15 4.28±0.33 12 33±2 7.7±0.8
0.14 13.08±0.92 2.04±0.14 4.20±0.33 11 60±5 14.3±1.6
0.13 20.4±1.43 3.24±0.23 4.90±0.38 11 92±7 18.8±2.0
0.19 18.4±1.29 2.79±0.14 4.86±0.37 12 70±4 14.4±1.4
0.20 18.3±1.28 2.86±0.14 4.86±0.38 13 96±5 19.8±1.9
0.16 15.28±1.07 2.45±0.12 4.05±0.32 14 97±4 23.9±2.1
0.20 17.21±1.21 2.95±1.15 4.74±0.38 11 101±3 21.3±1.8
0.13 11.36±0.79 2.63±0.13 3.97±0.31 14 69±2 17.2±1.4
0.19 17.71±1.24 2.67±0.13 4.48±0.34 13 73±7 16.3±2.0
0.19 15.5±1.08 2.45±0.12 4.09±0.31 17 113±5 27.7±2.5
0.24 22.26±1.56 2.33±0.12 4.93±0.37 14 139±11 28.2±3.1
0.21 18.21±1.28 2.29±0.12 4.39±0.34 13 354±12 81±7
0.23 20.62±1.44 2.48±0.12 4.73±0.37 12 388±19 82±8
0.22 16.76±1.17 2.37±0.12 4.29±0.33 13 506±29 118±11
0.21 19.46±1.36 2.31±0.12 4.52±0.34 14 154±7 34.1±3.0
0.21 18.58±1.30 2.34±0.12 4.50±0.34 14 202±9 45±4
0.13 11.36±0.80 2.63±0.13 4.45±0.34 12 279±24 63±7
0.23 21.00±1.47 2.44±0.12 4.79±0.37 13 155±10 32.3±3.2
0.38 19.55±1.37 1.91±0.09 4.72±0.36 12 326±23 69±7
0.25 21.99±1.54 2.18±0.11 4.61±0.36 14 377±19 82±8
0.10 14.66±1.03 2.36±0.16 3.67±0.29 14 289±21 79±8
0.10 17.08±1.19 2.90±0.20 3.98±0.31 14 410±31 103±11

.37±0.06 Gy.

https://doi.org/10.1016/j.yqres.2009.07.005
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point, four aliquots were used for De determination. The average
recovered De for the four aliquots for each temperature point was
from 49.1±0.9 to 52.7±1.5 Gy, and the average recovered De for all
twenty aliquots (five temperature points and four aliquots for each
point) was 50.9±0.5 Gy. The results suggest that the recovered De is
insensitive to the preheat temperatures used, and that a known
laboratory dose can be successfully recovered using our SAR
procedures. As a result, the preheat temperature was chosen to be
260°C for 10 s. For all samples, the recuperation value was b0.3%
which is minor, and the average recycling ratio was 0.99±0.01,
identical within error to the ideal value of 1 (Murray and Wintle,
2000).

Examples of shine-down curves, growth curves and De distribu-
tions for samples STA1A and GYA3A are shown in Figure 2. It is clear
that the OSL signal was dominated by a ‘fast component’ (e.g. Wintle
and Murray, 2006), and OSL signals of the first 0.48 s (after
background subtraction using the last 25 channels in the shine-
Figure 3. Sediment logs and geochronological data of the sections inv

rg/10.1016/j.yqres.2009.07.005 Published online by Cambridge University Press
down curve) were integrated for equivalent dose estimation. The
growth curve was fitted using a single saturation exponential plus
linear function. There is clearly a linear growth part in the growth
curve beyond a regeneration dose of 200 Gy (Fig. 2c), which may
allow for De determination to a higher dose range (Lai et al., 2008b;
Lai, in press; Fan et al., in press; Long et al., in press; Ou et al., in press;
Sun et al., in press). The mechanism for this linear growth has not
yet been fully understood (Wintle and Murray, 2006; Lai, in press).
De values of these two characteristic samples were plotted using the
probability density function (Bøtter-Jensen et al., 2003) (Figs. 2e
and f). These distributions have a central mode and an approximate
symmetry, so that we chose the mean of each entire distribution for
age calculation. For each sample at least eleven aliquots were
measured. The De and the associated standard error for each sample
are listed in Table 2.

To evaluate the extent of bleaching by daylight under the natural
regional conditions, a surface sample (CHI1G) was collected from
estigated (radiocarbon ages are quoted from Kaiser et al., 2009a).

https://doi.org/10.1016/j.yqres.2009.07.005
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section CHI1. The De for this modern sample is 0.37±0.06 Gy.
Assuming that its dose rate is half (receiving irradiation from the
sediments below only) of 4.63 Gy/ka, which is the average dose rate
for the other four samples from section CHI1, the resultant age for this
modern sample is 160±20 years, which is effectively zero compared
to the ages for samples in this study. The insignificant De value also
implies negligible thermal transfer contribution induced by preheat.

Dating results and discussions

Results and its environmental implications

Some OSL/IRSL ages of aeolian sediments from the interior Tibetan
Plateau have been published (Lehmkuhl et al., 2000; Porter et al.,
2001; Owen et al., 2006; Sun et al., 2007; Madsen et al., 2008; Liu et
al., in press). Lehmkuhl et al. (2000) reported OSL ages (using fine-
grained quartz) for nine samples from nine sections in central,
southern and eastern Tibet. These samples were derived from the base
of aeolian sandy silts that lie on top of glacial sediments (moraines)
and a terrace. Eight ages are younger than 11 ka (i.e., within the
Holocene). One age is 25.5±4.9 ka belonging to the Pleistocene, and
this sample was from the aeolian silt mantling the Bomi moraine
(with an elevation of about 3000 m asl in southern Tibet). Lehmkuhl
et al. (2000) argued that, according to geomorphological investiga-
tions, the Bomi moraine should have formed during the last glaciation
and that the OSL age confirmed their field observation. The authors
also had an additional sample (A023) that was too old to be dated
then. However, A. Lang (then at Heidelberg, now at Liverpool) deter-
mined an OSL age of more than 85 ka for a sample from the same layer
(cited in Lehmkuhl et al., 2000). Using fine grain IRSL, Porter et al.
(2001) reported eight ages of regional loess (three loess ages ranging
from 45 to 33 ka were excluded in the discussion of this study, as this
loess was localized dust accumulation) fromQinghai Lake, all of which
were younger than 17 ka. They proposed that the absence of loess of
full-glacial age and the presence of a weakly developed palaeosol
(dated from 33±3 to 16.9±1.4 ka by fine grain IRSL) just below the
loess and on top of the bajada gravel imply a stable, cold land surface
in that area during the last glaciation. Sun et al. (2007) dated three
loess samples collected from three sections in the middle reaches of
the Yarlung Zangbo River; all of these quartz OSL ages were younger
than 13 ka. The authors also dated a soil sample producing an age of
N70 ka. This sample was collected from the top of a soil layer that is
overlain by a thick loess bed. Sun et al. (2007) explained that this
sample was composed of re-transported soil and fan sediments
because fluvial sands and small gravel-sized clasts occurred within
this soil layer, which was not well-bleached before deposition.

Luminescence dating results are summarized in Table 2. OSL ages
are inserted in the sections according to their depth in Figure 3,
Figure 4. Comparison of OSL ages with 14C ages.

oi.org/10.1016/j.yqres.2009.07.005 Published online by Cambridge University Press
together with five radiocarbon ages cited from Kaiser et al. (2009a).
For 14C samples, except for one bulk-soil matter sample in section
QUX1, all the other four (from sections QUX2, DRE18, GYA3, and STA1)
are from charcoals. In section QUX2, a 14C age of 7710–7850 cal yr BP
on charcoal collected from the bottom of the aeolian sediments is
much younger than the OSL ages above and below, which might be
due to silt infiltration of charred root. In section DRE18, the 14C age
(2200–2300 cal yr BP) and the OSL ages are in stratigraphic order; the
14C age is much younger than the OSL age (32.3±3.2 ka), because a
hiatus exists between them. For the remaining three 14C ages (from
sections GYA3, STA1 and QUX1), they are in agreement with the
corresponding OSL ages (Fig. 4), and the ratio of 14C ages to OSL ages is
1.04, close to unity. In general, the available radiocarbon ages support
the luminescence results.

The 24 luminescence ages from aeolian samples range from 2.9±
0.2 to at least 118±11ka, and suggest that aeolian sediment deposition
Figure 5. Probability density plot for (a) 24 OSL ages on aeolian samples in this study;
(b) previous OSL and IRSL ages (n=28) for aeolian samples from the Tibetan Plateau;
and (c) the OSL and IRSL ages (n=51) for sand samples from the Mu Us desert. Details
of the ages in (b) and (c) are listed in Supplement Table.

https://doi.org/10.1016/j.yqres.2009.07.005
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occurred from the last interglaciation until the late Holocene. The
seven luminescence ages of N69 ka (mainly on loess samples from
sections MOG1, MOG4 and DRE18, with DesN300 Gy) could be treated
as minimum ages, as previous studies showed that quartz OSL might
saturate at about 200 Gy (Wintle and Murray, 2006). However, the
growth curve here (Fig. 2d) did not show saturation till at least 300 Gy,
and these age estimates are still in stratigraphic order. These ages
imply that the associated sediments accumulated during the last
interglaciation. Paleosols in the lower part of sections MOG1, MOG4
and DRE18 support this argument, since it is likely that during the last
interglaciation pedogenic processes were active (Kaiser et al., 2009a).
In section GYA3, the palaeosol might have been formed during the
marine oxygen isotope stage (MIS) 3 between 63.0±7.0 and
44.8±4 ka. For sections QUX2, CHI1, JIN2, STA1 and QUX1, the OSL
ages range from 23.9±2.1 to 2.9±0.2 ka, which could mean that the
aeolian sediment accumulation occurred from the LGM until the late
Holocene.

In order to extract paleoenvironmental information from the
distribution of an array of OSL ages, all 24 OSL ages of aeolian samples
dated in the current study were plotted using a probability density
function (PDF) (Fig. 5), which has been employed for luminescence
age distribution analysis (e.g. Singhvi et al., 2001; Telfer and Thomas,
2007). This approach permits the construction of a histogram such
that the experimental errors are also included (Singhvi et al., 2001).
There is a possibility that the overall distribution of OSL ages in the
PDF plot might reflect the sampling strategies rather than the full
distribution of ages of preserved aeolian deposits (Telfer and Thomas,
2007). An age cluster in a PDF plot could be interpreted either as a
higher and accidental sampling density of sediments belonging to a
specific interval and/or as a reflection of an enhanced accumulation
(Singhvi et al., 2001). It was suggested that undertaking a greater
density of sampling in a systematic manner would minimize this
effect, and that it would be further reduced by sampling at frequent
and regular intervals (Telfer and Thomas, 2007). In the current study,
21 (out of 24) OSL aeolian samples were collected in roughly regular
intervals from sections MOG4, DER18, GYA3, CHI1, JIN2 and STA1 (see
Fig. 3). As a result, the distribution of these OSL ages in the PDF plot in
Figure 5a reveals the distribution of ages of preserved aeolian
deposits, and can provide significant information for the interpreta-
tion of aeolian sediment accumulation. The distribution reveals age
clusters at 3, 7–8,16–21, 33, and 79–83 ka, which can be interpreted as
enhanced aeolian sediment accumulation during those time periods.
It is interesting to note that sand accumulation occurred mainly
during the period of 2–30 ka, while loess ages are older than 30 ka
(Fig. 5a), whose reason is unknown yet. Even if there is an age cluster
at about 79–83 ka, it is not appropriate to conclude that loess
accumulationwas enhanced in the late part of MIS 5 only, as these OSL
ages are close to the saturation limit for quartz OSL dating and their
actual ages may be older. But it is most probable that loess deposition
existed during the last interglaciation.

A sand accumulation phase in deserts is generally interpreted as
representative of an arid period. In Figure 5a, age clusters of sand
samples at 3 and 7–8 ka may reflect the global trend of increased
aridity in both periods, as the Tibetan Plateau is very sensitive to global
changes. Worldwide evidence showed arid events at ca. 3 ka (Wanner
et al., 2008, and references therein) and 8 ka (the “8 k event”, Alley and
Ágústsdóttir, 2005, and reference therein). Themechanism for the arid
event at 3 ka is still not clear (Alley and Ágústsdóttir, 2005). Among
several century-scale arid events in the Holocene detected using lake
sediments from tropical Africa, Central America andwest Asia, the arid
event at 3 ka was possibly triggered by temporary weakening of the
monsoonal circulation associated with the reduced northward heat
transport by the oceans or by feedback processes stimulated by
changes in tropical land surface conditions (Lamb et al., 1995). It was
also proposed that a solar forcing mechanism might underlie the
centennial to millennial time-scale changes in the Holocene (detected
rg/10.1016/j.yqres.2009.07.005 Published online by Cambridge University Press
in sediments from the North Atlantic), and that the surface hydro-
graphic changes might have affected the production of the North
Atlantic Deep Water, potentially providing an additional mechanism
for amplifying the solar signals and transmitting them globally (Bond
et al., 2001). The 8 k event, which brought generally cold and dry
conditions to broad northern-hemisphere regions,was in response to a
very large outburst flood from ice-dammed lakes in northern America
that freshened the North Atlantic (Alley and Ágústsdóttir, 2005). This
event has been detected within the Tibetan Plateau (van Campo and
Gasse, 1993; Liu et al., 2002). Sand-accumulation events recorded in
the Tibetan Plateau at about 3 and 8 ka imply roughly synchronous
global climate changes then. In Figure 5a, within the Holocene there
are two obvious periods of sand formation quiescence at about 5 and
10 ka (Fig. 5a), implying warm and humid climate conditions or
absence of sand sources during both intervals.

In addition to the accumulation within the Holocene, which had
also been reported previously (Lehmkuhl et al., 2000; Sun et al.,
2007), it is clear that aeolian deposition occurred in the last glaciation,
and also during the last interglaciation. A prominent age cluster at
about 16–21 ka indicates enhanced sand dune formation during the
LGM, which is themost arid period during the last 100 ka. Age clusters
at about 33 and 80 ka were also observed. Existence of aeolian
deposits during the last 100 ka implies that an ice sheet covering the
whole Tibetan Plateau during the LGM (19–23 ka; Kuhle, 1998, 2005)
cannot have existed, otherwise the aeolian deposits in the valley older
than LGM would have been completely destroyed by this glaciation.
Another implication is that the erosion in the investigated area during
the last deglaciation was not as strong as in the middle reaches of the
Yarlung Zangbo River examined by Sun et al. (2007), who suggested
that all loess already deposited had been eroded during the
deglaciation and that the loess basal age was less than about 13 ka
in the Tibetan Plateau.

However, it should be kept in mind that it is still debated, to some
extent, whether ages of dune sands represent an event of aridity or
not. For example, Nanson et al. (1992) suggested that the dune field
would record only the latter phases of deposition, while the earlier
phases were unlikely to be recorded. McFarlane et al. (2005)
suggested that linear dune ages in Botswana might not represent
the dune-building event at all, but the wetter phases of downslope
redistribution of aeolian materials. Accentuated aeolian aggradations
will occur during specific climatic regimes, whose timing will then be
determined by an optimal combination of sediment supply, transport
and preservation or erosion (Singhvi and Porat, 2008). In some cases it
is likely to date multiple events in the history of the same sample
(Singhvi et al., 1989). As a result, the meaning and implication of a
luminescence age of drylands should be carefully examined before
presenting interpretation for environmental changes (Singhvi and
Porat, 2008; Lancaster, 2008). In any case, this issue is beyond the
scope of the current study.

Comparison of age distribution with previously published OSL and
IRSL ages in the Tibetan Plateau

It is interesting to compare the distribution of OSL ages in this
study to previously published OSL/IRSL ages of aeolian samples from
the interior Tibetan Plateau (Lehmkuhl et al., 2000, 11 OSL ages from
eastern Tibetan Plateau; Porter et al., 2001, 9 IRSL ages from Qinghai
Lake in the northeastern plateau; Owen et al., 2006, 2 OSL ages from
the northern plateau; Sun et al., 2007, 3 OSL ages from the southern
plateau; Madsen et al., 2008, 1 OSL age from Qinghai Lake in the
northeastern plateau; Liu et al., in press, 2 OSL ages from Qinghai Lake
in the northeastern plateau). All these previously published OSL/IRSL
ages (n=28) of aeolian samples (24 of loess and 4 of sand) are
collected in Supplement Table and plotted in Figure 5b. Age clusters
were observed at 3, 5, 8–9, 11.5–12.5, and 22–24 ka. The main clusters
at 3, 8–9, and 22–24 ka are identical to the age distribution in Figure
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5a. This similarity in age distribution pattern suggests the synchro-
nous aeolian deposit accumulation throughout the whole Tibetan
Plateau, regardless of different atmospheric systems dominating
different parts of the Tibetan Plateau: the East Asian monsoon
dominates in the eastern Tibetan Plateau, the Southwest Asian
monsoon in the southern and the westerlies in the northern (Bryson,
1986). Thus, since the LGM the aeolian accumulation events in the
Tibetan Plateau reflect synchronous global climate changes trans-
mitted to the Tibetan Plateau through different atmospheric systems.
Records from Qinghai Lake in NE Tibetan Plateau also confirmed the
rapid climate response to a global-scale driving force during late MIS 2
and the early Holocene (Liu et al., 2002; Shen et al., 2005). A similar
observation was also made from 14C chronology of Holocene deposits
(mainly lacustrine and paleosols) in the arid to semi-arid transition
zone of north-central China (Porter and Zhou, 2006). They demon-
strated that East Asian monsoon variations correlate closely with
variations in North Atlantic drift-ice tracers that represent episodic
advection of drift ice and cold polar surface water southward and
eastward into warmer subpolar water, and that the correspondence of
these records over the full span of Holocene time implies a close
relationship between North Atlantic climate and the monsoon climate
of central China.

Comparison of age distribution with published OSL and IRSL ages in
the Mu Us desert in northern China

The Mu Us desert is in northern China, mostly in the Inner
Mongolia Province. It is located at the present northern limit of East
Asian monsoon rainfall, and is therefore sensitive to global climate
changes. Recently, a number of OSL dating studies have been
conducted in the Mu Us desert (Lai et al., 1999, 2 IRSL ages; Li et al.,
2002, 6 OSL ages; Lu et al., 2005, 27 OSL ages; Sun et al., 2006, 17 OSL
ages). All these OSL ages (n=51) have been collected in the
Supplement Table and plotted in Figure 5c. Five age clusters are
evident, at 1, 2.4, 5.5, 7.5–8.5, and 19 ka, with main clusters at 1 and
7.5–8.5 ka. The 7.5–8.5 ka peak is dominant in Figures 5a–c. It suggests
a common driving force and synchronous nature for this arid event in
both the Tibetan Plateau and the Mu Us desert, which is in agreement
with the conclusions by Wang et al. (2008) that the millennial-scale
climate events of high-resolution speleothem records in China are
synchronous with summer insolation at 65° N (Berger, 1978). Pollen
records from Qinghai Lake in NE Tibetan Plateau showed that within
the Holocene period the largest amplitude of cold events occurred ca.
8200 years ago (Liu et al., 2002).

The age clusters at 1, 2.4, and 5.5 ka should be associated with
human activity. The age cluster at 5.5 ka might be related to the initial
stage of agricultural activities in China which occurred in the south-
eastern margin of the Mu Us desert during that time. The spatial
distribution of archaeological sites of the ruins of Late Yangshao
Culture (ca. 5.5–5 ka) and the Longshan Culture (ca. 5–4 ka) are
distributed in the southeastern margin of the Mu Us desert (Sun et al.,
2006). The age cluster at 2.4 ka might be associated with intensive
agricultural land use which started during the West Han Period
(206 B.C.–A.D. 25), and the 1 ka cluster related to farming economies
of the Tang Dynasty (A.D. 618–907). There is a possibility that the peak
at 3 ka in Figures 5a and b might also be associated with human
activity in the Lhasa area, as it was the human impact that destroyed
the natural forest in the Lhasa area some time during the last
5000 years (Miehe et al., 2006; Kaiser et al., 2009a,b). The detection of
centennial-scale events of human impact on the landscape history in
theMuUs desert within the last ca. 5 ka indicated that the PDF plot is a
powerful tool for the analysis of OSL ages and its implications for
environmental changes. The pattern of age distribution in Figure 5
shows that the accumulation and preservation of aeolian dust is, in
general, episodic, as has been demonstrated elsewhere for drylands
(e.g. Singhvi et al., 2001; Lancaster, 1990, 2008).
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Conclusions

Twenty-seven samples (24 aeolian, 1 lacustrine, 1 fluvial, and 1
surface sample) from nine sections in the Lhasa area on the Tibetan
Plateau were dated using OSL of silt-sized quartz (38–63 μm). Where
14C ages are available, the OSL ages are in general agreement with
them. Ages of aeolian sediments range from 2.9±0.2 to at least 118±
11 ka. When all the ages of aeolian sediments were plotted using a
probability density function, the distribution reveals age clusters at 3,
7–8, 16–21, 33, 45, and 79–83 ka, which could be interpreted as a
reflection of an enhanced sediment accumulation during those time
periods.

In addition to the accumulation within the Holocene, aeolian
deposition occurred in the last glaciation, and also within the last
interglaciation. The dating results support the view that an ice sheet
covering the whole Tibetan Plateau during the LGM did not exist, and
that the erosion during the last deglaciation was not as strong as
previously thought that it might have removed all loess deposition
accumulated before the Holocene.

The pattern of age distribution in a PDF plot showed that aeolian
dust accumulation/preservation is in general episodic in the interior
Tibetan Plateau. The main age clusters in the PDF plot at 3, 8, and
16–21 ka in Figure 5a (data from Lhasa area only) are identical to
those in Figure 5b (data from different parts of the Tibetan Plateau).
This similarity suggests synchronous aeolian deposit accumulation
throughout the whole Tibetan Plateau, regardless of different
atmospheric systems dominating different parts of the Tibetan
Plateau. The 7.5–8.5 ka peak (8 k event) in the PDF plot is dominant
in Figures 5a–c (data from the Mu Us desert in northern China),
suggesting a common driving force for this arid event in both the
Tibetan Plateau and the Mu Us desert in Northern China. These sand
accumulation events imply roughly synchronous environmental
responses to global changes of corresponding global-scale arid events.
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