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Abstract

Many lakes in the Qinghai—Tibetan Plateau (QTP) have aeolian sands distributed in their downwind shores. However, it has
been rarely systemically investigated on whether the downwind dune sand and lake evolved in association with each other
or they evolved independently. Here we take the well known Qinghai Lake and its downwind sand area as a case study to
investigate the issue of water—sand interaction. Grain size, magnetic susceptibility and geochemical data along with opti-
cally stimulated luminescence (OSL) ages suggest that the downwind eastern shore sandy lands co-varied with the lake level
fluctuations (or lake extension changes) of the Qinghai Lake during the Holocene epoch. During the early Holocene lake
lowstands (11-9 ka, ka is 1000 years), vast areas of exposed lacustrine sediments were eroded by prevailing westerly winds,
therefore, causing sand to accumulate at the eastern shore bajada areas along the west piedmonts of the Riyue Mount, and
to expand along the Daotang River valley. In contrast, during the mid to late Holocene lake highstands (7-1.2 ka), eastern
shore dune sands were largely stabilized, and loess accumulated and even paleosol developed, leading to substantial shrink-
age of the eastern shore sandy lands. In addition, using GIS tool, we reconstructed the spatial extensions of the lake during
highstand (Mid-Holocene) and lowstand (Early Holocene), and eastern shore desert range of early Holocene. As a result,
this study indicates a close connection between the lakes in QTP and the aeolian sands downwind.
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Introduction

Dusts on the Qinghai-—Tibetan Plateau (QTP) can be deflated
into the atmosphere and transported to the low altitude areas
downwind (Fang et al. 2004). Hence, sand dunes and Gobi-
desert regions in QTP supply large amounts of potential silt-
sized sediments for the downwind sedimentary regions, such
as the Chinese Loess Plateau (CLP) (Fang et al. 2004; Kapp
et al. 2011; Pullen et al. 2011; Liu et al. 2017). Therefore,
understanding the aeolian system of the QTP not only has
local significance for the paleoclimate reconstruction, but
also is important for the large-scale, e.g., regional, correla-
tion to the CLP.

Closed lakes are the sedimentary sinks for the inflow
University of Chinese Academy of Sciences, Beijing 100049, drainages in QTP, and many lakes in QTP have sand dunes
China distributed in their downwind shores. However, it is rarely
investigated whether the downwind shore sands evolved

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s12665-018-8025-y) contains
supplementary material, which is available to authorized users.

P< Xiang-Jun Liu
xjliu@isl.ac.cn; xiangjunliu@ 126.com

Key Laboratory of Comprehensive and Highly Efficient
Utilization of Salt Lake Resources, Qinghai Institute of Salt
Lakes, Chinese Academy of Sciences, Xining 810008, China

Qinghai Provincial Key Laboratory of Geology
and Environment of Salt Lake, Qinghai Institute of Salt
Lakes, Chinese Academy of Sciences, Xining 810008, China

School of Resources and Environmental Sciences, Linyi

University, Linyi 276000, China

School of Geography, Qinghai Normal University,
Xining 810008, China

in association with the lakes, or they are evolved indepen-
dently. Here we use the Qinghai Lake and its downwind
dune sand as a case study to investigate whether the lake
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and its downwind aeolian sands were linked or not during
the Holocene epoch.

Aeolian sediments surrounding the Qinghai Lake are usu-
ally 1-3 m thick of loess mantle on the top of bedrocks,
alluvium, river terraces or paleoshoreline gravels. They can
be easily identified at both sides of the highways around the
lake. Previous dating results suggest that loess surround-
ing the Qinghai Lake accumulated since the last deglacia-
tion (Chen et al. 1990, 1991; Madsen et al. 2008; Liu et al.
2012; Lu et al. 2010, 2015; Yuan et al. 1990). On the other
hand, researches on lake level variations reported that early
Holocene lake level of the Qinghai Lake was quite low: lake
water was less than 10 m deep (Kelts et al. 1989; Zhang et al.
1994; Yu and Kelts 2002a; Yu 2005; Liu et al. 2015; Wang
et al. 2015), compared to modern average of ~22 m; the lake
level rose substantially after ~ 8 ka, reached the Holocene
highest stand at ~5 ka (about 9.1 m higher than modern
level), and declined during the past 2 ka (Liu et al. 2015).

On the eastern margin of the Qinghai Lake, two patches
of mobile dunes (Fig. 1b) spread from north of Gahai lagoon
to south Haiyan Bay, and another small patch of active dunes
distributed to the southeast of the lake, located at the source
region of Daotang River. These three patches of active sand
dunes were called eastern shore sandy lands, with a mod-
ern area of ~475 km? (Wang et al. 2017). Up to present,
only a few preliminary studies on when and how the eastern
shore sandy lands formed. Xu and Xu (1983) proposed that
the formation of eastern shore sandy lands was associated
with the recessions of Qinghai Lake during Holocene epoch.
They thought the Holocene recession of the lake exposed
lacustrine sediments which were eroded by prevailing west-
erly winds, making the medium to coarse sands accumulated
downwind. Yao et al. (2015) regarded that modern mobile

dunes at the eastern shore of Qinghai Lake were the results
of mechanical disruptions of in situ ancient sands after the
surface grass turfs were damaged. Wang et al. (2017) pro-
posed that Qinghai Lake shrunk substantially during last
glacial maximum (LGM) and early Holocene, thereby mak-
ing large areas of lake floors exposed. The exposed lacus-
trine sediments were eroded by westerly winds, and sands
accumulated at the west piedmonts of Riyue Mount, thereby
making the eastern shore sands spread out (purple dashed
line in Fig. 1b) from northeastern lake shore to the south-
eastern lake drainage where Daotang River originated. Up to
date, it is still inconclusive on: (1) when and how the eastern
shore sandy lands formed, (2) how big its spatial extent vari-
ations through time, and (3) the relationships between the
Qinghai Lake and its downwind eastern shore sandy lands.

In this study, we combined the ages of aeolian deposit
reported within eastern shore sandy lands, the reported
Holocene lake level variation curves and reconstructed
early and middle Holocene lake extensions, to explore the
relationships between the Qinghai Lake and the downwind
eastern shore sandy lands during the Holocene epoch. We
also investigated two representative aeolian deposit sections
within the eastern shore sandy lands.

Study area

Qinghai Lake, the largest inland closed lake in China,
locates on the northeastern QTP at the elevation of
~3200 m above sea level (Fig. 1a). Its vast size and prox-
imity to two major climate systems-Westerlies and Asian
Summer Monsoon (ASM)-makes it sensitive to large-
scale climate changes (Madsen et al. 2008; Liu et al.
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Fig.1 a Map showing the location of Qinghai Lake, northeastern
Qinghai-Tibetan Plateau; b satellite image of Qinghai Lake and sur-
rounding areas. Red dots are aeolian profiles reported by previous
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2015; Rhode et al. 2010). It was extensively investigated
by scientists from China and abroad for the late Quater-
nary paleoenvironmental changes (Zhang et al. 1994; Yu
and Kelts 2002a, b; Shen et al. 2005; Madsen et al. 2008;
Liu et al. 2010; Rhode et al. 2010; An et al. 2012; Chen
et al. 2016; Li and Liu 2014, 2017, Li et al. 2018). Recent
research of lacustrine sediments reported that the climate
of Qinghai Lake was dominantly controlled by westerlies
during the last glaciation, and was predominantly influ-
enced by the ASM during the Holocene (An et al. 2012).
Aeolian sediments at the western and southern margins of
the Qinghai Lake were thought to be deposited independ-
ent of the lacustrine sediments, and these aeolian sedi-
ments were also investigated for their deposition ages and
preserved paleoenvironmental information (Chen et al.
1991; Lu et al. 2010, 2015; Liu et al. 2012; Zeng et al.
2017) (Fig. 1b). However, aeolian sediments at the eastern
shore of the Qinghai Lake are thought to be coupled with
the evolutions of Qinghai Lake because exposed lacustrine
sediments may be the important source for downwind aeo-
lian sands (Xu and Xu 1983; Wang et al. 2017).

Qinghai Lake is now a brackish lake with salinity of
14 g/L, and the lake area is ~4400 km?. The average water
depth is ~22 m, and the maximum depth is approximately
30 m. It is located at the junction of the ASM and the
Westerlies, sensitive to these two atmospheric circula-
tion changes, and is the ideal place to investigate past
ASM-Westerlies interactions (An et al. 2012). Observa-
tional data from the Gangcha meteorological station on
the north margin of the lake report that the annual mean
temperature is — 0.3 °C, with the highest monthly mean
temperature of 10.9 °C (July), and the lowest monthly
mean temperature of — 13.5 °C (January) (Ma 1998). The
annual mean precipitation is ~373 mm (An et al. 2012),
and the annual mean evaporation in the Qinghai Lake is
~900 mm (Li et al. 2016). The main tributaries of Qinghai
Lake are the Buha River, contributing about half of the
annual water input to Qinghai Lake, the Shaliu River, the
Haergai River, the Quanji River and the Heima River (Li
et al. 2007).

Three patches of mobile sands, called eastern shore
sandy lands, distributed along the eastern shore of Qinghai
Lake. Two large patches of sand dunes distribute between
Qinghai Lake and Riyue Mount, and another small patch
of sand dunes locate at the source region of Daotang River
(Fig. 1b). Sand dunes within the sandy lands are composed
of transverse dunes and pyramid dunes. Transverse dunes
mostly distribute near the lake, while pyramid dunes dis-
tribute near the mountain front. Sand islands and sand
dams distribute along the eastern lake margin and spread
westward into the lake, and aeolian sands also deposited
underwater within the Haiyan Bay (Wang et al. 2017; Xu
and Xu 1983).

Sampling section description and data
measurements

The Zhongyangchang (ZYC) aeolian section was investi-
gated and sampled for this study. The Ketu-North (KTN)
aeolian section was investigated and reported by Lu et al.
(2015), and we used their published data in this study. These
two sections locate at the easternmost of the sand dunes,
near the Riyue mount and at the distal side of pyramid
dunes. The ZYC aeolian section (36°38'N, 100°52'E) lies to
the southeast of Qinghai Lake (Fig. 1b). The exposed ZYC
section is ~ 1.5 m thick, and can be divided stratigraphi-
cally into aeolian sand, loess, paleosol, and a modern soil
from bottom to top (Fig. 2). The top~0.3 m is loose modern
soil, with sediments coarser than the underlying loess and
paleosol. The paleosol and loess occur from a depth of 0.3 to
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Fig.2 ZYC section with the OSL ages (Zeng et al. 2017), for the
details of the ages please see Table S1. Black and yellow dots repre-
sent OSL dating sample collection positions
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1.0 m. The transition between the paleosol and lower loess is
gradual with an ambiguous boundary (Fig. 2). The loess and
paleosol are relatively firm and compact, containing numer-
ous pores and fibrous plant roots. Loose aeolian sand is at
least 1.0 m thick and continues downwards to an unknown
depth. The top 1.2 m of the section was cleaned for sample
collection. Six samples for OSL dating and six bulk sedi-
ment samples for radiocarbon dating were collected from
the section. Sixty samples for proxy analyses were taken at
2-cm intervals.

The chronologies of the ZYC section were already pub-
lished by Zeng et al. (2017), which included both '*C and
OSL ages. The OSL ages are more reliable than '*C ages,
this study only uses the OSL ages (Fig. 2). The proxy sam-
ples were firstly air dried, then carefully disaggregated by
hand. Magnetic susceptibility (MS) were measured using a
Bartington Instruments magnetic susceptibility meter. Total
organic contents (TOC) were analyzed on a Vario Pyro Cube
Elemental Analyzer after carbonates were removed by dilute
hydrochloric acid at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences. Bulk sediments were dried and
sieved to obtain <75 um fraction, then sufficient amount of
sediments in each sample were analyzed for sedimentary
elemental concentrations on an Axios advanced wavelength

Fig.3 Sedimentary facies dia-
gram, magnetic susceptibility
(MS), Grain size (GS, median)
and Total organic content
(TOC) curves of ZYC (left

a 09ka 49ka 6.5ka

dispersive X-ray fluorescence spectrometer (XRF) at the
Qinghai Institute of Salt Lakes, Chinese Academy of Sci-
ences (ISLCAS).

For grain size analysis, about 2 g sediments were soaked
into H,0, and HCI to remove organic matter, carbonate, and
iron oxides, and were then dispersed with 10% (NaPO;), in
an ultrasonic bath. Finally, the grain size distribution was
measured by a Malvern 2000 laser diffraction instrument
that ranging from 0.02 to 2000 um at the Physical Geogra-
phy Lab of Taishan College.

Chronologies and proxy results

Sedimentary facies and OSL ages of ZYC and KTN sections
show that paleosol formed during mid and late Holocene
(at least from 6.5 to 1.1 ka) (Fig. 3). MS and TOC curves
of ZYC and KTN sections emerged high plateau between
6.5 and 1.1 ka, implying that pedogenesis occurred at this
environmental optimum period. GS data also show that fine
grain dust increased during this period (Fig. 3), suggesting
a long distance dust transportation and remote dust source
regions. In contrast, aeolian sands deposited during early
Holocene (from 12 to 9 ka) and the last 1.1 ka, MS and
TOC were low, GS became coarse (Fig. 3). Sedimentary
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structures show little or no evidence of pedogenic alteration,
implying environmental condition was harsh and the source
regions were relatively close for coarse grain aeolian sands
and loess to deposit.

Figure 4 shows the comparison between the aeolian
deposit ages and lake level fluctuation curve of Qinghai Lake
since the last deglaciation. During lake lowstands (before
7 ka and since 1.1 ka), aeolian sands activated, indicating the
occurrence or expansion of moving sands in eastern shore.
However, during the lake highstands (7-3 ka and 2-1.1 ka),
paleosol formed extensively and moving sands were largely
stabilized in eastern shore (Fig. 4). Thus, it seems that the
eastern shore aeolian activities were closely associated with
the lake level fluctuations of upwind Qinghai lake during the
Holocene epoch.

Coupled evolutions of Qinghai lake and its
downwind aeolian sands

End-member decomposition of granular data

The ZYC and KTN aeolian sections are composed of simi-
lar strata: aeolian sands at the lower parts, and upward
transit to loess and paleosol at the mid part, then modern
soil or aeolian sands covered the top paloesol (Fig. 3).
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Fig.4 a Plot of reported aeolian sediment ages from eastern shore
deserts (Lu et al. 2010, 2015; Hu et al. 2012; Liu et al. 2012; Yang
et al. 2018; Zeng et al. 2017); b The Holocene lake level variation
curve of Qinghai Lake (Liu et al. 2015)

Both sites show that GS were coarse at aeolian sand layers,
and GS became fine at loess and paleosol layers (Fig. 3).
It is evident that the GS of KTN section are systemati-
cally coarser than ZYC section (Fig. 5). The GS distribu-
tion curves of aeolian sands contain only one coarse peak
(centered at ~60 um and ~ 120 um for ZYC and KTN,
respectively), indicating they are sorted quite well before
deposition (Fig. 5a, c). The GS curves of loess show that
they compose one fine GS peak (at ~15 pm and ~30 pm
for ZYC and KTN, respectively) and another coarse GS
peak (at ~60 pum and ~ 110 um for ZYC and KTN, respec-
tively) (Fig. 5a, c¢). The GS curves of paleosol show that
they contain plenty of particles finer than 20 um and 70 pm
for ZYC and KTN sections, respectively (Fig. 5a, c).

End-member decomposition of GS data is effective in
extracting information on provenance, transport processes,
and the depositional environment of sediments (Zhang
et al. 2017). Hence, we decomposed the GS data of ZYC
and KTN sections using Bayesian End-Member Modeling
Analysis (BEMMA) model (Yu et al. 2016). The grain size
data of ZYC section can be decomposed to two end mem-
bers: EM1 is similar to the aeolian sand, but even coarser
than aeolian sand, EM2 is similar to the paleosol (Fig. 5b).
The grain size data of KTN section can be decomposed
to three end members, EM1, EM2 and EM3. They are
similar to aeolian sand, paleosol and loess, respectively.
The decomposed GS end-member curves are consistent
with the lake level variation curve of Qinghai Lake: coarse
grain sands increased when the lake level was low, and
fine grain sediments increased during the lake highstands
(Figs. 4, 6).

Pye and Tsoar (1987) proposed that particles greater
than 50 pm were moved by wind as saltation, and can be
transported up to ~30 km from the source region. In con-
trast, particles with diameter between 20 um and 30 um
can be transported as far as 300 km by winds, and parti-
cles with diameter less than 20 um can be transported to
more than 1000 km as suspension. Therefore, we consider
the coarse component (EM1) comes from adjacent source
regions that are within 30-50 km upwind of the sandy
lands, where the fine component (EM?2) is largely from
far range source regions that are 50-300 km upwind the
Qinghai Lake. The decomposed grain size curves show
that before ~9 ka and since ~ 1.1 ka, EM1 (the main parti-
cle size is 60-130 pum for ZYC and 100-500 pm for KTN,
respectively) is the dominant component, and the EM2
(the main particle size is 3—40 pm for both ZYC and KTN)
just constitutes a relatively small portion of the sediments
(Fig. 6), implying mainly proximal source. However, dur-
ing the mid and late Holocene (from ~7 to ~ 1.2 ka), EM2
is the dominant component, EM1 just contribute a small
portion of sediments (Fig. 6), implying a distal source for
the aeolian sediments.
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Elemental composition and sources

Al O3, K,O and TiO, contents of aeolian sediments
increase as the sediments become fine, but they are not
easy to migrate during weathering processes, so their
ratios can be used to track the sediment sources (Gu 1999;
Zeng 2017). Zr and Nb in sediments are relatively stable,
and they preserve characteristics of source rocks, so they
also can be used for provenance study (Zeng 2017). Zeng
(2016) reported that the elemental molar ratio (K,0/Al,05,
Zr/Ti, and Zr/Nb) in Qinghai Lake region can be used
to distinguish aeolian sediments from fluvial and alluvial
sediments, and he further proposed that loess in Qing-
hai Lake area mainly came from Qaidam Basin due to
their similar K,0/Al,O5, Zr/Ti, and Zr/Nb ratios. Hence,
we analyzed element contents of aeolian sands, loess and
paleosol of ZYC section using X-ray fluorescence spec-
trometer (XRF). The Zr/Ti against K,0/Al,0; and Zr/Nb
against K,0/Al,0O; were plotted in Fig. 7 for aeolian sands,
loess and paleosol. The plots show that aeolian sands and
paleosol can be separated by K,0/Al,O5, Zr/Ti, and Zr/
Nb ratios, whereas loess overlapped with both aeolian
sands and paleosol (Fig. 7a, b). The plots indicate that

elemental ratios of aeolian sands and paleosol fall within
different ranges, suggesting they may have different source
regions. This is in consistent with the GS data decomposi-
tion results. However, loess overlapped with both aeolian
sands and paleosol, suggesting they may come from either
paleosol or aeolian sand source regions, or a mixture of
sediments from these two source regions.

Rb and Sr are easily fractionated during weathering
processes on earth’s surface due to Sr has much higher
activity than relatively more inert behavior of Rb (Jin et al.
2015). Qinghai Lake catchment was dominated by carbon-
ate weathering, and both Ca and Sr are readily transported
into the lake in dissolved forms. The authigenic carbon-
ate enriched lacustrine sediments in Qinghai Lake have
low Rb/Sr and high Ca/Sr ratios, where terrestrial aeo-
lian sediments show high Rb/Sr, but low Ca/Sr ratios (Jin
et al. 2015) (Fig. 7c, d). The Rb/Sr ratios of sediments of
ZYC section were higher than lacustrine sediments, flu-
vial sediments and surficial aeolian sediments surrounding
the Qinghai Lake, implying that acolian sediments experi-
enced significant post-depositional chemical weathering.
The highest Rb/Sr emerged from paleosol in ZYC section,
suggesting that strong chemical weathering is an important
part of the soil formation process (Fig. 7c, d).

Fig.7 Plots of element ratios. a b
a K,0/Al,0; against Zt/Ti, b 0.14 1
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Early and mid-Holocene lake and desert extension
reconstruction

Early Holocene (11-9 ka) lacustrine sediments contain sev-
eral layers of carbonate rich (mainly aragonite, calcite, and
dolomite) silts and several layers of ruppia seeds and plant
residues rich silts (Yu and Kelts 2002a). The authors inter-
preted that these ruppia seeds and plant residues were in situ
deposited and preserved, not transported by lake water
because there were no plant residues or ruppia seeds can be
achieved from modern surface sediments taken from deep
water areas in Qinghai Lake. They then deduced that the
early Holocene Qinghai Lake was just several meters deep
(at most 10 m). Recent lake drilling observations confirmed
these early discoveries and their viewpoints (An et al. 2012;
Liu et al. 2013; Jin et al. 2015; Li and Liu 2017).

In this study we use ASTER 30 m resolution DEM data,
1:200,000 topographic map and Arcgis 9.1 GIS software,
to reconstruct the early to mid-Holocene lake extensions,
and further tentatively inferred possible spatial extension
of the eastern shore sandy lands during early Holocene lake
lowstands. The isobaths of Qinghai Lake were first digitized
from topographic map by hand, then the bathymetric image
were generated by interpolating the vectorized isobaths data
(Fig. 8a). The topographic map was produced at 1970, and
the lake level of that year is approximately 3195 m above
sea level (a.s.l.). Considering the early Holocene (11-9 ka)
lake was ~ 10 m deep, the lake accumulated ~5 m detrital
sediments during the Holocene (Shen et al. 2005; An et al.
2012; Wang et al. 2015), and the present maximum depth of
the lake is ~30 m, hence we take 3170 m a.s.l. as the early
Holocene lake level elevation, and obtained the early Holo-
cene lake extension through spatial analyst tool (Fig. 8b).
As the present eastern shore sandy lands distribute adjacent
to the lake or even spread westward into the lake along the
eastern lake margin, and westerly wind prevailed at present
and since the last glaciation during winter and spring sea-
sons (An et al. 2012; Zeng 2016). Therefore, we propose that
during early Holocene lake lowstand, strong westerly wind
would eroded the exposed lacustrine sediments that located
at the west, north, and south sides of the lake and trans-
ported them to the eastern shore. The Tuanbao mountain and
Riyue mountain prevented them from moving further east-
ward, caused the eastern shore sandy lands expanded, but
still adjacent to the shrunk lake (like the present situation).
The early Holocene lake extension and eastern shore sandy
lands spatial ranges were then tentatively inferred (Fig. 8b).

The mid-Holocene lake extension were obtained accord-
ing to the report that mid-Holocene lake level was ~9.1 m
higher than present (Liu et al. 2015), using ASTER-DEM
through spatial analyst tool (Fig. 8c). Although several
researchers reported that the eastern shore sandy lands were
largely stabilized and paleosol widely developed among sand
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Fig.8 Water depth map of 1970 (a) and tentatively reconstructed
lake extensions of Qinghai Lake and eastern shore desert range for
Early Holocene (b) and Mid-Holocene (c¢). The interval of isobaths
in (a)is S m

dunes during mid to late Holocene (Lu et al. 2010, 2015,
2018; Liu et al. 2012; Hu et al. 2012), we also find paleosol
developed and loess accumulated on top of early Holocene
aeolian sands along the Daotang river valley, beyond the
present sandy lands ranges. However, it is still difficult to
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reconstruct the mid-Holocene eastern shore sandy lands
spatial extension because enhanced aeolian activities dur-
ing the recent millennia may destroyed or buried previously
deposited loess and paleosol, although we are sure that the
areas of eastern shore sandy lands shrunk greatly during
mid-Holocene climate optimal period.

The relationship between Qinghai Lake and its
downwind aeolian sediments

There are fundamental questions on when and how the
eastern shore sandy lands formed and whether the aeolian
sand evolutions coupled with the lake level fluctuations (or
lake extension changes) of Qinghai Lake. Xu and Xu (1983)
proposed that the formation of eastern shore sandy lands
were associated with the recessions of the Holocene Qinghai
Lake. When the lake shrunk, exposed lake bottom sediments
were eroded by westerly winds and sands accumulated along
the western piedmonts of Tuanbao Mount and Riyue Mount.
Consequently eastern shore sandy lands formed. Moreover,
previous studies suggest that the Qinghai Lake nearly dried
up during the LGM (Chen et al. 1990; Shen et al. 2005; Jin
et al. 2015), exposed vast areas of lake floors which suf-
fered from drastic wind erosions, thereby causing medium
to coarse sands accumulate at the eastern shore of the lake
(Wang et al. 2017).

The TOC, MS, GS decomposition results and the elemen-
tal composition ratios in this study all are consistent with the
lake level variations of Qinghai Lake during the Holocene
epoch, therefore providing evidence for the connections
between the lake extension changes and the eastern shore
aeolian activities (Figs. 3, 4). Reconstructed early Holocene
lake spatial extension suggested that vast areas of lake bot-
tom were exposed, and provided potential materials for west-
erly wind to erosion and transportation (Fig. 8b). Hence, we
propose that the aeolian sediments in eastern shore have both
proximal and distal source. During the early Holocene, lake
level was low, and vast ranges of lake floor exposed and was
eroded by still stronger westerly winds, made the fine grain
silts together with far range transported silts to be deflated
and transported over the Riyue Mount to the Huangshui river
terraces and western CLP (Liu et al. 2017), while coarse
grain sands were accumulated at the western piedmont of
Tuanbao mount and Riyue mount, and along the Dangtao
river valley, caused the early Holocene eastern shore sandy
lands spatial extension much larger than present (Figs. 8b,
9b). During the mid to early-late Holocene, the lake level
was a few meters higher than present, and paleosol widely
developed within eastern shore deserts, implying the deserts
shrunk substantially, near distance source regions decreased,
and the dust mostly came from long range transported silts
from Qaidam basin that locate at the west-side of Qinghai
Lake as Zeng (2016) proposed (Fig. 9a). During the past

Riyue Mt.
East ~4100m asl

Q High lake level stage

Qinghai Lake

b Low lake level stage

4

Riyue Mt.

Qinghai Lake

Fig.9 Schematic diagrams for aeolian sediment accumulations at the
eastern shore deserts. a during Holocene high lake level stages, long
range transported dusts mainly deposited on the eastern shore; b dur-
ing Holocene low lake level stages, exposed lacustrine sediments sup-
ply coarse sands to the eastern shore, while long ranges transported
dusts and silts in lacustrine sediments were transported over the
Riyue Mount to the Huangshui valley regions by westerly wind

~ 1.5 ka, lake level declined again, and the exposed lacus-
trine sediments provided parts of sands for eastern shore
sandy lands, moreover, enhanced human activities degraded
the grassland, therefore activating the sand and expanding
the sand coverage (Yao et al. 2015).

Initial time of the aeolian sand

When the eastern shore aeolian sand initiated is also an
intriguing question. We proposed that eastern shore aeolian
activities were closely associated with Qinghai Lake water
level variations during the Holocene epoch. The Qinghai
Lake was formed ~4.6 Ma years ago (Fu et al. 2013), and
the Quaternary climate changes were characterized by gla-
cial-interglacial alternations. Thus it is not easy to determine
when the eastern shore sandy lands initial formed. We know
that the climate over northeastern QTP was cold and dry
during the LGM, and loess deposited within the Qinghai
Lake catchment were largely eroded and transported east-
wards to Huangshui River basin and west part of CLP (Liu
et al. 2017), and massive sand wedges formed on the north-
eastern QTP (Liu and Lai 2013). Meanwhile, Qinghai Lake
shrunk to nearly dried up (Shen et al. 2005; Jin et al. 2015),
and the eastern shore sandy lands expanded substantially
(Wang et al. 2017). Hence, we are sure that the eastern shore
sandy lands existed at least since the last glacial period.
Whether the sandy lands initiated at the earlier cold-dry
glacial stages is still unknown, and resolving this question
relies on whether we can date the oldest aeolian sands that
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deposited deeper underlie the present sand dunes or we can
identify the oldest aeolian sediments from the drilled older
lacustrine sediments as what Yuan et al. (1990) and Fu et al.
(2013) did.

Implications for understanding the relationships
between the lakes and aeolian sediments in QTP

There are more than one thousand lakes in the QTP, and
most of them are inland closed lakes. These lakes are located
at the lowest part of each drainage, as the sinks of the fine
sediments eroded from surrounding mountains and high-
lands. On the other hand, lakes in this areas can be sources
too. Previous studies reported that the QTP was dry and
cold during the glacial stages, and lakes shrunk greatly. The
exposed lacustrine sediments could be eroded and trans-
ported eastwards to supply materials for low altitude CLP
and Sichuan Basin (Bowler et al. 1987; Fang 1995; Fang
et al. 2004; Kapp et al. 2011; Pullen et al. 2011; Liu et al.
2017; Nie et al. 2015). During the interglacial stages, cli-
mate became warm and wet, lakes in QTP expanded, and
loess accumulated on QTP (Bowler et al. 1987; Liu et al.
2012, 2015, 2017). Dong et al. (2016) reported that the dust
spreading over the QTP were mostly derived from the ero-
sion and the weathering of sediments and bedrocks within
the plateau, and vast areas of deserts surrounding the QTP
at the north and west sides supplied limited amounts of dust
to the QTP. Moreover, many lakes besides Qinghai Lake
have sandy lands distributed downwind of the lake, such as
Haha Lake, Genggahai Lake, Donggi Cona Lake and Eling
Lake (Stauch et al. 2012; Wiinnemann et al. 2012; Qiang
et al. 2014; Hu et al. 2017). This study suggests that down-
wind eastern shore sandy lands are closely coupled with the
evolutions of upwind Qinghai Lake. In the future, investi-
gating the relationships between the lakes and downwind
aeolian sands in QTP other than Qinghai Lake are of impor-
tant significances for resolving when and how the fine grain
sediments in QTP were transported eastward to the CLP and
Sichuan Basin, even to the Pacific Ocean (Fang et al. 2004),
and also important for understanding the mass balance of the
QTP in an uplifting background during the Cenozoic period.

Conclusions

Grain size, magnetic susceptibility, total organic contents,
OSL ages and geochemical data of aeolian sediments along
with lake level variations (or lake spatial extension changes)
suggest that Qinghai Lake is closed associated with its
downwind eastern shore sandy lands during the Holocene
epoch. During low lake stands (11-9 ka), exposed lacus-
trine sediments provided materials for downwind sandy
lands. However, during high lake level stages (7-1.2 ka),
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downwind eastern shore sands were largely stabilized with
loess accumulations and paleosol formations.

The initial time of the eastern shore deserts is still
unknown, but they have existed at least since the last gla-
cial. During the LGM, Qinghai Lake nearly dried up, and
the spatial coverage of eastern shore sandy lands were much
larger than the early Holocene lowstand. This study also has
important implications for future studies on the relationships
between other lakes and their downwind sandy lands in QTP.
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