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The grain size analysis and end-member modeling of clastic fractions in the Selin Co basin
sedimentary sequence have been revealing variations of aeolian activity in the central
Tibetan Plateau since 3,900 cal yr BP. The grain-size distributions measured in this study
were classified into three statistical end-members that may be connected to clastic
material inputs from a variety of sources and transport processes. Among these, the
EM3 fraction (modal grain size of ~138 μm) was suggested to indicate the aeolian activity
history in the central Tibetan Plateau. The results indicate that the aeolian activity in this
region occurred under dry and cold conditions since 3,900 cal yr BP, with three strong
aeolian activity intervals at 3,200–2,900 cal yr BP, 2,400–1,400 cal yr BP, and after
130 cal yr BP. Comparison with other records showed that solar insolation, weakening
Indian summer monsoon, and the strengthening westerlies have a direct relationship with
the aeolian activity in the central Tibetan Plateau. We therefore suggest that the
atmospheric circulation patterns and effective humidity may have a strong impact on
the water balance and weathering intensity in the arid and semiarid areas, hence affecting
dust emissions. Also, the coarse detrital end-member fraction of lake sediments is
suggested as a potential aeolian activity proxy.

Keywords: central Tibetan Plateau, Lake Selin Co, end-member analysis, aeolian activity, Indian summer monsoon,
the westerlies

1 INTRODUCTION

Aeolian activity has garnered considerable attention from the government and academics as one of
the most serious ecological and environmental challenges inWestern China. It has a negative impact
on human health, contributes to desertification, and has other environmental implications (Okin
et al., 2001; Esmaeil et al., 2014). Dust released from aeolian activity plays an active role in
modulating global climatic change, and the resulting change, in turn, influences the dust emission
(Maher et al., 2010; Wang et al., 2013). Therefore, investigating dust history helps elucidate the
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releasing processes and shed light on the mechanisms behind the
relationship between dust release and climatic change over time.
It contributes to our growing understanding of the
ocean–atmosphere–land interactions that govern the climate
system. However, the dust storm events inferred from
meteorological data and historical archives are insufficient to
reconstruct the history of aeolian activity over past periods in the
arid and semiarid regions of China, especially
paleoenvironmental reconstruction based on environmental
proxies is an indispensable method in the areas without
history records (Qiang et al., 2007). Additional records from
the local region are essential for improving our understanding of
regional climate systems.

Lakes in arid regions are natural dust traps resulting in the
deposition of continuous sediment that can provide a high-
quality sedimentary record for paleoenvironmental changes,
especially long-term changes associated with aeolian dust
deposition (An et al., 2011; Chen et al., 2013). The nature of
dust grain size in lake sediments in the Central Asian arid zone
can reflect Asian monsoon system change and wind intensity
(Qiang et al., 2007). Therefore, aeolian grain-size distributions
(GSDs) from the lake sediments are the most commonly applied
proxy in reconstructing past aeolian activity in the Tibetan
Plateau region (Chen et al., 2013; Qiang et al., 2014; Wu et al.,
2020). Owing to the complexity of the sources of lake sediments,
it is important to understand how to distinguish the aeolian
fractions and their proportions in lake sediments (Zhang et al.,
2021). Several relevant investigations have determined the
contribution of aeolian sediments by comparing the grain-size
distributions of lake sediments and regional aeolian sediments
(Qiang et al., 2007; Qiang et al., 2014). Moreover, several
researchers have used mathematical methods to analyze grain
size data and build models to identify the sources of various
sediments; these models, so-called “end-member models,” have
been developed by Paterson and Heslop in 2015. For example,
Dietze et al. (2012) applied the end-member modeling analysis
(EMMA) on Lake Donggi Cona and identified the following five
end-members: EM1 (8.4φ, 3.5 µm) represents suspended
sediment from fluvial and alluvial processes, EM2 (6φ,
15.7 µm) represents local dust, EM3 (4.4φ, 47 µm) represents
sandy well-sorted, probably dune sediment, EM4 (3φ, 125 µm)
represents remote dust, and EM5 (1.7φ, 310 µm) which is poorly
sorted, has actually three prominent modes, typical of fluvial and
onshore deposition. The end-member model analysis has been
successfully applied to determine the aeolian fractions in lake
sediments (Chen et al., 2013; Wu et al., 2020; Zhang et al., 2021).

The Tibetan Plateau, which is influenced by the Asian
monsoon and the mid-latitude westerlies, is one of Central
Asia’s dust-producing regions (Dong et al., 2020). Lake Selin
Co, located in the central Tibetan Plateau, is relatively unaffected
by human activities. Therefore, it is one of the ideal lakes for
studying aeolian activity. Meanwhile, due to its scarce
precipitation and a sufficiently large lake surface, the coarse-
grained fraction in the sediment at the center of the lake is less
influenced by fluvial input (Deckker et al., 1991), which maybe
come from air sources. Moreover, previous research has rebuilt
the overall framework of monsoonal and paleoenvironmental

changes in the Selin Co region using grain size characteristics,
geochemical studies, and isotopic studies (Gu et al., 1993;
Morinaga et al., 1993; Kashiwaya et al., 1995; Gyawali et al.,
2019). Recent studies (Shi et al., 2017; Hou et al., 2021) used
optically stimulated luminescence to date beach ridges in Lake
Selin Co to monitor lake-level fluctuation. All previous studies
provided basic archives between climate and aeolian activity.

In this article, a 1.79-m lake core from Lake Selin Co has been
collected, and the grain size end-member model analysis was
applied to the Lake Selin Co sediments since the Late Holocene as
well as the aeolian components were identified to reconstruct the
past aeolian activity in the central Tibetan Plateau.

2 REGIONAL SETTING
Selin Co is a brackish lake located in the central Tibetan Plateau
(88°32′-89°22′E, 31°32′-32°07′N, 4,530 m, above the sea level),
about 90 km west of Bange County in Naqu District. The lake
consists of two parts. The eastern part has a larger area and has a
shallower water body with a maximum water depth of ca. 35 m;
the western part is relatively smaller but has a deeper water body
(Figure 1; Wang et al., 2019). Lake Selin Co covers a total area of
~3,262 km2. The pH value is 9.6, and the salinity is approximately
17.45%. It is a sodium sulfate-type brackish water lake. The total
ion concentration in the lake is 11.07 g/L. The cation primarily is
Na+ with some K+, Mg2+, and Ca2+; the anion primarily is SO4

2-

with some Cl−, HCO3
−, and CO3

2- (Gu et al., 1994; DeJi et al.,
2018; Wang et al., 2019).

The drainage system is largely developed in the Selin Co
catchment, and the main perennial and seasonal rivers are
Zhajia River, Zhagen River, Ali River, and Boqu River
(Figure 1B; DeJi et al., 2018; Wang et al., 2019). The Zhajia
River originates in the Tanggula mountains, Geladandong,
Jiregepa, and other snow mountains that fill into Lake Selin
Co at the north shore of the eastern part. The Zhagen River,
an intermittent river with shallow and clear water during the
rainy season, originates from the Jiagang snow mountain in the
east of Gyaring Co and enters Lake Selin Co from the west shore.
The shallower Ali River, a clear seasonal river, infuses the western
part of Lake Selin Co. The Boqu River is an intermittent river that
originates from the Baburi snow mountain and empties into
eastern Lake Selin Co (Wang et al., 2019). The glacier covers an
area of around 593 km2 or about 1% of the total catchment area of
Lake Selin Co (Hou et al., 2021). The Lake Selin Co’s principal
supply source is glacial meltwater (DeJi et al., 2018; Hou et al.,
2021).

The Lake Selin Co region is mainly affected by the Indian
summer monsoon and westerlies (Gyawali et al., 2019).
According to remote sensing and field observations, Lake Selin
Co is typically covered in ice from late December to mid-April of
the following year (Kropáček et al., 2013; Zhang et al., 2014; Guo
et al., 2016). Annual precipitation ranges between 290 and
321 mm, and the annual evaporation total can reach
2,176 mm. The average annual temperature is 0.8–1.0°C, and
the number of annual gale days (i.e., winds >62 kmhr−1) is
between 103 and 132 days (Da 2011). Except for May to
September, the other months’ mean temperatures in the Lake
Selin Co area are below 0°C. Precipitation is the heaviest between
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June and September, contributing to 83% of annual precipitation;
yet, the basin’s multiyear average monthly precipitation is less
than 10 mm from November to March (Figure 1C; Wang et al.,
2020).

Modern dust storm events in the central Tibetan Plateau are
recorded by meteorological stations at Shenza (30°56′N, 88°42′E,
4,680 m) and Wudaoliang (35°12′N, 93°06′E, 4,800 m) and
primarily emerge from December to April (1961–2000;
Figure 2; Han et al., 2008), owing to the absence of
precipitation in the winter and early spring as well as the
accompanying high frequency of wind (Bai et al., 2006).
Therefore, the dust that falls into Lake Selin Co occurs
primarily during the winter (December to April). The main
vegetation types are alpine prairie, alpine meadows, and alpine
shrubbery (Kou et al., 2021). The Aytemisia wellby grassland
occupies the lake basin’s periphery, while the Kobresia littledalei

swampy meadow covers the river shoal and low swampy ground
along the shoreline (Sun et al., 1993).

3 MATERIALS AND METHODS

3.1 Core Sampling and Preparation
A total of six lake cores were drilled in the western part of Lake
Selin Co at a water depth of 30 m. The longest core measures
2.78 m (Wang and Zheng 2014). A 1.79-m core SL-4 was sliced at
1 cm intervals. For grain size testing, 167 samples were prepared.
The upper half of the core is composed primarily of gray–white
medium-fine sand or fine silt with an interlayer of black clay,
while the lower section is composed primarily of gray–black and
black clay with a reasonably fine lithology. Figure 5 illustrates the
detailed lithology.

3.2 AMS 14C Age Dating
6 AMS 14C was extracted from bulk organic matter samples at the
Beta 14C Lab in the United States (Table 1; Figure 3). Calibration
of the 14C dates was performed using the IntCal13 calibration
curve (Reimer et al., 2013). The age model was established using
the Bacon package within the R open-source statistical
environment by fitting a polynomial function to the age–depth
data (Blaauw and Christen 2011).

3.3 Grain-Size Measurement and
End-Member Modeling
To eliminate organic matter and carbonates from subsamples,
they were pre-treated by boiling with H2O2 (10%) andHCl (10%).
The samples were then added to distilled water and left overnight.

FIGURE 1 | (A) Location of Lake Selin Co (black square) in the central Tibetan Plateau. (B) Core SL-4 site (red star) in Lake Selin Co (Yu et al., 2019). (C)Multi-year
average monthly temperature and precipitation record (1979–2017; Wang et al., 2020). The modern East Asian monsoon limit is shown by the red dashed line (Gao
1962); ISM and EASM mean the Indian summer monsoon and East Asia summer monsoon, respectively.

FIGURE 2 | Monthly dust storm days (average of 1961–2000) in the
central Tibetan Plateau (Han et al., 2008).
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Afterward, the samples were dispersed for 5 min with 10 ml
sodium hexametaphosphate on an ultrasonic vibrator to
completely disaggregate the particles prior to grain size analysis.

A Malvern Mastersizer 2000 instrument was used to
determine the grain size. The range of measurement is
0.02–2000 μm. The repeated measurement error is less than
2%. Then, the samples were inserted into the system using a
Hydro MVmodule. The sample quantity was adjusted to obtain a
laser-beam obscuration of between 10 and 20%. The average
GSDs for each sample (n = 167) were calculated using two
repeated measurements and served as the input data for the
end-member analysis. The acquired GSDs were unmixed using
the MATLAB graphical user interface software program
AnalySize.

4 RESULTS

4.1 Chronology
To determine the reservoir effect from the core, the “intercept
method” was used (Hou et al., 2012). Zhang et al. (2016) proposed
that the regression approach is not restricted to linear types and

introduced quadratic-type regressions. Usually, the regression with
the highest correlation (represented by R2 values) is used to
describe the age–depth relationship. In this study, the quadratic
relationship gives a higher R2 value than the linear equation. There
is an intercept of 2,249 years BP according to quadratic-type
regression (R2 = 0.9522). Wang and Zheng (2014), and Gyawali
et al. (2019) calculated the reservoir age to be 1890 and 2,635 years
from Lake Selin Co. The inconsistency in the predicted reservoir
was probably caused by cores obtained from different locations.
However, there are no discernible variations between the reservoir
age calculated in this study and the results of earlier investigations.
Therefore, the reservoir age in this study was 2,249 years BP.

It was subtracted from all measured 14C ages assuming a
constant reservoir age throughout the depth. The reservoir effect-

TABLE 1 | Radiocarbon ages for samples from cores collected at Lake Selin Co.

Sample ID BETA Lab ID Depth (cm) Dating material 14C age (yr BP) 14C error RA-corrected 14C age
(yr BP)

Calibrated
age (yr BP)

SL-4C-1 548798 10 Organic matter 2,370 30 121 197
SL-4C-2 548799 31 Organic matter 3,530 30 1,281 1,202
SL-4C-3 548800 73.75 Organic matter 4,740 30 2,491 2,400
SL-4C-4 548801 112.5 Organic matter 4,850 30 2,601 2,765
SL-4C-5 548802 151 Organic matter 5,280 30 3,031 3,286
SL-4C-6 548803 177.5 Organic matter 5,810 30 3,561 3,844

FIGURE 3 | Age–depth model for core SL-4. The blue area shows the
probability density of the calibrated result for each radiocarbon date. The gray
scale indicates the probability density function of the age–depthmodeling. The
red lines indicate the weighted mean ages, which were used for all
curves throughout the study.

FIGURE 4 | End-member modeling results for core SL-4. (A) Increasing
coefficient of determination (R2) as a function of the number of end-members
(EMs) chosen to model the observed GSDs, from 1 to 10. (B) Angular
differences (in degrees) between the reconstructed and observed data
sets as a function of the number of end-members. (C) Plot of some observed
GSDs (gray shading) overlain with the three retained EMs (colored lines)
together. All EMs have a unimodal distribution, with varying width and
amplitude.
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adjusted chronology was loaded into Bacon software after
deducting the reservoir age. A Bayesian accumulation model
was used to establish an age–depth model (Figure 3; Blaauw
and Christen 2011). At the bottom of the core, the old stage was
about 3,900 cal yr BP. The average sedimentation rate is
0.046 cm/yr. The average rate calculated in this study is
essentially same as the Gyawali’s et al. (2019) average
sedimentation rate of 0.045 cm/yr, which is slightly lower than
the average sedimentation rate of 0.052 cm/yr calculated byWang
and Zheng (2014).

4.2 Grain Size Results
The sediments of Lake Selin Co contain sand, silt, and clay
components. However, a polymodal grain-size distribution is
revealed when all samples (n = 167) are superimposed. Hence,
all the GSD data were separated by the AnalySize program, and
the minimum number of end-members (EMs) required is also
determined based on the calculated coefficient of determinations
(R2) and angular deviation (Paterson and Heslop 2015). As the
number of EMs increases, the goodness-of-fit statistics show an
increasing fit (higher R2) to the raw GSDs spectra (Figure 4A).
According to Figures 4A,B, the third end-member represents a
critical position in terms of linear correlations and angular
deviation. Therefore, the three end-members fit in minimum
EMs with relatively high R2. So, we chose a three-EM model to
depict the particle sources and deposition process in Lake Selin
Co since the Late Holocene. The end-member modal sizes are
2.9 μm (EM1), 5 μm (EM2), and 138 μm (EM3; Figure 4C).

The percentage contents of these three modeled end-members
are shown in Figure 5. EM1 is themost abundant particle fraction
throughout the whole core and is highly varied, ranging from
~12.9 to ~98.4%. The relative abundance of EM2 varies between 0
and ~56.3%. EM3 ranges from 0 to ~77.7%, with very low
percentages throughout the core and moderately high

percentages outside at some intervals (e.g., 76–38 cm,
148–125 cm, and 7–0 cm).

The grain size changes in the SL-4 core sediments are classified
into four stages: 179–76 cm, 76–38 cm, 38–7 cm, and greater than
7 cm (Figure 5). Between 179 and 76 cm (stage Ⅰ), the proportions of
EM1, EM2, and EM3 are 43.7–98.4%, 0–56.3%, and 0–24.1%,
respectively, with 74.6, 21.3, and 4.0% as the corresponding
averages. From 76 to 38 cm (stage Ⅱ), the EM1 ranges from 18.9
to 88.9% with an average of 61%, EM2 ranges from 0 to 22.1% with
an average of 6.0%, and EM3 ranges from 7.1 to 71.8% with an
average of 33%. Between 38 and 7 cm (stage Ⅲ), the proportions of
EM1, EM2, and EM3 range from 12.9 to 97.9% (average 74.2%),
0–29.7% (average 9.4%), and 2.1–77.7% (average 16.4%), respectively.
Above 7 cm (stageⅣ), the proportions of EM1, EM2, and EM3 range
from 29.7 to 85.5% (average 46.4%), 0–11.1% (average 6.9%), and
14.5–60.5% (average 46.7%), respectively.

To better understand the sediment constitution and deposition
processes, we selected four representative samples from stage Ⅰ to
Ⅳ and plotted their cumulative curves, probability cumulative
curves, and distribution curves in the same coordinates, as shown
in Figure 6. The probability cumulative curves for all four samples
indicate a four-stage type, and the grain size range varies greatly
(~0.2–354 μm; Figure 6). The fraction of rolling load is between 2
and 25%. The sand is the main component with a grain size range
varying from 88 to 354 μm. The grain size range of the saltation
load varies between 0.7 and 88 μm, with silt and clay as the main
components of the load and less sand with a broad peak span. The
cutoff point of the two saltation loads is between 6 and 11 μm. The
suspension load is approximately 10%, with a high slope,
medium-good sorting, and grain size ranging from 0.2 to
1 μm, dominated by clay. The cutoff point between the rolling
and saltation load is coarse and ranges between 88 and 125 μm,
while the cutoff point between the saltation and suspension loads
is fine and near 1 μm.

FIGURE 5 | SL-4 core variation in the % abundance of all three modeled end-members.
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5 DISCUSSION

5.1 Environmental Significance
Interpretation of Obtained EMs
Clastic particles were deposited at the lake bottom principally via
three transport paths, according to Wang et al. (2019): river or
runoff, wind (frequently trapped by ice in winter, deposited
following ice melting in summer and autumn), and long-term
suspension maintained by wave action. The key components of

the sediments, as illustrated in Figure 6, are the saltation and
suspension load. The multi-peak patterns of grain-size
distribution curves in the Lake Selin Co deposition processes
show complicated sedimentary provenance, medium, and
hydrodynamic circumstances (Figure 6). Furthermore, the
end-member modeling results reflect that the deposition of
clastic particles is influenced by multiple transport-deposition
processes from the perspective of sedimentation dynamics. We
analyzed the grain-size distribution of Lake Selin Co surface

FIGURE 6 | Grain-size distribution characteristics of SL-4 core samples.

FIGURE 7 | Frequency distribution curves of grain size for the surface samples. (A) Lake surface sample sites are far away from the shore (Wang et al., 2019). (B)
Lake surface sample sites with water depth <32.6 m or offshore distance <3.9 km (Wang et al., 2019). (C) Ice-trapped aeolian dust (Wang et al., 2019). (D) Catchment
fluvial sand and dune sand (Hou et al., 2021).
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sediment and modern aeolian dust trapped on the ice, fluvial
sand, and aeolian sand dunes around the lake to determine the
composition of the source material for the Lake Selin Co sediment
(Figure 7).

With a modal grain size of ~2.9 μm, EM1 represents the finest
particle fraction in Lake Selin Co sediments (Figure 4C). This
super-microparticle clay EM1 in lake sediment represents a long-
term suspension fraction in standing water (Dietze et al., 2012;
Xiao et al., 2013; Liu et al., 2016) and settles under calm
conditions (Dietze et al., 2014).

From nearshore to offshore, the fine particle content increases
while the coarse particle content decreases, implying that
hydrodynamic sorting is taking place (Figure 7A,B; Wang
et al., 2019). We assume that the flows from the river/runoff
were not strong enough to transport coarse particles to the center
of the lake, whilst those flows could possibly transport finer
sediments to deep water. The fine particles suspended in the
current and deposited in the lake water is at a standstill (Qiang
et al., 2007). Additionally, when the precipitation or glacial
meltwater increases, a large amount of water can raise lake
levels, yet a deeper lake can deposit finer particles below weak
hydrodynamics wave-base (Hou et al., 2021). A fine silt end-
member has been detected in the lake on the Tibetan plateau,
which has been interpreted as the sediment settling from river/
runoff processes (Ma et al., 2019; Zhang et al., 2021). Themud-silt
component, mainly fine particles, is represented by EM2, which
has a modal size of 5 μm. Therefore, EM2 instructs a fine particle
fraction by the river/runoff inputting to the lake.

The modal size of EM3 is approximately 138 μm, which
represents the sand fraction. The grain-size distribution of the
sediments could be affected by variations in the distance between
the inflow and the deposition location as a result of lake-level
fluctuations (Wang et al., 2021). The lake center (i.e., core site)
may be far from the lake shore during periods of high lake level;
the sediment/water interface is usually less disturbed by river/
runoff inflow and wave action; and coarse particles transported by
the river/runoff are difficult to reach the core location, resulting in
fine particles deposited in the sediment center (Kasper et al., 2012;
Bird et al., 2014). Moreover, the mode size of the fluvial sand
found in the sample sites around Lake Selin Co ranges from 181
to 209 µm (Figure 7D; Hou et al., 2021). Single-frequency
distribution curves without coarser modal size at 181 and
209 µm are recorded from the sediments of the lake surface
sample sites with a large distance from the shore (Figure 7A).
It indicates that the coarse particles of sediments at the core
location are relatively unaffected by the river/runoff. In regions
with less precipitation, fluvial sediment fractions >60 μm are
difficult to be transported to the sedimentary center of the
lake with high lake level and large surface (Deckker et al.,
1991). Furthermore, when the core site is close to the river/
runoff inflow and the lake level is low, the core site is likely to
receive more coarse-grained material delivered by the river/
runoff.

Meanwhile, the wind can also transfer coarse material to Lake
Selin Co.Wind frequently transports coarse particles to the center
of high-sand-content lakes in Northwest China’s arid and
semiarid regions (Chen et al., 2013; Zhang et al., 2021). The

size distribution curves of ice-trapped aeolian dust grains from
Lake Selin Co show coarser aeolian components with a modal size
of roughly ~70 μm (Figure 7C). The EM3 component grain-size
distribution interval contains the modal size of ice-trapped
aeolian dust, indicating that the grain size of about 70 μm in
the core represents an aeolian fraction. Additionally, the grain-
size distribution curve of aeolian dune sand distributed on the
lake beach of Lake Selin Co reveals that it is mainly made up of
fine to medium sand with a modal size of 140 μm (Figure 7D). It
agrees with the EM3 fraction’s modal size, indicating that coarser
particles were driven into the lake during a sand storm with
strong winds. Regardless of the lake level, coarse particles can be
deposited directly into Lake Selin Co through sand storms or
freeze on the lake ice-layer in winter and subsequently sink into
the lake owing to ice melting. As a result, the EM3 fraction
contains inputs from both aeolian and river/runoff sources. To
some extent, variations in the EM3 fraction content can signal
changes in aeolian activity. When the EM3 fraction content is
low, aeolian activity is weaker, and the lake level is higher;
contrariwise, the high EM3 fraction indicates stronger aeolian
activity and low lake level.

5.2 Aeolian Activity History During the Last
3,900 years Inferred From Grain-Size
Spectra
Climate change has a great impact on the aeolian activity (Yang
et al., 2007; Wolfe 2021). The abundance of magnesium-rich
authigenic carbonate minerals (dolomite and hydromagnesite) in
the Lake Selin Co sediments indicates that the degree of aridity of
the climate intensified as the MgO/CaO ratio and MgCO3

concentration increased (Gu et al., 1993). The authigenic
carbonate consisting of calcite and aragonite that was
deposited, with an increase in CaCO3 content and a drop in
the MgO/CaO ratio, reflects a warmer and wetter climatic
environment (Gu et al., 1993). A dry and cold climate is
indicated by higher δ18O values in authigenic carbonate (Gu
et al., 1993). In the Late Holocene, the Selin Co regional climate
evolved oscillatively to cold and dry, which was compatible with
records from the central Tibetan Plateau’s lakes of Zigetang Co,
Taro Co, and Nam Co (Gu et al., 1993; Herzschuh et al., 2006;
Cheung et al., 2014; Laug et al., 2021).

The aeolian activity history in the Selin Co region over the last
3,900 years can be reconstructed based on the component EM3
(Figure 8F). According to the variation of EM3 component
content, the significant aeolian activity periods in the central
Tibetan Plateau were inferred from 3,200 to 2,900 cal yr BP,
2,400–1,400 cal yr BP, and after 130 cal yr BP. A lower
frequency and weaker intensity of aeolian activity were
recorded from the other periods. Comparing the climate
change characteristics of the study area, we suggest that most
periods of low aeolian activity correspond to the humid
conditions, probably due to the wet climate that reduced the
intensity of aeolian activity to some extent (Yang et al., 2007).

The climate of Lake Selin Co was dry and cold at
3,900–3,400 cal yr BP, according to Gu et al. (1993) and
Gyawali et al. (2019) studies, with decreased MgCO3, MgO/
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CaO, and δ18O values (Figures 8B,C,E). The aeolian activity was
not developed in this period. It indicates that the climate changed
from dry and cold to warm and wet, and the intensity of the dry
and cold climate was not too strong. The better conditions were
probably favorable to the vegetation so that to restrain aeolian
activity.

The climate was relatively wet from 3,400 to 2,400 cal yr BP
(Figure 8; Gu et al., 1993), and wet conditions were recorded
from Nam Co and Tangra Yumco at 3,400–2,300 cal yr BP
(Kasper et al., 2012; Ma et al., 2020). The frequency of
aeolian activity was low, and the intensity was weak during
this period. Aeolian activity peaked between 3,200 and
2,900 cal yr BP, owing to a regional climatic shift associated
with the 2.8 ka BP cold event (~3,300–2,800 cal yr BP; Sun et al.,
2020). This occurrence was witnessed in several parts of the
Tibetan Plateau, i.e., lakes Ngamring Co and Qinghai as well as
the Hongyuan peatland (Yu et al., 2006; Hou et al., 2016; Sun
et al., 2020).

The climate was cold and dry at 2,400–1,400 cal yr BP
(Figure 8; Gu et al., 1993). Dry conditions were inferred
from lakes Nam Co and Tangra Yumco at 2,300–1700 cal yr
BP (Kasper et al., 2012; Ma et al., 2020). Changes in δ18O and
δ13C values of carbonate fluctuated significantly with the peak
at 2,400–1,400 cal yr BP (Figures 8D,E). It signifies a dramatic
evaporation event caused by the cold and dry climate, resulting
in a drop at the lake level (Gu et al., 1993; Morinaga et al., 1993;
Xue et al., 2010). Another factor that could have caused the
lake level to drop was the weakening of the monsoon, which
resulted in less precipitation (Gu et al., 1994; Shi et al., 2017;

Hou et al., 2021). Simultaneously, during the low lake level, the
EM3 proportion was high, indicating intense aeolian activity.
Therefore, in cold and dry conditions, coarse particles may be
transported by wind and, to a lesser extent, by the river/runoff.
With the lake-level lowing, the core site is close to shallow
nearshore, so that coarse particles deposited were carried by
the river/runoff. The aeolian activity estimated from this study
is compatible with the record of strong aeolian activity from
the Dinggye area in the southern Tibetan Plateau between 2000
and 1,100 cal yr BP (Pan et al., 2014). The differences in dates
are probably from the shorter paleo-aeolian sedimentary
sequence and lower chronological resolution (Pan et al.,
2014). The cold and dry climatic conditions provide a
background for aeolian activity during this period (Yang
et al., 2007). Under dry conditions, the effective humidity
decreased and vegetation cover and soil consolidation became
bad, resulting in increased sand sources and dust release;
meanwhile, the cooling process was accompanied by windy
weather, increasing the possibility of aeolian activity by
providing the necessary dynamical effect (Yang et al., 2007;
Ma et al., 2016).

The humidity slightly increased after 1,400 cal yr BP
(Figure 8; Gu et al., 1993), and the Medieval Warm Period
(MWP) arrived. The content of the EM3 fraction reduced
considerably with a weak aeolian activity during the MWP.
The warm and humid climate favored vegetation in the region
to inhibit aeolian activity. Following then, aeolian activity
increased in frequency and intensity throughout the Little
Ice Age (LIA). In such a frigid climatic background, the

FIGURE 8 | (A), (B), (C), (D), (E) CaCO3, MgCO3, MgO/CaO, δ13C, and δ18O records in the core CH8803 of Lake Selin Co, respectively (Gu et al., 1993). (F) EM3
fraction (this study).
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study area provided suitable dynamical conditions, giving
enhanced source material and wind power for the aeolian
dust transport (Yang et al., 2007; Ma et al., 2016). Aeolian
activity appeared at 350–550 cal yr BP and after 130 cal yr BP.
It is well consistent with the high dust events record from the
Malan ice core for nearly 800 years (Wang et al., 2006). This
study’s findings on aeolian activity during the LIA are
congruent with ice core records from the Tibetan Plateau.
During 1800–2000 AD, increased dust concentrations were
recorded from the Dasuopu ice core in the Tibetan Plateau’s
southern region (Thompson et al., 2000). The Guliya ice core
was used to infer the significant dust peak phases between 1770
and 1900 AD (Yang et al., 2007). At 1860–1874 AD and
1930–1954 AD, the Tanggula ice core recorded a strong
dust flux (Wu et al., 2013).

5.3 Regional Comparison
The aeolian activity archives in this study show that aeolian
activity was more prevalent during cold and dry periods. The
records from Chen et al. (2013) and Qiang et al. (2014) support
this theory. Summer insolation in the Northern Hemisphere
has been decreasing from 3,900 cal years BP, indicating a
cooling trend (Figure 9A; Berger and Loutre 1991). As a
result, in the context of cooling, the probability and
intensity of cold air intrusion increase, and the frequent

occurrence of windy weather creates better dynamical
conditions for sustained aeolian activity (Yang et al., 2007;
Wolfe 2021). In order to better illustrate the factors impacting
the aeolian activity in the central Tibetan Plateau, the aeolian
activity record is therefore compared with regional
paleoclimatic records (Figure 9).

Figures 9B,H,I show the aeolian activity records of Lake
Selin Co in the central Tibetan Plateau, Yang Chang (YC)
section in the southern margin of the Tarim Basin, and Sugan
Lake in the Qaidam Basin in the northern Tibetan Plateau,
respectively. Compared with the Sugan Lake record, large
differences in the history of aeolian activity are presented in
the two areas (Figures 9B,I). Sand storms came into being and
intensified during 300–500 AD, 1180–1,240 AD, and
1500–1700 AD in the Sugan Lake region in the last
2000 years (Chen et al., 2013). Whilst the aeolian activity
events in the Lake Selin Co are well consistent with the YC
section record, but there are some slight differences between
them (Figures 9B,H). The difference between age and aeolian
activity history implies that the three regions have different
main regulating forces.

The aeolian activity in the Sugan Lake region coincided
with the intensification of Siberian high, resulting in frequent
incursions of cold air masses from higher latitudes into the
dust source area in northwestern China (Chen et al., 2013).

FIGURE 9 | (A) Summer insolation at 30o N (Berger and Loutre 1991). (B) EM3 fraction. (C)Westerlies climate index (WI, flux of >25 μm fraction) in Qinghai Lake;
large WI values indicate strengthened westerlies influence (An et al., 2012). (D) δ18O of stalagmites from the Bittoo Cave (Kathayat et al., 2016). (E) δ13C curve of the C.
mulieensis remains and mixed plant cellulose of the Hongyuan peat, the smaller the δ13C of peat plant remains cellulose, the stronger the monsoon activity is and vice
versa (Hong et al., 2003). (F) δ18O of stalagmites from the Wanxiang Cave (Zhang et al., 2008). (G) δ18O of stalagmites from the Dongge Cave (Wang et al., 2005).
(H) Dust storm record from the Tarim Basin (Han et al., 2019). (I) Coarse fraction (56–282.5 μm) of the sediments of Lake Sugan (Chen et al., 2013). The gray bars
indicate the aeolian activity events.
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The aeolian activity in the Tarim Basin is influenced not only
by changes in solar activity but also by increased low level
wind strength and delayed transition of seasonal jet due to
enhanced and southward shifts of the westerly jet during cold
periods (Han et al., 2019). The central Tibetan Plateau’s
aeolian activity was compared to Indian summer monsoon
(ISM) and westerlies records. We assume that the period of
strong aeolian activity in the research area generally coincides
with the weakening of the ISM and the strengthening of the
westerlies (Figures 9B–E). Meanwhile, the spectral analyses of
the aeolian activity record of Lake Selin Co, the ISM, and the
westerlies present consistent dominating cycles centered at
~149 years, ~372, and ~449 years (Figure 10). This furtherly
corroborates the relationship between aeolian activity changes
in the central Tibetan Plateau with the ISM and the westerlies
changes. However, the three dominant cycles are not evident
in the westerlies spectrum. It seems likely that the westerlies
are not a direct cause of the variation of aeolian activity in the
study area. The westerlies influence aeolian activity in both
the central Tibetan Plateau and the Tarim Basin. However, the
controlling role of the westerlies in the formation of aeolian
activity in the Tarim Basin was probably stronger than that in
the central Tibetan Plateau region. With the comparison of
the δ18O records from stalagmites in Wanxiang and Dongge
caves, aeolian activity in the central Tibetan Plateau usually
corresponded to the strengthened East Asian summer
monsoon periods (Figures 9B,F,G). Correlation analysis
with δ18O data of stalagmites from the Wanxiang Cave

(R = −0.29 with p<<0.01) and Dongge Cave (R = −0.41
with p<<0.01) presents a moderate negative correlation.
This indicates that the East Asian summer monsoon has a
limited impact on aeolian activity in the central Tibetan
Plateau. It supports the earlier hypothesis that the ISM and
the westerlies have the greatest influence on the climate of the
central Tibetan Plateau (Wang et al., 2017; Gyawali et al.,
2019; Hou et al., 2021).

The comparison reveals that ISM-dominated regional
humidity may play a key role in regulating the study area’s
dust emission and aeolian accumulation. When the ISM
intensity drops, less precipitation falls in the Lake Selin Co
area, resulting in low effective humidity, sparse vegetation
cover, and easily mobilized ground surface particles.
Moreover, as the westerlies strengthen, the relatively bare
ground surface becomes more prone to raise coarser dust
particles as a result of vigorous wind erosion. The air
masses associated with the ISM only need to cross a small
section of the Indian subcontinent before reaching the Tibetan
Plateau from the south, but the westerlies must cross the
majority of the Eurasian continent before reaching the
Tibetan Plateau region. These two paths differ not only in
terms of their overall source regions but also in terms of the
distances they travel to water sources (oceans; Zhu et al., 2015).
Therefore, the transfer of moisture differs between these two
atmospheric circulation systems, with the westerlies bringing
minimal moisture to the Tibetan Plateau and the ISM bringing
a high amount of precipitation (Zhu et al., 2015). Because the
study location is located at a high altitude on the central
Tibetan Plateau, dry westerlies may only slightly improve
humidity in the study area when the westerlies are
enhanced (Zhu et al., 2015). As a result, enhancing
westerlies across the central Tibetan Plateau may promote
aeolian activity. Our findings match the reconstructed aeolian
activity history from the Dinggye area in the southern Tibetan
Plateau since 3,900 cal yr BP within the error range of
chronology dating (Pan et al., 2014). The ISM circulation
likely has a significant impact on both areas. Atmospheric
circulation disturbances influence aeolian activity, with
various driving mechanisms controlled by different
atmospheric circulation systems. The development of
aeolian activity in the central Tibetan Plateau is influenced
by regional humidity, which is dominated by ISM.

6 CONCLUSION

The grain size end-member modeling of the Lake Selin Co’s
SL-4 core gives important independent information about
changes in aeolian activity in the central Tibetan Plateau
since 3,900 cal yr BP. The observed GSDs are subdivided
into statistically robust EMs, each of which is associated
with a distinct source region and transport process,
i.e., long-term suspension component sources (EM1), fine
catchment river/runoff sources (EM2), and coarse fraction
from aeolian and river/runoff sources (EM3). The temporal
variation in EM3-relative abundance is proposed to be a

FIGURE 10 | Spectral results of proxy records. From top to bottom: EM3
fraction, δ18O of stalagmites from the Bittoo Cave (Kathayat et al., 2016), and
westerlies climate index (An et al., 2012). Shaded bars indicate highly coherent
spectral peaks.
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valuable indicator of aeolian activity over the central Tibetan
Plateau. Remarkable aeolian activity occurred during
3,200–2,900 cal yr BP, 2,400–1,400 cal yr BP, and after
130 cal yr BP. According to the study’s findings, dry and
cold climate conditions favor aeolian activity. Additionally,
aeolian activity in the central Tibetan Plateau was directly
related to solar insolation. Since 3,900 cal yr BP, aeolian
activity in the central Tibetan Plateau had been formed
under conditions that resulted in the Indian summer
monsoon weakening and the westerlies strengthening
compared with other proxies.
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