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Aeolian sediments hold key information on aeolian history and past environmental
changes. Aeolian desertification and extensive land degradation have seriously affected
the eco-environment in the Gannan region on the eastern Tibetan Plateau.
Understanding the history of aeolian activities can deepen our understanding of the
impacts of climatic changes on aeolian activities in the future. This study uses a detailed
chronology and multiple proxy analyses of a typical aeolian section in Maqu to
reconstruct aeolian activities in the region during the Holocene. Our results showed
that aeolian activities have occurred in the eastern Tibetan Plateau since the early
Holocene. Magnetic susceptibility, grain size records, and paleosols formation indicated
a trend of stepwise weakening in aeolian activities from the early Holocene to the present.
The weakening of aeolian activities was divided into three stages: ∼10.0–8.0 ka BP,
∼8.0–4.0 ka BP, and ∼4.0 ka BP to the present. Paleosols were primarily formed after
∼8.0 ka BP, and episodically interrupted aeolian activities processes in the Gannan
region. Aeolian activity may increase in the Gannan region as the climate gradually
warms. Climatic changes and local hydrological conditions have jointly affected the
history of aeolian activities in this region.
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INTRODUCTION

The Tibetan Plateau (TP) is known as the third pole of the world with the highest altitude (Yao et al.,
2012). The TP is a highly unique geological–geographical–ecological unit, with important
geographical significance and high sensitivity to global environmental change and human
disturbance (Dong et al., 2010; Kang et al., 2010; Chen et al., 2020). The Gannan region is
situated on the eastern TP, and is the most important water conservation area in the upper
reaches of the Yellow River (Figure 1). In recent decades, accelerating grassland degradation and
aeolian desertification have caused severe environmental impacts in the region and its surrounding
areas, and as a result, the area has received increased attention (Dong et al., 2010; Shen et al., 2011;
You et al., 2014; Cao et al., 2019).

Most studies focus on the effects of modern climate change and human activities on aeolian
desertification (Hu et al., 2013; Huo et al., 2013; Hu et al., 2015). However, an understanding of the
history and process of desertification in the Gannan region over extended time scales would greatly
help to assess the effects of climatic changes on desertification processes. Therefore, investigation of
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the aeolian processes in the Gannan region during the Holocene
is essential to better understanding aeolian activities on the TP
under global warming (Huo et al., 2013; Hu et al., 2018).

Aeolian sediments are widely distributed in the northeastern
TP and can provide key information on aeolian history and past
environmental changes (Stauch et al., 2012; Yu and Lai, 2014;
Qiang et al., 2016). The aeolian deposits around Qinghai Lake
indicate that aeolian activity and low effective moisture occurred
at ∼13 ka, ∼10–9.1 ka, and ∼8.9–7.8 ka and that the climate was
wetter at ∼4–3 ka (Lu et al., 2011). A subsequent study revealed
that aeolian activity occurred episodically during the Holocene
and that paleosols developed primarily from 9.5 to 4 ka in the
Qinghai Lake Basin (Lu et al., 2015). In the Gonghe Basin, Qiang
et al. (2013) found that the strongest aeolian activity occurred at
11.8–11.0 ka, 9.4 ka, 7.8 ka, and 5.7 (5.5) ka. The climate records
of aeolian deposits reveal a relatively warm and wet climate in the
early Holocene, dry conditions from 8.7 ka to 4.7 ka, and a warm
and wet climate from 4.7 ka to 0.7 ka (Liu et al., 2013a). Aeolian
deposition increased significantly in the Donggi Cona catchment
during the early Holocene and from 3 ka to the present, which
demonstrated that a drier and cooler climate caused the
reactivation of dune sand and enhanced aeolian activity during
the early Holocene (Stauch et al., 2012). On the basis of a
summary of the published optically stimulated luminescence
(OSL) ages from the TP, Stauch (2015) suggested that in most
regions, the strongest aeolian sediment accumulation occurred
during the late Glacial and in the early Holocene, which coincided
with the strengthening of the Asian summer monsoon on the TP
(Stauch, 2015). However, the history of aeolian activities in
different regions is not consistent, and the relationship

between aeolian activity and regional evironmental change is
likely complex (Qiang et al., 2016).

Few studies have investigated the aeolian history in the
Gannan region. Recently, Hu et al. (2018) analyzed OSL ages
from three aeolian sand sections. They found that aeolian activity
in the Zoige Basin had occurred since the early Holocene, whereas
aeolian sediment deposition primarily had occurred after ∼3.20 ±
0.33 ka with a very high sedimentation rate. However, the
environmental records of aeolian sediments have not been
reconstructed on the basis of detailed geochronology, and
further investigations are needed. In this paper, detailed
radiocarbon and OSL dating were conducted on a loess-sand
profile near Maqu County in the Gannan region to obtain a
reliable age framework. Multiple environmental proxies were
employed to investigate the history of aeolian activities in the
Gannan region and determine its relevance to environmental
changes.

GEOGRAPHICAL SETTINGS AND
METHODS

Study Area and Sampling
The Gannan region, with an altitude of ∼3300–4800m, is situated
in the northwest of the Zoige Basin in the eastern TP. It is
surrounded by the Anymaqen Mountains to the west, the
Minshan Mountains to the east, and the Xiqing Mountains to
the north (Figure 1). The Yellow River flows northwest across the
basin, and Maqu County is on the north bank. Wide, meandering
river valleys of the Yellow River and its tributaries are the main

FIGURE 1 | Location of the Maquqiao (MQQ) profile and the terrain of the study area in the eastern Tibetan Plateau. (ISM: India summer monsoon; EASM: East
Asian summer monsoon).
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rivers around this region, including the White River, the Black
River, and Jiaqu River; and this region is the main water supply
for the Yellow River (Figure 1). The Gannan region has a
continental alpine and humid climate that is mainly affected
by the westerlies and the Asian summer monsoon (ASM) (Yao
et al., 2012; Yang et al., 2014). The annual average temperature of
Maqu County is 1.26°C, the annual average precipitation is
606.5 mm, and the annual evaporation is 785.9 mm. More
than 80% of the total annual precipitation occurs between
May and October due to the influence of the ASM. The
vegetation is dominated by alpine shrub meadows and alpine
meadows, with mainly alpine meadow soil. Paleo-sand dunes and
active dunes are widely distributed in the region. Thin aeolian
deposits cover the various terraces and low-relief mountain
slopes.

TheMaquqiao (MQQ) profile (33.961° N, 102.078° E) is on the
first terrace (T1) of the Yellow River at 3,422 m a.s.l. (Figure 1),

south of Maqu County. The surface of the MQQ profile is ∼13 m
above the river level, and is composed of 1.3-m-thick sandy loess
at the top and 7.2-m-thick aeolian sands with seven paleosol
interbeds in the middle section (Figure 2). The multiple, weak,
fine sandy-to-silty paleosol layers of light-grayish color were
between 1.7 and 3.5 m. Samples were collected at different
depths through the MQQ profile. In the upper 0–4 m, bulk
samples for environmental proxies were collected at 2.5-cm
intervals. From 4 to 8.5 m, samples were collected at 5-cm
intervals because of high deposition rate and no distinct
changes. A total of 249 bulk samples were collected, including
197 of sand and 52 of sandy loess. Owing to a lack of charcoal or
macrofossils, we collected seven bulk sediments samples along the
depth of the MQQ section for accelerator mass spectrometry
(AMS) 14C dating. Most samples were taken in or close to the
paleosol layers. For the sample at 5 m, we collected bulk sands
from the freshly cleaned section for radiocarbon dating. To collect

FIGURE 2 | (A) Photographs of the MQQ profile. (B) Grain size distributions in representative samples of loess, paleosol, and aeolian sand from the MQQ profile
(different lines in color represent different samples).
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OSL dating samples, a stainless-steel tube was hammered into a
freshly cleaned profile. Three samples were collected and then
sealed in black plastic bags to avoid exposure to light.

AMS 14C Dating
All samples were dried at room temperature before pretreatment.
We first removed all rootlets and any visible contaminants from
the sample by using tweezers, and then sieved the sediment to
<180 microns to remove any plant remains or macrofossils.
Following this, they were washed with HCl to remove all
carbonates. The remaining samples were then dried at 60°C
and combusted to extract organic sediment for AMS
measurement. Carbon dioxide was obtained by step heating,
and was then purified and synthesized into graphite. Four
AMS 14C samples were dated at Beta Analytic in Miami,
United States, and three others were dated at Peking
University in Beijing, China. Ultimately, seven AMS 14C ages
were obtained (Table 1).

Optically Stimulated Luminescence Dating
Three quartz samples were dated by the standard OSL SAR
method. The pretreatment and equivalent dose (De)
measurements were performed at the Key Laboratory of
Western China’s Environmental Systems (Ministry of
Education), Lanzhou University, Lanzhou, China. All
luminescence experimental were conducted in subdued red
light. First, wet-sieving was used to separate the 90–125 μm
size fraction. Then, HCl (10%) was added to remove
carbonate, and hydrogen peroxide (30%) was added to remove
organic matter. The quartz grains were then separated by 2.75 g/
cm3 and 2.62 g/cm3 sodium polytungstate. Afterward, HF (10%)
was added to etched quartz grains for approximately 40 min to
remove the alpha-irradiated surface layer and weathering
products, followed by HCl (10%) for 40 min to remove
fluoride precipitation. The OSL measurements were performed
on an automated Risø TL/OSL-20 reader equipped with blue
(470 nm) and infrared (870 nm) LEDs. The laboratory
irradiations were applied using a built-in calibrated 90Sr/90Y
beta source, and the quartz OSL signal was detected using a
7.5-mm Schott U-340 filter. The equivalent dose was determined
by using the single-aliquot regenerative-dose (SAR) protocol
(Wintle and Murray, 2006), and 12 aliquots were measured
for each sample. Some aliquots were omitted in the final
calculations of De due to unsatisfactory criteria for the
recycling ratio and recuperation. The water content was

estimated to be 5 ± 2% based on measurement obtained by
weighing the samples before and after drying, similar to a
previous determination (Hu et al., 2018). The concentrations
of uranium (U), thorium (Th), potassium (K), and rubidium (Rb)
were determined using neutron activation analysis (NAA), and
the element results were converted to α, β, and γ dose rates
according to the conversion factors (Aitken, 1998).

Environment Proxy Analyses
Grain size and magnetic susceptibility were measured at the Key
Laboratory of Western China’s Environmental Systems (Ministry
of Education), Lanzhou University. Grain size measurements
were conducted on a Malvern Mastersizer 2000 laser
diffractometer with a measurement range of 0.02–2,000 μm. In
the pretreatment for grain size measurements, 10 ml of 10%H2O2

and 10 ml of 10% HCl were used to remove organic matter and
carbonate, respectively. Samples were then rinsed with deionized
water to remove acid ions. Before measurement, 0.1 mol/L
(NaPO3)6 was added, and ultrasonic vibration was used to
improve dispersion. Magnetic susceptibility was measured by a
Bartington MS2 meter. Air-dried samples were mildly ground
and wrapped with plastic film. Then, low frequency (470 Hz, χlf)
and high frequency (4,700 Hz, χhf) magnetic susceptibility were
measured. The frequency-dependent susceptibility (χfd) was
calculated as χfd � χlf–χhf.

RESULTS

AMS 14C Ages
Seven samples were collected for AMS 14C dating measurements
along the MQQ profile (Figure 3). All calibrated AMS 14C ages
are listed in Table 1. The AMS 14C ages ranged from 8,387 ±
34 cal. BP to 388 ± 81 cal. BP. Except for the age reversal at
3.30 m, all other AMS 14C ages were consistent with the
stratigraphic sequence. Although the AMS 14C results were
from two different laboratories, the age results were highly
consistent in the stratigraphic sequence, which reflected the
reliability of the AMS 14C dating results. Because the age was
8,387 ± 34 cal. BP at the lowest depth of 5 m, and considering that
there was 3.5 m of aeolian sand below, the bottom age of the
MQQ profile was inferred to be in the early Holocene. Therefore,
according the calibrated AMS 14C dating, the aeolian sands of the
MQQ profile have been deposited at least since the early
Holocene, with deposits continuing to the present. The bottom

TABLE 1 | Accelerator mass spectrometry radiocarbon dating results of the MQQ profile by depth.

Lab. No Depth(m) Dating material Age (cal. BP) Error (2σ) Dating lab

GN01 0.30 Organic sediments 388 81 Beta Analytic
GN02 1.30 Organic sediments 3,098 108 Beta Analytic
LZU16026 1.95 Organic sediments 4,843 72 Peking University
GN03 2.20 Organic sediments 5,953 42 Beta Analytic
LZU16027 2.55 Organic sediments 7,116 197 Peking University
GN04 3.30 Organic sediments 5,312 187 Beta Analytic
LZU16028 5.00 Organic sediments 8,387 34 Peking University
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age of the sandy loess was 3,098 ± 108 cal. BP, which implied that
there had been a significant weakening in aeolian activity in the
Gannan region and a transition from aeolian sand to sandy loess.
Thus, the AMS 14C ages produced a reliable age framework for
the MQQ profile, and aeolian processes during the Holocene in
the Gannan region in the eastern TP could be evaluated
(Figure 3).

Quartz Optically Stimulated Luminescence
Ages
Supplementary Figure S1 shows the OSL decay curve and dose
response curve of sample MQQ-1. The OSL signals were
relatively bright and generally dominated by the fast
component decreasing to background within the first 2 s of
stimulation. However, the OSL signals were relatively low,
which resulted in a poor signal-to-noise ratio and statistically
imprecise doses. The fitted growth curve showed relatively large
errors with the measured data points (Supplementary Figure
S1). Because of the low overdispersion for all samples, the central
age model was used to calculate the final De and apparent OSL
ages (Galbraith et al., 1999). The OSL dating results are listed in
Table 2. Three ages were obtained: 1,065 ± 155 a (1.4 m), 1,420 ±
355 a (4.0 m), and 1,035 ± 120 a (6 m) (Table 2). Thus, all OSL
ages were between 1,035 a and 1,420 a, and these OSL ages do not
increase with stratigraphic depth. Because the ages at different

depths were within a similar range, OSL was not effective for
dating the MQQ profile. Compared with the AMS 14C ages, those
derived from OSL were significantly younger and were
inconsistent with the stratigraphic sequence.

Environmental Proxies
The particle size distribution characteristics were significantly
different among loess, paleosol, and aeolian sand (Figure 2B).
The particle size in the aeolian sand samples mainly varied from
0.4 to 600 μm. The peak size was between 200 and 400 μm, and
the mean size was between 120 and 400 μm. The particle size in
the loess samples varied from 0.2 to 600 μm. The peak size was
between 60 and 300 μm, and the mean size was between 80 and
200 μm. The grain size of the paleosol samples varied from 0.2 to
500 μm. The mode grain size was between 40 and 120 μm, and the
mean size was between 60 and 150 μm.

Figure 3 shows the change in magnetic susceptibility and
particle size with depth in the MQQ profile. The frequency of
magnetic susceptibility (χfd), the fraction <4 μm, the mean grain
size, and the fraction >63 μm fluctuated significantly with depth
(Figure 3). All environmental proxies were divided into two
groups with 1.3 m as the boundary. The χfd values were highest
from 0 to 1.3 m, and the average particle size was much finer than
that of sands, with abundant clay content and less coarse fraction
>63 μm. The aeolian sand sediments from 1.3 to 8.5 m were
divided into two groups with 4.8 m as the boundary. Below 4.8 m,

FIGURE 3 | Quartz optically stimulated luminescence (optically stimulated luminescence) and accelerator mass spectrometry (AMS) 14C ages and Bacon
age–depth model, lithology, grain size records, and the mass-specific frequency-dependent magnetic susceptibility along the depth of the MQQ profile.

TABLE 2 |Quartz optically stimulated luminescence (OSL) results at different depths, including equivalent dose (De), overdispersion (OD), contents of U, Th, K, Rb, and water
content (WC), dose rate, and quartz OSL ages.

Depth
(m)

Aliquots
(n)

Grain
size
(μm)

De (Gy) OD
(%)

U (ppm) Th (ppm) K (%) Rb (ppm) WC
(%)

Dose
rate

(mGy/yr)

OSL age
(a)

1.4 9/12 90–125 2.52 ± 0.35 18 ± 5 1.16 ± 0.06 6.27 ± 0.21 1.45 ± 0.05 59.2 ± 4.74 5 ± 2 2.37 ± 0.07 1,065 ± 150
4.0 6/12 90–125 2.79 ± 0.68 0 0.99 ± 0.05 4.95 ± 0.17 1.23 ± 0.05 59.2 ± 4.74 5 ± 2 1.96 ± 0.06 1,420 ± 350
6.0 10/12 90–125 2.50 ± 0.26 0 1.02 ± 0.05 5.31 ± 0.18 1.71 ± 0.05 76.2 ± 5.33 5 ± 2 2.42 ± 0.07 1,035 ± 115
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the variation in all proxies was relatively low, whereas above
4.8 m, all proxies showed high frequency and large amplitude
variations. The χfd values in the paleosol layers of the sand
deposits were relatively high but were lower than those in the
loess. The fraction <4 μm in the paleosol interlayer within the
aeolian sand was significantly higher than that in the aeolian
sands, and the corresponding mean grain size and the fraction
>63 μm were distinctly lower. Thus, grain size and magnetic
susceptibility were good indicators of changes in the environment
in both aeolian sand and loess deposits.

DISCUSSION

Timing of Aeolian Activities in the Gannan
Region
For the MQQ section, the quartz OSL dating yielded significantly
younger ages than those of AMS 14C. Moreover, all OSL ages were
concentrated between 1,035 and 1,420 a without stratigraphic
order. By contrast, AMS 14C dating results showed good
stratigraphic order with depth in the MQQ profile with ages
ranging from 388 ± 31 to 8,387 ± 34 cal. BP. However, there was a
significant reversal at 3.3 m. The comparison of OSL and AMS
14C ages showed that the luminescence ages were significant
underestimations.

OSL dating is usually an effective dating method for aeolian
deposits, but its reliability can be affected by a variety of factors,
such as dim OSL signals and post-depositional disturbance
(Bateman et al., 2003; Bateman et al., 2007; Ahr et al., 2013).
The relatively low quartz OSL signals with poor signal-to-noise
ratios likely led to the large uncertainties in the Des
(Supplementary Figure S1). According to eleven quartz OSL
ages of three aeolian sections in this region, the oldest OSL age
of aeolian sands is 10.27 ± 0.81 ka (Hu et al., 2018). However, most
of the OSL ages are younger than 3.32 ± 0.33 ka, indicating a high
accumulation rate (Hu et al., 2018). Considering the depths of the
two OSL ages of 10.27 ± 0.81 ka and 3.07 ± 0.30 ka from Section 1
(1.5 m deep) in Hu et al., 2018, there may exist an erosion hiatus at
this site. Although detailed information is lacking, in Section 3
(4 m deep), the OSL age estimates ranged from 0.17 to 0.92 ka (Hu
et al., 2018), and were close to our OSL results in this study.
Moreover, many rodent burrows were observed along the MQQ
profile (Figure 2A). Rodent activities can cause varying degrees of
mixing of sediments, resulting in an underestimation of the OSL
age (Bateman et al., 2007; Ahr et al., 2013). Thus, the significant
underestimation of OSL ages might have been caused by post-
deposition biological disturbances. Therefore, the three OSL results
of the MQQ profile did not indicate its true stratigraphic age
because of large uncertainties and underestimated ages. The
concentration of the three OSL ages in the range of 1,035 a to
1,420 a might indicate a rodent-active period. Rodent activity
remains prevalent in alpine pastures in the Gannan region, with
its effects having appeared since at least 1,035 a to 1,420 a. However,
further evaluations of OSL dating in this region are needed.

Owing to a lack of charcoal or macrofossils along the MQQ
section, we used organic sediments for radiocarbon dating.
Previous studies have shown that the dating of bulk organic

matter of aeolian loess can yield a reliable AMS 14C age for the
past 25 cal kyr BP (Song et al., 2018; Cheng et al., 2020). Only one
radiocarbon age at 3.3 m was out of line with the stratigraphic
order, showing younger ages than its upper sample. This might
have resulted from young carbon contaminations or post-
deposition mixing. Most of the AMS 14C samples were collected
in paleosol layers that were relatively stable, whereas the OSL
samples were taken from aeolian sand layers. As a result,
bioturbation likely had greater effects on the OSL results than
on those of AMS 14C dating. In addition, the results from the two
laboratories were in good agreement, which also illustrates the
reliability of AMS dating (Table 1). According to the AMS 14C
results and field observations, no prominent sedimentary hiatus
was identified in the Maqu section. Thus, the results of AMS 14C
dating with good stratigraphic order were used to build the age
control for the MQQ section.

Based on AMS 14C results, the Bacon software package was
used to establish a Bayesian-based age–depth model for the upper
5 m of the MQQ profile (Blaauw and Christen, 2011) (Figure 3).
The Bacon model converted depth into a time scale (Figure 4).
The age of the bottom of the MQQ profile at a depth of 5 m was
8,387 ± 34 a BP. According to the results of the Bacon age–depth
model and considering an average accumulation rate of 2.2–5.0 m
of aeolian sand, the estimated age at the bottom of the MQQ
profile was approximately 11 ka in the early Holocene. This result
showed that aeolian sand activities in the Gannan region have
occurred since the early Holocene and continued to the late
Holocene. Moreover, multiple paleosol interlayers occurring
episodically among the aeolian sands indicated that soil
formation processes during humid stages punctuated the
aeolian sand activity (Stauch, 2015).

Variations in climate and local hydrological conditions might
jointly have influenced the history of aeolian activity in the
region. Previous studies have found that significant
accumulation of aeolian sediments in the northeastern TP
began in the early Holocene (Lu et al., 2011; Qiang et al.,
2013; Stauch, 2015). Drilling records of the Zoige Basin
demonstrate that it was a paleo lake before the Holocene and
that it began to dry out gradually between 40 and 22 ka (Wang
et al., 1995). According to OSL dating, aeolian sand around the
Zoige Basin was not deposited earlier than the early Holocene,
and aeolian deposition primarily occurred in the late Holocene
(Hu et al., 2018). The shrinkage and disappearance of ancient
lakes provide abundant supplies of sediments, and in addition to
climate warming in the early Holocene, may have led to enhanced
aeolian activities in the Gannan region.

Stepwise Weakening of Aeolian Activities
During the Holocene
The mass-specific frequency-dependent susceptibility (χfd) is an
important indicator of pedogenesis-related effective moisture in
aeolian deposits (Kukla et al., 1988; Zhou et al., 1990; An et al.,
1991; Liu et al., 2004). Grain size is an important environmental
indicator of paleoclimate, especially for aeolian sediments
(Vandenberghe et al., 1997; Sun et al., 2002; Prins et al., 2007).
The χfd and the mean grain size records showed clear upward,
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increasing trends, which indicated a stepwise wetting history
since the early Holocene to the present (Figure 4). The
process was divided into three steps based on the grain size
and χfd records: ∼10.0–8.0 ka, ∼8.0–4.0 ka, and ∼4.0 ka to the
present (Figure 4). Most multiple paleosol interlayers of the
MQQ section occurring after 8 ka also implied a trend of
wetting in the Gannan region (Figure 3). Aeolian sands
represent the expansion and accumulation of aeolian
landforms, whereas paleosols are an indication of the stability
of aeolian landforms, accompanied by increases in vegetation
cover. Therefore, aeolian sediments and the formation of

paleosols indicate dry and wet phases, respectively (Stauch,
2015). The probability density function (PDF) was calculated,
and each age was regarded as an individual accumulation event
(Lai et al., 2009; Stauch, 2015). The PDF of radiocarbon ages of
paleosols around the Gannan region can reflect the periods of
paleosol development. Paleosols were formedmainly after ∼8.0 ka
and indicated increasing effective moisture and episodic
interruptions of aeolian desertification processes in the eastern
TP (Figure 4F). The proxy records in this study agree well with
the aeolian activities indicated by the probability density of OSL
ages of aeolian sediments from the northeastern TP and

FIGURE 4 | (A) Organic δ13C records indicating the variation in water depth (Liu et al., 2013b) and (B) Redness-inferred precipitation at Qianghai Lake (Ji et al.,
2005). (C)OSL ages probability density for sandy loess from the AnyemaqenMountains (Stauch, 2015). (D)Mean grain size and (E)Mass-specific frequency-dependent
susceptibility (χfd) from the MQQ profile. (F) Probability density function of radio carbon ages for paleosols since the early Holocene in the eastern Tibetan Plateau. Radio
carbon ages of paleosols are from (Xu, 1994; Zou and Wang, 1995; Fang et al., 1998; He et al., 2006; Lehmkuhl et al., 2014; Hu et al., 2016), and this study.
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Anyemaqen Mountain area (Figure 4C) (Stauch, 2015) and by
the organic δ13C records indicating variation in water depth and
the redness-inferred precipitation at Qinghai Lake (Figures
4A,B) (Ji et al., 2005; Liu et al., 2013b).

Based on the records in this study, the stepwise weakening of
aeolian activities was divided into three stages that coincided with
increasing moisture since the early Holocene (Figure 4). In stage
1 (∼10–8.0 ka BP), according to AMS 14C dating, the age in the
MQQ profile was approximately 8 ka BP at 5 m and
approximately 11 ka at the bottom. Coarse grain size and rare
paleosol development implied strong aeolian activities with
strengthened winds and suggested that aeolian activity in the
Gannan region occurred at least since the early Holocene. This
result is consistent with previous results in this region and the
northeastern TP (Lu et al., 2011; Stauch et al., 2012; Qiang et al.,
2013; Chen et al., 2016). The level of the lake was low and the
climate was very dry in basins in the northeastern TP during the
early to middle Holocene (Chen et al., 2016; Wu et al., 2020). In
the Gonghe Basin in the northwest of the Gannan region, aeolian
activity had occurred from 11.8 to 11.0 ka and at approximately
9.4 ka (Qiang et al., 2013); and in the Donggi Cona catchment to
the west of the Gannan region, aeolian activity began at ∼10.5 ka
(Stauch et al., 2012). Strong aeolian activity in the early Holocene
has also been reported in Qinghai Lake and the Qaidam Basin (Lu
et al., 2011; Yu and Lai, 2014).

Stage 2 (∼8.0–4.0 ka BP) corresponded to the mid-Holocene.
Compared with the first stage in the early Holocene, the χfd value
increased and the mean grain size decreased. Moreover, multiple,
weak fine sand to silty paleosol layers were formed during this
stage, indicating relatively wet climate conditions. Therefore, the
aeolian activity weakened, and sand accumulation was interrupted
by pedogenesis due to increases in humidity. Other studies also
report a relatively warmer and wetter climate in the mid-Holocene
in the northeastern TP (An et al., 2006; Stauch, 2015; Li et al., 2017;
Wei et al., 2020). Loess records from the southern Anyemaqen
Mountains indicate the climate was relatively humid from 8 to 4 ka,
and the formation of a distinct paleosol layer also implied more
humid conditions than those in the early Holocene (Lehmkuhl
et al., 2014). The pollen record indicated that the precipitation in
the northern TP reached a maximum in the mid-Holocene (Li
et al., 2017). Pollen records also reveal a strong summer monsoon
in the mid-Holocene (Wei et al., 2020) and extensive paleosol
development from 5 to 3 ka (Yang et al., 2019).

In stage 3 (∼4.0 ka to the present), the weakest aeolian activity
during the Holocene occurred. From 4.0 ka to the present, the χfd
value generally increased and the mean grain size decreased, which
demonstrated the enhanced precipitation and weakened wind
circulation. A permanent shift from aeolian sands to loess
deposits occurred at the MQQ, implying a further weakening of
aeolian activity (Figure 4). A similar shift to a more humid climate
was found in the northern TP (Stauch et al., 2017). The local
topographic position has an important influence on loess and sand
deposits (Stauch et al., 2017). Aeolian sand continued to be
deposited on other suitable sites in this stage (Hu et al., 2018).
Loess sediments on the TP are normally associated with a wetter
climate, because in a humid climate, vegetation density increases
andmore silty sediments are trapped (Lu et al., 2011; Stauch, 2015).

With increasing rainfall, the level of the lake rose, and the surface
wind–sand supplies decreased largely owing to better vegetation
fixation and soil development. Thus, there was a transition from
wind–sand deposits to loess deposits in the Maqu region. This
wetting trend of the climate also occurred in the surrounding areas.
The level of the lake was higher than that in the early to mid-
Holocene (Chen et al., 2016), and a humid period occurred from 4
to 3 ka in the Qinghai Lake Basin (Lu et al., 2011). The Gonghe
Basin was warmer and wetter from 4.7 to 0.7 ka than in the mid-
Holocene (Liu et al., 2013a). Intensified agricultural cultivation
since 2.2 ka in the Qinghai Lake basin also indicates the climate was
humid during the late Holocene (Wei et al., 2020). Therefore, loess
accumulation at this time can be linked to increased vegetation
cover acting as a sediment trap (Chen et al., 2020).

However, some studies suggest that the climate became dry
again in the late Holocene and that aeolian activities strengthened
again in the northeastern TP (Stauch et al., 2012; Lu et al., 2015;
Stauch, 2015). These contradictions suggest that the history of
aeolian activities in different regions is inconsistent, which may
reflect the complex responses of different regions to climate change
(Qiang et al., 2013; Lu et al., 2015). In addition, the Yellow River
catchment could have greatly affected aeolian activities because of
changes in sand supply and landforms. The Zoige Basin was infilled
with plenty of fluvial–lacustrine sediments, and the abundant fine-
grained materials were susceptible to deflation and redeposition.
The shrinking of the river system and lakes in the northeastern TP
significantly affected aeolian activities by increasing material
supplies. Therefore, climate change and regional response
together determined the history of wind–sand activities in the
region. The stepwise weakening of aeolian activities in the eastern
TP might have been caused by variations in climate and local
hydrological conditions (Qiang et al., 2016; Stauch et al., 2017; Hu
et al., 2018). Further investigations in a broader region are needed.

The stacked global paleotemperature demonstrated that the
global annual temperature had reached a maximum in the early
Holocene, and then had decreased through the middle to late
Holocene (Marcott et al., 2013). The Gannan region is located in
the eastern TP, where precipitation is mainly controlled by the
ASM (Chen et al., 2020; Zhao et al., 2020). Peat sediment records
suggest that the climate remained warm/wet during the early to
mid-Holocene, and became relatively cold/dry in the late Holocene
(Yu et al., 2006; Sun et al., 2017). The strong aeolian activities
related to the high aridity of the early to middle Holocene in the
Maqu area could have been caused by higher summer temperatures
that drove enhanced evaporation (Wu et al., 2020). Climatic
warming-enhanced evaporation has caused an enormous loss of
water in the basins of the northeastern TP (Wu et al., 2016). Similar
to the strong aeolian activities in the warm early Holocene, even if
the precipitation increases, future global warming will enhance
aeolian activities in the eastern TP.

In summary, a stepwise weakening in aeolian activities has
occurred since the early Holocene in the Gannan region. Extreme
aeolian sands were deposited mainly under the warm climate in
the early to mid-Holocene, whereas the weakest deposition
occurred after 4.0 ka. The history of aeolian activity was
mainly controlled by climate change since the Holocene, but
was also affected by the local geomorphology and regional
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hydrological conditions. The results of this study show that the
relations between aeolian activity and regional climate change are
complex. Future global warming could lead to increases in aeolian
activities similar to those that occurred in the early Holocene.

CONCLUSION

In this study, detailed chronology andmultiple proxy analyses were
conducted on an MQQ aeolian section and used to reconstruct the
history of aeolian activities during the Holocene in the eastern TP.
Aeolian activities have occurred since the warm early Holocene in
the eastern TP. Magnetic susceptibility, grain size records, and
paleosol formation indicated a stepwise weakening in aeolian
activities from the early Holocene to the present. The
weakening of aeolian activities was divided into three stages:
∼10.0–8.0 ka BP, ∼8.0–4.0 ka BP, and ∼4.0 ka BP to the
present. Paleosols were formed primarily after ∼8.0 ka BP and
indicated episodic interruptions of aeolian desertification in the
Gannan region. The results indicate that aeolian activity may
increase in the Gannan region as the climate gradually warms.
Variations in the Asian summer monsoon and local hydrological
conditions may have caused environmental changes in the eastern
TP. These results strengthen the understanding of the evolution of
aeolian activities in the eastern TP.
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