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Abstract  Climate warming and increased precipitation across the Qinghai-Xizang Plateau (QXP) have 
caused lake expansion, posing a threat to the safety of local infrastructure and ecosystems. Grain size in 
lake sediments is a reliable proxy for elucidating hydrological variations in these lakes. However, diverse 
sources of clastic fractions in lake sediments complicate the interpretation of hydrological changes based 
on grain-size records. We analyzed 94 surface-sediment samples from Hurleg and Toson lakes, the largest 
lake system of the Qaidam Basin, northeastern QXP, and explored the grain-size spatial distribution and 
its hydrological significance. Results demonstrate that fine silt (4–16 μm) is predominant in both lakes, 
followed by medium to coarse silt (16–63 μm), and clay (<4 μm), while sand (>63 μm) fraction was the 
least abundant. Using the end-member analysis (EMA), we identified three end-members in Hurleg Lake 
(HEM1–HEM3) and four in Toson Lake (TEM1–TEM4). In Hurleg Lake, HEM1 and HEM2 mainly 
come from fluvial deposits from the Bayin River. HEM3 mainly comes from surface runoff and shoreline 
erosion. In Toson Lake, TEM1 represents typical lacustrine sediments, and TEM2 represents fine-grained 
terrestrial residual and gully input components. TEM3 originates mainly from aeolian transport and 
terrestrial residual. TEM4 is a dominant component of the subaqueous alluvial fan. Single-specimen 
unmixing suggested a differentiation between aeolian inputs and hydrodynamically sensitive components. 
Fine silt components (mode size 4.0–14.5 μm) are likely related to lake-level variations, whereas coarser 
silt components (mode size 18.7–51.8 μm) indicate regional dust activity. Notably, in Toson Lake, the 
fluvial sand components (mode size 66.9–111.5 μm) that were likely derived from western gully runoff, 
may represent a potential indicator of extreme hydrological events in the Qaidam Basin. These findings 
provide robust constraints on modern sedimentary processes for reconstructing the history of 
hydroclimatic changes using grain-size records in the northeastern QXP.

Keyword: Hurleg and Toson lakes; grain size; lake surface sediment; hydrology; Qaidam Basin

1 INTRODUCTION

The Qinghai-Xizang Plateau (QXP) is in average 
elevation over 4 000 m and characterized by its 
unique environment and climate, is often referred to 
as “the Third Pole” of the world (Qiu, 2008; Yao et 
al., 2012; Zhang et al., 2020; Yu et al., 2024). As the 
source of many major Asian rivers, the QXP provides 

fresh water for more than 2 billion people, earning 
the title of “Asian water tower” (Immerzeel et al., 
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2010; Xu et al., 2019; Yao et al., 2022). It is not only 
the origin of these rivers but also home to the 
world’s highest concentration of lakes (Feng et al., 
1998; Wan et al., 2014; Xu et al., 2019). However, 
in recent decades, the lakes on the QXP have 
experienced significant expansion due to the warmer 
and wetter climate caused by anthropogenic emissions 
and forcing (Qin et al., 2005; Peng et al., 2018), 
posing threats to regional infrastructure and ecological 
security (Pekel et al., 2016; Xu et al., 2024). Lake 
expansion is projected to submerge critical human 
infrastructure, including roads, settlements, and 
ecological components such as grasslands, wetlands, 
and croplands (Xu et al., 2024). Understanding and 
reconstructing the hydrological characteristics of 
these lakes is crucial for predicting future changes in 
lacustrine hydrology.

Grain size in lake sediments provides rich 
information of sediment sources, lake-level changes, 
and hydrodynamic conditions (Middleton, 1976; 
Ashley, 1978; Vasskog et al., 2016; Liu et al., 2024). 
However, interpreting grain-size data can be 
challenging due to the complex and overlapping 
signals it contains. For instance, the silt fraction 
(4–63 μm) often preserves its original characteristics 
and has been linked to river inflow or runoff 
intensity in lakes such as Ebinur and Bosten in Arid 
Central Asia (Sun et al., 2002; Chen et al., 2006; Liu 
et al., 2016; Zhou et al., 2022). But the same 
fraction is also abundant in aeolian deposits like 
loess, where it can account for 17%–52% of lake 
sediments (Dong et al., 2017). Similarly, the sand 
fraction (>63 μm) is commonly used as an indicator 
to dust storm activity (Qiang et al., 2007; An et al., 
2012; Chen et al., 2013; Wang et al., 2019; Zhang 
et al., 2022). However, in lakes with inflowing 
rivers, coarse sand is often delivered by extreme 
flood events (Walling and Moorehead, 1989; Sun et 
al., 2002; Dong et al., 2010; Dietze et al., 2014; 
Zhou et al., 2018; Wang et al., 2021). This overlap 
complicates efforts to separate hydrological signals 
from aeolian inputs. To address this issue, geochemical 
proxies offer valuable tools for identifying sediment 
sources and distinguishing between fluvial and 
aeolian contributions (Mulitza et al., 2008; Stuut et 
al., 2014; Du et al., 2018; Liu et al., 2020; Huyan 
and Yao, 2022; Li et al., 2023). Therefore, 
integrating grain-size analysis with geochemical 
data is essential for accurately reconstructing lake 
hydrodynamics and sediment provenance.

The Qaidam Basin, located in the northeastern 
QXP, is one of the world’s driest regions (An et 

al., 2012; Yu and Lai, 2012). Following the 
disappearance of the mega-Qaidam Lake, the basin 
retained substantial lacustrine sediment (Chen and 
Bowler, 1986; Madsen et al., 2014). However, these 
paleolake sediments are frequently reworked by the 
wind into aeolian formations like dune sands and 
loess, making them unsuitable for studying lake 
sediment transport processes (Dong et al., 2017). 
Hurleg and Toson lakes, situated at the northeastern 
edge of the Qaidam Basin, form the largest lake 
ecosystem in the basin and are primarily influenced 
by mid-latitude westerlies outside the reach of the 
Asian summer monsoon (Huang et al., 2023). The 
closed lake system provides an ideal setting to study 
the evolution of the hydrological system in the 
northeastern QXP. At present, significant research 
has been conducted in this region, exploring 
hydroclimate change, vegetation succession, and 
lake evolution using pollen records (Zhao et al., 
2007, 2010b; Yu et al., 2021), paleo-shorelines (Fan 
et al., 2014; Li et al., 2022), carbon and oxygen 
isotopes (Li et al., 2016; Zhao et al., 2022), 
sediment grain size (Ding et al., 2020; Song et al., 
2020), and element intensities (Ling et al., 2018). 
However, the Holocene hydroclimate patterns 
reconstructed using different proxies often contradict 
each other. Grain-size records and multi-proxy humidity 
reconstructions suggest relatively dry conditions 
since the mid to late Holocene in the Hurleg and 
Toson Lake Catchment (Zhao et al., 2010a; Song 
et al., 2020), consistent with pollen records from 
eastern Gahai Lake sediments (Zhou et al., 2024). 
Nevertheless, these findings conflict with paleo-
shoreline records, which indicate three high lake-
level periods during the mid to late Holocene (Fan 
et al., 2014). Additionally, discrepancies exist in 
grain-size-based humidity reconstructions regarding 
the presence of a moderately humid period in the 
late Holocene (Cao et al., 2008; Chen et al., 2010; 
Song et al., 2020). The uneven distribution and 
multiple sources of sediments may contribute to this 
complexity. Ding et al. (2020) observed significant 
grain-size variation among parallel sediment cores 
from Toson Lake, highlighting the diversity of 
sediment sources and their complex spatial distribution. 
Zhang et al. (2022) used the coarse fraction 
(>63 μm) as an indicator of dust storms in Hurleg 
Lake, but inconsistencies of this fraction in parallel 
cores hindered the accurate reconstruction of dust 
activity intensity. Therefore, understanding modern 
processes of lacustrine sediment grain size will aid 
in clarifying the significance of different grain-size 
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components and improve the reconstruction of 
paleo-hydrological events and hydroclimates on the 
northeastern QXP.

This study collected lake surface sediments in 
dense networks from across Hurleg and Toson lakes 
to investigate grain-size spatial distribution, sediment 
transport trends, and sediment sources. We focus on 
our analyses on three key issues: (1) to reveal the 
spatial distribution patterns of grain-size fractions 
and parameters; (2) to decompose the grain-size 
signal, identify the sources and their hydrological 
indicators for each sensitive component; and (3) to 
classify the sedimentary environments and explore 
their indicative significance for paleo-hydroclimate 
in northeastern QXP.

2 MATERIAL AND METHOD

2.1 Regional characteristic

Hurleg Lake (37°14′N–37°20′N, 96°51′E–96°57′E) 
and Toson Lake (37°04′N–37°13′N, 96°50′E–97°03′E) 
are located at the northeastern edge of the Qaidam 
Basin in the northeastern QXP, within the western 
Delingha Subbasin (Fig.1a). Both lakes are situated 
at an elevation of approximately 2 800 m above sea 
level. Hurleg Lake covers an area of about 55 km, 
with an average depth of about 4.3 m and a 
maximum depth of 8 m. Toson Lake spans 
approximately 145 km2 with an average depth of 
20.9 m and a maximum of 32.2 m (Supplementary 
Table S1). Hurleg Lake is primarily fed by the 
Bayin River and drains through the Dalian River 
into Toson Lake. Additionally, a preliminary 
investigation identified a gully on the west side of 
Toson Lake (Li et al., 2025), which serves as a 
significant water source and material supplier during 
periods of extreme precipitation (Fig.1b).

The climate conditions in Hurleg and Toson 
lakes are characterized by high aridity with annual 
precipitation averages of about 103 mm, and the 
annual temperature is approximately 3 °C on 
average, according to data from the high-resolution 
near-surface meteorological forcing dataset for the 
Third Pole region (TPMFD) from 1979 to 2023 
(Shao et al., 2022; Jiang et al., 2023, 2025; Yang et 
al., 2023). Most precipitation occurs as rain during 
the summer (Zhao et al., 2010b). The modern 
vegetation in this region is dominated by desert plant 
communities, mainly composed of Amaranthaceae 
species (including Salsola abrotanoides, Salsola 
arbuscula, Kalidium gracile, Kalidium foliatum, 
Ceratoides aritim, Haloxylon ammodendron, Sympegma 

regelii, and Salicornia europaea), Ephedra, Nitraria 
tangutorum, and Artemisia. The wetlands around the 
lakes and downstream of the Bayin River support a 
large number of hygrophytes, including Phragmites, 
Cyperaceae, and Hippuridaceae. Additionally, the 
Gobi Farm and Huaitoutala Town have farmlands 
where spring wheat (Triticum aestivum) and rape 
(Brassica campestris) are primarily cultivated (Zhao 
et al., 2007; Hou, 2019).

2.2 Fieldwork and laboratory treatment

In 2015 and 2023, we collected 25 surface-
sediment samples from Hurleg Lake (H1–H25) and 
69 from Toson Lake (T1–T69) with Ekman grab 
sampler. GPS and a bathymeter recorded the 
longitude, latitude, and water depth at each sampling 
site (Supplementary Table S1). The samples were 
placed in polyethylene bags and preserved at low 
temperatures in the laboratory.

2.2.1 Grain-size measurement

Grain-size distribution (GSD) was analyzed with 
a Malvern Mastersizer 3000 particle analyzer, which 
can detect particles ranging from 0.01 to 3 500 μm. 
Although the Malvern Mastersizer 3000 is a precise 
tool for particle size analysis, measurement errors 
can occur due to improper sample dispersion, 
refractive index settings, or poor sample preparation, 
particularly with fine-grained sediments. Its laser 
diffraction method assumes ideal particle shapes, 
which may result in inaccuracies for irregular or 
angular particles, especially in the silt and clay-size 
ranges. These factors can lead to misclassification of 
GSDs, making proper sample pretreatment essential.

Prior to analysis, dried samples (0.3–0.5 g) were 
pretreated to remove organic matter, carbonates, and 
iron oxides. Organic matter was removed by adding 
30% H2O2, while 10% HCl was used to eliminate 
carbonates and iron oxides. To disperse clay particle 
aggregates, 10% (NaPO3)6 was added, and the 
samples were treated with ultrasonic dispersion and 
shaking (Lu and An, 1998; Wünnemann et al., 
2023). To ensure stable results, each sample was 
measured three times, with intervals of 30 s, and the 
average value of these measurements was used as 
the final GSD result.

2.2.2 Geochemical analysis

To aid in identifying sediment provenance, five 
surface samples (G1–G5) were collected from a 
gully on the western margin of Toson Lake in 2025, 
along with 15 representative lacustrine samples 

3



J. OCEANOL. LIMNOL.

from Hurleg and Toson lakes. All samples were air-
dried, finely ground, and sieved through a 200-mesh 
screen (~75 μm) to ensure consistency. 
Geochemical compositions were then analyzed 
using a Vanta handheld X-ray fluorescence (XRF) 

analyzer. Zirconium (Zr), a chemically stable 
element, serves as an effective tracer for sediment 
source due to its resistance to weathering and its 
association with parent rock composition (Taylor 
and McLennan, 1985; McLennan, 1989). Silicon 

Fig.1 Study area and sampling locations
a. location of Hurleg and Toson lakes (triangles within the black box) in the Qaidam Basin, northeastern Qinghai-Xizang Plateau. Dark blue dots indicate 

sites of previously published lake sediment grain-size studies (see Supplementary Table S2 for references); b. bathymetric map of Hurleg and Toson lakes 

overlaid on a Landsat 9 satellite image (source: https://www.usgs.gov/). Yellow dots mark the surface sediment sampling sites (Supplementary Table S1).
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dioxide (SiO2) is sensitive to grain-size variations 
and provides insight into sedimentary processes 
(Pang et al., 2023). Therefore, both ZrO2 and SiO2 
concentrations were measured to assist in 
differentiating lacustrine sediment sources.

2.3 Data analysis

2.3.1 Analysis and decomposition of GSD signal

To analyze the clastic fractions and grain-size 
parameters of surface sediments from Hurleg and 
Toson lakes, AnalySize-1.2.2 (a MATLAB R2019b-
based tool) was utilized (Paterson and Heslop, 2015; 
The MathWorks Inc., 2019). The grain sizes were 
classified into four categories: clay (<4 μm), fine silt 
(4–16 μm), medium to coarse silt (16–63 μm), and 
sand (>63 μm), following the Udden-Wentworth 
standard (Udden, 1914; Wentworth, 1922; Ming et 
al., 2021). The mean grain size, sorting coefficient, 
skewness, and kurtosis were assessed using the 
statistical moment method of Krumbein and 
Pettijohn (1938). Additionally, we performed the 
end-member analysis (EMA) using the General 
Weibull (Gen. Weibull) distribution, which was 
selected for its location parameter that controls the 
limit of the left-hand tail of the distribution, 
affecting skewness (Weibull, 1951; Paterson and 
Heslop, 2015). The single-specimen unmixing of 
representative samples was also performed by fitting 
the Gen. Weibull distribution. This fitting was 
conducted using QGrain 0.2.4 software (Liu et al., 
2021). This comprehensive approach allowed for 
accurate and detailed analysis of the sediment GSD 
and its implications for environmental changes.

2.3.2 Statistical method

The relative proportions of each grain-size 
component were evaluated using the log-ratio 
method following Yamaguchi et al. (2024). Because 
compositional data are constrained by a constant 
sum, the additive log-ratio (ALR) transformation 
was applied to express the relative relationships 
among components (Aitchison, 1986). One reference 
component is chosen as the denominator, and all 
other components are numerators. For J components 
with values X1, X2, ···, XJ, there are J–1 log ratios in 
the ALR set with respect to the selected reference 
component (ref) as follows:

ALR(j|ref)=ln(Xj/Xref) for j=1, ···, J; j≠ref. (1)

Prior to transformation, zero values were 
replaced by small positive numbers using the 
multiplicative replacement procedure (Martín-

Fernández et al., 2003) to avoid undefined 
logarithmic terms. The most stable component was 
selected as the reference term (Xref) based on the 
approach of Ohta et al. (2011), which identifies the 
least variable fraction through comparison of the 
coefficient of variation (CV) ratios among all 
components. This allowed the transformed data to 
represent the relative enrichment or depletion of 
each component with respect to the stable reference, 
minimizing the effects of closure and enabling 
quantitative comparison of compositional variability. 
This method serves as a supplementary approach to 
the EMA results, providing additional insight into 
the relative variability among grain-size components.

Ordination analysis was employed to examine 
the relationship between environmental factors and 
grain-size components. Detrended correspondence 
analysis (DCA) was performed using data for grain-
size components and environmental variations. The 
DCA results indicated that the gradient lengths of 
the first four axes of variation in both lakes were 
less than two standard deviation units, suggesting 
linear underlying responses. Consequently, the 
relationships between grain-size components and 
environmental variations were evaluated using 
principal component analysis (PCA) in Origin 2021 
(OriginLab Corporation, 2020). Water depth, distance 
to the estuary, and offshore distance were used as 
supplementary variables. For Hurleg Lake, the 
distance to the estuary represents the distance 
between the sampling site and the Bayin River 
estuary. For Toson Lake, the distance to the estuary 
denotes the distance between the sampling site and 
the Dalian River estuary, while the distance to the 
gully estuary was also considered an important variable.

GiSedTrend (GIS-based sediment trend analysis), 
based on QGIS 2.18 (QGIS Development Team, 
2016), was used to explore sediment transport trends 
in Hurleg and Toson Lakes. This analysis focused 
on surface sediment grain-size parameters, including 
mean grain size, sorting coefficient, and skewness 
(Poizot and Méar, 2010). Additionally, we performed 
systematic cluster analysis using hclust function in 
R (R Core Team, 2023) to classify the sedimentary 
environments of Hurleg and Toson lakes. R-type 
clusters are used to sift effective variables, and Q-
type clusters are used to classify samples based on 
multiple variables (Li et al., 2015). This 
comprehensive approach allowed for detailed 
understanding of the sedimentary processes and 
environmental influences in the study area.
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3 RESULT

3.1 Spatial distribution of clastic fraction

The grain size of surface-sediment samples from 
Hurleg Lake ranged 0.5–586.0 μm, on average of 
10.6 μm, while those from Toson Lake ranged 
0.5–976.5 μm, on average of 11.5 μm. Overall, 
sediments in Toson Lake are slightly coarser than 
those in Hurleg Lake. Fine silt is the dominant 
fraction in both lakes, followed by medium to 
coarse silt and clay fractions. Ultimately, the sand 
content covers the lowest percentage (Table 1). 
Despite a slight variation in grain-size proportion, 
both lakes share a similar sediment composition.

In Hurleg Lake, the clay fraction is notably 
higher near the northeastern lake shore and the lake 

outlet, extending in a tongue shape toward the 
depocenter (Fig.2a). The distribution of the fine silt 
fraction resembles that of clay, with high-value 
areas near the northeastern and southern shorelines 
(Fig.2b). Medium to coarse silt is found predominantly 
in the northwestern and southeastern areas, contrasting 
with the clay and fine-silt fractions (Fig.2c). Sand, 
being the lowest content, is distributed in a circular 
pattern from the shore to the center, with notable 
concentrations at two points on the southeastern 
shore (Fig.2d).

In Toson Lake, the clay fraction is widespread, 
with the highest content in three depocenters 
(Fig.2a). Fine silt predominates along the northeastern 
shore and gradually decreases towards the southwest 
(Fig.2b). Medium to coarse silt accumulates along 

Table 1 Grain-size composition of surface-sediment samples

Class

Clay

Fine silt

Medium to coarse silt

Sand

Hurleg Lake

Min. (%)

7.9

31.2

14.4

1.2

Max. (%)

33.9

56.2

40.2

20.8

Average (%)

20.4

42.7

27.1

6.2

Standard 
division (%)

7.1

6.7

7.8

4.5

Toson Lake

Min. (%)

7.4

27.4

13.6

1.4

Max. (%)

30.0

55.3

36.5

36.2

Average (%)

20.6

42.2

22.5

10.9

Standard 
division (%)

4.9

6.8

4.1

6.9

Fig.2 Spatial distribution of grain-size fractions and parameters in surface sediments from Hurleg and Toson lakes
a. clay; b. fine silt; c. medium to coarse silt; d. sand fractions; e. mean grain size (Mz); f. sorting coefficient (σ); g. skewness (Sk); h. kurtosis (KG).
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the southern shoreline and around the central island, 
with significant amounts in the southern depocenter 
(Fig.2c). The sand fraction is prominent in the 
western area of Toson Lake, extending fan-shaped 
from the gully outlet to the southern depocenter 
(Fig.2d).

3.2 Spatial distribution of grain-size parameters

Grain-size parameters, including mean grain size, 
sorting coefficient, skewness, and kurtosis, provide 
insights into the material sources, transport mechanisms, 
and depositional environments of sediments.

In Hurleg Lake, mean grain size varies from 6.0 
to 20.5 μm, on average of 10.6 μm. Higher values 
are found in the northwestern and southeastern 
areas, while lower values are in the northeast and 
southwest regions (Fig.2e). In Toson Lake, mean 
grain size ranges from 6.1 to 27.1 μm, with an 
average of 11.5 μm. The western lakeshore near the 
gully estuary shows higher values (Fig.2e). The 
coarse fraction significantly influences mean grain 
size in both lakes.

The sorting coefficient reflects the degree of 
sediment sorting, with values between 0.5 and 
1.0 μm indicating moderate sorting, values above 
1.0 μm indicating poor sorting, and values below 
0.5 μm indicating well-sorted sediments (Folk and 
Ward, 1957; McManus, 1988). In Hurleg Lake, the 
sorting coefficient ranges 2.6–3.8 μm, average of 
3.2 μm, indicating surface sediments in this lake are 
poorly sorted. The poorest sorting is observed in the 
northern basin and along the southern shoreline 
(Fig.2f). Toson Lake also exhibits poorly sorted 
sediments, with coefficients ranging from 2.6 to 
4.6 μm on average of 3.5 μm. The most poorly 
sorted sediments are found near the western 
shoreline, extending from the gully estuary to the 
depocenter (Fig.2f).

Skewness reflects the asymmetry of GSD. In 
Hurleg Lake, skewness values range from -0.5 to 
0.3, on average of -0.1. Positive skewness, indicating a 
dominance of finer particles, is observed near the 
northern and southern shorelines (Fig.2g). In 
contrast, negative skewness occurs in the northwestern 
region, suggesting a shift toward coarser grains 
likely caused by a sudden decrease in flow velocity. 
In Toson Lake, skewness ranges from -0.2 to 0.7, 
averaging 0.1. Positive skewness dominates the 
central area, where finer sediments are concentrated 
(Fig.2g). Negative skewness near the gully outlet 
corresponds with higher sand content, pointing to 
localized coarse sediment input.

Kurtosis describes the sharpness or peakedness 
of the GSD. In Hurleg Lake, kurtosis ranges from 
2.3 to 3.4, with an average of 2.7. Most sediments 
exhibit a leptokurtic or very leptokurtic distribution, 
particularly within the 2.8–3.2 range (Fig.2h). In 
Toson Lake, kurtosis values range from 1.9 to 4.0, 
averaging 2.7. Higher kurtosis (>2.8) along the 
northeastern shore suggests less modification of 
surface sediments. Conversely, lower kurtosis (<0.9) 
in the southern depocenter and western area reflects 
a mesokurtic distribution, likely resulting from 
complex transport processes involving strong fluvial 
or aeolian activity (Fig.2h).

3.3 Decomposition of the grain-size components

The Gen. Weibull function provides a stable and 
reliable fit for unmixing multiple end-members, 
especially when dealing with three or more end-
members, which yields less scattered abundance 
results compared to other methods and is effective 
in capturing the main trends of the data (Paterson 
and Heslop, 2015). To determine the number of end-
members before performing the EMA using the 
Gen. Weibull function, we analyzed the linear 
correlation and angular deviation of the dataset. 
Selecting a minimized number of end-members with 
a high linear correlation and low angular deviation 
ensures a better fit between the measured grain-size 
curve and the end-members. R2 of each cluster 
exceeds 0.95 at the 95% confidence level, indicating 
an excellent fit with an angular deviation of less 
than 5 (Supplementary Fig.S1). In Hurleg Lake 
sediments, we identified three end-members 
(HEM1–HEM3) (Fig.3a), while in Toson Lake 
sediments, we identified four end-members 
(TEM1–TEM4) (Fig.3b). The mode size of an end-
member reflects the dominant transport and deposition 
processes.

In Hurleg Lake, HEM1 represents fine-grained 
offshore suspension deposits with a mode size of 
2.1 μm (clay). It exhibited high concentrations near 
the northeastern lakeshore and the lake outlet, 
forming distinct tongue- and fan-shaped distribution 
patterns, respectively (Fig.4a). HEM2, characterized 
by a mode size of 6.7 μm (fine silt), also represents 
offshore suspension and was concentrated near the 
Bayin River estuary and the southern shoreline, 
extending toward the depocenter (Fig.4b). HEM3, 
the predominant component in Hurleg Lake sediments, 
has a mode size of 24.1 μm (medium silt). It 
exhibited high proportions in the northwestern and 
southeastern areas of the lake, extending from the 
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shoreline toward the depocenter (Fig.4c).
In Toson Lake, TEM1 represents fine-grained 

offshore suspension deposits, with a mode size of 
3.1 μm (clay), and is concentrated in three depocenters 
(Fig.5a). TEM2, with a mode size of 8.7 μm (fine 
silt), is the dominant component in Toson Lake 
sediments and primarily represents nearshore 
suspension deposits which concentrated along the 
northeastern shoreline (Fig.5b). TEM3, characterized 
by a mode size of 35.3 μm (medium silt), was 
primarily distributed along the southern shoreline, 
around the central island, and in parts of the 
southern depocenter (Fig.5c). TEM4, with a mode 
size of 98.1 μm (sand), represents nearshore saltation 
deposits. It forms a subaqueous fan extending from 
the gully outlets towards the southern depocenter 
(Fig.5d).

4 DISCUSSION

4.1 Origin of the grain-size end-members

The origins of individual end-members were 

identified using ALR analysis. In Hurleg Lake, the 
most stable of the three end-members, HEM1, was 
determined following the approach of Ohta et al. 
(2011). The fine-grained and even distribution 
component likely reflects fluvial deposits reworked 
by the lake currents and waves, long-range aeolian 
input, or materials formed through chemical 
weathering within the lake (Sun et al., 2002; Kasper 
et al., 2012; Dietze et al., 2014; Opitz et al., 2016; 
Liu et al., 2024; Yamaguchi et al., 2024). PCA 
results show a negative correlation between HEM1 
proportion and distance to the estuary (Fig.6a), 
indicating that HEM1 mainly originates from Bayin 
River inflow and represents the typical fine-grained 
lacustrine sediments of Hurleg Lake.

Using HEM1 proportion as the Xref, ALR 
(HEM2) revealed high-value areas near the Bayin 
River estuary and southeastern lake region, extending 
from the shoreline toward the depocenter in a tongue-
shaped pattern (Fig.7a). The negative correlation 
between HEM2 and distance to the estuary (Fig.6a) 
suggests that HEM2 primarily consists of fine-silt 

Fig.3 End-member loadings derived from surface sediments of Hurleg (a) and Toson (b) lakes
Blue shaded areas indicate typical grain-size ranges of fluvial deposits, including suspension (10–15 μm) and saltation (200–400 μm) components (Sun et 

al., 2002; Opluštil et al., 2005). Gray shaded areas represent typical aeolian grain-size ranges, including fine (2–6 μm) and coarse sand (100–200 μm) 

components (Walker and James, 1992; Sun et al., 2002).

Fig.4 Spatial distribution of the three end-members identified in surface sediments from Hurleg Lake
a. HEM1; b. HEM2; c. HEM3.
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fractions from Bayin River deposits, forming a key 
component of the subaqueous alluvial fan in Hurleg 
Lake.

The spatial distributions of ALR (HEM3) and 
HEM3 patterns are basically consistent, with high 
values in the northwestern and southeastern regions 
extending toward the depocenter (Fig.7b). The 
coarse and fine tails of HEM3 (Fig.3a) indicate 
transport by multiple processes. Surface runoff and 
shoreline erosion are major contributors, while 
aeolian input also plays a role, as its mode size falls 
within the typical loess range (Pye, 1987; Tsoar and 
Pye, 1987; Sun et al., 2002; Dietze et al., 2014; 
Stauch et al., 2018).

Generally, sediments in Hurleg Lake are strongly 
influenced by the Bayin River. The spatial 
distribution of the three end-members reflects a 
current pattern dominated by river inflow. As fluvial 
deposits enter the lake, they move from the estuary 
along the eastern shore, depositing the coarse 

fraction and forming a subaqueous alluvial fan 
along the southeastern shore (Fig.1b). The finer 
fractions continue to migrate northward, settling 
along the northern coast. Ultimately, wind-induced 
sediment resuspension migrates these components 
to the depocenter (Supplementary Fig.S2).

In Toson Lake, TEM1 corresponds to HEM1, as 
both exhibit similar mode size and even distributions 
(Fig.3). Therefore, TEM1 mainly represents typical 
fine-grained sediments composed of fine suspended 
materials delivered by fluvial and surface runoff, 
and serving as the Xref in ALR analysis. The 
distribution pattern of ALR(TEM2) has large 
differences from that of the TEM2 proportion, with 
high-value areas near the gully estuary, the 
southwestern bay, around the central island, and 
along the northeastern shoreline (Fig.7c). This 
pattern indicates that TEM2 consists of fine-grained 
materials from gully inflow, residual terrestrial 
deposits, and collapse of the Neogene lacustrine 

Fig.5 Spatial distribution of the four end-members identified in surface sediments from Toson Lake
a. TEM1; b. TEM2; c. TEM3; d. TEM4.
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terrace. The rapid lake-level rise between 2018 and 
2021 likely preserved these terrestrial materials in 
the southwestern lake bay and around the central 
island (Ma et al., 2022), expanding high-energy 
zones toward the present shoreline.

ALR (TEM3) exhibits a spatial distribution 
similar to ALR (TEM2), with high values in the 
southwestern bay and around the central island 
(Fig.7d), indicating TEM3 is also mainly composed 
of terrestrial residues. However, TEM3 shows lower 
values near the gully outlet and higher values across 
the lake, particularly in the southern depocenter 
(Fig.7d). This pattern suggests that TEM3 in the lake 
basin primarily originated from aeolian transport. 
The mode size of TEM3 also confirms this 
interpretation, which corresponds to typical loess 
deposits (Pye, 1987; Tsoar and Pye, 1987; Sun et al., 
2002; Dietze et al., 2014; Stauch et al., 2018). ALR 
(TEM4) demonstrates a similar spatial distribution 
to the TEM4 proportion, concentration along the 
western shoreline, and extending from the gully 
outlet to the southern depocenter (Fig.7e). PCA 
results reveal a negative correlation between TEM4 
and distance from the gully outlet (Fig.6b), 
confirming that this end-member is primarily 
supplied by gully transport.

4.2 Sedimentary zone division

The R-type cluster analysis indicated that the 
proportions of each grain-size fraction serve as valid 
proxies for classifying the sedimentary zones 
(Supplementary Fig.S3). Therefore, we used the 

grain-size fractions to perform the Q-type cluster, 
and both lakes could be divided into three zones 
respectively. Hurleg Lake sedimentary zones (HSZ) 
were identified as HSZ1, HSZ2, and HSZ3. Toson 
Lake sedimentary zones (TSZ) were identified as 
TSZ1, TSZ2, and TSZ3 (Fig.8a).

In Hurleg Lake, HSZ1 is located near the 
northeastern lakeshore and the Bayin River estuary, 
extending from the northeast to the depocenter 
(Fig.8a). This area primarily comprises clay and fine 
silt, and its distribution pattern overlaps with high-
value areas of HEM1 (Fig.4a), indicating that fine-
grained fluvial deposits dominate this area. HSZ2 is 
found in the northwestern and southeastern areas 
(Fig.8a), where sediments are dominated by medium 
to coarse silt. Considering this area overlaps with 
high value areas of ALR (HEM2) and ALR (HEM3) 
(Fig.7a & b), it primarily deposits clastic material 
brought into the lake by a relatively coarse fraction 
of the Bayin River, shoreline erosion, and aeolian 
deposits. HSZ3, with an average sand proportion of 
16.9%, is situated along the southeastern lakeshore 
(Fig.8a). The sediment transport trend analysis 
revealed that in the shallow water areas of HSZ2, 
sediments exhibit a significant transport trend from 
the coast to the depocenter (Fig.8b), indicating wind-
induced waves and currents had a significant impact 
on clastic distribution and resuspension (Jalil et al., 
2019; Tang et al., 2020).

In Toson Lake, TSZ1 dominates the depocenters 
of the lake and covers the largest area (Fig.8a). It 
primarily comprises clay and fine silt and represents 

Fig.6 Principal component analysis (PCA) of grain-size end-members in Hurleg (a) and Toson (b) lakes
Supplementary variables include water depth (Wd), distance to the estuary (De), and offshore distance (Ds). For Toson Lake, the distance to the gully estuary 

(Dg) is also included as a key variable. The bottom and left axes represent the sample scores, while the top and right axes represent the variable loadings.
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a typical lacustrine sedimentary environment. TSZ3, 
situated along the southwestern lakeshore near the 
gully outlet (Fig.8a), is a subaqueous alluvial fan, 
where the sediment transport trend is most 
pronounced, indicating a strong hydrodynamic 
intensity in this area (Fig.8b). TSZ2, located in the 

southwestern lake bay, around the big central island, 
and the dominant part formed the transitional zone 
between TSZ1 and TSZ3 (Fig.8a). In TSZ2, typical 
lacustrine sediments mixed with coarse-grained 
components from the gully input. This gradient 
confirms general hydrodynamic sorting during 

Fig.7 Spatial distribution patterns of ALR values of 
end-members in Hurleg (a–b) and Toson (c–e) 
lakes
For Hurleg Lake, ALR values were calculated by using the 

HEM1 proportion as Xref; and for Toson Lake, the 

proportion of TEM1 was used as Xref.
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sediment transport within the lake (Xiao et al., 2012, 
2015).

4.3 Distinguishing aeolian and hydrodynamically 
sensitive components in surface sediments

Quantifying the contributions of aeolian and 
hydrodynamic processes to sediment grain-size 
distributions is essential for interpreting paleo-
hydroclimatic signals from core sediments. Based 
on the sedimentary zoning definition, we selected 15 
representative sites in Hurleg Lake and 26 in Toson 
Lake, covering both subaqueous alluvial fans and 
depocenters (water depths>3.5 m in Hurleg Lake 
and >22 m in Toson Lake). Single-specimen unmixing 
results enabled us to characterize the mode size and 
volumetric contribution of both windborne and 
fluvial sediment inputs.

4.3.1 Identification of aeolian components

Single-specimen unmixing distinguished four 
distinct components from the Hurleg Lake depocenter 
(Fig.9a & b). C1 consists of ultra-fine clay-sized 
particles (mode size of 0.8–0.9 μm), likely derived 

from atmospheric deposition, fine-grained fluvial 
input, and authigenic processes (Sun et al., 2002; 
Xiao et al., 2007; Wang et al., 2021; Zhang et al., 
2022). C2 is composed of fine silt (mode size of 
4.0–14.5 μm), probably transported by rivers, dust 
fallout, and surface runoff (Dietze et al., 2014), then 
sorted and concentrated in the depocenter by 
hydrodynamic processes. This component typifies 
lacustrine deposition and serves as a sensitive proxy 
for lake-level fluctuations. C3 comprises medium to 
coarse silt (mode size of 18.7–51.8 μm) with its 
mode size in the range of typical loess, suggesting a 
possible aeolian contribution. C4 consists of sand-
sized particles (mode size of 111.5–309.5 μm), 
which could be introduced by both episodic runoff 
and intense dust events. An appreciable amount of 
C4 in the depocenter suggests episodic deposition 
linked to extreme dust storms (Fig.9b). A similar 
grain-size pattern was observed in Toson Lake, 
where four primary components were also identified 
(Fig.9a & e). Here, C1 (mode size of 0.8–1.0 μm) 
and C2 (mode size of 4.6–5.9 μm) represent ultra-
fine particles and typical lacustrine sediments, 

Fig.8 Representative sedimentary zones in Hurleg and Toson lakes (a) and the clastic transport trends of surface 
sediments in both lakes (b)
The arrow size represents the significance of the transport trend but the magnitude of the transport rate, and the arrow indicates the direction of 

sediment transport. The reference scale of Hurleg Lake is 1꞉1×106, and for Toson Lake is 1꞉5×105. Purple and yellow dots represent the locations of 

previously published core sediment sampling sites: HL 13-2 and KLK 21-1-2 (Zhang et al., 2022); TSLC (Fu et al., 2016); TSL15S1, TSL15S3, 

TSL15S7, and TSLG17 (Ding et al., 2020).
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respectively. C3 (mode size of 24.1–40.1 μm) 
consists of TEM3, appears to reflect regional aeolian 
deposition, while C4 (mode size of 98.1–515.5 μm) 
likely represents material deposited during extreme 
dust storms.

4.3.2 Identification of hydrodynamically sensitive 
components

Surface-sediment samples from the subaqueous 
alluvial fan in Hurleg Lake are mainly composed of 
four grain-size components, similar in composition 
to those in the depocenter (Fig.9b & c). However, 
the C3 component in this area exhibits a wider range 
of variation (mode size of 14.5–86.4 μm) (Fig.9c), 
implying a mixture of fluvial and aeolian inputs. 
The partial overlap between C2 (mode size of 
4.6–14.5 μm) and C3 suggests that lake hydrodynamics 
may have partially overprinted the original 
sedimentary signals (Fig.9c). Minimal spatial 
variation in ZrO2 and SiO2 concentrations across 
different sedimentary zones demonstrates that strong 
hydrodynamic processes have modified the original 
signals of grain-size in surface sediments (Fig.10b).

In Toson Lake, grain-size characteristics reflect a 
significant influence of hydrodynamic sorting. In 
the western subaqueous alluvial fan (TSZ3), the C2 
component has a mode size of 5.2–9.9 μm (Fig.9d), 
approximately 1.5 times coarser than in the southern 
depocenter (mode size of 4.6–5.9 μm) (Fig.9e). 
Notably, the C3 component in TSZ3 has a mode size 
of 66.9–111.5 μm and accounts for an average of 

44.4% of the sediment, clearly distinguishing it 
from the finer, aeolian-derived C3 in the southern 
depocenter (Fig.9d & e). Geochemical tracers reinforce 
this interpretation. ZrO2 and SiO2 decrease from the 
western gully toward the southern depocenter 
(Fig.10c), suggesting that C3 in TSZ3 is mainly 
influenced by fluvial input. Based on these findings, 
the C3 fraction with a mode size of 66.9–111.5 μm 
in TSZ3 may represent episodic coarse material 
deposited during flood events, potentially serving as 
a proxy for extreme hydrological events within the 
catchment. Moreover, the grain-size components in 
Toson Lake are more distinctly separated than those 
in Hurleg Lake (Fig.9b & e), indicating that 
Toson Lake sediments are better suited to preserve 
hydroclimatic signals in the Qaidam Basin.

5 CONCLUSION

This study analyzed the grain-size spatial distribution 
of surface sediments in Hurleg and Toson Lakes, 
interpreting sediment sources by decomposing grain-
size components. These components provide valuable 
insights into paleo-hydroclimate reconstruction, improving 
our understanding of how lakes in the northeastern 
QXP respond to large-scale hydroclimate change.

In Hurleg Lake, HEM1 represents typical 
lacustrine sediments mainly transported by the 
Bayin River, and HEM2 is a coarser component that 
reflects Bayin River input, while HEM3 reflects a 
combination of surface runoff, shoreline erosion, 

Fig.9 Summary of single-specimen unmixing results for surface sediments in Hurleg and Toson lakes
a. locations of representative surface-sediment samples; b. decomposition results from depocenter samples in Hurleg Lake; c. decomposition results from 

surface sediments near the Bayin River estuary in Hurleg Lake; d. decomposition results from the subaqueous alluvial fan in Toson Lake; e. decomposition 

results from depocenter samples in Toson Lake.
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and aeolian input. In Toson Lake, TEM1 corresponds 
with HEM1, representing typical lacustrine sediments, 
and TEM2 represents fine-grained gully input and 
terrestrial residue, as well as some of the Neogene 
lacustrine residue. TEM3 originates mainly from 
aeolian transport and terrestrial residue, and TEM4, 
a key constituent of the subaqueous alluvial fan, is 
predominantly derived from gully inflow.

Grain-size characteristics further allowed us to 
identify major sedimentary zones within each lake. 
In Hurleg Lake, the HSZ1 zone is dominated by fine 
sediments from fluvial input, while HSZ2 is 
enriched in medium to coarse silt of both aeolian 
and fluvial origin. In Toson Lake, TSZ1 represents 
the central lacustrine depositional area, TSZ3 the 
subaqueous alluvial fan, and TSZ2 the transitional 
zone between the two zones.

Single-specimen unmixing revealed that fine silt 
components (mode size of 4.0–14.5 μm) serve as a 

reliable proxy for lake-level changes, while medium 
to coarse silt (mode size of 18.7–51.8 μm) is likely 
related to regional dust activity. Notably, grain-size 
components with a mode size ranging between 66.9 
and 111.5 μm in the western area of Toson Lake are 
transported via gully runoff and provide a sensitive 
proxy of flood events in the Qaidam Basin.

6 DATA AVAILABILITY STATEMENT

The datasets generated during and/or analyzed 
during the current study are available from the 
corresponding author on reasonable request.
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