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Sediment grain size characterization is one of the main components of aeolian geomorphology research. Sand particle size can determine the basic form of sand movement. The distribution and form of grain size parameters of different types of sediments were calculated using six surface types of sediments around Qixing Lake in the Kubuqi Desert: Mobile dune Semi-fixed dune Fixed dune Lakeshore terrace Wetland and Grassy flat wetland The results showed that the surface sediments were mainly composed of medium sand and fine sand, and all types were negatively skewed. The differentiation pattern of the saltation component and suspended component of the surface sediment is characterized by a two-stage pattern. The percentage contribution of suspended components in lakeshore terraces, wetlands, and Grassy flat wetlands (total average 21.07%) is more than twice that of mobile dunes, semifixed dunes, and fixed dunes (total average 9.47%). This suggests that mobile dunes, semi-fixed dunes, and fixed dunes are not the main contributing surface type of suspended material in the Qixing Lake area.
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1 HIGHLIGHTS
The movement of suspended material in the surface sediments of Qixing Lake promotes the particle size parameter to become negatively skewed.
Typical sand dunes (mobile, semi-fixed, and fixed dunes) are not the main contributing surface type for the generation of suspended material in the Qixing Lake area of the Kubuqi Desert.
2 INTRODUCTION
Sediment is the material basis for the formation and development of wind-sand landforms. Sediment grain size characterization is one of the important contents of wind-sand scientific research, which can reflect the formation and evolution of wind-sand landforms, soil wind erosion, dust storms, and desertification processes (Li et al., 2019), and it is crucial in identifying the depositional environment of a region, as well as judging the mode of particle transport and dynamic conditions (Song et al., 2022). Currently, research on desert sediments at the landscape scale are mostly focused on the stability of typical dune surfaces (Zhou et al., 2021), sediment discrimination (Karimi et al., 2017), construction and ecological restoration of vegetation in sandy areas (Han et al., 2022), and wind-sand movement (Telfer et al., 2020). Research relating specifically to surface sediments mainly focus on the composition and distribution characteristics of grain size (Lin et al., 2022), regional changes (Li et al., 2023), sedimentary tectonics (Sandler et al., 2023), and geochemical composition (Liu et al., 2019; Qi et al., 2023). Other studies consider the formation and development process of dunes, and the interaction between different parts of the same dune.
Desert lakes are sensitive units reflecting regional environmental change and human interaction with the natural environment. Lake sediments are generally clastic sediments of terrestrial origin that are transported by rivers into the lake system and are controlled by factors such as submerged topography, hydrodynamic conditions, aquatic vegetation, nature of the lake water, and stratification status of the lake (Cera et al., 2022). Physical, chemical, and biological effects are all involved in the whole process of lake sediment formation, and in most cases these effects interact with each other. With the characteristics of simple determination, clear physical significance, and sensitivity to climate change, particle size characteristics have become one of the most basic and widely used indicators for judging sediment deposition processes (Wang et al., 2021; Lopez et al., 2020). Changes in soil particle size distribution can alter soil structure, water-holding properties, and fertility (Roehner et al., 2020; Ma et al., 2022), which in turn have important effects on soil wind erosion intensity, sand transport, and dust production. Grain size distribution patterns can be reflected by parameters such as mean grain size (Purkait, 2010), gradation characteristics can visually determine the major grain size groups of sediments and the relative content of sand grains in different grain size groups, and component characteristics are the most direct representation of depositional environments and dynamics (Campmans and Wijnberg, 2022). For example, Peng et al. (2022) applied a numerical unmixing of single-sample method to wind-formed sediments in the Tengger Desert and achieved a good measure of the degree of overlap between two adjacent subpopulations. Many scholars have studied the movement law of sand particles in the wind field by means of theory, experiment and numerical simulation, and according to the distance of sand particles leaving the ground, the basic form of wind-sand movement is categorized into three kinds of creeping movement, saltating movement and suspending movement (Jiang et al., 2017; Hereher, 2010; Kok and Renno, 2009). Among them, the saltating movement accounts for about 75% of the moving sand particles, and this movement is not only the main form of sand transport, but also the root cause of wind erosion and sand disaster on sandy surface. At present, the main criterion for classifying the saltating and suspending movement of sediments is the particle size of sand and dust (Owen, 1964; White and Tsoar, 1998). In general, surface sand particles move in three different forms in response to wind, with the mode of movement depending primarily on wind velocity and the diameter, or the mass of the sand particles (Shao and Li, 1999). Such a study of the distribution and form of sediment grain size parameters can provide some reference basis for the composition and origin of materials in the sediment source area.
In beach systems, wind-formed sediment transport can be controlled by the vertical structure of the bed sediment layer. Ijzendoorn et al. (2023) found that the formation and propagation of a localized wind-formed layer can lead to sediment fining, while also identifying high-resolution vertical grain-size variability and how it is affected by oceanic and wind-formed processes. Jung et al. (2021) delineated coastal environments in Korea by common sediment properties and found that differences in tidal forces are the main constraints affecting the structural and geochemical characteristics of coastal sediments. Depositional environments of coastal and lakeshore wind-dynamic are similar, the study results of coastal beach is useful to reveal the significance of grain size indications in desert-lake systems.
Qixing Lakes, located the Kubuqi Desert in the northern China, are seven permanent lakes surrounded by extensive sand dunes that have not been buried by sand dunes for many years. This type of landscape, consisting of desert and lakes, is relatively unique. What are the differences in the variability of the grain size characteristics of these landforms? What is the difference between particles of different sizes in sediments? What is the ratio of different particles? What are the factors affecting the distribution of sand sources and the transportation of sand in the region? These questions remain unanswered. The objectives of this study are to elucidate the grain size characteristics of different surface types around the lake, and thereby explain the modern depositional environments and influencing factors of the different surface sediments around Qixing Lake.
3 MATERIAL AND METHODS
3.1 Background overview of the study area and sample collection methods
Kubuqi Desert is located on the south bank of the Yellow River in Ordos City, Inner Mongolia Autonomous Region of China, and the whole is in the shape of an east-west oriented strip with a length of about 400km, with a north-south width of 50 km in the western zone and a north-south width of 15–20 km in the eastern zone, with a total area of about 16,756 km2. The Kubuqi Desert, an active sand sea in semiarid northern China has a distinct history and processes dissimilar to the more arid deserts in northwestern China. These aeoliandeposits occur mainly on the north slope of the Erdos Plateau’s southern margins. Many of the dunes in the Kubuqi sand sea cover bedrock and are palimpsest with underlying fluvial terraces. The upper 2–4 m of sands, forming the palimpsest of the landscape and OSL dated to the Holocene, are representative of the large-scale occurrence of aeolian processes and the initial formation of the Kubuqi sand sea (Yang et al., 2016). Kubuqi Desert Qixing Lake Ecotourism Area, also known as Kubuqi National Desert Park, is a national AAAA-level desert ecotourism resort, located in Dugui Tara Town. The Park consists of seven lakes of Dadaotu, Swan, Love, Pearl, Moon God, Sun God, and Shenhaizi, and because the arrangement of these seven lakes resembles the Big Dipper’s seven stars, it is called the Qixing Lake. The water area is 6.4 km2, reed wetland area is 4.7 km2, Grassy flat wetland area is 38 km2, desert area is 183.7 km2, and the mobile dune, semi-fixed dune, fixed dune, lakeshore terrace, wetland and Grassy flat wetland are interlaced Figure 1.
[image: Figure 1]FIGURE 1 | Geographic location of the study area and sample points. (A) Shows the geographic location of the study area, (B) shows a localized satellite photo of the Qixing Lake area, (C) shows the wind-dynamic background of the Qixing Lake area in the Kubuqi Desert, (D) shows photographs of six landform types.
The core of the study area is located at 40°36′30.40″-40°43′28.59″N, 108°16′45.47″-108°28′58.59″E, which is in the transition zone of arid and semi-arid areas, with low rainfall and sandy winds in the spring, the average annual precipitation of 250 mm, the prevailing wind direction for the west wind, northwest wind, the average annual wind speed of 3.5 m s-1, the maximum instantaneous wind speed of up to 24 m s-1, the wind period is concentrated in January-May, November, and December. According to the topographic and geomorphic features of Qixing Lake and its surroundings in the Kubuqi Desert, six surface types, namely, Mobile dune (MD), Semi-fixed dune (SFD), Fixed dune (FD), Lakeshore terrace (LST), Wetland (WL), and Grassy flat wetland (GFW), were selected for sampling. The vegetation cover of different landform types were MD (0%), SFD (9%–12%), FD (21%–25%), LST (26%–28%), WL (30%–33%), and GFW (45%–50%).
Sampling was carried out in late May 2023 based on an indoor experimental design. For the above six surface types, an area of about 2 km × 2 km was set for sampling for each surface type, and a total of 55 sampling areas were designed, as shown in Figure 1A. The five-point sampling method was used in each area to sample the center point and four vertices of the sample area, and a total of 275 samples were taken (MD65, SFD60, FD50, LST50, WL35, GFW25). The sampling method was similar to the sampling criteria used by Lancaster (1981) in the Namib Desert, where a 0.2 m × 0.2 m sand surface was selected and sampled at a depth of 0–10 cm with a weight of about 1,000 g–1500 g. Uniform specifications were used for sampling: Mobile dunes (sampled dune height <5.0 m) were evenly sampled from the top of the dune. Semi-fixed and Fixed dunes were sampled from flat areas with no vegetation cover, and the other surfaces were sampled from the areas with 0–2 cm of dead debris and weeds removed from the ground surface, and all the sampled samples were brought back to the laboratory in numbered, self-sealing bags for the indoor tests.
3.2 Particle size determination and analytical methods
The measurement of sediment particle size was done in the Key Laboratory of Aeolian Sand Physics and Sand Control Engineering, College of Desert Science and Engineering, Inner Mongolia Agricultural University. The volume fraction of the sample size was measured directly with the Mastersizer 3,000 laser particle size tester (measuring range of 0.01–3500 μm, shading of 5%–15%) of Malvern company (Shanghai, China), and the measurement was repeated three times for each sample to take the average value.
The particle size was classified using the Udden-Wentworth criterion, and transformed using the krumbein equation (Krumbein, 1934):
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Where D is particle diameter (mm).
The formula proposed by Folk and Ward was used to calculate the particle size characteristic parameters (Folk and Ward, 1957). [image: image] 5represents the value of particle diameter conversion when the cumulative curve of particle size is 5%, and [image: image] 16, [image: image] 25, [image: image] 50, [image: image] 75, [image: image] 84 and [image: image] 95 respectively represent the value of particle diameter conversion when the cumulative curve of particle size is 16%, 25%, 50%, 75%, 84%, and 95%, respectively.
Mean particle size (MZ) represents the average distribution of sand particle size and reflects the average kinetic energy of sand flow.
[image: image]
The sorting coefficient ([image: image]), also known as the standard deviation, represents the dispersion degree of sand particle size distribution. The smaller the sorting coefficient is, the more uniform the particles are.
[image: image]
Skewness (SKG) represents the degree of symmetry of curve and reflects the symmetry of distribution of sand particle size. The skewness of normal distribution is 0, positive skewness indicates more fine particles, and negative skewness indicates more coarse particles.
[image: image]
Kurtosis (KG) reflects the concentration degree of sand particle size. The larger the kurtosis, the higher the peak value of sand particle size and the higher the concentration degree of average particle size range.
[image: image]
Skewness and kurtosis are visual reflections of the symmetry and sharpness of the frequency curve. Skewness reflects the symmetry of the particle size distribution and also indicates the relative position of the mean and median. If it is negatively biased, the frequency curve will have a thick tail with the mean located thicker than the median, and if it is positively biased, the frequency curve will have a thin tail with the mean located thinner than the median. Kurtosis is a measure of the ratio of the middle and tail spreads of a particle size distribution. In order to elucidate the grain size differences and regional patterns of change between different types of surface sediments, the experiments in this paper averaged the grain size parameters for the same surface type, and the intra-group data variability is reflected in the figure in the form of error bars (statistical standard deviation).
4 RESULTS
4.1 Particle size distribution parameters of different surface types of sediments
4.1.1 Main parameters of particle size
The differences in grain size parameters of different types of surface sediments are shown in Figure 2. The mean particle size of surface sediments around Qixing Lake ranged from medium sand to clay (1.68 [image: image]-4.26 [image: image]), with very good to poor sortability (0.46 [image: image]-1.05 [image: image]). From the point of view of the mean particle size of different types of surface sediments, the sandy material in GFW was the finest, with a mean particle size of 4.26 [image: image], followed by 3.13 [image: image] in WL, and the coarsest in mobile dune was 1.68 [image: image]. There was little difference between the FD, LST and WL, and the material composition was significantly coarser than the GFW and finer than the surface sands of the mobile dune and semi-fixed dune. The sortability of different types of sediments varies greatly, from the average results, MD are better sorted than other surface types, SFD is the worst sorted, SFD and LST are better sorted, WL and GFW are moderately sorted, and in general, it shows that less disturbed surface conditions are more complex and the better the degree of sorting.
[image: Figure 2]FIGURE 2 | The mean particle size, sorting coefficient, Skewness and kurtosis of different types of surface sediments. Note: Mobile dune (MD), Semi-fixed dune (SFD), Fixed dune (FD), Lakeshore terrace (LST), Wetland (WL), and Grassy flat wetland (GFW).
The skewness values ranged from −0.61 to −0.18, and the frequency of occurrence of the various skewnesses varied, but all were negatively skewed distributions. This indicates that most of the distribution curves for surface sediments have a thick tail, which suggests that the mean particle size has a value greater than the median. Similarly, the negatively skewed distribution of different types of surface sediment grain size is reflected in the kurtosis. The presence of thick tails in the particle size distribution makes the frequency curve tend to be thin and narrow due to the shortening of the tails, resulting in large kurtosis values. The mean values of kurtosis of different types of surface sediments ranged from 1.20 to 5.02, and the flattening of the frequency curves was narrow or very narrow. From the statistical results, all types were dominated by very narrow to very narrow grain size distributions, except for the GFW and LST surface sediments, which were narrow.
4.1.2 Relationship between particle size parameters
The correlations between individual grain size parameters of different surface types of sediments around Qixing Lake are more complex. As shown in Figure 3, the sorting coefficient of fixed dune was negatively correlated with the φ-value of the mean particle size (y = −0.57x + 2.76, R2 = 0.57), grassy flat wetland showed a positive correlation (y = 0.11x + 0.332, R2 = 0.69), and the correlation of the remaining surface types was not significant; as for the correlation between skewness and the mean particle size, the mobile dune showed a positive trend with the φ-value of the mean particle size (y = 0.51x - 1.09, R2 = 0.53), the skewness of fixed dune and lakeshore terrace were negatively correlated (FD:y = −0.22x + 0.04, R2 = 0.70; LST:y = −0.40x + 0.79, R2 = 0.78), and the correlation for the rest of the surface types was not significant. The mean particle size of kurtosis of fixed dune and grassy flat wetland were negatively correlated with the φ-value of mean particle size (FD:y = −3.38x + 7.36, R2 = 0.42; GFW:y = −0.14x +1.80, R2 = 0.85), and the correlation was not significant for the remaining surface types.
[image: Figure 3]FIGURE 3 | Scatter plot between particle size parameters. (A) Is the relationship between the mean particle size (MZ) and the sorting coefficient ([image: image]); (B) is the relationship between the mean particle size (MZ) and the skewness (SKG); (C) is the relationship between the mean particle size (MZ) and the kurtosis (KG).
4.2 Forms of distribution of sediment grain size in different surface types
4.2.1 Grain size content
The grain size composition of the soils of the different surface types in the study area is shown in Table 1. For the mobile dune, the dominant grain size was medium sand (51.74%), followed by fine and coarse sand, which together amounted to 44.60% by weight. The highest surface content of SFD was fine sand (48.64%), followed by medium sand (43.25%). The highest surface content of fixed dune was fine sand (53.07%), followed by medium sand (34.19%), which became finer than SFD, and the content of clayey grains in fixed dune was significantly increased, which accounted for the highest percentage of all surface types. The highest content in the LST was still fine sand (54.69%), followed by medium sand (25%), and then very fine sand and silt. The content of each grain size in the WL was similar to that of the lakeshore terrace. The dominant grain size in GFW is silt, but the content of silt, very fine sand, and fine sand has no obvious single-peak pattern, the dominant grain size is not obvious, and the three kinds of grain fractions account for a relatively uniform, indicating that the depositional environment is more complex, or more affected by the material in the source area.
TABLE 1 | Grain size gradation of different surface types of sediments around Qixing Lake.
[image: Table 1]Medium sand is the most significant variation in different surface types. As the degree of surface restoration becomes higher, the content of medium sand is lower; the second significant grain size is silt, which is opposite to the change rule of medium sand content, the higher the degree of surface restoration, the higher the content of silt. Extremely coarse sand is absent from all surface types.
From the triangulation of the grain size composition of the sediments from each surface type (Figure 4), the sand fraction (>500 μm) was basically uninvolved in all surface types except for the mobile dune as well as the individual sample sites with semi-fixed dune, and the sand fraction was the lowest among the five surface types. The overall proportion of different surface types in the grain size smaller than the medium sand fraction (<250 μm) was MD < SFD < FD < FD < WL < GFW, with average contents of 26.21%, 55.76%, 65.81%, 74.87%, 79.90%, and 95.04%, respectively. The proportion of medium sand in the different surface types follows the opposite pattern to the proportion of silt.
[image: Figure 4]FIGURE 4 | Triangulation of particle size composition (in %).
4.2.2 Cumulative probability profile
As shown in Figure 5, The peak range of the plurality of grain size volume fractions of the fixed dune was in the range of 285–634 μm, with large fluctuations and an overall coarseness. The interval of the peak of the SFD is in the range of 258–425 μm, which is more concentrated than the fixed dune; The peak intervals of FD, LST, WL, and GFW were gradually stabilized at 191–285 μm, 170–261 μm, 153–234 μm, and 64–189 μm, respectively, and the plurality of grain sizes gradually became smaller. Some samples from MD, SFD, and FD showed bimodal patterns with fluctuations of 0.3%–1.1% at 3–14 μm (cumulative percentage of 3.76%), 0.7–2.15 μm (4.12%), and 1.07–4.32 μm (15.71%), respectively, while LST, WL and GFW showed a single-peaked pattern as a whole.
[image: Figure 5]FIGURE 5 | Natural frequency curves for different types of surface sediments.
Cumulative frequency curves reveal the relationship between sediment transport mode and particle size distribution. As shown in Figure 6, the average probability cumulative curve for each type clearly consists of two segments, representing the saltation component and the suspended component, respectively, with the creep component missing. The intercepts of the saltation component and suspended component are located in the range of 2–5.79 [image: image] as a whole, in which the slope of the line segment of the saltation component is the largest, and the mean values of the particle size and the corresponding cumulative frequencies of the intercepts of the saltation component and suspended component are 2.09 [image: image] (93.29%), 2.67 [image: image] (91.02%), 2.95 [image: image] (87.27%), 3.48 [image: image] (80.64%), 3.94 [image: image] (79.76%), 5.64 [image: image] (79.76%), respectively. The overall magnitude of the slopes showed that MD > SFD > FD > LST > WL > GFW.
[image: Figure 6]FIGURE 6 | Probabilistic cumulative curves for different types of surface sediments.
The probabilistic cumulative curves of sediments from different surfaces show a bipartite pattern, and the content of the saltation component is higher than that of the suspended component, which can account for nearly 80%–95% of the whole sample. Among them, mobile dune and semi-fixed dune have the largest share of saltation component, which is stable at about 95%, and individual sample points can reach 99%. FD’s saltation component starts to decrease compared to MD and SFD, and the probability cumulative curve change rule of the three surface types of LST, WL, and GFW are approximately the same; the percentage of the saltation component of grassy flat wetland and lakeshore terrace are not much different, and it can be about 80%.
5 DISCUSSION
5.1 Trends and causes of changes in sediment grain size characteristics
There is some variation in the composition of the surface material for different deserts and different surface types, but the grain size of the sand material in most deserts is fine to medium sand, with excellent to moderate sorting (Li et al., 2019; Zhang et al., 2021). The mean particle size of surface sediments was between clay and medium sand; the dune samples were coarser than in other deserts (Zhang et al., 2015; Wang et al., 2003); surface types near the lake had finer grain sizes than those away from the lake; and the content of clayey and medium sand fractions increased significantly with an increase in plant cover. At the same time, the sampled area of fixed dune is located at the influence of the main wind direction, with a small degree of anthropogenic interference and no vegetation growth. With the constant action of wind, this resulted in the gradual loss of fine particle components in the fixed dune, making the saltation component greater.
The reasons for the differences in the grain size distribution of different types of surface sediments are, in the case of dunes, mainly due to the transport and accumulation of sand particles by wind erosion. Under the influence of frequent and strong erosive winds, the fine-grained material of the soil is easily transported away from its original position under the action of wind-sand flow, which makes the content of sandy material in the soil elevated. For areas close to lakes, where water is more plentiful, the transport and accumulation of sandy material is altered by the supply of material and vegetation during the formation of the surface, and the soil granularity develops in the direction of refinement. The particle size characteristics of surface sediments in deserts are affected by the combined effects of source area material and wind sorting, and an adequate sorting process can effectively increase the degree of wind-formed sand sorting and reduce the [image: image]-value, whereas the degree of vegetation cover affects the sorting process of wind-formed sand (Touré et al., 2019). The effects of vegetation on sorting are mainly in the form of reduced wind speed, weakened wind erosion, weakened wind-induced transport of sand, interception of coarse particles and increased content of fine-grained fractions (Han et al., 2022; Liu et al., 2023; Cai et al., 2024). The sorting coefficient indicates the size of sediment grain dispersion; the smaller the sorting coefficient the more concentrated grain size distribution, and vice versa, the sorting coefficients of the sampling points around Qixing Lake are mainly concentrated in moderate to high, but for the fixed dune, they are poor. Webb et al. (2021) found that the presence of vegetation in arid regions attenuates the friction velocity of the surface, and that the crust produced by the plants and the soil reduces the supply of loose erodible material and increases the abrasion resistance of the surface. Extensive ecological work has been carried out on the fixed dune selected for the experimental area of this paper, and most of the afforestation is of rows of banded shrubs that have been artificially planted in the last two decades, with a high cover of vegetation. Good ecological restoration is responsible for the deterioration in sediment size sorting.
The different surface skewnesses around Qixing Lake are concentrated in negative to very negative skewness, and the kurtosis is concentrated in narrow to very narrow. As shown in Figure 7, except for the fixed dune, the other surfaces are mostly concentrated in the better sorted low peak state area, and the distribution of point clusters of MD, SFD, LST, WL, and GFW around the lake is very obvious, and the boundaries of the point clusters are still more obvious, although there is a spatial differentiation of the values of the grain size parameter of the fixed dune.
[image: Figure 7]FIGURE 7 | Characterization of particle size parameters in three dimensions.
It has been suggested that the reason for differences in skewness of different types of sediments is related to the mode of transport deposition in different geomorphic sites (Pan et al., 2015). Once detached, fine-grained material, is transported with the airflow for a long period of time and on a large scale in suspension, it can be inferred that there is a positive skewness and a very positive skewness in the surface sediments of the flowing dunes (fine tails). The samples in this paper all exhibit negative skewness, as a result of the deposition of suspended material. In the distribution of probability cumulative curves for different types of surface sediments, the share of fine-grained materials that are easily transported, the suspended component shown in Figure 6, ranged from 6.71% to 12.73% in MD, SFD, and FD surface depositional environments, with an average of 9.47%, while in LST, WL, and GFW, the contribution ranged from 19.36% to 23.61%, with an average of 21.07%, contributing more than twice the percentage. From the analysis of the main form of wind-sand flow movement (saltation process), sand dunes are negatively biased due to wind acceleration along the slope and erosion of surface material, and the transport of fine-grained material makes the surface constituent material coarser than the original state. In addition, on the leeward slopes of dunes, sand particles crossing the top of the dune become supersaturated by localized wind-sand flows due to deceleration of the airflow separation and reverse eddy currents, and are subsequently deposited and sloughed off on the leeward slopes, which adds a coarser component to the fine-grained material on the leeward slopes. In areas with high vegetation cover, high degree of anthropogenic influence, and good ecological restoration, sand particles will gradually accumulate after being subjected to the blocking effect, which is also the reason for the negative bias phenomenon.
5.2 Relationship between depositional environment and particle size
It has been shown that coarse and very coarse sand (−1 to 1 [image: image]) generally rolls or slides on the surface in the form of creep (Kok et al., 2012); finer sand grains, such as fine and medium sand, will be carried forward by the wind in the form of saltation; and for finer grain sizes (>4 [image: image]), it will move with the wind in the form of suspension. The wind-sand movement of surface sediments around Qixing Lake is mainly manifested in the form of saltation, which not only causes the transportation and accumulation of surface sediments to form a variety of wind-sand accumulation patterns but also causes material sorting in the process of transportation, which leads to changes in the grain size characteristics of surface sediments. Among the various types of surfaces in this paper, lake-influenced surfaces have more components in the form of suspended components, and the intercepts of the saltation component and suspended component are located at the overall location of 2–5.35 [image: image], which is consistent with the above law. Kasper-Zubillaga et al. (2022) studied the grain size of coastal dunes in Oaxaca, Mexico, and found that the grain size characteristics were controlled by sand composition, wind patterns, hydrodynamic conditions, weathering effects, and physical properties, and were the result of multiple factors. In this paper, dune grain size characteristics are mainly affected by the strength of wind velocity and dune sediments are coarser than the lakeshore sediments, The saltation component accounts for a larger proportion of the sediment than the lakeshore too. Li and Ravi (2018) argued that the accumulation of sediments of different grain sizes on shrubland dunes may represent wind-formed sand transport with different modes of contribution, that the suspension process, although not excluded from the formation of shrubland dunes, has a very limited contribution to the top sediments of the dunes, and that the creep process may be responsible for the accumulation of coarse sand. The dune sediments on the downwind side are relatively finely sorted, i.e., in the lakeshore terrace and wetland sampled in this paper, fine-grained material is deposited in combination with moisture effects, and the form of movement is dominated by the suspended component, which at the same time may be related to the deposition of windborne sands of different grain sizes in the tailrace area.
Numerous studies have confirmed that the particle size distribution of sediments is usually not a simple lognormal distribution, but has two or three lognormal components, each with a different mean particle size and sorting coefficient. In this paper, MD, SFD, and FD showed asymmetric bimodal patterns, with more obvious main peaks and lower secondary peaks; LST, WL, and GFW showed overall unimodal patterns, and the peaks decreased with the increase of vegetation cover. This relationship described above is expressed on the cumulative probability curve as two or three lines with different slopes. Visher (1969) was the first to use probabilistic cumulative curves to reveal the relationship between sediment transport mode and grain size distribution, from which the depositional environments in which the features were formed could be inferred. Existing research results show that for wind-formed sediments, the probability accumulation curve generally exists with one to three cutoff points, and the grain size distribution can be divided into two to four mutually independent line segments. The more frequent and intense the wind-sand activity, the steeper the characteristics of the curve (Liu et al., 2014), which is consistent with the findings of this paper. The same surface type is essentially two line segments, with the steepest slope for the mobile dune saltation component and a gradual flattening of the other surfaces by increasing environmental disturbance. Combined with the analysis in this paper, it was found that mobile, semi-fixed, and fixed dunes are not the main contributing surface types of suspended material, which can provide some data support for the subsequent dust production model of desert-lake landscapes.
Comprehensive results of sediment grain size characterization of different depositional environments of Qixing Lake show that the parameter combination characteristics and the graphical interpretation of the particle size characteristics can be effective in distinguishing the sediments with different sedimentary origin, which can provide a reference basis for future research on the depositional environment of the Kubuqi Desert-lake sediments.
6 CONCLUSION
Surface sediments around Qixing Lake are mainly composed of medium and fine sands. The grain size of sand material in the grassy flat wetland is the finest (4.26 [image: image]), in the mobile dune is the coarsest (1.68 [image: image]). The fixed dunes have the worst sorted and highest kurtosis., and the grain size distribution of the surface sediments in the grassy flat wetland and the lakeshore terrace is narrow.
The dominant grain size in mobile dune was medium sand (51.74%), while fine sand (51.15%) was found in semi-fixed dune, fixed dune, lakeshore terrace, and wetland. In grassy flat wetland no grain size was dominant. Vegetation cover and anthropogenic disturbance measures altered sediment transport deposition patterns, with medium sands the most sensitive, followed by fines.
Sediment characteristics of the surface around Qixing Lake are indicative of biased results of the grain-size pattern, and the transport of suspended material can contribute to the negative bias phenomenon, as evidenced by the presence of point-cluster clustering zoning boundaries in the three-dimensional characterization of the grain-size parameters.
The differentiation pattern of the saltation component and suspended component of the surface sediments around Qixing Lake is characterized by a two-stage pattern. The contribution of suspended components in the lakeshore terrace, wetland, and grassy flat wetland (total average 21.07%) accounted for more than twice as much as that in the mobile, semi-fixed, and fixed dunes (total average 9.47%), which demonstrated that the mobile, semi-fixed, and fixed dunes were not the main contributing surface types of suspended material in the Qixing Lake area.
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