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Introduction

The particle size characteristics of irregular sediments in the Yangtze River Source Area (YRSA) are pivotal for understanding the mechanical properties of the sedimentary medium.





Methods

This study utilizes field sediment sampling, laser scanning, laboratory testing, and mathematical statistics to analyze the morphological, geometric, mineralogical, and accumulation characteristics of sediment particles in the region.





Results

Our findings indicate that sediments in the YRSA have angular edges and deviate from spherical shapes, exhibiting elongated and flatter three-dimensional morphologies. In the experiment, the sliding plate method was used to measure the angle of repose of the sediments, which was found to be 36.7° above water and 35.9° below water. Both values are higher than the typical range for non-plateau regions, indicating reduced sediment mobility. The sediments are composed of fine-grained and coarse-grained soils. The particle size distribution is primarily coarse sand (0.5-2.0 mm), fine gravel (2.0-5.0 mm), and medium gravel (5.0-20.0 mm), with a significant coarsening trend observed over the past six years. The mineral composition, dominated by quartz, feldspar, and heavy minerals, is stable, with approximately 70% of the minerals having a hardness of ≥ 7 on the Mohs scale. The most abundant trace elements are Ti, Mn, Ba, P, Sr, Zr, and Cl.





Discussion

This research reveals that the sediment characteristics in the YRSA are markedly different from those of natural sands in non-plateau regions, necessitating a reevaluation of conventional theories and engineering practices for engineering constructions in this area. The insights from this study are profound and practically relevant, illuminating the sediment transport dynamics in alpine river systems and supporting sustainable regional development.
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1 Introduction

Global warming, a preeminent environmental issue of the contemporary era, exerts profound and extensive implications (1–5). It has significantly perturbed the hydrological cycle, leading to a marked increase in the frequency and intensity of extreme precipitation and runoff events (2, 6). The alteration in runoff volume not only directly modifies the spatial distribution and availability of water resources but also substantially impacts sediment transport processes in rivers. The YRSA, located at the heart of the Tibetan Plateau with 78% of its area underlain by permafrost (7), is particularly vulnerable. The Yangtze River, the longest in Asia, has distinct reaches with unique geomorphological and hydrological features. Channel bars, point bars, and riverbeds are key depositional landforms that influence navigation, flood control, and ecosystem health (8). Climate warming has intensified the water and sediment flux in this region, resulting in more pronounced braided river structures, lateral expansion, and severe bank erosion and retreat, thereby undermining the stability of riverbeds (9–11). Concurrently, the escalation in temperatures has markedly diminished the stability of glacial till (12, 13), altered the geochemical indicators of sediments (14), and triggered novel soil erosion phenomena, such as thermokarst slumping (15–17). This cascade of effects is not merely associated with the natural evolution of river landforms but also profoundly disrupts the equilibrium of river ecosystems. Moreover, it poses a significant threat to the sustainability of human socio-economic activities, including reservoir functionality, agricultural irrigation, urban water supply, navigation transport, and flood control (18, 19).

Sediment transport is an exceedingly intricate and multifactorial natural process, fundamentally hinged on how the physicochemical attributes of sediment govern its behavioral patterns within water currents. These attributes, encompassing particle size, shape, density, porosity, and chemical properties (20–23), act in concert to modulate the processes of sediment suspension, transport, and deposition. In-depth investigations into the properties of sediment are crucial for enhancing our understanding of sediment transport mechanisms (24, 25), soil erosion control (26), river channel evolution prediction (27), and reservoir sedimentation management (28).

Investigations into the properties of sediment have evolved into a multidisciplinary pursuit (27, 29–33), leveraging sophisticated technologies such as remote sensing, high-speed photography, and dynamic image analysis (34–36) for both experimental modeling and numerical simulations (37, 38). Visher’s Plot (39), which identifies sub-populations within individual log-normal grain size distributions, has been effectively utilized in numerous sedimentological investigations to elucidate depositional environments and sedimentary processes. Previous research has elucidated that the bulk density and porosity of sediment modulate inter-particle cohesive forces, thereby influencing the compaction and transport dynamics of sediment deposition (40, 41). Notably, the morphology of particles exerts a more pronounced effect on sediment transport than their density, and the integration of shape factors into predictive models substantially enhances the accuracy of sediment transport capacity forecasts (42). Modifications in the composition of bed sediment significantly alter the characteristics of sediment transport rates. The gradation of sediment dictates its suspension and conveyance capabilities within water currents, which is pivotal for the settling attributes of sediment (43, 44). For instance, under optimal mixing ratios, the transport efficiency of non-uniform bed loads exceeds that of uniform bed loads of equivalent size (45). The concentration and size distribution of suspended sediment govern its suspension and settling behaviors, which in turn have a substantial impact on processes of riverbed erosion and sedimentation (22, 46). Furthermore, the abundance and distribution of geochemical elements are markedly contingent upon the grain size of sediment (43). The sedimentary environmental shifts in the Eastern Yangtze Block have precipitated corresponding alterations in sediment composition and structure, characterized by an ascending siliceous fraction and conspicuous variations in the carbonate fraction (47). Spatially, the physical and chemical attributes of sediment exhibit a discernible pattern of variation, which is profoundly modulated by hydrodynamic conditions, thereby sculpting the particle sorting and grain size characteristics of sediment. In the inner estuary of the Yangtze River, sediment is predominantly composed of fine-grained constituents (clay and silt), predisposed to settle in locales with diminished hydrodynamic activity. In contrast, nearshore sediments generally possess larger grain sizes, primarily composed of fine sand and gravel (48).

Although studies have made strides in understanding sediment particle characteristics, the harsh climate and scarcity of field measurement data in the YRSA have impeded a comprehensive understanding of sediment properties. To bridge this research gap, our study investigates the physical and chemical properties of sediments from the YRSA and compares them with those from non-source areas to better understand the characteristics of sediment in alpine rivers. The findings from this study provide a foundation for comprehending sediment movement patterns, evaluating riverbed morphological changes, informing related engineering constructions, and devising ecological protection strategies. Additionally, a profound understanding of the fundamental characteristics of sediment movement is essential for flood safety construction, reducing climate change risks, and fostering regional sustainable development.




2 Materials and methods



2.1 Study area

The YRSA, as the upstream core region monitored by the Zhidamen Hydrological Station, is essential within the Sanjiangyuan Nature Reserve and plays a crucial role in the natural evolution and ecological protection of the Yangtze River Basin. Located in the hinterland of the Qinghai-Tibet Plateau, this area extends from 32°30′N to 35°40′N and 90°30′E to 94°00′E, covering 140,000 square kilometers with an average altitude of 4,000 meters and exhibiting a distinctive plateau topography. The terrain, which descends from higher elevations in the west to lower in the east, is marked by continuous and steep gradients, as well as the extensive development of braided river systems (49). This geography creates a complex dynamic environment conducive to the study of river erosion, transportation, and sediment deposition, highlighting its significance for understanding the sediment characteristics of the Yangtze River Basin. A visual representation of the study area is provided in Figure 1.




Figure 1 | Regional overview of the Yangtze River source area.






2.2 Sample collection

Between April 12 and 24, 2023, a comprehensive sampling campaign was conducted within a 10-km-radius area of the Tuotuo River Bridge (92°44′E, 34°22′N) in Tanggula Mountain Town, Qinghai Province. A total of 200 sediment samples were collected from river islands, point bars, and the riverbed. The sampling location is shown in Figure 2. The sampling protocol mandated careful excavation to a depth of 20 centimeters to maintain the integrity of the underlying sediment layers. The samples were promptly transferred to sterile containers, sealed, and meticulously labeled with detailed metadata, including the collection time, geographic coordinates, depth, and environmental conditions. Following drying and weighing, the samples underwent digital imaging to facilitate the analysis of sediment particle morphology and the examination of their morphological characteristics.




Figure 2 | Sediment sampling location (A) river islands (B) point bars (C) riverbed.






2.3 Processing method



2.3.1 Particle morphological characteristics

In light of the characteristics observed in fine sediment particle images acquired through scanning electron microscopy, we utilized our self-developed “Software for Geometric Morphological Analysis and Calculation of Sediment Particles Based on Dynamic Image Recognition V1.0” to determine the morphological parameters of these particles. Initially, digital microscopic cameras were employed to capture images of sediment particles with diameters ranging from 0.25 to 4 mm, sourced from the Yangtze River. These particle patterns were magnified 5-10 times to generate two-dimensional images. Subsequently, the software’s built-in algorithms were used to integrate morphological data across various scales, thereby delineating the contours of the fine particle targets. Each particle was then identified and localized to facilitate the extraction, analysis, and calculation of shape parameters associated with their two-dimensional images.




2.3.2 Particle geometric features



2.3.2.1 Sphericity coefficient

The sphericity coefficient is a dimensionless parameter used to quantify the degree to which a particle resembles a spherical shape. For a given sediment particle, the sphericity coefficient can be calculated using the principle of spherical harmonics, as illustrated in Equation 1. However, due to the challenges associated with directly measuring the particle’s volume and determining the equivalent radius, an approximate method is utilized. This approach estimates the equivalent radius based on the ratio of the particle’s axes. In practice, the long, middle, and short axes of sediment particles from the YRSA were measured using vernier calipers. The sphericity coefficient, denoted as SI, was subsequently calculated using Equation 2.

The sediment particles were divided into seven grain size groups: 0.5-1 mm, 1-2 mm, 2-4 mm, 4-8 mm, 8-16 mm, 16-32 mm, and >32 mm. For each group, 50 particles were randomly selected and tested, and the average value was determined.





in which S represents the area of the sediment particle (unit: m²), V represents the volume of the sediment particle (unit: m³), and L, M, and S denote the lengths of the long, middle, and short axes of the sediment particles, respectively (unit: m).




2.3.2.2 Triaxial shape coefficient

The triaxial shape coefficient is used to describe the shape characteristics of particles in three-dimensional space. It quantifies the relative size differences of particles along their three principal dimensions: the long axis, the middle axis, and the short axis. This metric helps to reflect the regularity or irregularity of the particle shape. Specifically, the shape changes of particles in these three dimensions are estimated by integrating the ratios of the axis lengths. The calculation is provided by Equation 3:



in which SF represents the triaxial shape coefficient, while L, M, and S denote the lengths of the long, middle, and short axes of the sediment particles, respectively (unit: m).





2.3.3 Particle density measurement

The specific gravity of sediment particles is the ratio of the mass of sediment dried to a constant weight at 105-110°C to the mass of pure water at 4°C of the same volume. Numerically, it is the same as the relative density of soil particles and is a dimensionless quantity that is an important indicator for measuring the compactness of soil particles.

The specific gravity bottle method was adopted in the experiment to measure the specific gravity of soil particles GS, in accordance with the “Standard for Geotechnical Test Methods (GBT 50123-2019)”. 15 grams of soil samples dried to a constant weight were placed in a calibrated 100 ml specific gravity bottle, an appropriate amount of pure water was injected and boiled for 1.5 hours to completely eliminate the air in the soil. After cooling, the bottle was filled with pure water again and placed in a constant temperature water bath. When the suspension clarified, the total mass of the bottle, water, and soil, as well as the water temperature, were recorded. The data were corrected based on the pre-drawn curve of bottle water mass and temperature. Parallel experiments were conducted simultaneously, and the arithmetic average was taken to ensure that the error of the two measurements was less than 0.02 grams. The calculation Equation is as follows:



In which   represents the dry soil mass (unit: g),   is liquid density (unit: g/cm³),   is the total mass of the specific gravity bottle and liquid (unit: g),   is the total mass including the specific gravity bottle, liquid, and soil (unit: g);   is the mass equivalent to the dry soil volume immersed in liquid (unit: g).




2.3.4 Sediment gradation

Sediment gradation, which relies on detailed particle size distribution data, directly reflects the characteristics of the parent rock, the degree of water flow sorting, and the transport characteristics. It indicates the coarseness and distribution balance of sediment particles and is a key indicator for measuring the particle size distribution in sand samples. Compared to traditional sieve analysis, the laser particle size analyzer (LPSA) is unaffected by particle shape and density, thus providing a more accurate representation of the size characteristics of sediment particles. A recent study compared LPSA with other laboratory techniques, such as optical point counting, 2D automated image analysis, and X-ray computed tomography. The LPSA integrates advanced laser diffraction technology with Mie scattering theory and is capable of delivering high-precision and high-resolution particle size distribution data (50, 51).

In this study, the Mastersizer 3000 laser particle size analyzer was employed to determine the particle size distribution of the samples. The sediment samples were uniformly dispersed in water and then introduced into the sample cell using the Hydro MV wet dispersion unit, with the stirring speed set at 2500 rpm, ultrasonic power at 40W, and ultrasonic time at 1 minute. During the measurement, the instrument measured the intensity of the scattered light via laser diffraction technology and calculated the particle size distribution based on Mie’s theory. After the measurement, the data were analyzed and processed using the instrument’s software to generate particle size distribution charts and related statistical data. The equipment is shown in Figure 3.




Figure 3 | Laser particle size analyzer (Mastersizer 3000E).






2.3.5 Particle accumulation state

Particle irregularity significantly influences the accumulation state. The angle of repose characterizes the critical slope stability angles of sediment particle accumulation and serves as an indispensable quantitative index in complex accumulation phenomena.

In this experiment, the sliding plate method was employed to measure the angle of repose for sediment. Compared to the disc and funnel methods, it effectively overcomes measurement errors caused by “top cutting” and “arc transition” effects, making it applicable to a wider range of particle sizes and simpler to operate underwater. The sediment samples collected from the Tuotuo River riverbed were classified into five grain size groups using the sieve analysis method: less than 5 mm, 5-10 mm, 10-12 mm, 12-15 mm, and greater than 15 mm. These groups are designated Groups I to V, respectively, while the non-uniform original sand samples are called Group VI. The instrument consists of a rectangular tank (50 cm in length, 20 cm in width, 35 cm in height), which is evenly divided into two areas by a movable baffle (20 cm in width, 40 cm in height), as shown in Figure 4. During the measurement process, the baffle is smoothly withdrawn, allowing the sediment particles to slide under gravity and form a natural slope. Repeated measurements are taken using the following Equation:




Figure 4 | Schematic diagram of the plexiglass sink (unit: cm).





in which   represents the angle of repose (unit: °), a is the base length of the natural slope (unit: m), and h is the extended height of the accumulated body (unit: m).




2.3.6 Chemical composition of sediment

In this experiment, a SmartLab SE X-ray diffractometer was utilized to conduct phase analysis of the sediment samples. A 0.5-gram sample of finely ground and sieved powder (200-mesh) was placed in the grooves of a glass carrier. A clean ground glass sheet was used to compact and flatten the sample, ensuring that the surface was level with the edge of the groove. The sample was then placed in the diffractometer for testing. The test employed a copper target as the X-ray source, with a tube voltage of 40 kV, a current of 40 mA, a scanning speed of 2°/min, a step size of 0.02°, and a range of 5-90°.

A Rigaku ZSX Primus III+ X-ray fluorescence spectrometer was used to analyze the elemental and oxide content of the sediment samples. The samples were prepared into uniform pressed tablets with a diameter of 20 mm using a hydraulic press and then placed in the sample box. The test conditions were set to use an Rh target X-ray tube with a maximum power of 3 kW, ensuring wide element coverage from sodium (Na, Z = 11) to uranium (U, Z = 92). High-sensitivity and high-resolution analysis of the sample composition were achieved through the combined use of scintillation counters (SC) and proportional counters (PC), along with precise 2θ scanning goniometer technology.






3 Results



3.1 Particle morphological characteristics

Using the analysis software, sediment particle patterns with diameters ranging from 0.25 to 4 mm, sourced from the Yangtze River, were magnified 5 to 10 times to allow for an intuitive observation of their morphology, as depicted in Figure 5. This figure shows the grain shapes of sediment samples with varying grain sizes. Some particles exhibited shapes that were nearly circular or elliptical, while others displayed irregular polygonal or angular forms. As particle size increased, the morphology became more irregular. This irregularity is attributed to the short transport distance of the sediment and the limited number of collisions among sediment particles in the source area, resulting in more pronounced angularity.




Figure 5 | Grain shape of sediment samples with different grain sizes (unit: mm): (A) D=0.25~0.5; (B) D=0.5~1.0; (C) D=1.0~2.0; (D) D=2.0~4.0.






3.2 Particle geometric characteristics

As shown in Table 1, which presents the geometrical characteristics of sediment particles, the sphericity coefficient ranges from 0.650 to 0.737, with an average of 0.685. This is significantly lower than the average sphericity coefficient of 0.86 for natural sand in non-plateau regions (52). The triaxial shape coefficient varies from 0.471 to 0.661, with an average of 0.541, which is notably smaller than the average of 0.78 for sediment in the natural state in non-plateau areas.


Table 1 | Geometrical characteristics of sediment particles.



Analysis indicates that sediment particles in the Yangtze River source region exhibit a more pronounced non-spherical tendency. In three-dimensional form, they are flatter and more elongated, rather than tending towards an isotropic shape. This morphological disparity reflects the long-term influence of different sedimentary environments. In the plateau region, characterized by high altitude, steep slopes, and rapid water flow, sediment particles undergo intense scouring and collisions during transportation, resulting in their distinctive morphological characteristics.




3.3 Particle density

The density of non-uniform sediment particles is 2.77×10³ kg/m³, and the dry density is 1.917×10³ kg/m³. For uniform sediment particles, the density distribution of particles smaller than 4 mm is presented in Table 2. The specific gravity of sediment particles averages 2.70×10³ kg/m³. In the Yangtze River source region, sediment particles exhibit porosity when accumulated as dry sand, indicating that the compactness between sediment particles is relatively low, with more voids present.


Table 2 | Specific gravity of sediment particles.






3.4 Sediment gradation

The soil engineering classification adheres to the current standards of geotechnical test methods (GBT 50123-2019). Based on the grain size distribution in 2023, the sediments in the Tuotuo River are primarily composed of fine-grained and coarse-grained soils. The sediment grain size composition is predominantly coarse sand (0.5-2.0 mm), fine gravel (2.0-5.0 mm), and medium gravel (5.0-20.0 mm), which together account for approximately 72% of the total. The other grain size components and their proportions are as follows: clay particles (<0.005 mm) make up 3%, silt particles (0.005-0.075 mm) constitute 5%, fine sand (0.075-0.25 mm) is 9.5%, medium sand (0.25-0.50 mm) is 9.5%, and coarse gravel (20-60 mm) is 1%. The gradation of sediment samples is shown in Figure 6.




Figure 6 | Gradation of sediment samples with different grain sizes.



By comparing the sediment grain size changes from 2016 to 2023, it has been observed that the composition of riverbed sediment at the source of the Yangtze River has undergone significant alterations in recent years. The D10 value has increased from 0.0026 mm to 0.15 mm, and the D50 value has risen from 0.12 mm to 1.8 mm. The cumulative proportion of sediment with a particle size smaller than 0.1 mm has decreased significantly by 37.2%, while the cumulative proportion of sediment with a particle size larger than 1 mm has increased substantially by 60.3%, indicating a stable growth trend.

Grain size characteristics reflect the sources of sediments and the conditions of depositional dynamics. Sediment grain size is related to the composition of the parent rock and is directly associated with the depositional environment, thereby directly reflecting the content and distribution of sediment composition. The sediments of the Yellow River Delta, transported over long distances, are primarily composed of silt (58%) and sand (77.9%) (43), with the depositional environment influenced by both fluvial and marine dynamics. In contrast, sediments from YRSA are predominantly coarse sand and gravel (72%), exhibiting greater resistance to weathering. These sediments have a short transport distance and originate mainly from rock debris and soil particles produced by intense weathering processes.




3.5 Particle pileup state

Sediment samples from groups I to VI were collected and tested using the draw-plate method in a rectangular glass tank. The experiment was divided into two parts to measure the angle of repose for each sample group, both in air and submerged in water. After filling the tank with sand (and water), the baffle was gradually removed, allowing the samples to slide under gravity and eventually form a stable slope. The slope gradient represents the angle of repose on the water surface (or underwater). This angle significantly reflects the interactions between sediment particles and the medium (water), as well as the mechanical stability among the particles. The test process is illustrated in Figure 7.




Figure 7 | Measurement of angle of repose above water and below water: (A) Above water (before); (B) Above water (after); (C) Below water (before); (D) Below water (after).



In the angle of repose test, the angles on the front and back of the slope were calculated separately, and the average was taken as the test result for that instance. To accurately simulate the state of sediment in still water, when measuring the underwater angle of repose, clear water was poured into the left area (vacant state) and slowly flowed into the right area (with test materials) due to the small gap between the baffle and the tank bottom. Measurements were conducted after the clear water completely submerged the sediment particles, and the water surface in the two areas separated by the baffle became stable. The results obtained by repeating the test and averaging the values are presented in Table 3.


Table 3 | Angle of repose above water and below water (unit: °).



The above-water angle of repose (36.7°) and underwater angle of repose (35.9°) of non-uniform sediment in the Yangtze River source region are both higher than the typical range for irregular natural sediment in non-source regions (31.4° to 34.8°) (53, 54). For engineering projects or research related to riprap revetment, local scour around bridge piers, sand selection for river engineering models, and the initiation and transport rate of bed load sediment in the Yangtze River source region, the differences from non-source regions must be considered, and conventional theories or engineering practices cannot be simply applied.

Similarly, consistent with other studies (53, 55, 56), the above-water angle of repose of uniform sediment in the Yangtze River source region (35.5° to 38.7°) is higher than the underwater angle of repose (34.9° to 36.8°), and this disparity increases with larger particle sizes, as shown in Figure 8. This suggests that the angle of repose is influenced not only by the particle size of the sediment but also by its gradation and shape.




Figure 8 | Resting angle of sediment in the Yangtze River source area.






3.6 Chemical composition of sediment

The MDL Jade 9.0 software was used to analyze the mineral composition of sediment particles smaller than 0.075 mm in the Yangtze River source region, based on XRD spectrum data. The primary mineral search results are depicted in Figure 9. The irregular sediment in this region is predominantly composed of anorthite, quartz, calcite, and mica, with heavy minerals constituting 13.3% of the total composition (as shown in Table 4). In contrast, in the sediment deposits at the Yangtze River estuary, the heavy mineral content of sediment with a particle size of 0.01-0.1 mm is approximately 5% (57). This significant decrease in heavy mineral content from upstream to downstream indicates that the predominant sedimentary layers along the river course from the source region to the estuary are composed of lighter minerals.




Figure 9 | XRD patterns of sediment samples (major compounds).




Table 4 | Mineral compositions of samples (%).



Quantitative analysis was conducted using the K-value method, and the mineral composition is detailed in Table 4. The main components include SiO2, CaCO3, (Ca, Na)(Si, Al)4O8, and (K, Na)(Al, Mg, Fe)2(Si3.1Al0.9)O10;(OH)2;, with SiO2 being the most abundant. The relative stability of the minerals was also analyzed, revealing that stable minerals such as quartz and feldspar account for 75.2%, while the remaining minerals are primarily mica and chlorite. The chemical composition of sediment in the Yangtze River source region is predominantly SiO2, CaO, and Al2O3, aligning with the sediment’s mineral composition, which is mainly quartz, feldspar, calcite, and mica. Other components include Fe2;O3, K2O, MgO, and Na2O, which are associated with heavy minerals containing iron and manganese, such as magnetite and limonite. The contents of TiO2, P2O5, MnO, and BaO are relatively low. As indicated in Table 5, the elemental analysis of sediment particles in the Yangtze River source region shows that O, Si, and Ca are the major elements. The main trace elements are Ti, Mn, Ba, P, Sr, Zr, and Cl, while the concentrations of Ni, Cu, As, Co, and other elements are extremely low. Among the heavy metal elements, including Zn, Ba, Sr, Zr, Rb, Ni, Cu, As, Co, and Y, they collectively represent 0.14% of the composition.


Table 5 | Percentage of oxides and elements in sediment (%).



The elemental composition of sediments is influenced by particle size and depositional environment. Fine-grained sediments, such as clay and silt, typically contain higher hydrophilic minerals, including clay and fine-grained carbonate minerals. The sediments of the Yellow River Delta, located near the river mouth and influenced by marine conditions, have transitioned from fluvial deposition to nearshore wave erosion. These sediments exhibit elevated concentrations of trace elements such as Cl, Mn, and Ba (58). In contrast, sediments from YRSA have not experienced extensive mineralogical sorting and are primarily composed of feldspar and quartz, which exhibit low chemical reactivity. Consequently, the elemental composition of YRSA sediments is relatively stable, mainly comprising elements like silicon (Si), calcium (Ca), aluminum (Al), and iron (Fe).





4 Conclusion and future perspectives

	The sphericity coefficient of sediment particles in the Yangtze River source region is 0.69, and the triaxial shape coefficient is 0.554, both indicating relatively low values. This suggests that the particles are more irregular and angular compared to those in non-plateau regions, exhibiting a pronounced non-spherical tendency and a flatter, elongated form in three dimensions.

	The density of sediment particles is 2.77 × 10³ kg/m³, while the dry density is 1.917 × 10³ kg/m³, indicating the presence of numerous voids. The particle size composition primarily consists of coarse sand, fine gravel, and medium gravel, showing a coarsening trend. The water surface angle of repose for irregular sediment in the Yangtze River source region is 36.7°, and the underwater angle of repose is 35.9°. The angle of repose for uniform sediment is generally higher than in non-plateau regions, resulting in poorer fluidity.

	The sediment in the Yangtze River source region is predominantly composed of minerals such as quartz and feldspar. Minerals with a hardness of ≥ 7 account for approximately 70%, and the sediment is angular and highly resistant to chemical weathering. The chemical composition is dominated by SiO₂, CaO, and Al₂O₃, with trace elements such as Ti, Mn, Ba, P, Sr, Zr, and Cl being the most abundant.



This study highlights the unique characteristics of sediments in the YRSA, which include a higher proportion of hard minerals such as quartz and feldspar, angular grain morphology, low mobility, and high resistance to chemical weathering. These features set them apart from sediments in non-headwater areas. Consequently, when undertaking riverbank slope-related projects or research in the Yangtze headwater region, it is crucial to consider these distinct attributes and refrain from applying conventional theories or engineering practices indiscriminately.

The research findings offer valuable insights for designing water conservancy projects in the Yangtze headwater region, especially in selecting bank protection materials and predicting sedimentation and erosion processes. The hard minerals prevalent in this area, characterized by their high strength and chemical stability, make them ideal for bank protection. Moreover, the angularity and low mobility of sediment particles can enhance riverbank stability when suitable bank protection structures and layouts are employed. By integrating the physical properties of sediments with flow conditions and riverbed morphology, we can more accurately forecast the future evolution of rivers. This, in turn, provides a robust scientific foundation for engineering design, ensuring effective flood control, irrigation, and power generation projects in the Yangtze headwater region.

Looking ahead, future research could focus on the temporal and spatial variations in sediment characteristics, as well as the initiation characteristics of sediment in the Yangtze headwater region, aiming to deepen our understanding of sediment transport mechanisms within the dynamic context of glaciers and permafrost in the source area. Additionally, the study can explore the impacts of climate change on sediment erosion, transport, and deposition, with a particular focus on the potential effects of glacier melting and permafrost degradation. These investigations will be vital in supporting environmental impact assessments, developing adaptive climate policies, addressing climate change and its associated risks, and achieving sustainable regional development in the Yangtze headwater region.
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