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Downstream fining of riverbed gravels is generally linked with the processes of hydraulic sorting and abrasion. Hydraulic sorting is when larger gravel clasts stop moving in response to decreasing flow energy, whereas, finer grains will continue to be carried downstream. Furthermore, transportation of gravel clasts causes abrasion, bringing about a gradual decrease in grain size. Hydraulic sorting and abrasion have different dominant effects on the downstream fining of clasts in rivers with different climatic and tectonic backgrounds. At present, most studies focus on humid areas, and relatively few studies have explored this issue for the northeastern margin of the Tibetan Plateau in arid and semi-arid areas. Detailed investigations of the grain size, lithology, and roundness of riverbed gravels have been performed here along the Taolai, Hongshuiba, and Fengle Rivers, which flow across the northeastern margin of the Tibetan Plateau and debouch into the arid inland of North China. The obtained data were subsequently employed in a hydraulic pattern of grain-size distribution of riverbed gravels in this area, which is characterized by the combined influences of tectonic activity and climatic aridity. Analysis reveals that there is no new rock type appearing in the lithological compositions of riverbed gravels along these rivers, only showing fluctuations in proportions of lithology even though they are adjacent to uplifting mountains. Fresh gravel material from these mountains does indeed mix into the fluvial bedload, inducing a notable decrease in roundness in the Taolai and Hongshuiba bedloads downstream from here. The downstream fining of gravel along the three rivers, with median grain sizes above 128 mm and falling into the range from 20 to 128 mm, can probably be attributed to hydraulic sorting and abrasion. Further analysis suggests that the former presents a high correlation with channel gradient, which may be sustained by fault activity at the northeastern margin of the Tibetan Plateau. The grain-size distribution in these riverbed gravels thus provides insights into the evaluation of fluvial responses to active tectonic uplift.
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1 INTRODUCTION
The interaction between climate and tectonic activity, and their relative roles as driving mechanisms for fluvial processes, have long been topics for debate (e.g., Molnar and England 1990; Molnar 2003), attracting wide attention from geoscientists (e.g., Bridgland 2000; Westaway 2009; Wang et al., 2014). River system evolution is regarded as a result of these two factors in combination, and can record important evidence for their relative influence (e.g., Bridgland et al., 2012; Bridgland and Westaway 2014). In general, riverbed gravels from the same provenance appear to show a downstream decreasing tendency in grain size over tens to hundreds of kilometers (Parker 1991a). Hydraulic sorting occurs when larger gravel clasts stop moving as flow energy declines, whereas finer grains will continue to be carried downstream. Furthermore, transportation of clasts causes abrasion, bringing about a gradual downstream decrease in grain size, unless new material is added. The controlling factors and mechanisms of these two processes remain weakly understood (Rice 1999). A thorough assessment and distinction of their roles in fluvial sediment transportation can provide an excellent insight into river responses to allogenic controls (Hoey and Bluck 1999). Thus, in coarse sediments (>2 mm), downstream clast-size decrease can result from abrasion leading to actual size reduction (Kodama 1994; Humphrey 1997), or from selective transportation and deposition, which is the above-mentioned sorting process (Ferguson et al., 1996), or from their combined action. During the past few decades, the relative influence of these two factors in yielding a downstream decrease in grain size has, however, remained unclear and controversial (Bradley 1970; Shaw and Kellerhals 1982; Ashworth and Ferguson 1989; Parker 1991a; Parker 1991b; Paola et al., 1992; Mikos 1993; Huddard 1994; Ferguson et al., 1996). There is evidence that abrasion can be attributed to mechanical weathering of clasts through corrasion (Rengers and Wohl 2007) and that this is a leading mechanism in producing downstream fining on alluvial fans along many Japanese rivers, flowing through temperate humid climates and active tectonic zones (Kodama 1994). From mathematical analysis on the weight reduction of average clasts, Mikos (1993) also argued that abrasion appears to dominate. In the 1970’s and 1980’s, opinion swung strongly in favor of sorting, because observed downstream fining of fluvial bedload presented rates an order of magnitude higher than laboratory simulations using the same lithologies (e.g., Adams 1980). Further analysis reveals that selective sorting may be controlled primarily by the limited competence of hydraulic forces, which succeed in transporting small particles but fail to transport large particles (Rengers and Wohl 2007). Moreover, more recent advances suggest that this process is linked with certain fundamental geomorphic properties, such as concavity of stream profile (Rengers and Wohl 2007). As stream gradient decreases, flow competence in the transport of sediments also decreases (Gomez et al., 2001), thereby resulting in selective deposition of coarse particles, while fine particles continue in transport (Parker 1991b; Ferguson and Ashworth 1991; Hoey and Ferguson 1997; Ferguson et al., 1998; Gomez et al., 2001). Evidence from bed-load trap measurements and the dispersion of magnetic tracer pebbles also indicate that rapid downstream fining of clasts along a small river can probably be attributed to sorting rather than abrasion (Ferguson et al., 1996). This suggestion is in good agreement with the combined study of bed-load transport rates, grain-size distribution, shear stresses, and tracer pebble movements along three high-power gravel-bed rivers, in Scotland and Norway (Ashworth and Ferguson 1989).
In addition, quantitative field studies of the phenomenon are rendered difficult by a host of site-specific factors, such as hydrologic regime, tributaries bringing in clasts of different lithologies, base-level variation, and the scale over which fining is manifested (Cui et al., 1996). Researchers have thus resorted to techniques that allow the effects of various parameters to be isolated (e.g., Werritty and Florence 1990; Paola et al., 1992). Theoretical formulations (Sternberg 1875), observations of modern rivers (Bradley et al., 1972; Dawson 1988), flume studies (Elgueta-Astaburuaga and Hassan 2019), and numerical models (Hoey and Ferguson 1994; Cui et al., 1996) have significantly enhanced our understanding of sediment transport in mixed-grain-size river systems (Robinson and Slingerland 1998). The effectiveness of sorting, however, had been doubted as a result of empirical and theoretical work in the 1980’s, which suggested that entrainment from mixed-size gravel is almost or entirely unselective, due to hiding and protrusion effects (Andrews 1983; Wiberg and Smith 1987; Kirchner et al., 1990). Further analysis has indicated that high-stage gravel transport probably approaches equal mobility for different sizes, under the impact of these effects (Parker et al., 1982; Ashworth and Ferguson 1989; Wilcock and Southard 1989).
The above arguments have prompted a re-examination of whether the observed downstream fining of fluvial clasts can be generated through sorting alone. Despite its significance, the research on this issue remains inadequate; for example, the influencing factors of sorting have yet to be resolved. Moreover, sorting has been inferred without direct measurement of bed-load transport in the same river, and abrasion has been supported or rejected by comparing downstream fining in one river with abrasion tests of supposedly similar sediment from another river in hydraulic conditions of unknown applicability (Ferguson et al., 1996). At present, few studies have focused on this topic in areas characterized by the combination of arid or semi-arid climate and active tectonic processes. Below we thus examine the grain-size trends along the riverbeds of the Taolai, Hongshuiba and Fengle Rivers, together with their hydraulic parameters. These rivers flow from the Qilian Mountains and debouch into the arid interior of North China, which is generally considered as the northeast margin of the Tibetan Plateau. Gravels were measured in transects along these rivers, using pebble counts of median diameter, lithology, and clast rounding. It is the purpose of this paper to explore downstream distribution of grain sizes along the riverbed of these rivers and then further analyze the potential causes behind these trends.
2 CATCHMENT SETTING
The Beida River, with a length of ∼200 km, derives from the Tuolai and Tuolainan Shan, (Shan = Mountain in Chinese) located within the Southern Qilian Shan, and draining an area of ∼8,847 km2 (Wang 2019). From east to west, this catchment can be divided into the three sub-basins of the Fengle, Hongshuiba, and Taolai Rivers (Figure 1). All these tributaries are fed mainly by glacial meltwater, resulting in an approximately constant discharge (Yang 2008). The Taolai and Hongshuiba Rivers flow from the Qilian Shan, and then excavate separately through either side of the Wenshu Shan, converging finally at the southern front of the Jintanan Shan. In contrast, the Fengle River disappears as it flows from the Qilian Shan into the Gobi.
[image: Figure 1]FIGURE 1 | Geological map of the Beida River catchment. Its scale is 1:200,000, revised from the Gansu Geological Bureau (1967). Major faults, rivers, sub-catchments, and mountains have been presented within this catchment. These faults revised from Gansu Geological Bureau (1967). The inset map indicates the location of this catchment in the northeastern margin of the Tibetan Plateau.
The three rivers debouch northward into the arid interior of North China (Wu et al., 2007; Cai et al., 2012) and between the Qilian Shan and Jintanan Shan are characterized by braided gravel-bed floodplains. The bedrock lithology of the Taolai River catchment mainly comprises limestone, quartzite, schist, gneiss, sandstone, and granite, while the Hongshuiba catchment is dominated by sandstone, gneiss, quartzite, and granite. In comparison with above two sub-catchments, the distribution of bedrock types across the Fengle River catchment points to a relatively simple composition, consisting of granite, sandstone, limestone, and diabase (Figure 1). The sediments that have accumulated within the catchments of these three rivers are all fluvial clasts eroded from the Qilian Shan during the Quaternary (Zhang et al., 2020). Moreover, the Wenshu Shan, located between the Qilian Shan and the Jintanan Shan, is mainly composed of conglomerate, presenting a similar lithologic composition in comparison with the catchments of the Taolai and Hongshuiba Rivers (Zhao et al., 2001).
The Beida River catchment is transected by a number of reversed faults, i.e., the Yumen–Beida River fault, the Fodongmiao–Hongyazi fault, the Jiayuguan fault, the Wenshu Shan fault, and the Jintanan Shan fault, which are clearly exposed along the fronts of the Qilian Shan, the Wenshu Shan, and the Jintanan Shan (Figure 1). Fault scarps can be readily observed and traced for hundreds of kilometers along these faults, indicating that tectonic activity around these mountains has remained vigorous during the Quaternary (Song 2006). The northern front of the Qilian Shan is constrained by the NW–SE trending Yumen–Beida River fault and Fodongmiao–Hongyazi fault, generating striking relief. In addition, the Wenshu Shan, situated between the Jintanan Shan and Qilian Shan, is bounded by the Jiayuguan fault to the north and Wenshu Shan fault to the south. These two NW–SE-trending reverse faults have led to the uplift of the Wenshu Shan in an anticlinal pattern (Song 2006; Zheng 2009). Owing to their activity and the resultant upward growth of the Qilian Shan and Wenshu Shan, the surface between the two mountain ranges has been uplifted strikingly, forcing the Taolai and Hongshuiba Rivers to incise deeply (Figures 2A,C). In contrast, as the two rivers flow northwards far away from the Wenshu Shan, their valleys all show a wide and shallow form (Figures 2B,D).
[image: Figure 2]FIGURE 2 | Field photos from the Beida River catchment. (A) and (B) Two kinds of Taolai River channels. (C) and (D) View of the Hongshuiba River channel characterized by deep incision and low relief, respectively. (E) and (F) the Fengle River channel. (G) and (H) Ephemeral channels overlying the interfluves between the Taolai, Hongshuiba, and Fengle Rivers. (I) and (J) Sample site illustrating investigation methods in the field. (K) and (L) Field measurement of riverbed width. (M)–(P) Field measurement of riverbed depth.
3 METHODS
3.1 Data Collection
Fieldwork along the channels of the Taolai, Hongshuiba, and Fengle Rivers mainly comprised the measurement of hydraulic parameters (width and depth), grain size, lithology, and roundness. Owning to the deep downcutting by these rivers between the Qilian Shan and the Wenshu Shan (Figures 2A,C), access to their valleys is rather difficult. These sites, which can be entered by foot into riverbed, thus have been chosen for investigations. Thereafter, measurement sites are more widely spaced downstream. This was partly a reflection of the absence of suitable bars to sample and partly because of the local removal of coarse bed material from the riverbed for local construction purposes. Respectively thirteen, eleven, and seven sites have been used for measurement work along the Taolai, Hongshuiba, and Fengle Rivers (Table 1). Furthermore, in view of potential input of material from slopes, twelve measurement sites on the interfluves between these rivers, marked A–L (Figure 3A), were also been chosen for investigation. These investigation sites along the three rivers are numbered in downstream sequence (Figure 3A), and their downstream distances from the Qilian Shan are employed to mark the location along the river courses. These sites chosen for measurement are generally located within the modern active riverbed, free from artificial disturbance to bed material and thick vegetation cover of the bar surface. River width here refers to the channel width, which was measured using a TruePluse 360 laser rangefinder. Meanwhile, the river depth was measured at 3–5 points along each riverbed cross section to obtain an averaged depth. The riverbed elevation of different reaches was extracted from a DEM with 30-m resolution, yielding the longitudinal profiles of the three rivers. The average riverbed gradient (S) within 2 km upstream and downstream of the measuring points was taken as the riverbed gradient at that point.
TABLE 1 | Results of analytical indices along the Taolai, Hongshuiba, and Fengle Rivers.
[image: Table 1][image: Figure 3]FIGURE 3 | Statistical data on bedload gravel lithology. (A) The Beida River catchment. All sampling sites and correspondent lithological composition of bedload gravels have been numbered in downstream sequence along its three tributaries, the Taolai, Hongshuiba, and Fengle Rivers. Furthermore, a total of 12 samples taken from the watersheds between these tributaries has been marked from A to L. Fine white lines indicate watershed gullies. (B), (C) and (D) Downstream variations in lithological proportion of the bedload gravels along the Taolai Hongshuiba, and Fengle Rivers, respectively. All the sampling sites are marked by number sequence which is coincident with (A), the shaded area in (B) and (C) indicates that the rivers flow through the Wenshu Shan.
The grain size of the sediment was established using sieving (Mosley and Tindale 1985). Within each square, all riverbed clasts were collected to a depth of ∼10 cm, although if the largest clasts exceeded this measurement then the sample depth was increased. Collected clasts were then separated into different grain-size groups by sieving (Figures 2I,J). They were further weighed in the field. Particles with a grain size of 0–2 mm are recorded as sand, while > 2-mm clasts are classified as gravel. The gravel was then divided into the following grain-size groups (unit: mm): 2.0–2.5, 2.5–5, 5–10, 10–20, 20–32, 32–64, 64–128, 128–256, 256–512, and 512–1,024. At each site, a total of 200 gravel clasts were investigated to determine their intermediate axis, lithology, and roundness, based on the random measurement method (Stock et al., 2008).
3.2 Analytical Index
In order to make a consistent comparison, the median clast diameter of each size group has been transformed into φ by the following equation:
[image: image]
in which D represents the median clast diameter of each size group, [image: image] represents 1 mm to standardize the measuring data to make it free from measurement unit.
The percentage weight of each grain-size group relative to the total riverbed clasts at a site constitutes a frequency distribution curve, which can be further translated into a cumulative frequency curve. The gravel median diameter corresponding to 5, 16, 50, 84, and 95%, in this cumulative frequency curve then have been employed as characteristic particle sizes (Krumbein 1934; Chen et al., 2018), marked by D5, D16, D50, D84, and D95, respectively. Moreover, based on φ, the sorting property of gravels accumulated at one site can be readily evaluated by the standard deviation of their grain size, which is generally marked as σ, with larger values signifying poorer sorting. According to Folk and Ward (1957), this can be calculated using the formula:
[image: image]
in which φ95 = −log2D5, φ84 = −log2D16, φ16 = −log2D84, and φ5 = −log2D95.
τc here is defined as the critical shear stress, which is required for the initial movement of fluvial clasts, while τb is used to describe the riverbed shear stress. They can be obtained from the Shields constant equations (Meyer-Peter and Muller 1948):
[image: image]
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Where, [image: image] is a dimensionless constant, [image: image] is the ratio of the density of the sediment to the flowing water, [image: image] is water density, [image: image] is gravitational acceleration, [image: image] refers to D50, [image: image] is the depth of river water, and [image: image] is riverbed slope. Wilcock and Kenworthy (2002) have calculated [image: image] successfully by using the empirical formula:
[image: image]
In which [image: image] is the sand content of a riverbed clast sample, while [image: image] and [image: image], corresponding to Fs = 1 and Fs = 0, respectively, can be calculated to be 0.011 and 0.035.
Based on the rounding-classification standard of Krumbein (1941a), bedload gravels at each site have been classified as 1 = very angular, 2 = angular, 3 = sub angular, 4 = sub rounded, 5 = rounded and 6 = well rounded in the field (Powers 1953), and then their proportions can be calculated in terms of an individual number. An average roundness value (R) is employed here to further describe the rounding characteristics of the gravels at each site, which is defined as the sum of these proportions (Li et al., 2014), with higher value indicating better rounding and vice versa.
4 RESULTS
These results of the above analyses have been calculated and tabulated in Table 1. In order to elucidate transportation process of the bedload gravels along the Taolai, Hongshuiba, and Fengle Rivers, their lithology, roundness, and grain size, in combination with the calculated indices, have been analyzed in detail.
4.1 Lithology
Apart from twelve sampling sites located on the watersheds between the tributaries of the Beida River, a total of thirteen, eleven, and seven sites has been investigated along its tributaries: the Taolai, Hongshuiba, and Fengle Rivers, respectively (Figure 3A). The lithological composition of the gravels accumulated at the thirteen locations along the Taolai River shows that the proportion of phyllite decreases rapidly downstream from ∼20 to 2%, within 10 km from the Qilian Shan. In contrast, the proportion of quartzite gradually increases from ∼10 to 20% over the same reach (Figure 3B). Near the Wenshu Shan, fluctuation of lithological proportions, however, occurs again, with both phyllite and limestone increasing slightly, and then declining to a stable level, while quartzite and sandstone appear to increase progressively. According to Zhao et al. (2001), the lithostratigraphy over the Wenshu Shan is mainly conglomerate and characterized by sandstone and quartzite, so this fluctuation may be attributable to clast input to the Taolai River bedload from these mountains. In the distribution of bedload gravel lithology at the eleven sampling sites along the Hongshuiba River, the proportions of diabase and phyllite both decrease rapidly downstream from ∼5 to ∼5%–∼1% within 10 km from the Qilian Shan and then turn to a stable tendency (Figure 3C). In contrast, the proportion of quartzite increase remarkably from ∼3% up to 22%. In the vicinity of the Wenshu Shan, the proportion of schist in comparison with other lithologies presents a great fluctuation, which can probably be correlated with the high proportion of schist occurring on the watershed between the Taolai and Hongshuiba Rivers (Figure 3A), given that the Wenshu Shan is composed of sandstone and quartzite (Zhao et al., 2001). This lithological fluctuation therefore demonstrates the input of material to the Hongshuiba bedload from small gullies over the watershed (Figure 3A). Along the Fengle River, granite decreases from ∼74 to 40%, while sandstone increases to reach a relatively steady proportion of ∼20% (Figure 3D) and other lithologies tend towards stability. Some sampling sites within gullies on the watershed between the Hongshuiba and Fengle Rivers show a high sandstone percentage (Figure 3A), suggesting a possible clast contribution to the Fengle River bedload.
4.2 Roundness
Along the Taolai, Hongshuiba, and Fengle Rivers, the results of bedload gravel roundness analysis for different lithologies and grain sizes are presented in Figure 4. As the Taolai River flows away from the Qilian Shan, the variation in its bedload gravel roundness falls into a complex pattern in which it first decreases and then increases, twice over, forming two troughs (Figures 4B,C). Based on field investigation, they are in good correspondence with two reaches affected by the clast input from the Wenshu Shan and human activities (Table 2). Published data have revealed that gravel roundness of clasts formed of the conglomerate constructing the Wenshu Shan is indeed rather low (Zhao et al., 2001). The course of lower Taolai River has been restricted within an artificial channel, leading to original riverbed exposure (Figure 4A). Frost weathering seems to be vigorous here (Chen et al., 2019) causing the gravels accumulated on the dry riverbed to shatter. The bedload gravel roundness for different lithologies and grain sizes in the two reaches perhaps respond to the two styles of influence and yield two correspondent troughs. The downstream variation in bedload gravel roundness along the Hongshuiba River for different lithologies and grain sizes also shows two decreasing tendencies, which are against our expectations (Figures 4D,E). The statistical data on bedload gravel lithology has suggested that the small gullies on the watershed between the Taolai and Hongshuiba Rivers have a steady material contribution to the latter bedload (Figure 3A). Due to artificial reconstruction on the Taolai River, the whole riverbed of the lower Hongshuiba is now also exposed and suffers frost weathering. In view of this good spatial correlation, the two decreasing tendencies in bedload gravel roundness along the Hongshuiba River, therefore, can probably be linked with the two recognized influences: frost weathering and artificial reconstruction. In contrast, the downstream variation in bedload gravel roundness along the Fengle River for different lithologies and grain sizes shows a gradually increasing pattern (Figures 4F,G) which conforms to the universal rule (Krumbein 1941b).
[image: Figure 4]FIGURE 4 | The downstream variation in bedload gravel roundness along the Taolai, Hongshuiba, and Fengle Rivers. (A) The Beida River catchment. It can be divided into the three sub-catchments of the Taolai, Hongshuiba, and Fengle Rivers, in which all sampling sites are marked and numbered in downstream sequence. Dashed lines along the courses of the Taolai and Hongshuiba Rivers indicate their dry riverbeds. (B)–(G) The downstream variation in bedload gravel roundness for different gravel sizes and lithologies, respectively, along the Taolai, Hongshuiba, and Fengle Rivers. Their sampling sites are numbered in correspondence with (A).
TABLE 2 | Results of roundness for the clasts eroded from the interfluves between the Taolai, Hongshuiba, and Fengle Rivers.
[image: Table 2]4.3 Grain Size
In general, the three indices D84, D50, and D16 can be employed as indicators to evaluate the downstream decrease in grain size of bedload gravel (Hoey and Bluck 1999). Along the Taolai, Hongshuiba, and Fengle Rivers, the three indices all show an obvious downstream diminishing tendency, amongst which D84 presents the widest variation range (Table 1). Further analysis reveals that the downstream decrease of D84 and D50 follows a more precise exponential fitting pattern compared with D16 (Figure 5). Their fit coefficients are all rather high, reaching up to >0.75 along the three rivers (Figures 5B–D). This variation pattern is in good agreement with the general rule for gravel-size distribution along riverbeds suggested by Sternberg (1875). Despite a gentle decrease tendency in the downstream direction for D16, its major decline can be clearly observed to occur in the 30-km reaches of the longer Taolai and Hongshuiba Rivers, progressively downstream from the Qilian Shan, in correspondence with D84 and D50. The grain-size frequency distribution curves of bedload gravel along the Taolai and Hongshuiba Rivers show a transformation from bimodal to unimodal pattern, with the peak progressively moving to finer particle sizes in a downstream direction (Figure 6). Meanwhile, they appear to become narrower and combined with decreasing standard deviation σ (Table 1), indicating that the bedload gravel tends towards an enhanced sorting property in the downstream direction. In contrast, the grain-size frequency distribution curves of bedload gravel and standard deviation along the short Fengle River seem to show negligible variation. Moreover, the sand contents of riverbed clast composition are almost constant along the three rivers.
[image: Figure 5]FIGURE 5 | Variation pattern of D84, D50, and D16 toward downstream. (A) The Beida River catchment. (B), (C) and (D) Downstream variation in the three indexes along the Taolai, Hongshuiba, and Fengle Rivers, respectively. Their variations all follow an exponential fitting pattern, in which the fitting correlation coefficients for D84 and D50 can reach up to >0.75. All the sampling sites are marked by number sequence which is coincident with (A).
[image: Figure 6]FIGURE 6 | Grain-size frequency distribution curves of bedload gravel along the Taolai, Hongshuiba, and Fengle Rivers. The sampling sites are numbered in downstream sequence and in correspondence with the inset map.
5 DISCUSSION
5.1 Analysis of the Downstream Decrease in Grain Size of Bedload Gravel Based on the Hydraulic Sorting and Abrasion
The investigation results for bedload gravel lithology and roundness suggest that the clasts eroded from the interfluves between the Taolai, Hongshuiba, and Fengle Rivers can indeed be mixed into their riverbeds (Figure 3A; Table 2). Despite a notable fluctuation in lithological percentage due to this intrusion, the lithological composition of the bedload gravels presents a stable pattern along the three rivers (Figure 3), implying that the fluvial clasts transported through the northeastern margin of the Tibetan Plateau, characterized by active tectonism and dry climate, appear to represent material that has been recycled from earlier deposits (Zhang et al., 2020). Moreover, clast influx here perhaps has little effect on bedload gravel transportation. The downstream decrease in grain size in these bedload gravels thus also follows a good exponential fitting pattern (Figure 5), in good agreement with the general rule for gravel size distribution along riverbeds suggested by Sternberg (1875). Over the past century, numerous studies have attributed the downstream fining of bedload gravel to hydraulic sorting and abrasion (Mackin 1948; Rice 1998; Rice and Church 1998; Gomez et al., 2001; Rice and Church 2001; Sklar et al., 2006). Nevertheless, a debate on the dominant role in both of these can still be enlarged (e.g., Menting et al., 2015). According to the grain-size distribution of the bedload gravels along the three rivers, downstream fining has indeed been demonstrated by the work reported in this paper.
Along the Taolai, Hongshuiba, and Fengle Rivers, the reaches that are free of clast influx and human activities all present a tendency for bedload gravel roundness to increase downstream (Figure 4), linked to the contribution of abrasion to the downstream fining of bedload gravel. However, the sand content amongst bedload clasts seems not to increase due to abrasion, but tends to be almost constant along the three rivers (Table 1). This result suggests that the downstream fining of bedload gravel in this region at the northeastern margin of the Tibetan Plateau can also probably be attributed to hydraulic sorting, in addition to abrasion. In recent years, more studies have focused upon this influence, in which D84 has been argued to decrease in direct proportion to the decline of riverbed shear stress τb (Dunne and Jerolmack 2018). Our data however reveal that some sampling sites along the three rivers do not comply with this relationship (Figure 7). In this way, it seems that hydraulic sorting cannot be regarded as the only explanation for downstream fining of bedload gravel in the study area. Further analysis therefore pays attention to the variation in percentages of grain-size groups for different lithologies. Along the Taolai, Hongshuiba, and Fengle Rivers, the downstream reduction of percentages of grain-size groups >128 mm seems not to be seen in adjacent and smaller grain-size groups, in which the reverse occurs: percentages increase downstream (Figure 8). Based on this variation pattern, the bedload gravels transported by the three rivers can be divided into two parts, with grain sizes >128 mm and <128 mm, for which downstream fining can be attributed to hydraulic sorting and abrasion, respectively.
[image: Figure 7]FIGURE 7 | Positive correlation checks between D84 and τb along the Taolai, Hongshuiba, and Fengle Rivers.
[image: Figure 8]FIGURE 8 | Variation in the percentages of grain-size groups with different lithologies along the Taolai, Hongshuiba, and Fengle Rivers. The bedload gravels collected from every sampling site were classified according to their lithologies. For each lithology, the variation in the percentages of grain-size groups along the three rivers was then analyzed. (A), (B), and (C) Downstream variations in the percentages of grain-size groups with different lithologies, along the Taolai, Hongshuiba, and Fengle Rivers, respectively. The reduced percentages of grain-size groups >128 mm toward downstream are not seen in the smaller grain-size groups. In contrast, for the groups <128 mm, the reverse applies.
5.2 The Linkage Between Hydraulic Sorting and Hydrodynamic Force
In general, hydraulic sorting ability in rivers is dependent on “hiding effect” and hydrodynamic force (Robinson and Slingerland 1998). Under certain hydraulic conditions, coarse particles in fluvial bedload can be moved more readily by flowing water due to their greater exposure, whereas fine particles in contrast are generally hidden (Einstein 1950; Paola et al., 1992). This phenomenon, which has been defined by Diplas (1987) as “hiding effect”, can reduce the difference in τc, leading to an almost simultaneous movement for clasts of different grain-size (Parker et al., 1982). Further numerical simulation by Robinson and Slingerland (1998) has revealed how this effect inhibits progressive downstream hydraulic sorting. In order to evaluate this effect, Andrews (1983) has provided an empirical correlation, in which the mass ratio of D to D50 falls into a range between 0.3 and 4.2, implying that the correspondent grain-size group perhaps suffers from a closely similar critical shear stress. Following Andrews, we obtained, at each site, the ratio of the mass of those grain-size groups meeting this standard to the total clasts. Along the Taolai, Hongshuiba, and Fengle Rivers, these ratios show only a gentle fluctuation (Figure 9), indicating little impact on hydraulic sorting from this “hiding effect” (Robinson and Slingerland 1998).
[image: Figure 9]FIGURE 9 | Downstream variation in the ratio of those grain-size groups with D/D50 in the range between 0.3 and 4.2 to all the clasts collected at each site. Different symbols are used for the three study rivers. It can be clearly seen that this ratio is maintained in the narrow range 0.66–0.82 moving downstream.
Since the “hiding effect” has been excluded, hydraulic sorting in the study area can only be linked with hydrodynamic force. Numerical simulation has suggested that it will fluctuate within the variation range of τc, if the ratio of τb to τc is lower than 20, and favoring deposition of the coarse clasts with τc>τb (Robinson and Slingerland 1998). Therefore, this ratio is employed here to evaluate the influence of hydrodynamic force on hydraulic sorting. The obtained results show that the ratios of τb to τc at every sampling site are <20 (Figure 10), implying an inadequate deviation between hydrodynamic force and the critical shear stress τc that would be required for the initial movement of fluvial clasts (Robinson and Slingerland 1998); thus sorting seems to be an important factor in causing downstream fining in the study area.
[image: Figure 10]FIGURE 10 | Downstream variation in the ratio of τb to τc at each sampling site. All the ratios obtained are <20.
5.3 Influence of Tectonic Uplift on Grain-Size Distribution
During the past century, numerous works have focused on fluvial clasts to obtain some general variation patterns of downstream changes in their roundness and grain size, based on a series of flume experiments (Krumbein 1941b; Paola et al., 1992; Elgueta-Astaburuaga and Hassan 2019). Further numerical simulations have subsequently established some driving mechanisms for these patterns (Hoey and Ferguson 1994; Cui et al., 1996), in which downstream fining of bedload gravel has often been attributed to hydraulic sorting and abrasion (Parker 1991a; Paola et al., 1992, Hoey and Bluck 1999; Wilcock and Kenworthy 2002; Rice 2005). However, there is still no consensus on the factors that control their function in river systems. In this paper, hydraulic sorting has been linked with hydrodynamic force, leading to downstream fining of bedload gravels with grain size >128 mm. According to Schumm (1977), riverbed gradient and discharge have been regarded as potential controlling factors on hydrodynamic force. In recent studies, these are also confirmed to be able to drive variation in hydrodynamic force along riverbeds (Gilet et al., 2020). The Taolai, Hongshuiba, and Fengle Rivers originate from the Qilian Shan, and then debouch northward into the arid interior of North China (Figure 1). Owing to glacial meltwater supply, they seem to have had almost stable discharge over timescales of years (Yang 2008), which has been proved from hydraulic monitoring data (http://www.ncdc.ac.cn). The prominent hydraulic sorting as a mechanism for downstream fining of bedload gravels >128 mm in the three rivers can, therefore, probably only be correlated with riverbed gradient, rather than discharge.
In view of the excellent match between the 30-m-resolution DEM and the landscape across the northeastern margin of the Tibetan Plateau (Pan et al., 2015), it has been possible to extract the riverbed elevations of the Taolai, Hongshuiba, and Fengle from these data, in which high values show close correspondence to the occurrence of thrust faults (Figure 11). The smoothing method of the extracted longitudinal profiles refers to Schwanghart and Scherler 2017. At sampling sites with bedload gravels >128 mm, the second derivatives of the obtained three curves were then calculated as a measurement for their gradient variations. Correlation analysis between the percentages of grain-size groups >128 mm and gradient variations at these sites shows a notable positive relationship (Figure 11). Since the ratios of τb to τc at every sampling site are all <20 (Figure 10), the adjustment in hydrodynamic force due to gradient variation along the three rivers can probably explain the deposition of coarse gravels >128 mm, creating a hydraulic sorting effect. For gravel beds, intrinsic fluvial behaviors can however provide timely adjustment to offset the variation in riverbed gradient by means of deposition and/or incision (Thayer et al., 2016). Thus, the persistence of perturbations in downstream gradient along the study rivers perhaps requires the continued influence of tectonic activity, such as fault movements. The three rivers excavating through the tectonically active northeastern margin of the Tibetan Plateau are transected by the Yumen-Beida River fault and Fodongmiao-Hongyazi fault (Figure 1). Previous work has constrained the vertical uplift rates along these reverse faults to be 0.7–1.2 mm/a, since the Late Pleistocene (Liu 2017; Yang et al., 2018; Hetzel et al., 2019), which is consistent with the present GPS data (Zhao et al., 2015; Hetzel et al., 2019). The persistent variation in riverbed gradient along the three rivers can probably be attributed to tectonic uplift generated by these faults (Yang et al., 2018; Hetzel et al., 2019; Wang et al., 2020). The link between grain-size distribution in riverbed gravels and tectonic uplift thus seems to be confirmed in the study area. In fact, grain-size distribution in riverbed gravel has also been employed as an indicator for tectonic activity in the Central Alps, northern frontal Himalayas, around Taiwan and the Mediterranean (Attal and Lavé 2006; Whittaker et al., 2010; Wang et al., 2015; Gilet et al., 2020). The percentages of grain-size groups >128 mm in the riverbed gravels along the three study-area rivers can thus be understood as an evaluator of the fluvial response to tectonic uplift.
[image: Figure 11]FIGURE 11 | Correlation analysis between the percentages of grain-size groups >128 mm and gradient variations along the Taolai, Hongshuiba, and Fengle Rivers. (A) Riverbed elevations along the three rivers. These are extracted from a 30-m-resolution DEM, in which high values correspond closely with thrust fault occurrences. At the sampling sites with some grain-size groups >128 mm, the second derivatives of the three curves were then calculated as a measurement for gradient variations. (B) Positive correlation between the obtained variations in riverbed gradient and the percentages of grain-size groups >128 mm. There seems to be an excellent exponential relationship along the three rivers.
6 CONCLUSION
The Taolai, Hongshuiba, and Fengle Rivers, as the three sub-catchments of the Beida River system, cut through the northeastern margin of the Tibetan Plateau. Despite a notable fluctuation in bedload lithologies, caused by clast input from neighboring uplands, the composition of their bedload gravels shows a stable downstream trend, implying transportational recycling of fluvial clasts through a region that is characterized by active tectonism and dry climate. Detailed investigation and analysis of grain-size distribution suggest that downstream fining of bedload gravel in these rivers follows the general rule, within which the downstream fining of the gravels with grain size >128 mm has been attributed in these study-area rivers to hydraulic sorting. Moreover, the variation in riverbed gradient of the three rivers, explained as a driving force for hydraulic sorting, may be linked with active tectonism. The percentages of grain-size groups >128 mm in the riverbed clasts along the three rivers, therefore, can be understood as an evaluator of the fluvial response to tectonic uplift in the northeastern margin of the Tibetan Plateau.
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