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Abstract 19 

Extracting tectonic signals from sediments in tectonically active areas is important for 20 

revealing the history of regional tectonic activity. However, in previous studies, tectonic and 21 

climatic signals have often been confused. In this study, we discuss the tectonic signals 22 

recorded in Quaternary sediments on the eastern Tibetan Plateau, combined with the 23 

geological, geomorphic, regional climate and geographical settings, and summarize six 24 

aspects of the sedimentary characteristics of tectonically generated gravels related to seismic 25 

landslides, providing an effective reference for other tectonically active areas. In addition, 26 

earthquakes commonly cause intermittent changes in the availability of fine particles in 27 

provenance areas, which is the rationale for revealing seismic events through a 28 

high-resolution sedimentary sequence from which hydrological fluctuations can not be easily 29 

identified. The tectonic control of Quaternary sedimentation on the eastern Tibetan Plateau 30 

has improved the previous crude understanding of water flow genesis and is of considerable 31 

significance for extending research on tectonic activity and assessing seismic hazards. 32 

 33 
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 36 

1. Introduction 37 

Earth-surface processes in tectonically active regions operate across 38 

erosion-dominated landscapes and deliver sediments to depositional systems that can be 39 

preserved, consequently documenting environmental changes (Romans et al., 2016). This 40 

source-to-sink sediment transfer can be traced to explain the environmental forcing, 41 

including tectonism and climate change, in tectonically active regions. 42 
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Tectonic signals are present in many areas where exposed and deformed bedrock has 43 

experienced severe tectonic activity, such as alpine valleys; however, tectonic information, 44 

including timing and intensity, is difficult to obtain. Only a small number of late Quaternary 45 

fluvio-lacustrine sequences, which commonly appear less affected by faulting activity, 46 

distributed in these areas, making it difficult to study seismic activity through trenching 47 

(Jiang et al., 2014, 2017). However, sedimentary stratigraphy represents the best direct 48 

manner to unravel tectonic activity on the macro- and micro-scales through the systematic 49 

constraints of chronology and tectonic signal inversion from the sediment routing system 50 

(Hu et al., 2016; Jiang et al., 2022). 51 

Gravel accumulation preserved within stratigraphic sequences has a long-term generic 52 

link with tectonic activity (Burbank and Reynolds, 1984; Schwartz and Coppersmith, 1984; 53 

Yeats and Prentice, 1996), including frequent earthquakes along the range-front fault of the 54 

Helan Mountains (Deng and Liao, 1996), Jiaocheng fault zone (Xie et al., 2008), northern 55 

Zhongtiaoshan fault in Shanxi Province (Si et al., 2014), and northern Tianshan fault in 56 

Xinjiang Province (Deng et al., 1996; Deng and Zhang, 2000). Gravels accumulation is 57 

generally associated with earthquake shaking (Rinat et al., 2014; Jiang et al., 2016). 58 

Quaternary alluvial gravel and gravelly sediments occur in liquefaction-induced 59 

structures in NE Brazil and have been interpreted to be related to seismic shaking (Bezerra et 60 

al., 2005; Fortuin and Dabrio, 2008). These gravel clasts and beds are usually oriented 61 

(Anand and Jain, 1987) and occasionally interbedded with loess (Deng and Liao, 1996). 62 

Chaotic and sporadic gravels have been used to reveal tectonic events (Deng et al., 1996; 63 

Jiang et al., 2016; Shi et al., 2022a). Gravel accumulations near active faults are not 64 

considered to be genetically related to sedimentary processes (Anand and Jain, 1987). 65 

In addition to gravel clasts and beds, silt deposition in tectonically active regions is 66 

often linked to seismic activity in two ways: soft sediment deformation (SSD, Alsop and 67 
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Marco, 2011, 2013; Xu et al., 2015; Jiang et al., 2016; Liang et al., 2021; Alsop et al., 2022) 68 

and an abrupt increase in silt abundance (Jiang et al., 2014, 2017; Liang and Jiang, 2017; Shi 69 

et al., 2022a). 70 

SSD structures related to liquefaction and/or fluidization can be used to reveal 71 

paleoseismic events (e.g., Sims, 1975; Obermeier et al., 1991; Marco and Agnon, 1995; Li et 72 

al., 1996; Sukhija et al., 1999; Levi et al., 2006). Data on the intensity of earthquakes and 73 

their effects on sediments suggest that liquefaction is generally produced when Ms ≥ 5.0/5.5 74 

(Atkinson, 1984; Galli, 2000). The 2008 Ms 8.0 Wenchuan earthquake triggered > 56000 75 

landslides, covering a total area of > 396 km2 (Dai et al., 2011; Li et al., 2014) or 197,481 76 

landslides, covering an area of approximately 1160 km2 (Xu et al., 2012). These landslides 77 

caused a large dust storm that deposited dust in nearby lakes (Jiang et al., 2017; Jing et al., 78 

2023) as well as exposed large quantities of silt particles that had accumulated on mountain 79 

slopes (Ren et al., 2018b). Based on provenance analysis, fine-grained silt is believed to have 80 

been re-transported by ubiquitous strong winds and deposited in ancient Diexi Lake, which 81 

records many seismic events (Jiang et al., 2014, 2017; Liang and Jiang, 2017; Shi et al., 82 

2022a). 83 

However, gravel accumulation and silt stratigraphy in tectonically active regions are 84 

also related to flood events (Ma et al., 2018; Liu et al., 2019) and lake water-level 85 

fluctuations (Xu et al., 2020), respectively. This potentially makes the extraction of tectonic 86 

signals from sedimentary formations ambiguous and requires an in-depth and detailed 87 

analysis. 88 

In this review, we focus on the eastern Tibetan Plateau (TP) as our target area. 89 

Geological and geographical settings were systematically explored and analyzed to develop 90 

a sediment routing system that was as objective as possible. Gravel accumulation and silt 91 

deposition in the eastern TP are detailed and addressed in the context of aridity and active 92 
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tectonism. Considering the particular characteristics of earthquakes and landslide hazards is 93 

an essential precursor to the development of earthquake-and-dryland-centered policy options 94 

that can aid mitigation and preparedness strategies and therefore improve the well-being of 95 

populations living in seismically and tectonically active drylands. 96 

 97 

2. Geological and geographical settings 98 

The Wenchuan earthquake struck Sichuan Province in southwest China, although the 99 

Longmenshan fault zone that hosted the earthquake deformed very slowly and had 100 

previously been assigned a modest-to-low seismic hazard rating (Zhang, 2013). This has 101 

prompted extensive scientific research into how such earthquakes may be inextricably linked 102 

to the distinct geological and geographical backgrounds of a region. 103 

(Insert Figure 1 here) 104 

2.1. Geological settings 105 

The eastern TP has experienced long-term uplift and eastward enlargement. This area 106 

has numerous geological features that are atypical of active convergent mountain belts 107 

(Burchfiel et al., 2008). The first is the presence of the most notable examples of topographic 108 

relief on Earth (> 4 km relief; Fig. 1) but with an absence of large-magnitude low-angle 109 

thrust faults (Burchfiel et al., 2008; Kirby et al., 2008; Zhang et al., 2010). Crustal 110 

thickening beneath the eastern TP occurred without large-scale shortening of the upper crust 111 

but was instead caused by ductile thickening of the deep crust (Burchfiel et al., 2008; Liu et 112 

al., 2014; Wang and Shen, 2020). Second, the modern high topography of Longmenshan and 113 

the eastern plateau was probably not established until the Late Cenozoic (approximately 15 114 

Ma; Kirby et al., 2002; Clark et al., 2005; Ouimet, 2007). The exposed bedrock in the study 115 

area is dominated by Silurian phyllite, quartz schist, Triassic phyllite, and metamorphosed 116 

sandstone, which display general deformation and fragmentation features in the field. Third, 117 
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global positioning system (GPS) observations generally show low shortening rates in the 118 

eastern TP (<3 mm/year; Gan et al., 2007; Burchfiel et al., 2008; Zhang et al., 2010; Zhang, 119 

2013) (Fig. 1). Fourth, over geological timescales, individual faults in the Longmenshan 120 

fault zone have slipped at slow rates of <1 mm/year (Densmore et al., 2007). The Late 121 

Cenozoic shortening across the Longmenshan zone could be limited to 10–20 km, with 122 

folding and faulting mainly accommodating the differential surface uplift between the 123 

plateau and the Sichuan Basin (Burchfiel et al., 2008; Parsons et al., 2008; Hubbard and 124 

Shaw, 2009). 125 

After the Wenchuan earthquake, four strong earthquakes occurred in the eastern TP: 126 

the 2010 Ms 7.1 Yushu earthquake, the 2013 Ms 7.0 Lushan earthquake, the 2017 Ms 7.0 127 

Jiuzhaigou earthquake, and the 2021 Ms 7.4 Maduo earthquake. These earthquakes caused 128 

severe and widespread damage to the eastern TP and have been related to tectonic activity 129 

within the Bayan Kala fault block since 1995 (Xu et al., 2008, 2009; Deng et al., 2014). 130 

Furthermore, eight earthquakes with magnitudes ranging from 6.0 to 8.0 have occurred along 131 

the Minjiang and Huya faults since 1900 (Fig. 1), indicating a gradually accelerating release 132 

of strain energy (Wen et al., 2009; Sun et al., 2018). Considering that large earthquakes can 133 

re-rupture regions that have already ruptured during preceding smaller earthquakes and are 134 

probably driven by residual strain following many centuries of smaller earthquakes (Feldl 135 

and Bilham, 2006), the Huya and Minjiang faults should be the focus of attention in the 136 

future. 137 

(Insert Figure 2 here) 138 

2.2. Geographical setting 139 

The landscape of the study area is dominated by the two major mountain ranges of 140 

Minshan and Longmenshan, together with the associated alpine valleys (Fig. 2a). The 141 

valleys feeding along the Min River are steep and narrow, with incision depths of 800‒3000 142 
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m (Kirby and Whipple, 2003; Jiang et al., 2014). Strong earthquakes may result in rock-falls 143 

and landslides on valley sides (Keller and Rockwell, 1980; Ren et al., 2018b; Keller and 144 

Pinter, 2002). Following the 1933 Ms 7.5 Diexi earthquake, several landslide-dammed lakes 145 

formed in the upper reaches of the Min River, which may store large amounts of information 146 

related to the Earth’s surface processes, including seismic activity (Wang et al., 2011; Jiang 147 

et al., 2014, 2016, 2017). 148 

The climate in the study area shifts from subtropical to cold temperate with increasing 149 

latitude and from arid in the river valleys to humid in the high mountains owing to the Foehn 150 

effect (Shi et al., 2023). The Diexi Lake area, situated in a sub-frigid, semi-humid highland, 151 

has a dry and windy climate with cool summers and cold winters. Large temperature 152 

differences occur between day and night, as well as between different areas. The mean 153 

annual temperature (MAT) at Maoxian City is 11.2 °C. Although Sandagu and Dujiangyan 154 

have a maximum rainfall of 1200 mm/yr (Fig. 2b), the mean annual precipitation is only 155 

490.7 mm in Maoxian County, with 70‒90 % of that falling in June‒September. The mean 156 

annual latent evaporation reaches 1375.7 mm, which is 2.8 times the annual precipitation 157 

(Fig. 3). The climate in Diexi is similar to that of Maoxian City, except that Diexi has a 158 

lower MAT and stronger winds at higher elevations of 2188 m.  159 

(Insert Figure 3 here) 160 

The vegetation in the study area shows distinct vertical zonation and includes forests, 161 

subalpine coniferous forests, subalpine meadows, alpine shrubs, and arid valley shrubs 162 

(Zhang et al., 2007; Shi et al., 2020; Xu et al., 2020; Wei et al., 2021). Two factors 163 

considerably influence the vegetation distribution and ecological conditions in the study area. 164 
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One is an arid and windy climate with a large temperature difference between day and night. 165 

The other is active tectonics, characterized by frequent earthquakes (Wang et al., 2011). 166 

Strong earthquakes often induce numerous landslides and destroy the vegetation cover in the 167 

study area (Xu et al., 2012, 2013; Jiang et al., 2022b). Both factors render the landscape, 168 

vegetation, and ecological conditions fragile (Xu et al., 2020; Wei et al., 2021). 169 

 170 

3. Gravel characteristics reflecting tectonic activity 171 

Gravel accumulation in nature is genetically related to glaciation, tectonism, and water 172 

flow. Here, we mainly focused on water flow and tectonism because they have previously 173 

been used to explain many sedimentary records in the upper reaches of the Min River (Ma et 174 

al., 2018; Chen et al., 2019; Xu et al., 2020; Zhang et al., 2021), and glaciation rarely 175 

affected this part of the eastern TP at 2‒3 km elevation. 176 

 177 

3.1. Gravels related to glaciation and the effect of water flow 178 

Gravels with a glacial origin usually show typical glacial cracks characterized by a set 179 

of parallel cracks with or without tiny displacements, while glacial scratching and ‘saddle 180 

pebbles’ can also be observed (Zhang et al., 2016). In many gravel-bed rivers, the 181 

downstream fining of the grain size is mainly controlled by hydraulic sorting (according to 182 

size, shape, and density) and abrasion (crushing, grinding, splitting, chipping, cracking, and 183 

sandblasting during transport) (Moussavi-Harami et al., 2004). Dividing the bed sediment 184 

into two populations (sand and gravel) permits realistic and useful predictions of the onset of 185 

sediment transport and helps explain the development of abrupt gravel-sand transitions 186 

(GSTs) commonly observed in natural rivers (Fig. 4) (Wilcock, 1998). 187 

(Insert Figure 4 here) 188 
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Selective transport is the dominant downstream fining mechanism; however, the rates 189 

of selective transport in sand-bed rivers are lower than those in gravel-bed rivers (Frings, 190 

2008). Accordingly, GSTs are usually rapid and widely observed in present-day rivers 191 

(Singer, 2010; Dubille and Lave, 2015). They can extend spatially from 53 to 75 km in 192 

length and remain in a stable position for up to 12 years (David, 1999); these are considered 193 

important criteria for judging the behavior of water flow. Experiments suggest that selective 194 

deposition of the coarsest clasts, owing to unequal mobility, can produce fining rates 195 

comparable to the highest rates observed in nature (Paola et al., 1992a, 1992b; Ferguson et 196 

al., 1996; Seal et al., 1997; Ferguson, 2003). 197 

Surface coarsening develops in gravel-bed rivers when the local bedload supply from 198 

upstream is less than the ability of the flow to transport that load; therefore, it may be 199 

possible to relate the degree of river-bed surface coarsening to the sediment supply (Dietrich 200 

et al., 1989). Therefore, the sudden appearance of gravel in the stratigraphy is often related 201 

to orogen construction (Dubille and Lave, 2015). 202 

 203 

3.2. Gravel accumulation related to tectonism 204 

The dispersal of coarse gravel from the source regions into sedimentary basins is 205 

commonly viewed as a hallmark of tectonic activity (Sun et al., 2005; Armitage et al., 2011). 206 

The criteria for the recognition of syn-tectonic conglomerates include characteristic 207 

architectural patterns, progradation of the gravel front, and the rate of down-system fining 208 

(Allen and Heller, 2012). Specifically, on the eastern TP, we identified several features 209 

closely related to tectonic generation (e.g., Xu et al., 2015; Zhang et al., 2021). (1) The 210 

gravel was uniform and similar in composition to the local bedrock. (2) Transport routing of 211 

the gravel front with a decrease in size and thickness was evident and could be readily traced 212 

in the field (Fig. 5). (3) The gravel was poorly rounded with almost no sorting (Figs. 5d and 213 
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6). (4) Gravel layers were directly overlain by clay-silt-dominated lacustrine layers without 214 

GST structures or sedimentary bedding, which are closely related to the selective transport of 215 

water flow (Fig. 5). (5) Similar to the reduction in the grain size of sediments moving away 216 

from the provenance supply in response to tectonic activity (Armitage et al., 2011), the 217 

deformation of earlier deposits caused by gravel progradation changed distinctly from strong 218 

at proximal sites (intense V-shaped bending and interlayer sliding; Fig. 5c) to weak at distal 219 

locations (disappearance of various deformation features) (Zhang et al., 2021). (6) 220 

Soft-sediment deformation caused by earthquakes can be easily observed in the field as 221 

another important signal of tectonic activity, such as flame structures at Diexi (Zhang et al., 222 

2021), micro-faults at Diaolin (Xu et al., 2015), and other patterns (Alsop and Marco, 2011, 223 

2013; Wang et al., 2011; Jiang et al., 2016; Alsop et al., 2022). 224 

(Insert Figure 5 here) 225 

Sediment routing systems link erosional and depositional landscapes. Landscape 226 

evolution over a wide range of timescales has been translated into a narrative of geological 227 

history in tectonically active regions (Allen, 2008; Allen and Heller, 2012). Because facies 228 

progradation is time-transgressive, the ages of the same gravel layers vary between locations 229 

(Burbank et al., 1988; Jordan et al., 1988; Chen et al., 2002; Sun et al., 2004; Heermance et 230 

al., 2007; Charreau et al., 2009; Huang et al., 2010). Accordingly, to obtain the tectonic 231 

timing of the causative gravel accumulation event, dynamic framework of the sediment 232 

routing system that transports the sediment from the source to the sink within a limited 233 

distance must be considered. 234 

Field observations have shown that gravel origins can be spatially traced on the 235 

eastern TP (Zhong et al., 2017). Occasionally, no erosion signals were observed between the 236 

gravel layer and underlying sediment layers (Xu et al., 2015; Zhang et al., 2021). 237 

Considering that a given gravel layer was deposited instantaneously, relative to the slow 238 



11 
 

deposition of fine lacustrine sediments (Figs. 5d and 6; Jiang et al., 2022), the thickness of 239 

the gravel layers could be deduced to establish a reliable chronology for the lacustrine 240 

sequence (Zhang et al., 2021). Accordingly, recent studies on the eastern TP have provided a 241 

suitable and systematic approach for dating tectonic activity characterized by frequent 242 

earthquakes (Xu et al., 2015; Zhang et al., 2021). 243 

(Insert Figure 6 here) 244 

3.3. Main contribution of seismic landslides to gravel accumulation 245 

A two-fold increase in erosion coefficients occurs in basins within 15 km of major 246 

faults compared to those beyond 15 km, suggesting that tectonic deformation through 247 

seismic shaking and rock damage markedly affects the eastern TP erosion and topography 248 

(Kirkpatrick et al., 2021). Historical records show that several strong earthquakes occurred 249 

in the Diexi area, causing extensive landslide residues in the area (Ren et al., 2018; Zhang et 250 

al., 2021). Earthquake-induced landslides are closely related to the magnitude of the 251 

earthquake and epicentre distance (Keefer, 1984). Based on the intensity attenuation model 252 

and the historical seismic records, a magnitude of Ms > 7.3 has been inferred for the gravel 253 

accumulation event at Diexi (Zhang et al., 2021), which deserves to be examined across a 254 

wider region in the future. 255 

The Xinmocun landslide (Fig. 7) occurred on 24 June, 2017 in Diexi Town, Maoxian 256 

County, Sichuan Province, resulting in 83 deaths (Wen et al., 2017). The sliding mass 257 

damaged the Songping Gully, with an accumulated body of 13 million m3 (Fan et al., 2017). 258 

Xinmocun Village is located near the intersection of the active Minjiang and Songpinggou 259 

faults. These faults govern the rock mass characteristics of the Xinmocun landslide slope 260 

(Chen and Wu, 2018). Intensive regional tectonic processes dominate the formation of 261 

discontinuities in rock masses. 262 
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(Insert Figure 7 here) 263 

Field observations revealed three sets of joints (Chen and Wu, 2018). The orientation of 264 

the first set was N70°W/51°SW, corresponding to the bedding of the rock formations. The 265 

second was a subvertical joint set oriented at N7°E/71°NW. The third set of discontinuities 266 

had a gentler dip angle with an orientation of N40°E/29°NW (Su et al., 2017). The 267 

Xinmocun landslide occurred in the same area as the 1933 Diexi earthquake (Xu et al., 2017). 268 

The main causes of fracture extension and slope destabilization are physical and chemical 269 

erosion caused by rainfall, the accumulation of seismic effects, and frozen groundwater in 270 

winter (Su et al., 2017; Wen et al., 2017). A low-intensity and long-duration period of 271 

rainfall occurred 24 days before the landslide (Su et al., 2017). The cumulative rainfall in 272 

June of the year of the Xinmocun landslide was 78‒100 mm, which was 42% above the 273 

average rainfall in June (Wen et al., 2017). The Diexi earthquake and subsequent intense 274 

earthquakes disturbed and extended the fractures in the longitudinal and vertical directions, 275 

damaging the sliding rock mass (Su et al., 2017). This provided the preconditions and 276 

fundamental reasons for the Xinmocun landslide. Accordingly, a tectonically active 277 

geological background is fundamental factor in the investigation and prevention of seismic 278 

disasters, including landslides. Similarly, the geological background of the tectonic activity 279 

is the most important factor in the analysis of gravel accumulation signals in tectonically 280 

active areas. 281 

 282 

4. Source characteristics of silt deposition reflecting tectonic activity  283 

4.1. Control of active tectonic activity on silt sources 284 
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Eight earthquakes with magnitudes of 6.0‒8.0 have occurred around the Minshan 285 

uplift zone on the eastern TP since 1900 (Fig. 1; Sun et al., 2018). These frequent 286 

earthquakes triggered tens of thousands of landslides (Dai et al., 2011; Xu et al., 2012, 2013) 287 

and exposed and remobilized large quantities of fine sediment accumulated on mountain 288 

slopes (Jiang et al., 2014). These fine particles were transported by ubiquitous strong winds 289 

into nearby lakes, which is evidently reflected in the high-resolution grain size, magnetic 290 

susceptibility, and geochemical records of Diexi Lake (Jiang et al., 2014, 2017; Liang and 291 

Jiang, 2017). Diexi Lake lies immediately adjacent to the Min River. Suppose the water 292 

recharge of the Min River directly affected the water level of Diexi Lake. In that case, this 293 

should have been recorded in a coarse-grained to fine-grained sequence, similar to the 294 

changes in hydrodynamic capacity reflected by GSTs, specific sedimentary stratigraphic 295 

features (oblique bedding, pinnate and bedding), and XRF elemental ratios reflecting climate 296 

change. However, these indicators do not reflect climate change or changes in material 297 

sources caused by seismic activities (Jiang et al., 2014, 2017; Liang and Jiang, 2017). 298 

The entire lithosphere (crustal and upper mantle rocks) of the eastern TP is relatively 299 

weak (Clark et al., 2005; England and Molnar, 1997; Flesch et al., 2001). Constrained by the 300 

pushing and extrusion of the Indian Plate and the surrounding rigid mass, the relatively weak 301 

lithosphere below the eastern TP shortens and absorbs the squeezing of the Indian Plate, 302 

whereas vertical thickening leads to a substantial uplift of the plateau (Zhang et al., 2018). 303 

During the uplift process, frequent earthquakes resulted in the fragmentation of weak 304 

bedrock (sandstone and limestone) in the upper reaches of the Min River, resulting in 305 

multiple sets of cleavages that created the necessary preconditions for subsequent landslides 306 

(Chen and Wu, 2018; Su et al., 2017). 307 

The 2008 Wenchuan earthquake triggered several landslides (e.g., Dai et al., 2011; Xu 308 

et al., 2012, 2013; Li et al., 2014). These landslides caused a large dust storm that deposited 309 
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dust in nearby lakes (Jiang et al., 2017; Lv et al., 2023) as well as exposed large quantities of 310 

fine-grained sediment that had accumulated on mountain slopes (Jiang et al., 2014; Dai et al., 311 

2021). These clastic particles provided a major sediment source for deposition in nearby 312 

lakes, whose records corresponded well with 26 and 70 seismic events in the Diexi and 313 

Lixian lacustrine sediments, respectively (Jiang et al., 2014, 2017; Shi et al., 2022a). The 314 

seismic event layers in these lacustrine sediments show abrupt coarsening and upward fining 315 

of grain size (Jiang et al., 2014, 2017; Shi et al., 2023). In addition, the sand fraction (>63 316 

μm) suddenly increased by 10.4% in response to the 1933 Ms 7.5 Diexi earthquake in the 317 

Huojizhai core (Wei et al., 2021). Other lakes worldwide, such as Lake Washington, U.S.A. 318 

(Karlin and Abella, 1992); Marmara Sea, Turkey (McHugh et al., 2006); Lake Ellery, New 319 

Zealand (Howarth et al., 2016); and Lake Rara, Nepal (Ghazoui et al., 2019), also exhibit 320 

consistent grain size characteristics. Analyses of rare earth elements, quartz grains 321 

morphology, grain size (Jiang et al., 2014), and major/trace elements (Liang and Jiang, 2017) 322 

demonstrated that these lacustrine sediments in the eastern TP were transported by wind into 323 

the lakes. Such windblown features of lacustrine sediments are closely related to the overall 324 

arid climate and the geomorphological background of strong winds in alpine valleys under 325 

the geological background of frequent tectonism in the study area. 326 

 327 

4.2. Impact of arid climate on silt deposition 328 

As mentioned earlier, in terms of rainfall, most studies have only considered the 329 

source of local rainfall, average annual rainfall, and whether rainfall is mainly concentrated 330 

in the summer because these features determine whether rainfall is related to summer 331 

monsoons (Jiang and Ding, 2008; Jiang et al., 2011, 2013). However, the eastern TP has 332 

specific characteristics, such as the Foehn effect (Fig. 8) (Shi et al., 2023), and 333 
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approximately 70% of the rainfall occur at night (Fig. 3) (CCLHMQAC, 1997). These 334 

characteristics determine the changes in regional rainfalls, floods, and runoff in major rivers. 335 

(Insert Figure 8 here) 336 

The Indian and East Asian summer monsoons mainly influence the eastern TP 337 

(Bookhagen and Burbank, 2010; Zhou et al., 2010; Yao et al., 2013; Li et al., 2020; Shi et al., 338 

2020; Zhao et al., 2020). Owing to the alpine valley terrain, the summer monsoon carrying 339 

water vapor encounters mountain obstructions, causing condensation and rainfall. By the 340 

time it reaches the upper reaches of the Min River, any water vapor is considerably reduced 341 

(Fig. 8) (CCLHMQAC, 1997). In addition, the upper reaches of the Min River are located on 342 

the leeward slope of the Longmenshan uplift zone, and the Foehn effect is always significant. 343 

Airflow crosses the mountain peaks from east to west warms and reduces humidity; 344 

therefore, only small amounts of water vapor reach the study area (Fig. 8). Maoxian County 345 

was selected as our study locality; it has an annual precipitation of only 490.7 mm 346 

(CCLHMQAC, 1997; Jiang et al., 2014, 2015), which is close to the lower limit of rainfall in 347 

the sub-humid climate zone (400–800 mm). The local rainy season is from May to 348 

September, during which daytime precipitation is 144.8 mm (29.5%) and nocturnal 349 

precipitation is 345.7 mm (70.5%). The nocturnal precipitation during the rainy season 350 

ranges from 46.0 to 59.2 mm with an average of 52.6 mm (Fig. 3a). Considering that the 351 

number of rainfall days varies from 15.3 to 18.7, with an average of 17.3 (Fig. 3b), the mean 352 

daily precipitation is only approximately 3.0 mm. Notably, the number of days with daily 353 

precipitation ≥ 15 mm ranges from 0.5 to 1.5, with an average of 0.86, while daily 354 

precipitation ≥ 25 mm occurs on an average of 0.28 days (Fig. 3b). This is consistent with 355 

the characteristics of how little rainfall has been observed during our annual summer field 356 

expeditions since 2008. This also corresponds to no full day of ≥ 25 mm of daily rainfall. 357 
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The Xiaowa River joins the Min River at Zhenjiangguan, the Heishui River joins the 358 

Min River at Lianghekou, and the Zagunao River joins the Min River at Wenchuan (Fig. 2). 359 

Statistical analysis of data from 1956 to 1978 revealed that the average annual runoff along 360 

the Min River downstream from these three sites varied from 18.4‒43.4 × 108 m3, much 361 

lower than that of the Zipingpu Reservoir at the entrance to the Sichuan Basin (143.4 × 108 362 

m3). At these sites, no significant increase in the average annual runoff was detected after the 363 

tributaries merged (Fig. 2b).  364 

Wenchuan is located at the junction of the northwest Sichuan Plateau and the west 365 

Sichuan Basin. The Xuankou-Yingxiu rainstorm area occurs here, and the annual rainfall is 366 

~1300 mm. After the Wenchuan earthquake, four rainstorms occurred on 13 August 2010, 367 

10 July 2013, 20 August 2019, and 10 August 2020. However, 12 years of observations in 368 

the epicenter area of the Wenchuan earthquake showed that debris flow and river transport 369 

consumed only a small portion of the co-seismic debris, with over 70% of this debris 370 

remaining stable on the mountain slopes (Dai et al., 2021). The influence of rainfall on this 371 

co-seismic debris was extremely small that the lacustrine facies in Zipingpu Reservoir only 372 

began to record the 2008 Wenchuan earthquake event in 2010 (Zhang et al., 2019). 373 

The annual evaporation in the study area reaches 1375.1 mm and is mainly 374 

concentrated also in March–September, where it varies between 110.7 and 171.5 mm, with 375 

an average of 146.2 mm (Fig. 3a); this is approximately three times greater than the mean 376 

monthly precipitation. These characteristics lay the foundation for the overall arid climatic 377 

features of the eastern TP, which explain the overall low rainfall and runoff of the upper Min 378 

River (Fig. 2b). In this scenario, it is incorrect to attribute the coarsening of silt particles 379 

within the lacustrine sediments at Diexi to fluctuations in the water level, as proposed by Xu 380 

et al. (2020), because they show a uniform pattern that suddenly becomes coarser, revealing 381 

to seismic events (Jiang et al., 2014, 2017; Shi et al., 2022a). 382 
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This evidence provides a good explanation for the low probability of flood events in 383 

the upper Min River, although the exact probability of flooding could not be determined. 384 

Meanwhile, from the upper reaches of the Min River downwards, particularly downstream of 385 

Diexi, the slope of the Min Mountains became steeper, the river channel became narrower, 386 

and the corresponding tectonic activity was enhanced (Kirby and Whipple, 2003; Shi et al., 387 

2022b). These features are responsible for gravel accumulation (Xu et al., 2015; Zhang et al., 388 

2021) and silt (Jiang et al., 2014, 2017; Shi et al., 2022b) layer deposition related to tectonic 389 

activity. 390 

 391 

4.3. Impact of geomorphology on silt deposition 392 

The terrain exerts a first-order effect on the surface wind regime (Bromwich and Kurtz, 393 

1984; Parish and Bromwich, 1987; Parish, 1988; Turner et al., 2009). The close coupling 394 

between wind and topography allows for the estimation of the former if the latter is known 395 

and has evident characteristics (Parish and Bromwich, 1987). Under the blocking effect of 396 

large mountains, such as the Min Mountains on the eastern TP, airflow is forced to move 397 

along the mountains, creating a guiding effect of mountains on airflow. When the airflow 398 

encounters a narrow corridor (or mountain pass) formed by the terrain, the topography 399 

guides the airflow as well as produces a “narrow channel effect”, which considerably 400 

enhances the wind speed. 401 

(Insert Figure 9 here) 402 

Meanwhile, as sunlight increases during the day, air convection in the valley becomes 403 

stronger and reaches its maximum in the afternoon, and the wind speed of the Foehn effect 404 

reaches its maximum. This is an evident weather phenomenon that was observed during our 405 

annual fieldwork. Statistical analysis of meteorological data from 1953 to 1985 showed that 406 

the maximum monthly wind speed in the Maoxian area varied from 12 to 21 m/s, with an 407 
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average of 15.8 m/s (Fig. 3c). Furthermore, according to the dynamic theory of the 408 

atmospheric boundary layer, near-surface wind speeds increase at a logarithmic rate with 409 

increasing height (Zhao, 2006), and wind speeds can reach 20.8‒24.4 m/s on the eastern TP 410 

(Liu, 2014). This increases their ability to carry dust particles from mountain slopes to 411 

nearby lakes. The elevation gradually increases upstream along the upper reaches of the Min 412 

River, especially from Diexi (Fig. 9). This may explain why the distribution of loess 413 

gradually became more extensive along the upper reaches of the Min River, especially from 414 

upstream Diexi (Fig. 9). 415 

(Insert Figure 10 here) 416 

Systematic patterns of channel gradients in eastern Tibet show no systematic 417 

relationship between the steepness indices and the upstream drainage area (Kirby and 418 

Whipple, 2003). The Heishui/Min River system showed a systematic relative increase in 419 

gradient in ×108 m2, whereas the Jin River (east of Min Shan) continued to decrease in 420 

gradient in the same drainage area (Fig. 10), suggesting that regional differences in 421 

concavity are not related to downstream changes in sediment flux (Sklar and Dietrich, 1998). 422 

Gradients in the headwater reaches of the Jin River were similar to those along the small 423 

tributaries of the lower Min River (Fig. 10), suggesting external control of the channel 424 

gradient (Kirby and Whipple, 2003). Channels of all sizes were steeper near the plateau 425 

margin, and the steep channel profiles along the topographic front of the plateau reflected an 426 

active differential rock uplift between this region and the foreland (Kirby and Whipple, 427 

2003). In addition, the tributaries on the opposite sides of the Min River are asymmetric (Fig. 428 

2). The lower perimeter and area of the drainage sub-basins, total channel length and 429 

bifurcation ratio within the eastern flank along the Minjiang mainstream were the result of 430 

the Quaternary differential uplift of the Minshan Mountain region (Zhang et al., 2006). 431 

 432 
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5. Conclusions and future work 433 

We provided a review of the characteristics of gravel accumulation and silt deposition 434 

sources on the eastern TP that can indicate regional tectonic signals, combined with a 435 

comprehensive analysis of the geological, geomorphic, regional climate, and geographical 436 

settings. The literature review, combined with our previous research, highlights the main 437 

contribution of the active tectonic activity to debris sources. By analyzing the dynamic 438 

characteristics of the source-sink system of the gravel accumulation and silt deposition, we 439 

contend that gravel accumulation and silt deposition with uniform sedimentary 440 

characteristics are indicative of regional seismic events and summarize six sedimentary 441 

characteristics of gravel accumulations related to tectonic genesis. The identification of 442 

tectonic gravel accumulation and silt deposition on the eastern TP has corrected the crude 443 

understanding that all regional gravel accumulation and silt depositions on the eastern TP 444 

have water flow genesis. 445 

The sedimentological characteristics of single-origin gravel are now fairly well 446 

understood based on extensive field investigations and experimental studied. However, 447 

several questions remain unanswered. Previous studies have focused on the existing features 448 

of gravel (such as rounding and sorting) to determine its genesis, neglecting later 449 

transformations. For example, angular gravel of glacial and tectonic origin is transformed 450 

into rounded gravel through long-term water flow and remains in place throughout this 451 

process. Therefore, the attribution of all the rounded gravel in active tectonic areas to water 452 

flow causes the omission of tectonic signals from gravel accumulation. In the source-to-sink 453 

process, the characteristics of gravel accumulation and clay deposition in the tectonically 454 

stable middle and lower reaches of the river are mainly caused by water flow; however, the 455 

tectonically active upstream reaches of the river exhibit a mixture of multiple genes. 456 

Extracting and summarizing the tectonic signals in these multi-genesis gravel accumulations 457 
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is important for studying regional tectonic activity. The transformation of the original 458 

features and multi-genesis properties of gravel accumulation are the main obstacles to 459 

establishing quantitative indicators for tectonic signals. Currently, research on silt deposition 460 

in lake deposits is mainly based on multi-index changes to identify paleoseismic events and 461 

then establish regional paleoseismic sequences. The use of these event layers (excluding the 462 

SSD) to evaluate the seismic intensity and delineate seismic faults will be of considerable 463 

significance for future seismic activity assessments.  464 
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 891 

Figure captions 892 

Fig. 1. Distribution of historical earthquakes and faults on the eastern TP. The Minshan 893 

uplift zone (MUZ) is surrounded by the Huya (HYF), Minjiang (MJF), and Longmenshan 894 

fault (LMSF) zones. These three faults exhibit a slip rate of ~1 mm/year (grey arrows). The 895 

MJF shows a reverse strike component of 1 mm/year (pink arrows), while the HYF shows a 896 

reverse component of 0.5 mm/year (pink arrows). The LMSF zone shows a declining reverse 897 

component from 1.1 mm/yr in the northeast to 0.23 mm/year in the southwest (pink arrows) 898 

(Zhao et al., 1994; Zhou et al., 2000; Ma et al., 2005; Li et al., 2006; Shen et al., 2009; Sun 899 

et al., 2018). Along the MJF and HYF, eight earthquakes with Ms = 6.0-8.0 have occurred 900 

since 1900. 901 

 902 

Fig. 2. Distribution of (a) topography and (b) rainfall on the eastern TP. (b) Min River flows 903 

from approximately north (Zhangla, Songpan) to south (Dujiangyan). Except for Sandagu 904 

and Dujiangyan, which have a maximum rainfall of 1200 mm/year, the study area is 905 

dominated by a semi-arid to arid climate (adapted from Shi et al., 2022b). 906 

 907 

Fig. 3. Climatic characteristics of precipitation, evaporation and wind in the Upper Min 908 

River. These data can be found in the Supplementary Information. 909 

 910 

https://doi.org/10.1111/j.1502-3885.2010.00150.x
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Fig. 4. Gravel accumulation under the effects of water flow along Upper Min River. (a) 911 

Development of abrupt gravel-sand transitions (GSTs) overlies lacustrine sedimentary 912 

deposits. (b, c) Gravel accumulation in the middle of the Min River riverbed. 913 

 914 

Fig. 5. Tectonically generated gravel accumulation in the Diexi Museum lacustrine deposit 915 

in the upper Min River. (a) Field photographs of Diexi Museum lacustrine deposits. (b) Two 916 

sets of gravel layers overlie the top of lacustrine sediments. (c) Intense V-shaped bending 917 

and interlayer sliding of the lacustrine layer caused by landslides. (d) Poorly rounded 918 

single-component gravel layers sandwiched between in lacustrine sediments. 919 

 920 

Fig. 6. Tectonically-generated gravel accumulations in the Xinmocun lacustrine deposit in 921 

the upper Min River. 922 

 923 

Fig. 7. (a) Field photographs of Xinmocun landslide. (b, c) Gravel released by the Xinmocun 924 

landslide (~4.3 million m3; Fan et al., 2017) has been characterized as poorly sorted, angular, 925 

and uniform, and similar in composition to local bedrock. 926 

 927 

Fig. 8. Schematic of the Foehn effect in Longmenshan Mountains. The airflow, laden with 928 

moisture in the east, rises over the mountains and then descends as a warm and dry airflow.  929 

 930 

Fig. 9. Loess distribution (shown in orange) in the eastern TP and Sichuan Basin (adapted 931 

from Han et al., 2010; Ou et al., 2012). Note that loess gradually becomes more extensive 932 

along the upper Min River, especially upstream from Diexi. 933 

 934 
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Fig. 10. A comparison of gradient-area relationships for the three drainages is considered 935 

representative of regional variations in concavity on the eastern TP (Kirby and Whipple, 936 

2003). 937 
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