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Abstract12

Sand liquefaction is a major secondary hazard following strong earthquakes,13

often causing lateral spreading, surface settlement, and sand volcanoes that lead to14

significant structural damage and economic losses. This study investigates sand15

liquefaction phenomena induced by the MW 7.1 Dingri earthquake in Tibet on16

January 7, 2025, aiming to reveal its spatial distribution and dynamic evolution. Using17

field surveys, drone imagery, remote sensing interpretation, and drilling data, the18

study identifies three main liquefaction zones: the southern Pengqu River valley, the19

area near Dingmu Co Lake, and the southeastern side of Kongmo Co Lake.20

Groundwater depths in the affected basin ranged from 5.6 to 9.0 meters, closely21

aligning with local river and lake water levels. Surface damage was dominated by22

lateral spreading and sand volcanoes. Field evidence and stress analysis suggest a23

multi-phase evolution: under tectonic stress and gravity, tensile fractures form;24
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seismic vibration triggers liquefaction, with pore fluid and sand being expelled25

through fractures. On gentle slopes, lateral spreading occurs as surface blocks slide26

and collide, generating additional fractures through compression, from which sand27

volcanoes erupt—often aligned linearly. This research offers critical insights into the28

mechanics of earthquake-induced sand liquefaction on the Tibetan Plateau and29

provides a foundation for future hazard assessment and mitigation efforts in30

seismically active, high-altitude regions.31

Key words: Dingri MW 7.1 Earthquake; Earthquake-Induced Sand Liquefaction;32

Lateral Spreading; Sand volcano33

1 Introduction34

Earthquake-induced sand liquefaction is one of the most common and damaging35

secondary effects of strong ground shaking. Its surface manifestations, including sand36

venting, ground fissures, lateral spreading, and settlement, can cause severe damage37

to buildings, bridges, and lifelines, while also recording the near-surface response of38

sediments and pore fluids to seismic loading (Seed, 1968; Iwasaki, 1986; Ambraseys39

and Sarma, 1969; Xu et al., 2024; Liu et al., 2024; Xia et al., 2024). Because of these40

dual engineering and geological implications, liquefaction has long been a central41

topic in post-earthquake hazard investigation and interpretation (Dobry, 1989;42

Ishihara, 1993).43

Previous studies have documented a wide range of liquefaction features and have44

shown that their occurrence is strongly influenced by groundwater conditions,45
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sedimentary environment, and local topography (Ambraseys and Sarma, 1969;46

Ishihara, 1993). In recent years, post-earthquake investigations have increasingly47

combined field observations with satellite imagery, UAV photogrammetry, and other48

remote-sensing approaches, making it possible to map liquefaction manifestations49

over large and inaccessible areas and to quantify local ground deformation with50

higher spatial continuity (Rathje and Franke, 2016). These advances have51

substantially improved our understanding of where liquefaction occurs and how it52

relates to geomorphic and hydrologic conditions.53

However, compared with lowland alluvial plains and urban basin settings,54

liquefaction in high-altitude plateau basins remains less systematically described in55

terms of its internal deformation organization. Existing studies from the Pamir Plateau56

and the northern Tibetan Plateau have demonstrated that liquefaction can occur in57

cold and high-elevation environments and is closely related to shallow groundwater,58

sedimentary facies, and local topographic position (Yao et al., 2011; Wang et al.,59

2023). Yet, in many such cases, rear-edge tension cracks, frontal compressional ridges,60

and sand venting are still treated mainly as separate surface effects rather than as61

spatially linked components of a single lateral-spreading deformation system. This62

limits our understanding of how post-liquefaction surface response is organized63

within individual deformation units in plateau environments.64

The 7 January 2025 Mw 7.1 Dingri earthquake in southern Tibet provides an65

important opportunity to address this problem. Recent studies have shown that this66

earthquake was a typical normal-faulting event associated with the Dingmu Co fault67
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in the western boundary zone of the Shenza-Dingjie rift, and that it triggered68

widespread secondary hazards, including sand liquefaction, in adjacent basin and69

valley settings (Xu et al., 2025; Li et al., 2025; Liu et al., 2025). In the affected area,70

liquefaction was not expressed simply by isolated sand volcanoes, but by recurrent71

combinations of rear-edge extensional deformation, frontal compressional ridges, and72

aligned clusters of sand venting. In this study, we integrate field surveys, UAV73

imagery, remote-sensing interpretation, and drilling data to investigate the spatial74

distribution of liquefaction triggered by the Dingri earthquake. Specifically, we aim to75

identify the principal liquefaction zones, define the geometry of lateral-spreading76

deformation units, and examine the spatial coupling among rear-edge extensional77

zones, frontal compressional ridges, and frontal sand-volcano belts. Rather than78

treating these features as independent earthquake effects, this study interprets them as79

different surface expressions of a coupled liquefaction–deformation system in a80

high-altitude fault-bounded basin setting.81

2 Seismotectonic Setting82

Due to the ongoing northeastward subduction of the Indian Plate, the Tibetan83

Plateau and its surrounding regions have consistently been among the most84

seismically active areas in China (Wu et al., 2015; Tian et al., 2023; Gao, 2024). On85

April 25, 2015, a magnitude 8.1 earthquake struck Nepal, followed by another86

magnitude 7.5 earthquake on May 12, 2015. The southern Tibetan region of China,87

located only about 40 km from the epicenter of the earthquake (Figure 2), experienced88

further seismic activity, with magnitude 5.4 and 5.7 earthquakes occurring on the89
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same day and the following day in the Nyalam and Dingri counties of the Southern90

Tibet Rift Zone (Wu et al., 2015). The close spatiotemporal correlation of these91

seismic events suggests a strong kinematic and dynamic link between the thrust92

faulting along the Himalayan Main Reverse Fault and the normal faulting within the93

Southern Tibet Rift Zone (Wu et al., 2015).94

The 2025 MW 7.1 Dingri Earthquake occurred in the southern segment of the95

Dingjie-Shenza Rift Zone (Figure 1). This segment is characterized by three main96

Holocene-active faults, namely the Dingjie Fault, Guojia Fault, and Dingmu Co97

Fault, from east to west (Gao et al., 2024). The Dingmu Co Fault, a north-south98

trending normal fault with significant activity, triggered the earthquake. Historically,99

this fault has been the source of several earthquakes with magnitudes greater than 5.0100

(Hou et al., 2020; Zhang et al., 2020; Tie et al., 2025). The epicenter of this101

earthquake was located in Dingri County, Shigatse, Tibet (28.50°N, 87.45°E), at a102

depth of 10 km. The focal mechanism solution indicates a predominantly normal103

faulting nature with a slight strike-slip component. The maximum intensity of the104

earthquake was IX (9), with the longest axis of the isoseismal lines trending nearly105

north-south, approximately 191 km in length and 152 km in width. The earthquake106

affected one city, six counties, and 45 towns in the Tibet Autonomous Region.107

The strata in the earthquake area are relatively well-developed, with Paleozoic to108

Mesozoic strata exposed, the Triassic and Jurassic sedimentary rocks being the most109

widespread. The Cenozoic strata are mainly composed of Quaternary loose deposits110

(Figure 3), primarily found in the adjacent areas of the Pengqu River and its111
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tributaries (Jin, 2019; Tie et al., 2025). These deposits are mainly lacustrine, alluvial,112

and a small amount of fluvioglacial sediments from the Pleistocene and Holocene.113

The strata beneath the epicenter are primarily composed of Triassic and Jurassic114

limestones, shales, and sandstones, while both the northern and southern areas of the115

epicenter are underlain by Precambrian metamorphic rocks (Tie et al., 2025).116

3. Methods117

3.1. Post-earthquake field investigation and data sources118

The earthquake-induced liquefaction features triggered by the 7 January 2025119

Mw 7.1 Dingri earthquake were investigated through an integrated post-earthquake120

survey combining field observations, UAV imagery, pre- and post-earthquake121

satellite-image interpretation, and drilling information. The field investigation began122

on 9 January 2025, the third day after the earthquake, when surface liquefaction123

features and earthquake-induced ground deformation were still well preserved. The124

survey covered the entire area affected by macroseismic intensity IX, with particular125

attention to low-relief river valleys, lake margins, and basin-floor areas where126

liquefaction-related phenomena were visible.127

A total of 180 field observation sites were investigated. At each site, we128

documented the occurrence, morphology, orientation, and spatial association of sand129

volcanoes, sand ejecta, ground fissures, lateral-spreading deformation, surface130

collapse, and compressional ridges. Site locations were recorded using the OMap131

positioning system, and field photographs and measurements were collected where132
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the features were accessible. Among the investigated sites, 10 relatively complete133

lateral-spreading deformation units were selected for morphometric comparison and134

exploratory statistical analysis. These 10 units were selected because they showed135

clear and mappable combinations of rear-edge extensional deformation, frontal136

compressional deformation, and associated sand venting.137

Pre- and post-earthquake satellite images were compared to identify newly138

formed liquefaction features and to distinguish earthquake-induced sand ejecta from139

pre-existing surface textures. The pre-earthquake image was a GF-7 image acquired140

on 27 December 2024, and the post-earthquake image was a Tianditu image acquired141

on 15 January 2025. Both images were accessed and interpreted using the 91 Weitu142

platform. These images were used to identify the spatial distribution of sand-volcano143

fields, sand-ejecta patches, surface collapse zones, and other liquefaction-related144

disturbances. Image interpretation was checked against field observations to reduce145

misclassification caused by pre-existing landforms, human disturbance, or146

non-seismic surface processes.147

UAV surveys were carried out at representative liquefaction sites using a DJI148

Phantom 4 Pro. The flight height was approximately 150 m. UAV photographs were149

processed using Pix4D software to generate high-resolution orthomosaics and to assist150

in the interpretation of local deformation structures. The UAV-derived products were151

mainly used to verify the geometry and spatial relationships of deformation elements,152

including rear-edge cracks, disturbed ground, frontal ridges, and aligned sand vents.153

Drilling and hydrogeological information were used to constrain the shallow154
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sedimentary structure and groundwater conditions in the affected basin areas. These155

data provided supporting evidence for the presence of saturated sandy or silty layers156

and helped evaluate the relationship between liquefaction occurrence and shallow157

groundwater conditions. Because groundwater depth may vary seasonally and may158

have changed after the earthquake, groundwater information was used as an159

approximate constraint on the hydrogeological setting rather than as an exact160

representation of coseismic groundwater level.161

3.2. Identification of liquefaction zones and lateral-spreading deformation units162

Liquefaction zones were identified by combining field evidence with pre- and163

post-earthquake image interpretation. In this study, a liquefaction zone refers to a164

cluster of earthquake-induced liquefaction features developed within the same165

geomorphic setting, such as a river valley, lake margin, or low-relief basin floor.166

Diagnostic features included sand volcanoes, sand ejecta, water-escape traces, ground167

fissures, surface collapse, lateral-spreading deformation, and compressional ridges.168

A surface feature was interpreted as earthquake-induced liquefaction when it169

satisfied the following conditions: (1) sand or silty-sand ejecta was visible at the170

ground surface; (2) the feature appeared after the earthquake in comparison with171

pre-earthquake imagery; (3) it was spatially associated with fresh ground cracks,172

collapse zones, lateral spreading, or compressional deformation; and (4) it occurred in173

a geomorphic setting favorable for shallow saturated sandy deposits. Features with174

unclear origin, strong human disturbance, obvious fluvial reworking, or insufficient175

field evidence were not used in the morphometric analysis.176
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Because sand volcanoes in the study area commonly occurred as aligned clusters177

and were spatially associated with rear-edge extensional deformation and frontal178

compressional ridges, the analysis was conducted at the scale of lateral-spreading179

deformation units rather than at isolated sand-vent points. A lateral-spreading180

deformation unit was defined as a mappable ground-failure body containing, where181

preserved, four geomorphic elements: (1) a rear-edge extensional zone marked by182

cracks, collapse, or minor scarps; (2) lateral margins bounding the disturbed ground;183

(3) a frontal compressional ridge or compressional deformation zone; and (4) an184

associated frontal or marginal sand-volcano belt.185

In this framework, rear-edge extension, frontal compression, lateral spreading,186

and sand venting were treated as spatially linked surface expressions of the same187

liquefaction-related deformation system. Only deformation units with sufficiently188

clear boundaries and internally consistent deformation patterns were included in the189

quantitative comparison. Incomplete or ambiguous cases were documented190

qualitatively but excluded from the statistical analysis.191

3.3. Morphometric characterization of deformation units192

To compare the geomorphic expression of different lateral-spreading193

deformation units, three simplified morphometric parameters were measured:194

rear-edge extensional-zone width, frontal compressional-ridge height, and apparent195

sand-volcano area. These parameters were selected because they represent three key196

components of the inferred liquefaction–deformation system: rear-edge extension,197

frontal compression, and sand-water expulsion.198
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The width of the rear-edge extensional zone was measured from post-earthquake199

images using the 91 Weitu platform. It was defined as the horizontal width of the200

visually identifiable collapse or extensional deformation zone at the rear part of a201

lateral-spreading unit. The measurement was made across the zone affected by cracks,202

collapse, or disturbed ground, rather than along a single fracture. This parameter was203

used to characterize the scale of rear-edge extension within each deformation unit.204

The height of the frontal compressional ridge was measured directly in the field.205

It was defined as the vertical relief between the crest of the compressional ridge and206

the adjacent ground surface. Where the ridge morphology varied along strike,207

representative measurements were taken from the most continuous and clearly208

preserved ridge segment. This parameter was used to describe the degree of frontal209

compression associated with lateral spreading.210

The scale of sand venting was characterized by the apparent surface area of211

sand-volcano and sand-ejecta deposits. Sand-volcano areas were identified by212

comparing the 27 December 2024 pre-earthquake GF-7 image with the 15 January213

2025 post-earthquake Tianditu image. Newly appeared light-toned or texturally214

distinct sand-ejecta patches were delineated manually using the 91 Weitu platform.215

The mapped polygons were then summed to obtain the total apparent sand-volcano216

area for each deformation unit. Field observations were used to verify the217

interpretation where accessible.218

The sand-volcano area represents the visible surface footprint of sand ejecta at219

the time of image acquisition and field investigation. It does not represent the true220
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erupted volume of liquefied material. Similarly, extensional-zone width and221

compressional-ridge height were treated as comparative morphometric indicators222

rather than standardized liquefaction severity indices. Their purpose was to describe223

the relative organization of rear-edge extension, frontal compression, and sand224

venting among the mapped deformation units.225

3.4. Exploratory comparison among deformation units226

The morphometric comparison was based on the 10 deformation units that were227

clearly identifiable in both field observations and remote-sensing interpretation. For228

each unit, rear-edge extensional-zone width, frontal compressional-ridge height, and229

apparent sand-volcano area were compiled into a comparative dataset.230

To examine the relative variation among these parameters, the measured values231

were normalized using min–max scaling before plotting. Scatter plots were used to232

compare pairwise relationships among extensional-zone width, compressional-ridge233

height, and sand-volcano area. Pearson correlation coefficients were calculated to234

assess possible linear relationships, and Spearman rank correlation coefficients were235

additionally calculated to evaluate monotonic trends.236

Because the number of deformation units is limited, the statistical analysis was237

treated as exploratory rather than predictive. The purpose was not to establish a238

statistically robust model of liquefaction intensity, but to evaluate whether rear-edge239

extension, frontal compression, and sand venting show coherent variation within the240

mapped deformation units. Therefore, the correlation results were interpreted together241

with field observations, image interpretation, and the mapped spatial arrangement of242
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deformation elements.243

3.5. Uncertainty and limitations244

Several sources of uncertainty may affect the mapping and morphometric245

comparison. First, field investigation began on the third day after the earthquake,246

when most deformation features were still fresh, but some small sand vents, cracks, or247

sand-ejecta margins may already have been modified by wind, freeze–thaw processes,248

surface runoff, human activity, or local reworking. Therefore, the mapped distribution249

may underestimate the original extent of liquefaction features.250

Second, the identification of sand-volcano areas was based on comparison251

between pre- and post-earthquake images acquired on 27 December 2024 and 15252

January 2025. Although this comparison is useful for detecting newly formed253

sand-ejecta patches, some small or low-contrast features may not be visible in the254

satellite images. Conversely, some bright-toned surface patches may be difficult to255

distinguish from non-liquefaction materials without field verification. To reduce this256

uncertainty, remote-sensing interpretation was checked against field observations257

wherever possible.258

Third, the rear-edge extensional-zone width was measured from post-earthquake259

imagery as the visually identifiable width of the collapse or disturbed zone. This260

parameter may be affected by image resolution, surface contrast, and the subjective261

delineation of deformation boundaries. Therefore, it should be interpreted as a relative262

measure of deformation scale rather than an exact geotechnical parameter.263

Fourth, the frontal compressional-ridge height was measured in the field, but264
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ridge morphology may vary along strike and may be locally modified by collapse or265

surface disturbance. The selected measurements therefore represent the best-preserved266

or most representative ridge segments within each deformation unit.267

Fifth, the apparent sand-volcano area was mapped as a surface footprint and268

cannot be directly converted into sand-ejecta volume. The mapped area may269

underestimate the original venting area where ejecta were eroded, covered, or mixed270

with surrounding surface materials. It may also overrepresent venting intensity where271

thin sand sheets spread widely over the ground surface.272

Finally, the statistical comparison was based on only 10 deformation units. The273

Pearson and Spearman correlation coefficients were therefore used only to explore274

possible relationships among deformation parameters. They were not used to establish275

a predictive model or to infer statistically robust regional liquefaction laws.276

4 Regional deformation background and study-area selection277

4.1 Coseismic surface deformation pattern of the Dingri earthquake278

The coseismic surface deformation associated with the Dingri earthquake279

extended from the southern part of Cuoguo Township to the northern part of Yammu280

Dingco over a distance of approximately 36.5 km (Shao et al., 2025). The width of the281

deformation zone varies markedly, ranging from tens of meters to several kilometers.282

According to deformation style and intensity, the coseismic deformation belt can283

be divided into northern and southern sections. In the northern section, deformation is284

relatively concentrated and intense, especially north of the Changsuola Reservoir,285
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where vertical displacement locally reaches up to 3 m (Shao et al., 2025). In contrast,286

the southern section, including the Pengqu River valley and the eastern shore of287

Dingmu Co Lake, is characterized by more diffuse deformation distributed across288

unconsolidated sediments. In the Pengqu River area, the diffuse deformation zone on289

the northern bank reaches a maximum width of about 6.5 km. Compared with the290

northern section, the southern section exhibits more typical ground deformation291

developed in loose surficial deposits, providing favorable conditions for292

liquefaction-related lateral spreading.293

4.2 Selection of the key liquefaction study areas294

This study focuses on sand liquefaction developed in the Dingmu Co Basin,295

where strong shaking and widespread unconsolidated Quaternary sediments favored296

the development of liquefaction and lateral spreading (Figures 2, 3). Within this basin,297

two representative areas were selected for detailed investigation: the eastern shore of298

Dingmu Co Lake and the Pengqu River valley.299

These two areas were selected for three reasons. First, both are located in the300

zone of strong shaking and exhibit clear evidence of earthquake-induced sand301

liquefaction. Second, both areas preserve well-developed combinations of sand302

venting, extensional cracks, compressional ridges, and lateral spreading, making them303

suitable for identifying representative lateral-spreading deformation units. Third,304

although the two areas differ in geomorphic setting, one being associated mainly with305

alluvial-fan and lakeshore deposits and the other with floodplain and riverbank306

deposits, they both show a similar deformation organization characterized by307
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rear-edge extension and frontal compression. This makes them ideal for comparing308

the geometry and internal structure of liquefaction-related deformation units in309

different sedimentary environments.310

Accordingly, the following sections focus on the spatial distribution of311

liquefaction in the Dingmu Co Basin and on the geometry, internal characteristics,312

and development of representative lateral-spreading deformation units in these two313

key areas.314

5 Spatial Distribution of sand liquefaction and Identification of Representative315

Deformation Units316

The liquefaction points triggered by this earthquake are primarily distributed317

across the Dingmu Co Basin, the Pengqu River segment of the Dingmu Co Basin, the318

Pengqu River segment of the Guojia Basin, and the Kuanhe Valley segment of the319

YeruZangbu River in the Dingjie Basin (Xu et al., 2025). This study focuses320

specifically on the sand liquefaction developed within the Dingmu Co Basin, where321

the surface intensity reached IX and strong ground shaking produced widespread322

liquefaction-related deformation (Figures 2, 3).323

Field surveys, combined with remote sensing interpretation, identified 180 sand324

liquefaction points triggered by the earthquake within the Dingmu Co Basin (Figure325

6). These liquefaction points are distributed in a linear pattern along the fault zone,326

occurring in the southern Pengqu River Valley, the eastern shore of Dingmu Co Lake327

in the central region, and the southeastern side of Kongmo Co in the northern part.328

Based on the spatial association among rear-edge extensional deformation, frontal329
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compressional ridges,and sand venting, two representative types of330

liquefaction-related lateral-spreading deformation units can be identified. One type is331

represented by the liquefaction zone along the eastern shore of Dingmu Co Lake,332

where sand volcanoes form along tension fractures at the front edge of the alluvial fan,333

large compressional ridge develop in the central to frontal part of the fan, extensional334

deformation zones occur in the middle of the fan, and fault scarps are present at the335

top of the fan under the control of fault activity. Primary coseismic fault scarps were336

distinguished from liquefaction-related cracks and were not treated as part of the337

morphometric deformation units unless they showed direct spatial coupling with sand338

venting and lateral spreading. The other type occurs in the Pengqu River Valley,339

where sand volcanoes develop along tension fractures on the high river floodplain,340

smaller compressional ridge occur toward the rear of the floodplain, and extensional341

deformation zones develop along the riverbank slopes (Figure 5).342

The surface manifestations of liquefaction in the Dingmu Co Basin include343

spray features, sand volcanoes, tension fractures, extensional deformation zones, and344

compressional ridges. venting points are primarily found near the top of the alluvial345

fan on the eastern shore of Dingmu Co Lake and the northeast shore of Nixia Co to346

the north. Due to the cold climate in the seismic area, these venting points often form347

multiple layers of ice, suggesting that multiple liquefaction events may have occurred348

during this earthquake. A series of north-south oriented venting points can be349

observed along fault scarps at the top of the alluvial fan on the eastern shore of350

Dingmu Co Lake (Figure 4b), indicating a possible association with seismic activity351
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along the north-south trending Dingmu Co Fault.352

Sand volcanoes form when seismic or vibrational forces cause liquefaction of353

saturated sandy layers, which then expel the liquefied sand through surface fractures354

or weak points and accumulate on the surface, creating dune-like deposits. Laterally,355

sand volcanoes are primarily located near the edge of the alluvial fan, where356

compressional ridge are present (Figures 4c, 5a, c, 7). Longitudinally, they are mainly357

found in the Pengqu River Valley and along the eastern shore of Dingmu Co Lake358

(Figure 4). Some sand volcanoes also develop along the northern segment of the359

Dingmu Co Fault (Figures 3, 6a). A series of sand volcanoes can be observed360

developing along tension fractures in the Pengqu River Valley, east of the Gading361

Line, and on the eastern shore of Dingmu Co Lake. These observations indicate that362

sand venting in the study area is not expressed simply as isolated points, but363

commonly occurs as aligned clusters spatially associated with lateral-spreading364

deformation.365

5.1 Representative deformation units on the eastern shore of Dingmu Co Lake366

Intense liquefaction-induced deformation developed along the eastern shore of367

Dingmu Co Lake. In this area, the liquefaction-related deformation can be organized368

into representative lateral-spreading deformation units composed of rear-edge369

extensional deformation, frontal compressional ridges, and frontal sand venting. This370

deformation is manifested in several forms: sand volcanoes along east-west trending371

tension fractures at the front edge of the alluvial fan, large compressional ridge in the372

central part of the alluvial fan, and north-south trending extensional deformation373
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zones in the middle of the fan. At the top of the alluvial fan, fault activity controls the374

development of fault scarps. The liquefied sand volcanoes generated by this375

earthquake are generally light gray-yellow in color, predominantly exhibiting376

well-preserved round shapes, with some fan-shaped forms. The radii of these sand377

volcanoes range from 0.1 m to 1.5 m, and their heights range from 0.1 m to 0.3 m378

(Figures 5, 7). The core of the sand volcanoes tends to have a coarser grain size and is379

typically rounded or elongated, with finer grains at the edges that radiate outward.380

Through detailed field investigations, this study identifies two types of sand381

volcanoes. One type occurs randomly, without showing a clear linear pattern, and the382

cores of these sand volcanoes are more rounded and well formed. The other type is383

primarily found along tension fractures near the compressional ridge, where the cores384

of the sand volcanoes are elongated. In this case, the cores of a series of sand385

volcanoes are connected, presenting a distinct linear arrangement. By statistically386

analyzing the orientations of tension fractures associated with sand volcanoes (Figures387

6b, 8a, d, e, 11c), it was found that the dominant orientations of most tension fractures388

can be divided into two groups: one group is near east-west, perpendicular to the389

compressional ridge at the edge of the alluvial fan, and the other group is near390

north-south, nearly parallel to the compressional ridge. These two groups of tension391

fractures are often accompanied by well-formed linear sand volcanoes. Notably, the392

tension fractures at the rear edge tend to be larger in scale, with corresponding393

compressional ridge also larger, reaching a maximum size of 76 cm. These features394

together suggest that the eastern shore of Dingmu Co Lake preserves a395
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well-developed deformation-unit structure in which rear-edge extension, frontal396

compression, and sand venting are spatially coupled.397

5.2 Representative deformation units along the Pengqu River398

Intense liquefaction-induced deformation also occurred on the Pengqu Riverbed399

and in the lower terraces during this earthquake (Xu et al., 2025). Similar to the400

eastern shore of Dingmu Co Lake, the Pengqu River area also exhibits representative401

lateral-spreading deformation units, although their scale and orientation differ. Sand402

volcanoes developed on the high river floodplain along the Pengqu River, expelling403

material along tension fractures (Figures 5a, c). These sand volcanoes are large, with404

diameters reaching up to 4 m and heights up to 40 cm. At the rear edge of the405

floodplain, small-scale compressional ridge developed in a near north-west orientation406

(Figure 8a, b; Figures 9c, e), with heights ranging from 5 to 10 cm. Extensional407

deformation zones also developed along the riverbank slopes, with scarp offsets408

ranging from 20 to 50 cm (Figures 5b, 8b).409

Statistical analysis of the orientations of tension fractures (Figures 9c, e) revealed410

that these fractures can be classified into two main types: north-west trending and411

north-east trending. Sand volcanoes developed along both types of tension fractures,412

with the north-west trending fractures predominating, and the sand volcanoes413

associated with these fractures being larger in scale. In contrast, the sand volcanoes414

associated with the north-east trending fractures are smaller in size. Compared with415

the eastern shore of Dingmu Co Lake, the Pengqu River deformation units show416

smaller compressional ridges and narrower extensional deformation zones, but the417
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same basic organization of rear-edge extension, frontal compression, and aligned sand418

venting can still be recognized.419

6 Controls on the Occurrence and Distribution of sand liquefaction420

The occurrence and spatial distribution of sand liquefaction in the Dingri421

earthquake were controlled by the combined effects of strong ground shaking,422

favorable sedimentary conditions, and shallow groundwater. Rather than discussing423

these factors in a general sense, this section focuses on how they help explain the424

concentration of liquefaction in the Dingmu Co Basin and the development of425

representative lateral-spreading deformation units in the eastern shore of Dingmu Co426

Lake and the Pengqu River valley.427

6.1 Ground shaking428

In the Dingri earthquake, intense ground shaking provided the direct triggering429

condition for sand liquefaction and the associated surface deformation. The maximum430

seismic intensity reached IX in the main affected area (Figures 2, 3), and the431

liquefaction sites analyzed in this study are mainly located within the strong-shaking432

zone. Instrumental records show that the peak ground acceleration at station D007,433

located 67 km from the epicenter, reached 0.4g (Figures 10b–d). Such strong shaking434

would have promoted rapid rearrangement of loose sandy sediments, reduction of435

pore volume, and sharp increases in excess pore-water pressure, thereby creating436

favorable conditions for liquefaction and lateral spreading (Liu et al., 2017; Zhuang et437

al., 2025).438
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Frequent aftershocks may also have contributed to repeated liquefaction or439

continued deformation after the main shock (Huang and Yu, 2013). Previous studies440

have shown that once the original soil structure is disrupted by initial liquefaction, the441

liquefied layer may become more unstable and more susceptible to re-liquefaction if442

excess pore-water pressure is not fully dissipated before subsequent shaking (Ha et al.,443

2011; Youd, 1973, 2003). In the Dingri earthquake sequence, aftershocks were444

numerous. As of 10:00 on January 20, a total of 5396 aftershocks had been recorded445

near the epicenter, including 12 events with magnitudes greater than 4.0 and a446

maximum aftershock magnitude of 5.0 (Figure 10a; Yao et al., 2025). This high447

aftershock frequency may help explain the persistence of sand venting and the448

repeated development of liquefaction-related surface features observed in the study449

area.450

6.2 Sedimentary setting451

Previous studies have shown that sediment type is one of the key factors452

controlling the susceptibility and intensity of sand liquefaction (Youd, 2003). In the453

Dingri earthquake area, liquefaction developed mainly within loose Quaternary454

sediments. The principal Quaternary deposits include Holocene swamp deposits,455

alluvial deposits, residual materials, and Pleistocene glacial and lacustrine deposits456

(Tie et al., 2025). Previous research indicates that recently deposited, weakly457

consolidated granular sediments are generally more prone to liquefaction than older or458

better-cemented deposits (Youd, 1973, 2003). Holocene sediments are therefore more459

susceptible than Pleistocene deposits, and well-sorted sandy materials are typically460
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more liquefiable than poorly sorted residual soils or moraine deposits.461

In the present study area, the main liquefaction zones are concentrated in462

basin- and valley-floor settings dominated by Quaternary loose sediments, especially463

around the banks of Dingmu Co Lake and the Pengqu River valley (Figure 3). These464

sediments mainly include Holocene aeolian sands, fluvial sands, and ancient465

lacustrine sandy deposits, all of which provide favorable material conditions for466

liquefaction. The concentration of liquefaction in these river–lake margin settings467

indicates that sedimentary environment played an important role not only in the468

occurrence of liquefaction, but also in the development of laterally spreading469

deformation units.470

6.3 Groundwater conditions471

Groundwater in the region can be divided into two main types: Quaternary472

pore water and bedrock fracture water (Jin et al., 2019). Quaternary pore water is473

mainly distributed in river-valley areas and is hosted by alluvial and colluvial sand474

and gravel deposits. It is primarily replenished by atmospheric precipitation and475

meltwater from high mountain glaciers and is discharged downstream or into rivers.476

Bedrock fracture water is mainly stored in weathered and fractured bedrock zones,477

where water content and permeability are spatially variable and generally lower than478

those of pore-water-bearing sediments. This fracture water is also recharged by479

precipitation and mountain meltwater and commonly discharges into valleys,480

mountain-front alluvial deposits, and river channels (Jin et al., 2019).481
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To better constrain groundwater conditions in the study area, eight boreholes482

were drilled along the terraces of the Pengqu River and the shores of Dingmu Co483

Lake (Figure 11). These boreholes span the IX, VIII, and VII intensity zones (Figure484

10b). Boreholes BDMC2QZ-4 (H4161 m) and BDMC2QZ-2 (H4160 m) show similar485

groundwater conditions (Figure 11a), with groundwater depths ranging from 5.6 to486

6.7 m and water levels between H4154.3 m and H4154.4 m. Nearby borehole487

BDMC2KQZ-4 (H4173 m) records a groundwater depth of 8.4 m and a water level of488

H4164.6 m. Further east, boreholes BPQ9TQZ-7-1 (H4162 m) and BPQ9TQZ-3-1489

(H4169 m) along the Pengqu River indicate groundwater depths of 6.2 m and 9.0 m,490

with corresponding water levels of H4155.8 m and H4160 m, respectively. These five491

boreholes together indicate that the typical groundwater depth in the main liquefaction492

belt is relatively stable, generally ranging from 5.6 to 9.0 m.493

Further east, on the eastern side of the Guojia Fault, boreholes BPQ12TQZ-6494

(H4187 m), BPQ12TQZ-14 (H4177 m), and BPQ12TQZ-18 (H4200 m) record495

groundwater depths of 24.8 m, 0.2 m, and 18.4 m, respectively (Figure 11a). Angular496

gravels were encountered in these boreholes, suggesting that fault activity may have497

influenced local groundwater conditions. Because groundwater levels east of the498

Guojia Fault are strongly affected by local structural conditions, the five boreholes499

west of the fault are considered more representative of the typical hydrogeologic500

setting of the main liquefaction zone.501

The borehole data show that the groundwater level in the main study area is502

broadly comparable to the water levels of the Pengqu River and Dingmu Co Lake.503
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This indicates that river and lakeshore environments helped maintain shallow504

saturated sandy layers, thereby providing favorable hydrogeologic conditions for505

earthquake-induced liquefaction. In combination with loose Quaternary sandy506

deposits, this shallow groundwater setting strongly favored both liquefaction507

occurrence and the development of sand venting and lateral spreading in the508

Dingmu Co Basin.509

6.4 Integrated controls on the development of deformation units510

Taken together, the data indicate that the concentration of liquefaction in the511

Dingmu Co Basin and the formation of representative lateral-spreading deformation512

units were not controlled by a single factor. Instead, they resulted from the joint action513

of strong seismic loading, loose Quaternary sandy sediments, and shallow514

groundwater conditions. Strong shaking provided the direct triggering mechanism,515

sandy sediments supplied the liquefiable material, and shallow groundwater516

maintained the saturated state required for pore-pressure build-up. Under these517

combined conditions, the basin margin and river–lake fringe environments became518

favorable sites not only for liquefaction occurrence, but also for the development of519

rear-edge extension, frontal compression, and aligned sand venting within the same520

deformation system.521

7 Discussion522

7.1 Unit-based interpretation of liquefaction-related surface deformation523

As described above, liquefaction with different deformation characteristics524
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developed along the eastern shore of Dingmu Co Lake and on both banks of the525

Pengqu River. Although these two areas differ in geomorphic setting and deformation526

scale, they share a common structural organization. In both areas, the most typical527

liquefaction-related surface response is not an isolated sand volcano or an isolated528

fissure, but a lateral-spreading deformation unit composed of rear-edge extensional529

deformation, frontal compressional ridges, and aligned sand venting.530

On the eastern shore of Dingmu Co Lake, most sand volcanoes developed531

along tension fractures and show distinct linear arrangements. Two dominant fracture532

sets can be recognized: one set trends approximately north-south and is broadly533

parallel to the compressional ridges, whereas the other set trends approximately534

east-west and is largely perpendicular to them. Both fracture sets are associated with535

linearly distributed sand volcanoes. In some locations, east-west trending536

sand-volcano alignments cut across north-south trending ones and across the537

compressional ridges (Figures 6c, d), may suggest that sand venting and surface538

deformation evolved dynamically rather than being produced in a single instantaneous539

event.540

A similar relationship is observed in the valley west of the Gading Line541

highway (Figures 7c, d). At Observation Point 24, sand volcanoes developed along542

north-south oriented fractures are partially covered by compressional ridges and543

therefore preserved only as incomplete semi-circular or fan-shaped forms. In contrast,544

sand volcanoes developed along east-west oriented fractures overlie the ridges and545

appear more intact. This superposition relationship potentially indicate that different546
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stages of fracturing, compression, and sand venting may have occurred successively547

during the main shock and subsequent aftershocks.548

Previous studies have shown that liquefaction-induced lateral spreading549

commonly causes the surface to break into large blocks, which then move, rotate, and550

collide under the combined action of gravity and seismic shaking (Youd, 1973, 2003).551

The deformation features observed in the Pengqu River valley and along the eastern552

shore of Dingmu Co Lake are consistent with this general pattern. In both areas,553

rear-edge extensional zones are developed upslope or toward the interior of the554

deformation body, whereas frontal compressional ridges occur toward the edge of the555

fan or floodplain. This geometric configuration indicates that rear-edge extension and556

frontal compression are kinematically linked expressions of the same spreading557

process. The exploratory comparison of morphometric parameters further supports558

this interpretation: extensional-zone width and compressional-ridge height vary559

positively among deformation units, suggesting that wider rear-edge extension is560

generally accompanied by stronger frontal shortening.561

By contrast, the sand-volcano area does not show a stable statistical562

relationship with either extensional-zone width or compressional-ridge height. This563

indicates that the scale of sand venting is not controlled solely by the intensity of564

lateral spreading or frontal compression. Instead, it is more likely influenced by a565

combination of factors, including the local supply of liquefiable sand, the566

permeability structure of the shallow sediments, fracture connectivity, and the precise567

location of weak surface outlets. Therefore, sand venting should not be interpreted as568
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mechanically antagonistic to lateral spreading, but rather as an associated surface569

manifestation within the same liquefaction–deformation system, whose scale may570

vary independently from the bulk deformation geometry.571

The deformation pattern in the Pengqu River floodplain is broadly similar to572

that on the eastern shore of Dingmu Co Lake, although the orientations differ. On the573

eastern shore of Dingmu Co Lake, the deformation units are mainly aligned parallel to574

the lakeshore, whereas along the Pengqu River they are aligned parallel to the river575

channel. This suggests that the geometry of the deformation units was strongly576

influenced by the local geomorphic boundary conditions. Despite these differences in577

orientation and scale, both areas display the same basic organization of rear-edge578

extension, frontal compression, and aligned sand venting, which supports the579

interpretation that they represent the same type of liquefaction-related580

lateral-spreading deformation unit developed in different sedimentary settings.581

Based on these observations, we interpret the Dingri liquefaction deformation582

as a coupled process in which strong shaking first induced liquefaction of shallow583

sandy deposits, then triggered lateral spreading under the combined effects of gravity,584

local slope, and free-face conditions, and finally promoted sand venting along585

fractures and weak outlets within the deforming surface layer. In this framework,586

rear-edge extensional cracks, frontal compressional ridges, and frontal sand-volcano587

belts do not represent separate hazards, but different surface expressions of the same588

deformation system. This unit-based perspective is more consistent with the observed589

field relationships than a model based solely on isolated venting points or on a simple590

27

https://doi.org/10.5194/egusphere-2026-3290
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



negative correlation between sand venting and lateral spreading.591

7.2 Implications for liquefaction hazards in the southern Tibetan Plateau592

This study documents sand liquefaction triggered by a Mw 7.1 earthquake in593

the southern segment of the Shenza-Dingjie Rift Zone of the southern Tibetan Plateau.594

Previous studies have emphasized that the occurrence of sand liquefaction generally595

requires strong ground shaking, liquefiable sandy sediments, and shallow596

groundwater conditions (Housner, 1958; Ambraseys and Sarma, 1969; Iwasaki, 1986;597

Dobry, 1989; Ishihara, 1993; Zhong et al., 2023; Bol et al., 2024; Chen et al., 2024;598

Santiago et al., 2025). The Dingri earthquake provides a representative high-altitude599

case in which these three conditions coincided in river – lake margin environments600

under strong shaking.601

The field evidence shows that the main liquefaction-prone materials in the602

study area include Holocene aeolian sands, fluvial sands, and ancient lacustrine sandy603

deposits (Li et al., 2025; Tie et al., 2025). These deposits are widely distributed not604

only within the Dingri earthquake area, but also across the southern Tibetan rift zone605

and other parts of the Tibetan Plateau (Pan et al., 2014; Gao et al., 2023). In addition,606

the region has experienced repeated strong earthquakes in historical time (Wu et al.,607

2015; Xu et al., 2025). Taken together, these conditions indicate that608

earthquake-induced liquefaction should be regarded as an important and probably609

under-recognized hazard in the southern Tibetan Plateau.610

Previous studies have shown that the surface effects of liquefaction can611

include flow failures, lateral spreading, and rapid settlement (Seed, 1968; Youd, 1973,612
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2003; Bol et al., 2024; Chen et al., 2024; Santiago et al., 2025; Zhuang et al., 2025).613

The Dingri case shows that, in the plateau basin setting examined here, the dominant614

surface response was expressed mainly by lateral spreading accompanied by aligned615

sand venting, rather than by isolated settlement features. This indicates that hazard616

reconnaissance in similar high-altitude basins should not focus only on individual617

sand volcanoes, but should also pay attention to the broader deformation-unit618

structure, including rear-edge extensional cracks, frontal compressional ridges, and619

clusters of venting features.620

The Dingri case also has broader methodological implications. In remote plateau621

environments, individual liquefaction manifestations are often discontinuous,622

short-lived, or difficult to access. A unit-based interpretation that combines field623

observations, UAV imagery, remote-sensing interpretation, and hydrogeologic624

constraints provides a more effective way to understand the organization of625

liquefaction-related deformation than point-based description alone. This approach626

may be particularly useful for rapid post-earthquake reconnaissance and for627

identifying areas where liquefaction-related lateral spreading is likely to pose a major628

hazard.629

Accordingly, the broader significance of this study lies not only in630

documenting a new case of high-altitude liquefaction, but also in showing that631

liquefaction in plateau basins may be organized into recurrent lateral-spreading632

deformation units with internally coupled extensional, compressional, and venting633

features. This interpretation may help improve hazard identification and634
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post-earthquake investigation in other tectonically active, sediment-filled basins of the635

Tibetan Plateau and comparable high-elevation regions.636

7.3 Comparison with international liquefaction cases and broader implications637

International liquefaction case histories have documented a wide range of638

surface deformation styles, from isolated sand boils and settlement to lateral spreading639

and catastrophic flow slides (Bhattacharya et al., 2011; Cetin et al., 2004; Sumer et al.,640

2002; Minarelli et al., 2022; Cetin et al., 2025; Bol et al., 2024). Within this spectrum,641

the Dingri case occupies a particular position. It is neither a typical urban liquefaction642

case dominated by building and lifeline damage, nor an extreme liquefaction-flow643

failure with long-runout movement. Instead, it represents a natural plateau-basin644

example in which liquefaction-related deformation is sufficiently preserved to reveal645

the internal organization of lateral-spreading units.646

Classic cases such as the 1964 Niigata earthquake, the 1995 Kobe earthquake,647

and the 1999 Kocaeli earthquake have been fundamental in establishing the648

engineering significance of liquefaction. In these cases, sand boils, ground fissures,649

settlement, quay-wall displacement, and lateral spreading were closely linked to650

damage to buildings, bridges, port facilities, and other infrastructure (Bhattacharya et651

al., 2011; Cetin et al., 2004; Sumer et al., 2002). The main scientific and engineering652

focus of these studies was therefore on liquefaction susceptibility, foundation failure,653

lateral displacement, and damage mechanisms in urban, coastal, or reclaimed-ground654

settings. The Dingri case differs from these examples because the affected areas are655
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dominated by natural river–lake margin deposits and alluvial or floodplain surfaces656

rather than dense urban infrastructure or engineered coastal fills. As a result, the657

significance of the Dingri case does not lie primarily in structural damage analysis,658

but in the preservation and interpretation of natural liquefaction-related surface659

deformation.660

A second group of international examples is represented by inventory-based661

studies in alluvial plains, such as the 2012 Emilia earthquake sequence and the 2023662

Kahramanmaraş-Türkiye earthquake sequence. These studies have emphasized the663

systematic mapping of liquefaction points, soil ejecta, ground cracks, settlement, and664

lateral spreading, commonly supported by field surveys, remote-sensing interpretation,665

and geotechnical data (Minarelli et al., 2022; Cetin et al., 2025; Bol et al., 2024). The666

Dingri study follows this inventory-based tradition by identifying liquefaction points667

and mapping their spatial distribution. However, it also adds a second level of668

interpretation. Rather than treating liquefaction features only as individual points or669

isolated manifestations, this study groups repeated combinations of rear-edge670

extension, frontal compression, lateral spreading, and aligned sand venting into671

mappable deformation units. This unit-based perspective is the main methodological672

difference between the Dingri case and many conventional liquefaction inventories.673

The 2010-2011 Canterbury earthquake sequence provides a closer674

methodological analogue because liquefaction and lateral spreading were mapped675

using field observations, aerial photographs, and remote-sensing data, particularly676

along rivers and floodplain environments (Cubrinovski et al., 2010, 2011, 2012). Both677
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Canterbury and Dingri demonstrate that image-based interpretation is particularly678

valuable where liquefaction features are spatially extensive and discontinuous.679

However, the emphasis of the two cases is different. Canterbury studies were strongly680

motivated by urban damage, repeated liquefaction, and lateral spreading impacts on681

residential areas and infrastructure. In contrast, the Dingri case is more useful for682

examining how liquefaction-related deformation is organized in a natural,683

high-altitude basin where direct engineering exposure is more limited but geomorphic684

evidence is well preserved. Therefore, Dingri complements Canterbury by showing685

how a similar field-image mapping strategy can be used to reconstruct686

deformation-unit geometry in a remote plateau environment.687

At the other end of the deformation spectrum, the 2018 Palu-Donggala688

earthquake produced catastrophic liquefaction-related flow slides with very large689

horizontal displacement and severe destruction along the Palu Basin margin (Mason690

et al., 2021; Montgomery et al., 2021). The Dingri deformation is much smaller in691

scale and does not show evidence for long-runout liquefaction flow failure.692

Nevertheless, comparing Dingri with Palu is useful because both cases show that693

liquefaction-related ground failure may evolve beyond simple vertical sand venting.694

In Palu, this evolution reached the flow-slide end-member; in Dingri, it was expressed695

as organized lateral-spreading units with rear-edge extension, frontal shortening, and696

sand venting. Dingri may therefore be viewed as an intermediate case between697

isolated sand boils and large-scale liquefaction flow slides.698

This comparison clarifies the specific contribution of the Dingri case. Existing699
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international studies have provided strong examples of liquefaction-induced700

engineering damage, coastal lateral spreading, alluvial-plain liquefaction inventories,701

and catastrophic flow slides. The Dingri earthquake adds a different type of case702

history: a natural high-altitude plateau-basin example in which the spatial coupling703

among extensional cracking, compressional ridging, lateral spreading, and sand704

venting can be observed within individual deformation units. This contribution is705

important because it shifts part of the interpretation from the occurrence of706

liquefaction features to their internal spatial organization.707

Therefore, the Dingri case should be regarded as complementary to, rather708

than more severe than, the better-known international liquefaction examples. Its value709

lies in showing that earthquake-induced liquefaction in natural basin settings can be710

recorded not only by individual sand volcanoes or scattered ground cracks, but also by711

recurrent deformation units that preserve the kinematic relationship between rear-edge712

extension, frontal compression, and sand venting. This perspective may help bridge713

conventional point-based liquefaction inventories and broader interpretations of714

liquefaction-induced lateral spreading in remote sediment-filled basins.715

8 Conclusion716

Based on the above analysis, this study draws the following conclusions:717

(1) The Dingri earthquake triggered widespread sand liquefaction in the718

Dingmu Co Basin, Guojia Basin, Dingjie Basin, and adjacent Pengqu River segments.719

In the main study area, the most prominent liquefaction-related surface damage was720
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expressed by lateral spreading, ground fissuring, compressional ridges, and sand721

venting, rather than by isolated liquefaction points alone.722

(2) The observed cross-cutting and superposition relationships suggest a staged723

deformation process. Under the combined effects of strong shaking, gravity, and local724

geomorphic conditions, rear-edge tensile fractures first developed within the725

deforming ground. Liquefaction then caused sandy material to be expelled along726

fractures and weak outlets, while gentle slopes and free-face conditions promoted727

lateral spreading. During continued deformation, frontal compression formed728

compressional ridges, and in some locations new fractures developed near the frontal729

compressional zone, along which aligned sand venting occurred.730

(3) The liquefaction-related deformation in the Dingri earthquake is best731

interpreted as a series of lateral-spreading deformation units composed of rear-edge732

extension, frontal compression, and aligned sand venting. The morphometric733

comparison shows that extensional-zone width and compressional-ridge height vary734

positively, indicating that rear-edge extension and frontal shortening are kinematically735

linked expressions of the same spreading process. In contrast, sand-volcano area does736

not show a stable statistical relationship with these two deformation parameters,737

suggesting that sand venting is an associated surface manifestation within the same738

liquefaction–deformation system, but its scale is additionally influenced by local739

sediment supply, permeability structure, fracture connectivity, and surface outlet740

conditions.741

34

https://doi.org/10.5194/egusphere-2026-3290
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



(4) The Dingri case demonstrates that earthquake-induced liquefaction in742

high-altitude plateau basins may be organized into recurrent deformation units rather743

than isolated vents. Therefore, pre-earthquake hazard assessment and post-earthquake744

reconnaissance in the southern Tibetan Rift Zone and across the Tibetan Plateau745

should pay particular attention not only to individual sand volcanoes, but also to746

rear-edge extensional cracks, frontal compressional ridges, and other indicators of747

liquefaction-related lateral spreading, so as to improve post-earthquake748

reconnaissance and liquefaction hazard identification.749
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934

Figure 1. Tectonic location of the seismic area and distribution of the southern Tibet935
rifts (Figure 1b is from Gao et al., 2024). COR: Cuona-Woka Rift, YGR:936
Yadong-Gulu Rift, DXR: Dingjie-Shenzen Rift, GTR: Gangga-Dangra Yumco Rift,937
NCR: Nyalam-Cuoqin Rift, ZTR: Zhongba-Taruo Co Rift, JGR: Jiangqu938
Zangbu-Gaize Rift, BWR: Pulan-Wenbu Dangxiong Rift, GCR: Geren Co Fault, BCR:939
Bencuo Fault, KF: Karakoram Fault, XF: Xianshuihe Fault, JF: Jiali Fault, ATF: Altyn940
Tagh Fault, MFT: Main Frontal Thrust.941
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945

Figure 2. Seismicity Distribution Map of Shigatse and Its Neighboring Areas.946
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948
Figure 3.Distribution map of sand gushing and water spouting during the Dingri949
earthquake（The epicenter location is from the U.S. Geological Survey）950

951
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952

Figure 4. Schematic diagram of surface deformation characteristics and field photos953
of the Dingri earthquake. a, b. Extensional deformation at the eastern rear edge of954
Dingmu Co Lake; c. Springs developed on the steep scarp of the old fault; d, e.955
Compressional deformation at the eastern front edge of Dingmu Co Lake.956

957
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958
Figure 5. Liquefaction deformation characteristics of the Pengqu Riverbank. a. Sand959
volcanoes developed on the bed of the Pengqu River; b. Extensional deformation at960
the rear edge of the Pengqu River bed; c. The relationship between compressional961
ridges and sand volcanoes in the Pengqu River bed.962
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964
Figure 6. Post-earthquake remote sensing images (Data from 91 Weitu: https: //www.965
91weitu. com/). a. Overall distribution of liquefaction points in sandy soil; b.966
Post-earthquake remote sensing image of the eastern part of Dingmu Co Lake (survey967
area D12); c. Post-earthquake remote sensing image of the southern part of Dingmu968
Co Lake; d. Post-earthquake remote sensing image of the northern bank of the Pengqu969
River.970

971
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972
Figure 7. Characteristics of liquefaction sand volcanoes in the Dingri earthquake. a.973
Sand volcanoes on the eastern side of the Gading Line; b. East-west oriented974
liquefaction sand volcanoes developed in the river valley on the western side of the975
Gading Line; c. East-west oriented liquefaction sand volcanoes on the northeastern976
shore of Dingmu Co Lake; d. East-west and north-south oriented fissures developed977
in the river valley on the western side of the Gading Line, accompanied by sand978
volcanoes; e. Sand volcanoes developed in the Pengqu River Valley.979
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981

Figure 8. a. Post-earthquake DEM derived from UAV imagery. b. DEM interpretation982
showing elevation profiles P1, P2, and P3.983
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991

992
Figure 10. a. Distribution of aftershocks within two weeks after the earthquake (Yao993
et al., 2025); b. North-South (NS) Directional Seismic Ground Motion994
Accelerationrecorded by D0007; c. West-East (WE) Directional Seismic Ground995
Motion Accelerationrecorded by D0007; d. Vertical Directional Seismic Ground996
Motion Accelerationrecorded by D0007 (D0007 data from Ren et al., 2025).997

998
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999
Figure 11. Borehole section map of the earthquake-affected area. a. Borehole spatial1000
distribution map; b. Borehole columnar diagram.1001
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1003
Figure 12. a. Normalized values of compressional-ridge height, sand-volcano area,1004
and extensional-zone width for ten representative deformation units. The1005
normalization was used only for visual comparison among parameters with different1006
dimensions. b. Scatter plot showing the relationship between compressional-ridge1007
height and apparent sand-volcano area. The weak negative correlation suggests that1008
sand-venting area is not simply controlled by the magnitude of frontal compression. c.1009
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Scatter plot showing the relationship between compressional-ridge height and1010
extensional-zone width. The positive correlation is consistent with the interpretation1011
that rear-edge extension and frontal compression are mechanically linked during1012
lateral spreading. d. Green represents the dominant orientation of tension fractures1013
generated by rear edge horizontal expansion, blue represents the dominant orientation1014
of tension fractures associated with sand volcano development at the front edge, and1015
yellow represents the dominant at the front edge.1016

1017
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1018
Figure 13. Schematic illustration of the regional stress field. a. After an earthquake,1019
tensional cracks are generated; b. As liquefaction progresses, compressional ridges,1020
shear fractures, and sand volcanoes are generated.1021

1022

59

https://doi.org/10.5194/egusphere-2026-3290
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



1023

Figure 14. Different surface deformation patterns on the eastern shore of Dingmu Co1024
Lake and the Pengqu River. a. Liquefaction deformation pattern east of Dingmu Co1025
Lake; b. Deformation pattern of the Pengqu River.1026
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