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Abstract

Cascading slope failures in alpine environments are intensifying as glaciers retreat
and slope stability adjusts to a warming climate. Yet, the mechanisms governing
such large, rapidly evolving events remain poorly understood. The 28 May 2025
rock–ice avalanche from Birch Glacier, Switzerland (≈ 9.3 × 106 m3), which
devastated part of the village of Blatten, provides a rare, well-documented case to
analyze the full sequence of instability and collapse. We combine state-of-the-art
seismic, geomorphological, and geotechnical evidence with numerical modeling
to reconstruct the evolution of the avalanche. We show that more than two weeks
of accelerating rockfall activity and minor glacier collapses preceded the main
detachment. The main collapse happened in four kinematic stages, from initial
detachment to deposition. Only with drastically reduced friction can both depth-
averaged and three-dimensional flow models reproduce the center-of-mass force
history and the deposit geometry. Multiple mechanisms could have contributed to
this frictional weakening such as ice content and meltwater. In-situ measurements
of fine grain size and low permeability indicate possible elevated pore pressures,
which would have facilitated the mobility. This work leverages multi-disciplinary
datasets to investigate failure precursors and frictional regimes of catastrophic
mass movements in changing climatic and permafrost conditions.

Keywords: Rock–ice avalanche, Granular flow dynamics, Seismic signatures,
Geotechnical measurements, Frictional weakening

Plain Language Summary1

On 28 May 2025, a rapid avalanche consisting of ice and rock buried many houses and2

killed one person in Switzerland’s village of Blatten. This catastrophic event was pre-3

ceded by two weeks of increasing rockfall activity onto a glacier, which under the added4

weight suddenly slipped away and produced the devastating rock-ice avalanche. As one5

of the best-observed events of its kind, the Blatten avalanche offers a unique opportu-6

nity to investigate both the early warning signs of rockfalls and small avalanches, as7

well as the main collapse. Continuous records of ground unrest from nearby seismome-8

ters document not only the rockfalls during the two weeks of growing instability but9

also capture details of how the main avalanche plummeted towards the valley. Using10

the shape, extent and material properties of the rock-ice deposits, we built numerical11

models to estimate (i) how much material collapsed during early instability, (ii) where12

the material came from (and how different source areas contributed), and (iii) how13
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the main failure moved and spread during the event. Taken together, this approach14

provides a method for hazard assessment and highlights the importance of different15

observations to predict runout of catastrophic mass movements in the rapidly changing16

Alpine environment.17

Introduction18

Cascading mass movements in high mountains are a rapidly growing hazard in a19

warming climate [1–4]. Cryosphere degradation (glacier retreat, permafrost thaw) and20

the intensification of hydrometeorological triggers (extreme rainfall, rapid snowmelt)21

are increasing the frequency and magnitude of these events, creating unprecedented22

risks for downstream communities [5–8]. From the Himalayas to the European Alps23

to the Andes, mountains are subject to a new regime of complex, cascading disasters,24

demanding a reassessment of the physical processes governing slope failure and runout25

[9–11].26

Progress in understanding such events has advanced on two parallel but often27

disconnected fronts: pre-failure monitoring for early warning [12–15] and post-event28

modelling for process understanding and hazard assessment [16, 17]. However, quanti-29

tative estimates of how the released volume of small precursory events evolves before30

large mass failure remain elusive. In the meanwhile, numerical models are usually val-31

idated only through back-analysis of final deposits [18–20]. This reliance on end-state32

geometries may fail to capture the dynamics and evolving frictional regimes at play33

[21].34

Seismic observations offer the unique potential to bridge this observational gap.35

They provide continuous, real-time records of slope activity and capture the forces36

that moving masses exert on the Earth’s surface [2, 22–26]. Comparing these forces37

with those simulated by granular mass-movement models constrains key event prop-38

erties such as volume, friction coefficient, and basal conditions [21, 27]. For instance,39

glacier ice within or underneath the moving mass substantially reduces basal friction40

to enhance mobility [16, 21, 28]. Different seismic approaches are sensitive to differ-41

ent parts of the failure process. Low-frequency seismic signals are typically applicable42

only to large events via seismic-force inversion [21, 27], whereas smaller precursor fail-43

ures can instead be characterized using high-frequency seismic analyses that provide44

information on event volume and friction coefficient [e.g., 25, 29, 30]. Despite these45

advances, studies have rarely integrated pre-failure monitoring, seismic-force inver-46

sion of the main event, and independent geotechnical or geomorphological constraints47

within a single framework to analyze the full sequence from precursory activity to48

catastrophic collapse. Bridging these disciplines could move beyond empirical runout49

estimates and toward a transferable, mechanistic framework for predicting future50

cascading disasters.51

On 28 May 2025, a rock–ice avalanche with an estimated volume of 9.3 × 106m3
52

[31] occurred at Birch Glacier (German: Birchgletscher; Fig.1a) in Switzerland. The53

glacier failed under the weight of a rock cover, which had been deposited on its surface54

after several days of rockfalls from Kleines Nesthorn, located around 600 m above the55
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glacier. The rock-ice avalanche destroyed parts of the village of Blatten and resulted56

in one fatality.57

Here, we combine high and low-frequency seismic records, geomorphological con-58

straints, geotechnical data, and granular flow modeling to: (i) track the evolution of59

failure from the precursory seismic instability (quantifying precursory event volumes60

and inferring the friction coefficients) to the kinematic evolution of the main collapse61

(seismic-force inversion), (ii) quantitatively calibrate large-scale rock-ice avalanche62

modeling by optimizing against both seismic-force inversion and high-resolution63

deposit metrics, and (iii) constrain the frictional mechanisms with in-situ geotechni-64

cal measurements. We show that drastically reduced friction coefficients are needed65

to reproduce the observation. This frictional weakening may reflect several interact-66

ing mechanisms, including small rock-ice friction, meltwater generation, and dynamic67

fragmentation. Supported by geotechnical measurements, we discuss how the presence68

of meltwater and fine particles could have facilitated and sustained elevated pore-fluid69

pressures, collectively transforming rock-ice avalanches into highly mobile, catas-70

trophic flows. Together, these results establish a multidisciplinary, data-constrained71

framework for predictive understanding of landslide high mobility.72

Event records and characteristics73

A destabilization sequence lasting more than two weeks preceded the main collapse.74

Rockfalls from the Kleines Nesthorn onto Birch Glacier intensified on 14 May as75

reported by the local authority (Fig. 1a). Because these early events were continuously76

recorded with regional seismic stations, they form a unique, high-resolution dataset77

for precursory sequence analysis. The increased rockfall activity prompted authorities78

to evacuate the 300 residents of Blatten as a precaution. The deposition of debris sub-79

sequently destabilized the Birch Glacier, leading to accelerated ice flow with velocities80

of tens of meters per day. On 27 May, an ice avalanche involving several thousands81

of cubic meters, according to the Lötschental Regional Command Staff [32], detached82

from the glacier terminus, coming to rest roughly 400 m above the Lonza River flowing83

along the Lötschental valley bottom (Fig. 1a).84

The main collapse on 28 May mobilized ≈ 9.3 × 106 m3 of material including85

≈ 3.0×106 m3 of ice [31], leaving a head scarp on the Kleines Nesthorn and an adjacent86

glacier-collapse scarp (Figs. 1b,f). The avalanche mobilized a maximum detachment87

thickness of 130 m at Kleines Nesthorn and 51 m at the glacier (Figs. 1c-e). Upon88

detachment, the rock-ice mass descended a narrow gorge (Fig. 1h), traversed the valley89

bottom and ran more than 200 m up the Weissenried counterslope (Fig. 1g). The final90

deposits on the valley floor were up to 34 m thick (Figs. 1d, g). The deposit dammed91

the Lonza River, forming a lake that flooded parts of the village.92

The avalanche-generated ground motion was equivalent to an ML 3.1 earthquake,93

where ML is the local magnitude [33]. It generated strong long-period (15–180 s) sur-94

face waves that were recorded at distances exceeding hundreds of kilometers (Fig. 1j).95

Station LAUCH (Fig. 1a) (≈ 5 km away) recorded a signal of around 100 s duration,96

with an emergent onset and peak ground velocities exceeding 10−4 m/s (Fig. 1i).97
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Fig. 1: Overview of the Blatten rock-ice avalanche. (a, b) Pre-event (2024)
aerial view (SWISSIMAGE 10 cm, 2024, https://www.swisstopo.admin.ch/en/
orthoimage-swissimage-10) and post-event (30 May, 2025) aerial view (https://
rapidmapping.admin.ch/files/en/pastevents.html). LV95 refers to the official Swiss
coordinate reference system (EPSG:2056). Kleines Nesthorn, Birch Glacier, seismic
station LAUCH (≈5 km away from Birch Glacier), and the Lonza River flowing along
the Lötschental valley are indicated. Sampling sites of grain-size distribution (GSD)
and SATURO saturated hydraulic conductivity are indicated in (b) and described
in the Methods section. (c-e) Elevation differencing derived from pre- (swissALTI3D,
2024, https://www.swisstopo.admin.ch/en/height-model-swissalti3d) and post-event
(29 May 2025) digital elevation models (ETH Zurich product, will be made available
upon publication). (f–h) Field photographs (https://rapidmapping.admin.ch/files/en/
pastevents.html). The photos show the Birch Glacier scar and Kleines Nesthorn scar,
the avalanche path with a narrow gorge, the deposition area, and the area flooded
by the dammed Lonza River. (i) The vertical-component (HHZ) seismic waveform
recorded at LAUCH. (j) Low-frequency (15–180 s) vertical components of seismic sig-
nals of the event recorded within 300 km ordered by distance.
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Precursory Destabilization Sequence98

We used a self-supervised clustering algorithm [34] to quantify the precursory seismic99

sequence and constrain the nature of the events using continuous vertical-component100

data from station LAUCH (Fig. 1a) between 1 January and 1 June 2025, segmented101

into 40,574 180 s time windows. The method identified 236 clusters, 17 of which102

showed a clear increase in event counts (≈700 events, refer to Methods). These form103

two families based on their temporal evolution. Family 1 follows an S-shaped temporal104

pattern, with activity increasing after 19 May, peaking on 22 May, and then plateauing105

(e.g., Figs. 2e, g and Extended Data Figs. 1). Family 2 exhibits a gradual increase of106

event rate from 19 to 28 May (e.g., Figs. 2f, h and Extended Data Figs. 2). Whereas107

event frequency tracks the progression of instability, the total mobilized mass can108

evolve independently because the volume of individual events varies [35]. Furthermore,109

distinguishing the source locations is essential in this complex setting, as failures could110

originate from either the Kleines Nesthorn or the Birch Glacier.111

We used a method [29, 30, 36] to quantify both the volume and characteristic112

friction of an event series based on the high-frequency seismic signals coupled with113

numerical simulations. This is because these small events do not produce low-frequency114

waves that can be reliably resolved at distant stations. This approach assumes that115

the scaling relation between radiated seismic energy (Es) and signal duration (ts)116

follows a power law, Es = αtβs . The exponent β serves as a proxy for flow mobility,117

where higher values indicate stronger energy dissipation and lower mobility (refer to118

Methods). Calculating this relation reveals different behaviors for the observed events:119

Family 1 shows β = 2.38 ± 0.18, whereas Family 2 gives a lower β = 1.80 ± 0.15120

(Figs. 2c, d).121

An equivalent power-law relation, Ep = α′tβ
′

p , links the loss of potential energy (Ep)122

to flow duration as shown for lab- and field-scale granular flows [29, 36]. To recover123

these power laws, we performed a series of simulations using the SHALlow water124

depth-averaged numerical model (SHALTOP) [37, 38], which solves the shallow-flow125

conservation equations for dense granular flows over complex terrain [17, 22, 37–42].126

To distinguish source locations, we defined two possible source areas: Kleines Nesthorn127

(Fig. 2a) and the Birch Glacier terminus (Fig. 2b). We simulated 55 events (500-128

300,000 m3) at Kleines Nesthorn and 35 events (500-30,000 m3) at the Birch Glacier129

terminus, as smaller volumes were reported for the glacier failures.130

Assuming that the seismic duration equals the flow duration for each event, we131

calibrate an energy-conversion ratioRps =
Ep

Es
by matching the duration-energy scaling132

exponents (β) between observations (Es − ts) and SHALTOP simulations (Ep − tp).133

The β values are then derived from simulations using a constant Coulomb friction134

rheology with friction angles δ ∈ [10◦, 20◦, 30◦] over a range of event volumes and for135

two source locations. For Kleines Nesthorn, the β values are 2.07± 0.24, 2.33± 0.20,136

and 3.01±0.27 (Fig. 2c). For Birch Glacier terminus, they are 1.78±0.15, 2.10±0.19,137

and 2.46 ± 0.21 (Fig. 2d). Matching the seismic and simulated power laws requires138

the Kleines Nesthorn source and a friction angle δ = 20◦ for Family 1. These events139

are thus most probably rockfalls. In these simulations, the flow typically comes to rest140

and deposits on the glacier. Family 2 requires a friction angle of δ = 10◦ and events141

originating from the glacier terminus, thus corresponding to small rock–ice avalanches.142
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Fig. 2: Seismic analysis of the precursory destabilization sequence. The right
orthophotos (SWISSIMAGE 10 cm, 2024) (a, b) show the locations of rockfall (teal)
and glacier (pink) sources. (c, d) Energy-duration scaling relations used to infer rel-
ative mobility for (c) Family 1 (rockfalls depositing on the glacier) and (d) Family
2 (small rock–ice avalanches). Observed seismic events (black triangles) are directly
compared to granular flow simulations (colored dashed lines and scatter points). Each
color corresponds to a distinct friction angle and each point represents one simula-
tion at a specific volume. (e, f) Representative seismic waveforms and spectrograms
for Family 1 and Family 2, respectively. (g, h) Temporal evolution of the accumu-
lated volume and event number of Family 1 and Family 2. The gray shaded envelopes
represent the propagated uncertainty bounds for the volume estimate. Inset of (h)
highlights cluster 193 with the y-axis being the individual volume, showing a clear
trend of increasing individual event volume preceding the main collapse.
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We compared the constant friction results against the empirical volume-dependent143

law µ(V ) = tan δ = V −0.0774, which is calibrated for standard dry granular mass144

movements [41]. For Family 1, our best-fit constant friction δ = 20◦ matches the µ(V )145

equivalent friction angle only at the maximum simulated volume of V = 300, 000 m3
146

(arctan(300, 000−0.0774) ≈ 20.6◦). This implies that the smaller precursors were more147

mobile than expected for typical dry granular flows, likely due to pre-existing moisture148

in the release mass and/or the presence of rainwater as over ≈ 70 mm of rainfall149

accumulated in May (before 28 May) [43]. Furthermore, for this family, the simulated150

β exponent predicted by using the µ(V ) law in the simulations across the 500-300,000151

m3 volume range (2.73 ± 0.25) overestimates the observed β (2.38 ± 0.18), which152

confirms that these events are not dry [30]. For Family 2, the observed β (1.80± 0.15)153

is also substantially smaller than the µ(V ) prediction for its 500-30,000 m3 volume154

range (2.71 ± 0.20), requiring a much lower friction angle of 10◦ as found with the155

constant Coulomb friction simulations. Recent numerical simulations by Zhou et al.156

[44] demonstrate that adding 70% ice to a granular mixture can reduce its friction157

angle by half compared to pure rock. Therefore, these Family 2 events are likely small158

rock-ice avalanches comprised of glacier ice and deposited debris from the slope.159

We estimated the individual release volumes by linking its radiated seismic energy160

to the physical loss of potential energy (refer to Methods). By accounting for varia-161

tions in source mass density and energy conversion ratios, we established confidence162

envelopes for these volume estimates (refer to Methods). The cumulative seismic163

release for Family 1 leads to a cumulative volume reaching 3.91× 106 m3 (uncertainty164

range: 3.51× 106 to 4.72× 106 m3) by 28 May. The S-shaped growth curve indicates165

rapid mass wasting from the Kleines Nesthorn of 3.75 × 106 m3 (uncertainty range:166

3.37 × 106 to 4.52 × 106 m3) released by 23 May (Fig. 2g), aligning closely with the167

3.50× 106 m3 mass loss estimated from digital elevation models (DEM) differencing.168

The cumulative volume of Family 2 grew steadily, reaching 1.10×106 m3 (uncertainty169

range: 0.91 × 106 to 1.33 × 106 m3) by 28 May. Within Family 2, Cluster 193 high-170

lights this trend with increasing individual event volumes preceding the final collapse171

(Fig. 2h, inset). However, other clusters lack this clear escalation in individual event172

size, indicating that their cumulative mass wasting volume was primarily driven by173

event frequency.174

Seismic inversion175

To resolve the dynamics of the main rock-ice avalanche, we inverted low-frequency176

(15–180 s) seismic waveforms (Fig 3a) recorded at distances between 33 and 110 km.177

We used the lsforce code [45, 46] to estimate the three-dimensional (3D), time-varying178

equivalent single force exerted on the Earth’s surface by the avalanche (Fig 3c). At179

long periods, this force is equal to but opposite in direction to the product of the180

acceleration of the center of mass of the landslide and its total mass [23, 24, 47].181

We interpret four phases in the force history (Figs. 3b–e). During Phase 1 (0–51182

s) the mass accelerates as the force magnitude grows steadily, reaching 6 × 1010 N.183

The force is directed southeast as shown at instant I (t=24 s, Figs 3b, e), opposite,184

as expected, to the initial acceleration of the mass. Minimal high-frequency (>1 Hz)185
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Fig. 3: Seismic force history of the 28 May 2025 main collapse. (a) Seismic waveforms
from two close broadband stations, LAUCH (≈5 km) and WIMIS (≈33 km), shown in
three frequency bands. Roman numerals denote four key kinematic instances discussed
in the main text. (b) Shaded relief map (swissALTI3D, 2024) of the avalanche path.
The approximately inferred location of the avalanche is shown for each instant with
blue arrows indicating the direction and magnitude of the force. (c) Three-component
inverted force history. The shaded areas represent the uncertainty range estimated
using a jackknife resampling scheme. (d) Amplitude of the total inverted force vector.
(e) Vertical angle and azimuth of the inverted force vector. The scattered points are
color-coded with force magnitude. As the avalanche decelerates and force magnitudes
approach zero towards the end of the timeframe, the markers become nearly trans-
parent.

energy detected at LAUCH at 5 km distance during this phase indicates limited mass186

fragmentation [2, 19, 48, 49]. During Phase 2 (51–70 s), the mass transits the gorge187

and collides with the valley floor. At ≈51 s, the force azimuth abruptly rotates by188

≈ 180◦ as the flow enters the narrow gorge. This reversal marks the transition from189

acceleration (0 − II) to deceleration (IIb, 54 s) and captures the strong centripetal190

forces during flow confinement. The first burst of high-frequency energy (>0.3 Hz)191

appears at this instant (Fig. 3a), indicating internal collisions of the rock-ice mass.192

As the avalanche exits the gorge and collides with the Weissenried counterslope (III,193

70 s), the force reaches 5×1010 N and the flow radiates elevated high-frequency seismic194

energy. Phase 3 (70–92 s) consists of flow redirection and secondary runup. Following195

the impact of the avalanche with the Weissenried counterslope, the force vector swings196
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southwest during the backflow of material toward Blatten and the lateral spreading197

of the mass. A secondary force peak near 92 s corresponds to a smaller runup towards198

the valley side of initial descent and southwestward azimuth change, consistent with199

observed deposit geometry and high-frequency bursts [25]. Phase 4 (> 92 s) describes200

the spreading and final mass deposition. The force magnitude decays as the bulk of201

the rock-ice avalanche comes to rest. High-frequency radiation ceases, indicating that202

energetic collisions have ended and motion is dominated by the slow spreading of the203

depositing flow.204

Rock-ice avalanche modeling205

We used two complementary numerical models to test different rheologies and to bet-206

ter constrain main event dynamics. SHALTOP provided an efficient framework to207

explore the rheological parameter space, whereas a Material Point Method (MPM)208

model [50, 51] was used to assess the consistency of the resulting flow kinematics in 3D.209

The MPM model, which solves the mass and momentum balance equations in an Eule-210

rian–Lagrangian framework and resolves the full 3D stress field, captures detachment,211

internal shearing, and curvature effects beyond the reach of depth-averaged models.212

We modeled the long-period force histories predicted by each model simulation based213

on the center of mass trajectories.214

The granular flow models were constrained with independent observations: (i)215

mapped deposit distribution and flow-related features from DEM differencing between216

23 May and 29 May 2025 (ETH Zurich product, will be archived on Zenodo and217

released upon publication) and orthophotos (https://rapidmapping.admin.ch/files/218

en/pastevents.html) (Figs. 4a-b), and (ii) the inverted seismic force history (Fig. 4k).219

Model performance was evaluated using four control metrics (refer to Supplementary220

Material S1): (1) spatial overlap of observed deposit outlines and maximum spatial221

extent of the simulated deposits (Trimline ratio); (2) Root Mean Squared Error of222

deposit thickness (Thickness RMSE); (3) normalized cross correlation between the223

simulated and inverted force histories (Cross-corr); and (4) RMSE of simulated ver-224

sus inverted force amplitudes after aligning for the maximum cross correlation (Amp225

RMSE). Because these four metrics possess different units and scales, direct arithmetic226

combination is invalid. To resolve this, we transformed each raw metric into a z-score,227

which quantifies standard deviations from the mean performance across all simulations228

[52]. We assigned a combined weight of 0.7 to the deposit metrics (Trimline ratio and229

Thickness RMSE) and 0.3 to the seismic metrics (Cross-corr and Amp RMSE). This230

uneven weighting is justified for two reasons. First, high-resolution topographic differ-231

encing provides direct, low-uncertainty measurements, whereas seismic inversions are232

indirect calculations with accumulated wave-propagation and point-source uncertain-233

ties. Second, seismic force history reflects bulk center-of-mass accelerations that are234

most sensitive to the highly mobile phases of the event. As the mass loses momentum,235

the signal-to-noise ratio drops, leaving the late-stage depositional dynamics partially236

unresolved.237

We tested different rheologies that represent distinct assumptions and complexi-238

ties about frictional behavior: a constant friction Coulomb model, a two-parameter239
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Fig. 4: Comparison of simulation results with deposit and seismic constraints. (a)
Observed final deposit thickness. (b) Mapped flow lines based on geomorphological
features from post-event (30 May, 2025) aerial view (data sources as in Fig. 1). Col-
ors indicate relative flow sequence, from early (warm colors) to later (cool colors)
stages. (c-i) Simulated final deposits from SHALTOP and MPM across different rhe-
ologies, each representing the specific simulation that achieved the best overall metric
z-scores. Black contours delineate observed deposit outlines. (j) Quantitative compar-
ison of model performance against the final deposit (Trimline ratio(Trim), Thickness
RSME(TR)) and seismic force history (Cross-correlation (CC), Amplitude RSME
(AR)) as well as the weighted z-score. The best scores among the simulations are
bolded. (k) Comparison between the three components of the inverted seismic force
and the forces predicted by each model simulation.
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Voellmy model, volume-dependent µ(V ) law and laws with variable friction coefficient:240

velocity (u)-dependent µ(u) law, and the µ(I) rheology which depends on the iner-241

tial number I [53]. The Coulomb model assumes time-invariant basal resistance. The242

Voellmy model adds a velocity-squared turbulent drag term to account for increased243

resistance at high velocity. µ(V ) assumes friction is constant in time and space but244

varies with event volume, whereas µ(u) and µ(I) permit friction to evolve dynamically245

with flow velocity or inertial number (refer to Supplementary Material S2). Given its246

well-established integration with seismic force inversion [e.g. 21, 22, 26, 28], we used247

SHALTOP to perform the primary sensitivity analysis across the listed basal fric-248

tion laws. Although fully coupled two-phase thermo-hydro-mechanical models could,249

in principle, describe pore-pressure effects, low ice friction and melt-induced frictional250

weakening [54–59], these processes, and the associated material parameters, remain251

difficult to constrain in natural terrain. Therefore, we used the aforementioned one-252

phase frictional models and treat µ as a parameter that is calibrated to reproduce253

deposit geometry and seismic data. Because the exceptionally well-documented Blat-254

ten event was captured by multiple independent observations, it provides a robust255

basis for determining the frictional model that best reproduces the data, and con-256

straining its parameters resolving the flow dynamics. The resulting value of µ reflects257

effective energy dissipation, with lower µ indicating frictional weakening mechanisms258

that enhance flow mobility.259

When calibrating different models to maximize their fit to the observations, the260

metrics reveal distinct strengths and limitations across different rheologies (Fig. 4j,261

refer to Supplementary CSV file for the full sensitivity analysis). For a release volume262

of≈ 9.3×106 m3, the µ(V ) law, empirically fitted on essentially dry landslides, predicts263

δ ≈ 16◦ with confidence intervals from 8◦ to 20◦ [41]. However, simulations using264

these values underestimate the observed runout, indicating that the Blatten event was265

more mobile than expected for dry landslides of comparable size (Fig. 4c). Although266

Coulomb rheology with δ = 8◦ approximates the general runout distance (Fig. 4d),267

it yields the poorest match for the deposit distribution. The µ(u) rheology achieves268

the highest performance against the seismic constraints (Figs. 4j, k). However, it fails269

to accurately distribute the mass and gives a high Thickness RMSE and the lowest270

Trimline ratio among the viable models (Figs. 4f, j). The Voellmy rheology provides an271

intermediate fit but still underestimates lateral spreading (Figs. 4g, j). Only the µ(I)272

parameterization (Fig. 4e) captures the late-stage flow surge that produces the thicker273

deposit distribution at the southwestern margin, where friction decreases toward its274

lower bound µ1 during the depositional stage of the simulation (Extended data Fig. 3).275

We then ran the 3D MPM model for Coulomb and µ(I) to also simulate the depth-276

resolved flow kinematics (Figs. 4h, i). For the Coulomb model, the best-fit basal friction277

angle is δ = 11.8◦ for the MPM simulation, which is also near the lower bound of278

empirical estimates for rock–ice avalanches [41, 60]. However, similar to the SHALTOP279

results, this constant friction fails to reproduce the observed deposit geometry. For280

the µ(I) rheology, the bounds δ1 = 2◦ and δ2 = 16◦ were adopted in SHALTOP and281

δ1 = 1◦ and δ2 = 16◦ for MPM, where δ1 and δ2 denote the lower and upper limits282

of the µ(I) law. Also in the MPM simulations, the µ(I) parameterization provides a283

better reproduction of the observations than a constant Coulomb friction model.284
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Fig. 5: Snapshots of simulated avalanche dynamics for the µ(I) rheology. The panels
compare the velocity fields predicted by (a) SHALTOP and (b) MPM at key kinematic
instances corresponding to the seismic analysis in Fig. 3: acceleration (I, 24 s), gorge
transit (II, 51 s), valley-floor collision (III, 70 s), and flow redirection (IV , 92 s).
(c) Close-up of the 3D MPM simulation during gorge transit, highlighting detached
materials (dashed connectors indicate the view location). The eye symbol marks the
approximate viewing direction of the video frame in (d). (d) Frame extracted from
video (courtesy of the Canton of Valais) showing the observed detached particle cloud
at a similar stage of the avalanche.
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Crosscutting levees and lobes on the deposit allow the reconstruction of at least four285

flow pulses towards the southwest margin of the deposit. We refer to these pulses as286

flow order 1-4, defined by their relative timing inferred from crosscutting relationships:287

earlier deposits are overlain and locally incised by later, channelized surges (Fig. 4b).288

The first pulse determined the maximum southern extent, running ≈80m (vertical)289

up in the direction of the source area before flowing farther downstream (flow order290

1 in Fig. 4b). Superimposed on this initial deposit are elongated lobes with levees291

(flow order 2-4 in Fig. 4b) that extend almost 2 km downstream, beyond the village292

of Blatten. These channelized features incised the initial deposit from the first pulse,293

indicating a subsequent highly mobile surge. Because a constant-friction rheology fails294

to capture these complex morphological features, reproducing their extended runout295

requires the µ(I) rheology’s extreme drop in friction. This drop occurs in several phases296

(Extended Data Fig. 3). In particular, the near-zero friction required during the late-297

stage surges (2◦/1◦) strongly indicates the material underwent frictional weakening298

mechanisms. Beyond ≈92 s, the avalanche’s center-of-mass decelerates and the remain-299

ing motion transitions into slower, lateral spreading, which produces weaker and more300

complex force signatures. This complex force history evades the seismic constraints as301

the low-frequency seismic signals are too weak compared to the background noise.302

Comparisons at four representative times (24, 51, 70, 92 s) (Figs. 5a, b) show303

consistent kinematics between SHALTOP and MPM, with MPM additionally resolving304

the dilated flow detaching from the topography in the narrow gorge (Figs. 5c, d). The305

flow front impacts the gorge wall which causes the flow to climb over it. As the valley306

floor turns concave-downward, the flow partially detaches from the terrain, which is307

captured explicitly by MPM (Supplementary video 2). Despite the different model308

dimensionalities, the velocity magnitudes of SHALTOP and MPM remain in close309

agreement throughout the phases. The consistency between the µ(I) simulations for310

SHALTOP and MPM across independent metrics and their best z-score for each model311

demonstrates that the observed runout and dynamics are only reproduced when δ1 is312

exceptionally low (2◦/1◦). This indicates that the effective friction varied significantly313

throughout the flow with persistent frictional weakening.314

Mechanisms driving avalanche mobility315

One or several frictional weakening mechanisms must have acted to produce the high316

mobility of the Blatten rock-ice avalanche [41, 61, 62], extending beyond the physical317

assumptions of dry granular flows [53]. A primary factor is rock-ice friction reduction.318

The Blatten rock-ice avalanche involved a total volume of ≈ 9.3 × 106 m3, including319

≈ 3.0×106 m3 of ice. The substantial ice content likely favored low-friction interactions320

within the mixture [44, 63–65]. As demonstrated by Zhou et al. [44], an ice fraction321

of 32% can reduce the bulk friction angle by approximately 20%. This reduction may322

explain the best-fit constant Coulomb angles (8◦/11.8◦). However the deposit is not323

reproduced with constant Coulomb friction; instead, it requires a variable friction as in324

the µ(I) law with extreme frictional drop to near-zero lower bounds (2◦/1◦). Therefore,325

ice content alone cannot fully explain the large observed mobility. During rapid flow,326

frictional heating likely generated meltwater, which further reduced basal resistance327
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[60]. In addition, the material deposited on Birch Glacier after the precursory rockfalls328

originating from the unstable rock-debris mixture on the Kleines Nesthorn may already329

have been partly wet, which is consistent with the relatively low friction angle (δ ≈ 20◦)330

needed to reproduce the seismic energy-duration scaling.331

The strong shearing of the rock-ice debris under high normal stress likely also led to332

dynamic fragmentation, further amplified by strong impact loading against the steep,333

irregular topography. The fragmentation process could rapidly produce fine particles334

within the rock-ice mixture and enhance mobility [66]. As shown in Extended data335

Fig. 3, these expectations agree with our low friction modeled with µ(I) parameteri-336

zation during failure, gorge transit, and collision with the counterslope (instances I,337

II, and III in Fig. 3, respectively).338

Fig. 6: (a) Grain-size distributions of one sample from the Weissenried counterslope
(blue) and three samples from the Blatten main deposit (orange). The collected sam-
ples included coarse gravel and small cobbles, up to ≈ 5 cm, but excluded larger
boulders. The grain-size distribution is compared with data from the Flat Creek glacier
detachment deposits reported by Jacquemart et al. [67], rescaled so that the maxi-
mum measured grain size corresponds to 5 cm for comparison. (b) Field photograph
on 28 May showing the Blatten deposit with darker zones (black arrows) indicating
locally wet conditions (ETH Zürich).

Water present in the release mass, or generated during flow through ice melt possi-339

bly favored increased pore water pressures in parts of the landslide, which are known340

to reduce friction by reducing effective stresses in the solid phase [56, 68]. Field surveys341

conducted shortly after the event documented wet deposits (Fig. 6b), but the hazard342

posed by potential secondary landslides prevented direct measurements of water con-343

tent. Consequently, the possible contribution of water to friction reduction can only344

be inferred from geotechnical analyses of the deposited sediments that we collected345

later. Grain-size analysis of four samples from the counterslope and main deposit346

(Fig. 6a) reveal a high fine material content (≈ 15% silt and clay), classifying the347
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material as well-graded (poorly sorted) gravel with fines, and consistent with the low348

permeability measured in the deposits (k0 ≈ 10−12 m2) (refer to Methods). These fine349

particles likely originate from a combination of rock mass from the Kleines Nesthorn350

and subglacial till from the Birch Glacier. The sediment’s texture closely resembles351

that of another documented fine-rich rock-ice avalanche at Flat Creek (Alaska) [67],352

with the high fraction of fines originating from subglacial till. Such fine-grained, low-353

permeability material can sustain high excess pore pressures generated during flow354

[68]. Impacts with the complex topography induce shearing and compression of the355

material. This in turn compacts or dilates the granular material that leads to tran-356

sient increases and decreases of pore water pressures, respectively. These processes357

may be at the origin of rapid pore pressure generation. Because of the low permeabil-358

ity, these pressures would have dissipated slowly, allowing weakening to persist [54].359

This pressure-induced weakening may therefore explain the low friction coefficients,360

which our granular flow models determine. A two-phase flow model that includes361

the physics of pore pressure fluctuations can provide more insights, but also requires362

knowledge of prescribing values for parameters that are both highly uncertain and,363

in some cases, effectively unmeasurable, yet potentially exert a strong influence on364

the modeled dynamics [54, 56, 59]. Clear examples include the initial water content,365

initial dilatancy angle, and permeability evolution during the flow, all of which can366

substantially affect the magnitude of excess pore pressures generated during motion367

[59].368

Hazard assessment implications369

Atmospheric warming and permafrost thaw enhance rockfall activity in high-alpine370

environments [69–71]. Consequently, rock debris is more likely to deposit onto or mix371

with glacier ice, which, in turn increases the ice content during catastrophic failures.372

For the main Blatten rock-ice avalanche, we demonstrated that this effect led to an373

exceptionally mobile rock-ice avalanche. The involvement of ice also led to lower fric-374

tion for precursory events, which include failures that deposited on the glacier as well375

as those that originated from it. Granular friction typically used to model dry rock376

avalanches did not capture the events’ mobility [41].377

The integration of oblique aerial photography, geotechnical field characterization of378

sediments and broadband seismic data is key to constraining and interpreting mobility379

and therefore the hazard potential of rock-ice avalanches. The involvement of glacial380

ice has been suggested in runout modeling of historic events [16, 21, 28, 72], and the381

multi-sensing approach of the present study sets a standard approach to systematic382

determination of effective friction. On the other hand, for hazard management of future383

events or ongoing mass movement activity resulting from rock instability, our seismic384

signal classification also provides a useful tool. The unsupervised signal clustering385

[34], combined with granular flow modelling, can identify telltale event types and386

quantify volumes associated with slope failures that can be specifically monitored387

in case other observations are unavailable. In our case, this was possible with an388

earthquake monitoring seismometer providing real-time mass movement detections at389

a distance of ≈5 km from the Blatten area. As machine learning algorithms continue390
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to enhance seismic signal processing, streaming seismometers will play an increasingly391

important role in slope monitoring and can provide information on precursory events as392

soon as an instability is identified. This is already now possible, whereas comprehensive393

identification of mass movement signals in an entire seismic network may not yet be394

feasible as a result of limitations in computational power, training data and algorithm395

transferability. Importantly, in our case, a closer analysis of the precursory rockfall396

activity already pointed out the need to employ low friction angles and thus expect397

high mobility of failing masses in the main event.398

A more physics-based multi-phase model could pinpoint the processes behind399

friction reduction, which may include liquefaction, fragmentation and rock-ice fric-400

tion reduction among others [54–59]. However, epistemic uncertainty in the initial401

water content of the release mass and in key geomechanical parameters like material402

dilatancy precluded the use of more complex thermo-hydro-mechanical models. Never-403

theless, our results show that both depth-averaged flow models and 3D granular models404

capture increased runout mobility when forced and interpreted with pivotal data. The405

combination of seismology, direct geomorphological observations, geotechnical exper-406

iments and granular flow models therefore holds great potential in understanding407

previous and managing future hazardous mass movements.408

Methods409

Seismic event clustering and volume estimation410

We applied a self-supervised learning workflow [34] that combines representation411

learning with iterative clustering to identify and characterize slope-seismic activity412

preceding the 28 May 2025 collapse. At a high level, this algorithm relies on grouping413

signals with similar time-frequency characteristics, such as spectral distribution, signal414

envelope, and duration. This enables the model to distinguish impulsive signatures of415

discrete rockfalls from the emergent patterns of complex mass movements. The con-416

tinuous vertical component (HHZ) waveform at station LAUCH, recorded between417

1 January and 1 June 2025, was segmented into 180 s windows and converted into418

dual-panel images (spectrogram and high-pass filtered waveform > 1 Hz), yielding419

73,387 images. A BYOL-based self-supervised model [73] encoded these images into420

512-dimensional latent representations. The embeddings were first partitioned using421

k-means clustering (3,000 centroids, 300 iterations) and then hierarchically merged422

based on an inconsistency coefficient of 3, resulting in 236 distinct signal clusters.423

Manual inspection and refined arrival-time picking yielded a high-confidence catalog of424

2,265 events, of which 17 clusters (≈700 events) showed clear pre-failure acceleration.425

Event volumes were inferred from seismic energy and signal duration using the426

empirical scaling framework of Hibert et al. [29], Levy et al. [30], Farin et al. [36]. Event427

durations were determined manually. For the seismic records, start and end times428

were picked based on the signal-to-noise ratio and spectrogram characteristics. For the429

SHALTOP simulations, similar to the approach by Hibert et al. [29], the end time was430

defined as the moment when no significant change was observed in the potential energy431

time series. Following the methodology of Hibert et al. [29] and Vilajosana et al. [74],432
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seismic energy was calculated by assuming a ground density of 2,100 kg/m3, a seismic433

wave velocity of 2,500 m/s, a quality factor Q = 100, and a central frequency of 5 Hz.434

To ensure realistic release dynamics in the SHALTOP simulations, the initial435

failure masses were reconstructed by distributing the predefined volumes across the436

source areas using a slope-weighted distribution. The volume assigned to each pixel437

was weighted inversely to the local terrain slope, allowing more mass to be allocated438

to flatter regions. The final basal failure surface was generated by subtracting these439

derived vertical depths from the pre-event DEM.440

As introduced in the main text, the recorded seismic energy Es is empirically linked441

to the loss of potential energy Ep [29]. Assuming proportionality between Es and Ep442

via their respective power-law scalings with duration (Es = αtβs and Ep = α′tβ
′

p where443

tS = tp), we derived Ep from the energy conversion ratio Rps =
Ep

Es
, which is calibrated444

on the granular flow simulations (refer to Fig. 2c,d).445

From the seismic recording, we can only measure the radiated seismic energy Es.446

To relate Es to the actual release volume (Vreal), we rely on the relation Ep = ρgHV ,447

where ρ is the bulk density and H the mean fall height [29]. From the SHALTOP448

simulations, we extract both the explicitly known input volumes (Vsim) and their449

corresponding simulated kinematic potential energy (Ep,sim, which accounts for gHV )450

for the two families. Using these outputs, we establish a linear proportionality factor,451

REpV , between Ep,sim and Vsim by assuming a constant density ρ. By bridging the452

seismic observations and the granular flow simulations, we calculate the real event453

volume as Vreal ≈ RpsEs

REpV
.454

We account for the substantial parameter uncertainties propagated through this455

approximation. Because the empirical power-law fits for Es and Ep are not exactly456

with the same slope, the energy conversion ratio Rps varies across the duration range.457

Furthermore, the source density ρ varies for each event. To establish a confidence458

envelope for the cumulative mass wasting volume, we calculated upper and lower459

volume bounds by varying these physical and empirical parameters. The energy ratio460

bounds (Rps,min, Rps,max) were extracted from the spread between the two fitted461

power-law lines for Es and Ep. For Family 1 (rockfalls), we assumed a source mass462

density ρ from 2,200 to 2,700 kgm−3, which reflects the variation between highly463

fractured rock mass and intact bedrock [75]. For Family 2 (small rock-ice avalanches),464

the source density relies on the volumetric ice fraction. Treating these failures as binary465

mixtures of glacier ice and rock debris, we assumed an ice fraction variation between466

30% and 70%. Using constituent densities of 917 [76] for ice and 2,500 kgm−3 for467

rock yields a ρ uncertainty range of 1,430 to 2,041 kgm−3. The final upper and lower468

volume bounds were computed using the extreme combinations of Rps, ρ, by the two469

boundaries.470

Seismic force inversion and metrics calculation471

We inverted the long-period (15–180 s) seismic waveforms from broadband stations472

between 33 km and 110 km from the source to reconstruct the time-dependent center-473

of-mass force history. The point force was located at (46.40°, 7.84°). We omitted station474

LAUCH from the analysis because its close proximity to the event (5 km) violates475
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the assumptions of the method. Other stations were omitted on a case-by-case basis476

if their data quality was clearly poor (e.g. excessive long-period noise). Data were477

detrended, tapered, corrected for instrument response to displacement (including a478

cosine taper filter with corners at 15 and 180 s), again detrended using a second-479

order spline to remove very-long-period artifacts, and again tapered. The inversion480

followed the lsforce approach [45, 46] using the following parameters: iasp91 2s Earth481

model, no zero start imposition, no add-to-zero constraint, regularization parameter482

α = 1.5×10−17, and Tikhonov ratios (0.4, 0, 0.6). Channels with remaining substantial483

very-long-period noise were down-weighted. The result achieves a variance reduction484

(VR) of 85%. Uncertainty was quantified via a jackknife scheme with 20 iterations,485

each dropping half of the input stations. VR ranged from 81–91% with a median486

of 86%, indicating stable solutions across station subsets. The seismically derived487

and numerical landslide model-derived forces were compared using four quantitative488

metrics: (1) deposit overlap (Trimline ratio), (2) deposit-thickness RMSE, (3) force489

cross-correlation, and (4) amplitude RMSE (refer to Supplementary Material S1. and490

Eqs. S1–S4).491

Depth-averaged granular flow modeling492

SHALTOP [38, 77] solves the depth-averaged equations for dry granular flows on a493

complex topography [17, 22, 39–42]. The equations are depth-averaged along the direc-494

tion normal to the topography to apply the shallow flow approximation accurately.495

Furthermore, SHALTOP accurately accounts for the complex topography curvature,496

which affects the dynamics and deposition of granular flows [42]. SHALTOP’s strengths497

lie in the small number of parameters involved and its extensive validation through498

a series of laboratory experiments and field observations, including seismic data499

[16, 21, 27, 28, 38–41, 62]. The model can handle different rheologies, including a500

Coulomb-type friction law with a constant or variable effective friction coefficient µ.501

Simulations of dry landslides and rock avalanches show that the values of the502

friction coefficients in the models have to be very small to reproduce the runout503

distance and the dynamics of events with large volume [41, 78]. These values are thus504

empirical. This increase of flow mobility with increasing volume remains an open key505

question. To obtain a first estimate of a typical friction coefficient with a volume506

V ≈ 9.3×106 m3, we used the µ(V ) law, where V is the avalanche volume, derived from507

numerical back-analyses of natural dry rock and debris avalanches using a constant508

Coulomb friction law [41]509

µ(V ) = V −0.0774. (1)

Other tested laws include constant Coulomb, velocity-weakening [41], Voellmy, and510

rate-dependent µ(I) rheologies. For the main avalanche, best-fit parameters of µ(I)511

were µ1 = 0.05, µ2 = 0.23, φ = 0.7, d = 0.3 m, and I0 = 0.279. Parameter sensitivity512

and full equations are given in Supplementary Material S2.513

3D MPM granular flow modeling514

To assess 3D effects, we conduct 3D continuum simulations of the rock-ice avalanche515

using MPM. This numerical method, typically attributed to Sulsky et al. [79], allows516
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for the capturing of solid-fluid transitions and naturally handles free surface dynamics.517

In an elasto-viscoplastic framework based on the multiplicative decomposition of the518

deformation gradient into an elastic and viscoplastic part, we formulate a Drucker–519

Prager model [80] which depends on the inertial number. As such, the µ(I)-rheology520

can be recovered under flow conditions. For the main avalanche, best-fit parameters521

of µ(I) were µ1 = 0.02, µ2 = 0.28, φ = 0.7, d = 0.3 m, and I0 = 0.01.522

This versatile model enables the simulation of both cohesionless and cohesive gran-523

ular flows, including snow, rock, or ice avalanches, as well as landslides. The details524

of the elasto-viscoplastic framework are comprehensively presented in Blatny et al.525

[51], Blatny and Gaume [81], which also introduces more advanced constitutive laws526

that may account for dilatancy and compressibility effects. Full constitutive details527

are provided in Supplementary Material S3. Following the framework of [82], the 3D528

simulation results are in this article converted into depth-averaged variables for 2D529

visualization and metric evaluation.530

Geotechnical field investigation531

Four sediment samples were collected from the uppermost sediment layer of the532

deposits, both on the counterslope and at the main deposit (Fig. 1b). Grain-size dis-533

tribution (GSD) was determined on a weight basis using dry sieving, wet sieving, and534

hydrometer analysis to characterize the fraction finer than 16 mm, following the Swiss535

Norms [83]. The collected field samples also contained material coarser than 16 mm536

(coarse gravel and cobbles), which was proportionally scaled and included in the final537

GSD (Fig. 6a). Larger boulders were observed on site, but could not be incorporated538

into a complete GSD. Visual observations indicate (Extended data Fig. 4), however,539

that these boulders are embedded within a matrix-supported mixture of cobbles,540

gravel, sand and fines. This indicates that landslide behavior was governed primarily541

by this sediment matrix rather than by interactions among boulders. Samples from542

the counterslope and the main deposit show similar GSDs, though the counterslope543

was visually richer in boulders, indicating preferential coarse deposition there while544

finer, more mobile fractions continued downstream.545

Field-saturated hydraulic conductivity (Kfs) was measured in-situ at the south-546

western margin of the deposits (Fig. 1b) using the METER SATURO dual-head547

infiltrometer [84, 85]. Three tests yielded relatively low values (average Kfs =548

1.5 × 10−5 m/s) and high variability (σfs = 1.5 × 10−5 m/s). Nonetheless, a sim-549

ple estimate of the saturated hydraulic conductivity using Hazen’s empirical relation,550

based on mean D10 = 0.033 mm (the grain diameter at 10% passing, extracted from551

the measured GSDs), yielded a comparable value (Ks = 1.1 × 10−5 m/s), which is552

within the range of the SATURO measurements. Converting to intrinsic permeability553

using k0 = Kfsηwγ
−1
w , where γw is the unit weight of water and ηw = 10−3 Pa · s its554

viscosity, gives k0 ≈ 10−12 m2.555

21



Extended data556

Extended Data Fig. 1— Temporal evolution of Family 1 from 11 May to 30 May.
Cumulative number of events (black) and estimated individual volumes (orange) for
clusters from Family 1. Vertical dashed lines indicate the onset of major phases: May 19
(rockfall acceleration), May 22 (rockfall plateau), and May 28 (main glacier collapse).
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Extended Data Fig. 2— Temporal evolution of Family 2 from 11 May to 30 May.
Cumulative number of events (black) and estimated individual volumes (orange) for
clusters from Family 2. Vertical dashed lines mark the same key phases as in Extended
Data Fig. 1.
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Extended Data Fig. 3— Snapshots of simulated avalanche dynamics for the µ(I)
rheology (topographic data based on post-event (29 May 2025) DEM). Panels show the
evolution of vertical thickness from (a) the SHALlow water depth-averaged numerical
model (SHALTOP) and (b) Material Point Method model (MPM), and the corre-
sponding apparent friction coefficient (c) from SHALTOP at key kinematic instances
corresponding to the seismic analysis in Fig. 3: acceleration (I, 24 s), gorge transit
(II, 51 s), valley-floor collision (III, 70 s), and flow redirection (IV , 92 s).
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Extended Data Fig. 4— Field photographs of the Birch Glacier avalanche deposit
(ETH Zürich). (a) Sampling of the main deposit surface. (b) Close-up view of the
matrix-supported texture, where coarse fragments are partially buried in fine material.
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Seneviratne, S., Kenner, R., Nötzli, J., Phillips, M., Glagliardini, O., Schuler, T.:744

Fact sheet for the now-collapsed Birchgletscher, Switzerland. Technical Report745

88028-VAW-2025-07, ETH Zurich Laboratory of Hydraulics, Hydrology and746

Glaciology VAW, and Swiss Federal Institute for Forest, Snow and Landscape747

Research (WSL), Zurich (June 2025)748

[32] News, S.: Lonza steigt +++ Gampel/Steg sollen sich auf749

Räumung vorbereiten (2025). https://www.srf.ch/news/schweiz/750

dorf-blatten-verschuettet-lonza-steigt-gampel-steg-sollen-sich-auf-raeumung-vorbereiten751

752

30

https://doi.org/10.1002/jgrf.20110
https://doi.org/10.1002/jgrf.20110
https://doi.org/10.1002/jgrf.20110
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/jgrf.20110
https://doi.org/10.1002/2014GL060592
https://doi.org/10.1016/j.geomorph.2019.106933
https://doi.org/10.1016/j.geomorph.2019.106933
https://doi.org/10.1016/j.geomorph.2019.106933
https://doi.org/10.1093/gji/ggw216
https://doi.org/10.1093/gji/ggw216
https://doi.org/10.1093/gji/ggw216
https://doi.org/10.1002/2014JB011426
https://doi.org/10.1029/2011JF002038
https://doi.org/10.1029/2011JF002038
https://doi.org/10.1029/2011JF002038
https://doi.org/10.1002/2015JB012151
https://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2015JB012151
https://www.srf.ch/news/schweiz/dorf-blatten-verschuettet-lonza-steigt-gampel-steg-sollen-sich-auf-raeumung-vorbereiten
https://www.srf.ch/news/schweiz/dorf-blatten-verschuettet-lonza-steigt-gampel-steg-sollen-sich-auf-raeumung-vorbereiten
https://www.srf.ch/news/schweiz/dorf-blatten-verschuettet-lonza-steigt-gampel-steg-sollen-sich-auf-raeumung-vorbereiten


[33] Swiss Seismological Service: Mass Movements (2025). http://www.seismo.ethz.753

ch/en/earthquakes/switzerland/massmovements/754

[34] Rimpot, J., Hibert, C., Malet, J.-P., Forestier, G., Weber, J.: Self-supervised755

learning based clustering workflow for exploring seismological data from dense756

networks. Journal of Geophysical Research: Machine Learning and Computation757

2(4), 2025–000958 (2025) https://doi.org/10.1029/2025JH000958758

[35] Durand, V., Mangeney, A., Bernard, P., Jia, X., Bonilla, F., Satriano, C., Saurel,759

J.-M., Aissaoui, E.M., Peltier, A., Ferrazzini, V., Kowalski, P., Lauret, F., Brunet,760

C., Hibert, C.: Repetitive small seismicity coupled with rainfall can trigger761

large slope instabilities on metastable volcanic edifices. Communications Earth &762

Environment 4(1), 383 (2023) https://doi.org/10.1038/s43247-023-00996-y763

[36] Farin, M., Mangeney, A., Rosny, J., Toussaint, R., Trinh, P.-T.: Link764

between the dynamics of granular flows and the generated seismic sig-765

nal: Insights from laboratory experiments. Journal of Geophysical Research:766

Earth Surface 123(6), 1407–1429 (2018) https://doi.org/10.1029/2017JF004296767

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2017JF004296768

[37] Mangeney-Castelnau, A., Vilotte, J.-P., Bristeau, M.O., Perthame, B., Bouchut,769

F., Simeoni, C., Yerneni, S.: Numerical modeling of avalanches based on saint-770

venant equations using a kinetic scheme. Journal of Geophysical Research: Solid771

Earth 108(B11), 2527 (2003) https://doi.org/10.1029/2002JB002024772

[38] Mangeney-Castelnau, A., Bouchut, F., Vilotte, J.P., Lajeunesse, E., Aubertin,773

A., Pirulli, M.: On the use of Saint Venant equations to simulate the spreading774

of a granular mass: Numerical simulation of granular spreading. Journal of Geo-775

physical Research: Solid Earth 110(B9), 09103 (2005) https://doi.org/10.1029/776

2004JB003161777

[39] Lucas, A., Mangeney, A.: Mobility and topographic effects for large Valles778

Marineris landslides on Mars. Geophysical Research Letters 34(10), 10201 (2007)779

https://doi.org/10.1029/2007GL029835780
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[74] Vilajosana, I., Suriñach, E., Abellán, A., Khazaradze, G., Garcia, D., Llosa, J.:908

Rockfall induced seismic signals: case study in montserrat, catalonia. Natural Haz-909

ards and Earth System Sciences 8(4), 805–812 (2008) https://doi.org/10.5194/910

nhess-8-805-2008911

[75] Daly, R.A., Manger, G.E., Clark, J. Sydney P.: Section 4: Density of rocks. In:912

Handbook of Physical Constants. Geological Society of America, Boulder, CO913

(1966). https://doi.org/10.1130/MEM97-p19914

[76] Cuffey, K.M., Paterson, W.S.B.: The Physics of Glaciers, 4th edn. Elsevier,915

Oxford, UK (2010)916

[77] Bouchut, F., Mangeney-Castelnau, A., Perthame, B., Vilotte, J.-P.: A new model917

of Saint Venant and Savage–Hutter type for gravity driven shallow water flows.918

Comptes Rendus Mathematique 336(6), 531–536 (2003) https://doi.org/10.1016/919

S1631-073X(03)00117-1920

[78] Delannay, R., Valance, A., Mangeney, A., Roche, O., Richard, P.: Granular and921

particle-laden flows: from laboratory experiments to field observations. Journal922

of Physics D: Applied Physics 50(5), 053001 (2017) https://doi.org/10.1088/923

1361-6463/50/5/053001924

[79] Sulsky, D., Chen, Z., Schreyer, H.L.: A particle method for history-dependent925

materials. Computer Methods in Applied Mechanics and Engineering 118(1-2),926

179–196 (1994) https://doi.org/10.1016/0045-7825(94)90112-0 . Accessed 2023-927

02-06928

[80] Drucker, D.C., Prager, W.: Soil mechanics and plastic analysis for limit design.929

Quarterly of Applied Mathematics 10(2), 157–165 (1952) https://doi.org/10.930

1090/qam/48291931

[81] Blatny, L., Gaume, J.: Matter (v1): An open-source mpm solver for granular mat-932

ter. EGUsphere 2025, 1–29 (2025) https://doi.org/10.5194/egusphere-2025-1157933

[82] Vicari, H., Kyburz, M.L., Gaume, J.: Brief communication: Depth-averaging of 3D934

depth-resolved MPM simulation results of geophysical flows for GIS visualization.935

Natural Hazards and Earth System Sciences 25(10), 3897–3904 (2025) https:936

//doi.org/10.5194/nhess-25-3897-2025937

[83] SN EN ISO 17892-4:2018-12: Geotechnische Erkundung Und Untersuchung,938

Laborversuch an Bodenproben – Teil 4: Bestimmung Der Korngrössenverteilung.939
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Supplementary Information Overview36

This Supplementary Information provides extended methodological details, parame-37

ter tests, and supporting results complementing the main text.38

39

S1 describes the sensitivity analysis and quantitative performance metrics used to40

evaluate the numerical simulations against field and seismic observations.41

S2 presents the detailed rheological parameter tests for the SHALlow water depth-42

averaged numerical model (SHALTOP) including the Coulomb, µ(u), Voellmy, and43

µ(I) rheologies.44

S3 outlines the constitutive formulation and implementation of the Material Point45

Method model (MPM), emphasizing the Drucker–Prager framework and boundary46

conditions.47

48

Supplementary Table S1 summarizes the simulations for both the precursory event49

tests and best-fit parameters and evaluation metrics for each tested rheology of the50

main event.51

52

Supplementary CSV file summarizes the complete set of simulation runs and the53

corresponding performance metrics used in the sensitivity analysis. Column icomp54

specifies the rheology type: 1 for pure Coulomb, 7 for µ(I), 8 for Voellmy, and 9 for55

µ(u).56

57

Two Supplementary Videos accompany this material:58

Video S1 illustrates the SHALTOP simulation results µ(I), showing the temporal59

evolution of flow thickness, friction angle and velocity with force history associated60

with seismic inversion.61

Video S2 presents the full 3D animation of MPM µ(I) simulation.62

S1. Sensitivity analysis and rheological parameter63

testing64

Sensitivity analysis65

Model-predicted forces were filtered and time-shifted to compare with the inverted66

force magnitude. Model–data fit was summarized by four metrics:67

2



• Trimline ratio [1]: For each simulation, we first computed the dynamic simulated68

footprint as the area of the union of all grid cells exceeding a minimum flow thickness69

hth of 0.05 m at any time step, and compared it against the area of the observed70

footprint (the entire mapped boundary polygon) mask using the intersection-over-71

union (IoU) formulation:72

TR =
|Tsim ∩ Tobs|
|Tsim ∪ Tobs|

, (1)

where Tsim and Tobs are the simulated and observed footprint areas, respectively.73

• Thickness Root-mean Squared Error: The root-mean squared error (RMSE)74

between the observed and simulated final deposit thickness fields was calculated75

over all grid cells. The data is preprocessed by assigning h = 0 to no data cells in76

either thickness field, and to any cells in the observed deposits distribution with77

a negative thickness change or that is outside the observed footprint. This metric78

accounts for both vertical depth discrepancies and spatial mismatches:79

Thickness RMSE =

√√√√ 1

N

N∑
i=1

(
hsim
i − hobs

i

)2
, (2)

where hsim
i and hobs

i are the simulated and observed deposit thicknesses at grid i,80

respectively, and N is the number of grid cells.81

• Force normalized cross-correlation: Median of the component-wise normal-82

ized cross-correlation between the modeled and inverted force histories, evaluated83

after aligning them by the optimal overall lag τ∗. τ∗ is found by finding the time84

shift to identify the delay that maximizes the median normalized cross-correlation85

across all three components. The forward force-time histories were calculated with86

the acceleration of the landslide’s center of mass at each time step, assuming a87

total volume of 9.35 × 106 m3 and a bulk density of 2, 113 kg m−3. For each com-88

ponent k ∈ {E,N,U}, we computed the normalized cross-correlation using the89

“correlate template” function from ObsPy [2]. The correlation was evaluated over90

the common analysis window T and maximized over allowed time lags. The overall91

metric is the median across the three components.92

This measure yields the maximum correlation coefficient (with a value of 1 indicating93

perfect correlation, 0 indicating no correlation) of the two force histories, normalized94

by their energy, and is independent of amplitude.95

• Force amplitude root-mean squared error: RMSE of the modeled versus96

inverted absolute force amplitudes after aligning the inverted force history to the97

modeled by shifting the inverted signal by the optimal overall lag τ∗, averaged over98

the three components, expressed as follows:99

Amp RMSE =

√√√√ 1

3T

∑
k∈{E,N,U}

T∑
t=1

(
F sim
k (t)− F inv

k (t− τ∗)
)2
. (3)
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We compute the force amplitude RMSE only over the time window between 40100

and 120 seconds relative to the zero time of the model simulations to focus on best101

matching the peak portion of the signal.102

The full list of simulations and corresponding performance metrics is provided in103

Supplementary Table 1. Simulations in which the flow propagated beyond the mapped104

topographic domain were flagged as invalid and excluded from the best-fit evaluation.105

To enable a consistent comparison across metrics with different units and scales, we106

normalized each metric by computing its z -score relative to the ensemble mean and107

standard deviation. Because lower RMSE values indicate better performance, the z-108

scores of the Thickness RMSE and Amplitude RMSE metrics were sign-inverted before109

aggregation. To derive the overall performance index, we computed a weighted sum of110

the normalized scores across all four metrics. As detailed in the main text, topographic111

deposit metrics were assigned a weight of 0.7, whereas seismic metrics were weighted112

at 0.3.113

S2. Main event rheological parameter testing for114

SHALTOP115

For every rheology, parameter tests were performed over physically reasonable inter-116

vals derived from laboratory and field constraints. The Coulomb rheology assumes a117

constant basal friction coefficient µ = tan δ. We tested δ between 6◦ and 9◦ in 1◦118

increments to determine the minimum angle reproducing the observed runout. Fric-119

tion angle of 8◦ yielded the best overall match but tended to under-represent lateral120

spreading. The volume-dependent µ(V ) law is given by µ(V ) = V −0.0774 [3].121

To account for dynamic weakening, we tested a velocity-weakening law, derived122

from this series of simulation, where the friction coefficient is no longer constant as123

opposed to the Coulomb friction law, but varies with the flow velocity [3]:124

µ(u) =

 µu1 +
µu2−µu1

||u||/uw
, if ||u|| > uw

µu2 otherwise,
(4)

where ∥u∥ is the norm of the flow velocity and uw is a characteristic transition velocity125

defining the onset of dynamic weakening. We explored lower friction angles δu1 between126

6◦ and 8◦ (in 1◦ increments), whereas keeping the upper friction angle fixed as δu2 =127

δu1 + 10◦ for consistency with empirical calibration tests. The characteristic velocity128

uw was set to 2 m/s.129

For the Voellmy rheology, the basal shear stress is expressed as [4]130

T

ρ
= cos θghµ

(
1 +

u⊤Hu

g cos θ

)
+ g

||u||2

ξ
, (5)

where ρ is the bulk density, h is the flow thickness in the direction perpendicular to131

the topography, θ is the slope angle, and H the curvature tensor. We tested friction132

angles δ of 5◦ and 6◦, and for each case varied ξ between 2000, 2500, and 3000 m s−2.133
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The combination δ = 5◦ and ξ = 2500 m/s2 yielded the highest overall performance134

based on the composite z-score. However, as this score represents an unweighted sum135

across all metrics, the result should be interpreted as indicative rather than optimal.136

In particular, the corresponding deposit remains less laterally extensive than in the137

µ(I) simulations.138

Lastly, for µ(I) rheology [5], it accounts for strain rate-dependent friction:139

µ(I) = µI1 +
µI2 − µI1

1 + I0/I
, (6)

where the inertial number I can be expressed in depth-averaged models as:140

I =
5

2

d||u||
h
√

φgh cos(θ)
, (7)

where µI1 and µI2 are the lower and upper limits of the friction coefficient, respectively,141

I0 = 0.279 is an empirical coefficient calibrated on lab experiments of granular flows,142

d is of the order of the mean grain size, and φ is the solid fraction The dimensionless143

number I represents the ratio between the microscopic timescale for particle rearrange-144

ment and the macroscopic timescale for deformation [6]. We first varied δ1 between 1◦145

and 5◦ in 1◦ increments, keeping the upper friction angle fixed as δI2 = δI1 +10◦. For146

each friction pair, the characteristic grain size d was varied among 0.1, 0.3, 0.5, and147

0.7 m. However, noticing that this fixed 10◦ difference did not fully account for the148

geometry of the final deposition stage, we also varied the space between δI1 and δI2 to149

fully explore the parameter space. The best-fitting configuration (δI1 = 1◦, δI2 = 16◦,150

d = 0.3 m, φ = 0.4) achieved one of the highest composite scores and reproduced the151

most laterally extensive deposit geometry, consistent with enhanced flow mobility (see152

detailed sensitivity test in the CSV file).153

S3. Constitutive details of 3D MPM granular flow154

modeling155

For the sake of simplicity, calibration, and comparison with the SHALTOP-µ(I) frame-156

work, we opted for a cohesionless and rate-dependent Drucker–Prager model. The157

stress states are bounded by the yield condition y(p, q) ≤ 0, where the yield function158

is defined as:159

y(p, q) = q − µint(I)p, (8)

Here, the yield surface is expressed in terms of the stress invariants160

p = −1
3 tr(σ) and q =

√
1
2σd

: σ
d
, (9)

where σ is the Kirchhoff stress tensor and σ
d
its deviatoric part.161
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The internal friction coefficient µint(I) is rate-dependent and analogously to162

Equation (6),163

µint(I) = µint
1 +

µint
2 − µint

1

1 + I0/I
, (10)

is the internal friction which depends on the inertial number I = γ̇ d√
pφ/ρ

where γ̇164

denotes the plastic shear strain rate.165

A non-associative flow rule is assumed, with the plastic potential function equal to166

q. As in [7], the isotropic and hyperelastic Hencky model is used to relate stresses to167

elastic deformations (Young’s modulus E = 1 MPa and Poisson’s ratio ν = 0.3). The168

elastoplastic problem is solved within the general finite strain framework of [8].169

The explicit MPM solver used in this study features a regular and uniform grid170

with cell width 4 m and maximum duration of 250 s, relying on B-spline interpolation171

functions for points-grid interpolation and an Affine Fluid-Implicit-Particle transfer172

scheme [9]. We therefore have an uncertainty in particle position, and consequently in173

deposit height, on the order of dx/2 = 2 m. To ensure consistency in the comparison,174

the topography in the MPM simulations was smoothed using an 8 m spatial window,175

matching the 8 m grid resolution used in SHALTOP.176

For the basal boundary condition, we apply a slip criterion that allows positive177

slope-normal velocities. Introducing a base friction µ, the velocity v at the boundary178

is given by179

v =

v∗
T − µ ||v∗

N || v∗
T

||v∗
T ||

if ||v∗
T || > µ ||v∗

N ||,

0 otherwise,
(11)

where v∗
T and v∗

N are the tangential and normal components, respectively, of the veloc-180

ity v∗ before (marked by ∗) the boundary condition is applied. To allow separation181

from the boundary, this is only applied if v∗ indicates penetration of the bound-182

ary; otherwise v = v∗. Such a boundary condition is extensively used in MPM flow183

modeling and has been rigorously validated [7, 10].184

Finally, again following the µ(I) rheology and Equation (6), we impose the base185

friction to be µ = µ(Icol), where Icol is the inertial number of the (local) material186

colliding with the boundary. As such, the base friction is bound by two parameters,187

µ1 and µ2. To best reproduce the run-out distance, deposit height and seismic force,188

we used the following combination of parameters: δint1 = tan−1(µint
1 ) = 2◦, δint2 =189

tan−1(µint
2 ) = 40◦, µ1 = 0.02, µ2 = 0.28, d = 0.3 m, φ = 0.7, I0 = 0.01.190

In the so-called pure Coulomb case, we assume that the basal friction µ and internal191

friction µint are constant and equal. To best fit the run-out distance with this model,192

we used µ = µint = 0.21.193
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Table S1 Summary of numerical simulation parameters and performance metrics for the
precursory sequence and the main event.

Scenario Model Rheology
laws

Volume(m3) Friction parameters Weighted
z-score

Precursory
sequency
(Fam. 1)

SHALTOP Coulomb 500− 300, 000 δ = 10◦ –

SHALTOP Coulomb 500− 300, 000 δ = 20◦ –

SHALTOP Coulomb 500− 300, 000 δ = 30◦ –

SHALTOP µ(V ) 500− 300, 000 – –

Precursory
sequency
(Fam. 2)

SHALTOP Coulomb 500− 30, 000 δ = 10◦ –

SHALTOP Coulomb 500− 30, 000 δ = 20◦ –

SHALTOP Coulomb 500− 30, 000 δ = 30◦ –

SHALTOP µ(V ) 500− 30, 000 – –

Main event

SHALTOP Coulomb 9.35× 106 δ = 8◦ -0.09

SHALTOP µ(I) 9.35× 106 δ1 = 2◦, δ2 = 16◦,
I0 = 0.279, d = 0.3 m,
φ = 0.7

1.36

SHALTOP µ(u) 9.35× 106 δ1 = 17◦, δ2 = 7◦,
uw = 2 m/s

0.66

SHALTOP Voellmy 9.35× 106 δ1 = 5◦, ξ = 2500 m
s−2

1.27

SHALTOP µ(V ) 9.35× 106 – -6.27

MPM Coulomb 9.35× 106 δ = 11.8◦ -0.45

MPM µ(I) 9.35× 106 δ1 = 1◦, δ2 = 16◦,
I0 = 0.01, d = 0.3 m,
φ = 0.7

1.05
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