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Abstract. Earthquakes have long been regarded as one of the major triggers of ice avalanches (IAs). However, their role in 

IA initiation remains controversial. Here, we compiled 169 IA events that occurred between 1941 and 2022 together with 

their associated earthquake records, and found that only 9 IAs occurred on the same day as the earthquake. This indicates a 

pronounced delayed response of IAs to seismic forcing. Taking the Hailuogou, Yanzigou, and Dagongba glaciers on Mt 10 

Gongga as examples, and using the 5 September 2022 Luding earthquake as the dividing point, we analysed glacier surface 

velocities during September-December 2021 and September-December 2022. The results show that glacier motion reached 

its maximum 1 month after the earthquake. By comparing meteorological data from the pre- and post-earthquake periods, we 

excluded climate variability as the primary cause of the observed glacier acceleration, thereby confirming the statistical 

pattern of delayed earthquake-induced IAs. We further propose a new contact model showing that seismic loading can 15 

transiently enhance the strength of ice. This strengthening effect is interpreted as the fundamental reason for the delayed 

occurrence of IAs after earthquakes. This study provides a new theoretical framework and fresh insights into the failure 

mechanism and hazard mitigation of earthquake-induced IAs. 

1 Introduction 

An ice avalanche (IA) is a glacier collapse phenomenon. Among cryospheric geohazards, IAs are an important source 20 

of material for secondary hazards such as debris flows (Kääb et al., 2018), glacial lake outburst floods (Zhang et al., 2018), 

and river blockages (Shugar et al., 2021). With the rapid expansion of railways, highways, hydropower stations, and other 

engineering projects in high mountain regions, IAs and their cascading hazards have posed increasing threats to the safe 

operation of such infrastructure (Kääb et al., 2018; Shugar et al., 2021; Zhang et al., 2018). In current IA hazard assessments, 

earthquakes are widely regarded as a key controlling factor (Zhang et al., 2023). This is especially true in the seismically 25 

active southeastern Tibetan Plateau, where seismic activity plays an important role in IA risk management and decision-

making (Wood et al., 2024). However, because IAs are short-lived events that often occur in remote areas, they have 

received far less attention than many other natural hazards (Kääb et al., 2018; Lei et al., 2021; Zhao et al., 2021). As a result, 
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our understanding of the relationship between earthquakes and IAs remains limited. Clarifying this relationship is therefore 

of considerable scientific and practical importance. 30 

At present, the role of earthquakes in triggering IAs remains highly debated. Some studies suggest that earthquakes can 

directly trigger IAs by damaging glacier termini or inducing basal slip. A representative example is the Huascarán IA 

triggered by the 31 May 1970 Ms 7.9 earthquake (Plafker and Ericksen, 1978). In contrast, other studies have argued that 

most IAs are not directly linked to earthquakes and may instead reflect only indirect or secondary effects (Shugar et al., 

2021). For example, the 2017 Sedongpu IA occurred 41 d after a Ms 6.9 earthquake (Tong et al., 2018). These case studies 35 

indicate that earthquakes may both trigger IAs directly and exert longer-term influences that lead to delayed failure. 

Nevertheless, two fundamental questions remain unresolved: is the delayed response of IAs to earthquakes a general 

phenomenon, and what physical mechanism causes this delay? 

To address these questions, we systematically compiled 169 IA events reported in the literature and in the Tibetan 

Plateau Data Center (TPDC; Zhang and Wang, 2022) for the period 1941-2022, together with earthquake records from the 40 

United States Geological Survey (USGS, 2021), in order to evaluate the generality of delayed earthquake-induced IAs. To 

complement the statistical analysis, we used the 5 September 2022 Luding earthquake as a natural dividing point and applied 

the pixel offset tracking (POT) method to analyse glacier surface velocities for three glaciers on Mt Gongga during 

September-December 2021 (pre-earthquake) and September-December 2022 (post-earthquake). By comparing air 

temperature and precipitation during the same periods, we ruled out climate variability as the main driver of the observed 45 

glacier acceleration, thereby verifying the delayed influence of earthquakes on glacier instability. In addition, we developed a 

dynamic ice-strength model to analyse how earthquakes alter the mechanical behaviour of glacier ice and to reveal the 

mechanical basis of delayed IA initiation. 

2 Relationship between Earthquakes and IAs 

To explore the temporal relationship between earthquakes and IAs, we compiled a global dataset integrating both IA 50 

and seismic records. IA events were obtained from the published literature and open-access repositories, particularly the 

Tibetan Plateau Data Center (TPDC; Zhang and Wang, 2022). To isolate glacier-only processes, rock-ice avalanche events 

were excluded, resulting in a total of 169 IAs. For each IA, we identified potential triggering earthquakes that occurred 

within 300 km and within 1 year prior to the avalanche. Seismic data were obtained from the USGS earthquake catalogue. 

Given the high strain-rate sensitivity of ice relative to typical geotechnical materials, we adopted a lower magnitude 55 

threshold of Ms ≥ 3.0, rather than the more conventional threshold of Ms ≥ 4.0 used in many earthquake-induced landslide 

studies. Using these criteria, we identified 85 earthquakes, indicating that at least 84 IAs had no immediate seismic 

association. Among the IA-earthquake pairs, only 9 events occurred on the same day as the associated earthquake, whereas 

the remaining 76 occurred weeks to months later. This pattern suggests that many earthquake-related IAs are not triggered 
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solely by coseismic ground shaking, but instead reflect delayed responses driven by time-dependent processes initiated by 60 

seismic forcing. 

Some IA events in the dataset were located far from their associated earthquake epicentres, raising the possibility of 

weak or spurious correlations. To reduce the influence of such outliers, we adopted a fitting approach based on the empirical 

relationship proposed by Keefer (1984), which defines the maximum distance for earthquake-induced landslides. Because no 

established epicentral-distance threshold exists for IA-earthquake pairs, we considered both sample size and climatic 65 

interference. Small samples reduce statistical robustness, whereas large samples may include IAs influenced by long-term 

environmental forcing. To balance these effects, we selected 20 IAs that occurred within 2 months of earthquakes with 

magnitudes below 4.5, a subset less likely to be strongly affected by extreme climatic conditions (Fig. 1a). This subset was 

then used to derive a lower-bound empirical relationship between earthquake magnitude and epicentral distance (Eq. 1), 

which serves as a threshold for identifying plausible IA-earthquake pairs. 70 

log( ) 0.60176 0.4561D sR M= −  (1) 

where Ms is the earthquake magnitude; RD is the maximum distance (km) over which an IA can be triggered. 

We further classified post-earthquake IAs based on RD and conducted a 30-day interval statistical analysis of IA 

occurrences (Fig. 1b). The distribution of IA delay times exhibits a statistically significant normal pattern (p > 0.05), with the 

highest number of events occurring within 1 to 2 months after the earthquake. This finding underscores the necessity of 

enhanced post- earthquake IA monitoring in the HMA, as delayed IAs may trigger cascading geohazards following seismic 75 

events. 

At present, comprehensive temperature and precipitation data before and after each IA are unavailable, which limits our 

ability to fully distinguish whether these post-earthquake IAs were driven by delayed climatic changes or by sudden 

meteorological events such as intense rainfall. Nevertheless, this limitation does not undermine the statistical significance of 

our findings. The observed delay times display a clear concentration and approximate normality, supporting the hypothesis 80 

of a systematic delayed triggering mechanism associated with earthquakes. 
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Figure 1. Relationship between earthquakes and IAs: (a) The distribution of epicentral distance to IA source versus the earthquake 

magnitude, (b) The number of IAs versus the delay time of IAs, (c) The density distribution of the delay time and IA distance versus 

earthquake magnitude. 85 

The delay time of IAs is strongly correlated with earthquake magnitude, exhibiting distinct segmentation characteristics 

(Fig. 1c). No IAs were observed following earthquakes with magnitudes below 3.5. When the magnitude ranged from 4.0 to 

5.0, post-earthquake IAs began to appear, and the delay time increased with earthquake magnitude. In the magnitude range 

of 5.3 to 6.5, both co-seismic IAs and post-earthquake IAs were recorded, with a markedly shorter delay time. When the 

magnitude exceeded 7.5, all observed IAs occurred co-seismically, with no delayed events. 90 
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These observations suggest a nonlinear evolution in IA delay time with increasing earthquake magnitude. Specifically, 

low-magnitude earthquakes (Ms < 3.5) appear incapable of triggering IAs. As the magnitude increases, earthquakes acquire 

the capacity to trigger IAs, with delay time first increasing, then decreasing, and eventually approaching zero. If seismic 

shaking only caused structural damage to glaciers, the delay time would be expected to decrease monotonically with 

increasing magnitude. 95 

3 Field evidence for the delayed seismic effect 

Mt Gongga is located in the central Hengduan Mountains on the eastern margin of the Tibetan Plateau, with elevations 

ranging from 1420 to 7556 m and a total area of approximately 196.23 km². Owing to favourable topographic and climatic 

conditions, glaciers are well developed in this region. In this study, we selected the Hailuogou and Yanzigou glaciers on the 

eastern slope and the Dagongba Glacier on the western slope of Mt Gongga as representative study sites (Fig. 2a). These are 100 

major glaciers in the massif and collectively reflect the geomorphic characteristics of both the eastern and western flanks. On 

5 September 2022, an Ms 6.8 earthquake struck Luding County, with an epicentre at 102.08° E, 29.59° N and a focal depth 

of 16 km. Because the epicentre was located within the Hailuogou scenic area, the potential impact of this earthquake on the 

glaciers of Mt Gongga attracted widespread attention. 

Glacier surface velocity is an important indicator of glacier stability: the faster a glacier moves, the lower its stability is 105 

likely to be. Therefore, differences in glacier velocity before and after the earthquake can be used to assess the influence of 

seismic forcing on glacier stability. In this study, glacier surface velocities were derived using the POT method applied to 

interferometric wide swath SAR data from the C-band Sentinel-1A satellite. The single look complex product was used, with 

ascending orbit geometry, orbit number 26, frame number 93, VV polarisation, and a spatial resolution of 5 m × 20 m. 

According to the timing of the earthquake, the observation period was divided into a pre-earthquake interval (September-110 

December 2021) and a post-earthquake interval (September-December 2022). 

Figure 2b shows that during the pre-earthquake period, glacier velocity on Mt Gongga exhibited a distinct spatial 

pattern, with lower values in the north than in the south and in the west than in the east, and an average velocity of 0.17 m/d. 

Relatively strong motion signals were identified on the Hailuogou and Yanzigou glaciers. Specifically, Hailuogou Glacier 

reached its maximum velocity of 2.08 m/d in December, with the peak concentrated within the valley, whereas Yanzigou 115 

Glacier attained a maximum velocity of 1.45 m/d in October. In contrast, Dagongba Glacier showed only minor fluctuations 

in velocity, with a maximum of 0.57 m/d in December. During the post-earthquake period, Hailuogou Glacier reached a peak 

velocity of 2.49 m/d in November, while Yanzigou Glacier recorded a maximum of 1.74 m/d in October. Dagongba Glacier 

also exhibited a clear acceleration signal, with a maximum velocity of 1.40 m/d in October. Overall, glacier velocities 

increased markedly after the earthquake compared with the pre-earthquake period. 120 

To quantify the effect of the earthquake on glacier motion, we compared the monthly mean velocities of the three 

glaciers during the pre- and post-earthquake periods (Fig. 2c). The results show that Hailuogou Glacier reached its maximum 
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velocity 1 month after the earthquake. After November, the velocities of all three glaciers declined rapidly and returned to 

levels comparable to those of the same months before the earthquake. This indicates that the seismic influence on glacier 

motion was strongest during the first month after the earthquake and exhibited a clear delayed effect. 125 

 

Figure 2. Monitoring of glacier surface velocity for three representative glaciers on Mt Gongga: (a) Locations of the three glaciers, (b) 

Spatial distribution of glacier velocity, (c) Histogram of glacier velocity, (d) Temperature curves for the Mt Gongga region in 2021 and 

2022, (e) Precipitation curves for the Mt Gongga region in 2021 and 2022 (Meteorological data were obtained from the National 

Meteorological Information Center of China. https://data.cma.cn/). 130 

We further compared temperature (Fig. 2d) and precipitation (Fig. 2e) during the pre- and post-earthquake periods to 

assess the influence of climate variability on glacier velocity. These data were obtained from the National Meteorological 

Science Data Center. The temperature data show that the mean air temperature in the Mt Gongga region was 7.08 °C during 

the pre-earthquake period and 6.65 °C during the post-earthquake period, representing a decrease of 0.43 °C after the 

https://doi.org/10.5194/egusphere-2026-2367
Preprint. Discussion started: 27 May 2026
c© Author(s) 2026. CC BY 4.0 License.



7 

 

earthquake. We can therefore exclude warming as the main cause of accelerated glacier motion. Although precipitation in 135 

September 2022 was significantly higher than in September 2021, this does not demonstrate that rainfall was the dominant 

cause of glacier acceleration. On the one hand, precipitation in August 2021 was much higher than in August 2022, yet no 

obvious increase in glacier velocity was observed in September 2021. On the other hand, precipitation differences between 

the pre- and post-earthquake periods were small from October to December, whereas glacier velocities differed substantially. 

Taken together, these observations indicate that the Luding earthquake was the main factor responsible for the 140 

difference in glacier motion between September-December 2021 and September-December 2022 for the three glaciers on Mt 

Gongga, whereas climatic variability had only a minor influence during this time. All three glaciers reached maximum 

velocity about 1 month after the earthquake, and these peak values were significantly higher than those recorded during the 

corresponding pre-earthquake period. This provides clear field evidence that the influence of earthquakes on glacier stability 

is delayed rather than purely co-seismic. 145 

4 Why do IAs exhibit a delayed response to earthquakes? 

IAs involve structural failure of glacier ice, commonly leading to detachment and collapse of ice masses from bedrock. 

Under seismic loading, the mechanical behaviour of glacier ice is strongly strain-rate dependent. Laboratory experiments 

have shown that this rate dependence plays a key role in controlling the peak strength of ice. Mellor and Cole (1982) 

measured ice strength at low strain rates ranging from 10⁻⁷ to 10⁻³ s⁻¹ and found that peak strength initially increased with 150 

increasing strain rate up to about 10⁻⁴ s⁻¹, but then began to decrease. Subsequent studies by Schulson (1990) and Kuehn et al. 

(1993) extended this range to 10⁻³ s⁻¹ and reported similar trends. However, this pattern does not continue indefinitely at 

higher strain rates. 

Jones (1997) conducted uniaxial compression tests at strain rates between 10⁻¹ and 10 s⁻¹ and found that peak strength 

increased again with increasing strain rate, in contrast to the earlier low-rate observations. More recent low-temperature Split 155 

Hopkinson Pressure Bar experiments (Kim and Keune, 2007; Deng et al., 2020; Pandey et al., 2024) further confirmed that 

at high strain rates the strength of ice rises sharply and significantly exceeds values measured at low and intermediate rates. 

These observations indicate that the dynamic mechanical response of ice is non-monotonic and comprises multiple 

regimes. We therefore hypothesise that this strain-rate-dependent strengthening is a key factor responsible for the delayed 

response of IAs to earthquakes. However, no unified mechanical framework has yet been established to describe this 160 

nonlinear behaviour across the full strain-rate spectrum. 

4.1 Strain-rate-dependent contact model 

To address this gap, we propose a physically based contact model (Fig. 3a) to describe the evolution of ice strength 

under variable strain rates. The model incorporates elastic ( k ), plastic (
f ), and viscous ( ) components arranged in a 
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series-parallel configuration to simulate inter-particle contact behaviour. As strain accumulates, the contact stress between 165 

particles can be calculated using Eq. (2), with the detailed derivation provided in Supplement S1. 

2

22

2

(1 ) (2 ),   
3

(2 ) (1 ) (2 ),   
3

f

f f f

f

k
kF

R

k k k


    


  

       


− + − 


= =   

 − − − − + −  
   

 (2) 

where   is normal stress (MPa), F  is contact force (N), R  is ice particle radius (mm),   is strain,    is strain rate (s-1), 

k  is normal stiffness (MPa), 
f  is yield strength (MPa),  is viscosity (MPa·s). 

4.2 Energy partition during contact 

Using Eq. (2), we derived the corresponding energy balance to quantify how energy evolves during deformation 170 

(Supplement S2). The total input energy is partitioned into two components: internal energy ( TU ), stored through plastic 

deformation, and damping energy (U ), dissipated through viscous mechanisms. In addition, the model accounts for heat 

exchange with the surrounding environment, described by Newton's law of cooling, in which the rate of heat transfer 

depends on the temperature gradient, duration, and thermal conductivity. Accordingly, the total energy during the contact 

process can be expressed as Eq. (3). 175 
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where U is damping energy density (J/m3), TU is internal energy density (J/m3),  is thermal conductivity coefficient 

( K / s ). 

4.3 Strength criterion and rate dependence 

We adopt the distortion-energy criterion (von Mises yield criterion) to relate energy accumulation to failure. Ice failure 

is assumed to occur when the distortion energy reaches a critical threshold. As strain rate changes, the relative contributions 180 

of damping energy and internal energy also change, thereby modifying the effective strength of the material. Using the 

strength at a low strain rate of 10⁻⁶ s⁻¹ as a reference, we calculated the distortion energy at different strain rates and derived 

a rate-dependent strength expression (Supplement S3). 
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where E is Young's modulus (MPa),  is Poisson's ratio, 0 is reference strength (MPa). 

To calibrate the model parameters, we compiled previously published uniaxial compressive strength data for ice over a 185 

strain-rate range of 10⁻⁶-10³ s⁻¹ and temperatures between -15 and -10 °C (Mellor and Cole, 1982; Schulson, 1990; Kuehn et 

al., 1993; Jones, 1997; Kim and Keune, 2007; Deng et al., 2020; Pandey et al., 2024). Based on the mean strength values at 

four representative strain rates, 10⁻⁶, 10⁻³, 1, and 10³ s⁻¹, we obtained optimal values for the normal stiffness 

( 28200 MPak = ), yield strength ( 75.1 MPaf = ), viscosity ( =7000 Pa s ), and thermal conductivity coefficient 

(
62 10  K / s −=  ) of the contact model. 190 

These meso-scale parameters are substantially larger than macroscopic ice properties because they are defined at the 

particle scale. At the microscale, force is transmitted through discrete contact points between particles, and pores reduce the 

effective load-bearing area. As a result, local contact stresses are higher than bulk-averaged stresses, leading to elevated 

fitted parameter values. To verify their physical reasonableness, numerical upscaling was performed. Integrating the elastic 

stiffness over the entire domain yields a macroscopic Young's modulus of approximately 14 GPa, which is consistent with 195 

published values for glacier ice. Similarly, the contact-model yield strength estimated using a strain inflection point of 0.267 % 

at a strain rate of 10⁻⁶ s⁻¹ is 75.1 MPa, which agrees well with experimental observations. 
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Figure 3. Mechanism of delayed ice-avalanche failure under seismic forcing: (a) Strain-rate-dependent contact model, (b) Agreement 

between model predictions and experimental data over a wide strain-rate range, (c-e) Conceptual stages showing the initial pore structure, 200 
seismic-induced dynamic strengthening, and post-seismic crack propagation leading to delayed failure. 

 

Figure 3b compares the model predictions from Eq. (4) with the experimental data over ten orders of magnitude in 

strain rate. The model successfully reproduces both the strength level and the inflection point at which the rate dependence 

changes, demonstrating good predictive capability. More importantly, it captures the physical mechanism underlying strain-205 

rate-dependent ice strength. At low strain rates (10⁻⁶-10⁻⁴ s⁻¹), internal energy accumulation dominates and contributes to 

strengthening. In the intermediate range (10⁻³-1 s⁻¹), internal energy growth approaches a plateau whereas damping energy 

remains limited, leading to a strength plateau. At high strain rates (10²-10⁴ s⁻¹), damping energy accumulates rapidly, 

increasing energy dissipation and sustaining renewed strengthening. 

Model results show that increasing strain rate enhances the mechanical strength of ice, implying that seismic loading 210 

can induce a transient strengthening effect. We propose that this dynamic strengthening is the key mechanism responsible for 

the delayed triggering of IAs following earthquakes. Based on this idea, we conceptualise a three-stage process leading to 

delayed failure (Fig. 3c-e). 
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In the initial state (Fig. 3c), glacier ice contains distributed micropores but remains stable under gravity. During seismic 

loading (Fig. 3d), elevated strain rates cause microcracks to initiate and propagate between pores, generating internal damage. 215 

At the same time, the increased strain rate transiently enhances the load-bearing capacity of the ice. This temporary 

strengthening compensates for the internal weakening, allowing the glacier to remain metastable even as microstructural 

damage accumulates. Once the seismic effect decays (Fig. 3e), the dynamic strengthening dissipates and the effective ice 

strength decreases. Under continued gravitational loading, residual cracks continue to propagate until catastrophic failure 

occurs and an IA is finally initiated. 220 

5 Conclusions 

Analysis of 169 IAs and their associated earthquakes from 1941 to 2022 shows that only nine IAs occurred on the day 

of the earthquake, whereas the vast majority were delayed by weeks to months. This statistically significant pattern indicates 

that glaciers exhibit a widespread hysteretic response to seismic forcing. In seismically active regions such as HMA, 

attention should therefore extend beyond co-seismic IA hazards to include delayed post-earthquake IAs, highlighting the 225 

need for prolonged post-earthquake monitoring and risk-management strategies. 

For the three representative glaciers on Mt Gongga, maximum glacier velocity occurred approximately 1 month after 

the Luding earthquake and was significantly higher than during the corresponding pre-earthquake period. Comparison of 

temperature and precipitation before and after the earthquake indicates that climatic variability cannot explain the observed 

acceleration. These field observations provide further evidence that the destabilising effect of earthquakes on glaciers is 230 

delayed. 

To explain this delay, we developed a strain-rate-dependent ice-strength model that demonstrates a transient 

strengthening effect during seismic shaking. Earthquakes can temporarily enhance the load-bearing capacity of ice, thereby 

delaying collapse despite the accumulation of internal microdamage. Once this strengthening effect dissipates, continued 

crack propagation under gravitational loading ultimately leads to failure. This mechanism provides a physical explanation for 235 

the temporal lag observed in many IA events. 
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