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On the stability of rock glaciers under a global warming scenario: facts and fiction!
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The stability of rock glaciers that are located at the lower boundary of alpine permafrost is of great concern in mountainous environments because of possible instabilities that may be triggered by rising temperatures and melting ice. In parallel, rock falls, mudflows, debris flows and other mass movement activities are thought to increase in context with global warming scenarios, causing significant damage to the environment below these active rock glaciers. Reference maps (BAFU 2006) can aid in determining the existence of alpine permafrost. Any predictions to date about rock glacier stability are generally based on surface observations, since research that considers the physical processes within the frozen ground are sparse. However, ignoring the thermo-mechanical mechanisms at play during the thawing of the ice within ice rich material will lead to erroneous conclusions and more fundamental investigations are required. Based on geotechnical data available from two rock glaciers located in the upper Engadin, the Muragl and Murtèl-Corvatsch rock glaciers (Arenson & Springman 2005a, b), a numerical sensitivity analysis was carried out to study critical failure mechanisms. In addition, thermal modelling was performed to investigate the effect of latent heat, as well as convective heat fluxes, on the mechanical properties of the frozen ground.

The mechanical properties of the rock glacier material is controlled by a number of different factors, such as the voids ratio (ice, air and unfrozen water content) in respect of the particle matrix and the resulting grain size distribution, the temperature, strain rate, etc.. Most of these factors are a function of each other (e.g. Andersland & Ladanyi 2004; Arenson et al. 2007). In order to determine critical slip surfaces within a rock glacier, limit equilibrium analyses were carried out on a generic situation, where the front slope was chosen to be close to the angle of repose of the unfrozen material, and the rock glacier slope was about ten degrees less steep. Similar to the situation found on the Muragl rock glacier, an unfrozen layer consisting of coarse material was placed between the permafrost base and the bedrock. 
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Figure 1.  Slope stability map for a generic rock glacier. The dashed line indicates the safety factor F of 1.25 for the unfrozen condition. 

Figure 1 shows an example of the slope stability map for frozen conditions. Soil strength properties were chosen for a coarse material close to 0°C. The modelling shows that the front is at equilibrium, i.e. factor of safety is close to 1 (F = 1.0), and that this increases as possible slip surfaces pass through the frozen regions. Additional modelling, including water flow through the active and/or the unfrozen layer below the permafrost base, confirmed that local instabilities will be triggered at the rock glacier front, where the water exits the rock glacier and reappears at the surface. 
A series of temperature scenarios have been used to study the thawing of different materials at various ice contents. It could be shown that high ice contents significantly slow the thawing of the ground. Within dry rocks, large temperature changes were recorded at great depths, whereas only very small changes were noted at similar depths for ice rich materials. This phenomenon can be attributed to the latent heat, which results in slow reactions within ice rich materials to temperature changes at the surface. This is important in the field in that relatively ice-dry rock glaciers such as Muragl will react quicker to thermal changes than those in which there are significant depths of massive ice, e.g. at Murtèl-Corvatsch.

Sensitivity analyses were carried out using a numerical model that allows the stability of rock glaciers to be studied based on the few geotechnical properties available. Even though the models are not yet capable of coupling the thermal changes with time with the soil strength parameters, and hence enable production of transient predictions of slope stability, it could be shown that despite the creep movements observed, active rock glaciers are generally stable features. Instabilities may occur within the unfrozen zones at the front and in the active layer, in particular in combination with intense seepage. Due to the latent heat, the ice in the frozen ground dampens and slows thermal anomalies at the surface and protects the ground below. However, further investigations are essential to focus on the determination of geotechnical parameters of rock glacier material as well as their direct coupling to the changing temperature regime. 
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