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Abstract 

Fractures in weak layers of a snowpack can propagate over distances ranging from meters to 
kilometers. Occasionally, these weak layer fractures are triggered on low-angled terrain and propagate 
into steep terrain to release an avalanche. Avalanches released in this way are considered remotely 
triggered avalanches. This paper describes a new field technique that uses geophones (velocity motion 
sensors) to measure the speed of a fracture propagating in a weak layer through a horizontal snowpack. 
In February 2000, six geophones were placed approximately 5 m apart along a transect on the surface 
of the snow. A fracture in a 10-mm-thick weak snowpack layer was artificially triggered and the 
motion of the snow surface indicates a propagation speed of 20 m s-1. The detected flexural wave in the 
slab supports a recent theory for fracture propagation due to collapse in a weak snowpack layer  across 
horizontal terrain. 
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1. Introduction 

Weak layer fractures on horizontal terrain are widely observed by avalanche control workers and by 
ski guides as well as by winter recreationists. Typically, a person on foot, snowshoes, skis or oversnow 
machine initiates a fracture in a weak snowpack layer. The weak layer typically has a thickness of 10 
to 100 mm (Johnson, 2001). Downward displacement of the snow surface is often noticeable. This 
fracture propagates outwards from the trigger point, producing a distinctive “whumpf” sound. Often a 
vertical crack extends from the perimeter of the weak layer fracture through the overlying slab and can 
be observed on the surface of the snow (Figure 1). In some events, e.g. Figure 1, collapse of the 
fractured weak layer is obvious from a pit in the snow shoveled at the perimeter crack.  

The extent of propagation can often be detected by observing downward displacement of the snow 
surface, locating perimeter cracks, and/or the movements of trees and bushes that protrude through the 
snow surface. 

Although the terms firn quake and settlement have been used for the phenomenon, we prefer the 
onomatopoeic term whumpf (Bohren and Beschta, 1974). The term firn quake is not suited to seasonal 
snow and settlement is best restricted to the gradual compaction of granular media due to gravity 
and/or metamorphism of grains.  
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3. Method 

Several days prior to the experiment on 19 February 2000, numerous whumpfs were reported near 
Bow Summit in Banff National Park, Alberta, Canada.  During our arrival on snowshoes in the survey 
area, we triggered several whumpfs in open meadows. Several experiments over three days were made 
to measure the fracture speed before a whumpf was artificially triggered while the seismic equipment 
was set up and recording. 

At an undisturbed site (Figure 2), six geophones were laid in a line spaced approximately five meters 
apart on the surface of the snow. These were connected to a Bison 9000 Series Digital Seismograph, 
sampling at 2000 Hertz (0.5 ms) with 0db gain (Figure 3). Positioning the geophones without 
disturbing the site required walking around the perimeter of the meadow and then pulling the string of 
geophones across the meadow with a load-bearing rope. By lifting the ends of the rope and the outer 
geophones, then alternately pulling the rope a short distance from either end, the geophones were 
oriented as close to vertical as practical before lowering the rope ends. Once the geophones were 
positioned, the Bison recorder was triggered manually. It recorded six channels at 2000 samples per 
channel per second over 20 seconds. After the recorder was started, a person on snowshoes walked in a 
small area near one end of the geophone string. A whumpf was triggered, and each geophone detected 
the resulting motion along its axis as the fracture propagated beneath. Figure 4 shows a schematic of 
the experiment. The distance from the trigger point to each geophone was measured. 

The type and size of the crystals in the weak layer were observed as described by Colbeck et al. 
(1990). The density of each snow layer over the weak layer was measured with a 100 cm3 sampler 
(Canadian Avalanche Association, 2002). 

 

Fig. 2. Site of the fracture speed experiment on 19 February 2000 at Bow Summit of Banff National 
Park, Alberta, Canada showing the location of the geophone string, geophone recorder and location 
where the whumpf was triggered. 
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4. Observations and results 

When the fracture was triggered, all five 
observers immediately reported hearing the 
whumpf sound. The display of geophone motion 
(Figure 5) shows the arrival of energy at 
geophones 6, 5 and 3 from the propagating 
fracture beneath them. The fourth geophone 
malfunctioned. Table 1 shows the distance 
between the trigger and each geophone, and the arrival time of surface displacement associated with 
fracture of the weak layer. The lack of energy at geophones 1 and 2 (the farthest two from the trigger 
point) suggests that the propagating fracture did not reach them. This indicates that the fracture 
propagated at least 12.7 metres and arrested before 17.4 metres. For the traces from geophones 3 and 5, 
we pick the pulse with the maximum amplitude as indicative of the arrival of the snow surface wave. 
Since the pulses have similar shape it does not matter if we pick the time of the peak or the time of the 
first excursion from 0 to measure the travel time for the surface wave. With this information, the speed 
of the fracture was calculated to be 20 m s-1 between the fifth and third geophones.  

 
Table 1: Distance from the trigger point to each geophone and arrival time of the 

surface motion. 
Geophone number Distance from trigger point 

to geophone 
(m) 

Arrival time 
(milliseconds after 
triggering recorder) 

1 21.30 No arrival 
2 17.40 No arrival 
3 12.70 7690 
4 9.00 Defective 
5 4.75 7290 
6 2.65 7200 

Fig. 4. Schematic of the fracture propagation 
experiment on 19 February 2000 showing the 
relative positions of the trigger point, the recorder 
and the six geophones. The concentric circles 
(dashed lines) represent the assumed propagation 
of the fracture in the weak layer. The arcs (solid 
lines) represent the fracture at each of the 
geophones. 

Fig. 3. Bison 9000 Series Digital Seismograph 
and one of the geophones used to measure the 
fracture speed in a weak snow layer. 
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Fig. 5. Signal traces produced by the Bison recorder on 19 February 2000. For geophones 5 and 3, 
the pulse with the largest amplitude was taken to indicate the arrival of the wave on the snow 
surface. 
The error in the distances measured from the trigger point to geophones 5 and 3 is approximately 0.05 
m so the difference in distances is subject to an error of approximately ±0.1 m. Assuming the error in 
picking the time of the event is approximately 2 ms, or 4 ms in the difference between events, the 
calculated speed could err by approximately ±0.4 m s-1 or ±2%. To put an outer bound on the error, we 
consider that the fracture possibly passed under geophone 3 at 7675 ms, representing a picking error of 
15 ms. Assuming such picking errors and that each distance measurement could err by 0.1 m, the error 
in the speed could be ±2 m s-1 or ±10%.  

The weak layer that fractured was 0.40 m below the surface and approximately 10 mm thick. It was 
composed of surface hoar crystals that had formed during a cold clear period approximately fifty days 
previously. The overlying slab had an average density of 190 kg m-3 with lower density layers near the 
surface and higher density layers (240 kg m-3) closer to the weak layer. At other whumpfs in the 
vicinity believed to involve fractures in the same weak layer, vertical displacement of the surface was 
measured to be 2 mm downward within the fractured area. 

5. Discussion 

This experiment brings insight to a phenomenon that has not been completely explained. Bohren and 
Beschta (1974) state that the low velocity of propagation for these waves seems to rule out elastic 
shear or compressional waves. Meyers (1994, p. 27-31) reports that the five most common types of 
elastic waves in solids are: longitudinal waves, distortional waves, surface waves (Rayleigh), 
interfacial waves and flexural waves (in bars and plates). Wilson (1955) states that any disturbance of a 
floating sheet of ice generates flexural waves in the sheet of ice, and that as the stiffness of the ice 
sheet increases so to does the flexural wave velocity. Applying this to snow/firn, a flexural wave would 
travel much slower in a thinner seasonal snowpack than in thicker firn layers located in Antarctica and 
Greenland. This could help explain the large difference between speeds estimated by observers in 
different climatic zones. 

Johnson’s (2001) theory that the flexural wave in the slab controls the fracture in the underlying weak 
predicts slower speeds than estimates based on a brittle shear fracture, e.g. on the order of 100 to 1000 
m s-1 according to Bader and Salm (1990). However, Johnson’s flexural wave theory was developed 
for nearly horizontal terrain and may not apply to the fractures that release dry slab avalanches in 
steeper terrain (typically > 35°) where slope-parallel shear fracture may be dominant and downslope 
displacement of the slab releases much energy.  
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Lackinger (1989) proposed one mechanism of avalanche release in which a weak layer fails in 
compression causing an area of bending in the overlying slab that spreads outward from the initial 
failure. Fracture mechanics texts (e.g. Broek, 1986) imply that a component of shear (Mode II or Mode 
III) is necessary for fracture propagation along a weak layer or interface. Based on the observations of 
slope normal collapse of weak layers cited in the literature review and in our experiment, we 
hypothesize that propagating fractures on level terrain also require a compressive (slope normal) 
component to provide sufficient gravitational energy to drive the fracture. More fracture speed 
measurements on steep slopes are required to determine if the fracture speed in weak layers on 
avalanche slopes are consistent with the flexural wave theory or the greater speeds based on brittle 
shear fracture. 

To our knowledge, this experiment was the first to measure the wave speed in the snowpack due to a 
propagating fracture in a weak layer. Future work should focus on using more geophones in a two 
dimensional array. Motion should also be recorded in three directions so that the wave traveling 
through the overlying slab can be better characterized. 
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