FIGURE 12. \Vertical aerial photograph of the Tombstone
Lake avalanche impact site from 25 August 1958 (AS748-5030).

Two explanations have been proposed to account for ava-
lanche pit/pool and mound development. The first notes that av-
alanche pool development is favored in locations where rela-
tively high-angle avalanche tracks intercept either valley floors
or lake shorelines, which suggests that the pits/pools are a con-
sequence of snow-avalanche impact forces sufficient to excavate
and eject valley-bottom sediments (Schytt, 1965; Peev, 1966;
Liestgl, 1974; Corner, 1980; Fitzharris and Owens, 1984). Ero-
sion of a pit results when the avalanche collides with the valley
bottom and bodily lifts, scoops and/or bulldozes unconsolidated
sediment along its trajectory path. This mechanism has the effect
of eroding a depression, which may then fill with water, and
building a distal embankment of debris. Liestgl (1974) suggested
that water plays a vital role in accentuating the shock waves
generated by subsequent avalanches, enhancing further devel-
opment of the feature. It is possible that the forces operating in
dry pits or in shallow river beds produce slightly different land-
forms (e.g., the ‘‘avalanche impact tongues’’ of Corner [1980]
or the ‘‘snow-avalanche boulder rampart’’ of Matthews and
McCarroll [1994]). This variation in depositional form is envi-
sioned by Luckman et al. (1994) to represent end members of a
range of landforms produced by snow-avalanche impact forces.

The second explanation attempts to account for the origin of
features associated with low-gradient slopes. At such sites it has
been suggested that the pits develop when slush or snow ava-
lanches flow along the ground and scour or push valley-bottom
sediments away from the slope base (Nyberg, 1985, 1989). Al-
ternatively, protalus ramparts created by debris sliding over
snow (e.g., Ballantyne, 1987) or snow avalanche mound deposits

TABLE 3

Theoretical impact pressures generated by extreme snow ava-
lanches at the study sites

p v P
(kg (m P sin 0
[}} c m)  s7) (MPa) (MPa)
Geikie site 41° 1.5 100 85.1 1.1 0.7
350 38 2.5
20 100 1.5 1.0
350 5.0 33
Burstall site 34° 1.5 100 63.1 0.6 0.4
350 2.0 1.1
20 100 0.8 0.5
350 2.8 1.6
Tombstone site 30° 1.5 100 659 0.6 0.3
350 2.1 1.1
20 100 0.7 0.4
350 3.0 1.5
Mellor (1978) 0.01-0.6
Fitzharris and Owens 38° 1.5 150 60 1.1 0.7
(1981)
Shimizu et al. (1980) 60 1.4

@ = average slope gradient; ¢ = coefficient dependent on deformation of
snow; p = density of dry avalanche snow 100 kg m~* and wet avalanche snow
350 kg m~* (Schaerer, 1981); v = avalanche velocity (m s~') estimated by
program ACCEL (Cheng and Perla, 1979); P = peak pressure calculated as
cp V* (Schaerer, 1981); P sin 8 = corrected peak pressure (the correction is
to adjust for the acute angle at which avalanches strike the valley floor, see
Fitzharris and Owens, 1984).

(e.g. Peev, 1966) may create comparable topographic situations.
None of the latter group of scenarios would appear to fit the
examples described from the Canadian Rockies where an impact
mechanism seems most likely.

The location of these pool and mound complexes below steep
avalanche slopes is almost certainly a contributing factor to their
development. The patterns of avalanche damage at each site
show that large impact stresses must be generated when the av-
alanches reach the valley floor. These impact stresses may be
estimated using a relationship developed by Schaerer and Sal-
ways (1980) to derive the initial peak pressures occurring on a
unit surface perpendicular to the avalanche flow. Following
Schaerer and Salways (1980) peak impact pressures (P) were
estimated as P = cp v*, where ¢ = coefficient dependent on the
deformation of snow, p = density (kg m~) of snow, v = ava-
lanche velocity (m s~') estimated by program ACCEL (Cheng
and Perla, 1979). To account for the fact that avalanches strike
the valley floor at an acute angle, these peak pressure were cor-
rected (P sin©, where © = valley side slope) following Fitzharris
and Owens (1984). Observations in the vicinity of the Burstall
and Tombstone sites indicate that dry snow avalanches are com-
mon in the early winter, whereas wet and mixed snow avalanch-
es can be expected in late winter and spring (de Scally, 1984;
Johnson et al., 1985). As no direct observation of avalanche
snow densities are available for either the Geikie or Kananaskis
area, the values cited by Schaerer (1981) may be used to provide
a range of impact pressures. The data in Table 3 demonstrate
that the calculated impact pressures for the Canadian Rockies
sites are of similar magnitude to those calculated for similar sites
by Fitzharris and Owens (1984).

Although calculations such as these indicate avalanche im-
pacts generate considerable pressures and field observations ver-
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ify that impact erosion occurs, the exact erosional mechanism
remains an enigma. Clearly, in all three sites described above,
snow avalanches plunge into water-filled pits with an explosive
force that must first drive the water downward to the pit floor
(cf. Liestgl, 1974; Vila, 1987). Almost instantaneously, the rap-
idly moving (63-85 m s~', Table 3) mass of water and snow
encounters the pit floor and is deflected upwards and outwards
(cf. Gault et al., 1968). This diversion of flow initiates further
excavation by plucking and entrainment mechanisms generated
by the force of impact.

Deposition of sediment on the avalanche mound follows the
hydrodynamic ejection of debris at the periphery of the pond.
Progressive accumulation of weakly stratified deposits on the
mound occurs over long periods of time. Evidence of erosion
and deposition at these sites demonstrates that both large and
small caliber debris can be ejected from the pool and that a
considerable thickness (20~30 cm observed, perhaps up to 1 m)
of colluvium can be deposited on the crest and distal slope of
such mounds in a single event. This implies that deposits as
massive as those investigated here are the consequence of long-
term activity. Debris may also be added to the mounds by other
forms of avalanche activity. If the depression containing the pool
is filled by deposits from numerous small avalanches early in
the season, later ‘‘dirty’’ avalanches may runout over these de-
posits directly onto the mound beyond, subsequently ablating
their debris content onto the distal slopes of the mound.

Conclusions

Avalanche impact pools are a relatively common, but little-
studied landform in the Canadian Rocky Mountains. Observa-
tions at three sites indicate that debris from impact pools is hy-
drostatically ejected and redistributed over the distal mound by
snow avalanches. While the presence of a water body demon-
stratively accentuates impact pool-mound development (e.g.,
Schytt, 1965; Liestgl, 1974), it is clearly not an essential ingre-
dient.

Questions remain concerning the mechanics of formation and
the age and long-term evolution of such features. Excavations
and "“C-dating of material show the mounds contain both organic
and clastic debris derived from the pool and the avalanche track
upslope. Observations of contemporary activity indicate that up
to 1 m of fresh sediment may be deposited on the mounds from
the pool by single avalanche events but “C dating, stratigraphy,
and observations from historical photographs suggest that such
events have recurrence intervals of centuries rather than decades.
Limited observations of activity indicate that these features are
not the result of single catastrophic events but have been devel-
oping throughout the Holocene at these sites. The magnitude-
frequency spectrum of significant events at these sites presents
considerable problems for investigation of the mechanics and
chronology of impact pool-mound development. Theoretical cal-
culations indicate pressures in excess of 1 MPa may result from
avalanche impact. The main factors controlling the occurrence
and distribution of these features is the presence of a sharp break
of slope at the foot of a steep avalanche track. The development
of avalanche pits/pools and mounds is also favoured where these
steep tracks terminate in lakes or loose unconsolidated sedi-
ments.
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