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ABSTRACT. Strong ground motions caused by earthquakes can induce catastrophic avalanches. Massive
snow avalanching has also been observed on slopes near quarries and underground mines where ground
motions are produced by explosives. To address a lack of information regarding seismogenic snow
avalanches, we have compiled an inventory to document case histories. For the period 1899-2010,
22 cases are identified worldwide, related to natural or artificial seismicity with magnitudes of
1.9 <M,,<9.2 and source-to-site distances of ~0.2-640 km. In the extreme case, many thousands of
simultaneously released large-scale avalanches have been reported. The obtained distribution and
variety of parameters are discussed and compared with earthquake-induced landslides and ice
avalanches; the results are similar among these three types of failure events, although all data derived
from statistical analyses (i.e. non-witnessed cases) represent outliers, suggesting a significant reduction
in the threshold magnitudes proposed for landslides. This proposal could be verified by the collection of

additional data.

1. INTRODUCTION

All on-land and submarine slope failures are potentially
hazardous to human populations and infrastructure (e.g.
Tappin and others, 1999; Wang and others, 2006). It is
known that accelerations produced by earthquakes give rise
to short-lived inertial stresses that may lead to temporary
instability upon slopes. Indeed, strong ground motions
caused by earthquakes can induce a number of catastrophic
geological processes, including slope-collapse phenomena
such as landslides, debris slides, rockslides, rockfalls (Keefer,
1984, 2002; Hewitt and others, 2008), sediment sliding on
the ocean floor (Heezen and Ewing, 1952), and seismogenic
mudflows and slushflows (Kazakov, 2007). A rare type of
catastrophic slope failure triggered by earthquakes is snow
avalanches (Chernous and others, 2004). Many human
casualties may result from catastrophic avalanches that
occur when a snowpack with an unstable inner structure is
disturbed by an earthquake (LaChapelle, 1968).

An extensive search of the literature revealed that no
previous study has attempted to compile data on observed
earthquake-induced (seismogenic) snow avalanches or
investigate factors important to their formation. In contrast
to earthquake-induced landslides, there exist few system-
atically documented accounts of earthquake-released snow
avalanches and there exists no comprehensive database for
analysis. In this context, the main objectives of the present
paper are (1) to identify and compare known and possible
earthquake-released snow avalanches, (2) to describe their
consequences and (3) to determine whether the criteria
employed to correlate landslides and earthquakes (Keefer,
1984) are applicable to the inventory of earthquake-induced
snow avalanches. We believe that the compilation and
analysis of earthquake-induced snow avalanche case
histories would provide a range of information regarding
the causes of this type of event. After summarizing the
triggering mechanisms and known cases, we review some
examples, ranging from confirmed to speculative with
respect to triggering factors, such as natural or artificial
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seismicity, and discuss the relevant processes, like topo-
graphic amplification of acceleration and possible strength-
ening of snow under vibration.

2. GENERAL CONSIDERATIONS
2.1. Triggering mechanisms

2.1.1. Stress changes

Figure 1 provides a simplified schematic view of the
principal triggering mechanisms of seismicity-induced snow
avalanches considered in this study, ranging from natural
seismicity-induced avalanches to unconfirmed events iden-
tified in statistical studies. The processes shown in the figure
are described or exemplified below. We use the word
‘induced’ to indicate avalanches triggered by stress changes
within the snow that were produced by seismic tremors.
Some caveats and uncertainties regarding this definition are
discussed in section 4.2.

Seismicity-induced snow avalanches occur when the
mechanical state of a snowpack with a condition of stress
close to failure is sufficiently disturbed to cause the
snowpack to collapse catastrophically (Fig. 1). Such failure
depends on the state of stress in the snow. During an
earthquake, it can be initiated by accelerational loading;
that is, short-lived amplification of stresses and destruction
of cohesional bonds between snow layers or along the bed
surface (e.g. Higashiura and others, 1979). Other suggested
triggering mechanisms are the direct mechanical destruction
of snow by falling cornices (e.g. LaChapelle, 1968), the
rupture of the snow cover when a fault passes beneath
avalanche tracks (e.g. Haeussler and others, 2004) (Fig. 2a),
or by resonance effects that result in the destruction of weak
bonds between snow crystals (Kazakov, 1998). Shear stress
amplification is a function of inertial loading, meaning that it
is more pronounced at higher accelerations. It is known that
the acceleration depends on the magnitude of the earth-
quake or explosive mass, the distance from the earthquake
epicentre and the nature of underground geological
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Fig. 1. Schematic sketch of seismicity-induced snow avalanches resulting from earthquakes and mine explosions, showing important
triggering mechanisms. Symbols show principal changes in the elastic stress field within snow (Ac,: normal stress; Aoy tensile stress;

AT: shear stress).

structures, soil and other site effects. Longer periods of
shaking are associated with increased potential for failure
because under prolonged loading, microcrack nucleation
can progress to produce a fracture (e.g. the Ancash
earthquake, Peru, lasted for 45s, the Denali earthquake,
Alaska, for about 100s and the Great Alaska Earthquake for
about 2405).

It is important to identify other dominant factors that
influence snow collapse (i.e. compressive and tensile
fracturing). The key mechanisms in the formation of tensile
fractures within zones of high stress concentrations (e.g. near
the crown or caused by geometric imperfections) under
vibration include lateral extension (Fig. 2b and c), horizontal
compaction and differential vertical compaction. Earth-
quakes or explosions are the only phenomena, except for

very local loading such as skiers and cornice collapse, that
affect snow with a high loading rate at a large scale (i.e.
rapid back-and-forth base shear always occurs within the
brittle range of snow). In addition, earthquakes are the only
process that produces a high rate of oscillations in normal
pressure and tensile stress within the snow, oriented normal
to the shear plane (Fig. 1). For snow, which is known as one
of the most brittle and rate-dependent materials (Kirchner
and others, 2000), these effects can have severe conse-
quences in terms of failure.

2.1.2. Snow avalanches and natural seismicity

Areas prone to snow avalanches make up 6.2% (or
9253 000km?) of the Earth’s surface (Glazovskaya and
others, 1992), these being defined as areas where

Fig. 2. (a) The scrap of the Denali fault (dashed white lines) is covered by fresh avalanche debris in the left-centre but is clearly visible in the
right-centre (where avalanche debris is offset along the fault, indicated by arrows; the crown is shown by the hatched line), showing the
different timing of release related to a foreshock and the main shock (to overcome the obscuring effects of shadows, the image is a composite
of two photographs). (b) En echelon Riedel shears in snow clearly indicate the trace of the Denali fault, following an earthquake on
3 November 2002. (c) Grid of en echelon cracks in the snowpack after the Erzincan earthquake, Turkey, of 13 March 1992; a survey
conducted after the melting of snow found no cracks in the ground at this site (reprinted with permission from Erdik and others (1992)
© Elsevier). (a) and (b) are reprinted from Haeussler and others (2004) © Seismological Society of America.
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Fig. 3. Distribution of areas at risk of earthquake-induced snow avalanche release due to natural seismicity. The lower seismicity limit
corresponds to moderate seismic hazard and higher, or to peak ground acceleration (PGA) >0.8 ms™ expected with 10% exceedance
probability over a 50 year period. Total area represents about 3.1% of the global land area (~4.7 x 10°km?). To identify those areas with a
likelihood of seismic triggering, a number of Extent of Avalanche Activity maps (adapted from Kotlyakov, 1997) for different avalanche-
hazard regions throughout the world were overlaid with the Global Seismic Hazard Map (Giardini and others, 1999) using Arclnfo 9.3
Geographic Information System (GIS) software (Eckert-1 projection). Some isolated volcanoes or mountain peaks in South America, Mexico,
Africa, Tasmania and Papua New Guinea cannot be seen because of their small size. The Antarctic Peninsula is shown symbolically because
of a lack of hazard maps for the region (other avalanche-prone regions in Antarctica are mountainous areas in northern Victoria Land and the

Ellsworth Mountains; Kotlyakov, 1997).

snow-cover depth exceeds 30-50 cm and slope steepness is
>17°, with a relative slope height of 20-30 m. Earthquakes
occur mainly along pre-existing active faults, with 70% of the
continental land mass on Earth composing areas of low
seismic hazard, 22% areas of moderate seismic hazard, 6%
of high hazard, and 2% of very high hazard (Giardini and
others, 2003). Parts of all continents on Earth are at risk of
seismic-induced snow avalanches (Fig. 3), as compiled by
estimating the spatial extent of areas in which snow
avalanches may be triggered by strong ground motion, based
on maps showing seismic hazards (Giardini, 1999) and
avalanche extent (Kotlyakov, 1997). The total area high-
lighted in Figure 3 corresponds to approximately 3.1% of the
total land area (4.7 x 10°km?), yet despite this large at-risk
area, corresponding to half of all avalanche-prone areas, only
a few cases of earthquake-induced snow avalanches have
been documented or witnessed during the past 110 years.
These cases are discussed in the following sections.

3. EARTHQUAKE-INDUCED SNOW AVALANCHES

3.1. Compilation of an inventory

To enable comparisons among various known and proposed
events, we tabulated all previous cases along with the
relevant available details (Table 1), and combined these
data with information on relevant earthquakes. The earth-
quake data were obtained from various sources, mainly
Engedahl and Villasefior (2002), the composite earthquake
catalog of the US Advanced National Seismic System (ANSS)
and original sources. To describe the size of an earthquake,
we use moment magnitude M,,, which describes the amount
of energy released by the event (Kanamori, 1978). For a
comparison of the different magnitude scales see Utsu
(2002) or Campbell (2003).
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An inventory of earthquake-induced snow avalanches
was compiled from articles, personal communications, news
reports and other sources (see Table 1). For many regions,
two fundamentally different types of data were incorporated:
reported or witnessed cases and cases identified based on
statistical analyses (with no witnesses) (Table 1). The level of
reliability of statistical data differs between seismically
active regions (e.g. Himalaya; Sakhalin, Russia) and regions
with low levels of natural seismicity (e.g. Khibiny moun-
tains, Russia) (Table 1). For regions with low seismicity, there
exists a low probability of a chance correlation between a
seismic event and an avalanche. Thus, such regions repre-
sent a good basis for our inventory. To help in estimating the
magnitude of the smallest seismic tremors that trigger snow
avalanches, some additional unconfirmed examples are
included in Table 1. Some details of particular cases are
provided in section 4 following a basic comparison and
summary of identified events.

For the period 1899-2010, we identified 22 cases of
earthquake-induced snow avalanches related to natural or
artificial seismicity (1.9 <M<9.2) with source-to-site dis-
tances of ~0.2-640km; the most extreme case involved
about 2000 simultaneously released large-scale snow ava-
lanches (Table 1). These cases are summarized in Figure 4 in
terms of the relationship between magnitude and maximum
known source-to-site distance, with dark and light shading
in the figure indicating high and low levels of reliability,
respectively. For some data, the relative number of ava-
lanches is also provided (Fig. 4).

The small number of reports over the analysis period could
be attributed to a lack of direct observations in uninhabited
and remote areas affected by earthquakes. We believe that
the most significant events are included in our data and that
most cases would be known to local residents living in high-
altitude areas and mountaineers who happened to be in the
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Fig. 4. Maximum epicentral distance to snow avalanche sites as a function of magnitude M,,. Closed markers indicate data from reports or
eyewitness accounts. Open markers show statistical data from a number of sources (open circles are from Kazakov, 1998; open square is
modified from Chernous and others, 2006; open diamonds are from Singh and Ganju, 2002). Grey closed circles indicate witnessed cases
without data regarding distance from the epicentre. Solid error bars indicate uncertainty in distance or magnitude. Dot-dashed lines indicate
maximum possible distance from the epicentre. For many cases, absence of a dot-dashed line indicates absence of data; black dot-dashed
error bars indicate maximum distance to reported landslides caused by the same earthquakes. Additional open circles around markers
indicate approximate number of triggered avalanches. Dark grey shading indicates cases confirmed by eyewitness accounts; light grey
shading indicates statistical data reproduced in multiple independent studies. Other details are given in the legend, Table 1 and the main text.

mountains during earthquake events. Consequently, the
uncertainties in the statistical data and the lower and upper
bounds for various parameters discussed below could be
validated by additional accounts. A similarly low frequency
of reports can be found for earthquake-induced ice ava-
lanches (e.g. Van der Woerd and others, 2004).

3.2. Relationships between frequency-magnitude
distributions for observed and statistical events

For earthquakes associated with snow avalanches during the
period 1899-2010, we obtained different frequency-magni-
tude distributions for witnessed events and for statistically
identified cases (Table 1; Fig. 5). The frequency distribution
of witnessed and confirmed cases shows a peak at
magnitudes of 7.0-7.9 (Fig. 5a); for statistically identified
cases, the peak occurs at magnitudes of 3.0-3.9 (Fig. 5b).
The obtained frequency distribution for statistical (not
witnessed) cases is questionable because of the fundamental
Gutenberg—Richter relationship for the distribution of earth-
quakes by magnitude, which could be related to a reduced
frequency seen in Figure 5b from M =3 to higher
magnitudes. However, this trend is not seen at smaller
magnitudes (M<2.9), indicating that this indirectly ob-
tained dataset does not represent chance correlations.

The cases with magnitudes less than 2.9 (obtained only in
statistical studies) remain uncertain because almost all were
located >100 km from the seismic source, with one exception
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located 25km from the epicentre (Table 1; Fig. 5c). We
should note that these data were obtained from the Hima-
layan sector, recorded by observatories at altitudes of
2440-5995m in a region where the highest peaks reach
8611 m (Table 1). The nature of the topographic amplification
factor at such high altitudes remains unknown, although it
may be very large (see section 5.1 for details). For example,
the case with the smallest source-to-site distance (25 km)
reported by Singh and Ganju (2002) had a magnitude of 1.9,
recorded by an observatory at 5995 ma.s.l.

3.3. Relationship between magnitude and source-to-
site distance

For every earthquake listed in Table 1, the source-to-site
distance is plotted against the magnitude (logarithmic scale)
to enable a comparison with landslides and ice avalanches
(Fig. 6). The maximum distance from the epicentre to the
reported avalanche site increases with increasing magnitude
and is in good agreement with the upper limit of earthquake-
induced landslides proposed by Keefer (1984). Although all
the statistical data points lie above this upper bound in
Figure 6, some landslides also lie above this limit, between
two clusters of data points (first cluster: statistically obtained
snow avalanches; second cluster: landslides and reported
snow avalanches). The closeness in Figure 6 of these
landslide events and some avalanche events suggests that
snow avalanche events were correctly identified.
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3.4. Lower limit of earthquake magnitudes that cause
snow avalanches

To determine the minimum degree of ground motion
associated with triggering, we identify a reported lower
bound (M=5.1) and a statistical lower bound (M=3.0)
(Table 1; Fig. 4). The fact that three independent statistical
studies yield comparable lower magnitudes demonstrates
that the estimation is robust. The upper bound for earth-
quake-induced landslides, as proposed by Keefer (1984),
approaches zero distance at M=4.0; this is exceeded in only
a few cases (Fig. 6). For example, Rodriguez and others
(1999) and Keefer (2002) discussed a report by Feng and Guo
(1985) regarding landslide collapse associated with a M=2.9
event, and suggested this as the smallest known earthquake
to have caused a landslide. This value is comparable to the
minimal magnitudes associated with snow avalanches, as
estimated in statistical studies (Figs 4 and 5). This limit may
be lower in the case of an imminently unstable snowpack
located at the epicentre, but no such accounts are known to
the authors, which would provide factual information on the
smallest ground tremors associated with triggering of a snow
avalanche. The lower limit could be as low as M=1.9, based
on the estimate of peak ground accelerations (PGA) reported
by Chernous and others (2006) in a study of mine sites
(Table 1) and the established attenuation relationships for
low-magnitude earthquakes (e.g. Frisenda and others, 2005).
This assumed lower limit may also be supported by known
(although questionable) reports on train-triggered depth-hoar
avalanches (e.g. Ivanov and Vasil’ev, 1975). Train-induced
viaduct vibrations in areas located close to slopes (within
~9-15m) can produce PGA with similar magnitudes
(~0.01-0.02g, where g is gravitational acceleration
(9.8ms™?) (e.g. Ling and others, 2009)) and are known to
result in structural damage to fragile historic buildings
(Hassan, 2006).

In summary, we suggest a higher upper bound for
earthquake-induced landslides than that proposed by Keefer
(1984), and suggest that the bound for earthquake-induced
snow avalanches approaches zero source-to-site distance at
M=1.9 (where PCA~0.03g) (Fig. 6), based on Chernous
and others’ (2006) measurements and possible train-induced
vibrations (Fig. 4; Table 1). This approximation is consistent
with the results of statistical studies performed by Kazakov
(1998) and Singh and Ganju (2002) (Fig. 6).

3.5. Magnitude and number of earthquake-induced
avalanches, and the area affected by such events

Figure 4 shows a general increase in the total number of
avalanches with increasing earthquake magnitude, although
the lack of quantitative information in available reports
prevents a detailed analysis of this trend. The same relation
holds between magnitude and the total area affected by
snow avalanches. To the best of our knowledge, the
concentration of avalanches has only been estimated for a
single case (around the epicentre of the Great Alaska
Earthquake: ~0.4 avalanches km™ (Hackman, 1968)),
although this previous study provided no details regarding
changes in avalanche concentration with distance from the
epicentre. The approximate relationship between magnitude
and total number of landslides (N) is as follows (e.g. see the
review by Keefer, 2002):

log N =1.2312M — 4.8276.

Moreover, it is known that landslide concentration decreases
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Fig. 5. Total number of earthquakes of various magnitudes that
induced snow avalanches: (a) reported or witnessed events;
(b) statistically identified cases from Kazakov (1998) and Singh
and Ganju (2002); and (c) combined data from reported (a) and
statistically identified (b).

away from the epicentre, thereby indicating the triggering of
landslides by earthquakes (Simonett, 1967). A similar trend
is expected for snow avalanches, although relevant data are
lacking.

Based on the good agreement between reported earth-
quake-induced snow avalanches and Keefer’s upper limit for
the maximum epicentre-landslide distance (Fig. 6), and
given that the strongest event in both cases corresponds to
the Great Alaska Earthquake, we expect that the upper
bound regarding the maximum area affected by snow
avalanches will be similar to or even higher than that for
landslides (according to Plafker and others (1969), the total
landslide-affected area during the Great Alaska Earthquake
was 269000 km?). Keefer (2002) proposed the following
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earthquake-induced snow avalanches.

approximation of the total area affected by landslides, A

(km?), for magnitudes 5.5 <M <9.2:
log A = M — 3.46(+0.47).

To test whether this relation is relevant to earthquake-
induced snow avalanches, a rough estimation could be
made for the M6.7 Nenana earthquake, Alaska, for which
the affected area was about 1900km? (see Table 1 for
details). This event falls exactly on Keefer’s linear regression
mean and slightly below the upper bound proposed by
Rodriguez and others (1999) (Fig. 7). Another point could be
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estimated for the Khibiny mountains (M3.0-4.9, affected

area ~28-128km?; Table 1; Fig. 7). We stress that this

approximation does not allow any firm conclusions, as it is
based on unconfirmed information; additional (and more
accurate) data are required to estimate the area affected by
earthquake-induced snow avalanches.

The degree of scatter in the reliable data in Figure 6
demonstrates that the snow profile structure, and topo-
graphical and site effects are other important factors in terms
of the correlation with triggering factors. The main emphasis
should be placed on pre-existing static snow strength and
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snowpack stability on the slope, which show great spatial
and temporal variability in mountainous areas. In terms of
the Great Alaska Earthquake, LaChapelle (1968) noted that
‘few data are available on the character of the avalanches
and the preexisting snow conditions’. Unfortunately, the
same could be said for our entire inventory: data on snow
structure at the starting zones of avalanches are only
available for two events in Japan, which showed that snow
strength was weak enough to be stressed until failure by
accelerational loading (see Fig. 8b-d and Appendix for
details and references). It is clear that the influence of snow
fabric and local snow stability means that the occurrence of
an avalanche at some distance from the epicentre does not
always means that avalanches would also have occurred
closer to the source. Accordingly, it is difficult to estimate a
‘threshold” shaking intensity without knowledge of local
snow stability conditions. Because any comprehensive
comparison of earthquake-induced and ‘normal” avalanches
would be impossible without detailed information on the
snow profile and strong ground motions in the vicinity of the
site, these rare records from Japan are provided in the
Appendix for future reference.

4. CASE HISTORIES OF EARTHQUAKE-INDUCED
SNOW AVALANCHES

4.1. Natural seismicity as a trigger

The phenomenon of earthquake-induced snow avalanches
has been observed or studied in natural environments such
as the mountains of Peru (Huascaran: the main event was
classified as a rock—ice avalanche (e.g. Zemp and Haeberli,
2007)), Alaska (Chugach Mountains (e.g. Field, 1965;
LaChapelle, 1968)), Russia (Sakhalin island: Kazakov,
1998; Altay: personal communication from A.A. Emanoy,
2008), Japan (Yamagata prefecture: Higashiura and others,
1979; Niigata prefecture: Ogura and others, 2001) (Fig. 8),
Turkey (eastern Anatolia: Erdik and others, 1992) and India
(Western Himalaya: Singh and Ganju, 2002).

The deadliest avalanche in recorded history was triggered
(along with many other large snow avalanches (Bailey,
1982)) by the Ancash earthquake, Peru (1523 h, 31 May
1970; M=7.8). A rock—ice avalanche with an estimated
volume of 50-100 x 10°m”® originated from the Nevados
Huascaran and resulted in 18 000-20 000 deaths (Zemp and
Haeberli, 2007). Plafker and Ericksen (1978) reported that
‘the beginning of the fall was accompanied by rise of a white
cloud of snow that was presumably shaken off the moun-
tain’. Among the most recent (although smaller-scale) events
developed entirely in snow and without human casualties,
one occurred in Alaska, USA, and another at Altay, Russia
(Table 1). At the beginning of the Denali fault earthquake
sequence (Nenana Mountain earthquake, Alaska, 23 Octo-
ber 2002; M=6.7), many snow avalanches occurred in
tandem with rockfalls (Eberhart-Phillips and others, 2003;
Fig. 2a and b). Another avalanche occurred in the Gorny
Altay during an aftershock (1 October 2003; M=6.7) of the
Chuya earthquake (27 September 2003; M=7.3;
E.V. Leskova and others, http://gs.sbras.ru/branch/altay-
sayan/publications-archive/), when the snow cover on
Quiziltash peak (3486ma.s.l.), North-Chuya mountain
range, completely collapsed as an avalanche, exposing the
underlying rock surface (Fig. 8a) (personal communication
from A.A. Emanov, 2008).
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Fig. 7. Comparison of the maximum area affected by snow
avalanches and landslides (km?) for earthquakes of different
magnitudes. Filled circle is datum from Nenana earthquake
(Table 1); filled diamond is landslide-affected area from Plafker
and others (1969); square indicates data from Chernous and others
(2006). Black dashed curve is the upper bound for landslides, as
determined by Rodriguez and others (1999); open diamonds
represent cases for which the area exceeds the upper bound,
plotted for Richter local magnitude, M, (Keefer, 2002). Faint dotted
line shows the approximate upper bound of the area that includes
landslides that exceeded Rodriguez’s upper bound and statistical
data from Chernous and others (2006) (Table 1).

In recent years, avalanche- and earthquake-prone areas
such as the southern part of Sakhalin island, Far East Russia,
and Niigata and Iwate prefectures, northern Honshu, Japan,
have been hit by powerful earthquakes (2 August 2007,
23 October 2004 and 17 July 2007, and 14 June 2008,
respectively; moreover, an unprecedented vertical accelera-
tion (3.8g) was recorded during the Iwate-Miyagi earth-
quake (M=6.9; Aoi and others, 2008)). While these disasters
occurred during periods of little or no snow cover, they
highlight the importance of understanding the potential
consequences of strong ground motion in snowbound
mountainous areas during winter, when the amount of snow
on mountain slopes is at its maximum. For example, the
earthquake in Niigata on 23 October 2004 (1756 h; M=6.6)
triggered 267 landslides (the Northridge (California, USA)
earthquake on 17 January 1994 triggered about 17 000).
During winter, the consolidated mass of snow crystals may
play a role analogous to that of loose sedimentary composite
material, which may collapse simultaneously on a number
of slopes.

4.2. Artificial seismicity as a trigger

Areas located close to large quarries and underground mines
where strong artificial ground motions are regularly caused
by technological explosions (Fig. 1) may experience
snowslides similar to natural earthquake-induced ava-
lanches (e.g. the Khibiny mountains, Kola Peninsula, Russia
(Fig. 9a-c), and Taumi-kozan, ltoigawa city, Japan (Fig. 9d)).

Because of the scarcity of naturally occurring seismo-
genic avalanches (which occur as a function of two
processes with a low joint probability: the existence of
snowpack with a structural weakness and the occurrence of
a seismic event in the area), the Khibiny mountains are a
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Fig. 8. Photographs showing examples of earthquake-induced snow avalanches. (a) North-Chuya mountain range, Siberia. Labelled peaks
are: 1. Quiziltash peak (3486 ma.s.l.), 2. Aktru mountain (4044 ma.s.l.), 3. Kurkuryo mountain (3982 ma.s.l.). After an aftershock the snow
cover on Quiziltash peak collapsed in an avalanche. This photograph, taken on 2 October 2003, is courtesy of A.A. Emanov, Altay-Sayan
Branch of Geophysical Survey SB RAS. The other images show slopes in Japan on which earthquake-induced avalanches occurred:
(b, ¢) Nino-magari, Yamagata prefecture (20 February 1978), located 180 km from the epicentre (reproduced from Higashiura and others,
1979; the crown is shown by the arrow); and (d) Nakazato village, Niigata prefecture (4 January 2001), located 8 km from the epicentre
(reproduced from Ogura and others, 2001). Both avalanches collapsed over roads; in the first case, traffic flow was disrupted for 2 hours.
Note a convex curvature of the slope in (c); such a geometry may be important in terms of the topographic amplification of acceleration.
Snow profiles and earthquake fact sheet for both events are provided in the Appendix.

suitable site for observations, as they are located in an area
with low natural seismic activity but with regular anthro-
pogenic seismicity caused by technological explosions or
rockbursts, including the strongest rockburst known in
Russia (16 April 1989, M, =4.1). There exists a statistically
significant correlation (n=7, r=0.88, p<0.01) between
weekly distributions of explosions and avalanches at the
Khibiny mountains for 1959-95 (Table 1), with the day with
the peak number of avalanches (Friday) corresponding to the
day with the largest number of explosions conducted by the
mining company (Apatit) (Chernous and others, 2006)
(Fig. 9¢). This correlation suggests that unconfirmed reports
from Taumi-kozan (where similar explosions are conducted)
are reliable, although witness reports are lacking (Fig. 9d).

Two additional factors should be considered in the case
of mine sites: blast waves in air and outbursts of small rock
fragments from open-mine explosions (Figs 1 and 9a). Air-
blast waves, which arrive several seconds after seismic
waves, can be important in generating failure on nearby
slopes, but are negligible at distances greater than about
0.4-0.5 km (Chernous and others, 2004). Outbursts of small
rock fragments into the air are also of potential importance,
but are unlikely to reach distances greater than ~0.3 km.
Accordingly, these factors are unlikely to be important in
terms of the statistical analysis by Chernous and others
(2006; Fig. 9d), which considered all types of explosions
(open-mine and underground). The effect of air-blast waves
on nearby slopes is currently under investigation.
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4.3. Examples of avalanches triggered by natural
seismicity
4.3.1. Alaska
The simultaneous release of many earthquake-induced
avalanches occurred in a glaciated area of the Chugach
Mountains at 1736 h on 27 March 1964 during the Great
Alaska Earthquake (M=9.2), representing one of the most
spectacular examples of earthquake-induced avalanches
(Table 1). According to LaChapelle (1968), a pilot ‘noticed
snow avalanches suddenly and simultaniously falling from
the mountain slopes in all directions’ (near Mount Spurr). As
aresult of analyses of 2000 aerial photographs taken after the
earthquake by the US Geological Survey (USGS), 2036 slides
were identified in the 5177 km? area north and west of Prince
William Sound, which includes the epicentre of the earth-
quake (near the head of Unakwik Inlet) (Fig. 10a); 95% of the
slides were snow avalanches (20 rockslides, 58 combined
snow- and rockslides, and 1958 avalanches and snowslides)
(Hackman, 1968). The two longest runout distances of
avalanches within several kilometres of the epicentre were
about 3 and 5 km. The average density of slides was one slide
per 2-3 km?. The dominant directions of the slides (south-
westerly and northeasterly) reflect the prevalence of north-
west-southeast-trending valleys with steep sides facing
northeast and southwest (Hackman, 1968).

Many witnesses were at the Alyeska ski area at the time
the earthquake struck; LaChapelle (1968) stated that ‘If the
earthquake had occurred an hour earlier (before the chair lift
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Fig. 9. (a) Weekly explosion in the Rusvumchorr open-cast mine, Khibiny mountains (200 tons of explosives; 67°N, 33°E; ~1000ma.s.l.).
The mine contains extraordinarily rich deposits of apatite ore (‘stone of fertility’); the two main mining settlements in this district are Kirovsk
and Kukisvumchorr. (b) Photograph of the Central open-cast mine, showing the confined paths of avalanches (arrows) and the location of
explosions (ellipse). (c) Frequency distribution of the number of days with snow avalanches and technological explosions in the Central mine
area (1959-95), classified by day of the week (data adapted from Chernous and others, 2006; Table 1). (d) Avalanche slope at Taumi-kozan,
Itoigawa city, Niigata prefecture, Japan (36° N, 137°E; ~900 ma.s.l.). The average snowpack depth is 400-600 cm. Photographs in (a) and
(b) were taken by E.A. Podolskiy; the photograph in (d) is courtesy of I. Kamiisi of NIED.

was shut down), it would have endangered about 450 skiers
in the area’. To underline the scale of the event, a
photograph of a fracture line for one of these avalanche
releases is shown in Figure 10b and compared with the
frequency distribution of slab thickness (Fig. 10c) reported
from fracture-line studies (McClung and Schaerer, 2006).
Other outcomes of the event were numerous cornice falls
and snow-bridge collapses. Cornice falls represent a strong
trigger which can destabilize even relatively stable snow
slabs (LaChapelle, 1968). A number of positive outcomes of
this event were identified by LaChapelle (1968): ‘Thanks to
the powerful triggering action of the earthquake, most of the
avalanche danger zones have been identified’ and ‘the
information on avalanche activity provided by this single
event would have taken 50 years to duplicate by any
reasonable level of normal observations’.

A number of possible consequences of the earthquake-
triggered avalanches should also be mentioned. It is well
known that avalanches may represent a significant accumu-
lation factor for the net budget of glaciers. An unusual
phenomenon was described by Tarr and Martin (1912, 1914)
after the Yakutat earthquake, Alaska (September 1899,
M=7.4-8.0): a number of glaciers in the Yukatat Bay region
showed anomalous advances (by as much as 3 km). Conse-
quently, the authors proposed an earthquake-advance theory,
claiming that snow delivered by seismic-triggered ava-
lanches in source areas induced changes in the regimen of
the glaciers. Tarr and Martin (1912) reported that ‘the
mountains were so profoundly shaken by the earthquakes
that great avalanches of snow and rock were thrown
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down .... This probably happened not merely once but again
and again during September, 1899'. Later, Field (1968) wrote
that ‘this shaking is probably the most intense to which any
glaciers have been subjected during the past century in any
area of the world’. The earthquake-advance theory of Tarr
and Martin (1912, 1914) initially gained widespread
acceptance and was used to interpret a mechanism of glacier
surge (e.g. Desio, 1954), but ultimately the theory failed to
gain lasting support (Post, 1960, 1967; Field, 1968; Bailey,
1982). For example, during the Great Alaska Earthquake, the
amount of snow that cascaded onto ice fields and glaciers
was estimated to be insufficient to affect the mass balance of
the glaciers (Post, 1967). A recent M=7.9 earthquake at
Denali (in 2002) occurred at a time of little snow, but almost
100 km of the fault ruptured through glacier ice (Haeussler
and others, 2004).

In addition to the hazards aspect of seismogenic ava-
lanches, the recognition of such unique nonclimatic factors
in the mass balance of a glacier is crucial for palaeoclimate
reconstructions. For example, in a rare case reported in the
Tien Shan, central Asia, debris related to a large, presumably
earthquake-initiated avalanche from the eastern slope of
Khan-Tengri (6995 ma.s.l.) was identified in a 165m ice
core recovered from South Inilchek Glacier (5300 ma.s.l.)
(Table 1; Figs 4 and 6; Aizen, 2002). The drilling site was
consequently moved several kilometres upslope from the
avalanche-affected area (personal communication from
V.B. Aizen, 2010).

Spectacular Alaskan earthquake-induced avalanches
have been witnessed and reported by mountaineers. An
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Fig. 10. (a) Map showing the distribution and movement direction of post-earthquake slides and avalanches (arrows) around the epicentre
(‘+" symbol in the left-centre part of the map) of the 27 March 1964 Great Alaska Earthquake (95% of the failures were snow avalanches).
Reprinted with permission from Hackman (1968) © US National Academy of Sciences, courtesy of the National Academies Press,
Washington, DC. (b) Slab avalanche fracture line at the Alyeska ski area (about 70 km from the epicentre) after the Great Alaska Earthquake
(photograph by B. Sandahl). Reprinted with permission from LaChapelle (1968) © US National Academy of Sciences, courtesy of the
National Academies Press, Washington, DC. (c) Thickness of the slab shown in (b) (3.0-3.6 m) compared with the frequency distribution of
200 dry slab thickness reported from fracture-line studies; note that skier-triggered dry-snow slab avalanches deeper than 1 m are rare events

(adapted from McClung and Schaerer, 2006).

eyewitness account was provided by Browne (1913) in the
area of Mount Brooks during an earthquake on 7 July 1912
(M=7.2): ‘the whole extent of the mountain wall that
formed its western flank was avalanching ... The avalanche
seemed to stretch along the range for a distance of several
miles, like a huge wave’ (the description ‘several miles” may
correspond to 3-8 km). Another account was given by a
party of mountaineers on Mount Saint Elias during an
earthquake on 9 July 1958 (M=7.8): ‘The avalanching
altered radically the snow and ice surfaces on the steeper
slopes ... Some snowfields were carried away, and many
crevasses were opened’ (Field, 1968). On 17 June 1963, a
smaller earthquake (M=5.5) was experienced by a party
camping on Columbus Glacier, near Mount Saint Elias
(Field, 1968). Everett (1965) stated that ‘The entire North
Face of Saint Elias was avalanching. In addition, the North
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Faces of Mts. Newton and Jeannette were also avalanching.
What probably started as a hundred smaller avalanches
quickly joined together as one huge avalanche wall, about
seven miles long [~11.3km] and 2000 to 3000 feet high
[~600-900 m]’.

4.3.2. Western Himalaya

Another region with extremely high seismic and avalanche
activity, the Western Himalaya, India, has only been
investigated in one study that documented and assessed
avalanches likely to have been triggered by earthquakes.
Singh and Ganju (2002) performed a statistical analysis of
the relationship between seismic activity and avalanche
releases in the Western Himalaya, and found a direct
contribution of seismic tremors to avalanche release in the
area. They mention that some of the analysed cases involved
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casualties (Table 1). Their analysis was based on tabulated
data on major seismic events in Himachal Pradesh, Kashmir
and the Laddakh region (30-40°N, 72-82°E), and ava-
lanches that occurred on the same day (cases were
considered only if they were not expected by observers
and could not be explained by nival-meteorological factors)
for six winter seasons from 1995 to 2000 (Figs 4 and 6).

A single earthquake-induced avalanche event was
witnessed by locals in the Western Himalaya in 1979,
although eyewitness accounts have yet to be documented
and only the year of the event is known to researchers at the
Snow and Avalanche Study Establishment at Manali, India
(personal communication from T.D. Vaishnava, 2009).
Finally, shaking produced by technical explosions required
for construction of the 8.9km Rohtang tunnel, India, may
trigger snow avalanches in the region (personal commu-
nication from R. Nagarajan, 2009; Table 1); this possibility
will be examined as construction proceeds. Considering the
rate of population growth in India, the high level of seismic
activity in the Himalaya and the fact that India is particularly
prone to avalanches (565 deaths during 1995-2006;
Podolskiy and others, 2009), the issue of seismically induced
avalanches in this region should be considered in greater
detail, given the serious consequences of such events.

4.3.3. Eastern Anatolia

Some interesting cases have occurred in the Turkish
mountains, although there are no detailed descriptions in
published papers or documents known to the present
authors or members of the Turkish avalanche team (Ava-
lanche Research-Development, Reconnaissance and Pre-
vention Branch (CAGEM); personal communication from
O.M. Yava¢ and Z. Yazici, 2009). Turkey has a large
incidence of deaths due to avalanches (average of 22 deaths
per year, with a maximum of 443 deaths in 1992; Podolskiy,
2009). Most of the avalanche-prone areas in Turkey are
located over the most seismically active fault in the eastern
Mediterranean: the North Anatolian transform fault (NATF)
(Fig. 11). This fault produced 35 disastrous earthquakes in
the 20th century, including two of the largest earthquakes in
Turkey: Erzincan (26 December 1939; M 7.7), which
resulted in 32700 deaths, and Izmit (17 August 1999; M
7.8), whictsresulted in 17118 deaths (although unofficial
estimates quote a figure of ~40000) (Podolskiy, 2009). The
eastern part of this fault system (especially Erzincan) runs
beneath the most avalanche-prone areas in Turkey (eastern
and southeastern Anatolia). In this area, the NATF meets the
East Anatolian transform fault. This fracture zone has a high
probability of strong earthquakes (>0.6g) within the next 50
years. The occurrence of earthquakes in this area during
winter has the potential to induce avalanches, which may
lead to a high number of victims in the case that rescue
operations are delayed by access problems related to roads
blocked by avalanches. The large number of fatalities during
the Erzincan earthquake (32700; the second-deadliest
earthquake in Turkey) can be attributed in part to extremely
cold temperatures and deep snow, which delayed rescue
efforts because roads were blocked by avalanches and
landslides. Probably a similar situation occurred in Erzincan
province after the 13 March 1992 earthquake (M=6.6; 498
deaths; Table 1) (Fig. 2c shows a grid of cracks in the snow
produced by this earthquake), when avalanches blocked
roads, and it appears that in both cases the avalanches were
triggered by seismic tremors.
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5. OTHER RELEVANT PROCESSES

5.1. Stresses and topographic amplification of
acceleration

According to Geli and others (1988), topographic amplifica-
tion of acceleration produced by strong ground motion is
maximized at the top of a hill or ridge (Fig. 11a). In a past
study on landslides triggered by earthquakes, Asano and
others (2004) found that ‘seismic response acceleration was
affected by the topology and geology, such as amplifying
acceleration toward the ground surface and especially large
amplification on ridges’. This finding is critically important
for seismogenic snow avalanches because the starting zones
of most avalanches are located close to ridges. For this
reason, large amplification of acceleration along ridges, by
factors of 2 or even 10 (Spudich and others, 1996; Asano
and others, 2004), can be considered a potential magnifying
factor for inducing avalanche release via destabilization of
the unstable snowpack. The results of seismic response
analysis of a ground model and finite-element analysis,
conducted to assess the risk of landslide occurrence (Asano
and others, 2004), reveal that large response acceleration is
likely to occur on ridges oriented perpendicular to the
propagation direction of seismic waves (axis along which
the seismic ground motion was applied). For example, the
Pontus mountains in Turkey are a natural setting with a high
probability of such an effect (Fig. 11b). This mountain range
is underlain by the NATF, one of the world’s most active
faults. The entire eastern part of this fault lies within
avalanche-prone areas, where many valleys on the Black
Sea side of the Pontus mountains are oriented perpendicular
to the fault. Consequently, many starting zones of avalanche
tracks in this region are oriented perpendicular to the
dominant direction of potential ground motion, and thus
have a high probablility of being subjected to large response
accelerations during a future seismic event.

5.2. Strengthening of snow under minor shaking

It is known that soil subjected to vibrations becomes
compacted and thereby stronger. This type of effect may
also occur in snowpack, strengthening the snow rather than
resulting in destabilization. For example, the lack of
seismogenically induced avalanches in a heavy-snow area
of the Srednekan basin, Magadan Oblast, Russia, which is
affected by natural and anthropogenic seismic activity,
could be explained by snow compaction resulting from
ground trembling (personal communication from
Yu.G. Seliverstov, 2009); in contrast, earthquake-induced
avalanches (volumes of ~10°>m?) have been witnessed in
this region. In addition, Singh and Ganju (2002) proposed
that minor earthquakes with magnitudes less than 2 may act
to enhance the stability of the snowpack (see also Chernous
and others, 2004). This hypothesis remains to be confirmed
by experimental results and field observations.

6. CONCLUDING REMARKS AND FUTURE
QUESTIONS

This study attempted to fill a gap in our knowledge regarding
the occurrence of earthquake-induced snow avalanches,
and sought to provide a brief overview of relevant processes
and to estimate the frequency of this rare natural hazard.
Known cases (about 22 for the period 1899-2010) are
documented from only a fraction of the world’s mountains
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Fig. 11. (a) Effect of topographic amplification in the case of mountain ridges oriented perpendicular and parallel to the dominant direction
of seismic ground motion. The ten lower curves show the seismic response along the profiles. (b) Locations of valleys (short black bars) for
which topographic amplification may influence avalanche starting zones along the NATF (EACP: East Anatolian contractional province;
EATF: East Anatolian transform fault; and NEAFZ: Northeast Anatolian fault zone).

and were confirmed for earthquakes with magnitudes as low
as ~M 5, and located up to 340-640 km from the epicentre
in the case of the strongest earthquakes. The results of
statistical studies indicate comparable minimal magnitudes
for such events (M>3), but smaller threshold magnitudes
(>1.9), which remain to be validated. Reported cases agree
well with the upper bounds of known landslides in terms of
the relationship between earthquake magnitude and the
maximum distance from the earthquake source or total area
affected by landslides. However, most of the statistically
identified data lie above the upper bound of distance from
source to landslides. These data are yet to be confirmed by
witnessed cases. Despite the lack of documented cases, it is
possible to suggest that earthquake-induced avalanches are
common in areas prone to both seismicity and avalanche
activity (representing about 3.1% of the land on Earth). The
lack of a physical understanding of the phenomenon and its
development means that a comprehensive experimental and
observational study is required.

The forecasting of seismic avalanches is closely related to
short-term predictions of earthquakes. Because no reliable
method of earthquake prediction has been developed
(except for real-time seismology, which provides a 10-305s
warning of the approach of S-waves (e.g. Japan Meteoro-
logical Agency)), we can only assess the probability of
avalanche release during seismic events. For this purpose, it
is necessary to understand the change that occurs in snow
stress under vibrations and earthquake loading.

In terms of the factors that may contribute to seismogenic
avalanches, the following should be considered and
investigated:

1. the behaviour of different types of snow under vibrations
with different accelerations that produce short-lived
stresses in the snow cover,

2. the dynamics of inertial stresses and fracture,

3. the role of high loading rate, normal pressure change,
resonance effects, crack propagation, and toughness
characteristics,

4. topographic amplification of acceleration upon moun-
tain ranges,

5. avalanche-flow changes under strong ground motions
(e.g. mechanical fluidization and reduction of basal
friction during shaking).
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Given the infrequent occurrence of earthquake-induced
avalanches, experiments are the best approach to under-
standing the behaviour of snowpack during earthquakes.
Cold-laboratory shaking-table tests are required to deter-
mine the response of snow to earthquake vibrations and to
understand the specifics of acceleration-induced stresses
and failures. A series of experiments using a shaking
machine with variable degrees of freedom and inclinations
would help to estimate the critical accelerations that have
the potential to cause failure on snow slopes, or to
determine the effects of shaking on avalanche flow, as
determined from the results of experiments based on the
artificial shaking of slope models. Cold-laboratory, shaking-
table tests are required to determine the response of snow to
earthquake vibrations and to understand the specifics of
acceleration-induced stresses and failures (see Podolskiy and
others, 2010).

ACKNOWLEDGEMENTS

We are greatly indebted to P. Bartelt for editing assistance
and to T. Faug and an anonymous reviewer for detailed and
insightful reviews. This work was partially supported by the
Ministry of Education, Culture, Sports, Science and Technol-
ogy, Japan, and by a grant (05-05-64368-A) from the Russian
Foundation for Basic Research; this support is greatly
appreciated. We are also grateful to D.A. Short,
D. Bodington, B.O. Grigholm and A. Stallard for help with
improving the English. This work was partially supported by
the Ministry of Education, Culture, Sports, Science and
Technology, and Grants-in-Aid for Scientific Research
(18651093), Japan, and by a grant (05-05-64368-A) from
the Russian Foundation for Basic Research.

REFERENCES

Aizen, V.B. 2002. Paleoclimatic and glaciological reconstructions
in Central Asia through collection and analysis of ice cores and
instrumental data in the Tien Shan and Altai mountains. ldaho
Falls, ID, Department of Energy. Idaho National Engineering and
Environmental Laboratory. (DOE/INEEL Annual Report.)

Aoi, S., T. Kanugi and H. Fujiwara. 2008. Trampoline effect in
extreme ground motion. Science, 322(5902), 727-730.

Asano, S., S. Matsuura, H. Ochiai and T. Okamoto. 2004.
Estimation of landslide hazard by the seismic acceleration in a
mountain area. In Lacerda, W.A., M. Ehrlich, S.A.B. Fontoura


https://doi.org/10.3189/002214310792447815

Podolskiy and others: Earthquake-induced snow avalanches: |

and A.S.F. Saydo, eds. Landslides: evaluation and stabilization,
Vol. 1. London, A.A. Balkema, 435-439.

Bailey, R.H. 1982. Glacier (Planet Earth). Alexandria, VA, Time-Life
Books.

Browne, B. 1913. The conquest of Mount McKinley. New York,
G.P. Putnam’s Sons.

Campbell, K.W. 2003. Strong-motion attenuation relations. In Lee,
W.H.K., H. Kanamori, P.C. Jennings and C. Kisslinger, eds.
International handbook of earthquake and engineering seismol-
ogy, Part B. London, Academic Press, 1003-1012.

Chernous, P., Yu. Fedorenko, E. Mokrov and N. Barashev. 2006.
Studies of seismic effects on snow stability on mountain slopes.
Polar Meteorol. Glaciol., 20, 62-73.

Chernous, P.A., Yu.V. Fedorenko, E.G. Mokrov, N.V. Barasheyv,
E. Hewsby and E.B. Beketova. 2004. Issledovanie vliyaniya
seismichnosti na obrazovanie lavin [Study of seismicity effect on
avalanche origin]. Mater. Glyatsiol. Issled./Data Glaciol. Stud.
96, 167-174. [In Russian with English summary.]

Desio, A. 1954. An exceptional advance in the Karakoram-Ladakh
region. J. Glaciol., 2(16), 383-385.

Eberhart-Phillips, D. and 28 others. 2003. The 2002 Denali Fault
earthquake, Alaska: a large magnitude, slip-partitioned event.
Science, 300(5622), 1113-1118.

Engedahl, E.R. and A. Villasefior. 2003. Global seismicity: 1900-
1999. In Lee, W.H.K., H. Kanamori, P.C. Jennings and
C. Kisslinger, eds. International handbook of earthquake and
engineering seismology, Part B. London, Academic Press.

Erdik, M., O. Yiiziigtillii, C. Yilmaz and N. Akkas. 1992. 13 March,
1992 (M=6.8) Erzincan earthquake: a preliminary reconnais-
sance report. Soil Dyn. Earthquake Eng., 11(5), 279-310.

Everett, B.N.J. 1965. An earthquake on Mt. St. Elias. Harvard Mtn.
17, 37-42.

Feng, X. and A. Guo. 1985. Earthquake landslides in China. In
Proceedings of the IVth International Conference and Field
Workshop on Landslides, 23-31 August 1985, Tokyo, Japan.
Tokyo, Japan Landslide Society, 339-346.

Field, W.O. 1965. Avalanches caused by the Alaska earthquake of
March 1964. IAHS Publ. 69 (Symposium at Gentbrugge —
Scientific Aspects of Snow and Ice Avalanches), 326-331.

Field, W.O. 1968. The effect of previous earthquakes on glaciers. In
The Great Alaska Earthquake of 1964. Vol. 3: Hydrology, Part A.
Washington, DC, National Academy of Sciences., 252-265.
(NAS Publication 1603.)

Frisenda, M., M. Massa, D. Spallarossa, G. Ferretti and C. Eva. 2005.
Attenuation relationship for low magnitude earthquakes using
standard seismometric records. J. Earthquake Eng., 9(1), 23-40.

Geli, L., P-Y. Bard and B. Jullien. 1988. The effect of topography on
earthquake ground motion: a review and new results. Bull.
Seismol. Soc. Am., 78(1), 42-63.

Giardini, D. 1999. The Global Seismic Hazard Assessment Program
(GSHAP): 1992-1999. Ann. Geofis., 42(6), 957-974.

Giardini, D., G. Gruenthal, K. Shedlock and P. Zhang. 2003. The
GSHAP global seismic hazard map. In Lee, W.H.K,,
H. Kanamori, P.C. Jennings and C. Kisslinger, eds. International
handbook of earthquake and engineering seismology, Part B.
London, Academic Press, 1233-1239.

Glazovskaya, T.G., S.M. Myagkov, E.S. Troshkina, K.V. Akif'eva,
N.L. Kondakova and V.I. Kravtcova. 1992. Rasprostranenie i
rejim lavin [Avalanches spreading and regime]. In Myagkov,
S.M. and L.A. Kanaev, eds. Geografiya lavin [Geography of
avalanches]. Moscow, Moscow State University Press, 43-111.
[In Russian.]

Hackman, R.J. 1968. Interpretation of Alaskan postearthquake
photographs. In The Great Alaska Earthquake of 1964. Vol. 3:
Hydrology, Part A. Washington, DC, National Academy of
Sciences, 40-46. (NAS Publication 1603.)

Haeussler, PJ. and 10 others. 2004. Surface rupture and slip
distribution of the Denali and Totschunda Faults in the 3
November 2002 M 7.9 earthquake, Alaska. Bull. Seismol. Soc.
Am., 94(6B), S23-S52.

https://doi.org/10.3189/002214310792447815 Published online by Cambridge University Press

445

Hassan, O.A.B. 2006. Train-induced groundborne vibration and
noise in buildings. Brentwood, Multi-Science Publishing.

Heezen, B.C. and W.M. Ewing. 1952. Turbidity currents and
submarine slumps, and the 1929 Grand Banks (Newfoundland)
earthquake. Am. J. Sci., 250(12), 849-873.

Hewitt, K., JJ. Clague and J.F. Orwin. 2008. Legacies of
catastrophic rock slope failures in mountain landscapes. Earth
Sci. Rev., 87(1-2), 1-38.

Higashiura, M., T. Nakamura, H. Nakamura and O. Abe. 1979. An
avalanche caused by an earthquake. Rep. Natl Res. Center
Disaster Prev. 21, 103-112. [In Japanese with English summary.]

Ivanov, A.V. and A.B. Vasil’ev. 1975. Nekotoriye resultaty naturnyh
issledovaniy lavinnogo rejima v usloviyah mussonnogo klimata
[Some results of observational research on avalanche regime in
monsoon climate]. In Sneg i laviny Sahalina [Snow and
avalanches of Sakhalin]. Leningrad, Gidrometeoizdat, 34-55.
[In Russian.]

Kanamori, H. 1978. Quantification of earthquakes. Nature,
271(5644), 411-414.

Kazakov, N.A. 1998. O vozmojnom mekhanizme formirovaniya
seismogennyh lavin [On the possible mechanism of seismogenic
avalanche formation]. Mater. Glyatsiol. Issled./Data Glaciol.
Stud. 88, 102-106. [In Russian with English summary.]

Kazakov, N.A. 2007. Seismogennie factory selevogo processa v
nizkogor’e (na primere o. Sakhalin) [Seismogenic factors of the
mudflow process in low hills (by the example of the Sakhalin
Island)]. Geoekologiya, 1, 75-81. [In Russian with English
summary.]

Keefer, D.K. 1984. Landslides caused by earthquakes. Geol. Soc.
Am. Bull., 95(4), 406-421.

Keefer, D.K. 2002. Investigating landslides caused by earthquakes —
a historical review. Surv. Geophys., 23(6), 473-510.

Keefer, D.K. and M.W. Manson. 1998. Regional distribution and
characteristics of landslides generated by the earthquake. In
Keefer, D.K., ed. The Loma Prieta, California, earthquake of
October 17, 1989 — landslides. Reston, VA, US Geological
Survey, C7-C32. (USGS Professional Paper 1551-C.)

Kirchner, H.O.K., G. Michot and T. Suzuki. 2000. Fracture
toughness of snow in tension. Philos. Mag. A, 80(5), 1265-1272.

Kotlyakov, V.M., ed. 1997. Atlas snezhno-ledovykh resursa mira
[World atlas of snow and ice resources]. 2 vols. Moscow,
Russian Academy of Sciences. Institute of Geography. [In English
and Russian.]

LaChapelle, E.R. 1968. The character of snow avalanching induced
by the Alaska earthquake. In The Great Alaska Earthquake of
1964. Vol. 3: Hydrology, Part A. Washington, DC, National
Academy of Sciences, 355-361. (NAS Publication 1603.)

Ling, X.-Z., S.4J. Chen, Z.-Y. Zhu, F. Zhang, L.-N. Wang and
Z.-Y. Zou. 2009. Field monitoring on the train-induced vibration
response of track structure in the Beiluhe permafrost region
along Qinghai-Tibet railway in China. Cold Reg. Sci. Technol.,
60(1), 75-83.

McClung, D. and P. Schaerer. 2006. The avalanche handbook. Third
edition. Seattle, WA, The Mountaineers.

Ogura, Y., K. lzumi, N. Miyazaki and S. Kobayashi. 2001. An
avalanche caused by an earthquake at Nakazato village, Niigata
Prefecture, on January 4th 2001. Annu. Rep. Res. Inst. Hazards
Snowy Areas, Niigata Univ., 23, 9-15. [In Japanese with English
summary.]

Plafker, G. and F.E. Ericksen. 1978. Nevados Huascaran ava-
lanches, Peru. In Voight, B., ed. Rockslides and avalanches, 1:
Natural phenomena. Amsterdam, Elsevier, 277-314.

Plafker, G., R. Kachadoorian, E.B. Eckel and L.R. Mayo. 1969.
Effects of the earthquake of March 27, 1964, on various
communities. Reston, VA, US Geological Survey. (USGS
Professional Paper 542-G.)

Podolskiy, E.A. 2009. Japan avalanche delegation visit to the
Turkish Republic, 18-25 March 2009. Nagoya, Nagoya Uni-
versity. Graduate School of Environmental Studies. (Special
Report.)


https://doi.org/10.3189/002214310792447815

446

Podolskiy, E.A., A. Sato and ]. Komori. 2009. Avalanche issue in
Western Himalaya, India. Seppyo, J. Jon. Soc. Snow Ice, 71(6),
498-502.

Podolskiy, E.A., K. Nishimura, O. Abe and P.A. Chernous. 2010.
Earthquake-induced snow avalanches: II. Experimental study.
J. Glaciol., 56(197), 447-458.

Post, A.S. 1960. The exceptional advances of the Muldrow, Black
Rapids, and Susitna Glaciers. J. Geophys. Res., 65(11),
3703-3712.

Post, A.S. 1967. Effects of the March 1964 Alaska earthquake on
glaciers. Reston, VA, US Geological Survey. (USGS Professional
Paper 544-D.)

Rodriguez, C.E., J.J. Bommer and R.J. Chandler. 1999. Earthquake-
induced landslides: 1980-1997. Soil Dyn. Earthquake Eng.,
18(5), 325-346.

Simonett, D.S. 1967. Landslide distribution and earthquakes in
Bewani and Torricelli Mountains, New Guinea — a statistical
analysis. In Jennings, J.N. and J.A. Mabbutt, eds. Landform
studies from Australia and New Guinea. Cambridge, etc.,
Cambridge University Press.

Singh, A. and A. Ganju. 2002. Earthquakes and avalanches in
western Himalaya. In Paul, D.K., A. Kumar and M.L. Sharma,
eds. Proceedings of the 12th Symposium on Earthquake Engin-
eering, 16—18 December, 2002, Roorkee, India. Roorkee, Indian
Institute of Technology.

Spudich, P, M. Hellweg and W.H.K. Lee. 1996. Directional
topographic site response at Tarzana observed in aftershocks
of the 1994 Northridge, California, earthquake: implications
for mainshock motions. Bull. Seismol. Soc. Am., 86(1B),
193-208.

Tappin, D.R. and 7 others. 1999. Sediment slump likely caused
1998 Papua New Guinea tsunami. Eos, 80(30), 329.

Tarr, R.S. and L. Martin. 1912. The earthquakes at Yakutat Bay,
Alaska, in September, 1899. Reston, VA, US Geological Survey.
(USGS Professional Paper 69.)

Tarr, R.S. and L. Martin. 1914. Alaskan glacier studies of the
National Geographic Society in the Yakutat Bay, Prince William
Sound and lower Copper River regions. Washington, DC,
National Geographic Society.

Utsu, T. 2002. Relationships between magnitude scales. In Lee,
W.H.K., H. Kanamori, P.C. Jennings and C. Kisslinger, eds.
International handbook of earthquake and engineering seismol-
ogy, Part A. Amsterdam, etc., Academic Press, 733-746.

Van der Woerd, J. and 6 others. 2004. Giant, ~M8 earthquake-
triggered ice avalanches in the eastern Kunlun Shan, northern
Tibet: characteristics, nature and dynamics. Geol. Soc. Am.
Bull., 116(3), 394-406.

Voiculescu, M. 2009. Snow avalanche hazards in the Fagdras massif
(Southern Carpathians): Romanian Carpathians — management
and perspectives. Natur. Hazards, 51(3), 459-475.

Wang, G., D. Zhang, G. Furuya and K. Sassa. 2006. On the
mechanism for a long-travel loess landslide triggered by the
1920 Haiyuan Earthquake in China. In Marui, H. and 12
others, eds. Disaster mitigation of debris flows, slope
failures and landslides, Vol. 1. Tokyo, Universal Academy
Press.

Zemp, M. and W. Haeberli. 2007. Glaciers and ice caps. In Eamer,
J., ed. Global outlook for ice and snow. Nairobi, United Nations
Environment Programme, 115-152.

Podolskiy and others: Earthquake-induced snow avalanches: |

APPENDIX

Snow profiles and earthquake fact sheet for earthquake-
induced avalanches observed in Niigata and Yamagata
prefectures (2001 and 1978, respectively), Japan.

Snow profiles
Data source

Date
Location

Altitude (ma.s.l.)
Snow thickness (m)
(observatory)
Type of avalanche
Failure plane

Sliding zone
Deposit zone
Density of collapsed
snow (kgm™)
Temperature at
failure plane (°C)
Slab size:
Length (m)
Width (m)
Thickness (m)
Area (m?)
Volume (m?)
Mass magnitude
Potential magnitude
of avalanche
Slope inclination (°)
Slope orientation

Type of bed surface Bare ground, grass, bush

Earthquake fact sheet
Data source

Date and time of
earthquake

Magnitude, M,,

Epicentre

Hypocentre depth
(km)
Source-to-site
distance (km)
PGA at closest
stations (cm 5'2):
N-S E-W U-D
PGA at site (g) (sug-
gested by authors)
Details

4 Jan 2001
Nishitajiri, Nakazato
village, Uonuma,
Niigata pref.
350

0.91 (Shiozawa)
Full depth
Bottom snow and bed
surface
Side of road
Road

224

7
22
1
154
~154
1.1

1.2
40
N30°W

Ogura and others (2001);

K-Net*

4 Jan 2001, 1318 h
5.1
36°57.5'N
138°45.7'E

14

8
NIG023: 232 412 70

NIG022: 271 296 163

~0.266
Plane slope

Ogura and others (2001) Higashiura and others

(1979)
20 Feb 1978

Mogamigun, Okura
village, Yamagata pref.
(38°35'N, 140°11'E)

410-430

3.37 (Hijiori)
Surface layer
2 cm thick coarse-
granular old snow
Convex slope
Road

160
n/a

20
50
1
1073
~1073
2.2

3.0
45
N20°W
Bare ground

Higashiura and
others (1979)

20 Feb. 1978, 1337 h

6.7

38°45.0'N,

142°12.0'E
50

180

YAMAGATA (38°26'N,
140°09'E): 100 87.5

12.5

~0.100

Topographic amplifi-
cation was possible

(convex slope
topography)

*http://www.k-net.bosai.go.jp/k-net/quake/index_en.html
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