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The relationship between bulk-mass momentum
and short-period seismic radiation
in catastrophic landslides

Clément Hibert'2'", Goran Ekstrom'""’, and Colin P. Stark’
1 Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York, USA, 2Now at Institut de Physique du

Globe de Strasbourg/EOST, UMR 7516, CNRS, Strasbourg, France

Abstract The relationship between bulk-mass dynamic properties of catastrophic landslides and the
generation of short-period seismic waves is investigated, with a particular focus on the momentum of

the landslide mass and the envelope of high-frequency seismograms. Twelve very large landslides that
occurred in different geological settings worldwide between 1999 and 2014 are selected for study, based
on the existence of detailed descriptions of their force histories, determined from long-period seismic
waves (frequency lower than 0.1 Hz), as well as the availability of nearby high-quality short-period seismic
recordings. A high average correlation (0.94) is found between the modulus of the landslide momentum and
the envelope of the high-frequency seismograms, band-passed filtered between 3 and 10 Hz, recorded on
nearby stations. The best correlation is seen during the acceleration phase of each landslide. Comparatively
poor average correlation (0.57) is found between the modulus of the landslide force and the seismogram
envelopes. A possible scaling between the momentum and the amplitude of short-period radiation is
investigated. The maximum amplitudes of short-period seismograms for the nine best recorded landslides
are corrected for local attenuation and correlated with the maximum momentum of the landslides. The nine
data points scatter around a best fitting line that defines a nearly linear relationship between momentum
and peak short-period radiation. It is hypothesized that bulk-mass momentum linearly modulates landslide
processes that generate short-period seismic waves but that the efficiency of short-period radiation is highly
variable between landslides.

1. Introduction

Landslide failures on the scale of mountains are spectacular, dangerous, and spontaneous, making direct
observations hard to obtain. Detection of the occurrence of landslides and measurement of their dynamic
properties during runout is a research priority, but a logistical and technical challenge. Seismology has begun
to helpin several important ways. Taking advantage of the densification of global, regional, and local networks
of broadband seismic stations, recent advances now allow the seismic detection and location of landslides
in near real time. At the global scale, detection of the long-period surface waves generated by the largest
landslides permits the location of events in very remote areas that may otherwise have remained unde-
tected [Ekstrém and Stark, 2013]. Thanks to continuous recording, seismology can also help to reconstruct the
chronology of landslides caused by strong environmental forcing, such as the Talas typhoon in Japan [Yamada
etal., 2012] or the Morakot typhoon in Taiwan [Lin et al., 2010], and more generally to study the spatiotempo-
ral activity of gravitational instabilities at a regional or a local scale and in different geological contexts [e.g.,
Deparis et al., 2008; Helmstetter and Garambois, 2010; Dammeier et al., 2011, 2016; Hibert et al., 2011, 2014a;
Clouard et al., 2013; Chen et al., 2013; Burtin et al., 2013; Tripolitsiotis et al., 2015; Zimmer and Sitar, 2015].

In addition to detection and location, seismology can be used to determine dynamic properties of landslides.
Inversion of long-period surface waves generated by large landslides yields an estimate of the forces imparted
on Earth by the bulk accelerating mass [e.g., Kanamoriet al., 1984; Brodsky et al., 2003; Zhao et al., 2012; Ekstrém
and Stark, 2013; Allstadt, 2013; Coe et al., 2016]. From the inverted forces, landslide properties such as its mass,
center-of-mass velocity over time, and trajectory can be determined [Ekstrém and Stark, 2013]. Long-period
seismic waves generated by catastrophic landslides have also been modeled and used to constrain numer-
ical simulations [e.g., Favreau et al., 2010; Moretti et al., 2012]. These long-period studies have improved
our understanding of catastrophic landslides, but the current methods are applicable only to events that
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generate strong signals at periods greater than 10 s. Such long-period seismic waves are recorded only for the
largest landslides, which account for a very small proportion of the worldwide occurrence of landslides and
other gravitational instabilities.

Recently, interest in the information contained in short-period seismic signals (periods shorter than 1 s)
generated by gravitational instabilities has grown. Short-period seismic signals are frequently recorded for
gravitational instabilities [e.g., Surifiach et al., 2005; Deparis et al., 2008; Dammeier et al., 2011, 2016; Clouard
et al., 2013; Chen et al., 2013; Burtin et al., 2013; Hibert et al., 2014a; Levy et al., 2015; Tripolitsiotis et al., 2015;
Zimmer and Sitar, 2015], even for small events with a volume of the order of a cubic meter [Hibert et al., 2011],
when a seismic station is close by. Challenges associated with short-period signals are that they attenuate
rapidly away from the source, and their complexity has thus far precluded inversion and modeling.

Short-period signals generated by landslides and other gravitational instabilities have common features,
which are usually an emergent onset, no well-defined peak amplitude, a long duration (tens of seconds), and
nodistinct phases. These features are thought to be physically related to progressive failure [McSaveney, 2002],
individual block impact along the runout path [Norris, 1994; Vilajosana et al., 2008; Deparis et al., 2008], mass
bulking from material entrainment [Surifiach et al., 2005], and, more generally, to the granular-flow nature of
these phenomena [e.g., Ratdomopurbo and Poupinet, 2000; Calder et al., 2002; Luckett et al., 2002; Dammeier
etal, 2011; Hibert et al., 2011]. These characteristic signal features are not dependent on the size of the event
and are observed for granular flows with volumes on the order of a few cubic meters [e.g., Deparis et al., 2008;
Vilajosana et al., 2008; Hibert et al., 2011] to the largest landslides, with volumes exceeding millions of cubic
meters [e.g., Favreau et al., 2010; Allstadt, 2013; Hibert et al., 2014b, 2015].

Several studies have aimed at finding relationships between features of short-period seismic signals and the
most critical properties of an unknown and potentially hazardous event, such as the volume, the mass, and the
runout distance. One of the simplest landslide properties to estimate from the short-period seismic signals is
the duration of landslide motion, as it is directly correlated to the duration of the seismic signal if recorded at
close stations, as shown by several authors [Norris, 1994; McSaveney, 2002; Vilajosana et al., 2008; Deparis et al.,
2008; Dammeier et al., 2011; Hibert et al., 2011]. This landslide duration estimate can, if an average velocity of
the moving mass is known, guide an assessment of the runout distance. Alternatively, if the runout distance
is known from direct observations, we can estimate the average velocity of the slide.

Another landslide property that is important for rapid hazard assessment is the volume or the mass of the
event. Pioneering studies have sought a relationship between the amplitude of short-period seismic signals
and the volume of landslides. Norris [1994] has shown that a correlation can be found between the maxi-
mum amplitude of seismic signals generated by landslides occurring at Mount Saint Helens and their volume,
but only for events with nearly the same runout path. Deparis et al. [2008] showed that the scaling between
peak amplitude and volume does not work well when comparing landslides occurring in different contexts
and with possible different dominant mechanisms. However, the statistical analysis of seismic signals from
rockfalls occurring in the Swiss Alps performed by Dammeier et al. [2011] showed that the volume of the stud-
ied landslides could be predicted well using a multivariate linear regression between landslide properties
and features of short-period seismic signal band-pass filtered between 1 and 20 Hz, including its peak ampli-
tude, integrated envelope, and duration. Another approach proposed by Hibert et al. [2011] and based on a
numerical model and a catalog of 1700 seismic signals of rockfalls recorded at Piton de la Fournaise volcano
at distances ranging from hundreds of meters to a few kilometers has shown that the energy of the seismic
signals filtered between 1 and 20 Hz is linearly proportional to the potential energy for each event. This pro-
portionality between the seismic and potential energies made it possible to estimate the volume of each
rockfall directly from the computed seismic energy.

Recent studies have suggested that the short-period seismic waves generated by landslides also carry
information on their dynamics. Schneider et al. [2010] compared numerical models of the Illiamna and the
Aroaki/Mount Cook rock-ice avalanches to the associated short-period seismic signals and showed that a
good correlation exists between the short-period seismic signal envelope and the modeled friction work rate
at the base of the avalanches. Using another model-based approach, Levy et al. [2015] showed that a correla-
tion can be found between the modeled basal force applied on the ground and the power of the short-period
seismic signal (which is the seismic energy computed as the integral of the squared amplitude of the envelope
on a moving window) for rockfalls that occurred at Soufriere Hills volcano on Montserrat Island.
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Figure 1. Raw (grey) and smoothed (red) envelope of the short-period signal band-pass filtered between 3 and 10 Hz
generated by the Oso landslide and recorded on (a) JCW station and (b) PANH station, along with the modulus of the
landslide momentum (blue) and of the modulus of the force of the landslide imparted to the ground (green), and their
maximum values, inferred from inversion of long-period seismic surface waves.
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All of these case studies give insights into potential linkages between short-period seismic signals and the
dynamics of gravitational instabilities, but we still lack an understanding of what the dominant physical
processes are that control the amplitude of the short-period-wave radiation generated by slope failures in
general. Key questions persist, such as the following: Are the features of short-period seismic signal deter-
mined by the bulk dynamics or are they dominated by the sum of stochastic phenomena, such as individual
particles interacting with the topography? If there is a link between the large-scale dynamics of a landslide
and the genesis of short-period waves, what could be the dynamic parameters that control the amplitude
of the seismic signals? And finally, if such a correlation exists, is it generalizable to landslides that occur in
different contexts and with different rheologies?

In a recent study of the catastrophic 2014 Oso, Washington, landslide [Hibert et al., 2015], we made a new
observation relevant to these questions. We found that the normalized envelope of the short-period seismic
signal is very similar to the temporal evolution of the modulus of the normalized momentum of the center
of mass inferred from inversion of the long-period seismic waves. This similarity is observed at the closest
stations (Figure 1a) and also at stations located dozens of kilometers from the source (Figure 1b). Poor cor-
relation is observed between the modulus of the inverted force exerted by the landslide on the solid Earth
and the envelope of the short-period seismic signal (Figure 1). This observation leads to the specific ques-
tions addressed in this paper: Is the similarity between center-of-mass momentum and the short-period signal
amplitude observed for the Oso landslide unusual, or characteristic of catastrophic landslides? And, more gen-
erally, what is the relationship between the center-of-mass dynamics, deduced from long-period inversions,
and first-order features of the short-period seismic signals?

2. Data and Analysis

To investigate the relationship between the bulk dynamics of large landslides and their associated
short-period seismic radiation, we first identified landslides for which landslide force histories (LFHs) have
been determined, and for which high-quality short-period seismograms are available. Since short-period radi-
ation from landslides is relatively weak, the latter condition translates into a selection of events for which
a seismic station is located within ~150 km distance. We found seven landslides that meet these criteria in
the compilation of Ekstrém and Stark [2013] (the Akatani, Fangtunshan, Mount Steller, Mount Steele, Mount
Lituya, Hsiaolin, and Sheemahant Glacier landslides) and three additional ones in our two recent studies
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[Hibert et al., 2014b, 2015] (the Oso-Steelhead and the two Bingham Canyon Mine landslides). In addition to
these 10, we determined new LFHs for two landslides that have not previously been investigated (the Mount
Dall and Hubbard landslides). Estimation of the force history of a landslide is possible when it generates
long-period surface waves (< 40 s) with sufficient amplitudes to be recorded on several stations. This criterion
is controlled mainly by the size of the event and by the level of the background noise at the time of the land-
slide. The smallest event for which we have been able to determine a LFH is the main Oso-Steelhead event,
with a volume of ~ 7-10 x10% m3 [Keaton et al., 2014; Hibert et al., 2015].

The total number of landslides is therefore 12. Six of the 12 landslides occurred in glacial environment
and on glaciers (the Mount Steller, Mount Steele, Mount Lituya, Mount Dall, Hubbard, and Sheemahant
Glacier landslides), four are linked to strong bouts of rain in temperate or tropical environments (the Akatani,
Fangtunshan, Hsiaolin, and Oso-Steelhead landslides), and two are related to human activity (the two Bing-
ham Canyon Mine landslides). For all of these, short-period seismograms are available at distances smaller
than 152 km; for six of the landslides the nearest station is closer than 30 km. Details of the individual landslides
can be found in Appendix A.

For each landslide, we use the LFH results to infer bulk dynamic properties of the landslide, such as momentum
and speed, following the approach developed by Ekstrém and Stark [2013]. We use envelopes of short-period
band-pass-filtered vertical-component seismograms to characterize the short-period radiation.

2.1. Long-Period Analysis

The long-period analysis of the 12 landslides investigated here follows the methodology developed and
applied in our earlier papers [Ekstrdm and Stark, 2013; Hibert et al., 2014b], and we refer the reader to these
earlier studies for a technical description of the approach. Here we briefly summarize the phenomenology
and the physics that allow us to determine the landslide momentum from observed seismic waves. The
acceleration and deceleration of the bulk mass during a landslide cause an unloading and loading of the
slope that generates long-period seismic waves. The forces acting on the slide mass that bring about this
unloading-loading cycle are gravity, basal friction, and centripetal forces, and each of these has a reactive
counterpart acting on the solid Earth in the opposite direction across the slide contact area. The landslide
therefore exerts a force F on the solid Earth that is the vector opposite of the force Fg, equivalent to the bulk
momentum change of the slide:

d(mv)
dt
The time-varying forces acting on the slope during the unloading-loading cycle can be retrieved by inversion
of long-period seismic waves and thereby provide a force history from which information on the dynamics
of the landslide can be inferred. We use the inversion method developed by Ekstrém and Stark [2013]. The
method is based on the approximation that when considering the long-period signals, the landslide seismic
source can be described as a time-varying, 3-D force vector acting at a fixed point [Kanamori and Given, 1982;
Fukao, 1995; Brodsky et al., 2003; Ekstrom and Stark, 2013; Allstadt, 2013]. This assumption is justified to the
extent that the spatial scale of the slide is small compared to the wavelength of the seismic waves and to the
distances to the recording seismic stations. Hence, we generally restrict our analysis to signals with periods
longer than 40 s, which have wavelengths exceeding 100 km, while large landslides have runout distances
of a few kilometers. The three-component force histories for the 12 landslides investigated here are shown
in Figure A1, and Table A1 provides key descriptive parameters for each slide, such as the total duration,

maximum force, and maximum momentum.

F[x,t] = —F; = — [x,t] . (1)

To obtain the time-varying momentum p[t] of the landslide, the force history F[t] is integrated over time,

t
pltl = —/ Flr]dr . (2)
0

Note that no additional information about the landslide, beyond the LFH, is needed to derive the
center-of-mass momentum time history.

2.2. Short-Period Analysis

We collect short-period seismograms from stations close to the landslide in order reduce the influence of
wave propagation on our observations. We remove the instrument response to restore ground velocity. Since
some of the landslides were recorded only on vertical-component seismometers at short distances, we restrict
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Table 1. Correlation Coefficients Between Short-Period Seismic Signal Envelope, Inverted Center-of-Mass Momentum, and Inverted Force Modulus and Optimal
Apparent Wave-Propagation Velocity Used to Align the Short-Period Seismogram With the Momentum Time History.

Network Station Correlation Correlation Correlation Correlation

(Distance to Coefficient |p| Coefficient |p| Coefficient |F| Coefficient |F| Vs
Name Source Kilometer) (3-10H2) (1-3Hz) (3-10H2) (1-3Hz) (103 ms™")
Akatani Hi-NET HZNH (17) 0.94 0.83 0.67 0.39 0.9
Bingham #1 UU NOQ (13) 0.96 0.70 0.76 0.61 3.0
Bingham #2 UU NOQ (13) 0.91 0.47 0.60 0.17 3.0
Fangtunshan TW MASB (19) 0.95 0.87 0.65 0.66 1.1
Hsiaolin TW YULB (70) 0.95 0.85 0.33 0.42 1.1
Hubbard AK SAMH (71) 0.95 0.95 0.44 0.38 1.8
Mount Dall YU BYR (115) 0.87 0.46 0.76 0.34 34
Mount Lituya AT SKAG (140) 0.91 0.94 0.55 0.52 37
Mount Steele AK LOGN (49) 0.93 0.95 0.48 0.52 2.6
Mount Steller AK GRIN (26) 0.98 0.95 0.70 0.57 0.9
Oso-Steelhead UW JCW (12) 0.98 0.78 0.61 0.47 1.1
Sheemahant Glacier CN BBB (152) 0.98 0.96 0.34 0.24 2.8
Average - 0.94 0.81 0.57 0.44 -

our analysis to the vertical component. Also, the frequency range shared by recordings of the landslides was
constrained by a sampling rate of 20 Hz at some of the stations. We therefore band-pass filter all of the signals
between 1 Hz and 10 Hz using a Butterworth filter with eight poles and eight zeros. The envelopes of the
signals are computed using a Hilbert transform.

We compare the envelope of the short-period signal to the absolute value of the landslide momentum, as
inferred from the LFH inversion. To make the comparison, we need to apply a correction for the propagation
time of the short-period signal from the landslide to the recording station. For short-period surface waves in
the 1-10 Hz frequency band, propagation velocities are highly variable and dependent on shallow geology
as well as topography. However, the closer the station is to the source, the smaller the impact of uncertainties
in the propagation velocity will be on the alignment of the two signals. For example, for a seismic wave propa-
gating at 1000 m s~' but assumed to travel at 1500 m s, the traveltime error is only 3.33 s for a station 10 km
from the source, but 33.3 s at 100 km from the source. With most landslide signals discussed here having dura-
tion greater than a minute, 3.33 s is a relatively small error. In our analysis we therefore selected for analysis
and comparison the short-period signal with the best signal-to-noise ratio recorded on the closest stations.

When possible, we computed the apparent wave-propagation velocity by differencing the onset times of
the short-period signals filtered between 1 and 10 Hz at two stations aligned with the source, and dividing
by the interstation distance. We were able to find aligned stations with the source for four of the landslides
(Oso-Steelhead, Mount Steller, and the two Bingham Canyon Mine landslides). For the remaining landslides,
we picked a short-period onset time and associated it with the start of the LFH. We confirmed that the
second approach resulted in compatible estimates when applied to the four landslides with interstation esti-
mates. The apparent wave-propagation velocities used for alignment of the signals for the 12 landslides are
listed in Table 1. We do not make any corrections for propagation dispersion, as the dominant factor control-
ling the duration of the short-period signal is the duration of sliding, something observed previously [e.g.,
Surinach et al., 2005; Vilajosana et al., 2008; Schneider et al., 2010; Dammeier et al., 2011; Hibert et al., 2011] and
corroborated by the current study.

2.3. Correlation of Short-Period Seismic Signal Amplitudes and Landslide Momentum

After shifting the short-period signal to account for the time of propagation, we compare the signal envelope
and the landslide momentum. Figure 2 shows the two signals plotted on top of each other after normalization
of each signal. Since numerous studies have shown that the energy of short-period seismic signals is high
above 3 Hz [e.g., Surifiach et al., 2005; Dammeier et al., 2011; Hibert et al., 2011, 2014a; Levy et al., 2015], we
initially filter the signals between 3 and 10 Hz and also calculate a smooth envelope using a running-average
filter with a length of 1000 samples.
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Figure 2. Envelope of the short-period signal filtered between 3 and 10 Hz, smoothed envelope (red) and inverted momentum (blue) for the (a) Akatani,
(b) first Bingham Canyon Mine, (c) second Bingham Canyon Mine, (d) Fangtunshan, (e) Hsiaolin, (f) Hubbard, (g) Mount Dall, (h) Mount Lituya, (i) Mount Steele,
(j) Mount Steller, (k) Oso-Steelhead, and (I) Sheemahant landslides.

The similarities of the landslide momentum time histories and the smoothed envelopes are visually evident.
In particular, the total duration of significant amplitude and the gradual growth from the emergent start to
the peak amplitude are very similar for most of the events (Figure 2). The correlation coefficients between the
curves range between 0.87 and 0.98 for the 12 landslides, with an average of 0.94 (Table 1), quantifying their
qualitative similarity.

To examine the correlation of the two curves in greater detail, we plot the normalized and smoothed
short-period signal amplitude as a function of the normalized momentum (Figure 3). For most of the land-
slides the best correlation of the envelope and the momentum is during the acceleration phase, as can be
inferred by the proximity of the points reflecting the early part of the slide to the one-to-one line in Figure 3.
Once the peak momentum is reached and deceleration starts, different types of decorrelation behavior are
reflected by the deviations from the one-to-one line.

For the first and second Bingham and the Fangtunshan landslides a secondary high-amplitude short-period
arrival causes the decorrelation observed during the deceleration phase. For the Mount Dall and Sheemahant
Glacier landslides, the momentum returns to zero before the short-period envelope reaches the background
noise level. For the Mount Lituya landslide and, to a lesser extent, the Hubbard, Akatani, and Hsiaolin
landslides, the short-period envelope decreases faster than the momentum after reaching its maximum.

The correlation between the short-period signal amplitude and the momentum is dependent on the fre-
quencies included. We investigated the short-period envelopes and the correlations using a lower-frequency
band-pass filter between 1 and 3 Hz and obtained substantially lower correlations. The average correlation for
the 12 landslides is 0.81 (see Table 1). The weaker correlation may be related to stronger attenuation of scat-
tered waves in the 3-10 Hz frequency band than in the 1-3 Hz frequency band, and especially of the coda of
those signals [Aki and Chouet, 1975].

The focus of the analysis described here is on the momentum, but we also calculated the correlations between
the modulus of the force history itself and the smoothed envelopes of the short-period signals. As the force
history typically is characterized by an early strong force associated with acceleration, and a late force asso-
ciated with deceleration, correlations with the bell-shaped short-period signal amplitude envelope are not
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Figure 3. Normalized momentum as a function of the normalized smoothed envelope amplitude for the (a) Akatani, (b) first Bingham Canyon Mine, (c) second
Bingham Canyon Mine, (d) Fangtunshan, (e) Hsiaolin, (f) Hubbard, (g) Mount Dall, (h) Mount Lituya, (i) Mount Steele, (j) Mount Steller, (k) Oso-Steelhead, and
(l'Sheemahant landslides. The orange circles correspond to the increasing phase of the momentum toward its maximum (acceleration) and the blue circles to the
decreasing phase from the maximum to zero (deceleration).

high. The average correlation between the envelope of the seismic signal filtered in the 3-10 Hz band and
the modulus of the force is 0.57. This value is significantly lower than the one obtained for the correlation
between the envelope and the momentum.

2.4. Quantitative Analysis: An Amplitude-Momentum Scaling Law?

For most of the 12 landslides in our study, a very good correlation exists between the shape of the envelope
of the short-period signal and the time history of the landslide momentum. We now investigate the extent to
which the amplitude of the short-period signal correlates with the absolute momentum of the landslide.
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Figure 4. Maximum envelope amplitude recorded at each station as a function of the distance and corresponding fitting curve (blue) for the (a) Akatani, (b) first
Bingham Canyon Mine, (c) second Bingham Canyon Mine, (d) Mount Dall, (€) Mount Lituya, (f) Mount Steele, (g) Mount Steller, (h) Oso-Steelhead, and (i)
Sheemahant glacier landslides.

Previous studies have suggested different approaches to this problem. For example, Deparis et al. [2008] stud-
ied 10 rockfalls that occurred between 1992 and 2001 in the French Alps and developed a seismic-magnitude
scale for those rockfalls based on the local magnitude defined by Richter [1935, 1958] and the 67 seismic
records available for the rockfalls. Their proposed magnitude scale is based on a simple attenuation model
and the observed peak ground displacement recorded at several stations for a given event. They determined
the attenuation model parameters from all of the observations. Dammeier et al. [2011] used a similar approach
in their study of rockslides but, because of the large number of seismic observations available for their set
of events, with most stations at distances less than 100 km, were able to compute individual attenuation
parameters for each studied event.

Since most of the 12 landslides in our study have well-recorded short-period signals at several stations, we
here follow the approach of Dammeier et al. [2011] and estimate landslide-specific propagation corrections.
Following Aki and Richards [1980], we consider the decrease with distance of the amplitude of a seismic surface
wave to be given by the following equation:

—Br

A(r) = A & 3)
r
with
_ af
B= v (4)

In equation (3) A, is the amplitude of the source, the damping factor B expresses the attenuation due to the
anelasticity of the medium, and 1/\/; expresses the attenuation related to geometrical spreading for surface
waves. The parameter B given by equation (4) is a function of the frequency f and the velocity V; of the seismic
waves, and of the quality factor for attenuation Q. Determining the parameters used to compute the factor B
is difficult, especially for the frequency range of the seismic waves we study as no global velocity and attenu-
ation models exists for the shallow layers in which these short-period seismic waves propagate. Nevertheless,
as we know the distances between the source and the recording stations, we can find, for a given event, the
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parameters A, and B of a curve defined

Table 2. Estimated Attenuation Parameters by equation (3) that best fits the distri-

Ao B bution of the amplitude as a function of
Name (107> ms™) (x1073) (R?)  therecording distance from the source.
Akatani 0.0849 —-10.791 0.53  This processing yields, for each event,
Bingham #1 1.0046 —12.263 084 the source amplitude A, and the fac-
Bingham #2 0.7454 ~11.268 078 tor B. We consider B to be constant in
Mount Dall 26810 10811 0.98 the narrow frequency band used in the
Mount Lituya 41731 ~7.8241 0gr 2nalysis.
Mount Steele 2.8617 —5.4082 0.81 In our analysis we used the maximum
Mount Steller 6.5808 —8.2669 083 amplitude of the smoothed envelope
Oso-Steelhead 00915 ~16.273 083 Of the short-period signal. For each

seismogram, we correct the maximum
envelope amplitude A(r) by the geo-
metrical spreading term 1 /\/Fand then
find the line that best fits the corrected amplitudes in a log-log space with a least squares fitting algorithm
(Figure 4). The values of the source amplitude A,, the factor B, and the R? values for each landslide are given
in Table 2. For all but the Akatani landslide, the R? values are close to 0.8 or above, which shows that our
simple attenuation model is capable of fitting the data well. For the Akatani landslide, all the stations that
recorded good short-period seismic signal are less than 100 km from the source, and the high variability of
the maximum-amplitude values recorded at different stations at similar distance is what causes the R? value
to be low (0.53).

Sheemahant Glacier 3.2124 —12.464 0.91

A limitation of this approach is that we need a sufficient number of stations to obtain a robust fit between
the regression curve and the data. For the Hsidolin and the Fangtunshan landslides, we did not find records
of short-period seismic signals on more than three stations, which led us to exclude these events from our
quantitative analysis.

For each landslide for which we were able to compute the amplitude corrected from attenuation, we plotted
the logarithm of the maximum amplitude A, of the seismic signal envelope as a function of the logarithm
of the maximum momentum |p| (Figure 5). For the seismic signals showing a high-amplitude late arrival, we
consider the first maximum of the envelope and not the second maximum associated with these late arrivals.
Most of the points align well with a line, suggesting that the amplitude of the short-period seismic signal
scales as a function of the momentum of the center-of-mass as

log(Ag) = a log(lp]) + B, (5)

with @ = 1.11 + 0.61 (within a 95% confidence interval), § = —18.42 + 7.55, and R? = 0.72. However, the
points associated with the Mount Lituya and the Sheemahant Glacier landslides are more distant from this

L 6

— T
107 log(A0)=:1.18 log(|p])=19:54::::: Y, .
RZ'=0.94 R v4 PRSe br
log(A0)= 1.11 log([p)) 18.42 C;) . ,:,* A B wtpal
R2 = 0.72 > —*' X Mt Steller
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Figure 5. Maximum amplitude A, of the short-period seismic signal envelope corrected for attenuation effects as a
function of the maximum of the momentum p for nine landslides. The range of values within the 95% confidence
interval on the computation of the amplitude A is represented for each landslide by a black line. The dashed red line is
the best fit of all the points, the blue dashed line is the best fit while excluding the Mount Lituya and the Sheemahant
Glacier landslides, and the grey dashed line is the best fit with a« = 1.
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regression line. When computing a regression line excluding these three landslides, we obtain a coefficient
a=1.18 +0.34and f=—19.54 + 4.21, with R?=0.94.

3. Discussion and Conclusion

The results from our analysis of 12 landslides largely agree with the initial observation of good correlation
between the time history of short-period signal amplitude and the bulk landslide momentum [Hibert et al.,
2015]. While the emergent start of short-period signals of landslides is well known [e.g., Surifiach et al., 2005;
Deparis et al., 2008; Hibert et al., 2011; Dammeier et al., 2011], as is their characteristic spindle- or cigar-shaped
envelopes, the relationship to bulk properties of the landslide has previously been difficult to investigate
due to the lack of time histories of landslide force, speed, or momentum. Access to the landslide force histo-
ries obtained through inversion of long-period seismic signals is the development that makes possible the
quantitative comparisons detailed above.

On one level, the observed good correlation could be anticipated. Peak momentum can only occur after a
period of initial acceleration and before deceleration, making a quasi-symmetric momentum time history, sim-
ilar to a typical short-period envelope, a natural possibility. However, the consistency of the high-correlation
values between the seismic signal envelope and the momentum suggests that there is indeed a causal link
behind this correlation. Moreover, when combined with the recent additional observations that the peak force
in catastrophic landslides typically occurs early in the landslide [Allstadt, 2013; Hibert et al., 2014b], additional
inferences can be made. An early peak force strongly argues for rapid mobilization of the full landslide mass.
The emergent short-period signal amplitudes are then not consistent with a gradual increase of the sliding
mass over time but can logically be associated with the increase in the sliding speed.

In the analysis above, we have focused on the momentum as the bulk property with which to correlate
the short-period signal amplitude. Other quantities related to the momentum, such as the center-of-mass
kinetic energy, or the squared momentum, have similar bell-shaped time histories and therefore also exhibit
good correlation with the short-period envelopes. For example, the average correlation between the squared
momentum and the short-period signal envelope is 0.86 (0.94 with the momentum). While we do not believe
that the quality of our observations warrant a search for a best fitting dynamic variable, we note that after
experimentation with some alternative variables, we were unable to improve on the good average correlation
provided by the momentum time histories. It is important to note that the scaling relationship found between
the short-period seismic signal and the bulk momentum is dependent on the frequency band. We obtained
better correlation in the 3-10 Hz band than in the 1-3 Hz band and were unable, because of limitations of
the data, to investigate the correlations at higher frequencies. The relationships between the seismic signal
at different frequencies and characteristics of the landslide source are complex and deserve further study.

Our results provide some insight to the key questions posed in section 1 regarding short-period signals gen-
erated by gravitational instabilities. In particular, they show that the amplitude of the seismic signal is related
to the bulk dynamics (namely momentum) of large landslides and that this is true for landslides occurring in
different contexts. However, the physical processes that explain this link are yet to be fully understood.

A linear relationship between landslide bulk momentum and short-period signal amplitude can potentially
be seen as reflecting the scaling of small-scale processes within the landslide mass, and between the land-
slide mass and its substrate. For example, the impulse imparted to the solid Earth by a bouncing rock will be
proportional to the momentum of the rock, and the amplitude of the seismic wave will be proportional to the
magnitude of the impulse. The rate of particle impacts, which may increase with the speed of the mass, might
also have a control on the seismic wave generation. Our results suggest that these hypothetical processes
that lead to seismic wave generation have their intensity linearly modulated by the bulk momentum of the
landslide. These ideas have to be further investigated by conducting analysis and modeling of the granular
processes occurring within landslides, with a particular focus on the link between the bulk dynamics and the
magnitude of the impulse of the grains on the slope.

The decorrelation between the momentum and the short-period signal envelope during the deceleration
phase can have different explanations, depending on the context in which the landslides occurred. For the
Bingham Canyon Mine landslides, a secondary impulse arrival is thought to be caused by the collision of the
flowing mass with the pit walls [Hibert et al., 2014b]. For other landslides, such as the Sheemahant Glacier,
the Mount Lituya, and the Mount Dall landslides, a failure of the LFH inversion to capture a very gradual
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deceleration of the slide, suggested by the very long coda of the short-period seismic signals, may explain
the loss of correlation. These three landslides traveled paths that crossed glaciers, which might suggest that
a long coda reflects the influence of this kind of substrate on landslide dynamics. Furthermore this long coda
is not observed for landslides that do not occurred in glacial environments, such as the Oso, the Akatani, or
the Hsiaolin landslides. However, the Mount Steele and Mount Steller landslides also occurred on glaciers
and no long coda is observed on the associated seismic signals. These different characteristics may reflect
source properties but could potentially also be related to the different distances at which the landslides were
recorded (closest recording station at 26 km and 49 km for the Mount Steller and Mount Steele landslides,
115 km, 140 km, and 152 km for the Mount Dall, Mount Lituya, and Sheemahant Glacier landslides, respectively).
This demonstrates how difficult it can be to interpret seismic signal features and to relate them to the par-
ticular influence of a single factor. Each landslide is unique, and its dynamics are influenced by intricate
and complex interactions with the topography and the underlying substrate that require detailed analy-
sis to be understood. Nevertheless, this highlights the fact that short-period seismic waves generated by
landslides carry complementary information that cannot be found by solely investigating the long-period
seismic radiation.

Our investigation into the existence of a single scaling relationship, applicable to landslides in different set-
tings, produced results that motivate further study. We find support for an approximately linear scaling
relationship between momentum and short-period signal amplitude (Figure 5) based on our sample of nine
landslides. However, while it is evident that our estimates of source amplitude have significant uncertainty, it
seems appropriate to interpret most of the scatter in Figure 5 as reflecting landslide variability.

This line of reasoning would then lead to the suggestion that while, for a given landslide, the amplitude of
short-period seismic radiation is proportional to the bulk momentum, landslides have different efficiencies
for generating short-period radiation. We hypothesize that factors that control the efficiency include rock
type, terrain roughness, substrate rheology and deformability, slope angle, and level of fragmentation, but
obviously, there are many other characteristics that can have an influence. New results also suggest that the
efficiency might change between the acceleration and the deceleration phase, owing to the orientation of
the main direction of motion relative to the normal of the slope (personal communication with Maxime Farin).
This might also be one of the factors explaining the decorrelations observed during the deceleration phase,
but has to be further investigated.

Our analysis also suggests that for landslides occurring in the same area, following roughly the same runout
path and having similar kinematic parameters (acceleration and velocity), a linear scaling between the prop-
erties (volume and mass) of the landslides and the features of the seismic signal could be found. This would
be a consequence of the momentum-amplitude scaling relationship and could explain the correlations found
by Norris [1994] between the amplitude and the volume for landslides occurring on the same slope, or by
Hibert et al. [2011] between the seismic energy and the volume for granular flows occurring on the slopes of
the Piton de la Fournaise volcano main crater, which are most of the time of the same length.

The implications of our observations are twofold. First, taking into account the scaling between the amplitude
of short-period waves and the momentum of the landslide can help to constrain and to refine the inversion
and the modeling of landslide dynamics based on their seismic signals. For example, the envelope of the
high-frequency seismic signals can be used in the inversion processes to constrain the duration and the modu-
lus of the inferred momentum. This will also aid the reconstruction of small-scale or low-acceleration motions,
which are usually not recovered in the inversion of long-period waves. The envelope of the high-frequency
seismic signal could also help calibrate modeling by, for example, comparison of the bulk momentum of the
modeled landslide and observed signal envelopes. Second, if this relationship is verified in other contexts
and for smaller events, it can help provide estimates of dynamic properties (velocity and runout distance) of
smaller gravitational instabilities. As smaller events constitute the large majority of slope failures that occur
worldwide, being able to quantify the dynamics for a broader range of the sizes of gravitational instabilities
would constitute a breakthrough.

Appendix A: Landslide Catalog

The landslides investigated in this study were selected from the compilation of events published by Ekstrém
and Stark [2013], to which we added analyses of the largest events in 2013 and 2014. We omitted nearly two
thirds of the potential events due to the lack of nearby short-period seismic recordings. Most of the events
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Table A1. Parameters Used for the Inversion, Inverted Maximum Force, and Inferred Dynamic Properties?

Inversion Results

Source Duration [Frsens e M Qe -
Name (s) (10"2N) (10" kgms™")  (10°kg) (ms=2) (ms')
Akatani 70 0.038 0.64 24 1.58 16.88
Bingham #1 90 0.189 3.13 70 2.7 44,74
Bingham #2 90 0.099 1.38 35 2.83 39.50
Fangtinshan 105 0.277 5.51 13 213 41.15
Hsidolin 105 0.096 2.57 6 1.60 42.81
Hubbard 120 0.083 2.37 29 2.86 82.68
Mount Dall 70 0.329 5.74 125 2.63 45.90
Mount Lituya 90 0.067 1.25 29 231 45.17
Mount Steele 110 0.272 7.31 108 2.51 69.29
Mount Steller 110 0.277 748 135 2.05 54.11
Oso-Steelhead 920 0.016 0.29 15 1.07 19.14
Sheemahant Glacier 105 0.076 1.88 81 0.93 23.20

@Note that to calculate M, dpay, and vy, independent information on the total runout of the slide is
required, while F,,, and p,,, result directly from the LFH inversion.

for which we were able to gather a sufficient number of short-period seismograms occurred in dense local or
regional networks. A brief description of each landslide is provided below. Table A1 provides key parameters
obtained in the long-period analysis, and Figure A1 shows the three-component LFHs for all 12 landslides.

Akatani. The Akatani landslide occurred on 4 September 2011 at 7:21:30 UT and is one of the largest slope
failures in a sequence caused by the Typhoon Talas that struck central and western Japan [Yamada et al., 2012]
on 3 and 4 September 2011. The landslide volume was estimated to be 8.2 x 106 m3? [Yamada et al., 2012]
corresponding to a mass of 2.1 x 10'° kg [Yamada et al., 2013]. Observations of the deposit and force history
inversion [Yamada et al., 2013; Ekstrém and Stark, 2013] show a simple sliding geometry, with a mass that slid
straight toward the northwest and stopped when it hit the opposite valley wall. The moment when the sliding
mass hit the opposite valley wall is marked by an amplitude peak in the short-period seismic signal [Yamada
etal., 2013].

Bingham Canyon Mine. A sequence of two landslides occurred in the Bingham Canyon Mine, located close to
Salt Lake City (Utah, USA), on 10 April 2013 [Pankow et al., 2014; Hibert et al., 2014b]. The first failure occurred at
03:31 UT and the subsequent one at 05:06 UT. The masses of the first and the second landslides, inferred from
inversion of the long-period seismic waves, are 7x10'% kg and 4.5x 10'° kg, respectively. Both landslides where
stopped by the mine wall and the collision generated clearly identifiable amplitude peaks in the short-period
seismic signals [Hibert et al., 2014b]. Detailed analyses of the broadband seismic signals generated by both
events can be found in Pankow et al. [2014] and Hibert et al. [2014b].

Hsidolin. The Hsidolin landslide occurred on 8 August 2009 at 22:16 UT during the period when Typhoon
Morakot hit Taiwan and caused 474 fatalities in the Hsiaolin village [Lin et al., 2010; Kuo et al., 2011; Lo et al.,
20111. The bulk of the landslide moved straight to the valley and formed a dam on the Cishan River [Kuo et al.,
2011; Lo et al.,, 2011]. A small part of the moving mass may have taken a secondary path located south from
the main one. The volume of the main body of the landslide is estimated to be 24 + 2 x 10° m3 [Kuo et al.,
2011], corresponding to a mass of 6 x 10" kg [Ekstrém and Stark, 2013].

Fangtunshan. The Fangtinshan event was also part of the sequence of landslides caused by Typhoon Morakot
in Taiwan. It occurred on 9 August 2009 at 09:31 UT. The mobilized mass is estimated at 1.3 x 10" kg [Ekstrém
and Stark, 2013].

Hubbard. The Hubbard landslide (Alaska-Yukon, USA-Canada Border) occurred on 21 May 2012 at 14:25 UT.
The scaling law established by Ekstrém and Stark [2013] between the maximum of the inverted force exerted
by the landslide on the slope and its mass gives a rough estimate of the latter at 8 x 10'° kg.

Mount Dall. The Mount Dall (Alaska, USA) landslide occurred on 9 April 1999 at 15:15 UT. This event was
seismically retrieved by a detection and location algorithm applied to global data recorded from 1999 to 2001.
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Figure A1. Inverted landslide force history (LFH) for the (a) Akatani, (b) first Bingham Canyon Mine, (c) second Bingham Canyon Mine, (d) Fangtunshan,
(e) Hsiaolin, (f) Hubbard, (g) Mount Dall, (h) Mount Lituya, (i) Mount Steele, (j) Mount Steller, (k) Oso-Steelhead, and (I) Sheemahant landslides.

Mount Lituya. The Mount Lituya (Glacier Bay, Alaska, USA) landslide was seismically detected but first misiden-
tified as a tectonic earthquake. This large rockslope failure occurred on 11 June 2012 at 22:23 UT and is
characterized by a very long runout of more than 9 km over the Hopkins Glacier. The landslide mass is
estimated to be approximately 2 x 10'0 kg [Ekstrém and Stark, 2013].

Mount Steele. The north face of Mount Steele (Saint Elias Mountains, Yukon, Canada) collapsed on 27 July 2007
at 00:57 UT, forming a rock-ice avalanche that traveled almost 6 km in a nearly straight line, crossed the Steele
Glacier, and stopped [Lipovsky et al., 2008]. The mobilized volume is estimated between 27 x 10 m? and
80 x 10° m3 [Lipovsky et al., 2008; Huggel et al.,, 2012] and the mass at 1.08 x 10"" kg [Ekstrém and Stark, 2013].

Mount Steller. A part of the summit of the Mount Steller (Chugach Mountains, Alaska, USA) collapsed on 14
September 2005 at 19:59 UT. The volume mobilized is estimated between 40x 10° m? and 60x 10° m? [Hugge/
etal., 2008a, 2008b] and the mass at 8.1 x 100 kg [Ekstrém and Stark, 2013]. The bulk of the rock-ice avalanche
traveled 10 km with no significant changes of direction before coming to rest [Huggel et al., 2008a, 2008b;
Morettiet al., 2012].

Oso-Steelhead. The Oso-Steelhead landslide, located near Seattle (Washington, USA), occurred on 22 March
2014 at 17:37 UT, after a period of heavy rainfall, and destroyed the “Steelhead Haven” community resulting
in 44 fatalities [Keaton et al., 2014; Iverson et al., 2015]. The main failure has a simple geometry, with mass
starting to slide toward the southeast, slightly turning to the south during the movement which ended in the
valley bottom, blocking the stream of the Stillaguamish River and forming a dam. Ground observations and
inference from long-period surface waves inversion give an estimate of the volume between 7 x 10 m* and
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10 x 10° m? and a corresponding mass between 1.4 x 10'° kg and 2.6 x 10'° kg [Keaton et al., 2014; Hibert
etal, 2015; lverson et al., 2015].

Sheemahant Glacier. The Sheemahant Glacier landslide occurred on 9 July 2010 at 7:35 UT in British Columbia,
Canada. This landslide was first seismically detected and then identified on satellite images. Inversion of the
long-period seismic waves provided an estimate of the mass of this landslide at 8.1 x 10'° kg [Ekstrém and
Stark, 2013]. Its runout distance is approximately 3 km, and the slide did not undergo significant flow direction
changes along its trajectory.
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