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[l] Dynamical predictions of  landslide runout require 
measurements of  the basal friction.  Here we present the 
first  seismically determined bounds on the frictional 
coefficients  for  three large volcanic landslides. The three 
landslides (Bezymianny, Russia 1956, Sheveluch, Russia 
1964 and Mount St. Helens, USA 1980) have masses that 
vary by a factor  of  5 and were all followed  immediately by 
eruptions. We use teleseismic and regional seismic data to 
show that all three landslides are consistent with an apparent 
coefficient  of  friction  of  0.2 which corresponds to an actual 
areally-averaged frictional  coefficient  of  0.2-0.6. The 
apparent friction  is independent of  the quantity of  hot gas 
subsequently released. INDEX  TERMS:  7209 Seismology: 
Earthquake dynamics and mechanics; 7280 Seismology: Volcano 
seismology (8419); 8419 Volcanology: Eruption monitoring 
(7280). Citation: Brodsky, E. E., E. Gordeev, and H. Kanamori, 
Landslide basal friction  as measured by seismic waves, Geophys. 
Res. Lett.,  30(24), 2236, doi:10.1029/2003GL018485, 2003. 

1. Introduction 
[2] The long runout of  large landslides, and therefore 

apparently low basal friction,  has long been a subject of 
intense debate [e.g., Hsu,  1975; Kilburn  and  Sorensen, 
1998]. Volcanic landslides have even longer runouts relative 
to their size than other landslides, perhaps due to the 
importance of  hot gas as a driving force  or lubricant [ Voight 
et al., 1983; Siebert,  1984]. We use seismic data to 
determine bounds on the basal friction  and present the first 
quantitative comparison of  instrumentally measured friction 
for  large, long runout landslides associated with eruptions. 
The landslide basal force  can be measured from  the seismic 
waves radiated by the slide [Kanamori  and  Given, 1982; 
Hasegawa  and  Kanamori,  1987; Kawakatsu,  1994]. Here 
we use a strictly forward-modeling  approach because 
there are too few  historical records to justify  an inversion 
procedure. After  discussing the physics of  landslides as 
seismic sources, we show that the historical teleseismic data 
for  the 1964 Sheveluch landslide is consistent with the 
same apparent coefficient  of  friction  as inferred  for  the 
better-recorded and previously well-studied 1980 Mount 
St. Helens landslide. We then use regional records to 
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demonstrate that the 1956 Bezymianny landslide is consist-
ent with the same apparent friction  as the others. 

2. Landslides as Seismic Sources 
[3] A landslide generates seismic waves by both shearing 

and loading the surface  as the mass moves from  a steep to a 
shallow slope. The effective  force  system is a horizontal 
single force  [Kanamori  and  Given, 1982; Dahlen, 1993]. 
The amplitude of  the seismic waves is proportional to the 
force  drop during the landslide, just as during an earthquake 
the seismic wave amplitude is proportional to the seismic 
moment, i.e., the force  drop multiplied by the source 
dimension. For landslides we know an additional variable 
that is unknown for  the earthquake case. We know the 
gravitational driving force  of  the landslide while the mag-
nitude of  the tectonic forces  that drive earthquakes are 
generally unknown. Therefore,  we can find  the absolute 
value of  the frictional  force  for  landslides whereas we are 
unable to perform  this calculation for  earthquakes. 

[4] The shear force  between the landslide and the ground 
is µMg  cos θ where µ is the dynamic coefficient  of  friction, 
M  is the mass, g is the gravitational acceleration and θ is the 
slope angle. As used here, µ and θ are averaged over the 
entire base of  the landslide during motion. By definition, 

is the ratio of  the shear force  to the normal force. 
[5] Assuming that prior to motion the landslide is in static 

equilibrium, the horizontal component of  the force  drop on 
the ground during the landslide during motion is 

∆FX  = Mg(µ  cos θ - sin θ) cos θ. (1) 

where positive x is the direction of  landslide motion. The 
amplitude of  the y-component of  the source is predicted to 
be ≤20% of  the x-component and is not observed. 
Irregularities of  the slope generate higher frequency 
perturbations on the signal that can be filtered  out of  the 
record. As discussed by Julian  et al [1998], the torque 
associated with displacing a mass a distance L can also 
generate waves. We modelled the torque as a dipole source 
to find  that the amplitude of  the Love waves from  the 
gravitational torque are negligible and the Rayleigh waves 
are <30% of  the amplitude of  the waves from  the landslide 
shear. 

[6] Equation 1 suggests that as the slope decreases away 
from  the landslide headwall, the horizontal force  drop, 
which is modeled as a single force,  gradually increases. 
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Figure 1. Cartoon of  landslide and schematic of  force 
evolution with distance and time, (a) Cartoon of  landslide 
block at two different  times. Position a is on a steep slope 
and corresponds to the peak of  the acceleration in panel b. 
The slope angle here is θa. Position d  is picked to be the 
place of  maximum deceleration with the slope labeled as θd. 
(b) Schematic of  ΔFX as a function  of  distance that the 
block has slid. The grey ends show the predicted source-
time function  in the absence of  the taper caused by the 
complicating processes discussed in the text, (c) Schematic 
of  ΔFX as a function  of  time. The time of  the peak 
acceleration ta and peak deceleration td  are labeled. Grey 
lines are the same as in (b). The dotted lines connect 
corresponding points on all three panels. 

The value of  ΔFX should begin negative, increase through 
zero and approach µMg  on very shallow slopes (Figure 1). 
This simplified  model of  the source-time function  can 
be complicated by potentially significant  effects  such as 
time-dependent dynamic friction,  variable slopes over the 
extensive basal area of  the slide and varying mass of  the 
landslide as retrogressive failure,  entrainment and deposi-
tion progress. 

[7] We deal with these complications empirically by 
using an observed source-time function  as the basis for 
our interpretations. Kanamori  et al [1984] determined the 
source-time function  for  the Mount St. Helens landslide by 
deconvolving the impulse response for  a horizontal single 
force  from  the observed record. They found  that the data is 
consistent with a sinusoidal source with an amplitude of  Fp 
such as 

ΔFx(t) = -Fp sin 2πt/T O≤ t <T (2) 

where the duration т = 240 s for  Mount St. Helens. The 
history of  the force  drop is similar to that inferred  from 
Equation 1, but the beginning and end of  the function  taper 
to 0, probably due to some of  the complications mentioned 
above. An untapered source-time function  does not match 
the timing of  the observed surface  waves. Incorporating the 
taper inherent in the source-time function  of  Equation 2 
provides an empirical correction for  the complicated time-
varying properties and non-rigid body dynamics. 

[s] The source-time function  in Equation 2 only accounts 
for  the very long-period behavior of  the landslide. Higher 
frequency  perturbations caused by bumps and turns in the 
landslide path do not affect  the very long period radiation. 

In order to capture the overall frictional  properties, we 
attempt to match the longest period sources observable. 
Modern scanning and digitization technology makes mea-
suring long-period waves on historic paper records feasible. 
We can now digitally remove the instrument response 
without overwhelming the signal with noise over a much 
larger passband than previously possible. We successfully 
recovered usable signal over the 20-50 s passband for  a 
Russian station with an 11 s corner frequency  and signal over 
the 20-240 s passband for  a Benioff  1-90 seismometer. 

[9] We call the combination of  observables Fp/Mg  the 
apparent coefficient  of  friction,  i.e., µ a p p = Fp/Mg.  If  we 
knew either the slope during the peak of  acceleration 0a or 
the slope during the peak of  deceleration θd, then we could 
use Equations 1 - 2 to solve for  [i given an observed value of 
µ a p p (Figure 1). In the absence of  an accurate dynamic 

model for  all three landslides studied here, we can only 
provide bounds on a range of  possible slopes θa and θd, 
rather than precise values. Therefore,  we can only give 
upper and lower bounds on µ based on our observations of 
µ a p p . The slope during deceleration is easier to constrain 

than during acceleration. If  we assume conservatively that at 
the time of  the peak of  the deceleration, the bulk of  the mass 
is beyond 1/3 of  the final  runout distance, then θd is small 
(≤20°) for  all three landslides considered here [Glichen, 
1996; Belousov, 1995, 1996]. Therefore,  20° is taken as the 
maximum of  θd which we call θd

max. The minimum value of 
0 is based on the fact  that the average slope over the base is 
on balance positive for  descending landslides, i.e., θ ≥  θ. 
Using these bounds on θd and Equations 1-2, we find 
bounds on µ in terms of  µ a p p , 

where θd
max = 20°. The right-hand side of  equation 3 is a 

simplification  of  µapp /  cos2θd
min + tan θd

min where θd
min = 0. For 

the specific  case of  (µapp = 0.2, Equation 3 implies that 
0 . 6 > µ > 0 .2 . 

3. Teleseismic Records 
[10] Figure 2 shows teleseismic records at comparable 

distances from  the three landslides. We do not attempt to 
invert the historical data for  the source given the limited 
number and variable quality of  the records available. 
Because of  the data limitations, the strategy adopted by this 
study is to test the hypothesis of  a constant value of  µ a p p for 
consistency with the data. Since the Mount St. Helens 
seismic source is very well-constrained by data beyond that 
shown here [Kanamori  and  Given, 1982; Kanamori  et al, 
1984], we use the amplitude of  this landslide force  drop as a 
starting point. We calculated the value of  µ а р р for  Mount 
St. Helens using the Kanamori  et al [1984] result and the 
geological data in Table 1. We then test whether or not the 
other two landslides are consistent with the same value of 
µ a p p . Synthetic surface  waves are calculated using a normal 

mode code complete to L = 1000 with a basic radial mantle 
model [Press,  1970; Kanamori,  1970] and the seismic 
source modeled as a horizontal force  in the direction of  the 
landslide runout. The runout directions are constrained by 
geological maps of  the landslides [Glicken,  1996; Belousov, 
1988, 1995]. We only measure the average sliding in the 
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Figure 2. Transverse component of  seismic records at 
epicentral distance ∆ = 57°-59°. Bezymianny was 
recorded on a 1-90 Benioff  seismometer in Pasadena, 
CA; Sheveluch was recorded on a Press-Ewing 30-90 in 
Pasadena, CA; Mount St. Helens is a digital record from 
SRO station BOC in Bogota, Colombia. The analog records 
were digitized from  scanned images, (a) The left-hand 
column are the raw records, (b) The right-hand column are 
the same records with the instrument response deconvolved 
over the 20-240 s passband. The spurious long-period 
oscillations in the Sheveluch record from  1600-2000 s are 
due to deconvolving a noisy record over a broad bandpass. 
The Bezymianny deconvolved record shows only noise. 

original direction, therefore  the duration of  our signal for 
Mount St. Helens is shorter than model-derived times that 
include the continued flow  after  a turn into the Toutle River 
valley [Voight  et al, 1983]. The initiation times (origin 
times) are independently constrained by eyewitness reports, 
regional and global short-period networks [Voight,  1981; 
Passechnik;  International Seismological Centre, http:// 
www.isc.ac.uk/bull, 2001]. We use the same functional  form 
for  source history from  Equation 2 for  all the cases in order 

to limit the number of  independent parameters. The only 
parameter that varies between eruptions is the duration т. 

[11] Figure 2 shows that the Mount St. Helens data is 
well-matched by the synthetics. This first  observation is 
merely a test of  the synthetic method since the assumed 
value of  µ a p p is based on the well-constrained Mount 
St. Helens eruption force  [Kanamori  and  Given, 1982; 
Kanamori  et al, 1984]. The peak-to-peak amplitude of 
the synthetic transverse component is 10% less than that of 
the observed waveform,  therefore  we conclude that we are 
unable to resolve amplitude differences  of  less than 10%. 
The limit on resolution most likely arises because of  errors 
in the landslide mass, assumed source-time function  and 
source geometry. 

[12] More interestingly, Figure 2 also shows that the 
Sheveluch teleseismic data is well-matched using the same 
µ a p p as for  Mount St. Helens. A shorter duration source with 

т = 70 s was necessary to fit  this data. The general agreement 
in waveform  and amplitude suggests that the frictional 
properties of  Sheveluch are similar to Mount St. Helens. 
The peak-to-peak amplitude of  the synthetic is within 4% of 
the observed signal, i.e., the data and synethic are consistent 
to within the resolution of  the method for  µ a p p = 0.2. 

[13] Nothing can be learned from  the Bezymianny tele-
seismic record as noise overwhelms signal at long-periods 
on this historic instrument. 

4. Regional Records 
[14] Since the teleseismic records provide no constraints 

on the Bezymianny landslide, we turn to the regional 
stations operating in 1956. The most useful  of  these is the 
closest station, which is Petropavlovsk (PET) located at 
3.16° from  the eruption. 

[15] The event in the regional records is not an ordinary 
earthquake. The Bezymianny record Love wave has twice 
as long a period (30 s rather than 15 s) as would be 
associated with an ordinary earthquake of  this magnitude. 
Since the origin time of  this long-period source is coincident 
with the beginning of  the eruption [Passechnik,  1958], the 
seismogram likely reflects  the uncapping landslide and 
subsequent blast. 

Table 1. Comparison of  Mount St. Helens, Sheveluch and Bezymianny Volcanic Landslides 
Mount St. Helens Sheveluch Bezymianny 

05/18/1980 11/12/1964 3/30/1956 

Geological  observations 
Landslide volume 2.5 km 3 a 1.2 km 3 b 0.5 km3e 

Landslide massd 5.8 x 10 1 2 kg 2.8 x 101 2 kg 1.2 x 101 2 kg 
Weighte 5.7 x 101 3 N 2.7 x 10 1 3 N 1.2 x 101 3 N 

Model  Parameters 
µapp 
T 

0 . 2 

240 s 70 s 240 s 

Predicted  Seismological  Observable 
Peak landslide force  drop Fp  1 x 101 3 Nf  5 x 101 2 N 2 x 101 2 N 

The value of  µ a p p is based on the well-instrumented Mount St. Helens eruption as explained in the text. The predictions for  Sheveluch and Bezymianny 
are tested in Figures 2 and 3, respectively. 

aGlicken  [1996]. 
bBelousov [1995]. 
cBelousov [1988]. 
dAssumed average density = 2300 kg/m3. 
eWeight is Mg. 

f  Consistent with Kanamori  et al. [1984]. 

http://www.isc.ac.uk/bull
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Figure 3. Regional recording of  Bezymianny eruption at 
Petropavlovsk (∆ = 3.16°). Radial (R), transverse (T) and 
vertical components (Z) are shown with the instrument 
response is deconvolved over the 20-50 s passband. Time 0 is 
the origin time (initiation time) of  the landsl ide determined by 
the entire regional network at the time of  the event 
Passechnik. The Rayleigh wave labeled on the R & Z 
components is too late to be associated with the labeled 
Love wave source. Therefore,  they are probably due to the 
blast phase of  the eruption as seen for  Mount St. Helens 
[Kanamori  et al, 1984] and unrelated to the landslide. 

[16] The landslide uncapping the hot magma was the first 
event in the Bezymianny eruption, therefore  it should 
generate the first  waves observed on the seismic record. In 
Figure 3, we match the Petropavlovsk record with synthetics 
generated using a discrete wavenumber Green's function 
program [Zhu and  Rivera, 2002] with the parameters in 
Table 1 and two different  crustal models. One crustal model 
is the well-determined, general crustal model determined for 
Southern California  [Dreger  and  Helmberger,  1993] and the 
other is a less well-constrained, but more locally relevant 
Kamchatkan model based on a combination of  the surface 
wave and receiver functions  derived from  the extremely 
limited available earthquake data [Shapiro  etal.,  2000; Levin 
et al, 2002]. As for  the teleseismic case, the force  geometry 
and the source time function  are assumed known. The 
amplitude and waveforms  of  the synthetics and the data 
are consistent to within the resolution of  the method on the 
only non-nodal component, the transverse. The amplitude of 
the synthetic using the Kamchatkan crustal model varies by 
<1% from  the observation and the synthetic based on the 
California  model varies by only 5%. The major difference 
between the synthetics is a 3 s arrival time discrepancy, 
which is probably within the uncertainty in the reported 
origin time. Therefore,  the Bezymianny landslide is consist-
ent with the same µ a p p as Mount St. Helens and Sheveluch. 

5. Discussion 
[17] In this paper we present direct measurements of 

friction  in a large-scale natural setting. The seismic records 
analyzed here are consistent with µ a p p - 0.2. From 

Equation 3, 0.6 > µ > 0.2 for  three major volcanic land-
slides associated with eruptions. 

[18] The most common current method of  obtaining the 
dynamic friction  of  natural landslides is to use the mobility 
as a proxy for  friction.  The ratio of  the altitude drop to 
runout length is equivalent to the coefficient  of  friction 
according to a rigid block energy balance [e.g., Hsu,  1975]. 
The mobility method has been criticized as inapplicable to 
deformable  slides with internal dissipation and subject to 
geometric biases [Iverson,  1997; Kilburn  and  Sorensen, 
1998]. Despite these problems, the lower bound of  the 
actual friction  as measured by the apparent friction  \xapp = 
0.2 overlaps with the values of  0.1-0.2 inferred  from  the 
mobility of  these landslides [Siebert,  1984]. 

[19] The most striking result of  this study is that all three 
landslides are consistent with the same apparent friction  to 
within the resolution of  the method. The uncertainty in 
translating µ a p p to µ stems from  unmodeled processes that 
generate a peak in the forces  rather than a monotonic 
function  (Figure 1). These unmodeled processes affect  all 
the landslides in approximately the same way as all three 
exhibit the same source-time function.  Therefore,  the con-
sistency in µ a p p strongly suggests that all three landslides 
have the same |i, even though the value of  p, can not be 
determined precisely for  any individual event. 

[20] The consistency of  the apparent friction  across all 
three landslides sheds some light on the hypothesis that hot 
gases from  juvenile material reduce friction  for  volcanic 
landslides [Voight  et al, 1983]. The three landslides were 
vastly different  in the relative quantities of  hot gas available. 
Bezymianny had a directed blast with mass 50-100% that 
of  its landslide, Mount St. Helens had a blast 20% as large as 
its landslide and Sheveluch had no directed blast [Belousov, 
1995]. The consistency of  apparent friction  within measure-
ment error despite variations in the amount of  available hot 
gas suggests that volatiles from  the magmatic system do not 
significantly  reduce landslide friction. 

6. Conclusions 
[21] Acknowledging the limitations of  this strictly for-

ward-modeling study of  historical records, we conclude 
that: (1) the seismic data is consistent with an apparent 
coefficient  of  friction  of  0.2 for  large volcanic landslides, 
(2) the actual areally averaged friction  is between 0.2 and 
0.6 and (3) volcanic gas in directed blasts does not affect  the 
apparent friction  and may not be a factor  in lubricating 
landslides. 
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