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Repeating earthquakes 

Parkfield, California 
(Nadeau and Johnson, 1998)
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Figure 5. Moment release plots. Cumulative seismic moment is plotted against cal- 
endar time for four repeating sequences occurring on the SAF at Parkfield. The solid 
line fit to the upper envelope of these plots represents the slip-predictable fit to the data, 
and its slope and standard errors yield the moment release rate statistics used in this 
study. The dashed line fit to the data gives the time-predictable fit for comparison. 
Shown are (a) a typical small-magnitude microearthquake sequence (M~ = 0.0, seq. 
7); (b) a somewhat larger sequence (M w = 0.7, seq. 38) with fewer repetitions; (c) a 
small-magnitude sequence (M w = -0 .13 ,  seq. 3, corresponding to the waveforms in 
Fig. 2) showing noticeable variation from idealized linear recurrence behavior; and (d) 
for comparison, the six events of the Parkfield main sequence. 

approach for the 62 sequences. For the sake of  consistency, 
the values determined with the slip-predictable model  will  
be used in the calculations that follow. The estimated mo- 
ment release rates and their standard errors for the various 
sequences are listed in Table 1. On average, the uncertainties 
are on the order of  10 to 15%. 

The fact that the moment  release plots for events of  the 
individual sequences can be explained equally well  by the 
slip- and time-predictable models  is entirely consistent with 
the simple elastic rebound theory of  Reid (1910). Under con- 
ditions of  constant tectonic loading and total stress drop, 

sequences should be both slip and time predictable according 
to this model. The 53 sequences seem to approximate this 
idealization quite well.  

The emphasis in this study is on the average moment  
release rates for the sequences of  small events. Nevertheless, 
for some localized groups of  sequences, there exist coherent 
deviations from this constant rate that may contain additional 
information about the earthquake process. These deviations, 
which for short periods of  t ime may exceed 20% of average 
recurrence times (Nadean, 1995; Nadean and McEvilly,  
1997a), may be related to variations in loading rates or to 
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Figure 2. Seismograms from a representative repeating microearthquake sequence re- 
corded on the HRSN vertical-component borehole seismometer (200 m depth) at Vineyard 
Canyon (VCA). Numbers on the left are occurrence dates of the member events (year and 
day of year). Numbers to the right are scalar seismic moment estimates in dyne-cm. P- and 
S-phase picks are shown as " P "  and "S." HRSN data are three component so that S picks 
for near-vertical source-receiver geometries, as is the case here, are generally made on 
horizontal-component seismograms (not shown). The VCA waveform from event 90104 is 
superposed with cultural noise generated by a passing vehicle on a nearby road. The asso- 
ciation of this event with other sequence members is confirmed by comparison of waveforms 
recorded by other HRSN borehole seismometers. 

(1) and (3) are generally regarded as being equivalent, with 
most interpretations of  seismic source parameters based on 
equation (3). However, as will become evident in the anal- 
ysis that follows, the introduction of  parameter A in equation 
(3) brings with it a certain degree of  ambiguity that is not 
present in equation (1). 

With the scalar seismic moment taken as a measure of 
earthquake size, it is possible to consider the repeatability of 
events within a sequence both with respect to variations in 
the size of  the events and variations in the time between 
events. Figure 3 shows that the range in moment for events 
in individual sequences is quite small, with the coefficient 
of  variation (standard deviation divided by the mean) for 
most sequences being less than 0.3. This result can be ex- 
pressed in terms of  moment magnitude Mw by employing 
the moment-magnitude relationship of  Hanks and Kanamori 
(1979): 

log(Mo) = 16.1 + 1.5 g~ .  (5) 

Then a coefficient of  variation of  0.3 would correspond to a 
variation in M w between M w - 0.10 and Mw + 0.08. Stated 
another way, the events within an individual sequence have 
magnitudes that rarely vary more than 0.1 magnitude units 
from the sequence average. This is in good agreement with 
results found from field studies of large characteristic earth- 
quakes (Hecker and Schwartz, 1995). 

Figure 4 shows a similar type of  analysis for the vari- 
ability in time intervals between events in an individual se- 
quence. The coefficient of  variation here is larger than for 
the variability in size, but there is still a strong tendency 
toward periodic recurrence of  events within a sequence. For 
instance, if event recurrence were completely random with 
an exponential distribution in interval times (i.e., they follow 
a Poisson recurrence model), then the coefficient of  variation 
would be 1.0. However, all but one sequence we consider 
have coefficients of  variation less than 1.0, which is entirely 
consistent with the quasi-periodicity we observe (coeffi- 
cients of  variation much greater than 1.0 indicate temporal 
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V≈100	m/yr

Repeating earth/ice/land-quakes

Repeating earthquakes
Tectonic loading
Asperities on the fault
surrounded by creeping zones 
(# friction parameters?)

Repeating icequakes
Slip at the ice/bed interface
Loading by glacier movement
“sticky spots” ; rock debris? Bumps? 

Repeating landquakes
Loading = gravity + rockslide movement
asperities : interface rugosity?

V≈1-10	cm/yr

V≈	mm/yr-m/day



Motivations

> Proxy for aseismic slip?

> Reproducible source
=> can be used to detect small changes in the medium?

> Precursor of a large rupture?



Why landslides and glaciers?

Faster displacement, (usually) smaller size
⇒ longer time series

Shallower
⇒ easier to detect seismic events and to measure aseismic slip

Time dependent loading and forcings
⇒ analyze the influence of loading and forcings
⇒ more complex!
- daily and seasonal variations of velocity by a factor > 2
- increase in water pressure
- ice : near melting point ⇒ change in rheology



Outline

> Icequakes
Antarctica, Greenland, Alpine glacier

> Landslides
Rausu (Japan) and Aletsch (Switzerland)

> Rock-glacier
Gugla (Switzerland) and comparison with Mount Rainier (US)



Repeating icequakes in Antarctica 

> first observed by Anandakrishnan (1993)

> different scales in magnitude, space and time 

- M=-1.8, dt=83 sc (Smith et al 2006)

- M=1.8, dt=25 mn (Zoet et al, 2012)

- Mw=7, L=200 km, slip=50 cm, dt=12 hr (Wiens et al 
2008)

Danesi, 2007

Smith et al., 2006



Whillans Ice Stream

> 2 events/day at high and low tides
> rupture length ≈ 200 km
> slip ≈ 50 cm, Mw=7 
> duration 30 mn
> rupture propagation 150 m/s
> slip velocity ≈ mm/s

Winberry	et	al.,	2009

Displacement	(GPS) Tidal	height	and	icequakes

Winberry	et	al.,	2011

Pratt	et	al.	2014

Grounded	ice

Floating ice



Small repeaters occurring 
during rupture!
(Winberry et al, GRL 2013)
> 2 # behaviors at # stations

- repeating small icequakes dt=5s, 
with rate   slip rate 
- or gliding tremor, with
f0 = 1/ recurrence time



Repeating icequakes, Glacier d’Argentière

Mont-Blanc massif
Temperate glacier (T=0°C)
3400-1600 m elevation
10 km in length
Velocity ≈ 80 m/yr
Thickness ≈ 200 m
(Helmstetter et al, 2015)

One 3C accelerometer
Sampling rate 1000 Hz

1 km



> similar waveforms

> high-frequency ≈200 Hz

> distinct P and S waves ⇒ deep source

>18 # clusters with 10-884 events

> identification of template waveforms
by STA/LTA

> identification of similar events by
template matching

Repeating icequakes, Glacier d’Argentière
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Repeating icequakes, Glacier d’Argentière



Location of  repeating icequakes
> Location with a single 3C sensor from P wave polarization and P-S time delay

> Interface glacier – bedrock

Journal of Geophysical Research: Earth Surface 10.1002/2014JF003288
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Figure 6. (a) Map of basal icequakes (dots) and error ellipses at the 95% confidence level. Crosses, seismometers
(S0 was operating from February to June 2012, and S1 in November 2012); dashed blue line, direction perpendicular
to the glacier flow. (b) Cross-section along a profile located about 200 m upstream from S0, and shown as a solid line
in Figure 6a. The topographies of the bedrock and the surface were obtained from the GLACIOCLIM database [Vincent
et al., 2009]. Dotted lines, average uncertainty on the bedrock topography of 10 m [Hantz, 1981]. Only multiplets with
incidence angles !c < !∗ are shown, with multiplets F and R rejected.

times in the time interval from 0.1 s to 100 s can be fitted by a power law with an exponent of≈ 1. Interevent
times as short as 0.01 s have been detected. Such doublets are difficult to detect, as the waveforms of the
two events are mixed together. Therefore, the cutoff of the distribution at times shorter than 0.1 s is likely to
be due to catalog incompleteness. For longer interevent times, the distribution for small events is similar to
that of larger events and shows a narrow peak at 10 min.

The quasi-periodic behavior of basal icequakes underneath Glacier d’Argentière is similar to observations in
Antarctica [Smith, 2006;Wiens et al., 2008; Zoet et al., 2012], although our events are not as regular in time
and amplitude. Our observations are more similar to the icequakes detected at Mount Rainier, a temperate
mountain glacier [Thelen et al., 2013; Allstadt and Malone, 2014]. These studies also reported gradual
changes in amplitude and interevent time. Allstadt and Malone [2014] suggested that icequakes detected at
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Figure 6. (a) Map of basal icequakes (dots) and error ellipses at the 95% confidence level. Crosses, seismometers
(S0 was operating from February to June 2012, and S1 in November 2012); dashed blue line, direction perpendicular
to the glacier flow. (b) Cross-section along a profile located about 200 m upstream from S0, and shown as a solid line
in Figure 6a. The topographies of the bedrock and the surface were obtained from the GLACIOCLIM database [Vincent
et al., 2009]. Dotted lines, average uncertainty on the bedrock topography of 10 m [Hantz, 1981]. Only multiplets with
incidence angles !c < !∗ are shown, with multiplets F and R rejected.

times in the time interval from 0.1 s to 100 s can be fitted by a power law with an exponent of≈ 1. Interevent
times as short as 0.01 s have been detected. Such doublets are difficult to detect, as the waveforms of the
two events are mixed together. Therefore, the cutoff of the distribution at times shorter than 0.1 s is likely to
be due to catalog incompleteness. For longer interevent times, the distribution for small events is similar to
that of larger events and shows a narrow peak at 10 min.

The quasi-periodic behavior of basal icequakes underneath Glacier d’Argentière is similar to observations in
Antarctica [Smith, 2006;Wiens et al., 2008; Zoet et al., 2012], although our events are not as regular in time
and amplitude. Our observations are more similar to the icequakes detected at Mount Rainier, a temperate
mountain glacier [Thelen et al., 2013; Allstadt and Malone, 2014]. These studies also reported gradual
changes in amplitude and interevent time. Allstadt and Malone [2014] suggested that icequakes detected at
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Time series of  icequakes amplitudes

February – June 2012 with large gaps (vertical lines)
Succession of active and quiet periods
Progressive evolution of amplitude and recurrence times

Journal of Geophysical Research: Earth Surface 10.1002/2014JF003288
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Figure 7. Time series of signal peak amplitudes for all of the multiplets, excluding multiplet R which occurred in November 2012. Note that the time scale is not
continuous; gaps are indicated by vertical black lines.

Mount Rainier are triggered by changes in subglacial hydrology in response to snow loading. They observed
a clear peak of the cross-correlation between precipitation and the rate of seismic activity. We applied
the same analysis to our data here, but we found no correlation between the rate of basal icequakes and
precipitation. The great sensitivity of the icequake activity at Mount Rainier to snow loading is probably
because these events are mostly located on steep hanging glaciers [Allstadt and Malone, 2014].
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Figure 8. (a) Time series of signal peak amplitudes, (b) the waveform correlation, (c) the interevent times, and (d) the rate
of basal events, for all of the multiplets active between 30 March and 12 April.
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Distribution of  inter-ev. times and amplitudes

> Distribution of inter-ev.times: quasi periodic <dt>≈10 mn

> Distribution of amplitudes: much narrower than GR law
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Distribution of  inter-ev. times and amplitudes
> distribution of inter-ev.times: quasi periodic <dt>≈10 mn

> and clustering for short dt and small A with power–law pdf(dt)

> … same as repeating earthquakes in Parkfield (Lengliné et al; 2008)

pdf(amplitude) pdf(inter-ev.times) pdf(inter-ev.time)
Argentière Argentière Parkfield

(Lengliné et al, 2008)



Greenland

> 3 July -15 August
>17 3C seismometers at
the surface and in
boreholes
> Measurements of
displacement, water level
and water pressure in a
moulin
> Ice thickness ≈ 650 m
> velocity ≈ 27 cm/day
(Röösli et al, JGR 2016)



Repeating icequakes in Greenland

More than 11,000 basal icequakes detected, grouped into > 100 clusters
(Roosli et al, JGR 2016)



Time series of  icequakes magnitude, inter-
event times, displacement and water level
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Time series  … zoom
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Time series : seismic and aseismic slip
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Possible stick-slip behavior before the Rausu landslide
inferred from repeating seismic events

Masumi Yamada1, Jim Mori1, and Yuki Matsushi1

1Disaster Prevention Research Institute, Kyoto University, Uji, Gokasho, Japan

Abstract A precursory sequence of repeating earthquakes was recorded before the Rausu landslide in
Hokkaido, Japan, on 24 April 2015. There were two seismic sequences with each consisting of very similar
waveforms and leading up to significant landslide movements. The nearly identical waveform shapes
indicate similar source locations and mechanisms, so repeated events originated on a particular small area.
This sequence is interpreted as stick-slip movement on a small patch leading up to the larger landslide
failure. Our observations show that heterogeneous structure, such as asperities on the slip surface, can play
an important role in the initiation of landslides, adding a new aspect to the conventional understanding of
mechanisms controlling large mass movements.

1. Introduction

Seismological and geological observations of the 2015 Rausu landslide can provide new information on
mechanisms of the rupture initiation. Past studies have mainly relied on spatially limited borehole coring
[Schepers et al., 2001; Di Maio et al., 2010; Bievre et al., 2012], and geophysical exploration with limited resolu-
tion, such as ambient noise measurement or reflectivity methods [Burjánek et al., 2010; Grandjean et al., 2011;
Bievre et al., 2012], to estimate the conditions of the undisturbed sliding surface. In this study, we focus on
seismic signals with which can retrieve dynamic changes of physical parameters of landslides [Brodsky et al.,
2003;Moretti et al., 2012; Yamada et al., 2013]. The benefit of using seismic signals is high-sample recording of
shaking, which enables continuous observations of on-going phenomena. We used seismic signals of the
Rausu landslide recorded at a very close distance (<1 km) to observe processes and properties of the slip sur-
face immediately prior to the landslide failure. Physical phenomena associated with preslip, such as acoustic
emissions, have been observed [Fujiwara et al., 1999; Smith andDixon, 2014;Dixon et al., 2014], but themecha-
nism of rupture initiation and the contributions of slip surface conditions are not yet completely understood.
For theRausu landslide,we found two sets of repeating seismic events before the substantialmassmovement.
We interpret these signals as small scale stick-slip movement of the landslide and discuss the heterogeneity
of the slip surface and existence of asperities that may control the landslide initiation.

2. Site Description

The Rausu landslide is located on the edge of marine terrace, eastern coast of Shiretoko Peninsula, Hokkaido,
northern Japan (Figures 1a and 1b). The marine terrace was eroded by surges and forms coastal cliffs with
heights of 30 m. The size of the landslide is about 380 × 260m2 with a depth of 15–30 m and a volume of
6.2×105m3 [AsiaAir SurveyCo., Ltd., 2015;Geological SurveyofHokkaido, 2015]. Thedisplacementwas 10–20m
with a rotation of 8∘ clockwise (Figure 1c). The coastal seafloor was uplifted and emerged above the sea level
due to the buckling of the layers at the toe of the landslide (supporting information Figure S1). There was no
indication of previous mass movements at this specific site based on the original topography.

Local geology in this area consists mainly of Neogene shale with interbedded tuff layers covered by
Pleistocene gravels and volcanic deposits (Figures 1c and 1d). The beddings are slightly inclined toward the
coast by 10 to 20∘. At the landslide site, the upper part of the slidingmass is a fractured facies containing thin
tuff lenses, while the lower part is hard shale with a weathered thick pumiceous tuff layer, which probably
forms the slip surface of the landslide. The bottom of the coastal cliff reaches the lower hard shale, possibly
close to the tuff layer.

Significantmovement of the Rausu landslide started before 06:30 (JST) on 24 April based on the eyewitnesses
reports, and the largest deformation occurred between 11:30 and 16:48 on that day (supporting information
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Figure 2. Two days continuous seismic waveforms. (a and b) EW component seismograms at RAUSU station, band-pass
filtered with the window of 1 to 1.5 Hz and 2 to 4 Hz, respectively. Vertical gray bars are times of unrelated regional
earthquakes. (c) Three-component amplitude of events. (d) Time of eyewitness reports, giving constraints on landslide
occurrence timing. (e) Snow depth and temperature at the AMeDAS Rausu station.

Figures 2a and 2b show 2 days of continuous data for the EW component band-pass filtered between 1 and
1.5 Hz and between 2 and 4 Hz, respectively. Figure 2b clearly shows pulses of individual events with similar
amplitudeduring twoperiods; around12:00 on23April for about 12h andaround16:40 on24April for several
minutes (Figure 2c).

Wemanually extracted clearly observed events (43 and 15 for the first and second sequence, respectively) and
found that the shapes of the waveforms were almost identical within each sequence. Therefore, we applied
a matched filtering technique to the continuous seismic data to search for more events that may be difficult
to identify by eye. This technique is often used to extract individual events with similar waveforms from con-
tinuous seismic data [Gibbons and Ringdal, 2006; Peng and Zhao, 2009; Kato et al., 2012]. First, we constructed
template events for the two sequences by normalizing and stacking the clearly identified events from the
manual identification.

In the next step, 2 days of continuous three-component seismograms (23 and 24 April) were correlated with
the template events. We computed a correlation coefficient for each component by shifting the template
event by an increment of one sample. If the correlation coefficient exceeded 0.7 for all three components, we
identified an event. To avoid duplicate detection, only the event corresponding to the maximum correlation
coefficient was selected if multiple events were detected within±0.05 s. Both data and template events were
band-pass filtered at 2 to 7 Hz to focus on the observed dominant frequencies of the seismic events.

4. Results
4.1. Estimation of the Timing of Large Deformations
Based on the eyewitness reports, a minor seafloor uplift (less than 1 m) occurred between 07:00 on 23 April
and06:30on24April, andmajor uplift (about 10m)occurredbetween11:30 and16:48on24April (supporting
information Table S1 and Figure 2d). The original seafloor was estimated as 1–2 m deep, since this kind of
coastal bench is formed only by breaking waves at shallow depth. Therefore, the second uplift was much
larger than the first one even including the depth of the seafloor.

Seismic signals from landslides tend to appear with a relatively lower frequency range due to the longer dura-
tion of the source [Moretti et al., 2012; Yamada et al., 2013], which is different from artificial human-induced
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Abstract A precursory sequence of repeating earthquakes was recorded before the Rausu landslide in
Hokkaido, Japan, on 24 April 2015. There were two seismic sequences with each consisting of very similar
waveforms and leading up to significant landslide movements. The nearly identical waveform shapes
indicate similar source locations and mechanisms, so repeated events originated on a particular small area.
This sequence is interpreted as stick-slip movement on a small patch leading up to the larger landslide
failure. Our observations show that heterogeneous structure, such as asperities on the slip surface, can play
an important role in the initiation of landslides, adding a new aspect to the conventional understanding of
mechanisms controlling large mass movements.

1. Introduction

Seismological and geological observations of the 2015 Rausu landslide can provide new information on
mechanisms of the rupture initiation. Past studies have mainly relied on spatially limited borehole coring
[Schepers et al., 2001; Di Maio et al., 2010; Bievre et al., 2012], and geophysical exploration with limited resolu-
tion, such as ambient noise measurement or reflectivity methods [Burjánek et al., 2010; Grandjean et al., 2011;
Bievre et al., 2012], to estimate the conditions of the undisturbed sliding surface. In this study, we focus on
seismic signals with which can retrieve dynamic changes of physical parameters of landslides [Brodsky et al.,
2003;Moretti et al., 2012; Yamada et al., 2013]. The benefit of using seismic signals is high-sample recording of
shaking, which enables continuous observations of on-going phenomena. We used seismic signals of the
Rausu landslide recorded at a very close distance (<1 km) to observe processes and properties of the slip sur-
face immediately prior to the landslide failure. Physical phenomena associated with preslip, such as acoustic
emissions, have been observed [Fujiwara et al., 1999; Smith andDixon, 2014;Dixon et al., 2014], but themecha-
nism of rupture initiation and the contributions of slip surface conditions are not yet completely understood.
For theRausu landslide,we found two sets of repeating seismic events before the substantialmassmovement.
We interpret these signals as small scale stick-slip movement of the landslide and discuss the heterogeneity
of the slip surface and existence of asperities that may control the landslide initiation.

2. Site Description

The Rausu landslide is located on the edge of marine terrace, eastern coast of Shiretoko Peninsula, Hokkaido,
northern Japan (Figures 1a and 1b). The marine terrace was eroded by surges and forms coastal cliffs with
heights of 30 m. The size of the landslide is about 380 × 260m2 with a depth of 15–30 m and a volume of
6.2×105m3 [AsiaAir SurveyCo., Ltd., 2015;Geological SurveyofHokkaido, 2015]. Thedisplacementwas 10–20m
with a rotation of 8∘ clockwise (Figure 1c). The coastal seafloor was uplifted and emerged above the sea level
due to the buckling of the layers at the toe of the landslide (supporting information Figure S1). There was no
indication of previous mass movements at this specific site based on the original topography.

Local geology in this area consists mainly of Neogene shale with interbedded tuff layers covered by
Pleistocene gravels and volcanic deposits (Figures 1c and 1d). The beddings are slightly inclined toward the
coast by 10 to 20∘. At the landslide site, the upper part of the slidingmass is a fractured facies containing thin
tuff lenses, while the lower part is hard shale with a weathered thick pumiceous tuff layer, which probably
forms the slip surface of the landslide. The bottom of the coastal cliff reaches the lower hard shale, possibly
close to the tuff layer.

Significantmovement of the Rausu landslide started before 06:30 (JST) on 24 April based on the eyewitnesses
reports, and the largest deformation occurred between 11:30 and 16:48 on that day (supporting information
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Aletsch
Valais, Switzerland

Elevation 1700-2300 m 

Length≈1km 

Thickness ≈150 m

Max velocity

≈1 m/day

Deformation by bending and toppling

… and basal slip???
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Seismic signals

> Duration ≈2 s, frequency ≈5 Hz

> 30000 events detected by template-matching since 2016/10/3

> 640 clusters with up to 1474 events
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Selection of «repeaters»
Regular in time and size
# symbol for each 
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Seismic activity and displacement rate
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Seismic activity and displacement rate

Zoom
10-20 October 2016
3 sequences
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Relation between 
peak amplitude, 
recurrence time 
and sliding velocity 
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Relation between 
peak amplitude, 
recurrence time 
and sliding velocity 
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Waveforms of  small and large events
Black  : stack of small events, A < 100 nm/s and <A>= 71 nm/s
Red : stack of large events, A > 300 nm/s and <A>= 378 nm/s
Magnitude ? <0 ? Corner frequency > 1000 Hz?
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Relation between size and recurrence time 
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>1 sequence of repeaters in Aletsch
> Average values for the 28 most regular sequences with times between 
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> Average for 62 sequences in Parkfield (p=0.17; Nadeau and Johnston, 
1998)
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Temporal variation of  amplitude and 
recurrence times within each cluster

> No correlation between # clusters

> No correlation with precipitations, snow or temperature

> No correlation with rockslide velocity

> Variations dues to local properties of the interface?



Asperities …

At large scale, appearance and destructions  of asperities with slip

At the scale of one asperity (≈1m?),

a small slip can change the contact area and the stress on the interface

yielding a change in amplitude and recurrence time?

V=0.1-1	m/day



Temporal changes in seismic waveforms

> One sequence of repeaters with 355 events in 4 months
> 1 line = 1 event, color ~ seismic ground velocity
> 1 plot for each trace (Z,N,E)
> Source moving or change in the medium?
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> Selection of « repeating » events

> Shifting and stretching of signals 

> Average over 1 day => waveform yi(t)

> Correlation with the stack of all events yt

> Find dti and αi that maximize the correlation between 

yi((t+dti)*(1+αi)) and yt

> Fixed source => α=dV/V : variation of seismic wave velocities

> Source moving with rockslide => α ~displacement and α<0 

> Align all curves for # clusters by minimizing residuals and average

Temporal variation of waveforms

sensor

source
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Gugla

Rock-glacier

in Switzerland 

(Valais near Zermatt)

Elevation 2600-3000 m 

length ~600 m

Width 130 m

22 Reynald Delaloye et al.

torrents in debris (Fig. 1). As a consequence, the significant quantities of debris delivered 
downstream by the rock glaciers may drastically change the debris-flow activity in the 
subjacent gullies and, at the end of the chain, modify locally the exposure of settlements and 
transportation systems to damages on alluvial fans in the valley bottom. 

The five rapidly moving rock glaciers that have been identified on the right side of the 
Mattertal valley (DELALOYE et al. 2008b) are west to north-west facing and all terminating 
around 2500 m a.s.l. (+/– 100 m) above or beneath the Europaweg hiking trail. First surveying 
activities started in 2007 and since 2009 the Geography Unit of University of Fribourg has 
been in charge of investigating, monitoring and analyzing these five very active landforms. 
Surface displacements are mainly surveyed by two to three annual GPS measurement 
campaigns, as well as, where necessary by permanent GPS or ground-based InSAR 
surveying. Webcams are used to observe the erosion phenomena at the snout of the rock 
glaciers, whereas their internal structure is evaluated by means of geophysical measurements. 
Additional photogrammetric analysis is being conducted with former terrestrial and aerial 
photographs in order to reconstruct the development of the crisis over the past decades. 

The present contribution intends to overview the current results of the investigation on 
the crisis development and the current interannual kinematical behaviour of the so-called 
rapidly moving (or “destabilized”) rock glaciers in the Mattertal valley. Horizontal surface 
velocities are also compared to the relative annual velocity change of the other monitored 
active rock glaciers in the Valais Alps, whose displacement rates are in the order of 0.1 to 2 
m/year (DELALOYE et al. 2010a; PERMOS 2010).

Fig. 1. Location of the five rapidly moving rock glaciers in the Mattertal valley. Settlements and torrent 
names are also indicated.

Zermatt	(13	km	au	Sud)



Gugla - Instrumentation

Seismology (ISTerre)
◇ 6  1C 2Hz seismometers
⊡ digitizer (continuous 200 Hz)
installed Oct 2015
Displacement (Univ. Fribourg and 
ETHZ):
⊚ GPS : 60 points measured 
(twice) every yr1 continuous 
GPS since 2007 
⊗ 7 boreholes drilled in 2014 by 
CREALP with inclinometers and 
temperature
2 webcams



Gugla – Boreholes and inclinometric data
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Detection and classification of  events
> selection of short (~5s ) and low frequency events (~5Hz)
> detection by template-matching
> ≈ 257 clusters with up to 1100 events since 2015/10/1
> good correlation between sensors and between events
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Repeaters triggered 
by snow falls

Example for January 2016
Progressive change of 
amplitude and recurrence 
times

2 clusters activated
Almost no delay between 
snowfall and seismicity
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Repeaters triggered 
by snow falls

Example for March 2017
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Comparaison : Mount Rainier
Glacier-covered volcano
Multiplets of low frequency events(≈5 Hz)  
repeating every ≈10 mn
(Thelen et al 2013, Alstadt et al 2014) 



Comparison : Mount Rainier (US)
Alstadt et al 2014
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Gugla / Mount Rainier
Progressive variations of amplitude and recurrence time
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Gugla, January 2016 Mount Rainier (Allstadt et al 2014)



Triggering mechanism

Allstadt et al (2014) : increase of normal stress due to snow weight~0.1%
+ redistribution, pressurisation of water in sub-glacial cavities => lubrification 

and slip  acceleration

In summer : drainage network more developped => no over-pressure

In Gugla : very cold => no melt and no acceleration

Ttransition aseismic ⇒ seismic induced by increased normal stress?
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≈ regular sequences of repeating icequakes and landquakes

But most events are random or clustered

Progressive variations of amplitude and recurrence times

No  (systematic) correlation with sliding rate 

No correlation and no interaction between # sequences

Weak correlation between recurrence time and size

Conclusions (1/2)



Conclusions (2/2)

Þ Viscous deformation of ice or creep within the asperity

Þ Variability mostly due to local changes of the interface

Þ Landquakes are not (always) precursors of failure

Progressive changes in waveforms, mostly influenced by changes in 
the medium

Triggering by snowfall (Gugla, Rainier) : transition aseismic => 
seismic slip due to increased in normal stress?



> Observations : 

- add more seismometers in Alestch and Gugla in order to 
better locate and characterize repeaters

> Numerical modeling and laboratory experiments

- Triggering by an increase in normal stress

- Temporal variations in seismic moment and recurrence rate

- Transition seismic ó aseismic

- Transition random ó regular

- Scaling laws of slip, rupture length and recurrence times

Perspectives



Aletsch instability

[M	Sartori,	October	2016]


