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Abstract. Among mountainous permafrost landforms, rock
glaciers are mostly abundant in periglacial areas, as tongue-
shaped heterogeneous bodies. Passive seismic monitoring
systems have the potential to provide continuous recordings
sensitive to hydro-mechanical parameters of the subsurface.
Two active rock glaciers located in the Alps (Gugla, Switzer-
land, and Laurichard, France) have been instrumented with
seismic networks. Here, we analyze the spectral content of
ambient noise to study the modal sensitivity of rock glaciers,
which is directly linked to the system’s elastic properties. For
both sites, we succeed in tracking and monitoring resonance
frequencies of specific vibrating modes of the rock glaciers
over several years. These frequencies show a seasonal pattern
characterized by higher frequencies at the end of winters and
lower frequencies in warm periods. We interpret these vari-
ations as the effect of the seasonal freeze—thawing cycle on
elastic properties of the medium. To assess this assumption,
we model both rock glaciers in summer, using seismic veloci-
ties constrained by active seismic acquisitions, while bedrock
depth is constrained by ground-penetrating radar surveys.
The variations in elastic properties occurring in winter due
to freezing were taken into account thanks to a three-phase
Biot—Gassmann poroelastic model, where the rock glacier
is considered a mixture of a solid porous matrix and pores
filled by water or ice. Assuming rock glaciers to be vibrating
structures, we numerically compute the modal response of
such mechanical models by a finite-element method. The re-
sulting modeled resonance frequencies fit well the measured
ones over seasons, reinforcing the validity of our poroelastic
approach. This seismic monitoring allows then a better un-

derstanding of the location, intensity and timing of freeze—
thawing cycles affecting rock glaciers.

1 Introduction

Among periglacial landforms, rock glaciers are tongue-
shaped permafrost bodies. They are composed of a mixture
of boulders, rocks, ice lenses, fine frozen materials and liquid
water, in various proportions (Barsch, 1996; Haeberli et al.,
2006). Gravitational and climatic processes combined with
creeping mechanisms lead these glaciers to become active,
exhibiting surface displacements ranging from centimeters
per year to several meters per year (Haeberli et al., 2010). In
the context of permafrost degradation associated with climate
warming, destabilization processes coupled to an increase in
available materials are increasingly observed in a large range
of Alpine regions (Bodin et al., 2016; Delaloye et al., 2012;
Marcer et al., 2019b; Scotti et al., 2017), thus increasing the
risk of torrential flows (Kummert et al., 2018; Marcer et al.,
2019a). Therefore, monitoring of active rock glaciers has be-
come a crucial issue to understand physical processes that
determine rock glacier dynamics, through thermal, mechan-
ical and hydrological forcing (Kenner et al., 2019; Kenner
and Magnusson, 2017; Wirz et al., 2016), and consequently
to better predict extreme events threatening human activi-
ties. Indeed, linking internal mechanisms at work to envi-
ronmental factors remains poorly constrained (Buchli et al.,
2018) and lacks quantitative models constructed from high-
resolution observations.
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In view of this, rock glacier monitoring is a highly chal-
lenging field that has developed over the last few decades
through several methods (Haeberli et al., 2010). Investigat-
ing internal deformation remains very costly and limited in
temporal and spatial scales with geophysical methods and/or
borehole investigations (Arenson et al., 2016). The kinemat-
ics of the topographical surface are more accessible by re-
mote sensing methods (with terrestrial photogrammetry or
laser scanning and aerial or spatial imagery), together with
in situ measurements (differential GPS, total station) (Bodin
et al., 2018; Haeberli et al., 2006; Kaufmann et al., 2019;
Strozzi et al., 2020). However, knowledge of the medium
geometry and composition along with its internal processes
that drive rock glacier dynamics requires more investigations
at depth (Springman et al., 2013). Boreholes provide use-
ful data (temperature, composition, deformation along depth)
but remain cost-intensive and limited to one single point of
observation. By measuring physical properties sensitive to
hydro-mechanical parameters of the medium, a wide range of
geophysical methods provides interesting tools to character-
ize and monitor rock glaciers at a larger scale (e.g., Duvillard
et al., 2018; Kneisel et al., 2008; Maurer and Hauck, 2007).
However, the need for high-resolution temporal monitoring
reduces the choice of geophysical methods.

Passive seismic monitoring systems have the potential to
overcome these difficulties on debris slopes (Weber et al.,
2018a, b) and in glaciated (Mordret et al., 2016; Preiswerk
and Walter, 2018) and permafrost (James et al., 2019; Kohler
and Weidle, 2019; Kula et al., 2018) environments. The po-
tential of such a method has also recently been illustrated on
the Gugla rock glacier (Guillemot et al., 2020). Indeed, seis-
mological networks provide continuous recordings of both
seismic ambient noise and microseismicity. The former al-
lows us to estimate tiny seismic wave velocity changes as-
sociated with hydro-mechanical variations through the ambi-
ent noise correlation method, while the latter monitors and
locates in time and space the seismic signals generated by
rockfalls or by internal cracking and deformation. With these
techniques, the seasonal freeze—thawing cycles have been
monitored on the Gugla rock glacier over 4 years (Guille-
mot et al., 2020), by quantitatively measuring the increase in
rigidity within the surface layers (active and permafrost lay-
ers) during wintertime. Seismic velocity drops have also been
observed during melting periods, indicating thawing and wa-
ter infiltration processes occurring within the rock glacier.

The goal of this study is to extend the freeze—thawing cy-
cle observations previously obtained on a single site from
seismic noise correlation (Guillemot et al., 2020) to modal
monitoring of two rock glaciers and evaluate similarities
and differences between these two methods. Assuming a
rock glacier to be a vibrating system, the resonance frequen-
cies that naturally dominate and their corresponding modal
shapes should provide information about mechanical param-
eters of this system. Hence these frequencies and modal pa-
rameters are directly linked to elastic properties of the sys-
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tem, which evolve according to its rigidity and its density
(Roux et al., 2014). For decades, such modal analysis and
monitoring of structures have been performed using seismic
ambient noise, especially for existing buildings (Guéguen et
al., 2017; Michel et al., 2010) and rock slope instabilities
(Burjanek et al., 2010; Lévy et al., 2010). Both numerical
simulations and laboratory experiments have already been
performed with ambient seismic noise sources to confirm
the potential of such non-invasive monitoring of modal pa-
rameters changes in a structure, such as a building (Roux
et al., 2014). Furthermore, time-lapse monitoring using the
horizontal-to-vertical spectral ratio (HSVR) method has al-
ready been applied to polar permafrost areas, showing a de-
tectable influence of seasonal variability in the active layer
on the spectral content of recordings (Kohler and Weidle,
2019; Kula et al., 2018). Here, we propose to evaluate the
potential of this methodology on two rock glaciers located in
the Alps (Laurichard in France and Gugla in Switzerland),
at elevations where climatic forcing dominates the variations
in their internal structures and consequently their dynamics.
We focus on the spectral content of continuous seismic data
(noise and earthquakes) to track and monitor resonance fre-
quencies. Our goal is to detect vibrating modes of the rock
glacier and the time variability in their resonance frequen-
cies, which gives hints about how to better quantify and lo-
cate the changes in rigidity resulting from freeze—thawing ef-
fects on surface layers. These observations are numerically
modeled using a finite-element method, moving towards a
mechanical modeling of such rock glaciers.

After presenting the two studied rock glaciers and their
instrumentation, we present the methodology to perform a
spectral analysis from seismic data, as well as the resulting
resonance frequency variations observed at both sites. In the
second part, we detail the mechanical modeling of those rock
glaciers, based on a finite-element method and constrained
by several geophysical investigations, which allows us to
compute synthetic resonance frequencies and to understand
their sensitivity. Finally, we compare observed and modeled
modal studies, in order to converge to a consistent view of
those rock glaciers and their freeze—thawing cycles.

2 Study sites
2.1 The Laurichard rock glacier
2.1.1 Context

As presented in previous studies (Bodin et al., 2018, 2009;
Francou and Reynaud, 1992), the Laurichard catchment in
France was chosen as a test site for different geomorpholog-
ical studies conducted for several decades. This large thal-
weg is part of the Combeynot massif, which is a crystalline
subsection of the Ecrins massif located to the south of Col
du Lautaret. This area constitutes a climatic transition be-
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tween the northern and southern French Alps. Several rock
glaciers are observed in this area in different states of de-
formation, from relict to active ones. Among them, the Lau-
richard rock glacier is the most studied active rock glacier
in the French Alps (Bodin et al., 2018; Francou and Rey-
naud, 1992; Fig. 1a). It appears as an 800 m long and 100—
200 m wide tongue-shaped landform of large boulders, flow-
ing downstream between the rooting zone (2650 m a.s.l.) and
the front zone (2450 ma.s.l.). It is fed by the gravitational
rock activity that originates on the surrounding slopes, com-
posed of highly fractured granitic rock walls providing large
boulders (1072-10! m diameter). It shows rather simple and
evident features of active rock glacier morphology (Bodin
et al., 2018): transversal ridges and furrows, steeper lateral
talus and rock activity at the front, and unstable rock mass
on the surface. These geomorphological hints typically re-
veal creeping movement of the whole debris mass, with the
presence of ice mainly responsible for these rock glacier dy-
namics.

The kinematic behavior of the Laurichard rock glacier has
been studied for several decades: large blocks have regu-
larly been marked since 1984 (Francou and Reynaud, 1992)
together with other remote sensing techniques or geodetic
measurements (total station, lidar and GPS). The long-term
survey permits us to measure surface velocity with different
temporal and spatial scales, reaching a very high resolution
(below 1d and 1 m (Marsy et al., 2018)). The general spa-
tial velocity pattern shows a main central flow line along the
maximal slope. At the frontal zone, it appears that the right
orographic side is the most active part of the rock glacier.
The mean annual surface velocity of the site is measured at
approximately 1 m/yr, with a progressive increase between
2005 and 2015, probably in reaction to the observed increase
in mean annual air temperature during this period (Bodin et
al., 2018). This latter acceleration has been observed syn-
chronously on other monitored rock glaciers in the Alps (De-
laloye et al., 2008; Kellerer-Pirklbauer et al., 2018) and most
probably results from the warming of the permafrost (Kdib
et al., 2007).

2.1.2 Available data and knowledge

The thermal regime of the rock glacier has been monitored
since 2003 thanks to miniature temperature data loggers
(MTDs) that record the temperature of the subsurface (below
2—-10 cm of debris) every hour at five different locations (one
being located outside the rock glacier; see Fig. 1a). These
time series of ground surface temperature highlight alternat-
ing snow cover and melting periods over the whole data pe-
riod (see Appendix A). Geophysical investigations have been
performed several times since 2004, especially with electri-
cal resistivity tomography (ERT) surveys providing a first es-
timation of the internal structure (ice content and thickness)
subject to permafrost degradation (Bodin et al., 2009).
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The topography of the rock glacier has also been regularly
surveyed for 2 decades using high-resolution digital eleva-
tion models (DEMs) computed from terrestrial and remote
sensing methods (Bodin et al., 2018). In this study, a DEM
at a 10 m resolution derived from the IGN (French National
Institute of Geographic and Forest Information) BD ALTI
product was used. Additionally, a DEM of the bed over which
the rock glacier is flowing was interpolated from manually
drawn contour lines based on a surface DEM. These contour
lines of the bed extend the contour lines of the terrain sur-
rounding the rock glacier below its surface, using local con-
straints from existing geophysical data (Bodin et al., 2009).
For this operation, we assume that the rather simple over-
all morphology of the Laurichard rock glacier (a single rel-
atively narrow tongue) and its overimposed position above
surrounding terrain (bedrock and other debris slopes, called
“bedrock” below) allow us to estimate the lateral thickness
variability in the rock glacier. This DEM of the bedrock is co-
herent with bedrock depth derived from ground-penetrating
radar (GPR) acquisitions conducted in 2019 and thus will
be used to constrain Laurichard rock glacier geometry (see
Sect. 4.2.1).

2.1.3 Passive seismic monitoring

Since December 2017, an array of six seismometers (named
CO00 to COS) has been on the lower part of the Laurichard
rock glacier (Fig. 1d). The seismometers are located approxi-
mately 50 m apart, covering the whole area of the rock glacier
front. They (Mark Products L4C, one vertical component,
eigenfrequency 1 Hz) are coupled with the top of relatively
large, stable and flat boulders and sheltered by a plastic tube
to shield from any influence of rain, wind and snow. They
are connected together to one digitizer (Nanometrics Cen-
taur, sampling rate 200 Hz) with wires insulated by sheathing
to protect from weather and rockfalls. This passive seismo-
logical network records continuously ambient noise together
with microseismicity.

Because of a rough field context (climatic conditions and
surface instability, subjecting sensors to tilting) and despite
our frequent site visits for sensors releveling, the longest pe-
riods of usable data have been recorded from only two seis-
mometers: CO0 (located 100 m upstream of the front, on the
right side of the rock glacier) and COS5 (located near the front,
on the left side). Therefore we decided here to present results
from only these two locations, separated by approximately
80m. In the following part, we used these passive seismic
recordings to model the dynamic response of the site, through
their spectral analysis. Other sensors, though discontinuously
active and not presented here, yield the same observations
and conclusions when in operation.

The Cryosphere, 15, 501-529, 2021
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Figure 1. (a, ¢) Aerial views of the two sites (from © Google Maps and © Google Earth). (b) Global topographic map of the western part
of the Alpine belt, centered around the French and Swiss Alps. (d) Digital elevation model of the Laurichard rock glacier and location of the
miniature temperature data loggers (MTDs) that monitor ground thermal regime at the subsurface, the seismometers, and the geophysical
surveys — ground-penetrating radar (GPR, red and blue points) and seismic refraction profile (yellow points). The mean annual surface
velocity fields (over the period 2012-2017) is revealed by the background color. The six continuous seismometers are marked by large
circles (C00 to C05). The dashed red line depicts the CO0—CO5 profile used for the bedrock depth estimation (see Fig. 5). (e) Digital elevation
model of the Gugla rock glacier (front in red line) and location of instrumentation, the seismic refraction profile and geomorphologic features.
The mean annual surface velocity measured between 2014 and 2015 by photogrammetry (CREALP, 2016) is also shown on this map.
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2.2 The Gugla rock glacier

Located in the Valais Alps (Switzerland), the Gugla rock
glacier (also called Gugla-Breithorn or Gugla-Bielzug) is
part of a large number of active rock glaciers that have
been regularly investigated over the last decade in this ge-
ographic area (Delaloye et al., 2012; Merz et al., 2016;
Wirz et al., 2016; Buchli et al., 2018). Ranging from 2550
to 2800 ma.s.1., its tongue-shaped morphology covers about
130 m in width and 600 m in length and is up to 40 m thick
in its downstream part. Since 2010, surface velocities have
been measured at about 5m/yr at the front, with a peak
in the southern part culminating, in 2013, in a velocity of
more than 15 m/yr. This increase in velocity has also propa-
gated to the rooting zone (from 0.6 m/yr in 2008 to 2 m/yr in
2018, as evidenced by geodetic measurements). Debris de-
tachments from the rock glacier front supply one or more
torrential flows yearly triggered from an area located imme-
diately downslope of the rock glacier front, regularly reach-
ing the main valley downstream with dense human facili-
ties. Hence, the risk of runout onto the village of Herbriggen
and railways and roads nearby remains high after intense
snowmelt or following long-lasting or repeated rainfall, in-
volving volumes from 500 to more than 5000 m> per event
(Kummert and Delaloye, 2018).

In addition to meteorological stations and GPS monitor-
ing systems, a seismological network has been there since
October 2015, covering the lower part of the rock glacier
(Guillemot et al., 2020). It is composed of five seismic sen-
sors (labeled C1 to CS5, Sercel L-22 geophones with an eigen-
frequency of 2 Hz), including two of them (C2 and C4) lo-
cated on the glacier’s longitudinal axis, whereas the others
are placed on the two stable sides (Fig. le).

In addition, eight boreholes were made and one geophys-
ical campaign was performed for seismic refraction profiles
on the rock glacier in 2014 (Geo2X, 2014; CREALP, 2016,
2015) in order to better constrain the internal structure of the
subsurface (thickness and composition of the layers, seismic
velocity). Through two thermistor chains that have continu-
ously recorded temperature at depth (up to 19.5 m) between
2014 and 2017, the active layer thickness has been located
at 4.5m (£20 %) (CREALP, 2016). Finally, three webcams
provide hourly images showing different viewpoints of the
rock glacier front (Kummert et al., 2018).

3 Spectral analysis of seismic data
3.1 Methods

Continuous seismic monitoring requires autonomous operat-
ing systems composed of an array of seismometers that per-
manently record particle vibrations on the ground related to
microseismicity and noise. Microseismicity is increasingly
used for precisely locating the seismic signals induced by

https://doi.org/10.5194/tc-15-501-2021

505

mass movements, avalanches and rockfalls (Spillmann et
al., 2007; Amitrano et al., 2010; Helmstetter and Garam-
bois, 2010; Lacroix and Helmstetter, 2011). Ambient seismic
noise is widely used to investigate the medium between sev-
eral sensors and to monitor subsurface property variations
(for a review, see Snieder and Larose, 2013; Larose et al.,
2015).

Experimental results combined with numerical modeling
have shown that resonance frequencies of a structure can be
derived from the spectral analysis of ambient seismic noise
recorded on-site (Lévy et al., 2010; Michel et al., 2010).
Different applications have been successfully proposed: as
a monitoring method for a prone-to-fall rock column (Lévy
etal., 2010) or as a way of tracking the evolution of dynamic
parameters of existing structures. Indeed, ambient vibrations
provide information about the modal parameters of a struc-
ture, defined as resonance frequencies, modal shapes and
damping ratios (Michel et al., 2008). These features can be
deduced from the frequency content of seismic recordings,
which depends not only on source and propagation proper-
ties but also on structural, geometrical and elastic proper-
ties of the structure (Roux et al., 2014). Through stacking
source and trajectories over time and space, seismic noise
allows for the illuminated frequency spectrum to be con-
sidered large and stable enough to overcome these respec-
tive effects, particularly when monitoring is considered. The
power spectrum density (PSD) is simply defined by com-
puting the intensity of the fast Fourier transform (FFT) of
the seismic record ¢, (¢): PSD (w) = |FFT (¢, (1))|%, where
w is the angular frequency. In resonant structures like sed-
imentary basins, rock columns, mountain slopes and build-
ings, high peaks in the PSD could correspond to specific vi-
bration modal shapes of the structure (Larose et al., 2015).
The corresponding frequencies, identified as resonance ones,
mainly depend on geometrical (characteristic length, cross
section, shape), structural (boundary conditions) and me-
chanical (density, Young’s modulus) features defining the
structure.

As an example, one can approximate a (soft) sedimentary
cover overlying a (hard) bedrock using a 2D semi-infinite
half-space covered by a soft layer of density p, thickness 4,
average shear-wave velocity Vs and shear modulus . Such
simple mechanical modeling leads to the well-known ana-
Iytic solution of the first resonance frequency fj correspond-
ing to the fundamental mode (Parolai, 2002): fy = X—;l =
it/ p/4h. The estimation of bed geometry properties from
spectral analysis of seismic noise has already been studied
on Alpine glaciers (Preiswerk et al., 2019). Extending this
approach to a more heterogeneous rock glacier shows that
in the absence of geometrical changes (no significant desta-
bilization), resonance frequency variations can be related to
the evolution of the rock glacier’s rigidity, through Young’s
modulus, and of its density. In this study, our goal is to track
the temporal evolution of resonance frequencies of a rock
glacier, considering it to be a vibrating structure, in order
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to understand their physical causes and then to monitor any
variation in mechanical properties.

To compute the PSD, we pre-processed hourly raw seismic
traces from vertical-component seismometers, with (i) in-
strumental response deconvolution, demeaning and detrend-
ing and (ii) clipping (high-amplitude removal by setting a
maximum threshold equal to 4 times the standard deviation).
Then we computed PSD using Welch’s estimate (Solomon,
1991) between 1 and 50Hz (with Tukey windowing, 10 %
overlapping and 4096 points for discrete Fourier transform
and then hourly averaging and normalization by the hourly
maximum). We then obtained hourly normalized spectro-
grams, containing the relative weight of each frequency. We
selected automatically significant and sharp peaks of the
spectrum by using different threshold values for local max-
ima picking (minimum of peak frequency at 10 Hz, minimum
of inter-peak distance at 4 Hz, maximum width of 8 Hz, min-
imum peak height at 0.2 and minimum prominence at 0.3
for normalized spectra). We selected only frequency peaks
above 10 Hz in order to prevent any source effects, since spe-
cific peaks of the rock glacier are assumed to be above this
limit (see Fig. 2).

For the Laurichard site, we used seismic traces of an-
other station located in a stable area at Col du Lautaret (see
Fig. 1a), named OGSA (RESIF, 1995). Since OGSA is con-
sidered a reference station, we could compare spectral con-
tents with the reference one, to evaluate the specific fre-
quency peaks of the Laurichard rock glacier (see Figs. 2 and
B1 in Appendix B). In this way, we ensured that those fre-
quencies picked are related to the modal signature of the rock
glacier. Since no sensor was settled out of the rock glacier in
the Gugla site, we have not applied this method for this site.

We also applied the same method for earthquake signals,
but the results appear less clear than those from ambient
noise (but are shown and discussed in Appendix B).

3.2 Resonance frequency monitoring of Laurichard
rock glacier

The spectrograms of power spectral density (PSD), normal-
ized every hour between 1 and 50 Hz, are shown for the two
seismometers CO0 and CO5 in Fig. 3. Several peaks of PSD
appear and vary over time.

Among potential sources affecting the spectral content of
seismic records, we aimed to select only natural resonance
modes of the rock glacier structure. For example, we ob-
served a very stable narrow peak of PSD at 23 Hz for both
seismometers. This mode lights up mainly during summer-
time and in the daytime, although it remains visible dur-
ing winter and in the nighttime but with significantly lower
amplitude. Since this frequency peak is fully stable over
time, we interpret its origin as either hydrological or anthro-
pogenic. It may be generated by groundwater flow within the
rock glacier (Roeoesli et al., 2016), by a pressure pipe located
400 m downstream or from road traffic coupled with a tunnel
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near Col du Lautaret (see Fig. 1). This frequency peak is also
visible on spectrograms of station OGSA (see black arrow in
Fig. 2d) located at Col du Lautaret at a stable site, suggest-
ing a potential anthropogenic source. The spectral content of
these recordings exhibits the same peak at 23-24 Hz (see red
curve in Fig. 2d), implying it is not directly related to the
rock glacier resonance. Thus this frequency peak is hereafter
excluded from the analysis.

The spectral content of seismic recordings can be affected
by temporal variations in ambient seismic noise sources. For
the two sites, these sources are assumed to originate from
stable human activities located in the nearby valley and from
weathering, but they could also be partly related to hydro-
logical processes via melting water in springtime and sum-
mertime. This source variability has to be addressed, in or-
der to eliminate any spurious interpretation of actual changes
in elastic properties. We then compare raw and normalized
spectrograms of the reference station OGSA over 1 year (see
Fig. C1 in Appendix C) to track any variation in the spec-
trum content which would prevent further comparison of fre-
quency peaks observed on the rock glacier over time. No sig-
nificant temporal changes in PSD appears within the illumi-
nated spectrum of this stable station located near the Lau-
richard rock glacier. Another obvious fact to highlight is that
frequencies which were picked from ambient noise are also
often visible when earthquake signals are considered (see
Appendix B). These two observations strengthen the direct
link between these frequency peaks and rock glacier reso-
nance.

Other spurious effects of artificial or non-specific sources
affecting PSD are known: atmospheric effects (local struc-
ture or vegetation coupled with wind; Johnson et al., 2019),
loss of sensor coupling or water filling of the shelter of the
sensor during melt out (Carmichael, 2019). However, these
sources are not present at the Laurichard rock glacier: for
all sites the seismometers are well coupled on flat and stable
boulders, ensuring a good rock-to-sensor coupling. Each of
them is sheltered by a plastic tube covered by a waterproof
tarp, in order to prevent any influence of rain, wind and snow.
During site visits, no water in the settlement was observed.

For the CO0 seismometer, we observe a main peak of PSD
between 15 and 20 Hz interpreted as the fundamental mode
of the nearby area of the rock glacier (Fig. 3a). The temporal
evolution of this mode shows a seasonal cycle, characterized
by higher frequencies during winters and lower frequencies
during summers. A sudden drop of frequency occurs at the
time when melting processes occur (blue boxes in Fig. 3).
Comparing the two winter periods, the maximum frequency
is lower in 2019 (about 17 Hz) than in 2018 (about 19 Hz),
while it remains constant at approximately 15 Hz for the two
recorded summers.

For sensor C05, we can follow the same peak that is con-
sidered the fundamental mode of the corresponding area,
with a similar seasonal cycle (Fig. 3b). Again, the funda-
mental frequency increases during winter and drops dur-
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Figure 2. Seismic recordings of ambient noise (vertical ground velocity in m/s, after > 1 Hz filtering and instrumental deconvolution)
recorded by sensors C00 (a) and CO5 (b) on Laurichard rock glacier, and by OGSA station at Col du Lautaret (c), 5 April 2019 at 18:00 UTC.
(d) The normalized PSD of the respective signals. Black circles highlight the maxima of these spectrograms that have been picked by using
our method (details in the text) for sensors on Laurichard rock glacier. The black arrow shows the stable peak at 23 Hz, interpreted as
anthropogenic, measured by all sensors (but not clear for CO5 sensor due to normalization).

ing melting periods and summertime. Compared to the C00
case, the amplitude of this seasonal variation is much higher:
even though the frequency value in summer is similar (about
15 Hz), the winter one reaches a higher value (about 30 Hz).
The maximum value is also higher in 2018 (35 Hz) than in
2019 (30 Hz).

3.3 Resonance frequency monitoring of Gugla rock
glacier

We applied the same spectral analysis for the Gugla site.
From the hourly normalized PSD of seismic noise recorded
on the rock glacier (sensor C2), we observed two resonance
frequencies evolving with time (Fig. 4). At relatively high
frequencies, a second mode is well measured, because the
mean noise level is higher in Gugla than in Laurichard, where
only the fundamental mode is observed.

https://doi.org/10.5194/tc-15-501-2021

As for the Laurichard site, these frequencies present sea-
sonal oscillations: they increase progressively to peak at cold
winter periods, whereas they drop when melting processes
occur in springtime and summertime (blue boxes in Fig. 4).
The fundamental mode varies from 15Hz in summertime
to approximately 21 Hz in wintertime, whereas the second
mode oscillates from 27 to 40 Hz.

Again, the resonance frequency of the fundamental mode
shows an inter-annual variability: in winter 2017 the maxi-
mum value is lower (about 20 Hz) than the peaks of the two
other winters (about 24 Hz).

The Cryosphere, 15, 501-529, 2021



508

*»

Frequency (Hz)

MMMM i

0118 04/18 0718 1018

A. Guillemot et al.: Modal sensitivity of rock glaciers

| W
Irn M| "h W“h"\’ f T Mlm ||1 I'.|'l ‘ f\'ﬂmi

1086

105

PSD

q0.4

DI.'19 04/18 0718 1019

Date (mmiyy)

(b)

Frequency (Hz)

{l\\' I '
{l | 08
' 0.8
| ‘|
106

o
0.5 g

104

0.3

I
01119 04119 07119 10119
Date (mmiyy)

Figure 3. Normalized power spectra density (PSD) from hourly spectrograms of the passive seismic recordings of Laurichard site, from
(a) CO0 seismometer and (b) CO5 seismometer. The bold black line denotes the moving-window average of hourly spectrogram maxima.
Snow cover and melting periods are depicted by grey and blue boxes, respectively.

4 Mechanical modeling
4.1 Methodology

Using a finite-element method, we model rock glaciers as
vibrating structures embedded in the bedrock. We then study
the sensitivity of the modal response of this model to ambient
seismic noise as a function of its elastic properties.

Elastic features can be determined as a function of com-
pressional V}, and shear V; seismic wave velocities, together
with the density p. Therefore we evaluate seismic velocities
along depth thanks to active seismic investigations comple-
mented by ground-penetrating radar (GPR) surveys in order

The Cryosphere, 15, 501-529, 2021

to obtain a 1D [V, (2), Vs (2), p (z)] profile describing the
medium near the seismometer of interest. This first model
is considered a reference model since it has been built during
unfrozen summer periods. In addition, we consider the effect
of freezing—thawing processes on the elastic model using a
poroelastic approach that enables us to quantitatively eval-
uate elastic parameter changes due to the freezing. Modal
analysis is then performed with COMSOL software!, in or-
der to compute synthetic resonance frequencies that can be
compared with the observed ones.

lcoMsoL Multiphysics® v. 5.4, http://www.comsol.com (last
access: 29 January 2021), ComsolLab, Stockholm, Sweden.
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Figure 4. Normalized power spectral density (PSD) from hourly spectrograms of the ambient noise recordings of Gugla rock glacier, from
C2 seismometer. Note the two bold black lines that roughly highlight the two spectral modes picked, for visibility purposes. Snow cover and
melting periods are depicted by grey and blue boxes, respectively. No-data period is marked by a black box.

4.2 Reference model from geophysical investigations

For a few decades, numerous experiments have been devoted
to the geophysical characterization of rock glaciers (Mau-
rer and Hauck, 2007; Kneisel et al., 2008; Haeberli et al.,
2010) in order to constrain site modeling and better under-
stand subsurface physical processes involved in their defor-
mation. Among available geophysical methods, seismic re-
fraction tomography (SRT), ground-penetrating radar (GPR)
and electrical resistivity tomography (ERT) have provided
promising results. In Alpine permafrost regions, the high het-
erogeneity of the subsurface together with cost-intensive and
risky field conditions makes geophysics challenging. How-
ever, combining the geophysical methods listed above gives
useful information with respect to imaging and modeling the
subsurface.

4.2.1 Laurichard rock glacier model
Ground-penetrating radar survey

We performed a ground-penetrating radar (GPR) campaign
at the end of June 2019 to better assess the geometry and
the internal structure of the Laurichard rock glacier. It is
composed of (i) a common-offset longitudinal profile start-
ing in the middle of the rock glacier and stopping near the
front, following the main flow line, and (ii) a common-offset
transversal profile crossing over the rock glacier width, ap-
proximately following the C01-C04 seismometer line dis-
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cussed later (Fig. 1a). The method and resulting figures are
shown in Appendix D.

Both GPR images show relatively continuous reflectivity
within the rock glacier, particularly along the longitudinal di-
rection (Fig. D1c), indicating a stratification of the deposits.
A low-frequency antenna (25 MHz) certainly naturally ho-
mogenized the heterogeneity of rock glaciers, as witnessed
by the quasi-absence of diffraction. The thickness of the
glacier varies weakly along the longitudinal direction, rang-
ing from 28 m upstream to 10 m downstream. More abrupt
variations are detected in the transverse direction (Fig. D1d),
from a few meters to 20 m at the center and the eastern part.
It must be noted that the first few meters of the rock glacier
cannot be resolved, due to the antenna configuration with a
large source-receiver offset and the large wavelength (about
4.8 m).

As a conclusion, the bedrock interface depth is well
constrained by GPR results, combining longitudinal and
transversal profiles. In the lower part of the rock glacier
near the front, the bedrock is estimated at an approximately
10 m depth. But the transversal profile also reveals hetero-
geneities over the seismic array. In the western part (C0S5)
the rock glacier seems thinner than in the eastern part (C00),
according to the bedrock depth estimation based on contour
line interpolation on both sides of the rock glacier. By the
digital elevation model (DEM) difference between surface
and bedrock, we then more precisely estimated the interface
depth (14 m for COO and 8 m for CO5; see Fig. 5b).

The Cryosphere, 15, 501-529, 2021
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Figure 5. (a) Cross section of the Laurichard rock glacier digital elevation models (DEMs) of the surface and of the bed (taken for the
bedrock) along the C05—CO00 line. (b) The same profile, with the DEM of the surface as the reference. The vertical axis is then the bedrock
depth starting from the surface. For both figures the location of the seismometers is indicated. (¢) Seismic velocity models of the Laurichard
rock glacier (continuous line for the CO0O case, dashed line for the CO5 case), based on geophysical investigations (seismic refraction)
and the bedrock depth estimation, determined from DEM difference. The only difference between the two cases is the bedrock depth and
consequently the seismic velocity gradient of the permafrost layer. In the two right panels the density and the medium porosity profile are
shown (solid blue line), with low and high limits of the porosity used in the subsequent mechanical modeling.

Seismic tomography

A seismic refraction—tomography survey was performed
in July 2019. This experiment consisted of active seismic
recordings with controlled sources, in order to determine the
P-wave velocity distribution along a 2D line. The profile is
roughly located along the C1-C4 line, near the center of the
seismic array (Fig. 1a). The method and resulting figure are
shown in Appendix D and Fig. D2. The result shows 2D vari-
ations with some degree of layering in the velocity distribu-

The Cryosphere, 15, 501-529, 2021

tion. The interface between the rock glacier and the bedrock
might be marked by the large interface separating a mate-
rial with velocities lower than 2000 m/s with a layer showing
a large velocity of about 3000 m/s (Fig. D2). Its thickness
varies from 10 to 20 m, which is consistent with GPR results
(Fig. Dlc, d). To overcome the smoothing effect of seismic
tomography, data have also been processed using seismic re-
fraction with two opposite large-offset shots. This approach
highlights a layered structure of the medium, with different

https://doi.org/10.5194/tc-15-501-2021
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slopes and particularly an interface located at around a depth
of 4m, which probably separates the active layer from the
permafrost one. Therefore, we can assume an active layer
from the surface to a 4 m depth, corresponding to the max-
imal depth where the medium is totally thawed in summer-
time.

Multichannel analysis of surface waves (MASW)

In order to better understand the seismic wavefield and con-
strain the S-wave velocity distribution at the site, we ana-
lyzed the surface Rayleigh waves, which dominate the verti-
cal seismic records used in the tomography. The method and
resulting figure are shown in Appendix D and Fig. D3.

The Vi profiles displayed in Fig. D3b show a large vari-
ability, but the best-fitting models all converge towards an
interface located at a 5m depth with a superficial velocity
of 155 m/s followed by a linear increase in velocity reaching
750 m/s at a depth of 7 m. The best model also shows another
deeper interface, at a 15 m depth, which could be the bedrock
interface, despite the low resolution at this depth.

From all these geophysical surveys, a tentative 1D seis-
mic velocity model was built for each seismometer (C00 and
CO05), as the reference unfrozen model. Its values have been
well constrained by seismic refraction, whereas bedrock in-
terface depth has been constrained by GPR results, together
with interpolated DEM differences (Fig. 5).

4.2.2 Gugla rock glacier model

To establish a reference model of the Gugla rock glacier, we
use seismic velocities that have already been constrained by
a seismic refraction survey (Fig. 1b) performed in July 2017
during a summer and dry period (Fig. 6). All values for V),
and Vj profiles have already been presented in a previous
study (Guillemot et al., 2020). We also assume a density pro-
file that progressively increases, from p = 2000 kg/m? at the
surface to p = 2800 kg/m? at the bedrock.

Moreover, we estimate the bedrock at a 23 m depth, in ac-
cordance with observations provided by boreholes located
near the seismometer of interest (borehole F2; CREALP,
2015).

4.3 Freezing modeling from poroelastic approach
4.3.1 Methods and results

In order to mimic the freeze—thawing effect on resonance fre-
quencies, the associated variations in elastic properties of the
material have to be constrained by seismic velocity changes.
A winter model is required for comparison to the summer
one. For the transition from summer to winter, an increase
in P- and S-wave velocities during winter is expected, in ac-
cordance with laboratory and numerical experiments (Timur,
1968; Carcione and Seriani, 1998; Carcione et al., 2010). In-
deed, both bulk and shear moduli of the effective medium in-
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Figure 6. Seismic velocity models of the Gugla rock glacier, based
on geophysical investigations (seismic refraction) and from bore-
hole data, with P-wave velocity (a) and S-wave velocity (b) profiles.
The density (c¢) and the medium porosity (d, solid blue line) profiles
are also shown, with low and high limits of the porosity used in the
subsequent mechanical modeling.

crease during freezing, generating a global stiffening of the
upper part of the rock glacier subject to the seasonal thermal
forcing.

In order to quantify the evolution of these elastic param-
eters with freezing, we use a poroelastic approach assuming
a three-phase model: a rock glacier is considered a porous
material composed of pores embedded into a granular rocky
matrix. We then address the sensitivity of elastic parameters
to the proportion of liquid water and ice filling the pores,
for several porosity values. Since the wavelength of seismic
waves is much greater than the size of the pores, this homoge-
nization approach holds. As did Carcione and Seriani (1998),
we use a Biot—-Gassmann-type three-phase model that con-
siders two solid matrices (rock and ice) and a fluid one (liquid
water). Since the contribution of the air proportion within the
pore is negligible on the shear modulus, which mostly deter-
mines the fundamental vibrating mode, we omit the air phase
for the sake of simplicity.

We apply the following methodology for the three cases
(Gugla C2, Laurichard C00 and Laurichard C0S5). Several pa-
rameters are required to completely describe the poroelastic
state of a rock glacier: bulk and shear moduli of the respec-
tive pure phases, the averaged density, the porosity, and the
water saturation.

For the summer state of the rock glacier, we evaluate these
parameters indirectly. The density p is fixed at realistic val-
ues (p = 1800kg/m> for the first 2m; p = 2000kg/m> for
the deeper part of the rock glacier; and p = 2650 kg/m> for
the bedrock; Hausmann et al., 2012), as well as the poros-
ity profile (see references in Sect. 4.3.2). The water satura-
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tion s is assumed to be s = 0 for the first 2m, and s = 0.2
when deeper, consistent with visual observations and qualita-
tive features obtained from boreholes in summer (CREALP,
2016). Respective bulk and shear moduli of the pure phases
(ice and water) are fixed from the example of Berea sand-
stone (Carcione and Seriani, 1998, Table 2). The bulk and
shear moduli of the dry solid matrix have been obtained from
the inversion of velocities using a Biot—Gassmann poroelas-
tic model with two phases (solid matrix and water). For this
inversion step, we use water saturation, porosity and seismic
velocity profiles (V,, V) deduced from seismic refraction
geophysics performed in summer (see Fig. Sc for Laurichard
and Fig. 6 for Gugla). The outputs of this inversion step are
the elastic moduli of the solid matrix, assumed constant over
seasons, and a description of the elastic behavior of the rock
glacier with neither water saturation nor seasonal freezing.
The profiles of all the parameters of this summer model are
shown in Fig. 7b—e in red lines.

For the winter state of the rock glacier, we keep unchanged
the porosity and elastic parameters of the three phases (wa-
ter, ice and solid matrix), but we assume the pores are fully
filled by ice (water saturation equals zero) from the surface to
the maximum depth where seasonal freezing acts, also called
the zero annual amplitude (ZAA) depth. ZAA is estimated to
be approximately 8 m in depth from thermal investigations in
Gugla (CREALP, 2016) and is extrapolated as well to Lau-
richard. The averaged density is computed by averaging the
density of each phase, weighted by its respective volumetric
ratio.

The seismic velocity profiles (V, Vs) for a totally frozen
state are then computed by applying the three-phase poroe-
lastic model. For this step, the input parameters are the poros-
ity and the density, together with bulk and shear moduli of
each phase (water, ice and solid matrix). These elastic pa-
rameters are homogenized according to Carcione and Se-
riani (1998), and then equations of wave propagation are
solved in order to obtain fast P-wave and S-wave velocities
as modeled by Leclaire et al. (1994). Results of the evolution
of these velocities with respect to the ice / water ratio filling
the pores are shown in Fig. 8 for the example of Laurichard
(sensor C00). Hence we deduce the values for a frozen state
of the rock glacier with pores totally filled by ice between
the surface and ZAA. We acknowledge that this is a strong
assumption for the winter state and that other models may
also explain our observations. The profiles of all the param-
eters of this winter model are shown in Fig. 7b—e with blue
lines.

With these two models in summer (minimum of freez-
ing) and winter (maximum of freezing), we can also model
the transition between them. Although the freezing process
(from summer to winter) is poorly constrained, due to liquid
water infiltration and complex thermal forcing, the thawing
process (from winter to summer) appears easier to model,
assuming a temporal evolution of thawing mainly controlled
by thermal heat waves propagating from the surface to the
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ZAA depth. Hence, we build an intermediate state of the
rock glacier by introducing another parameter, called “maxi-
mum depth of thawing” (see Fig. 7a). This parameter estab-
lishes an interface between the unfrozen state (as the sum-
mer model) above it and the frozen state (total pore filling by
ice) below it. Hence, this maximum depth of thawing evolves
from the surface to the ZAA with 1 m increments, reporting
as many intermediate models. The profiles of the parame-
ters of an example of an intermediate model are shown in
Fig. 7b—e in dashed purple lines.

Finally, we compute the modal response (explained below
in Sect. 4.4) of the corresponding vibrating structure of all
these models (summer, intermediate and winter), modeling a
value of resonance frequency depending of the freezing state
of the rock glacier.

4.3.2 Influence of the porosity

Defined as the ratio between pore volume and total volume,
the porosity ¢ of the rock glacier is one of the key param-
eters influencing the mechanical modeling. Our three-phase
poroelastic model actually considers the filling of pores by
two phases (ice and water), together with interaction between
ice and rocky debris matrices that strongly depends on poros-
ity. In the absence of any in situ information, we assume a
model of spherical-particle stacking (Rice, 1993), decreasing
with depth due to compaction (¢ = 0.35 for sublayers from
the surface to a 2m depth and ¢ = 0.25 elsewhere below,
for both sites). In order to quantitatively assess the sensitiv-
ity of our results to porosity, we also apply the mechanical
modeling to other profiles considering extreme values (low
limit ¢ = 0.2 in the active layer and ¢ = 0.15 elsewhere and
high limit ¢ = 0.6 everywhere for this rock glacier lithology
(Arenson and Springman, 2005)). As expected, the higher the
porosity values, the higher the influence of the ice pore fill-
ing on the elastic parameters and thus the higher the variation
in modeled resonance frequencies. In the following results
presented below, error bars correspond to the sensitivity to
the porosity (low limit for low porosity, high limit for high
porosity; see values in transparent shading in Fig. 10).

4.4 Modal analysis and frequency response of the rock
glacier

We build a mechanical model in COMSOL software based
on the finite-element method, in order to numerically com-
pute its resonance frequencies and modal response (see Ap-
pendix E for details). The rock glacier is modeled as a 2D
rectangular vibrating structure embedded in the bedrock (or
a stable bottom layer). The height H of the structure is fixed
at the corresponding depth of bedrock (see Fig. 5 for Lau-
richard and Fig. 6 for Gugla). The model is vertically sub-
sampled into 2 m thick sublayers, with elastic parameters in-
terpolated from averaged values of seismic tomography re-
sults and with a usual isotropic attenuation factor of 1%

https://doi.org/10.5194/tc-15-501-2021
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Figure 7. (a) Schematic cross section of the Gugla rock glacier in winter (left), in summer (right) and during the transition between them (in-
termediate state of thawing, middle), as well as a schematic temperature profile associated with each of them, showing the main assumptions
of the freezing modeling methodology by a poroelastic approach described in the text. The porous medium is composed of a rock matrix (in
orange) and pores filled by water (in blue) or ice (in grey). With respect to the maximum depth of thawing varying from the surface to the
ZAA depth, the evolution of parameters used by the model is shown as follows: P-wave velocity (b), S-wave velocity (c), the averaged den-
sity (d) and the water saturation (d). The values in summer are obtained from geophysics and boreholes, whereas the values corresponding
to a frozen state (pores fully filled by ice, no more liquid water) are obtained by the three-phase poroelastic model.
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Figure 8. (a) Evolution of P-wave velocity Vp with respect to the ratio between water and ice filling the pores, resulting from the Biot-
Gassmann-type three-phase poroelastic model, applied to the Laurichard rock glacier (for COO seismometer). The different curves correspond
to the different sublayers, whose depth is indicated in the right panel. The V}, values used to model the winter state are those for liquid water
saturation tending towards zero. (b) Same results for S-wave velocity Vs.
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synthetic seismic sources and seismometer. (b) Output of the frequency response function (FRF) of this model, as the vertical displacement
recorded by the seismometer along frequencies. Peaks of this curve indicate resonance frequencies of modes of the modeled structure with a
vertical component. (¢) The 2D rock glacier model with reduced longitudinal dimension (5 m) and with symmetrical conditions at boundaries
perpendicular to the slope. Since the FRF of this model shows the same peaks as the first one, this reduced model is only used for the modal

analysis for the sake of simplicity.

(Bonnefoy-Claudet et al., 2006). Depending on the direction
of the model (longitudinal or transversal), the width of the
structure varies in accordance with the whole rock glacier
size (several tens of meters), permitting an infinity of vibra-
tion modes. Based on a polarization analysis from ambient
noise between 1 and 50 Hz in the Gugla rock glacier in sum-
mer 2016, we observed that the wavefield of rock glaciers is
mostly polarized in a parallel to the slope direction. Similar
to the fundamental mode of an unstable rock mass (Burjanek
et al., 2012) and avalanche glaciers (Preiswerk et al., 2019),
the measured polarization is almost linear (ellipticity lower
than 0.15) and thus corresponds best to shear modes. We
then computed the frequency response function (FRF) (Fu
and He, 2001) on the whole length (several hundreds of me-
ters for both cases) of the rock glacier, in order to obtain its
resonance frequencies corresponding to vibration modes of
the mechanical structure. For this step, we simulated several
seismic sources located at the base of the vibrating structure
(see red crosses in Fig. 9a), producing harmonic forces from
1 to 50 Hz in all directions. The amplitude of this modeled
seismic noise is not frequency-dependent, while it decreases
generally with frequency in the field, probably showing the
excitation of modes other than the recorded ones (especially
in Laurichard). However, after checking that resonance fre-
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quencies obtained from the FRF with a high amplitude of
vertical displacement (Fig. 9b) would not be modified, we
reduced the width of the model to 5 m by applying symmet-
rical conditions at the boundaries perpendicular to the slope
(Fig. 9¢), in order to facilitate the following parametric modal
analysis.

4.5 Comparison between observed and modeled
resonance frequencies

We show the results from the modal analysis in COMSOL
software for only the observed modes with a vertical com-
ponent (first mode for Laurichard, the first two modes for
Gugla) in Fig. 10. Nine mechanical models have been tested,
corresponding to different steps of thawing with elastic pa-
rameters selected as described in Sect. 4.3. Thus, we present
modeled resonance frequencies with respect to the maximal
depth of thawing, from the surface to an 8 m depth (Fig. 10).
As expected, resonance frequencies of these modes match
the frequency band of measurements below 50 Hz and gen-
erally decrease with thawing. We compare them to the maxi-
mum (in winter) and minimum (in summer) values observed
at all sites (depicted in squares in Fig. 10, which are val-
ues from Fig. 3 for Laurichard and Fig. 4 for Gugla). The

https://doi.org/10.5194/tc-15-501-2021
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Figure 10. Results of the modal analysis for Gugla (GUGL) and
Laurichard (LAUR) rock glaciers. The evolution of the resonance
frequency of the respective synthetic modes is plotted, according
to the maximal depth of thawing from the surface to the ZAA
(8 m depth): left stands for the state of maximal freezing in win-
ter (frozen medium until 8 m depth) and right for the summer (un-
frozen medium). The range of measured resonance frequency val-
ues is shown by the squares in the corresponding colors (estimated
from Figs. 3 and 4 for respective sites). Error bars (in transparent
shading) show the influence of porosity on the results: the low (high)
limit of error bars shows the results for extremely low (extremely
high) porosity profile.

modeled resonance frequencies fit well the observed ones,
considering error bars related to porosity uncertainties (see
Sect. 4.3.2). Regarding the fundamental mode (mode 0), the
resonance frequency is of the same order of magnitude (be-
tween 15 and 20Hz) for both sites (i.e., Gugla and Lau-
richard). Focusing on the two sensor locations in Laurichard,
a stronger effect of freezing is observed for COS5 than for the
C00 model. Hence, the bedrock is shallower under C0O5 than
under COO (8 and 14 m, respectively), highlighting the role
of the height of the local vibrating structure on seasonal am-
plitudes. In general, these numerical results explain well the
seasonal variations in observed resonance frequencies, as-
suming a thawing process from the surface to an 8 m depth
between winter and summer.

5 Discussion

From the results of mechanical simulation on both the Lau-
richard and the Gugla rock glaciers, we draw several conclu-
sions:

— The vibrating modes of rock glaciers can be tracked
from spectrograms of seismic ambient noise. The res-
onance frequencies from the mechanical modeling fit
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well the measured ones (between 15 and 20 Hz in sum-
mer for both sites) within experimental error bars. This
validates our methodology based on rock glacier mod-
eling as a vibrating structure, at least for the first mode.

Monitoring these resonance frequencies over time al-
lows us to observe seasonal evolution — all the modes
show a progressive increase in the resonance frequen-
cies during winter, followed by a sudden drop at the on-
set of melting periods in spring and lower values during
summers.

According to the poroelastic approach used to model the
effect of freezing on seismic velocities, this variation
is qualitatively well explained by freeze—thawing pro-
cesses. Indeed, the annual heat wave propagates into the
surface layers of the rock glacier (Cicoira et al., 2019;
CREALP, 2016), causing a change in frozen material
content within the porous medium and thus a large vari-
ation in elastic properties due to this thermo-mechanical
forcing. For both sites and sensor locations, this mod-
eled mechanical forcing provides a good estimation of
the observed frequencies’ seasonal variations, quantita-
tively. The modeled changes in elastic parameters (bulk
and shear moduli increasing through seismic velocities)
involved for the Gugla rock glacier (Guillemot et al.,
2020) have thus been improved by this complementary
method based on a more complete description of poroe-
lasticity, though other models may also explain our ob-
servations.

By tracking resonance frequencies in the long term,
we are able to detect an inter-annual variability. In-
terestingly, the freezing process appears to correlate
with an annual minimum of resonance frequency —
as an example, in 2019 in Laurichard, the winter res-
onance frequency was lower than in 2018, indicat-
ing a lower rigidity of the medium due to reduced
frozen material content. The winter was actually colder
in 2018 than in 2019 — from a meteorological sta-
tion near Col du Lautaret (1 km from Laurichard), the
mean air temperature during snow cover Tyiner Was
lower in 2018 (Twinter (2018) = —2.07 °C) than in 2019
(Twinter (2019) = —0.50 °C). The intensity of freezing is
generally estimated from freezing degree days (FDDs),
defined as a time cumulative sum of each ground surface
temperature below 0°C recorded during one winter-
time. The snow cover period, which insulates the ground
from air forcing, was earlier and longer in 2019 than in
2018, and so the internal freezing of the rock glacier
was less intense in 2019 (FFD (2019) = —322°Cd)
than in 2018 FFD (2018) = —451°Cd). Similarly for
the Gugla site, the winter resonance frequency was sig-
nificantly lower in 2017 (19 Hz) than in the others years
(about 23 Hz). Despite a comparable mean air temper-
ature between 2016 and 2017, the earlier and longer
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snow cover period in 2017 promoted a lower freezing of
the internal layers. We finally conclude that resonance
frequency in wintertime indicates well the intensity of
freeze—thawing effects on the rock glacier.

— Despite a high level of heterogeneities within rock
glaciers, low-frequency GPR results allow us to better
constrain the bedrock interface depth. For Laurichard,
the mean value was estimated at 10m (450 % due to
the slope underneath). According to field observations
and DEM interpolation, we fixed this value at 14 m for
the CO0 model and 8 m for the CO5 model. This unique
difference between the two locations explains very well
the observed difference in seasonal resonance frequency
amplitude (Fig. 3) — the shallower the bedrock inter-
face, the larger this amplitude. In addition to active seis-
mology allowing us to perform 2D seismic velocity to-
mographies, low-frequency GPR results provide valu-
able information about internal structure of the surveyed
rock glaciers, reinforcing the benefits of geophysical in-
vestigations in combination with passive seismology in
rock glaciers.

The relation between ground surface temperature and res-
onance frequencies is plotted in Fig. 11 (for Laurichard
CO00 case). It reveals an annually repeated pattern showing
a hysteretic behavior. This relation suggests several phases
throughout the year (indicated with colors and numbers in
Fig. 11b), depending on the state of freezing of the rock
glacier: (1) unfrozen phase (late summer and autumn), when
temperature is varying above 0 °C while resonance frequency
stays at its lowest level; (2) shallow freezing phase (late au-
tumn and early winter), when temperature decreases to below
0°C (with possible significant drops depending on the pres-
ence of snow cover insulating the medium or not), while res-
onance frequency starts to increase; (3) deep freezing phase
(late winter), when temperature is stabilized due to insula-
tion by permanent snow cover, while the freezing front prop-
agates deeper, increasing the resonance frequency; (4) shal-
low thawing phase (early spring), when temperature reaches
0°C and stays constant during a zero-curtain period, indi-
cating phase change together with melting water percolating
into the active layer and sometimes re-freezing, while reso-
nance frequency drops due to thawing of surface layers; and
(5) deep thawing phase (late spring and early summer), when
the heat wave propagates deeper in the medium, keeping the
decrease in resonance frequency up.

In comparison with other passive seismic methods, such
as relative seismic velocity variations computed from ambi-
ent noise correlation that have already been applied in Gugla
(Guillemot et al., 2020), the spectral analysis of seismic noise
(presented here) is easier to process. Combined with the
modal analysis of a mechanical model of the site, the spectral
content accurately records the seasonal freeze—thawing cy-
cle, reinforcing observations from ambient noise correlation
(Guillemot et al., 2020). Beyond these similarities, the main
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Figure 11. (a) Diagram of daily averaged ground temperature
(recorded by miniature temperature data loggers) versus daily av-
eraged resonance frequency of the first mode recorded by COO seis-
mometer at Laurichard rock glacier. The green line corresponds
to data from December 2017 to November 2018, while the red
line corresponds to data from December 2018 to October 2019.
(b) Schematic generalization of the ground surface temperature de-
pendency of resonance frequency on freezing—thawing cycle, show-
ing an hysteretic loop composed of five phases described in the text.

difference between these two methods is their depth sensi-
tivity. Frequency resonance focuses on isolated frequencies,
whereas ambient noise correlations exploit the whole spec-
trum, thereby surveying a larger range of depths. To quan-
tify this difference between the two methods, we computed
sensitivity kernels for each one. This consists in evaluating
the changes (of frequency or dV/V) after a 50 % increase
in seismic velocities V,, and Vs for a 0.5m thick sublayer
along the depth of the modeled rock glacier. All the parame-
ters are those of the summer models (for Gugla in Fig. 6, for
Laurichard C00 and Laurichard CO5 in Fig. 5¢), and kernels
have been computed for all these three sites. These results are
presented in Fig. 12. (1) For the ambient noise correlation
method, we compute the dispersion curves of the Rayleigh
waves using the Geopsy package (Wathelet et al., 2004). The
theoretical relative velocity changes (dV/V) are computed
by measuring the difference between the modified dispersion
curve and the reference one at each frequency. (2) For the
modal analysis method, the resonance frequency of the fun-
damental mode of the vibrating structure modeling the rock
glacier is obtained using COMSOL software. For both meth-
ods, their kernels have been normalized by their maximum
value along the depth, allowing for an estimation of the depth
where the sensitivity of the method is the highest. The results
are shown in Fig. 12 for the Laurichard COO sensor, while
other sites are not presented but yield similar results. For all
sites, modal analysis is most sensitive at a relatively shal-
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Figure 12. Example of (normalized) depth sensitivity kernels of the two passive seismic methods for the Laurichard (CO0 seismometer)
rock glacier model. The red curve corresponds to the modal analysis (resonance frequency of the first vibrating mode). The other curves
correspond to the ambient noise correlation (relative change in the Rayleigh wave velocity dV/V, depending on the frequency, shown by
the other colors). At high frequencies (> 14 Hz), dV/V is most sensitive at shallower depths than the resonance frequency of the first mode,
whereas at low frequencies (< 14 Hz), dV/V is most sensitive at deeper depths than resonance frequency.

low depth (5 m for Gugla, 4 m for Laurichard C00, 3 m for
Laurichard CO05) in the active layer, whereas ambient noise
correlation has a broader sensitivity, including shallower and
deeper layers depending on the frequency band (the lower the
frequency, the deeper the penetration). Therefore, the modal
analysis permits us to easily evaluate the state of freezing of
rock glaciers, surveying mostly the depth range between 2
and 8 m, including the active layer (< 5m), while ambient
noise correlation at low frequencies allows the same moni-
toring over a broader range of depths but requires additional
data processing. Furthermore, ambient noise correlation may
provide less stable results at high frequencies (up to 14 Hz,
for the Gugla study; Guillemot et al., 2020), preventing any
interpretation of the chaotic results due to the lack of high-
frequency noise in the cross-correlation at a large inter-sensor
distance. Hence, the sensitivity of the different methods de-
pends also on the nature of the ambient noise wavefield to-
gether with the sensor network setup. According to the site
and its instrumentation, the two passive seismic methods may
be combined to obtain stable results along the whole depth of
the rock glacier. As with many other geophysical techniques,
the present study is therefore to be considered one element
among other parts of a global monitoring strategy.

6 Conclusions

For two rock glaciers, we monitored the resonance frequen-
cies of vibrating modes over several years thanks to contin-
uous seismic noise measurements. These frequencies show
seasonal variations, related to changes in elastic properties of
the structure underneath the recording sensor, due to freeze—
thawing effects. Assuming vibrating systems, we performed
a 2D mechanical modeling of rock glaciers, which fits well
the recorded resonance frequencies. By estimating elastic
properties derived from active seismic measurements, we
have reproduced the observed lowest values in summer, when
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the active layer is totally thawed. By quantitatively model-
ing the increase in rigidity due to freezing in wintertime us-
ing a poroelastic approach, we have reproduced the observed
higher values in winter due to maximum freezing in the ac-
tive layer. These results highlight the sensitivity of resonance
frequency to seasonal freeze—thawing cycles.

The results of this modal analysis have been obtained from
a model constrained by geophysical investigations, such as
ground-penetrating radar and seismic tomography surveys.
This study shows that the two approaches (spectral analysis
of seismic data, combined with GPR and seismic refraction)
provide a consistent understanding of seasonal variations in
rock glacier rigidity, mainly forced by the freezing effect of
those porous media.

Among passive seismic methods applied to rock glaciers,
the spectral analysis appears to be an easy and effective mon-
itoring tool of the active layer, which is subjected to signifi-
cant seasonal changes. At greater depths and lower frequen-
cies, the seismic data are preferably processed using a pair
of stations by computing ambient noise correlation. This can
be useful to complement observations of resonance frequen-
cies, in addition to bringing new insights into other processes
occurring at greater depths, such as groundwater or structural
changes within rock glaciers. In the long term, seismic vibra-
tions offer the possibility of monitoring the effect of global
warming on permafrost degradation.
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Appendix A: Time series of ground surface temperature
(Laurichard rock glacier)

In Fig. A1 we show the time series of the measured ground
surface temperature at several locations on and near the Lau-
richard rock glacier. These measurements help to date the
snow cover periods with a zero-curtain effect, together with
freezing periods.
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Figure A1. (a) Location of the five miniature temperature data loggers (MTDs) that record the temperature of the subsurface (below 2—-10 cm
of debris) every hour, shown in (b) over the first 2 years of data, with snow cover (grey boxes, when temperature is below 0 °C) and melting
(blue boxes, when zero-curtain effect occurs) periods highlighted.
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Appendix B: Frequency picking of earthquake signals

In addition to spectral analysis from ambient noise, PSDs
of earthquake signals emerging from noise have also been
computed. For both sites, such signals have been sorted out
from a catalog of earthquakes (magnitude M > 2). For the
Laurichard area, we used all earthquakes recorded by the
Sismalp catalog (https://sismalp.osug.fr/evenements, last ac-
cess: 29 January 2021). We thus applied the same process-
ing as for noise (without any clipping) for the 60 s long raw
trace containing the signal of earthquakes and finally tracked
resonance frequencies of these quakes by maxima picking
(Fig. 2). For the Laurichard site, we used seismic traces of
another station located in a stable area at Col du Lautaret (see
Fig. 1), named OGS A (RESIF, 1995). Since OGSA is consid-
ered a reference station, we computed site-to-reference spec-
tral content to evaluate the specific frequency peaks of the
Laurichard rock glacier (see Fig. B1). In this way, we en-
sured that those frequencies picked were related to the modal
signature of the rock glacier. Overall, this method of spec-
tral analysis allows for comparing the spectral response of
the structure to low (seismic noise) and higher (earthquakes)
levels of excitation.
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The resonance frequencies estimated using earthquake sig-
nals (white dots in Fig. B2) appear similar to the ones
estimated from noise for the CO0 seismometer. However,
there are more discrepancies for sensor C05. For this sensor,
the peak frequencies determined from seismic signals show
more fluctuations than when picking resonance frequencies
from the PSD of seismic noise.
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Figure B1. Seismic signals of an earthquake (vertical ground velocity in m/s) recorded by sensors CO0 (a) and CO5 (b) at Laurichard rock
glacier and by OGSA station at Col du Lautaret (c), 29 June 2018 at 18:00 UTC. (d) The normalized PSD of the respective signals. Black
circles highlight the maxima of these spectrograms that have been picked by using our method (details in the text). The same method has

been used for ambient noise recordings.
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Figure B2. Normalized power spectral density (PSD) from hourly spectrograms of the passive seismic recordings of Laurichard site from
(a) COO seismometer and (b) CO5 seismometer. The bold black line denotes the moving-window average of hourly spectrogram maxima.
For each recorded earthquake (M > 2), the local maxima have been automatically picked (white dots) if they appear significantly on the
spectrogram. Snow cover and melting periods are depicted by white and blue boxes, respectively.
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Appendix C: Ambient noise source variability over
1 year

In order to address the effects of seasonal changes in seis-
mic sources, we compare raw and normalized spectrograms
of seismic recordings acquired both on rock glaciers and on a
stable nearby site. Here we present the results for the OGSA
station (RESIF, 1995), located at Col du Lautaret (2 km from
the Laurichard rock glacier) in 2019 (see Fig. C1). From
these raw spectrograms, we observe a seasonal variability
in the noise level, suggesting a seasonal variability in the
noise sources (higher in summer than in winter, probably due
to intensified road traffic and fluvial processes in summer).
From the normalized spectrograms, we notice that no signif-
icant changes in frequency peaks appear within the illumi-
nated spectrum of interest (10—40Hz). Since the OGSA sta-
tion (stable reference) is located close to the Laurichard rock
glacier, we assume that ambient noise sources are roughly
the same for both sites. Therefore we conclude that seasonal
variability in frequency peaks recorded on the rock glacier
between 15 and 40 Hz (see Fig. 3) is not much influenced
by seismic source changes but rather linked to the specific
resonance of the rock glacier structure.
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Figure C1. Daily raw (a) and normalized (b) spectrograms of power spectral density (PSD) from OGSA station, located at 2 km from the

Laurichard rock glacier, in a stable site, for all of the year 2019.
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Appendix D: Geophysical surveys in Laurichard rock
glacier

D1 Ground-penetrating radar survey

Preliminary tests have demonstrated the ability of the
25 MHz rough-terrain antennas (RTAs) to follow the conti-
nuity of the reflectors throughout the glacier, despite a lower
resolution (wavelength about 4.8 m). The 100 MHz anten-
nas actually experienced penetration problems, presumably
related to the presence of heterogeneities equivalent in size
to the wavelength (about 1.2m). In addition, a common-
middle-point (CMP) survey was performed along the west-
ern part of the transverse profile using unshielded bi-static
100 MHz antennas, in order to assess locally the electro-
magnetic wave velocity distribution within the glacier. Fig-
ure D1a shows the CMP data after trace-by-trace amplitude
normalization and gain amplification using a dynamic auto-
matic gain control computed in a 100 ns time window. After
the direct air and ground waves, numerous events exhibiting
a hyperbola shape can be recognized from 40 to 225 ns in the
CMP data. These hyperbolas have been analyzed considering
a semblance analysis (Fig. D1b), which yields the stacking
velocity versus propagation time where a semblance is maxi-
mal. The picked maximum of the velocity distribution shows
variations ranging from 14 to 11 cm/ns with a mean veloc-
ity of 12 cm/ns. As these variations are measured on appar-
ent velocities, the real variations are larger when layers are
considered. They can be qualitatively interpreted in terms of
an increase in air (velocity of 30 cm/ns) and ice (velocity of
17 cm/ns) content when velocity is large and an increase in
water content (velocity of 3.33 cm/ns) when velocity drops.
Considering a mean velocity of 12 cm/ns, the 100 MHz CMP
analysis penetrates to a depth of 13.5m and the increase in
velocity located close to 110ns corresponds to a depth of
around 6 m.

Figure D1c and d show both common-offset profiles ac-
quired using the 25 MHz antennas after they were processed
using (i) time-zero source correction, (ii) normal-moveout
correction as source and receivers are separated by an off-
set of 6.2 m for these antennas, (iii) static corrections for to-
pography, (iv) migration, and (v) time-to-depth conversion.
The later processing steps have been performed considering
a mean velocity of 12 cm/ns, a value deduced from the CMP
analysis (Fig. D1b).
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D2 Seismic tomography

A seismic refraction—tomography survey was performed
in July 2019. This experiment consisted of active seismic
recordings with controlled sources, in order to determine
the P-wave velocity distribution along a 2D line. The pro-
file composed of 24 geophones (4.5 Hz) deployed every 3 m
was roughly located along the C1-C4 line, near the center
of the seismic array (Fig. 1a). The first arrival time picking
of the eight shots were inverted using a simultaneous itera-
tive reconstruction technique (SIRT; Demanet, 2000) in order
to obtain the P-wave velocity distribution along the profile
(Fig. D2). From an initial model with a uniform velocity of
3000 m/s (340 m/s in the air), 25 iterations were performed
to reconstruct observations (RMSE = 8 ms).

D3 Multichannel analysis of surface waves (MASW)

In order to better understand the seismic wavefield and con-
strain the S-wave velocity distribution at the site, we ana-
lyzed the surface Rayleigh waves, which dominate the ver-
tical seismic records used in the tomography. For this, we
used a far-offset shot and computed the semblance map of
the velocity and frequency of the waves dominating the seis-
mic record (Fig. D3a), obtained using the Geopsy package
(Wathelet et al., 2004).

The semblance map shows several continuous modes,
while the fundamental dispersion curve was picked from 14
to 30 Hz, as indicated by the black line. The presence of
several other modes is due to the presence of strong con-
trasts within the rock glacier and at the interface between
the rock glacier and the bedrock. The dispersion curve was
inverted using the Geopsy dinver package (Wathelet et al.,
2004), where a global-neighborhood-algorithm optimization
method is implemented. The model was parametrized using
four layers, the top three searching for linear velocity gradi-
ents in each layer. With the available frequency range and the
velocity distribution, the resolution at large depths (> 15 m)
is rather poor.
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Figure D1. GPR results for Laurichard rock glacier, with (a) common-middle-point GPR data acquired with a 100 MHz unshielded antenna.
(b) Velocity analysis displaying the semblance according to apparent velocity and propagation time. The red curve indicates the picked
maximum of semblance. (¢) Common-offset 25 MHz longitudinal profile. Elevation corrections have been divided by a factor of 2 for
visibility purposes. (d) Common-offset 25 MHz transverse profile. For (¢) and (d), the vertical / horizontal ratio axis has been scaled by a
factor of 2.4 and the bedrock interface is highlighted by a white curve.
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Figure D2. P-wave velocity distribution of Laurichard rock glacier, obtained from seismic tomography data acquired along the transversal

profile of seismic refraction (yellow circles in Fig. 1d) in summertime. The different ray paths are shown with black curves. The seismic
velocities were used to constrain bedrock depth and P-wave velocity profiles for the mechanical modeling.
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Figure D3. Multichannel analysis of Rayleigh waves propagating within the rock glacier. (a) Semblance velocity—frequency map highlighting
several modes, the fundamental dispersion curve being picked as indicated by the black line, and (b) V5 distribution versus depth derived from

the inversion of the fundamental dispersion curve. Colors indicate the RMSE (color bar in %) between synthetic and picked fundamental
dispersion curves (best-fitting model in green).

The Cryosphere, 15, 501-529, 2021 https://doi.org/10.5194/tc-15-501-2021



A. Guillemot et al.: Modal sensitivity of rock glaciers

Appendix E: Modal analysis using finite-element
method

The finite-element method aims to numerically estimate the
resonance frequencies of a vibrating structure, by solving
Newton’s second law for the displacement of the consid-
ered degrees of freedom V (¢) (Bathe, 2006). Assuming free-
equilibrium and no attenuation, the equation is

IMI{V(®)} + [KI{V ()} = {0}, (E1)

where [M] is the global mass matrix, [K] is the global stiff-
ness matrix and the dots mean the time derivative. Both [M]
and [K] matrices are obtained by correctly assembling the
respective element matrices, in accordance with the finite-
element method (Bathe, 2006).

As aresult, the solutions of Eq. (E1) have to be of the form

(V) = {y}sin[w @ —10)], (E2)

where {1/} refers to a vector of order n, w is a constant iden-
tified to the corresponding pulsation of the vibrating mode
{v}, and ¢ and 1y are the time variable and an arbitrary time
constant, respectively.

Equations (E1) and (E2) provide the generalized eigen-
problem:

[M_IK]{%} — w2 {y;}. (E3)

By solving this linear system, we can deduce the modal

parameters: the n eigenvalues w? (with 0 < w% < w% <...<

wﬁ) and the corresponding eigenvectors {w | } The eigenvec-
tor {w j} is called the jth modal shape vector that vibrates at
the frequency f; = w;/(2m).
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Data availability. Seismic data of the Laurichard rock glacier
are available at the French RESIF seismological portal
(https://doi.org/10.15778/RESIF.IN2015, RESIF, 2021). Seis-
mic data of the Gugla rock glacier are available upon request at
CREALP.
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