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ABSTRACT

Ambient seismic noise and microseismicity analyses are increasingly applied for the monitoring of landslides and natural haz-
ards. These methodologies can offer a valuable monitoring tool also for glacial and periglacial bodies, to understand the internal
processes driven by external modifications in air temperature and rainfall/snowfall regimes and to forecast possible melting-
related hazards in the light of climate change adaptation. We applied the methods to an almost continuous year of data recorded
by a network of four passive seismic stations deployed in the frontal portion of the Gran Sometta rock glacier (Aosta Valley, NW
Italian Alps). The spectral analysis of ambient seismic noise revealed frequency peaks related to stratigraphic resonances inside
the rock glacier. Although the resonance frequency related to the bedrock interface was constant over time, a second higher
resonance frequency was identified as the effect of variations in the active layer thickness driven by external air temperature
modifications at the daily and seasonal scales. Ambient seismic noise cross-correlation highlighted coherent shear wave velocity
modifications inside the periglacial body. The microseismicity dataset extracted from the continuous ambient noise recordings
was analyzed and clustered to further investigate the ongoing internal processes and gain insight into their source mechanism
and location. The first cluster of events was found to be likely related to the basal movements of the rock glacier and to falls
and slides of the debris material. The second cluster was possibly related to shallow ice and rock fracturing processes. The val-
idation of the seismic results through simple models of the rock glacier physical and mechanical layering, the internal thermal
regime and the surface displacements allowed for a comprehensive understanding of the rock glacier's reaction to the external
conditions.

1 | Introduction

In the last decade, several case studies of long-term continuous
ambient seismic noise and microseismicity monitoring have
been reported at different scales for landslide characteriza-
tion and monitoring, hydrogeological assessments, and fluvial
seismology (e.g., [1, 2]). Although the continuous recordings of
ambient seismic noise are generally used to identify and track

resonance phenomena over time or to depict shear wave velocity
variations inside the investigated bodies [3-5], microseismicity
analyses are generally devoted to the detection, classification
and source location of short duration events related to the ongo-
ing processes [6-8].

Few studies applied ambient seismic noise analyses to the char-
acterization and monitoring of glaciers and rock glaciers [9-11],
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whereas the microseismicity of ice sheets and Alpine glaciers
has already been studied to classify the source processes and lo-
cate potentially unstable compartments [12-15].

Similarly to landslide applications, ambient seismic noise spectral
analyses and cross-correlation may indeed highlight modification
in the seismic parameters within glacial and periglacial bodies re-
lated to the ongoing internal processes in connection with the ex-
ternal meteorological regime [16]. In addition, frictional processes
at the base of glaciers and rock glaciers might generate stick-slip
icequakes [17], which can be tracked over time for early warning
purposes and compared with surface displacements. The spatio-
temporal distribution of icefalls or rockfalls can also be monitored
to identify the most active and prone-to-collapse sectors of the bod-
ies and their seasonal reaction to external temperature and precip-
itation regimes [9, 13, 18]. The understanding and spatiotemporal
tracking of these processes is becoming of uttermost importance in
the light of climate change monitoring and adaptation to melting-
related natural hazards [19].

Here, we analyze the passive seismic data acquired by a network
of four seismic stations, deployed in the frontal portion of the
Gran Sometta rock glacier (Valtournenche, Aosta Valley, NW
Italian Alps). We focus on a year of almost continuous data re-
cording, between 2020 and 2021, with acceptable data quality at
the four stations. We borrow ambient seismic noise and micro-
seismicity analyses customized for landslide monitoring (e.g.,
[17]) to gain information about the internal processes of the rock
glacier and its seasonal reaction to the external temperature,
rainfall, and snowfall stimuli. Ambient seismic noise spectral
analysis and single-station spectral ratios are used to highlight
resonance phenomena potentially linked to the stratigraphic
structure of the rock glacier, with reference to thermally driven
fluctuations in the thickness and physical properties of the active
layer. Ambient seismic noise cross-correlation is further adopted
to highlight possible shear wave velocity modifications within
the periglacial body along the monitored period and support the
interpretation of the seasonal variations in the spectral results.
Finally, the microseismicity dataset extracted from the contin-
uous ambient noise recordings is analyzed to identify clusters
of recurrent events linked to the internal variations of the rock
glacier. The comparison of the experimental results with numer-
ical results obtained on simple models of the rock glacier phys-
ical and mechanical layering, together with the analysis of the
internal thermal regime and surface displacement data, allow
for a comprehensive understanding of the rock glacier's reac-
tion to the external conditions. Passive seismic data processing
techniques prove to be a valuable and effective instrument to
characterize and monitor the evolution of periglacial bodies and
potential melting-related natural hazards.

2 | Test Site and Monitoring Network

The Gran Sometta rock glacier is located close to the head of the
Valtournenche Valley (Aosta Valley, NW Italian Alps; Figure 1a)
at an elevation ranging from 2630m, at the frontal portion, to
2770m, close to the upper rock walls of the Gran Sometta peak,
feeding the surface and body of the rock glacier with debris. Its
surface appears as a chaotic debris mass with coarse heteroge-
neous blocks size (Figure 1b). The frontal portion of the rock

glacier is divided in two main lobes, distinguishable from the
prevalent debris cover in a black lobe to the W (mainly com-
posed by green schists and prasinites) and a white lobe to the
E (mainly marbles and dolomites). The rough and steep sur-
face of both lobes is characterized by extensional longitudinal
ridges in the axial portion and compressive transverse ridges
and furrows in the terminal part. However, internally, the two
lobes are characterized by different hydrological systems, likely
driven by different permafrost and ice content [18], that seems
more continuous and homogeneous inside the black lobe. The
rock glacier thickness, estimated from the height of the rock
glacier front, is approximately 20-30m. Electrical resistivity
tomography surveys acquired along the longitudinal sections
of both lobes confirm a depth of approximately 30-40m in the
central part of the white lobe, reducing to 20m towards the
front. The black lobe shows a more homogenous and constant
depth of approximately 20-30m [19].

Since 2012, the site is periodically surveyed by unmanned ae-
rial vehicle (UAV) photogrammetry and GNSS measurements
for the evaluation of the rock glacier flow rates in the frame-
work of climate change impacts on high-mountain environ-
ments and infrastructures, such as the ski resort of Cervinia.
The front of the landform is indeed flowing on the ski run and
road access to the cableway (Figure 1d), thus requiring con-
stant maintenance. An artificial lake for hydropower genera-
tion (Goillet Lake; Figure 1c) is also present downward the rock
glacier flow, posing additional concerns in the case of rapid
movements or fluidification of the material. The highest flow
rates were depicted on the black lobe, with a displacement of
3.8m in the frontal sector between 2012 and 2015 occurring
mostly in the summer months [19, 20].

From 2014 to 2018, temperature measurements inside a
15-m-deep borehole were also acquired daily in the frontal
portion of the black lobe (Figure 1d), until the system was
damaged by the repeated movements of the rock glacier. The
measurements highlighted temperatures permanently below
0°C from a depth of approximately 6-14 m, whereas at the bot-
tom of the borehole the temperature values were in the range
of 0°C-0.5°C. In the near surface, strong seasonal variations
were recorded over the years, with temperatures lower than
0°C-0.5°C from January to May along the whole borehole and
reaching 15°C at 1m depth from August to October of each
year. At the same location, a GNSS-RTK antenna was also in-
stalled in late February 2021 (Figure 1d). An additional refer-
ence GNSS-RTK antenna was installed close to the Goillet lake
dam (Figure 1c) to compute the relative displacements between
the two monitoring points.

The four-station passive seismic network installed on-site in
late July 2020 was aimed at continuously recording ambient
seismic noise for the understanding of the ongoing internal
processes in reaction to the external stimuli. A wireless seismic
station was deployed in a stable area outside the rock glacier
(S1 in Figure 1d) to be used as a reference stable station. Two
stations were then placed in the frontal portion of the black
lobe (S2 and S3 in Figure 1d) and one station was deployed on
the white lobe (S4 in Figure 1d). Station S2 was located close to
the borehole for temperature monitoring, active from 2014 to
2018. At the same location, the GNSS-RTK antenna was later
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FIGURE1 | (a)Geographic location and (b) frontal view of the Gran Sometta Rock Glacier. (c) Location of the passive seismic array and comple-

mentary temperature and surface displacement measurements, with (d) zoom on the frontal portion of the rock glacier.

installed in 2021. Each station included a 3C high-sensitivity
(200Vm's) 2-Hz geophone connected to a customized digi-
tizer/recorder (GEA-GPS, developed by PASI s.r.l. and Iridium
Italia s.a.s.), ensuring continuous seismic noise recording at
250-Hz sampling frequency, low power consumption in the
absence of an external power supply (approximately 30days
of autonomy), and daily remote information about the state
of health of the system by a GSM-GPRS module. The syn-
chronization between the different stations was provided by
GPS timing. Data from the three components of each station

were stored in 1-h files in an internal memory card. The 3C
geophones were buried in the first tens of centimeters of the
coarse debris cover. Due to the significant displacement rates
of the frontal portion of the two lobes, the stations on the rock
glacier frequently tilted during the monitored period and con-
stant on-site network maintenance was needed. Despite this
problem and the lack of power supply in some short monitor-
ing windows, the network allowed for almost continuous data
acquisition from July 2020 to October 2021 at the reference sta-
tion and the ones located on the black lobe.
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3 | Methods
3.1 | Ambient Seismic Noise Analyses

Ambient seismic noise analyses involved the evaluation of the
distribution and evolution of the noise spectral content over time
at the different stations and cross-correlation of simultaneous
recordings between station pairs to derive potential shear wave
velocity variations inside the rock glacier.

For each monitoring point, single-station spectral ratios were
computed to highlight the presence of frequency peaks in the am-
bient seismic noise recordings, following Valentin et al. [21] and
Colombero et al. [6]. Each 1-h ambient seismic noise recording
was clipped using an adaptive threshold fixed to four times the
standard deviation of the whole detrended and demeaned signal
to avoid the influence of episodic energetic events. Windowing
in nonoverlapping segments of 100s and tapering with a 10% co-
sine function were then applied. On each 100-s window, the fast
Fourier transform (FFT) was then computed. The resulting ampli-
tude spectra were then smoothed [22] and used to compute hourly
average single-station H/V (horizontal to vertical) spectral ratios.
The experimental H/V spectral ratios were further compared to
numerical spectral ratios computed using the HV-Inv toolkit [23]
for the interpretation of the experimental measurements.

Ambient seismic noise cross-correlation was computed between
simultaneous 1-h recordings at station pairs. Preprocessing
involved band-pass filtering (2-20Hz), time- and frequency-
domain normalization [24] of all the hourly vertical-component
recordings. Hourly cross-correlograms were then computed
and filtered in 5-Hz frequency bands. In each band and for each
hour, the percentage of velocity change (dv/v) with respect to a
reference waveform (i.e., the average of the first 360 h) was com-
puted applying the stretching method |2, 14, 25, 26]. The cross-
correlogram windows used for the stretching were selected on
the coda of the 5-Hz filtered hourly cross-correlograms to avoid
the direct arrivals of Rayleigh waves. The windows were there-
fore set to [—-1.25-0.5] s and [0.5 1.25] s to keep all the coda part
away from the direct arrivals but having ripples clearly distin-
guishable from the background noise. In detail, the negative
and positive parts of each hourly cross-correlogram belonging
to the stretching windows were resampled in time, to find the
time shift dt/t, and consequent velocity variation dv/v, maxi-
mizing the correlation coefficient (CC) with the reference cross-
correlogram of that station pair and frequency band.

3.2 | Microseismicity Analyses

A STA/LTA (short time average over long time average) algo-
rithm was used to extract events from the continuous ambi-
ent seismic noise recordings of the four stations (STA window
length =0.2s, LTA window length =10s, STA/LTA threshold for
event detection =5). The extracted events at station S2 (located
on the active frontal portion of the black lobe) were classified
with a K-means clustering approach based on salient time- and
frequency-domain parameters of the events (i.e., ratio between
the signal maximum and average amplitude A /A __ . kur-
tosis, peak frequency in the amplitude spectrum and duration)
in three main clusters (K=3). Their temporal rate was further

compared to the external air temperature, to interpret the source
mechanism of each cluster, because an attempt of spatial loca-
tion of the events sources was limited to the events recorded at
all the stations.

The picking of first arrival times of each event at the four sta-
tions was additionally challenging due to the low S/N ratio of
the events, resulting from the significant distance between the
stations, their location and the general heterogeneity of the in-
vestigated media. As a consequence, a simplified approach simi-
lar to the ones described in Guillemot et al. [14], Roux et al. [10],
and Lacroix and Helmstetter [27] was attempted to gain basic
information on the possible source locations.

Starting from the frequency domain features of the events re-
corded at S2, the ambient seismic noise recordings of the four
stations were band-pass filtered (2-44 Hz) and cross-correlated
in a 4s window centered around the time of the amplitude
peak of each event recorded at S2, to compute time delays
for the same event between all the station pairs. A weighted
correlation coefficient was used to account for the different
distance between station pairs in the cross-correlation results.
We defined a weight Wi for each couple of stations (i and j)
depending on their distance di’j, and computed the weighted
correlation coefficient as

T d N2 @
1+ (—*’)

where d_ . is the maximum interstation distance of the array

(104 m between stations S1 and S4).

CC,, values of the events generally exhibited a bimodal distri-
bution, with a highest peak in the range 0-0.2 and a second
peak at around 0.5-0.7, depending on the considered station
pair. We interpreted the events showing CC_ values close to 0
at one or more station pairs as not recorded by all the stations
and/or inadequate for accurate delay time estimations and
consequently excluded them from the source location proce-
dure. For the delay times of the remaining 4546 events, a 2D
grid search was attempted for source location, disregarding the
depth dimension and only to prove the compatibility of the re-
corded time delays with events originating in the shallow sub-
surface of the rock glacier. The grid was of square size (650 m)
with a node spacing of 5m. A constant apparent velocity of the
shallow subsurface was considered for the computation of the
time delays expected at the four stations with event sources
hypothetically centered on the grid nodes. This apparent ve-
locity was iteratively varied from 300 to 3000 m/s with a step of
50m/s. Finally, each event was associated with the grid node
having minimum misfit with the experimental time delays.

4 | Results
4.1 | Ambient Seismic Noise Analyses
The hourly H/V ratios obtained at the four seismic stations are

reported in Figure 2. Time periods with anomalous spectral
content are shaded in gray and correspond to the time windows
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FIGURE 2 | Evolution of the hourly H/V over the monitored period at the four stations: (a) S1, (b) S2, (c) S3, and (d) S4. Shaded time windows
correspond to the periods in which the stations were likely tilted; white time windows are periods with no data.
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in which the stations were likely tilted by the rock glacier
movements.

The reference station S1 showed the best data quality over time,
highlighting a predominant peak in the H/V curves centered
around 6.5Hz (Figure 2a). We interpret this peak as related to
a stratigraphic resonance of the shallow deposit cover over the
bedrock. In a 1D approximation, this stratigraphic resonance
frequency f, can be written as [28]:

V.
f0= 4_;’ )

where V¢ and h are the shear wave velocity and thickness of the
shallow deposits.

Similarly, a stable peak (f1) is found for the stations located
on the rock glaciers, centered around 8Hz for station S2
(Figure 2b), 6.5 Hz for station S3 (Figure 2c), and 6 Hz for station
S4 (Figure 2d). Approximating the heterogeneous shear wave
velocity of all the rock glaciers materials to 1000 m/s (following
the results obtained on other rock glaciers from active seismic
investigations, e.g., [14]) to roughly estimate the position of the
bedrock interface; Equation (2) gives a thickness in the range
from 31m (at S2) to 38.5m (upwards, at S3) for the black lobe,
and of approximately 42 m at S4, on the white lobe. These rough
estimates agree with the ERT results of Bearzot et al. [19], thus
confirming the potential origin of this spectral peak.

Only minor frequency peaks are visible at S1 during the sum-
mer months at frequencies higher than 30 Hz. At the other sta-
tions, a second clear peak (f2) is found in the H/V curves. This
peak starts around 20Hz in August for the stations located on
the black lobe (S2 and S3) and at approximately 12Hz for S4.
The values and spectral amplitudes of this peak are not stable
over time. In fact, the f2 values tend to increase over time from
October to December and decrease from June to September, but
during the freezing period the peak is barely visible in few short
time windows. The interpretation of this second spectral peak is
further analyzed in the Discussion section as it could be linked
to the meteorological data, and it could be interpreted with the
support of numerical simulations on simple models of the rock
glacier.

Exemplificative cross-correlation results are reported in
Figure 3 between the vertical components of stations S2-S1
and S3-S1, in the 10-15Hz frequency band, showing the
highest correlation coefficients in the shear wave velocity
variations estimated from the stretching method. The cross-
correlation between S4 and the reference station S1 resulted
in poor quality results due to the significant distance between
the stations and the continuous tilting of the station located
on the white lobe, as visible in Figure 2d. As a consequence,
almost continuous and robust results could be achieved only
on the black lobe. Despite the visible asymmetry (Figure 3a,d)
likely due to the imperfect spatial distribution of noise sources
around the stations, the cross-correlograms were found to be
stable over time in their central portion while showing shifts
in their coda. The velocity variations dv/v with respect to the
average cross-correlogram of the first 360h of recording are

consequently shown in Figure 3b,e, computed on the windows
[-1.25-0.5] s and [0.5 1.25] s. The strongest variations in ve-
locity for both stations pairs are highlighted from November
to May (up to +18% for S2 and +12% for S3). This velocity
increase quickly drops in June to minor fluctuations in the
range +3%. The seasonal dv/v trend closely mirrors the fluc-
tuations in the second frequency peak highlighted in the H/V
spectral ratios (Figure 2).

4.2 | Microseismicity Analyses

The automatic detection of events through the STA/LTA al-
gorithm led to several thousands of events recorded at each
station (Table 1). A preliminary filtering of the detected events
was therefore requested to handle a significant dataset includ-
ing only the events likely related to the internal dynamics of
the rock glaciers. In particular, events recorded at the four
stations having duration longer than 20s and peak frequency
lower than 10 Hz were associated to local and regional earth-
quakes for their time- and frequency-domain behavior and
time of occurrence verified in seismological catalogues. These
events were therefore automatically excluded from further
analysis.

In addition, the majority of the events showed high peak fre-
quency (>50Hz), A /A ... (>10), and kurtosis values (> 30),
but extremely short duration (<0.4s). These events were likely
related to rainfall events and/or other transient events of anthro-
pogenic origin. A filter based on these peak frequency, A__ /
A ... kurtosis, and duration values were therefore applied to
the dataset of detected events. The number of events detected
at each station, before and after the filtering, is summarized
in Table 1. After filtering, the lowest number of events was re-
ported at the reference station S1, whereas the stations located
on the black lobe detected a comparable number of events. The
highest number of events occurred close to station S4, located
close to the friction area between the two lobes. The number
of events seems therefore to highlight a reasonable distribution,
likely related to natural events.

The remaining events clustered in three main classes on the
basis of their peak frequency, A /A __ . kurtosis, and du-
ration values, as shown for station S2 in Figure 4. The three
clusters showed overlapping ranges of duration, kurtosis, and
A /A e and the peak frequency was consequently the main
parameter allowing for discrimination between the different
events. Examples of events belonging to the three clusters are

shown in Figure 5.

A first cluster of events with a peak frequency consistently
below 15Hz was identified (C1 in Figure 4). The peak fre-
quency of these events was found to be quite stable over the
monitored period. The spectrograms of these events (e.g.,
Figure 5c) showed an almost constant energy content in the
low frequency band, persisting for the whole duration of the
event. We interpret these events as likely related either to
rockslides or rockfalls on the surface of the rock glacier or to
deeper frictional and basal sliding movements at its bottom
interface.
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A second cluster of events (C2 in Figure 4) exhibited peak fre-
quencies variable over time and showing one or more trends
similar to ambient seismic noise results (Figures 2b and
Figure 3b) from July to October. The number of these events
in the freezing period (November—June) appears limited to
few clusters in March—April having peak frequency of 15
and 20 Hz approximately. The spectrograms of these events
(Figure 5b) showed an energy distribution over time fully
comparable with micro-fracturing signatures reported in the
literature (e.g., [1, 6]). The events exhibit indeed a sharp high-
frequency emerging onset, followed by a sudden exponential
decay of the high-frequency content. The duration of a single

TABLE 1 | Microseismic events detected through the STA/LTA
algorithm and number of events after filtering the dataset on the basis

of peak frequency, A_ /A kurtosis, and duration values.

max’” “mean’

No. of events No. of events

Station (from STA/LTA) (after filtering)
S1 25,143 6978

S2 20,296 8493

S3 13,562 8677

S4 21,065 13,284
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FIGURE3 | Results of ambient seismic noise cross-correlation in the 10-15Hz frequency band, between (a-c) S2 and S1 and (d-f) S3 and S1. (a,d)
Hourly cross-correlograms between the vertical recordings of (a) S2-S1 and (d) S3-S1 in the considered time period. In (a) and (d), the reference

correlograms (i.e., average of the first 360 correlograms) are displayed in the center by the continuous black line. Vertical dashed lines (in magenta)
delimit the time intervals used for the stretching technique ([-1.25-0.5] s and [0.5 1.25] s). (b,e) Hourly velocity changes (dv/v) between (b) S2 and
S1 and (e) S3 and S1; (c,f) related correlation coefficients. Only results having CC > 0.3 are shown. Windows with no data are marked by black boxes,

windows with station tilt are shaded.
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event is generally short (<1.5s; e.g., Figure 5b), but they can
occur in sequences of repeating and overlapping events, mak-
ing the total event duration an ineffective parameter for classi-
fication. Given these considerations, we interpret these events
as related to rock and/or ice fracturing processes (icequakes
or rockquakes).

A third cluster of events (C3 in Figure 4) showed peak frequen-
cies centered around 40Hz. These events are almost limited
to the months from January to May, because only a few events
occur outside this period. Compared to the other two clusters,
the distribution in peak frequency of these events is narrower,
and they generally have lower kurtosis and A /A values.
The spectrograms of these events show features likely simi-

lar to the second cluster (C2) but weaker and shifted at higher

N w R
o o o

Peak Frequency (Hz)

LY
o

frequencies. Given their temporal distribution and occurrence
only in the freezing period, a possible interpretation for this
cluster might be found in the passive seismic monitoring dataset
acquired on another rock glacier by Guillemot et al. [14]. The
authors also found increased microseismicity during the winter
months, likely related to the presence of a thick snow cover at
the site and explained these events as the result of snow/mate-
rial compaction and stress modifications within the rock glacier
due to the increased load on the surface. The possible source
of these events at the monitored site is further discussed in
Section 5, considering the available meteorological data for the
Gran Sometta rock glacier.

Due to the low S/N ratio of the events, the heterogeneity of the
investigated site, the long period of tilted recording at S4, the
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FIGURE 4 | Results of K-means clustering (K= 3) of the filtered event dataset recorded at S2. (a,b) Cross-plots of the four clustering parameters,

that is, (a) duration and peak frequency of the events, (b) A . /A

mean’

and kurtosis values. (c) Temporal evolution of the peak frequency of the classi-

fied events for the whole monitored period. Black windows refer to no data periods or periods in which the station was likely tilted.
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FIGURE S5 | Examples of events belonging to the three clusters of microseismicity: (a-c) C1, (d-f) C2, and (g-i) C3. Each event is shown in (a,d,g)
time domain; (b,e,h) frequency domain, that is, amplitude spectrum; (c,f,i) spectrogram. Spectrograms are plotted in a color scale from blue (no en-

ergy) to red (maximum energy).

source location attempt should be regarded merely as an effort to
validate the potential origin of the events from the rock glacier,
rather than as a precise strategy for pinpointing their source lo-
cation. The results are summarized in Figure 6, including only
the 1043 events not falling at the edges of the grid after the lo-
cation procedure. It should be noted that these events are only
23% of all the detected events having nonzero CC_, at all the sta-
tions pairs.

The located events fall predominantly in the frontal portion
of the black lobe (Figure 6a). Considering the classification
based on the K-means algorithm (Figure 6b), 569 events be-
long to cluster C1 (55%) and 474 events belong to cluster C2
(45%). None of the located events belong to C3, likely due to the
weak and local source origin of the events of this cluster. Two
areas with denser concentration of C1 sources, having constant
peak frequency of approximately 5 Hz (Figure 6c), are found to
the south of S3 station. These two C1 subclusters also exhibit
relatively higher apparent velocities (700-800 m/s; Figure 6d),
likely referring to a deeper source that might be consistent with
the presence of events related to basal movements of the rock
glacier inside C1. However, many other events belonging to C1
showed lower apparent velocities (400m/s), likely referred to
shallow events of rockfalls and debris movement on the rock
glacier's surface.

The CC,, values of the 1043 events located in Figure 6 are sum-
marized in Figure 7a. All these events showed CC, values
higher than 0.5. Despite the weight adopted to account for the
distance between the station pairs, the station pair having the
highest distance (S1-S4) resulted in generally lower values of
correlation for the estimation of the arrival time delays, whereas
higher correlation was generally found on the other station
pairs. The residuals between the experimental time delays and
the ones computed on the grid are shown in Figure 7b for the
1043 located events.

5 | Discussion

The ambient seismic noise and microseismicity results are sum-
marized in Figure 8 in comparison with the hourly available
data of the meteorological station located at the Goillet Lake, at
a distance of approximately 1km from the rock glacier's front
(Figure 1c; data available at https://presidi2.regione.vda.it/str_
dataview, last access on December 16 2024). The variations of
the H/V peak starting at 20 Hz (f2; Figure 8c) and of the seismic
shear wave velocity (Figure 8d) are clearly reversely correlated
with air temperature.

The interpretation of the velocity variations is straightforward:
As the air temperature falls below 0°C, all the subsurface layers
progressively freeze, resulting in an increase in the shear rigid-
ity of the materials and a progressive increase in the internal
shear wave velocity. The increase in shear wave velocity at the
site is higher with respect to the results of previous studies (e.g.,
[14]), likely due to the relatively higher frequency band consid-
ered for the computation, implying a shallower depth of investi-
gation of the velocity changes, and differences in the landforms
and environmental conditions (e.g., different elevation and ther-
mal regime of the two areas).

The fluctuations of the frequency f2 also seem to mirror the be-
havior of the active layer of the rock glacier. This shallow portion
of the rock glacier is indeed in direct contact with air tempera-
ture variations and its properties might be highly variable over
time in reaction to the external modifications. Lower values of
2 are consequently found in the summer months, likely indicat-
ing a deeper interface between the unfrozen and frozen material
within the rock glacier. At the end of the summer, with decreas-
ing air temperature, f2 values start to increase, mirroring the
decrease in depth of the unfrozen shallow layer. During winter
months, f2 is weak or almost absent, corroborating the hypoth-
esis of a completely frozen body. It appears only in short time
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windows centered around 40 Hz, after periods in which the air
temperature rises above 0°C.

To confirm the interpretation of the spectral analysis, in
Figure 9, the H/V results are further compared with numeri-
cal H/V curves and with the depth of the active layer retrieved
from the borehole temperature measurements of 2014-2018
(location in Figure 1d). The model parameters adopted for the
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computation of the numerical H/V curves are summarized in
Table 2.

Reference values of shear wave velocity and density for the ma-
terials of the rock glacier are taken from the literature on similar
case studies (e.g., [14]). The bedrock depth was fixed to 35m,
coherently to the average estimate made through Equation (1)
on the black lobe, whereas the depth of the unfrozen layer was
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FIGURE 6 | (a)Results of source location for 1043 microseismic events falling inside the 2D grid with square size (650m) and 5-m node spacing.
The grid extent is highlighted in yellow; all the events falling at the edges of the grid are excluded from the visualization. (b) Classification of the
located events from the K-means algorithm. (c) Peak frequency of the located events. (d) Apparent velocity of the grid optimizing the source location.
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FIGURE 8 | Results of ambient seismic noise and microseismicity analysis in comparison with the meteorological data available for the site
(Goillet Lake station, Aosta Valley Region): (a) hourly air temperature; (b) hourly precipitation P and snow cover height S. (c) H/V of S2 zoomed in the
10-50Hz band. (d) Velocity variations between S2 and S1 in the 10-15Hz frequency band. (¢) Cumulative curves of the number of events belonging
to the three clusters of microseismicity. Black and shaded boxes refer to periods with no data or station tilt, respectively.
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varied from 0 to 6m, that is, the depth at which the borehole
temperature measurements were found to be below 0°C for the
whole monitored period (2014-2018).

Examples of numerical H/V curves obtained in this configu-
ration are reported in Figure 9c. As the thickness of the unfro-
zen layer increases, a second peak appears in the numerical
H/V curves, with spectral amplitude comparable to or higher
than the first one (8 Hz approximately) related to the bedrock
interface. The comparison between the numerical and the
experimental curves (Figure 9d,f,h) points out a depth of the
active layer close to 6 m in July, progressively thinning during
the autumn and winter months (e.g., 4m thickness at the be-

values at this scale, marked by a strong daily periodicity of
the spectral amplitude values. This behavior marks the rapid
response of the rock glacier to the external modifications in
air temperature, likely linked to the high overall porosity
of the materials. A similar response is found for the shear
wave velocity variations. However, rainfall seems to have a
higher impact on the dv/v results. The drops in dv/v occurring
after the precipitation events seem only partially justified by

TABLE 2 | Model parameters adopted for the computation of the
numerical H/V curves reported in Figure 9.

ginning of December). In the period of January-March, the P (kg/ Thickness
second peak is almost absent, demonstrating the complete Layer VS (m/s) m?3) (m)
freezing of the materials, as also validated by the deepen-
- L Unfrozen layer 450 1800 x=0-6
ing of the freezing interface from borehole measurements dobri v/
(Figure 9a). Air temperature seems therefore to be the main (debris+alr,
.. .. water)
parameters driving the recorded seismic response at the sea-
sonal scale. The ambient seismic noise results are further Frozen layer 1100 2000 35x
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FIGUREY9 | (a)Depth of the shallow freezing interface as continuously measured in the borehole close to S2 in the months July to April of the peri-
0d 2014-2018. (b) Zoom on the H/V of S2 along the same months of 2020-2021. (c) Numerical H/V spectral ratios obtained with the model parameters
of Table 2. The legend refers to the thickness of the unfrozen layer. (d,f,h) Comparison between few experimental H/V curves (dashed curves, time
location with magenta lines in b) and the numerical ones (solid lines, as shown in ¢). (e,g,i) Interpretation of the results (of d, f, and h) showing the
evolution of the internal structure of the rock glacier (progressive freezing of the active layer from summer to winter months).
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decreasing temperature trends. As an example, after the main
precipitation event at the beginning of October, the dv/v drop
persists much longer than the {2, and temperature decreases.
These observations might indicate deeper modifications
with respect to the ones obtained by the spectral analysis,
as the cross-correlation frequency band is lower (10-15Hz).
Additionally, because the shear wave velocity decreases with
a decrease in the rigidity and an increase in the density of the
materials, the dv/v trend might probably indicate the effect
of water accumulation/snow compaction in the empty pore
space of the shallower deposits.

The microseismicity of the site exhibited three clusters of re-
current events, likely related to (i) rockfalls and rockslide of
the debris material on the rock glacier's surface and/or basal
movements of the rock glacier (C1), (ii) icequakes or rockquakes
(C2), and (iii) freezing of the materials while a snow cover
was present at the site (C3). This interpretation was primar-
ily driven by the temporal and spectral features of the events
and partially supported by the event location results. The
comparison of the cumulative number of events belonging to
three clusters and the meteorological data (Figure 8e) further
supports the interpretation. The C1 events show an almost
continuous trend over the monitored period, with small steps
of increased activity following rain and snow precipitation

events. By contrast, the cumulative curve of C2 shows two
different trends. The slope of the curve is higher in the non-
freezing period, whereas it becomes flatter during the freezing
period. The events of C3 are almost confined to the months
from January to May. The steps with increased activity of this
cluster well match with the rapid increase in snow cover at the
reference meteorological station. Despite the interpretation
previously given by Guillemot et al. [14] for the increase in mi-
croseismicity related to snow compaction and related internal
stress modifications, it must be noticed however that the snow
cover at the Gran Sometta rock glacier remains limited during
the monitored period, reaching a maximum thickness of ap-
proximately 1 m (Figure 8b). The C3 events might therefore be
likely related to freezing phenomena and volume expansion
of ice as compared to the pore liquid water of the materials,
boosted by the presence of an insulating snow cap [11, 13].
The few events assigned to C3 outside the freezing period
are possibly erroneously attributed to the cluster by the auto-
matic K-means classification procedure, based on their peak
frequency values. To further confirm the different origin of
the microseismicity related to the three clusters, histograms of
their distribution in the different months of the year and hours
of the day are reported in Figure 11, in comparison with the
monthly average temperature (Figure 11a,c,e) and the hourly
average temperature (Figure 11b,d,f) computed for the month
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FIGURE10 | Resultsof ambient seismic noise analysis zoomed over the first monitored months in comparison with the meteorological data avail-
able for the site (Goillet Lake station, Aosta Valley Region). (a) Hourly air temperature. (b) Hourly precipitation P and snow cover height S. (c) H/V
of S2 zoomed in the 10-50 Hz band, with H/V peaks tracked by the black dots. (d) Velocity variations between S2 and S1 in the 10-15Hz frequency

band. Black boxes refer to periods with no data.
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FIGURE11 | Occurrence of the events belonging to the three clusters (a,b) C1, (c,d) C2 and (e,f) C3. (a,c,e) Monthly distribution of the events.
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temperatures.

of the year having the maximum number of events related to
each cluster.

C1 events are slightly more frequent in the winter months, with
a peak of activity in December, followed by a similar number of
events recorded in March (Figure 11a). They occur during night
hours, with a peak of activity at 23:00 and 0:00 (Figure 11b).
Many of these events, however, also occur in the summer months
and during the afternoon-evening hours, when the air tempera-
ture decreases. As already highlighted by the apparent velocities
obtained from the event location (Figure 6d), these observations
might suggest the presence of different sources of microseis-
micity inside the cluster, which are challenging to distinguish
due to their similar spectral signatures. The events occurring
during winter or nighttime could be related to deeper processes,
such as the basal movements of the rock glacier. In the deeper
subsurface, the reaction of the rock glacier to the air tempera-
ture modifications is indeed expected to have a delay, due to the
time needed by the thermal wave to trigger the basal activity.
Conversely, events occurring during the summer months and/
or in the afternoon hours might be linked to shallow or surface
movements, such as the instability of the superficial debris cover.

The events of cluster C2 show a clearer predominant distribution
in the summer months (Figure 11c), with reduced activity from
December to July. They mostly occur in the morning hours,
together with temperature increases (Figure 11d). This distri-
bution might indicate a rapid thermal reaction of the shallower
subsurface to the external air temperature increase, with rock
and icequakes originating from the thermal expansion and frac-
turing of the materials.

The events related to cluster C3 have the sharpest distribution,
with most events in March (Figure 11e) and occurring only in
the night and morning hours of the day (Figure 11f). Their tem-
poral distribution thus supports their interpretation as freezing
related events.

The cumulative number of events related to clusters C1 and C2
in the non-freezing period of 2021 is finally compared to the
planar surface displacements computed from the data of GNSS-
RTK antenna deployed close to S2 in the same year (Figure 12).
The displacements are steady but continuous overtime, with
occasional small accelerations (e.g., June 18) preceded and fol-
lowed by an increase in the activity of cluster C1.
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FIGURE 12 | (a) Hourly air temperature. (b) Hourly precipitation P and snow cover height S. (c,d) Cumulative number of events of the cluster C1
and C2 compared to the planar displacements retrieved from the GNSS-RTK antenna deployed close to S2.

6 | Conclusion

Ambient seismic noise and microseismicity analyses provided
useful hints to analyze the internal processes of the rock glacier
at both seasonal and daily scales. The results of the different pro-
cessing methods agree in showing a rapid reaction of the land-
form to the external stimuli.

In detail, ambient seismic noise spectral analysis highlighted
stratigraphic resonance phenomena related to the presence of
the bedrock and to the shallow active layer of the rock glacier.
The evolution of the latter can be effectively tracked over time
from the passive seismic measurements in reaction to the exter-
nal air temperature. Similarly, ambient noise cross-correlation
interpretation strongly facilitated tracking changes in the shear
wave velocity within the rock glacier in reaction to the external
forcing.

The analysis of the microseismicity of the site was challeng-
ing both in terms of classification and location of the detected
events. Nevertheless, the obtained results further highlight
a modification in the rock glacier's response to the external
conditions.

The continuous passive seismic monitoring of the rock gla-
cier can also further guide in the identification of possible
melting-related natural hazards for the site in an early warning
perspective.
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