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Abstract slope instabilities pose serious risks to infrastructure and communities in mountainous re- :
Gareth Funning

gions. Understanding their internal structure and time-dependent dynamics is vital for effective hazard as- Handling Editor:
sessment and mitigation. The Cuolm da Vi instability in central Switzerland, one of the largest slow-moving Wenbo Wu
instabilities in the Alps, offers an ideal setting for field-based slope instability research. We present the motiva- Copy & Layout Editor:
tion, design, and implementation of a novel large-scale multi-sensor seismic network to study the subsurface 4 Théa Ragon
structure and deformation dynamics of Cuolm da Vi across an unprecedented range of spatial and temporal
scales: from decimetres to kilometres and milliseconds to years. The sensor network includes a hexagonal
grid of more than 1000 seismic nodes primarily deployed for high-resolution 3D characterization. This tempo-
rary nodal array was complemented with a trenched 6.5 km fibre-optic configuration, which covers the most
unstable parts of Cuolm da Vi using a multi-directional cable layout, suited for Distributed Acoustic and Strain
Sensing measurements (DAS & DSS). Data acquisition spanned two years so far, including controlled-source
experiments and continuous seismic and strain sensing campaigns. Initial data screening demonstrates the
network’s potential to facilitate imaging of the internal structure and monitoring of seasonal subsurface insta-
bility processes. Our study shows the feasibility of dense long-term seismic monitoring in challenging Alpine
terrain using nodal and distributed fibre-optic sensing techniques, opening new opportunities for slope insta-
bility research and hazard assessment.
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1 Introduction turing their complex, often non-linear responses to ex-
ternal forcing, thereby advancing knowledge of both
fundamental and site-specific processes, and enabling
the development of effective early warning strategies
(Handwerger et al., 2019; Lacroix et al., 2020). Multi-
year monitoring initiatives, such as the French National

Landslide Observatory (OMIV) (Malet et al., 2023) and

Gravity-driven mass movements of rock, debris, and
soil (i.e., landslides), are among the most destructive
natural hazards globally (Hungr et al., 2014). Between
2004 and 2016, over 4800 events caused nearly 56,000 fa-
talities (Froude and Petley, 2018). Furthermore, land-

slides cause considerable economic losses estimated to
reach billions of US dollars annually (Clague et al., 2012;
Alimohammadlou et al., 2013; Sim et al., 2022). Pro-
jected climate change effects, such as intensified pre-
cipitation, are expected to increase both the frequency
and magnitude of landslides (Patton et al., 2019; Handw-
erger et al., 2022; Jemec Aufli¢ et al., 2023). Despite
decades of research, many of such instabilities remain
poorly understood, largely because their internal struc-
ture and long-term deformation processes are difficult
to observe directly.

Landslides exhibit a wide variability in structure, dy-
namics, and failure mechanisms (Hungr et al., 2014).
Consequently, long-term monitoring is crucial for cap-
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the Hollin Hill landslide monitoring site in the UK (Uh-
lemann et al., 2016b), illustrate the value of such efforts.
However, given the diversity of landslide types, mech-
anisms and scales (Hungr et al., 2014), there is a clear
need to expand long-term monitoring efforts geograph-
ically.

One of the largest instabilities in the Alps is the Cuolm
da Vi (CdV) slope. Located near Sedrun in the Central
Swiss Alps, this deep-seated instability has an estimated
unstable volume of approximately 150 x 10 m3 (Amann,
2006). Field observations by Amann (2006) suggest a
toppling mechanism oriented toward the south-south-
west. Displacement measurements recorded for more
than two decades indicate that the central part of CdV
is currently moving at rates of up to 10-20 cm per year,
with a pronounced seasonal acceleration between April

SEISMICA | ISSN 2816-9387 | volume 5.1 | 2026


https://doi.org/10.26443/seismica.v5i1.1997
https://orcid.org/0000-0002-8958-5361
https://orcid.org/0000-0003-1380-8714
https://orcid.org/0000-0003-4849-5789
https://orcid.org/0000-0003-0131-1006
https://orcid.org/0000-0002-3041-0559
https://orcid.org/0000-0001-7052-8618
https://orcid.org/0000-0002-3292-385X

SEISMICA |

and July, likely controlled by snowmelt infiltration. De-
spite ongoing surface monitoring and previous studies
(e.g., Amann, 2006; Kleinbrod et al., 2017; Bickel et al.,
2018), key questions remain regarding, for example, the
vertical extent of the unstable mass and subsurface de-
formation processes.

Traditional landslide monitoring methods, such as
borehole drilling, provide point-scale geomechanical
data, but are costly and spatially limited (Corominas
et al., 2000; Lee et al., 2008; Uhlemann et al., 2016b).
Geodetic and remote sensing techniques, including dig-
ital image correlation and laser tachymetry, enable spa-
tially broad and long-term monitoring (Gili et al., 2000;
Rossi et al., 2016; Zhao and Lu, 2018; Shen et al., 2021).
However, these methods provide surface observations
only and, consequently, are inherently of limited value
for studying subsurface structures, mechanical proper-
ties, and internal dynamics.

Geophysical methods address the limitations of sur-
face observations by enabling 2D and 3D subsurface
imaging in a non-invasive and cost-effective manner
(Jongmans and Garambois, 2007; Malehmir et al., 2013;
Whiteley et al., 2019). For example, electrical resistiv-
ity techniques have been employed to investigate inter-
nal landslide moisture dynamics (Perrone et al., 2014,
Whiteley et al., 2023), while ground-penetrating radar
has been used to map landslide structures (Heincke
et al., 2006a; Kannaujiya et al., 2019). Seismic meth-
ods are of particular interest for the imaging and moni-
toring of landslides because the elastic parameters gov-
erning the propagation of seismic waves can be re-
lated to mechanical properties (Uhlemann et al., 2016a).
Controlled-source seismic techniques have been used
to delineate the internal structure of unstable slopes
(Heincke et al., 2006b; Samyn et al., 2012; Pertuz and
Malehmir, 2023). In addition, passive seismic ap-
proaches have been used to exploit signals generated
by landslide-induced seismic activity (Helmstetter and
Garambois, 2010; Provost et al., 2018), or variations
in ambient seismic vibrations, to monitor temporal
changes in subsurface structures (Mainsant et al., 2012;
Le Breton et al., 2021). However, current applications
of seismic techniques in landslide research and moni-
toring are often limited by small numbers of sensors,
that can be installed with reasonable effort in the often
challenging environment.

Two recent advances in seismic sensing technology
offer new potential for landslide research and moni-
toring (Goldswain, 2020; Li, 2021). Firstly, the devel-
opment of lightweight autonomous nodal seismic sys-
tems has facilitated the rapid deployment of extensive,
dense seismic arrays, even in remote or challenging ter-
rain (Hansen and Schmandt, 2015; Hudson et al., 2024;
O’toole et al., 2024). Secondly, fibre-optic sensing tech-
nologies, such as Distributed Acoustic Sensing (DAS),
are currently transforming seismic monitoring, by uti-
lizing fibre-optic cables to obtain high-resolution (e.g.,
metre-scale), distributed seismic measurements over
cable lengths of several kilometres (Ajo-Franklin et al.,
2019; Lindsey and Martin, 2021). Together, these inno-
vations offer a unique opportunity to characterize and
monitor subsurface landslide dynamics with unprece-
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dented resolution in space and time.

The CdV site offers the opportunity to establish a
unique seismic landslide monitoring laboratory, to ex-
plore the potential and advance the use of large nodal
arrays and distributed fibre optic sensing. This allows
us to deepen our fundamental understanding of slope
instability processes by investigating the internal struc-
ture, physical properties, and time-dependent dynam-
ics of the CdV instability. Our unique instrumentation
setup combines a temporary dense nodal seismic ar-
ray (>1000 sensors) with a long-term network of several
kilometres of fibre-optic cable for DAS and DSS obser-
vations. This integrated, multi-sensor network enables
data acquisition across an exceptionally broad range of
spatial and temporal scales, to observe ground motion
from millisecond-scale seismic events to long-term dis-
placement dynamics occurring over months.

In this paper, we provide a comprehensive overview
of the CdV seismic monitoring network and outline
our scientific rationale, design, and deployment strat-
egy. We review the current state of seismic and fibre-
optic landslide monitoring, detail the installation and
dataset, and discuss the challenges and broader impli-
cations of deploying large-scale multi-sensor networks
in alpine environments.

2 Seismic and Fibre-Optic Instability
Monitoring

2.1 Characterization and Monitoring Ap-
proaches

Subsurface characterization of landslides has been
accomplished through active-source seismic imaging
(Jongmans et al., 2000; Heincke et al., 2006b; Samyn
et al., 2012). These active seismic methods are partic-
ularly well suited for high-resolution 2D and 3D imag-
ing, as they allow for a controlled distribution of sources
and receivers. A widely applied technique is first-arrival
traveltime tomography, which is used to invert P-wave
traveltimes to image the subsurface velocity structure
(Lanz et al., 1998; Zelt et al., 2006). Such velocity mod-
els can provide effective constraints on unstable rock
masses, which typically exhibit reduced seismic veloci-
ties compared to intact bedrock (Heincke et al., 2006b;
Glueer et al., 2024). While this method has been suc-
cessfully employed in landslide characterization stud-
ies, many applications have been limited to 2D imaging
dueto thelogistical challenges of deploying large source
and receiver arrays in steep or remote terrain. Given
the often complex 3D structure of landslides, however,
achieving a 3D understanding of the internal structure
can be critical for accurately assessing slope instability
and estimating unstable rock volumes (Erismann and
Abele, 2001; Heincke et al., 2006b; Samyn et al., 2012).
Passive seismic methods, in contrast, involve the
analysis of ambient seismic vibrations and microseis-
mic events to investigate slope dynamics. Microseis-
micity and tremor activity observed at various land-
slide sites have been linked to internal deformation
processes, such as stick-slip motion along internal sur-
faces (Finnegan et al., 2022) and shear fracturing within
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unstable rock masses (Poli, 2017; Schopa et al., 2018).
These microseismic signals have been effectively used
to monitor landslides and rockfalls (Spillmann et al.,
2007; Provost et al., 2018), revealing correlations be-
tween microseismic event rates and slope displacement
or rockslide frequency (Spillmann et al., 2007; Helm-
stetter and Garambois, 2010; Tonnellier et al., 2013).
Consequently, seismicity rate has been proposed as a
potential indicator of landslide acceleration (Senfaute
etal., 2009). Moreover, the spatial distribution of micro-
seismic events can provide valuable insights into the lo-
cation, extent, and temporal evolution of active failure
zones (Schopa et al., 2018). However, the detection of
such events remains challenging due to their typically
low energy and significant attenuation within weath-
ered or fractured rock layers.

The correlation of ambient seismic vibrations, gen-
erated by both natural and anthropogenic sources,
has emerged as an effective technique for monitoring
landslide activity through the detection of variations
in apparent surface wave velocity (Le Breton et al.,
2021). This method involves cross-correlating passive
seismic recordings collected at pairs of sensors to ap-
proximate the Green’s function between them (Shapiro
and Campillo, 2004). On the one hand, this cross-
correlation information can be exploited for subsurface
tomography by inverting the frequency-dependent sur-
face wave velocities towards a S-wave velocity model
(Bensen et al., 2007; Rodriguez Tribaldos and Ajo-
Franklin, 2021). On the other hand, the temporal anal-
ysis of the cross-correlation coda enables the detection
of subtle relative velocity variations over time, indica-
tive of changes in the physical properties of the medium
between sensors (Sens-Schonfelder and Wegler, 2006).
This approach has proven effective in volcanic envi-
ronments, where decreases in apparent seismic veloc-
ity have been observed prior to eruptions or following
seismic events (Brenguier et al., 2008; Wegler and Sens-
Schonfelder, 2007). In the context of landslide moni-
toring, a notable example is the detection of a 7% ve-
locity decrease preceding a landslide in Pont-Bourquin,
attributed to soil fluidization due to elevated pore wa-
ter pressure (Mainsant et al., 2012). Since then, this
method has been successfully applied to a range of land-
slides, including deep-seated instabilities, earthflows,
and rockfalls, demonstrating that relative changes in
seismic velocity (so-called dv/v) may act as precursors to
slope failure (Voisin et al., 2016; Bontemps et al., 2020;
Bertello et al., 2018).

2.2 Fibre-Optic Sensing

Fibre-optic sensing technologies, such as Distributed
Acoustic Sensing (DAS) and Distributed Strain Sens-
ing (DSS), are rapidly evolving tools that enable high-
resolution strain (rate) measurements along optical fi-
bres (e.g., Masoudi and Newson, 2016; Lu et al., 2019).
DAS relies on Rayleigh backscattering at fibre impu-
rities, allowing for dense (metre-scale) spatial sam-
pling of relative strain-rate recordings along cables ex-
tending over tens of kilometres (Ajo-Franklin et al.,
2019; Lindsey and Martin, 2021). This technique has
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been widely adopted for subsurface monitoring applica-
tions, including geothermal reservoirs, volcanology and
cryosphere systems (e.g., review by Lindsey and Mar-
tin, 2021). Recent advances in DAS data analysis, includ-
ing the application of seismic interferometry to ambient
seismic vibrations recorded by DAS systems, have fur-
ther extended its use to areas such as aquifer monitor-
ing (Rodriguez Tribaldos and Ajo-Franklin, 2021). While
the fibre-optic cable deployment can require signifi-
cant initial effort, first DAS studies have demonstrated
considerable potential for landslide and slope stability
monitoring. For instance, by leveraging the broad fre-
quency bandwidth of DAS (Paitz et al., 2021), Ouellet
et al. (2024) identified low-frequency (<1 Hz) strain sig-
nals associated with an active shallow landslide. Addi-
tionally, Kang et al. (2024) introduced a semi-supervised
neural network capable of distinguishing rock slope
failure signals from background noise using continuous
DAS recordings.

Unlike DAS, DSS systems based on Brillouin scatter-
ing enable the measurement of absolute strain values
at different scales (Masoudi and Newson, 2016; Acharya
and Kogure, 2022; Hopp et al., 2022). While both tech-
niques offer dense spatial sampling, they differ signif-
icantly in temporal resolution and spatial accuracy of
the event causing the strain. DAS operates at high sam-
pling frequencies, from several hertz up to the kilo-
hertz range, whereas DSS data are typically sampled at
much lower rates, with measurement intervals on the
order of minutes. Compared to DAS, where strain is
typically averaged over a certain length (the so-called
gauge length, usually between 1 and 20 m depending on
the interrogator), DSS can detect strain-inducing events
with spatial resolutions down to tens of centimetres in
Brillouin-based systems. DSS measurements are sen-
sitive to both strain and temperature variations along
the fibre, necessitating co-located temperature mea-
surements to isolate the strain component (Acharya
and Kogure, 2024). The adoption of DSS has opened
new possibilities for landslide monitoring by providing
accurate, spatially continuous deformation measure-
ments, addressing the limitations of traditional point-
based instruments such as inclinometers (Acharya and
Kogure, 2022). Laboratory experiments have demon-
strated the effectiveness of DSS in detecting soil strain
and assessing slope stability under controlled condi-
tions (Minardo et al., 2015; Schenato et al., 2017). At
the field scale, one of the earliest applications was car-
ried out by Iten et al. (2009), who deployed embed-
ded fibre-optic cables to monitor ground displacement
at the Brattas and Laret landslides. A comprehensive
review of recent advancements in landslide monitor-
ing using DSS technology is provided by Acharya and
Kogure (2022).

3 The Cuolm da Vi Instability

The Cuolm da Vi (CdV) deep-seated rock slope instabil-
ity is located on a south-facing slope near Sedrun in the
Graubiinden region of the Central Swiss Alps (Figure 1).
It is one of the largest and most impressive slope insta-
bilities in the Alps, covering an area of approximately
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Figure 1 Overview of the Cuolm da Vi slope instability in Sedrun, Switzerland. (a) Aerial photograph of the Cuolm da Vi
site captured in summer 2022, illustrating the full extent of the slope instability. (b) Close-up picture (summer 2022) of the

large-scale crack marking the eastern instability boundary.

1.5km” and comprising an estimated unstable volume
of 150 x 10°m? (Amann, 2006; Bonnard et al., 2004).
The instability spans an elevation range from 1700 to
2500 m, with the central zone currently moving south-
ward at displacement rates of 10-20 cm/year. As dis-
played in Figure 1a, the instability features a relatively
flat shoulder between 2200 and 2400 m, which transi-
tions into a steeper 25-30° slope descending toward the
valley floor at approximately 1550 m. The instability is
laterally confined by the Strem River valley to the west
and the Drun Tobel ravine to the south-east (Figure 1a).
Due to the dominance of toppling as the primary defor-
mation mechanism combined with the absence of an
established sliding surface, we refer to this feature as a
’slope instability’ rather than a’landslide’ (Amann, 2006;
Hungr et al., 2014).

3.1 Geological & Geomorphological setting

The CdV instability is situated at the southern boundary
of the Aar Massif, a region predominantly composed of
granite and granodioritic gneiss (Abrecht, 1994; Kasper-
ski et al., 2010). Locally, the CdV geology is char-
acterized by competent gneisses in the upper section
and weaker lithologies, such as incompetent gneisses,
schists, and kakiritic rocks, in the lower slope area
(Amann, 2006). Notably, the kakiritic rock forms a
prominent outcrop at the southeastern landslide mar-
gin, comprising the so-called Drun Tobel. The CdV site
features steeply dipping Alpine foliation and a complex
fracture network, with three principal joint sets iden-
tified (Amann, 2006). Shear zones with reduced shear
strength relative to the surrounding gneissic rock play
a critical role in slope destabilization. The rock mass
is highly fractured and disintegrated, as evidenced by
the lack of surface water runoff on the western slope
(Amann, 2006).

4

Geomorphological features such as graben struc-
tures, tension cracks, and sagging, as highlighted in Fig-
ure 2, indicate an overall extensional regime, particu-
larly along the northern and eastern boundaries of the
instability (Amann, 2006). In the central region, a high
density of E-W striking anti-scarp structures suggests
predominant toppling deformation oriented toward the
south-south-west (Figure 2). The western and south-
eastern margins of the slope, corresponding to the Val
Strem and Drun Tobel, respectively, are actively shaped
by gullying and rockfall processes.

Structural and hydrological analyses by Amann (2006)
suggest a transition zone between disintegrated and in-
tact rock at depths of approximately 100-200 m in the
central area. This depth estimate is consistent with
Kleinbrod et al. (2017), who conducted the only seismic
study at CdV to date analyzing ambient vibration polar-
ization and spectral properties. The results by Klein-
brod et al. (2017) also suggested several isolated, less-
fractured, block-like structures at depths of 35-150 m in
the northeastern sector. However, their measurements
were sparsely distributed and confined to the northeast-
ern part of the slope, resulting in limited spatial resolu-
tion and only 1D subsurface information.

3.2 Long-term Displacement Monitoring

The earliest investigations of the CdV instability date
back to 1942, followed by decades of regular deforma-
tion and displacement monitoring. During the past
three decades, surface displacement observations have
been significantly improved through the use of ground-
based Global Navigation Satellite System (GNSS) cam-
paigns (Amann, 2006) and digital image correlation of
aerial photographs (Bickel et al., 2018). Between 1999
and 2002, Amann (2006) conducted a detailed analysis
of surface displacements, as displayed in Figure 2. Mea-
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Figure 2 Topographic map of the Cuolm da Vi instability, overlaid with annual displacement rates from 1999 to 2002 and
mapped geomorphological features (modified from Amann (2006)). MP27 marks the measuring point at the CdV instability
centre, as suggested by Amann (2006). The blue and orange crosses denote the PL and PR tachymetry stations, respectively,

of which the displacement time series are shown in Figure 3.

surements in the fast-moving Cuolm Parlet region indi-
cated strong influences from local settlement dynamics
unrelated to the deep-seated CdV instability. Excluding
these local effects, the area near MP27 was identified
as the fastest-moving part and the kinematic centre of
the CdV instability, with annual displacements ranging
from 20 to 40 cm during the study period (1999-2002)
(Figure 2).

Since the 1999-2002 GNSS study, displacement at CdV
has been continuously monitored as part of an early
warning system using a laser-based tachymeter, in-
stalled in the village of Sedrun, measuring the distance
to eight reflector poles at millimetre-level precision.
Measurements are conducted every four hours and sub-
sequently averaged to obtain daily displacement values.
Figure 3 presents the derived displacement velocities
for two example reflector poles PL and PR (locations in-
dicated in Figure 2). Annual displacement rates in the
central area of CdV decreased markedly after 2002, from
20-40 cm/year in 2002 to 10-20 cm/year in subsequent
years. This reduction followed the exceptionally dry
year of 2003, which presumably induced long-lasting,

5

large-scale changes in subsurface hydrological condi-
tions (Amann, 2006). Despite being separated by ap-
proximately 500 metres, both reflectors display highly
similar displacement patterns and magnitudes. The
zoomed window in Figure 3b reveals pronounced and
regular seasonal variations, with a distinct accelera-
tion phase typically occurring from mid-to-late spring
through early-to-mid summer. The magnitude and tim-
ing of this acceleration phase are likely correlated with
the snowmelt period and therefore strongly depend on
meteorological conditions from winter through sum-
mer. This phase is generally followed by a decelera-
tion in late summer, that subsequently transitions into
a longer period of oscillations around a background
velocity of approximately 5mm/month during winter
time.

4 Research Objectives and Strategies

Our research at Cuolm da Vi (CdV) is centred around
three overarching themes: 1) resolving the 3D struc-
ture and identifying key subsurface features, 2) study-

SEISMICA | volume 5.1| 2026



SEISMICA | DATA REPORT | Advancing Seismic Slope Instability Monitoring: Integrating Fibre-Optic and Nodal Array Sensing

a)
—— Station PL
501 Station PR
= 40 '
F |
E 301 ]
E ]
E | b f
> 4 4 1
ERL L’”’". Nk b L 1 | .w
° |} 14 0l ] | i
> 10 ‘ al A ‘L\". Atk \ ‘ 1t ". .
VTS A A W “ S W vl v v v A\ il s
‘ L]
°] = ——— - >
20b0 20|04 20|08 20'12 20'16 20|20 20|24
Time
b)
—— Station PL
15.0 Station PR “.
- 12.5 A
£ ) ‘ I
2 100 Hl'\ / |
A W ' -
E 75 1 1 ‘r/\\ (M YRR A
g 50 ""! \h ﬂ\' ;‘}h w"l,‘r" m‘"f"r ("ﬁv”ﬂww l rj W { ’ | | Wiﬁ w i
s { i AREM y I \ ‘| v |
S | L M L 'yl -I '\ Mﬂ “ \v" 4 II‘M V\/ r ‘ f
2.5 4 l | ‘l»'»‘ ! L
|
0.0 A
202b-01 2026-07 202|1-01 202;].-07 202I2-01 202'2~07 202'3-01 202I3-07 20221-01 2024-07
Time
Figure 3 (a) Displacement velocity (mm/month) of reflector poles PL and PR derived from a time series extending back to

the year 2000 (data provided by Bonanomi-Giibeli AG). Both reflector poles are located on the CdV shoulder, as indicated in
Figure 2. To reduce significant daily measurement variation, the velocity data were smoothed using a 30-day running mean.
(b) Zoomed window of the displacement velocity time series between January 2020 and July 2024 (dashed arrow in a)).

ing the slope dynamics and time-dependent processes,
and 3) advancing nodal array and fibre-optic seismol-
ogy for landslide characterization and monitoring. Be-
cause the targeted structures and processes likely span a
wide range of spatial and temporal scales - from metres
to kilometres and milliseconds to decades - multidisci-
plinary and very broadband observations are pivotal.

4.1 What s the 3D Structure of Cuolm da Vi?

Determining the 3D subsurface structure of the CdV
instability is essential for 1) accurately estimating the
total unstable volume, 2) identifying structurally weak
zones, and 3) mapping and characterizing tectonic fea-
tures critical for geotechnical modelling and hazard as-
sessment. Initial geotechnical, hydrological and seis-
mic investigations by Amann (2006) and Kleinbrod et al.
(2017) indicate a transition from disintegrated to inte-
grated rock at about 100-200 m in the central area, but
provide limited information about the full 3D structure.

We hypothesize that unstable and stable rock volumes
can be distinguished on the basis of seismic velocity
contrasts and that tectonic activity at key structural fea-
tures results in the release of distinct seismic signals.
Therefore, we identified 3D seismic imaging, in partic-
ular P-wave first-arrival traveltime tomography and full
waveform inversion (e.g., Heincke et al., 2006b; Virieux

6

and Operto, 2009), ambient seismic vibration (ambi-
ent noise) interferometry for S-wave velocity imaging
(e.g., Bensen et al., 2007; Rodriguez Tribaldos and Ajo-
Franklin, 2021), and mapping of natural seismic source
locations (e.g., Spillmann et al., 2007; Helmstetter and
Garambois, 2010) as the main approaches to resolve the
CdV internal structure.

Seismic data to address these hypotheses need to
be acquired both on the stable and unstable parts of
the slope, with 1) sufficiently dense spatial sampling to
track seismic phases and record potentially weak natu-
ral signals, and 2) wide areal coverage to provide a broad
range of source-receiver offsets and azimuth distribu-
tion for 3D imaging and source localization. Further-
more, the seismic data acquisition duration needs to be
sufficiently long (up to several weeks) for ambient vibra-
tion imaging and spatially tracking the locations of nat-
ural slope seismicity.
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4.2 How Do the Internal Dynamics, Material
Properties and Seismic Signals Evolve
Over Time?

Understanding the long-term dynamics of the CdV in-
stability is essential for assessing slope stability and in-
forming future modelling efforts. Of particular inter-
est is the pronounced seasonality of the slope displace-
ment, with consistent acceleration during the snowmelt
period, highlighting time-dependent changes in inter-
nal stress and deformation mechanisms (Amann, 2006).
However, the nature of these subsurface processes and
their variability across different timescales remains
poorly understood.

We hypothesize that internal stress redistribution and
progressive damage lead to recurring seismic observ-
ables, such as microseismic events or changes in seis-
mic wave velocities, that reflect cyclic mechanical be-
haviour. In particular, temporal variations in shear-
wave velocity may indicate hydrologically induced
changes in material properties (e.g., Mainsant et al.,
2012; Larose et al., 2015), while the occurrence and
temporal dynamics of seismic events may reveal evolv-
ing failure processes (e.g., Helmstetter and Garambois,
2010; Provost et al., 2018). By jointly analysing internal
velocity changes and landslide-induced seismicity, we
aim to capture both gradual and abrupt internal tran-
sitions and link them to environmental drivers such as
snowmelt and precipitation phases.

Addressing these questions requires long-term seis-
mic monitoring with dense sampling in space and time,
particularly during the seasonal acceleration in spring,
together with broadband sensitivity to be able to record
a wide variety of seismic signals and ensure surface
wave sensitivity across a wide range of depths and res-
olutions. The need for long-term dense spatial and
temporal sampling makes fibre-optic technologies like
Distributed Acoustic Sensing (DAS) particularly well-
suited. The configuration must span a broad area of
the instability with multiple cable orientations, ensur-
ing adequate areal and azimuthal coverage.

4.3 How Can Distributed Fibre-Optic Sensing
Be Effectively Leveraged for Slope Insta-
bility Monitoring?

Distributed fibre-optic sensing (DFOS) enables dense
spatial and temporal sampling, making it well suited
for both long-term seismic and deformation monitor-
ing (DAS and DSS, respectively). However, this benefit
comes with challenges: the sensing geometry is fixed
by the cable layout, DAS and DSS are directionally sen-
sitive, and installation in steep, alpine terrain can be lo-
gistically demanding.

Key questions arise around how to leverage the dense
but constrained sampling of DFOS for effective instabil-
ity monitoring. How can cable layout be optimized to
capture relevant signals across the slope? What are the
limits imposed by coupling conditions, terrain, and en-
vironmental influences like temperature? Additionally,
using a single cable for multiple measurements (DAS
and DSS) requires careful consideration of acquisition
parameters and hardware compatibility.
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To answer these questions, we require a combina-
tion of a strategically designed cable layout at the CdV
shoulder with for example co-located nodal sensors.
Controlled-source experiments and continuous data ac-
quisition can help to evaluate the sensitivity, localiza-
tion performance, and multi-purpose use of the fibre-
optic configuration. This integrated approach can in-
form best practices for deploying DFOS in complex,
real-world slope instability settings.

5 Sensor Network, Acquisition and
Data Quality

To meet our research goals, we deployed a large-scale
sensor network at the Cuolm da Vi (CdV) instability in
summer 2022. This setup covered the accessible areas
of both the stable and unstable regions of the CdV insta-
bility, as inferred from existing geological and geode-
tic analyses (Amann, 2006). The configuration included
more than 1000 autonomous seismic nodes, along with
a 6.5km fibre-optic cable for Distributed Acoustic and
Strain Sensing measurements (DAS & DSS), supple-
mented by several complementary sensor installations.
A detailed map of the final sensor layout is shown in Fig-
ure 4. By integrating nodal and fibre-optic systems, we
leverage the complementary strengths of both sensor
types and their deployment options. The nodal array
provides over 1000 local ground acceleration measure-
ments in vertical direction and offers high deployment
and coverage flexibility. However, seismic nodes can
only record for a limited time and need to be collected
before the data retrieval. In contrast, fibre-optic seis-
mic sensing systems (DAS) collect distributed strain rate
data along a fibre-optic cable and enable highly dense
(metre-scale), continuous, and long-term data collec-
tion from one cable end (Section 2.2).

The deployment and data acquisition were carried
out in three main phases. Following the initial de-
ployment phase in June 2022, we conducted two major
recording stages. The first recording phase in summer
2022 involved several weeks of continuous nodal and
fibre-optic (DAS & DSS) recording and targeted on sen-
sor validation and subsurface imaging. This included a
large-scale controlled-source campaign (Figure 4), cali-
bration of DAS acquisition parameters, and data com-
parison between co-located seismic nodes and fibre-
optic measurements. Based on initial DAS data inspec-
tion, we extended the fibre-optic layout with a flag-
shaped section at the CdV shoulder (Figure 4) to com-
plete the permanent sensor installations. This final con-
figuration supported the second acquisition phase that
focused on monitoring: five months of continuous DAS
recording from February to July 2023, simultaneously
with the typical seasonal acceleration observed at CdV
(Figure 3), and monthly 24-hour DSS measurements to
capture the strain evolution over a full year. The acqui-
sition timeline is summarized in Figure 5.
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Fibre-optic cable (‘dark’)
Fibre-optic cable (deployed)
DAS & DSS interrogator
Stryde node (1C)

Controlled source (dynamite)
3C-Geophone

Tachymetry station

Time-lapse camera
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Temperate sensors

Figure4 Overview of the sensor deployment at the CdV instability site. The map highlights 6.5 km of deployed fibre-optic
cable including multiple 3-13 m loops (loop sizes exaggerated for clarity). The dashed yellow line indicates a pre-existing
‘dark’ cable installed for telecommunication purposes prior to this campaign. The main cable car station, which hosts the
DAS and DSS interrogators, is marked with a yellow star. Green triangles denote the locations of deployed Stryde nodes,
while red stars indicate dynamite shot points. Additional instrumentation includes five 3C-geophones, a time-lapse camera,
temperature sensors co-located with the fibre-optic cable, and eight laser-based total stations.

5.1 NodalArray of >1000 Seismic Sensors
5.1.1 Design

The CdV nodal configuration comprised 1048 one-
component seismic nodes deployed across the accessi-
ble parts of the CdV slope and shoulder (Figure 4). A
total of 878 nodes were arranged in an L-shaped hexag-
onal grid with a nominal sensor spacing of 28 m. We se-
lected a hexagonal configuration for its uniform sensor-
point spacing along three principal directions. These
three orientations were well-aligned with the geomet-
ric shape of the CdV deployment area allowing for the
formation of long, continuous receiver lines in W-E and
SW-NE direction (Figure 4). The grid covered approxi-
mately 0.7 km?, with maximum extents of 1.0 km (E-W)
and 1.5km (SW-NE).
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To compare the seismic node data characteristics
with DAS recordings, we installed 99 nodes along a
100 m fibre-optic cable section. We placed one ver-
tical and one inline horizontal node every 2m along
the cable, exploiting the omni-directionality of the em-
ployed sensors. Fifteen nodes were used to create five
3C-sensor setups at the centres of selected fibre-optic
loops, by collocating three sensors oriented in perpen-
dicular directions mimicking a three-component mea-
surement. Combined with fibre-optic loop recordings,
this setup enables the local retrieval of 1D V, subsur-
face models (Edme et al., 2024). Lastly, we arranged 40
nodes into four concentric small-scale arrays at the CdV
shoulder ranging between 2 and 17 m in diameter, pro-
viding denser spatial sampling and designed for local
array processing.
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Figure 5 (a) Overview of the data acquisition timeline from 01 June 2022 to 01 September 2024. Each coloured bar rep-

resents the operational phase during which data for a given sensor were acquired. (b) Zoomed-in view of the summer 2022

period (01 June to 01 August).

5.1.2 Installation and Data Acquisition

We achieved the deployment of 1048 autonomous seis-
mic STRYDE nodes (Manning et al., 2018; O’toole et al.,
2024) with notable efficiency, facilitated by their com-
pact size and lightweight design (150 grams) proving
advantageous in the alpine terrain at CdV. Deployment
and retrieval were completed within 4 to 5 days by three
teams of two people each. Each node was installed by
drilling a 10 cm deep hole followed by tightly installing
the node.

We configured the nodes such that their internal bat-
teries allowed for continuous recording of the ground
acceleration at a sampling rate of 500 Hz for approxi-
mately 28 days, from mid-June to mid-July 2022 (Figure
5). We considered this duration adequate for conduct-
ing all planned controlled-source experiments and po-
tential ambient vibration analyses. Data were stored in-
ternally within each node and retrieved after the cam-
paign. To mitigate the effects of clock drift caused by
factors such as temperature variations, each node was
programmed to log GNSS timestamps every eight hours.
This interval represented a balance between maximum
timing inaccuracy (up to 1 ms in the extreme case) and
saving battery power.

We found that GNSS reception for the majority of
the nodes was limited due to the alpine terrain and
surface conditions, particularly related to wet soil and
dense grass cover. To improve GNSS signal quality,
nodes were installed with approximately one-quarter
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of their body above the surface, positioning the inter-
nal GNSS antenna above the ground. Nevertheless, a
small amount of nodes (<5%) still experienced per-
sistent GNSS-timing issues and were excluded from
subsequent data processing. As a result of the par-
tial installation above the surface, the node expo-
sure and susceptibility to environmental noise signifi-
cantly increased. Important noise factors include ob-
served high-frequency wind noise and low-frequency,
temperature-related sensor noise, which can be miti-
gated using adequate bandpass filtering.

The nodal array was initially designed in the Swiss
LV95 coordinate system. For field installation, the de-
ployment coordinates were converted to the WGS84 sys-
tem, and nodes were positioned using GNSS receivers
operating in the WGS84 frame. However, we found
that the coordinate transformation introduced system-
atic shifts between planned and actual node locations,
increasing from 0 m in the SW-corner to several metres
in the NE part of the array (Figure 4). To ensure pre-
cise and consistent geometry information for data pro-
cessing, the final node positions were surveyed with an
accuracy of a few centimetres in the original LV95 coor-
dinate system before node retrieval.

5.1.3 Wavefield Characteristics

Using a dense areal nodal layout at CdV provides the op-
portunity to appreciate the wavefield complexity, ana-
lyze the seismic wavefield characteristics, and infer sub-
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surface properties in 3D. Figure 6 shows a 2D visualiza-
tion of the wavefield propagation, generated by a con-
trolled dynamite blast, in a projection onto the horizon-
tal plane. This is displayed together with two source
gathers along crossing W-E and SW-NE receiver lines
(Figure 6b and c, receiver lines are marked as dashed
lines in Figure 6a). Clear first arrivals, travelling at ap-
parent velocities of around 600 m/s close to the source
and at about 2000m/s at a few hundred metres off-
set, are observable throughout the layout up to source-
receiver offsets of 600-800 m, after bandpass filtering
the data to 7.5-25 Hz. The first arrivals are followed by a
cone of high-amplitude phases limited by apparent ve-
locities ranging between around 400 and 600 m/s. We
interpret these arrivals as aliased, and likely scattered
surface waves. The complex nature of these arrivals
is further illustrated in the wavefield snapshots in Fig-
ure 6a indicating significant wavefield scattering at to-
pographic variations and subsurface heterogeneities.

5.2 Fibre-Optic Cable Configuration
5.2.1 Cable Design

In the summer of 2022, we installed a fibre-optic net-
work comprising over 6.5km of trenched cable to en-
able primarily Distributed Acoustic Sensing (DAS) and
Distributed Strain Sensing (DSS) measurements (Fig-
ures 4 and 7). Because the deployed cables contain both
single- and multi-mode fibres, the layout is also suit-
able for, for example, Distributed Temperature Sensing
(DTS). The cable layout was designed to maximize cov-
erage of the most active zones of the CdV instability,
while ensuring adequate cable-to-ground coupling. To
achieve this, the cable trajectory was aligned with soil-
rich segments of the CdV shoulder, resulting in a 1.6 km
trench primarily oriented east-west along a crest mark-
ing the boundary between the CdV shoulder and slope.
To enhance the azimuthal sensitivity of the network, we
expanded the installation in September 2022 by adding a
flag-shaped extension in the central shoulder area (Fig-
ures 4 and 7). Additionally, eleven cable loops were
incorporated along the cable trajectory (Figure 7), to
1) provide slack and accommodate for the differential
slope movement and 2) enable omni-directional fibre-
optic measurements.

The first approximately 1500 m of the network con-
sists of pre-existing infrastructure ('dark fibre’) man-
aged by the local ski resort, as illustrated in Figures
4 and 7. The cable beginning is located in the base-
ment of a cable car station proving shelter, full power
supply, and internet connection. This enables the op-
eration of up to two interrogators year-round, allow-
ing, for example, simultaneous DAS and DSS record-
ings. At 1550m cable distance, our newly installed
cable was connected to the existing network at a ski
lift cabin. The first kilometre of the new installation
(1500-2500m) consists of tight-buffered cable (orange
in Figure 7), which is particularly suitable for DSS in ad-
dition to DAS measurements. Beyond this point, the lay-
out is comprised of loose-tubed cable, which firstly con-
tinues westward. At approximately 3200 m optical dis-
tance, the cable reaches the end of the east-west trench
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and doubles back along the same trench to return to the
cabin. This return loop provides co-located recordings
enabling, for example, channel stacking to improve sig-
nal quality. Furthermore, it facilitates DSS temperature
correction at co-located tight-buffered and loose-tubed
cable positions (Kechavarzi et al., 2016). Finally, the
flag-shaped extension required a third cable to be added
along the initial trench segment, in order to reach the
central CdV shoulder.

5.2.2 Cable Installation

We carried out the fibre-optic cable installation in two
phases: the east-west segment was completed in early
June 2022, followed by the flag-shaped extension in late
September 2022. Each phase began with trenching,
using a petrol-powered handheld tool to cut narrow
trenches of approximately 20-30 cm deep. In soft soil,
trenching progressed up to 50-100m per hour, while
rocks and boulders had to be removed or bypassed lo-
cally, slowing down the process significantly. With a
team of two to three people, an average trenching rate
of 200-300 m per day was achieved.

We subsequently deployed the fibre-optic cables ac-
cording to the layout in Figure 7. Avoiding sharp cable
bends or kinks due to rocks at the trench base was a
significant challenge. Logistically handling several kilo-
metres of cable across rugged alpine terrain also proved
demanding. Nevertheless, the cable deployment pro-
gressed at a pace similar to trenching (200-300 m/day).
Once in place, trenches were backfilled with soil to im-
prove cable-to-ground coupling.

We spliced the individual segments to form a con-
tinuous fibre-optic network (Figure 7). To enable si-
multaneous DAS and DSS data acquisition, two fibres
were connected at each splicing point, establishing
two continuous 6.5 km-long fibres along the entire net-
work. In boulder-dominated areas, shallow trenches
with limited soil cover were unavoidable, likely leading
to stretches with locally reduced cable coupling. How-
ever, this coupling variability is an inherent aspect of
fibre-optic deployments in such alpine environments.

5.3 Distributed Acoustic Sensing
5.3.1 Acquisition

We acquired all Distributed Acoustic Sensing (DAS) data
using a Silixa iDAS V2 interrogator with a fixed 10m
gauge length, installed atthe main cable car station (Fig-
ures 4 and 7). The data acquisition periods are shown in
Figure 5 and include two primary campaigns: a three-
week period in summer 2022, simultaneous with other
sensor recordings (Figure 5b), and a five-month contin-
uous acquisition during the first half of 2023, coinciding
with the CdV acceleration phase (Figure 3b).

To enable dense spatial wavefield sampling, we used
a 1 m channel spacing throughout all acquisition peri-
ods, resulting in approximately 6500 active data chan-
nels along the fibre-optic layout (Figure 7). Temporal
sampling rates were chosen to balance resolution and
data volume. We selected a 500 Hz sampling rate for the
summer and fall 2022 campaigns (matching the Stryde
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(a) 2D visualization of ground acceleration in the central area of the nodal array following a dynamite blast at

t = 0s. Each panel shows a distinct time step, with elapsed time (in milliseconds) indicated above. Receiver locations are
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normalized ground acceleration amplitudes recorded by the nodal array and filtered between 7.5 and 25 Hz. The two black
dashed lines denote an east-west and south-west-north-east receiver line of which source gathers are presented in (b) and
(c), respectively, filtered using the same 7.5-25 Hz bandpass filter.
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Figure 7 Schematic representation of the fibre-optic cable layout. Line colours indicate loose-tubed (blue) and tight-
buffered cables (orange), and the location to install up to two interrogators is marked with a yellow star. Annotations label
every 1000 metres along the cable, with 0 m corresponding to the point where the fibre exits the interrogator.

node temporal sampling), resulting in 400 GB of data
collection per day. Considering our 0-200 Hz frequency
range of primary interest, in combination with the lo-
gistical benefits of lower sampling rates for a 5-month
acquisition period, a 250 Hz sampling rate was picked
for the long-term 2023 campaign. Two 5 TB hard drives
were used in parallel for daily data storage directly at
the interrogator. These drives were regularly swapped
on-site and the data were transferred to a large-capacity
network storage system. To facilitate quick data explo-
ration and practical data sharing, the raw dataset was
downsampled to various resolutions.

We mapped each data channel to a specific spatial
coordinate using a combination of location measure-
ments and tap tests along the fibre-optic cable. A total
of 239 GNSS-referenced tap tests were conducted across
the entire configuration. These taps produced clear,
identifiable signals in the raw DAS data, allowing direct
mapping to specific channels. Intermediate channels
were assigned coordinates through linear interpolation.

5.3.2 Seasonal Seismic Energy Levels

Between February and July 2023, we carried out a con-
tinuous five-month DAS acquisition at CdV (Figure 5).
Figure 8 provides an overview of the seismic energy lev-
els across various cable sections and frequency bands.
The initial analysis reveals several notable patterns,
most prominently the influence of the nearby ski area.
This impact is particularly evident in the dark fibre and
eastern cable sections, which intersect and run close to
the ski infrastructure, respectively. In the 8-24 Hz fre-
quency band (Figure 8), the operational cycles of ski lifts
and subsequent slope grooming are clearly visible from
the start of data acquisition (February 12, 2023) until the
final operational day on April 10.

The dark fibre consistently exhibits lower noise lev-
els than the sections deployed specifically for this study
(Figure 7). Originally placed for telecommunication
purposes, the dark fibre is installed in a conduit to-
gether with other cables, likely resulting in reduced ca-
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ble coupling and smaller amplitudes. Nevertheless, its
deeper burial depth (1-2 m) reduces susceptibility to at-
mospheric or other acoustic-ground coupled noise.

The self-deployed fibre sections (East, Flag, and West;
Figure 7) consistently show higher noise levels dur-
ing daytime compared to nighttime, independent of ski
area operations. These elevated signals, presumably re-
lated to anthropogenic noise and associated with val-
ley activities, increase notably after mid-May. This rise
in noise amplitudes correlates with seasonal snowmelt,
suggesting that the snow cover acts as an insulating
layer, reducing the coupling of atmospheric and acous-
tic noise into the ground.

5.3.3 Comparison of DAS and Seismic Node
Recordings

Seismic wavefield recordings of a controlled explosion
measured at co-located DAS channels (1 m channel
spacing) and node locations (2 m node spacing) are dis-
played in Figure 9. When comparing the two observa-
tions, one should keep in mind that DAS recordings cor-
respond to horizontal strain rate measurements in ca-
ble direction, while vertical acceleration is measured
with the seismic nodes. Hence, the two sensors exhibit
different sensitivity to wavefield polarization. Further-
more, horizontal strain rate is proportional to local hor-
izontal slowness and, hence, slow seismic phases such
as surface waves may appear enhanced relative to first-
arriving refracted body waves.

In the raw nodal recordings (Figure 9a), the air wave
dominates the observed wavefield with very high am-
plitudes, which is largely absent in the DAS recordings.
This discrepancy likely stems from installation differ-
ences: the DAS cable was buried by 20-30 cm, while the
nodal sensors were partially exposed (25%) above the
surface, increasing their susceptibility to air-coupled
noise. Applying a 5-40 Hz bandpass filter effectively
suppresses much of the high-frequency air wave in the
nodal data (Figure 9b). The DAS recordings are less af-
fected by this filtering, aside from a minor reduction
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Figure 8 Seismic energy representation of the continuous 5-month DAS acquisition (February-July 2023) across four fibre-
optic cable sections (columns) and three frequency bands (rows). Each subplot displays seismic energy in decibels (dB),
with time of day (24-hour format) on the x-axis and calendar date (dd-mm) on the y-axis. Darker colours represent lower
amplitudes; brighter yellow indicates higher amplitudes. The white dashed line marks the final operational day of the nearby
ski area. Panels were generated by computing daily spectrograms using 60-second windows, averaged across all channels
within each cable section, and subsequently averaged over the corresponding frequency band.
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in high-frequency (optical) noise preceding the first ar-
rival.

Despite the differing physical observables, the early
wavefield characteristics appear consistent across both
the DAS and node datasets. First-arriving energy is ob-
served at comparable traveltimes, and multiple subse-
quent phases are captured similarly by both systems.
The late wavefield, likely consisting of surface waves
travelling at an apparent velocity of around 400 m/s, is
more coherent in the DAS data possibly due to 1) the
different sensitivity of the sensors to slow-travelling sur-
face waves, and 2) the DAS gauge length of 10 m leading
to smearing across channels. Nevertheless, the com-
parison shows that the 28 m node spacing of the regu-
lar grid is insufficient to capture unaliased surface wave
phases.

5.4 Distributed Strain Sensing
5.4.1 Acquisition

We collected Distributed Strain Sensing (DSS) data us-
ing an Omnisens DITEST V4 interrogator installed at
the main CdV cable car station (Figures 4 and 7). The
acquisition timeline (Figure 5) highlights two key fea-
tures of the dataset. First, extended continuous mon-
itoring campaigns ranged from one week (e.g., July
2022, October 2022, May 2023, August 2024) to several
weeks (February-March 2023). Second, monthly to bi-
monthly 24-hour acquisitions were performed from au-
tumn 2022 to autumn 2023, covering one full year.

The DSS measurements were acquired using the
BOTDR technique (Brillouin Optical Time Domain Re-
flectometry; Kurashima et al., 1993), with a spatial
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sampling interval and resolution of 0.5m and 1m,
respectively. A broad frequency scanning range of
10.4-11.2 GHz was used to capture both the Stokes and
Anti-Stokes spectral peak across all cable sections. We
selected an averaging count of 3000 individual readings
to obtain stable measurements, leading to a measure-
ment duration and interval of approximately 15 min-
utes. We acquired DSS data along the full cable layout,
including the co-located tight-buffered segments (sen-
sitive to both strain and temperature) and loose-tubed
segments (primarily sensitive to temperature) (Figure
7).

5.4.2 Strain and Temperature Signatures

Raw data from the continuous DSS campaign in sum-
mer 2022 are shown in Figure 10. The variability of
the Stokes spectral peak along the entire cable layout
(Figure 10a) clearly differentiates the dark-fibre, tight-
buffered, and loose-tubed segments by their distinct
Brillouin backscattering frequencies. The pre-existing
dark fibre section further appears to comprise multiple
cable types.

In Figure 10b, we display the relative Brillouin fre-
quency shifts in the tight-buffered cable section (sen-
sitive to both temperature and strain) across five con-
secutive days, using the first measurement as a refer-
ence. We observe notable diurnal patterns across all
channels, while in addition, a few localized anomalies
stand out. One example is a pronounced ~30 MHz shift,
confined to a 5-10 m segment, around optical distance
2302 m (black arrow), which occurred on July 10.

The full five-day time series of this tight-buffered lo-
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Figure9 Comparison of fibre-optic and co-located vertical Stryde node recordings following a controlled source. The fibre-
optic data are displayed as a yellow-blue background image, with the co-located Stryde node recordings overlaid as white
traces. The source was predominantly inline, with a minimum offset of 150 m located on the right side of each panel. Fibre-
optic data represent stacked signals from co-located channels of the forward and backward cables (Figure 7). (a) Unfiltered
raw data. (b) Data after applying a 4th-order Butterworth bandpass filter between 5-40 Hz.
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Figure 10 Distributed Strain Sensing (DSS) data from the continuous summer 2022 campaign. (a) Raw Stokes Brillouin fre-
quencies along the full cable configuration for the first measurement on 8 July 2022, with annotated cable segments. Note
that during this period, the fibre-optic flag extension was not installed yet, making the cable around 1000 m shorter compared
to the fullinstallation. (b) Relative Brillouin frequency shifts in the tight-buffered section over five consecutive days (8-13 July
2022), referenced to the first measurement. (c) Time series from the tight-buffered channel at 2302 m optical distance (orange,
marked in (b)) and a co-located loose-tubed channel at 3902 m optical distance (blue). The strain and temperature shift equiv-
alent axes are approximations based on silica-based Brillouin strain and temperature coefficients defined by takomski et al.

(2025).

cation (2302 m optical distance) and co-located loose-
tubed channel (3902 m optical distance) are presented
in Figure 10c. Both exhibit clear diurnal temperature-
induced signals, which are more pronounced in the
loose-tubed cable (temperature equivalents of ~8 °C
compared to ~5 °C in the tight-buffered cable). The
observed differences in amplitude and phase of these
tight-buffered and loose-tubed periodic signals are
likely caused by slight differences in cable properties
and burial depth of the two cables.

On the evening of July 10, the tight-buffered channel
shows a sharp ~25MHz step, followed two hours later
by a smaller ~5MHz shift. As these features are absent
in the loose-tubed data, we interpret them as local rapid
strain events equivalent to tensile strains of ~500 and
~100 pe, respectively. To resolve smaller strain changes
in the tight-buffered data, a correction for the tempera-
ture component is required. The clear presence of day-
night temperature variations in both cable recordings
(Figure 10c) demonstrates the potential for using the
co-located cable types to separate the temperature and
strain component in the tight-buffered data (Kechavarzi
et al., 2016).
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5.5 Controlled Seismic Source Experiment

After the installation of the nodal array and the initial
fibre-optic configuration, we conducted a controlled-
source seismic campaign between June 22 and June 29,
2022 (Figure 5). The main purpose of the controlled-
source survey was to collect seismic data for subsur-
face imaging using, for example, first-arrival travel-
time tomography and full waveform inversion. The
controlled-source layout comprised two main compo-
nents: a source-point grid and two additional source
lines (Figure 4). The grid followed a hexagonal pattern
with 95 source points spaced at a nominal 56 m, corre-
sponding to twice the nodal array spacing of 28 m. This
source spacing represented a trade-off between achiev-
ing sufficient ray coverage for a 3D first-arrival travel-
time inversion and acquisition time. The source posi-
tions were designed to coincide with the centres of the
equilateral triangles formed by the nodal array.

Due to the steep terrain at the CdV slope (Figure 1),
extending the source grid in this area was not feasible.
Instead, two additional shot lines were conducted both
crossing the proposed stable-unstable transition zones
(Figure 4). The west-east shot line (~1.4km) traversed
the entire CdV shoulder, while the southwest-northeast
line (~1.6 km) spanned the full slope.
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The shot holes, ranging in depth from 0.4 m to 1.0 m,
were drilled using a battery-powered drilling device and
charged with 50-60 grams of Riodin explosive. This
charge size provided sufficient energy for traveltime ob-
servations at offsets exceeding 500 m (Figure 6). A three-
person team was able to conduct up to 20-30 shots per
day. The significant variation in shot hole depths (0.4 m
to 1.0 m) was primarily the consequence of highly vari-
able subsurface conditions. Following the completion
of the fibre-optic flag-shaped extension, an additional
20 explosions were conducted on the 4th of October,
2022, to be able to evaluate, for example, the seismic
source localization performance of the deployed DAS
configuration.

5.6 Complementary Sensors

Several additional sensors were installed in order to
complement the analysis of the nodal array and fibre-
optic data. From June 27 to September 5, 2022, we de-
ployed five 3C-geophones at the CdV shoulder (Figures
4 and 5) sampling at 400 Hz using Digos digitizer units.
In contrast to the Stryde nodes, these sensors were fully
buried and recorded 3-component data.

At the start of the 5-month DAS acquisition campaign,
a time-lapse camera was installed at a lookout point in
the northeastern section of the study area (Figures 4 and
5). Positioned with a clear view of the CdV shoulder,
the camera provided continuous visual monitoring (12-
min interval) of snow cover and potential seismic noise
sources, including weather events, animal activity, and
human presence. These visual records support the clas-
sification and interpretation of anthropogenic and en-
vironmental noise signatures present in the fibre-optic
data.

In parallel with the ongoing DSS acquisitions
throughout 2024, several soil temperature sensors
were installed at depths comparable to the fibre-optic
cables (approximately 20-30cm below the surface).
These sensors provide independent measurements
of near-surface temperature variations, supporting a
more accurate characterization of the thermal compo-
nent in the DSS data and improving the reliability of
temperature correction analyses.

6 Discussion

6.1 Installation of an Alpine Multi-Sensor
Seismic Network: Lessons Learned

The different stages of full data set acquisition, includ-
ing pre-campaign planning and post-campaign data
management, are time-intensive. An approximate
overview of the associated time requirements for our
case study is provided in Table 1. We emphasize that
these estimates are strongly dependent on local site
conditions and the specific objectives of the data acqui-
sition. For example, if the measurements are conducted
in more accessible and less challenging alpine terrain,
both personnel involvement and overall time require-
ments may be substantially reduced.

To successfully complete the installation of a seismic
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network including several kilometres of fibre-optic ca-
ble and over 1000 nodes, it was pivotal to take the chal-
lenging Alpine environment into account. Fibre-optic
cable trenches could only be installed at soil-rich crests,
where 20-30 cm slits could be installed with a handheld
trenching device to ensure adequate cable coupling and
protection in the harsh environment. However, the lim-
ited presence of continuous soil-rich stretches also re-
stricted our flexibility for placing the cable. Therefore,
the shape of the fibre-optic layout may not be ideal for
all data applications.

Deploying more than 1000 sensors across terrain with
approximately 800 m of elevation change was possible
only because of their low weight (150 g) and small di-
mensions, which allowed one person to carry up to 100
nodes in a dedicated backpack. This logistical advan-
tage outweighed the fact that the nodes only provided 1-
component (1C) ground acceleration measurements, as
opposed to 3C-receivers that enable analyses relying on
wavefield polarization. Although the omnidirectional
node design in principle allows three 1C-nodes to be
combined into a 3C-unit, for this deployment we priori-
tized dense spatial sampling and associated spatial res-
olution over 3C-measurements.

We underestimated the shadowing of the topography
and the impact of the Alpine soil and vegetation on
the GNSS reception of the deployed nodes. We were
forced to install the sensors less deep (about a quarter of
the sensor above the surface) than originally planned.
This ensured that the internal GNSS receivers were suf-
ficiently above the ground, but also resulted in elevated
wind noise susceptibility and reduced coupling.

At CdV, ambient noise energy levels are character-
ized by a marked change around April-May. After
late April, diurnal variations become much more pro-

Activity Personnel Duration
Prior to field campaign

Experiment design and 12 4 months
planning (50% effort)
Field campaign

Nodal array deployment 5days
Nodal array retrieval 4 5days
Fibre-optic cable deploy- 4 15 deys
ment

F\bre—o‘pt\c measurement ) 20 days
campaigns

Controlled-source  experi- 3 3 s
ment

Complementary measure- 1 15 days
ments

Following field campaign

Data set management and 1 2 months

archiving

Table1 Approximate overview of personnel involvement
and time requirements for the different stages of data set
acquisition.
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nounced compared to winter, with maximum energy
levels being about 5-10dB higher in summer than in
winter. We attribute this difference to the damping ef-
fect of the winter snow cover, which typically melts
around April-May. Elevated summer noise levels may
complicate the detection of weak seismic events, al-
though appropriate processing such as bandpass filter-
ing can mitigate the noise impact.

Ski-lift operations are clearly visible in fibre-optic
recordings close to the ski area, where they dominate
the high-frequency band above 8 Hz. In contrast, the
low-frequency spectrum (<8 Hz) remains relatively un-
affected across the entire layout. Besides that, cable sec-
tions located more than ~500 m from the ski lifts (cen-
tral and western parts) show little to no impact in either
band.

The multi-sensor configuration and data acquisition
at CdV is an ongoing project including potential future
extensions. A particularly valuable network addition
would be the deployment of a fibre-optic cable extend-
ing from the CdV shoulder downslope into the valley,
complementing the nodal array in this area. This would
enable long-term monitoring of seismicity and strain
patterns along the slope. To date, this extension has
not been realised due to steep topography and asso-
ciated logistical challenges; however, it appears feasi-
ble with additional resources and could provide sub-
stantial added value. If fibre-optic deployment along
the slope remains impractical, alternative strategies for
long-term seismic monitoring could be pursued, for ex-
ample through the installation of several long-term seis-
mic stations.

6.2 Implications for Seismic Measurements

The successful recording of body and surface waves
from explosions fired during summer daytime (Figure
6), when highest seismic ambient noise levels were
observed in both the nodal and DAS measurements,
yielded valuable data for subsurface imaging (e.g., trav-
eltime tomography, Kiers et al., 2026). Furthermore,
considering that small explosive charges of around 50 g
release limited energy, we are confident that the DAS
layout likely allows recording data with a sufficiently
high signal-to-noise ratio to detect and interpret natu-
ral seismic signals even during the noisier periods.

The recorded seismic wavefield is dominated by slow-
propagating surface waves with apparent velocities of
400-600m/s. Given the highest observed signal fre-
quencies of approximately 40 Hz, the shortest appar-
ent wavelengths are about 10m. As a result, the 28 m
node spacing results in the surface wave recordings
being aliased at frequencies above 6-7 Hz. Based on
these wavefield characteristics, we recommend, for op-
timized long-term DAS recording at CdV, a DAS channel
spacing of 5m (or less) to adequately sample the domi-
nant surface waves.

7 Conclusions

We present the installation and data examples of a com-
prehensive seismic and fibre-optic monitoring network
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at the Cuolm da Vi (CdV) slope instability, one of the
largest active deep-seated instabilities in the Alps. The
deployment of over 1000 nodal seismic sensors and
6.5km of fibre-optic cable for Distributed Acoustic and
Strain Sensing provides a unique monitoring setup cov-
ering a wide range of spatial and temporal scales: from
metres to kilometres and milliseconds to years. This en-
ables high-resolution characterization and monitoring
of different subsurface structures and time-dependent
deformation processes across different dimensions.

The integration of nodal and fibre-optic technologies
provides complementary strengths in the context of in-
stability monitoring: broad spatial coverage and flex-
ibility from nodal arrays, combined with dense, con-
tinuous and long-term fibre-optic sensing. A first data
screening demonstrates the capacity to answer open re-
search questions using a wide range of seismic anal-
ysis techniques for controlled-source and continuous
seismic recordings, as well as long-term strain sensing.
This dataset opens the door to detailed investigations
into the CdV structure, internal damage evolution, and
the interplay between environmental drivers and me-
chanical response. Furthermore, this integrated seis-
mic sensor network represents a significant step toward
multi-sensor monitoring strategies for slope instability
hazard analysis and risk assessment.
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