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 A B S T R A C T

Understanding the internal structure and geometry of large-scale gravitational slope instabilities is crucial for 
hazard assessment and risk mitigation in mountainous regions. This study presents a high-resolution 2D and 
3D seismic first-arrival traveltime tomography analysis of the Cuolm da Vi (CdV) slope instability, one of 
the largest active mass movements in the Alps. To achieve this, we conducted an extensive seismic survey, 
deploying over 1000 autonomous nodes across a 0.7 km2 area and acquiring data from 144 controlled-source 
shots.

Our resulting 2D and 3D tomographic models reveal significant subsurface heterogeneities, including 
extensive low-velocity zones up to depths of 200 metres, indicative of severe rock mass disintegration. 
Additionally, strong lateral velocity variations persist throughout the unstable zone, further corroborating 
its structural complexity. Our findings align with previous studies that suggest toppling as the dominant 
deformation mechanism. The comparison between 2D and 3D velocity models highlights the critical role of 
out-of-plane effects, such as observed lateral ray bending, emphasizing the importance of 3D imaging for 
accurate characterization of complex instability structures.

The 2D and 3D velocity models provide important constraints for estimating the total unstable rock volume 
and serve as a foundation for future geotechnical analyses and hazard assessments. This study also demonstrates 
the feasibility and effectiveness of large-scale nodal seismic deployments in alpine terrains, paving the way 
for further applications in monitoring and characterizing deep-seated slope instabilities.
. Introduction

Gravitational mass movements such as slope instabilities and land-
lides rank among the most destructive natural hazards worldwide. 
rom 2004 to 2016, gravity-driven events claimed nearly 56,000 lives 
n 4862 events (Froude and Petley, 2018). In addition, the direct and 
ndirect financial damages are significant and estimated to reach up 
o several billions of US dollars each year (Alimohammadlou et al., 
013; Sim et al., 2022). Climate change is expected to lead to a global 
ncrease of the frequency and magnitude of slope failures, due to more 
xtreme precipitation events and processes possibly related to climate 
arming (Handwerger et al., 2022; Patton et al., 2019). To effectively 
ssess risks and risk mitigation strategies arising from slope instabil-
ties, it is critical to obtain a comprehensive understanding of the 
nternal structure and dynamic behaviour of individual unstable slopes, 
s well as a thorough understanding of mass movement processes in 
eneral (Lacroix et al., 2020).
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Various methods have been developed to monitor and characterize 
slope instabilities (Bonnard et al., 2004; Zaki et al., 2014; Intrieri 
et al., 2019). Surface-based approaches, such as remote sensing and 
geodetic tools, can offer extensive coverage and long-term monitor-
ing, but are by definition limited to surface information (Gili et al., 
2000; Rossi et al., 2016; Zhao and Lu, 2018; Shen et al., 2021). 
Consequently, these methods do not provide direct insights into the 
internal structure and dynamics of the unstable body. In contrast, 
geophysical methods enable non-invasive imaging and monitoring of 
the subsurface in 2D and 3D, providing critical insights into slope 
instability processes (Jongmans and Garambois, 2007; Malehmir et al., 
2013; Whiteley et al., 2019). For instance, electric methods allow 
tracking internal moisture dynamics (Perrone et al., 2014), and ground-
penetrating radar is used to investigate structural information in the 
shallow sub-surface (Kannaujiya et al., 2019).

Seismic methods are of particular interest for studying slope insta-
bilities, as P- and S-wave velocities relate to subsurface elastic and 
ttps://doi.org/10.1016/j.jappgeo.2025.106081
eceived 7 May 2025; Received in revised form 12 October 2025; Accepted 24 Dec
vailable online 5 February 2026 
926-9851/© 2026 The Authors. Published by Elsevier B.V. This is an open access a
ember 2025

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/jappgeo
https://www.elsevier.com/locate/jappgeo
https://orcid.org/0000-0002-8958-5361
https://orcid.org/0000-0003-1380-8714
https://orcid.org/0000-0003-0131-1006
https://orcid.org/0000-0003-4849-5789
https://orcid.org/0000-0002-3292-385X
mailto:tjeerd.kiers@eaps.ethz.ch
mailto:cedric.schmelzbach@eaps.ethz.ch
https://doi.org/10.1016/j.jappgeo.2025.106081
https://doi.org/10.1016/j.jappgeo.2025.106081
http://creativecommons.org/licenses/by/4.0/


T. Kiers et al. Journal of Applied Geophysics 247 (2026) 106081 
Fig. 1. Overview of the Cuolm da Vi slope instability (Sedrun, Switzerland). (a) Aerial photograph taken in summer 2022 of the Cuolm da Vi site. (b) Close-up 
picture (summer 2022) of the large-scale crack marking the eastern instability boundary.
mechanical properties (Aki and Richards, 2002; Uhlemann et al., 2016). 
Passive methods leverage natural seismicity or ambient vibrations for 
subsurface imaging and dynamic monitoring (Provost et al., 2018; Le 
Breton et al., 2021). Active seismic techniques, such as first-arrival 
traveltime tomography, rely on controlled sources allowing precise 
control over the position, magnitude, and timing of the seismic energy. 
Seismic first-arrival traveltime tomography has been successfully ap-
plied to characterize slope instabilities, leveraging the observation that 
seismic velocities are generally lower within disintegrated, unstable 
zones compared to the undisturbed host rock (Jongmans et al., 2000; 
Heincke et al., 2006; Samyn et al., 2012; Glueer et al., 2024). Neverthe-
less, active-source seismic experiments have predominantly been con-
strained to 2D investigations, with notable exceptions such as the 3D 
traveltime tomography studies by Heincke et al. (2006), Samyn et al. 
(2012) and Provenzano et al. (2025). Such 2D characterization may be 
insufficient as slope instabilities often exhibit significant heterogeneity, 
and failure processes in highly fractured and unstable crystalline rock 
are frequently governed by complex 3D mechanisms (Erismann and 
Abele, 2001; Eberhardt et al., 2001).

The ’Cuolm da Vi’ (CdV) slope is one of the largest active slope 
instabilities in the Alps with an estimated unstable volume of 150 ×
106m3 (Amann, 2006). The central area of the slope exhibits displace-
ment rates of 10–20 cm/year, with pronounced annual acceleration 
during the April to July period, likely driven by snowmelt water. 
Given that toppling, rather than sliding, is suggested as the primary 
deformation mechanism, we refer to this feature as a ’slope instability’ 
rather than a ‘landslide’ (Amann, 2006; Hungr et al., 2014).

 Kleinbrod et al. (2017) conducted the only seismic study so far 
at Cuolm da Vi using time–frequency polarization and site-to-reference 
spectral ratio analysis of ambient vibrations to characterize the instabil-
ity. The inversion of surface-wave dispersion curves revealed velocity 
profiles indicating a high level of rock mass disintegration and open 
fractures down to depths of at least 100m. In addition, they observed 
isolated, less-fractured block-like structures in the 35–150m depth 
range (Kleinbrod et al., 2017). These previous studies only comprised 
a small amount of sensors and did not answer critical questions on the 
depth extent, notably the postulated transition from disintegrated to 
undisturbed rock expected at 100–200m depth (Amann, 2006).

To resolve the internal structure and spatial extent of the slope 
instability, we have conducted a large-scale 3D seismic refraction to-
mography campaign to image the CdV subsurface seismic velocity 
distribution and to establish a 3D model of the unstable body. We 
deployed more than 1000 lightweight seismic nodes covering an area 
of more than 0.7 km2 including stable and unstable parts and fired 
2 
Table 1
Acquisition parameters of the controlled-source seismic survey in June–July 
2022.
 Attribute Value  
 Total survey area 0.7 km2  
 Sensor type STRYDE node  
 Acquisition time 28days (mid June–mid July, 2022) 
 GNSS time stamp interval 8 h  
 Sampling rate 500Hz  
 Sensor bandwidth 1–125Hz  
 Total number of deployed receivers 1034  
 Receiver spacing (hexagonal grid) 28m  
 Controlled-source campaign June 22–29, 2022  
 Source type 50–60 g explosives (Riodin)  
 Charge depth 0.4–1.0m  
 Total number of sources 144  
 Nominal source spacing (grid & lines) 56m  

144 explosive shots within the receiver layout. Our final 2D and 3D 
velocity models reveal significant velocity contrasts within the CdV 
body likely correlating with rock integrity, that cannot be detected by 
surface observations. These tomograms are crucial input for estimations 
of the total unstable rock volume, further geotechnical analysis and 
corresponding risk assessment.

We begin by briefly reviewing the geological aspects of the Cuolm 
da Vi slope instability. Next, we discuss the field operations in a 
challenging Alpine environment to acquire a large node-number seis-
mic data set and the measured data characteristics and quality. We 
present our traveltime tomography approach and resultant 2D and 3D 
subsurface velocity models.

2. The ‘Cuolm da Vi’ slope instability

The ’Cuolm da Vi’ (CdV) instability is a prominent deep-seated 
gravitational slope deformation located in the canton Graubünden, 
Switzerland (Fig.  1) (Amann, 2006). CdV is positioned on a south-
facing slope north of the town Sedrun in the Central Swiss Alps near 
the southern edge of the Aar Massif. Encompassing an area of about 
1.5km2 area and an estimated unstable volume of about 150 × 106m3

moving about 10–20 cm/yr in the central part, makes CdV one of the 
most impressive instabilities of the Alps (Amann, 2006). Generally, the 
CdV instability consists of a flatter shoulder part at 2200–2400 m and 
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Fig. 2. Topographic map of the Cuolm da Vi instability, with superimposed annual displacement rates from 1999 to 2002 and mapped geomorphological features 
(adapted from Amann (2006)). Point MP27 denotes the CdV instability centre as determined by Amann (2006).
a 25–30◦ slope reaching the valley at approximately 1550 m (Figs.  1(a) 
and 2).

The highly disintegrated gneissic rocks at CdV are characterized 
by steeply dipping Alpine foliation and cut by multiple fracture sys-
tems (Amann, 2006). The ongoing southwest-wards propagating de-
formation is expressed at the surface by prominent metre to 10’s of 
metres-scale graben structures, tension cracks (Fig.  1(b)), and sag-
ging, indicating an overall extensional regime at the northern and 
eastern instability boundaries (Amann, 2006). In the central part, dom-
inant east–west striking anti-scarp features (Fig.  2) suggest toppling in 
south-to-southwest wards direction. At the western and southeastern 
boundaries, the CdV is characterized by active gullying and frequent 
rock fall from shallow sources and other erosional processes in the Val 
Strem and Drun Tobel areas, respectively (Figs.  1(a) and 2).

Surface displacement measurements have been conducted at CdV 
over the past decades using ground-based global navigation satellite 
systems campaigns (Amann et al., 2006), correlation of images from 
aerial imagery (Bickel et al., 2018), and high-precision total station 
(tachymetry) measurements. A map with interpolated annual displace-
ment rates during the 1999–2002 period is shown in Fig.  2. Around 
2003, annual displacement rates in the centre decreased from 20-40 
cm/yr by up to 50%, presumably due to exceptionally dry conditions 
that year (Amann, 2006). Since then, annual displacements have re-
mained relatively stable, with the centre of the deep-seated instability 
around MP27 currently moving 10–20 cm annually. Note that the 
larger observed displacements at ’Cuolm Parlet’ are predominantly due 
to local and shallow instability processes that do not contribute to 
the overall CdV dynamics (Amann et al., 2006). The displacement 
3 
rates measured at CdV are characterized by a strong seasonal pattern 
reaching a peak towards the end of spring, likely governed by the influx 
of significant snow melt water (Amann et al., 2006).

3. Survey design and seismic data acquisition

3.1. Survey design

The CdV survey involved 1034 seismic point receivers (nodes) 
and 144 explosive sources placed around the instability’s centre as 
illustrated in Fig.  3 and detailed in Table  1. The receiver layout was 
designed to cover the accessible parts of both the stable and unstable 
areas of the CdV rock mass, which were determined from the available 
geologic and geodetic data (Amann et al., 2006). The survey did not 
include the largely inaccessible fast-moving Cuolm Parlet area (Fig. 
3) where the displacement is dominated by local, shallow instabilities 
independent of the CdV deep-seated deformations (Amann, 2006).

We arranged 878 receiver points in an L-shaped hexagonal grid with 
a nominal 28m receiver spacing (Fig.  3). A hexagonal grid was chosen 
because this grid results in equal point spacing along lines in three 
directions. Furthermore, because of the shape of CdV, the hexagonal 
layout resulted in several long continuous southwest–northeast receiver 
lines crossing the entire slope, while at the same time providing a 
regular and dense coverage of the shoulder section with east–west 
running lines. This receiver grid covered an area of about 0.7 km2 with 
maximum extensions of 1.0 km and 1.5 km in east–west and southwest–
northeast direction, respectively. Additionally, six receivers were used 
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Fig. 3. Topographic map of Cuolm da Vi overlaid with the average annual displacement rate from 1999–2002 (adapted from Amann (2006)). Red stars mark 
the source grid on the CdV shoulder as well as two additional source lines. Green triangles indicate the receiver grid layout from June–July 2022. The 2D and 
3D inversion domain are outlined with a dashed and solid box, respectively. The black circle and arrow denote the source and west–east receiver line used in 
Fig.  4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
for the extension to the east, 50 for several small-scale arrays, and 100 
for the comparison between the nodes and the Distributed Acoustic 
Sensing acquisition (Kiers et al., 2026).

3.2. Continuous seismic data acquisition

All 1034 deployed autonomous seismic nodes manufactured by 
STRYDE are characterized by their small dimensions and weight of 
150 g (Manning et al., 2018; O’toole et al., 2024). These sensor char-
acteristics allowed a highly efficient deployment in the challenging 
alpine terrain at CdV, which was completed within 4 to 5 days. Each 
STRYDE node was used to record the ground acceleration in the vertical 
direction using a sampling rate of 500Hz. The entire data acquisition 
period lasted for approximately 28 days from mid-June to mid-July 
2022. An overview of the survey acquisition parameters is provided 
in Table  1.

We programmed each node to record a GNSS time stamp every 
eight hours to correct for the internal clock drift due to, for example, 
temperature variations. We chose this GNSS sampling interval as an 
adequate trade-off: it limited the maximum timing inaccuracy to 1ms 
in an extreme case, while minimizing additional sensor operations 
to conserve battery power, thereby maximizing the acquisition time 
window to 28 days. Generally wet soil conditions in combination with 
a high grass cover negatively affected the GNSS-reception of a large 
number of nodes. To improve the GNSS-reception, we planted the 
nodes with approximately a quarter of the node body above the surface 
4 
to ensure proper GNSS-response. This deployment style increased the 
susceptibility of the nodes to environmental noise such as wind and 
temperature variations. The recordings of a small number of nodes 
(<5%) were affected by GNSS-timing issues despite all efforts outlined 
above and were excluded from the further processing.

3.3. Acquisition of the controlled-source data set

A controlled-source campaign was conducted between 22nd and 
29th of June 2022 (Table  1). Explosive charges of 50–60 g of Riodin 
were fired in 0.4–1m deep shot holes, of which we obtained the exact 
source timing (𝑡0) by placing three dedicated nodes 1m around the 
source shot hole and picking the 𝑡0-time. The significant variation in 
shot hole depth was due to strongly varying subsurface conditions. 
Explosive charges of 50–60 g proved to be sufficient to enable large-
offset (>500m) traveltime observations without generating excessive 
shot hole blow-out. The majority of the sources constituted a hexagonal 
grid on the CdV shoulder with a nominal 56m spacing, corresponding 
to twice the nominal receiver distance. Due to the steep and challenging 
terrain in the CdV slope region (Figs.  1(a) and 2), it was practically un-
feasible to extend the source grid to this area. Instead, we acquired two 
additional source lines: one east–west line crossing the CdV shoulder 
and one southwest–northeast line spanning the entire CdV slope (Fig. 
3).
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Fig. 4. Comparison of the raw (black) and bandpass filtered data (red) for source location 10209 (black circle in Fig.  3). (a) Source gather recorded by the 
west–east receiver line 207 (black arrow in Fig.  3). The raw data traces are shown in black and bandpass filtered traces are superimposed in red (Ormsby-filter 
7.5–25Hz). The first-arrival traveltime picks are marked by a dashed black line. (b) Display of a zoomed window for two mid-offset traces showing the comparison 
of raw and filtered data in more detail. (c) Amplitude spectra of the raw and bandpass filtered data. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
4. Seismic and traveltime data

4.1. Seismic data quality and signal characteristics

Common-source and common-receiver gathers were screened for 
low-quality waveform recordings. The data from eight malfunctioning 
receivers and three low-quality sources were excluded from further 
processing. Fig.  4 presents a representative source gather with corre-
sponding amplitude spectra for source position 10209, recorded by the 
west–east receiver line 207 (denoted by a black circle and arrow in Fig. 
3, respectively).

The signal-to-noise ratio (SNR) of the raw data is generally adequate 
to identify the first-arrival onsets up to offsets of 200–300m. For 
larger offsets, however, the first arrival with signal frequencies between 
around 10 and 20Hz is often obscured by incoherent high- and low-
frequency noise (Figs.  4(a) and (b)). The high-frequency noise (>40Hz) 
is presumably related to wind affecting the nodes, while significant 
low-frequency instrument noise (<5Hz) was observed during some 
periods of the day. The prominent appearance of these environmental 
noises (e.g., temperature variations) is likely related to the fact that a 
significant part of each node was exposed above the surface.

4.2. Traveltime picking and uncertainties

The traveltimes for the 2D and 3D analysis were manually picked 
using the ProMAX/SeisSpace software (Landmark-Halliburton). To pick 
the first-arrival traveltimes, we applied a Ormsby bandpass filter with 
wide ramps (3-7.5–25-62.5Hz) in order to improve the SNR of the 
first-arrivals (Fig.  4). The effects of bandpass filtering were thoroughly 
5 
examined by comparing filtered and unfiltered seismic data, to ensure 
consistency in traveltime picking (Fig.  4(b)).

The first-arrival traveltime data for the 2D inversion were extracted 
from source gathers consisting of three parallel receiver lines (Fig.  3). 
To establish the data set for the 3D analysis, we exploited the hexagonal 
receiver grid structure and picked the traveltimes first on east–west 
running receiver lines before revising the picks in northwest–southeast 
and southwest–northeast running receiver lines for consistency (Fig.  3).

We could determine a total of 2188 and 33,423 first-arrival travel-
times for the 2D and 3D inversion, respectively, of which the distribu-
tion with respect to source–receiver offset is shown in Fig.  5. For both 
the 2D and 3D data set, more than 80% of the possible traveltimes could 
be picked for source–receiver offsets <300m. Beyond 300m offset, the 
fraction of picked traveltimes reduces significantly to approximately 
10% for 700–800m offset. Slight differences between the 2D and 3D 
data set are presumably related to variations in subsurface conditions 
between the shoulder and slope area.

We initially designed the source grid so that each source location 
would be positioned at the centre of the equilateral triangles formed 
by the hexagonal receiver grid, ensuring equal distances to the three 
nearest receivers. However, inaccuracies arose from converting receiver 
coordinates from the Swiss LV95 to the global WGS84 coordinate 
system, which was necessary for compatibility with the STRYDE de-
ployment system. This conversion introduced a systematic stretching 
of the implemented receiver grid in the southwest–northeast direction. 
This gradually increasing shift reached up to 10 m in the northeastern 
part of the survey area, resulting in approximate co-location of certain 
source and receiver positions. To ensure accurate geometry informa-
tion for processing, all receiver positions were precisely surveyed in 
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Fig. 5. Traveltime distribution with respect to source–receiver offset for both the (a) 2D and (b) 3D domain. The grey histogram plot shows the absolute number 
of traveltime picks in the respective offset bin. The red line marks the percentage of source–receiver pairs for which a traveltime could be picked. For the 3D 
case, note the lower absolute number of picks in the 0–100m bin, which is due to the array geometry and associated limited amount of available source–receiver 
pairs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
the LV95 coordinate system prior to node retrieval. The unintended 
partial source–receiver overlap allowed us to exploit source–receiver 
reciprocity (Schmelzbach et al., 2008) to assess data uncertainty by 
analysing traveltime differences for interchangeable source–receiver 
pairs. A half-normal distribution fitted to the absolute traveltime differ-
ences yielded standard deviations of 10.8ms (from 96 pairs) and 9.2ms 
(from 1896 pairs) for the 2D and 3D data sets, respectively. These 
uncertainty estimates of approximately 10ms correspond to roughly 
one-fifth of the dominant signal period (Fig.  4(c)).

5. First arrival travel time tomography

5.1. 2D and 3D inversion domain

For the subsequent 2D and 3D inversion, we defined a 2D and 3D 
domain with corresponding subset selections of sources and receivers 
(Figs.  3 and 6). The 2D domain runs from the presumably stable 
valley bottom in the southwest along the entire CdV slope towards 
the northeast spanning 1550m, where it crosses the most active part 
of the CdV shoulder (Fig.  3). This 2D configuration consists of the 
southwest–northeast source line and three adjacent parallel receiver 
lines including a total of 27 sources and 158 receivers (Fig.  6(a) and 
Table  2).

The 3D domain encompasses both the presumed stable and unstable 
regions of the CdV shoulder (Fig.  3) and includes all available sources 
and receivers within this area (Fig.  6). This domain covers an area 
of 1370 x 430m and comprises the northern section of the hexagonal 
receiver grid, along with the additional small-scale receiver deploy-
ments at the CdV shoulder, totalling 490 receivers. The CdV shoulder 
source grid, supplemented by two additional source lines, provided 125 
available sources, all of which were utilized for the 3D inversion (Fig. 
6 and Table  2).

5.2. Inversion strategy

Our first-arrival traveltime tomography algorithm is based on min-
imizing the misfit between observed and predicted data (Lanz et al., 
1998). We defined an initial velocity model, employed a forward 
solver for traveltime computation and ray tracing, applied suitable 
regularization and solved the subsequent inverse problem iteratively. 
This approach generally applies to both the 2D and 3D inversion case 
(Table  2). Note that for the 2D domain, the sources and receivers are 
not located exactly along a single straight line (Fig.  6(a)). Therefore, we 
projected the source and receiver locations onto a line and corrected the 
observed traveltimes for imposed path length changes using geometry 
relations.
6 
Table 2
2D and 3D inversion parameters.
 Parameter 2D 3D  
 Domain dimensions 1550 x 1000m 1370 x 430 x 700m 
 No. of included sources 27 125  
 No. of included receivers 158 490  
 No. of first-arrival picks 2188 33,432  
 Forward grid dimensions 1 x 1m 4x4 x 4m  
 Starting model surface velocity (𝑉0) 400m/s 400m/s  
 Starting model constant 𝑘 22 (m/s)/m 22 (m/s)/m  
 Starting model constant 𝑛 1.05 1.05  
 Air velocity 330 m/s 330 m/s  
 Inverse cell dimensions (at surface) 8 x 4m 8x8 x 4m  
 Inverse cell size increase factor 1.05 1.05  
 No. of inverse cells 3474 119,728  

5.3. Initial model

We established a starting model for both the 2D and 3D inversion 
domain (Fig.  6 and Table  2), based on the same 1D so-called Evjen 
velocity function as described in Greenhalgh and King (1981): 
𝑉 (𝑧) = 𝑉0(1 + 𝑘𝑧)1∕𝑛, (1)

where 𝑉 (𝑧) is the P-wave velocity at depth 𝑧 below the surface, 𝑉0
marks the velocity at the surface (𝑧=0) and 𝑘 and 𝑛 are two con-
stants defining the velocity increase with depth. From very-short offset 
(<10m) travel time observations, we obtained a surface velocity 𝑉0
of 400m/s. The other parameters were determined by trial-and-error 
comparison of modelled and observed traveltime data, resulting in 
𝑘=22 and 𝑛=1.05 (Table  2). The surface topography defining 𝑧=0 
was implemented by assigning a fixed air velocity of 330m/s to all 
model cells above the surface.

5.4. Solution to the forward problem

To solve the 2D and 3D forward problem, we followed Podvin and 
Lecomte (1991), including the revisions suggested by Tryggvason and 
Bergman (2006), and employed the backtracing algorithm outlined 
by Li et al. (2018) for ray computation. We defined square and cubic 
grids with side lengths of 1m and 4m for the 2D and 3D forward-
modelling grid, respectively (Table  2). These grid sizes enabled stable 
traveltime computations while staying within computational memory 
limits for the both 2D and 3D case.

5.5. Solution to the inverse problem

We solved the non-linear and underdetermined inverse problem 
following Lanz et al. (1998) by iteratively finding the solution to the 
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Fig. 6. Overview of the sources and receivers that are included in the 2D and 3D inversion workflow. (a) The 2D configuration consists of 27 sources and three 
parallel adjacent receiver lines containing 158 receivers. (b) The 3D layout includes 125 sources and 490 receivers that constitute a source and receiver grid at 
the CdV shoulder.
following system of equations using a Gauss–Newton scheme: 
(

𝐭
𝐡

)

=
(

𝐋
𝐃

)

𝐬, (2)

where 𝐋 denotes the Jacobian matrix of size 𝑛 × 𝑚 (number of data 
points × number of inverse cells), 𝐭 the observed travel times, 𝐃 and 𝐡
the regularization constraints, and 𝐬 the unknown slowness values. As 
described by Maurer et al. (1998), the matrix 𝐃 consists of an upper 
part, which is a diagonal 𝑚 × 𝑚 matrix used for damping constraints, 
and a lower part, constituting an 𝑚 × 𝑚 matrix representing the first-
order smoothing operator. Similarly, the vector 𝐡 is composed of an 
upper part with the initial or previously estimated slownesses and a 
lower part containing zeros. The right-hand side matrix of Eq.  (2) is 
typically sparse, allowing the system of equations to be effectively 
solved using the LSQR algorithm proposed by Paige and Saunders 
(1982). After each update of the velocity model, the predicted travel 
times and ray geometry are recomputed to update 𝐋.

We used rectangular and cuboid cells for the inverse problem 
parametrization that increase in size with depth below the surface (Ta-
ble  2). For the 2D and 3D inversion problems, we selected cell dimen-
sions at the surface of 8 x 4m and 8 x 8 x 4m, respectively (horizontal 
times vertical dimension). To account for decreasing ray coverage with 
depth, we increased the cell dimensions in the depth (𝑧) direction by 
a factor of 1.05 for each new layer. The parameters controlling the 
damping and smoothness constraints (Eq. (2)) were determined by 
trial-and-error, to identify adequate parameter sets that allowed fitting 
the observed traveltimes to within the estimated uncertainties of 10.8 
and 9.2ms for the 2D and 3D case, respectively. For our preferred 
regularization set, smoothing dominates over damping by a factor of 
two for both the 2D and 3D inversions.

6. Results of the 2D inversion

6.1. 2D velocity model

Our final 2D P-wave velocity model, obtained after 15 iterations and 
converging to a traveltime misfit RMS of 8.18ms, is presented in Fig. 
7. In the shallowest 20m, velocities range between 500 and 1000m/s, 
with slightly higher values near the slope bottom area (southwest of the 
2D profile). At depths greater than 30m, we observe significant lateral 
velocity variations. In the lower part of the profile, up to approximately 
𝑥 = 500m profile distance, seismic velocities increase notably with 
depth, from around 1000m/s near the surface to over 3000m/s at 50m 
depth. In contrast, northeast of 𝑥 = 500m, a triangular-shaped low-
velocity zone (<2000m/s) extends across much of the profile, reaching 
depths of up to 200m at the top of the profile (shoulder area).
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6.2. 2D velocity model assessment

The traveltime residuals (observed minus modelled traveltimes) as a 
function of offset are plotted for the initial and final model in Fig.  8(a) 
and (b), respectively. The corresponding velocity models are presented 
in Fig.  8(c) and (d). The large spread of initial traveltime residuals, 
with an RMS of 57.6ms, indicates significant lateral velocity variations 
that are not explained by the starting model. Positive residuals are 
likely associated with the extensive low-velocity region. Through 15 
iterations, the traveltime misfit is reduced to an RMS value of 8.18ms, 
which is slightly lower than the estimated traveltime uncertainty of 
10.8ms derived from the reciprocity analysis. Most rays are concen-
trated within the uppermost 100m (Fig.  8(d)), as a consequence of the 
source–receiver offset distribution (Fig.  5(b)) and the strong velocity 
gradient in the shallow subsurface. At greater depths, however, ray 
path coverage becomes more laterally variable, with only a limited 
number of rays crossing the deep sections of the low-velocity region 
in the shoulder area, making this region less well constrained.

7. Results of the 3D inversion

Horizontal slices extracted from the final 3D P-wave velocity vol-
ume are shown in Fig.  9(a). A general trend of velocity increase with 
depth is evident, ranging from approximately 500–1000m/s at the 
surface to 2500–4000m/s at a depth of 200m. Notably, substantial 
lateral velocity heterogeneities are present at each depth level. At 
a depth of 50m, alternating elongated positive and negative veloc-
ity anomalies are particularly prominent in the northeastern part of 
the volume, with lateral velocity contrasts spanning 300–700m/s. At 
depths around 150m, we note even more pronounced lateral velocity 
variations. These variations are characterized by a low-velocity zone 
in the central part of the volume surrounded by markedly higher 
velocities, especially concentrated in the north to northwestern area 
adjacent to the low-velocity zone.

Vertical slices of the 3D P-wave model are presented in Fig.  10. 
These slices correspond to the three east–west profiles along the dashed 
lines in Fig.  9. The vertical slices reveal lateral velocity heterogeneities 
similar to those observed in the depth slices discussed above. In the 
central part of the CdV shoulder (middle row, around 2.7024 × 106 m 
easting), we observe a distinct velocity transition between depths of 
150m and 200m, where velocities rapidly increase from less than 
2000m/s to over 3500m/s. However, more towards the west and east, 
as well as along the northern and southern profile (top and bottom row, 
respectively), this transition is more gradual and occurs at shallower 
depths (100–150m).
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Fig. 7. Final 2D P-wave velocity model after iteration 15 (see Figs.  3 and 6(a) for geometry). Only cells covered by rays are shown. Source and receiver locations 
projected onto the 2D inversion plane are marked as red pentagrams and black triangles, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 8. Traveltime residuals (observed minus modelled traveltime) for (a) the starting model (RMS of 57.6ms) and (b) the final model (RMS of 8.18ms), plotted 
as a function of offset. (c) 2D starting model based on a 1D depth-dependent Evjen function starting at the surface (Table  2). All cells above the surface topography 
have a fixed air velocity value (330m/s) and are plotted as white. Sources and receivers are marked by red pentagrams and black triangles, respectively. (d) Final 
2D velocity model (same as Fig.  7), but now including non-ray-covered cells and with superimposed ray paths. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Final 3D inversion results after 30 iterations (for geometry, see Figs.  3 and 6(b)). (a) Horizontal slices extracted from the 3D velocity model at a constant 
depth beneath the surface topography. Only ray-covered cells are shown. (b) Corresponding cell-based ray count for the slices shown in (a). The profile lines of 
the vertical 3D model slices in Fig.  10 are indicated by dashed lines.
We further note that in the easternmost section of the 3D domain, 
which is best covered by the middle profile, relatively higher velocities 
(2300–2700 m/s) are present at shallow depths (50–100m). The lateral 
transition from these higher velocities in the east to the central low-
velocity zone occurs between 2.7026 × 106m and 2.7027 × 106m easting 
(also visible in top profile). This transition coincides with the boundary 
between the stable and moving parts of the CdV shoulder (Fig.  2) and 
aligns with the location of large opening cracks at the surface (Fig. 
1(a)).

7.1. Assessment of the 3D model

The traveltime residuals for both the initial and final 3D model are 
shown as a function of source–receiver offset in Fig.  11(a) and (b), 
respectively. After 30 iterations, the spread of residuals was effectively 
reduced, with the RMS decreasing from 23.5 to 9.76ms. This final RMS 
value closely aligns with the estimated uncertainty of 9.2ms derived 
from the reciprocity analysis. Furthermore, we note that the initial RMS 
of 23.5ms for the 3D data set is considerably lower than the value of 
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the 2D data set (initial RMS of 57.6ms), despite both starting models 
being constructed using the same Evjen function (Eq. (1)).

As velocity anomalies and ray coverage generally correlate in ray-
based travel time inversions, we evaluated the 3D ray distribution for 
the final model. In Figs.  9(b) and 10(b), we present the cell ray count 
of the final 3D model for the horizontal and west–east vertical slices, 
respectively. At the surface level (0m depth), ray paths primarily inter-
sect surface cells that contain either a source or receiver, due to their 
steeply dipping behaviour. By approximately 25m depth, we observe 
near-complete lateral ray coverage, likely due to the influence of small-
offset picks in an omnidirectional sense. Adequate ray coverage extends 
down to 200m depth, suggesting that the velocity model remains 
predominantly data-driven within this range. However, note that the 
cell ray count displayed in Figs.  9(b) and 10(b) does not equate to ray 
density, due to the aforementioned increase in cell size with depth. As 
expected, high-velocity anomalies correlate with elevated ray counts, 
as high-velocity perturbations often accommodate the smallest source–
receiver traveltime However, low-velocity regions are also intersected 
by rays, as evidenced by the absence of unsampled (white) cells in Figs. 
9(a) and 10(a).
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Fig. 10. Vertical slices of the final 3D model along the three profile lines indicated by dashed lines in Fig.  9. (a) West–east slices of the 3D velocity model, 
displaying only ray-covered cells. (b) Corresponding cell-based ray count for the slices shown in (a).
Fig. 11. Traveltime residuals (observed minus modelled traveltimes) as a function of offset for (a) the starting model (RMS: 23.5ms) and (b) the final model 
(RMS: 9.76ms). For clarity, only every 10th residual is plotted.
These observations are further supported by Fig.  12, which illus-
trates the source–receiver ray path geometry for shot location 30024 in 
the three orthogonal planes. In Figs.  12(b) and (c), the steeply dipping 
ray paths near the surface are evident. Note that this steep dipping 
and associated velocity gradient is with respect to the local topog-
raphy rather than the vertical axis. Furthermore, Fig.  12 highlights 
the correlation between ray coverage and velocity anomalies. While 
ray paths converge through higher-velocity regions, the distribution 
remains sufficiently uniform to ensure coverage of lower-velocity zones 
as well. At depths exceeding 200m, ray sampling becomes increasingly 
sparse, with only a small amount of large-offset, divergent ray paths 
intersecting these model cells (Fig.  12(b)). Therefore, these deeper 
model regions are only constrained by a limited number of data points 
and consequently, should only be considered for interpretation with 
caution.

8. Discussion

8.1. Comparison of the 2D and 3D subsurface models: out-of-plane effects

The coincident 2D and 3D velocity models enable us to evaluate the 
consistency between the independently derived 2D and 3D inversion 
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models of a largely identical traveltime data set. Additionally, they 
provide an opportunity to investigate the effects of lateral heterogeneity 
and out-of-plane effects on the 2D models (for overlap geometry, 
see Figs.  3, 6, and 7). The relative velocity differences between the 
2D model and a co-located plane extracted from the 3D model are 
presented in Fig.  13(a), where positive values indicate higher velocity 
values in the 2D model relative to the 3D model, and vice versa. Within 
the upper 100m below the surface, such positive velocity differences 
in the range of 0%–30% dominate, except for two small regions of 
negative difference at approximately 1300m and 1475m profile dis-
tance. Below 100m depth, velocity differences are generally smaller 
and predominantly negative, indicating slightly higher velocities in the 
3D model.

The relatively higher shallow velocities in the 2D model compared 
to the co-located 3D model plane are predominantly due to lateral ray 
bending and associated out-of-plane effects, as illustrated in Fig.  13(b). 
We observe in Fig.  13(b) that, for sources included in the 2D inversion, 
rays laterally bend along high-velocity anomalies in a fully 3D sense. 
When projected onto a 2D plane, this results in artificially elevated 
velocity values along the 2D profile relative to the more accurate 
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Fig. 12. Source–receiver ray paths for shot location 30024 projected onto the three orthogonal planes. The source and receiver positions are denoted by a red 
pentagram and black triangles, respectively. Receivers without connecting ray paths represent source–receiver pairs for which the first-arrival could not be picked. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 13. (a) Relative velocity differences in percent between co-located cells in the 2D and 3D velocity model. Positive values indicate higher velocities in the 
2D model relative to the 3D model, while negative values signify relative lower velocities. White cells represent regions not sampled by rays in either the 2D or 
3D inversion. Source and receiver locations are marked as pentagrams and triangles, respectively. (b) Top view of the 3D shot-receiver ray paths for shot and 
receiver positions that were used for both the 2D and 3D inversion process. The source and receiver positions are plotted by red pentagrams and black triangles, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
co-located plane extracted from the 3D model. Additionally, the 2D in-
version incorporated three parallel receiver lines adjacent to the source 
line (Fig.  6), effectively approximating an elongated 3D domain within 
a 2D framework. This projection may introduce further inaccuracies. 
Moreover, the 2D and 3D models were optimized independently, each 
subject to domain-specific regularization constraints and corresponding 
inversion effects.

8.2. Model robustness and methodological limitations

The ray coverage within the upper 200m is generally dense and 
adequately distributed (Figs.  8, 9 and 12) indicating that the main 
model features, including low-velocity zones, are well constrained by 
data. Moreover, a large variety of starting models and regulariza-
tion constraints were tested to evaluate the stability of the inversion 
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approach. While individual small-scale velocity details vary among 
resulting final models, the principal features presented in this study 
remain consistent throughout all inversions, irrespective of, for exam-
ple, the initial model. This robustness suggests that the major velocity 
anomalies are data-driven rather than artifacts of regularization or local 
minima in the inversion process.

Nevertheless, we note that first-arrival traveltime tomography is 
limited by the underlying ray (high-frequency) approximation neglect-
ing finite-frequency phenomena, such as diffraction and scattering, 
which limits spatial resolution. Consequently, the resulting models are 
relatively smooth and best suited for resolving large-scale velocity 
structures rather than fine-scale heterogeneities. Despite these limita-
tions, the models presented here provide a robust representation of the 
subsurface, including dominant structural features that are critical for 
the hazard assessment of CdV. Furthermore, these models constitute 
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a valuable starting point for future finite-frequency or full-waveform 
studies that aim to refine the structural details of the unstable zone.

8.3. Vertical extent of unstable zone

At the surface, the lateral extent of the CdV unstable zone is largely 
constrained by surface displacement measurements (Fig.  2) obtained 
from total station measurements of prisms located within and outside 
the unstable area, a dense network of GPS measurements and digital 
image correlations using high-resolution orthoimages (Amann, 2006). 
Our 2D and 3D velocity models complement these surface observations 
under the assumption that low seismic velocities at depth indicate 
disintegrated rock. A prominent low-velocity body extends across much 
of the 2D profile, beginning at approximately x=500m upslope and 
gradually deepening toward the CdV shoulder (Fig.  7). Just north-east 
of x=500m, this damaged volume exhibits a thickness of approxi-
mately 80–100 m. Closer to the CdV shoulder, the thickness increases 
to 150–200m or more, though the limited ray coverage in the 2D 
inversion prevents capturing the full transition to more undisturbed 
rock at greater depths.

The 3D model at the CdV shoulder (Figs.  9 and 10) is generally 
better resolved than the 2D model, extending to depths of 200–250m 
in the central region. As a result, the transition from damaged to undis-
turbed rock is more clearly defined in the 3D model due to its deeper 
ray coverage. In some areas, particularly in the centre of the CdV 
shoulder, this transition is relatively distinct at depths of 150–200m. 
However, in other regions, the transition is far more gradual and/or 
occurs at shallower depths. Besides that, the subsurface structure ex-
hibits significant lateral variations at all depths. The absence of a single 
sharp transition at depth aligns with the proposed dynamics of Cuolm 
da Vi, which is considered to be of a toppling type, rather than a sharply 
defined failure plane.

9. Conclusions

This study presents a comprehensive 2D and 3D seismic first-arrival 
traveltime tomography analysis of the Cuolm da Vi (CdV) slope insta-
bility, one of the largest active mass movements in the Alps. Through an 
extensive field campaign deploying over 1000 seismic nodes and con-
ducting 144 controlled-source shots, we successfully constructed high-
resolution 2D and 3D velocity models, revealing significant internal 
heterogeneity within the unstable rock mass.

Our results highlight the presence of extensive low-velocity zones 
at depths exceeding 100–150 metres, suggesting substantial rock mass 
disintegration that cannot be detected by surface observations alone. 
The lateral variations in seismic velocities further emphasize the com-
plexity of deformation processes, consistent with toppling-dominated 
instability mechanisms. The comparison between 2D and 3D models 
highlights the importance of accounting for out-of-plane effects when 
interpreting seismic data in highly heterogeneous alpine environments.

These findings have important implications for hazard and risk 
assessment. The detailed velocity models provide essential constraints 
for estimating the total unstable rock volume, the definition of potential 
hazard scenarios and can serve as input for future geotechnical and 
numerical stability analyses. Additionally, the results demonstrate the 
feasibility and effectiveness of large-scale nodal seismic deployments in 
alpine terrains, paving the way for further applications in monitoring 
and characterizing deep-seated slope instabilities.

Future work focuses on integrating seismic tomography with ge-
ological, geodetic and remote sensing observations to refine our un-
derstanding of the subsurface structure. Furthermore, additional seis-
mic investigations, such as shear-wave tomography and localization 
of micro-seismicity, could provide complementary insights into the 
mechanical properties and structural dynamics of the CdV instability.
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