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Abstract 

The Corbeyrier and Yvorne mass movement events that happened in the year 1584 have mainly been studied 
at the surface level such that the shallow subsurface structure remains largely unknown. Geophysical measurements 
allow for insights into the physical properties of the subsurface including the geometry of deposits after such events. 
We applied three methods with the specific interest of obtaining information about the spatial variation of thickness 
and lithology of the mass movement deposits: the horizontal to vertical spectral ratio of ambient seismic noise (54 
measurements), electrical resistivity tomography (2 profiles) and ground-penetrating radar (7 profiles). These meas‑
urements were then complemented with a physical sample obtained from drilling a 10.6 m long core in the Luan 
forest. We found that the mass movement deposits contain angular clasts of gravel and cobbles in a clay matrix 
(~ 30%). We also saw a thinning of the deposits downslope such that they reached a thickness of 3.5 m in the Luan 
forest and a thickness greater than 10 m (estimated between 50 and 100 m) near the source region at Plan Falcon. We 
identified two areas which call for further investigation in terms of the possibility of sediment mobility of the deposits 
in the event of an earthquake: Plan Falcon and the mostly bare scree slope just below.

Keywords  Landslide, Horizontal to vertical spectral ratio, Ambient seismic noise, Electrical resistivity tomography, 
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1  Introduction
Mountainous regions are naturally prone to mass move-
ments, and such events have affected or currently affect 
at least 6–8% of Switzerland (Raetzo & Loup, 2016). 
Weather and climate play a major role in the dynamics 

and eventual triggering of these events as seen in the 
recent Brienz/Brinzauls rockslide of 2023 (e.g., Häusler 
et  al., 2025; Loew et  al., 2025) and the Blatten landslide 
of May 2025. To a lesser extent, these events can be seis-
mically induced with the example of the 1946 Rawilhorn 
rockslide/rock avalanche (5 million m3 of material) which 
was triggered by a moment magnitude 5.5 aftershock four 
months after the magnitude 5.8 mainshock in Sierre; it 
was the largest of 88 mass movement events triggered by 
these earthquakes (e.g., Fritsche & Fäh, 2009; Moore et al., 
2012). Historically, there are several records of seismi-
cally induced events that have occurred in the Alps such 
as in 1348, when six rockslides on the Dobratsch Moun-
tains, Austria, were triggered by an earthquake with an 
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estimated magnitude of ~ 7 mobilizing 100 million m3 of 
material (e.g. Jemec Auflič et  al., 2017; Caracciolo et  al., 
2021). Similarly, in Switzerland and the focus of this study, 
two mass movement events occurred in Corbeyrier and 
Yvorne in the canton of Vaud over four centuries ago. 
On the 11th of March 1584, a magnitude 5.9 earthquake 
(max. intensity VIII) in the region of Aigle triggered a 
rockfall (free fall, bouncing and rolling of individual rock 
blocks) in the upper flank of the Tour d’Aï mountain’s 
south-western side. In the following days, heavy precipi-
tation prevailed and on the 14th of March 1584 a mag-
nitude 5.4 aftershock (max. intensity VII) led to a debris 
flow (rapid, concentrated flow of debris in a channel). This 
event brought material down to the bottom of the val-
ley, almost entirely destroying the village of Corbeyrier, 
and partly covering the village of Yvorne, taking over 300 
lives and causing substantial damage. Both the geologi-
cal process and the consequences are described in detail 
in historical records and recent compilations, and for 
details we refer to Jeannet (1912–1918), Alexander (1983), 
Gisler et al. (2008), Fritsche et al. (2012), Schwarz-Zanetti 
et  al. (2018). The catastrophic event itself and the trace 
of these mass movement events are locally known as the 
“Ovaille” (or “Orvaille”) and is referred to as such hereaf-
ter. The geologically mapped trace of the Ovaille is ~ 5 km 
in length and extends from an elevation of 400–1500  m 
above sea-level (Fig.  1). Previous studies of the Ovaille 
have primarily focused on its surface-level geological and 
geographical features, with no examination of its sub-
surface structure (e.g. Jeannet, 1912–1918; Badoux et al., 
1960; Badoux, 1965; Alexander, 1983). Therefore, the 
volume, lithological nature, spatial variability, and physi-
cal properties of the mass movement deposits are mostly 
unknown. Motivated by these questions, we investigated 
the thickness and heterogeneity of the Ovaille deposit 
layer, and the depth of the landslide slip surface, as well as 
gained insights into the resonance frequency and related 
local ground motion amplification effects in the event of 
an earthquake in the region.

Mass movement deposits can have very complex 
geometries and compositions, so in order to character-
ize the Ovaille deposits, we employed four methods of 
investigation. The first was passive seismic measure-
ments at individual sites, the continuous recordings of 
which have served to calculate the horizontal to verti-
cal spectral ratio (HVSR) of ambient seismic noise. This 
method effectively identifies the fundamental resonance 
frequency of S-waves and serves as a first-order tool for 
assessing major seismic impedance contrasts at depth, 
which can be indicative of ground amplification effects, 
particularly in soft sedimentary deposits overlying bed-
rock (e.g., Nakamura, 1989; Bard, 1999; SESAME Pro-
ject, 2004; Molnar et al., 2018). The use of HVSR in mass 

movement studies has increased in recent years target-
ing the depth to the slip surface, the heterogeneity of 
the material, and vibrational behaviour of unstable areas 
(e.g. Pazzi et al., 2017; Imposa et al., 2017; Iannucci et al., 
2020; Seitone et al., 2025). The HVSR method is both fast 
and effective, requiring only short-duration recordings to 
yield reliable results, depending on the lowest frequency 
of interest. This efficiency enabled us to perform a large 
number of measurements across the study area, both 
within and outside the Ovaille; the most detailed spatial 
assessment (~ 100 m scale) of subsurface variations per-
formed on the Ovaille to date. We also conducted geo-
physical surveys along profile lines, specifically electrical 
resistivity tomography (ERT) and ground-penetrating 
radar (GPR) which are used extensively in subsurface 
imaging and have been successful in characterizing mass 
movement deposits and its evolution through the iden-
tification of heterogeneity and contrasts in lithology and 
water content, determining the thickness and struc-
ture of the material, and locating slip surfaces (e.g. Sass 
et  al., 2008; Bichler et  al., 2004; Perrone et  al., 2014). 
These techniques allowed us to add greater perspective 
to the HVSR measurements by continuous imaging at 
approximately a 1  m scale, and to help in constraining 
the thicknesses of the subsurface layers and their spatial 
variability. Geophysical surveying is a cost-effective and 
non-invasive way of characterizing these types of depos-
its on a large spatial scale but in order to obtain ground 
truth, and compare and calibrate the geophysical results, 
a fully cored borehole was drilled. This local but valuable 
observation allowed us to better interpret the geophysical 
results, to verify the true thickness of the Ovaille depos-
its, and to assess the type of material deposited by the 
mass movements as well as the nature of underlying layer 
in this region. We conclude on the general characteristics 
of the Ovaille deposits, with a focus on the analysis of 
the Plan Falcon area and the loose debris (or scree) slope 
exposed at the surface.

1.1 � Geological setting
The Ovaille was formed by the collapse of the wall over-
looking the Luan cirque, eroded into the heart of the 
Tour d’Aï anticline, part of the Préalpes Médianes Plas-
tiques. The sedimentary series extends from the Triassic 
to the Upper Jurassic (Fig.  1), according to the geologi-
cal maps of Monthey and Montreux (Badoux et al., 1960; 
Badoux, 1965) and the work of Jeannet (1912–1918). 
Upper Triassic (Norian) cargneules and dolomites can 
be identified, forming the core of the anticline and out-
cropping sporadically beneath the Ovaille deposits in the 
bed of the Yvorne torrent, downstream from Corbeyrier. 
The wall overlooking Luan consists mainly of the Rhae-
tian and Hettangian series. These are alternating layers of 



Page 3 of 18     22 Characterization of the 1584 Corbeyrier and Yvorne “Ovaille” mass movement deposits by multimethod geophysical surveying and drilling

marl and limestone, the latter rarely exceeding one metre 
in thickness. The upper part of the Hettangian forma-
tions forms a hundred-metre-high escarpment, visible 
below the point marked 2016 (Col de Tompey). These 
are light-coloured cherty limestones, the only forma-
tion massive enough to generate blocks measuring sev-
eral metres, such as those found in the Ovaille deposits 
at an elevation of around 1200 m, at “Derrière la Terre.” 
The ridge separating Luan from the Tour d’Aï massif is 

formed by a well-bedded series of Sinemurian marls and 
argillaceous limestones. It should be noted that the mas-
sive limestones of the Upper Jurassic, which form the 
backbone of the Tour d’Aï anticline, are not involved in 
the source material of the Ovaille deposit.

The Ovaille was deposited on Quaternary glacial 
deposits, mainly morainic, left by the Rhône glacier and 
local glaciers. The distinction between the two types of 
moraines is difficult, as Badoux et  al. (1960) points out, 

Fig. 1  a Map of Switzerland showing the location of the study area with a red marker. b Geological map of the study area. c Topographic map 
showing the locations of the seismic stations (red dots), electrical resistivity tomography (ERT) and ground penetrating radar (GPR) profiles 
(purple and green respectively) and the location of the drill site (blue arrow). The geologically mapped trace of the Ovaille is highlighted in orange 
and the black box locates the region shown in d which focuses on the ERT and GPR profiles. Places names mentioned in the text are highlighted 
in red. Basemaps and the Ovaille trace are from ©swisstopo
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since elements of gneiss, for example, clearly associ-
ated with the Rhône glacier, may have been reworked by 
local glaciers. In the downstream section, after flowing 
through the valley carved out by the Yvorne torrent, the 
Ovaille spreads out over an alluvial fan previously depos-
ited by the same torrent. The thickness of the Ovaille 
deposit is difficult to estimate based on purely morpho-
logical criteria. Three hydrological excavations spread 
across the Luan forest, reaching a maximum depth of 
3  m, did not reach the base of the deposit. The size of 
the excavated material averages a few centimetres, with 
some blocks less than 30 cm. In its downstream section, 
towards Maison Blanche, the Ovaille deposits form a 
characteristic lobe that is approximately 10 m thick near 
Maison Blanche.

2 � Methods
We employed three geophysical techniques: (1) the HVSR 
of ambient seismic noise, (2) ERT, and (3) GPR. We also 
drilled a borehole, whose location was selected based on 
these measurements. The positions of stations and survey 
lines were located by GPS, and the elevation profiles were 
taken from the SwissALTI3D model (©swisstopo).

2.1 � HVSR of ambient seismic noise
The HVSR analysis of ambient noise is the ratio between 
the amplitude of the Fourier spectra of the horizontal 
(averaged for north–south and east–west) and verti-
cal components of continuous seismic recordings. The 
HVSR method was first introduced by Nogoshi and 
Igarashi (1970, 1971) and further developed by Naka-
mura (1989) as means to extract site S-wave resonance 
frequency and amplification of soft sediment. The peak 
of the HVSR curve is due to high impedance contrasts 
(greater than 4; SESAME Project, 2004) between lay-
ers and has been shown to give a good estimate of the 
resonance frequency but not of the site amplification 
factor (e.g. Lanchet & Bard, 1994, 1995; Ibs-von Seht & 
Wohlenberg, 1999; SESAME Project, 2004; Bonnefoy-
Claudet et  al., 2008). Rather, it has been suggested that 
amplification is often underestimated by the HVSR and 
instead the HVSR can give a lower bound estimate (e.g. 
Bard, 1999; Atakan et al., 2004; Haghshenas et al., 2008). 
We interpret the HVSR peak amplitude as an indicator 
of relative subsurface material property variations, which 
may locally influence ground motion amplification effects 
during earthquakes.

Ambient vibration measurements were conducted 
using the Raspberry Shake RS3D, a compact seismom-
eter that integrates three-component 4.5  Hz geophones 
with a 24-bit digitizer, operating at a sampling rate of 100 
samples per second. A total of 54 measurement points 
were surveyed, including 45 within the geologically 

mapped extent of the Ovaille (12 of which were located 
in the Plan Falcon area) and 9 additional points in the 
surrounding regions for comparison (Fig.  1). The dura-
tion of the measurements varied from 1 to 4 h, however 
there were disruptions with a few of the data acquisitions 
(possibly linked to the external GPS antenna) so continu-
ous recordings were processed between 20-min and 4-h 
durations.

HVSR analysis of the ambient noise recordings was 
performed using the Geopsy software, (version 3.5.2; 
Wathelet et  al., 2020) with the following settings: (a) 
the squared average for merging the horizontal com-
ponents; (b) a Tukey window taper at 10%; (c) log–log 
Konno–Omachi smoothing with a b-value (bandwidth 
coefficient) of 40; and (d) non-overlapping time windows 
ranging from 20 to 60 s, depending on the duration of the 
recorded data. The selected window lengths ensured the 
extraction of a sufficient number of spectra for robust 
statistical analysis of the HVSR results, in accordance 
with the SESAME Project (2004) recommendations, i.e., 
the number of significant cycles of the predominant fre-
quency contained in each window was always greater 
than 200.

The geophones integrated into the Raspberry Shakes 
have a natural frequency of 4.5  Hz, and a usable band-
width ranging from 0.7 to 39  Hz. However, we pro-
cessed the data with a lower frequency limit of 2 Hz as 
we observed increased distortion below this frequency 
resulting in larger standard deviations in the spectral 
ratios. We attribute this behaviour to a combination of 
factors including significant subsurface heterogeneities 
at greater depths where longer wavelengths penetrate 
deeper. We also set an upper frequency limit of 25  Hz, 
as higher frequencies are more susceptible to incoher-
ent noise, scattering effects, and local subsurface varia-
tions, which can compromise the reliability of the HVSR 
measurements. (e.g., Aki 1957; Molnar et al., 2022). This 
2–25  Hz frequency range is appropriate for our study, 
as we anticipate a relatively shallow impedance contrast 
between the Ovaille material and the underlying glacial 
deposits, on the order of meters to tens of meters (see 
Sect. 1.1, and Alexander, 1983).

2.2 � ERT
ERT operates by injecting electric current into the sub-
surface between one pair of electrodes and measuring the 
corresponding difference in electrical potential between 
another pair of electrodes. During an ERT survey, many 
of such quadripole measurements are acquired for dif-
ferent electrode positions along a profile line, the results 
of which are inverted to estimate the spatial distribu-
tion of subsurface electrical resistivity. ERT measure-
ments were made along two profiles: ERT1 in the Luan 
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forest, across the middle of the mapped Ovaille deposits’ 
east–west extent, along a forest road, and ERT2 at Plan 
Falcon along the landslide’s presumed movement direc-
tion, with the aim of mapping the contact between the 
deposits and the underlying layer (Fig.  1). We used a 
Syscal Switch Pro 96-channel resistivity meter manufac-
tured by IRIS Instruments. The electrode spacing along 
each profile was 1  m, yielding a profile length of 95  m. 
This corresponds to an approximate depth of inves-
tigation of 15–20  m, which is within the range of the 
expected thickness of the mass movement deposit at 
least in the Luan forest. Data were acquired using both 
the Wenner-Schlumberger and dipole–dipole electrode 
configurations; the former typically better resolves ver-
tical layering, and the latter is better suited to detecting 
lateral changes. A pulse duration of 500 ms and a target 
of 50  mV for the potential readings were set as criteria 
for the current injection. For each resistivity quadrupole, 
four repeat measurements were made to identify errone-
ous values and improve data quality.

Pre-processing of the ERT data was performed in 
MATLAB and included removing all data where the 
relative standard deviation of the repeat quadrupole 
measurements was greater than 4%, or where the meas-
ured potential was less than 5  mV. For the Wenner-
Schlumberger data, this meant rejecting approximately 
10% of the measurements. For the dipole–dipole data, 
roughly 20% of the measurements were rejected. To 
invert the measurements, the Boundless Electrical Resis-
tivity Tomography (BERT) software package was used 
(Günther & Rücker, 2019), considering smoothness 
(L2-norm) prior model constraints and with inversion 
parameter zweight = 0.5 to reflect a prior model struc-
ture between isotropic (zweight = 1) and strongly layered 
(zweight = 0.1).

2.3 � GPR
GPR operates by sending a short-duration electromag-
netic impulse (MHz to GHz range) into the subsurface 
using a transmitter antenna. The impulse reflects off 
objects or interfaces across which electrical properties 
change, most notably the dielectric permittivity. The 
reflected signals are then recorded as a function of time 
at a receiver antenna. By acquiring GPR measurements 
at regular intervals along a profile line, a subsurface 
image can be constructed, revealing variations in electri-
cal properties that correspond to different lithologies or 
changes in water content. GPR measurements were made 
along seven profiles. Three profiles were made in the 
Luan forest where the first profile, GPR1, trends roughly 
west to east across the Ovaille deposits overlapping with 
and extending further than ERT1; the second, GPR2, runs 
along the mass movement’s flow direction perpendicular 

and adjacent to GPR1; and the third, GPR3, runs along 
another forest road which crosses the edge of the depos-
its. The remaining four profiles were made in Plan Falcon 
with GPR4 following the trend of ERT2 and extending 
further to the southeast, and GPR5, GPR6 and GPR7 run-
ning parallel to GPR4 on the western side of the Ovaille 
(Fig. 1). We used a PulseEkko Pro GPR system manufac-
tured by Sensors & Software Inc. The transmitter and 
receiver antennas, having a center frequency of 100 MHz 
and separated by a distance of 0.5 m, were towed along 
each profile and GPR traces were acquired every 0.1  m 
using an odometer wheel trigger. Traces were recorded 
with a time sampling interval of 0.5 ns and a trace length 
of 500 ns. Each trace was stacked 10,000 times based on 
real-time sampling at the receiver to improve the signal-
to-noise ratio of the data.

Processing of the GPR data was standard and consisted 
of (i) dewow, using a 31-point windowed residual median 
filter, to remove the low-frequency transient upon which 
the GPR reflection signal is superimposed; (ii) gain, using 
a smooth time-varying function based on the average 
amplitude decay curve for the dataset, to compensate 
for losses due to the geometrical spreading of energy and 
attenuation; (iii) frequency-wavenumber (f–k) migra-
tion, using the approach of Stolt (1978), to correctly 
image reflectors and scatterers in depth; and (iv) horizon-
tal median filtering using an 11-point window to better 
highlight reflection interfaces. Migration was accom-
plished using a radar wave velocity for the soil of 0.1 m/
ns, which was found visually to best collapse the numer-
ous diffraction hyperbolas in the data. Note that all GPR 
images are presented relative to the surface topography 
along the survey line.

2.4 � Cored drilling operation
We defined the target location of a cored borehole in 
the Luan forest based on several factors: the results of 
the ERT1 survey line, the indications from GPR1, ease 
of access for the drilling equipment, and constraints 
related to permitting. Most importantly, the ERT1 results 
motivated the location chosen for drilling (Fig. 1) essen-
tially where there was a clear signal showing a contrast 
between the Ovaille deposits and the supposed top of the 
glacial deposits, at a depth that was within reach by drill-
ing. Provisions had to be made for this operation as this 
location was in a S2 hydrogeological zone (inner ground-
water protection zone for drinking water requiring 
special permitting), which implied a multi-step authori-
zation request and procedure with the Canton of Vaud’s 
hydrogeological as well as forest services, and the Munic-
ipality of Corbeyrier. Based on the scientific relevance of 
the borehole, an exception was granted to drill at the tar-
geted point under the following provisions: (1) no fluids 
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could be injected during the operations (dry drilling), 
(2) obligation to sample the nearby water uptake source 
before and after drilling, (3) producing a hydrogeological 
report, (4) filling the borehole with the in situ material at 
its bottom and clay pellets in the top 4 m to avoid a pref-
erential zone of surface water infiltration, (5) numerous 
environmental and safety matters such as using a tarpau-
lin under the drilling equipment, biodegradable oils and, 
generally, high standards to protect nature. All these con-
ditions have been met.

The borehole was drilled vertically to a depth of 10.6 m, 
first with a 140 mm diameter bit to a depth of 3.15 m, fol-
lowed by a diameter of 116 mm for the rest of the hole. 
The cores were retrieved by the drilling team and laid 
into core boxes in their original structural context as 
much as it was possible to do considering the nature of 
the rocks. The cores were first described on-site by visual 
inspection and photos were taken in the “fresh” condi-
tion (Fig. 2). Later, after transportation to the University 
of Lausanne, they were described in great detail, by vis-
ual inspection and by manipulative tests to distinguish 
material texture (clay vs. silt), and by applying the clas-
sification codes in Naef et al. (2019). The core is stored at 
the University of Lausanne and is available for scientific 
purposes.

3 � Results
3.1 � HVSR
The HVSR curves were grouped, based on iterative visual 
inspection by three independent observers, into 8 cate-
gories of similar patterns which are described and illus-
trated in Table 1. The examples in Table 1 show the HVSR 
curves calculated in each window of the time series along 
with the mean of those curves and a pick for resonance 
frequency, fR.

Considering the measurements within the Ovaille, the 
HVSR curves reveal a predominance of sites with low 
resonance frequencies (fR < 4 Hz) in Plan Flacon, while 
intermediate frequencies (6–10  Hz) are observed just 
below in the loose debris or scree slope region (Fig. 3). 
The curves with multiple peaks are limited to three 
points in Plan Falcon, showing low or intermediate res-
onance frequencies followed by either an intermediate 
or high peak (> 12 Hz). Further downslope, the region is 
characterized by the absence of distinct peaks, followed 
by a scattered occurrence of intermediate and high 
resonance frequencies. Additionally, a cluster of lower 
resonance frequencies appears in the southeastern part 
of the Ovaille. The measurements outside the Ovaille 
in general show no clear peak, except for two locations 
(one at the geologically mapped limit of the Ovaille and 
the other on a slope east of Plan Falcon) both exhibit-
ing intermediate resonance frequencies. Without an 

appropriate velocity model, we are limited in our cal-
culation of thickness from these frequencies, neverthe-
less we were able to estimate Vs values in Plan Falcon 
which we then used to give first order approximations 
of thickness of the Ovaille deposits there (see Sect. 4).

In terms of amplitudes (AR), the values for the clear, 
broad and multiple peaks always exceed 2, aligning with 
the SESAME Project (2004) criteria for a clear peak. 
Nearly all amplitudes fall within a 2 to 6 range, with 
one peak reaching 9.7 (Fig.  3). For the curves with no 
distinct peak in the Ovaille, amplitudes generally range 
between 2 and 4, except for one outlier measurement. 
Outside the Ovaille, half of the measurements without 
a peak exhibit amplitudes between 2 and 4, while the 
other half fall below 2. Overall, there is no significant 
amplification, though, as previously mentioned, the 

Fig. 2  Photos of drilled cores taken on site directly after drilling, 
in their fresh state. Each core box slot is 1 m long, and core sections 
follow one another left to right then top to bottom
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HVSR method provides only a lower bound estimate of 
seismic amplification.

An important factor to consider in HVSR analysis is 
the potential influence of topographic slopes on spec-
tral ratios. Steep terrain can alter the propagation of 
surface waves, potentially disrupting their development 
and affecting the decomposition of the wavefield into 
horizontal and vertical components (e.g., Tessmer et al., 
1992). In sloping areas, part of the horizontal motion is 
projected onto the vertical axis (and vice versa), leading 
to a smearing effect in the HVSR curves. These effects 
are not yet fully understood, particularly in the context of 
HVSR inversion, where assumptions about the ambient 
seismic wavefield and forward modelling typically rely on 
a flat surface (e.g., Poggi et al., 2012; Molnar et al., 2018). 
While slope-induced effects may contribute to local vari-
ability, our analysis primarily focuses on resonance fre-
quencies and relative amplification, rather than detailed 
inversion. We do not observe any correlation between 
local slope inclination and fundamental resonance fre-
quency in our dataset, suggesting that topographic 
effects are either negligible or within the uncertainty of 
our measurements. Thus, for the scope of this study, we 
consider their impact to be secondary and do not explic-
itly account for them in our interpretation.

3.2 � ERT and GPR
Figures  4 and 5 present the ERT and GPR results for 
the Luan forest profiles, respectively. For the ERT1 

profile, the Wenner-Schlumberger and dipole–dipole 
inversion results are consistent with each other, show-
ing a more resistive layer having a thickness of about 
3.5–4  m sandwiched between a less resistive surface 
layer (< 1 m thick) and the sediments below. Compar-
ing these results with the results from GPR1 where 
ERT1 overlaps between 150 and 250  m distance 
(Fig.  5), there appears to be a weak reflection around 
4  m depth, which separates an upper region charac-
terized by more chaotic scattering, and a lower region 
having weaker amplitudes. This change in character 
is somewhat less clearly seen in GPR2, and even more 
weakly seen in GPR3, particularly near the middle of 
the profile.

The ERT2 profile at Plan Falcon (Fig. 6) shows some 
differences compared to ERT1 in that the upper low-
resistivity layer is much thicker (with an average 
thickness of about 5  m). This overlies more resistive 
sediments, which extend beyond the depth range of the 
resolved area (> 10  m thickness). Examining the GPR 
results acquired along the same profile (GPR4), this 
near-surface low-resistivity layer seems to correspond 
with an attenuation of the signal with the effect dimin-
ishing to the south (Fig.  7). This effect is also seen in 
GPR5 and to a lesser extent in GPR7. The results from 
GPR6 are even less coherent and while being cautious 
to not over-interpret, there seems to be some attenua-
tion in the upper part of the section.

Fig. 3  a Distribution of the resonance frequencies fR from the HVSR results. The colour bar represents the resonance frequencies for the clear, broad 
and multiple peaks categories. The trace of the Ovaille is outlined in black. The inset figure in the top left corner is zoomed into the Plan Falcon 
region. b Same as a but for the resonance peak amplitude AR
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Table 1  Classification of the HVSR curves used in this study

Broad peak A peak spanning a 
wider frequency range 
(5-8 Hz), with a less 
well-defined maximum 
frequency   

 
Multiple peaks The presence of at least 

one clear peak 
accompanied by 
additional peaks at 
different frequencies 

 

HVSR fR CATEGORY DESCRIPTION EXAMPLE

Clear peak A distinct and well-
defined peak with a 
frequency range <2.5 
Hz
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Table 1  (continued)

Low-frequency trend A gradual increase in 
spectral amplitude 
toward lower 
frequencies without a 
distinct peak 

 

Asymmetrical peak A peak with an 
amplitude below 4, 
exhibiting an irregular 
or skewed shape 

 
No peak (moderate 
amplitude)

The absence of a clear 
peak, with spectral 
amplitudes ranging 
between 2 and 4
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3.3 � Drill core
The core recovered by drilling (Fig. 2) features two lay-
ers between which there is a water saturated zone that 
is most likely the water table (Fig.  8). The upper layer 
(0–3.5 m), which we classify as the Ovaille material, is 
an unconsolidated brecciated deposit in a clay matrix 
(~ 30% clay content) with angular clasts (gravel and 
cobbles). The bottom layer (3.5–10.6  m) is a similar 
brecciated deposit, but it is more consolidated with 
greater amounts of clay (~ 40%). We classify this layer 
as glacial deposits. If we extrapolate the geologic map 
(Badoux et  al., 1960) we can possibly expect depos-
its of the Rhône glacier (“dépôt glaciaire rhodanien”) 
at this location. However, the beige colour and high 

permeability of the material suggests that these glacial 
deposits are more consistent with local glacial depos-
its (J.F. Brodbeck, personal communication, 2024). The 
Rhône glacial deposits are typically grey-blue in colour 
and are more compacted due the weight of the glacier. 
In addition, these deposits share similar characteristics 
with the Ovaille material providing more evidence in 
support that the Ovaille reworked local glacial depos-
its. The exact limit between the two layers lies some-
where between 3.35 and 3.54 m depth, the only portion 
where core recovery was not complete, due to the water 
percolation through this depth range. This matches the 
depth at the nearby artificial catchment where water is 
taken from approximately 4 m depth.

Table 1  (continued)

No peak (low 
amplitude)

The absence of a clear 
peak, with spectral 
amplitudes below 2

Poor data A large spread in the 
standard deviation or 
the windowed curves 
are not fully coherent 
with each other

In the examples the coloured lines represent individual HVSR curves calculated in shorter windows along the time series. The solid black line represents the average of 
these curves with the standard deviation shown by the dashed black lines. The grey area represents the standard deviation of the peak frequency which is the value at 
the boundary of the light and dark grey
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Fig. 4  Inversion results from the ERT survey in the Luan forest (ERT1), with the top panel showing the Wenner-Schlumberger survey and the bottom panel showing the dipole–dipole 
survey. Colours represent electrical resistivity as indicated in the colour bar. The location and depth extent of the drillhole is shown by the red square and line. Horizontal and vertical 
scales are alike

Fig. 5  GPR results for the Luan forest profiles. The black box locates the extent of ERT1 profile along the GPR1 profile. The profiles are migrated, and depths have been approximated 
using an assumed velocity of 0.1 m/ns. Note the various horizontal profile lengths for the same vertical scale. Elevation is plotted above each profile
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A detailed core description can be found in the Sup-
plementary Information.

4 � Discussion
The distribution of the peaks of the HVSR curves reveals 
the presence of two distinct impedance contrasts: a 
deeper interface, generating the low frequency peak, 
in the region of Plan Falcon, and a shallower interface, 
responsible for the development of the higher frequency 
peaks, downslope (Fig. 3). This is supported by the ERT 
results that depict a more electrically resistive layer with 
a thickness of 3.5–4  m in the Luan forest (ERT1), that 
appears significantly thicker in Plan Falcon (ERT2). We 
interpret this layer as the Ovaille deposits which is cor-
roborated by the core drilled in the Luan forest. The drill 
core also confirmed that the thin near-surface low resis-
tivity layer observed here was due to weathered depos-
its. Underlying the Ovaille layer, the ERT results from 
the Luan forest show a decrease in resistivity, which can 
be attributed to the increased clay content in the glacial 
deposits. The increased clay content could also be the 
reason why the GPR signal in this region is attenuated. 
Moreover, the presence of the water table could enhance 
this effect, as saturated material would also increase con-
ductivity and attenuation of the GPR signal. Thus, the 

changes seen in the ERT and GPR signals could repre-
sent both the transition from unsaturated to saturated 
sediments and the change in sediment composition (e.g. 
Everett, 2013), which point to the transition from the 
Ovaille material to glacial material. The HVSR in this 
area of the Luan forest showed “no peak” with amplitudes 
between 2 and 4 (Fig. 3). This could be due to the absence 
of a strong impedance contrast within that frequency 
range, as seen in the drill core, where the glacial material 
and Ovaille material appear fairly similar, with clay con-
tent being the primary distinguishing factor. Conversely, 
regions with a flat HVSR with AR around 1 are typically 
associated with hard rock or homogeneous, very stiff 
sediments, which do not significantly alter the ground 
motion ratio between horizontal and vertical compo-
nents (e.g., Haghshenas et  al., 2008; Xu & Wang 2021). 
This is consistent with measurements taken on bedrock 
outside of the Ovaille (Fig. 3—No Peak AR < 2) and at one 
location within the Ovaille where the deposits have been 
excavated by humans. Further downslope, the presence 
of higher-frequency peaks is likely attributed to local var-
iations occurring over a scale of a few metres. A cluster 
of lower-frequency well-defined peaks is also observed in 
the southeastern part of the Ovaille. This may be attrib-
uted to the mixing or reworking of materials, leading to 

Fig. 6  Inversion results from the ERT survey in Plan Falcon (ERT2), with the top panel showing the Wenner–Schlumberger survey and the bottom 
panel showing the dipole–dipole survey. Colours represent electrical resistivity as indicated in the colour bar. Horizontal and vertical scales are alike
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a reduced impedance contrast between the Ovaille and 
glacial deposits and sharper impedance contrast with the 
underlying rock. Alternatively, these peaks could result 
from the local remobilization of deposits due to erosional 
processes.

In Plan Falcon the more electrically resistive Ovaille 
material shown in ERT2 reaches a thickness greater 
than 10–15  m and is overlain by a less resistive layer 
that attenuates the GPR signal. We interpret the latter as 
surface run off deposits with greater clay content as this 
area is just below the landslide scarp. The presence of the 
multiple peaks of the HVSR may be indicative of multi-
ple impedance contrasts and could be showing a shallow 
contrast possibly between the surface run-off and Ovaille 
material (higher frequency range) and a deeper contrast 

possibly between the Ovaille material and glacial depos-
its (lower frequency range). On the other hand, the mul-
tiple peaks may be a result of higher-mode interactions 
in the surface wavefield, however, determining this would 
require inversion modelling, which is beyond the scope 
of this study. Broad peaks are also observed in this region, 
which may indicate spatial heterogeneity in the sub-
surface or lateral variabilities. Alternatively, they could 
reflect a gradual impedance transition rather than a sharp 
contrast between deposits (e.g., SESAME Project, 2004). 
The Ovaille deposits are too thick to be resolved with the 
limited aperture ERT profile and the limited depth-pen-
etration GPR profiles, and surveying much longer seg-
ments is greatly hampered by the terrain conditions.

Fig. 7  GPR results for the Plan Falcon profiles. The black box shows the extent of the ERT2 profile along the GPR4 profile. The profiles are migrated, 
and depths have been approximated using an assumed velocity of 0.1 m/ns. Note the various horizontal profile lengths for the same vertical 
scale. Elevation is plotted above each profile
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A realistic estimate of the thickness and volume of the 
Ovaille material under Plan Falcon could be made by 
interpolating the topography of the slopes adjacent to the 
Ovaille, defining it as the base of sliding, and then cal-
culating the volume above this reference surface. Since 
the geometry of this base is subject to uncertainties, we 
estimate the thickness in a simplified manner, by compar-
ing topographic profiles along four segments (Fig. 9). The 
topographic relief at the southern edge of Plan Falcon is 
at least 50  m compared to neighbouring segments, and 
up to 100 m depending on the reference elevation chosen 
to match the profiles and/or if one considers that the sur-
face along segment 2 has already undergone movements 
in the past, which is not unlikely based on the LiDAR 
image (Fig.  9). This 50–100  m estimate of the Ovaille 
deposit’s thickness at Plan Falcon (Fig.  10) remains a 
first-order, rough estimate, especially because the sliding 
surface can be found and created at greater depths too. 
However, it indicates that the amount of mobilized mate-
rial just below the source of the 1584 Ovaille is not neg-
ligible on the order of a few million cubic metres. From 
these thicknesses, h, we can also get an estimate of aver-
age S-wave velocity of the deposits, Vs, in Plan Falcon 
using an approximate characteristic resonance frequency 

of 2.5  Hz from the HVSR curves there, fR, and the fol-
lowing equation (e.g., Ibs-von Seht & Wohlenberg, 1999; 
Delgado et al., 2000):

This gives a lower and upper bound estimate of Vs 
between 500 and 1,000  m/s, for a thickness of 50 and 
100  m respectively. As these Vs values fall into a wide 
range of material deposits including clayed gravel and 
weathered rock (e.g., Jia, 2018), we consider them as 
realistic of the subsurface deposits at Plan Falcon. Thus, 
we can use them to convert the resonance frequency 
at each “clear” peak point in Plan Falcon to a thickness 
simply to represent the spatial variability in this area 
(Fig.  9c). This again shows a greater thickness at Plan 
Falcon that decreases moving down to the scree slope. 
It should be noted that this is a simplified equation 
that assumes a homogenous layer and deviations occur 
in more complicated environments (e.g. Poggi et  al., 
2012). Nevertheless, it provides a first rough assess-
ment of depth and variability of the layer.

The HVSR can also provide some broad insights 
about sediment mobility on slopes in the event of an 
earthquake (e.g. Seitone et al., 2025). It detects imped-
ance contrasts and indicates where stronger ground 
motion can be expected, typically under the assumption 
of a flat surface and buried topography (one-dimen-
sional approximation). A well-defined, pronounced 
peak can indicate a strong impedance contrast between 
unconsolidated material and bedrock, and generally 
a higher chance of ground motion amplification. In 
some cases, however, such contrasts may also coincide 
with mechanically weaker interfaces—where materi-
als of different stiffness are in contact—that could be 
more prone to mobilization under seismic loading. 
The trapping and resonance of seismic waves at these 
horizons may further increase dynamic stresses, poten-
tially reducing their stability. While HVSR alone cannot 
be considered a diagnostic tool for slope failure, it can 
provide useful proxies for identifying subsurface con-
ditions that may be more susceptible to mobilization 
during earthquakes. Taking this into consideration, we 
suggest that the regions of Plan Falcon and the scree 
slope should be investigated further as areas where 
there can be potential mobility of the Ovaille sedi-
ment in the event of an earthquake. For comparison, we 
applied a “vulnerability index” proposed by Nakamura 
(1996) which agreed with these results (see Supplemen-
tary Information). We emphasize that this is a prelimi-
nary assessment and a more detailed analysis is needed 
to add certainty to these results. Additionally, we note 

fR =

Vs

4h

Fig. 8  Simplified core log. A more detailed log can be found 
in the Supplementary Information
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that the hazard of a large magnitude earthquake in this 
region is relatively low, and only a few houses below 
Plan Falcon would be vulnerable to any mass move-
ment event, and this is made more unlikely given the 
stabilizing forest cover.

The ground truth obtained by the drill core is very 
valuable for several aspects. First, it confirms that sub-
surface geophysical surveying, in this case primarily 
ERT, provides quick and robust estimates of the physi-
cal properties and structures. The agreement between 

Fig. 9  a Topographic relief (LiDAR-based swissALTI3D monodirectional relief, from ©swisstopo) showing four profiles chosen for a first-order 
assessment of the lateral variation of topography, with specific interest in the relief at Plan Falcon (PF). Segment 1 is considered intact, segment 
2 may have seen mass movements in the past, segment 3 is along the Ovaille and crosses Plan Falcon, and segment 4 also appears intact. Yellow 
box locates the region shown in (c). b Figure showing a comparison of the topographic profiles with a chosen attachment point at an elevation 
of 1650 m. c Map of re-calculated thicknesses at each point where there was a clear peak in the Plan Falcon region. The colour bar represents 
the thickness using the realistic bounds of Vs (500 m/s and 1000 m/s) indicating the level of uncertainty in this calculation

Fig. 10  Conceptual diagram of the Ovaille deposits at Plan Falcon with vertical exaggeration of 2 × horizontal



   22   Page 16 of 18	 A. Maharaj et al.

the results also allows for the interpretation of ERT 
data elsewhere, in terms of water and clay content vari-
ation related to changes in electrical conductivity, and 
possible layer thickness variations that could reflect 
paleo-topography. The ~ 3.5 m thickness of the Ovaille 
deposits also shows that the GPR images have been 
time-to-depth converted with approximately the right 
velocity (the observed contrast was at ~ 4  m depth). 
For the interpretation of the HVSR, the drill core pro-
vides the useful information that in the Luan forest, the 
physical property contrast between the Ovaille depos-
its and the underlying local moraine deposits are rel-
atively small, which in turn may explain why some of 
the obtained HVSR amplitudes show no clear peak. 
Finally, from a geological point of view, the analysis 
of the drilled core reveals that the primary difference 
between  the Ovaille deposits and the underlying layer 
is clay- (and, consequently, possibly water-) content, 
other than this the clasts are of similar size and nature, 
and correspond to the local geology uphill from the 
Ovaille area.

5 � Conclusions
Three geophysical techniques were applied to learn 
about the thickness, physical properties, and ground 
motion effects of the 1584 Corbeyrier and Yvonne mass 
movement (“Ovaille”) deposits. Additionally, a sediment 
core was drilled to give direct physical evidence and for 
comparison with the geophysical measurements. We 
measured ambient seismic noise at 54 points within and 
around the Ovaille to calculate the horizontal to vertical 
spectral ratio (HVSR). We also deployed two profiles for 
electrical resistivity tomography (ERT) and seven pro-
files for ground-penetrating radar (GPR). These meas-
urements also show that overall, the Ovaille deposits 
are thicker in the region of Plan Falcon compared to 
downslope, such that, there were lower resonance fre-
quencies at Plan Falcon grading into intermediate and 
higher resonance frequencies downslope. This is in 
agreement with the two ERT profiles that depicted a 
thicker less conductive layer greater than 10  m at Plan 
Falcon, and between 3.5 and 4 m thick in the Luan forest 
which also gave a more chaotic signal in the GPR meas-
urements compared to the underlying layer. The drill 
core confirmed that the thickness of the Ovaille deposits 
in the Luan forest is about 3.5 m. It also showed that the 
Ovaille deposits are not significantly different from the 
underlying local glacial deposits as they are both brecci-
ated deposits with a clay matrix, but the Ovaille deposits 
are more unconsolidated and have a lower clay percent-
age (30% vs 40%). The HVSR measurements also gave an 
idea of the areas where ground motion could be amplified 
in the event of an earthquake. We suggest there is cause 

for further investigation at Plan Falcon and the scree 
slope just below in terms of sediment mobility. Overall, 
a multi-pronged, geophysical and geological approach 
using techniques which do not necessarily provide simi-
lar results has in this case proven to be useful in charac-
terizing paleo-events and their trace in the subsurface, 
and so could be simultaneously deployed in other zones 
of interest.
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