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Abstract  The Pays de Herve region in East Belgium is character- 
ised by widespread slope instability. Some of these Quaternary  
paleo-landslides are still active, showing subsidence phenomena  
that can be related to the presence of weak subsurface materials  
such as clays (locally topped by weathered chalk) overlying a dis- 
continuous sand-silt layer. This study provides a detailed charac- 
terisation of three active landslides in the area, with a particular  
focus on the Manaihan landslide, which is the most active and has  
also caused damage to surrounding buildings. To investigate these  
landslides, an integrated geophysical approach was applied, com- 
bining electrical resistivity tomography, P-wave seismic refraction,  
multichannel analysis of surface waves, and microseismic ambient  
noise measurements (H/V analysis). Each method has intrinsic  
limitations, but their combined use allowed for a comprehensive  
analysis of the sliding surfaces. While the first three techniques pro- 
vided detailed information on limited sectors of each landslide, the  
ambient noise measurements enabled the coverage of the entire  
landslide areas. This integrated approach, combining microseismic  
ambient noise frequency analysis, allowed for a detailed mapping  
of the Manaihan landslide’s subsurface and the creation of a 3D  
geological model of the site. The results align well with the geo- 
physical imagery collected, allowing the precise identification of the  
landslide bases and enhancing the understanding of the subsurface  
structure in the Pays de Herve region.

Keywords  Electrical resistivity tomography · Seismic refraction 
tomography · MASW · H/V amplitude

Introduction
Shallow landslides are instability phenomena that affect the upper- 
most layers of the subsurface. These events are particularly com- 
mon in the hilly and mountainous areas of the planet (Montrasio  
and Valentino 2007). They are often triggered by intense or pro- 
longed rainfall. The rising prevalence of extreme weather events,  
driven by climate change, amplifies both the frequency and inten- 
sity of these landslides, leading to even greater damage. Water  
infiltration plays a critical role by increasing the pressure of the  
pore water, which reduces the shear strength of the soil, ultimately  
destabilising the slope (Persichillo et al. 2017).

Most shallow landslides mainly involve surface debris, and  
their sliding surfaces often develop along layers parallel to the  
slope with differing hydraulic and mechanical properties. The  
geology and geomorphology of the slope play a fundamental role  
in triggering these movements, which are typically translational  
slides (c.f., Hungr et al., 2014). They are, in fact, set on soils with  

low cohesion, high permeability, and often at the contact between  
impermeable and permeable layers. Identifying the trigger mecha- 
nisms and the shear surface is crucial to understand the future  
evolution of these phenomena. However, characterising superficial  
landslides set in sandy-loamy-clay soils is somewhat complicated,  
as the slip surface is not always well delineated (Yalcin 2007; Chan- 
dler 2020; Vivoda Prodan et al. 2023; Innocenti et al. 2023).

The application of geophysical techniques for characterising  
unstable slopes is firmly established within the scientific com- 
munity, having regard to the intrinsic limitations of each method  
(cf., Pazzi et al., 2019). Among the most commonly used techniques  
are Electrical Resistivity Tomography (ERT), active and passive  
seismic surveys, and ground penetration radar (GPR) (Mreyen et al.  
2021; Lapenna and Perrone 2022; Calamita et al. 2023; Kabeta et al.  
2023; Innocenti et al. 2023). However, each geophysical method is  
typically sensitive to a single physical property of the terrain, which  
may vary in time and space (Whiteley et al. 2019). The ERT tech- 
nique is highly sensitive to the presence of water, as it significantly  
reduces resistivity, which in turn is also affected by other factors  
such as salinity, temperature, and chemical composition. Further- 
more, both vertical and horizontal resolution decrease with depth  
(Pazzi et al. 2019). A major limitation of seismic refraction lies in  
its inability to detect so-called “blind zones’’, which occur when  
there is a low-velocity contrast between layers or when velocity  
inversions are present, i.e., when seismic velocity does not increase  
progressively with depth (Redpath 1973). Similarly, passive seismic  
methods struggle to provide accurate imaging of subsurface geom- 
etry in the absence of significant seismic impedance contrasts. In  
rigid environments, such as compact rock or highly homogeneous  
soils, the impedance contrast may be too low to generate a mean- 
ingful peak. In areas with surface irregularities, such as hills, slopes,  
the local seismic response is also affected by topographic effects,  
which can amplify ground motion due to terrain geometry. In the  
presence of multiple interfaces or weak contrasts, the peak may  
become damped or split into multiple peaks, making interpretation  
more challenging (SESAME 2004). Therefore, a single geophysi- 
cal technique alone cannot provide a complete overview, and the  
integration of several techniques can help overcome many indi- 
vidual limitations. Recent studies have emphasised the benefits of  
integrated, multi-method approaches. For instance, the joint use  
of ERT and seismic techniques has been shown to improve the  
interpretation of subsurface structures by combining sensitivity  
to both electrical and mechanical properties (Grandjean et al. 2009;  
Bièvre et al. 2012). Such multi-parameter strategies, whether applied  
qualitatively or through joint inversion frameworks, help reduce  
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the non-uniqueness of results and provide a more robust under- 
standing of landslide dynamics (Uhlemann et al. 2017). Electrical  
and seismic refraction tomographies, as well as the analysis of the  
dispersion of surface waves, are often only capable to characterise  
a limited portion of the landslide subsurface (directly below the  
survey line), due to instrumental constraints (e.g., the finite length  
of the cables). Single-station seismic noise measurements, even  
though point measurements, can be performed with a sufficient  
number of acquisitions as to cover the whole area under investiga- 
tion (Castellaro 2016; Pazzi et al. 2017; Mreyen et al. 2021; Innocenti  
et al. 2023). When the single-station seismic noise measurements  
are elaborated according to the Horizontal to Vertical Spectral Ratio  
(HVSR or H/V Nakamura 1989), two main hypotheses have to be  
considered: (a) the superficial layer can be assumed homogeneous,  
and (b) the shear wave velocity increases with depth due to gravity  
compaction. In those cases, all H/V curves collected over a site can  
be elaborated together, converting them from the H/V-frequency  
into the H/V-depth domain, thus creating a section (i.e., a contour  
plot of the H/V curves) showing the amplitude variation of H/V  
with depth (Ibs-von Seht and Wohlenberg 1999; Delgado et al. 2000;  
Castellaro 2016; Pazzi et al. 2017, 2018; Sgattoni and Castellaro 2020;  
Song et al. 2021; Seitone et al. 2025). If all the conditions are met,  
these sections allow to identify the interfaces between layers.

The Pays de Herve area in eastern Belgium is severely affected  
by both active and quiescent paleo-landslides. Their move- 
ments have been known since the 1990 s (Demoulin and Glade  
2004; Demoulin and Chung 2007; Preuth et al. 2010), while some  
of them have been reactivated by human activity (infrastructure  
construction) and/or rainfall (notably the Manaihan landslide).  
The Herve landslides developed in Cretaceous deposit, mainly com- 
posed clays (Vaals Formation) with a thickness between 10 and  
30 m (see the “The study area” section for more details), lying on  
top of sands and silts (Aachen Formation) with a thickness ranging  
from 0 to 10 m (Demoulin and Glade 2004). As in the Pays de Herve  
area, more than 50 landslides have been identified, it is favourable  
to use less costly and non-invasive methods that allow a larger area  
to be studied than the one that can be prospected by geotechnical  
investigations.

Although it is known that it is difficult to identify the shear sur-
face by using geophysical techniques alone in pure soft sedimentary 
contexts characterised by a high sand and clay content, this study 
focuses on the integration four different geophysical methods to 
characterise three landslides (i.e., the Sérezé Landslide, the Thimis-
ter Landslide, and the Manaihan Landslide) in the Pays de Herve 
area. In particular, ERT, Seismic Resistivity Tomography (SRT), 
Multi-channel Analysis of Surface Waves (MASW), and the Hori-
zontal to Vertical Spectral Ratio (HVSR or H/V) technique were 
combined to identify horizons and try to differentiate geological 
contacts from landslide ones. In this context, several HVSR meas-
urements were performed and validated with a few number of ERTs, 
SRTs, and MASWs. Moreover, the H/V data were used to create two-
dimensional sections (Pazzi et al. 2017; Song et al. 2021; Seitone et al. 
2025) to achieve greater slope detail. In fact, despite the assumptions 
listed above, this methodology has shown that it can also be used 
in the context of slope instability (Panzera et al. 2012): a landslide 
can be considered a loose material having a certain velocity, and 
the sliding plane can represent a seismic impedance contrast at the  
contact between two materials having different velocities. Thanks 

to a sufficiently large data coverage at the Manaihan landslide, the 
survey was pursued further, resulting in a 3D subsurface model of 
the site. This study highlights the practical and scientific relevance 
of integrating multiple geophysical techniques to investigate land-
slides in soft sedimentary environments, such as those found in the 
Pays de Herve region, in order to obtain a reliable model that can be 
used in the future to analyse slope movements and understand the 
underlying triggering mechanisms. Traditional geotechnical inves-
tigations are often limited in spatial coverage and can be invasive 
and costly. By contrast, the combination of ERT, SRT, MASW, and 
H/V techniques provides a non-invasive and cost-effective means 
to obtain both localised detail and broader spatial insight (Lin et al. 
2015). The ability to identify lithological contrasts and possible slip 
surfaces across entire landslides—confirmed by H/V sections and 
integrated into 3D geological models—offers a significant advance-
ment in landslide characterisation and hazard assessment (Merritt 
et al. 2014). Moreover, the validation of H/V data through active 
geophysical methods enhances the reliability of the interpretations, 
supporting the potential use of this integrative approach in similar 
geological settings worldwide.

The study area
The Pays de Herve, region of Battice in E-Belgium, can be described 
as a “dissected tableland” with a moderate relief, generally present-
ing slope angles of less than 15°. The area is located close to the 
northern part of the Hockai Fault Zone (HFZ), a 42 km long seis-
mogenic fault zone that is situated in the eastern part of Belgium 
(regions Battice to Malmedy-Waimes) and marked by multiple sec-
tions, fault scarps, and landslides (Mreyen et al. 2018). A part of the 
northern HFZ was formerly called the “Minerie Graben”, limited to 
its East by the “Ostend fault”, (Forir 1905; Ancion and Evrard 1957), 
which supposedly ruptured several times due to seismic activity of 
the HFZ (Demoulin et al. 2003). More than 50 landslides developed 
in an Upper Cretaceous soft deposits within the northern part of 
the HFZ or near to it, with numerous older (including a few quite 
large, > 1 Mio.m3 ) landslide dated to an age of 150 A.D., according 
to Demoulin et al. (2003). A few recent and even ongoing re-acti-
vations of some of the landslides have also been described, e.g., by 
Demoulin et al. (2003); Demoulin and Glade (2004), and Demoulin 
and Chung (2007). The Manaihan Landslide (marked with M in 
Fig. 1), studied and discussed by Demoulin and Glade (2004), is the 
best monitored paleo-slide of the region in terms of present surface 
displacements; the first reactivations were supposedly observed 
during intense rainfall periods in the 13th – 14th century. Still today, 
the slope is affected by instability and subsidence phenomena, most 
probably related to anthropogenic loading in combination with 
prolonged rainfall periods (Demoulin and Glade 2004).

The widespread slope instability in the Pays de Herve region can 
be related to the presence of weak subsurface materials: sand-silt 
layers of the Aachen Formation underlying the clays and marls of 
the Vaals Formation. This geological setting is considered unfa-
vourable, especially with the occurrence of possible liquefaction 
phenomena, i.e., quicksand behaviour (as suggested by Demou-
lin et al. (2003), and observed by Graulich (1969), for the Aachen 
sands). Whether the trigger mechanisms of the slope failures were 
of seismic, climatic, or mixed nature remains unclear; however, the 
spatial distribution of the deep mass movements suggests a seismic  
origin (Demoulin et al. 2003). The seismicity of the region can be 
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Linked to the eastern border fault of the seismically active HFZ 
and the close location of the epicentre of the historic 1692 Verviers 
earthquake (cf., Alexandre et al., 2008). In order to explain the likely 
simultaneous development of all the Battice landslides, Demoulin 
et al. (2003) suggested repeated intense short-term rain in combina-
tion with seismic activity as the most realistic triggering scenario.

The geology of the studied region consists of a folded Paleo-
zoic basement, the Carboniferous Houiller shales, underlying the 
sub-horizontal Cretaceous cover layers that form the characteristic 
tableland of the region. The Herve landslides formed in these Creta-
ceous deposits that can be subdivided into three formations (from 
old to young): the Aachen sands, the Vaals clays, and the Gulpen 
chalk. Figure 1 illustrates the geological context in relation to the 
landslides mapped by Demoulin and Glade (2004). The Aachen  
formation (Middle Santonian) at the base of the Cretaceous layers 

formed in a shallow marine milieu and is characterised by fine 
sands interlayered with coarser sands and clays (Demoulin et al. 
2003). The younger Vaals formation (Lower Campanian) is marked 
by glauconiferous clays and marls (gray-green colored Smectites 
de Herve), but silty sand layers are also present in this formation. 
According to Demoulin et al. (2003), the Aachen formation is char-
acterised by a maximum thickness of 10 m, while the overlying 
Vaals formation can reach a thickness of 25 m in our study area. 
The chalks of the marine Gulpen formation (Upper Campanian) 
show only a limited presence in our study area, and are found in a 
rather highly weathered state in the form of clay layers mixed with 
flints (Demoulin et al. 2003).

The Sérezé and Thimister Landslides (marked with S and T, 
respectively, in Fig. 1) rank among the biggest slope failures of the  
Battice region. The sites are located east of the eastern border fault  

Fig. 1   a Geological context of the Pays de Herve after Barchy and Marion (2000) and Laloux et al. (1996) with the Ostend fault and paleo-
landslides mapped by Demoulin and Glade (2004); T, Thimister landslide; S, Sérezé landslide; and M, Manaihan landslide. b, c, and d hillshade 
analysis of Sérezé landslide, Thimister landslide, and Manaihan landslide, respectively, with the corresponding geophysical measures
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of the HFZ and only 160 m apart. The Sérezé Landslide is situated 
north along the highway Aachen-Liege. The affected area is dis-
sected into two parts by an ancient railway. The southern part is 
probably the most active part of the landslide. Landslide Sérezé 
covers a surface of 16.9 ha and is characterised by very gentle slope 
angles below 15◦ , with the exception of the scarp area that reaches a 
height of ∼15 m and the slope steepens to a maximum of 40◦ . Land-
slide Thimister can be limited to an area of 13.9 ha and presents an 
even steeper detachment zone of ∼20 m height with slope angles 
greater than 40◦ . Both sites are crossed by an old railway track that 
nowadays is used as a cycling trail. The surface of the landslides 
is marked by typical hummocky structures that developed in the 
Vaals clays; in this area, no outcrops of the underlying Aachen for-
mation can be found on the surface.

The Manaihan landslide (marked with M in Fig. 1) is situated 
south of Battice, on a gently sloping ( ∼ 4◦ ) eastern flank of a south-
striking secondary ridge of the Herve tableland. It has a width of 
about 400 m and a length of 250 m, thus covering an area of about 
7 ha. The landslide area is almost completely covered by meadows. 
Behind the head scarp, a row of houses is present, some of which 
were affected by recent sliding activity (since 1990). In addition, a 
factory (“Café Liégeois”) was temporarily shut down because of 
these movements. The Manaihan landslide is located in the upper 
Cretaceous Vaals clays, which can be up to 12 m thick. These clays 
rest on 4 m of fine sands from the Cretaceous Aachen Formation 
(Demoulin and Glade 2004). Probably the liquefaction phenom-
ena that occurred in the area (Demoulin et al. 2003) led to a mix-
ing of the Aachen sands with the Vaals clays. As can be seen from 
the geological map (Fig. 1), the Aachen sands tend to disappear to 
the west. Below it lies the Houiller shales formation of the Upper 
Carboniferous.

Materials and methods
In this study, the subsurface of three of the Pays de Herve slope 
instabilities were studied using an integrated approach of electrical 
resistivity measurements, active seismic (interpreted in the form 
of tomographies and multi-channel analysis of surface waves), and 
passive seismic techniques (single-station H/V). In the following, 
the applied geophysical methods are briefly recalled.

Electrical resistivity measurements

The Electrical Resistivity Tomography technique images the changes 
in electrical resistivity of the subsurface. Resistivity is closely related 
to the presence of water, porosity, lithological characteristics, and 
permeability of materials (Luhn et al. 2023). The measurement con-
sists of inducing a current in the subsoil by applying a voltage dif-
ference between two electrodes (called “current electrodes’’) and 
measuring the potential difference between two potential electrodes 
(Loke 2004). In this way, the resistivity distribution of the soil can be 
determined. In the case of a landslide, resistivity changes can allow 
identification of the slip surface, the zone of water accumulation, 
as well as the thickness of the different layers (Mreyen et al. 2021; 
Lapenna and Perrone 2022; Vivaldi et al. 2024).

In this case study, ERT measurements were conducted using an 
ABEM Terrameter LS acquisition system. The contact resistance 
was systematically measured before data acquisition to ensure  
good electrode-soil coupling. In all cases, the contact resistance  

was maintained well below the practical threshold of 3 k Ω , thus 
ensuring the accuracy and safety of the measurements, as well as 
the reliability of the resulting resistivity models. Data inversion was 
performed by means of the commercial software ErtLabTM (Geo-
studi Astier S.r.l., Multi-Phase Technologies LLC - Sendrós et al. 
2020; Balasco et al. 2022; Patrizi et al. 2022). The software allows to 
filter outliers data and to calculate the frequency distribution of 
several parameters, such as voltage, current intensity, geometric 
factor, and apparent resistivity. Then a statistical analysis is applied 
to exclude extreme values from the distribution tails. To further 
refine the results, Occam’s regularisation is implemented (Santarato 
et al. 2011; Pazzi et al. 2018). ErtLabTM allows the creation of a square 
cell mesh with a side equal to half the distance between the elec-
trodes and a maximum depth calculated as a function of the largest 
quadripole used in the acquisition (Loke 2004). Moreover, ErtLabTM 
allows the integration of a Digital Terrain Model, to better constrain 
the inversion procedure, taking into account not only the survey 
topography, but also the around space for an extension defined by 
the operator on the topography itself. This step is essential, espe-
cially in areas with significant relief, such as those in the study area, 
where neglecting topography would distort the subsurface resistiv-
ity image. All ERT datasets were inverted with a noise level of 1% 
and a constant noise value set to 0.0001. Specifically, the 1% relative 
noise level and the constant noise floor of 0.0001 are standard set-
tings in ErtLabTM to stabilise the inversion process and to prevent 
overfitting to noisy data. The addition of a small, controlled amount 
of noise helps the algorithm converge more reliably by assigning 
appropriate weights to data points during the Occam’s inversion 
procedure Balasco et al. 2022; Santarato et al. 2011; Pazzi et al. 2018. 
For each 2D ERT, a starting homogeneous resistivity value of 20 Ω m 
was applied. This value was chosen based on the average resistivity 
value obtained from all the collected ERTs. Convergence was suc-
cessfully achieved with a maximum of 9 iterations.

A total of 10 ERTs (4 for the Sérezé landslide, 3 for the Thimister 
landslide, and 3 for the Manaihan landslide) were collected using 
a Dipole-Dipole and a Gradient electrodes configuration (Dahlin 
and Zhou 2004). For each ERT, the apparent resistivity data were 
inverted both separately and jointly by combining the two arrays 
in order to have a more realistic model that takes into account the 
advantages and minimises the limitations of each array (Pazzi et al. 
2020; Wei et al. 2024). In the “Results” section, only the outputs of 
the joint inversion will be presented.

Seismic refraction analysis

The Seismic Refraction Tomography technique is an active non-
invasive seismic method: it uses a source (such a hammer) to gener-
ate underground vibrations that are recorded by geophones placed 
along the surface in a linear array. P-waves (compressional waves) 
and S-waves (shear waves) propagate at different speeds depending 
on the physical properties of the soil. The analysis of the first arrival 
times of P-waves recorded at each receiver allows the geometry of 
a layered subsurface and the propagation velocity of the seismic 
wave per layer to be defined (Chen et al. 2008; Ayolabi et al. 2009; 
Anomohanran 2013; Perrone et al. 2021).

In this case study, 9 SRTs (3 for each investigated landslide)  
were carried out on the landslides and near their crests. The array  
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configuration consisted of 48 vertical geophones connected to a 24-bit 
48-channel DAQLinkII seismograph system of Georeva. The seismic 
energy was triggered by hammer shots on a nylon plate at several 
points along the profile Lines. Data were analysed using the Seisim-
ager 2DTM software package developed by Geometrics (Dindar 
and Alevkayalı 2023). The Pickwin module was used to pick the first 
arrival times of the seismic waves, while the Plotrefa module was used 
for data inversion. The data were processed and inverted using the 
reciprocal time method, which enabled the creation of a tomographic 
inversion.

Multi‑channel analysis of surface waves

The Multi-channel analysis of surface waves method is a geophysi-
cal technique used to determine a 1D shear wave velocity profile of 
a soil over depth using Rayleigh wave dispersion (Park et al. 1999). 
Rayleigh waves, characterised by low frequencies and high ampli-
tudes (Zhang et al. 2023), travel along the free surface, i.e., the interface 
between soil and air, while their speed is related to the stiffness of the 
ground they cross. In stratified media, these waves exhibit dispersion, 
which means that their propagation speed varies with frequency (Foti 
2005). Given the dispersion relation of the ground phase velocity, it 
is possible to calculate the Vs-wave velocity profile using the inver-
sion method. Therefore, it is assumed that the Rayleigh wave veloc-
ity is approximately 0.9 times the Vs-wave velocity. This inversion 
method is well-suited in sub-horizontal terrain contexts marked by 
an increase in wave velocities with depth (Forchap and Schmid 1998). 
From the time series, with a record length of a few seconds, collected 
by a series of aligned geophones (thus multi-channel), a wavefield 
transform, e.g., f-k, can be used to create a full velocity spectrum in 
the frequency-phase velocity domain. Subsequently, f-k pairs that 
generally exhibit some spectral energy maxima are identified, and 
a Rayleigh wave dispersion curve is generated. Through an inver-
sion process, by comparing experimental and theoretical dispersion 
curves, soil parameters such as layer thickness, shear wave velocity, 
and density are calculated, and 1D shear wave velocity profiles are 
generated over depth (Zhang et al. 2023).

In this work, the MASW analysis was carried out starting from 
the active seismic datasets that were recorded with vertical 4.5 Hz 
geophones, meaning that only the vertical components of Rayleigh 
waves are considered. For each SRT, it was possible to extract two 1D Vs 
profiles, one linked to the shot with an offset before the first geophone, 
and one for the shot with an offset after the last geophone. Dispersion 
curves were generated and picked with the linear f-k tool of Geopsy 
(www.​geopsy.​org, last access November 2024), while for the inversion, 
the dinver module of the Geopsy software was used (Wathelet et al. 
2008). Note that the final result of MASW is a 1D Vs-profile over depth; 
the maximum possible depth of our inversion was hereby determined 
by one-third of the largest picked wavelength in the f-k spectrum.

H/V spectral ratio and H/V section reconstruction

H/V is a single-station passive seismic technique that calculates 
the ratio between the Fourier spectra of the horizontal and verti-
cal components (Okada and Suto 2003) of the seismic noise (or 
microtremors) that is mainly made up of SH waves (Molnar et al.  
2022), and must be acquired using three-component sensors. The  

H/V (or HVSR) method, initiated by Nakamura (1989) and further 
developed by, i.e. Ibs-von Seht and Wohlenberg (1999), allows to 
estimate the resonance frequency(ies) of a soil. In fact, this method 
provides H/V peak(s) at the resonance frequency(ies), that is(are) 
stable over time (Dal Moro and Panza 2022). The H/V peak fre-
quency is related to the subsurface conditions, such as the contact 
between soft soil and a rocky substrate (Lotti et al. 2018): the higher 
the peak frequency, the shallower the interface depth. A flat H/V 
curve means no amplification and the absence of layers character-
ised by different properties. Thus, the higher the number of peaks, 
the higher the number of interfaces. Knowing the values of the Vs 
of the shallower layer, it is possible to obtain the depth of the inter-
face corresponding to a given peak (Ibs-von Seht and Wohlenberg 
1999; Castellaro 2016). In landslide studies, these H/V peaks can be 
related to the depth of the shear surface and the geometry of the 
landslide (Castellaro 2016; Pazzi et al. 2017; Mreyen et al. 2021; Song 
et al. 2021; Innocenti et al. 2023).

In this study, the measurements were performed with a Lennartz 
3D/1 s seismometer connected to a CtySharkII microseismic station 
at a sampling frequency of 200 Hz. The acquisition lengths varied 
between 15 and 30 min. Data were processed using Geopsy software 
that implements the SESAME project guidelines (SESAME 2004; 
Dal Moro and Panza 2022). To obtain the spectra of the compo-
nents, and thus the H/V ratio, each trace was analysed to keep the 
most stationary part of the signal, subdivided into non-overlapping 
windows of 20 s, smoothed by 40% of the central frequency wide 
(Konno and Ohmachi 1998) windows using a cosine taper with a 
width of 5%. Data were filtered using the STA/LTA ratio anti-trig-
gering on the raw signal. In the “Results” section, only four repre-
sentative measurements will be shown for each site, while the H/V 
section were reconstructed only for the Manaihan landslide using 
the same software as in Castellaro (2016) and will be presented in 
the “Discussion” section.

Results
In this section, the results of the geophysical investigations of each 
landslide will be presented, i.e., Sérezé landslide (“Sérezé landslide” 
section), Thimister landslide (“Thimister landslide” section), and 
Manaihan landslide (“Manaihan landslide” section).

Sérezé landslide

In total, four ERTs were collected to characterise the Sérezé landslide 
(SER-E1 to SER-E4, see Fig. 2). The surveys were principally located 
in the SE part of the slide to map its detachment scarp. The electrode 
spacing is variable for each profile and was adapted to enhance either 
lateral or vertical resolutions. The SER-ER1 has a profile length of 
126 m with an electrode spacing of 2 m, while the SER-E4, in its pro-
longation, is 94.5 m long with a 1.5 m electrode spacing. SER-E2 (pro-
file length 315 m) and the co-located SER-E3 (profile length 157 m) 
denote electrode spacings of 5 m and 2.5 m, respectively.

The measured resistivity values range from 5 to 50 Ω m. The 
SER-E2 survey (Fig. 2b) crosses the entire SE part of the landslide 
and shows a layer of low resistivity (<20 Ω m) 10 to 20 m below 
the surface in the middle to lower portion of the slope. This result 
is comparable with the electrical resistivity study performed by  
Demoulin et al. (2003). The co-located survey SER-E3 of higher  
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resolution reveals the same 10 to 20 m superficial layer of low resis-
tivity values (Fig. 2a). For the SER-E4 survey (Fig. 2d), a greater 
variation of resistivity values can be seen in the surface portion. 
The superficial layers of low resistivity in SER-E2 and SER-E3 prob-
ably mark the landslide mass and its shearing horizon located at 
a depth of 10 to 20 m, with increasing landslide thickness towards 
SW at the toe (see the black dotted line in Fig. 2a and b). The likely 
existence of a double sliding surface explains the higher resistivities 
observed in SER-E2 at intermediate depths (10 m). In contrast, the 
right part of SER-E2 shows low resistivities, which can be attributed 
to the presence of shales. The boundary of the landslide material is 
marked by a line of small higher-resistivity blocks, visible as small 
green zones (Fig. 2b.

Three P-wave seismic refraction surveys were performed at 
the Sérezé landslide (SER-S1 to SER-S3, Fig. 3), more or less in 
co-location with the ERTs presented before. The SRT results are 
shown in Fig. 3a–c and display P-wave velocities ranging from 
250 to 2500 m/s. The SER-S1 (Fig. 3a) crosses the south-eastern 
part of the landslide body from NE to SW and reveals a lat-
eral increase in P-wave velocity at approximately 50 to 100 m 
of the profile length; in the NE half of the profile, VP >2000 m/s 
are reached at 40 m depth, while in the SW part of the profile, 
these velocities are reached at a shallower depth of 20 to 25 m.  
SER-S2 (Fig. 3b), located east of the landslide border, shows a  

homogeneous subsurface in terms of P-wave velocities, with VP 
reaching 2500 m/s at 30 m depth. In prolongation of the latter, 
SER-S3 (Fig. 3c) is marked by a lateral contrast in VP at 65 m of 
the profile length, with higher VP at the SW part than in the NE 
part of the profile at 10 to 20 m depth.

As described in the “Materials and methods” section, the 
MASW analysis was performed from the active seismic data, 
and two 1D velocity profiles were extracted for each dataset. 
The results of this analysis for the Sérezé landslide are shown 
in Fig. 3h–j. Profiles S1-NE, S2-SW, and S3-SW, acquired at the 
landslide boundary, show similar values, with a Vs change at 
the same depth (22, 27, and 24 m respectively) with a velocity of 
600 m/s, except for profile S2-SW, which rises to 1000 m/s. The 
S1-SW profile, the only one within the landslide body, shows a 
transition to higher velocities (600 m/s) as early as 13 m deep, 
showing either a shallow sedimentary cover or an approach of 
the shear horizon to the surface. The S1-SW and S2-NE (Fig. 3h, 
i) profiles reveal the presence of another very shallow layer, 
with a thickness between 3 and 5 m and shear wave velocities of 
less than 200 m/s. This layer could be associated with the peak 
identified by SER-072 (Fig. 3d), which indicates a horizon of 
approximately 5 m deep.

The H/V analysis in Sérezé landslide identifies clear frequency  
peaks in the range of 2 to 4 Hz, with amplitudes of 6 or greater  

Fig. 2   Electrical resistivity tomographies at the Sérezé landslide: the whitened areas represent areas with a higher model uncertainty. a, b, c, 
and d respectively represent the sections SER-E3, SER-E2, SER-E1, and SER-E4; the black line in b marks the borders of SER-E3 shown in a. The 
black dashed lines in a and b indicate the likely existence of a double sliding surface. The map in the upper right corner shows the location of 
ERTs surveys
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(four selected measures are shown in Fig. 3d–g, and their location is 
indicated in the upper right corner of Fig. 3). The SER-067 measure 
(Fig. 3e) is located north of the landslide border at 315 m a.s.l. and 
shows the lowest frequency f

0
 at 2.0 Hz. In addition, the measures 

within the landslide area, located at lower altitudes, present peaks 
around the same low frequency. However, it is possible to observe 
secondary peaks of very low amplitude for these measurements in 
the frequency range of 12 to 15 Hz. In addition, the SER-072 meas-
urement (Fig. 3d) is marked by a larger fundamental peak (covering 
frequencies of 3–6 Hz).

Thimister landslide

To characterise the Thimister landslide, three ERTs were located in 
correspondence with the detachment scarp, that is, the southern-
western border (Fig. 4). THI-E1 is oriented parallel to the scarp 
and covers 315 m with electrodes spaced by 5 m. THI-E2 and THI-
E3 (length 157.5 m, electrode spacing 2.5 m) cross the latter nearly 
perpendicularly and are marked by a pronounced topography as 
they map the landslide scarp. THI-E1 (Fig. 4a) shows a horizon-
tal stratification of the layers. The surface is characterised by high 
resistivity values (50 Ω m) and below this there is an alternation 
between a more conductive material (5–10 Ω m approximately 5 m 
above ground level) followed by slightly more resistive material 
(20 Ω m approximately 10 m above ground level). THI-E2 (Fig. 4b) 
presents the same shallow layer of higher resistivity values and is 
marked by lateral contrasts at the top and bottom of the detach-
ment scarp. Similar contrasts, with low resistivity zones bent, can 
be found in THI-E3 (Fig. 4c).

The horizontal layers detected in THI-E1 most likely correspond 
to lithological contacts, such as a more resistive superficial layer of 
Gulpen chalk on top and low resistivity Vaals clays possibly under-
lain by Aachen Sands (or even Carboniferous bedrock) at depth. 
However, the vertical structures in THI-E2 and THI-E3 seem to be 
related to mass movement phenomena, where low resistivity layers 
possibly mark shearing horizons of a reactivation of the landslide. 
Both profiles indicate a rotational movement of the mass due to the 
rounded shape of the contrasts.

In total, three SRTs, collocated with ERTs, were acquired at the 
detachment scarp: the results are shown in Fig. 5. THI-S1 and THI-
S3 (Fig. 5c and a, respectively) cross the landslide scarp and are 
marked by their pronounced topography. Both SRTs present a 15 m 
thick layer of relatively low velocities (<1000 m/s) in the upper 
part of the scarp and behind it, which is reduced to a few meters 
at the bottom of the slope. With further depth, the surveys show a 
rather homogeneous increase in P-wave velocity up to >2500 m/s 
in approximately 50 m below the surface. The profile parallel to the 
detachment scarp, THI-S2 (Fig. 5b), shows the same low-velocity 
layer in the first 15 m. A small lateral change in the velocities of the 
P-wave is present at 30 to 40 m profile length and reveals a shift 
in velocities over 15 m; the maximum VP reached by this survey is 
2000 m/s.

The results of the MASW analysis performed on the SRT data 
are shown in Fig. 5h–j. All profiles are in accordance with the SRT, 
identifying a shallower layer characterised by an S-wave veloc-
ity of about 250 m/s and a thickness of a few meters up to ∼15 m, 
and a deeper layer characterised by an S-wave velocity of about  
400–600 m/s. Four of the H/V results of the Thimister landslide are  

shown in Fig. 5d–g. They indicate fundamental frequency peaks in 
the range of ∼ 2 to 5 Hz with amplitudes higher than 6. Measures 
within the scarp area, THI-187 and THI-189 (Fig. 5d and f), show 
frequency peaks at 1.8 Hz and 1.9 Hz, respectively. The recorded 
data are marked by elevated noise at frequencies <1 Hz, which is 
not considered here due to the eigenfrequency of 1 Hz of the used 
seismometer. Similarly to the Sérezé HVSR results, the measure-
ment THI-153 (Fig. 5b) reveals a secondary frequency peak at 12 Hz 
(amplitude of 2).

Manaihan landslide

In the Manaihan landslide, three ERTs (MAN-E1, MAN-E2, and 
MAN-E3, Fig. 6) were carried out to identify the electrical prop-
erties of the materials affected by movement and the areas of 
accumulation of water along the slope. MAN-E1 (Fig. 6a), NE-SW 
oriented, is 372 m long (electrode spacing of 3 m) and crosses the 
landslide from the crown to the toe. MAN-E2 (254 m long, with an 
electrode spacing of 2 m, Fig. 6b) is W-E oriented and crosses MAN-
E1 almost in its central portion. MAN-E3 (252 m long, electrode 
spacing of 2 m, Fig. 6c) is SW-NE oriented, crosses the landslide 
crown, and reaches almost the landslide toe near MAN-E1. The 
highest resistivity values (80–100 Ω m; note, here the colour scale 
was set to the maximum value of 50 Ω m) are recorded in MAN-E1 
and MAN-E3 scarp zone and 10 m below the surface, starting from 
the central portion of the three ERTs up to the end. In all sections, a 
more conductive zone with values between 10 and 40 Ω m is present 
up to 20 m depth from the scarp to the central/final portion of the 
ERTs, reaching 5 m in depth. A good agreement in the resistivity 
values can be observed at the intersections between MAN-E1 and 
MAN-E2 and between MAN-E1 and MAN-E3. From a geological 
point of view (Fig. 1), the layer with the highest resistivity can be 
traced by the geological map to the Vaals clays - Aachen sands and 
the layer with the lowest resistivity to the Houiller shales.

Figures 7a–c show the results of the P-wave SRTs MAN-S1, MAN-
S2, and MAN-S3, respectively. MAN-S1 (Fig. 7a) crosses the land-
slide scarp in the northern landslide half in a NW-SE direction 
(profile length 141 m). MAN-S2 (Fig. 7b) is situated in the central-
southern part of the slide in a SSW-NNE orientation with a profile 
length of 235 m (geophones 5 m spaced), while the co-located MAN-
S3 (Fig. 7c) can be considered higher resolution zoom of the last 
portion of MAN-S2 as it was placed at the central point of MAN-S2 
with a shortened geophone spacing of 3 m. The results of the seis-
mic refraction model show the presence of two main layers: one 
shallower with P-wave velocities ranging between 500 and 800 m/s, 
and one deeper characterised by P-wave velocities between 1500 
and 2800 m/s. The thickness of the first layer is more pronounced 
near the scarp and outside the landslide (about 20 m), while lower 
thicknesses are present at the landslide toe (5 m for section MAN-S1 
and 2–3 m for sections MAN-S2 and MAN-S3).

The results of the MASW analysis performed on the SRT data 
are shown in Fig. 7h–j. They are in agreement with the SRT results. 
The two profiles acquired outside the landslide (S1-NW in Fig. 7h 
and i) identify a superficial layer of about 10 m characterised by a 
S-wave velocity of ∼200 m/s, while those acquired within the land-
slide (S1-SE in Fig. 7h and j) show a shallower layer characterised 
by a thickness of ∼5 m and a shear waves velocity of ∼100 m/s. Only  
the MASW from MAN-S2 reaches a depth higher than 10 m and  
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identifies a layer, below this depth, characterised by an S-wave 
velocity of about 400 m/s.

The H/V curves on the Manaihan landslide show frequency 
peaks in the range between 2 and 5 Hz with amplitudes around 10 
(Fig. 7d–g). The MAN-148 measurement (Fig. 7d) is located NW 
MAN-S1, outside the landslide, and shows a fundamental frequency 
of 2.3 Hz. Measurements taken within the landslide show higher 
frequency values, significant for a shallower contrast. MAN-182  
and MAN-183 (Fig. 7g and f, respectively) were carried out near  

the slope at a lower altitude than MAN-148. Probably, the peaks are 
affected by the topographic variation and are therefore indicative of 
the different thicknesses in the investigated area of the Vaals clays 
mixed with Aachen sands and underlying Houiller shales. MAN-171 
(Fig. 7e) was carried out near a surface runoff and in an area of the 
body of the landslide characterised by depressions and swellings 
Linked to movement. Therefore, this measurement may represent 
a variation of the shear surface along the landslide area, which 
tends to become shallower toward the toe. From the analysis of the 
MASW results, it was observed that the western, central, and east-
ern portions of the Manaihan landslide were characterised by three 
different surface S-wave velocities: 180 m/s, 170 m/s, and 140 m/s, 
respectively. These values were used to obtain the H/V sections.

Discussion
The geology of the Pays de Herve and the related literature (Demou-
lin 1988; Demanet 2000; Demoulin et al. 2004) identify two main 
formations that belong to Cretaceous deposits resting in a Paleozoic 
basement. At the base, there is the Aachen formation, consisting of 
fine sands intercalated with coarse sands and clays, with a thickness 
up to 10 m in the eastern part of the target area, while the sands 
are almost disappearing in the western part. Above it lies the Vaals  
formation, consisting of clays and marls, with a maximum thickness  

Fig. 3   Seismic survey results of the Sérezé landslide. The map in the 
upper right corner shows as lines the location of SRTs surveys and 
as dots the H/V acquisitions. a, b, and c Seismic refraction tomog-
raphies (SRT): SER-S1, SER-S2, and SER-S3, respectively. The black 
dashed lines, together with the whitened areas, show the outer lim-
its of the beam paths used for tomographic inversions. d, e, f, and g 
H/V curves: SER-072, SER-067, SER-196, and SER-190, respectively, 
marked in red in the map in the upper right corner. The fundamental 
frequency peaks are marked by the grey bars. h, i, and j 1D velocity 
profiles from MASW analysis of SER-S1, SER-S2, and SER-S3, respec-
tively. Each sub-plot shows the 1D velocity profiles obtained by the 
bidirectional shots with offsets before the first (NE direction) and 
after the last (SW direction) geophones. The colored areas indicate 
subsoil depth affected by a higher model uncertainty. Dashed lines 
mark the basis of landslide with Vs ≤200 m/s

◂

Fig. 4   Electrical resistivity tomographies at the Thimister landslide: the whitened areas represent areas with a higher model uncertainty. a, 
b, and c respectively represent the sections THI-E1, THI-E2, and THI-E3. The map at the center shows the location of ERT surveys. The black 
arrows indicate the point of intersection between the sections. The dashed black lines highlight the probable sliding horizons. The dashed 
white line marks the horizon of the existing, but not fully developed landslide surface that may be capable of producing a new landslide in 
the future
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of 30 m in the study area. The geophysical surveys carried out to 
characterise the three Pays de Herve landslides, and presented in the 
“Results” section, could confirm, in the study area, the thickness esti- 
mated by Demoulin et al. (2003) for the upper geological formations.

The H/V surveys on the Manaihan landslide showed frequency 
values between 2 and 4 Hz in its upper part and relatively higher 
frequency values near the toe of the landslide and its margins.  
The higher frequency values could represent a lower depth  

Fig. 5   Seismic survey results of the Thimister landslide. The map in the upper right corner shows as lines the location of SRTs surveys and as 
dots the H/V acquisitions. a, b, and c Seismic refraction tomographies (SRT): THI-S1, THI-S2, and THI-S3, respectively. The black dashed lines, 
together with the whitened areas, show the outer limits of the beam paths used for tomographic inversions. The black arrows indicate the 
point of intersection between the sections. d, e, f, and g H/V curves: THI-189, THI-153, THI-187, and THI-158, respectively, marked in red in the 
map in the upper right corner. The fundamental frequency peaks are marked by the grey bars. h, i, and j 1D velocity profiles from MASW anal-
ysis of THI-S1, THI-S2, and THI-S3, respectively. Each sub-plot shows the 1D velocity profiles obtained by the bidirectional shots with offsets 
before the first and after the last geophones. The coloured areas indicate subsoil depth affected by a higher model uncertainty. Dashed black 
lines mark the basis of landslide with Vs ≤400 m/s
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contrast between the two main identified layers, indicating a  
less pronounced deepening of the interface. Thus, data suggest a 
difference, within the landslide, in the thickness of the two main 
layers. These variation is also identified by electrical and seismic 
tomographies. H/V surveys show variable thickness of 23–24 m 
for the MAN-148 and 13 m for the MAN-171 measurement and 
reach values of 5 m at the foot (Fig. 7). The ERT surveys reveal 
the presence of two layers: one primarily conductive, with resis-
tivity values ranging between 5 and 20 Ω m, which is deeper near 
the landslide crown and thins out towards the toe. The second, 
more resistive layer, has values between 35 and 50 Ω m. This is 
consistent with the seismic tomographies, which also show two 
layers. The first, with P-wave velocities between ∼500 m/s, also 
due to the presence of water and ∼800 m/s, exhibits the same 
behaviour as the conductive layer, thinning toward the toe. The 
second layer, which is shallower on the toe, shows higher veloci-
ties that exceed ∼ 1500 m/s. Observing the seismic and electri-
cal tomographies (Figs. 6 and 7), a concordance can be noted 
in identifying two sub-horizontal layers and, consequently, the 
presence of an interface at a variable depth between 10 and 30 m. 
However, considering all the geophysical surveys and their loca-
tions, it is evident that this interface is present along the entire  
length of the profiles, including outside the landslide body. This  

suggests that the surveys have identified a lithological contact, 
probably that between the Vaals clays - Aachen sands and the 
Houiller shales. Because there are no significant anomalies in 
the ERT and SRT tomographies nor inversions in seismic wave 
velocities, it can be assumed that the shear surface coincides with 
the lithological contact.

Everything indicated until now is certainly valid for the areas 
near the ERTs and SRTs sections, but is it possible to extend this 
conclusion to the entire landslide(s)? The H/V seismic noise acqui-
sitions, and in particular their representation as H/V sections (i.e., 
H/V contour plot of the acquisitions along a transect and converted 
into the H/V-depth domain from the H/V-frequency one, Castel-
laro (2016)), can help in answering this question. Among the three 
landslides, the Manaihan landslide was chosen as an example to 
show how H/V sections can help to obtain a 3D view, and thus 
extend the conclusion to the whole landslide. As mentioned in the 
“Introduction” section, the hypothesis to reconstruct H/V sections 
is the presence of sub-horizontal layers and an increase in veloci-
ties with depth, and in the literature, there are many examples of 
landslides H/V sections (Castellaro 2016; Pazzi et al. 2017; Song 
et al. 2021; Seitone et al. 2025). Moreover, as said in Ibs-von Seht 
and Wohlenberg (1999) and Delgado et al. (2000), the thickness  
of a resonant layer and its resonant frequency are linked to the  

Fig. 6   Electrical resistivity tomographies at the Manaihan landslide: the whitened areas represent areas with a higher model uncertainty. a, 
b, and c respectively represent the sections MAN-E1, MAN-E2, and MAN-E3. The map in the central portion shows the location of ERT surveys. 
The black arrows indicate the point of intersection between the sections. The dashed black lines highlight the probable sliding horizons
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surface S-wave velocity using a power-law regression model. Using 
the tool developed by (Castellaro 2016), the three different surface  
S-wave velocities (180 m/s, 170 m/s, and 140 m/s) obtained from the  

MASW were used to obtain the H/V sections in the three different 
sectors of the Manaihan landslide. For the H/V sections crossing  
more than one sector, an average value of 170 m/s was used. Three  
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representative H/V sections aligned along the ERTs profiles MAN-
E1, MAN-E2, and MAN-E3 were obtained, and they are shown in 
Fig. 8a–c. Figure 8d and e show a 3D EW-view of the three sections 
as well as a common view of all sections. These sections are shown 
in terms of amplitude.

Comparing MAN-H/V1 - MAN-H/V3 (Fig. 8a–c) with the ERTs 
and SRTs results (Figs. 6a–c and 7a–c, respectively), a similar pat-
tern of contrasts was observed between layers. The main H/V 
contrast, characterised by the maxima of the H/V amplitudes 
(between the range 10–25, i.e., yellow to orange corresponding 
to frequency values lower than 2 Hz), is located at a depth that 
varies between ∼ 15 and ∼40 m (the dashed-dotted red line in 
Fig. 7a–c), and it is possible to note that this interface is present in 
the whole landslide and also outside its boundaries (here with the 
highest amplitude). Given the depth of the interface, it suggests 
that it could be caused by the interface between the soft deposits 
(sub-horizontal Vaals and Aachen layers) and the folded Paleo-
zoic basement. Starting more or less from the surface, up to the 
depth of that varies between ∼ 10 and ∼20 m, the whole landslide 
is characterised by very low H/V amplitude values (dark blue 
colours). It can be related to the low resistive layer highlighted 
in the ERTs (Fig. 6a–c). Despite the quite high uncertainty linked 
to the H/V sections method (i.e., using surface S-wave velocity 
values that differ by a few tens of m/s cause a variation of a few 
meters in the final model), from the analysis of all the Manaihan 
Landslide H/V sections it is possible to assess that the slip surface 
corresponds to the lithological contact between the mixture of 
Vaals and Aachen layers and the Houiller shales (dashed red line 
in Fig. 8).

The geophysical data of the Manaihan landslide are in agree-
ment with the geognostic data described by Demoulin and Glade 
(2004). In particular, in their paper, the authors demonstrate that 
the penetrometric surveys (CPT) showed a clear variation in pen-
etration resistance that allows a distinction between the landslide 
mass and the underlying rigid substrate. In the upper part of the 
slope, this contact is between 6.0 and 10.0 m deep, while further 
downstream, a more superficial limit was observed, around 2.5–3.8 
m. These observations are consistent with the deformations meas-
ured by the inclinometers. The device installed at the top of the 
slope recorded a progressive displacement with a sliding surface  
located around 5.5–6.0 m, in correspondence with the transition  

to the substrate identified by the CPT measurements. In contrast, 
the inclinometer installed in the lowest part of the slope showed a 
rapid deformation at a depth of only 2.5 m, suggesting a different 
behaviour of the landslide body, probably related to a shallower 
sliding surface near the landslide foot. These results reinforce the 
interpretation of the internal structure of the slope, confirming 
the existence of well-defined shear surfaces that separate loose or 
remobilised materials from more resistant substrates. This is also 
confirmed by the trench results reported in Demoulin et al. (2003)
for the Sérezé and Thimister landslides. The authors state that all 
trenches revealed the presence of large, undulating shear surfaces, 
and in one of them, blocks of stratified Aachen sands interlayered 
with clay were found. These observations indicate that the move-
ment developed at the contact between these sandy-clayey soils and 
the Palaeozoic basement.

Figure 8d (MAN-H/V4 section) overlays the H/V section with 
the geotechnical data (CPTs and inclinometers) from Demoulin and 
Glade (2004): the inclinometer rupture depths (white circles), the 
maximum landslide depth from CPTs (white solid line), the inter-
face between the landslide mass and progressively less-weathered 
bedrock (white dashed line), and the potential surface of the undis-
turbed valley (white dotted line). The red dashed line represents 
the contact between the Vaals clay - Aachen sands complex and 
the Houiller shales, as supposed by the H/V data interpretation. 
The red dashed line represents the contact between the Vaals clay - 
Aachen sands complex and the Houiller shales, as supposed by the 
H/V data interpretation. Geophysical and geotechnical data agree 
in highlighting the contact between the Vaals clay and the Aachen 
sands mix with the underlying shales. Moreover, as reported by 
Demoulin and Glade (2004), the CPT data alone are not sufficient 
to fully demonstrate the development of the movement.

The geophysical data collected for the Manaihan landslide 
were integrated into a 3D geomodel of the slope in its current state 
(Fig. 9a–c). Ambient noise measurements (H/V) were incorporated 
into the geomodel as vertical logs (Fig. 9d–f) (Mreyen et al. 2021). 
Using the same S-wave velocity values employed to reconstruct 
the H/V sections, the H/V measurements help identify seismic 
impedance contrasts within the subsurface. In particular, a con-
trast was detected and interpreted as that between soft deposits 
and Upper Carboniferous shales (pink plane in Fig. 9). As can be 
seen in Fig. 9d–f, the contrast between the two materials obtained 
from the H/V amplitude agrees well with the ERT and SRT data. The 
modeled H/V amplitude thus illustrates the thickness of the iden-
tified subsurface units and is used to model geological interfaces 
(Fig. 9d–f) and volumes (Fig. 9g–h).

In accordance with what was observed for the Manahian land-
slide, similar findings are also noted for the Sérezé landslide and 
Thimister landslide. These results are summarised in Table  1. 
At the Sérezé landslide, the fundamental frequency of the H/V 
curves seems to vary according to the topography, and it is likely 
to be indicative of the thickness of the sub-horizontal Vaals and 
Aachen layers that increases with altitude. With an S-wave veloc-
ity of 250 m/s for the shallow upper Cretaceous layers, estimated 
by MASW analysis, the altitude of the basis of the combined Vaals 
and Aachen layers is estimated at approximately 275 m a.s.l. for all 
four H/V measurements (layer thickness varying between ∼ 15 and  
30 m). However, the S1-SW profile (Fig. 3h) shows that within the  

Fig. 7   Seismic survey results of the Manaihan landslide. The map in 
the upper right corner shows the locations of SRTs surveys as lines 
and as the H/V acquisitions as dots. a, b, and c Seismic refraction 
tomographies (SRT): MAN-S1, MAN-S2, and MAN-S3, respectively. 
The black dashed lines, together with the whitened areas, show the 
outer limits of the beam paths used for tomographic inversions. 
d, e, f, and g H/V curves: MAN-148, MAN-171, MAN-183, and MAN-
182, respectively, marked in red in the map in the upper right cor-
ner. The fundamental frequency peaks are marked by grey bars. h, i, 
and j 1D velocity profiles from MASW analysis of MAN-S1, MAN-S2, 
and MAN-S3, respectively. Each sub-plot shows the 1D velocity pro-
files obtained by the bidirectional shots with offsets before the first 
(NW or SW direction) and after the last (SE or NE direction) geopho-
nevs. The coloured areas indicate subsoil depth affected by a higher 
model uncertainty. Dashed lines mark the basis of landslide with Vs ≤
200 m/s

◂
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Fig. 8   Contour plot of the H/V curves acquired following the alignments of the H/V measurements and converted from the H/V-frequency 
to the H/V-depth domain. The colour scale indicates the H/V amplitude. a, b, and c three H/V sections created in correspondence of the 
MAN-ERT measurements. d H/V section, oriented according to the CPTs and inclinometers alignment (see red line for position) as reported 
in Demoulin and Glade (2004), over layered with CPTs and inclinometers data (modified from Demoulin and Glade (2004)). On the left of the 
MAN-H/V4 section, the light green bar labelled with Va refers to the Vaals clay, the dark green bar (Aa) to the Aachen sands, and the grey bar 
(Pa) to the underlying shales. In all the panels, the dashed black lines represent the location of the H/V measurements, while the whitened 
areas indicate a higher model uncertainty. The red arrow in a indicates where the H/V section passes through the landslide crown. e inter-
section between the MAN-H/V1 and MAN-H/V2 sections. f all the sections created by means of the H/V measurements. The dashed red line 
represents the contact between the Vaals clay - Aachen sands mix and the Houiller shales. The white dashed line in a outlines the basis of the 
landslide located in lithological contact between soft deposit and Houiller shales
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body of the landslide, there is a more superficial change of velocity 
(at 13 m depth), suggesting the possibility of a thinner cover or a 
shallower shearing horizon. The same change is highlighted by the 
H/V measurements. Small secondary peaks at higher frequencies, 
such as the 12 Hz peak in SER-072, would indicate a horizon located  
at a depth of 5 Hz m (cf. Fig. 3d).

The small bumps in the SRT results of THI-S3 and THI-S1  
could be of the same origin as the lateral resistivity changes pre-
sent in THI-E2 and THI-E3, respectively. For all three surveys 
THI-S1 - THI-S3, it is possible to note a 10 to 15 m thick surface 
layer of low velocities that confirms the low elastic properties of  
the weak upper Cretaceous subsurface present in the study area.  

Fig. 9   Geomodel construction of the Manaihan slope with modelling and insertion of 2D geophysical profiles. a, b, and c ERT, SRT, and H/V 
sections in 3D. d, e, and f. The same sections with the integrated H/V logs and the contrast plane (pink) between the two materials identified 
by the acoustic impedance peaks. g and h the volumes, i.e., Vaals clay - Aachen sands mix and Houiller shales. The dashed red line represents 
the vertical cutting plane represented in h by the dashed red rectangle. The dashed white line represents the possible sliding surface

Table 1   Landslide characteristics including resistivity ( � ), P-wave velocity ( Vp ), shear wave velocity ( Vs ), the interface mean fundamental fre-
quency ( f

0mean ), and interface depth

Landslide Layer 1 Layer 2 Interface f
0mean Interface 

Depth

� = 30–50 Ωm � = 5–20 Ωm

Sérezé Vp = 500–1000 m/s Vp = >2000 m/s 3.5 Hz 10 m

Vs = 200 m/s Vs = 600 m/s

� = 50 Ωm � = 5–10 Ωm

Thimister Vp = <1000 m/s Vp = >2500 m/s 2.5 Hz 10–15 m

Vs = 200 m/s Vs = 600 m/s

� = 80–100 Ωm � = 10–40 Ωm

Manaihan Vp = 500–800 m/s Vp = 1500–2800 m/s 3 Hz 5–10 m

Vs = 200 m/s Vs = 400 m/s
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Considering a S-wave velocity of ∼250 m/s for the Upper Creta-
ceous sediments, it is possible to situate a contact layer at 265 m 
a.s.l., i.e., impedance contrast ∼ 15 to 35 m below surface (e.g., the 
2.6 Hz peak in THU-153). Again, it is possible to suppose that this 
contrast is caused by the lithological contact, which possibly also 
could have served as the basal shearing horizon of the slide. The 
Thimister landslide reaches a larger depth than the Sérezé land-
slide and shows slightly higher Vs values. The slide material has 
not been recently reactivated in contrast to Sérezé that can be 
considered an active landslide. The deeper sliding surface, marked 
by the white dashed line in Fig. 4, could cause future reactivations 
of the landslide. The Manaihan landslide appears to be the shal-
lowest, as it shows H/V values mostly above 2 Hz, while for the 
other two landslides, particularly the Thimister landslide, H/V 
values slightly below 2 Hz were recorded, indicating a slightly 
deeper movement.

Conclusions
The widespread slope instabilities in the Pays de Herve (Belgium) 
region are related to the presence of soft layers of sand-silts, clays, 
and marls. Most failures occur within the clays or the mixture of 
clays and sands at the basis of these layers; failures can be triggered 
or reactivated by a combination of climatic and seismic events. To 
show the advantages of geophysical methods in characterising 
these phenomena and their help in reconstructing 3D geological 
models, three representative landslides in the Pays de Herve area 
were selected: the Sérezé landslide, the Thimister landslide, and 
the Manaihan landslide. They were characterised by means of 
ERTs, P-wave SRTs, MASW, and H/V measurements. The first three 
techniques allowed us to characterise only limited portions of the 
subsurface of each landslide, while the H/V technique was used to 
acquire a more complete data distribution over the entire land-
slide. The results of the active techniques were employed to con-
strain the seismic noise dataset (using Nakamura 1989 equation) 
and to obtain and validate H/V sections (here only shown for the 
Manaihan landslide). In all three landslides, the lithological con-
tact of the upper Cretaceous sediments (sub-horizontal Vaals and 
Aachen layers) lying on top of the upper Carboniferous sediments 
was identified at a depth that ranges between ∼ 10 and 30 m below 
surface. This interface is highly likely to represent the surface along 
which the sliding movement predominantly occurs. The integration 
of all the geophysical methods made it possible to reconstruct the 
3D geological model of the Manaihan landslide.
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