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Abstract

Impressive and large-scale slow-moving landslides with a long-term evolutionary history
of activity and dormancy are a common landform in the southern Apennines mountain
belt. The spatial and temporal evolution of a multi-stage complex landslide located in a
catchment of the frontal sector of the southern Apennine chain was reconstructed by mul-
titemporal geomorphological analysis, near-surface seismic survey, and DEM comparison.
The Tolve landslide shows a multi-decadal evolution characterized by intermittent periods
of activity and dormancy. Geomorphological evidences suggest that the initial failure of
the large-scale landslide has a multi-millennial age and can be related to a roto-transla-
tional movement that evolved in an earthflow. Recent evolution is associated with a major
reactivation event in the middle and lower sectors of the larger complex landslide, which
probably is related to a heavy rainfall event occurred in January 1972. Recent evolution is
mainly associated with minor movements in the source area, toe advancements, and wide-
spread shallow landslides along the flank of the earthflow. Our results demonstrate the need
to integrate traditional geomorphological analysis with multi-source data to reconstruct the
evolution of slow-moving landslides and to identify their main predisposing and triggering
factors.
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1 Introduction

Multitemporal geomorphological analysis and mapping of landslide-related landforms
on unstable slopes are crucial, but often underestimate, activities to investigate the spa-
tio-temporal evolution of slow-moving landslides, identify predisposing and triggering
factors and plan mitigation actions (Soeters and van Westen 1996; van Westen and Lulie
Getahun 2003; Giordan et al. 2013; Spalluto et al. 2021). Although recent technological
advances in space and drone platforms have facilitated the quantitative analysis of short-
term landslide evolution and kinematics (Calo et al. 2012; Casagli et al. 2017; Di Maio
et al. 2018; Mazzanti et al. 2021; Mercuri et al. 2023), comprehensive study of large
slow-moving landslides with a long-term history of intermittent dormancy and activ-
ity requires a multidisciplinary and multi-source approach where innovative remote-
sensing techniques need to be integrated by traditional geomorphological analysis based
on multitemporal analysis of historical images and multi-year DEM comparison (van
Westen and Lulie Getahun 2003; Giordan et al. 2013; Santangelo et al. 2022). Moreo-
ver, the availability of several parameters such as slip surface depth, deformation meas-
urements, and/or water circulation can strongly support the interpretation of the spatial/
temporal evolution of mass movements and the detection of predisposing and triggering
factors (Samyn et al. 2012; Di Maio et al. 2018; Hu et al. 2020; Whiteley et al. 2020;
Peduto et al. 2021).

The landscape of the southern Apennine chain is locally featured by widespread
landslide phenomena of different sizes and mechanisms (see for example Parise and
Wasowski 1999; Parise et al. 2012; Pisano et al. 2017; Lazzari et al. 2018), especially
in some sectors where the peculiar combination of litho-structural and topographic fea-
tures (i.e.: high relief, outcrops of clay-rich deposits with a high degree of tectonization,
presence of tectonic lineaments) have favoured the occurrence of impressive and large-
scale landslides with a late Quaternary history of alternating periods of activity and
dormancy (Santangelo et al. 2013; Cotecchia et al. 2015; Lazzari and Gioia 2016; Ard-
izzone et al. 2023). Since the Middle Pleistocene, litho-structural setting, relief growth,
and tectonic setting have promoted the formation of landslide-prone landscapes in sev-
eral sectors of the frontal sector of the Campania-Lucania Apennine (Fig. 1). Locally,
this sector exhibits a landslide density higher than the 70%, a complex superimposition
of deep-seated and shallow landslides of different size, type and kinematics and can
represent suitable study areas for the investigation of the evolution and dynamics of
complex unstable slopes. In this work, we investigated the multi-decadal evolution of
an impressive complex landslide located in the frontal sector of the southern Apennines
chain, (Italy) by using geomorphological analyses, UAV-based short-term monitoring,
and near-surface seismic prospections.

The study area (Fig. 1) includes an unstable slope located near Tolve, a small town
located about 10 km to the east of Potenza City (Basilicata, southern Italy). The slope is
interested by a complex landslide (hereinafter Tolve landslide) showing a high variability
of its active sectors in space and time. It shows clear geomorphological evidences of roto-
translational movements in the higher-altitude sectors, whereas the lower sectors exhibiths
a typical pattern of an earthflow. The complex landslide is featured by limited and shallow
movements in its upper sectors, whereas topographic signs of younger activity can be rec-
ognized in the middle and lower sectors of the larger landslide. Such an active sector shows
geomorphological features typical of an earthflow such as a main arcuate scarp, a narrower

@ Springer



Natural Hazards

581‘000

579000 580_000 582I000 583‘000 584‘000 585|000

L

4503000 4504000 4505000 4506000
4504000 4506000 4507000

4503000

4502000
4502000

2
> 8P

581000 582000 583000 584000

4501000
4501000

) =

Lc]e
s

Symbols
ot P—
- Building —A—A Thrust fault
(1 B3 mms [ 7 .~ 9
oo Gt
1 G0y B2 N4 BN ENB X 10

Fig. 1 A Geological outline of the study area: (1) alluvial deposits (Upper Pleistocene—Holocene); (2)
slope deposits (Upper Pleistocene—Holocene); (3) landslide deposits (Holocene); (4) ancient landslide
deposits (Upper Pleistocene—Holocene); (5) colluvial deposits (Upper Pleistocene—Holocene); (6) Grey-
blue clay and silty clay (Sintema di Tolve, Lower—Upper Pliocene); (7) Massive sand and sandstone (Sin-
tema di Tolve, Lower—Upper Pliocene); (8) Gravel and sandstone (Sintema di Tolve, Lower—Upper Plio-
cene); (9) Numidian sandstone (lower—middle Miocene); (10) Formazione di Corleto Perticara alternanza
in strati di marne calcaree, calcari marnosi e calcilutiti (CPA); (10) calcilutites, marls and shales (Corleto
Perticara Fm, Eocene—Oligocene); (11) Calcarenites and calcirudites with intercalation of marls and shales
Flysch Rosso (Flysch Rosso Fm, upper Cretaceous—Oligogene); (12) Siliceous marls and shales (Galestri
Fm, lower-middle Cretaceous). The black star indicates the studied landslide. B Geological sketch map
of southern Italy (modified after Schiattarella et al. 2017). 1b. Pliocene to Quaternary units; 2b. Miocene
siliciclastic units; 3b. Mesozoic-Cenozoic Internal units; 4b. Mesozoic-Cenozoic Apennine carbonate plat-
form units; 5b. Mesozoic-Cenozoic Lagonegro basinal units; 6b. Mesozoic-Cenozoic Apulian carbonate
platform units; 7b. Volcano; 8b. Thrust front of the chain

and gentler transport zone, and a lobate-shape toe. Discontinuous shear surfaces along the
flanks of the lateral channels can be also recognized.

We have integrated traditional geomorphological analysis with DEM comparison and
seismic surveys in order to: (i) study the multi-decadal spatial and temporal evolution of
the landslide, (ii) estimate the volumes mobilized during the recent phases of slope reac-
tivation; (iii) reconstruct the subsurface features of the landslide body and the geometry
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of the sliding surface; (iv) infer the predisposing and triggering factors of the intermittent
activity of the complex slow-moving landslide.

2 Methodology

Our analysis follows a workflow that integrates a detailed multitemporal landslide inven-
tory with the interpretation of active and passive seismic surveys aimed at reconstructing
the subsurface landslide features and bedrock depth (Fig. 2). Multi-temporal landslide
inventory map has been prepared according to the methods, guidelines and suggestions of
the wide scientific literature on the topic (see for example for a wide review Guzzetti et al.
2012; Soeters and van Westen CJ 1996). The geomorphological analysis was integrated
with a quantitative volumetric analysis supported by the comparison of two UAV-derived
DEMs (2020 and 2022). Such an approach allowed us to estimate the historical evolution
of the complex landslide and the mobilized volumes in the depletion and accumulation sec-
tors of the landslide.

To reconstruct the landslide geometry, geomorphological and topographic data were
coupled with the following analyses: seismic refraction tomography (SRT), ambient noise
measurements of the horizontal to vertical spectral ratio (HVSR) and multi-component,
single-offset and multi-offset MASW. We test the reliability of such an integration between
multisource and multiscale data for a fast, accurate and low-cost reconstruction of 3-D
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Fig.2 Workflow of the acquisition and elaboration steps of the collected data
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geometry of slow-moving complex landslides, especially for rural landslide areas where
core drilling are not present.

2.1 Multitemporal geomorphological analysis

We use a variety of remote sensing data and methods to reconstruct the landslide dynam-
ics during the period 1954-2022. The long-term analysis of the landslide evolution was
performed by geomorphological interpretation of historical aerial photographs, satellite
images, and UAV orthophotos.

A geomorphological analysis of the evolution of the Tolve landslide from 1954 to 2023
was carried out using a series of aerial photographs, topographic maps, and orthophotos.
More specifically, a long-term analysis of the landslide evolution was carried out through
the geomorphological interpretation of historical aerial-photos (years: 1954 and 1974), sat-
ellite orthophotos (years: 2008, 2013, and 2017), and UAV-based data (2020 and 2022).

Digital stereoscopic aerial photographs for 1954 and 1974 at scales between 1:15,000
and 1:33,000 were interpreted using the StereoPhotoMaker software. For each of the avail-
able photo pairs, the main landforms of the landslide were interpreted using well-estab-
lished methods and procedures of geomorphological photo-interpretation (Guzzetti et al.
2012; van Westen and Lulie Getahun 2003; Conforti et al. 2014; Santangelo et al. 2015;
Lazzari et al. 2018). The results were digitized in a GIS platform on ortho-rectified images
and all the interpreted landforms include an attribute table with data on type and activity
and uncertainty degree.

Adopting well-consolidated criteria of geomorphological photo-interpretation, relative
age and activity of the complex landslide are inferred from the morphological characteris-
tics and appearance on the historical aerial photos and ortophotos (Guzzetti et al. 2012 and
references therein). On these basis, we adopt a classification scheme of the activity state
of the landslide that follows the Italian Landslide Inventory (IFFI) project (Trigila et al.
2010). More specifically, the different sectors of the landslide are classified active if they
appear fresh on the imagery of a given date. Dormant landslide sectors are sectors where
morphological signs of possible re-activation exist whereas inactive ones include stabilized
areas.

A synoptic geomorphological map and the landslide evolution pattern were then
extracted for the following periods: 1954, 1974, 2008, 2013, 2017, 2020, and 2022.

For the years 2020 and 2022, topographic data and high-resolution DEMs (pixel size:
2 cm) were obtained through the elaboration of two drone surveys. Since land use is largely
characterised by the absence of vegetation cover, we prefer to use photogrammetry instead
of the LiDAR survey and exclude sectors with significant vegetation from the volume cal-
culation. The surveys were carried out in May 2020 and August 2022. A DJI Matrice 210
with a 20 Mpx photogrammetric camera, a Trimble GNSS for ground target acquisition,
and UgCS software for flight planning were used to collect photogrammetric data. Agisoft
Metashape software was used to generate the 3D models. The software is based on the
StM algorithm (Fig. 2), which in input needs images and position of targets and in output
releases a point cloud, orthophotos and DSM (James et al. 2019; Minervino Amodio et al.
2020).

During photogrammetric processing, the point cloud was not subjected to vegetation
filtering because the study area is featured by the absence of vegetation, especially in the
active area of the landslide. The UAV data allow us to reconstruct the short-term evolu-
tion of the landslide and also to make quantitative assessments of the mobilized landslide
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volumes in the period 2020-2022. The volume involved in the Tolve landslide in the period
2020-2022 was derived from the difference of the DEMs (DoD) obtained during the SfM
process. Small sectors of the study area with a significant vegetation cover was excluded by
the DoD volume calculation. To obtain this result, the >Volume Calculation Tool’ within
the QGIS software was used.

2.2 Seismic survey: background and applied methods

Active and passive seismic surveys are often used to reconstruct subsurface P- and S-wave
velocity profiles, which can be easily correlated with the low-velocity layer associated to
the thickness of the landslide bodies (Samyn et al. 2012; Capizzi and Martorana 2014;
Imposa et al. 2017; Hussain 2019). Due to several limitations of seismic refraction tomog-
raphies (SRTs) (i.e.: low penetration depth, low reliability of the 2-D model in presence of
a velocity inversion, low signal-noise ratio of seismograms, time-consuming acquisition
workflow; see Dal Moro 2020; Hunter et al. 2022), many works dealing with landslide
analysis have recommended the application of this method in combination with other tech-
niques such as GPR and ERT (see e.g. Sass et al. 2008; Bekler et al. 2011; Imani et al.
2021; Himi et al. 2022) to infer the depth of the slip surfaces and to constrain the subsur-
face geometry of unstable slopes.

Recently, the application of surface wave (SW) methods, which record Rayleigh and
Love Waves (Park et al. 1999; Dal Moro 2014), as well as the Horizontal-to-Vertical Spec-
tral Ratio (HVSR, Nakamura 1989) have demonstrated their usefulness and effectiveness
for the reconstruction of geometry of landslide slip surfaces and the subsurface geome-
try of mass movement processes (Irham et al. 2021; Widyadarsana and Hartantyo 2021;
Alonso-Pandavenes et al. 2023; Wrébel et al. 2023among others). Using a similar com-
bined approach, we combine the interpretation of two seismic refraction tomographies
(SRTs) with the analysis of dispersion curves of Rayleigh and Love waves and the hori-
zontal-to-vertical spectral ratio (HVSR). On the basis of the large availability of correlation
between lithotecnhical features of landslide and bedrock deposits and P- and S-wave veloc-
ities (see for example Stucchi et al. 2013; Imani et al. 2021), we recontruct the subsurface
layers and the geometry of the landslide surfaces.

Common and standard techniques of SW analysis use multi-channel and multi-offset
geophone arrays and the analysis are based on the picking of the fundamental mode on a
dispersion curve, which shows the phase velocity as a function of the frequency (see for
example Imposa et al. 2017). Such an approach is highly subjective and can provide poorly
constrained and/or “wrong” shear-wave velocity profiles (Dal Moro et al. 2019; Dal Moro
2023). To overcome the subjective interpretation of the velocity-spectra (Dal Moro 2019b;
Dal Moro 2023), we adopt an approach based on the joint inversion of multiple compo-
nents (i.e.: the radial component of Rayleigh waves and Love waves) dispersion curves
according to the Full Velocity Spectrum approach, a technique based on the computation
of the misfit of the whole velocity spectrum without any interpretation of the observed
velocity spectrum in terms of modal dispersion curves (see Dal Moro 2020 for more details
on the background of the approach and its advantage than the conventional methods).

In addition, seismic refraction techniques and multi-offset MASWs typically require the
use of an array of 24 geophones and long and complex acquisition procedures. Recently,
there has been growing interest in approaches based on the use of a single multi-compo-
nent geophone, which allows faster and more effective acquisition of multicomponent dis-
persion curves (Dal Moro 2019a; Dal Moro et al. 2019). These techniques require a single
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triaxial geophone and simpler equipment, acquisition procedures, and field operations,
which can be very effective for the investigation of large landslide areas with significant
lateral variations in subsurface properties and challenging logistics. Velocity spectra can be
jointly inverted with HVSR curves (Nakamura 1989; Arai and Tokimatsu 2005) to better
constrain the velocity models, especially at deeper depths than those investigated by active
seismic techniques.

In this work, we collected a comprehensive seismic dataset including SRTs, multi-com-
ponent surface-wave analysis, and HVSR along the whole landslide area with the aim of a
robust characterization of S-waves velocity models. Figure 3 shows the location of the seis-
mic surveys while Table 1 summarized the type of surveys, field equipment and acquisition
procedures.

2.3 SRT

SRT records the arrival times (“first breaks”) of compressional and shear waves on a set of
geophones, which allow to reconstruct a model of the P wave distribution in the subsurface.
Such data are interpreted in terms of variations in the elastic properties of the subsurface
by an iterative inversion of the travel time of surface waves derived from a manual picking
of first arrivals. In this work, we have used the Rayfract software and the Wavepath Eiko-
nal Traveltime (WET) inversion method. Lateral measurements of surface-wave velocity
profiles can then be collated to produce 2-D sections of interpolated P-wave velocity. Two
nearly orthogonal SRT surveys were carried out in the upper sector of the active earthflow
(see Table 1 for more details about the configuration and acquisition procedures).

2.4 Surface wave analysis

Two multi-component and multi-offset MASW were acquired along the same arrays of the
seismic refractions. The seismic acquisition was performed by placing a set of 24 geo-
phones at different offsets (Table 1). To avoid the problems of ambiguous and non-unique
solutions of the subsurface wave-velocity models derived by interpreting the vertical com-
ponent of Rayleigh waves (Dal Moro 2023), we perform a multicomponent analysis of the
surface waves by the acquisition and joint analysis of Love waves and the radial component
of Rayleigh waves. Moreover, we applied the FVS approach, and a joint inversion was per-
formed by using phase velocity spectra of the two components and the HVSR curve (see
Dal Moro and Ferigo 2011; Dal Moro 2019b for a wider description of the methodological
approaches and Dal Moro 2023 for a detailed review of limitations and advantages of the
different methods of surface wave analysis). Such an analysis was performed by using the
Winmasw Academy 2019 software and allowed us to strongly reduce the uncertainty of
the S-wave velocity models. Such an active technique requires only one 3-component geo-
phone at a one single-offset, which is used to estimate the group-velocity spectra of three
“objects” (component of Rayleigh waves or Z component, radial component of Rayleigh
waves or R, transversal Love waves or T component, see Dal Moro 2019a). Group veloci-
ties can be jointly inverted with the H/V curve acquired with the same triaxial geophone.
We exploited this advantage of a simpler field procedures than the “standard” analysis
of the multi-offset data by acquiring five single-offset multicomponent MASW to better
define the subsurface features of several sectors of the landslide where it is logistically
complicated to acquire multi-offset data.
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Fig. 3 Orthophoto (year: 2017) of the Tolve landslide with the location of the seismic surveys

2.5 HVSR

We also record seven passive datasets of ambient noise measurements to determine the
HVSR curve (Nakamura 1989). We use the same single 3C geophone used for the
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acquisition of active single-offset acquisition. Records were made according to the guide-
lines and procedures proposed by the Sesame project. Fourier spectra of the north—south,
east—west, and vertical components are calculated. The spectra of the horizontal and verti-
cal components are then compared to estimate the H/V ratio as a function of frequency.

3 Regional and local setting

The landslide developed along a NW—-SE-trending slope in the headwater sectors of a small
drainage basin of the frontal sector of the southern Apennines. The catchment extends
along the right-side of the Torrente Castagno river, a low-hierarchic order tributary of the
Bradano River. This sector of the chain (Fig. 1) is characterized by NW-SE-trending mor-
pho-structural ridges and thrust sheets, mainly moulded into Cenozoic sandstones, matrls,
and clays forming the eastern imbricate fan of the orogenic wedge (Riviello et al. 1997;
Pescatore et al. 1999). These deposits show a high degree of deformation and are tectoni-
cally overlapped on Pliocene clastic deposits of thrust-top basins (Riviello et al. 1997).
Pliocene deposits mainly characterize the easternmost sectors of the study area and are
represented by a thick succession of transitional to marine environment consisting of con-
glomerate, sandstone and grey silty clays.

In this sector of the outer belt of the chain, the landscape is affected by widespread land-
slide phenomena and exhibits a gentle topography as a result of the diffuse outcrop of clay-
rich tectonic units (Schiattarella et al. 2017; Lazzari et al. 2018). Steeper slopes and higher-
relief sectors are preferentially distributed on NW-SE alignments of Numidian sandstones
and coarser-grained Pliocene deposits. Mass movement processes are mainly associated
with large-scale earthflows and widespread shallow landslides, which show a spatial distri-
bution strongly influenced by the litho-structural setting and degree of tectonic deformation
(Lazzari and Gioia 2016; Lazzari et al. 2018; Spalluto et al. 2021; Ardizzone et al. 2023).

This diffusion of large and deep-seated landslide processes promoted the local occur-
rence of landslide-dominated landscapes, which mainly affected catchments featured by
wider outcrops of clay-rich highly deformed tectonic units such as Flysch Rosso and Argille
Varicolori Fms (Borgomeo et al. 2014; Cotecchia et al. 2015; Lazzari et al. 2018; Ardiz-
zone et al. 2023). The most impressive mass movements are complex landslides (sensu
Cruden and Varnes 1996), which usually started as rotational slides in the calcareous-bear-
ing lithologies, and evolved into flows in the lower sectors. Flows of fine-grained material
occurred in narrow and elongated U-shaped or concave valleys and mobilized landslide
deposits can move slowly for hundreds of meters before expanding in the lower relief areas
(the thalweg of the main river). Several historical and geomorphological evidences suggest
that these landslides have a multi-millennial evolutionary history and probably developed
during the cold periods of the Late Pleistocene (Bertolini et al. 2017). Moreover, they often
have a spatial distribution that appears to be controlled by the presence of regional tectonic
lineaments.

The Tolve landslide cut a slope with a main SE-NW orientation located on the right
side of the headwater sectors of the Torrente Castagno catchment (Fig. 3). This sector is
dominated by several large landslides, which developed as rotational slides in their upper
sectors and evolves as earthflows in the lower altitude areas. At a larger scale, these huge
landslides form an arcuate depletion zone with a diameter of 6 km and their accumulation
zones converge radially in the main valley of the Torrente Castagno river (Fig. 1). The mid-
dle and lower sectors of the unstable slope are mainly carved in Lower—middle Cretaceous
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siliceous marls and shales of the Flysch Rosso Formation. In the higher altitude sectors of
the study area, light-grey and greenish shale with intercalation of thin beds of marls and
marly limestone (Galestri Fm., Lower-Middle Cretaceous, Fig. 1) crop out. They overlay
tectonically clay-rich deposits of the Flysch Rosso Formation. The Tolve landslide (Fig. 4)
is about 1300 m long, has a total relief of 215 m, and covers an area of about 270,000 m?>.
The average slope of the landslide is about 21°, with steeper and higher-relief landforms
located in the upper sectors and a gentler topographic pattern in the central and lower ones.

The climatic setting of the study area shows a Mediterranean-type annual and seasonal
distribution of precipitation. The rainfall recorded at the stations of Vaglio di Basilicata
and Oppido Lucano over the last 50 years shows an average annual value of total precipita-
tion of about 600 mm, with a strong seasonal variability and a predominant concentration
of rainfall in autumn and spring. During these seasons, multi-days heavy rainfall events
associated with peaks of 2 or 3 days of severe precipitation have been observed. The recent
trend (i.e.: in the last 20 years) of rainfall data suggests a general decrease or stability in
total annual rainfall and an increase in both dry periods and maxima in multi-day rainfall
events.

4 Results
4.1 Geomorphological analysis and multitemporal activity maps

The landslide head scarp (Fig. 4) is located at an elevation of about 825-835 m and the
arcuate source area shows peculiar geomorphological evidences such as widespread surfi-
cial erosional features, counterslopes, and hummocky-type topography. They suggest a
movement of the depleted mass with a roto-translational geometry, which mainly affected
the calcareous-rich deposits of the Galestri Fm. Downslope, the source area fed a narrow
flow channel (i.e.: width of about 25-30 m) composed of heterogeneous and unconsoli-
dated fine-grained material developing in a valley with an average slope of about 11-12°.
The narrow valley is laterally bounded by channels separating the flowing material from
the undeformed material. The main valley was also fed by several secondary lateral shal-
low landslides in the deposits belonging to the Flysch Rosso Fm. The landslide toe expands
at an altitude of 640 m, forming a fan-shaped foot that ends in the Torrente Castagno river.
The toe is partially incised by the main river.

Visual inspection of the 1870 IGMI map and in particular the contour pattern shows
that the main elements of the complex landslide are already present in the slope. As high-
lighted by radiocarbon dating of similar landslides in the Apennines (Bertolini et al. 2017;
Leonelli and Chelli 2024) and other geomorphological evidences (Aringoli et al 2013; Di
Maio et al. 2018), this could suggest that the initial failure of the large-scale landslide has
a multi-millennial age and can likely relate to the Late Pleistocene periglacial conditions.
The recent geomorphological evolution of the unstable slope is mainly related to a partial
reactivation of the landslide body, especially in its middle and lower part. The present-day
active landslide occurs at altitudes ranging between 780 and 635 m a.s.l., as a result of a
partial re-activation of the pre-existing ancient landslide. The active landslide shows geo-
morphological features typical of an earthflow such as a circular and steep scarp, a narrow
transport zone, and a fan-shape toe.

Geomorphological analysis of the 1954 stereo-pairs (Fig. 4) highlights that the main
elements of the complex landslide are already developed. A wide arcuate source area with
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limited evidence of activity was observed at higher elevations while the active sector of
the landslide is located in the middle sector of the slope. The most significant increase in
the active sectors of the landslide can be observed on the 1974 aerial photographs. The
geomorphological analysis shows a significant retrogression in the north-eastern and cen-
tral sectors of the slope and an advancement of the toe. Widespread shallow landslides
are active along the left flank of the earthflow. Multitemporal landslide maps of the study
area highlight a general decrease of the active sectors of the landslide from 1974 to 2022
(Fig. 4). Between 2013 and 2020, the active source area of the earthflow extended upslope
of about 30 m while the toe advanced of about 90 m. Localized smaller movements can be
detected in recent years.

4.2 Seismic survey and subsurface characterization of the landslide
4.2.1 SRTs

R1 SRT (Fig. 5) deriving by inversion of first-arrival traveltimes highlights the presence
of a shallower layer characterized by a low P-wave velocity of 300—500 m*s~!. The low
P-wave velocity layer has a thickness of about 2-3 m and can be correlated with the pres-
ence of unconsolidated sediments and reworked blocks with surficial cracks, voids, and
fracture zones. At a depth of about 5-7 m, a well-defined refractor can be recognized (see
the wavepath coverage in Fig. 5a). It can be roughly located along the 1500-1600 m*s™!
isolines and probably corresponds to the saturated part of the active slip surface. Deeper
layers are characterized by higher values of P-wave velocity.

R2 SRT (Fig. 5b) shows a spatial distribution of P-wave isolines quite similar to the
R1 SRT. The surficial low-velocity layer has a depth ranging from 0,5 to 2 m, a concave
geometry, and a maximum depth in the central sector of the array. The main refractor can
be observed at a depth of 5-7 m.

4.2.2 HVSR

All HVSR curves (Fig. 6) show a maximum with an amplitude value ranging between 1.5
and 3.5 at a relatively high frequency (i.e.: between 4.5 and 15 Hz, Fig. 6a), which can
be interpreted as related to a significant surficial discontinuity in the Vs profile. The Vs
contrast can be correlated to the abrupt increase in Vs values between the active landslide
body and the lower “undeformed” layers. The main peak in the H/V curves tends to move
towards lower frequencies from HVSR1a (Inline position 1 in Fig. 6b) to HVSR4b (inline
position 7 in Fig. 6b). Such a trend suggests a variation (i.e.: an increase) along the slope of
the depth of the shallower lithological discontinuity (i.e. Fig. 6b depicts such geometry of
the active sliding surface across the whole landslide).

4.2.3 SW analysis

Multi-component MASWs were acquired over the whole area of the active earthflow (see
Fig. 3 for the location of the seismic data). Figure 7 illustrates the seismic dataset and
the relative joint inversion for the M1 multi-offset and multi-component MASW: the joint
inversion between the group velocities of the R and T components (offset: 57 m, Fig. 7)
and the HVSR curve shows a Vs model with a solution that well-fitted the collected data.
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Apart from the visual good fitting between the field datasets and the best theoretical mod-
els, the robustness of the joint inversion and, in general, of the reconstructed Vs profiles
was confirmed by low values of the misfit between reconstructed and acquired datasets.
The S-wave profile is featured by a low-velocity layer (i.e.: Vs value of about 150 m/s) with
a thickness of about 4 m, which passes downward to a layer with a Vs value of 240 m/s. At
a depth of 11.5 m, the velocity model shows an increase in values from 240 m/s to 320 m/s.
Deeper layers highlighted Vs value higher than 400 m/s.

The seismic data acquired at different locations across the active landslide areas are
grouped into three sectors (Fig. 8): the upper sector or source area (HS1 and HS2), the
middle sector or transition zone (M1 and M2), and the landslide toe (HS3, HS4, and HS5).
Comparison of the Vs profiles obtained for the other sites indicates a substantial homo-
geneity of the reconstructed seismic features (Fig. 8). In fact, the surficial low-velocity
layer can be recognized in all the Vs profiles derived from the interpretation of the multi-
component MASWs (layer 1 in Fig. 8). Vs value lower than 150 m/s can be attributed to
unconsolidated deposits and can be correlated with the thickness of the active landslide
body. Intermediate Vs values with a high variability (i.e.: from about 250 to 450 m/s) were
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Fig.7 Analysis of the multi-component and multi-offset MASW M1 (see Fig. 3 for location): a seismic
traces and group-velocity spectra (trace 10, offset 57 m) for the radial (R) component of Rayleigh waves; b
seismic traces and group spectra of the transversal Lowe waves. Black contour lines represent the synthetic
group spectra of the best model derived by joint inversion; ¢ observed HVSR and synthetic curve of the
best model; d Vs profile derived from the joint inversion of group velocity spectra and HVSR curve. The
group velocities of the Z and R components were inverted according to the Full Velocity Spectrum (FVS)
approach (thus avoiding the spectra interpretation in terms of modal curves) and the best model is also
reconstructed by a joint inversion of dispersion curves and HVSR curve

observed at depths ranging from 4 to 25 m. Such a variability is more pronounced in the
source and accumulation areas of the active earthflow (Fig. 8b and d). These layers can be
roughly correlated to the thickness of deposits involved in slope failure phenomena (layer 2
in Fig. 8). The Vs profiles reached the considerable value of about 500 m/s at depths higher
than 18-25 m. The abrupt transition between a layer with intermediate S-wave velocities
and the highest velocity layer can be a robust indication of the presence of stable bedrock.
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The variability of the Vs values in the deeper layers can be related to the presence of the
alternation of clay-rich deposits and stiff (i.e. calcareous) layers.

4.3 UAS survey and short-term landslide evolution

Short-term evolution of the slow-moving Tolve landslide was performed by a visual
and quantitative analysis of DEMs derived from the two UAV surveys (year 2020 and
2022). The vertical errors of the two DEMs with respect to GCPs in photogrammetry
modeling are distributed around a value of about 3 cm. Figure 9 depicts the change
in surface elevation related to the movements from November 2020 to August 2022.
Along the entire main body of the landslide the DoD shows a gradual transition of
material loss in the upper and mid-high parts to accumulation in the lower part with
colours tending towards the red. The movement of material along the slope can also
be seen along the topographic profiles between the two DEMs. The DEM of difference
(DoD, Fig. 9) highlights a clear decrease in topography (up to 3 m) in the landslide
source area. In Fig. 9a, topographic profiles drawn for DEM 2020 (red line) and DEM
2022 (yellow line). Such a topographic modification suggests a recent reactivation of
the earthflow with a retrogressive trend.

The upper sector of the transport zone is mainly characterized by an increase of the
topographic surface, which can be roughly related to the accumulation zones of the
recent landslide movements. In the lower sector of the transport zone, the altitude com-
parison shows limited topographic variation with localized topographic modification
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Fig.9 Elevation difference map between May 2020 and August 2022 of the Tolve landslide. The black pol-
ygons indicate areas characterised by the presence of vegetation; these areas were not taken into account
for the calculation of the topographic modification. A polygon with a thin line in black shows the active
landslide area as of 2022

due to lateral shallow landslides (see for example the frame b in Fig. 9). Significant
topographic variation occurred at the toe of the active landslide, where our analysis
detects an increase of the elevation between 2 and 3 m (Fig. 9¢). The landslide volume
variation was quantified to be approximately —993.6 m?, with an accumulated volume
of 1646 m? and a depleted value of 2640.6 m? (with an estimated error of 10.4%). The
DoD (Fig. 9) shows a general trend characterised by loss in the upper part of the land-
slide and accumulation in the lower part. The missing volume is probably due to the
material that accumulated and came out of the UAV-surveyed area.

5 Discussion

The landscape of the southern Apennine chain is largely affected by widespread landslide
phenomena of different size, type and kinematics, especially in its outer/frontal belt due to
the combination of different predisposing factors such as high relief, outcrops of highly-
tectonized and clay-rich, deposits, and presence of tectonic lineaments. In particular, large
earthflows are a common landform in southern Italy and their recent re-activation has fre-
quently represented a severe factor of risk for socio-economic activities, infrastructures,
and settlements (Giordan et al. 2013; Cotecchia et al. 2015; Spalluto et al. 2021; Ardizzone
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et al. 2023). Therefore, a detailed and comprehensive investigation of the spatio-temporal
evolution and geometry of these landslides as well as an assessment of the possible trigger-
ing factors capable of mobilizing their different sectors is crucial for purposes of regional
hazard assessment and mitigation planning.

We investigated the long-term evolution of the Tolve landslide, a complex slow-mov-
ing landslide located in one of the most impressive landslide-dominated landscapes of the
Basilicata region by integrating traditional geomorphological analysis, UAV-based moni-
toring, and seismic surveys.

Our approach has allowed us to define the multi-decadal spatial evolution of the slope
and to estimate the volumes mobilized during the most recent stages of the landslide evolu-
tion. This multi-source, multi-disciplinary approach, which includes geomatic techniques
and the comparison of high-resolution DEMs, has been useful in highlighting how differ-
ent sectors of the unstable slope can be reactivated following major rainfall events. This is
probably due to the climatic setting of recent years, which does not change so much in the
total amount of rainfall but is characterised by extreme events concentrated in a few hours
(see Fig. 11).

The application of different seismic techniques has been particularly useful in defin-
ing the thickness of the present-day active landslide body and the geometry of the deeper
and older sliding surface. SRT is one of the more consolidated geophysical methods for
the 2-D characterization of landslide boundaries, depth of sliding surfaces, and saturated
layers. Its main limitations are related to a significant field effort, a difficulty to generate
seismograms with a good signal to noise ratio, and a low penetration depth. In this work,
we have encountered all the above-mentioned issues. In addition, the extensive use of the
seismic refraction method for the characterization of large and hardly-accessible unstable
slopes such as the study area is really unsuitable. For these reasons, we have exploited the
great potential of single-offset multicomponent MASW as an effective and valuable tool
for defining the subsurface features of large landslides with a low accessibility. Due to the
simplicity of the equipment (i.e.: a single triaxial geophone) and the rapid and easy acqui-
sition procedures, such an approach can represent a novel and robust technique to extract
information about the 2-D geometry of large and deep-seated landslides.

The studied landslide extends for a total length of aproximately 1300 m and exhibiths
typical features of a slow-moving landslide with a long-term evolution of intermittent
activity. According to the oldest available topographic map of the study area, the initial
slope failure occurred before the second half of the nineteenth century. It developed as a
rotational slide in the higher-altitude sectors and evolved into an earthflow in the lower
ones with a maximum depth of the initial slip surface events of about 20-25 m (Fig. 10).
The spatial and temporal evolution of a multi-stage complex landslide located in a catch-
ment of the frontal sector of the southern Apennine chain was reconstructed by multitem-
poral geomorphological analysis, near-surface seismic survey, and DEM comparison. The
Tolve landslide shows a multi-decadal evolution characterized by intermittent periods of
activity and dormancy. Geomorphological evidences suggest that the initial failure of the
large-scale landslide has a multi-millennial age and can be related to a roto-translational
movement that evolved in an earthflow. Recent evolution is associated with a major reacti-
vation event in the middle and lower sectors of the larger complex landslide, which proba-
bly is related to a heavy rainfall event occurred in January 1972. Recent evolution is mainly
associated with minor movements in the source area, toe advancements, and widespread
shallow landslides along the flank of the earthflow. A significant increase in the landslide
activity was reconstructed by analyzing the 1974 aerial-photographs.

@ Springer



Natural Hazards

RI/M1

850 Hs1/Hs2
N HVSRal

HVSR1b/HVSR2b R2/M2

HVSR4a/HVSR5a

Bedrock vt 2 ..... Ancient landslide \1 Active landslide

Fig. 10 2-D Section of the Tolve landslide with the reconstruction of the slip surfaces as inferred by seismic
data

m Max P3 = Max Ps B Max P15 ® Max P30
300.0
250.0
200.0
€
E
= 150.0
8
f=4
‘T
o
100.0
50.0
0‘Nﬂw000NﬂkoeoONﬂ\DeOONQtDBOOvaDeOONg\DOOONQtDOOO
e e R e e eSS 883828as38888888:888¢8
BN RNR RN 888 333832388 8¢8
0.2 . .
W Active ® Quiescent ' Dormant
0.15

0.1

0.05

Area (km?)
o
b/ 6T | —

[ e = = = = = = = = N NN N NN
© © v © © © © © © © © o Qo 9o 95 oo
a gu I ) < N 3 <) © © =} S5 BPp PR OO
, N0 = a [ o = kN = = =3 % ~Pn o o

Fig. 11 Graph of temporal trend of activity and relationships with rainfall data. MaxP3, MaxP5, MaxP15,
and MaxP30 are the annual maximum of cumulative rainfall data for 3, 5, 15 and 30 days

@ Springer



Natural Hazards

We reconstructed a significant retrogression of the depletion zone with a multiple
upslope migration of crown areas in the north-eastern and central sectors and the highest
value of active landslide areas (Fig. 11). The re-activation of pre-existing and deeper com-
plex landslides of probable post-glacial age has often been reconstructed as a typical geo-
morphic response of unstable slopes with similar characteristics to the study area (Panek
2014; Bertolini et al. 2017). Between 16 and 23 January, precipitation reached a significant
value of 155 mm. On 25 January, an additional 40 mm of rain fell. Such an event repre-
sents one of the heavy rainfall events of the available climate record. The re-activation of
the landslide observed in 1974 stereo-pairs can be likely correlated to that period of heavy
rainfall occurred in January 1972 (Fig. 11).

Seismic data and in particular the distribution of the Vs values in the surficial layers
suggest that the movement of the active earthflow occurred within a deformation zone with
a limited thickness of about 3—4 m. Moreover, SRTs indicate a depth of about 5—-6 m of the
saturated layer. It has been widely demonstrated that slow-moving landslides and earth-
flows show geomorphic evidence of movement/activity during a relatively long period of
high precipitation. Such heavy rainfall events can promote water infiltration, water-table
raise, and local saturation of the fissured near-surface material (Lacroix et al. 2020).

Younger geomorphological evolution of the studied slope is characterized by a general
decrease of the active sectors of the landslide and smaller topographic modification in the
source area and accumulation zone of the earthflow (Fig. 9). Although the analysis of his-
torical rainfall record highlights the occurrence of heavy rainfall events with features simi-
lar to those of 1972, our geomorphological analysis suggests that these events are not able
to promote a significant mobilization of the earthflow and limited recent (i.e. in the latest
10 years) movements are intermittent and localized in the intermediate sectors of the inves-
tigated slope. Such an evidence could be explained by considering the general slope reduc-
tion induced by the main (i.e.: January 1972) reactivation or the reduced ability of the main
river to erode the landslide toe.

6 Concluding remarks

Impressive and large-scale slow-moving landslides with a long-term evolutionary history
of activity and dormancy are a common landform in the mountain belt of the southern
Apennines. The comprehensive study of the Tolve complex landslide was carried out by
integrating detailed multitemporal mapping of the landslide activity with the reconstruc-
tion of subsurface landslide features based on active and passive seismic data. Geomorpho-
logical analysis and landslide activity map indicate that the Tolve landslide has a multi-mil-
lenial age and can be classified as a roto-translational movement evolving in an earthflow.
It developed within a catchment showing high-relief, diffuse outcrops of clay-rich deposits
with a high degree of tectonization and tectonic lineaments of regional significance.
Geophysical data suggest that the sliding surface of the initial slope failure phenomena
has a thickness of about 25 m, as inferred from the reconstruction of the bedrock depth in
the S-wave velocity profiles. A major reactivation event in the middle and lower sectors of
the wider complex landslide was observed in the 1974 stereo-pairs, which was related to a
heavy rainfall event occurred in January of 1972. Such a long period of heavy precipitation
could have promoted a rise in water level and/or a saturation of the surface layer within a
deformation zone with a limited maximum thickness of about 4-5 m. Our investigation
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suggests that the active landslide area still shows evident signs of activity, although with
a general trend of decrease in activity. As a matter of fact, the shorter-term evolution from
the UAV surveys is mainly due to a retrogression of the active scarp, lateral shallow move-
ments, and a toe advancement.

Our results can be useful for landscape modeling, the evaluation of geomorphologi-
cal hazard and risk, and quantitative geomorphological analysis of slope processes. We
remark that the detailed reconstruction of the evolution of complex slow-moving landslides
requires the integration of multidisciplinary data. In particular, multi-decadal landslide
mapping and estimation of activity maps are important tools for the analysis of possible
threshold of rainfall events and can be effectively combined with seismic data to recon-
struct the thickness of the present-day active landslide body, the water-table level and the
geometry of the deeper and older sliding surface. Finally, it should be emphasized that the
collected seismic data and in particular the single-offset multicomponent MASW showed
a great potential and can represent an effective and powerful method for characterizing the
2-D geometry of large landslides.
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