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Earthquakes and rainfall accelerating deep-seat-

ed landslides toward failure: significance
of combined use of INSAR and feature tracking
in landslide analysis

Abstract Deep-seated landslides are found across various geo-
logical settings, with their velocity influenced by processes such
as rainfall infiltration and earthquakes shaking, which alter pore
pressure and shear stress at the landslide base. This paper exam-
ines the Borrano and Ponzano landslides in Abruzzo, central Italy,
as representative examples of deep-seated landslides. Our analysis
focuses on their geometry, mechanisms, and velocity changes using
field, subsurface, and remote sensing. Both landslides, involving
Laga Formation rocks, feature a concave basal sliding surface and
exhibit rotational sliding with continuous movement since at least
2015. Displacement rates exceeded 10 mm/year between 2015 and
2022, with the Ponzano landslide moving 15 m in a few days during
a slip event in February 2017. Time series analysis shows a sub-
stantial velocity change at both landslides following the August 24,
2016, earthquake and 2 months of above-average rainfall, with the
Ponzano landslide slipping 15 m 6 months later. While our data does
not provide a conclusive origin for this rapid slip event, the earlier
changes suggest that earthquakes and rainfall can perturb landslide
motion, possibly driving strain-induced material weakening and
eventual failure.

Keywords Landslides - Kinematics - Catastrophic failure - InSAR -
Feature tracking - Earthquake

Introduction

Deep-seated landslides occur worldwide across a variety of geologi-
cal environments (Baron et al. 2004; Roering et al. 2005; Brideau
et al. 2009; Kojima et al. 2015; Bfezny and Pdnek 2017; Pappalardo
et al. 2018; Arai and Chigira 2019; Esposito et al. 2021; Guerriero
et al. 2021). Their initiation is commonly related to rainfall infil-
tration and earthquake shaking (Chigira and Yagi 2006; Zhi et al.
2016; Chen et al. 2017; Confuorto et al. 2017; Nguyen et al. 2020), but
marine erosion, sprawl of urbanized areas, weakening of landslide
material due to long-term alteration, and land-use change have also
been identified as potential triggering factors (Cevasco et al. 2018;
Dille et al. 2019, 2022). Blasting, tunneling, and excavation can also
contribute to this process (Sun et al. 2012), even if, in some cases,
deep-seated landslide initiation has not been associated with a
specific trigger. Deep-seated landslide motion can be modulated
by pore pressure fluctuations at the landslide basal and lateral slip
surfaces and variation in weight caused by water infiltration (Iver-
son 2005; Schulz et al. 2009; Van Asch et al. 2009; Handwerger et al.

2015; Schulz et al. 2017; Jiang et al. 2018). Earthquakes can be respon-
sible for transient acceleration due to a temporal increase in shear
stress caused by seismic loading and eventual pore-water pressure
build-up (Newmark 1965; Sassa et al. 1996; Wasowski et al. 2002;
Lacroix et al. 2015). Although slow-moving or intermittent kinemat-
ics can persist over the long term, these landslides can suddenly fail
catastrophically (Chigira 2009). Intense rainfall, earthquakes, and
undrained loading by superimposed landslides can be responsible
for catastrophic evolution (Chigira 2009; Booth et al. 2018). Under
specific circumstances, long-term creep can drive a slope toward
failure (Petley and Allison 1997; Guerriero et al. 2022).

Tracking and understanding deep-seated landslide kinematics is
critical for assessing their hazard and risk. Being characterized by
velocities that range from millimeters per year to meters per second
(in case of catastrophic failure, i.e., very slow to extremely rapid;
Hungr et al. 2014) and often affecting significantly large areas,
monitoring spatial pattern and rate of surface displacement can
be a challenging task that benefits from the integration of multiple
satellite-based techniques. Over the last three decades, Differential
Interferometric Synthetic Aperture Radar (DInSAR) has emerged
as a valuable tool for landslide displacement monitoring from slope
to regional scale (Antonello et al. 2004; Colesanti and Wasowski
2006; Schlogel et al. 2015; Di Martire et al. 2016, 2017; Squarzoni
et al. 2020; Manconi 2021). This technique has the potential to sup-
port low-rate displacement tracking applications and mapping and,
due to the characteristics of the sensors, it is able to work in all-
weather and day and night conditions. A major limitation of this
technique is related to its inability to track north-south and high-
rate displacement, especially in the case of high-resolution analysis
(Ferretti et al. 2001). Some of these limitations can be overcome
by optical feature tracking (also known as pixel offset tracking or
particle image velocimetry) which is less affected by vegetation
and displacement orientation and is less affected by decorrelation
(Stumpf et al. 2017; Guerriero et al. 2020; Van Wyk de Vries et al.
2024). Since DInSAR is suitable for slow-rate displacement moni-
toring and feature tracking is suitable for monitoring faster motion,
a combination of both techniques may provide the most compre-
hensive opportunity for landslide displacement tracking, although
one or both may not perform effectively over some areas (e.g. Dille
et al. 2021; Van Wyk de Vries et al. 2021, 2024).

Deep-seated landslides of variable size and age are distrib-
uted across Italy’s Apennine mountains. Many of them occur in
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structurally complex flyschoid formations (Esu 1977) and underlie
or are adjacent to human settlements, inducing damage to build-
ings and infrastructures. This interaction is often related to their
extremely slow displacement rate and eventual intermittent nature
since, in these conditions, they can remain unrecognized for dec-
ades, allowing settlements to be built on them. This is the case of
many villages of the Campania Region that, every year, suffer dif-
fuse damage induced by active deep-seated landslides (Di Martire
et al. 2013; Guerriero et al. 2019). Deep-seated landslides involving
structurally complex flyschoid formations are often controlled by
lithostratigraphic and structural settings that predispose slopes to
landslide development (Baron et al. 2004; Martino et al. 2004; Pinto
et al. 2016; Bfezny and Pdnek 2017). The presence of thin-bedded
weak claystone underlining thick-bedded sandstone, significant
fracturing, and the presence of an association of faults and folds
are examples of elements controlling deep-seated landslide devel-
opment and evolution.

The Borrano and Ponzano landslides are two examples of
deep-seated landslides affecting structurally complex flyschoid
formations (Esu 1977) and involving villages (Borrano and Pon-
zano) of the Appennine range of central Italy (Fig. 1). The exist-
ence of the two landslides was discovered around 2003, when
small damages were spotted in some of the buildings of the vil-
lages. The first monitoring systems applied in the two areas high-
lighted the slow-moving behavior of the two landslides. However,
with years, the slow-moving Borrano landslide kept damaging
settlements and infrastructures and recently caused many fami-
lies to be evacuated as a consequence of structural damage to
buildings induced by long-term displacement. This landslide is
currently monitored through multiple instrumentation stations,
and landslide risk is assessed in near real-time through a moni-
toring-based early-warning system. Diversely, the Ponzano land-
slide changed behavior on February 12, 2017, with an extraordi-
nary failure of the landslide and displacements moving from few
centimeters per years to meters per day, destroying part of the
village (Solari et al. 2018). Immediately after the event, many fam-
ilies of the village were evacuated, and a monitoring system con-
sisting of repeated UAV surveys and near-real-time topographic
measurements was adopted and worked between February and
June 2017 and February and August 2017, respectively (Allasia
et al. 2019). Both landslides occur along a west-trending hillslope
characterized, at landslide locations, by a similar geologic setting,
morphology, and elevation. In this context, predisposing condi-
tions facilitating catastrophic failure of the Ponzano landslide
might drive the Borrano landslide toward failure in the future.
On this basis, in this paper, the Borrano and Ponzano landslides
are analyzed with the aim of contributing to a better understand-
ing of conditions and mechanisms driving catastrophic failure of
deep-seated landslides involving structurally complex formations
as well as documenting their kinematics prior (both the Borrano
and Ponzano landslides), during, and after the failure (limited
to the Ponzano landslide). In this perspective, data from field
observations, subsurface exploration, laboratory testing, borehole
inclinometers, DInSAR data, and feature tracking method are
consistently used to unravel landslides geometry, mechanisms,
and velocity variation. Rainfall and earthquake data are con-
sidered for the interpretation of factors promoting catastrophic
failure. The significance of this analysis is related to the lesson
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learned from the Ponzano surging event and its application to
the Borrano landslide and is also related to its contribution in
underlining the need for a slope-scale engineering-geological
model guiding interpretation of mechanism and kinematics of
deep-seated landslide as well as the need, for landslides, of inte-
grating available DInSAR data and feature tracking methods in
order to derive reliable data describing kinematics prior, during,
and after failure.

Study area
The Borrano and Ponzano landslides are two large deep-seated
landslides located in the municipality of Civitella del Tronto, Abru-
zzo Region, Italy, and affecting the villages of Borrano and Pon-
zano (Fig.1). The two landslides involve east-trending slopes mostly
formed by Cenozoic fine-grained flyschoid materials described as
the Laga formation (Upper Messinian), which is characterized by
an association of clayey marls, marly clays, and sandstones (Fig. 2).
In particular, in the study area, the Laga formation is characterized
by multiple lithofacies and levels of regional stratigraphic signifi-
cance, including the LAG6e, LAG6d, and LAG6c¢. These lithofacies,
highlighted in the geological map of Fig. 2, are characterized by a
variable arenite/pelite ratio, moving from the mainly arenite litho-
facies LAG6e to the predominantly pelite LAG6c. The Villa Romita
and Colle Torrone stratigraphic levels crop out at the western sector
of the study area. In the eastern sector, the Laga formation is over-
laid by the Vomano formation, mainly represented by associations
of marls and clays, and locally covered by recent alluvial, colluvial,
and landslide deposits. From a structural point of view, the area
is characterized by eastward and generally > 40° dipping beds of
Cenozoic rocks of the Laga formation and local NE-SW oblique
faults. This eastward monoclinal condition is consistently related
to the Cenozoic and Neozoic compressive tectonics, responsible for
the development of the Abruzzi mountainous belt, and for the sub-
sequent uplift and eastward tilting. This geological setting creates
conditions for a local gently sloping (i.e.,~10°) and smooth longi-
tudinal shape of slopes, especially toward the Salinello River valley.
Local higher slope values are present where sandstones crop out
(Cantalamessa and Di Celma 2004). In the study area, the slopes are
quite significantly developed in length (i.e., up to ~ 2 km) and char-
acterized by a sub-dendritic pattern of the hydrographic network.
It is also important to note that the study area is located in a
seismic areas of the Apennine Chain characterized by a PGA with
10% probability to be exceeded in 50 years around 0.2 (Meletti et al.
2021). More in detail, it is less than 60 km far from the epicenters
and the earthquake faults of the 2016-2017 earthquakes occurred in
central Italy, with the major events characterized by a 6.0 <Ms<6.5
magnitude (Chiaraluce et al. 2017). Besides causing diffuse damage
to settlements and surface ruptures next to the earthquake faults
(Carboni et al. 2022), the 2016-2017 earthquakes either induced or
reactivated many landslides (Martino et al. 2019; Forte et al. 2021),
potentially including the Borrano and Ponzano landslides. The
Borrano landslide, affecting the slope from 240 to 440 m asl, is
characterized by a smooth, slow, and continuous movement which
has caused remarkable damages to infrastructure since 2017. The
Ponzano landslide, affecting the slope from 200 to 400 m asl, had
an abrupt reactivation on February 12, 2017, that partially destroyed
the Ponzano village (Solari et al. 2018; Calista et al. 2019).



4747500

885500

Ponzano

Fig. 1 Map showing position and boundaries (red dashed lines) of the Borrano and Ponzano landslides and associated pictures depicting
their effects in settlements. Yellow polygons depict areas of interest for either the Borrano and Ponzano landslides. UTM 32 N coordinates are
shown at map edges
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Fig.2 Geological map of the study area depicting formations cropping out as well as major landslides. Inset map shows the position of the
study area. Major urban areas are indicated by black artworks. UTM 32 N coordinates are shown at map edges

Methods

To contribute to a better understanding of conditions and mech-
anisms driving catastrophic failure of deep-seated landslides
involving structurally complex formations as well as documenting
their kinematics prior, during, and after the failure, an integrated
method, consisting of collection of available subsurface exploration
data, material properties, and monitoring data including borehole
inclinometers readings and available DInSAR data from European
Ground Motion Service (EGMS—https://egms.land.copernicus.
eu/), field mapping, feature tracking of Sentinel-2 imagery, and
displacement rate time series analysis, was used. Data from field
mapping, including position and deformational style of landslide
margins, available subsurface exploration data, and material prop-
erties, were used to reconstruct the engineering-geological model
of the Borrano and Ponzano landslides. Available EGMS data and
data derived from feature tracking of Sentinel-2 imagery were used
to track slow movements of the landslides and faster movements of
the Ponzano landslide during failure. Time series analysis helped
in deciphering the influence of rainfall events and earthquakes on
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the transition between slow movement and catastrophic slope fail-
ure. Figure 3 shows the described methodological work flow and
is worth here to point out the importance of integrating different
survey and analysis techniques, with particular focus on the use of
feature tracking analysis in fast-moving phenomena.

Landslides geometry and engineering-geological model
reconstruction

The engineering-geological models of the Borrano and Ponzano
landslides, depicting their 3D geometry as well as distribution of
geologic materials and their properties, were reconstructed on the
basis of data deriving from field mapping of landslide margins,
borehole logs, borehole inclinometric monitoring data, seismic
refraction profiles, electrical resistivity tomography, and laboratory
testing on samples taken during borehole drilling (see Fig. 4 for
location). Landslide margins geometry was reconstructed consider-
ing position and characteristics of surface deformational structures
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Fig.3 Methodological work flow

indicating stretching, shortening, and relative movement of the
landslide (Fleming and Johnson 1989; Baum and Fleming 1991;
Guerriero et al. 2016, 2017). For both landslides, such structures
were locally mapped in the field using GNSS kinematic technique
and through the interpretation of an UAV-derived orthoimage.
Morphological elements such as drainage channel anomalies, back-
tilting surface, and surface hummocks indicating potential land-
slide-induced deformation were mapped as well. Data from subsur-
face exploration and monitoring were considered to reconstruct the
cross-sectional geometry of the Borrano and Ponzano landslides.
At Borrano, the position at depth of the basal-slip surface derived
by interpretation of six boreholes log completed between 2018 and
2023 (i.e., position of slickensided surfaces and damaged material)

and inclinometric monitoring data, acquired between 2018 and 2019
at three inclinometers (S1, S2, and S3) installed within the urban
area of Borrano, were used in association to data derived by the
interpretation of distribution of P-wave and electrical resistiv-
ity at depth along geophysical profiles. At Ponzano, the position
of the basal slip surface at depth derived by interpretation of five
boreholes log completed in 2022 (i.e., position of slickensided sur-
faces and damaged material) and inclinometric monitoring data,
acquired between 2022 and 2023 at two inclinometers (S2 and S3)
installed below from the urban area of Ponzano, were considered in
association to data derived by the interpretation of distribution of
P-wave at depth along three geophysical profiles. Material proper-
ties data were derived by laboratory testing on samples taken dur-
ing boreholes drilling at variable depths. Especially, specific grav-
ity, grain size distribution, and unit weight were estimated (ASTM
Standards, D 854, D 422 and D 2937, respectively). In addition, direct
shear tests were completed to determine both peak and residual
drained shear strength of materials and corresponding strength
parameters (ASTM Standards D 3080).

Slow movement tracking from EGMS data

The slow movement of the Borrano and Ponzano landslides was
tracked using EGMS data (Crosetto et al. 2021). Specifically, Persis-
tent Scatterers (PS) data depicting average Line of Sight (LoS) dis-
placement rate between 2015 and 2022 in ascending and descending
acquisition orbits were used to identify actively deforming zones
as a function of their ground deformation rate. Only ground defor-
mation rates higher than 2 mm/year were considered indicative of
actively deforming zones, for both look geometries and for west-
ward and eastward movement directions. After the identification,
significant PS were selected in actively deforming zones of the land-
slides, and time series were generated and analyzed for landslide
displacement tracking. For significant PS identification, the spatial
consistence of the velocity, its modulus, and the overall position in
comparison with landslide sectors (i.e., head, transport zone, and
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Fig.4 Maps showing the location of available boreholes, seismic refraction profiles, and electrical resistivity tomography considered for the
reconstruction of the 3D geometry and engineering-geological models of the a Borrano and b Ponzano landslides. Maps extent corresponds
to yellow polygons of Fig. 1. UTM 32 N coordinates are shown at maps’ edges
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toe) were considered. Displacement time series derived by selected
groups of PS located at the upper sector of the landslides, extracted
as the median of the horizontal and vertical components of the
DInSAR time series (derived on the basis of direction cosines of
the ascending and descending displacement vectors), were analyzed
through the additive Seasonal Trend LOESS (STL) decomposition
model (Cleveland et al. 1990). This model is able to perform addi-
tive decomposition of the data through a sequence of applications
of the LOESS smoother, through the application of a local weighted
polynomial regressions at each point in the time series. This model
was selected because of its capacity to deal with long time series
and its ability of working in presence of significant noise and out-
liers, as potentially expected for DInSAR time series. The trend
components of the STL results have been further analyzed with
PieceWise Linear Functions (PWLF) as recently done by Rygus et al.
(2023). PWLF are used to detect sudden acceleration or decelera-
tion in the displacements and their initiation point. From the trend
component of the STL analysis, major breakpoints identifying dis-
placement rate change were extracted and compared with the tim-
ing of occurrence of major known rainfall and earthquake events
in order to unravel the conditions and factors controlling landslide
kinematics and potential acceleration driving catastrophic failure
of the Ponzano landslide. From this perspective, rainfall data from
the meteorological station of Civitella del Tronto, 2 km away from
the study sites, and available earthquake data depicting position
and magnitude of events occurred during the 2016-2017 Central
Italy earthquake sequence were considered. Since landslide thick-
ness ranges from ~ 15 to ~ 50 m and expected maximum hydraulic
diffusivity of fine-grained landslide material should be ~1x10™*
(Iverson and Major 1987; Schulz et al. 2009), minimum timescale
for landslide response due to pore pressure generation by rain infil-
tration can be estimated at ~ 30 days (Iverson 2000). On this basis,
monthly rainfall data were considered for the analysis.

Displacement estimate from Feature Tracking analysis of
Sentinel-2 imagery

Due to the limitations of tracking rapid displacement using DIn-
SAR data, the motion of the Ponzano landslide was evaluated using
an optical feature-tracking workflow. This workflow is a modified
version of the Glacier Image Velocimetry (GIV) toolbox, originally
developed for mapping ice flow speeds (Van Wyk de Vries and
Wickert 2021), with the landslide-oriented modifications described
in Van Wyk de Vries et al. (2024). While no site-specific validation
was performed in this case, the GIV workflow has previously been
benchmarked against independent and ground-based measure-
ments (Van Wyk de Vries et al. 2024), demonstrating robust per-
formance in comparable applications.

Feature tracking was applied to Sentinel-2 Level-1C imagery,
specifically using Band 8 (near-infrared, 833 nm), which provides a
10 m spatial resolution. We assembled a stack of Sentinel-2 images
spanning 2016-2017 and manually filtered out all scenes with visible
cloud cover. To enhance surface pattern contrast and uniqueness,
an orientation filter was applied to the images (Van Wyk de Vries
and Wickert 2021). This yielded 36 usable images over the 2-year
period. All possible image pairs with temporal separations greater
than 9 months were constructed. This bound balances the need
for detectable displacement in slow-moving landslides with the
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need to avoid excessive temporal smoothing that may mask rapid
events. No upper bound on temporal separation was imposed, as
most of the surface was expected to remain coherent over the 2-year
interval, except in cases of anthropogenic disturbance or landslide
motion. The detection limit of this workflow depends on image
resolution, surface texture, and temporal stacking. For Sentinel-2
imagery, reported detection limits range from 0.13-1.3 ma™" for a
9-month baseline to 0.05-0.5 ma™ for a 2-year baseline (Van Wyk
de Vries et al. 2024; Stumpf et al. 2017).

We employed a single-pass chip-wise cross-correlation algo-
rithm with a 16-pixel window size and 50% window overlap, yield-
ing an effective spatial resolution of ~ 80 m. This configuration
reduces noise while preserving sub-100 m resolution. A single-pass
algorithm was chosen over the default GIV three-tier multipass
routine because expected integer displacements are near zero,
eliminating the benefit of coarse-to-fine refinement (Van Wyk de
Vries and Wickert 2021). Additional modifications to the GIV algo-
rithm and processing chain are described in Van Wyk de Vries et al.
(2024).

Two displacement scenarios were considered: (i) temporally dis-
tributed displacement (“constant velocity”) occurring over part or
all of the time series, and (ii) a single discrete event (“single slip
event”) with no motion before or after. This distinction ensures
appropriate processing and avoids bias—e.g., a near-zero median
velocity estimate when few image pairs span a single event. For the
constant velocity case, displacements were converted to velocity
vectors by dividing by the temporal baseline and scaling by image
resolution. For the single-event case, displacements were retained
in their raw form and scaled only by image resolution.

To remove false matches, all pixels with a cross-correlation peak
ratio (ratio of primary to secondary peak) <1.5 were excluded (Van
Wyk de Vries and Wickert 2021). This signal-to-noise ratio filter
also eliminates areas affected by decorrelation due to vegetation
change (e.g., crop planting). Finally, median scene-wide velocities
or displacements in both E-W and N-S directions were removed
to correct for systematic georeferencing offsets. These corrections
were applied independently to each velocity component to prevent
transformation of residual noise.

Results

Landslide geometry and engineering-geological model

Landslide geometry and engineering-geological model were
extracted by the integration of borehole and inclinometer data, field
and UAV surveys, and geotechnical and geophysical data. While
at Borrano tension cracks and normalfault-like scarps indicating
stretching of the upper sector of the landslide prevailed (Fig. 5),
at Ponzano, tension cracks and normalfault-like scarps indicating
stretching of the upper sector of the landslide were associated with
strike-slip fault-like structures, indicating relative movement along
the margin of the central sector of the landslide and thrust fault-
like structures indicating compression at the landslide toe (Fig. 6).
In both case studies, borehole data, which reached up to 80 m in
depth, highlighted a very similar stratigraphy with a bedrock char-
acterized by a sequence of pelitic-arenaceous layers within the Laga
Formation, dipping 40-60° toward ENE. Colluvial/alluvial deposits
cover the bedrock with thickness ranging from a few to 15 m. This
agrees with geophysical data, showing the first reflectors at a depth
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Fig.5 Deformational features identified at the surface of Borrano
landslide

ranging from a few to 20 m (related to the alluvial deposits and
sandy layers) and the bedrock, with V;>1000 m s™, below that.
The analysis of inclinometer data shows that there are two different
deformation surfaces at 10-15 m and 40-50 m in depth, respec-
tively. The use of borehole data played a key role in the definition
of lithological and geotechnical characteristics of geological layers.
The thickness of colluvial/alluvial deposits, in fact, did not allow
the finding of good bedrock outcrops in the study areas. Figure 7
shows the geometry of landslides gathered from field, LiDAR, and

UAV survey, and the geological sections A-A’ and B-B’ developed
integrating borehole and inclinometer data. From a geotechnical
point of view, laboratory tests carried out on samples taken from
the pelitic-arenaceous layers of the Laga Formation indicate a par-
ticle size distribution with 44% of silt, 32% of clay, and 24% of sand,
as well as an effective cohesion and friction angle of 15.4 kPa and
28° for materials of both landslides.

Displacement and velocity at Borrano and Ponzano, prior and
after the failure of February 12,2017

Figure 8 shows distribution of available ascending and descend-
ing PS data derived from the EGMS and depicting the average
surface velocity of the Borrano and Ponzano landslide between
2015 and 2022. For both landslides, PSs are mainly distributed
around the upper and central sectors, with the Borrano landslide
having approximately 8 times more PS than Ponzano (i.e., Bor-
rano upper: ~200 PSs; Ponzano upper: ~20 PSs; Borrano cen-
tral: ~ 8o PSs; Ponzano central ~ 20 PSs in both geometries). This
is related to the absence of natural reflectors at the lower sector
of both landslides. Overall, while the upper sector of the Borrano
landslide exhibits higher and spatially coherent ascending veloc-
ity in comparison with the Ponzano landslide (< —10 mm/yr vs
between —5 and —10 mm/yr), the upper sectors of the Ponzano
landslide move locally faster than the same zone of the Borrano
landslide in terms of descending velocity (>10 mm/yr vs between 5
and 10 mm/yr; Fig. 8). The central sector of both landslides exhibits
similar descending velocities (between 5 and 10 mm/yr). In addi-
tion, moving from the axis toward the landslide margin, the change
in ascending velocity is higher for the Ponzano landslide, while
the change in descending velocity is greater for the Borrano land-
slide. Available PS distribution also indicates either a local smooth
or abrupt transition between the non-moving zone and velocity
between 5 and 10 mm/yr near the upper boundary of the Borrano
landslide and the left margin of the Ponzano landslide. In both
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Fig.6 Deformational features identified at the surface of Ponzano landslide after the catastrophic failure of February 12,2017
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Ponzano landslide analysis

cases, PS groups are related to the presence of buildings affected
by the landslides.

Figure 9 shows time series derived by a combination of the
ascending and descending displacement rates. Overall, time
series indicate that the Borrano landslide moved generally faster
than the Ponzano landslide, with maximum values of ~ 40 mm/
yr and ~ 12 mm/yr, respectively. The vertical component of the
displacement (D,) is always dominant compared to the horizontal
ones (Dg; Fig. 9), and at the upper sector of the Borrano landslide,
the movement is characterized by a complete vertical motion.
While the upper sector of the Borrano landslide moves faster
than its central sector, the upper sector of the Ponzano landslide
moves slower than its central sector. For both landslides, a change
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in landslide velocity is generally observable after mid-2016. It is
important to notice that while these data provide a comprehensive
overview of the kinematics of the Borrano landslide, the Ponzano
landslide failed catastrophically on February 12, 2017, and this
evolution is not consistently tracked by PS data due to intrinsic
limitation of the DInSAR technique. So only an overview of the
kinematics of the Ponzano landslide prior and after the failure is
provided (Fig. 9). In this context, it is worth noting that since the
term “failure” is used herein to describe the evolution of the land-
slide mechanism from a stationary creep to a slide dominated,
post-failure movement of the Ponzano landslide can be described
as a residual movement diffused within the landslide mass and
controlled by hydrologic forcing.
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Fig.9 Time series of vertical (D,) and horizontal (D,) displacement derived averaging data from groups of PS identified at significant locations

of the Borrano and Ponzano landslides (i.e., upper and central sectors)

Displacement and velocity at Ponzano during the failure of
February 12,2017

Figure 10 shows results from feature tracking over the study area
between 2016-01-07 and 2017-12-22 in terms of total displacement.
Detectable motion was consistent with a single, brief slip event.
As observable from Fig. 10, the algorithm captured the motion of
the Ponzano landslide as well as a number of minor deformation
events potentially related to additional shallow landslides and/or
local acceleration of the Borrano landslide. At Ponzano, higher dis-
placements were estimated at its upper and central sectors, with a
maximum of ~ 20 m registered along its axis at ~ 300 m asl. Overall,
the spatial distribution of total displacement within the landslide
area indicates a typical cross-sectional convex upward profile, with
a consistent decrease of total displacement approaching landslide

margins, and an axial longitudinal profile characterized by an
upper zone of total displacement higher than 15 m and a gradual
decrease to less than 5 m below 260 m asl. At Borrano, only a local
displacement of ~ 2 m was identified.

Landslide velocity change in relation to earthquakes and rainfall
events

Figures 11 and 12 show time series of components of vertical and
horizontal cumulative displacement resulting from STL decomposi-
tion, depicting the behavior of the Borrano and Ponzano landslides,
respectively. Overall, a major breakpoint is recognizable from the
time series of the displacement trend for both components of the
movement and for both landslides. This breakpoint approximately
occurs between August 16 and September 16, 2016, a timeframe in
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which the first Ms = 6.0 earthquake of the 2016-2017 earthquake
sequence of central Italy occurred. At Ponzano, a minor break-
point corresponds to the occurrence of the catastrophic failure
of February 2017. For both landslides, the change in velocity (i.e.,
trend slope) is more significant for the vertical components of the
movement, and the Borrano landslide exhibits a higher magni-
tude change in comparison to Ponzano. Figure 13 depicts the time
series of monthly rainfall acquired at the Civitella del Tronto sta-
tion between January 2016 and January 2018 and considered for the
analysis of the factors controlling landslide kinematics. Statistical
contextualization of monthly data, through comparison with the
long-term mean, indicates how in 2016 cumulative rainfall exceeded
the long-term monthly mean in 6 months and the monthly mean
plus two standard deviations in June and July. The exceedance of
the monthly mean plus two standard deviations occurred approxi-
mately from 2 to 3 months before the occurrence of the first Ms=6.0
earthquake of the 2016-2017 earthquake sequence and observed
landslides acceleration. In 2017, monthly rainfall exceeded the long-
term monthly mean in January and February, immediately before
and in correspondence with the failure of the Ponzano landslide.

Discussion

The engineering-geological model, developed for both landslide
areas, highlighted that the Borrano and Ponzano landslides have
very similar geotechnical and geological characteristics, with two
main sliding surfaces located at ca 10-15 m and 40-50 m of depth,
respectively. This agrees with previous studies carried out on the
area (Calista et al. 2019). Considering the geological sections
(Fig. 7), the landslide crown is located at the contact between two

different Laga Formation lithofacies LAG6e and LAG6c. The first
displacement surface, at a depth of 10-15 m, is located at the contact
between the eluvial deposits and the bedrock (LAG6c), while the
deep-seated deformation occurs (ca 40-50 m) within the LAG6c.
Results from the satellite analyses indicated that both the Borrano
and Ponzano deep-seated landslides consistently moved between
2015 and 2022 with a major slip event of the Ponzano landslide early
in 2017. At the upper sector of both landslides, the vertical compo-
nent of the movement dominated over the horizontal component,
suggesting a rotational slide mechanism (Cascini et al. 2010; Hungr
et al. 2014). This is also consistent with locally available inclinomet-
ric monitoring data at both Borrano and Ponzano, indicating the
existence of two sliding surfaces (or a few meter-thick band of dis-
tributed shear) at ca 15 and 40 m depth, respectively. More in detail,
the results of STL analysis of time series (Figs. 11 and 12) show that
both landslides have acceleration starting from September 2016.
Such acceleration can be linked with the Central Italy seismic
sequence occurred ~ 40 km far from the landslides on August 24,
2016, with a Ms = 6.0. While the Borrano landslide exhibited a per-
sistent slow movement from September 2016 till now, the Ponzano
landslide failed in February 2017. The slip event of the Ponzano
landslide (with displacements rate of meters per day), however, is
not visible in the STL data, which highlights a similar constant
movement of both landslides. This is related to the very well-known
limitation of the DInSAR analyses of capturing high displacements.
Due to this, in this research, the DInSAR data have been coupled
with an innovative and recently developed feature tracking analysis.
Feature tracking analyses, diversely from DInSAR, are able to detect
high rate displacements, which in the case of the Ponzano landslide
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Fig. 13 Statistical significance of monthly rainfall registered at the Civitella del Tronto station. Lines in the graph depict monthly-estimated
long-term mean (), mean plus one standard deviation (u+g; i.e., 68th percentile of a normal distribution) and mean plus two standard devi-
ations (u+20; i.e., 95th percentile of a normal distribution). The yellow star indicates timing for major acceleration of the landslides, and the
red star indicates timing of occurrence of the landslide failure at Ponzano

reached up to 20 m. The DInSAR and feature tracking studies have
been integrated with the analysis of monthly rainfall using Civitella
del Tronto station. Such data point out that monthly rainfall
exceeded (in both landslide areas) the long-term monthly mean in
January and February 2017, immediately before and in correspond-
ence of the failure of the Ponzano landslide. In this context, it can
be hypothesized that the 2016 seismic sequence and the heavy rain-
fall occurred in June and July 2016 might have been responsible for
the acceleration of both landslides. Furthermore, the slightly above
mean rainfall of January and February 2017 might have contributed
to the catastrophic failure of the Ponzano landslide. However, it is
still difficult to correlate this slightly above mean rainfall to the
failure of Ponzano landslide. In fact, the same rainfall occurred in
the Borrano area, with no evidence of acceleration of the Borrano
landslide. Indeed, seismic shaking has been recognized as a modu-
lation factor for landslide motion during and after earthquakes
(Lacroix et al. 2014, 2020), and landslide velocity change has been
related to a number of potential mechanisms, including transient
increase in shear stress and change in landslide material properties
(Jibson et al. 1994; Wasowski et al. 2002; Grelle and Guadagno 2010;
Lacroix et al. 2015), which might be consistent with the character-
istics of the Borrano and Ponzano landslides. In addition, the
potential for the August 24, 2016, earthquake to induce an accelera-
tion of both landslides can be speculated considering the source-
to-site-magnitude envelopes proposed by Keefer (1984) and
extended by Rodriguez et al. (1999) for coherent landslides, where
the combination of source-to-site and magnitude characterizing
the Borrano and Ponzano landslide lies at the edge of the envelope.
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Explaining the post-seismic behavior of the Ponzano landslides,
which failed catastrophically approximately 6 months after the
recorded acceleration, is more challenging since mechanisms and
factors regulating post-seismic landslide motion are only partially
understood, also as a consequence of the frequent lack of correla-
tion between co-seismic and post-seismic displacements. Depend-
ing on the scale of delay, post-seismic landslide motion can be
influenced by co-seismic weakening of landslide materials (Xi et al.
2024) and modulated by a combined action of seismic loading and
rainfall infiltration (months to years; Bontemps et al. 2020) or by
pore-water pressure generated outside from the basal-shear zone
and diffused into that (days to months; Kohler and Puzrin, 2023).
On this basis, a potential explanation for the behavior of the Pon-
zano landslide might be related to the continuous weakening of the
landslide material culminating in a sudden failure. This process is
often related to the creep behavior of landslide material, repre-

sented by a slow movement occurring at relatively constant rate

under normal gravitational force (Fleming and Johnson 1975;

Emery 1978; Van Asch 1984). In geologic materials, creep behavior

is caused by a combination of strain limiting processes and damage

accumulation (Cornelius and Scott 1993) and can be considered the

geodetic signature of the progressive failure of a slope (e.g. Saito

1965). These materials fail only after the formation of a shear sur-

face as a consequence of the development and growth of microc-

racks through the slope (Carey and Petley 2014). Movement pat-

terns in creeping landslides are directly related to brittle or ductile

deformation regimes occurring at or near the base of the unstable
mass. Brittle mechanics generally determines the sudden failure of



slope after a short period of slow movement. Ductile materials gen-
erally display longer-term slow movement, and failure occurs only
in the presence of a sustained change in boundary conditions (e.g.,
external load). In these circumstances, slow movement anticipating
failure occurs at relatively constant rate tending to accelerate prior
to failure (e.g., Petley and Allison 1997). The characteristics of the
material of the Borrano and Ponzano landslides and the observa-
tion of their kinematics suggest a ductile behavior of the fine-
grained landslide material with the August 24, 2016, earthquake
responsible for the change in boundary conditions driving the
failure of the Ponzano landslide. Although this might be an expla-
nation for this behavior, a hyperbolic increase of landslide velocity
was not observable from available data, probably because of the
intrinsic limitation of DInSAR time series and the low temporal
resolution of feature tracking analysis in relation to image acquisi-
tion frequency. The absence of the same behavior for the Borrano
landslide might be interpreted in the context of the global stability
conditions of the slope. Indeed, the progressive failure model pro-
posed by Petley et al. (2005) assumed that final failure of creeping
landslides occurs when the factor of safety equals unity. On this
basis, a hypothesis might be that the global stability conditions of
the Borrano landslide correspond to a factor of safety higher than
that characterizing the Ponzano landslide during the summer 2016.
Overall, this condition might be also related to the age of the land-
slide with the Borrano landslide that might be younger than the
Ponzano landslide. A further hypothesis can be related to the geom-
etry of the slope that in the case of the Borrano landslide might be
not favorable to catastrophic evolution. On this basis, a major ques-
tion that might arise deals with the effective opportunity of using
insights from the Ponzano landslide to better understand and
potentially predict the prospective behavior of the Borrano land-
slide. The prospective behavior of the Borrano landslide is consist-
ently related, not only to the seasonal or transient variations in both
the driving and resisting forces, but also to the characteristics of
the involved materials (e.g., in terms of time-dependent behavior)
and its three-dimensional geometry. In these conditions,long-term
weakening, identified as potential driving factors for landslide fail-
ure at Ponzano, might effectively sustain an eventual catastrophic
evolution at Borrano, but considering the ductile nature of the
involved materials, this would be expected as a result of a signifi-
cant transient perturbation (e.g., earthquake, extremely wet period)
or, alternatively, over a very long term.

Conclusions

The Ponzano and Borrano landslides affect slopes characterized by
similar geological and geotechnical settings. Concave upward basal
slip surfaces have been identified in both landslides at ~ 15 and 40
m of depth, respectively. The shallower surface represents the con-
tact between eluvial-colluvial deposits and the bedrock, while the
deeper surface is located within the Laga formation. The geometry
of the landslide has been reconstructed by combining LiDAR and
UAV data, data from borehole inclinometers, and field geological/
geomorphological observations. Results from DInSAR data analy-
sis indicated that both landslides consistently moved between 2015
and 2022 with a major slip event of the Ponzano landslide early in
2017. At the upper sector of both landslides, the vertical compo-
nent of the movement dominated over the horizontal components,
thus suggesting a rotational slide mechanism. Time series analysis

indicates a major acceleration of both landslides between August
and September 2016, a timeframe in which a Ms= 6.0 earthquake
of the 2016-2017 earthquake sequence of central Italy occurred. In
addition, this acceleration occurred after 2 months of above aver-
age rainfall that, in association with the earthquake shaking, might
have contributed to perturbate landslide motion. After 6 months
from this acceleration, the Ponzano landslide failed catastrophi-
cally with no evidence of triggers. A potential explanation for the
behavior of the Ponzano landslide might be related to the progres-
sive weakening of the landslide material culminating in a sudden
failure. The slip episode induced by the failure of the Ponzano land-
slide was too rapid for DInSAR detection, so feature tracking had
to be applied for unraveling landslide kinematics during failure.
Implication from this is that, in case of catastrophic failure of deep-
seated landslides, multiple displacement tracking methods need
to be integrated to effectively characterize landslide motion. Addi-
tionally, insights from the Ponzano landslide might form a basis
for predicting the prospective behavior of the Borrano landslide.
Long-term weakening, identified as potential driving factors for
landslide failure at Ponzano, might effectively sustain an eventual
catastrophic evolution also at Borrano, but due to the ductile nature
of the involved materials, this would be expected as a result of a
significant transient perturbation.
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