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ABSTRACT
The Brindisi di Montagna Scalo Landslide in Southern Italy is an
active complex mass movement, which affects the left slope of
the Basento River. In the last few decades, this landslide has been
continuously monitored, as it directly threatened some of the
most important communication routes in the Basilicata Region.
Nevertheless, little progresses have been made to prevent further
landslide advancement, and continuous maintenance is required.
With the aims of better understanding, the main factors control-
ling the evolution of this landslide, and suggesting the most
appropriate countermeasures, a multidisciplinary study, based on
the integration of direct and indirect techniques, was carried out.
Direct techniques included multi-temporal geomorphological ana-
lysis of the slope, alongside geological and structural field obser-
vations. Indirect techniques consisted of electrical resistivity
tomography acquisition. The combined analyses of the geological
and geophysical data showed that Quaternary tectonic processes
played a fundamental role as a predisposing factor, whereas sea-
sonal rainfall, and the perpetual undercutting by erosional proc-
esses caused by the Basento River at the toe of the landslide are
the main triggering mechanisms. The Brindisi di Montagna Scalo
Landslide represents an outstanding case-study, concerning the
interaction between a flow-like complex landslide and essential
linear infrastructure, such as motorways and railways.
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1. Introduction

Complex landslides in predominantly clay-bearing sediments are a type of mass
movement that is widespread in Southern Italy (i.e. Cotecchia et al. 2012; Guerriero
et al. 2013; Giordan et al. 2013; Cotecchia et al. 2015). Complex landslides generally
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consist of a single, or multiple, rotational slides, which evolve downhill to become
slow, flow-type mass movements, moving at rates averaging a few metres per months
(Parise et al. 2012). Complex landslide activity is mainly due to a combination of pre-
disposing factors and determining conditions. The occurrence of flow-prone rocks,
such as clays, is considered a fundamental geological condition for a complex land-
slide slide to occur (Varnes 1978). Geological, geomorphological and structural char-
acteristics of a slope are also considered to be primary predisposing factors
controlling complex landslide development (Fookes and Wilson 1966; Guzzetti et al.
1996; Martino et al. 2004). Extreme rainfall events, seismicity and human activity,
such as excavations, are enumerated among the most important determining condi-
tions (Cotecchia and Del Prete 1984; D’Elia et al. 1985; Piccarreta et al. 2004;
Brunetti et al. 2013). Because of its geological structure, the Basilicata Region exhibits
a high density of complex landslides that cause considerable damage to infrastructure
and agricultural lands, concomitant with a huge negative economic impact (Lapenna
et al. 2005; Bentivenga et al. 2012; Perrone et al. 2014). In this region, mostly affected
is linear infrastructure, such as motorways and railways, which can be intercepted by
the path of the landslide. Many residences are also involved. A remarkable example
of a complex landslide, developed among the Apennines, in Basilicata, is represented
by the large mass movement affecting the left side of the Basento River, between the
top of Tempa Pizzuta Hill and the Basento River bottom, in the municipality of
Brindisi di Montagna Scalo (Cotecchia et al. 1986; Picarelli et al. 2005; Bentivenga
et al. 2006) (Figure 1). The Brindisi di Montagna Scalo Landslide (hereafter, BMSL)
is a c.750 m long, periodically active earthflow, which displays well distinguishable
depletion, transfer and accumulation zones (Figure 2). This landslide is part of a
wider sector of the slope, characterized by strong instability, mainly triggered by
undercutting at the base of the valley, as a result of erosion by the Basento River
(Figure 3). The mass movement directly affects, or threatens, vital local and inter-
regional road and railway infrastructures, as well as highway SS n. 407, the SP n. 37
road, and the Potenza-Metaponto National Railway, therefore, every initiative aimed
at reducing the landslide risk is a key priority for cost reduction.

In this paper, an integrated multidisciplinary study, based on the application of com-
plementary investigation methods, including multi-temporal analysis, interpretation of
aerial photos, geomorphological and geological field surveys and Electrical Resistivity
Tomography (ERT), has been adopted for the study of the BMSL. Both long- and short-
term multi-temporal analyses, and interpretation of aerial images, have been performed,
with the aim of studying the progressive evolution of the landslide over the years. ERT
was also carried out, aimed at better understanding the subsurface structure of the
BMSL. The combination of these different disciplines allowed us to identify the critical
factors determining the BMSL activity and enabled us to suggest some fundamental ini-
tiatives to undertake, in order to avoid further dangerous incursions of the landslide.

2. Methods

An integrated, multidisciplinary approach, including long- and short-term multi-tem-
poral analysis of aerial photos and ERT, supported by numerous field surveys, was
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adopted for the study of the BMSL. The long-term multi-temporal analysis encom-
passes the period between 1954 and 2010. Stereoscopic aerial photographs, at a scale
of 1:33,000 (1954, 1990), and a detailed field survey (2010) were used to obtain
multi-temporal maps. Short-term multi-temporal analysis includes the period between
2013 and 2016; the obtained maps resulted from analysis of satellite images provided
by Google Earth. Terminology, such as tension cracks, thrusts and strike-slip faults,
has been borrowed from structural geology because of the similarities between char-
acteristics associated with the landslide and tectonic features (Fleming and Johnson
1989; Baum and Fleming 1996).

Figure 1. Geological map and cross-section of the BMSL area. The study landslide represented by
the grey area. The mapped tectonic structures have been positioned based on both outcrop obser-
vations and geophysical data. Electrical Resistivity Tomography profiles are included. Source: Author
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With the aim of investigating the deep structure of the BMSL (depth of the sliding
surface, deep tectonic structures influencing landslide evolution, etc.), ERT survey
was carried out. In recent years, this technique has been increasingly applied in seis-
motectonic and geomorphological studies (Giocoli et al. 2008; Balasco et al. 2011), to
investigate the geological and structural setting (Giocoli et al. 2015) and to study
landslides (Perrone et al. 2014), ERT is a fast, non-invasive and low-cost geophysical
method, widely applied to obtain high-resolution 2-D images of the subsurface resist-
ivity pattern (Mucciarelli et al. 2011; Moscatelli et al. 2014; Stabile et al. 2014). The
ERT surveys were performed along four profiles by means of a Syscal R2 (Iris
Instruments) resistivity metre, coupled with a multielectrode acquisition system (36,
44 or 48 electrodes). A constant spacing, ‘a’, (10 or 20 m) was used between adjacent
electrodes. Along each profile, we applied different array configurations (Wenner,
Wenner-Schlumberger and Dipole-Dipole), different combinations of dipole length

Figure 2. a) Frontal view from the south of the left slope of the Basento River which includes the
BMSL; b) interpretation. The main infrastructures involved in the mass movement are included.
Source: Author
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(1a, 2a and 3a), and ‘n’ number of depth levels (n � 6), obtaining investigation
depths of about 70–90 m (for a = 10 m), and 110 m (for a = 20 m). Apparent resist-
ivity data were inverted, using the RES2DINV software (Loke 2001), to obtain 2-D
resistivity images of the subsurface. For each ERT, we present the 2-D resistivity
model obtained from Wenner-Schlumberger configuration that allowed acquiring
data with a higher signal-to-noise (s/n) ratio, a larger investigation depth, and a better
sensitivity pattern to both horizontal and vertical changes in the subsurface resistivity.
In all cases, the root mean squared error was less than 8.7%, and the estimated resist-
ivity values range from 2 to more than 60 Xm.

Finally, several field surveys allowed the main features recognized by the analysis
of aerial photographs and the ERT to be linked. The resulting geological and

Figure 3. Geomorphological map and cross-section of the study area. The grey colour indicates
the area where the BMSL resides. Source: Author
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geomorphological maps (Figures 1 and 3) were obtained from a combination of all
the different techniques used.

3. Geological setting

The BMSL is located in the Lucanian sector of the Southern Apennines, a NW-SE-
oriented fold and thrust-belt, resulting from the deformation of the northern portion
of the African Plate, that mainly accreted between the Early Miocene and Middle
Pleistocene (Malinverno and Ryan 1986; Doglioni 1991; Gueguen et al. 1998; Patacca
and Scandone 2007). In particular, the study area is situated along the left side of the
Basento River (Figure 1), where the watercourse is encased by a Mesozoic to
Cenozoic succession, consisting of deep-water, argillaceous to arenaceous deposits.
Here, the outcropping units have been ascribed to two different Mesozoic-Cenozoic
sequences, referred to the Sannio (Lagonegro Basin) and Irpinian units (Selli 1962;
Pescatore et al. 1988; Patacca et al. 1992; Patacca and Scandone 2007; Cavalcante
et al. 2011).

In the study area, the Sannio Unit stratigraphy (Patacca et al. 1992; Gallicchio
et al. 1996; Sabato et al. 2007; Cavalcante et al. 2003; 2011) consists of: (i) Argilliti e
radiolariti di Campomaggiore – varicoloured (hemi)pelagic clays, with intervening,
redeposited calcilutites and silicified biocalcarenites (Aptian to upper Maastrichtian),
cropping out between Masseria Bellezza and Costa Ciavarella (Figure 1). The succes-
sion includes a characteristic black shale interval that has been attributed to the global
Aptian anoxic event; (ii) Flysch Rosso (Auct.) – alternating hemipelagic to pelagic
limestones, with coarse-grained calciclastic horizons and red clays (upper
Maastrichtian to upper Eocene) abundantly recognized between La Rosa and Serra
Pizzuta (Figure 1). The Flysch Rosso includes several metres-thick, lens-shaped
Maastrichtian breccia bodies, which are considered to be useful key beds for strati-
graphic correlation; (iii) clayey–marly interval – alternating varicoloured (hemi)pela-
gic clays, marls and limestones (upper Eocene to Aquitanian) that crop out poorly in
the Tempa Pizzuta area (Figure 1); (iv) pre-numidian interval – pelagic limestones,
coarse-grained calciclastic beds, clays, and marls rich in sponge spicules
(Aquitanian–Burdigalian), cropping out at the top of Tempa Pizzuta (Figure 1). The
Flysch Rosso and the clayey–marly interval are not differentiated in Figure 1, as they
are very difficult to distinguish in the field.

The Irpinian Basin deposits (Cocco et al. 1974) have locally been recognized as
scattered outcrops, unconformably lying above the Sannio Unit. They consist of silici-
clastic turbidites, sharply alternating with grey clays, referable to the Gorgoglione
Formation (Selli 1962) (Serravallian-Tortonian).

The study area is the result of both contractional and transcurrent tectonic phases
that have been operational from Early Miocene to Middle Pleistocene (Monaco et al.
1998). The outcrops indicate an extended, NE-dipping, steeply-inclined monocline
(see geological cross-section in Figure 1), whilst detailed field observations have
revealed a more complex structural arrangement of the area, based on the recognition
of mesoscale NW-SE-trending folds. This trend is consistent with the main shorten-
ing direction documented at regional scale in this sector of the Southern Apennine
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thrust-belt (Piedilato and Prosser 2005). Field observations reveal that the mapped
monocline is part of a larger fold, which has partially been dismantled by later tec-
tonics and gravitational processes. The observed folds are therefore considered the
result of flexural-slip mechanisms that have certainly been favoured by the abundant
occurrence of shale and clay interbeds. Contractional structures are systematically cut
by a younger generation of Quaternary NNW-SSE-, N-S- and NE-SW-trending
strike-slip faults (Figure 1). In this paper, we demonstrate that these latter structures
played a fundamental role in the development of the BMSL.

4. Geomorphological setting

The BMSL is located in the central part of the Basilicata Region, a few kilometres
east of Potenza, which coincides with the high-middle sector of the Basento River.
The BMSL is part of a 3 km2 wide area, extending from Tempa Pizzuta to the
Basento River, largely affected by slope instability (Figure 2). It is possible to subdiv-
ide this area into two distinct sectors. The first sector, encompassing the top of
Tempa Pizzuta Hill (770 m above sea-level – asl) to the SP n. 37 (at a height of 675
m asl) (Figures 1 and 3), is characterized by gently-dipping slopes, competent litholo-
gies pertaining to the Flysch Rosso, the clayey–marly interval and the Pre-numidian
interval and dormant landslide activity. The second sector, included between the SP
n. 37 and the Basento River bottom (500 m asl), is characterized by high acclivities,
clayey lithologies, belonging to the Flysch Rosso, Argilliti e radiolariti di
Campomaggiore and the Gorgoglione Formation, and intense landslide activity. The
BMSL is the most significant feature observable in the second sector. The entire area
shows an average slope acclivity of about 10�. It is located between the mountain and
hill altitude zones and, similar to great parts of the Southern Apennine area, the
observed morphology is the result of two main concomitant factors that have con-
trolled landscape modelling: (i) Pliocene to Quaternary regional uplift, and the conse-
quent increase in fluvial incision; (ii) lithology, and the structural arrangement of the
outcropping formations. General features of the area include the occurrence of
ephemeral streams, encased in narrow and deep incisions, and abrupt acclivity change
that commonly corresponds to tectonic structures and lithological variations (for
example, at the boundary of the Argilliti e radiolariti di Campomaggiore and Flysch
Rosso). At the base of the slope, the Basento River has a roughly rectilinear path,
which is only deflected where it meets the toe of the BMSL. Tributary streams also
display a parallel and rectilinear path, sometimes originating from springs that are
subject to strong seasonal variations. In the study area, springs have commonly been
observed to appear at the boundary between the Argilliti e radiolariti di
Campomaggiore and the overlying Flysch Rosso, or in the more fractured portion of
the Flysch Rosso succession. The main geomorphologic instabilities are observed in
the argillaceous parts of the Sannio Unit. In the geomorphological map in Figure 2,
different landslide types, affecting the investigated slope, have been reported, accord-
ing to Varnes (1978). Earthflows are the most commonly recognized landslide type.
Complex, rotational and translational slides are also common.
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5. The Brindisi di Montagna Landslide

The BMSL is a multi-source landslide, consisting of a strongly active rotational to
translational upper portion that evolves downslope into an earthflow (Carrara et al.
1985; Cotecchia et al. 1986; Picarelli et al. 2005; Bentivenga et al. 2006; Bentivenga
et al. 2012; De Luca et al. 2015; Spilotro et al. 2015; Varnes 1978) (Figure 2).
Currently, the BMSL has a total length L = 7.6 � 102 m. It is located in the lower
sector of the study area and, in plain view, it displays a wide depletion area with an
average width W = 1.4 � 102 m, an elongated channel, and a lobe-shaped toe (Figure
4a). The L/W ratio is 5.4. The landslide head scarp is located at an elevation of 695
m, and the landslide toe at 520 m, giving a total relief H = 175 m. The H/L ratio is
0.2. Cotecchia et al. (1986) documented a yearly average velocity of 0.6–3.6 m/yr; how-
ever, the landslide has demonstrated quite high velocities during the main stages of re-
activation, with peaks of 60 cm/day, followed by a slow decrease with time (Cruden and
Varnes 1986). The landslide developed entirely in the structurally complex successions
of the Argilliti e radiolariti di Campomaggiore and the Flysch Rosso Formations. The
landslide material consists of fissured clays and shales, alternating in different propor-
tions with fractured calcareous and cherty beds. In particular, the landslide starts in the
Flysch Rosso lithologies, showing structures of type B1, as defined by Esu (1977), with
repeated coherent layers made up of limestones and cherts. The channel and toe zones
entirely developed within the Argilliti e radiolariti di Campomaggiore formation, com-
prising prevailingly clayey deposits and isolated coherent lithologies. Structures of types
B2 and B3, as defined by Esu (1977), are fully representative of these deposits.

The depletion zone of the BMSL (Figures 3 and 4b), where the rotational to trans-
lational mechanisms mainly occur, developed between two stable areas, represented
by the Serra del Ponte and La Rosa localities. This area mainly consists of three
strongly deformed source zones, respectively named the western, central and eastern
sources, characterized by active erosion, a large occurrence of trenches, open frac-
tures, water-filled depressions and upslope-tilted blocks. Here, the measured terrain
gradient averages 23�. Along the steeply-dipping crown, the main mass movement is
often accomplished by falling and toppling mechanisms. In this part of the landslide,
a retrogressive evolution has been identified.

The transport zone of the BMSL consists of an elongated channel through which
the material, produced in the depletion area, is transferred downward to the depos-
ition zone (Figure 4c). The channel is confined between marked incisions, the activity
of which is testified by the presence of well-preserved striated shear planes. Along
this tract, the landslide is characterized by an evident hummocky morphology, pro-
duced by extensional cracks and contractional corrugation. In this portion, the ter-
rain, the gradient may reach 11�.

The deposition zone of the BMSL (Figure 4d), corresponding to the Basento River
valley bottom, consists of a fan-shaped toe that deflects, and periodically interrupts,
the watercourse. Here, diffuse cracking and soil corrugation are the most easily recog-
nized features. In this sector, the terrain gradient averages 7�.

Data concerning the depth of the sliding surface of the BMSL are provided from
borehole logs (Cotecchia et al. 1986) (Figure 3). The thickness of the displaced
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material ranges from about 5 m in the channel zone to 13–14 m measured in the
upper part of the channel, and in the toe zone (Figure 5).

Currently, the BMSL is threatening, or causing damage to, different infrastructures.
In particular, in the uppermost part of the landslide, the SP n. 37 needs constant
maintenance because of the severe damage suffered during the last decade. At the
landslide’s toe, highway SS n. 407 Basentana, and the Potenza-Metaponto National
Railway line, need to be constantly protected from the continuous deposition of land-
slide material. To prevent a worsening of the situation, a series of reinforced concrete
and gabion walls have been realized; however, despite these countermeasures, the
incessant downslope displacement of material has led to local restraint of the Basento
River, and the consequent development of ephemeral lakes that, added to the lack of
an efficient water regime, represent an additional instability factor for the BMSL.

Figure 4. a) Panorama view of the BMSL taken from La Rosa. From this position all the main land-
slide elements forming the study landslide as well as the depletion, transfer and accumulation
zones are visible; b) view of the BMSL crown zone from SW. Note the occurrence of different land-
slide scarps; c) particular of the BMSL channel zone showing well-defined lateral strike-slip fault
ridges and water ponds located within ephemeral topographic depressions; d) view of the BMSL
toe zone from NE. Note the reduced section of the Basento River and the occurrence of fresh lat-
eral strike-slip fault ridges bounding the active toe. Source: Author

GEOMATICS, NATURAL HAZARDS AND RISK 1375



6. Multi-temporal analyses

The BMSL has been periodically active since at least 1954, and its activity has
increased dramatically during the last decade, involving the entire slope between
Tempa Pizzuta and the Basento River valley bottom (Figure 3). Earthflow has period-
ically affected residential structures and farmland, and threatened highway SS n. 407,
the SP n. 37 road, and the Potenza-Metaponto National Railway. Multi-temporal
landslide maps for the BMSL earthflow were prepared for the long-term (decadal)
interval of 1954–2010, and for the short-term period (annual) of 2013–2016 (Figures
6 and 7). For the long-term multi-temporal analysis, we used 1:33,000 stereoscopic
aerial photographs, taken in 1954, 1990 and data from a field survey performed on
2010. Long-term analysis provided fundamental indications about the general evolu-
tion of the landslide. For the short-term analysis, we used aerial images provided by
Google Earth. Short-term analysis allowed the observation of features occurring at the
landslide surface that are generally short-lived (seasonal) and can be quickly
destroyed by ongoing deformation. The obtained maps (Figures 6 and 7) show the
main geomorphological characteristics, and the spatial and temporal evolution, of
the landslide.

6.1. Long-term multi-temporal analysis

The first stereoscopic aerial photographs available for the study area date back to
1954 (Figure 6a). In these photographs, the BMSL was about 640 m long, and ranged
in elevation from about 675 to 516 m. When compared to the present-day landslide
geometry, the BMSL shows a narrower depletion zone and a smaller accumulation
zone. The depletion zone consisted of two main source areas, feeding the main earth-
flow body. Steep morphologies and back-tilted surfaces were common in this part of
the landslide. Extensional cracks characterized the transition between the depletion
zone and the channel. The channel was also narrower, with an evident neck at about
650 m. Corrugations, related to contractional deformation, have been previously
documented (Del Prete 1992). At the toe, the Basento River formed a wide curve,
which shows no evidence of any involvement in the mass movement. Infrastructure

Figure 5. Borehole stratigraphic logs made along the BMSL channel zone (modified by
Cotecchia et al.1986).
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located in the proximity of the landslide (in 1954, the Potenza-Metaponto National
Railway was the only existing infrastructure) was also unaffected.

Aerial photographs for the year 1990 (Figure 6b) show that significant geomorpho-
logical change occurred over the course of 36 years. The active zone of the whole
landslide noticeably lengthened, and the depletion and accumulation zones cumula-
tively enlarged. At this time, the BMSL was about 800 m long, and ranged in eleva-
tion from about 690 to 520 m. Significant retrogressive processes markedly had
changed the position and geometry of the landslide head scarp, and the western, cen-
tral and eastern sources had developed. Ponds, ephemeral springs and deeply-incised
gullies are visible, especially around the boundary between the Argilliti e radiolariti di
Campomaggiore and Flysch Rosso, along the eastern side of the landslide. In the
channel zone area, secondary earthflows had joined the main body on both sides;
however, the most striking feature is represented by a wide fan-shaped toe, which
had invaded the valley bottom, and deflected the course of the Basento River. The
necking of the river section gave rise to a landslide lake upstream (Cotecchia et al.
1986). Gabions, aimed at protecting the adjacent Potenza-Metaponto National
Railway, are clearly visible in the aerial photographs (Figures 3 and 6).

In 2010 (Figure 6c), the geometry of the BMSL had further changed. The BMSL
was about 850 m long, and ranged in elevation from about 695 to 520 m. The deple-
tion zone was significantly enlarged. Obvious activity seems to have been on the east-
ern side, where new rotational slides and secondary earthflows had joined the main
body. On the western side, retrogressive evolution of the head scarp had caused the
involvement of the SP n. 37 road. The transfer zone geometry also appears to have

Figure 6. Long-term multi-temporal landslide maps for the BMSL. Note the progressive increase of
the area involved in the landslide movement through the years a) 1954, b) 1990 and c) 2010. Note
also the change in Basento River course due to growing of the BMSL toe. Source: Author
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Figure 7. Short-term multi-temporal landslide maps for the BMSL. In all maps, landslide activities
and the main landslide features for the years a) 2013, b) 2014, c) 2015, d) 2016 are showed. The
landslide activity was detected by direct observation in the field. Source: Author
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been more complicated, due to the addition of numerous lateral slides. In addition,
the width of the transfer zone appears significantly narrower, compared to the 1990
situation. The accumulation zones appear considerably reduced, probably because of
reduced landslide activity and earth removal works.

6.2. Short-term multi-temporal analysis

A view of the short-term evolution of the BMSL was obtained through serial visual
analysis of Google Earth imagery, from 2013 to 2016 (Figure 7). During this period,
the earthflow showed repeated geomorphological change, most occurring in the
catchment area and at the active toe. Along the transfer zone, the landslide showed
different generations of flank ridges and lateral trenches, with the narrowest corre-
sponding to the current active sector of mass movement.

6.2.1. 2013
The BMSL Google Earth image from 2013 goes back to September 25th (Figure 7a).
At that time, land removal works were underway in different sectors of the landslide,
and numerous dirt roads, allowing access to the most deformed areas, crossed the
mass movement at different topographic highs. Landslide activity was mostly concen-
trated in the source area, where, however, it was represented by a few scattered, shal-
low earthflows, converging on the transfer channel. In the middle sector, the
landslide was characterized by low activity. Here, predominantly erosional processes
took place, as testified to by numerous longitudinal deeply-incised streams, which, in
many cases, formed at the junctions of the flank ridges. Gullies largely overprinted
previous morphologies consisting of tension cracks and thrusts. In the accumulation
zone, activity was generally low. The Basento River was narrowed in some parts, and
a neck formed in the proximity of the Potenza-Metaponto National Railway led to
the formation of a lake upstream. A retaining wall, built at the toe, appears partially
disrupted and buried under landslide deposits. Active tension cracks, visible on the
eastern side of the toe, in the proximity of the Basento River, were the result of con-
tinuous erosive action of the river course.

6.2.2. 2014
The BMSL Google Earth image from 2014 was taken on October 10th (Figure 7b).
Different from the previous year, the earthflow indicates a high level of activity. In
the catchment area, dirt roads observable in the previous year’s image had been
almost completely removed by landslide activity. The main body was mainly fed by
the central and eastern sources. Other isolated lateral sources also contributed.
Landslide activity in the catchment area was mainly inferred from the occurrence of
visible extensional cracks and the freshness of the sliding surfaces. The transfer zone
was very active in 2014. High activity is illustrated by the large frequency of fresh
extensional cracks, alternating with local contractional zones. Ponds and ephemeral
streams are also visible, especially in the upper portion of the channel; however, the
most striking evidence is represented by rejuvenated lateral strike-slip faults and, at
the boundary with the toe zone, by en echelon fractures. In the accumulation zone,
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the most active structures are represented by extensional cracks, while thrusts, inher-
ited from previous stages, do not show activity. The opening direction of the exten-
sional cracks is consistent with undercutting erosional processes caused by the
Basento River.

6.2.3. 2015
The BMSL Google Earth image from 2015 was taken on May 30th (Figure 7c).
Although the landslide was highly active, as in the previous year, significant changes
are visible, both in the source and accumulation zone. In the feeding area, the major
activity is visible in the correspondence of the western source. Here, new material
was added to the landslide, due to the retrogressive evolution of the crowns. Unlike
the previous year, the central and eastern sources were active only in providing a
minor contribution, in terms of remobilized material. In the transfer zone, the land-
slide is still confined between marked lateral faults, and corrugation and extensional
cracks occur extensively. Lateral lobes, formed from overflow material, are common.
In the lower portion, the earthflow is characterized by a significant widening of the
toe, which resulted in further necking of the Basento River. Similar to the transfer
zone, corrugation and extensional cracks occur abundantly, although are less marked.
The narrowing of the river resulted in the widening of the lake, located upstream,
and in a threat to the walls in defence of the railway.

6.2.4. 2016
The BMSL Google Earth image from 2016 was taken on July 2th (Figure 7d).
Landslide activity at this time was very low. In the depletion area, the three main
source areas were, in great part, covered by vegetation. In particular, the central and
eastern sectors seem to be almost in a dormant stage, whereas in the western portion,
a little activity is observable in the crown area. The entire area is crossed by deeply-
incised gullies, which often sit on previous structures, such as lateral faults. Similar
characteristics are largely observable in the transfer zone. In fact, longitudinally-ori-
ented deeply-incised gullies are the predominant feature of this zone. In the accumu-
lation zone, the dimensions of the toe are considerably reduced, as a consequence of
the Basento River undercutting erosional processes, which are not compensated by
the arrival of new material from the depletion and transfer zones.

7. Tectonic structures in the Brindisi di Montagna Scalo landslide area

Slope failure frequently coincides with pre-existing tectonic discontinuities. The fun-
damental role played by faulting in landslide development in Italy has been high-
lighted by numerous authors (e.g. Dramis 1984; Dramis and Sorriso-Valvo 1994;
Forcella and Tibaldi 1998). In effect, tectonic discontinuities heavily contribute to the
weakening of the substrate through the fracturing of rocks, and reduction of shear
strength. Fault damage zones represent preferential ways for groundwater flow and
migration. Fault distribution can also control the distribution of the surficial hydro-
graphic network.
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The eventuality that the BMSL coincides with a zone of tectonic deformation was
first proposed by Cotecchia et al (1986), although little field evidence was provided. If
demonstrated, the occurrence of tectonic structures controlling the development of
the BMSL could explain many characteristics observed in the field and add a funda-
mental element to take into consideration in the assessment of future risk mitigation.
In order to verify this hypothesis, different field surveys have been carried out in
recent years; however, diffuse vegetation cover and poorly-preserved outcrops pre-
vented us from getting a clear identification of the tectonic zone. In the case of the
BMSL (Figures 1 and 3), field observations are largely prevented due to the occur-
rence of thick landslide debris. Locally, fresh shear surfaces (striated faults in most
cases) have turned out to be related to landslide movements, rather than tectonics.
More evidence was discovered from detailed mapping of the Tempa Pizzuta area;
here, an NNE-trending dextral transpressional fault was mapped. The mapped struc-
ture consists of at least four main splays (f1, f2, f3 and f4 in Figure 1), which have a
positive flower geometry in the investigated area. All the splays converge southward
into the BMSL area, where they can no longer be followed.

With the aim of detecting the possible propagation of the recognized fault zone
into the BMSL area, as well as the need to better understand the main characteristics
of the mass movement in the subsurface (landslide geometry, sliding surface depth,
areas with high water content), a geophysical survey, leading to the acquisition of
four ERT (Figure 1), was carried out (Figure 8). ERT A, B and D were designed to
intersect the mass movement and adjacent areas in a direction nearly orthogonal to
the landslide axis in the catchment area. ERT C, an axis-parallel profile, was designed
to intersect the crown zone. Considering the data gathered through geological survey-
ing, aerial photo interpretation, and exploratory boreholes (Figure 5), it was possible
to calibrate the resistivity models and directly correlate resistivity values with lithos-
tratigraphic characteristics. The higher resistivity values (>7 Xm) are associated with
the Flysch Rosso, and the lower resistivity values (<7 Xm) are related to the Argilliti
e radiolariti di Campomaggiore. The body of the BMSL is highlighted by low resistiv-
ity values (<9 Xm) at shallow depth.

ERT A, B and C (Figures 1 and 8) form a grid, meant to investigate the subsurface
characters of the area located between Tempa Pizzuta and the BMSL crown zone,
where all the splays, converging towards the BMSL, would be expected. This area is
prevalently characterized by dormant rotational slides, which are hardly recognizable
in the field or on aerial photographs. The ERT A (Figure 8) shows a concave resistiv-
ity contrast (C1), between the topographic surface and about 725 m asl, which is
interpreted as the contact between the slide material and the Flysch Rosso. The major
features of the ERT A are the two sharp lateral variation of electrical resistivity at
about 50 and 200 m, which are interpreted as the f2 and f3 splay, respectively. ERT B
(Figure 8) was carried out along one of the crowns of the dormant landslide. It shows
a quite firm substrate in the Flysch Rosso, with little evidence of landslide material in
the first few metres. The Flysch Rosso/Argilliti e radiolariti di Campomaggiore transi-
tion is visible at a depth of about 650 m asl. Abrupt lateral variation of electrical
resistivity at about 170 and 400 m are interpreted as the f2 and f4 splay. ERT C
(Figure 8) extends longitudinally between the Tempa Pizzuta hilltop and the

GEOMATICS, NATURAL HAZARDS AND RISK 1381



Figure 8. ERT carried out parallel and transversally to the landslide body axis and interpreted sec-
tions obtained by combining ERT and field geological and geomorphological information. See
Figure 1 for the location of the ERT profiles. Source: Author
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boundary between the dormant and active areas of the BMSL, intersecting ERT A
and B. The main characteristic recognizable in the ERT C is the structural high in
the Flysch Rosso, separating the two different sectors. It coincides with a high elec-
trical resistivity zone (>12 Xm) where thick calciclastic limestones occur within the
Flysch Rosso succession, between 360 and 440 m asl. Uphill, in the dormant sector, a
shallow electrical resistivity contrast (C2) clearly marks the landslide/Flysch Rosso
contact, whereas a deeper electrical resistivity contrast indicates the stratigraphic con-
tact between the Argilliti e radiolariti di Campomaggiore and the overlying Flysch
Rosso. Downhill, in the active landslide zone, the ERT shows clear concave sliding
surfaces (C3) cutting into the substrate, represented by the Flysch Rosso. The transi-
tion between the dormant and active areas of the BMSL is characterized by a sharp
lateral variation of electrical resistivity, interpreted as the f3 splay. In this case, the
Flysch Rosso/Argilliti e radiolariti di Campomaggiore boundary is used to interpret
the f3 splay as a right-lateral strike-slip fault with reverse vertical component. ERT D
consists of a long profile carried out immediately south of Masseria Bellezza (Figure
1). The profile intercepts the BMSL at the transition between the depletion and chan-
nel zones. The sliding surface is clearly evidenced by a marked resistivity contrast
(C4). The occurrence of a borehole (S5) helped us to better constrain this surface.
The sharp lateral variation of electrical resistivity, located on the southeastern side of
the landslide, is interpreted as the f1 splay.

8. Results

The multi-temporal analysis of aerial photographs and ERT, presented in the previous
sections, has provided the identification of two critical factors controlling the develop-
ment of the BMSL. Below, we discuss the main results coming from the application
of these two techniques to the study of the BMSL.

8.1. Multi-temporal analysis

Both long- and short-term multi-temporal analyses of 1:33,000 stereoscopic aerial
photographs and Google Earth images indicate that the BMSL has been periodically
active since at least 1954. During the last decade, its activity dramatically increased,
leading to restriction of the outflow of the Basento River, and the creation of a lake
in the proximity of the landslide’s toe. Continuous reactivations have periodically
threatened farmland, residential structures, and important infrastructure, such as
highway SS n. 407, the SP n. 37 road and the Potenza-Metaponto National Railway.
In 1954, the landslide showed a reduced catchment area and a poorly-developed toe.
In more recent times, it has developed a wider, and more complex, depletion zone,
because of its retrogressive evolution, and a wide fan-shaped toe, which has diverted
the course of the Basento River. In total, from 1954 to now, the landslide has length-
ened by 210 m. Aerial photograph analysis of the last few years, and periodic field
surveys, have revealed that the landslide is very sensitive to seasonal rainfall recharge,
and that it has been frequently reactivated, with the main activity stages occurring
during heavy and persistent rainfall events. This is particularly evident from the
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short-term multi-temporal analysis. In fact, images taken during rainy seasons
(October 2014, May 2015) show typical landslide activity features, such as fresh
extensional cracks, thrusts and lateral strike-slip faults, with scattered ponds occupy-
ing the topographic depressions. Images taken during dry seasons (September 2015,
July 2016) show a well-developed network of deeply-incised ephemeral streams, which
overprint previous features. This kind of seasonal evolution indicates that the land-
slide material is not able to release water in the short-term, therefore resulting in per-
sistent water-saturated conditions. The main reactivations are especially involved in
the middle to lower part of the landslide, where clayey lithologies, belonging to the
Argilliti e radiolariti di Campomaggiore, crop out.

8.2. ERT investigations

ERT investigations, together with field geological surveys, performed in the BMSL
area have revealed that the landslide is associated with a strongly-deformed fault
zone. This zone consists of an NNE-trending dextral transpressional fault with at least
four main splays (f1, f2, f3 and f4 in Figure 1) which display a major reverse compo-
nent (Figure 9). A minor dextral strike-slip component, locally deduced by the offset
of key stratigraphic horizons, helped us to interpret these structures as transpressional
faults. The fault zone is the southward propagation of the fault system recognized in
the Tempa Pizzuta area (Figure 1). Based on these observations, we have interpreted
the entire area as a partially-eroded positive flower structure, or a transpressive pop-
up, dissecting the previously-formed Apennine contractional structures (Figure 9a).
Although a precise age constraint for this tectonic event is not possible based on field
data, it is, however, reasonable to refer the observed deformation to Plio-Pleistocene
tectonic activity. In fact, in the Southern Apennine thrust-belt, strike-slip tectonics
represents the latest evolutionary stages of a chain which overprinted older Cenozoic
structures (Catalano et al. 1993; Van Dijk et al. 2000). The Tempa Pizzuta hilltop rep-
resents the culmination of this structural high, and the BMSL developed in

Figure 9. Schematic 3D block diagrams showing: (a) the development of a dextral transpressional
fault zone in the considered sector of the southern Apennine thrust-belt during Plio-Pleistocene;
(b) Present-day position of the BMSL. Not to scale. Source: Author
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association with its southern termination, where the master fault, which follows the
BMSL channel/toe segment, splits into several branching splay faults (Figure 9b).
Uplift and faulting, related to growth of the recognized structural high, significantly
predisposed the study area to landslide collapse. Faulting mainly caused weakening of
the substrate and a general reduction in the shear strength. Uplift mainly contributed
to gravitational disequilibrium, destabilizing the slope.

9. Summary and conclusions

The BMSL is a rotational slide evolving downhill into an earthflow (Figure 3). It
mainly developed in a structurally-complex succession of alternating clay and turbid-
itic limestones ascribed to the Argilliti e radiolariti di Campomaggiore and Flysch
Rosso formations. The depletion area mainly resides in the Flysch Rosso, where tur-
biditic limestones are predominant. The transfer and accumulation zones occur in the
Argilliti e radiolariti di Campomaggiore, which is a predominantly clay-rich unit.
Multi-temporal analysis of aerial photos and ERT investigations revealed that two
main critical factors controlled, and still strongly influence, the evolution of the
Brindisi di Montagna Scalo Landslide: (i) the BMSL is particularly susceptible to sea-
sonal rainfall, which is considered the main triggering factor; (ii) the BMSL mainly
formed in association with an intensely-deformed Quaternary fault zone. The recog-
nized faults greatly contributed to the weakening of the substrate, presenting a prefer-
ential route for groundwater infiltration and migration. We consider these to be a
fundamental predisposing factor.

Based on the recognition of these critical factors, it follows that every measure
aimed at stabilizing the landslide and mitigating risk should, in the first instance,
consider the removal of water from the landslide body, which would reduce the solid
friction and promote longer landslide runouts. Therefore, the realization of an effi-
cient drainage system, that would intercept both surface water and groundwater,
could be a valid and relatively cheap solution to minimize movement of the BMSL.
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