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Abstract This paper investigates the role played by geomorpho-
logical and tectonic processes affecting a portion of an active
mountain belt in causing the occurrence of different types of
landslides developed in flysch bedrock. The adopted multidisci-
plinary approach (geomorphology, geology and geophysics)
allowed to recognize in a portion of the Northern Apennines of
Italy different types of landslides that developed in response to
slope dynamics, in turn dependent on broader regional-scale tec-
tonic processes. Sedimentary bed attitude, local tectonic disconti-
nuities and lithology only partially influenced the type of
landslides, which have been deeply affected by the activity of
regional-scale antiform that controlled the hillslope geomorphic
evolution in different ways. The growth of this structure and the
tilting of its forelimb produced gently dipping slopes that
approached the threshold angle that can cause the occurrence of
(mainly) translational rockslides. Conversely, high-angle normal
faulting parallel to the antiform axis (related to a later stage of
activity of the antiform itself) strongly controlled the stream net-
work evolution and caused the watercourses to deeply incise
portions of their valleys. This incision produced younger steep
valley slopes and caused the development of complex landslides
(roto-translational slides-earth/debris flow). The results of the
integrated study presented in this paper allowed to distinguish
two main types of landslides whose development reflects the
events that led to the geomorphological and geological evolution
of the area. In this perspective, within the study area, landslides
can be regarded and used as indicators of broader-scale recent
tectonic processes.

Keywords Landslide types . Tectonics . Slope
steepness . Geophysics . Fluvial incision . Northern Apennines

Introduction
The evolution of hillslopes morphology in active mountain ranges
has been widely discussed in the last decades and most of the
studies analysing these processes are based on the concept that
bedrock incision exerted by rivers and torrents in response to
tectonic uplift is the main factor controlling hillslope development
(e.g. Burbank and Anderson 2011; Larsen and Montgomery 2012;
Roering 2012 and references therein). Landsliding in its broadest
sense, and not only as a response to fluvial slope undercutting, has
also been recognized as an erosional process that can be very
effective and play a primary role in active mountain belts (e.g.
Crosta and Clague 2006; Korup et al. 2010).

In the Northern Apennines of Italy, large landslides involving
bedrock in some cases represent the surface response to the
activity of regional-scale uplifted structures (Carlini et al. 2016).

Landslides, and especially their trigger factors, have already
been used as indicators of different hillslope processes. Borgatti
and Soldati (2010) accounted for landslides as climate change
indicators, recognizing enhanced landslides activity during humid

and cold periods, triggered by abundant rainfalls and subsequent
high hillslopes water-pore pressure. Densmore and Hovius (2000),
on the other hand, analysed bedrock landslides occurring on
different portions of the hillslopes and argued that earthquake-
triggered landslides preferentially develop near ridge culminations
(because of the amplification of seismic acceleration at slope
crests), while rainfall-triggered landslides are concentrated in cor-
respondence of the toe of the slopes.

In our case, we investigated the possibility of using landslides as
indicators of different stages of tectonic structure evolution based
on the recognition of different types of landslides developed on
different hillslopes, but in response to the same orogenic
processes.

In order to do this, we focused our work on flysch-type rocks
because of their enhanced capability to preserve features from both
geomorphological (erosive landforms, scarps, etc.) and geological
processes (faults, fractures, etc.) (e.g. Catane et al. 2007; Chigira 2011).

The study of the relationships between landslides and geolog-
ical characters of flysch rocks has been long explored in terms of
structural control on the type of landslides and of causes and
triggers of landslides acting on highly unstable and steepened
slopes (e.g. studies on the Flysch Carpathian mountain belt,
Záruba 1922; Margielewski 2006; Hradecký and Pánek 2008; Pánek
et al. 2008; Šilhán et al. 2014). Possible genetic relationships be-
tween these factors and the geomorphological (slope steepness
and overall shape) and geological characters (lithology, bedding
attitude, folds, faults and fractures) of the bedrock are complex
and need to be studied adopting a multidisciplinary approach.

In the Northern Apennines of Italy, where the relationships
between geological features and landslides have been indirectly
taken into account (Bertolini and Pellegrini 2001; Bertolini et al.
2005; Borgatti et al. 2006), flysch-type rocks (comprised of deeply
tectonized marly limestone or siliciclastic sandstone layers that
alternate with marls, claystones or shales) are very diffuse (fig. S1)
and often involved in large landslides. We selected an area of the
Northern Apennines characterized by a uniform lithologic and
tectonic framework (Mt. Caio carbonate flysch, representative of
many flysch-type lithologies in the overall mountain belt), where
different types of large landslides developed. The study of this
portion of the chain proved suitable not only to investigate the
aforementioned local factors and relationships, but also provided
the opportunity to understand the landslide development in rela-
tion to processes acting at the scale of the whole valleys (e.g. slopes
morphology, stream network evolution, recent tectonic evolution).

The current study took into account three case studies that
belong to the same geomorphological and tectonic framework,
but that show important differences mainly in terms of type of
movement (i.e. translational vs rotational rockslides). Since a
connection between this framework and the evolution of some
large complex and translational rockslides within the study area
has been already established (Carlini et al. 2016), we investigated
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the causes of these three different cases, developed within an
apparently homogeneous framework.

The partial reactivation in 2013 of Musiara rotational rockslide,
the first case study that involved bedrock undergoing failure for
the first time gave us the chance to better observe the relationships
between bedrock characters and landslide development and move-
ment. The second case study describes the Ripe di Martino land-
slide, taken into account because: (a) it represents a rotational
rockslide developed within the same geological and geomorpho-
logical framework of Musiara landslide and (b) its recent activity is
constrained by radiocarbon datings.

The third case study is represented by the Carobbio landslide,
one the best and largest examples in the region of a complex of
translational rockslides located on the right flank of the Parma
valley, few kilometres NW of the other cases.

The aim of this work has been to:

1. characterize, for each case study, the geomorphological and
tectonic framework and the slope setting (one of the main
predisposing factors of landslides occurrence);

2. understand the weight and role played by these characters in
relationship to the development of different landslide types;

3. explore the significance of different landslide types within a
larger geomorphological and geological framework and use
this classification as a proxy for the geological and geomor-
phological evolution of the area.

We adopted a multidisciplinary approach integrating geomor-
phological and geological field data, geophysical data (seismic
velocity and electrical resistivity) and digital terrain model
(DTM)-based geomorphometric analysis of stream basins and
drainage network.

Regional setting
The study area is characterized by the outcrops of the Mt. Caio
flysch, one of the widest-exposed flysch-type geological formations
in the Northern Apennines, reaching a total thickness of at least
1600 m (Cerrina Feroni et al. 2002 and references therein). The
Late Cretaceous Mt. Caio turbidites are characterized by thick to
very thick carbonate-rich layers alternating with centimetre-thick
fine-grained silt-rich layers. From a lithological point of view, the
upper portion of the Mt. Caio flysch shows a higher percentage of
pelitic fraction with respect to the carbonate beds (Abbate and
Sagri 1967). This lithologic characteristic has geomechanical im-
plications, in terms of layers’ competence that allow to refer to this
formation as a weak rock mass (fig. S2, Mandrone 2004). Within
the study area, the Mt. Caio flysch is stratigraphically overlain by
the Paleocene-Eocene Tizzano pink marls formation, constituted
by carbonate-rich and marly turbidite deposits.

The deformation affecting the Mt. Caio flysch is complex and
characterized by multiple phases that developed since the age of its
deposition (Late Cretaceous) until the Quaternary. The most re-
cent (Pliocene–Pleistocene?) deformation of the Mt. Caio flysch is
mainly represented by high-angle extensional faults and related
fractures. The orientation of the recent tectonic lineaments affect-
ing the area is also influenced by regional-scale transpressive
structures, such as the one observed on the left side of the Parma
valley (Perego and Vescovi 1991).

The combined activity of the two aforementioned tectonic
regimes led also to the development of recent regional-scale
antiforms, caused by the deep contractional tectonics and dissect-
ed by shallow extensional faults (Carlini et al. 2016). In particular,
the axial plane of one of the largest antiforms (Ghiare antiform,
extending from NW to SE for more than 70 km) crosses the study
area by the Mt. Caio (1584 m above sea level—a.s.l.), where the
flysch rocks, lying on the forelimb of the antiform, acquire a N-
NE-dipping monocline setting. The attitude of the flysch bedding
planes controls the geometry of several topographic features with-
in the study area. Wide surfaces with low angle roughly coincide
with dip slope attitude, while scarps are located in correspondence
of deep incision or counter-dip slope attitude.

Flysch rocks, within the study area, are mainly affected by earth
flows (fig. S3a) and complex landslides (fig. S3b) (Borgatti et al.
2006, Carlini et al. 2016, Bertolini et al. 2017). Earth flows are often
characterized by multiple sources of material, involving slope
deposits or bedrock constituted by clay-rich or marly facies of
flysch-like rocks. These landslides have an elongated and narrow
main track and a fan-shaped accumulation zone. Large complex
landslides often show a unique source area where the failure
surface deepens in the bedrock. The depleted rock masses slide
down the slope, usually as a unique block. At the toe of the
landslide, the type of movement evolves into a flow because of
the great amount of fine-sized (pelitic) material and water. From a
geomorphological point of view, these kinds of landslides are
characterized by concave to convex landforms related, respective-
ly, to the depletion zone and the deposit. In the studied area, huge
rockslides are both translational and rotational. The translational
slides occur where gently dipping slopes exist, while rotational
ones prevail where the slopes are steeper. Large landslides affecting
relevant portion of slopes composed of flysch rocks usually un-
dergo partial, or seldom total, reactivations characterized by dif-
ferent types of movement. In some cases, they increase their
volume through retrogressive and/or advancing and/or enlarging
distribution of activity.

The geological (lithology, structure, tectonics) and geomorpho-
logical (slope morphology, steepness, erosive processes) character-
istics represent the main predisposing factors invoked for the
landslides in the Northern Apennines (Bertolini et al. 2005;
Bertolini et al. 2017) mainly because they are responsible for the
lower rock mass quality and rock strength. These conditions
depend also on lithological factors, such as in the case of flysch
rocks, which are characterized by the alternation of beds with very
different geomechanic properties (e.g. limestones and marls or
claystone, sandstones and shales). Besides, weathering, mainly of
physical type, contributes to weaken the rocks as well (Bertolini
and Pellegrini 2001).

Also, climate factors contributed as trigger and/or predisposing
factors to landslide occurrence. In fact, during the Last Glacial
Maximum (LGM), glacial and periglacial climate conditions affect-
ed a large portion of the Northern Apennines (Giraudi 2011;
Federici and Tellini 1983). At that time, the valley of the Parma
Torrent and of the close Cedra Torrent hosted mountain glaciers,
which led their snouts along the valley bottom few kilometres
southwards from the investigated area. The equilibrium line alti-
tude (ELA), calculated employing lateral and frontal moraines
(Federici and Tellini 1983), lied at about 1250 m a.s.l. (Fig. 1a).
Therefore, all morphologically suitable topographic surfaces above

Original Paper

Landslides 15 & (2018)284



this altitude could potentially host a glacier or, at least, a glacieret
or a perennial snowfield, like the spoon-shaped area north of the
Mt. Caio (Fig. 1a). As suggested by the landforms and the position
of the ELA, though, glaciers did not cover the ground surfaces
interested by the landslides treated in this paper, where mostly
periglacial processes, like frost shattering and freezing and
thawing, widely contributed to the physical weathering of rock
masses (Bertolini and Pellegrini 2001). In particular, the transition
from glacial-periglacial (dominated by frozen water) to paraglacial
(dominated by liquid water) conditions favoured snow and ice
melting that may have contributed to the increase in porewater
pressure in the slopes, possibly favouring rock slope failures, as
suggested by McColl (2012). Thawing of permafrost ice in ice-
bonded joint networks may have enhanced joint water pressures
during deglaciation, contributing to further lower the rock mass
quality. These extrinsic mechanisms, though, are usually not ubiq-
uitous trigger factors for rock slope failures in deglaciated areas
(Ballantyne et al. 2014).

Climate conditions still control the present-day main trigger
factors of the landslides, represented by heavy and prolonged rain-
falls occurring mainly in autumn and in spring, partially associated
with the snowmelt (Bertolini and Pellegrini 2001; Chelli et al. 2006).
Large part of the phases of activity of landslides recorded in the area
grew during the rainiest periods of the Holocene (Bertolini et al.
2005). Trigger factors are sometimes represented also by the
undermining of slopes caused by the stream banks erosion during
the floods and, more rarely, by seismic shocks (Tosatti et al. 2008).
Several landslides affected the study area, mainly as partial reactiva-
tion of more ancient landslides and, in some circumstances, also
involving the undisturbed bedrock.

Methods
A DTM with 5 m of geometric resolution (Regione Emilia Roma-
gna Topographic Database) was employed to investigate the geo-
morphological and structural features of the study area.

Our work is based on an updated version of the Regione Emilia
Romagna landslides inventory (Servizio Geologico, Sismico e dei
Suoli della Regione Emilia-Romagna 2014), in which the landslides
have been reviewed and classified according to Cruden and Varnes
(1996). The geomorphological characters of the landslides have
been identified through satellite image analysis and field surveys
in order to recognize their type and distribution.

Structural field data (joints and fractures) have been collected
at 11 structural stations and integrated with the structural data
from the published geological maps and the DTM structural anal-
ysis in order to obtain a full data coverage of the area of interest
(Fig. 1). Some of the structural stations were located at outcrops
close to the studied landslides, in particular:

– Stations 3, 4, 8—Carobbio landslide;
– Station 7—Musiara landslide;
– Station 10—Ripe di Martino landslide;
– Stations 1, 2, 5, 6, 9, 11 complete the coverage of the study area.

Fracture orientation and bedding have been collected at each
station.

Geophysical imaging at the Musiara site was a major aid to
explore the relationships among geometry of landslide body,

bedrock and tectonic features. We used both shallow boreholes
and bedrock outcrops to constrain and calibrate the geophysical
interpretation of electrical and seismic data. The resistivity model
was generated via 3D inversion with an iterative procedure based
on the smoothness-constrained implementation (Constable et al.
1987) associated with a careful reweight of the inversion parame-
ters (Morelli and LaBrecque 1996). Cells with depth of investiga-
tion (DOI) value larger than 0.2 (Oldenburg and Li 1999) were not
considered for interpretation. The velocity model was obtained via
the classical traveltime tomography approach (Vesnaver 2013).
Inversion was carried out with the simultaneous iterative recon-
struction technique (SIRT) algorithm. The difference between real
and calculated arrivals was lower than 5% for most of the rays.
Cells initialized with a velocity values but not crossed by rays were
not considered for interpretation.

The geomorphometric analysis, performed under GIS environ-
ment, has been used to reconstruct the drainage network and the
slopes morphological evolution of the Parmossa valley, where the
two studied rotational rockslides are located. The incision map of
Fig. 2b represents the local relief, calculated as the difference
between maximum and minimum elevation inside a moving win-
dow of 150 m × 150 m (Ciccacci et al. 1992; Centamore et al. 1996;
Mumipour and Tahmasabi Nejad 2011 and references therein;
Shahzad and Gloaguen 2011). The stream length (SL) gradient
index has been calculated to quantify the perturbations along the
Parmossa Torrent longitudinal profile because of its sensitivity to
minimum slope variations (Troiani and Della Seta 2008; Burbank
and Anderson 2011; Gao et al. 2013). This index is mainly influ-
enced by important lithological variations, sediment discharge by
tributaries, tilting, faults and landslides interfering with the stream
profile and/or thalweg. According to the formula suggested by
Hack (1973), the SL has been calculated keeping a fixed horizontal
length (ΔL) of the segments of 150 m.

Results
The structural analysis of the DTM highlighted the orientation of
tectonic features that are associated with landforms recognizable
within the resolution of the DTM. Five main groups of disconti-
nuities have been recognized, with average directions N290°,
N345°, N60°, N360° and N90°, as shown by the rose diagram of
Fig. 1b. The field structural data related to stations 1, 2, 5, 6, 9 and 11
suggest the presence of five main families of discontinuities whose
orientations are comparable with the directions of the aforemen-
tioned lineaments (compare the two rose diagrams in Fig. 1b).

Morphologic analysis of the hillslopes
The three landslides studied developed on two types of slopes
presenting different geometrical characteristics, such as shape
and angle. The Musiara and Ripe di Martino landslides developed
on the left side of the Parmossa valley, while the Carobbio land-
slide lies on the right side of the Parma valley (Fig. 1).

The analysis of the geomorphological profile of the hillslopes
revealed that moving upstream (southward), both Parma and
Parmossa valleys slopes are initially symmetrical and quite smooth
(profiles A and B, Figs. 1b, and 2a). On the contrary, in profiles C
and D (Figs. 1b and 2a), closer to the Ghiare antiform axis, and
where the studied landslides are located, both valleys show signif-
icant morphological changes and present evident slope breaks.
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Concerning the valley of the Parma Torrent, along profiles C and
D, the lower portion of the slopes is highly asymmetrical with
respect to the watercourse, much steeper on the right side, where
SW-NE-oriented faults and the anti-dip slope bedding attitude of
the Mt. Caio flysch control the slope geometry (Fig. 1b). Along this
lower portion of the slope minor rock falls, shallow debris flows
and rock/debris slides develop. The upper portion of the Parma
Torrent right slope, on the contrary, is characterized by a relatively
lower angle and an irregular surface, caused by the dip slope
bedding attitude, the presence of the Carobbio landslide and some
fault scarps (Figs. 1 and 2a). The Parmossa valley slopes, converse-
ly, show a symmetrical geometry (profiles C and D), characterized
by high angles and abrupt breaks that suggest upstream deepening
processes, as it is also clearly visible in map view (Fig. 1b). Both
sides of this part of the Parmossa valley are dominated by
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Fig. 1 a Sketch map of the studied area where prevailing translational rock lides (Carobbio-type landslides) and prevailing rotational rockslides (Musiara-type landslides)
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Fig. 2a Topographical profiles (5-m-resolution DTM, traces on Fig. 1b)
across the Parma and Parmossa valleys. The profiles are ordered
moving upstream from north (A) to south (D). The attitude of Mt.
Caio Flysch bedding and cross-section of landslides are reported,
respectively, following the results of geological and geomorphological
fieldwork. The thick black solid line in profile C and D represents the
Parmossa valley sides in correspondence of its incised portion (area 1
of Fig. 2b, c). b Incision map—black lines highlight zones of higher
incision degree. Solid lines (numbered 1, 2 and 3) indicate zones of
incision related to local stream dynamics; dashed lines indicate inci-
sion related to structural features. c Zoom on zone 1 of Fig. 2b and on
the headwater area of the Parmossa Torrent (bounded by the dotted
line). d SL index curve (black solid line) plotted over the longitudinal
profile (grey line) of the Parmossa Torrent. Black dots represent the
knickpoints of the stream
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landslides with prevailing rotational movement, as in the case of
the Musiara and Ripe di Martino landslides.

Geomorphometric analysis
We performed a geomorphometric analysis of the Parmossa drain-
age basin in order to explain the development of the incised portion
of the Parmossa Torrent that has been highlighted by the DTM and
slope analyses. We analysed and integrated data related to the local
relief energy, the drainage pattern, the stream longitudinal profiles
and the SL gradient index (or Hack’s index; Hack 1973).

The incision map of Fig. 2b shows zones characterized by high
local relief energy that in most cases are located in correspondence
with major structural and/or tectonic features, such as scarps
characterized by anti-dip slope bedding attitudes and fault scarps
(dashed lines in Fig. 2b, compare with Fig. 1b). Three of these
zones, nonetheless, represent deeply incised areas of the Parmossa
and Rio delle Ore Torrent basins (solid lines in Fig. 2b), charac-
terized by a symmetrical shape with respect to the watercourses.
The Parmossa Torrent widest incised area (area 1 in Fig. 2b, c)
hosts the Musiara and Ripe di Martino landslides and it is bound-
ed to the southwest by a sharp and straight transition to a zone
showing a relatively lower degree of incision, where the present-
day stream headwater is located (dotted area in Fig. 2c).

The comparison between the Parmossa Torrent longitudinal
profile and the SL curve highlights that the highest SL peaks
approximately coincide with the torrent knickpoints (Fig. 2c, d).
As a general rule, differential erodibility due to lithology changes
as a cause of the SL peaks along the Parmossa Torrent can be
reasonably excluded because the only relevant lithological change
(between Mt. Caio flysch and Tizzano pink marls) is controlled by
a NE-dipping normal fault. Important confluences of streams with
a significant discharge flowing into the Parmossa Torrent are also
lacking. Therefore, the factors interfering and affecting the
watercourse (highlighted by the SL index) are likely to be
mainly the presence of landslides reaching the riverbed and/
or tectonic features (Fig. 1). Moving downstream along the
profile, the first two relevant peaks in the SL index delimit
the incised portion of the basin (zone 1 in Fig. 2b), which
seems to widen the upstream, from north to south. This zone
is also characterized by a convex trend in the shape of the
stream longitudinal profile. The lack of other landforms and
landslides interfering with the riverbed suggest that both these
SL peaks are reasonably related to tectonic features.

In the case of the first SL peak, in particular, the presence of
clear NE-dipping triangular facets suggests that the tectonic
control may be represented by a normal fault (fault ‘C’ in Fig.
2d) oriented in the same way that may constitute the sharp
boundary between the incised portion and the southward
neighbouring area (dotted area of Fig. 2c). The latter is char-
acterized by a very low slope, an almost convex topography
and a poorly developed drainage network showing evidences
of incipient incision. Also, the second SL peak is likely to be
connected to the presence of a fault, whose morphological
evidences are mainly represented by slope breaks along the
Parmossa Torrent watershed (fault ‘B’ in Fig. 2d). Other two SL
peaks occurring downstream the aforedescribed area corre-
spond to an evident eastward change in the torrent flow di-
rection caused by active large landslides (mainly earth flows)
affecting the western side of the Parmossa valley and reaching

the riverbed (Fig. 1a). Besides, the NE-dipping normal fault
(fault ‘A’ in Fig. 2d) constituting the contact between the Mt.
Caio flysch and the Tizzano pink marls crosses the valley just
nearby the deviation of the stream direction. Therefore, it is
difficult to assess which of these factors mostly influence these
SL peaks. Other relevant SL peaks further downstream are all
related to stream local deviations caused by minor faults and
landslides reaching the valley floor. Apparently, these process-
es do not seem to produce any relevant incision effect on the
valley sides, probably due to the greater erodibility degree of
the outcropping lithology (Tizzano pink marls) in this area,
which is not the object of the present study.

Musiara landslide
The Musiara landslide is located on the left side of the Parmossa
valley and its’ name is derived from the close village of Musiara,
which includes two separated settlements (Musiara superiore and
Musiara inferiore) (Fig. 3). Southwards of Musiara superiore, some
scarps with an approximate NE-SW direction show an arcuate
shape in map view. Along the slope below these scarps, slabs of
marly limestone with a nearly horizontal attitude or slightly tilted
backward, can be observed. These slabs are derived from beds
outcropping upslope subsequently detached by rotational
rockslides. These rockslides have been reworked by different suc-
cessive landslides, as can be deduced from the cross-cutting rela-
tionships among the landforms (Fig. 3a). The last of these
landslides occurred between 10 and 11 April 2013, and moved from
WNW to ESE (Fig. 4). The top of the landslide scarp is 980 m a.s.l.
and the tip is 810 m a.s.l., and the latter reached the thalweg of the
Parmossa Torrent. The main scarp is characterized by a variable
height ranging from 40 to 15 m. The thickness of the landslide
deposit is maximum in correspondence of its head, while it be-
comes thinner towards its foot. Centimetre-to-decimetre scars and
striae characterize the rocks constituting the surface of rupture
that crops out where the landslide deposit downslope gradually
thins. These geomorphological features reveal that the Musiara
landslide was a dominantly rotational slide where the shear sur-
face developed in part along and in part cutting several beds of
flysch.

Musiara landslide shows the coincidence of morphological ele-
ments (flanks and some portions of the main scarp) with the
tectonic features highlighted by the structural data. In particular,
the main scarp is likely to be controlled by the N-S systems of
fractures and faults, while the flanks of the landslides are con-
trolled by the WNW-ESE-oriented tectonic features, as highlighted
also by the seismic lines L2 and L4B (Figs. 3b and 5c, d). The
orientation of the fractures has been collected in one structural
station located NE of the landslide (station 7) (Fig. 3a). At station
7, the Mt. Caio flysch bedding is quite regular, constituting a NE-
dipping monocline, not affected by folding or major faulting. The
joints can be grouped in three main families whose average direc-
tions are ~ N50°, ~ N120° and ~ N160° that fit the directions of the
main tectonic features highlighted by the DTM analysis (Fig. 1b).

Resistivity in the imaged volume of the landslide deposit ranges
from 5 Ωm to values larger than 250 Ωm. The cross-section shows
alternating resistive and conductive domains (Fig. 5a). Topography
along the profile is also shaped as a staircase with dipping seg-
ments alternated to almost flat segments. Higher gradient slopes
correspond to resistive terrains while gently dipping slopes
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correspond to conductive units. The upper resistive body ranges
from 1035 m a.s.l. down to 1015 m a.s.l. and the bedrock is partly
outcropping. The intermediate resistor ranges from 1000 m a.s.l. to
about 970 m a.s.l., where the bedrock in this segment is hardly
visible. The lower resistor represents the most dipping slope along
the investigated profile and the bedrock is outcropping at various
spots. The detachment surface of the 2013 landslide developed
right into the resistive unit and the top of the failure scarp is
located at the elevation of about 980 m a.s.l. Resistive units could
also be related to observed outcrops and associated to moderately
hard rock layers of the Mt. Caio flysch. The conductive units are
quite similar as they comprise the almost flat segments of the
profile exhibiting an inclination of less than 5°–10°. Bedrock does
not outcrop in the conductive domains, but its top is located few
meters below the surface. These domains, based on the very low
resistivity values, are probably composed of soft rocks with a
relative abundance of silt and clay in the matrix. This fact is

consistent with the more pelitic lithofacies recognized in the upper
part of the Mt. Caio flysch (Abbate and Sagri 1967).

P-wave velocity in profile L5, roughly located on the same
gently dipping slope as of the upper conductive domain, ranges
from 300 to 2000 m s−1 (Fig. 5b). The average P-wave velocity in
the near surface layer is about 450 m s−1 while it jumps up to 1500–
1600 m s−1 in the second layer and a third layer exhibits a velocity
of about 1900–2000 m s−1. The maximum thickness of the low-
velocity uppermost layer is about 10–15 m and it is fully compara-
ble with the low resistivity unit of the ERT profile (Fig. 5a). The low
velocity value is typical of soft rocks like marls, silt or clays.
Profiles L4B and L2 were collected on the eastern scarp of the
landslide (Fig. 5c, d). Both profiles show a high-velocity unit with a
flat top just below the surface and at a depth of about 10 m. The P-
wave velocity of these units is about 2400–2600 m/s, possibly
indicating moderately hard rocks. One of the high-velocity layers
is partly exposed at the base of the eastern flank of the landslide, as
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it represents the sliding surface. The moderately high p-wave
velocity zone on profile L4B is characterized by a lack of lateral
continuity and it has been interpreted as not in place and/or part
of a pre-existing rockslide. On profile L2, on the contrary, the
moderately high p-wave velocity zone is more continuous and
interrupted only towards SSE, leading us to interpret it as bedrock.
The velocity field in the landslide body is variable as it ranges from
400 to 1500 m s−1. The near surface deposits are characterized by a
low velocity also in the eastern flank and in the upper slope,
indicating the presence of soft rocks or of backfill material (pro-
files L4B and L2).

Ripe di Martino landslide
In the area of Ripe di Martino, several features point out the
existence of a system of landslides that involved the left side of
Parmossa valley (Fig. 6). These are bedrock rotational slides that
evolved in debris flows (Fig. 6). The complex of landslides
underwent several reactivations and the last landslide occurred
in 2000, affecting a portion of an ancient one, as testified by the

radiocarbon dating (Table 1) performed on wood fragments in-
volved in this last reactivation (Fig. 7) (Tellini and Chelli 2003;
Soldati et al. 2006).

The organic material was recognized as pieces of trees’
branches that were collected from the ancient landslide deposit
involved in the last reactivation. They were found in two distinct
portions of the landslide, dispersed within a clayey matrix and
represent the remains of trees involved during two distinct phases
of landslide activity (Tellini and Chelli 2003). The reactivation
occurred in 2000 started just down-slope a scarp of resistant
limestone. The foot of the landslide reached the channel of the
Parmossa Torrent. The landslide showed a composite and/or com-
plex style of activity. In the detachment zone, the main failure
mechanism is interpreted to be rotational-translational (Fig. 6).
The failed mass then broke into a debris mass and the landslide
turned the movement in a debris flow, constituted by blocks and
clasts of limestone supported by a clayey matrix.

Station 10 is located close to the main scarp left by the detach-
ment of the older portion of the Ripe di Martino landslide (Fig. 6).
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Fracture orientations at structural station 10 are variable, even
though three major trends with azimuth N50°, N105° and N170°
can be recognized.

Carobbio landslide
In the western portion of the study area, on the right side of Parma
valley, the slope of Carobbio is characterized by a large complex of
landslides (Fig. 8) that are ancient (as shown by the radiocarbon
ages in Table 1) and often subject to several reactivations.

The organic remains used for the 14C analysis were found at
different depths of a drilled core. Sample S5, found at − 5 m, was
represented by vegetal organic material, probably belonging to
palustrine deposits, while sample S4, found at −17.5 m, was repre-
sented by wood remains. These data constrain two phases of
activity of a translational rockslide constituting a portion of the
whole complex of landslides (Tellini and Chelli 2003).

This landslide is characterized by a detachment zone located at
an elevation of about 1130 m a.s.l. and involves the Carobbio
village. It underwent several reactivations during the last two
centuries. The main phases of activity occurred on 3 April 1855,
when the village was destroyed, and, again, on 6 June 1900. The
large landslide in the eastern portion of the area is dormant and its
detachment zone is located just below Mt. Pesdonica
(1300 m a.s.l.), while its’ foot reaches the channel of the Parma

Torrent (Fig. 9). Both the right and left flanks of the landslide are
NNW-SSE oriented and they are delimited, in the upper part of the
slope, by two scarps shaped in the outcropping rock. This land-
slide has some portions that show an intermittent activity charac-
terized by a very slow rate of movement. In general, all these
landslides are translational rockslides, as testified by the overall
geomorphological features (detachment scarps and flanks, linear
trenches in crown areas). In some cases, they are rock block slide,
such as the landslide involving the still-inhabited portion of
Carobbio village. Besides, different rock blocks slid one on the
other at different times.

At structural stations 3, 4 (in the outcrops bounding the land-
slide) and 8 (outcrop close to the main scarp of the landslide), the
joints can be grouped in two main families oriented ~ N170° and
~ N80° (Fig. 8). At these stations, even though fracture orientation
variability is quite high, conjugate sets related to the two main
families of discontinuities can still be observed. Also, the analysis
of the Carobbio landslide shows the existence of a tectonic control
over the development of the landslide elements.

Discussion
In all of the three case studies, the orientation of the landslides
scarps and flanks is controlled by recent tectonic discontinuities
such as fractures and faults. These features are in agreement with
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Table 1 Radiocarbon datings of Ripe di Martino and Carobbio landslides (Soldati et al. 2006; Tellini and Chelli 2003)

Sample Lab code 14C age yearBP 2σ Cal yearBP 13C/12C (‰) 14C conv. yearBP

Le Ripe 1 Beta 166793 2260 ± 60 400–170 − 25.2 2250 ± 60

Le Ripe 2 Beta 166794 5360 ± 70 4340–3980 − 25.9 5340 ± 70

Carobbio S4 Beta 151582 25,129 ± 160 − 26.6

Carobbio S5 Beta 151583 17,330 ± 110 21,200–20,060 − 26.3
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the orientation of the tectonic lineaments highlighted by the DTM
analysis. Also, the geophysical data related to the Musiara land-
slide confirm the existence of a tectonic control on the landslides
development. In fact, the electrical resistivity tomography high-
lights the existence of rock rotational slides that developed along
pre-existing SW-NE-oriented tectonic discontinuities and that
have been, at least partially, reactivated by subsequent landslides.
Moreover, the seismic profiles clearly show the presence of WNW-
ESE-oriented high-angle discontinuities that controlled both the
older rotational rockslides and the younger landslides that remo-
bilize large portions of the previous ones (e.g. the last event of
Musiara landslide). Therefore, it is possible to observe multiple
generations of landslides, where the most recent ones partially or

totally rework the older ones, even if controlled by the same
structural elements.

This tectonic control can therefore be observed in the transla-
tional slides, like Carobbio, and in the complex landslides (roto-
translational slides-earth/debris flows), like Musiara and Ripe di
Martino. Within this framework, nonetheless, different tectonic
processes affected the drainage basin development and, conse-
quently, the hillslopes of the Parmossa and Parma valleys acquired
different geometrical characteristics.

As highlighted by the geomorphometric analysis, the spatial
distribution of anomalies in the used indices corresponds to zones
of the Parmossa valley flanks characterized by an increasing de-
gree of upstream incision, from N to S (Fig. 10). These areas are
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separated by NE-dipping normal faults that leave a progressively
clearer signature on the topography from fault A to fault C (i.e.
from N to S). Therefore, we hypothesise that the upper portion of
the Parmossa valley has been affected by a progressive faulting
process and subsequent upstream incision. The incision propagat-
ed from fault and area A (in which the incision is almost

completely erased by shallow landslides such as flows), through
fault and area B (where the incision is still clearly visible) up to
fault and area C (where the fault is clearly visible and the incision
is incipient, but not yet developed). The NE-dipping normal faults,
located on the forelimb of the Ghiare antiform and following the
orientation of the fold hinge, likely represent some of the shallow
extensional tectonic features commonly affecting these contrac-
tional structures in this portion of the Northern Apennines. The
erosion of the Parmossa Torrent, therefore, determined the inci-
sion of its thalweg, and caused an oversteepening and a reshaping
of its valley slopes that led to the development of the Musiara-type
landslides. The development of wider and less steep slopes (with
respect to the Parmossa valley), instead, is related to the occur-
rence of Carobbio-type landslides.

The geomorphological evolution of the Parma and Parmossa
valleys, even if different, is influenced in both cases by the tectonic
activity of the aforementioned Ghiare antiform. The slope setting
related to Carobbio-type landslides is produced mainly by the
surface uplift of the whole antiform and the tilting of its forelimb,
causing the subsequent steepening of the slope towards its thresh-
old angle. In the case of the left side of the Parmossa valley, after a
phase in which Carobbio-type landslides developed, the ongoing
growth of the antiform possibly caused the activation of the
normal faults and, in turn, of the torrent incision as geomorphic
response, that favoured the development of Musiara-type land-
slides (Fig. 11).

This sequence of events, even if not constrained by absolute
datings of the involved processes, is reasonably supported by the
radiocarbon dating performed on the organic materials within the
landslides deposits. In fact, the ages of the events of the Carobbio
landslide are among the oldest in this portion of the Northern
Apennines (Table 1), while the ages related to the Ripe di Martino
landslide are significantly younger (Table 1, Soldati et al. 2006;
Tellini and Chelli 2003). Even though it was not possible to find
any organic material suitable for radiocarbon dating within the
deposit of the Musiara landslide, the ages of the Ripe di Martino
landslide events can be reasonably considered representative of
the Musiara landslide too because they belong to the same land-
slide type and they developed during the same evolutionary phase.
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This supports the hypothesis that Carobbio-type landslides
developed during a phase in which the slope steepness was mainly
controlled by the growth of the antiform. Instead, Musiara-type
landslides represent the geomorphological result of the subse-
quent dissection of the antiform because of the activity of normal
faults that caused the development of younger steeper slopes. In
fact, Carobbio-type landslides generally occupy the higher section
of the slopes, while Musiara-type landslides developed at the toe of
the slopes, testifying, therefore, the existence of a more recent
reshaping of the hillslopes (Fig. 1a).

The ages obtained from the Carobbio landslide (25129 14C year
BP and 21200-20060 cal year BP) highlight how two of the land-
slide events occurred during the LGM. The proximity of the land-
slide to the principal glacier tongues suggests that the
aforementioned periglacial processes acting during the last degla-
ciation phase reasonably contributed, in addition to tectonic pro-
cesses, to the reshaping of the Parma valley slopes and to the
promoting of the Carobbio landslide occurrence.

The two recognized types of landslides can be used as indica-
tors of phases in which different tectonic and geomorphological
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processes prevailed, basically because their differences and the
causes of their occurrence are strictly connected to the differential
tectonomorphic evolution of the hillslopes within the study area.
The detailed understanding of these relationships highlights also
the possibility to extend this kind of usage of landslide types to any
active mountain belt in which tectonic processes are acting at a
temporal scale comparable to the age of landslide activity and in
which the lithologic and climatic conditions favour the develop-
ment of landslides.

In this perspective, also the relative weight of geomorphological
processes (landslides versus fluvial processes) in response to the
tectonic processes affecting the study area may be differentiated
through time. In particular, during the first phase, landsliding
(Carobbio-type) seems to represent the prevailing surface expres-
sion of the Ghiare antiform growth, while during the second phase,
stream erosion processes probably represent the most active re-
sponse to tectonic forcing, and landslides (Musiara-type) repre-
sent the consequence of the fluvial processes affecting the
hillslopes. Therefore, we envisage that landslide-oriented and flu-
vial incision-oriented models do not mutually exclude each other,
and in our study area, even though more constraints are needed,
both probably coexisted in an evolutionary scenario in which their
relative contribution changed through the described phases.

Conclusions
We investigated in detail the different types of landslides and their
relationships with the geomorphological and geological characters
of the area. Tectonic features, lithology and bed attitude, which are
homogeneous within the study area, mainly controlled the orien-
tation of the landslides scarps and flanks, but do not seem to cause
the occurrence of different types of landslides. This differentiation
can be explained considering the evolution of the regional-scale
antiformal structure that exerted different types of control on the
hillslope evolution of the area. In particular, Carobbio-type land-
slides affected gently dipping slopes developed during the first
phases of topographic growth of the Ghiare antiform. Subsequent
phases of this growth led to the development of high-angle exten-
sional faults dissecting the antiform and causing the streams to
deeply incise their thalweg. This process produced more recent
steep-dipping slopes on which Musiara-type landslides developed.

These different types of landslides, within the same geological
framework, occurred in response to different geomorphological
causes and phases of slope evolution. These considerations suggest
also that our study area may represent an example in which
landslide-dominated and fluvial incision-dominated models pos-
sibly coexisted, even though their relative weight in the geomor-
phological evolution of the area changed through time.

The results of this multidisciplinary work highlight the possibility,
in active mountain belts where the geological, geomorphological and
climatic framework is well constrained, to use landslides types as
indicators of tectonic processes that, within the same area, may
produce different types of hillslopes through time.
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