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Abstract

Large earth slides and rocks lides evolving into earth flows are quite widespread in the Northern
Italian Apennines. Despite being simply referred to as landslides, many of them are, in fact, large
complexes of landslides. They evolved through multiple and/or successive movements, undergoing

partial and/or total reactivations. The reactivation of pre-existing landslide bodies is the prevalent



mechanism for the known landslide events, as the historical records and the technical reports
indicate. Landslide reactivation is, indeed, a relevant topic from the perspective of risk assessment
and mitigation.

A multi-parameter monitoring system was installed on a large complex of landslides that underwent
partial or total reactivations after heavy rainfall events, causing damages to buildings and
infrastructures. Two clusters of automatic piezometers—each coupled with an inclinometer—and a
time-lapse resistivity deployment were the core of the monitoring system. A weather station,
collecting data from subsurface thermometers, and a water content nrche completed the system.
After the construction of a new geological model of the slope u..s study aimed at understanding the
possible mechanisms leading to the reactivation of the lands,ide. This goal was achieved by gaining
insights into the process of rainfall infiltration into the ‘andslide deposits, by determining the
groundwater flow and evaluating the landslide dicpi. ce'nents.

The monitoring system captured the proc:sses that took place in the landslide bodies and the
bedrock in response to a rainfall event in v rly February 2017, which followed a dry period of eight
months. The recorded data provided ii d’cations on the variation of the hydraulic head in the
groundwater within the landslide :nd ue bedrock, particularly at the sliding surfaces. The electrical
conductivity of the groundwate, ar.d the resistivity of the terrain varied across the failure surfaces.
In particular, a sudden inc: *asc In the electrical conductivity was related to the locations of the main
sliding surfaces. The joint analysis of time-lapse resistivity, hydraulic heads, and groundwater
electrical conductivity helped to identify the locations of weaker levels within the landslide masses,
which were confirmed by data from inclinometers.

This study improved the knowledge of the hydrogeological behaviour of a complex of landslides in
heterogeneous low-permeability media. Moreover, the obtained results contributed to the
understanding of the role played by different portions of the landslide complex in the evolution of

the movement.
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Italian Apennines.



1. INTRODUCTION

Landslides significantly contribute to the evolution of landforms in hilly and mountainous areas
(Korup, 2009; Crozier, 2010; Korup et al., 2010; Bell et al., 2012). In this framework, if they are of
sufficient magnitude and size (Guthrie and Evans, 2007), they can also act as formative processes

(i.e., they may shape landforms that persist in the landscape).

Most of the slopes in the Northern Italian Apennines are affected by landslides, which involve wide
portions of the territory of the mountain chain. In the portion of +.:«ennines in the Emilia Romagna
region, on the Adriatic side of the mountain belt, the landslia~ in*entory map (Regione Emilia-
Romagna 2012) indicates that landslides cover up to 20% r.f u.> .nountainous area. This percentage
rises to 50% in the territory of some municipalities. Ma. ¥/ 01 these landslides are large and complex
earth slides or rock slides evolving into earth flow. ' vhen they occur adjacent to one another, they

form a typical landslide-related landscape (B~ .>In.: et al., 2017).

Even though they are referred to as la dslides, many of them are actually large complexes of
landslides that developed during the F olicene and, in some cases, since the Late Pleistocene
(Bertoldi et al., 2007; Bertolini, 2.0, Bertolini and Tellini, 2001; Soldati et al., 2006). They often
affect areas of 10°-10° m? and displace volumes in the order of 10'-10° m®. The lithology and
structure of the bedrock «. @ «ung the predisposing factors for these large landslides (Bertolini and
Pellegrini, 2001). The tectonics in the Northern Italian Apennines also play a major role in the
development of faults and thrusts, which represent weak zones together with the associated sets of
fractures. Furthermore, tectonics controls the recent uplift that has conditioned a large part of the
geomorphological evolution of the slopes (Carlini et al., 2018). The complexes of landslides
evolved through multiple and/or successive movements, undergoing partial and/or total

reactivations.

Rainfall is the main factor triggering these reactivations, especially during autumn and spring when

precipitation events can last for several days. Recent climate changes are influencing the
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distribution of rainfall (Jongman et al., 2014) and the alternation of prolonged dry periods and

intense rainfall is becoming fairly common.

The reactivation of pre-existing landslides is the prevalent mechanism characterising hundreds of
landslide events, as the historical records and recent technical reports indicate. First-time failures
are, on the other hand, much rarer (Bertolini et al., 2017). The occurrence of reactivation is a
relevant topic from the perspective of risk assessment and mitigation. Since the 9™ century,
landslide reactivations affected and damaged villages which were built on top of landslide bodies,
as reported in historical archives (Regione Emilia-Romagna, 2u'4). In some cases, the same
archives allow to roughly assess the return periods of these reactiv ations, which range from decades
to centuries. Owing to the relatively long periods during which these landslides were dormant, the
topographic surfaces shaped by these processes were consiaered suitable for human settlement and

agriculture as they exhibited smaller steepness ar.¥ muder landforms compared to the surroundings.

Although large earth slide—earth flows are conn.cted to the stream network (as they could reach the
valley bottoms), reactivations are ofter r¢* influenced by fluvial erosion as demonstrated by their
prevalent origin far from the landsli.'= toe. The reactivation of these landslides includes mechanism
such as (a) failures at the crown zone, (b) undrained loading of pre-existing landslide deposits, and

(c) downslope failure propa atic n of the entire landslide body (Bertolini and Pizziolo, 2008).

The Case Pennetta landsliae, an earth/rock slide—earth flow named after the nearest settlement, is
part of a large complex of landslides and has been investigated since early 2016. An integrated
monitoring system was designed and was associated to surface observations to assess the landslide
kinematics as well as the subsurface water flow paths. Additional goals included the assessment of
water infiltration, which in such a low-permeability and heterogeneous media had a significant
influence on the landslide movement. The multi-parameter monitoring system is composed of two
inclinometers, three piezometric gathers, and two electrical resistivity spreads (TL_ERT). It also

features a rain gauge equipped with air and ground thermometers and water content probes.



This study was aimed at understanding the possible mechanisms leading to the reactivation of the
landslides. The goal was achieved by gaining insights into different processes, such as the rainfall
infiltration in the landslide deposits, the determination of the groundwater flow (from measured
variations in the electrical/physical properties of the subsurface materials), and the occurrence of
displacements. Understanding the relationships among the processes affecting different portions of

the complex of landslides was another broader aim of the study.

Within the framework of a long-term study of the area of interest, this study primarily focused on 1)
developing the landslide geological model, also useful to prop:rly design the monitoring system,
and 2) exploring ways to correlate datasets of ground vate electrical conductivity, terrain
resistivity, groundwater heads, and displacements to define *he failure surfaces of the landslide and

its internal dynamics.

2 MATERIALS AND METHODS

2.1 General setting of the landslide

The Case Pennetta landslide occurrr.u 21 ne left flank of the valley of the Taro River, one of the
main streams in this part of the N rthern Apennines. The top of the slope is at about 700 m a.s.l.,

while its foot lies at about 25C m ..s.1., at the bottom of the valley (Fig. 1).

The annual mean temperatur: is 12.4 °C (reference period 1991-2015; Antolini et al., 2017). From
September 2016 to September 2017, the total amount of precipitation (460 mm) was influenced by a
few events. This amount is low when compared to the annual mean precipitation, which equals to

938 mm (reference period 1991-2015; Antolini et al., 2017).

Rocks outcropping in the study area belong to three distinct tectonic units (Fig. 1) of the Northern
Italian Apennines (Vescovi ed., 2002), a folded and thrusted mountainous range that has been
developing since the Cenozoic (Boccaletti et al., 1971; Kligfield, 1979; Vai and Martini, 2001,

Molli, 2008 and references therein). The formation of Arenarie di Scabiazza (SCB) occupies the top
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of the slope and is composed of thin layers of black to grey claystone alternating with 15-20 cm
thick layers of sandstone that gradually turn into thin to very thin sandstone layers, and finally to
marls. This formation lies stratigraphically on the Argille a Palombini di Monte Rizzone (AMR),
composed of claystone and dm-size beds of limestone (calcilutites). These rocks belong to the
Media Val Taro tectonic unit. In some places, AMR disappears and SCB lies directly on the Ottone
tectonic unit. The latter, locally composed of dark grey claystone containing clasts and blocks of
whitish to pale brown limestone (Argille a blocchi, CCVb), lies directly on the Flysch of Monte
Caio (CAO) (with tectonic contact), made by thick beds of marl’-li~estone turbidites intercalated

with thin to medium beds of dark argillite. All these rocks are ueon1y tectonised.

Steep surfaces and scarps generally characterise the lov.er hortion of the slope (Fig. 1), where the
thick beds of CAO outcrop. Landforms are smooth and mild in the upper portion of the slope,
where claystone (AMR, CCVDb) constitutes the . evaning lithology, and the landslides have caused

abrupt changes in the topographic gradient.

The Case Pennetta landslide suferc' important reactivations (http:/geo.regione.emilia-
romagna.it/schede/fs/fs_dis.jsp?id=170757) in 1997, 1992, 1927, and 1916, and also in 1900, even
though scarce information exists " this event. The most recent total reactivation occurred in April
2001, following some locaiised movements in the crown in October—November 2000. During this
event, similar to that in 192/, the landslide reached the main road (SS 308) at the bottom of the
Taro valley as well as the Parma—La Spezia railway. Similar events occurred in 1916 and probably,
also in 1900. The Parma—La Spezia railway is an important infrastructure of a major commercial
corridor across the Apennines, connecting the Mediterranean Sea with the Brennero Pass in the
Alps, and thus, with Central and Northern Europe. After the 2001 event, an inclinometer was
installed in correspondence of the crown of the Case Pennetta landslide. Data were recorded only
for a few months, and the sensor became non-operational soon after 2007. Since 2010, people living

in the area started to note visible effects of slope instability, such as cracks and fissures on the
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ground surface and changes in the slope shape. They also reported damages to buildings, such as

tilting of the floors and microcracks in the walls.

The movement rate of the Case Pennetta landslide, according to recent history, ranges from
extremely slow to very slow (Cruden and Varnes, 1996) for most of the time, with seldom total

reactivations.

2.2 Electrical Resistivity Tomography

Electrical Resistivity Tomography (ERT) has been a valuable too. to constrain and improve the
geological model of the site and gain an initial insight into t-2 e.cctrical properties of the terrain.
ERT was also used to monitor changes in the subsurface properties. Standard surveying was
associated with innovative and new-generation multi-sou, < measurements. The latter technique is
particularly effective in focusing the electrical ficlu, “hus increasing the resolution of the larger

dipoles (Picotti et al., 2017).

The resistivity profiles L and MS were colic~ted to test the response of the slope material and aid in

the geological and geomorphologica’ . te. yretation of the landslide (Fig. 2a).

The top of line L was placed at ap."ruximately 710 m a.s.l., upslope of the Case Pennetta settlement,
while its bottom was locat:d a about 505 m a.s.l., near Case Costa. The line crossed the whole
upper part of the complex o' landslides. Data were collected using a 48-electrode IRIS Syscal Pro
georesistivimeter capable of sampling the potential from 10 channels simultaneously, thereby
reducing the field effort. This system delivers a maximum voltage of 800 V, providing an adequate
signal-to-noise ratio at very large transmitter apertures and in fairly conductive terrains. The
electrode spacing was set to 5.0 m and a roll-along scheme with 50% overlap was chosen for the
acquisition. A 0.9 km profile (Fig. 2a) was then covered with a base sequence and 6 roll-along
sequences. A Wenner configuration with two additional pole—dipole arrays were used in each

segment, resulting in a dataset of ~18,000 data points.



The line MS was collected transversely to the slope, few tens of metres west of Case Pennetta (Fig.
2a). The topography along the profile gently dips eastwards. This line investigated the portion of the

complex of landslides located upslope of the Case Pennetta site.

Data along this second profile were collected using a multi-phase technology multi-source (MS)
georesistivimeter. The MS system (LaBrecque et al., 2013) is comprised of a series of stand-alone
transceivers with timing synchronised via a GPS signal. The MS system is new-concept instrument
capable of injecting current simultaneously through multiple dipoles connected to different
transceivers. Along the profile, 7 units were deployed with ele .trole spacing set to 10.0 m, for a
total length of 0.2 km. The dipole-dipole array with addiionz! inline poles was the recording

choice.

The reliability of the two datasets was confirmed b/ r.ciprocal measurements, which exhibited only
a minor deviation. A few noisy data pointc, rooably caused by poor electrode coupling, were
removed from the dataset. Three-dimensional . 2sistivity images were then generated via iterative
inversion of the field data. The smo7n."ness-constrained approach (Constable et al., 1987),
associated with a careful reweight ¢ © the inversion parameters (Morelli and LaBrecque, 1996), was
preferred and it provided better -esults. Cells with large DOI (Depth of Investigations) values

(Oldenburg and Li, 1999) w =re ( iscarded.

The resistivity profiles ER'11 and ERT2 (Fig. 2b) were incorporated in the monitoring system of the
Case Pennetta landslide. They include two fixed arrays of 48 channels, each of them composed of
buried electrodes spaced 5.0 m apart, deployed and set up to provide daily resistivity sections. The
acquisition array was a Wenner alpha, and data processing was carried out similarly to the previous

datasets.

Time-lapse resistivity images were corrected for temperature fluctuations (Hayley et al., 2007)

using data collected from thermometers installed in a borehole at depths of 2.0 m, 4.0 m, and 6.0 m,



hosted nearby the meteorological station. The ground temperature was measured using TT-N NESA

SENSOrs.

2.3 Hydrogeological investigation

Two multilevel groundwater monitoring systems (cluster type) were installed to measure the
hydraulic head at different depths within the heterogeneous medium. Cluster A comprised two
multilevel piezometers (Al and A2), whereas cluster B included three multilevel piezometers (B1,
B2, and B3). Between the two clusters, a single piezometer (C.' was installed. Details of these

piezometers are reported in Table 1, and their position is visible .1 Fi 4. 2b.

The hydraulic head in each of the six piezometers was mea.‘red hourly using a pressure transducer

with a data-logger (STS DL.OCS/N/RS485).

The electrical conductivity (EC) of the groundw.iter .vas measured monthly with a borehole probe
(SOLINST TLC) to analyse possible haloc.n.s and investigate the hydrogeological behaviour of
the heterogeneous medium (Morin et al.. .297; Cook et al., 1999; Petrella et al., 2009; Aquino et
al., 2015). Measurements were carrifu 2. at depth intervals of 1 m. The reliability of the EC values

was always verified through laboraiary analyses.

2.4 Geological investigatic 1 ar.d inclinometers

A total of 8 boreholes werc drilled in the landslide area, along an NNW-SSE alignment, to provide
subsurface geological information and collect core samples to analyse. Stratigraphy was
reconstructed at SI1 and SI12 (Table 1), equipped with inclinometers, whereas Al, A2, B1, B2, B3,

and C1 were used as piezometers (Table 1 and Fig. 2b), as reported above.

The borehole stratigraphy at the old inclinometer, located 2 m apart from SI1, was also available

along with a first indication of the depth of the failure plane.
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Standard penetration tests (SPT) were conducted while drilling SI1 and SI2 on levels of particular
interest. Several core samples were collected and specific geotechnical tests were carried out at

different laboratories of the Interregional Agency of the Po River (AlPo).

The site was instrumented with two manual inclinometers, SI1 and SI2 (Fig. 2b), installed between
late January and early February 2016. The main goal was to detect failure planes and assess the
horizontal displacements. Another objective of the study was to test the overall performances of a
traditional monitoring approach, in order to consider the poss’ble installation of an automatic
monitoring system. SI1, located near cluster A (Fig. 2b; Tablr 1), reached a depth of 35 m and
monitors the crown of the Case Pennetta landslide. SI2, loc.ted near cluster B (Fig. 2b; Table 1),
reached a depth of 30.5 m and monitors the head o u.~ iandslide. The zero reading of both
inclinometers was taken on 15™ March 2016. The sampling period was approximately a month and

the readings were taken every 0.5 m.
3RESULTS
3.1 Geological and geomorphological f :a'ures of the Case Pennetta landslide

The landslide extends from 650 tv 265 m a.s.l. for a length of ~1600 m and a maximum width of
~130 m (Fig. 1).

The geomorphological ma,. highlighted that the crown of the Case Pennetta landslide actually
corresponds to another landslide belonging to the complex of landslides, characterising the entire
slope. The well-developed main scarp, featuring a concave longitudinal topographic profile, and the
surface of the head, clearly in counter-slope, account for a typical rotational movement (Fig. 1; Fig.
2a).

This behaviour affects the depleted mass of the landslide that extends down to the elevation of 510
m a.s.l., where the toe of the failure surface is masked by the materials accumulated at the foot. In
fact, earth flows start from the front of the depleted mass and reach the Taro River, flowing along a

creek channel.
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The part of the landslide with rotational kinematics affects the SCB formation and also, marginally,
the AMR formation.

SI1 (Fig. 2b; Fig. 11 c) shows, down to the depth of 30-31 m (616-615 m a.s.l.), a matrix-supported
deposit characterised by the presence of a clay-silty matrix, and clasts and blocks of variable sizes
(from 0.5 to 10-12 cm). From 31 to 34 m depth, the deposit changes to clast-supported, and is
composed of breccia, poorer in matrix compared to the upper portion. The top of the bedrock was
encountered at about 35 m depth (612 m a.s.l.). In the intervals 6-9 m and 11-14 m below the
ground surface (b.g.s.), the landslide deposit shows an alternatior m ~ompact and loose levels, the
latter characterised by a certain degree of disaggregation. Mg, ‘ais from 21-23 m b.g.s. appear to

be more disaggregated.

SI2 (Fig. 2b; Fig. 11 c) shows, between the ground s'irfuce and 20 m b.g.s., a deposit made by clasts
and blocks of different sizes (from grains to pe:bles) with abundant silty-clay matrix. The larger
blocks are seldom gathered in correspondenc - to specific depth intervals, such as those between 7
and 10 m b.g.s. or in the first 3 m b.g.s A i 7el richer in clay material has been observed at 14-15

m b.g.s. Dispersed organic material !ias ~1so been found in the first 20 m of coring.

Between 20 and 23 m b.g.s., the 1e~tures of the deposit change. It is generally clast-supported, made
of a silty sandy clay matrix witi; abundant clasts from gravel to blocks (up to 10 cm). Between 21
and 21.5 m b.g.s., the matriv is more abundant than in the other portion of this depth interval. At 23
m b.g.s. (561 m a.s.l.), the rock appears to be made by thin layers of black to grey claystone and

grey sandstone (SCB).

A sieve analysis showed relevant percentages of silt (30-50%) in the landslide mass, and the
Atterberg limits allowed to classify the fine-grained soil composition as ‘CL — Inorganic clays of
low to medium plasticity’, as defined by the Unified Soil Classification System (USCS). The

undrained cohesion was measured with pocket tests and free lateral expansion tests, and a mean
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value of 127.8 kPa was obtained. Direct shear tests carried out with a Casagrande shear box indicate

a range of friction angles between 16° and 23°.

3.2 Electrical Resistivity Tomography

3.2.1 Exploration profiles L and MS

The longitudinal profile L crosses major geological boundaries (Fig. 3). These boundaries have a
sharp response also in the resistivity image. A major resistive body is imaged in the upper part of
the section, with values ranging from 40 to 80 Q-m, and movin.1 towards the Case Pennetta
settlement, the terrain resistivity decreases to 20-25 Q-m dr.m s an elevation of approximately

640 m a.s.l.

The profile in this segment is already located in the la-idsne area (LSL), and available boreholes
and trenches show the presence of an abundant cie, matrix, justifying such low values. The in-
depth resistivity increases again to values o1 % -40 Q-m, marking a change in physical properties of

the subsurface.

The resistivity values increase to 8" 10> Q-m along the landslide scarp located just downslope of
Case Pennetta. The in-depth res.~tivity decreases again to values below 30 Q-m. Moving down
along the slope, the resistiv ty 1.mains below 40 Q-m from the base of the scarp to the edge of the
gently dipping surface located south of the scarp. Then, it increases again to values of
approximately 80—100 Q-m where Scabiazza sandstone (SCB) bedrock outcrops are present. In the
final segment of the profile, an abrupt contact is found between the relatively resistive SCB and the

highly conductive Palombini claystone (AMR).

The transversal profile MS is mostly located in the landslide area. The resistivity is fairly low and
ranges between 20 Q-m and 40 Q-m (Fig. 3). In the western segment and the uppermost layers, the

values are larger, whereas they decrease to 20 Q2-m at a depth of 10-12 m below the surface. In the
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eastern segment, the resistivity is approximately 20-25 Q-m and is roughly the same in the near-

surface and deeper layers.
3.2.2 Time-lapse resistivity measurements

Two major rainfall events occurred within the period of geophysical monitoring (1% July 2016 — 31
May 2017). The first one occurred in October 2016 with a cumulative rainfall of 55 mm in two
days. The second one, with a cumulative rainfall of 45 mm in six days, occurred from 30" January
to 4" February 2017 (Fig. 4). Owing to the small amount o: <ainfall, changes in subsurface
resistivity during the two events were marginal and slightly sim.'ar faround 2-3 Q-m) although the
February event appears to be more representative because « la.2cr number of resistivity lapses was
collected. The reference for the February event is a res. tiviiy section recorded during the last days
of January 2017 (Fig. 5). The terrain resistivity 1r. the first three days after the rainfall only
exhibited minor changes right within the r..oe of the experimental error (Fig. 5). The section
recorded on 8" February shows a moderate incicase in the resistivity in the very shallow layers. The
behaviour becomes more evident in th2 s ~tions collected on 9" February and 10" February. The
fringe of increased resistivity prom: >sses in-depth down to ~10 m below the surface, whereas the
resistivity decreases again in the cnpermost layers. The hydraulic head in the C1 piezometer was
found at ~12 m below the sunace, indicating a thick unsaturated zone characterised by vertical
infiltration. The resistivity i*. the layers at depths larger than 10 m began to decrease 4-5 days after
the end of the rainfall. The reduced amount of water infiltrating into the subsurface could not lead to

further correlations between changes of resistivity and rainfall.
3.3 Hydrogeological behaviour

Measurements of groundwater level in the upper cluster (A) clearly show a significant vertical
difference between the hydraulic heads of Al and A2 (Fig. 6a). The shallower piezometer (A2)
shows several peaks during winter due to different infiltration events, suggesting rapid percolation

of water from the ground surface towards the phreatic surface. In contrast, the deeper piezometer
14



(A1) shows a smoothed hydrograph and a delayed response in terms of head increase compared

with the hydrograph recorded in A2.

No relevant head differences were detected in the lower cluster (B), taking the topographic error
into account (Fig. 6b). The hydrographs are the same in all three piezometers. The main head
increase is delayed compared to that observed in A2, in agreement with the heterogeneity of the

studied medium.

A rapid response of the hydraulic head to infiltration events is a.>» observed in C1 (Fig. 6¢). The

head increase is consistent with those recorded in A2.

The EC varies significantly with depth. The shallower niezometers (A2, B3, and C1) show
groundwater EC variations over time, strictly related to 1. -l precipitation (Figs. 4, 6d, 6e, and 6f).
Therefore, in the shallow saturated zone, these E™ va:iations depend on two factors, namely the
effective infiltration of local rainwater, ard tre mixing between lower-salinity fresh infiltration

water and higher-salinity pre-event grour.Jwater.

In A2 (Fig. 6d), the EC shows a lar¢c dinicrence between the value recorded in the lower section of
the piezometer, higher than 400N .S/cm, and that measured in the upper section of the piezometer,
i.e. ~1000 uS/cm. A ‘staircrse shape’ is visible (Fig. 6d) and the EC steps were always detected at
the same depth. Taking int. consideration the features of A2 (Table 1) and the variation of the
hydraulic head at a depth within a heterogeneous medium, the progressive evolution could be

partially influenced by intra-well mixing.

Within cluster B (Fig. 6e) also, the EC exhibits a large difference between the value recorded in the
lower section of B3 (higher than 5000 uS/cm) and that measured in the upper sections of B2 and B1
(slightly higher than 1500 uS/cm). On the contrary, slight differences were observed between the
values in the lower section of B2 and those in the upper section of B1. In the latter, the EC slightly

and progressively increases with depth, up to approximately 2000 uS/cm.
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In piezometer C1 (Fig. 6f) also, the EC varies with depth, but the variations are less evident when
compared with those observed in the other shallow piezometers (A2 and B3). The values recorded
in the lower section of the piezometer is always lower than 2400 uS/cm, while the values recorded

in the upper section range from 900 uS/cm (in March) to 2150 uS/cm (at the end of October).
3.4 Inclinometers

The inclinometer SI1 (Table 1, Fig. 2b) recorded 37.9 mm of cumulated displacement (Fig. 7b) over
a period of 26 months. The major local movements are identific.c'e at depths of 33-34 m b.g.s.
(612.3-613.3 m a.s.l.) and 22-23 m b.g.s., with a maximum lora, dicplacement of 6.6 and 13.1 mm,
respectively (Fig. 7a). Additionally, the last available meac: res snow a minor local displacement of
2.6 mm at 25 m depth (621.3 m a.s.l.). Until the last ~v-ilable recording (11" June 2018), the
monthly average velocity at a depth of 22.5 m (623 5 m a.s.l.) exhibited a constant value of 0.016

mm/day.

The inclinometer S12, over the same perio' recorded 18.3 mm of cumulated displacement (Fig. 8a).
The major local movements are identi.iable at 14.5-15 m depth (576.4-576.9 m a.s.l.) with a
secondary minor sliding surface c* 6.5 m depth (584.9 m a.s.l.). The maximum displacements are
1.5, 2.3, and 1.6 mm, respective 'y Fig. 8b), while the major superficial movement reached 2.3 mm
(1.5 m depth, 589.9 m a.s.' ). 1he presence of the earth flow at the landslide toe is another factor

that plays a significant role in the overall behaviour observed in the SI2 area.

From the beginning of the monitoring activity to the end of January 2018, major local
displacements recorded at S11 show a linear trend with a coefficient of determination between 0.870
and 0.986, with a mean value of 0.947 corresponding to a constant velocity. With this simple
interpretative model, it is possible to identify changes in the velocity trend representing a potential
hazard. An example of this application is reported in Fig. 9, where the behaviour until 30" January

2018 is compared with the last two available readings. There is significant divergence from this
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trend at 22.5 m and 22 m depth (623.8 and 624.3 m a.s.l., respectively), whereas the last two data

values related to the depth of 23 m (623.3 m a.s.l.) are consistent with the past trend.

In the case of S12, the behaviour is quite different and does not follow a linear trend. In particular,
the non-linear pattern indicates a decrease of velocity during the monitoring period, suggesting a
more stable condition in this area. It should also be noted that local displacement values recorded at

SI2 are considerably lower compared to those at SI1.

4 DISCUSSION

4.1 Refined geological and geotechnical model of the lands'.!~

By using the data obtained from the aforementioned ir.costigations, it was possible to define the
model of the landslides, identifying three different port’uns ¥ the monitored slope (Fig. 11a). In the
part of the complex of landslides located upslop: ticin the Case Pennetta landslide (I in Fig. 11a,
650-700 m a.s.l.), the outcropping bedrock .= romposed of SCB, and the landslides are constrained
in-depth at SI1, where they extend down ‘o 34 m b.g.s. The SI1 inclinometer accounts for the
presence of sliding surfaces in the deu™ hervals 22-23 and 33-34 m b.g.s. The ERT profiles L and
MS contributed to define the lards. des as mainly composed of claystone, and sandstone pieces and

blocks, indirectly extending *.~ n.uterial observed in correspondence of SI1 (Fig. 11c).

As suggested by the rates )f movement recorded by SI1 (Fig. 7), the deformation shows the
characteristics of a slow secondary creep (Cruden and Varnes, 1996) occurring along the sliding
surfaces marked by an increase in terrain resistivity (Fig. 3), which seem almost parallel to the slope

topography below Case Pennetta.

The existence of a relatively less resistive portion in the slope suggests the presence of crushed and
homogenised landslide material, where clasts of different sizes are dispersed in a matrix. On the
other hand, relatively more resistive portions are representative of materials with a lower degree of

fragmentation including rock blocks (La Penna et al., 2005). These are identified as different rock
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masses detached from the original slope, such as in correspondence to the main scarp of the Case
Pennetta landslide, which probably comprises a large rock block detached from the bedrock. This

model supports the hypothesis of a rotational rock/earth slide—earth flow with complex behaviour.

The differences in hydraulic head values, as well as the different head variations observed over time
between piezometers Al and A2, suggest the presence of a hydraulic discontinuity (e.g., a very low-
permeability horizon) between the upper and the lower saturated zone, at least locally. At the same
time, a significant difference in bulk permeability is expected brtween the medium overlying the
said low-permeability horizon and that underlying the same horizo, As a matter of fact, owing to
the combination of these hydraulic features, (i) the two &auit:r portions can be recharged by
different areas, with different hydraulic head upgradient, and (ii) the hydraulic gradient can be
different, therefore causing different head losses alary the groundwater pathway. The shallower
piezometer (A2) is strongly affected by individ.al rainfall events; this is clearly due to the small
thickness of the local unsaturated zone anu “rying cracks. Moreover, as demonstrated in recent
works, the percolation of fresh-infiltr=*ioi, waters within the shallow unsaturated zone is not
negligible (Rizzo et al., 2020) and ¢nin.onced by local arthropods (Remelli et al., 2019), which can

increase both the effective porositv «nd the permeability of the upper medium.

The second portion (Il in Fin. 1. a; roughly 600-650 m a.s.l.) is the higher part of the Case Pennetta
earth/rock slide. It is charart.rised by a high scarp with a planform concave shape just downslope of
the cluster A and SI1 (Fig. 11). This landform represents the main scarp of a rotational rock/earth
slide that is mainly masked by successive collapses of material, as revealed by its longitudinal
topographic profile (Fig. 11). As testified by the relatively high resistivity values, the landslide
material in correspondence to the main scarp is matrix-supported, with abundant to very abundant
rock pieces (see description of SI1). It could also be a large portion of a rock that did not completely

lose its coherence.
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Downslope from the scarp, an almost flat surface represents the head of the Case Pennetta landslide.
The borehole data (SI2) allowed to constrain the thickness of the landslide body to ~23 m b.g.s.
Materials are quite similar to those collected from SI1, and they appear disaggregated at different
depths. The level around 14-15 m b.g.s., rich in clay material, corresponds to the depth where most
of the movement, even if of a low entity, has been observed (Fig. 8). Movements recorded in this
area by the inclinometer S12 show variations over time probably influenced by the rotational nature

of the movement.

The substantial agreement among the hydraulic heads measured at v fterent depths suggests that all
the aquifer portions investigated through the cluster B are re~har yed by a unique area with a same
hydraulic head upgradient, and/or the net groundwater f'ow and the local shape of the equipotential

lines are mainly influenced by the vicinity of the local grounuwater delivery (Fig. 11a).

The jump in EC values observed at clus’c: b suggests the existence of a continuous low-
permeability horizon, which hinders the hydiculic interconnection between the upper (landslide

mass) and the lower (SCB bedrock) por dri.~ of the investigated saturated zone.

On the whole, the distribution ¢t the EC values with depth seems to be related to (i) different
residence time within higher- cnd 1ower-permeability aquifer portions, corresponding to higher or
lower water-rock interecions und therefore, higher or lower mineral dissolution, and/or (ii) the

interaction between grounawater and different minerals characterised by different solubility.

The third portion (Il in Fig. 11a, 540-600 m a.s.l.) corresponds to a steep slope segment featuring a
succession of flat (seldom in counter slope) and steep surfaces (Fig. 11a). This portion of the Case
Pennetta landslide is characterised by several collapsed ‘blocks’ (rock blocks/pieces and earth)
displaced by rotational movement. Earth flow phenomena, composing the last part of the landslide,

originate from these collapsed blocks.

4.2 Response to rainfall

19



Time-lapse (TL) geophysical imaging clearly shows (Fig. 5), as expected in low-permeability
terrains, that moderate rainfall mostly affects the resistivity field in the uppermost layers. The
February 2017 rainfall event appears to be more representative as the reference profile was
collected about a week before the rainfall, and evapotranspiration during the winter in cohesive
soils and at such elevations is close to zero (Xu and Singh, 2001). In such conditions, changes in
resistivity depends only on the seepage determined by rainfall and the variation of seepage water
chemistry. Although anomalous infiltration paths caused by surface fissures (Gance et al., 2015)
were supposed to be negligible in wintertime, the anomalous seas~n coused some drying cracks that
were partially open during the monitoring period. Rainfall ocr.ur, ~a over six days, from 30" January

to 4™ February 2017, for a total of 45 mm.

The changes in the resistivity field observed in the firs. lapse (Fig. 5), computed from 24" January
to 8" February, developed in two layers: (i) *he uppermost layer (A in Fig. 5) in which the
resistivity decreased by ~3-5% and (ii) the 1" ver layer in which the resistivity increased by 5-6%
(B in Fig. 5). This increase is caused bv *he -ertical infiltration of rainwater. The rainwater is more
resistive compared to the groundivawr (according to the observations made in terms of EC
variations in the shallower gre.nu.ater during rainfall), and infiltration in the uppermost layer
progresses as a ‘plane wavznct whose geometry is controlled by hydraulic conductivity. Rapid
infiltration of rainwater (sup, orted by the hydraulic head measurements in the shallow piezometers)
causes the resistivity to increase at the front of the infiltration wave, whereas it progressively
decreases at the tail of the infiltration wave resulting in the rapid groundwater ion enrichment

occurring in clayey terrains (Schwartz et al., 2008).

Changes in resistivity in the second lapse (Fig. 5), computed from 8" February to 9" February, are
less than 0.5-1.0%, both positive and negative. Such amount of change is within the inversion error
and is therefore negligible. The situation could be then considered stationary, and vertical

infiltration does not occur anymore.
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The third lapse was computed from ot February to 10" February (Fig. 5). Two sectors of major
changes are visible in the resistivity image. In the first spot (C in Fig. 5), the resistivity decreases by
approximately 2-3% at 20-25 m below the surface. The delay between rainfall and resistivity
changes in depth is comparable to that observed in the piezometers. In the second spot (D in Fig. 5),
the resistivity decreases by ~4% right in the uppermost layer. In this area, the electrode line crosses
a small creek, and the decrease of resistivity is probably caused by prolonged infiltration of

rainwater flowing along the creek itself.

A direct comparison, at the borehole location, of the diffe’ent monitoring datasets provided
additional insights for the interpretation of the subsurface oari meters. A comprehensive set of
measurements from the boreholes and the surface wa, a ‘aiable for the mid of May 2017. At
piezometer C1 (Fig. 12), right in the middle of the res:stivity line ERT2 during the lapse time, the
groundwater table was located approximatelv 22 m n.g.s. The EC of the groundwater (Fig. 12)
changes rapidly from 1200 uS/m to 2400 p>." a just 1 m below the water table and remains rather
constant down to the borehole bottom. Ti>2 1 sistivity (extracted from the monitoring line ERT2) in
the unsaturated zone increases up te 36-27 Q-m in the uppermost layer (Fig. 12) and remains rather
constant down to approximately 2 m 0.g.s. The water table in the resistivity profile is visible as it is
marked by an inflection pcint f the resistivity curve. The resistivity at larger depths drops to 27
Q-m. The change in grour Jwater EC affects the resistivity curves only marginally, probably

because the subsurface is mostly comprised of cohesive terrains with low porosity.

At cluster A (Fig. 13), during the lapse time, the water table was located ~3 m b.g.s. The
displacement log (Fig. 13) clearly shows two sliding surfaces at 22.5 m and 34.0 m below the
surface. The groundwater EC (Fig. 13) increases rapidly from 1000 uS/m to over 3500 uS/m in the
uppermost 5 m (3-8 m b.g.s.) of the aquifer. Then, the conductivity remains rather constant for the
next 5 m (8-13 m b.g.s.) but steps up again to over 4000 uS/m at 18 m b.g.s. The terrain resistivity

(extracted from the ERT L profile) is approximately consistent with the groundwater EC, as the
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resistivity curve is roughly mirrored (Fig. 13). In the unsaturated zone, the resistivity rapidly
decreases from 60 Q-m to ~30 Q-m. The terrain resistivity below the groundwater table keeps
decreasing down to a depth of 13 m, where it begins to increase again, reaching 23 Q-m at large
depths. The deeper step in groundwater EC is not sensed in the terrain resistivity curve, and the
reason seems to be the same as that described for piezometer C1. The uppermost sliding surface
appears to be marked in the terrain resistivity curve by the presence of an inflection point located
exactly 22.5 m b.g.s. This change probably outlines a small difference in the degree of compaction

within the landslide deposits.

At cluster B (Fig. 14), during the lapse time, the groundwate, tak.e was located approximately 9 m
b.g.s. The displacement log (Fig. 14) shows a secnnda.y sliding surface 14.5 m b.g.s. The
groundwater EC (Fig. 14) clearly shows two diffci2nt domains. In the shallower aquifer (B3),
except for the uppermost 2 m (where it is infli'enc~d by the mixing with fresh infiltration waters), it
exhibits values larger than 5000 uS/m (down ‘o 15 m b.g.s.), while in the deeper aquifers (Bl e
B2), it is significantly lower and gent'y .>creases from 1500 uS/m (at 20-22 m b.g.s.) to ~2000
uS/m (at 34 m b.g.s.). The sliding surface is located right in between the shallower saturated
horizon investigated through piovometer B3, and the deeper horizon investigated through
piezometers B1 and B2 suage ting how the displacement, crushing the clay layers, could have

partly sealed the deeper aq'**.er causing the observed difference in groundwater EC.

The major changes in subsurface parameters, despite the short monitoring period, show a good
correspondence among the different datasets. In the part | of the slope (Fig. 11a), the correlation
between the failure plane (Fig. 7) and the subtle changes in electrical resistivity in the part C (Fig.
5) is noteworthy. All these results lead to consider the depth interval between 623 m a.s.l. and 625
m a.s.l. as a significant variation in the monitored properties. These were contemplated as a
response to the amount of rainfall received during the February event. Indeed, changes in

subsurface parameters permit to highlight the presence of failure surfaces and, in general, weakness
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surfaces within the landslide masses. This might contribute to the understanding of the mechanisms
occurring at the slope scale immediately before a reactivation, which, in these large landslides, is a
product of undrained loading (Hutchinson and Bhandari, 1971), as reported also in several other

cases in this area (Bertolini and Pizziolo, 2008).

A better comparison of the monitored parameters could be achieved by completely automating the
system and synchronising the sampling rate. This would result in an effective description of the
ongoing phenomenon and could give the possibility of implementing time-of-failure forecast and

threshold assessment methods (e.g., Segalini et al., 2018).

The occurrence of rainfall of limited intensity, within a rcy 22.10d, probably allowed to observe
better and greater details of the changes that occurrc ' w thin the landslide mass. Besides, the
increase in velocity of the landslide movement (F'g. 3) means that these changes had both a short
and medium term influence on the dynamics o: the upper part of the slope that represent the crown

of the Case Pennetta landslide.

5 CONCLUSIONS

The comprehensive approach acnned to the study of the complex of landslides and the Case
Pennetta landslide, in particuia: tesulted in a new and reliable geological model of the entire slope.
Field surveys and geophysical measurements constrained the geometry of the sliding surfaces. The
resistivity of the landslide materials is 50% lower compared to that of the underlying bedrock. The
slope comprises three distinct portions with distinctive kinematics, separated from each other by

discontinuity surfaces.

The landslide response to rainfall events, despite the small amount of precipitation, was recorded in
the monitored parameters. EC of groundwater and terrain resistivity showed relevant changes across
the failure surfaces in both monitored portions of the slope. Particularly, the sudden increase in the

electrical conductivity of the groundwater observed in the area of the rotational slide seems to be
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related to the main sliding surface. This could be an effect of the displacement itself, locally sealing

the deeper aquifer.

The joint analysis of time-lapse resistivity, hydraulic heads, and groundwater EC could then suggest
the position of levels of weaknesses within the landslide mass. The analysis of inclinometer data

confirmed this.

In a broader context, the present study allowed to refine the knowledge about the hydrogeological
behaviour within a complex of landslides in heterogeneous low-permeability media. As a matter of
fact, the combination of hydraulic head and EC measurements in ™ 'evel piezometers depicts the

following scenario:
e The hydraulic head can significantly vary with derth \ ‘ithin the saturated medium;

e The distribution of the hydraulic head withir boti, the heterogeneous landslide and the
underlying bedrock can be influenced bv (1, *cry low permeability sliding surfaces within
the landslide mass, and/or (ii) the v'cin’cy of a relatively narrow groundwater delivery that
causes the whole groundwater (fi.>wing within the landslide and the underlying bedrock) to

flow towards a common ‘point” (Fi¢. 11);

e From the hydrogeologica! po.~t of view, sliding surfaces can behave as low- or no-flow

boundaries.

o The slidi.iy su.fzce located between the screened intervals of piezometers Al and A2
behaves as a no-flow layer, considering (i) the different hydraulic heads, (ii) the

different head variations over time, and (iii) the different EC with depth.

o However, the near-vertical tracts of the sliding surfaces located between the rock
masses investigated through clusters A and B must behave as a low-flow boundary
because (i) no springs were detected at the interception between this surface and the
ground (therefore, the groundwater flowing upgradient must flow through it, towards
the mass downgradient), but (ii) the hydraulic gradient must increase within the same

sliding horizon.
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In the perspective of future works, it is not yet completely clear how the rotational slide dynamics
influence the earth flow located in the downslope portion. Besides, the response of the dynamics of

the slopes to the distribution of rainfall related to climate change deserves to be investigated.

The multi-parametric approach needs to be further implemented and improved. Manual reading of
some of the monitored parameters is time-consuming, and the sampling frequency is too low for
statistical analyses and proper modelling of risk scenarios. For this reason, it would be advisable to
automate the instrumentation and guarantee a higher and homogeneous data acquisition frequency.
Moreover, these features could allow the implementation of mu.e advanced models, including
predictive and early warning methodologies, which need higt.~r sampling frequency to provide

reliable results.

The experimented approach has a significant potential «o e transferable to other landslides. The
knowledge of landslide dynamics in these heterogen=ous anu low-permeability materials is a major
contribution to the hazard assessment and risk mitigation, regarding the occurrence of landslide

reactivations also in other geological contexts * vhere similar conditions exist.
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Figure captions and table headings

Figure 1.

Geomorphological sketch map of the considered complex of landslides: a) active and b) dormant
landslide scarp; c) active and d) dormant rotational and/or trans!~tic.~al landslide; €) active and f)
dormant earth flow; g) the Case Pennetta landslide is Fiyi.ignted with red background; h)
debris/earth flow cone with man interventions; i) main thrust. SCB: Arenarie di Scabiazza
(sandstone); AMR: Argillle a Palombini di Monte Rizzo..» (claystone); CCVb: Argille a blocchi
(claystone with blocks); CAO: Flysch of Monte Cal» (:narly-limestone). The area shown in Fig. 2a
is pointed out on the picture. Base map: Te *hn’cal Regional Map 1:5000, Emilia-Romagna Region

1998 (ed.).

Figure 2.

The sketch map focuses on the na't of the landslide where the monitoring system was realised: a)
geomorphology and geupr.. sical exploration lines ERTL (NNW-SSE) and ERTMS (ENE-WNW);
trace of the cross-section of Fig. 10a is also reported; b) detail of the monitoring system; the
represented area is enclosed in the white square traced in the part (a) of the figure; keys: M1:
meteorological station equipped with borehole thermometers; A;, Bi, Ci: piezometer; Sl;: borehole

and inclinometer; ERTI: resistivity deployment for time-lapse measurements.

Figure 3.
Resistivity profiles ERTL (longer one) and ERTMS. SCB: Scabiazza sandstones; LSL.: landslide

deposits; AMR: Argille a Palombini claystone.
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Figure 4.
a) Cumulative rainfall recorded by the Case Pennetta weather station up to the last available data,
obtained on 30" March 2017; b) cumulative rainfall of the October 2016 event; c) cumulative

rainfall of the January—February 2017 event.

Figure 5.

Inverse model resistivity (left) of data collected before the rainf~!l rent (24" January 2017) and
immediately after the rainfall event (8-10 February 2017) aiong the ERT2 resistivity line.
Percentage changes in terrain resistivity (right) computed he. ~een the different lapses. Letters A, B,

C, and D are described in the text.

Figure 6.

Example of groundwater level fluctuatio:.~ vs. rainfall (boxes a, b, and c; in box b, there is a 1-
month detail to show the difference i hydraulic head between B1, B2, and B3), and vertical profile
of the electrical conductivity re~oraed in the upper Cluster A, the lower Cluster B, the C1

piezometer (boxes d, e, and f reonectively).

Figure 7.
a) Local and b) cumulative displacements recorded by the SI1 inclinometer from the beginning of

the monitoring activity.

Figure 8.

a) Local and b) cumulative displacements recorded by the SI2 inclinometer from the beginning of

the monitoring activity.
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Figure 9.

Local displacement versus time for the SI1 inclinometer at different depths compared to a linear

regression model.

Figure 10.

Local displacement versus time for the S12 inclinometer at different depths compared to a linear

regression model.

Figure 11.

a) Cross-section along the profile of Fig. 2a showing t-e geological model of the upper portion of
the Case Pennetta landslide as revealed by the joi:.. and integrated analysis of the available data
collected over time; active landslides are in r~1 a.>d the dormant portion of the landslide is in pale
yellow; the piezometers B1, B2, and B3 are n.* represented in their exact positions (see Fig. 2b) to
show the relationship among them aru the sliding surfaces; the water table, groundwater flow
directions, and equipotential lines a*2 di.wn for the low flow period; b) piezometers installed in the
slope with the indication of ti.> screened (dotted line) parts; c) sketch representation of the

stratigraphy in SI1 and SI2.

Figure 12.
(a) Variation of the groundwater electrical conductivity measured in the piezometer C1, and (b)

terrain resistivity measured with ERT2.

Figure 13.
(a) Variation of the landslide local displacements recorded in SI1, (b) groundwater electrical

conductivity measured in the piezometer A2, and (c) terrain resistivity measured with ERT-L.
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Figure 14.

(a) Variation of the landslide local displacements recorded in S12, and (b) groundwater electrical

conductivity measured in the piezometers of cluster B.

Table 1 Coring and boreholes carried out for this study and types of devices installed. The depths

are measured below the ground surface (b.g.s.), and the elevation above sea level (a.s.l.).
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Borehole | UTM (m)32T Elevation of | Maximum Screened interval (m | Type of device
ground depth (m | bgs/ma.s.l.)
surface (m | b.g.s.)
a.s.l.)
Si1 573643.7E 646.3 35 Inclinometer
4938449.99N
SI2 573729.64E 595.5 30 Inclinometer
4938306.14N
Al 573633.03E 646.0 35 30-35/616-611 Piezometer
4938457.35N
A2 573630.58E 646.1 25 1-25/645-621 Piezometer
4938459.47N
B1 573731.82E 591 35 30-35/552-55/, Piezometer
4938306.8N
B2 573733.52E 591 23 20-25769-566 Piezometer
4938306.92N |
B3 573735.14E 591 15 i 3-15/586-574 Piezometer
4938307.79N
C1 573753.34E 610.5 20 3-20/605-588 Piezometer
4938408.75N
Table 1 N
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Highlights:
Dynamics of earth slides-earth flows within a complex of landslides.
Time-varying resistivity and borehole water conductivity reveal landslide activity

Increase in the electrical conductivity of groundwater is related to sliding surfaces
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