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Abstract

Geoelectrical prospecting techniques have been applied in the study of the Varco d’Izzo landslide, one of the most

interesting of its type. It is characterized by a rototranslational movement in the early stage and successively has undergone

earthflow-type movement, which still continues today. This landslide is located in the Southern Apennine area near the city of

Potenza (Italy). In particular, electrical resistivity tomographies (ERT) and self-potential surveys (SP) have been carried out by

combining modern technologies for data acquisition and new methods for data inversion. The high resolution of the electrical

tomographic images helped us to accurately describe the geometry of this landslide body. Joint interpretation of geophysical,

geological and geomorphological data allowed us to identify the sliding surface, estimate the thickness of the mobilized material

and describe the main patterns of the subsurface fluid flows in Varco d’Izzo landslide.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction identification of sliding surfaces found between the
Many geophysical methodologies are often ap-

plied for studying and monitoring a wide class of

hydrogeological phenomena. In particular, different

geophysical techniques (seismics, geoelectrics, mag-

netometry, gravimetry, thermometry, GPS, etc.) pro-

duce significant results in the investigation of

landslide areas. The main objectives of geophysical

surveys are: (1) geometrical reconstruction of land-

slide bodies (lateral extension and thickness); (2)
0926-9851/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jappgeo.2004.03.004

* Corresponding author.

E-mail address: perrone@imaa.cnr.it (A. Perrone).
landslide body and the underlying bedrock; and (3)

studying the movements and accumulations of

groundwater flows that may provoke landslide reac-

tions (McCann and Forster, 1990; Bruno and Mar-

illier, 2000; Gallipoli et al., 2000; Hack, 2000;

Mauritsch et al., 2000; Lapenna et al., 2003).

Recently, great attention has been focused on geo-

electrical techniques, such as electrical resistivity

tomography (ERT) (Griffiths and Barker, 1993;

Loke and Barker, 1996; Giano et al., 2000; Schmutz

et al., 2000) and self-potential (SP) techniques

(Bogoslovsky and Ogilvy, 1977; Patella et al.,

1995; Bruno et al., 1998; Revil et al., 2002). Both

methods show high spatial resolution capability and
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are characterized by relatively fast field data acqui-

sition and low costs. Furthermore, the development

of innovative and robust inversion methods (Loke

and Barker, 1996; Patella, 1997) provides a more

accurate data interpretation that can be used for

resolving complex geological problems, such as

defining aspects of hidden underground structures

(i.e. faults, underground water bodies, etc.) and

studying the space-temporal evolution of groundwa-

ter flow movements related to landslide phenomena.

As a part of a project on geophysical monitoring of

landslides in the Southern Apennine chain financed

by the Italian Ministry of University and Research, we

carried out a geoelectrical survey based on tomo-

graphic approaches with the purpose of acquiring a

better knowledge about a landslide, having both

rototranslational as well as earthflow characteristics,

which involves the village of Varco d’Izzo, near the

city of Potenza located in the Lucanian Apennine

chain (Southern Italy) (Fig. 1).

The Basilicata Region is one of the most landslide

affected areas in Southern Italy. This is principally

because major part of the region is covered by clayey

terrains and is affected by extreme rainfall events. In

Basilicata, all forms of landslide can be found, but in

particular, we encounter rotational and translational

slides and earthflow.

About 48% of all Italian towns affected by hydro-

geological instability phenomena are located in

Southern Italy and 51% of the areas showing the

highest level of landslide risk are also found there.

An average area of 100 km2 in Italy is affected by

five landslides. In Basilicata, the same area is affect-

ed by 27 landslides (Gullà and Sdao, 2001), thus

demonstrating that Basilicata is a natural laboratory

for practical application and validation of new in-

vestigation techniques.

From a geological point of view, the investigated

area is affected by still active rototranslational-earth-

flow phenomena, which involves complex clayey-

marly terrains referred to as Argille Varicolori Forma-

tion (Upper Cretaceous–Lower Oligocene) (Bonardi

et al., 1988). Furthermore, the landslide in Varco

d’Izzo caused damages to residences, roads and,

especially, to the main highway (SS 407 Basentana)

and railway line (Potenza–Metaponto line). The latter

is an important connection between the Tyrrhenian

and the Ionian coast.
During our geoelectrical surveys, a dipole–dipole

multielectrode array, connected to a 24-bit A/D ac-

quisition unit, was used. Tomographic algorithms

were applied for resistivity and self-potential data

inversion (Loke and Barker, 1996; Patella, 1997),

and high-resolution images of the subsurface electrical

properties were obtained. The resistivity tomogra-

phies, integrated with data coming from direct sound-

ings, allowed us to depict the geometry of the sliding

surface and to estimate the thickness of the sliding

material found in the accumulation zone. The SP map

and tomography panels helped us to describe the main

patterns of the subsurface fluid flows in the Varco

d’Izzo earthflow.
2. Geological and geomorphological setting

The Varco d’Izzo landslide (Potenza, Southern

Italy) is one of the most dangerous mass movements

of the whole Lucanian Apennine Chain. It is an active

rototranslational slide, i.e., a complex mass movement

occurring dominantly on a partly planar and partly

curved detachment, that evolved into an earthflow

(Cruden and Varnes, 1996). The landslide is approx-

imately 1400 m long, about 130–420 m wide and

extends between 850 and 620 m a.s.l. (Basento River)

and has a mean inclination of about 10j (Fig. 1).

In the area, structurally complex clayey-marly

terrains referred to as Argille Varicolori (Upper Cre-

taceous–Lower Oligocene) outcrop. They are com-

posed of intensively tectonized fissured and shared

clay shales, clay and mudstones, green, red, black,

yellow and grey in colour which locally include

disarranged blocks and layers of lapideous rocks, such

as marls, calcarenites or limestones.

Geological and geomorphologic in situ surveys,

aerial photo analyses and data interpretation from

previous direct soundings, which reached the bottom

of the detachment zone (Curcetti, 1996; Polemio and

Sdao, 1996), allowed us to approximately define the

limits of the landslide body and to estimate the

thickness of its displaced material for different sectors

of the landslide.

In Fig. 2, the main geomorphologic features of the

landslide, along with the location in which the geo-

logic and geophysical surveys were carried out, have

been summarised.



Fig. 1. Location and geological map of the Varco d’Izzo landslide in the Basilicata Region (Southern Apennine, Italy). The landslide develops

entirely in the clayey material of the Argille Varicolori formation and, in the accumulation zone, it partly covers recent alluvial deposits.
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Fig. 2. Geomorphologic map of the Varco d’Izzo landslide with location of the geological and geophysical surveys. SP mapping was carried out

on the entire landslide body; seven ERT profiles were performed transversal to the landslide and only one longitudinal; SPT profiles were

carried out transversal to the landslide body.
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The source area of the mass movement is a

rototranslational slide showing an inclination of about

16j. It is approximately 300 m long, about 100–150

m wide and extends from 885 to 820 m a.s.l.

The flow track of the landslide is approximately

700 m long and, on average, its inclination is 12j. In
this area, there are some secondary scarps, with

different elevations, and a small earthflow extends

between 745 and 705 m a.s.l. Many manmade struc-

tures, such as the Basentana Road and the buildings

along it, have been largely damaged by this move-

ment. The thickness of the sliding material varies from

15 to 25 m.

The zone of accumulation, the widest part of the

landslide (about 500 m), is approximately 350 m long

and shows an average inclination of 8j. The toe

material has diverted the Basento riverbed. The thick-

ness of the displaced material, as shown by the

borehole data (B22, B23 and B24 in Fig. 2), varies

from approximately 13 m in the upper zone to 32 m in

the lower zone. In this section, local reactivations, a

few secondary scarps and damage caused to buildings

and manmade structures can be observed.
3. Geoelectrical methods

In order to investigate the Varco d’Izzo landslide,

three different types of geoelectrical surveys were

employed: electrical resistivity tomography (ERT),

self-potential mapping (SPM) and self-potential to-

mography (SPT).

In the next subsections, the mathematical back-

ground and the field acquisition procedures will

be described and the results from these geoelec-

trical prospecting techniques will be presented and

discussed.

3.1. Electrical resistivity tomography

Electrical resistivity tomography (ERT) is an ac-

tive prospecting method used for obtaining a high-

resolution image of subsurface patterns of electrical

resistivity. Recently, this technique has been largely

applied for the investigation of areas having complex

geology. Interesting results in volcanic and geother-

mal areas, seismotectonic structures, hydrogeological

phenomena and engineering and environmental prob-
lems (Di Maio et al., 1998; Caputo et al., 2003;

Ogilvy et al., 1999; Steeples, 2001 and references

therein) have been obtained.

Under this framework, we applied this method in

order to depict the geometric features of the Varco

d’Izzo landslide and then to test the resistivity contrast

between the shallow mobilized material and the hard-

rock substrate. We used a multielectrode system with

32 electrodes and a dipole–dipole array layout with

an electrode spacing varying from 10 to 30 m. The

choice of the dipole–dipole array was taken based on

some balancing factors such as ability to detect both

vertical and horizontal resistivity discontinuities (i.e.

lateral limits and sliding surface of landslide bodies),

depth of investigation, horizontal data coverage, res-

olution and possibility of performing measures over

uneven grounds. For each profile, no less than 323

measurements of apparent resistivities were carried

out, following the 2D pseudosection scheme (Sharma,

1997). During data acquisition, great attention was

devoted to reducing cultural noise influence. A robust

statistical technique was applied in order to extract the

useful signal from voltage recordings (Lapenna et al.,

1994).

In order to transform the apparent resistivity pseu-

dosection into a model representing the distribution of

calculated electrical resistivity in the subsurface, we

used RES2Dinv software (Loke and Barker, 1996).

The inversion routine is based on the smoothness

constrained least-squares inversion (Sasaki, 1992)

implemented by using a quasi-Newton optimisation

technique. The subsurface is divided into rectangular

blocks, the number of which corresponds to the

number of measurement points. The optimisation

method adjusts the 2D resistivity model trying to

iteratively reduce the difference between the calculat-

ed and measured apparent resistivity values. The root-

mean-squared (RMS) error provides a measurement of

this difference.

During the field survey, eight ERTs with lengths

varying from 310 to 600 m were carried out; seven

ERTs were oriented transversely to the landslide body

and only one was oriented parallel to the accumulation

zone (Fig. 2).

Fig. 3 shows the inverse model resistivity sec-

tions related to the most significant electrical tomog-

raphies carried out along profiles AAV, CCV, EEV and
HHV. The BBVand DDV tomographies (not shown) do



A. Perrone et al. / Journal of Applied Geophysics 56 (2004) 17–2922



A. Perrone et al. / Journal of Applied Geophysics 56 (2004) 17–29 23
not clearly outline the geometry of the landslide;

there was a lot of noise interference in the FFV
electrical image (not shown) in the shallow part

probably because of the presence of the tunnel,

and the GGV tomography (not shown) was very

similar to the EEV. In all cases, the number of

iterations varied between 5 and 7 with the RMS

error ranging from 14.5% to 4.1%.

A preliminary inspection of the obtained electrical

images allows us to identify small variabilities of

electrical resistivity for values lower than 150 V m.

In particular, the very low resistivity values (q < 10 V

m) observed in the middle part of resistivity tomog-

raphies could be associated to the landslide body

which is characterized by a high content of clayey

material and water. Although there have been no

laboratory resistivity measures taken on samples from

the investigated area, geochemical and mineralogical

analyses show that the Argille Varicolori Formation is

characterized by the presence of illite–smectite mixed

layers showing a high cationic exchange capacity

(CEC) that could notably reduce the resistivity values

to a limiting value as low as 0.1 V m (Cavalcante et

al., 2003; Keller and Frischknecht, 1966). The rela-

tively high resistivity zones (q > 60 V m) on the sides

and at the bottom of the slide (except in the ERT AAV)
may indicate compact rocks not involved in the

landslide as has been confirmed by in situ resistivity

measurements previously performed for calibration.

Some shallow relatively high resistivity nuclei (q > 30

V m) may be associated with lapideous intercalations

(calcilutitic, calcarenitic blocks, etc.), embedded in the

dislocated material. The estimated thickness of the

slide deposits, as derived from the resistivity contrasts

observed in the ERTs, varies from less than 10 up to

40 m.

The AAVERT carried out in the source area of the

landslide shows extremely low resistivity material

(q < 10 V m) and presence of some resistive nuclei

(16–32 V m). The low resistivity values could be

associated to the clayey material, while the resistive

nuclei to the presence of calcarenitic blocks. It is not
Fig. 3. Dipole–dipole ERTs carried out perpendicular (AAV, CCVand EEV) and
same colour palette for all the electrical sections. The red arrows indicate

observations. The data coming from boreholes B22, B23 and B24 are al

surface in the accumulation zone of the landslide body. For profile locatio
possible to define the lateral limits of the landslide

(the red arrow in Fig. 3 shows the geomorphologic

boundary) and a possible sliding surface because the

terrain in the source area is partially eroded, as was

observed by in situ geomorphological surveys.

The CCVERT carried out in the flow track of the

landslide is characterized by the presence of a shallow

layer of low resistivity material (q < 10 V m) lying

above an irregular resistive material (16–128 V m).

This can be explained by the presence of clayey

material lying over calcareous material. In the central

part of the tomography, a remarkable vertical resistiv-

ity contrast is present. This phenomenon is possibly

related to the presence of an underlying vertical

contact (fault) having high water content. Also in this

case, the presence of some shallow resistive nuclei

(16–32 V m) may be associated with calcareous

material.

The transverse EEV ERT, carried out in the

accumulation zone of the landslide, outlines a

resistivity contrast in the SW side between a shal-

low relatively low resistivity layer (q < 16 V m) and

a deeper relatively high resistivity zone (q > 30 V

m). The limits of these zones are not well defined,

but the resistivity slowly increases at a depth of

about 30 m. The low resistivity zone has a lentic-

ular shape and it could be associated to the land-

slide body because it has a high level of clay

content and a high degree of saturation, while the

high resistivity zone could be related to the alluvial

material not involved in the movement. This result

is confirmed by the geological data obtained from

borehole B22 that reports a sliding surface at a

depth of about 32 m, with 11 m of altered landslide

material overlying 21 m of landslide material. In the

deeper part of the borehole, there is 4 m of alluvial

terrain. Then, the sliding surface coincides with the

transition zone where we observe an increase in

resistivity. The central part of the ERT shows a

shallow relatively high resistivity zone (16–64 V

m) having a maximum height of about 12 m and a

width of about 200 m which is probably associated
parallel (HHV) to the direction of the landslide body. We adopted the

the lateral limits of the landslide as derived from geomorphological

so included. The dashed red line represents the interpreted sliding

n, see Fig. 2.
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with the presence of the railway tunnel. The high

resistive values (q > 30 V m) in the NE shallow

side of the tomography could be explained by the

presence of calcareous material outcropping in this

area.

The HHVERT is the only longitudinal ERT per-

formed on the landslide. It shows a conductive layer

(q < 16 V m) having a thickness varying from about

20 m on the top to 50 m towards the toe of the

landslide which overlies a relatively high resistive

layer (q > 16 V m). The conductive zone has an

irregular shape and could correspond to the mobilized

body, while the deep resistive zone could be related to

compact deposits (alluvial and clayey material) which

are not involved in the landslide. This agrees strongly

with the stratigraphic data obtained from boreholes

B22, B23 and B24. In particular, borehole B23 reports

the sliding surface at a depth of about 30 m with about

17 m of altered landslide material which overlies

about 13 m of landslide material, and about 11 m of

the clayey material that may correspond to the Argille

Varicolori Formation are seen in the deeper part. In

borehole B24, the sliding surface is reported to be at a

depth of about 21 m. It shows 16 m of altered

landslide material which overlies 5 m of landslide

material, and in the deeper part, about 21 m of Argille

Varicolori can be seen. Moreover, the SE toe limit of

the landslide is well defined and shows a high

resistivity contrast between the clayey body earthflow

and the alluvial materials of the Basento River.

Finally, the shallow resistive nucleus (q > 64 V m),

located about 110–120 m from the origin of the

profile, is related to the railway tunnel running across

the landslide.

3.2. Self-potential survey

The self-potential (SP) method consists in measur-

ing natural electrical fields developed in the subsur-

face by several mechanisms: electrokinetic coupling

(streaming potential), thermoelectric coupling, elec-

trochemical effects, cultural activity, etc. (Corwin and

Hoover, 1979). In past years, the SP method has been

applied in a wide class of geological problems:

mineral prospecting, detection and delineation of

thermal sources in geothermal and volcanic areas

and hydrogeological studies for groundwater inves-

tigations (Zlotnicki et al., 1994; Loddo et al., 1996; Di
Maio et al., 1996; Revil et al., 2002). In landslide

areas, spatial and temporal measurements of the SP

field may provide information on dynamic aspects of

the hydrogeologic conditions within the landslide

body (Bogoslovsky and Ogilvy, 1977; Coppola et

al., 1994; Patella et al., 1995; Sharma, 1997; Gallipoli

et al., 2000).

In these latter investigations, the SP anomalies are

mainly due to the streaming potentials generated by

fluid flows in porous rocks, as a consequence of

pore pressure gradient. This electrokinetic effect is

controlled by the relative motion occurring along a

shear plane between the charged mineral surface

(negative in silica mineral, such as clays) and

associated with an electrical diffuse layer in the pore

fluid (positive in clays). The f potential is the

electrical potential on the shear plane (Revil et al.,

1999) and is related to the streaming potential V as

follows:

V ¼ qef
g

DP

where q, e and g are the electrical resistivity,

dielectric permittivity and dynamic viscosity of the

pore fluid, respectively, and DP is the drop in

pressure along the flow path.

In this scheme, positive charges are carried in the

direction of the fluid flow, producing positive SP

anomalies on the surface where water discharge is

located and negative in the sites of infiltration

(Loddo et al., 1996; Sharma, 1997; Revil and Leroy,

2001).

Recently, some authors have proposed new algo-

rithms for SP data inversion (Patella, 1997) and new

geophysical models in order to describe the generating

mechanism of SP anomalous patterns (Revil et al.,

2002). These recent developments lead to more quan-

titative interpretations of hydrogeological applica-

tions, with the study of the main features of fluid

flow in landslide bodies included.

In this paper, two different measuring strategies

were adopted during the field surveys: SP mapping

(SPM) and SP tomography (SPT). The first one is

mainly used for delineating the boundaries of the

landslide and the local groundwater system. The

second one is a powerful tool for identifying the
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location and form of any electrical accumulation

zones in the investigated area.

The field acquisition procedure for the SPM tech-

nique is described below. Potential horizontal gra-

dients were measured along both closed loops and

linked traverses by alternating the leading and follow-

ing electrodes (leap-frog technique) in order to reduce

cumulative errors caused by electrode polarization.

The distance between the measuring electrodes was

50 m. The SP values in the measuring net were

obtained by adding readings after establishing a SP

arbitrary zero value as a point of reference in the area.

Moreover, SP measurements were corrected in order

to compensate for cumulative errors. This is done by

distributing the closure errors linearly along each

circuit. In order to obtain a better visualization of

the SP anomalies, we subtracted the net average value

of the whole set of SP data from the potential obtained

in each point. Finally, using a contour line represen-

tation of the distribution of the potential field, we

obtained a SP map.

For the application of the SPT technique, we

adopted the previous measurement strategy moving

the measuring dipole along selected profiles with

length varying in range from 400 to 600 m, using

an electrode spacing of 20 m in order to increase the

resolution of the tomographic approach.

In a second step, the SP profiles were inverted using

the 2D probability tomography technique proposed by

Patella (1997). The mathematical background of this

technique is based on the decomposition of the SP field

into a sum of elementary contributions which are

derived from a discretised distribution of charge accu-

mulation centres. The inversion problem consists in

recovering the most probable discretised charge distri-

bution underground which is responsible for the mea-

sured SP field. The 2D tomography is based on a

cross-correlation algorithm between a theoretical scan-

ner function and the observed electric field along the

profile. The cross-correlation integral gives an esti-

mate of the charge occurrence probability (COP)

function which represents the probability of finding a

positive (COP values > 0) or negative (COP values < 0)

electric charge accumulation in each point of a cross

section along the profile.

On the Varco d’Izzo landslide, a SPM and three

SPTs (Fig. 2), transversely oriented to the landslide

body, have been carried out.
The SPM (Fig. 4) shows a spatial pattern char-

acterized by slightly negative SP values in the

source area, a positive zone in the flow track area

and a strong SP negative zone in the accumulation

area of the slide. The SP negative values in the

source area are probably due to water infiltration in

the detachment zone (Sharma, 1997). The SP pos-

itive zone in the flow track may be due to the

containment walls and drainage structures, built for

the SS 407 Basentana road, that prevent groundwa-

ter from flowing into the accumulation area, which

in turn produces an accumulation and excess of

positive electrical charges.

On the other hand, the SP negative sector in the

accumulation zone, which seems to follow the slide

outline perfectly, may be explained by a groundwater

flow towards the Basento River having an excess of

positive electric charges.

Fig. 5 is the 2D representation of the COP values

for the three SPT profiles. In each panel, the horizon-

tal axis is the survey line and the vertical axis is the

depth from ground level. For the computation, we

used a square grid with the side measuring 20 m,

equal to the field sampling interval.

Qualitatively, the panels, which reach a maximum

investigation depth of about 120 m bgl, show an

irregularly spaced alternating sequence of shallow

positive and negative SP source centres, some of

which could be associated with the presence of

calcareous mudstone, calcarenitic blocks embedded

in the altered material, as already indicated by the

ERTs. Moreover, in the central part of the SPT1,

across the flow track, a dipolar field can be observed,

which reflects the presence of a probable vertical

structure that is also detected by the ERT CCV. The
presence of a prevalently negative charge concentra-

tion within the landslide body can be observed in the

SPT2 and SPT3 carried out on the toe of the landslide.

The centre of these nuclei, reaching a depth not

exceeding 30–40 m, may be related to the slip

surface, as observed in borehole data and ERT results.

The tomography results in Fig. 5 also show that the

lateral boundaries of the landslide appear to be in the

same position of strong horizontal changes in the COP

function. Based on this preliminary analysis, the

spatial charge distribution in the subsoil along the

SPT profiles seems to be directly related to geological

discontinuities.



Fig. 4. Map of the SP anomalies relative to the areal survey. Red zones are positive values, whereas blue zones are negative values.
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This is clearly only a very qualitative description of

the SP anomaly field. We lack of detailed information

on the local hydrogeological setting and hydraulic
parameters. Moreover, we do not yet have direct

measurements of the f potential, which is a key

parameter of electrokinetic phenomena (Revil et al.,



Fig. 5. SPTs carried out transversal to the toe of the landslide. The black arrows represent the lateral limits of the landslide. For profile location,

see Fig. 2.
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1999), as well as a significant theoretical basis for the

evaluation of the correlation between charge accumu-

lations and local hydrogeological settings.
4. Conclusions

We have combined three different geoelectrical

prospecting methods with the aim of reconstructing

the geometry of the landslide body and describing the

main patterns of the subsurface fluid flows in the

landslide area.

The high resolution of the electrical images and the

integration of geophysical data with geological, geo-
morphological and borehole data allowed us to define

well the shape of the slide surface and the limits of the

landslides especially in the accumulation zone. Elec-

trical resistivity tomography does not allow to define

the shape of the source area, where the superficial

erosion has erased the form of the landslide. The SPM

and SPT techniques helped to better understand the

groundwater circulation system, although the com-

plexity of the problem does require more hydrogeo-

logical measurements. In particular, the SPM allowed

us to locate the zones having high water content,

which is linked to an excess in positive electrical

charges. The SPT allowed us to define well the lateral

limits of the landslide body which correspond to the
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position of strong horizontal changes in the COP

function.

To close, we emphasize that an integrated approach

based on non-invasive electrical prospecting methods,

geological investigations and geomorphologic infor-

mation seems to be a promising tool for investigating

landslide areas with complex geology. In the future,

using a monitoring strategy designed to continuously

repeat electrical surveillance, it will be possible to

study temporal fluctuations of the subsurface resistiv-

ity values. Time-lapse analysis of 2D and 3D electri-

cal images, carried out across landslide bodies, could

enable to better understand the time dynamics of the

hydrogeological processes which are behind the

causes of instability phenomena.
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