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Abstract

Urbanization poses significant challenges for fault investigation, as it can obscure or even
hide surface fault expressions and limit access to potential study sites. This paper reports
the preliminary results of Electrical Resistivity Tomography combined with geological field
surveys in the urbanized area of Villa d’Agri (Marsicovetere, Basilicata Region, Southern
Italy), which has undergone significant expansion in recent decades. This area is located at
the northeastern border of the High Agri Valley, characterized by the Eastern Agri Fault
System, one of the fault systems believed to have caused the M 7.0 earthquake in 1857 in
Southern Italy. The combined use of Electrical Resistivity Tomography and geological field
investigations in previously inadequately explored areas, along with the reprocessing of
data provided by the technical office of Marsicovetere, allowed imaging of a previously
unknown fault and reconstruction of sedimentary cover and substratum geometries, par-
ticularly in the urban and peri-urban sectors of Villa d’Agri. These preliminary findings
provide valuable insights for geological and structural studies and have prompted the
attention of the municipal decision makers, supporting further research aimed at enhancing
urban management and seismic risk assessment.

Keywords: obscured-hidden faults; reprocessing data; urban areas; urban geophysics;
electrical resistivity tomography

1. Introduction

Fault investigation is crucial for earthquake risk assessment because faults are the
primary sources of earthquakes, and their characteristics directly influence ground shaking
during seismic events. Additionally, studying faults is important as they affect the geologi-
cal setting, which in turn influences seismic ground motion and overall hazard evaluation.
The surface traces of faults are not always clearly visible. In some cases, faults are blind,
while in others, extensive urbanization and/or centuries-long agricultural activities can
obscure or completely hide surface fault expressions, limiting access to potential study sites.
The investigation of such faults often requires a multidisciplinary approach, employing
complementary remote sensing and in situ techniques to address the weaknesses and limi-
tations of each technique. Remote sensing techniques, performed from satellites, aircraft,
or drones, offer spatially extensive data over large areas, which is critical for studying
faults at regional scales. They include synthetic aperture radar interferometry (InSAR) [1],
LiDAR [2], optical imaging [3], airborne gravity, magnetic and electromagnetic surveys [4],
among others.
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In situ geophysical techniques, on the other hand, provide more detailed and lo-
calized information. These include ground penetrating radar [5,6], electrical resistivity
tomography [7,8], gravity surveys [9,10], magnetic and electromagnetic surveys [11], radio-
magnetotelluric and very low frequency electromagnetic induction techniques [12], magne-
totelluric investigation [13-15], active and passive seismic techniques (e.g., multichannel
analysis of surface waves, ambient noise measurements, seismic reflection/refraction sur-
veys, etc.) [16,17], and various other in situ geophysical techniques. Notably, Electrical
Resistivity Tomography (ERT) is increasingly used, although there is currently no standard-
ized protocol for its effective application. The effectiveness of ERT depends on the specific
case study, the equipment employed, and the operator’s expertise in data acquisition,
processing, and interpretation.

This work considers the urban and peri-urban areas of Villa d’Agri (Basilicata Region,
Southern Italy) as a case study, which has experienced significant expansion in recent
decades in zones affected by the Eastern Agri Fault System, one of the fault systems
considered responsible for the M 7.0 1857 earthquake in the southern Apennines [18].
Although various geological and geophysical studies have been conducted, to date no
faults have yet been documented within the urban area of Villa d’Agri [19-25]. Furthermore,
recent municipal projects, such as the reconstruction of a nursery school, as well as the
first-level seismic microzonation study, have not identified any faults in this area, despite
the abundance of data acquired from multiple geophysical and geological investigations.
These include borehole surveys, seismic ambient noise measurements, electrical resistivity
tomography, seismic down hole surveys, multichannel analysis of surface waves, and field
geological mapping [19,26]. All these investigations seem to have failed to identify faults
due to improper execution, investigation in inappropriate locations, misprocessing of data,
and/or misinterpretation of results.

By reprocessing data provided by the municipal technical office of Marsicovetere,
combined with additional ERT surveys and geological field investigations in previously
inadequately explored areas, an unknown fault was imaged. The geometries of the sub-
stratum and sedimentary cover were also inferred, particularly in the urban sector of Villa
d’Agri. The identified fault has been termed the Villa d’Agri Fault.

2. Geological Framework

The High Agri Valley (HAV) is an intermontane basin trending NW-SE, situated in the
axial zone of the Southern Apennines. The basin extends approximately 30 km in length
and 12 km in width and is filled with Quaternary continental clastic deposits overlying
downthrown pre-Quaternary rocks. These mainly consist of Mesozoic-Cenozoic platform
carbonates (Monte Marzano-Monti della Maddalena Unit [27]), which predominantly
outcrop along the western side of the HAV. These carbonate units are thrust over coeval
pelagic successions (Lagonegro units, [28]) and their Miocene synorogenic terrigenous
cover. The Lagonegro units mainly crop out along the eastern flank of the HAV and in
sparse tectonic windows beneath the Monti della Maddalena thrust sheet, on the western
side of the HAV (Figure 1).
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Figure 1. Schematic geological map of the High Agri Valley (modified by [29]).

Quaternary deposits include Lower-Middle Pleistocene talus breccias (Brecce di
Marsico, [30]), Middle-Upper Pleistocene alluvial-lacustrine sediments (Complesso Val
d’Agri, [31]), and Upper Pleistocene-Holocene alluvial deposits or talus debris fans. The
structural evolution of the basin has been strongly influenced by brittle tectonics, which can
be divided into two main stages. The Early-Middle Pleistocene phase was characterized
by N120° left-lateral transtensive master faults that controlled most of the sedimentation
at releasing bends, followed by a Middle Pleistocene to present extensional regime with
a NE-SW tensional axis [32,33]. This later phase reactivated pre-existing structures with
normal fault kinematics and generated new normal faults, contributing to the progressive
widening and deepening of the basin [34].

The HAV encompasses western Europe’s largest onshore oil field, operated by Eni
S.p.A. In 2020, this field yielded roughly 4.4 million tonnes of oil and 1.5 billion cubic
meters of gas [35,36].

Seismic activity and fault-related deformation of loose slope deposits and paleosols
over the last 40 ka provide clear evidence of ongoing tectonic processes [33,37,38]. The
HAYV was affected by the M 7.0 earthquake in 1857, one of the most severe seismic events
in Southern Italy [18], whose seismogenic source remains the subject of scientific debate.
Currently, two main hypotheses have been proposed about the seismogenic fault systems in
the HAV. The first hypothesis concerns the Monti della Maddalena Fault System (MMES), a
NE-dipping normal fault system located along the western boundary of the HAV [34,39,40].
The second hypothesis focuses on the Eastern Agri Fault System (EAFS), which comprises
left-lateral strike-slip faults trending N120°, along with right-lateral faults trending N020-
NO030°, left-lateral transpressional faults trending N130-N150°, and normal to left-lateral
transtensional faults trending N0O80-N100°. Kinematic fault analysis reveals a secondary
set of NE-SW slip lineations, suggesting a subsequent phase of normal fault reactivation of
the EAFS [33,34,41-46].

Recent instrumental seismicity is mainly characterized by small, induced earthquakes
linked to industrial hydrocarbon exploitation activities [47] as well as time-varying water
level of the Pertusillo reservoir [48,49]. These seismic events are organized into three
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clusters occurring in Sarconi (associated with the water level fluctuations of the Pertusillo
reservoir), and in Montemurro and Villa d’Agri (linked to hydrocarbon exploitation activities).

3. Results
3.1. Geological Field Survey

Villa d’Agri is a hamlet of the municipality of Marsicovetere, located at the northeast-
ern border of the HAV, which is characterized by the EAFS. In recent years, population
growth and significant urban expansion have led to new constructions altering the urban
fabric. Several geological and geophysical studies have been carried out, and no faults
have been documented within the urban area of Villa d’Agri. In particular, a first-level
seismic microzonation study [19], several scientific articles [20-25], and recent subsurface
exploration carried out in the framework of municipal projects have reported no evidence
of faults within the urban area.

During the geological field survey conducted by the authors, it was observed that
part of the urban area of Villa d’Agri is located at the foot of a S-facing slope, directly
on the Lower-Middle Pleistocene, poorly consolidated sedimentary talus breccias (B in
Figure 2), with a thickness ranging from 5 to 20 m or on its overlying cover, composed
of Holocene alluvial fans or talus debris fans with thicknesses up to 20 m (S in Figure 2).
The foot of the slope is also characterized by a suspected, smoothed warp/scarp, which is
more evident in peri-urban areas but is obscured or completely hidden in the urban area.
Other buildings are instead situated in the upper part of the slope on the pre-Quaternary
substratum constituted by dolostones (D in Figure 2) and limestones (L in Figure 2) of the
Monte Marzano-Monti della Maddalena Unit, whereas the remaining part of the urban
area lies on a flat surface underlain by Upper Pleistocene-Holocene alluvial deposits (A in
Figure 2) of the HAV.
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Figure 2. Simplified preliminary geological map of Villa d’Agri showing the distribution of the
surveys (see location of this frame in Figure 1). Only the main N120° and N080-N100° trending faults,
such as LTF1 and LTF2 [20,24], are shown, along with the Villa d’Agri Fault. The latter is represented
by a single line, although it consists of multiple synthetic fault splays, as shown by ERT1, ERT2, ERT3,
and ERT4 in Figures 3-5. The borehole log at the nursery school site is shown in Figure 5.
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The pre-Quaternary substratum commonly appears densely fractured. Faults trending
N120°, N020-N030° and N080-N100° are mainly exposed in the upper part of the slope,
where the pre-Quaternary substratum outcrops. In particular, faults documented in the
literature mainly affect sectors outside the urban area of Villa d’Agri, such as the left-lateral
transtensional fault (LTF1 in Figure 2) documented by [20,24], and the normal to left-lateral
transtensional faults (LTF2 in Figure 2), reported by [20].

Particular focus was placed on the suspected warp/scarp that characterizes the foot of
the slope. By reprocessing data provided by the municipal technical office of Marsicovetere
along with additional ERT and geological field investigations in previously inadequately
explored areas, an unknown fault beneath the suspected scarp was imaged. The identified
fault has been termed the Villa d’Agri Fault, which consists of S-dipping multiple fault
splays with a staircase geometry.

3.2. Electrical Resistivity Tomography

Electrical Resistivity Tomography (ERT) is a non-destructive, rapid, and cost-effective
geophysical technique widely used to obtain high-resolution 2D, 3D, and 4D images of
subsurface electrical resistivity. This technique has proven its effectiveness in a wide range
of geological and engineering applications, such as the study of faults [29,50,51], structural
and geological settings [29,52], volcanic areas [53], landslides [54], liquefaction [55], urban
areas [56,57], and building-infrastructure foundations [58,59], among others.

In this work, ERT was used to investigate the suspected south-dipping scarp at four
sites (ERT1-ERT4 in Figure 2) within the urban and peri-urban areas of Villa d’Agri.

Only ERT4 was conducted as part of a project of the municipal administration of
Marsicovetere for the reconstruction of a nursery school. The initial ERT4, obtained after
six iterations, showed a high error (i.e., 29.5%). Therefore, the raw data supplied by
the municipal technical office were reprocessed to improve the quality of the electrical
resistivity model in terms of iterations/convergence and errors reduction.

ERT1, ERT2, and ERT3 were performed using a Syscal Junior resistivity meter (Iris
Instruments) with a multielectrode system. Both Dipole-Dipole and Wenner-Schlumberger
arrays were used, and apparent electrical resistivity data were inverted using RES2DINV
software [60] to obtain 2D subsurface electrical resistivity models. Different inversion
methods were applied, including least squares (L2 norm), robust (L1 norm), and combined
inversion approaches. The models were selected based on error analysis, number of
iterations, and consistency with geological data. The best results were obtained with the
combined inversion method, which aims to leverage the strengths of both the robust and
smooth least squares inversion methods. In all cases, the data acquired with the Wenner-
Schlumberger array exhibited greater sensitivity to variations in both horizontal and vertical
electrical resistivity, a higher signal-to-noise ratio, and greater depth of investigation.

For each electrical resistivity model, the iteration was selected at the point after which
the Root Mean Square (RMS) error showed minimal change, which typically occurred
between the third and fourth iterations. All electrical resistivity models showed an RMS
error below 10%, with resistivity values ranging from 5 to over 556 ohm-m (Figures 3-5).

Using data from geological field surveys, aerial photo interpretation, and exploratory
boreholes, it was possible to calibrate the electrical resistivity models and directly correlate
electrical resistivity values with lithologies. Thus, lower electrical resistivity values are
related to alluvial deposits (A < 100 ohm-m), higher resistivity values are attributed to
limestone (L > 140 ohm-m), whereas moderate resistivity values can be associated with
breccias (15 ohm-m < B < 250 ohm-m) or slope deposits (35 ohm-m < S < 250 ohm-m).
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3.2.1. ERT1 and ERT2

In the peri-urban area of Villa d’Agri, a suspected smooth scarp facing southward
characterizes the foot of the S-facing slope. ERT1 and ERT2 were performed to determine
whether the scarp is a geomorphic feature (i.e., erosional scarp) or a tectonic landform (i.e.,
fault scarp).

ERT1 was conducted using a 48-multielectrode acquisition system with 10 m electrode
spacing. The 470 m long ERT1 provided a maximum investigation depth of 90 m (Figure 3).
Similarly, ERT2 employed the same electrode spacing with a 33-multielectrode acquisition
system, extending 320 m in length and reaching an investigation depth of 60 m. ERT1 runs
N-S across an alluvial-fan deposit (S). ERT2 is about 380 m east of ERT1 and also runs N-S,
crossing limestones (L), between 0 and 30 m, and Quaternary deposits (mainly alluvial
deposits, A). The scarp is perpendicularly crossed by ERT2 at about 30 m. Geological
surface data were employed to constrain the interpretation of ERT1 and ERT2 (Figure 3).
ERT2
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Figure 3. ERT1 and ERT?2 carried out in the peri-urban area of Villa d’Agri (see Figure 2 for ERT1 and
ERT2 positions). S, slope deposits. A, alluvial deposits. L, limestones. F, fault splay corresponding to
the scarp observed at the surface. Red lines with arrows indicate fault splays (dotted where uncertain).
Black lines delineate the non-tectonic contact between different lithologies.

In the upper sector of ERT1, spanning 0 to 410 m, moderate resistivity values are asso-
ciated with slope deposits (S), which overlie alluvial deposits (A < 100 ohm-m) outcropping
between 410 and 470 m. In the lower part of ERT1, higher electrical resistivity values are
associated with limestones (L).

In the upper part of ERT2, from 30 to 320 m, electrical resistivity values below
100 ohm-m correspond to alluvial deposits (A), whereas values above 120 ohm-m are
related to limestones (L).

From a structural point of view, the most prominent features of the two electrical
resistivity models are the abrupt lateral changes in electrical resistivity. In particular, “F”
corresponds to the scarp observed at the surface and crossed by ERT2 at about 30 m
(Figure 3). These features were interpreted as synthetic fault splays.

In the sectors between 240 and 470 m of ERT1 and 180 to 320 m of ERT2, the substratum
was not investigated. Thus, the cumulative vertical displacement of the top of the inferred
substratum likely exceeds 90 m.
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3.2.2. ERT3

ERT3 was carried out about 480 m west of ERT2 (see Figure 2), across the possible traces
of the above-mentioned scarp, which are less evident due to cultivation activities. ERT3
was carried out using a 48-multielectrode acquisition system with a 3 m electrode spacing,
along a straight N-S profile. The 141 m long ERT3 achieved a maximum investigation depth
of approximately 24 m. The interpretation of ERT3 is supported by surface data (Figure 4).

ERT3

mez-s-'- Iteration 3 RMS error = 7.5

01 Q Limestone outcrop

615+ N

5904 North South

5807 i ) I )
10 19 38 74 145 283 556

Resistivity in ohm'm
Figure 4. ERT3 (see Figure 2 for the position of ERT3). S, slope deposits. A, alluvial deposits. L,
limestones. Red lines with arrows indicate fault splays. Black lines delineate the non-tectonic contact
between different lithologies.

The 141 m long ERT3 crosses slope deposits (35 ohm'm < S < 250 ohm-m), which
covers limestones (L > 140 ohm-m), between 0 and 33 m (N sector), and alluvial deposits
(A <100 ohm-m) between 33 and 141 m.

Structurally, in the central (approximately 72 m) and northern (between 18 and 40 m)
sectors of ERT3, three sharp lateral electrical resistivity variations are observed and inter-
preted as synthetic fault splays.

3.2.3. ERT 4

In the urban area of Villa d’Agri, the E-W scarp facing south is obscured or completely
hidden by urbanization, including the sector where a nursery school was rebuilt. The
municipal technical office of Marsicovetere provided raw data for ERT4 and a geognostic
borehole. ERT4 was reprocessed to improve the quality of the electrical resistivity model
(Figure 5).

ERT4 was performed using a 31-multielectrode acquisition system with 3.5 m electrode
spacing, allowing an investigation depth of approximately 20 m along the 105 m long
ERT4 (Figure 5). ERT4 runs N-S across both limestones (L) and slope deposits (S). The
interpretation of ERT4 is supported by both surface and borehole data, as shown in Figure 5.

In the upper sector of ERT4, between 0 and 14 m, high electrical resistivity val-
ues are associated with limestones (L > 140 ohm-m). Between 14 and 105 m, moder-
ate electrical resistivity values correspond to slope deposits and urban infrastructure
(35 ohm-m < S-U < 250 ohm-m), which overlie lower electrical resistivity alluvial deposits
(A <100 ohm-m). At the bottom of ERT4, moderate electrical resistivity values at depths
greater than approximately 13 m correspond to breccias (15 ohm-m < B < 250 ohm-m), as
confirmed by the geognostic borehole (Figure 5). The main feature of ERT4 is a sharp lateral
electrical resistivity variation at approximately 14 m, interpreted as a fault splay. Although
data are missing in the northernmost sector of the electrical resistivity model, an additional
fault splay was inferred at about 7 m along ERT4 based on geological observations. These
two fault splays are correlated with the fault splay (F) identified beneath the scarp by ERT2
(Figure 3).
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Figure 5. ERT4 carried out in the urban area of Villa d’Agri at the nursery school site, showing the
stratigraphic log of a borehole drilled approximately 10 m from ERT4 (see Figure 2 for positions). U,
urban infrastructure. S, slope deposits. A, alluvial deposits. L, limestones. B, breccia. Red lines with
arrows indicate fault splays (dotted where uncertain). Black lines delineate the non-tectonic contact
between different lithologies.

4. Discussion and Conclusions

Urbanization poses significant challenges to fault detection and characterization,
as it can obscure or completely hide surface fault expressions and limit access to key
investigation sites. The case of Villa d’Agri exemplifies these difficulties, where previous
extensive geological and geophysical surveys failed to identify faults within the urban area
even though it lies at the northeastern border of the High Agri Valley, characterized by the
Eastern Agri Fault System. This study demonstrates that a large number of investigations
alone are insufficient to detect hidden faults if they are not properly planned, executed, and
interpreted. This is especially true for investigation techniques for which there is currently
no standardized protocol for their effective application, such as ERT.

In this work, ERT together with geological field surveys and models from the repro-
cessing of existing data allowed the identification of a previously unknown fault beneath a
suspected, smoothed scarp obscured or completely hidden by urbanization and agricultural
activities. The identified fault, here named the Villa d’Agri Fault, consists of S-dipping
multiple synthetic fault splays with a staircase geometry, and it is part of the Eastern Agri
Fault System. Although this result does not clarify whether the Eastern Agri Fault System
is the seismogenic structure of the High Agri Valley, it underscores the value of a multidis-
ciplinary approach for investigating obscured-hidden faults in urban environments. The
staircase geometry of the fault imaged by ERT provides new insights into the subsurface
structural setting, which earlier studies missed due to factors such as inappropriate survey
locations, inadequate data processing, and misinterpretation.

This study highlights the importance of critically revisiting and reanalyzing existing
datasets, particularly in urban contexts where surface fault expressions may be obscured
or even hidden. Moreover, the study confirms that ERT is a valuable, non-invasive, and
cost-effective tool for near-surface fault imaging, though its success depends on operator
expertise and geological context.

From a seismic hazard perspective, discovering the Villa d’Agri Fault beneath a
growing urban area has important implications, as faults directly influence ground shaking
during earthquakes and their accurate identification is crucial for risk assessment and urban
planning. Seismic waves at engineering-relevant frequencies may be locally amplified by
fault zones, often exhibiting greater motion along a specific azimuth characteristic of
the site on the horizontal plane. This effect is commonly characterized by maximum
amplification occurring perpendicular to the main fracture strike. This discovery supports
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local authorities in improving urban management and seismic risk mitigation. Future
work should focus on the detailed characterization of the fault’s geometry, activity, and
seismic potential through integrated geophysical, geological, and seismological studies.
This approach can serve as a model for similar investigations in other urbanized regions
where fault traces are obscured by human activity.
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