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The Irpinia Fault, also known as the Monte Marzano Fault System, located in the Southern Apennines 
(Italy), is one of the most seismically active structures in the Mediterranean. It is the source of the 
1980, Ms 6.9, multi-segment rupture earthquake that caused  significant damage and nearly 3,000 
casualties. Paleoseismological surveys indicate that this structure has generated at least four Mw ~ 7 
surface-rupturing earthquakes in the past 2 ka. This paper presents a comprehensive, high-resolution 
geophysical investigation focused on the southernmost fault segment of the Monte Marzano 
Fault System, i.e., the Pantano-Ripa Rossa Fault, outcropping within the Pantano di San Gregorio 
Magno intramontane basin. The project, named TEst Site IRpinia fAult (TESIRA), was supported 
by the University of Napoli Federico II to study the near-surface structure of this intra-basin fault 
splay that repeatedly ruptured co-seismically in the past thousands of years. Our imaging approach 
included 2D and 3D electrical and seismic surveys, gravimetry, 3D FullWaver electrical tomography, 
drone-borne GPR and magnetic surveys, and CO2 soil flux assessment across the surface rupture. 
This multidisciplinary investigation improved our understanding of the basin shallow structure, 
providing an image of a rather complex subsurface fault and basin geometry. Seismic data suggest 
that fault activity at the Pantano segment of MMFS is characterized by a near-surface cumulative 
displacement greater than previous estimations, calling into question earlier assumptions about the 
timing of its activation. Despite some challenges with our drone-mounted survey equipment, the 
integrated dataset provides a comprehensive and reliable image of the subsurface structure. This work 
demonstrates the utility of developing an integrated approach at high-resolution geophysical imaging 
and interpretation of fault zones with weak morphological expressions.

The Southern Apennines range is among the areas with the highest seismogenic potential in the Mediterranean 
region. This is for instance the case of the so-called Irpinia Fault (i.e., Monte Marzano Fault System or MMFS), 
the source of the third largest Italian earthquake of the last century (1980, Ms 6.9, Irpinia earthquake1,2). 
The 1980 Irpinia Earthquake was a normal faulting event characterized by multiple ruptures along different 
segments, highlighting the complexity of the MMFS. In fact, the epicentral locations and source models have 
been debated by many authors3–7. The MMFS was only recognized after the 1980 earthquake, through the study 
of coseismic scarps2,8,9and timing of paleo-earthquakes, on various fault segments activated during the 1980 
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event3. These studies revealed that the Irpinia Fault represents a major seismogenic source in the Southern 
Apennines, despite its subtle geomorphic expression. This subtlety is attributed mainly to the fault’s relatively 
recent inception, estimated by different authors to have occurred between the Middle and Upper Pleistocene, 
based on geomorphic and radiometric evidence1,2,10.

The largest (M6+) earthquakes of the central and southern Apennines result from the multi-segment rupture 
of normal fault systems striking NW-SE along the axial zone of the range. Regardless of their seismogenic 
potential, these fault systems may either exhibit clear geomorphic expressions, typically bounding large and deep 
intermountain basins, or they may be weakly expressed at surface by short-term geomorphological indicators, 
such as small fault scarps, counter slope scarps and dammed valleys with associated small basin.

In the first case, the subsurface fault architecture, and the geometry and evolution of hangingwall basins 
can be effectively analyzed by reinterpreting commercial seismic profiling. A good example is the large Fucino 
basin, bounded by the causative fault of the 1915, Mw 7 Marsica earthquake11,12, which is filled by a > 1000 m 
thick continental succession13. For the latter type of fault systems, such as the Irpinia Fault, the associated 
hangingwall basins are often too small to be adequately imaged by conventional seismic profiles. High-resolution, 
multidisciplinary geophysical investigations are required to better characterize their subsurface structures (see 
Improta et al14. and references therein).

Recent efforts have been made to relate the surface rupture of the Irpinia earthquake to deep structures 
interpreted from vintage, poor-quality seismic data15. However, even after reprocessing, these data often lack 
the resolution needed to accurately characterize the shallow features. Interpretation based on such data17 could 
be significantly refined with new, high-resolution geophysical data15,17. Moreover, a deeper understanding of 
the shallow structure of young seismogenic faults and their interaction with basin evolution and sedimentation 
processes, important for seismic hazard assessment, requires integrating three-dimensional and multivariate 
subsurface imaging techniques. The TEst Site IRpinia fAult (TESIRA) project provided a unique opportunity 
to collect 3D geophysical data with unprecedented detail across the southern segment of the Irpinia Fault, the 
Pantano-Ripa-Rossa Fault18–20. Previous shallow seismic profiles have demonstrated that this fault, along with 
its associated basin, i.e., Pantano di San Gregorio Magno (Fig. 1B) has a geometric complexity that cannot be 
fully captured by 2D surveys.

The site logistics of Pantano di San Gregorio Magno were ideal for testing the integration of different 
geophysical imaging technologies and allowed us to conduct the first 3D high-resolution pilot study across a 
representative outcrop of an active fault in mainland Italy. 3D high-resolution seismic imaging, typically used 
in oil exploration, marks a significant advance in understanding the near-surface structure and kinematics of 
seismogenic  faults. The acquired data included seismic and electric surveys, gravity measurements, CO2 soil 
degassing measurements, and drone-borne ground-penetrating radar or GPR and magnetic surveys. These 
efforts aim to foster the development and testing of joint processing and interpretation techniques customized 
for imaging of active faults, enhancing our ability to detect active fault strands and providing a robust analog for 
similar seismically active environments.

In this paper, we discuss the planning and execution of all surveys and evaluate the data quality and 
performance of each method. Specifically, the 3D seismic acquisition was conducted using equipment primarily 
designed for 2D surveys; we go into the details of the field techniques used to enable others to replicate our 
experiment. Overall, the acquired data were of high quality and highly informative. In particular, the electric 
FullWaver and gravity data allowed us to estimate the geometry and extent of this small intramontane basin 
associated with active faulting, offering new insights into the interaction between surface faulting and basin 
development in this key area of the Southern Apennines.

Geology of Pantano di San Gregorio Magno
Pantano (i.e., swamp) di San Gregorio Magno (hereinafter referred to as Pantano: Fig.  1) is a Quaternary, 
intermontane tectono-karstic depression centrally located within the Southern Apennines and developed 
into Mesozoic limestones. The basin is filled by late Middle Pleistocene - Holocene lacustrine deposits (clays, 
sands and silts) with intercalation of tephra layers and sandy levels rich in reworked volcanic material21. The 
lacustrine sediments pass laterally and/or are covered by Late Pleistocene ‐ Holocene alluvial fan and slope 
carbonate deposits which crop out along the basin edges21,22 (Fig.  1). The basin opening and evolution was 
mainly controlled, since the Middle Pleistocene, by WNW‐ESE trending range‐bounding normal faults (i.e. 
Pantano - S. Gregorio Magno, PSGM Fault System21,22) related to the NE-trending regional extension. Thanks to 
tephra layers interbedded in the lacustrine sediments of a 60-m-deep borehole in the center of the basin21 (C well 
in Fig. 1B), Munno and Petrosino23determined that sedimentation in the basin began prior to 170 ka (tephra 
sample S5, at 50.8 m depth, Aiello et al21.), continuing after the Neapolitan Yellow Tuff eruption of Campi Flegrei 
(tephra sample S21, at 4.8 m depth, Aiello et al21.), which took place 14.5 ± 0.4 ka24.

The Southern Apennines are known for their frequent seismic activity25–27. The NE-trending regional 
extension is presently active, as documented by Montone and Mariucci28 and previously by Hippolyte et al29. and 
Caiazzo et al30. Several destructive historical earthquakes31 (I0> X MCS, Mercalli-Cancani-Sieberg Macroseismic 
scale32) struck this sector of the Apennines (Fig. 1). The 1980, Ms 6.9 Irpinia earthquake occurred on November 
23rd, caused by the rupture of three main normal fault segments that strike 310–320° and dip 60–70° NE2,4,5. 
These three main strands, separated by two gaps, formed an overall 38-km-long system33,34 and were associated 
with surface ruptures and coseismic scarps up to 1.3 m high1. The Pantano scarp (Figs. 1 and 2) belongs to the 
southernmost Irpinia fault strand, the Pantano-Ripa-Rossa Fault2,6. This co-seismic scarp, running in the eastern 
sector of the basin, was 45–50  cm high35. After 44 years, agricultural modifications have almost completely 
obliterated the scarp that is instead well-preserved along the Ripa Rossa ridge15 (Fig. 1B).

The in-depth structure of the Pantano basin was investigated in 2006 by three high-resolution seismic profiles 
which represented a solid guide for our survey design (Fig. 2). The shortest profile was published by Bruno et al19. 
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Fig. 1.  (A) Seismicity of the Southern Apennines, with the upper right inset revealing the region’s location 
relative to the Italian peninsula. The elements of the upper map include: 1 - Instrumental seismicity25; 2 - 
Historical earthquakes (M > 6); 325- Focal mechanism of M > 5 events27(a - Irpinia fault 1980 M6.9; b - Irpinia 
fault 1996 M5.1; c - Potenza seismic sequence 1990 M5.7; d - Mercure earthquake sequence 1998 M5.6); 
4 - Fault scarps from the 1980 Irpinia earthquake10,21. The transparent box outlines the area in Fig. 1B. (B) 
Geological map of the Pantano basin. (modified from Aiello et al21.) showing: 1 - Mesozoic limestones, 2 ‐ 
Middle Pliocene sands and conglomerates, 3 ‐ Alluvial fan deposits (Middle Pleistocene‐Holocene), 4 ‐ Slope 
debris (Middle Pleistocene‐ Holocene), 5 ‐ Lacustrine and colluvial deposits (Upper Pleistocene‐ Holocene), 6 
‐ Quaternary normal faults (PSGM Fault System), 7 ‐ High-angle faults, 8–1980 Earthquake surface scarp. The 
dotted rectangle outlines the location of Fig. 2 in relation to the Pantano Basin. This figure was generated with 
Corel Draw 24.

 

Scientific Reports |        (2024) 14:26891 3| https://doi.org/10.1038/s41598-024-75276-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


They recorded dense buffalo-gun shots with 1.5-m-spaced geophones deployed across the 1980 scarp to obtain 
a shallow, very-high resolution image of the intra-basin fault-zone. The obtained Pre-Stack Depth Migration 
section, co-located with a previous paleoseismic trench36, showed that in the downthrown side, faulting activity 
has led to the formation of colluvial bodies and to the thickening of lacustrine deposits. Seismic data showed 
the tilting and growth of the shallow lacustrine strata towards the fault caused by its sin-sedimentary activity. 
By combining the 29–38 m vertical slip of the fault, inferred from their seismic section with a vertical slip rate 
of 0.3 mm/yr estimated by trench data3, Bruno et al19. tentatively estimate an age of 97–127 ka for the inception 
of the fault, during the Middle-Upper Pleistocene period. The map was generated by QGIS v. 3.28 Firenze ​(​​​h​t​t​
p​s​:​/​/​q​g​i​s​.​o​r​g​/​​​​​)​.​​

Methods
The Pantano basin formation exceeds 240  ka, being probably around 300 ka10. As discussed above, the 
accommodation space created by active faulting has been filled with coarse sediments derived from the 
weathering of surrounding carbonate reliefs and by fine lacustrine sediments21. Overlap and contact of 
sediments/rocks with different seismic velocities, densities and resistivities make the basin and the associated 
fault zone well suitable for investigation using geophysical methods. In theory, our multi-parametric, multi-scale 
geophysical survey at Pantano positions the GPR survey as the highest in resolution (centimeter scale) but with 
very shallow penetration. On the opposite end, potential methods like gravity and magnetic surveys offer  lower 
resolution (several tens of meters) but greater penetration, while seismic data falls in between, providing metric 
resolution. The magnetic and GPR data were acquired using an “Unmanned Aerial Vehicle” (UAV), i.e., a drone. 
The use of drones leads to cost reduction, time savings, and decreased risks if compared to the common ground 

Fig. 2.  Satellite image from Google Earth Pro, v. 7.3.3 (https://www.google.com/earth/) illustrates the extent of 
field surveys conducted in the Pantano San Gregorio Magno basin, showing: 1 - the 1980 Irpinia Earthquake 
scarp, 2 - the location of Core C well (Aiello et al21.), 3 - the positions of paleoseismological trenches36, 4 - 
the black lines indicate the 2D seismic profiles acquired in 2006 while the magenta line indicate Pantano_4, 
acquired in July 2022, 5 - the Electrical Resistivity Tomography profiles location, 6 - the CO2 flux measurement 
stations, 7 - FullWaver measurement points (Rx and Tx stations), 8 - Gravity field measurement stations, 
9 - Ground-Penetrating Radar acquisition area, 10 - the area covered by the 3D electric survey, 11 - the area 
surveyed with 3D seismic method, 12 - the flight paths of drone-borne magnetometric surveys.
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and airborne surveys and allows dense and uniform aerial coverage. Additionally, UAV surveys, in the case of 
difficult ground conditions, may represent the only alternative for data acquisition37.

Active seismic surveys
The seismic data were collected in July 2022 and include a high-resolution 3D seismic survey along with a 2D 
profile. The surveyed region was well-suited for on-land seismic acquisitions owing to minimal topographical 
variations. However, logistical challenges arose, primarily related to land accessibility issues, including the 
presence of crops during the experiment. Especially for the 3D experiment, securing permits from numerous 
landowners proved challenging, preventing the realization of the initially planned survey volume. Both datasets 
intersect the 1980 scarp of the Irpinia Earthquake, as illustrated in Fig. 2. The source was a high-resolution 
seismic vibrator, the IVI-MiniVib, identical to the one used to acquire the three high-quality seismic profiles 
(see location in Fig. 2) in 2006. At each vibration point this source released approximately 27 kN of energy, 
distributed over a 15-second window and across a linear frequency range of 5–200 Hz. The data were recorded 
by vertical geophones with a 4.5 Hz eigen-frequency at a sampling rate of 1 ms and for a record length of 16 s. 
A/D conversion was carried out using the Geometrics distributed Geode acquisition systems, featuring 24-bit 
technology.

2D seismic. The only seismic profile acquired during the project, Pantano_4 (Fig. 2), complements the three 
profiles recorded in 2006. The profile Pantano_4 cuts across the 3D volume perpendicular to the surface rupture 
of the 1980 Irpinia Earthquake and is nearly parallel to the very-high resolution profile published by Bruno et 
al19. that involved buffalo-gun shots. To achieve high-resolution imaging, a small spatial sampling interval was 
used: specifically, a receiver spacing of 2 m and a source spacing of 4 m. The 99 vibration points moved from 
southwest to northeast along a 190-receiver line (8 Geodes) covering a length of 377.5 m. The maximum fold 
achieved is 99, resulting in a total of 18,810 traces, with an elevation gap along the profile of only 5.6 m.

3D seismic. The location and geometry of the source and receiver array we have designed for the 3D acquisition 
are shown in Fig. 3 and Supplementary Fig. 1. We have chosen a non-orthogonal acquisition geometry38, with 
an angle of 45° between receiver and source lines. This configuration effectively mitigates the evident acquisition 
footprints observed at shallow levels in layouts where source and receiver lines are arranged orthogonally. The 
recording array comprises seventeen receiver lines oriented at N-7°E, each equipped with 48 vertical geophones 
at 4.5 Hz, totaling 816 geophone nodes connected to a Geode acquisition system. Additionally, there are 41 
source lines oriented approximately N-62°E, featuring a variable number of vibration points ranging from 1 to 
40, resulting in a total of 784 acquired vibration points. The collective surface coverage spans approximately 12.5 
acres or 50,468 m2.

The Geode acquisition system is primarily designed for 2D profiles. Consequently, we had to modify the 
system to accommodate a 3D acquisition, which involves a significantly larger number of channels. The Geode 
system digitizes the data locally, with each board handling the digitization of 24 channels. The data from these 
channels are then transmitted to the acquisition PCs through an Ethernet cable that connects all the boards in a 
cascade to a single PC. Due to the large number of channels required for 3D acquisition, data transmission can be 
time-consuming. To address this, we divided the acquisition array into four separate sub-arrays, with each pair 
of sub-arrays connected to a different Ethernet card in the acquisition PC, as depicted in Supplementary Fig. 1. 
Merging the data, remapping seismic channels, and editing traces (such as removing dead traces and identifying 
reversed ones) was particularly challenging due to the large number of waveforms involved. Supplementary 
Fig. 2 displays the traces acquired at Vibration point #275 (refer to the map in Fig. 3) by the four sub-arrays, 
after trace editing and channel remapping. The survey location and parameters were selected with the goal to 
capture signals from depths of a few meters up to about 350 m, covering the entire basin depth. A maximum 
offset of 350 m was used to image near-surface velocity features across the 1980 surface rupture using 3D first 
arrival tomography.

We organized the data into common midpoints (CMP) with a square bin size of 25 m² (5 × 5), yielding an 
inline fold of 6 and a crossline fold of 9, resulting in a total fold of 5439. Seismic reflection processing aimed at 
obtaining a depth-migrated seismic volume using traditional CMP processing with post-stack depth migration 
algorithms40. The process began with channel remapping due to the complex array configuration, followed by 
3D geometrization. The workflow included steps to eliminate noise, reduce artifacts, and enhance resolution40.

The initial step involved trace editing to remove noisy or dead traces, mainly caused by poor ground coupling 
and loose electric contacts, and to correct polarity reversals41. Data correction included amplitude normalization 
to balance wave attenuation and bandpass filtering to reduce noise42,43. Minimum phase conversion of the seismic 
wavelet was achieved by estimating an inverse filter from the source sweeps. Deconvolution was applied to 
remove the source wavelet effects from the data and to predict and attenuate reverberations and multiples41,44,45. 
Subsequent processing included static correction to align all traces to a common reference level (datum: 
Hileman et al46) and velocity analysis47–49, which was essential for applying Normal Moveout (NMO) correction 
to account for travel-time differences between the source and  receivers. Data reduction and enhancement were 
carried out through common midpoint stacking, where traces in each CMP gather were summed after NMO 
correction, enhancing primary reflections while reducing noise and multiples. The final step was relocating 
seismic reflectors to true subsurface positions through depth migration50.

Figure 4 presents a combined view of inline 20, crossline 25, an oblique random line, and a horizontal slice at 
a depth of 125 m from the post-stack depth-migrated 3D seismic data gathered at Pantano. This image highlights 
the near-surface features of the Pantano-Ripa-Rossa Fault and illustrates its relationship with the surface rupture 
from the 1980 Irpinia earthquake. In Supplementary Fig. 3, we compare the oblique random line with the 2D 
profile Pantano_3 presented by Bruno et al19. For the latter profile, the CMP spacing is only 0.75 m, whereas in 
the oblique slice, it is 2.5 m. Additionally, truck noise from the MiniVIB source limits the imaging of reflectors 
shallower than ~ 25 m in the 3D volume. However, the higher source power of the MiniVIB provides a better 
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signal-to-noise ratio and greater depth penetration. The interpretation of Supplementary Fig. 3 is shown in Fig. 5 
and will be discussed in detail in the next section. Even at this preliminary stage, the results in Figs. 4 and 5 offer 
a clear view of the complex geometry of the basin, revealing the subsurface pattern of the carbonate basement 
and basin stratigraphy.

2D and 3D electric data
Electrical resistivity tomography (ERT) is a geophysical technique used to map the spatial distribution and 
contrasts of electrical resistivity in the subsurface, producing high-resolution 2D/3D images of underground 
structures51–53. ERT is effective for reconstructing buried lithologies, inferring hydrogeological characteristics, 
and identifying active faults, often in conjunction with seismic methods14,54–60. It works by measuring the 
potential difference caused by a known current to calculate apparent resistivity and chargeability61. In our 3D 
acquisition, electrode profiles were aligned with the N 7°E strike of the geophone lines, though the grid only 
partially overlaps with the seismic grid due to logistical constraints (Fig. 2 and Supplementary Fig. 4).

The 3D survey area spans 57,500  m² and was organized along a 9-profile rectangular grid, each with 
24 stainless steel electrodes spaced 10  m apart and 30  m between lines, totaling 216 electrodes (Fig.  2 and 
Supplementary Figs. 4–5). Each profile is 230 m long. The 2D electric profiles ERT1 and ERT2, which overlap 
with seismic profiles Pantano_2 and Pantano_4, used 60 and 72 channels, respectively, with 10  m electrode 
spacing. Data were collected with an IRIS Syscal PRO 96 resistivity meter equipped with a 120-channel switch. 
The resistivity meter can automatically perform a predefined set of measurements, and provides a direct reading 
of input current, potential difference, electrode location and apparent resistivity (see Supplementary Fig. 6).

For the 3D acquisition, given the relatively small data coverage, we employed a Dipole-Dipole array and 
a cross-diagonal survey to optimize measurement efficiency and reduce survey time, following the approach 

Fig. 3.  Satellite image from Google Earth Pro, v. 7.3.3 (https://www.google.com/earth/), illustrates a detailed 
view of the 3D seismic acquisition geometry, with receiver lines (green dots) and source lines (red stars). The 
inline receiver spacing is 5 m, with receiver lines positioned 15 m apart. The map was generated by QGIS v. 
3.28 Firenze (https://qgis.org/).Source lines are spaced approximately 7.5 m both in the inline and crossline 
directions. The angle between receiver and source lines is ~ 45°, and irregularities in source points are due 
to logistical constraints. To investigate areas with insufficient coverage or a low signal-to-noise ratio in the 
acquired data, additional vibration points were randomly added at the end of the survey. The blue star shows 
the position of vibration point #275 whose common shot gather is shown in Supplementary Fig. 2. The three 
white segments correspond to the seismic profiles shown in Figs. 4 and 5. Symbols: IL - Inline profile # 20; CL - 
Crossline profile # 25; OB – Oblique profile; P3–2D very-high resolution profile Pantano_3 published by Bruno 
et al19.

 

Scientific Reports |        (2024) 14:26891 6| https://doi.org/10.1038/s41598-024-75276-6

www.nature.com/scientificreports/

https://www.google.com/earth/
https://qgis.org/
http://www.nature.com/scientificreports


outlined by Loke and Barker62. This setup enabled rapid and effective measurement of electric potential along 
the profiles (x-axis), across profiles (y-axis), and along 45° diagonal lines.

The quality of the apparent resistivity data was affected by electrical power cables underground, leading to 
the exclusion of approximately 14% of the data before inversion. The theoretical depth of investigation63reaches 
55 m. We inverted the apparent resistivity data using the algorithm by Loke and Barker62. Initially, a conventional 
least squares method minimized the squared differences (L2 norm) between measured and calculated values. 
Subsequently, a robust model constraint was applied to minimize the absolute differences (L1 norm), which 
reduces the impact of noisy data points. Figure 6 displays the resistivity distribution with depth from the inverted 
3D volume in the x-z plane. The shallow depth slices show significant lateral resistivity variations, while deeper 
slices exhibit reduced resolution. The inverted resistivity values range from 5 Ωm to 20 Ωm.

3D deep electric resistivity tomography (FullWaver)
The deep geoelectrical survey used 15 wireless dual-channel digital receivers (V-FullWaver, IRIS Instruments) 
to record signals from a 5-kW time-domain induced polarization transmitter (VIP-5000) with multiple current 
injections. The FullWaver stations enabled accurate time-domain measurements of induced polarization, 
resistivity, and self-potential,  overcoming traditional limitations of array configurations and topography. 
This method is similar to the quadrupole measurement principle used in multi-electrode resistivity profiling 
systems64–66, where current is injected into the ground through two electrodes (AB) and the resulting voltage 
is measured by two other electrodes (MN). Real-time recording of input current is performed by independent 
stations, each with its own power source, GPS module, and digital memory for continuous recording. 
Synchronization of devices is achieved through a GPS PPS signal, providing precise time stamping with an 
accuracy of 250 µs.

Fig. 4.  Unified 3D view of inline (IL) # 20, crossline (CL) # 25 (only upper images), an oblique random line 
(OB) and a horizontal slice cut at a depth of 125 m of the post stack depth-migrated 3D seismic dataset from 
three different perspectives. The position of the slices is shown in Fig. 3. IF is the trace of the surface rupture 
which occurred during the 1980 Irpinia earthquake. This figure was generated with Corel Draw 24.
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Fig. 5.  Reinterpretation of seismic profile Pantano_3 (A) published by Bruno et al19. compared with the 
interpretation of random line (B) extracted from the seismic volume (Fig. 4). Line locations are in Fig. 3. 
Symbols: 1 - Mesozoic carbonates (transparent), 2 ‐ Upper Pleistocene ‐ Holocene dense/cemented carbonate 
slope debris (transparent) alternating to tilted lacustrine deposits and alluvial fans, 3 ‐ Upper Pleistocene 
‐ Holocene highly reflective lacustrine (in the fault hanging-wall) and poor reflective coarser deposits (in 
the fault foot-wall), 4 ‐ Holocene lacustrine and slope deposits, and colluvium. IF ‐ 1980 Irpinia Earthquake 
surface rupture. Fault splays are highlighted by red lines (dashed: hypothetical). The yellow dashed line outlines 
the position of the top of the basement according to the interpretation of Bruno et al19. which has been revised.
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The survey aimed to achieve a depth of at least 150 m, covering the area where surface fault rupture was 
reported (Fig. 7). By using current dipoles (AB) with apertures up to 1000 m, theoretical depths of around 200 m 
were reached. The survey was conducted over two days to gather sufficient data and achieve the desired resolution 
within the area previously explored with 3D seismic methods. During the survey, 90 electrodes (receivers) and 
24 current input locations (transmitters) were used. Receivers with variable apertures (25–50 m) and dipole 
orientations (E-W and N-S) facilitated different quadrupole configurations. Current injections ranged from 2 to 
3 A, adjusted based on TX dipole sizes and ground resistance (the higher the TX size and the ground resistance 
the lower was the injected current). Polarity reversals every 2s during current transmission minimized electrode 
polarization effects. The acquisition window lasted about 300 s, allowing for multiple measurements to improve 
the signal-to-noise ratio.

The transmission and receiver records are synchronized and combined using FullWaver Viewer software 
(IRIS Instruments) with GPS time stamps from each station (see Supplementary Fig.  7). Synchronization 

Fig. 6.  Horizontal slices cut from 3D resistivity cube model of across six different depth intervals displayed on 
satellite image from Google Earth Pro, v. 7.3.3 (https://www.google.com/earth/). The dashed white segment is 
the coseismic surface rupture that occurred during the 1980 Irpinia Earthquake.
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Fig. 7.  Satellite image from ESRI World Imagery ​(​​​h​​​​t​t​p​​s​:​/​/​s​e​​r​v​​e​r​.​​a​r​​c​g​​i​s​​o​n​​l​i​n​e​​.​c​o​m​/​a​r​c​g​i​s​/​r​e​s​t​/​s​e​r​v​i​c​e​s​/​W​o​r​l​d​
_​I​m​a​g​e​r​y​/​M​a​p​S​e​r​v​e​r​​​​​) location of the receivers and transmitters electrodes during the two-day acquisition of 
the deep geoelectrical survey with the FullWaver system. RX and TX station positions are shown on a high-
resolution Digital Terrain Model (DTM) with 0.1 m pixel size obtained by an aero photogrammetric survey 
made using a DJI Phantom 4 PRO, combined with ground position measurements of electrodes from a GNSS 
RTK eSurvey E100. The map was generated by QGIS v. 3.28 Firenze (https://qgis.org/).
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involves a batch process following a polarity check of receiver electrodes. The process includes identifying and 
removing spikes and abrupt variations in self-potential, stacking data, and calculating the average voltage during 
specific injection intervals within the stacked period. Apparent resistivity values are then computed based on 
the measured resistance. A total of 1920 quadrupoles were processed to obtain electrical current and apparent 
resistivity values. Quality control ensured data integrity by removing less than 5% of outliers. Filtering of outliers 
and anomalous values also occurred after preliminary inversion. Consistent with Sapia et al67., negative apparent 
resistivity values, resulting from specific quadrupole combinations and geometries, were excluded from the 
inversion.

The processed data were modeled using ViewLab 3D software (see Supplementary Fig. 8) with regularized 
inversion incorporating smoothness constraints to handle significant subsurface resistivity changes and 
generate robust 3D resistivity models. A medium-resolution mesh (12.5 × 12.5 × 12.5  m) was created with a 
depth of 250 m. Topography was obtained from an aerial survey using a DJI Phantom 4 PRO, combined with 
ground position measurements from a GNSS RTK eSurvey E100. This produced a high-resolution Digital 
Terrain Model (DTM) with a 0.1 m pixel size, after filtering vegetation and objects. The theoretical maximum 
investigation depth (300 m) was estimated, first, by integrating the analytic sensitivity function—for the larger 
TX/RX combinations—and then by calculating the median z depth, so that the area under the sensitivity curve 
is equal to 50% of the total area68. We parameterized the inversion using a starting model of 500 Ωm based 
on the expected high resistivity of the carbonate substratum and coarse clastic deposits at the basin edges67, 
and assuming that the basin fine-grained infill is mostly covered with survey allowing the model perturbation 
during the inversion. We imposed an anisotropic roughness scheme x = 1, y = 1, and z = 0.1 to highlight strong 
resistivity changes expected at the interface between basin infill and the carbonate substratum, without losing 
the lateral variability expected in the faults affecting the infilling sediments. The estimated data noise was set 
to 0.5% for V/I measurements. The result is a 3D volume of the distribution of the calculated resistivity that 
can be sliced and visualized in any direction (Figs. 8, 9 and 10). The electric model tends to be more accurate 
where most of the stations were located (near the previously reported fault rupture). However, a general trend of 
resistivity was achieved thanks to the most distant stations.

Fig. 8.  3D resistivity model with the projection of the fault rupture in a dashed line on the vertical sections. 
The Horizontal slice corresponds to the 80 m depth, whereas a N-S section corresponds to X = 538.450 m, the 
diagonal section has a strike of N30E. This figure was generated with ViewLab3D_64 (3.0, ​h​t​t​p​:​/​/​w​w​w​.​g​e​o​s​t​u​d​
i​a​s​t​i​e​r​.​i​t​​​​​)​.​​​​

 

Scientific Reports |        (2024) 14:26891 11| https://doi.org/10.1038/s41598-024-75276-6

www.nature.com/scientificreports/

http://www.geostudiastier.it
http://www.geostudiastier.it
http://www.nature.com/scientificreports


Gravity survey
The gravimetric survey involved 442 measurements across a grid covering approximately 1200 × 1600  m²  
(Fig. 11). The first survey, conducted in Autumn 2021, included 236 measurements (orange dots in Fig. 11) 
with 15 m spacing, focusing on the central area of the study, including the Irpinia Earthquake surface rupture. 
A follow-up survey in September 2023 extended the coverage with an additional 199 measurements spaced 60 
to 120 m apart (white dots in Fig. 11).

Measurements were taken using two Autograv Scintrex CG-5 spring-relative gravimeters, each with a 1 µGal 
resolution and a precision of < 5 µGal. Positioning was achieved with two Stonex high-precision RTK Differential 
GPS units, offering 1 mm vertical accuracy. The relative offset between the gravimeters was calculated by taking 
measurements at the same reference point at the beginning and end of the survey. Instrumental drift was 
monitored by repeated measurements at fixed base stations every hour and 30 min. The raw data were corrected 
for drift and tide and merged into a single database.

The measured data have been processed using standard procedures based on the Free Air reduction, Bouguer 
slab reduction and terrain effect correction using the formula69:

	 ∆ gi = gobs − (go + gfa)− (gbs + gt)� (1)

where ∆ gi is the complete Bouguer anomaly, gobsare the observed gravity data, gois the theoretical gravity, gfa
is the free-air reduction (-0.3086 h, where h is the ellipsoidic elevation at the measuring site), gbs is the Bouguer 
slab correction and gtis the terrain effect reduction.

The free-air and Bouguer slab effects were computed using the acquired altimetric data. For the Bouguer 
slab correction we set a density of ~ 2.6 g/cm3as representative of the average value of Mesozoic carbonate units 

Fig. 9.  Horizontal slices cut from 3D resistivity model across four different depth intervals. The dashed white 
segment is the coseismic surface rupture occurred during the 1980 Irpinia Earthquake, while the black lines 
correspond to the YZ slice location shown in Fig. 10. This figure was generated with ViewLab3D_64 (3.0, 
http://www.geostudiastier.it).
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in southern Italy70. The terrain effect was estimated up to a 167 km distance using the Oasis Montaj software 
and two high-resolution DTMs: the local effect was computed using the TINITALY dataset71with a 10 m spatial 
resolution, while at greater distances we used the SRTM30 data72 with an 80 m spatial resolution. The final map is 
shown in Fig. 11, where we can observe a clear agreement between the gravity anomalies and the main structural 
trends of the basin.

UAV magnetic surveys
A drone-borne magnetic survey was performed to check if magnetic data could be useful to define the basement 
geometry or even the fault trace across the Pantano basin. In this study, the potential utility of a magnetic survey 
may be supported by the presence of dispersed volcanic materials and volcanic tephra interspersed within the 
basin filling sediments, at various stratigraphic levels. As aforementioned, Munno and Petrosino23recognized the 
presence of 21 tephra layers in a 60 m borehole (which did not reach the bedrock) drilled in the depocentral area 
of Pantano Basin, relative to Phlegrean area eruptions (e.g., the Neapolitan Yellow Tuff and the Greenish Pumice 
eruptions). The tephra horizons, which appear regularly distributed throughout the core body, have a thickness 
ranging from 5 to 80 cm with a predominant sand-sized fraction23. Thanks to the measurements by Totaro et 
al73. and Crocitti et al74. magnetic susceptibility values ranging between 10 and 500 × 10−5 SI can be hypothesized 
for the tephra layers in the S. Gregorio Magno. In this geological context, we anticipate a magnetization contrast 
between the non-magnetic carbonate basement and the basin fill, which is enriched with volcanic materials. This 
contrast may also occur where faults displace magnetized filling layers. However, the survey area includes several 
anthropogenic structures, such as houses, a solar panel array, water drainage channels, and farming activity, 
which could generate intense artificial magnetic fields.

The magnetometer used in the drone-borne magnetic survey was the Geometrics Micro-Fabricated Atomic 
Magnetometer (MFAM) in the “Development kit” version. This magnetometer’s high sampling rate of 1000 Hz 
allows for unaliased measurements of 50  Hz power line fields and accurate identification of high-frequency 
magnetic noise caused by the drone. The custom bird designed to house the MFAM consists of a polystyrene 
cover with a thin, rigid base made of a Nomex honeycomb sandwich panel (see Supplementary Fig. 9a). The 
total payload weight is ~ 2.0 kg. The drone used for the survey was an electric-powered DJI Matrice 600 pro 

Fig. 10.  YZ slices across the electric volume with the projection of the surface rupture that occurred during 
the 1980 Irpinia Earthquake in a dashed white line on the vertical sections. This figure was generated with 
ViewLab3D_64 (3.0, http://www.geostudiastier.it).
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hexacopter. We minimized drone-induced magnetic interference by suspending the magnetic sensors 3  m 
below the UAV75(see Supplementary Fig. 9b). The survey covered an area of approximately 1.5 km². Seventeen 
individual flights were conducted to cover the entire study area at an elevation of 40 m above ground level, with 
38 parallel survey lines spaced 60 m apart and flown at a speed of 2 m/s. We used a digital elevation model (DEM) 
to plan the flight paths. The DEM was generated from photogrammetric data surveyed just before the magnetic 
acquisitions to ensure a constant altitude above the terrain. The acquired magnetic data were georeferenced 
using the UAV’s GPS receiver (Fig. 12).

Ground Penetrating Radar UAV surveys
Ground Penetrating Radar (GPR) provides continuous high-resolution profiling of subsurface features, capable 
of locating objects and horizons at various scales. The GPR technique is increasingly applied in diverse fields such 
as architecture, engineering, environmental management, and mineral prospecting76–79. The electromagnetic 
pulse reflection used in GPR is  based on the same physical principles as seismic reflection80.

The Pantano basin is not an ideal place for GPR measurements, due to the nature of the sediments filling 
the basin and to a very shallow water table, even during summer. Therefore, the GPR survey was planned with 
the goal of imaging only the very near-surface structure (first 5–7 m) across the 1980 rupture and to verify the 
presence in the area of other splays of the IF with centimetric vertical offsets, which are beyond the resolution 
limit of the seismic survey. Consequently,  many profiles (Fig.  13a) were acquired around the two trenches 
excavated by D’Addezio et al36., and the majority of the planned GPR acquisitions crossed the 1980 surface 
rupture.

The GPR instrument used was the COBRA Plug-in SE SE-70 monostatic antenna mounted on the DJI 
Matrice 600 Pro platform, as shown in Supplementary Fig. 10. To manage and control the UAV flight path, 
an IMU (Inertial Measurement Unit) and a GNSS (Global Navigation Satellite System) receiver were installed 
on board the drone, as well as a system that uses a data logger to record GPR data and control instruments 
from the ground station. In addition, the drone is equipped with a terrain-following radar altimeter that can 
accurately estimate the distance from the sensor’s ground. The mission was planned using two complementary 

Fig. 11.  Bouguer anomaly map of the area superimposed on satellite image from Google Earth Pro, v. 7.3.3 
(https://www.google.com/earth/). Orange and white dots are the measurement performed in 2021 and 2023 
respectively, the dashed white line is the surface rupture occurred during the 1980 Irpinia Earthquake. The 
black dashed rectangle is the region covered by the FullWaver measurements (depth slices shown in Figs. 8 
and 9), with the two black dashed lines corresponding to the two vertical slices shown in Fig. 8. The yellow and 
cyan dashed boxes mark the areas covered by 3D seismic and resistivity measurements, respectively. 
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software tools (Supplementary Fig. 10a-b): 1) Ugcs (Universal Ground Control Software) enterprise v.4.17 to 
plan the mission at a flight speed of 2 m/s80; 2) Ugcs-CPM (Custom Payload Monitor) v 3.4.1 to manage the 
radar altimeter in ‘terrain following’ mode, maintaining the antenna at 0.5 m above ground level, and to set the 
GPR parameters82,83.

The GPR antenna has a center frequency of 80 MHz and a bandwidth of 120 MHz (2-140 MHz). In monostatic 
configuration, it achieves a nominal vertical resolution of 31 cm and a horizontal resolution of 88 cm. It can 
investigate subsurface structures down to a nominal depth of 50 m in ideal conditions (substrate with a relative 
dielectric constant of 5). The system collects 32,000 samples per second, boosting the signal-to-noise ratio to 
45 dB, surpassing traditional GPR systems in penetration capacity. This eliminates the ‘ringing’ effect, and the 
low-voltage transmitter reduces power consumption. The low-frequency antennas enable their use in ground/
air coupling operations on any terrain.

We have taken several critical steps in processing GPR data, to ensure accurate subsurface imaging and 
interpretation. Initially, we applied a “dewow” filtering to remove low-frequency noise and background removal 
to enhance signal clarity84. Following this, we applied a time-zero correction to consistently align the start of 
the radar signal85. This correction ensures that the depth calculations are accurate across the entire dataset. 
Furthermore, we applied amplitude correction and signal gain adjustments to compensate for the natural 
attenuation of the radar signal with depth86. Finally, GPR data have been depth converted using a constant 
velocity of 12.5 m/ns.

Figure 13 shows two acquired GPR profiles, the one in Fig. 13b has been acquired in a standard procedure, 
i.e., moving the 80  MHz antenna on the ground, while the other in Fig.  13c was acquired using the same 
antenna mounted on the DJI Matrice 600 Pro. Both profiles cross the Irpinia Earthquake surface rupture (red 

Fig. 12.  Map of reduced to the pole of total field magnetic anomalies superimposed on satellite image from 
Google Earth Pro, v. 7.3.3 (https://www.google.com/earth/). The black rectangle is the region covered by the 
Fullwaver measurements, with the two black lines corresponding to the two profiles shown in Figure 8. The 
yellow and cyan boxes mark the areas covered by 3D seismic and resistivity measurements, respectively. The 
white dashed lines correspond to Irpinia Earthquake surface rupture.
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dashed line in Fig. 13a); additionally, the longer profile also crosses a paved road with some underground pipes 
(corresponding to the diffraction in the middle of the radargram) the profile in Fig. 13b shows overall a better 
signal-to-noise ratio, allowing us to see some rupture-related features we will discuss in the next paragraph.

CO2 flux survey
The CO2 fluxes from the ground to the atmosphere were determined at 81 measurement stations along the 
1980 fault scarp and its surroundings. All measurements were completed over three days in July 2023 under 
dry weather conditions to minimize any interference from soil moisture variations87. The measurement stations 
were distributed across the target area with a regular spacing of 30 m, which was deemed sufficient to detect 
flux spatial variations due to the presence of the fault (Fig. 14). The flux was determined using a time-integrated 
6-channel selective infrared gas analyzer (ECOPROBE 5, RS DYNAMICS) coupled to a static accumulation 
chamber, a bell-shaped hollow container made of steel with an internal volume of 4920  cm³ and a circular 
opening with a diameter of approximately 28 cm. Basically, the ECOPROBE 5 is connected to the accumulation 
chamber through a closed circuit using two tubes: one drives the gas from the chamber toward the analyzer, and 
the other returns the gas to it after it has been analyzed. The chamber is internally equipped with a fan (power 
supplied by a 6-volt battery sitting on the top of the device) added to the system to favor a homogeneous gas 
distribution inside its volume. Before starting operations, the vegetation cover was removed at each measuring 
station, and the topsoil was gently leveled. The chamber was positioned with the opening facing the ground and 
sealed by pressing its edge against the soil.

An automatic recalibration was conducted before starting measurements at each station, using atmospheric 
CO2 levels as a reference to guarantee the reliability of the results. The CO2 concentrations were measured ten 
consecutive times at regular intervals of one minute. During individual measurements, gas was extracted from 
the chamber at a rate of 1.25 L per minute for 20 s, and the ECOPROBE 5 provided an average value derived 
from 40 consecutive readings. Following the completion of ten successive measurements at each monitoring 
station, the relative soil flux was computed by assessing changes in CO2 concentration over the whole 10-minute 
measuring period, applying the following equation (Eq. 2):

	 fCO2 = (∆CO2)/∆t · V/A� (2)

Where:

•	 fCO2 is CO2 flux emitted from the ground (in mg·m−2h−1);
•	 ΔCO2 is the difference in CO2 concentrations between two consecutive measures (in mg·m−3),

Fig. 13.  The white segments in the map (A) show the traces of the acquired GPR profiles, some overlapping 
with seismic profiles Pantano_3 and Pantano_4 (purple lines) and others located around the two trenches of 
D’Addezio et al36. (blue lines); most of them cross the Irpinia Earthquake surface rupture (red dashed line). The 
profiles colored in yellow are the radargrams shown in (B) and (C).
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•	 Δt is the time interval elapsed between two measures (expressed in hours, h),
•	 V is the volume of the chamber (in m³).
•	 A is the surface covered by the chamber opening (expressed in m²).
•	 The estimated hourly flux data, converted into their corresponding daily rate to facilitate comparison with the 

literature, were georeferenced and mapped in ArcMap (Fig. 14).

Results & discussion
We begin this section by presenting the results from the seismic experiment. Slices from the 3D seismic cube 
(Fig. 4) demonstrate a high-quality imaging of the near-surface of the Pantano basin. A highly reflective package 
is clearly visible in the hanging-wall of the 1980 fault scarp, while a much less reflective package appears in 
the footwall due to a shallower carbonate basement. In Fig.  5B, we present a detailed interpretation of the 
oblique random line of Fig. 4, and we compare it with the 2D profile Pantano_3 presented by Bruno et al19. 
Uninterpreted data can be seen in Supplementary Fig. 3. Based on the outcomes of the 3D survey, we provide 
an updated interpretation of profile Pantano_3 of Bruno et al19. For the seismic stratigraphic interpretation, 
we followed Bruno et al19., who defined four seismic units based on distinct seismic velocities, patterns, and 
reflective configurations. However, our interpretation was further refined using available borehole data from 
Aiello et al21. paleoseismological surveys36, seismic tomography19, and electrical resistivity data88.

At the bottom of the seismic volume, we identify the top of the carbonate substratum as a high-amplitude, 
low-frequency reflector. This reflector marks a high P-wave velocity (Vp 3000–4500 m/s) and a reflection-free 
volume below (i.e., Unit 1), characteristic of massive carbonate units and distinct from the unconformable, 
highly reflective sedimentary package above (Units 2–4). The carbonate substratum lies approximately 60 m 
deep in the footwall and has a concave shape in the hanging wall, reaching a maximum depth of ~ 120 m.

Unit 2, characterized by a transparent to poor reflective character; chaotic patterns and by high P-wave 
velocity (2000–3000 m/s), is interpreted as Middle to Upper Pleistocene cemented carbonate slope deposits, 
particularly in the fault footwall, where it exhibits a thickness of nearly 25 m. In the hanging wall, this unit 
thickens to up to 70–80 m and shows more organized, dipping reflections with a divergent pattern and lower 
P-wave velocity, likely indicating an alternation of coarse and fine-grained deposits.

Unit 3, with P-wave velocities between 1600 and 2000 m/s, appears as a highly reflective and continuous 
package in the fault’s hanging wall, consistent with lacustrine deposits as indicated by the well stratigraphy of 
Aiello et al21. In contrast, Unit 3 in the fault’s footwall, similar to Unit 2, exhibits low reflectivity, especially along 
the oblique line, and displays hummocky clinoform configurations on the more detailed Pantano_3 profile, 
suggesting deposition in a higher-energy environment, likely continental slope deposits. Finally, Unit 4 located 

Fig. 14.  Tthe CO2 fluxes from the ground to the atmosphere along the 1980 Irpinia Earthquake scarp and its 
surroundings displayed on satellite image from Google Earth Pro, v. 7.3.3 (https://www.google.com/earth/). 
The 81 measurement stations (black dots) were distributed across the surface rupture occurred during the 1980 
Irpinia earthquake with a regular spacing of 30 m.
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at the upper boundary of the seismic cube, is characterized by low P-wave seismic velocities (Vp < 1500 m/s) 
and low resistivity (< 30 Ohm m, according to Troiano et al88.). Compared to the 2D seismic profile by Bruno et 
al19., which offers better resolution near the surface (< 25 m depth, Fig. 5a), Unit 4 is less clearly defined in the 
seismic volume (Fig. 5b). Based on trench3,36and well stratigraphy data21, we associate Unit 4 to a package of fine 
sediments, including lacustrine deposits and colluvium rich in volcanic materials, transitioning laterally into 
coarser slope deposits at the southern edge of the basin on the upthrown side of the Pantano-Ripa-Rossa Fault.

Based on chronostratigraphic analysis performed on well data by Aiello et al21., we can infer the ages of our 
Quaternary seismic units. Unit 2 dates to the Middle Pleistocene, Unit 3 to the Late Pleistocene, and Unit 4 spans 
from the upper Late Pleistocene to the Holocene. The tilting and lateral growth of Units 2 and 3 towards the 
fault, clearly visible on the oblique random line in Fig. 5b, indicate syn-sedimentary activity. The thickening and 
wedging of Unit 2, and to a lesser extent Unit 3, on the downthrown side of the fault (Fig. 5b) suggest that fault 
activity influenced the deposition of these units.

The Pantano-Ripa-Rossa Fault is identified through (see also Bruno et al19.): (1) a sudden change in the 
reflection patterns within the fault zone; (2) distinct truncations in reflections within the depth range of 30–
125 m; (3) growth strata in the fault hanging wall, dipping towards the fault surface. The fault zone surface 
projection matches the 1980 co-seismic scarp and faulted deposits exposed in the trenches of D’Addezio et al36. 
The fault apparent dip is between 58° and 68°, in good agreement with a 70°‐dipping fault plane exposed in the 
trenches36. The top basement offset, measured across the fault zone, yields a cumulative throw of ~ 60–72 m, 
more than the 29–38 m estimated by Bruno et al19. on profile Pantano_3 (yellow dashed line in Fig. 5a). In our 
new re-interpretation of Pantano_3, based on the comparison with 3D data, we moved the top of the carbonates 
in the fault hanging wall 25 m deeper. We recall that profile Pantano_3 was acquired using buffalo-gun shots. The 
comparison with the new vibratory 3D data suggests that the misinterpretation of the carbonate substratum in 
the fault hanging wall was due to the use of a weaker source with a lower penetration capacity.

Assuming a 0.3  mm/yr vertical slip rate reported by D’Addezio et al36. and using the total vertical slip 
estimated at the top of carbonates, we speculatively estimate the inception age of Pantano-Ripa-Rossa Fault to 
be around 200–240 ka (Middle Pleistocene), ~ 100 ka older than the age previously assessed by Bruno et al19. 
However, a reliable throw measurement is complicated by the fact that the Pantano-Ripa-Rossa Fault displaces 
a marine carbonatic substratum with an articulated morphology (i.e., paleovalley), likely pre-dating the fault 
inception. As a result, the measured top of the carbonates in the hanging wall may not correspond to equivalent 
levels in the footwall, potentially leading to a misestimation of the fault throw.

Given the challenges in accurately measuring fault throw, an alternative estimation for the age of the Pantano-
Ripa-Rossa Fault’s inception can be made using a sedimentation rate of 0.56  mm/yr for the Pantano Basin, 
derived from well chronostratigraphic data by Aiello et al21. In the fault’s hanging wall, ~ 70 m of Late Pleistocene 
deposits (Units 3–4), if accumulated at a constant rate of 0.56  mm/yr, suggest that their base dates back to 
~ 250 ka, potentially marking the inception of fault activity. Additionally, if the base of Unit 3 corresponds to the 
Tyrrhenian stage  (~ 128 ka), the observed maximum offset of ~ 35 m between Units 2 and 3 could suggest an 
average slip rate of ~ 0.27 mm/yr, consistent with D’Addezio et al36.

Figure 6 shows a few depth slices of the electric cube, revealing low resistivity in the basin infill, ranging from 
4 to 20 Ohm m, values being typical of saturated or partly saturated loose sediments. The resistivity distribution 
is influenced by the Pantano-Ripa-Rossa Fault, with the fault’s footwall (to the south) showing slightly higher 
resistivity than the hanging wall. This difference is most evident in horizontal sections at depths of 45 and 52 m, 
though resolution decreases with depth due to filtering of apparent resistivity data to remove the effects of 
underground electrical cables. At shallower depths, the resistivity distribution is more complex, likely reflecting 
variations in porosity and the impact of the fault on subsurface water drainage and sediment permeability.

The higher-resolution 3D electrical survey conducted in the middle of the basin (Fig. 2) does not reach the 
carbonate basement, and this contributes to the limited and relatively low resistivity range observed. In contrast, 
the lower-resolution 3D FullWaver survey (Figs. 8, 9 and 10) penetrates to about 150 m, reaching the fractured 
carbonate basement, characterized by resistivity values exceeding 200 Ohm m. To better highlight the variability 
within the basin infill, the resistivity range in the figures is clipped at 200 Ohm m. Part of the survey (Fig. 7) was 
conducted over carbonate outcrops, enabling calibration of the electrical data against the basement’s resistivity.

The horizontal and vertical slices of the 3D FullWaver model (Figs. 8, 9 and 10) clearly delineate the basin 
infill as a low-resistivity volume and distinctly show the contact between the basin infill and the carbonate 
basement to the north and south. The basin-fill loose sediments exhibit resistivity values ranging from 5 to 30 
Ohm m, consistent with the 3D high-resolution electrical survey (4 to 20 Ohm m). The differences are likely 
due to the varying resolutions of the surveys and the different acquisition times (July 2021 for the 3D survey 
and September 2023 for the FullWaver survey), which may have affected surface sediment saturation levels. 
Resistivity values above 200 Ohm m are characteristic of fractured, water-saturated carbonates.

The constant-depth electrical slices in Fig. 9 suggest that the basin edge follows structural trends in the NW-
SE and NE-SW directions, aligned with the carbonate outcrops to the north and south of the study area. The 
studied basin volume has a triangular shape with straight edges, narrowing towards the east, as further discussed 
in the gravity data analysis below. Within the basin, the FullWaver survey reveals significant heterogeneity in 
electrical properties, though the FullWaver model has lower resolution than the previous 3D electrical model. 
At depths of -60 m and especially − 80 m, the basin appears to split into two depocenters These depocenters are 
clearly affected by the surface rupture associated with the 1980 earthquake, marked by a dashed white line in 
the images.

The N-S oriented vertical slice represented in Fig. 8 reveals that approximately 30 m south of the surface 
rupture (marked by the dashed white line), the carbonate basement experiences a 50–60 m vertical offset, likely 
caused by the Pantano-Ripa-Rossa Fault. This supports the findings of the 3D seismic reflection survey discussed 
earlier. Another sudden 20-m uplift of the carbonates is observed 50 m south of the first splay, leading to the 
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basement outcropping further south. This abrupt elevation is likely due to the southern splay of the PSGM fault 
system, which bounds the Pantano Basin (Fig. 1B). These splays concur to submerge the carbonate basement by 
~ 120 m toward the basin’s center, a value consistent with seismic data. The resistivity then rises abruptly to the 
north at metric 540, possibly outlining a northern conjugate splay of the PSGM fault system or more cemented 
slope deposits. The model outlines a bowl-shaped basin, approximately 350 m wide and up to 120 m deep in the 
investigated profile, encompassing the entire lateral extent of the 1980 surface rupture. The vertical N-S electric 
slices in Fig. 10 confirm the significant lateral heterogeneity in electrical properties within the basin, reflecting 
the complexity of the infill (i.e. alternating lacustrine deposits, alluvial fans, and dense to cemented slope debris 
from Units 2, 3, and 4). This heterogeneity may contribute to lateral variations in wavelet polarity across the 
seismic boundaries of Units 2, 3, and 4, making reflector picking in the 3D seismic volume more challenging.

The electric slice at X coordinate 538,500 of Fig. 10 roughly aligns with profile Pantano_3 in Fig. 5a, with a 
minor difference in strike of ~ 8° (see also Fig. 3). Meanwhile, the oblique line in Fig. 5b falls between electric 
slices at X coordinates 538,300 and 538,600, intersecting the IF surface rupture at 538,450. Notably, the seismic 
and electric images exhibit very similar geometries of the basin and the fault zone. Additionally, the electric slices 
in Fig. 10 highlight significant geometrical changes affecting both the Pantano-Ripa-Rossa and the southern 
splay of the PSGM Fault System along the E-W direction, a feature also observed, on a smaller scale, within the 
3D seismic cube.

The map depicted in Fig. 11shows the Bouguer anomaly of the investigated area, with measurement stations 
marked by dots. Gravity data were collected more densely along the 2D seismic profiles and within the 3D 
electric and seismic volumes to allow, in a future step of data analysis, to use them as a constraint for gravimetric 
basement modeling89. The Bouguer anomaly map displays a northward increase, which can be roughly associated 
with the depth of the carbonate basement, showing low gravity values toward the basin center (south) and 
higher values in the north, where the basement outcrops. This suggests that the Bouguer anomaly is primarily 
influenced by the thickness of the basin fill sediments, which have a lower density than the carbonate rock. 
Consequently, the anomaly amplitude can provide a rough estimate of the basin’s depth and the underlying 
carbonate basement’s morphology.

However, a closer comparison of the topographic and geological maps with the Bouguer anomalies reveals 
that the gravity trend does not perfectly align with the carbonate outcrops or the dense carbonate debris 
outcrops. Additionally, the gravity low appears to shift southward relative to the geometric center of the 
basin. This suggests the presence of a regional gravity component superimposed on the main density contrast 
between the basement and the basin fill. Removing this regional component is complex and lacks a standard 
method, requiring geological and structural knowledge of the area90. Another possibility is that the basin has an 
asymmetric shape at depth, being deeper southward.

The Bouguer anomaly trend is regular north of the 1.8 mGal contour line, progressively increasing as it 
moves northward. However, south of the 1.8 mGal contour line, the trend becomes more complex, showing 
a minimum that wedges eastward near the 1980 surface rupture. This pattern is consistent in shape with the 
results of the FullWaver electric survey (Fig. 9). South of the 1980 rupture, the Bouguer anomaly peaks at the 
carbonate outcrop of Mt. Ripa Rossa (Fig. 1B), before decreasing westward and southward. This suggests that 
the carbonate wedge forming Mt. Ripa Rossa extends westwards beneath the basin. It is worth noting that the 
Pantano-Ripa Rossa Fault and the southern splay of the PSGM fault system intersect at Mt. Ripa Rossa ridge 
(Fig.  1B). Therefore, short-wavelength features of the Bouguer anomaly trend, visible in this more densely 
sampled part of the map, are likely low-magnitude gravity perturbations caused by the Pantano-Ripa Rossa 
Fault and the southern splay of the PSGM fault system.

Overall, the qualitative interpretation of the basin extent, based on the Bouguer anomaly, is consistent with 
the findings from the seismic and FullWaver surveys. The shape of the anomaly aligns well with the morphology 
of the submerged carbonate basement, as revealed by seismic and electric data. It suggests that the basin floor in 
the area of the surface rupture may have a morphology interpretable as a paleo-valley, which appears to narrow 
eastward just north of the rupture.

The magnetic survey covered a smaller portion of the basin  compared to the gravimetric survey, due to 
logistical challenges that prevented the collection of additional data above the carbonate outcrops in the surveyed 
area, both to the south and north of the basin, which would have been valuable for better assessing the spatial 
variation of tephra thicknesses from the outcrops towards the basin’s center. Figure 12 shows the reduced to the 
pole Total Field Anomaly (TFA) map. The map presents a maximum amplitude variation of ~ 60 nT, ranging 
from ~ − 20 to 40 nT. As the magnetic map is reduced to the pole, the magnetic highs and lows are approximately 
positioned above their sources. This will happen if the source magnetization direction is correctly selected when 
performing the reduction to the pole. In our case, we assumed that there is no remnant magnetization, so that the 
magnetization is purely induced, having a direction parallel to that of the International Geomagnetic Reference 
Field in this area (Declination: 3°; Inclination: 57°).

A WNW-trending magnetic high is present in the north-eastern part of the area, and a similar trending 
magnetic low is present south of the magnetic high. These trends align with the strike of the surface rupture. 
Both anomalies have their highest intensity just at the edge of the surveyed area so that, unfortunately, these 
anomalies are not seen in their entirety in the map of Fig. 12  . Other localized anomalies are present in the 
western part of the area and can be related to anthropic disturbances generated by homes, cars or tractors, 
metallic bridges, etc.

The magnetic anomaly pattern seems to be roughly related to the thickness of the sediment filling the plain, 
with higher values where the thickness decreases. In fact, a decrease in the depth of the carbonate basement 
toward the north is suggested by gravity data and is seen in seismic and electric surveys. As the carbonates 
should be practically non-magnetic, this observation may imply the presence of a significantly magnetized layer 
of volcano-clastic sediments near the bottom of the basin. In fact, as we mentioned before, the basin fill contains 
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an intermittent input of volcanic components, generating individual layers of magnetized sediments. Presently, 
this hypothesis seems to be the most probable, although an extension of the magnetic survey to the east and to 
the south might be necessary to verify its correctness.

Following the gravity survey, Ground Penetrating Radar (GPR) data were collected to provide detailed 
subsurface insights above the surface rupture (Fig. 13). To evaluate the drone-mounted GPR system, control 
radargrams were acquired using a standard ground-based setup, which provided a clearer signal-to-noise ratio, 
as shown in the example radargrams in Fig. 13b-c. The profile in Fig. 13b indeed achieved a penetration depth 
of ~ 7 m and shows, on its left side, a reflector dipping toward the center of the profile, which can be tentatively 
correlated to the dipping carbonate bedrock that outcrops a few meters to the left end of the radargram.

Sub-horizontal reflectors onlapping above it show at least four consistent and realistic inflections ranging 
from 50 to 110 cm, one just below the 1980 surface rupture (at 60 m), another found at 105 m and other two 
across possible conjugate fault splays at 130 and 150  m; Such vertical offsets, consistent across all the sub-
horizontal reflective package define four probable steep fault segments dipping to the north and to the south. 
Importantly, the magnitude of displacement aligns with the vertical offset observed at the surface during the 
1980 (50 cm) and with offsets of up to 2 m found by D’Addezio et al36. in trenches 3–4.

Despite promising results from ground-based radargrams, most of the drone-mounted GPR data exhibited 
poor signal-to-noise ratios, with diffractions from man-made objects being the most prominent features (e.g., 
Fig. 13c). Unlike successful GPR surveys in the nearby Piano di Pecore basin under similar geological and soil 
conditions91, the poor performance at Pantano is attributed to a shallower water table and inconsistent antenna 
height and azimuth due to bearing and altitude errors from the drone. 

Finally, we conclude our discussion on the results of this multidisciplinary campaign by presenting the 
results of sampling the CO2 fluxes from the ground to the atmosphere along the 1980 Irpinia Earthquake surface 
scarp and its surroundings. The daily CO2 flux data in Fig. 14 ranges from a minimum value of 0.01 g/m2d 
to a maximum of 32.88 g/m2d with an average value of 3.97 g/m2d and a median of 0.32 g/m2d, showing an 
asymmetrical markedly right-skewed distribution (see Supplementary Fig. 11). The cumulative frequency curve 
(see Supplementary Fig. 12) shows the existence of three populations in the dataset: one featuring a very low 
slope in the range between 0.01 and 1.5 g/m2d, one including value up to 8.8 g/m2d and the latter characterized 
by values up to the maximum (32.88 g/m2d).

In line with the values of the statistical location indices reported above and the distribution plots, the 
interpolated map of CO2 fluxes (Fig. 14) shows a complex spatial pattern with (a) values below 1.5 g/m2d mostly 
concentrated in the eastern sector of the map far away from the reported 1980 Irpinia Earthquake scarp trace 
and along the southern edge of the investigated area, (b) very high values (from 7.3 g/m2d up to 24.4 g/m2d) 
mostly located in correspondence of the fault trace and two small areas of limited extension on the north-
western and south-western sectors of the investigated area, (c) intermediate values (between 1.5 to ~ 7.3 g/m2d) 
characterizing the transition zone between lower and higher fluxes.

The lower data interval can be considered as a reference for the local baseline of the CO2flux predominantly 
associated with the biological activity of the pedological cover92, as also reported for other non-volcanic areas of 
the Campania region93. On the other hand, values belonging to the highest CO2concentration range can be seen 
as an anomalous statistical population indicative of the presence of the deeper seismogenic structure connected 
to the surface rupture of the 1980 Irpinia Earthquake; in this regard, the fluxes falling in the intermediate range 
of values are probably representative of a stress zone crossed by secondary lineaments connected with the main 
fault acting as the primary gas source94.

Notably, soil gas measurements of different gas species, including CO2, performed by Ciotoli et al95. across 
another segment of the of the MMFS in the area of Piano di Pecore, in the northern Mount Marzano massif, also 
found anomalies that are aligned with the NW-SE trending coseismic rupture of the 1980 earthquake, as well as 
along the southern border of the plain where a hidden, E-W striking fault is inferred95.

Conclusions
The multidisciplinary investigation conducted over the past three years at the Pantano di San Gregorio Magno 
basin as part of the TESIRA project has provided significant insights into its geophysical characteristics. Through 
a multi-scale and multi-resolution strategy that integrates geophysical and geochemical surveys across the full 
extent of the 1980 Earthquake surface rupture in the Pantano Basin and surrounding areas, we have gained a 
clearer understanding of the near-surface geometry, stratigraphy, and active fault strands responsible for the 
basin’s development.

The seismic, gravity, and electrical data converge in revealing a consistent picture of the basin and fault zone, 
highlighting the three-dimensional characteristics of the investigated fault strands. Additionally, the geometrical 
complexity of the basin revealed by our surveys, highlights the limitations of relying solely on 2D profiling or a 
single methodology for exploration in such environments. Even with careful planning, an approach centered on 
multiple 2D profiles may fail to fully capture the subsurface fault geometry, potentially leading to an incomplete 
or overly reductive depiction of the subsurface settings.

An illustrative example is the 2D survey across the Pantano - Ripa Rossa Fault conducted by Bruno et 
al19. Although this survey was planned based on a thorough review of surface geological and morphological  
information, and aligned almost orthogonal to the 1980 surface rupture, a comparison with our 3D data reveals 
significant discrepancies. The in-depth geometry of Units 2 and 3, and the thickening, wedging and back-tilting 
of these units towards the fault, was only partially captured by Bruno et al19. The limitations of 2D migration in 
such a 3D setting arise from its inherent inability to resolve lateral variations that are not in the profile plane. 
These variations can only be accurately imaged through 3D migration. Moreover, our interpretation of the 
seismic data suggests that the cumulative deformation produced by the Pantano-Ripa Rossa Fault may be greater 
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than the previous estimation by Bruno et al19. and that the inception of this fault could be dated the Early-to-
Middle Pleistocene (~ 200–250 ka).

At Pantano Basin, sedimentation rates balanced the subsidence caused by fault activity21. However, 
the Pantano-Ripa Rossa Fault, located centrally within the basin, contributed only a minor portion to the 
accommodation space generated by faulting, with the main contribution coming from the PSGM fault system, 
as indicated by FullWaver data. This data, consistent with seismic findings, also suggests that the Pantano-Ripa 
Rossa Fault and the nearby PSGM Faults bounding the basin to the north and south are geometrically connected.

While surface evidence along the MMFS suggests small cumulative fault throws, crustal-scale cross-sections 
and seismological data may indicate larger throws. According to Ascione et al96., this discrepancy is due to 
decoupling between deep and shallow fault zones within a tectonic mélange between the Lagonegro Basin 
units and the deeper Apulian Platform carbonates. However, the consistent CO2 anomalies we found along the 
Pantano-Ripa Rossa Fault, along with those identified by Ciotoli et al95. across the Monte Marzano segment of 
the MMFS, suggest a direct connection between the shallow ruptures and the deep seismogenic structure. This 
hypothesis has been recently reinforced by Feriozzi et al97 and Bello et al15, based on the analysis of prevailing 
structural trends, interpretation of vintage seismic profiles, tomographic velocity models and recent background 
seismicity.

Overall, the integrated geophysical and geochemical data acquired under the TESIRA project provide 
a comprehensive understanding of Pantano basin’s subsurface structure, from small to large scale, and its 
evolution driven by fault dynamics. However, not all acquired data yielded equally useful results. The decision 
to use drone-mounted equipment for the GPR survey proved to be suboptimal. This is evident when comparing 
the radargrams recorded by the drone to those from ground surveys. We have identified the probable causes of 
these shortcomings, such as the presence of a shallow water table, the need for a lower frequency setting of the 
antenna, and the potential benefit of flying at a lower altitude or eliminating the terrain-following mode in the 
flight planning. By sharing our experience, we aim to provide insights for future improvements. Despite these 
challenges, aerial surveys by drone still hold significant potential for conducting quick and cost-effective surveys 
of fault-bounded basin areas, especially where logistical and permitting issues may limit the feasibility of ground 
surveys.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable re-
quest.
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