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The Fucino Basin, the largest tectonic basin within the Central Apennines orogen, 
is bounded by normal faults that have controlled the deposition of over 1 km 
of Pliocene-Quaternary continental deposits above a Messinian substratum. 
Conflicting interpretations from legacy seismic profiles have hindered a full 
understanding of the basin’s stratigraphy, age, evolution, and fault systems, 
creating uncertainties for tectonic reconstructions, seismic response analysis 
and hazard assessment. To resolve these uncertainties, we acquired new 
high-resolution datasets through three complementary active–passive seismic 
surveys. These include seismic reflection profiles covering ∼10 km, a nodal 
ambient noise campaign deploying 258 short-period nodes over 16 km2, 
preceded by two pilot array tests, and finally a basin-wide ambient noise 
survey comprising 1-hour recordings at 42 sites. Our analysis focused on the 
San Benedetto and Trasacco Faults—responsible for the 1915, M7.1, Marsica
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earthquake—and the main depocenter (the Bacinetto) associated with the San 
Benedetto Fault. This paper presents experimental setup, recorded data, and 
initial findings that provide new insights into basin stratigraphy, fault geometry, 
and spatial distribution of the fundamental resonance frequency (f0). The seismic 
reflection data show excellent imaging quality, resolution, and penetration 
exceeding 1 km. The Bacinetto hosts up to 850–900 m of continuous lacustrine 
succession and lower fluvio-lacustrine deposits that record sustained syn-
sedimentary slip along the San Benedetto Fault from the Late Pliocene to Recent 
times. No evidence is found for significant synthetic or antithetic faulting beneath 
the depocenter, contradicting earlier structural models. The intra-basin Trasacco 
Fault forms a clear basement step and localized sediment thickening that tapers 
northwestward f0 varies from 1 to 2 Hz near the basin margins to ∼0.2 Hz 
in the Bacinetto, reflecting progressive sediment thickening, whereas it varies 
abruptly across fault zones. f0 estimates from nodal and station data show good 
consistency. 

KEYWORDS

ambient noise data, basin seismic response, extensional basin, high-resolution seismic 

reflection profiles, nodal arrays, seismic stratigraphy, seismogenic faults 

1 Introduction

The Fucino Basin (FB), located within the Central Apennines 
fold-and- thrust belt, is one of the largest tectonic depressions in 
the Mediterranean region and hosts a continental infill exceeding 
1000 m in thickness. Since the Late Pliocene, basin formation and 
evolution have been controlled by a complex system of faults with 
prevailing extensional kinematics. The main fault sets strike SW-NE 
and NW-SE, and bound the northern and eastern basin borders, 
respectively (Figures 1A,B) (Cavinato et al., 2002). Over the past three 
decades, the FB has been the focus of numerous scientific projects 
driven by two main factors: 1) the presence of a thick lacustrine 
succession that represents a long and continuous sedimentary record 
extending back to the Middle Pleistocene at least (Giaccio et al., 2019), 
and 2) the occurrence of large-magnitude earthquakes (M6-7), 
including the 1915, M7.1, Marsica event, which caused over 30,000 
casualties (Galadini and Galli, 1999 and references therein). 

Geological, geophysical, and seismological investigations 
provided insights into the basin structure and evolution, 
the geometry and seismogenic potential of its active faults, 
and the local seismic response (Caielli et al., 2023 and 
references therein; Cara et al., 2011). Notably, scientific 
drilling projects enabled the definition of high-resolution 
tephrostratigraphies and chronologies for the lacustrine record 
spanning the last 430 ka, providing key constraints for 
palaeoenvironmental and palaeoclimatic reconstructions of the 
central Mediterranean region (Giaccio et al., 2024).

The FB sub-surface has been extensively investigated, primarily 
through the re-interpretation of legacy seismic profiles acquired 
for hydrocarbon exploration (Figure 1A) (Cavinato et al., 2002; 
Patacca et al., 2008; Patruno and Scisciani, 2021; Caielli et al., 2023). 
These studies proposed different interpretations of basin stratigraphy, 
depositional age of the infill, and architecture of the Pliocene-
Quaternary normal fault systems (Figure 2). The main reasons 
for conflicting interpretations are: (i) the variable quantity and 
quality of the interpreted seismic profiles, (ii) the absence of 

deep calibration wells and, most significantly, (iii) inadequate 
data resolution to accurately image shallow targets, such as the 
continental fill and intra-basin faults. Consequently, the position 
and depth of the basin depocenters remain controversial, and 
the faults geometries and activity are not univocally defined 
(Figure 2 and Supplementary Figure S1). Such uncertainties critically 
affect reconstructions of the long-term tectonic evolution and 
seismic hazard assessment. 

To improve understanding of the basin’s seismogenic faults, 
stratigraphy and evolution, in 2022 we acquired high-resolution 
(HR) seismic data by combining passive and active 2D/3D surveys. 
Our investigation focused on two key targets: the San Benedetto 
Fault in the eastern margin and the Trasacco Fault in the western 
sector, both striking NW-SE and dipping to the SW (Figure 1). 
The former represents the main bounding fault that controlled 
the basin’s evolution since the Early Pleistocene, whereas the latter 
is the principal intra-basin fault (Cavinato et al., 2002; Patruno 
and Scisciani, 2021). Notably, both faults ruptured during the 
Mw 7.1, 1915 Marsica earthquake and have been identified as 
sources for Holocene and historical M6-7 events, thanks to several 
paleoseismological studies (Galadini and Galli, 1999).

We carried out three complementary surveys: 

a. Reflection Profiling. We acquired four HR reflection profiles 
for a total length of approximately 10 km (Figure 1A) to 
obtain the first detailed images of fault-zones and basin 
stratigraphy down to 500–1000 m-depth. Specific goals were 
to: (i) constrain the geometry of the San Benedetto and 
Trasacco faults where they are buried beneath thick, recent 
sediments, (ii) investigate the internal architecture of the fault 
zones and the style of deformation in the pre-Pliocene units 
and shallow sediments, (iii) obtain a high-quality image of the 
infill stratigraphy within the Bacinetto depocenter, associated 
with the San Benedetto Fault (Figure 1A).

b. Nodal Ambient Noise Array. A seismic array consisting of 
258 three-component, 4.5 Hz and 5.0 Hz nodal seismometers 
(nodes; Dean et al., 2018) was deployed in the south-western 
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FIGURE 1
(A) Synthetic geological map of the Fucino region (modified after Caielli et al., 2023; Mondati et al., 2021; Faure Walker et al., 2021). 1, Lacustrine 
deposits (Holocene lake); 2, Lacustrine, fluvio-lacustrine, alluvial and talus deposits (Middle Pleistocene to Recent); 3, Talus, alluvial fan, fluvio-lacustrine 
deposits (Late Pliocene - Early Pleistocene); 4, brackish deposits of late-orogenic thrust-top basins (Late Messinian); 5, Foredeep flysch deposits (Early 
Messinian); 6, Miocene carbonate ramp successions (Middle-Late Miocene); 7, Platform carbonates (Mesozoic); 8, Slope-to-basin carbonates 
(Mesozoic-Paleogene); 9, Pliocene-Quaternary normal faults; 10, Thrust faults; 11, Subsidiary faults; 12, Seismic commercial profiles (the profile labelled 
L1 is shown in Figure 11); 13, High-resolution seismic profiles labelled SB, T1, T2, and Tls (this study); 14, Nodal array survey area; 15, Noise 
measurements by stand-alone seismic stations equipped with 5s seismometers. The black star denotes the epicentre of the 1915 Marsica earthquake 
(Rovida et al., 2021). Main normal fault systems: SSGF, San Benedetto - Serrone - Gioia dei Marsi fault system; SBF, San Benedetto Fault; PCF, Pescina - 
Celano fault; CAF, Collarmele - Aielli fault; TCAF, Tre Monti - Celano - Aielli fault; TF, Trasacco Fault; LF, Luco dei Marsi Fault. (B) Simplified geological 
section across the Fucino Basin (modified after Caielli et al., 2023; Mondati et al., 2021). The extremes of this geological section are highlighted in the 
map with labels A-A′.

sector of the basin, spanning the presumed trace of Trasacco 
Fault (Figure 1A). The array covered an area of 16 km2

and operated continuously for approximately 3 weeks. Two 
preparatory smaller arrays of seismic nodes were deployed 
for several hours to assess the overall characteristics of the 
ambient noise. The experiment had the main goal to collect 
ambient noise data to investigate the seismic response in 
settings of high structural complexity and the shallow S-wave 
velocity structure across the Trasacco fault zone. The array was 
crossed by three HR seismic profiles allowing constraints on 
the subsurface structure (Figure 1A).

c. Large-Scale Ambient Noise Survey. One-hour-long ambient 
noise recordings were additionally acquired in 42 sites, 
covering a large part of the FB, using seismic stations equipped 
with 5s velocimeters (Figure 1A). In the eastern sector, stations 
were deployed along two W-E transects across the San 
Benedetto Fault and the Bacinetto depocenter to investigate 

the seismic response at sharp lateral lithological changes. 
Numerous stations were co-located with the HR seismic 
profiles to constrain the interpretation of the noise analysis, 
and with the nodal array sites to compare results obtained from 
recordings of varying lengths and instrumentation.

This paper introduces the Fucino Basin passive-active seismic 
experiment. We first outline the geological and seismotectonic setting 
of the FB, emphasizing inconsistencies among published subsurface 
geological models. We then describe the objectives and design of our 
integrated seismic surveys. Next, we present the acquired seismic data, 
with a focus on their quality. Finally, we discuss the initial findings of 
the data analysis, which provide new insights into basin stratigraphy, 
geometry of the San Benedetto and Trasacco faults, and the basin’s 
fundamental resonance frequency. These findings highlight important 
methodological considerations for seismic investigation of structurally 
complex, fault-controlled basins. 
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FIGURE 2
Subsurface structure of the Fucino Basin. (A) Subsurface model redrawn from Cavinato et al. (2002). Red lines denote Pliocene-Pleistocene normal 
faults identified in the subsurface by interpreting seismic commercial profiles (dotted magenta lines). Blue lines are the isochron contours (interval 
100 ms TWT) of the Upper Pliocene to Recent continental deposits. The pre-Pliocene geological units are shown in green, the Upper Pliocene - Lower 
Pleistocene continental deposits are shown in gray (modified after Caielli et al., 2023; Mondati et al., 2021; Faure Walker et al., 2021). The magenta 
continuous line denotes the commercial profile L1 shown in Figure 11. The high-resolution seismic profiles SB, T1, T2 and Tls (this study) are shown 
with brown lines. The brown dashed line evidences the northern transect of single-station noise measurements. (B) Subsurface model redrawn from 
Patruno and Scisciani (2021). Blue lines denote Plio-Pleistocene faults detected in the subsurface by interpreting seismic commercial profiles (dotted 
magenta lines), while the faults mapped from outcrops are shown with red lines. The sky-blue regions denote the basin depocenters reported by 
Patruno and Scisciani (2021) and correspond to basin sectors where the total thickness of the Pliocene-Quaternary continental succession exceeds 
1350 ms TWT. Normal fault systems: SSGF, San Benedetto - Serrone - Gioia dei Marsi fault system; SBF, San Benedetto Fault; PCF, Pescina - Celano 
fault; CAF, Collarmele - Aielli fault; TCAF, Tre Monti - Celano - Aielli fault; TF, Trasacco Fault; LF, Luco dei Marsi Fault; BF, Bacinetto Fault. The Trassaco 
Fault traced inside the basin by Faure Walker et al.
(2021) is shown with a thick orange line.
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2 Background

2.1 Geological setting

The Central Apennines range is a Neogene, NE-verging fold-
and- thrust belt developed due to the deformation of the Adria 
continental margin, linked to the eastward retreat of the Adria-
Ionian slab (Malinverno and Ryan, 1986). The study region has 
experienced NE-SW regional extension since the Late Pliocene 
(Cosentino et al., 2017), with deformation primarily accommodated 
by normal fault systems that are typically NW-SE striking, SW-
dipping and 20–30 km-long (Faure Walker et al., 2021, and 
references therein).

Subsurface models based on legacy seismic commercial profiles 
define the FB as a half-graben type basin (Figure 1B). The basin 
is filled by Late Pliocene to Recent continental sequences that 
gently dip NW-ward and NE-ward in the hangingwall of the 
bounding faults (Patacca et al., 2008) (Figure 1A). The basin 
substratum consists of Meso-Cenozoic slope-to-basin and platform 
carbonates, unconformably overlain by syn-orogenic and late-
orogenic Messinian siliciclastic deposits (Cavinato et al., 2002; 
Mondati et al., 2021; Caielli et al., 2023). These folded and thrusted 
pre-Pliocene units were in turn dissected by Pliocene-Quaternary 
fault systems with normal to oblique kinematics, which bound 
the FB with two trends: WSW-ENE to the north and NNW-SSE 
to the east (Figure 1A) (Galadini and Messina, 1994). This large-
scale geometry of the basin is confirmed by gravity data modelling 
(Mancinelli et al., 2021; Cella et al., 2021).

Surface geological data and commercial reflection profiles 
indicate that the evolution of the basins has been controlled by two 
main fault systems: the WSW-ENE trending, SSE-dipping Tre Monti 
- Celano - Aielli fault system to the north (TCAF in Figure 1A), and 
the NNW-SSE trending, WSW-dipping San Benedetto - Serrone - 
Gioia dei Marsi fault system (SSGF) to the east [Caielli et al. (2023) 
and references therein]. In the literature, the general evolutionary 
model of the FB involves the time-delayed activation of these 
two systems, resulting in a polyphase evolution with important 
changes in the depositional setting (Galadini and Messina, 1994; 
Galadini and Galli, 1999; Cavinato et al., 2002; Patacca et al., 2008; 
Patruno and Scisciani, 2021; Caielli et al., 2023). The TCAF was 
significantly active during the Late Pliocene-Early Pleistocene with 
right-lateral transtensional kinematics, leading to the deposition of 
breccia, alluvial and lacustrine sequences primarily in the northern 
and northwestern sectors of the basin. Conversely, the SSGF has 
been characterised by intense Quaternary activity. This fault system 
has controlled the growth and syn-sedimentary eastward tilting of 
a wedge of lacustrine, fluvial-deltaic and alluvial deposits, which 
are several hundreds of meters thick in the central and eastern 
FB (Figure 1B) [see Lanari et al. (2021) and Caielli et al. (2023) 
for a review].

Notwithstanding the current consensus relative to the basin 
evolutionary model, studies based on seismic commercial profiles 
and surface geological data have yielded different interpretations. 
These differences pertain to the geometry of the major and 
secondary fault systems, the position and thickness at the 
depocenters, the basin stratigraphy, and the depositional age of 
the sedimentary sequences. Furthermore, the architecture of the 
active fault systems covered by thick continental sequences is 

not defined univocally. These discrepancies mainly arise from: (i) 
variable quality and coverage of legacy seismic profiles, (ii) the lack 
of deep calibration wells, and (iii) resolution of commercial data 
insufficient to image shallow deposits and intra-basin faults.

In the following section, we emphasize the main differences 
among the published subsurface models.

In earlier subsurface models (Cavinato et al., 2002; 
Patacca et al., 2008), the main depocenter is in the central-
eastern FB (i.e., underneath the Bacinetto; see Figure 2A), and its 
position and evolution were controlled by the northern segment 
of the SSGF, the San Benedetto Fault. The depocenter is filled 
with Late Pliocene to Recent continental deposits reaching a 
thickness of 900 ms TWT (converted to approximately 850 m by 
Cavinato et al., 2002) in correspondence of the maximum fault throw 
(about 600 ms TWT) (see Figure 2A). Conversely, the thickness of 
continental deposits in the hangingwall of the TCAF in the northern 
FB is significantly smaller (<200–250 ms TWT).

In a recent study, Caielli et al. (2023) partially revised this 
model after the re-interpretation of a legacy industry profile and 
a refraction tomography of the CROP11 deep-crustal seismic 
survey. These authors emphasised the importance of a late-
orogenic sequence, consisting of Upper Messinian brackish and 
siliciclastic deposits, which they ascribed to a thrust-top basin 
emplaced upon the Meso-Cenozoic carbonate and flysch units 
(Cipollari et al., 1999; Mondati et al., 2021). Unlike earlier 
interpretations, the Caielli et al. (2023) subsurface model defines 
this late-orogenic sequence as a continuous body up to 500 m-
thick, that forms the pre-Pliocene substratum across a wide sector 
of the basin (Figure 1B and Supplementary Figure S1). In the 
area of the main depocenter, the Upper Pliocene - Pleistocene 
continental deposits, which unconformably cover the Upper 
Messinian sequence, reach a thickness of 1050 m TWT. Here, 
the San Benedetto Fault’s maximum throw is estimated to be 
approximately 550 ms TWT (Supplementary Figure S1).

Patruno and Scisciani (2021) presented a different interpretation 
of the basin stratigraphy and fault architecture, based on a partial 
re-processing of the legacy seismic lines. The authors emphasise 
the importance of WSW-ENE trending, south-dipping normal 
faults along the northern basin margin, such as the TCAF. They 
propose that the activity of these northern faults generated the main 
fault-controlled depocenter, which they locate in the northeastern 
sector of the FB (Figure 2B). This depocenter reaches a depth of 
1450 ms TWT (estimated depth of approximately 1750 m according 
to the authors) and is mainly filled with Upper Pliocene - Lower 
Pleistocene continental deposits. Patruno and Scisciani (2021) also 
propose a different architecture of the SSGF. Their model includes 
an important splay fault, synthetic to the San Benedetto Fault in the 
eastern FB, namely, the Bacinetto Fault (labelled BF in Figure 2B). 
Due to the concurrent activity of these two faults, an easterly polarity 
affected the basin evolution since the Early Pleistocene, leading to 
formation of thick syn-tectonic wedges of continental deposits in the 
eastern sector of the basin. The two faults are associated with distinct 
depocenters (Figure 2B) that are emplaced on the pre-Pliocene 
substratum and mainly filled with Lower Pleistocene - Holocene 
lacustrine deposits. The San Benedetto Fault depocenter reaches a 
depth of approximately 1400 ms TWT, while the Bacinetto Fault 
depocenter is 1450 ms TWT deep (corresponding to an estimated 
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depth of approximately 1600 m). Both faults have accumulated a 
maximum throw in the order of 550–650 m.

The differences between the subsurface models of Patruno 
and Scisciani (2021) and Caielli et al. (2023) are evident 
in their interpretations of the best-quality legacy seismic 
profile L1, which crosses the San Benedetto Fault depocenter 
(Supplementary Figure S1). Specifically, the thickness of Upper 
Pliocene to Recent lacustrine and alluvial deposits in the fault 
hangingwall is reported as 1050 ms TWT by Caielli et al. (2023), 
compared to 1400 ms TWT by Patruno and Scisciani (2021). This 
discrepancy primarily stems from the contrasting interpretation 
of deep seismic units ascribed to Messinian thrust-top and flysch 
deposits by Caielli et al. (2023), and to Upper Pliocene - Lower 
Pleistocene continental deposits by Patruno and Scisciani (2021).

Different interpretations have also been proposed for the 
architecture of the easternmost faults (i.e., Pescina-Celano Fault) 
and the Trasacco Fault (Figures 2A,B). The Trasacco Fault is 
exposed southwest of the FB (Figure 1), where it produces a clear 
bedrock scarp along the western slope of a carbonate ridge (e.g., 
Papanikolaou et al., 2005). To the northwest, where the fault cuts 
across alluvial fans and lacustrine deposits in the Fucino plain, its 
subsurface geometry is not defined univocally. According to Patruno 
and Scisciani (2021), the intra-basin section of the Trasacco Fault 
delimits a complex NW-SE trending horst-like salient (Figure 2B). 
Conversely, in Cavinato et al. (2002), the Trasacco Fault is associated 
with a synthetic splay that produces a step in the substratum with 
a maximum fault throw of approximately 100 m TWT (Figure 2A). 
In addition, the fault’s northern tip and its total length remain 
uncertain. 

2.2 Seismotectonic setting

The seismogenic nature of the normal faults in the 
Fucino area is documented by the 1915 Marsica earthquake 
(Oddone, 1915; Serva et al., 1988). This event generated coseismic 
surface ruptures along the NW-SE striking faults on the eastern 
basin side and along the Trasacco Fault. Several continuous fresh 
bedrock scarps, up to 1 m high, were observed along the SSGF, 
and interpreted as the surface expression of coseismic rupture 
propagating from seismogenic depth along the causative fault. 
Surface faulting also affected recent lacustrine deposits along the 
San Benedetto Fault.

Paleoseismic studies of the SSGF and the Pescina-Celano fault 
allowed to identify at least eleven surface-faulting paleo-earthquakes 
comparable to the 1915 event, and to estimate Late Pleistocene-
Holocene vertical slip rates in the range of 0.35–0.50 mm/yr 
(Michetti et al., 1996; Galadini et al., 1997; Galadini and Galli, 1999; 
Galli et al., 2008). Along the intra-basin section of the Trasacco 
Fault, seven 1915-like paleo-earthquakes were recognized over the 
past 12 kyr, yielding a short-term vertical slip rate of 0.3–0.4 mm/yr 
(Galadini et al., 1997). The vertical slip rate decreases toward 
the northwest, from 0.38 mm/yr (inferred 3 km south of Trasacco 
village; Papanikolou et al., 2005) to 0.08 mm/yr (derived 7 km 
north of Trasacco), consistent with slip tapering toward the fault’s 
northern edge (Galadini et al., 1997).

Following the 1915 Marsica earthquake, the Fucino area has 
been characterized by a low rate of seismicity (Rovida et al., 2021). 
Only 104 local events of low-to-moderate magnitude (ML = 

2.0–4.1) were recorded over the last four decades by the Italian 
National Seismic Network run by Istituto Nazionale di Geofisica e 
Vulcanologia (INGV). The background seismicity recorded between 
April 2003–September 2004 by a regional temporary network 
confirmed that the Fucino fault systems are characterized by a low 
level of seismicity (Bagh et al., 2007).

Cara et al. (2011) investigated the basin seismic response 
through the analysis of small to moderate local and regional 
earthquakes. Data recorded at 16 sparse sites revealed strong 
ground motion amplifications relative to hard-rock reference 
stations. Remarkable amplifications characterize the sites located 
west of the San Benedetto Fault and within the Bacinetto. Here, 
low-frequency amplification peaks (<1 Hz) define the basin’s 
fundamental resonance frequency. At the basin edges, ground 
motion amplifications shift towards higher frequencies (>1 Hz). 
The resonance frequencies (f0) inferred from horizontal-to-vertical 
spectral ratios of ambient noise (HVNSR; Nakamura, 1989; 
Molnar et al., 2022) showed close agreement with those estimated 
from earthquake data. Single-station ambient noise surveys 
conducted in the northwestern (Di Naccio et al., 2020) and 
southwestern basin’s margins (Famiani et al., 2022) confirm the 
gradual decrease in the f0 value moving from the basin margins 
toward the plain. The Famiani et al. (2022) survey partly overlaps 
with our nodal array experiment. Their 88 measurement sites 
showed f0 values decreasing from 0.9 Hz to 0.4–0.5 Hz in the 
northeastern direction, correlating with the general thickening 
of the basin infill, while f0 values of 1.0–2.5 Hz characterize the 
basin edge. Local variations in f0 were also observed across the 
Trasacco Fault. 

3 Seismic data

3.1 High-resolution seismic profiling

We acquired four HR seismic reflection profiles in key sectors 
of the basin to improve knowledge of the basin’s stratigraphy and of 
the geometry and activity of the San Benedetto and Trasacco faults, 
providing better constraints than to legacy commercial surveys. 
Each seismic profile was designed with specific targets in mind, but 
local logistic constraints influenced the acquisition geometry. The 
Fucino plain is characterized by an orthogonal network of mostly 
unpaved roads, which are oriented E-W and N-S, parallel to the main 
drainage canals. Accordingly, we utilized an E-W direction for all 
seismic lines (Figure 1A), which allows better investigation of the E-
dipping syn-sedimentary wedges and NNW-SSE striking faults. The 
four HR profiles are: 

a. San Benedetto profile (SB) is 4200-m-long and crosses the 
San Benedetto Fault and the Bacinetto depocenter (Figure 1A). 
It aims to: investigate the sedimentary sequence in both the 
fault footwall and hangingwall, where the lacustrine sequence 
reaches its maximum thickness, reconstruct the internal 
architecture of the fault zone, assess changes in faulting 
and deformation style moving from the brittle limestone 
substratum to the ductile lacustrine sequence, and detect active 
fault splays potentially associated with surface faulting hazard.

b. Trasacco profile (T1) is 2700-m-long and crosses the 
central sector of the basin (Figure 1A). It targets 
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the basin’s infill and substratum, and possible active 
faults in the footwall of the Trasacco Fault. This 
profile is tied to the deepest scientific drillings in the 
plain [wells F4-F5 analysed by Giaccio et al. (2017), 
Giaccio et al. (2019) and Giaccio et al. (2024)], reaching 
a depth of 98 m, and aims at correlating high-resolution 
seismic stratigraphy with well-based tephrostratigraphies and 
chronologies.

c. Trasacco profile (T2) is 1915-m-long and crosses the Trasacco 
fault-zone (Figure 1A). Its main objective is to constraint the 
position, architecture, and total throw of this fault, which 
remains debated in the literature (Figures 2A,B).

d. Land Streamer profile (Tls) is 900-m-long and crosses the 
northernmost section of the Trasacco fault-zone. It was 
designed to test the effectiveness of a land-streamer system 
developed by INGV for imaging deep continental basins in 
areas affected by high cultural noise, and to further constrain 
fault geometry.

All seismic data were collected by using a 6-ton vibratory 
source (IVI Minivib vibroseis). Except for the land streamer survey, 
the acquisition system consisted of twelve 24-channels Geode 
(Geometrics) seismographs connected to 288, 4.5 Hz, vertical 
geophones. The source and geophone spacing were 10 m and 5 m, 
respectively. The deployed linear array of geophones allowed a 
maximum source-receiver offset of 1435 m, and it was shifted using 
the roll-along technique to acquire the full-length of each profile. 
The positions of all shots and geophones were accurately measured 
using high-precision GPS. The seismic profiles were acquired over 
10 days (June-July 2022) by a field team composed of 10–12
researchers.

Data were acquired using a multi-fold wide-aperture geometry, 
which allows the simultaneous collection of: 1) near-vertical 
reflection data and post-critical wide-angle reflections generated 
by deep interfaces, and 2) redundant first arrivals corresponding 
to shallow direct waves, deep penetrating turning waves, and 
critical refractions. The objective is to derive complementary 
seismic reflection images and P-wave velocity refraction 
tomography models (Improta and Bruno, 2007). With this 
acquisition configuration, we achieved a maximum common-mid-
point (CMP) redundancy of 72, which is high for high-resolution 
profiles spanning kilometres.

Unlike the standard reflection setup described above, the land 
streamer survey acquisition system consists of a modular system of 
24-channels Geode seismographs and 48 mobile iron plates, each 
mounting a pair of vertical geophones operating in stacking mode. 
The streamer is connected to the vibroseis truck to acquire data 
with an end-on roll-along geometry. In this experiment, we used a 
source and receiver spacing of 5 m and 10 Hz vertical geophones. 
The streamer was 235 m-long with minimum and maximum source-
receiver offset of 35 and 270 m, respectively. With this acquisition 
layout, we collected near-vertical reflection data with a nominal 
maximum midpoint coverage of 24-fold. The land-streamer line 
is 885 m-long and was acquired along a straight paved road. This 
experiment lasted 1 day and involved four researchers.

Besides the road network, significant logistic challenges for HR 
seismic profiling were posed by irrigation channels, which interfered 
with the vibroseis route, and by a stream nearly parallel to the San 

Benedetto Fault. This stream is responsible for the crooked geometry 
of the SB line. Furthermore, the seismic profiles were traced to 
avoid important sources of cultural noise, such as well pumps
and farms.

The quality of the recorded data in the eastern and 
central sectors of the basin ranges from good to excellent 
(Supplementary Figure S2). Shot gathers for profiles SB and T1 
show clear reflection hyperbolas with apices between ∼100 and 
800–900 m TWT. Reflectivity is very high. Large amplitude 
reflections from deep interfaces are evident in the intermediate 
to large offset range, down to 1400 ms TWT. Most shot gathers 
display clear first arrivals, up to maximum recording distance of 
1435 m (Supplementary Figures S2, S3). These first breaks define 
arrival-time curves with apparent P-wave velocity weakly increasing 
with distance from ∼900 to 1400 m/s. This indicates turning waves 
propagating within a low-velocity medium with a weak vertical 
velocity gradient, consistent with a several-hundred-meter-thick 
lacustrine sequence. Shot-gathers for profile T1 also exhibit clear 
large-offsets refractions with apparent velocity of 3000–3300 m/s 
(Supplementary Figure S2), which can be interpreted as head-waves 
generated at the top of the Messinian units (Caielli et al., 2023). 
Given the high-quality large-offset refraction data, seismic 
tomography is expected to image the basin substratum too.

Data acquired in the southwestern sector of the basin along 
profile T2 are of good quality (Supplementary Figure S3). Compared 
to profiles SB and T1, reflectivity is lower, likely due to an increased 
lithological variability, associated with interbedded fine-grained 
lacustrine and coarser alluvial deposits near the basin margin. Very 
clear refractions at large offset, marked by a distinct knee in the first-
arrival traveltime curves, correspond to head-waves propagating 
within the high-velocity substratum.

The land streamer also yielded good-quality reflection data
(Supplementary Figure S3). Large-amplitude, coherent, and laterally 
continuous reflected phases are evident at offsets larger than 100 m 
down to 700–900 ms TWT. 

3.2 The nodal array experiments

A main array experiment was carried out in the south-western 
sector of the basin crossed by the intra-basin portion of the Trasacco 
Fault (Figures 3, 1A). We deployed 258 nodes over an area of 
16 km2 to collect dense noise data. We selected the Trasacco area 
based on the following reasons: (i) subsurface geological models 
(Cavinato et al., 2002; Patruno and Scisciani, 2021) show important 
heterogeneities caused by the fault activity and by the presence 
of both coarse and fine continental deposits; (ii) the architecture 
of the fault-zone is not defined univocally (Figures 2A,B); (iii) 
the new high-resolution profiles T1, T2 and Tls and three 
legacy commercial lines (Figure 1A) provide constraints for the 
interpretation of ambient noise data.

In the surveyed area, the thickness of the Pliocene-
Quaternary deposits ranges from about 100 m to the south 
to 300–400 m to the north (Figure 2A). Along the southern 
margin of the basin, close to Trasacco village, noise spectral 
analysis of Famiani et al. (2022) defined low-frequency fundamental 
resonance frequencies (0.4–1 Hz), while surface-wave dispersion 
curves suggest S-wave velocities between 200 m/s in the near-surface 
and 600–800 m/s at 50–250 m depth. Based on this preliminary 

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2026.1778360
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Improta et al. 10.3389/feart.2026.1778360

FIGURE 3
Satellite image from Google Earth Pro (https://www.google.com/earth/) illustrates the extent of the nodal array survey in the south-western sector of 
the Fucino Basin (the array location is reported in Figure 1A). Yellow dots denote the 258 nodes of the three-weeks long experiment. Blue dots denote 
the 48 nodes of the small-scale 12-hr-long preparatory survey, while the blue star denotes location of the smaller ring-shaped array that operated for 
several hours. The nodes shown in Figure 14 are labelled and outlined with white dots. The red stars denote co-located stand-alone seismic stations, 
whose data were used for comparison in Figure 14. The red lines are the trace of Trasacco Fault and Luco Fault (southwest corner) 
reported by Faure Walker et al. (2021).

information, ambient noise data recorded by a dense nodal array 
should be suitable to investigate the velocity structure of the
whole infill.

To obtain more accurate information on ambient noise that 
are pivotal to optimize the nodal array survey in terms of 
acquisition system and node configuration, and to test preliminarily 
the performance of seismic nodes in the FB, we deployed two 
preparatory small scale nodal arrays (Figure 3) that are described 
in the following section. 

3.2.1 The preparatory nodal arrays

A bigger preparatory array (blue dots in Figure 3 and 
Supplementary Figure S4) was composed of 48 nodes deployed on 
a rectangular grid with a spacing of approximately 250 m for a total 
size of 1.6 km × 1.6 km. We used GSB data recorders connected 
to GS_OneLf 4.5 Hz triaxial geophones. This array operated for 
an entire night. These nodes were deployed the day after in a 
smaller ring configuration with a maximum aperture of 100 m to 
record several hours of ambient noise (blue star in Figure 3 and 
Supplementary Figure S4). For this second experiment, a Reftek-
130 digitizer connected to a Lennartz LE3D/5s velocimeter was co-
located to the central node of the array. Both preparatory arrays 
aim to understand the performance of seismic nodes, in terms of 
positioning retrieved from the internal GPS, data quality (i.e., noise 
level) and their suitability for the assessment of the surface-wave 
features and f0 value, which was expected to be well below the 4.5 Hz 
eigen-frequency of nodes (Famiani et al., 2022).

Each datalogger/geophone was buried into the ground at 
a depth of 10–20 cm, and its high-precision positioning was 
determined by a GNSS device using Real-Time Kinematic (RTK) 

corrections resulting in horizontal accuracy of 1–3 cm. This position 
was compared to the internal reading of GSB datalogger that 
was set to acquire one location every 6 min. A mean error on 
position of 1.2 and 1.4 m was estimated for the larger and smaller 
array, respectively (Supplementary Figure S4). We believe this is an 
acceptable result, considering the offset of about 1.0 m between 
datalogger and cable-connected geophone.

To assess reliability of the f0 value from noise measurement, we 
compared the H/V curves obtained with the co-located GS_OneLf 
and the LE3D/5s velocimeters (eigen frequency of 4.5 and 0.2 Hz, 
respectively). The analysis was performed on 2 h of ambient noise 
data recorded at the centre of the circular array. The H/V curves are 
similar with a sharp peak at 0.7 Hz (Supplementary Figure S5). The 
main difference is observed on the amplitude of the H/V peak, which 
is overestimated by 15% by the GS_OneLf geophone compared to 
the LE3D/5s velocimeter. The spectral ratios were computed on 
data without instrumental response removal, as evidenced by the 
Fourier Amplitude Spectra (FAS) (see Supplementary Figure S5). 
FASs show a good agreement above the eigen-frequency of the node. 
Conversely, FASs are very different below the eigen-frequency due 
to the different instrumental response, but this does not affect the 
H/V curve and the correct estimate of f0 at about 0.7 Hz. From 
this test, we concluded that seismic nodes are effective to detect the 
resonant frequency in the southwestern FB, where it is expected to 
be below 1 Hz, and that the differences observed in the amplitude 
of the H/V curve do not hamper the reconstruction of the f0
spatial pattern. The feasibility of seismic nodes for yielding reliable 
H/V curves in the FB is confirmed by additional records from co-
located stations equipped with LE3D/5s velocimeters (see Results 
and Discussions Section). 
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3.2.2 The Trasacco large-scale nodal array

3.2.2.1 Survey geometry
The array geometry was designed based on what we learned 

through the two preparatory nodal surveys. The logistic conditions, 
including the need to avoid interference with agricultural activities, 
and the presumed geometry of the Trasacco fault-zone were 
considered for defining the geometry of the array. The Fucino plain 
is crossed by country roads and irrigation channels, striking E-
W and N-S, with a quite regular spacing of 250 m and 500 m, 
respectively (Figure 3). To reduce the risk of node loss during 
a prolonged deployment, particularly due to intensive farming, 
the nodes were installed at the edges of agricultural fields, roads 
or channels. This arrangement resulted in a quite regular grid of 
250 m × 250 m spacing (Figure 3). A smaller node spacing of 
70–120 m was used near the trace of the fault.

Unlike the two preparatory arrays, we combined two types of 
nodes for this larger scale survey. We used 210 three-component 
smart seismic sensors developed by SmartSolo (IGU-16HR 3C, 
with eigen frequency of 5.0 Hz) and 48 GSB recorders connected 
to GS_OneLf 4.5 Hz geophones. Both nodes are equipped with a 
24-bit receiver, integrated lithium battery, and GPS antenna. The 
geophone sensitivity is 76.7 V/m/s and 89.4 V/m/s for SmartSolo 
and GSB nodes, respectively. The SmartSolo and GSB nodes were 
provided by the University of Geneva and by the INGV-ESITO 
laboratory, respectively. The position of nodes, which were buried 
approximately 0.1–0.2 m beneath the surface, was determined by 
using a GNSS RTK antenna. 

3.2.2.2 Ambient noise data acquisition and analysis
The nodal instruments were configured to acquire data at a 

sampling rate of 250 sps, with high gain (equal to 36 dB) and 
the GPS set to continuous mode. In this configuration, the array 
worked continuously for 19 days (on average) since 25 June 2022, 
at which point the batteries were discharged, resulting in the 
shutdown of the instruments. During this period, data collection 
continued uninterrupted. However, two nodes were lost and three 
were damaged by plowing tractors. Data of these damaged nodes 
were partially recovered.

As with the preparatory surveys described previously, it was 
essential to ensure data synchronisation to enable subsequent 
analysis. To this end, we examined temporal variations in the 
number of satellites visible at each node. The analysis focused 
on the two types of nodes installed, and the resulting data 
were used to compute a Probability Density Function and modal 
trends representative of the number of satellites visible from the 
nodes (Supplementary Figure S6). Both SmartSolo and GSB nodes 
exhibited comparable performance in terms of satellite visibility, 
receiving GPS signals from at least four satellites during the entire 
acquisition period, with modal values ranging from eight to ten 
satellites. A notable deviation occurred between 7-9 July 2022, when 
only the GSB nodes registered an important increase in the modal 
number of visible satellites (Supplementary Figure S6). The cause of 
this anomaly remains unclear.

To investigate ambient noise properties, we computed 
the Power Spectral Density (PSD) of the three-component 
continuous recordings. The PSD and the related Probability Density 
Functions (PDFs) were derived from the waveform data and 

instrument response files using the Probabilistic Power Spectral 
Densities (PPSDs) class of ObsPy (https://docs.obspy.org/packages/
autogen/obspy.signal.spectral_estimation.PPSD.html) that uses the 
algorithm created by McNamara and Buland (2004). We get PDFs 
from the distribution of PSD values across spectral intervals. This 
helps us to understand the probability of a given seismic signal 
level occurring within a specified frequency band. The PSDs were 
computed using one-hour signal windows that overlap by 50%.

Figure 4 shows two examples of PPSDs computed for nodal 
stations N139 and N209, which represent noisy and quiet sites, 
respectively. The most probable noise levels recorded at both stations 
are consistently high. At station N209, the most probable values 
across all components exceed Peterson’s (1993) New High Noise 
Model (NHNM) within the high-frequency range (0.2–1 s). At 
longer periods (1–10 s), noise levels decrease substantially and fall 
between the NHNM and the New Low Noise Model (NLNM) 
envelopes. In contrast, at station N139, the most probable noise 
levels are significantly higher, by 10–40 dB, and surpass the NHNM 
throughout the 0.01–10 s period range. We note that node N139 is 
located near a heavy traffic road. The 10 s upper limit is adopted in 
this analysis, as the instrumentation used during the survey provides 
reliable recordings of ambient noise within this interval.

Figure 4 also presents the temporal evolution of the PSDs, 
averaged over three frequency bands: 7.2–14 Hz, 0.7–1.4 Hz, and 
0.3–0.6 Hz. At the noisiest station (N139), pronounced diurnal 
variations are evident, with nighttime reductions of 20–30 dB 
across all bands, reaching minimum values around midnight 
(UTC). At the quieter station (N209), fluctuations in the 7.2–14 Hz 
range are present but less pronounced (10–30 dB). Variability 
in the 0.7–1.4 Hz band is more limited (10–20 dB), while it 
is negligible in the 0.3–0.6 Hz band. These results indicate the 
presence of significant anthropogenic contributions depending on 
the node location.

To obtain a comprehensive characterization across the array, the 
90th percentile noise level was calculated for each component using 
the full dataset at each node. The 90th percentile was selected due 
to the absence of prior knowledge regarding the noise distribution 
across sites and frequencies, as it provides a robust estimator less 
affected by outliers or extreme values than lower percentile. Figure 5 
shows the resulting curves. At high frequencies (periods < 0.5 s), 
inter-station differences of up to 40 dB are observed. At lower 
frequencies (periods > 1 s), the variation increases, reaching up 
to 70 dB. However, this behaviour is restricted to a limited subset 
of stations, where the 90th percentile exhibits a linear increase 
with period. This station-specific behaviour is corroborated by the 
probability density functions (PDFs) computed for each component 
(Figure 5). At periods shorter than 0.1 s, the 90th percentiles display 
greater dispersion compared with the 0.1–10 s range, where a well-
defined maximum is consistently observed across all components. 
Between 0.2 s and 0.5 s, this maximum exceeds Peterson’s (1993) 
NHNM by up to 30 dB.

To investigate the origin of the linear trend observed in some 
90th percentile curves, a spatial distribution of the 90th percentile 
levels was constructed for periods of 1.6 s and 0.6 s (Figure 6). At 
1.6 s, elevated noise levels characterize the northern portion of the 
array. Here, noisy sites define a W-E oriented belt that coincides 
with a heavy traffic road. At 0.6 s, this spatial pattern is subtle. 
Noise levels become more homogeneous across the array, apart 
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FIGURE 4
Probabilistic power spectral densities (PPSDs) for seismic nodes N139 (top panels) and N209 (central panels), shown for all three components. The 
positions of the respective nodes within the array are indicated in the insets at the bottom left of the panel related to the vertical components. The 
PPSDs were computed using the complete dataset acquired during the survey. The two thick lines represent the New High Noise Model and the New 
Low Noise Model (Peterson, 1993). The two bottom subpanels display the temporal variability of the PSDs recorded by the vertical components of the 
selected sites across three different frequency bands: 7–14 Hz, 0.7–1.4 Hz (i.e., 0.72–1.4 s in figure) and 0.3–0.6 Hz (i.e., 1.7–3.4 s in figure).

from locally elevated values in the northeastern sector (vertical 
component), associated with an urbanized area (Borgo Ottomila 
village highlighted in Figure 3). Conversely, a cluster of stations in 
the SE records systematically lower noise levels.

3.2.2.3 Earthquake data
No seismic event occurred in close proximity to the nodal 

array during the experiment. The closest earthquakes recorded 
by the nodes are eight events with ML ranging from 0.8 
to 2.1, which were located by the Italian National Seismic 
Network (Margheriti et al., 2021) at epicentral distances of 
13–50 km (Ciaccio et al., 2023). Earthquake recordings exhibit 
low signal-to-noise ratio, mainly due to the high noise levels 
above 1 Hz (Figure 5). The most energetic seismic phases are 
observable across the array when the data are low-pass filtered 
below 1 Hz (Supplementary Figure S7).

Several teleseismic earthquakes were recorded during the 
experiment. In these cases, the signal-to-noise ratio was significantly 
higher, as the dominant frequencies of teleseismic signals are well below 
1 Hz. An illustrative example is shown in Figure 7, which compares 
nodal recordings of the 1st July 2022, Mw 6.2, earthquake in Iran, 
with those of the INGV station PTQR located 7 km northeast of the 
array and equipped with a broadband velocimeter. Data from the nodal 
stations and PTQR, corrected for their respective instrument responses 
and band-pass filtered between 0.05 Hz and 1 Hz (frequencies well 
below the natural frequency of the nodal geophones), are very similar 
in both waveform and amplitude. The strong similarity between the 
seismograms is evident for both the initial arrivals (Figure 7b) and the 
later surface-wave arrivals (Figure 7d). P-wave first-arrival traveltimes 
picked at nodes agree with a wavefront propagating across the array 
from SE to NW (Figure 7c) and picks consistency confirms data 
synchronisation.
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FIGURE 5
Curves of the 90th percentile levels (top subpanels) computed for the 256 recovered nodes for the three components. The bottom subpanels display 
the probability density functions (PDFs) of the 90th percentile values, derived from all computed curves for each component. The two thick lines 
represent the New High Noise Model and the New Low Noise Model (Peterson, 1993).

FIGURE 6
Areal distribution of the 90th percentiles at periods of 1.6 s (top subpanels) and 0.6 s (bottom subpanels), computed for the different components of 
the array nodal stations. The noisy stations around 4.65x10^6 on the y-axis are placed near a heavy-traffic road that is oriented W-E.
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FIGURE 7
Nodal Array recordings of a teleseismic earthquake (Iran, Mw 6.2, 01-07-2022). (a) Map with epicenter (yellow star) and array (red triangle) positions. (b)
Seismic signals (29 s long) around the teleseismic first arrivals recorded by vertical components of nodal stations and broad-band PTQR station of the 
Italian National Seismic Network located approximately 7 km to the NW of the array. The signals are corrected for instrumental response and then 
filtered in the 0.05–1 Hz frequency band. For nodes, the normalized amplitudes are represented in color scale with signals organized by assigning a 
progressively increasing number (# node) based on the epicentral distances. (c) Spatial distribution of the picked first arrival times at the different nodal 
stations. The nodes (triangles) are colour scaled according to the picked times. (d) Similar to (b) but showing 2500 s of recorded data.

3.3 Single stations noise measurements

The single-station survey aimed at collecting complementary 
ambient noise data to investigate the fundamental resonance 
frequency in the eastern, central, and southwestern sectors of the 
FB (Figure 8). In the eastern sector, the measurement points align 
along two profiles that cross from east to west strong geological 
heterogeneities across the San Benedetto Fault (points FUN1-FUN7 
and FN14-FN16) and the Bacinetto depocenter (points FUN8-
FUN10 and FN11 - FN13). The southern profile matches the HR 
seismic line SB (Figure 1A). The measurement points FUC1 – FUC9 
and FC10 - FC25 are located within a squared area of approximately 

25 km2 that includes the nodal array. Several measurements were 
carried out close to the Trasacco Fault and along the HR seismic 
lines T1 (FUC1 – FUC3) and T2 (FUC11 and FUC15) (Figure 1A). 
The westernmost measurement was performed close to the Luco dei 
Marsi Fault, that is a NE-dipping normal fault hypothesized by some 
authors along the south-western margin of the basin (Figures 1A, 
2B) (Giraudi et al., 1988; Galadini and Galli, 1999; Patruno and 
Scisciani, 2021).

The field activity was carried out from 21st to 24th June 2022 by 
using a LE3D/5s seismometer coupled with a Reftek-130 datalogger 
for a total of 42 recording sites (Figure 8). The mean duration 
of each measurement was around 1 h. The instrument was set at 
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FIGURE 8
Satellite image from Google Earth Pro (https://www.google.com/earth/) with positions of single-station noise measurements. The map shows the 
resonant frequency (f0) for each site indicated with coloured circles of different size depending on the f0 values. The black arrows indicate the direction 
of maximum amplification. The thick red lines denote the San Benedetto and Trasacco fault traces reported by Faure Walker et al. (2021).

the sampling frequency of 100 Hz with gain 32. Ambient noise 
data were processed to compute horizontal to vertical spectral ratio 
(Nakamura, 1989) to detect the fundamental resonant frequency 
at each site. The analyses were performed by using the Geopsy 
software (www.geopsy.org): signals were windowed in time series of 
60s length (cosine taper 5%) and the anti-trigger tool was used to 
remove transient signals. For each time window, amplitude spectra 
were processed using the Konno and Ohmachi (1998) smoothing 
filter and setting the bandwidth coefficient b = 20. Spectral ratios 
were computed on each selected time window, and a geometrical 
mean (and standard deviation) of the H/V ratios was provided. 
To detect preferential direction of amplification, directional H/V 
spectral ratios were computed considering the same time windows 
used for the H/V analysis. The direction corresponding to the 
maximum ratio is indicated through an arrow in Figure 8. 

4 Results and discussions

4.1 Active seismic surveys

We present a stack section for each seismic profile, obtained 
using a preliminary processing flow, with the preliminary 
aim of illustrating data quality in terms of reflectivity, 
resolution, and maximum investigation depth. We then report 
initial results that provide new insights into the basin’s 
structure and active faults. The preliminary processing flow is 

summarized in Supplementary Table S1 and does not include 
migration and deconvolution, which are required for detailed 
stratigraphic and structural interpretations of complex tectonic 
basins such as the FB.

The three profiles (SB, T1 and T2) display good quality in terms 
of reflection amplitude, continuity, and resolution (Figures 9, 10). 
The investigation depth allows imaging of the entire basin infill and 
of the upper part of the Meso-Cenozoic substratum.

Profile SB yields a very-high resolution image of the basin 
stratigraphy (Figures 9, 10A). Strong reflectivity characterizes 
the Bacinetto depocenter with high-to moderate-amplitude, 
continuous, and high-frequency reflectors extending from the 
near surface down to ∼800–1100 m TWT. At greater depths, 
discontinuous reflectors remain visible down to 1400–1600 ms 
TWT. The San Benedetto Fault is clearly imaged between 3300-
3600 m along the profile (Figure 9). The basin infill thickness 
increases sharply from 150 to 200 ms TWT in the footwall to 
∼1050–1100 ms TWT in the hangingwall. A shallow disrupted 
zone between 3300-3700 m (<200 ms TWT) mark the main fault 
zone, consistent with the fault trace reported in published structural 
maps (Faure Walker et al., 2021; Cavinato et al., 2002; Patruno and 
Scisciani, 2021).

Regarding data resolution, we estimated the vertical separability 
across different time intervals using the dominant frequency and 
the Root-Mean-Square (RMS) velocity derived from NMO velocity 
analysis. Resolution, calculated following the commonly adopted 
¼ wavelength criterion, is high within the continental infill, 
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FIGURE 9
Stack sections determined for the four seismic profiles. Labelled black-dashed rectangles from (A–E) bound the zoomed portion of the sections in 
Figure 10. Blue arrows highlight the intersection of the seismic lines with the fault’s traces reported by Faure Walker et al. (2021). The inset map shows 
the Fucino Basin, the position of the 4 HR profiles, the traces of San Benedetto Fault (SBF) and Trasacco Fault (TF), and the Bacinetto depocenter. The 
pre-Pliocene geological units are shown in green, the Upper Pliocene - Lower Pleistocene continental deposits are shown in grey, Lower Pleistocene - 
Holocene deposits in white colour.

ranging from ∼3 to 7 m, in the uppermost 900–1000 ms TWT. 
It decreases to ∼11–14 m within the Messinian units and Meso-
Cenozoic rocks (Figure 10A).

Figure 11 compares profile SB with the time-migrated section 
of a parallel legacy profile situated ∼1.5 km to the north (L1 in 
Figure 1), which has been interpreted differently by several authors 
(Patacca et al., 2008; Patruno and Scisciani, 2021; Caielli et al., 2023). 

This comparison highlights the markedly higher quality and 
resolution of SB data.

According to Patruno and Scisciani (2021), the Bacinetto 
depocenter has been strongly controlled since the earliest 
Pleistocene by the Bacinetto Fault, a structure synthetic to the 
San Benedetto Fault (Figure 2B). Profile SB crosses the inferred 
trace of this fault about 1 km south of its northern tip (Figure 2B). 
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FIGURE 10
Magnification of key portions of the seismic stack sections labeled from (A–E) as shown in Figure 9. Main geological horizons (black-dashed lines) and 
faults useful to illustrate the potential of acquired seismic data are also showed: C–Meso-Cenozoic limestones, 1 - top Messinian flysch deposits, 2 – 
top Upper Messinian thrust-top unit (i.e., bottom of Pliocene - Quaternary continental succession). Panel (A) also reports the vertical resolution limits 
estimated for different two-way-time ranges of the profile SB computed based on the data dominant frequency and average P-wave velocities inferred 
from CDP-gathers velocity analysis (λ/8 and λ/4 is for very-high and high-quality data, respectively). The borehole reported in panel C is the F4-F5 
scientific drilling that reached a 424 kyr-old tephra at 98 m depth (Giaccio et al., 2019). To plot the borehole onto the stack section we estimated the 
bottom-hole depth in TWT time by using an average P-wave velocity derived from first-arrival traveltimes.

However, our high-resolution profile reveals no significant syn-
sedimentary deformation attributable to this major fault. At the 
900 m mark (Figure 9), the seismic section shows only weakly 
warped horizons in the shallow section (0.2–0.4 s TWT) and subtle 
reflector truncations with a vertical separation of less than 0.02 s 
at depth (0.4–0.8 s TWT). Furthermore, clear evidence of growth 
strata is absent. These findings contrast with the interpretation of 
Patruno and Scisciani (2021) of a commercial seismic profile located 
900 m south of profile SB (Figure 2B). They reported truncated 
horizons with vertical separations of 0.1–0.2 s between 0.4 and 
0.8 s (TWT), a thick syntectonic wedge of Lower-Upper Pleistocene 
continental deposits, and a cumulative throw of the Bacinetto Fault 
on the order of 0.5 s (TWT).

In contrast, prolonged syn-sedimentary activity of the San 
Benedetto Fault within the Bacinetto is clearly documented 

along profile SB by: (i) gently eastward-dipping divergent 
reflectors towards the fault, (ii) well-developed growth strata, 
and (iii) a marked thickening of the continental infill in the 
hangingwall (Figure 9).

Seismic facies are defined by coherent reflectors with high-to-
medium amplitude and very-high continuity, typical of lacustrine 
environments (Strecker et al., 1999), with possible fluvio-lacustrine 
deposits at the base. These deposits are ∼1050–1100 ms TWT 
thick, corresponding to 850–900 m using an RMS velocity 
of 1700 m/s. Published estimates of the thickness of Upper 
Pliocene to Recent lacustrine and fluvial deposits in this 
sector of the Bacinetto are 900 ms in Cavinato et al. (2002), 
1450–1500 ms in Patruno and Scisciani (2021), and approximately 
1000 ms TWT in Caielli et al. (2023). Our results based on higher 
resolution data closely match with the latter interpretation.
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FIGURE 11
The stack section of the high-resolution profile SB is compared with the time-migrated section of the best legacy commercial profile (labelled as L1 in 
Figures 1, 2). This time-migrated profile was published by Patacca et al. (2008) and Patruno and Scisciani (2021). It is nearly parallel to our profile SB and 
located 1.5 km northward. Two previous and contrasting interpretations of profile L1 are compared in the Supplementary Figure S1. The black triangles 
in the top section denote the location of the stand-alone seismic stations installed along the profile SB. The value of the resonance frequency (f0) for 
each site is also reported. The black-dashed line is the bottom of the Late Pliocene - Pleistocene lacustrine and fluvio-lacustrine basin infill.

In the central sector of the basin, the profile T1 reaches the 
exploration depth of approximately 800 ms TWT and clearly images 
the top of the Meso-Cenozoic carbonates. The top of the limestone 
unit is folded by a blind thrust-fault that appears to die out within 
the Messinian flysch strata (Figures 9, 10B). Seismic horizons gently 
dip eastward, and the thickness of the basin infill increases eastward 
from ∼300 to 400 ms TWT.

To the east, the shallow portion of the seismic section 
(<150–200 ms TWT) exhibits clear and continuous reflectors. This 
time interval corresponds to the depth range investigated by the 
F4-F5 scientific drillings (Giaccio et al., 2019) (Figure 10C). At the 
drilling site, we estimate a dominant data frequency of the seismic 
section of about 70 Hz, while first-arrival traveltimes in the 0–600 m 
offset range indicate P-wave velocities gradually increasing from 
900 to 1400 m/s with depth (Supplementary Figure S2). These values 
correspond to a high vertical resolution in the order of 3–5 m. Given 

this high resolution, which may improve further after advanced data 
processing, shallow reflector horizons could be tied to dated layers 
in the borehole in a future comprehensive study.

In the southern-western sector of the basin, profile T2 images the 
Trasacco Fault (Figures 9, 10D). The fault location along this profile 
is consistent with literature data (Cavinato et al., 2002; Patruno and 
Scisciani, 2021; Faure Walker et al., 2021) (Figures 2A,B). Normal 
faulting produces a clear, single step in the substratum and a 
corresponding sharp thickening of the basin infill to the west. 
Evidence for syn-sedimentary activity includes growth strata, back-
tilted reflectors, and disrupted zones. The vertical separation of the 
top substratum is 100–110 ms TWT, that corresponds to 50–65 m 
assuming an average P-wave velocity of 1000–1200 m/s for the 
infill (see the results of surface-wave dispersion curves inversion 
for the preparatory array described in Section 4.2). The fault-zone 
structure is relatively simple: a single W-dipping fault cuts the basin 
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substratum and is paired with a minor antithetic splay that displaces 
the shallow sediments. At the eastern edge of the T2 profile, the 
depth of the base of the continental infill in the fault footwall is 
approximately 180 ms TWT. Comparing this to profile T1, which 
shows the bottom of the continental sequence at 300 ms TWT 
(Figure 9), emphasizes the thickening of the continental fill and the 
deepening of the substratum in the north-east direction, consistent 
with previous subsurface models (Cavinato et al., 2002; Patruno and 
Scisciani, 2021).

The land-streamer Tls profile (Figure 10E) reaches an 
exploration depth of approximately 600 m TWT. Relative to the 
dense, wide-aperture lines T1 and T2, this profile exhibits weaker 
reflectivity in the deep part (>400 ms TWT), and lower data 
resolution (i.e., lower dominant frequency). This reduction in 
quality is an effect of lower CMP fold (24 instead of 72), shorter 
geophone array (235 m instead of 1435 m), and weaker coupling of 
both geophones and sources. Indeed, the vibroseis source operated 
on a paved embankment, rather than the flat, unpaved roads used for 
T1 and T2. Nevertheless, the Tls profile successfully images the basin 
stratigraphy and clearly detects the Trasacco Fault, 250 m to the east 
of the fault trace reported by Faure Walker et al. (2021). The fault-
zone structure is very consistent with that imaged by profile T2 to 
the south. The profile Tls firmly constrains the fault location toward 
the north. This is in fair agreement with Faure Walker et al. (2021) 
and Cavinato et al. (2002), whereas it contrasts with the model of 
Patruno and Scisciani (2021) (see Figures 2A,B). These authors place 
the main SW-dipping fault segment approximately 1000 m east of 
the fault detected by seismic line Tls and in correspondence of 
the westernmost portion of the seismic line T1 (Figure 2B), which, 
conversely, shows no evidence of faulting.

The results from this survey test document the effectiveness 
of our land-streamer-vibroseis system for the imaging of shallow 
basins and faults (<500 m depth). We remark that the land streamer 
acquisition was highly cost-effective compared to the conventional 
profiling using a fixed array of receivers that is rolled along the line, 
because it requires fewer field operators and allows for faster data 
acquisition covering large areas. On the other hand, land streamer 
acquisition poses rather restrictive logistical conditions, specifically 
requiring straight and long paved roads, and it significantly 
interferes with road traffic.

From a methodological perspective, our results have general 
implications for the seismic exploration of continental basins. 
In the last 2 decades, numerous seismic surveys were carried 
out in fault-controlled Quaternary basins across the Apennines 
with acquisition procedures similar to those adopted in the FB 
(Bruno et al., 2025; and references therein). The seismic sections 
presented here provide the best images of an Apennine tectonic 
basin ever published in terms of resolution and exploration depth. 
For comparison, Villani et al. (2024) recently conducted a survey 
in the inhabited Campo Felice basin. They obtained seismic 
migrated sections of quality ranging from fair (in areas of coarse 
clastic sediments like moraine, slope breccias and alluvial fans) 
to good (for fluvio-lacustrine deposits). The exploration depth 
reached in Villani et al. (2024) was 400–500 m and the vertical 
resolution was between 8-12 m (<250–300 m depth) and of 12–25 m 
(>300 m depth). A comparable penetration (500–600 m depth) and 
vertical resolution (12–30 m) characterize seismic profiles collected 

inside the Castelluccio basin filled by both coarse clastic and 
lacustrine deposits (Villani et al., 2021).

Comparison of the Fucino seismic profiles with those acquired 
in other active extensional basins in the Apennines and globally, 
such as the Basin and Range province (Stephenson et al., 2012; 
Stephenson et al., 2013; Bruno et al., 2017), eastern California 
(Gold et al., 2020), and southeast Spain (Haberland et al., 2017) 
indicates that near-surface conditions play a key role in collecting 
high quality shallow reflection data through the source-soil coupling 
and effective propagation of reflected waves. These conditions 
govern both the vibroseis-soil coupling and the effective propagation 
of reflected waves. Specifically, vibroseis-soil coupling is excellent 
on the consolidated, fine-grained soils, characteristic of the 
Fucino plain’s unpaved roads. Seismic penetration is high for 
saturated, clay-rich lacustrine sediments, but poor for coarse-
grained deposits (such as alluvial fans, slope debris and alluvia), 
which are known to cause strong scattering (e.g., Bruno et al., 2022). 
Additionally, measurements of seismic attenuation in saturated 
sediments show that the quality factor Qp can be significantly 
greater for cohesive, clay-rich sediments than for granular, coarse 
sediments (Vardi et al., 2012). Notably, the excellent imaging 
achieved in the Fucino survey, both in terms of data resolution and 
exploration depth, was rather unexpected during the project design 
considering the high level of anthropogenic high-frequency noise in 
the plain (Figure 5). The Fucino experiment thus demonstrates that 
near-surface lithological conditions must be considered carefully 
when designing a high-resolution seismic survey. In particular, 
saturated fine-grained soils in the near-surface are a crucial element 
for successful application of shallow reflection imaging techniques. 

4.2 Preparatory nodal arrays and 
single-stations noise measurements

Ambient noise data recorded during the two preparatory 
experiments provide insights regarding the performance of seismic 
nodes in a deep basin characterized by low resonance frequency.

For the larger preparatory array (Figure 12), the peaks of the 
H/V curves show a clear spatial trend of the fundamental resonance 
frequency (f0). Moving from the SW corner to the NE corner, f0
decreases from 1.5 Hz to 0.6 Hz indicating a deepening of the basin 
substratum, consistent with the expected geometry moving from the 
southwestern margin toward the basin centre (Figure 2A). Due to 
its limited spatial aperture, the smaller preparatory array does not 
resolve a significant shift in the H/V frequency peaks, which are quite 
consistently observed at 0.7 Hz (Figure 12).

A high-resolution beamforming (f-k) array analysis 
(Wathelet et al., 2018) performed on three-component data recorded 
by the two preparatory arrays shows clear surface-wave dispersion 
curves (Supplementary Figure S8). Through the Geopsy software 
(Wathelet et al., 2020), the bigger preparatory array measured a 
Rayleigh-wave dispersion curve in the frequency range 0.8–2 Hz. 
The smaller array captured Rayleigh dispersion from 2 to 20 Hz, 
where is evident the role played by higher modes. The smaller 
preparatory array was also able to depict a Love dispersion 
curve from 2 to 10 Hz, with apparent velocity ranging from 180 
to 100 m/s (Supplementary Figure S8).

The vertical component data of both arrays were also processed 
to compute Cross-Correlation (CC) functions (Vassallo et al., 2019). 
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FIGURE 12
H/V curves computed by processing data of the preparatory arrays. Top and bottom panel refers to the bigger and smaller array, respectively. The 
distributions of f0 values from the H/V peaks are in the left map, with the colour scale proportional to the f0 value. The average H/V ratios for each node 
are overlaid on the right. For the smaller array, nodes A47 and A28 were not properly working.

We used the one-bit normalization and spectral whitening 
(Bensen et al., 2007), and the CC functions were computed for each 
station pair (Supplementary Figure S9). The dispersion curves were 
estimated by a phase-weighted stack velocity analysis (Schimmel and 
Paulssen, 1997) and were found highly consistent with the previous 
ones obtained from the beamforming analysis for the Rayleigh wave.

Given the good agreement between results of f-k and CC 
analysis, to get a first inversion results for the experimental 
dispersion curves, we performed a joint inversion of Rayleigh and 
Love wave dispersion obtained from both arrays, using the Dinver 
tool of Geopsy (Wathelet et al., 2020). The average H/V spectral 
ratio from the smaller array was incorporated in the inversion, as 
a proxy of Rayleigh-wave ellipticity. Because the area covered by the 
two arrays is relatively large and a spatial variability was observed in 
the H/V curves of the large preparatory array, the resulting velocity 
models derived from the joint inversion should be considered 
reliable only as a first-order approximation. The models resulting 
from the joint inversion of dispersion curves and Rayleigh-wave 
ellipticity (Figure 13), show three main seismic velocity contrasts 
at approximate depths of 50 m, 180 m, and 700–800 m. The shear-
wave velocity (Vs) increases from about 230 m/s to 520 m/s across 
the first velocity contrast, and from 520 m/s to about 1300 m/s 
across the second contrast. For the less resolved deeper contrast, 

Vs. increases to more than 2000 m/s. The main shallow interface 
from the inversion, at a depth of approximately 50 m, is within 
the continental fill and may correspond to a transition from fine-
grained lacustrine soils to coarser fan deposits. The second interface 
can be related to the top of the pre-Pliocene basin substratum (i.e., 
Messinian deposits), which is known to lie between 100 and 200 m 
depth in this area (Figure 2A). This is also supported by P-wave 
velocities (Vp) in the 2300–3000 m/s range (Figure 13). The deeper 
interface, at a depth of about 800 m, with Vs > 2000 m/s and Vp > 
4500 m/s can be related to the top of the Meso-Cenozoic carbonates 
(Cavinato et al., 2002; Caielli et al., 2023).

The analysis of data collected by the Trasacco large-scale nodal 
array is underway. Here, we present initial results for several nodes 
that were co-located with a stand-alone seismic station (Reftek-130 
datalogger equipped with a LE3D/5s velocimeter; see Section 3.3). 
The objective was to examine resonance frequency trends in specific 
sectors of the array and to compare results obtained using two 
different instrumentation types, which recorded data over very 
different time spans (approximately 1 hour for the stand-alone 
seismic stations versus approximately 20 days for the nodes).

The spectral analysis for the nodal array data was performed 
using the HVNEA software (Vassallo et al., 2022), which allows 
automated computation of spectral ratios from long-term seismic 

Frontiers in Earth Science 18 frontiersin.org

https://doi.org/10.3389/feart.2026.1778360
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Improta et al. 10.3389/feart.2026.1778360

FIGURE 13
Inversion results of surface-wave dispersion curves for the preparatory arrays. The experimental dispersion curves (black curves) were obtained 
through f-k and cross-correlation analyses applied to both the bigger and smaller preparatory arrays. The H/V noise spectral ratio, from the smaller 
array, was also used as signed Rayleigh-wave ellipticity in the inversion procedure. The bottom panel shows the resulting P-wave and S-wave velocity 
models, including a zoomed Vs. profile within the uppermost 100 m. The suite of inverted models follows the misfit color scale, with the misfit 
representing the degree of mismatch between experimental and theoretical curves.

recordings spanning weeks/months or even years. To compute 
H/V spectral ratios with HVNEA, the continuous recordings were 
segmented into 3600 s time windows. For each segment, the 
geometric mean of estimates obtained from 60-second sub-windows 
was calculated, after applying the Konno and Ohmachi (1998) 
smoothing filter with the bandwidth coefficient set to b = 20. The 
final H/V curve representing each site was then derived as the 
geometric mean of the hourly curves.

Figure 14 presents the H/V curves for nodal stations N047, 
N111, N175, and N239, which are located along the northern edge 
of the array (white dots in Figure 3). These results are compared with 
the H/V spectral ratios derived from nearby stand-alone seismic 
stations (red stars in Figure 3). For sites N111, N175, and N239, 
the two types of instruments exhibit good consistency in both the 
frequency and amplitude of the H/V peaks, although the nodal 
data tend to highlight these peaks more distinctly and with lower 
uncertainties, likely due to the longer duration of the records. In 
contrast, at site N047, the agreement deteriorates below 0.7 Hz, 
where the H/V curve for the stand-alone seismic station rises 
sharply with decreasing frequency, while the nodal station displays 
a spectral shape more consistent with that observed at the other 
sites. This discrepancy may be attributed to transient disturbances, 

likely anthropogenic, affecting the shorter, one-hour recording at 
the seismic station FUC5 (Figure 8), thereby hindering the H/V 
estimate. From west to east, f0 decreases from 0.5 Hz (site N047) 
to 0.4–0.5 Hz (sites N111 and N175), and then to approximately 
0.3 Hz (site N239). This spatial trend is consistent with the eastward 
thickening of the Pliocene-Quaternary sediments imaged by the HR 
seismic line T1, which runs along the northern side of the array 
(Figures 1A, 9).

A further comparison between the H/V spectral ratios 
calculated for five nodal stations and five nearby seismic stations 
equipped with Lennartz LE3D/5s velocimeters is shown in the 
Supplementary Figure S10. Each couple of H/V curves displays 
prominent peaks at nearly identical frequencies between 0.45 to 
0.75 Hz, in agreement with the comparison reported in Figure 14.

H/V spectral ratios were computed for three nodal stations 
(N177, N193, and N176N) located in the southeastern sector of 
the array, close to the Trasacco Fault (Figure 3). The goal was to 
assess whether nodal data allows detecting this intra-basin, hidden 
fault. Despite being situated less than 300 m apart, the three sites 
display different spectral peaks (Figure 14). The H/V peak at station 
N177, located in the hangingwall of the fault, occurs at 0.7 Hz, 
while the peak at station N176N, on the footwall, is around 0.9 Hz. 
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FIGURE 14
Ambient noise H/V curves estimated at seven nodes of the Trasacco array. Location of these nodes is highlighted in Figure 3. Nodes N047, N111, N175, 
and N239 are aligned along the northern edge of the array. The H/V curves for node stations (blue lines) are compared to those estimated for 
co-located stand-alone seismic stations FUC2 to FUC5 (red lines). Node stations N177, N193 and N176N are located across the Trasacco fault-zone: 
N176N in the fault footwall, N193 above the presumed fault, N177 in the fault hangingwall.

Station N193, positioned between the other two nodes and directly 
above the presumed fault trace, exhibits a broader spectral peak 
encompassing those of the adjacent stations.

Assuming an average S-wave velocity of 500 m/s for the fill 
sediments, consistent with results obtained by the preparatory 
arrays (Figure 13), the difference in f0 for sites N176N and N177 
corresponds to a thickening of the basin fill across the fault in the 
order of 50 m, consistently with results of HR seismic profile T2. 
This value is comparable to the thickening of the infill across the 
fault previously reported by Cavinato et al. (2002) at the southern 
edge of the basin (Figure 2A).

These analyses indicate that ambient noise data recorded by 
the Trasacco large-scale array can effectively be used in a next 
focused work to map small-scale spatial variations of f0 across the 
FB, particularly where thick sequences of fine-grained sediments 
are responsible for resonances below 1 Hz, and to map rapid depth 
changes of the substratum caused by faults.

Single-station ambient noise measurements confirm the results 
derived from the nodal arrays and reveal the high variability of 
the resonance frequency across the whole basin (Figure 8). At first 
sight, a general decrease in f0 is observed moving from the margin 
of the Fucino plain toward the Bacinetto depocenter (Figure 15). 
In the eastern sector of the basin, the southern transect shows the 
resonance frequency f0 around 0.3–0.4 Hz to the northeast of the 
San Benedetto Fault (sites FUN3 and FUN5 in Figure 8), increasing 
to 0.6–0.7 Hz near the fault trace (FUN1, FUN2, FUN4 and FUN6), 
and then decreasing westward to 0.24 Hz (FUN7) and further to 
0.17–0.18 Hz in the fault hangingwall (FUN8, FN9 and FN10). 
The f0 trend well correlates with the variation in thickness of the 
Pliocene-Quaternary lacustrine sediments across the fault, as clearly 
imaged by the co-located seismic profile SB (Figure 11). This profile 
indicates the bottom of continental deposits at 150–200 ms TWT 
just east of the fault trace (sites FUN1, FUN4 and FUN6) and 
between 800-1000 ms TWT under the Bacinetto depocenter (FUN8, 

FN9 and FN10). Station FUN7 (f0 = 0.24 Hz) is located above the 
fault plane. Consistent values of f0 are reported by Cara et al. (2011) 
for nearby sparse sites (sites LP05, LP06 and MTE).

The northern transect (site FN13 to FN16) exhibits f0 values 
between 0.2-0.3 Hz, with no relevant variations across the San 
Benedetto Fault (Figure 8). In all these measurements along the two 
transects, there is no clear preferential direction of amplification.

The difference in f0 trend between the two transects across 
the fault likely reflects spatial variations in the thickness of the 
continental fill between the eastern and north-eastern sectors of 
the basin. This is supported by the contour map of the base of 
the Upper Pliocene - Pleistocene continental deposits shown in 
Figure 2A (Cavinato et al., 2002). First, the map illustrates a NW-
ward thickening of these deposits in the footwall of the San Benedetto 
Fault from 100 to 200 ms TWT (corresponding to about 100–200 m) 
at the southern transect to 400 ms TWT (corresponding to about 
400 m) at the northern transect. Thicker footwall deposits to the 
north align with the lower f0 values observed there. Then, we observe 
a drastic fault-related thickening of continental deposits along the 
southern transect, from 100–200 ms–800 ms TWT, corresponding to 
a jump of approximately 600–700 m. Along the northern transect, 
the fault-related thickening is smaller (from 400 ms to 700 ms TWT, 
that is a variation of ∼300 m). This relatively small change in sediment 
thickness across the fault in the north may explain the lack of significant 
variation in f0. 

Sites FN10, FN11 and FN12 within the Bacinetto depocenter 
(Figure 8), where the continental sequence is 600–700 ms thick 
and mainly consists of lacustrine deposits (see Figure 2A), 
show low f0 values around 0.2 Hz. In the same area, the 
sparse sites of Cara et al. (2011) show consistent f0 values of 
0.20–0.25 Hz.

Sites FUC1 - FUC9 and FC10 - FC25 in the southwestern sector 
of the basin show a general f0 trend that decreases northward and 
eastward (Figure 8). The f0 values vary from 0.6 to 1.0 Hz along 
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FIGURE 15
Comparison between ambient noise H/V curves and polar plots H/V estimated at four sites located at the edges and inside the Fucino Basin. The 
azimuthal plots are based on the ratio between the rotated mean of horizontal components (between 0° and 175°, with step of 5°) and the vertical one, 
with frequency for x-axis and rotational degree for y-axis. The color scale is proportional to the H/V amplitude. The four sites are plotted onto a 
schematic geological section in the lower panel (refer to Figure 1B for the geological legend).

the south-western margin of the basin and decrease to 0.3–0.4 Hz 
in the north-east area, reaching a minimum value of 0.2 Hz at the 
northeastern edge of the survey area (site FUC1). This general trend 
of f0 is consistent with the findings of Famiani et al. (2022) in 
the south-western margin of the basin and is directly attributed to 
the NE-deepening of the basin substratum, which is supported by 
our HR seismic profiles (Figure 9) and existing subsurface models 
(Cavinato et al., 2002; Patruno and Scisciani, 2021). Cara et al. (2011) 
also reported very similar resonance frequency values in this area 
(site PI04, LP03, LP02 and MIS3).

Based on the results obtained through the closely spaced nodal 
stations N176N, N177 and N193 described before (Figure 14), 
spatial variation in f0 shown by some recording sites can be directly 

linked to the Trasacco Fault. At the southeastern edge of the 
survey area, sites FC25 and FC18 that show the highest f0 values 
(around 1 Hz) are located in the fault footwall (Figure 8), where 
the carbonate substratum is 50–100 m deep (Figure 2A). The nearby 
site FC17 located to the west in the fault hangingwall, where the 
substratum is 150 m deep, shows a lower f0 of 0.7 Hz. A similar 
trend is observed further north between sites FC19 (f0 = 0.7 Hz) and 
FC16 (0.5 Hz) (Figure 8).

Furthermore, sites FUC8, FUC9, FC16, FC17, FC19 and FC20 
show important directions of maximum amplification. These vary 
from 80° to 260° (FUC8, FUC9) to 40°/60°–220°/240° (FC16, FC17, 
FC19, FC20), which are nearly perpendicular to the strike of the 
Trasacco Fault (Figure 8).
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The westernmost site, FC26, located close to the Luco Fault at 
the edge of the basin, highlights a f0 of 2.7 Hz (Figures 8, 15). Here, 
the basin substratum is shallow (∼50 m, Cavinato et al., 2002). Site 
FC26 also exhibits a clear direction of maximum amplification 
of 60°–240°, which is perpendicular to the strike of the 
presumed fault, thus supporting the existence of a blind
structure. 

5 Conclusion

With the integrated active and passive seismic surveys 
conducted in the Fucino plain, we successfully acquired a large 
quantity of high-quality seismic reflection and ambient noise data. 
Given the superior resolution, signal-to-noise ratio and reflectors 
imaging, the new seismic profiles facilitate more robust stratigraphic 
and structural interpretations compared to the previous conflicting 
models based on legacy commercial profiles (Cavinato et al., 2002; 
Patruno and Scisciani, 2021; Caielli et al., 2023). Our analysis 
indicates that the nodal data set is suitable for a detailed 
investigation of the spatial variations in the fundamental resonance 
frequency (f0) and the basin velocity structure. Single-station 
H/V curves estimated on the larger-scale transects confirm the 
results derived from the nodal array and effectively identify the 
fundamental resonance across a significant portion of the basin. 
By comparing f0 with subsurface models, we can refine previous 
interpretations of the basin’s seismic response that relied on sparse 
recording sites (Cara et al., 2011).

Even though the processing of seismic reflection data is still 
preliminary and the analysis of the noise data set recorded by 
the Trasacco array is underway, our initial results provide new 
insights into the basin stratigraphy and the structure of the 
San Benedetto and Trasacco faults. We point out the following
conclusions:

• The main Bacinetto depocenter has been controlled by 
the syn-sedimentary activity of the San Benedetto fault. 
Unlike previous geological models, we did not find 
evidence in the subsurface beneath the Bacinetto for either 
a primary synthetic fault, as proposed by Patruno and 
Scisciani (2021), or an antithetic fault, as proposed by
Cavinato et al. (2002).

• In the Bacinetto, seismic facies and reflection terminations 
suggest significant long-lasting deposition of lacustrine 
deposits, with possible fluvio-lacustrine deposits at the base. 
Along the seismic profile SB, these deposits attain a thickness 
of 1050–1100 m TWT (corresponding to about 850–900 m). 
This value is consistent with the recent interpretation of legacy 
seismic data reported by Caielli et al. (2023), but it is much 
lower than the 1450–1500 m TWT hypothesized by Patruno 
and Scisciani (2021) for the Upper Pliocene - Pleistocene 
continental infill of the Bacinetto.

• In the Bacinetto, divergent reflectors and growth strata 
within the lacustrine infill document the prolonged activity 
of the San Benedetto fault during the Late Pliocene -
Pleistocene.

• Along the investigated transects, the Trasacco Fault has 
produced a single step in the substratum, corresponding to a 

total estimated throw of 50–65 m, and a westward thickening 
of the continental deposits. The vertical separation of the 
substratum’s top decreases northward consistently with slip 
tapering toward the fault northern edge.

• The location of the Trasacco Fault along profiles T2 and 
Tls is in good agreement with the structural maps of 
Cavinato et al. (2002) and Faure Walker et al. (2021), but the 
northward prolongation of the fault is shifted 1000 m westward 
relative to the model of Patruno and Scisciani (2021).

• The f0 obtained from the H/V curves ranges from 1 to 2 Hz at 
the basin edges to 0.2 Hz in the central sector of the basin and 
in the Bacinetto depocenter.

• The spatial variations of f0 are gradual and mimic the 
progressive NE-ward thickening of the low-velocity lacustrine 
and fluvio-lacustrine deposits (characterized by a mean Vs. < 
500 m/s). Ambient noise measurements captured sudden 
changes in f0 in correspondence with the San Benedetto and 
Trasacco faults, where their activity has caused an abrupt 
thickening of low-velocity sediments.

Based on the quality of the passive and active seismic data, we 
highlight the following general methodological points:

• Despite the high level of anthropogenic noise, we successfully 
collected vibroseis reflection data exhibiting remarkable 
signal-to-noise ratio, resolution, and exploration depth. The 
presence of saturated lacustrine sediments in the near-surface 
was crucial for acquiring good-quality data, as it facilitated 
optimal source-soil coupling and effective propagation 
of reflected waves inside cohesive, clay-rich saturated
sediments.

• The H/V curves determined using nodal stations (eigen-
frequency 4.5 Hz) and seismic stations (eigen-frequency 
0.2 Hz) showed consistent low-frequency spectral peaks 
(0.2–1.0 Hz). This result documents the efficacy of short-
period nodal arrays in identifying fundamental resonance 
frequencies via H/V spectral ratio noise analysis in deep 
basins, such as the Fucino, which are characterized by thick, 
low-velocity sedimentary successions and f0 well below the 
node’s eigen-frequency. The capability to rapidly deploy nodal 
stations and perform long-term recordings (up to several 
weeks) allows for robust and stable spectral H/V estimates, 
even in areas affected by significant anthropogenic noise. In 
such contexts, the ability to quickly install a dense array 
of nodes also facilitates the indirect reconstruction of fault 
geometries.

• Preliminary analyses carried out in this study indicate that 
the nodes are also highly effective for reconstructing shear-
wave velocity (Vs.) models using array-based methods such as 
frequency–wavenumber and seismic noise cross-correlation. 
The simple and rapid deployment of a large number of nodes 
enables the identification of optimal time windows for array 
analysis, specifically those least affected by anthropogenic 
noise. Furthermore, they allow for repeated analyses across 
multiple time windows, thereby increasing the robustness of 
the results. These characteristics facilitate the execution of 
analyses suitable for the reconstruction of three-dimensional 
velocity models.
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