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Abstract: We report a geophysical study across an active normal fault in the Southern Apennines. The
surveyed area is the “Il Lago” Plain (Pettoranello del Molise), at the foot of Mt. Patalecchia (Molise
Apennines, Southern Italy), a small tectonic basin filled by Holocene deposits located at the NW
termination of the major Quaternary Bojano basin structure. This basin, on the NE flank of the Matese
Massif, was the epicentral area of the very strong 26 July, 1805, Sant’Anna earthquake (I0 = X MCS,
Mw = 6.7). The “Il Lago” Plain is bordered by a portion of the right-stepping normal fault system
bounding the whole Bojano Quaternary basin (28 km long). The seismic source responsible for the
1805 earthquake is regarded as one of the most hazardous structures of the Apennines; however, the
position of its NW boundary of this seismic source is debated. Geological, geomorphological and
macroseismic data show that some coseismic surface faulting also occurred in correspondence with
the border fault of the “Il Lago” Plain. The study of the “Il Lago” Plain subsurface might help to
constrain the NW segment boundary of the 1805 seismogenic source, suggesting that it is possibly
a capable fault, source for moderate (Mw < 5.5) to strong earthquakes (Mw ≥ 5.5). Therefore, we
constrained the geometry of the fault beneath the plain using low-frequency Ground Penetrating
Radar (GPR) data supported by seismic tomography. Seismic tomography yielded preliminary
information on the subsurface structures and the dielectric permittivity of the subsoil. A set of GPR
parallel profiles allowed a quick and high-resolution characterization of the lateral extension of the
fault, and of its geometry at depth. The result of our study demonstrates the optimal potential of
combined seismic and deep GPR surveys for investigating the geometry of buried active normal
faults. Moreover, our study could be used for identifying suitable sites for paleoseismic analyses,
where record of earthquake surface faulting might be preserved in Holocene lacustrine sedimentary
deposits. The present case demonstrates the possibility to detect with high accuracy the complexity
of a fault-zone within a basin, inferred by GPR data, not only in its shallower part, but also down to
about 100 m depth.

Keywords: active faults; Ground Penetrating Radar; 1805 Sant’Anna earthquake; Bojano basin; Il
Lago Plain (Molise Apennines, Italy)
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1. Introduction

Only limited portions of active brittle fault zones are exposed at the surface, due
to the combination of limited tectonic rock exhumation and erosion [1]. In particular,
active normal faults typically trigger rapid feedback response of surface processes, such as
gravitational instability and erosional dismantling of the uplifted footwall blocks, coupled
with enhanced sedimentation in the downthrown hanging wall counterpart (e.g., [1–4]). In
the Southern Apennines of Italy, tectonically active extensional structures are characterized
by low strain-rates and a tectonic architecture (e.g., [5–7] and reference therein) inherited
from previous phases of shortening. Here, the identification and characterization of active
faults is not always straightforward. Moreover, the distributed deformation on segmented
normal fault-systems and the presence of thick clastic covers may mask important details
of the active fault structure, making it difficult to correctly interpret the signature of
recent faulting (e.g., [5,8,9]). For these reasons, a geological approach based on traditional
geomorphic and structural observations should be assisted by geophysical investigation,
which can provide effective insight for the characterization of active faults segments.
Geophysical active and passive methods can indeed yield important information on the
subsoil characteristics and/or rupture planes geometry (e.g., [10–14]).

In this paper, we present the results of a relevant case-history, with the recent geo-
physical survey performed by seismic refraction tomography and Ground Penetrating
Radar (GPR) to characterize the active buried fault bordering the western edge of the “Il
Lago” Plain (Pettoranello del Molise), at the foot of Mt. Patalecchia (Molise Apennines,
Southern Italy; Figure 1). The survey area, “Il Lago” is a small endoreic basin that closes
the structure of the NW-SE Quaternary Bojano basin towards NW. The plain is bordered
by a portion of the 28 km long, right-stepping normal fault system bounding the whole
Bojano Quaternary basin. This fault system is considered one of the most seismically
hazardous structure of the Apennines [15,16]. The whole region is one of the most seismi-
cally active areas of the Southern Apennines repeatedly hit during the last centuries by
destructive earthquakes: the 5 December, 1456 earthquake (I = XI MCS; Mw = 7.2; [17,18]);
the 5 June, 1688 earthquake (I = XI MCS, Mw = 7.1; [18,19]); and the S. Anna earthquake of
26 July, 1805 (I = X MCS, Mw = 6.7; [18,20] Figure 1) whose epicentral area was the Bojano
basin. This strong historical seismicity was characterized not only by a high and extensive
level of damage, but also by widespread, both primary and secondary, environmental
effects [20–22]. According to DISS database, the “Il Lago” Plain is located between two
well-known seismogenic sources: Carpino-Le Piane to the NW and Bojano to the SE [23].
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Figure 1. Seismotectonic sketch map of the study region: the study site of “Il Lago” Plain is the dark yellow ellipse; the 
historical earthquakes’ epicenters are from CPTI15 [24] (red squares); the Scheme 23. (orange rectangular boxes); the iso-
seismals (MCS intensity scale) of the 1805 earthquake are from [20] (white solid lines); the primary coseismic fractures of 
the 1805 earthquake are from [22] (black dashed lines); the secondary coseismic effects of the 1805 earthquake, namely 
liquefaction, springs increasing discharge, new springs, muddied waters, and landslides, are from [22]. Easting and north-
ing are UTM WGS 84. 

The structural, geomorphological and macroseismic data suggest [21,22,25,26] that 
the Quaternary normal fault segments in the Bojano area correspond to a system of capa-
ble faults (i.e., faults that can produce deformation and dislocation at the surface during 
strong seismic events) comparable to the systems responsible for the great recent earth-
quakes in the Apennines (e.g., Fucino 1915, Irpinia 1980, Amatrice Visso-Norcia 2016–
2017).  

Detailed studies on environmental effects generated by the strong 1805 earthquake 
[19,21,22] showed that some coseismic surface faulting might have also occurred in corre-
spondence with the “Il Lago” Plain. The normal fault bordering the plain to the SW is a 
poorly known structure, weakly expressed at the surface by small morphological 
scarps/warps (Figure 2). Indeed, some difficulties persist in defining the detailed faulting 
geometry (both at the surface and at depth) and type of the structures related to the 1805 
earthquake. The only available information about the northern part of the 1805 seismic 
source derives from sparse paleosismological evidence [15,27]. 

Therefore, the “Il Lago” Plain, filled with young sediments that might preserve evi-
dence related to Holocene surface faulting events, is a key location for understanding the 
seismic potential of the area. In this line, we investigated the subsurface of the northern 
portion of the 1805 fault system, bordering the “Il Lago” Plain, using low-frequency 

Figure 1. Seismotectonic sketch map of the study region: the study site of “Il Lago” Plain is the dark yellow ellipse; the
historical earthquakes’ epicenters are from CPTI15 [24] (red squares); the Scheme 23. (orange rectangular boxes); the
isoseismals (MCS intensity scale) of the 1805 earthquake are from [20] (white solid lines); the primary coseismic fractures
of the 1805 earthquake are from [22] (black dashed lines); the secondary coseismic effects of the 1805 earthquake, namely
liquefaction, springs increasing discharge, new springs, muddied waters, and landslides, are from [22]. Easting and northing
are UTM WGS 84.

The structural, geomorphological and macroseismic data suggest [21,22,25,26] that
the Quaternary normal fault segments in the Bojano area correspond to a system of capable
faults (i.e., faults that can produce deformation and dislocation at the surface during strong
seismic events) comparable to the systems responsible for the great recent earthquakes in
the Apennines (e.g., Fucino 1915, Irpinia 1980, Amatrice Visso-Norcia 2016–2017).

Detailed studies on environmental effects generated by the strong 1805 earth-
quake [19,21,22] showed that some coseismic surface faulting might have also occurred
in correspondence with the “Il Lago” Plain. The normal fault bordering the plain to the
SW is a poorly known structure, weakly expressed at the surface by small morpholog-
ical scarps/warps (Figure 2). Indeed, some difficulties persist in defining the detailed
faulting geometry (both at the surface and at depth) and type of the structures related
to the 1805 earthquake. The only available information about the northern part of the
1805 seismic source derives from sparse paleosismological evidence [15,27].

Therefore, the “Il Lago” Plain, filled with young sediments that might preserve ev-
idence related to Holocene surface faulting events, is a key location for understanding
the seismic potential of the area. In this line, we investigated the subsurface of the north-
ern portion of the 1805 fault system, bordering the “Il Lago” Plain, using low-frequency
Ground Penetrating Radar (GPR) data supported by seismic tomography data. Seismic
data yielded preliminary information on the underground structures and the dielectric
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permittivity of the subsoil. GPR data allowed a quick and detailed characterization of the
fault geometry, with enhanced depth penetration and lateral resolution.

2. Geological and Seismological Context
2.1. Regional Setting

The tectonics of the Italian peninsula is driven by the Neogene–Quaternary kine-
matic evolution of the Mediterranean area. Since the Early-Middle Pleistocene, a severe
(~7 mm/year) regional uplift coupled to a predominant NE–SW extension affected the
inner sectors of the Southern Apennines [28,29]. NW-striking normal faults, which are
parallel to the chain axis, developed in response to this extension. Active crustal extension
is also expressed by focal mechanisms of strong earthquakes and geodetic data ([30–32]
and references therein). The normal faults network dissecting the Southern Apennines
axis consist of 5–10 km long, mostly NW-trending and NE-dipping, individual segments,
forming complex systems up to 25–30 km long (e.g., [15,33] and references therein). Most
of them show clear hints of activity, such as the offset of Quaternary continental deposits
and the fresh exposure of bedrock fault planes. This was interpreted as mostly due to
rapid exhumation during coseismic surface slip episodes occurred after the Last Glacial
Maximum [34,35].

The Molise Apennines are characterized by a series of intermountain basins, of which
the most northerly ones are the Isernia and Bojano basins (Figure 1). The evolution of these
basins, starting at least from the Middle Pleistocene, was controlled by the NE–SW crustal
extension [36–38], along a segmented system of active normal faults [15,16,33]. Similar to
the normal fault segments that generated the 23 November 1980, Irpinia-Lucania earth-
quake, the Molise Apennines intermountain basins developed along a highly segmented
fault array formed by N- to NE-dipping active normal faults [15,16].

2.2. The Bojano Basin Fault-System

The above-mentioned tectonic regime favored the progressive development of fault
slopes, well represented along the SW edge of the Bojano basin. The fault system of
the “Bojano basin” consists of NW–SE normal synthetic and antithetic fault segments.
They outcrop along the Matese Massif slopes and are also buried at the edges of the
plain [21,27,34,35]. The buried faults acted as the main structure in the most ancient phases
of the tectonic-sedimentary evolution of the area, causing the early phase of the Bojano
basin opening and later transferring the tectonic activity to the piedmont faults. The
NE-dipping system fault consists of five main segments ranging from 4 to 7 km for a total
length of about 28 km (e.g., [15,16]). It includes the northeastern side of Mt. Patalecchia, the
sector near the town of Cantalupo del Sannio, and the area between the towns of Bojano
and Campochiaro (Figure 1). The outcropping Meso-Cenozoic bedrock is attributable to a
depositional environment of carbonate platform/ramp and transition basin. It deposited
in a stratigraphic interval ranging, in the study area, from the Upper Jurassic to the Middle
Miocene. This is followed by calcareous-marly sediments of a neritic environment and
by the calcarenitic-clayey-arenaceous sequences of foredeep from the Upper Tortonian to
the Lower Messinian. The study area was involved in tertiary compressive deformation
since the Upper Miocene; the folds and thrusts deriving from this tectonic phase were
also subsequently displaced by strike–slip transfer faults. The present structural setting
sees the carbonate bedrock sequence strongly dissected by variously oriented faults (N–S,
E–W, NE–SW). These were superimposed by normal faults with an Apennine orientation
(NW–SE), which are the result of the Quaternary and ongoing crustal extension. They
may reactivate the discontinuities inherited from the previous tectonic phase. Long-term
Quaternary normal displacement in the central part of these NE-dipping fault segments is
up to 900 m, while Late Pleistocene to Holocene slip-rates have been estimated in 0.1 to
1.0 mm/year [15,16,27].

The study area, the “Il Lago” Plain, is a minor local basin that closes towards NW
the Bojano basin and is bordered by a buried active normal fault that is part of the Mt.
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Patalecchia Fault System (MPFS) ([39] and references therein) [40] (Figure 1). The total
offset along the MPFS is at least 400 m [41]. The “Il Lago” area owes its name to a natural
event that occurred during the 17th century, when the stream crossing it formed the lake.
The final drainage of the plain was carried out in 1813 A.D. [42].

The Bojano basin, and its continuation towards the minor local “Il Lago” Plain,
are filled by the Middle Pleistocene–Holocene slope-derived breccias, colluvial, fluvio-
lacustrine and alluvial fan deposits [43–45]. The thickness of these successions reaches
about 400 m in some sectors of the Bojano basin [46] and is not homogeneous within the
basin due to an irregular trend of pre-Quaternary bedrock paleo-topography.

While for the Bojano basin a detailed stratigraphy is available, and the Middle to
Late Pleistocene age of the fluvial-marshy and lacustrine-palustrine infilling is constrained
based on borehole analyses and radiometric dating of tephra [15,47,48], for the “Il Lago”
Plain, there is no published information on the sediments filling the recent plain. The Mt.
Patalecchia mountainside is mainly constituted by Mesozoic calcareous successions, while
in the foothills, the Cenozoic calcareous deposits crop up, composing the substratum of the
lacustrine deposits of the “Il Lago” Plain (Figure 2).
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Figure 2. Geological sketch map of the investigated area: (1) colluvial and slope debris deposits (Holocene); (2) lacustrine
deposits (Late Pleistocene to Holocene); (3) cemented limestone breccias (Middle to Late Pleistocene); (4) Calcarenites, calci-
lutites, and marly limestone (Serravallian–Tortonian); (5) marly limestone and marl (Oligocene–Burdigalian); (6) calcarenites
and cherty limestones (Senonian-Turonian); and (7) Mesozoic limestone succession (Cenomanian–Early Turonian) modified
after [16,49]. The black rectangle in the map is the area shown in Figure 3; the black line is the trace of the geological
cross-section of Figure 14; the blue dot is the trench investigation site is from [27]. Easting and northing are UTM WGS 84.
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white lines are the identified synthetic faults (see Figure 13). 
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Figure 3. (a) Map of the seismic refraction (Seis_1) and GPR (from P1 to P6) profiles conducted at the “Il Lago” Plain (see
the black box in Figure 2 for location); and (b) georeferenced localization of the identified structures associable to the fault
system detected by GPR data. The solid light blue and yellow lines are the identified antithetic faults. The solid red and
white lines are the identified synthetic faults (see Figure 13).

2.3. Paleoseismicity and Historical Seismicity

The evidence of Quaternary activity along the “Il Lago” fault segment was docu-
mented by the offset of Holocene alluvial deposits inside a paleoseismic trench, with evi-
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dence of at least two surface-rupturing seismic events occurred during the last 2600 years
on the normal fault bordering the north-eastern slope of Mt. Patalecchia [27]. More
specifically, the authors dated these two events between 3130 ± 70 and 2590 ± 50 years B.P.

Another strong seismic event dated to the early 3rd century B.C. (i.e., ~280 B.C.) was
identified by archaeoseismological evidence observed SE of the Bojano basin, along the
Campochiaro fault (Figure 1) [50].

As mentioned, in historical times, the Bojano basin was the epicentral area of several
high-magnitude seismic events: in 1456 [17,18] and in 1805 [18]) (Figure 1).

The December 1456 earthquakes (on the 5th and 30th), according to the authors of [48]
causing at least 60,000 casualties, were certainly among the most catastrophic and powerful
earthquakes occurred in Italy. Such earthquakes are related to either three or five different
seismogenic sources located in a wide area spanning from the central to the Southern
Apennines, with one of the sources located to the north of the Matese ridge [17,51,52].
The 1456 earthquake Imax reached the XI degree of the MCS scale (Mw = 7.2 [24]). Even
though there is no historical description of the surface expression of the faults related to
the 1456 earthquake, secondary ground effects (e.g., landslides, hydrological variations,
fractures, liquefaction phenomena mostly related to ground shaking) were documented.
Furthermore, the seismic sequence triggered a moderate tsunami in the harbor of Naples
where some ships were damaged [53].

The 26 July, 1805 earthquake, known as the “St. Anna’s earthquake”, was another
energetic and destructive historical event that struck the Bojano basin causing about
5000 causalities [20] (Figure 1). It was felt in the Molise and Campania regions, in more
than 200 localities, with I0 = X MCS and Mw = 6.7 [24] reaching its maximum intensity,
Imax = XI MCS in Frosolone [20], nearly 20 km to the E of the town of Isernia, whose level
of damage reached the X MCS. Unlike the 1456 earthquake, several primary coseismic
effects on the natural environment were identified for the 1805 earthquake, based on the
review of historical documents. Since these effects are particularly relevant for the present
study, we describe them in detail in the next section.

Apart from the seismic events of 1805, this area was affected by low-magnitude, back-
ground, seismicity characterized by both sparse earthquakes and seismic sequences [54–56],
such as the event of 1882 (with epicentral location in the Isernia area, I0 = VII (Mw = 5.2, [24]).

In the last decades, the instrumental seismicity of the Northern Matese area was
characterized by low-energy swarms and sparse seismic events with maximum magnitudes
of 4.0 < Ml < 5.0 [54,55,57–60]. The last earthquake of the area occurred on 16 January 2016
with Ml 4.1, affecting an area located ~10 km NE of the Bojano basin (Figure 1).

2.4. Environmental Effects of the 1805 S. Anna’s Earthquake

A detailed description of ground ruptures is reported in historical documents re-
garding the destructive 1805 earthquake [60–65]. Primary effects such as surface faulting,
and secondary effects including hydrological anomalies, ground cracks, slope movements,
ground settlements and tsunamis were observed [20–22,25,26,66–69] (Table 1 and Figure 1).

Surface ruptures were reconstructed along the synthetic normal faults bordering the
Mt. Patalecchia fault segment [21]. Based on the isoseismal intensity distribution, environ-
mental effects and paleoseismological data, some authors associated the 1805 earthquake
to a seismogenic source located in the Bojano basin [21,25,38,66,69–71].
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Table 1. The 26 July, 1805 earthquake-induced primary effects with contemporary descriptions of surface fault segments
and ground cracks ([61,63–65]).

Location Type Historical Description Ref. Note

Miranda
S. Angelo in Grotte

Surface
faulting/ground

crack

“A very long fracture was surveyed
from Miranda, Pesche up to S.

Angelo in Grotte. Especially in the
upper mountain from Miranda to S.
Angelo in Grotte chasms were open

for about a half palm.”

[61] One Neapolitan
palm = 26.3 cm

Matese Mt.
Guardiaregia

Morcone
From Campobasso to Bussi

Isernia (Mt. Patalecchia)
Carpinone

Surface
faulting/ground

crack

“In the Matese and other mountains
of the county have made

considerable cracks.
Very evident and deep fractures with
offsets up to seven palms... you can
also see horrible cracks of stones in
the northern flank of Guardiareggia,
and in the southern flank of Isernia.

A third can be admired north of
Carpinone . . . ”

[63] Offset of about 150 cm

Pesche Carpinone Guardia
regia

Matese Mt
Salcito Trivento Montagano

Morcone

Surface
faulting/ground

crack

“An opening wider than a
Neapolitan palm, and more than

two miles long was found
throughout the back of the hill of

Pesche . . . Carpinone also had in its
surroundings two cracks, as still
Guardia Regia, ... The surface of

Mount Matese is all traced of
considerable cracks... Equally

considerable cracks were observed
in the lands of Salcito, Trivento,

Montagano, and Morcone...”

[64] 1 mile = 1845.69 m

Morcone
Surface

faulting/ground
crack

“Horrible chasms opened over a
length of about one-third of a mile,

some of which had the ground
overthrown at a height exceeding

two palms, and of which the width
was over three palms and

comparable the depth. These
fractures now can be seen from far
away, because the grass along the

crevasses is desiccated as it had been
on fire. In one such crevasse I

observed a pear tree, that, in that
moment [of the earthquake], lost all

its unripe fruits, threw many
branches to the ground and, of the
ones left, many are now desiccated.

In the same place the soil was
completely disturbed, as it had

excavated by innumerable moles.”

[65]
1 mile = 1845.69 m

Most ground effects were located within the VIII MCS isoseismal area [20] (Figure 1).
About 100 seismically induced environmental effects allowed assessment of an intensity
value (I = V−X) for 50 municipalities located in the near and far field area [26]. Based on the
review of historical documents, and in agreement with geological investigations along the
Bojano fault system [25,27,66], it was possible to measure the surface rupture length (40 km)
according to the methodology proposed in [56,72,73] (and references therein). The length
of the “macroseismic” surface faulting was estimated after joining the precise locations
of fault ruptures corresponding to the end-to-end distance between the farthest locality
points where fault ruptures were reported. In fact, several authors contemporary to the
earthquakes [61,63–65] described extensive ground ruptures with vertical displacements
up to 1–1.5 m, in at least two localities, Morcone (Benevento district) and Guardiaregia
(Isernia district; Figure 1), likely due to movements along a Holocene normal fault on the
NE slopes of the Matese Massif [15,16,21,22,26]. The secondary effects triggered by the
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earthquake were: at least 26 landslides, mainly rock falls, topples, slumps, earth flows,
and slump earth flows, and hydrological anomalies in 29 localities, mainly around Bojano
(Biferno springs) and Mt. Matese. It is important to note the distribution of landslides vs.
the earthquake fault: most of the landslides (88.5%) occurred within a distance of 30 km;
the rest of them took place within a distance of about 80 km; in particular, 23.0% of the total
occurred in the epicentral area (0–10 km), distributed along the zone of coseismic faulting,
and 65% were between 10 and 30 km. Most landslides concentrated inside the intensity
VII–X MCS isoseismal area (Figure 1). The distribution of hydrologic anomalies displays
an almost linear decay away from the causative faults, with 90% of the effects within 40 km
for the 1805 event [21,73]. Furthermore, small tsunami waves were reported in the Gulfs of
Naples and Gaeta ([22] and references therein).

3. Data and Methods

In order to detect and characterize the detailed geometry of the buried faults along
the SW border of “Il Lago” Plain, we performed a geophysical survey on the test site by
means of seismic refraction and GPR methods (Figure 3).

Seismic tomography provides insights into the stratigraphy of the subsoil and the
geometry of structures by analyzing the distribution of artificially generated elastic waves
(e.g., [10,74]).

Ground Penetrating Radar (GPR) is an Electromagnetic (EM) geophysical method-
ology working at microwaves, with frequency range 10 MHz–3 GHz, commonly used to
investigate shallower buried structures. Processed data allow obtaining a spatial map of
the subsurface in terms of electromagnetic properties and associate the “electromagnetic
anomalies” to the presence and the shape of buried targets [75]. The choice of the work-
ing frequency results as a trade-off between the necessity to investigate deeper regions
(pushing to lower frequencies) and the need to have higher resolution (pushing towards
higher frequencies). In particular, as long as the increase in relative dielectric permittivity
improves the achievable resolution, the presence of an electrical conductivity entails losses
in the soil and limits the investigation depth. The use of GPR in engineering studies, to
identify structures and sources in the shallow subsoil, is well-known (e.g., [76,77]). The
usefulness of GPR in geological studies is affected by the limited obtainable depth of
investigation. Previous studies detected indeed only the shallower portions of faults by 2D
and 3D surveys (e.g., [78–87]). In this study, we exploited a low-frequency GPR, the Loza
2N system working in the frequency band of tens of MHz, already deployed in a few other
applications, [88–93], to infer the geometry of buried faults at the depth of tens of meters.

In this work, we carried out a seismic refraction tomography for detecting the presence
of the main geological structures of the basin and collect information in order to better
constrain the interpretation of the B-scans acquired by GPR system along profiles almost
parallel to the seismic one. The acquisition of six GPR parallel profiles permitted to identify
the presence of a fault zone including vertical discontinuities (Figure 3).

3.1. Seismic Refraction Data Acquisition and Processing

The seismic profile is at the SW margin of the plain and strikes SW–NE (Seis_1 in
Figure 3), nearly perpendicular to the probable direction of the fault system as reported in
the ITHACA dataset [40] (Figure 1). The profile was recorded in June 2020 between the
foot of Mt. Patalecchia and the plain, across the Holocene lacustrine and colluvial deposits
that fill the plain.

We deployed 24 horizontal geophones with a frequency of 40 Hz spaced 10 m apart
over a profile of 230 m. Our seismic source consisted of a 15 kg sledgehammer that showed
to produce clear first arrivals along the whole profile, thanks to the very good signal-to-
noise ratio in the area (Figure 4). We performed nine hammer blows along the profile, with
blows at G1, G3, G6, G9, G12, G15, G18, G21 and G24.
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ously handpicked on nine records (Figure 5).
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The Vp model was determined by a tomographic algorithm, by using a non-linear
Least Squares method implemented in the software Plotrefa. This method starts with an
initial velocity model (generally a layered model generated by a time-term inversion),
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and iteratively traces rays through the model with the goal of minimizing the RMS error
between the observed and calculated travel times (RMS error: 11.84 ms). The obtained Vp
model (Figure 6) shows a high-velocity area in the SW side of the profile with a clear and
significant sub-vertical velocity variation at about 20–80 m. We also depict a less abrupt
sub-vertical velocity variation around 120–180 m.
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Based on these preliminary seismic tomography results, we furtherly investigated
the area by the GPR method by performing six high-resolution SW–NE profiles partially
overlapping the seismic profile (Figure 3).

3.2. GPR Data Acquisition and Processing

In this study, the radargrams, also referred to as B-scan, were gathered by means
of the Loza GPR system, which was designed especially for high-conductivity soils (wet
clay, loam), at the Pushkov Institute of Terrestrial Magnetism, Ionosphere and Radio Wave
Propagation (IZMIRAN) in relation with a planned space mission Mars ‘94 [93].

The GPR sensing principle is as follows: a transmitting (Tx) antenna radiates an
electromagnetic signal into the probed medium, while a receiving (Rx) antenna gathers the
portion of energy reflected/backscattered by the electromagnetic perturbations into the
medium and occurring into a fixed observation time window. Therefore, by moving Tx and
Rx antennas along a line and by collecting, at each measurement point, the backscattered
field as a function of the round-trip travel time, i.e., the signal propagation time along the
path Tx antenna–target–Rx antenna, a 2D image of the surveyed scenario, referred to as a
radargram, is obtained. The radargram provides a representation of the subsurface features,
wherein localized objects appear as hyperbola while material interfaces as constant signals,
and the depth, z, of the targets is estimated by converting the round-trip travel time, t,
according to the following relation:

z =
ct

2
√
ε

(1)

wherein c = 3× 108 m/s represents the light propagation velocity and ε is the average
relative dielectric permittivity of the investigated medium [76,93].

Loza GPR is equipped with two not-shielded monostatic antennas, one Tx and one
Rx, placed at the mutual distance of 6 and 10 m, respectively, for generating radar pulses
at the central frequencies of 25 or 15 MHz [89]. The two antennas were moved along the
profiles using a parallel (Figure 7) and/or an in-line array.
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In addition, the GPR systems consists of:

(i) a high-power transmitter unit of 15 kV, 50 MW;
(ii) a receiving unit to record broadband pulses with direct signal digitization, without

stroboscopic conversion and 120 dB energy dynamic;
(iii) two Wu–King antennas 6–15 m long without cable connection and with radio trigger

placed on foils made of high-density polyethylene resistant to rubbing (Figure 7) that
are resistively-loaded dipoles covered by a dielectric layer that avoids the dispersion
of the transmitted signal;

(iv) a controller connected to the receiver unit through a coaxial shielded multipolar cable.

We collected six parallel approximately 200 m long GPR radargrams, named P1–P6,
spaced about 150 m from each other. These profiles trend SW–NE, orthogonally to the main
direction of the valley (see Figure 3). Table 2 reports the acquisition parameters adopted
for each profile in terms of length, spatial step, and working frequency.

Table 2. Acquisition parameters of the GPR survey.

ID Data Length
(m)

Spatial Step
(m)

Frequency
(MHz)

Easting Start
(UTM-m)

Northing Start
(UTM-m)

Easting End
(UTM-m)

Northing End
(UTM-m)

P1 203 2.5 15 440,755.19 4,601,386.77 440,890.79 4,601,538.72
P2 185 2.5 15 440,801.55 4,601,373.14 440,951.19 4,601,479.89
P3 206 2.4 15 440,880.19 4,601,312.10 441,033.00 4,601,446.72
P4 199 2.3 15 440,988.88 4,601,231.02 441,142.06 4,601,359.67
P5 160 1.6 15 441,078.61 4,601,207.34 441,202.22 4,601,319.15
P6 198 3.3 25 441,138.12 4,601,115.96 441,290.82 4,601,233.27

Figure 8 shows the raw data (B-scans) and the corresponding average trace for each
scan. It can be seen how the radargrams are affected by undesired components, such as the
signal due to the direct coupling between the Tx and Rx antennas and the measurement
noise, which affects the useful part of the collected signal. More specifically, in the first
part of time window, up to about 400 ns, each considered B-scan is affected by a strong
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phenomenon of direct coupling between the antennas, as also shown in the average traces
in the right panels of Figure 8 and in their superposition in Figure 9.
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Consequently, filtering procedures are necessary for reducing the effects of the unde-
sired signals while improving the targets visibility. The choice of these procedures was
driven by the specific surveyed scenario [75,92,94,95].

Figure 10 shows the processing chain adopted to improve the interpretability of the
considered GPR data. Specifically, the data processing involves the following procedures:
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1. The DeWOW procedure subtracts at each collected waveforms its mean value along
the time axis.

2. The median filter, which allows removing noise from radargram and improving the
results of later procedures [96].

3. The zero timing defines the actual starting time, t0, of the observation time window.
4. The time gating selects the portion of the observation time window where the target

response occurs and allows eliminating the direct antenna coupling, tTG, as well as the
clutter signal, i.e., all the signals occurring outside the portion of the time windows
of interest.

5. Background (BKG) removal helps remove or mitigate the signal contributions due to
antenna coupling, air–material interface, and (undesired) horizontal reflectors.

6. Topographic correction inserts the real altitude of each acquired A-Scan and georefer-
ence the radargrams.
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In this case study, the observation time window of each radargram is 2044 ns, dis-
cretized by 512 time-samples. Furthermore, on the obtained radargrams, we performed
zero timing by setting t0 = 16 ns and time gating as tTG = 100 ns. As mentioned above
and confirmed by the superposition of the average A-scans in Figure 9, the first part of the
signal is affected by a strong direct coupling of antennas. For this reason, we applied the
BKG removal procedure to remove this constant signal in the interval from 100 to 400 ns.
Finally, we performed the two-way time–depth conversion by means of Equation (1) by
assuming the relative dielectric permittivity ε = 10. It is worth noticing that this value
was chosen by exploiting the information from the seismic acquisition about the depth of
high-velocity area (Figure 6).

4. Results

As mentioned above, the analysis on seismic data showed two areas with sub-vertical
P-velocity variations, at 20–80 and 120–180 m. Regarding velocity values, we depicted a low
velocity layer (0.3 < VP < 1 km/s) and a layer with intermediate velocities (VP ∼= 1.4 km/s).
Immediately below these layers, we identified another layer with medium-high velocity
values (1.6 < VP < 2.2 km/s) and high-velocity layers (VP > 2.6 km/s).

We interpret the depicted velocity variations to be caused by subvertical systems of
faults, showing two horst and graben decametric structures, with NE-dipping synthetic
and SW-dipping antithetic faults (Figure 11).

The GPR survey was carried out in July 2020 to confirm the information provided
by the seismic survey thanks to the acquisition of data along profiles almost parallel to
the seismic one. In this way, it was possible to identify the path of the fault along the
overall length of the Il Lago Plain, and to achieve information about the shallower layers of
the underground.

Figure 12 shows the six filtered radargram obtained by means of the data processing
chain described in Section 3. The filtered data allow identifying three main areas, high-
lighted by three black dot-dashed rectangles (a–c in each panel of Figure 12), with strong
reflections due to variations of the dielectric permittivity of the subsoil. More specifically,
on the SW side of each filtered data section, we observe the reflective area (a) with a
depth-to-the top of about 10 m (630 a.l.s.) and a lateral extension of about 25 m. This GPR
anomaly ends with a new discontinuity that could be associated with the presence of a
second change in the geological condition (black dashed rectangle b). Then, we note a third
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anomalous area between the distances of 100–130 m where a third geological structure
is expected (black dashed rectangle c). The sequence of the three main anomalies (a–c)
placed at a limited distance generally smaller than 50 m is well kept for all the radargrams
acquired in the investigated foothills. Indeed, the results are similar despite the radargrams
are distant up to 0.5 km, as in the cases of P1 and P6 that are the outer investigation lines.
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The geophysical contrast observed in all the GPR filtered data matches quite well with
the sub-vertical synthetic and antithetic structures identified by the seismic data (Profile
Seis_1 in Figure 3)

We note that the anomalies detected in the NE side of the profiles are not as clear as
the ones located on the SW side of the profiles. This is probably due to the strong noise
affecting the GPR data and the saturation of the signal in the first part of the time window
(<500 ns), likely related to the presence of clay and loamy soils. Thanks to the information
provided by seismic data that show a high-velocity area on the SW side of profile Seis_1
with top at 20 m depth, the dielectric permittivity of the soils placed above the basement
rocks was constrained to the value of ε = 10.

The correlation between geophysical results and geological data is important for a
reliable interpretation in the areas with buried active faults, such as the “Il Lago” Plain.
Our interpretative cross section based on seismic and geological data [49] (Figure 13) shows
a sub-vertical NE-dipping normal fault, located starting from 630 m a.s.l. displacing the
deposits of the plain horst and graben structure controlled by antithetical faults. We also see
a SW dipping fault system that forms a horst and graben structure controlled by antithetical
faults. Another horst and graben structure can be inferred on the NE side of the profile.
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Figure 13. Geological interpretation along the Seis_1 profile (see location in Figure 3a): black dashed lines show the identified
synthetic and antithetic normal faults and black arrows indicate the direction of displacement. Legend: (1–2) Slope and
lacustrine deposits (Late Pleistocene-Holocene); (3) cemented limestone breccias (Middle–Late Pleistocene); (4) calcarenites,
calcilutites, and marly limestone (Serravallian–Tortonian); (5) marly limestone and marl (Oligocene–Burdigalian); (6)
calcarenites and cherty limestones (Senonian–Turonian); and (7) mesozoic limestone succession (Cenomanian–Early
Turonian). Wehere merged geological units 1 and 2 of Figure 1 in one geological unit.

We interpret the layer with the lowest VP value (0.3 < VP <1 km/s) as the Late
Pleistocene–Holocene slope and colluvial-lacustrine deposits of the plain. The layer with
intermediate velocities (VP ∼= 1.4 km/s) is probably associable with breccias filling for
about 30 m the graben. Immediately below these deposits, we identified another layer
with medium-high velocity values (1.6 < VP < 2.2 km/s) that we interpret as calcarenites,
calcilutites, marls, and marly limestones. The structure with the highest velocity value
(VP > 2.6 km/s) corresponds most likely to more cemented calcarenites and limestones and
the Mesozoic carbonate bedrock. These high-velocity areas match with strongly reflective
areas of the GPR signal (Figure 12d).

5. Discussion

Surface faulting associated with the 1805 earthquake is reported in paleoseismic trench
sites SE of the plain in [15,27]. However, detailed definition of the northern termination
of earthquake rupture is still debated. This is due to a combination of factors: (i) the
post-earthquake surveys, although carried out with appreciable descriptive effort, report
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coseismic surface ruptures that are tens of km apart, and with opposite dips [22]; (ii) some
interpretation of the seismogenic sources in the area of Bojano and the NE side of the
Matese Massif are rather simplified and are unlikely to comply with the complexity of the
fault segmentation [16]; (iii) a faint constraint to the geometry of the source is supplied by
the scarce and sparse instrumental seismicity that occurred over the last decades and by
geodetic data [30–32]; and (iv) the local geomorphic and structural setting does not allow
the straightforward detection of unambiguous surface breaks, as already observed in other
small tectonic basins in the Southern Apennines (e.g., [8]).

In this work, we aimed at characterizing the buried structures of the area by seismic
refraction tomography supported by the GPR methodology. The interpretative geological
cross section based on geological and seismic data (Figure 13) shows four sub-vertical
normal faults, two faults dipping towards the SW and two faults dipping towards the
NE. They displace the deposits of the plain towards the north-eastern side of the basin
(Figure 13). The top to the faults is at about 10 m depth (starting from 630 m a.s.l.). The
inferred system forms a horst and graben structure. The GPR profiles confirmed this
interpretation especially for NE-dipping normal fault, as shown, in all radargrams, where
trongly reflective areas match with the structure identified by the seismic data (Figure 13).
The GPR and seismic refraction data highlighted the spatial continuity of the two buried
fault systems along the southwestern side of the “Il Lago Plain” for a length of about 0.5 km
(Figure 3b).

The width of the SW graben likely reflects the depth at which the dip of the Mt.
Patalecchia master fault changes to a lower angle (Figure 14). Indeed, the subsurface geom-
etry of the horst and graben structure associated with the master normal fault bounding
Mt. Patalecchia suggests a decreasing fault dip, from the 60◦ dip observed in the field
to ca. 45–50◦ (Figure 13; Figure 14), as observed in similar gravity-graben structures for
instance along capable normal faults in Nevada [97,98] or in Southern Tibet ([99] and
references therein).Remote Sens. 2021, 13, 1555 18 of 23 
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Figure 14. Geological cross section along AB (whose trace and geological units are shown in Figure 2);
the red box is the interpreted profile of Figure 13. Based also on data from [16,49], we interpret the
shallow horst and graben structure beneath the SW border of the Plain as due to the listric geometry
of the Mt. Patalecchia fault system.
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6. Conclusions

We carried out a study across an active normal fault at the “Il Lago” Plain (Pettoranello
del Molise, Southern Italy) by newly acquired geophysical data and literature geological
data. We used low frequency GPR methods combined with seismic tomography methods.
As is known, the usefulness of traditional GPR techniques in geological studies is affected
by the limited obtainable depth of investigation. Previous studies indeed detected only the
shallowest portions of faults (e.g., [87,88]). Conversely, our study demonstrates the optimal
potential of combined seismic and deep GPR surveys for investigating buried faults at
depth of tens of meters (down to 60 m in this study). This can be specifically applied to
young structures that, despite their probable seismogenic potential, have not yet developed
mature geomorphic features or are buried under thick sequences of recent deposits. Even
though the “Il Lago” Plain is a small basin within the Bojano fault system, our study adds
insights into the MPFS, recognizing four buried sub-vertical antithetic and synthetic normal
faults that form horst and graben structures below the plain filling. Our results suggest
that the application of these geophysical techniques may allow a quick fault-detection
for an accurate choice of paleoseismological trench sites. In fact, GPR and seismic data
allowed inferring, from different clues and evidence, the spatial continuity of fault systems
previously unknown. This result is crucial given the seismotectonic importance of the
Bojano basin, for improving the knowledge of the Holocene paleoseismological history.

The geophysical evidence of Late Pleistocene to Holocene displacement beneath “Il
Lago” Plain strongly suggests that recent sedimentation rates at this site are larger than the
vertical component of normal faulting rate. A similar result has been already documented
for instance in the San Gregorio Magno Plain, where paleoseismic evidence of Holocene
surface faulting was studied with exploratory trenching across the 1980 earthquake surface
ruptures [8,100]. Therefore, our investigations do not rule out that the 1805 surface faulting
also affected the “Il Lago” Plain, as suggested by historical literature (Table 1). This
hypothesis however needs to be verified or falsified by future trench investigations.
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