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Legacy seismic reflection data constitute infrastructure of tremendous value for
basic research. This is especially relevant in seismically hazardous areas, as such
datasets can significantly contribute to the seismotectonic characterization of the
region. The quality of the data and the resultingimage can be effectivelyimproved by
usingmoderntools, suchaspre-conditioningtechniquesandseismicattributes. The
latter are extensively used by the hydrocarbon exploration industry, but are still only
poorly applied to the study of active faults. Pre-conditioning filters are effective in
removing random noise, which hampers the detection of subtle geologic structures
(i,e., normal faults). In this study, a workflow including pre-conditioning and
extraction of seismic attributes is used to improve the quality of the CROP-04
deep seismic reflection profile. CROP-04 was acquired in the 1980s across the
Southern Apennines mountain range, one of the most hazardous seismically active
regions in Italy. The results show the capacity of this method to extract, from low-
resolution legacy data, subtle seismic fabrics that correspond to a dense network of
fault sets. These seismic signatures and the enhanced discontinuities disrupting the
reflections, which were invisible in the original data, correlate well with the main
regional normal faults outcropping at the surface. Moreover, the data reveal higher
structural complexity, due to many secondary synthetic and antithetic structures,
knowledge of whichis usefulin modeling of the localand regional distribution of the
deformation and potentially in guiding future field mapping of active faults. This
proposed approach and workflow can be extended to seismotectonic studies of
other high-hazard regions worldwide, where seismic reflection data are available.

KEYWORDS

seismic reflection, legacy data, pre-conditioning filters, seismic attributes, normal faults,
earthquakes, seismotectonics, Irpinia 1980 earthquake

1 Introduction

Seismically active regions are struck by strong earthquakes, which, in densely populated
areas, may cause widespread and intense damage as well as loss of human lives. To better
define the seismic hazard of a region, seismotectonic studies are fundamental in providing
the foundational knowledge establishing the link between active faults at the surface and the
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hypocentral source; such studies aim to image the deep geometry
and kinematics of the region (Allen et al, 1965; Schwartz and
Coppersmith, 1984; Barchi and Mirabella, 2008). Reconstructing
the geological and structural framework of seismogenic areas
requires the integration of several methodologies and datasets.
This process may encompass conventional fieldwork (e.g.,
geological-structural ~ mapping) and the analysis and
interpretation of subsurface data, such as borehole data and
geophysical datasets. Undoubtedly, seismic reflection is the most
powerful geophysical tool, providing high-resolution images of the
subsurface and effectively constraining the subsurface structural
settings. In urban or protected areas, drilling of new boreholes and
acquisition of novel seismic reflection data can be complex or
hampered by high costs, complex logistics, and environmental
limitations. In the past several decades, several research projects
have successfully acquired deep seismic profiles, which have been
used to build up regional and/or relatively large-scale crustal models
(e.g., LITHOPROBE, Clowes et al., 1968; Clowes et al., 1999; Hope
et al., 1999; COCORP; Cook et al., 1979; BIRPS; Brewer et al., 1983;
ECORS; Roure et al., 1989; DEKORP; Meissner and Bortfeld, 1990;
TAICRUST; Nakamura et al., 1998; CROP; Barchi et al., 1998; Pialli
et al., 1998; Finetti et al.,, 2001; Pauselli et al., 2006; IBERSEIS;
Simancas et al., 2003; TRANSALP; Castellarin et al., 2004; FIRE;
Kukkonen et al., 2006; Korja et al., 2018; ALCUDIA; Ehsan et al.,
2014;Ehsan et al.,, 2015). Data corresponding to these unique large-
scale crustal and lithospheric research programs are currently
available through open seismic data repositories such as
LITHOPROBE (Clowes, 2010), OPENFIRE (Heinonen et al,
2017, https://helda.helsinki.fi/handle/10138/225858), and
SEISDARE (Deng and Stauffer, 2006). Higher-resolution seismic
reflection data provided by the energy industry or national archives
have also been used in local and/or regional geological studies of
upper crust structures (e.g., Wu, 1986; William-Keach et al., 1989;
Boncio et al., 2000; Clowes and Hyndman, 2002; Carvalho et al.,
2008; Beidinger et al., 2011; Percival, et al., 2012; Bonini et al., 2014;
Maesano et al.,, 2015; Porreca et al., 2018; Barchi et al., 2021). As
shown by Ercoli et al. (2020), more information can be extracted
from this type of data for seismotectonic research through seismic
attribute analysis. A similar approach can also be applied to deep
seismic reflection profiles, which are acquired in regional studies
(i.e., longer transects with larger spacing between recording stations)
and thus generally targeted for exploration of the deep crust
(Torvela et al.,, 2013). For these reasons, although data with such
characteristics are theoretically not ideal for high-resolution
imaging of faults, fault zones, and fracture networks, they can
contain subtle seismic signatures and/or seismic fabrics, which
provide very valuable information on structural features and
tectonic lineaments located at shallower levels, in the upper crust.

In Italy, in early 2000, a national effort resulted in a very
significant deep crustal characterization project involving the
acquisition of deep seismic reflection transects known as CROP
(Morelli, 2003; Scrocca et al., 2003; Finetti, 2005; http://www.crop.
cnr.it/ last accessed 17 August 2022). The goal of CROP was to
provide foundational knowledge of the deep geological structure of
both on-shore and off-shore areas of the Italian Peninsula. The
resolution of these data is relatively limited (~100 m), mostly due to
the configurations used in acquisition and the limits of the available
technology at that time. The resulting images provided critical
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results unveiling the deep crustal structure of the Italian
Peninsula (e.g., for the Central and Southern Apennines, see
Pauselli et al., 2006; Patacca and Scandone, 2007). The signal-to-
noise ratio (SNR) of these seismic profiles is generally considered to
be low due to the generalized low fold and high level of random noise
content obscuring the reflectivity of the subsurface. These drawbacks
place limitations on the interpretation of the seismic images, which
is always affected by a degree of uncertainty and subjectivity,
depending largely on the data quality and the interpreter’s
experience, thus giving rise to contrasting geological models. In
addition, seismic interpretation is always a time-consuming task,
particularly without the use of modern and efficient semi-automatic
or automatic tools for extraction of the most prominent structural
features (e.g., faults; Tingdahl and de Rooij, 2005; Zhao and Sun,
2013; Acunia-Uribe, 2021). Nonetheless, these techniques should be
used with care, as they may fail or produce artifacts when applied to
noisy data; for this reason, all processing strategies that can be used
to improve data quality are an asset in reducing and minimizing
errors, while also enhancing embedded features and speeding up the
seismic interpretation process. It is also known that application of a
full and modern reprocessing workflow increases the value of old
datasets (e.g., Stucchi et al., 2003; Tognarelli et al., 2011; Giustiniani
et al., 2015; Meffre et al., 2022); however, this solution is typically
time-consuming and expensive, and it requires access to the original
raw shot-gathers, observers’ logs, and careful and detailed
positioning information on sources and receivers.

When only stack images are available, alternative procedures
based on advanced post-stack processing schemes are needed to
extract more information from seismic data (e.g., information on
fault patterns and clearer seismic fabrics); these may include, for
example, seismic attribute analysis (Sheriff, 2002; Tingdahl, 2003).
This method was developed for studies involving the
characterization of hydrocarbon reservoirs (Chopra and Marfurt,
2007; Marfurt, 2018), and the tool is still under rapid development
(using machine learning techniques; Wrona et al., 2018; Naeini and
Prindle, 2019; Ashraf et al., 2020; DeFelipe et al., 2021; Yu and Ma,
2021). Seismic attributes are rarely used in seismotectonic studies
(i.e., those involving earthquakes), either in studies at the scale of
legacy seismic reflection profiles (Ercoli et al., 2020; Barchi et al.,
2021) or those involving high-resolution near-surface imaging (e.g.,
ground-penetrating radar; McClymont et al., 2008; Forte et al., 2012;
Ercoli et al., 2015; De Lima et al., 2018; Zhao et al., 2018; Ercoli et al.,
2021). As far as we are aware, there is still no study applying this
technique to deep, regional seismic reflection profiles, such as the
aforementioned Italian CROP transect, with the aim of imaging
relatively shallow and seismogenic faults. Therefore, this paper
presents the first application of seismic attribute analysis to pre-
conditioned deep seismic reflection data, aiming to improve the
resolution and interpretability of CROP-04 NVR (Mazzotti et al.,
2000; Mazzotti et al., 2007a). This profile crosses the Southern
Apennines mountain range (Figure 1). This zone is one of the
most important seismogenic regions of the Italian peninsula. It was
affected by the strongest seismic event (Mw 6.9, 23rd November
1980) to have occurred in Italy in the last 100 years (the Irpinia
earthquake; e.g., Del Pezzo et al., 1983; Pantosti and Valensise, 1990;
Valensise, 1993; Amoruso et al., 2011; Galli, 2020 and references
therein; Matano et al.,, 2020; Rovida et al., 2020; Bello et al., 2021;
2022; Lombardi, 2021).
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Map indicating the study area, which is located in the Southern Apennines (Italy). (A) Geological map of the study area, with simplified geology,
thrusts, and normal faults (from Bello et al,, 2021), earthquake hypocenters (black dots), and the CROP-04 trace (black line). (B) Inset with the trace of the
CROP-04 profile from Agropoli city to Barletta city, with several representative CDP numbers (yellow dots) related to its westernmost reprocessed sector
(Mazzotti et al., 2000; 2007a). The segment crossing the Irpinia area, highlighted in yellow, is re-interpreted in this article.

The processing workflow designed in this study aims to
remove or attenuate the high amplitude of random noise, thus
extracting additional embedded information on the locations of
the main active faults of this region outcrop (Figure 1). The
workflow aims to enhance the imaging of not only the master
(seismic) faults but also possible patterns of minor networks of
fractures (“sub-seismic scale faults”; Adigun and Ayolabi et al.,
2013; Odoh et al., 2014; Cohen et al., 2006; Chopra and Marfurt,
2007; Tacopini et al., 2016), thereby reviving the CROP-04 NVR
profile in light of seismotectonic studies. Such faults at a local
scale represent important structures, which can be seismically
active and which are fundamental in fully reconstructing the
extent of the fault zones and deformations occurring within this
study area.

Following an overview of pre-conditioning techniques for seismic
reflection data and seismic attribute analysis, we present an application
of the proposed workflow customized for structural interpretation. We
first test the efficiency of a pre-conditioning technique on synthetic 2D
data, generated from a simple model featuring dipping beds and multi-
scale faults; this is followed by an attribute analysis. Then, we apply this
workflow to the CROP-04 NVR transect crossing the Southern
Apennines (Figure 1, profile track in the inset b). The results
provide data with a higher signal-to-noise ratio and improved lateral
continuity of reflections, and reveal the presence of complex seismic
signature patterns, which are consistent with the seismic signature
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provided by the systems of faults. Finally, we focus our seismic
interpretation on the seismically active sector across the Southern
Apennines mountain range. We present, for the first time, a clear
image of a complex system of fractures characterizing this area,
displaying the main zones of the most pervasive deformation, in
which the faults are clearly visualized in terms of their spatial
organization, distribution, and relationships, down to a depth of at
least 4-5 km. These results are fundamental from a seismotectonic
perspective, since faults and fracture areas can play a key role as
conduits for or barriers to fluid flow. An increase in pressure is
recognized as one of the main factors triggering strong earthquakes
(e.g., Knipe et al., 1998; Scholz, 1998; Improta et al., 2014; Mulargia and
Bizzarri, 2015; Chiarabba et al., 2020a; 2020b). This article proposes a
processing flow combining data pre-conditioning with seismic attribute
analysis, showing the strong potential for revived legacy seismic
reflection images to contribute to seismotectonic research and to
support assessments of the seismic hazard of active regions worldwide.

2 Geological framework

The study area is located in the Campania-Lucania arc
(Figure 1), forming the western part of the Southern Apennines.
It consists of a complex stack of tectonic units, derived from the
deformation of sedimentary successions and originally deposited on
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the Paleo-Tethys oceanic floor and/or on the adjacent western
margin of the Adriatic Plate. The main tectonic units, related to
the four main paleogeographic domains (e.g., Patacca and Scandone,
2007; Bonardi et al., 2009; Hussein et al., 2021), are (from uppermost
to lowermost):

1) the Liguride and Sicilide nappe units (Lower Cretaceous-Lower
Miocene), made of basinal sediments (e.g., Ogniben, 1969; Knott,
1987; Bonardi et al., 1988; Monaco and Tortorici, 1995; Lentini
et al., 2002; Cavalcante et al., 2012) originally deposited on the
Tethys Ocean and/or on the distal continental margin;

2) the Apennine Platform Unit (Upper Triassic-Middle Miocene),
made of internally deformed, thick carbonate shelf succession
(D’Argenio et al., 1975; D’argenio et al., 1973; Palladino et al.,
2008; Merlini and Mostardini, 1986; Menardi Noguera and Rea,
2000);

3) the Lagonegro Unit (Middle Triassic-Early Tertiary), made of
deep-sea pelagic and turbiditic deposits (Marsella et al,
1995); and

4) the Apulian Platform (Mesozoic Early Tertiary), made of thick
shallow-water carbonates (Lentini et al., 2002; Patacca and
Scandone, 2007) lying on top of a crystalline basement
succession (Lower Paleozoic-Permian-Early Triassic).

A phase of NE-SW Quaternary extension generated a series of
normal fault systems (Figure 1A), which displaced the pre-existing
internal contractional structures (migrating from west to east),
synchronous with the contraction affecting the front of the belt
(e.g., Elter et al,, 1975; Lavecchia et al., 1994; Doglioni et al., 1999).
The still-active extension is mainly responsible for the present-day
earthquake hazard in the study area (Amato and Montone, 1997;
D’Agostino et al., 2008; Brozzetti, 2011; Ferranti et al., 2014).

In 1980, this area was struck by a strong earthquake (Mw 6.9;
Bernard and Zollo, 1989; Pantosti and Valensise, 1990), followed by
several subevents that activated, in sequence, three distinct fault
segments (Westaway and Jackson, 1984; Bernard and Zollo, 1989).
In recent decades, the subsurface geological and structural status of
the seismogenic sources (and, in particular, the current attitude and
geometry of the activated fault segments, their structural hierarchy,
and their link with seismicity) has been targeted in depth in relevant
scientific debates (Ascione et al., 2003; Improta et al., 2003a; b; 2014;
Maschio et al., 2005; Brozzetti, 2011; Bello et al., 2021; De Landro
et al, 2022). The CROP-04 NVR deep seismic reflection profile
partially covers the epicentral area with an SW-NE trend, which is
orthogonal to the average strike of the extensional structures
(Alburni, Inner Irpinia, Irpinia, Monticello, and other antithetic
faults; Bello et al., 2021) (Figure 1A).

3 Data, materials, and methods

3.1 The CROP-04 NVR seismic reflection
profile

The deep seismic reflection line CROP-04 NVR (Mazzotti et al.,
2000, 2007a), hereafter CROP-04, runs from the south-western sector
of the Campania region (near the town of Agropoli) to the city of
Barletta in the Puglia Region (Cippitelli, 2007; https://www.videpi.
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com/videpi/crop/crop.asp, last accessed 17 August 2022). In this
study, we worked on the westernmost portion of this seismic line,
the limit of which is located ~ 6 km northeast of the city of Venosa
(CDP 2620, Mazzotti et al., 2000, 2007a) in the Basilicata region
(Figure 1). The acquisition of the CROP-04 profile was funded by C.N.
R., AGIP (now known as Eni S.p.A.) in collaboration with ENEL, and
it was acquired between 1989 and 1990. As in other Italian areas,
during the 1980s-1990s, the Southern Apennines were the object of
hydrocarbon exploration, and the oil industry collected new data and
reprocessed available industrial seismic lines (Cippitelli, 2007).
Therefore, the acquisition and analysis of these reflection profiles,
collected at a depth range of ~6,000 m for hydrocarbon exploration,
aided in the discovery of important oil fields in Val d’Agri, which are
currently still operational. On average, these seismic reflection profiles
achieved a higher resolution than the deep CROP-04, since the latter
targeted the crustal structure of the mountain range and the foreland
(Cippitelli, 2007). This consideration is supported by examination of
several of the main acquisition parameters of the CROP-04: this stack
line, acquired using a combination of both dynamite and vibroseis
sources, shows a fold of 120%, a CDP distance of 40 m, and a time
window of 10 s TWT (Figure 2), but Patacca and Scandone (2001)
report continuous and well-structured reflections visible until
~9s TWT.

The average amplitude spectrum shows a bandwidth
ranging from 5 to 45Hz, with a dominant frequency of
~11 Hz (Table 1). Assuming an average velocity of 5,000 m/s
for the subsurface, a value of ~110 m is estimated for the vertical
resolution. Based on the acquisition parameters, processing
difficulties can be anticipated: one is the combination of zero
and minimum phase sources (dynamite and vibroseis), each
most probably differing in frequency content; spatial aliasing
(Steeples and Miller, 1998) is also critical, meaning that spatial
sampling might not be sufficient to image sub-vertical
structures such as normal faults and/or fractures.

The availability of this deep profile, as well as all the other
commercial data that have been released, has favored important
improvements in the wunderstanding of the geological
frameworks and the evolution of the Southern Apennines
region. The seismic interpretation and re-interpretation of
such data (Mazzoli et al., 2000; 2001; Menardi Noguera and
Rea, 2000; Patacca and Scandone, 2001; Scrocca et al., 2005),
including full reprocessing of CROP-04 (Mazzotti et al., 2000;
Scrocca et al., 2003; Stucchi et al., 2003; Mazzotti et al., 2007a),
has contributed to the definition of a variety of contrasting
geological models (.e.g.,Menardi Noguera and Rea, 2000; Butler
et al., 2004; Shiner et al., 2004; Finetti, 2005; Cippitelli, 2007;
Patacca and Scandone, 2007; Scrocca et al., 2007; Scrocca, 2010;
Vezzani et al., 2010; Mazzoli et al., 2013; Savastano and Piana
Agostinetti, 2019). Controversies in this domain are nearly
always attributable to the relatively low S/N ratio in the data,
which hampers the application of more sophisticated
processing techniques, as reported by Mazzotti et al. (2000;
2007b), and thus a clear mapping of the fault architecture within
the subsurface of the region is still not well defined. For this
reason, any achievements in improving noise reduction and
increasing the lateral resolution will help with re-interpretation
of the data, especially if further information can be extracted
from the seismic fabrics and their patterns.
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FIGURE 2

CROP-04 normal incidence deep seismic reflection lines (stack) displayed over the entire length of the profile. The left (west) side, dominated by
W-dipping reflections, is the central sector and focus of this work, characterized by investigation depth limited to ~6 s TWT; the right (east) side also
exhibits steep W-dipping reflections. Note that the entire seismic line is widely contaminated by high-frequency random noise, hampering accurate

seismic interpretation (see spectrum in Table 1).

TABLE 1 Parameters of deep seismic line CROP-04. The amplitude vs. frequency spectrum shows a narrow bandwidth with a frequency range close to 50 Hz, mostly
dominated by random noise components (all details of the processing workflow can be found in Mazzotti et al., 2007a).

Parameter CROP-04

Source D,V
Length (km) 106,05
Traces (n°) 2,616
CDP range 5-2,620
Samples (n°/trace) 2,501
Time window (ms) 10,000
Sampling interval (ms) 4
Average CDP distance (m) 40.56

3.2 Background on data pre-conditioning
techniques and seismic attributes

Geophysical features in seismic reflection data can be
considerably enhanced with the application of seismic attribute
analysis, which can be used to extract qualitative and quantitative
information from data and to emphasize the display of structural
features and relationships. A seismic attribute is a descriptive and
quantifiable parameter (e.g., time or dip) that can be calculated from
a single seismic trace within 3D cubes (Taner et al.,, 1979; Barnes,
1996; 1999; Chen and Sidney, 1997; Taner, 2001; Chopra and
Marfurt, 2007; Iacopini, 2011; Forte et al., 2016; Dewett et al.,
2021; Tlacopini and Butler, 2021). Seismic attributes can be
computed over pre-stack or post-stack seismic data and,
nowadays, over 3D seismic volumes. The latter guarantees more
efficient applicability of the proposed analysis by allowing the
identification of stratigraphic and tectonic structures along time
slices or depth horizons (Chopra and Marfurt, 2005; Marfurt et al.,
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2011; Hale, 2013; Torvela et al., 2013; Barnes, 2016; Wu and Hale,
2016; Di and AlRegib, 2019). Currently, the extraction of seismic
attributes represents a fundamental tool for the exploration
industry, as it speeds up the seismic interpretation process,
reduces interpretation bias (Alcalde et al, 2019), and improves
quantitative results (Chopra and Marfurt, 2007; Marfurt, 2018).
Nevertheless, attribute analysis of a 2D seismic transect has some
limitations, even when the tools are applied proficiently (e.g.,
“apparent dip”; Ha et al,, 2019).

In the 80s and 90s, the acquisition of sparse 2D seismic reflection
data was the operative standard, and nowadays, many such datasets
are released by industry for research purposes. Therefore, the re-
evaluation of these data can contribute to energy (geothermal) and
mineral exploration research, as well as work on characterization of
the subsurface for geological storage and seismotectonic studies
(Malehmir et al., 2016; Schmelzbach et al., 2016; Ercoli et al., 2020;
Malehmir et al., 2021; Pertuz et al.,, 2022), together with additional
novel high-resolution data acquired using modern technologies
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No steering

Full steering

FIGURE 3

Simplified scheme for the steering concept. (A) No steering algorithm is applied during the filter or attribute computation; (B) application of full
steering across the seismic traces: dip/azimuth is updated at every trace position (redrawn from dGB Earth Sciences, 2021).

(Manning et al., 2019; Dieulangard et al., 2021; Strobbia et al., 2022).
For this reason, it is worth attempting any available strategy to
extract as much information as possible from legacy data, which are
typically characterized by both advantages and disadvantages (Ercoli
etal., 2020). Conventional seismic interpretation is based on analysis
of the amplitudes, geometry, and lateral continuity or discontinuity
of reflections; thus, any successful reduction of random noise and
increase in signal quality might represent a major step forward for
re-evaluation of legacy data. For example, seismic discontinuities
interpreted as faults, possibly not visible or unclear in conventionally
processed profiles, can be strongly enhanced with relatively quick
and cheap data treatment strategies like attribute analysis, without
the need to fully reprocess everything from the pre-stack raw data.
However, seismic attributes can be extremely sensitive to incoherent
noise (Marfurt and Alves, 2015; Ercoli et al., 2020 and references
therein), so it is necessary to hamper or reduce the generation of
seismic artifacts by suppressing random noise and improving the
linear features using pre-conditioning techniques (e.g., Tingdahl and
de Groot, 2003; Acuna-Uribe et al., 2021). The latter can be operated
via conventional frequency filtering or via structural filters and
statistical attributes (Barnes, 2016), based on the extraction of
reflections dip and azimuth (Chopra and Marfurt, 2007; Qayyum
and de Groot, 2012). After this step, the use of geometric or
structural attributes based on the determination of reflector
geometry, dip and trace coherence, similarity, variance, and
curvature (Bahorich and Farmer, 1995; Gersztenkorn and
Marfurt, 1999; Marfurt et al.,, 1999; Randen et al., 2000; Roberts,
2001; Al-Dossary and Marfurt, 2006; Marfurt, 2006; Chopra and
Marfurt, 2008; Dewett and Henza, 2016) might favor the
identification and enhancement of the amplitude and phase of
seismic events (Acufia-Uribe et al.,, 2021 and references therein).
It must also be noted that during the last few years, the detection of
fault structures has been optimized using various techniques
(Meldahl et al., 2001; Pedersen et al., 2002; Pepper and Bejarano,
2005; Vasudevan et al., 2005; Aqwari and Boe, 2011; Aqwari et al.,
2012; Babangida et al., 2013; Hale, 2013; Di and Gao, 2017; Qi and
Marfurt, 2018). On unconditioned legacy profiles, the main faults
and related splays can be masked or complicated by several factors,
including random noise, dispersion effects, and geological

Frontiers in Earth Science

complexities due to intense deformation, which, in unmigrated
data, might generate many diffractions.

The detection of faults in seismic data can be considerably
improved and refined through use of pre-conditioning filters such
as a dip-steered median filter (DSMF; Tingdahl, 1999; Tingdahl
and de Groot, 2003), a dip-steered fault-enhancement filter like the
structure-oriented filter (SOF; Fehmers and Hocker, 2003), edge-
preserving smoothing (EPS; Luo et al.,, 2002; AlBinHassan et al.,
2006), and structural smoothing (SS; Iske and Randen, 2005;
D’Argenio et al, 1992). Some seismic attributes are typically
sensitive to sharp variations in wave geometry and amplitude
among traces or sectors of traces. The attribute response across
faults is also quite sensitive to the dip of traces. The dip-steering
technique allows seismic reflections to be followed by auto-
tracking of the pre-calculated dip-field from a given starting
position (Tingdahl and de Rooij, 2005), so that a sample-to-
sample analysis clearly improves the lateral correlation of events
across seismic traces and along tracks. Attributes such as
(geological) dip, azimuth, and curvature are computed directly
from steering data; auto-tracker tools, conventional amplitude,
and similarity trackers, which can include dip-field, are used to
constrain horizon-tracking and fill in any gaps. Steering cubes are
typically calculated over 3D seismic volumes, and these require dip
values in both the inline and the crossline directions at each
seismic sample position. Dip-steering can also be calculated
over 2D seismic profiles by storing the dip at every sample
2019).
Conventionally, at least two steering outputs are generated. The

position only in the line direction (Ha et al,

“Detailed-Steering” (DS) form of output includes dips as calculated
by the dip-computation algorithm (central-steering or full-
steering, as in Figure 3; dGB Earth Sciences, 2021), and this is
used to preserve details in the data (e.g., detection of fractures
through computation of curvature attributes). The “Background
Steering” (BS) output is a smoothed version of DS obtained
through the application of a median filter. As BS is less noisy
and includes dips relating to larger (regional) structural trends, it is
suitable for dip-steered filtering operations. Dip-steering filters can
dramatically improve the output of attributes such as similarity,
coherence, texture, and volume statistics, and are also critical in

frontiersin.org



10.3389/feart.2023.1119554

Ercoli et al.
Distance (km)
0 1 2 3 5 6 7 8
o
3.2
S — 33
\ 34
. o a5
S
1.
€
e,
=
"5.2
)
=]
4
®
E
E2
FIGURE 4

Seismic modeling of a set of normal faults: (A) multi-layer acoustic model (Vp velocity values reported on the right side) reproducing displacements
by three simulated faults (master fault on the left side); (B) synthetic image generated using exploding reflector approximation, with clear diffraction
patterns across the simulated faults and displaced reflections; (C) migrated line (2D diffraction stack) using the velocity model in (A); (D) migrated line of
(B) with overlying red picks in TWT derived by velocity conversion of the model; (E) migrated line in (C) with the addition of 10% high-frequency noise

(with a dominant frequency of 30 Hz and exponential distribution).

neural network-based “probability” cubes (e.g., chimney cubes and
fault cubes; dGB Earth Sciences, 2021).

3.3 2D forward modeling: Synthetic profile
of a normal fault set
To define an efficient pre-conditioning strategy for application

of the seismic attribute analysis, we tested a workflow, including
DSMF, on a synthetic seismic profile (Botter et al., 2014; Tacopini
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etal, 2016), to which we artificially added statistical noise to perturb
the reflections resulting from the Vp velocity contrasts. The
reflectors built in the model were dislocated by a set of simulated
high-angle faults (70" dip angle), including a master fault on the left
side and two progressively closer secondary splays (at a distance of
~400 and 800 m); the three displaced reflectors showed a few
hundred meters of vertical offset, which increased with depth
and decreased across the splays (Figure 4). The synthetic profile
was obtained through forward modeling of the seismic wavefield
using finite-difference time-domain (FDTD) numerical simulations,
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TABLE 2 Parameters for synthetic data generation using a multilayer model to
simulate a normal fault set.

FWD modeling parameter Synthetic profile

Source type Exploding reflector

Sx-Rx offset (m) Zero

Wavelet (frequency) Ricker (11 Hz)

Model length (km) 8

Model depth (km) 4

Delta X (m) 10

Delta T (m) 1
Boundary conditions Absorbing
Traces (n°) 801

Trace spacing (m) 10

Time window (ms) 3,200
Samples (n°/trace) 1,600
Sampling interval (ms) 2

with two main goals: 1) to verify the capacity to image and resolve
subtle tectonic structures using a dominant frequency wavelet of
11 Hz, comparable to that of CROP-04, which is lower than that of
wavelets typically observed in vintage commercial seismic lines
(Ercoli et al., 2020); and 2) to test the efficiency of the proposed
workflow on this synthetic image. The aim was to reveal subtle
seismic features in order to improve data interpretability through
attribute analysis of pre-conditioned data (i.e., with noise removed).
The model in Figure 4 was designed using the modeling package of
the Reflex-Win software tool (v. 9.1.3; Sandmaier, 2022). A model
was designed based on a multilayer sequence, with thicknesses
increasing with depth. The assigned media properties (Vp)
generated impedance contrast, which also increased with depth
(Figure 4A). The simulation was executed using a finite-difference
acoustic-wave propagator and the exploding reflector source
approximation. The main fault was designed to be sub-vertical (e.g.,
70° dip angle), inspired by preliminary interpretations of the CROP-04
profile (e.g., Brozzetti, 2011). Similarly, Vp reference value ranges and
parameters (Table 2) were derived from the literature and from
borehole stratigraphic information across the area (e.g, Improta
et al, 2000; Adigun and Ayolabi, 2013). The synthetic profile
obtained, illustrated in Figure 4B, showed criss-crossing diffraction
patterns across the faults and several displaced events of variable
amplitude. The synthetic profile was migrated using a 2D diffraction
(post-stack) algorithm based on the input 2D velocity model. The
migration operator collapsed the hyperbolic diffractions and restored a
reliable geometry of the events (Figure 4C). The synthetic stack profile
was migrated and overlaid over the depth-to-time conversion of the
velocity model (Figure 4D). Subsequently, 10% high-frequency noise
was added to the data. This noise was characterized by an exponential
distribution and by a dominant frequency centered at 30 Hz
(Figure 4E). The image illustrates the fact that imaging of the
faulted zones was hampered by the random noise, particularly in
the case of the shallower section characterized by smaller fault throws.
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3.4 Seismic attribute analysis workflow

The synthetic profile was exported to the SEGY format and
imported into the OpendTect software package, with the aim of
setting up and testing the proposed workflow based on data pre-
conditioning and seismic attribute analysis. After working on the
seismic lines using a combination of a dip-steered median filter
and a convolve low-pass filter (CLP) to clean up most of the
random noise, several attributes were tested on the synthetic
profile and on the experimental CROP-04 profile. Attributes
ranging from instantaneous ones, like the cosine of
instantaneous phase (Taner et al, 1979), up to multi-trace
attributes (e.g., similarity), were applied over CROP-04 and
displayed using multi-attribute co-rendering (Chopra and
Marfurt, 2005; 2011). Among the attributes tested, we selected
those that were most effective in enhancing the lateral
discontinuities, namely the following.

1) Cosine of instantaneous phase (CIP). This is a frequency-based
instantaneous attribute, representing the sample-by-sample
instantaneous variation in phase (derivative of the

instantaneous amplitude or “envelope”), determined from

complex traces (the imaginary part of the complex trace is
computed by Hilbert transform; Taner et al., 1979). This is an
amplitude-independent algorithm that emphasizes the spatial
continuity or discontinuity of reflections. It is continually
smoothed, and therefore, it is not plagued by the 180°
discontinuity characterizing the instantaneous phase. Another
benefit is that amplitude peaks and troughs maintain the same
position, but both strong and weak events are displayed at equal
strength, thus enhancing thin events and subtle seismic fabrics

(which can, for example, correspond to subtle faults) (Forte et al.,

2012; Ercoli et al., 2015).

(EN).

corresponding to the ratio between the squared sum of the

2) Energy This is an amplitude-based attribute,
amplitude (sample) values in a selected time window and the
number of samples in the gate. A time-windowed measurement
of reflectivity is provided, so that the higher the energy is, the
higher the amplitude of reflection. EN is always positive
(polarity-independent), avoiding the zero-crossing problem
of seismic amplitude (Forte et al., 2012; Ercoli et al., 2015).
This attribute is very effective to emphasize the most reflective
zones (e.g., those with high-impedance properties) and to
enhance lateral signal discontinuities attributable to fractures
and faults (Ercoli et al., 2020 and references therein). We used a
time window of 10 ms, as this produced the optimal display of
main events while enhancing lateral discontinuities at the
same time.

3) Pseudo-relief (PR). This is obtained by first computing the
energy in a short time window and then applying a phase

(via Hilbert transform). This attribute

“outcrop-like” which is typically

appreciated by interpreters for easy detection of both faults

and horizons (Bulhdes, 1999; Bulhdes and de Amorin, 2005;

Vernengo et al,, 2015; 2017; De Lima et al., 2018; Barnes, 2016;

Ercoli et al,, 2020). We used a time window of 10 ms as an input

rotation of -90°

generates an image,

parameter to improve both the main and the thinner reflections.
This process considerably enhanced the visualization of normal
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FIGURE 5

Full processing workflow scheme used to improve the quality of the synthetic data. This workflow was also applied to the deep reflection seismic line
CROP-04, including data pre-conditioning and attribute analysis for fault detection.

fault sets, as well as the overall reflection patterns and bedding
trends, and indirectly improved the mapping of low-dipping
structural features (e.g., regional thrust faults).

Similarity (SM). This is a multi-trace attribute that
characterizes trace-to-trace similarity (de Rooij and
Tingdahl, 2002; Tingdahl and de Rooij, 2005; Brouwer and
Huck, 2011). It represents a form of “coherence,” returning the
degree of similarity between two or more trace segments. If the

S
=

value is close to 1, the traces are nearly identical, close to 0 they are
totally dis-similar. For values between 0 and 1, the lower the value,
the more different are the trace segments compared (in terms of
waveforms and amplitudes; dGB Earth Sciences, 2021). In this
study, we computed similarity for CROP-04 by exploiting a
combination of parameters and finally selecting the background-
steered output computed using a time window of —28 +28 ms.

The pre-conditioning procedure on the synthetic profile is based on a
first generation of a dip profile and on the application of a median filter
(MF). Then, a DSMF was applied on the noisy synthetic line to obtain an
improved steered profile (SP) with a reduced amount of random noise.
This output was again filtered using a CLP by further smoothing the
random noise (filtered steered profile, FSP). We have finally computed
the selected attributes (CIP, EN, PR, SM, and workflow summarized in
Figure 5, whose parametrization can be found in Table 3), using both the
unfiltered and pre-conditioned data for comparison (Figure 6).

A similar workflow based on a DSMF and a series of post-stack
attributes was customized and applied, after an extensive phase of
parametrization, to the vintage deep seismic profile CROP-04
(Figure 7, parameters in Table 3).

The pre-conditioning data treatment included a structural filter
operated via a DSMF and a BG algorithm [1:1], used compute a raw-
steering (RS) profile, filtered using an MF [5:9] to obtain a
background-steering output (BS). The DSMF noise-reduced
profile obtained was then used as the input data, following
application of an additional CLP filter, for computation of the
same seismic attributes as performed for the synthetic line, using
a co-rendered display. A pure methodological comparison between
the two results (based on conditioned and un-preconditioned
outputs) is presented in Figure 8.

Frontiers in Earth Science

TABLE 3 Workflow applied to the synthetic profile, including a pre-
conditioning strategy to attenuate random noise and analysis of selected
seismic attributes.

DSMF workflow Algorithm and parameter

Profile (apparent) dip (DP) Steering: phase-gradient (BG) [1:1]

Median filter (MF) Background steering [5:9]

Dip-steered median filter (DSMF) Step out [2]

Convolve filter (CLP) Size [5], type: square

Attribute extraction (un-conditioned and pre-conditioned data)

Pseudo-relief attribute (PR) Time window [10 ms]

Energy attribute (EN) Time window [16 ms]

Cosine of phase attribute (CP) —

Co-rendering of attributes Transparency [70%]

This procedure was customized to maximize the structural
information derivable from the data through advanced seismic
interpretation, which benefited from enhanced display of the
subtle fabric pattern. These fabrics can be attributed to subtle
faults. The results are discussed in detail in the next section.

4 Results

The proposed workflow described in the previous section
produced various outputs, which were carefully compared, and
the results are discussed in the following sections.

4.1 Synthetic data

The synthetic profile (Figure 4E) was imported into the
OpendTect software package (displayed on a color scale as
illustrated in Figure 6A), along with the DSMF and the CLF
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FIGURE 6

Testing of the pre-conditioning workflow and selected seismic attributes on the synthetic profile. (A) Noisy profile of Figure 4E in the seismic color
scale. (B) Profile filtered after pre-conditioning, reducing the amount of random noise. (C) Pseudo-relief (PR) attribute computed on the profile of (A), with
artifacts clearly visible, hampering the detection of minor faults within 1 s (TWT). (D) Pre-conditioned PR attribute computed on the profile of (B): imaged
enhancement of the minor faults. (E) Energy attribute (red color palette) overlaid on both pre-conditioned synthetic profile (B) and PR attributes (70%
transparency), enhancing the simulated tectonic discontinuities. (F) Pre-conditioned cos-phase attribute with (B) in transparency (70%), also effective in

enhancing subtle/faint seismic fabrics generated by the fault structures.

shown in Figure 6B, as inputs for computation of the PR attribute
(Figures 6C, D). The result illustrates the benefits provided by the
pre-conditioned profile, which produced a higher-quality image
with a reduced number of artifacts. The pre-conditioned PR
attribute also showed better resolution and an overall improved
display of the thin, weak reflections located at shallow depth. This
workflow effectively reduced random noise and improved the
performance of seismic attribute computation to reveal main (deeper)
and weak/subtle (shallower) lateral discontinuities, interpreted as faults.
Figure 6C clearly shows the random noise present in the shallow sector
hampering the detection of subtle fabrics/discontinuities/faults, while in
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Figure 6D, the profile is cleaner, meaning that the vertical displacements
across the first three layers can be better interpreted in comparison to the
unfiltered PR result.

The same operations were repeated for computation of the EN
and CIP attributes, for which we report only the pre-conditioned
results in Figure 6E (red “Energy” palette, co-rendered in
transparency with the images in Figures 6B, D) and Figure 6F,
respectively.

The EN envelope (Figure 6E) is useful to highlight the main
(deeper) reflective contrasts as higher amplitude reflections,
although it does not enhance the minor contrasts located at
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FIGURE 7

Workflow applied to the CROP-04 profile. (A) Original data, strongly contaminated by random noise, which hampers detailed visualization of both
reflections and discontinuities. (B) Median filtered DP profiles computed via dip-steering phase-gradient (BG) algorithm. (C) Noise removed after the
application of a dip-steered median filter (DSMF) using profile in (B) as input. (D) The result of the application of DSMF, removing the random noise shown

in (C). (E) Convolve filter applied on (D) with application of additional smoothing of the random noise, thus improving the display of reflections and
discontinuities.

Frontiers in Earth Science 11 frontiersin.org



Ercoli et al.

10.3389/feart.2023.1119554

Time (s, TWT)

Time (s, TWT)

Distance (km)

—— 2 5 (TWT)

FIGURE 8

Original vs. pre-conditioned outputs computed over the entire CROP-04 profile. (A) PR attribute (co-rendered with the original amplitude profile,

70% transparency) obtained without any pre-conditioning. (B) The same output, but obtained over the pre-conditioned profile, showing significant
improvement of its interpretability. (C) Blue box in (A), magnifying the easternmost area of the profile, with clear artifacts to an extent hampering the
visualization of structures. (D) Green box in (B), showing detail of the improved continuity (and discontinuity) of reflections, with a significant amount

of information recovered in comparison to the original profile in (C).

shallow depth. However, the attribute aids the visualization and
detection of the main lateral amplitude discontinuities originating
from the simulated faults. This output is particularly effective when
co-rendered together with the PR attribute in the background
(optionally, the conditioned seismic line FSP can be overlapped
in slight transparency, as shown in Figure 6E). Finally, the CIP also
enhances the detection of faults in comparison to the source data
shown in Figure 6B.

4.2 Seismic profile CROP-04 NVR

The customized workflow applied to the CROP-04 NVR profile
is reported and illustrated in extensive detail in Figures 7, 8, 9, and
10. The pre-conditioning steps produced several outputs, illustrated
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in Figure 7. Starting from the original, noisy CROP-04 profile
(Figure 7A), we computed the median filtered profile, shown in
Figure 7B, which was then used as input for the DSMF. This filtering
operation removed a consistent amount of random noise, illustrated
in Figure 7C (“net” profile). Following this process, the steered
profile (SP) presented in Figure 7D clearly shows the benefits
obtained after application of the DSMF, which reduced the noise
and improved the lateral continuity of the events that could be
associated with geologic structures. Figure 7E represents our final
output (FSP) after an additional application of the convolve LP filter,
which further smoothed the random noise, significantly improving
the S/N ratio of the profile. Following this phase, we computed the
above-described seismic attributes, over both the original CROP-04
profile and the novel noise-reduced version, as shown in Figure 8.
Here, we report only one example for comparison (analogous to the
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FIGURE 9

Seismic attribute analysis applied to the CROP-04 profile. (A) PR attributes providing an “outcrop-like" profile, enhancing the discontinuities and
aiding structural interpretation. (B) EN attribute (red palette) overlaid on the PR attribute of (A), with conditioned line of Figure 7E in transparency (70%),
identifying the most reflective sectors and indirectly enhancing the discontinuities. (C) CP attribute overlaid on Figure 7E in transparency (70%); this is
fundamental for structural interpretation, as it strongly enhances the lateral discontinuity of reflected signals (image shown up to 5 s, vertical
exaggeration x2). (D) SL attribute co-rendered with Figure 7E, which despite still suffering from residual noise contamination, provides an alternative
display of the main discontinuities, supporting the interpretation of the fault patterns (vertical exaggeration x2).
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FIGURE 10

Pseudo-3D visualization of the central CROP-04 area selected for seismic interpretation across the study area, with lines on the top representing the
surface-mapped fault by Bello et al. (2021). (A) PR attribute in grayscale, displayed with EN in transparency, with red and blue arrows suggesting,
respectively, some synthetic (W-dip) and antithetic (E-dip), steep, structural lineaments extending in depth; and low-angle W-dipping regional features
arising eastward. (B) The same display, but with the conditioned line on a color scale, enhancing these features. (C) CF attribute focused on the same
area. (D) Sl attribute, drawing the main faults in agreement with lateral discontinuities enhanced by the EN attribute (red color palette).

synthetic data comparison of Figures 6C, D), showing the results
obtained by computing the PR attribute over the entire seismic line
(co-rendered with the FSP of Figure 7E). Figure 8A shows the
unconditioned result, in which the visualization of the continuity of
the reflections is greatly reduced by numerous random noise-
generated artifacts, which particularly hamper the extraction of
the signal (structural information). A pure methodological
comparison with the cleaner profile of Figure 8B shows that the
latter offers a much clearer display of the regional events along the
CROP-04, and a significantly larger number of details can be locally
extracted. An example is displayed in the magnified area on the
easternmost side of the seismic line (without introducing, in this
work, any geological considerations relating to the area), delimited
by the blue and green boxes of Figures 8C, D (representing the
unconditioned and pre-conditioned versions, respectively), where
the difference between the two images is apparent.

In Figure 9, from top to bottom, the computed seismic
attributes represent consistent improvement in the visualization
of the continuity of the reflection and, at the same time,
visualization of the discontinuity patterns. The PR attribute is
shown in grayscale in Figure 9A. The co-rendered display in
Figure 9B consists of PR (again in transparency with the FSP of
Figure 7E) plus the EN attribute, which effectively enhances the
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main reflective areas and, at the same time, the lateral signal
discontinuities. The attribute analysis also encompassed other
two outputs, namely, the cosine phase (CP, in grayscale) and
the similarity (SI) attributes presented in Figures 9C, D (again,
both with the FSP of Figure 7E in transparency). These attributes
represent another two alternative outputs supporting advanced
seismic interpretation of the network of fractures by strongly
enhancing the lateral discontinuities.

A sector of CROP-04, on which we focus our structural
interpretation and discussion, is magnified in Figure 10 to show
the considerable obtained through the
combination of pre-conditioning filters with seismic
attributes. Figures 10A, B show the PR + EN attributes and
the PR + FSP of Figure 7E, respectively. Figures 10C, D show the
CP + FSP and the PR + FSP + SL + EN attributes, respectively.
All these images strongly enhance the visualization and

improvements

continuity of shallow and deeper reflections, such as W-
dipping regional events (indicated by blue arrows) as well as
the identification of several major and minor discontinuities
disrupting them (indicated by red arrows from the surface). An
interpretation of these geophysical features is presented in the
following section, in light of the regional tectonic framework of
the study area, with a focus on the extensional structures.

frontiersin.org



Ercoli et al. 10.3389/feart.2023.1119554

Distance (km)

Time (s, TWT)

Time (s, TWT)

Time (s, TWT)

FIGURE 11

Sector of the CROP-04 profile covering the studied area. (A) Detail from results obtained after the customized workflow, including pre-conditioning
filters and seismic attributes, increasing the interpretability of the seismic line. (B) Interpretation superimposed on (A), reporting sets of normal (synthetic
and antithetic) faults in the shallower sector, matching the surface structures mapped in the field, but suggesting a considerable degree of structural
complexity due to several secondary splays and densely fractured areas. (C) Magnification [white-dashed box in (A)] of the CROP-04 sector on the

east side of the Irpinia fault (IF), showing the dense network of west- and east-dipping discontinuities. (D) Multiscale accurate interpretation of image (B)
with steep discontinuities overlaying the magnified image (C), representing main and secondary normal tectonic structures and characterizing the area
surrounding the Monte Paratiello (Pa) and Monticello (Mo) faults.
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Cassano Irpino

FIGURE 12

Tridimensional view encompassing surface and subsurface data. Digital elevation model (DEM, by Deng and Stauffer, 2006) plotted along a
WNW-ESE view along the entire track of the CROP-04 profile; this includes the surface geometry of the normal faults recently mapped by Bello et al.
(2021), (2022). The epicenter of the mainshock Mw 6.8 Irpinia earthquake (23/1/1980) is indicated by a yellow star. The fault tracks have been qualitatively
linked to their subsurface signature, visible on the seismic line, which shows excellent general correspondence with the master faults. The
visualization additionally shows the structural complexity of the area due to the presence of broadly faulted and fractured zones. These are characterized
by subtle/faint sets of secondary faults revealed by the seismic attributes (pseudo-relief and energy co-rendered in transparency with the deep-steered
seismic line), which were not clearly visible in the original data. The black box magnifies the central sector, where the master faults of the Irpinia area crop
out with co-seismic faulting that is still visible at the surface after ~40 years (Bello et al,, 2021).

4.3 Structural interpretation

In order to illustrate the benefits of the proposed processing
flow, an interpretation is presented here of the central sector of the
CROP-04 transect within the distance range ~34-76km
(corresponding to ~ CDPs 620 - 2620, Figure 1B), for a total
length of ~42 km. This region is characterized by the presence of
numerous major normal faults, which are critical in assessing the
seismogenesis of the area (Brozzetti, 2011; Ascione et al., 2020 and
references therein; Bello et al., 2021). The improved quality of the
“revived” CROP-04 elucidates several major stratigraphic and
structural features, as shown in Figure 11, which can be
summarized as follows: 1) several high-amplitude reflection
packages down to a depth of ~3s (TWT, Figure 11A), whose
lateral continuity is interrupted by a series of small-scale sub-
vertical discontinuities interpreted as minor sub-vertical faults
(Figure 11B); 2) these bright reflection packages are separated
by relatively “transparent” areas, characterized by low-amplitude
reflectivity and localized, in particular, where the most relevant
normal faults have been recently mapped at the surface with high
accuracy (following Bello et al., 2021; indicated with black arrows
in Figure 11B); and 3) several continuous or semi-continuous low-
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angle reflections represent subparallel SW-dipping discontinuities
at different depths, among which the basal one is strongly
enhanced (laterally continuous up to 10km eastward of the
outcropping Monticello fault, at ~2s TWT; Figure 10). Such
features, despite not being the focus of this work, may
represent, respectively, shallow local thrusts and a deeper
regional thrust, the latter rising up to ~22 km in Figure 11
(corresponding to CDP 1405 in Patacca and Scandone, 2007).
In the following material, the main geophysical features along the
profile are described, starting from its western side (profile distance:
~34 km) and moving toward its eastern end (profile distance: 76 km). In
Figure 11, a package of high-amplitude reflections (between
~34-40 km) are characterized by a general dip toward the SW and
are clearly segmented by a series of NE-dipping minor faults/fractures
that reach down to ~3s (~9 km using an apparent Vav = 5km/s).
Further to the east, a series of high-amplitude reflections appear to be
dislocated by a main NE-dipping structure (marked as AT, at surface)
and faint antithetic events interpreted as fractures/faults (between
~40-46 km). To the NE, the package of reflections is again
interrupted by a NE-dipping feature, corresponding to the Inner
Irpinia Fault (InF, at surface; Bello et al,, 2021). Moving to the east,
another area characterized by prominent, laterally discontinuous events
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and underlying semi-transparent units (corresponding to the
Lagonegro basinal deposits and Apulia shallow water carbonates,
respectively; Patacca and Scandone, 2007) is visible up to ~72 kmy;
this appears to be displaced by synthetic and antithetic normal faults
(thick red and blue thick in Figure 11B), as well as by a series of subtle
minor structures. At ~51 km, the Irpinia Fault (IF) mapped at the
surface (Improta et al, 2003a; b; Brozzetti, 2011; Ascione et al., 2020;
Bello et al., 2021, 2022 and all references therein) has been traced to
depth, together with parallel structures (e.g., the Paratiello fault - Pa)
and some antithetic faults (e.g., the Monticello fault - Mo, Bello et al,,
2021), and faint fault splays are particularly readily visible in the
easternmost sector of the line (~60 - 72km, magnifications of
Figures 11C, D). Here, a package of upward convex (antiform-
shaped), very bright high-amplitude reflections with opposite dip
(~1s TWT, Figure 11B) are densely disrupted by several faults, up
to the shallower and transparent seismic facies, representing intra-
mountain basins characterized by Quaternary fills. In this case, the
application of pre-conditioning and attribute analysis was an asset in
better visualizing the dense network of subtle, small-scale faults not
visible in the original seismic profile. These tectonic structures clearly
disrupt the very high-amplitude reflections, although the latter possibly
tend to “saturate” the smaller offset associated with the minor faults.
Such steep alignments dissect the reflections down to 3 s and are very
closely spaced. The average distance between the minor faults is
~600 m, which is a shorter distance than in the remainder of the
profile. The area intersected by this dense network of minor faults
extends to almost 8 km in width.

Below ~3s (TWT), the seismic image shows low-amplitude
reflectivity fabric with limited lateral continuity. However, from
~2.8 s to 55s (TWT), in the westernmost side of the seismic
profile, we identified a narrow package of gently SW-dipping sub-
parallel events. The latter are characterized by the extent of their
lateral continuity, with only a few main discontinuities, which seems
to propagate to depth, and they are enhanced by its complex
geometry, which is difficult to interpret. Multiple interpretations of
this package of reflections (which, in the original profile (Figure 2), is
visible mostly in the westernmost sector) can be found in the
literature, such as a possible Moho discontinuity, a regional thrust,
very deep deformed sedimentary layers incorporated into the thrust
belt, near-bottom Apulian carbonates, and the top of the crystalline
basement (Mazzotti et al., 2000; D’Argenio et al., 1973; Cippitelli,
2007; Patacca and Scandone, 2007; Scrocca et al., 2007; Scrocca, 2010).

5 Discussion

The proposed post-stack processing workflow considerably
enhances the quality and interpretability of the seismic reflection
normal incidence seismic profile, which is characterized by high
levels of random noise, as in the case of the CROP-04 profile. Similar
processing flows are applied to modern, higher-resolution
commercial seismic reflection data reaching a maximum depth of
5-6s (TWT). The research presented in this paper reveals an
attempt to adapt a customized processing flow integrating pre-
conditioning filters and seismic attributes for use with a deep
seismic reflection profile imaging crustal-scale features. This is, to
our knowledge, one of the first studies appearing in the literature
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that has aimed to revive legacy data by enhancing relatively shallow
faults to support seismotectonic studies.

It should be considered that the acquisition, configuration, and
parameters of the CROP-04 profile were focused on revealing deep
regional-scale structures. For this reason, the resolution of this deep
profile is intrinsically limited in comparison to that of conventional
commercial seismic reflection profiles; in addition, the CROP-04
profile also suffers from several problems causing a low S/N ratio, as
already highlighted in the literature (Mazzotti et al., 2000).
Application of a second round of customized and more accurate
processing, incorporating a priori geological information, improved
the data quality, but it left a visible amount of random noise
(Mazzotti et al, 2007a). Nevertheless, through the proposed
workflow, we were able to make noticeable reductions to this
noise, thereby further enhancing the reflective patterns and the
embedded discontinuities, which were interpreted as faults. The
proposed methodological approach produced
providing new insight into the structural features along the entire
CROP-04 profile (Figure 7), including the easternmost and
westernmost sectors (Figure 8). This contribution focuses on

clear images,

interpretation and discussion only in relation to the central
sector, this being the main subject of this study due to its
relevance for the study of earthquakes. Thus, the more external
sectors of this relatively long seismic profile (over 100 km) require
additional detailed analysis, description, and discussion, as the
transect crosses very different geological domains (Figure 8),
which might be an objective for further research and collaborations.

Across the newly processed and analyzed central sector, it is now
possible to identify very closely spaced sets of subtle normal faults,
which were originally not visible at all or only partially detectable.
The synthetic seismic profile illustrates the fact that the extent and
geometry of the high-amplitude reflections resulting from high-
impedance contrasts are well-enhanced by seismic attributes, and
that the reduction of random noise improves the detection of the
sub-vertical seismic signatures associated with discontinuities.
However, it is notable that a small amount of smoothing of the
edges of the events can be generated across the sharp lateral
truncation of structures (i.e., the simulated faults), displacing
high-amplitude reflection events. Thus, to avoid misinterpretation
of the dip and kinematics of faults, it is necessary to evaluate and
interpret the entire package of reflections and (possibly small)
related displacements rather than looking at a single, local
discontinuity.

Given these considerations, it is fundamentally important, in the
case of relatively old or legacy normal incidence seismic profiles such
as the CROP-04 profile, to integrate the enhanced reflections and
fault patterns with other available information on the regional and
local structural frameworks and with the fault tracks mapped across
the study area; only this process can better enable the unraveling of
complex structural sectors, such as the sector between the range of
24-36 km (Figure 11), which achieves only partial outcropping at
the surface. Here, although the shallower part (~0-2s TWT)
appears to be dominated by high-angle SW-dipping structures, in
the deeper sector (between ~ 2 and 4 s TWT), the fault patterns
appear to be extremely complex, with a few visible NE-dipping
discontinuities. This portion is characterized by many faint features
interpreted as subtle faults, fragmenting the reflections within deep
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anticlines in a densely deformed pattern of discontinuities
characterized by very small displacements (Figure 12).

Despite the greater number of details enhanced by the proposed
processing flow, the cross-cutting relationships between such subtle
seismic faults are not always clear on examination at a detailed scale.
Moreover, as suggested by the synthetic seismic modeling example,
by zooming in and out to look at the enhanced reflective patterns
and at the entire reflection package and/or all discontinuities, it can
be observed that the NE-dipping alignments are the most
predominant, particularly in the westernmost sector (Irpinia
faults), while in the easternmost part, the SW-dipping faults
(e.g., the The
proposed interpretation of the main seismic discontinuities is

Monticello area) become more relevant.
in agreement with field observations of the structural context of
the area, and it correlates well with the main normal faults
mapped at the surface and with the landscape morphologically
controlled by extensional tectonics. For this reason, at the same
time, this form of interpretation may be driven or supported by
surface geological data when structural complexity increases in
the this
discontinuities, which are interpreted as master faults, are
better imaged (i.e., InIF, IF, and MO); and the secondary and/
or minor structures building up complex fracture zones arebetter

shallower sectors. In case, the main seismic

imaged, after processing, up to very shallow levels. A series of
closely spaced sub-vertical fractures, localized in an area of strong
deformation, are located between and surrounding two main
normal faults that outcrop at the surface, known as the Monte
Paratiello (PA) and Monticello (MO). Following previous
interpretations and well data on the studied area (Shiner et al.,
2004; Patacca and Scandone, 2007), the higher number of closely
spaced, minor fractures can be localized in this sector within the
Lagonegro Units, which are composed of Middle Triassic-Lower
Cretaceous basin deposits, such as marly limestones and clastic
deposits. Toward the area of pervasive deformation, we observe a
network of minor sub-vertical fractures. These are spaced about
600 m apart on average and locally dissect the possible low-angle
thrust faults.

In conclusion, the analysis performed and described here can
provide a more exhaustive structural framework, which is extremely
important in terms of its seismotectonic implications and in
accounting for the location of surface ruptures. Master faults are
usually interpreted and modeled as single planes, but it is clear that
deformation frequently occurs across wider damage zones
characterized by complex geometry and architecture that need to
be taken into account. The processing flow proposed in this article is
critical in providing an improved understanding of the structural
framework of an active seismogenic area. This approach aids better
reconstruction of the fault geometry down to a seismogenic depth, as
well as the segmentation and spatial distribution of faults, which are
spread across sets of minor and subtle or faint structures that are
rarely visible in the original low S/N seismic data and are complex to
decipher at the surface. The proposed interpretation focuses mainly
on tectonic structures, which are the most debated features across
the study area (see the tridimensional views and a movie within the
Supplementary Material). It should be noted that our workflow is
particularly effective in improving the shallow portion of the deep
reflection line CROP-04 NVR, while for the deeper portion, a full
reprocessing with up-to-date pre-stack processing tools can be
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further carried out to achieve even more benefits. However, as
the normal faults are better displayed nowadays, overall, we
believe that most of the structural features and models previously
reported by other authors (e.g., Scrocca et al., 2007; Brozzetti, 2011;
Bello et al., 2021) might be considerably refined using our results and
images along the entire transect.

6 Conclusion

The research carried out here represents an innovative
application of a customized processing flow encompassing
pre-conditioning filters and attribute analysis, which are
commonly used by the hydrocarbon exploration industry. This
workflow was applied to a legacy deep seismic reflection line
the to help with
seismotectonic assessment. Despite the low data quality of the

across Southern Apennines, aiming
CROP-04 deep normal incidence seismic reflection image,
mainly due to high levels of random noise, the post-stack
processing flow considerably improved the stacked image,
enhancing the shallow and deep reflections all along the
seismic line. The improved resolution of the seismic images
reveals the existence of a dense network of subtle faults that
are faint or even indistinguishable in the original stack. We
highlight the excellent correlation between the main tectonic
structures mapped at the surface and their specific and complex
seismic signatures as enhanced by the pre-conditioned attribute
analysis. Seismic attributes represent a cheaper technique in
comparison to a full data reprocessing sequence; however, the
evaluation and parameterization of seismic attributes are
strongly data-dependent, requiring accurate customization to
avoid generation of artifacts. Furthermore, a pre-conditioned
attribute analysis represents an efficient aid for interpreters,
enabling them to shed new light on the deep continuation of
tectonic structures of regional and local seismogenic importance
in high-hazard regions. To our knowledge, the current
contribution is the first attempt to experiment on deep, legacy
seismic data, with the aim of supporting earthquake studies; the
results of this work encourage the application of our proposed
workflow and of advanced pre-conditioned seismic attributes
[e.g., thinned fault likelihood (Hale, 2013) and/or machine
learning tools (Yu and Ma, 2021)] in other geological contexts
and areas worldwide. Legacy data are in fact unique, may no
longer be easy to collect, and nor are they repeatable in such
regional configurations. This type of workflow enables an
affordable  approach re-evaluation/re-processing/re-
assessment of vintage data, revealing high-resolution structural

to

details of the subsurface in a manner that would not be achievable
otherwise, but which is extremely important for seismotectonic
studies. The workflow may favor better seismic interpretation
and integration with the available surface and seismological data,
and the results can be also used to drive and support the field
activities of geologists devoted to detecting long- and short-term
field evidence of faulting at the surface. In addition, beyond our
specific objective focused on seismogenic faults, our work aims to
promote the use of seismic tools borrowed from the energy
industry in many other geoscience applications, encompassing
different scales and study goals.
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