
1. Introduction
Understanding the structure of fault-controlled extensional basins in active tectonic settings is crucial for the 
reconstruction of long-term fault activity and for improving seismic hazard assessment. Active normal faults may 
indeed produce widespread surface faulting during large earthquakes, and shaking may be enhanced by local site 
effects that usually occur in thick hanging-wall basins filled with low-seismic-velocity sediments. High-resolu-
tion seismic exploration of extensional basins has therefore a two-fold goal: (a) to unravel the subsurface loca-
tion and geometry of faults; and (b) to enable the reconstruction of hanging-wall basin geometry together with 
thickness and stratigraphic architecture of the depositional infill (e.g., Bruno et al., 2013; Stephenson et al., 2013; 
Villani et al., 2021).

The central Apennines of Italy are a Neogene fold-and-thrust belt (Cosentino et  al.,  2010; Malinverno & 
Ryan, 1986; Vezzani et al., 2010) whose axial zone is affected by post-orogenic extension since the Late Plio-
cene-Early Pleistocene (Cavinato & De Celles, 1999; D’Agostino et al., 2001; Ghisetti & Vezzani, 1999; Lavec-
chia et al., 1994). The inner sector of the Apennines belt is one of the most seismically active areas within the 
Mediterranean region; seismicity is originated mostly by normal faults capable of releasing magnitudes up to ∼7, 
as recorded by both instrumental (Chiarabba et al., 2009) and historical seismicity (Rovida et al., 2011; Tertul-
liani et al., 2009). Paleoseismic data (Galli et al., 2008), indicate that normal faulting generates the largest-mag-
nitude earthquakes. During the last 100 yr these earthquakes caused more than 35,000 deaths, vast economic 
losses and widespread destruction only in central Italy. Characterization of active normal faults in the Apennines 
is however a challenging task, mainly due to the complex structural settings inherited from the superposition of 
late Pliocene-Quaternary northeast-directed extension onto a contractional stack of thrust sheets that are in turn 
affected by different sets of Meso-Cenozoic faults (see Patruno & Scisciani, 2021 for a recent review). Moreover, 
only a few high-resolution multidisciplinary studies have targeted seismogenic normal faults and their associated 
Quaternary hanging-wall basins (Bosi et al., 2003; Cavinato & De Celles, 1999; Ghisetti & Vezzani, 1999), there-
fore, we lack key data about geometry, shallow structure, and long-to middle-term slip-rates for many Apennine 
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faults (see a discussion in Villani et al., 2015). Such data are the foundation for a comprehensive hazard assess-
ment (e.g., Machette et al., 2004).

The need for multidisciplinary studies combining geological field surveys and high-resolution geophysical inves-
tigations also arises from mounting evidence of the complex interplay existing between inherited contractional 
structures, pre-Miocene normal faults and post-orogenic Quaternary extensional fault systems in central Apen-
nines (details in: Barchi et al., 2021; Buttinelli et al., 2021; Pizzi et al., 2017). This complexity poses additional 
difficulties for active fault detection and characterization. For instance, even the causative fault of the 2009 Mw 
6.1 L’Aquila earthquake (Figure 1; D’Amico et  al., 2010; Herrmann et  al., 2011; Scognamiglio et  al., 2010), 
that is, the Paganica Fault (Bagnaia et al., 1992), was only in part identified prior to the 2009 seismic sequence 
(Akinci et al., 2009; Boncio et al., 2004; Pace et al., 2006). Since seismic reflection data were unavailable in the 
mainshock region, the first post-earthquake studies on the mainshock source and on the fault systems activated 
during the sequence (Cirella et al., 2012; Valoroso et al., 2013) suffered from the poor knowledge of the fault 
structure in the shallow crust.

To bridge this information gap, geophysical investigations, mostly funded by the Italian Civil Protection Agency, 
were made in the epicentral area to investigate the subsurface down to a depth of 300–600 m (Balasco et al., 2011; 
Civico et al., 2017; Improta et al., 2012; Minelli et al., 2018; Pucci et al., 2016). These surveys, together with 
near-surface microzonation studies (Boncio et al., 2010; Giocoli et al., 2011) and with paleoseismological surveys 
(Blumetti et al., 2017; Cinti et al., 2011; Galli et al., 2011; Moro et al., 2013), focused on the Middle Aterno 
Valley, specifically on the Paganica-San Demetrio Fault System, which ruptured during the 2009 mainshock 
(Figure 1).

Among those target-oriented surveys, a high-resolution seismic experiment was carried out by Improta 
et al. (2012), which collected two profiles across the Paganica Fault and its hanging-wall basin and three profiles 
across the Bazzano basin (Figures 1 and 2). These are the only seismic data available to date, and as a whole, 
the five profiles span over a 7 km long northeast-southwest transect across the ruptured fault and the associated 
basins (Figure  2). The seismic data were acquired with a dense wide-aperture acquisition geometry (Operto 
et al., 2004) that provides information suitable for tomographic inversion of first arrivals and for seismic reflec-
tion imaging. Improta et al. (2012) used part of the first arrival information from this experiment to produce Vp 
tomographic models and to propose a simplified geological section across the Bazzano basin and the southern 
part of the Paganica basin. Villani et  al.  (2017) merged the results of a tomographic inversion with detailed 
geological field surveys to build a 4 km long section across the Paganica Fault and its hanging wall basin. Villani 
et  al.  (2017) recognize a complex system of synthetic and antithetic buried splays, which generally define a 
half-graben structure controlled by the long-term displacement accrued by the Paganica fault and its main anti-
thetic splay, that is, the Bazzano fault.

Even if the seismic and electric data acquired in the more recent years (Civico et al., 2017 and references therein) 
have increased our knowledge of the area, those smooth resistivity and Vp-velocity models can only resolve the 
geometry and the internal structure of the basins at the first order. On the other hand, the need for further improv-
ing our understanding of the structure and evolution of the Paganica and Bazzano sub-basins is evidenced by the 
outcomes of a recent well drilled in the Bazzano basin (LAqui-core: Figures 2 and 3: Macrì et al., 2016). Magne-
to-stratigraphy analysis on core samples provides constraints on the Middle Pleistocene to Recent sedimentation 
within the basin; moreover, it unravels an unexpected Early Pleistocene age for a relatively shallow (115–151 m 
deep) lacustrine sequence found in a zone where the velocity model of Improta et al. (2012) suggests that the 
depocenter is more than 350 m deep. These results imply that the Bazzano basin includes an approximately 200 
m thick deeper portion that is still unexplored, and consequently the beginning of continental sedimentation in 
the study area is certainly older than the age inferred from the cored sediments.

Seismic reflection profiling is the premiere technique used to obtain detailed images of the subsurface, which 
are ideal for stratigraphic and structural interpretations. In recent years, great technological advancements in the 
acquisition and processing of high-resolution onshore data have led to a significant increase in the number of 
successful explorations of continental basins, providing to geoscientists an imaging resolution comparable to that 
of marine surveying (e.g., Bruno et al., 2017, 2019; Gold et al., 2020; Haberland et al., 2017). In this article, we 
present the first seismic reflection images of the Bazzano and Paganica basins and bounding faults obtained by 
applying advanced and target-oriented processing flows to the profiles acquired by Improta et al. (2012). Our goal 
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was to obtain detailed images and reliable interpretations of the internal architecture of Bazzano and Paganica 
basins and of their dissecting faults and recent depositional patterns to shed light on the relations between basins 
structure and Quaternary faults. In this way, seismic reflection imaging complements the smooth Vp-velocity 
models of Improta et al.  (2012) and Villani et al.  (2017), which, due to intrinsic limitations of the refraction 
tomography method (see Supporting Information) can only define the main basin features, despite their relatively 
high resolution.

We used up-to-date processing and interpretation techniques that are standard for hydrocarbon exploration but not 
very often seen in shallow onshore exploration. For instance, to improve the seismic interpretation, we merged 

Figure 1. Topographic pattern of the Aterno Valley, central Apennines, and surrounding mountain ranges from a 10 m resolution DEM (TINITALY: Tarquini 
et al., 2007). In white and pale yellow are normal fault segments and thrusts part of the Aterno Valley and of the central Apennines fault systems. Yellow and orange 
dots are the epicenters of earthquakes since December 2002 (Mw > 3 and >4 respectively). Orange stars and focal mechanisms are relative to April 6, 2009 Mw 
6.1 L’Aquila earthquake mainshock (a) and of the April 7, 2009 Mw 5.6 aftershock (b). Dashed cyan lines are the traces of the coseismic surface ruptures following 
the April 6, 2009 Mw 6.1 L’Aquila earthquake (Iezzi et al., 2019; Vittori et al., 2011). Blue and red areas are the zones where subsidence and uplift occurred (from 
DiNSAR analysis: Papanikolaou et al., 2010). Seismic reflection profiles discussed in this article are represented by dashed yellow lines. The yellow box encloses the 
map shown in detail in Figure 2.
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classic interpretation methods with seismic attributes and seismic impedance inversion, which are not yet a 
typical approach in high-resolution shallow imaging of faults, especially in intramontane settings (e.g., Ercoli 
et al., 2020). These seismic reflection profiles, here presented for the first time, provide subsurface structural 
constraints to improve our knowledge about the long-term basin evolution. In addition, by integrating results 
of the seismic surveys with information obtained in recent years by drillings, electromagnetic soundings, and 
single-station ambient vibration measurements, we propose a structural map of the Meso-Cenozoic substratum 
underneath both basins. This map may help improve current structural models of the study region.

Figure 2. Details of the geological map of the Middle-Aterno Valley, modified from Pucci et al. (2015), overlain to a 
10-m-resolution DEM (TINITALY: Tarquini et al., 2007), represented in a greyscale shaded relief, with illumination from 
northeast. A detailed description of the outcropping geological units is found in Table S1 in Supporting Information S1. 
Seismic profiles (B1, B2, B3 P1, and P2) are drawn with continuous deep blue lines. Symbols for faults (red), surface 
ruptures occurred during the 2009 earthquake (yellow, red triangles indicate surface evidence from Boncio et al., 2010; 
Emergeo Working Group, 2010; Galli et al., 2010) and earthquakes are as in Figure 1. Green circles with cross are the three 
boreholes (LAqui-core, S1 and S2) used in the interpretation.
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2. Structural Settings
The L’Aquila earthquake sequence (Chiarabba et  al.,  2009) hit an internal 
area of the central Apennines (Figure  1), which endured thrusting during 
late Miocene, with local out-of-sequence thrusting taking place up to the 
Early Pliocene, as documented in the Gran Sasso range (details in Ghisetti 
et al., 1993; Patacca et al., 1990). Subsequently, the chain was affected by 
Pliocene-Quaternary extension (Cavinato & De Celles,  1999; D’Agos-
tino et  al.,  2001; Ghisetti & Vezzani,  1999; Lavecchia et  al.,  1994). This 
sector of the Apennines is made of Mesozoic-Tertiary carbonate and marly 
ridges divided by fault valleys hosting Miocene siliciclastic deposits (Bosi 
& Bertini, 1970; Centamore et al., 2006). The tectonic structure consists of 
inherited Jurassic-Cretaceous normal faults, which are cross-cut by north-
west-trending Miocene-Pliocene thrusts. In addition, the Quaternary exten-
sion created a network of northwest-to west-striking normal fault systems 
(Cowie & Roberts, 2001; Galadini, 1999; Galadini & Galli, 2000; Galadini & 
Messina, 2001, 2004; Morewood & Roberts, 2000; Roberts et al., 2002, 2004) 
that in some areas reactivated local pre-existing structures (Pizzi & Galad-
ini, 2009; Pucci et al., 2019).

Paleoseismic investigations along the Paganica-San Demetrio Fault System 
(Figure  1) confirmed the occurrence of surface-rupturing earthquakes 
since the Late Pleistocene (Blumetti et  al.,  2017; Cinti et  al.,  2011; Moro 
et al., 2013). This geologic structure belongs to a larger array of Plio-Qua-
ternary faults whose Late Pleistocene-Holocene activity was discovered 
before the 2009 earthquake (Galadini & Galli, 2000; Galli et al., 2008). The 
study area encompasses the so-called Upper and Middle Aterno River Fault 
System, which generated a set of sub-parallel and partly coalescent tectonic 
depressions late Pliocene-Quaternary in age (Bagnaia et  al.,  1992; Bertini 
& Bosi,  1993; Bosi & Messina,  1991; Cosentino et  al.,  2017; Vezzani & 
Ghisetti,  1998). In the Middle Aterno River Valley, the 2009 earthquake 
activated at least three main right-stepping fault segments of the south-
west-dipping Paganica-San Demetrio Fault System, producing coseismic 
ground faulting and fracturing with maximum throws of a few centimeters 
(see Boncio et al., 2010; Emergeo Working Group, 2010). The majority of 
the surface breaks occurred along fault strands with cumulative fault scarps 

several meters high in their footwall and affecting Middle to Late Pleistocene alluvial and fluvial deposits (Galli 
et al., 2010; Roberts et al., 2010). The hanging wall of the Paganica-San Demetrio Fault System presents signif-
icant antithetic structures, such as the Bazzano and Monticchio northeast-dipping normal faults, and a small 
substratum salient in between (Centamore et al., 2006), both indicative of a complex topography of the Meso-Ce-
nozoic substratum.

3. Characterization of Paganica Fault
Seismologic data well define the geometry, size, and kinematics of the Mw 6.1 mainshock associated with 
the Paganica Fault (Chiarabba et  al.,  2009; Chiaraluce,  2012; Cirella et  al.,  2012). Geodetic studies (Atzori 
et  al.,  2009) show that coseismic slip induced a maximum subsidence of ∼0.25 m in the fault hanging wall 
(Figure 1). Lacking crustal seismic profiles, the deep geometry of the mainshock causative fault is inferred exclu-
sively by a main alignment of aftershocks hypocenters (from 2 to 9 km deep), whose geometry is compatible with 
the surface trace of the Paganica Fault (Chiaraluce et al., 2011; Valoroso et al., 2013).

The Paganica basin is one of the major tectonic depressions developed in the Middle Aterno River Valley. This 
basin is bounded by the southwest-dipping Paganica-San Demetrio Fault System and by the northeast-dipping 
Bazzano antithetic fault, and is emplaced on Meso-Cenozoic carbonates of slope to basin successions, late Jurassic 
to Early Miocene in age (Figures 2 and 3; details in Tables S1 of the Supporting Information). Villani et al. (2017) 

Figure 3. Simplified stratigraphic columns of the Meso-Cenozoic substratum 
(left) and of the main continental units outcropping in the Paganica area 
and in the northern part of the Bazzano basin (center: modified and adapted 
after Pucci et al., 2015). Key to the legend: AFH Holocene alluvial fan; ALP 
Late Pleistocene alluvial fan; COL, colluvium; ELU, eluvium; SDE, slope 
debris; SMA, San Mauro Unit (Middle Pleistocene); VIC, Valle Inferno 
Conglomerates (Early-Middle Pleistocene); MBR, Megabrecce Unit (Early-
Middle Plesitocene); PIA, Pianola lacustrine Unit (Late Pliocene-Early 
Pleistocene); AMP, Miocene Flysch; CRR, Marne con Cerrogna (Miocene); 
SCC, Scaglia Cinerea Formation (Eocene-Oligocene); SCZ, Scaglia Detritica 
(Cretaceous-Eocene). Stratigraphy of the LAqui-core scientific drilling 
(right: redrawn from Macri et al., 2016). U1. Holocene alluvia, U2. Fluvial-
alluvial sequence, U3. Palustrine sequence, U4. Alluvial fan gravels (Units 
2–4 date back to Middle-Late Pleistocene), U5. Palustrine sequences (Early 
Pleistocene). Units 2–4 are younger than 780 ka based on magnetic data. Age 
<460 ka is hypothesized according to the analysis of tephra layers. Unit 5 has 
been related to the Madonna della Strada Synthem (1.2–1.7 Ma). Thus, a long 
sedimentation hiatus (1.2–0.46 Ma?) has been hypothesized separating Units 
U4 and U5.
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found that the Paganica basin is entirely produced by normal faulting. They identified large cumulative fault 
displacement (∼650 m) in the footwall of the Paganica fault, which suggests that the onset of extensional activity 
occurred in the Early Pleistocene (Gelasian stage, about 2.5 Myr ago). In fact, the results of refraction tomogra-
phy and of other geophysical investigations (Civico et al., 2017; Villani et al., 2017) suggest that the Paganica 
basin is filled with about 250 m of alluvial deposits whose top part includes Middle Pleistocene tephra (dated 
about 460 ka; Galli et al., 2010), as well as some small remnants of lacustrine deposits which might date back to 
the late part of Early Pleistocene (about 1.3 Ma; Bertini & Bosi, 1993; Giaccio et al., 2012; Pucci et al., 2015), 
although Macrì et al. (2016) propose that the generation of the Paganica basin took place later than 0.78 Ma.

In comparison to the Paganica basin, Bazzano is deeper, being its continental infill more than 300 m thick, accord-
ing to Improta et al. (2012). Pucci et al. (2019) report of some recent field evidence that the east-trending normal 
faults, possibly inherited from previous compressional tectonics and re-activated during Quaternary extension, 
played a role in the early development of the basin and, basing their line of reasoning on cross-cut relationships 
with younger northeast-trending faults, they suggest for Bazzano an older inception age with respect to the Pagan-
ica depression. The southern part of the Bazzano basin is characterized by outcrops of fine-grained sediments 
(referred to the lacustrine sands and silts of the Early Pleistocene Pianola Unit by Pucci et al., 2015; Figures 2 
and  3) and other terraced deposits, including the Limi di San Nicandro Formation (Bertini & Bosi,  1993), 
which have been interpreted as remnants of an ancient (>2.5 Ma) and wide lake (Cosentino et al., 2017; Pucci 
et al., 2019). These lacustrine deposits locally rest on a late Miocene flysch (sandstones and siltstones), which 
covers a Meso-Cenozoic carbonate series (Centamore et al., 2006; see simplified stratigraphy in Figure 3). Most 
probably, the Miocene flysch is preserved in the sub-surface of the Bazzano basin, as suggested by a 40 m deep 
borehole located close to the southern end of seismic profile B1 (S2: position in Figure 2). Moreover, the pres-
ence of ancient lacustrine deposits in the sub-surface of the Bazzano basin is proved by the lithostratigraphy, 
micropaleontological and magneto-stratigraphy data of the 151 m deep L’Aqui-core drilling (Macrì et al., 2016) 
located in the area of maximum coseismic subsidence (position in Figure 2). By adopting here the labeling of 
Macrì et al. (2016), the borehole encountered the following main units (Figure 3) from top to bottom:

Unit 1: a 5 m thick Holocene alluvial sequence; Unit 2: a 36 m thick, fluvial-alluvial sequence; Unit 3: a 42 m 
thick palustrine cycle down to 83 m depth; Unit 4: an alluvial-fan gravel package down to 115 m depth; and Unit 
5: another palustrine sequence down to the well bottom.

For the uppermost 15 m of the sequence drilled in the LAqui-core, the authors suggest a sedimentation rate of 
0.46 mm/yr. Magneto-stratigraphy analysis indicates an Early Pleistocene age for the topmost portion of the deep 
lacustrine sequence. The latter portion has been tentatively correlated with fluvio-lacustrine deposits that are 
widespread in the western sector of the L’Aquila basin, a few kilometers to the west of the study area (Scoppi-
to-Madonna della Strada Unit, inferred age of 1.3–1.8 Ma according to Mancini et al., 2012). Cores from Units 
1 and 2 date back to the Middle-Late Pleistocene (<0.78 Ma; Macrì et al., 2016), while erosive contacts between 
Units 2 and 3 and between Units 4 and 5 indicate the occurrence of significant hiatuses, which have also been 
documented in similar continental sequences outcropping in nearby sectors of the Middle Aterno Valley (e.g., 
Giaccio et al., 2012; Pucci et al., 2019, 2015). Therefore, we infer that the averaged long-term sedimentation rate 
from the whole LAqui-core section is probably much lower (possibly ∼0.1 mm/yr) than the rate obtained for the 
uppermost 15 m of the sequence.

Based on the peculiar coincidence of maximum locus of coseismic subsidence of the 2009 earthquake with the 
largest thickness of the basin infill, Macrì et al. (2016) inferred that the Bazzano depression represents the long-
term byproduct of the L’Aquila earthquake fault activity. Concerning the large-scale structure of this depression, 
in the northern part Pucci et al. (2015, 2019) suggest the occurrence of a main west-trending normal fault at the 
southern edge of Mt. Bazzano (Figure 2), whereas the southern side of the basin does not show clear evidences of 
normal faults. Immediately to the southwest of the study area, a series of late Miocene northwest-trending thrusts 
of the Mt. Ocre tectonic Unit (Figure 1) bound a large part of the Aterno Valley (see also Baccheschi et al., 2020).

Overall, Pucci et al. (2019) and Villani et al. (2017) proposed that the onset of extension in this part of the central 
Apennines is Early Pleistocene or even older, in accordance with the long-term geomorphic evolution of the 
Middle Aterno Valley. Conversely, no evidence of compressional tectonics has been detected in the outcropping 
continental deposits (see Bagnaia et al., 1992; Bertini & Bosi, 1993; Cosentino et al., 2017; Pucci et al., 2019), 
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which led the aforementioned authors to conclude that the generation of the Middle Aterno valley is solely related 
to extensional tectonics.

4. Data and Methods
The seismic data set used in this article consists of five high-resolution seismic profiles: two (P1 and P2 in 
Figure 2) acquired in the Paganica basin and three (B1, B2, and B3 in Figure 2) in the Bazzano basin. The profiles 
have a cumulative length of 6,800 m and were acquired by Improta et al. (2012) during a two-week-long experi-
ment in 2010. They are overall characterized by a variable data quality. Bazzano profiles B1 and B2 have a better 
signal-to-noise ratio and less logistical restrictions than B3, whereas at Paganica high urbanization with perva-
sive anthropic sources of seismic noise heavily affected the signal, especially for P1 that crosses the Paganica 
village. Lower seismic data quality at Paganica is also due to unfavorable local geological conditions (thick and 
widespread coarse, clastic deposits causing strong scattering). Of course, this different data quality influenced the 
processing steps and the final image quality.

All seismic profiles have a northeast to north-northeast trend and, as a whole, they define a transect across the 
central part of Middle Aterno River valley (Figures  1 and 2). Lines B1 and B2 cross the south-western and 
central part of Bazzano, between the eastern slopes of the Mt. Ocre calcareous massif and the western slope 
of the Bazzano-Monticchio ridge. These profiles were acquired above recent fluvial sediments for a length of 
1,061 and 1,494 m (Table 1). Line B3 is 960 m long and it intersects the Bazzano ridge at its southeast termina-
tion (Figure 2). Profile P2 covers the western portion of the Paganica basin in the hanging wall of the Paganica 
Fault, running for 2,034 m over Late Pleistocene-Holocene alluvial fan deposits. The southwest end of line P2 
stops against Mt. Bazzano fault, while the other end is ∼200 m apart from the lower splay of the Paganica Fault 
ruptured in 2009 and reported by Galli et al. (2010). Finally, line P1, 1,058 m long, was designed to intersect the 
main splay of the Paganica Fault. P1 and P2 are spaced ∼100 m apart and overlap for 230 m.

The main acquisition features of the five profiles are summarized in Table 1. Seismic data were acquired by 192- 
to 216-channel arrays consisting of 4.5 Hz vertical geophones at 5 m station spacing. Data were recorded with a 
sampling rate of 1 ms and a record length of 16 s and were digitized by a distributed, 24-bit Geode ® acquisition 
systems manufactured by Geometrics Incorporated. A high-resolution vibrating source (IVI-MiniVIB) released 
at each vibration point an energy of ∼27 kN distributed over a window of 15 s and over a linear frequency range of 
5–200 Hz. Vibration points are on average spaced between 5 and 10 m within the geophone arrays, whose lengths 
are overall from 3 to 10 times larger than the depth of the basin substratum estimated by seismic tomography 
surveys (from 100 to >300 m; Improta et al., 2012; Villani et al., 2017).

The acquisition parameters ensured a high Common-Mid-Point (CMP: Figure S1 in Supporting Information S1) 
redundancy, which is critical to increase the signal-to-noise ratio in the stacked data. Elevation differences also 
affect the final quality of the CMP stacks. Overall, B1 and B2 and, to a certain extent, B3 are characterized by 
modest elevation variations (Figure S1 in Supporting Information S1), while the largest differences are found 
along P1 and P2. Four representative common-shot gathers selected from the five profiles illustrate the overall 
quality of the seismic data in Figure S2 in Supporting Information S1. As discussed, B1 and B2 show the best 
signal-to-noise ratio, while data from P1, P2, and B3 are instead characterized by an overall lower ratio, especially 
at large offsets, where many traces had to be removed to preserve a reasonable data quality. Offset reduction as 
well as poor signal-to-noise ratio affected the quality of the final images for the Paganica profiles and, to a minor 
extent, profile B3. The shot gathers in Figure S2 in Supporting Information S1 also show that the data are affected 

Profile Arrays Vib.points Max fold n.traces Geoph/array Lenght Min elev Max elev Crooked

B1 1 112 108 24,192 216 1,061 588 596 Yes

B2 2 104 82 22,464 216 1,494 587 589 Yes

B3 1 192 89 36,864 192 960 583 592 Yes

P1 1 113 114 23,843 211 1,058 645 679 Yes

P2 3 205 132 42,025 205 2,034 604 647 Yes

Table 1 
Acquisition Parameters, Length and Elevation Information for the Five Seismic Profiles
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by large static problems, which bend the reflected phases and the first arrivals. Therefore, refraction static correc-
tions played a major role in the processing.

The reflection processing sequence, which is detailed in the supplementary information, was designed to account 
for the different data quality. Therefore, we produced: (a) depth converted CMP stacks for the Paganica profiles; 
(b) post-stack time migrated and depth converted images for the Bazzano profile B3 and (c) pre-stack time 
migrated and depth converted images for the higher-quality profiles B1 and B2. With the purpose of assist-
ing the structural interpretation we computed the “energy” and “similarity” attributes on the post-stack data 
(Figures 4–6) using dGB Earth Sciences' OpendTect Pro ®. Seismic attributes, which are a common tool in hydro-
carbon exploration, have been also used in recent years to improve detection of seismogenic faults in complex 
onshore crustal settings (see Bruno et al., 2017, 2019; Ercoli et al., 2020). “Similarity” is a typical discontinuity 
attribute that returns trace-to-trace similarity properties in post-stack data (Marfurt et al., 1998). Discontinuities 
in a seismic volume or section, such as faults or fractures, appear as regions of low similarity (i.e., in black in 
Figures 4c–6c). Therefore, this attribute is most often applied to highlight possible zones of faults/fractures.

The other attribute we used is the “energy” attribute, which is defined as the squared sum of the sample values 
in a time or depth-gate (in our case a depth-gate of 10 m, corresponding to 10 samples) divided by the number 
of samples in the gate. The energy attribute is a measure of reflectivity strength within the chosen time or depth 
gate. It is therefore useful to detect changes in acoustic impedance and thus relates to lithology, porosity, and thin-
bed tuning (Chopra & Marfurt, 2005). We used it to highlight major sequence boundaries, unconformities and to 
spot major changes in depositional environments and in lithology. Lateral changes of this attribute can indicate 
faulting, especially if those changes are spatially correlated to discontinuity attributes, such as the similarity (see 
Figures 4c–6c).

Profiles B1 and B2 were also used for a post-stack acoustic impedance inversion (see the details in the Support-
ing Information) that was implemented on Landmark's SeisSpace. In many geological environments, acoustic 
impedance has a strong relationship with petrophysical properties such as porosity, lithology, and fluid satura-
tion (Latimer et al., 2020). The geology of the Bazzano depression is better suited for this analysis because, as 
discussed in the previous paragraph, the LAqui-core drilling shows the presence of both coarse-clastic alluvial 
and clayey lacustrine/palustrine sequences in which strong porosity variations are expected. Post-stack inver-
sion of acoustic impedance has been proven successful, particularly in settings where a unique relation between 
acoustic impedance and porosity can be established, and therefore it is widely used by the petroleum industry as a 
quantitative approach to determine rock properties from seismic data. Conversely, post-stack seismic impedance 
inversion so far has rarely been used to characterize shallow onshore structures. Moreover, since acoustic imped-
ance is a layer property, while seismic amplitudes are layer boundaries attributes, acoustic impedance can make 
sequence stratigraphic analysis more straightforward (Buxton Latimer et al., 2000). As wavelet side lobes are 
attenuated, acoustic impedance contains all the information present in the seismic data without the complicating 
factors caused by wavelets, thus eliminating unnecessary complexity in the seismograms.

The inversion process to compute impedance is split in two parts: first, full-bandwidth reflectivity (Figure 7a) 
is estimated from stacked data, which are assumed to be representative of the band-limited reflectivity sequence 
(Levy & Fullagar, 1981); second, reflectivity is converted into acoustic impedance (Figure 7b) by integrating the 
reflectivity functions and by applying statistical stabilization operators to the estimated low frequencies which are 
missing in the input data (Galbraith & Millington, 1978). Rock density is needed to compute acoustic impedance: 
in absence of direct measurements, we estimated density from seismic velocities using the Gardner et al. (1974) 
empirical relationship, which was derived from a series of controlled field and laboratory measurements of 
brine-saturated rocks, excluding evaporites, from various locations and depths.

We used both results (i.e., the intermediate full-band reflectivity and the final acoustic impedance) to make our 
interpretation more robust. The full-band reflectivity is overall well correlated with the energy attribute (compare 
Figure 7a with Figure 4c); however, it provides an added value to the structural interpretation since reflectivity, 
differently from energy, preserves information about the polarity of the event. As it will be explained more in 
detail in the next paragraphs, full-band reflectivity (Figure 7a) was used as a guidance to trace geological bound-
aries, and to better constraint fault interpretation. Acoustic impedance was instead used to discriminate low-po-
rosity lacustrine deposits from higher-porosity alluvial fan and fluvial sediments.
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5. Seismic Interpretation
Lacking deep boreholes and related geophysical logs, our interpretation takes into account the recent geophysical 
surveys targeting the Middle Aterno Valley (e.g., Boncio et al., 2010; Cesi et al., 2010; Civico et al., 2017; Pucci 

Figure 5. (a) Post-stack time migrated & depth converted crooked seismic profile B3 with (b) superimposed a structural and 
stratigraphic interpretation. (c) Plot of similarity attribute and energy attribute. Color palettes and symbols are as in Figure 4.
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et al., 2016), in particular the seismic tomography surveys carried out on the B1-B2 and P1-P2 lines (Improta 
et  al.,  2012; Villani et  al.,  2017). Moreover, we consider the litho-stratigraphic information provided by the 
LAqui-core drilling intersected by profile B1 (Macrì et al., 2016) and two additional, shallower boreholes near 
the other profiles (S1 and S2: Civico et al., 2017). The detailed geological mapping and stratigraphy published 
in recent years (e.g., Boncio et al., 2010; Giaccio et al., 2012; Lavecchia et al., 2012; Pucci et al., 2015, 2019 
and references therein) is also accounted for. The main reflection characteristics of the five seismic profiles can 
be seen in Figures 4a–6a. Enlargements of the seismic profiles B1 and B2 for the Bazzano Basin and P1 and P2 
for the Paganica Basin are provided in the Supporting Information (i.e., Figures S4–S7 in Supporting Informa-
tion S1) to allow the reader to better visualize the details of the seismic features discussed here.

The energy and similarity attributes (complemented for profiles B1 and B2 by full-bandwidth reflectivity and 
acoustic impedance), were heavily used to support and validate the classical interpretation schemes used to locate 
faults and to define the stratigraphic units, which are mainly based on the visual analysis of reflector offset, 
reflection internal configurations and reflection character (Table 2).

To identify stratigraphic unconformities (that are known to be characterized usually by large impedance contrast) 
we followed the peaks of the energy attribute and/or the maxima/minima of the full-bandwidth reflectivity and 
we spatially correlated them with reflector terminations on the seismic sections. To delineate instead the main 
fault zones, we looked for lateral changes of the energy attribute and/or of the full-bandwidth reflectivity, and we 
checked if these features intersect alignments of low similarity and correspond with evident reflector offset on the 
seismic sections. An example of this approach can be seen by comparing the interpreted boundaries and faults for 
B1 and B2, which are overlain to the above-mentioned attributes in Figures 4c and 7a.

The high-resolution character of the seismic data allowed the imaging of small-offset faulting. The near-surface 
of the seismic images, being characterized by a P wave velocity of about 1,500 m/s and a dominant frequency of 
100 Hz has a vertical resolution limit below 4 m. As the seismic velocity increases and the dominant frequency 
decreases, vertical resolution drops to 10–12 m in the lower part of the images.

Unit Lithology/
environment

Inferred age Upper boundary Lower boundary Internal 
configurations

Amp. Cont. Freq Correlated outcrops/
wells

5 a) fluvial, alluvial 
fans

Holocene to n.a. Onlap, concordant Parallel F L F L H F ALP, AFH, FLP, AFP, 
ELU, COL, SDE

b) lacustrine/
palustrine

Late Pleist. Onlap, parallel F F H VH H Aquicore

4 a) alluval Middle Pleist. Erosional, onlap Concordant, onlap Onlap, parallel H VH H VH F L AFP, SMA

b) alluvial fans, 
breccia

Toplap, 
erosional

Downlap Sigmoid, prograd. H F L H F F L VIC, S1, Aqui-core

c) lacustrine/
palustrine

Concordant Onlap Onlap, parallel H VH H Aquicore

3 a) lacustrine, alluvial Early Pleist. to Concordant Onlap Onlap, parallel H F H F H F Aquicore

b) slope debris & 
alluvial fans

Late Pliocene Toplap, 
erosional

Downlap Divergent, oblique F L H F H F MBR, VVB

2 Calcareous-
arenaceous

Upper Miocene Erosional Concordant Parallel F F H L AMP

Flysch F L F L

1 Marly-carbonatic Miocene to 
Giurassic

Erosional n.a. Parallel VH F H L SCC, SCZ, CCD, CDI

Sequence H F L L

Note. Classification of seismic facies follows Emery and Myers (1996). Reflection character (i.e., Amplitude, Frequency and Continuity) has been classified by the 
following acronyms: VL, very low; L, low; F, fair; H, high, VH, very high.

Table 2 
Reflection Characteristics of the Stratigraphic Units Interpreted in the Seismic Profiles and Tentatively Correlated With the Outcropping Units in Figure 2 
(Symbols of the Geological Units in the Last Column Are From Pucci et al. (2015) and Are Described in Table S1 in the Supporting Information S1) and With Well 
Stratigraphy Data (See Macrì et al., 2016)
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Table  2 summarizes the main characteristics of five seismo-stratigraphic units that we have recognized. The 
reflection character of these units is variable along the seismic lines, coherently with the large heterogeneity 
of the geological formations imaged by the seismic profiles and shown by the outcrops near the Middle Aterno 
Valley. Nevertheless, each of the five Units shows characteristic reflection features, and are found to be coherent 
in all lines.

In agreement with the available geological information, we interpreted Unit 1 as an undifferentiated Late Juras-
sic/Cretaceous to Miocene marly carbonatic marine sequence: Scaglia Detritica Formation (SCZ in Figure 2: 
∼200 m thick); Scaglia Cinerea Formation (SCC in Figure 2: ∼250–350 m thick); Bisciaro Formation (BIS, 
outcropping to the northeast and to the southeast of Paganica village, not visible in Figure 2: ∼150 m thick). 
This interpretation is corroborated by the tomography results of Improta et al. (2012) and Villani et al. (2017), 
superimposed onto the seismic reflection data in Figures S8–S9 in Supporting Information S1. The comparison 
shows that Seismic Unit 1 is overall characterized by P-wave velocities >4,200 m/s. These high velocities are 
typically associated with moderate-to low-permeability limestones (see Gardner et  al.,  1974; Gregory,  1977; 
Veeken, 2007; Villani et al., 2021). An overall low reflectivity characterizes Unit 1, even if areas at higher reflec-
tivity are present (i.e., profile B2: CMPs 900–1050). The top of Unit 1 appears as a strong and discontinuous 
reflective event made of few cycles of low frequency and generally at high energy (e.g., Figures 4c and 6c). 
Locally, it shows seismic features of unconformity with the overlying Unit 2.

Unit 1 is covered by a more reflective package, labeled as Unit 2 and characterized by P-wave velocities rang-
ing from 2,200 m/s to 4,200 m/s (Figures S8–S9 in Supporting Information S1; Improta et al., 2012; Villani 
et  al.,  2017). Thickness of this Unit is variable and it is recognized only across the Bazzano profiles. Based 
on tomographic velocities, reflection configurations and presence of an unconformity between Units 1 and 2 
we associate Unit 2 with Late Miocene marly limestones and arenaceous flysch (labeled as AMP in Figure 2) 
outcropping on the southern slope of Mt. Bazzano. This association is also supported by borehole S2, located 
150  m to the west of the southern termination of line B1 that penetrated the Miocene flysch at 20  m deep. 
Unit 2 is ∼90–100 m thick in the central part of the Bazzano sub-basin and more than 200 m thick underneath 
its south-western margin. Mostly parallel to sub-parallel internal configurations characterize this Unit, even if 
locally chaotic and non-reflective areas are also visible. Such chaotic parts are consistent with the occurrence of 
soft-sediment structures visible in many flysch outcrops to the north of Mt. Ocre. The top of Unit 2 is generally 
seen as a high-energy and fairly continuous reflector, which is interpreted as an unconformity with the overly-
ing reflective packages. Together, Units 1 and 2 constitute the Meso-Cenozoic bedrock within which both the 
Bazzano and Paganica basins are carved.

A continental sequence, possibly spanning from the Early Pleistocene to Holocene time interval (Units 3–5) 
fills the basins and overlies unconformably above the basement Units 1 and 2. It shows a large lateral hetero-
geneity as perceived by the analysis of the seismo-stratigraphic features. Large lateral heterogeneities are also 
consistent with strong lateral changes of P-wave velocity occurring within these units (Figures S8 and S9 in 
Supporting Information S1; see also Improta et al., 2012; Villani et al., 2017). P-wave velocities range from very 
low values, such as 600 m/s that are typical of near-surface, loose to poorly consolidated alluvia to more than 
3,000 m/s, indicative of well-cemented alluvial fan conglomerates and breccia. The Units 3–5 exhibit both prop-
agational internal configurations, typical of fluvial sediments and alluvial fans, and onlapping features indicative 
of low-energy, lacustrine/palustrine sedimentation. Reflection character also shows a high variability: areas with 
high-frequency and high-amplitude reflections alternate to zones with low amplitude, low frequency, and low 
lateral continuity. Downlapping and onlapping terminations are indicative of widespread depositional hiatuses 
which are confirmed in nearby outcrops of these sequences (Pucci et al., 2015: Figure 2) and by borehole stratig-
raphy (see Figure 3, Macrì et al., 2016). In the Paganica basin, following the stratigraphic schemes reported by 
Pucci et al. (2015), these outcropping units comprise (Table S1 in Supporting Information S1): Early Pleistocene 
chaotic breccia (VBB and MBR) and Early-to-Middle Pleistocene alluvial fan conglomerates (VIC); Middle-
to-Late Pleistocene lacustrine silts and sands (SMA); Late Pleistocene (AFP) to Holocene fluvial and alluvial 
conglomerates and sands (SDE, FLP AFH). These outcrops exhibit variable thickness (between 20 and more than 
100 m) and complex heteropic relationships (Pucci et al., 2015, 2019), which are also seen in the seismic data, 
especially along profiles B1 and B2 (see Figure 4a and Figures S4–S5 in Supporting Information S1).

Stratigraphic data from the two wells closer to the seismic profiles B1 and P1 ties to about 150 m deep our inter-
pretation of the near-surface reflective features. LAqui-core well (Figure 3; Macrì et al., 2016) is located along 
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profile B1 at CMP 250 (Figures 4 and 7) and pierces our Units 3–5. Unit 5a corresponds to Units 1 and 2 of Macrì 
et al. (2016). Unit 5b and Units 4c can be related to Late-Middle Pleistocene palustrine and alluvial fan sediments 
drilled at 41–83 m and at 83–115 m (Units 3 and 4 of Macrì et al., 2016), respectively. Unit 3a might correspond 
to the palustrine sequence (related to the Early Pleistocene Scoppito-Madonna della Strada Unit, 1.3–1.7 Ma) 
drilled from 115 m to final depth. The deeper part of Unit 3a and Unit 3b have no borehole constraint. From the 
analysis of surface geology, we think that at least part of Unit 3a may be related to the outcropping lacustrine 
Pianola Unit, which according to Pucci et al. (2015, 2019) is older than the Scoppito-Madonna della Strada Unit, 
based on its stratigraphic position.

Borehole S1 (Figures 2 and 6), located 320 m to the southeast of profile P1, was drilled into a thick sequence of 
Early Pleistocene to Holocene alluvial fan deposits and encounters fractured limestones at 78 m depth, confirm-
ing the absence of Unit 2 in the Paganica sector of the Aterno Valley. Villani et al. (2017) correlate these lime-
stones to the top of the BIS Formation, because borehole S1 is in the hanging wall of the Paganica Fault, expos-
ing southwest-dipping beds of the BIS Formation in the footwall. Limestones encountered in this borehole are 
shallower than the top-basement as imaged on profile P1. As suggested by Villani et al. (2017), this may indicate 
a local northwest-dip of the top of Unit 1. This discrepancy can also be explained by the fact that seismic profile 
P1 is located near the Raiale riverbed, so that the underlying limestone substratum may have been subject to deep 
fluvial erosion.

The five seismo-stratigraphic units described above are dissected by several conjugate normal faults (drawn in 
black and red in Figures 4–6) mostly with moderate to high dip angle. Some of these normal faults only affect 
the Mesozoic-Tertiary basement, while others also dissect the continental sequence. Along the Paganica profiles, 
some of the younger fault strands reach the base of the Holocene (in red in Figure 6b) and show an overall good 
spatial correlation with the mapped tectonic structures (i.e., Mt. Caticchio and Mt. Bazzano faults) and with the 
coseismic surface ruptures originated by the 2009 Mw 6.1 L’Aquila earthquake (Figure 8: Boncio et al., 2010; 
Cinti et al., 2011; Iezzi et al., 2019; Vittori et al., 2011). Across the Bazzano profiles on the other hand, the 
majority of the interpreted faults affect the lowermost continental sequences and do not displace Unit 5, which 
according to our interpretation spans the final part of Middle Pleistocene to Holocene. The apparent dip-slip 
component for the individual fault segments, measured at the top of Unit 1 varies from a minimum of 5–10 m to a 
maximum of 80–90 m. Low-angle reverse faults (in red in Figure 4b) dissect Unit 1 and Unit 2 across profile B1. 
We interpret these thrusts as the relict expression of the late Miocene-early Pliocene compressive phase affecting 
this sector of the Apennines, as we further discuss in the following.

Additional information on the physical properties of basin infill come from results of the acoustic impedance 
inversion. Acoustic impedance is closely related to lithology, porosity, pore fill, and other factors. It is common to 
find robust empirical relationships between acoustic impedance and one or more of these rock properties (Buxton 
Latimer et al., 2000). Unfortunately, well log data are not available in Bazzano. Nevertheless, the results of acous-
tic impedance inversion shown in Figure 7b allow a qualitative yet meaningful assessment of porosity distribution 
in the Bazzano sub-basin, based on the reasonable assumption that in sedimentary basins low values of porosity 
are generally strongly correlated with high values of seismic impedance and vice-versa. In such environments, 
changes in acoustic impedance can pinpoint lithological or paleoenvironmental changes.

In particular, it is worth noting that an overall low seismic impedance (that we correlate to higher-porosity, 
i.e., Hp in Figure  7b) characterize the Holocene-to-Late-Pleistocene filling (i.e., Unit 5), while the Early to 
Middle-Pleistocene Unit 4 and 3 shows a gradual increase of acoustic impedance. Near the LAqui-core well, 
among a general low-impedance background, two bright, thin (i.e., ∼15–20 m thick) beds stand out with higher 
acoustic impedance and quite large continuity (i.e., ∼500 m: see Figure 7b CMP 180–380). Based on the well 
stratigraphy (Macri et al., 2016), we interpret these features as packages of lower porosity (i.e., Lp in Figure 7b) 
lacustrine deposits interbedded to higher-porosity (Hp) fluvial and alluvial fan sediments. Similar packages of 
thin beds with alternating higher and lower acoustic impedance and with even larger lateral continuity (i.e., 
almost the entire profile length) are found on profile B2 below the Aterno river (see Figure 7b).

Comparable alternating layers with lower/higher acoustic impedances (but thicker and with a higher absolute 
value) are found within the basement Units 1 and 2 (see Figure 7b: TWT > 0.3 s). This is also in agreement with 
the geological information, as large lithological variations are found in the outcrops of the Late Miocene marly 
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Figure 8. Contour map of the Meso-Cenozoic basement and inferred strike (in black) of the faults cutting the continental 
infill recognized in the seismic lines (dashed lines: presumed faults; barbs indicate the down-thrown side). The pattern of 
pre-Quaternary basement is estimated by spatial interpolation of (a) basement depths found along the seismic profiles; (b) 
outcrops of the pre-Quaternary basement in the study area; (c) punctual information from shallow boreholes reaching and 
not reaching the Meso-Cenozoic basement (yellow dots with cross); (d) geophysical surveys (blue dots: Civico et al., 2017; 
noise, ambient noise; TDEM, time-domain electromagnetic method; ERT, electric resistivity tomography). Basement 
morphology and proposed fault strikes are compared with: the main known structural trends (red); the fault strands activated 
during the 2009 event (yellow) and the surface ruptures occurred during the 2009 earthquake (red triangles) (from Boncio 
et al., 2010; Emergeo Working Group, 2010; Galli et al., 2010; Pucci et al., 2015, 2019).
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limestones and arenaceous flysch that make up Unit 2, as well in the upper part of Mesozoic-Miocene marly and 
marly limestone sequence (Unit 1).

6. Discussion
The seismic profiles presented here reveal for the first time and with unprecedented resolution the structural and 
stratigraphic features of Paganica and Bazzano basins, which are key tectonic features in the region struck by the 
2009 L’Aquila earthquake. Profiles B1 and B2, which provided the best-quality data, show with metric-to-de-
cametric resolution features typical of lacustrine deposits (possibly equivalent to the Early Pleistocene Pianola 
Unit; see Section 3) alternated to several cycles of Early to Late Pleistocene alluvial fan and fluvial sediments 
(Galli et al., 2010; Giaccio et al., 2012) and locally dissected by active faults. Seismic reflection data depict the 
internal architecture of Bazzano basin, providing a clear picture of the progradation of the fans over the Middle 
Aterno Valley. In the Paganica basin, seismic data pinpoint a higher structural complexity due to the presence of 
a complex system of southwest-dipping normal faults with associated antithetic splays that controlled the deposi-
tion of Pleistocene coarse clastic deposits belonging to alluvial fan and fluvial sequences.

Overall, the five seismic profiles analyzed in this study show a complex topography of Meso-Cenozoic substra-
tum, mostly due to a series of conjugate normal faults. In fact, there is a consistent match between the location 
of the normal faults and the large-scale steps in the top-substratum. Those steps are also associated with sharp 
lateral Vp changes reported by Villani et al. (2017). For these reasons, we think that extensional tectonics played 
a major role in the shaping the subsurface morphology of the two basins. Most of these normal faults affect part 
of the overlying sequence of continental deposits. We also detect some faults with clear evidence of very recent 
activity, as they displace the uppermost part of the shallowest Unit 5.

The structural map in Figure 8 shows the inferred strike of the most recent faults. The Paganica fault strikes are 
made consistent with the general northwest trend of the mapped faults and of the 2009 coseismic surface ruptures. 
Fault strikes on Bazzano have been interpolated, when possible, using the lateral offset observed between B2 and 
B3 and also using as constraint the strike of the mapped faults bounding the horsts of Monticchio and Bazzano. 
In Figure 8, we also present a contour map of the depth of the Meso-Cenozoic substratum in the Middle Aterno 
Valley, obtained by spatial interpolation of: (a) the top of basement depths (i.e., above Units 1 and 2) picked along 
the five profiles; (b) punctual basement depths from borehole data and geophysical surveys reported in Civico 
et al. (2017). The basement trend has been extrapolated farther away from the profiles using the outcrops of the 
Meso-Cenozoic substratum in the nearby mountains as a constraint.

From the analysis of this map and of the seismic profiles we infer that cumulative slip along Bazzano fault strands 
results in two depocenters (A and B in Figure 8), separated by a central horst. The southern depocenter “A” is 
∼400 m deep, while the northern one, which is roughly located below the present-day location of the Aterno 
River, reaches a depth of ∼320 m below the ground. Lacustrine, alluvium and alluvial fan deposits, as shown 
on profiles B1 and B2 (Figure 4), fill these depocenters. Alluvial fans exhibit a sediment supply from different 
directions, with a prevailing feeding from the northeast, which is probably influenced by the accommodation 
space provided by the activation of different fault strands over time. It can be seen on the map of Figure 8 that 
we interpret fault FM as a west-striking, north-dipping structure delimiting to the north Monticchio Horst. This 
fault and its conjugate pair FB, that is, the southern tip of Bazzano horst, bound the secondary depocenter “B” of 
Bazzano basin, which is elongated in the west direction, thus dividing the Monticchio and Bazzano horsts. From 
the analysis of profile B2, FM controls the overall depositional architecture of this sub-basin, with a total displace-
ment of more than 100 m. Major reflector packages within Units 3b and 4b show indeed growth relationships that 
dip toward the depocenter and thin toward the northeast end of the basin. Growth relationships are evidenced by 
warped reflectors close to the FM fault plane and onlapping relationships above unconformities.

In the map of Figure 8, the Paganica area is instead characterized by a shallower depth of the rugged substra-
tum, which is dissected by a system of northwest-striking, conjugate normal faults. Seismic line P2 (Figure 6) 
shows indeed at least three depocenters, labeled as C, D, and E in Figure 8. Depocenter C is ∼240 m deep and is 
located between Mt. Bazzano and Mt. Caticchio, where the Meso-Cenozoic substratum outcrops ∼50–60 m to 
the northwest of the seismic profile. The central depocenter “D”, set to the northeast of Mt. Caticchio, is bounded 
to the northeast by a ∼200 m wide buried horst whose top is found at ∼140 m b.g.l. The horst is delimited to the 
southwest by fault FP1 (Figure 6b). We note that the surface projection of FP1, which is in good agreement with 
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the coseismic surface ruptures reported by Boncio et al. (2010), delineates a northwest-trending active fault splay 
in the hanging wall of the San Gregorio Fault (Figure 8).

The third ∼220 m deep graben “E” is located south of Paganica village, and is bounded to the northeast by fault 
FP2, which is the northwest prolongation of the San Gregorio Fault (Boncio et al., 2010; Pucci et al., 2015; Villani 
et al., 2017). In our interpretation FP2, rather than a single fault, represents a 125 m wide fault zone with a cumu-
lative normal slip component, measured at the top of Unit 2, of at least 60 m. At the top of Unit 3b, the normal 
slip component reduces to 12–14 m. The increase of the slip downwards proves a syn-sedimentary activity of FP2. 
Faulting in the uppermost Units 4 and 5 is not clear from the seismic image due to resolution limits: however, 
the close accord of FP2 with coseismic breaks described by Boncio et al. (2010) suggest that the uppermost fault 
termination is very shallow and may affect Unit 5 (dashed line in Figure 6).

Line P1 shows a general thinning of the continental deposits from southwest to northeast due to a shallower 
Meso-Cenozoic substratum dissected by active faults with a prevalent southwest dip such as the Paganica Fault 
(i.e., FP5) and its main splay FP4, with a few antithetic structures (i.e., FP3). Faults FP4 and FP5 clearly cut the 
shallow deposits (Unit 3b) and the base of Unit 4b; they match with the main coseismic surface ruptures of the 
2009 earthquake. Synsedimentary activity of these faults is indicated by the thickening of recent sediments in the 
hanging wall and by the cumulative vertical offset that increases with depth. For fault FP4, which follows main 
surface ruptures observed after the mainshock, the cumulative vertical offset is about 20 m at the substratum top 
and between 5 and 10 m at the base of Unit 4b. A larger cumulative offset (about 30 m) of the carbonate substra-
tum is produced by a synthetic splay of FP4. The two structures define a complex, 50 m wide fault zone.

The Meso-Cenozoic substratum outcrops ∼100 m to the northeast of P1. The internal architecture of alluvial 
deposits, predominant on P1, is not as visible as on the Bazzano lines; however, these deposits show a prevalent 
southwest progradation above the depocenters “C” and “E”, which is consistent with the surface architecture of 
the alluvial deposits mapped in the area (Pucci et al., 2015, 2019). Sub-horizontal deposition and onlap termina-
tions prevail on line P1.

Our interpolated depths for the Bazzano basin are in very good agreement with those of Florio et al. (2021), which 
are based on a constrained inversion of the gravity data. Their modeled Bazzano basin, with a west-northwest 
elongated shape and a maximum depth of ∼360 m, is in accordance with our interpretation. Conversely, for the 
Paganica Basin, Florio et al. (2021) infer a maximum and constant depth of only ∼100 m, which is much simpler 
and shallower than our findings (∼220–240 m) and than those of Improta et al. (2012) and Villani et al. (2017). 
The Florio et al. (2021) estimate is also in disagreement with the top-bedrock map of Civico et al. (2017), which 
is based on interpolation of substratum depth evaluations from time-domain electro-magnetic sounding, electrical 
resistivity tomography, and single-station ambient vibration surveys. We note that the 2D deep electrical resis-
tivity tomography model by Pucci et al. (2016), is also in agreement with our findings. The inversion results of 
Florio et al. (2021) in the Paganica basin may be biased by the juxtaposition of thick, and relatively high-density 
Pleistocene breccia and highly cemented alluvial fan conglomerates above the Meso-Cenozoic substratum. It is 
also worth noting that the resolution of the aerogravimetric data used by Florio et al. (2021) does not allow to 
retrieve the fine details of the complex Paganica basin.

A 400 m deep depocenter imaged in the southern part of the Bazzano basin is a key result of our survey when 
compared to the accurate stratigraphic information of the LAqui-core drilling. We remind that the borehole 
encountered reverse polarity, palustrine clays (Early Pleistocene in age) from 115 m to the bottom hole at 151 m 
depth; these fine solis were related to the Scoppito-Madonna della Strada Unit (1.3–1.8 Ma) outcropping to the 
west of the Bazzano basin (Macrì et al., 2016). Here, the good-quality seismic reflection data and the results of 
acoustic impedance inversion unravel, under the bottom-hole, 200–250 m of additional continental sediments 
(lacustrine, alluvial, and alluvial fan deposits). These deposits are certainly older, and possibly their upper part 
can be related to the Early Pleistocene Pianola Unit (similar in age to the >2.5 Ma old Limi di San Nicandro 
Formation, according to Cosentino et al., 2017 and Pucci et al., 2019). This finding is consistent with the tomo-
graphic survey of Improta et al. (2012) that defined a low-Vp zone (Vp = 1,500–2,500 m/s) about 150–200 m 
thick in the lower part of the basin.

In addition, the underlying Meso-Cenozoic substratum appears deformed by two reverse faults that gently dip 
westwards and possibly related to the Mt. Ocre regional thrust system (see Figure 1). The shallower thrust and 
its back-thrust seem to displace the basal part of the most ancient continental deposits (Unit 3b). Taken together, 
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all this information suggests a long-term polyphase evolution of the Bazzano basin that is more complex than 
previously hypothesized. Unfortunately, no direct dating of the lowermost continental sequence (Unit 3) is availa-
ble. However, since it is carved in the outcropping Early Pleistocene Scoppito-Madonna della Strada and Pianola 
Units, an Early Pleistocene or possibly a Late Pliocene age is probable. This is also in accordance with reasonable 
long-term sedimentation rates inferred from the LAqui-core borehole (about 0.1 mm/yr), for which the nearly 
300–350 m deep Unit 3 in the Bazzano basin may be as old as about 3–3.5 Myr. Accordingly, no evidence of 
contractional tectonics affecting the Quaternary Units 3a, 4, and 5 is found, in agreement with the local and 
regional geological setting (e.g., Cavinato & De Celles, 1999). Based on the hints of thrusting in the basal part 
of the continental succession beneath the southwestern sector of the Bazzano basin, we speculate that the most 
ancient continental deposits may have recorded the latest episode of shortening in this sector of the Apennines. 
Under this hypothesis, the Bazzano paleo-basin was emplaced on top of thrust sheets of the Mio-Pliocene orog-
eny, near the end of the main contractional phase, and was later controlled by normal faulting since the late Plio-
cene-Early Pleistocene. To validate our hypothesis, new high-resolution seismic profiles are needed to map the 
3-D geometry of the thrust structures buried beneath the Bazzano basin. In addition, direct dating from new and 
deeper boreholes can provide further insights into the long-term tectonic evolution of this key area.

7. Conclusions
The five high-resolution seismic reflection profiles targeting the Bazzano and Paganica basins in the Middle-At-
erno Valley allowed us to develop an informative seismic image cutting across the shallow strands of the Pagan-
ica-San Demetrio Fault, the causative fault of the 2009 (Mw 6.1) earthquake and to expose the basin structure 
with unprecedented resolution. By combining seismic amplitudes with the energy and similarity attributes and 
with post-stack acoustic impedance for the Bazzano profiles, we were able to provide a reliable and consistent 
interpretation of a fault-controlled and rather complex basin. The imaged basins show several depocenters carved 
in the Meso-Cenozoic substratum and filled by reflective packages with seismo-stratigraphic features typical of 
alluvial fans, alluvial, lacustrine and palustrine sediments of late Pliocene to Holocene age. The inferred strike of 
faults offsetting continental infill deposits suggests that the Paganica and Bazzano basins have different structure 
and evolution. The Bazzano basin is older and likely originated at the end of Pliocene. We speculate that the basal 
part of its continental succession was deformed by a Late Pliocene compressional phase that was later overprinted 
by west-striking normal faulting. Our hypotheses are based on two key observations: (a) the large thickness of 
the basin infill (400 m) if compared to the Early Pleistocene age (1.3–1.8 Ma) of palustrine deposits drilled at 
151 m depth in the LAqui-core scientific drilling (Macrì et al., 2016); (b) the hints of reverse faulting that seem 
to affect the lowermost sequence filling the western depocenter of the Bazzano basin (possibly 3–3.5 Ma in age). 
Conversely, the Paganica basin appears to be exclusively controlled by northwest-trending Quaternary normal 
faults, that are responsible for the current seismicity of the region.

Comparison with tomography Vp models of Improta et al. (2012) and Villani et al. (2017) (see Figures S8 and S9 
in Supporting Information S1) shows that at Bazzano, where the basin filling is on average less coarse and more 
homogeneous, the seismic reflection imaging is more effective than seismic tomography in depicting the struc-
tural and stratigraphic features and in delineating the substrate morphology. Conversely, at Paganica, due to the 
occurrence of coarser sediments coupled to a higher structural complexity and a higher level of seismic noise, the 
quality of the reflection images is lower than in Bazzano and the combination of the two techniques (i.e., seismic 
reflection and seismic tomography) has its advantages in better discriminating the substrate. The high-quality of 
the seismic imaging achieved at Bazzano represents a leap forward in the knowledge of the substrate geometry 
and internal architecture of the basin compared to previous studies. For instance, the seismic tomography imaging 
of Improta et al. (2012), which constituted the best result obtained prior to our study, allowed to define only the 
large-scale structure of the basin.

Moreover, post-stack acoustic impedance inversion provides additional elements for the interpretation of the 
Bazzano basin. Our article is probably the first example of application of this technique to interpret shallow 
high-resolution data acquired in fault-controlled, intramontane basins. Overall, this study provides solid and addi-
tional evidence that high-resolution seismic reflection imaging should be considered as a primary geophysical 
tool for subsurface basin imaging and active faults detection in complex tectonic scenarios.
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