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Abstract The Pian Grande di Castelluccio (PGC) basin is the main Quaternary depocenter of the Mt.
Vettore-Mt. Bove normal fault system (VBFS), responsible for the 30 October 2016 Mw 6.5 Norcia
earthquake (central Italy). Coseismic surface faulting through the basin attests the occurrence of active splays
of the seismogenic master fault; thus, we explore the subsurface basin structure to infer the long-term
behavior of the VBFS. We integrate electrical resistivity tomography (ERT), time domain electromagnetic
soundings (TDEM), and horizontal-to-vertical spectral ratios of ambient seismic vibrations (HVSR) along a
transect crossing the surface ruptures. The ERT models provide high-resolution details of three shallow fault
zones. One-dimensional resistivity models from TDEM and HVSR frequency peaks suggest abrupt steps in the
top bedrock caused by previously unknown faults and indicate an infill thickness of up to ~300 m. We also
analyze shear wave splitting of S phases (fast direction φ and delay time δt) from local earthquakes recorded
during our surveys to better constrain the fracture field and the properties of the inferred fault zones. We
relate the retrieved pattern of fault-parallel φ, and the associated larger δt, to the main and secondary faults in
the upper crust and to the cracks or shear fabric in the damage zones of the active splays. The PGC basin is
due to the interference of an older N30° striking fault system subsequently crosscut by the N150° striking
VBFS, which is currently active, seismogenic, and capable of rupturing the surface duringM> 6 earthquakes.

1. Introduction

In the past 20 years, the central Apennines fold-and-thrust belt (Italy) was hit by three important seismic
sequences affecting a region >100-km-long parallel to the chain axis. Those earthquakes caused heavy
damage, economic losses and >600 deaths (Colfiorito sequence, 1997, Mw 6.0; L’Aquila sequence, 2009,
Mw 6.1; Amatrice-Visso-Norcia sequence, 2016, Mw 6.1, 5.9 and 6.5; Figure 1; details in section 2). The main-
shocks of those sequences were generated by the in-cascade activation of segmented normal fault systems
bounding Quaternary extensional basins (Amato et al., 1998; Chiarabba et al., 2009; Chiaraluce et al., 2011,
2017; Scognamiglio et al., 2010, 2018).

Similarly to several thrust belts worldwide affected by active extension (Copley et al., 2009; Eddington et al.,
1987; Jackson & White, 1989; Nemcok et al., 2005; Poblet & Lisle, 2011), the origin of the current seismic
release in the central Apennines is still matter of debate: it likely results from the interplay of different
geodynamic factors (among the others: Chiarabba & Chiodini, 2013; Cowie et al., 2017) that trigger episodic
slip on segmented normal faults crosscutting a previously shortened crust. In this complex seismotectonic
setting, notwithstanding the wealth of neotectonic studies (see section 2), many aspects related to the
detailed shallow structure and geometry of the active normal faults in the chain are still unsolved. This has
important consequences on the accurate estimation of their slip rates and behavior on different timescales.
Indeed, seismic hazard assessments benefit from a thorough understanding of the long-term evolution, inter-
action, and segmentation of normal fault systems (Cowie, 1998; Gupta & Scholz, 2000; Manighetti et al., 2009;
Walsh et al., 2001). Normal faulting on timescales of 104–106 years generates first-order landforms, like fault-
related mountain fronts and hangingwall basins collecting deposits from the uplifted footwall blocks (Bull,
2009; Burbank & Anderson, 2011). Hence, the basins’ geometry and depositional architecture provide basic

VILLANI ET AL. 1

Tectonics

RESEARCH ARTICLE
10.1029/2018TC005205

Special Section:
The 2016 Central Italy Seismic
Sequence: Insights, implica-
tions and lessons learned

Key Points:
• We explore the subsurface of the

Pian Grande di Castelluccio basin,
across the 30 October 2016 Mw 6.5
central Italy earthquake fault

• Electrical resistivity models, ambient
noise, and seismic anisotropy
analyses constrain the basin
geometry and the faults pattern

• The complex subsurface setting is
caused by two fault systems with
different timing of activity that
created ~300-m-deep depocenters

Supporting Information:
• Supporting Information S1

Correspondence to:
F. Villani,
fabio.villani@ingv.it

Citation:
Villani, F., Sapia, V., Baccheschi, P., Civico,
R., Di Giulio, G., Vassallo, M., et al. (2018).
Geometry and structure of a
fault-bounded extensional basin by
integrating geophysical surveys and
seismic anisotropy across the 30
October 2016 Mw 6.5 earthquake fault
(central Italy): The Pian Grande di
Castelluccio basin. Tectonics, 37. https://
doi.org/10.1029/2018TC005205

Received 28 JUN 2018
Accepted 13 NOV 2018
Accepted article online 16 NOV 2018

©2018. American Geophysical Union.
All Rights Reserved.

https://orcid.org/0000-0001-7133-0136
https://orcid.org/0000-0003-1958-2314
https://orcid.org/0000-0001-5383-7945
https://orcid.org/0000-0002-5015-2155
https://orcid.org/0000-0002-4097-7102
https://orcid.org/0000-0001-8552-6965
https://orcid.org/0000-0001-7308-9104
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9194
http://dx.doi.org/10.1029/2018TC005205
http://dx.doi.org/10.1029/2018TC005205
http://agupubs.onlinelibrary.wiley.com/hub/issue/10.1002/(ISSN)1944-9194.SEISMIC1
http://agupubs.onlinelibrary.wiley.com/hub/issue/10.1002/(ISSN)1944-9194.SEISMIC1
http://agupubs.onlinelibrary.wiley.com/hub/issue/10.1002/(ISSN)1944-9194.SEISMIC1
http://dx.doi.org/10.1029/2018TC005205
http://dx.doi.org/10.1029/2018TC005205
http://dx.doi.org/10.1029/2018TC005205
mailto:fabio.villani@ingv.it
https://doi.org/10.1029/2018TC005205
https://doi.org/10.1029/2018TC005205


information to constrain the amount and pattern of fault displacement (Leeder & Gawthorpe, 1987), as well as
long-term slip rates (Mouslopoulou et al., 2009; Nicol et al., 1997, 2010).

Near-surface geophysical investigations provide valuable subsurface information to constrain the structural
setting of faults and related basins, since they offer high-resolution images of the inaccessible subsoil, cover-
ing relatively wide areas and thus expanding at depth the evidence provided by limited outcropping rocks
and punctual and expensive borehole data (Everett, 2013). However, fault zones exhibit complexity at a wide
range of scales (Ben-Zion & Sammis, 2003; Scholz, 2002) and represent a challenging target for any geophy-
sical imaging technique.

Shallow geophysical surveys were performed to characterize the subsurface setting of poorly investigated
active faults in the central Apennines, particularly in the 2009 L’Aquila earthquake area (Giocoli et al., 2011;
Balasco et al., 2011; Improta et al., 2012; Pucci et al., 2016). Subsequent works in the same area highlighted
the successfulness of a multidisciplinary approach. Villani, Tulliani et al. (2015), Villani, Pucci et al. (2015),
Villani et al. (2017), and Civico et al. (2017) combined different near-surface geophysical techniques such

Figure 1. (a) Locationmap of the study area, with themain Quaternary normal faults (black lines, thick on the downthrown side), the principal thrusts (blue lines with
triangles), and the three main seismic sequences occurring since 1997 (the stars indicate events with M > 5). (b) Detailed map of the Sibillini Mts. area, showing the
trace of the coseismic surface ruptures following the 30 October 2016 Mw 6.5 Norcia earthquake (modified after Civico et al., 2018) and focal mechanisms of
the mainshocks of the Amatrice-Visso-Norcia sequence. The blue arrow indicates the direction of themaximum horizontal stress SHmax. The small circles indicate the
located microearthquakes used in this study to analyze both horizontal to vertical spectral ratio and shear wave splitting (red solid circles) and only horizontal to
vertical spectral ratio (green solid circles), respectively.
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as high-resolution refraction tomography, electrical resistivity tomography (ERT), magnetometry, time
domain electromagnetic measurements (TDEM), and ambient vibration recordings calibrated with
detailed geological data, trenches, and boreholes to image fault zones and to map the top bedrock sur-
face of fault-controlled basins. The geophysical imaging of these active faults revealed some common fea-
tures of their extensional hangingwall basins: (1) regardless of their size, the basins are not flat bottomed,
rather display complex topography and abrupt elevation changes at different spatial wavelengths; (2) the
large-scale basin shape is primarily controlled by normal faults, sometimes buried by recent clastic cover
(depending on the competition between rates of sedimentation and fault slip); (3) the retrieved subsur-
face faults are hierarchically nested, and consist of a principal (a few meters to several tens of meters
wide) deformation zone that accommodates most of the displacement (master fault), paired with several
subsidiary splays; (4) such splays form a kinematically coherent fault system, and they may rupture the
surface during strong (M > 6) earthquakes; (5) the overall width of the extensional deformation zone
ranges from a few hundred meters to nearly 3–5 km as a function of the degree of fault maturity and
the length of the active fault system.

This setting stems from the fact that active normal faulting in the Apennines is usually associated with com-
plex strain partitioning in the shallowest structural levels, which promotes branching of splays, and distribu-
ted deformation on closely spaced, stepping fault segments with variable degree of linkage (Villani et al.,
2017). For all the abovementioned reasons, the thorough characterization of the subsurface basins’ geometry
and the short-to-long term behavior of their bounding active fault systems in the central Apennines is a
priority task.

We report the case study of the the Pian Grande di Castelluccio basin (hereinafter PGC basin), a tectonic-
controlled basin developed along a seismogenic normal fault system in the central Apennines and located
in an area of high seismic release (details in section 2). While it has been repeatedly affected by surface fault-
ing, its geometry at depth is still unknown. To fill this information gap, we combined different geophysical
techniques: in particular, we performed ERT and TDEM measurements coupled with ambient vibrations
recordings along a survey transect running approximately E-W across the PGC basin. We follow the multidis-
ciplinary approach adopted by Civico et al. (2017), and we include some additional analyses. In fact, to further
constrain the deep structural setting of the basin and the pattern of fractures, we investigated the seismic
anisotropy, by analyzing small earthquakes recorded during the surveys. Several studies focusing on the
upper crustal structure surrounding active fault zones (Balfour et al., 2005; Liu et al., 2008; Peng & Ben-
Zion, 2004) highlight a close correlation between seismic anisotropy parameters and fracture orientation
and density, making seismic anisotropy a powerful tool to gain information about the state of stress and frac-
ture distribution within and around the fault zone. Large earthquakes and associated seismic sequences
damage rocks within the crustal volume surrounding the rupture zone, generating small faults, microcracks,
and changes in the state of local stress. The stress regime may change through time and faults grow accord-
ingly while interacting with surrounding faults (Gupta & Scholz, 2000; Segall & Pollard, 1980), and both design
the array of microcracks resulting in a well-defined pattern of anisotropy (Crampin & Lovell, 1991; Mizuno
et al., 2005; Tadokoro et al., 2002). The collection of splitting measurements in this study thus provides addi-
tional information about the array of faults and the properties of rocks within the fault zones that control the
evolution of the PGC basin.

We show that the integration of such geophysical techniques is an effective tool for shallow subsurface ima-
ging, and we discuss the main implications of our results by drawing an interpretative geological cross sec-
tion across the investigated portion of the basin.

2. Seismotectonic Setting of the Survey Area and the 2016 Central Italy
Seismic Sequence

The central Apennines is a Neogene NE-verging fold-and-thrust belt, whose formation and evolution are
linked to the coexisting back-arc spreading of the Tyrrhenian side, the eastward migration of the compres-
sional front, and the eastward rollback of the subducting Ionian slab (see Rosenbaum & Lister, 2004, for a
review). The crustal extension affected the central Apennines since the Late Pliocene to Early Pleistocene
(Lavecchia et al., 1994; Ghisetti & Vezzani, 1999), overprinting previous compressional structures
(Malinverno & Ryan, 1986; Vai & Martini, 2001). The chain is currently affected by a NE-SW active extension
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(Shmin trending about N220°; Montone et al., 2012) with ~1–3 mm/year regional extension rates (D’Agostino
et al., 2008; Faure Walker et al., 2010). The extension is largely accommodated by a broad system of active
normal faults, showing complex relationships of crosscutting or reactivation with preexisting structures
inherited from older extensional and contractional tectonic phases (Pace et al., 2014; Pizzi & Galadini, 2009;
Tavarnelli, 1999) (Figure 1). The 25- to 30-km-long fault systems consist of mostly NW trending and SW dip-
ping individual segments (Galadini & Galli, 2000; Roberts et al., 2004; Tondi & Cello, 2003). Their long-term
activity controlled the formation of several intramontane continental basins (Bosi et al., 2003; D’Agostino
et al., 2001). Most of their bounding faults show clear hints of recent activity, due to the offset of late
Pleistocene-Holocene deposits and the fresh exposure of bedrock fault scarps (Benedetti et al., 2013;
Boncio et al., 2004; Galli et al., 2008).

The recent seismic sequence that hit central Italy (Chiaraluce et al., 2017; Pizzi et al., 2017) was caused by the
activation of two major normal fault systems (Figure 1): the ~25-km-long Mt. Vettore-Mt. Bove fault system
(VBFS for short) in the Sibillini Mts. Range and the ~30-km-long Laga Mts. fault system (LMFS for short),
respectively (Boncio et al., 2004; Calamita et al., 1992; Calamita & Pizzi, 1992, 1994; Cello et al., 1997;
Lavecchia et al., 1994; Pizzi et al., 2002; Galadini & Galli, 2000, 2003). The 24 August 2016 Mw 6.1 earthquake
close to Amatrice nucleated on the northernmost part of the LMFS and involved the southernmost part of the
VBFS (Tinti et al., 2016). The two earthquakes of Mw 5.6 and 5.9 close to Visso on 26 October 2016 nucleated
on the northern portion of the VBFS (Chiaraluce et al., 2017). The sequence culminated with the 30 October
2016 earthquake near Norcia (Mw 6.5), which involved almost the entire length of the VBFS, resulting in the
strongest Italian earthquake since the 1980 Irpinia earthquake (Mw 6.9; Bernard & Zollo, 1989).

The Amatrice earthquake provoked surface faulting for ~5- to 6-km along the VBFS (EMERGEO Working
Group, 2016; Lavecchia et al., 2016; Livio et al., 2016; Pucci et al., 2017). Details of surface rupture following
the Visso quakes are less clear (see a discussion in Villani, Pucci et al., 2018). The Norcia earthquake ruptured
the surface along almost the whole VBFS (Civico et al., 2018) for a length of >22 km and with an average dip
slip of ~0.45 m (Villani, Civico et al., 2018; Villani, Pucci et al., 2018).

The PGC basin (Figures 1b and 2) is a ~20-km2-wide intramontane Quaternary depression. The substratum is
made of Meso-Cenozoic marly calcareous marine deposits of the Umbria-Marche sequence (Pierantoni et al.,
2013). The outcropping continental deposits consist of sequences of alluvial fan and fluvioglacial deposits
(Coltorti & Farabollini, 1995). Shallow boreholes show the alternation of conglomerates, sandy gravels, and
clays with variable thickness due to interbedded alluvial and lacustrine deposits (Figure 2; (Geomineraria
Nazionale) Ge.Mi.Na, 1963). No other subsurface information is available. The basin is bounded by differently
oriented faults: in particular, the N155°–170° trending Mt. Vettore normal faults to the northeast (belonging
to the VBFS; Figure 2) and three main faults trending N20°, N200°, and N340° (F2, F3, and F4, respectively in
Figure 2). The latter are probably inherited from previous extensional phases, and their recent activity is
poorly constrained (Calamita et al., 1992; Calamita & Pizzi, 1992, 1994). The flat-bottomed endorheic plain
(average elevations from 1,330 to 1,270 m above sea level [asl]) is surrounded by high and steep slopes. In
particular, the northeastern side of the PGC basin is flanked by the >1,100-m-high cumulative fault escarp-
ment of Mt. Vettore, which is a typical basin-bounding fault. According to the geological maps by Calamita
et al. (1992) and Pierantoni et al. (2013), a normal fault dipping to the SW (labeled F1 in Figure 2) runs at
the base of the slope: such fault is evident in the southeastern part, where it juxtaposes Cretaceous Scaglia
Fm. onto Jurassic limestones, while it is covered by a complex stack of alluvial fans and debris slope in its
central and northern parts (Figure 2), making its location uncertain. For fault F1, Calamita et al. (1992) and
Pizzi et al. (2002) estimate a cumulative geologic throw >1,300 m.

The Norcia earthquake surface ruptures partly run within the plain (Civico et al., 2018; Villani, Pucci et al.,
2018), where they closely follow the trend of a subtle fault (Valle delle Fonti fault, VF in Figure 2) affecting
Late Pleistocene to Holocene alluvial fan deposits, and whose paleoseismic history was studied by
Galadini and Galli (2003). Villani and Sapia (2017) provide the first shallow subsurface electrical image of
the VF fault, evidenced by a narrow and subvertical low-resistivity zone; however, the total fault throw is
unconstrained: the authors suggest syndepositional activity producing >30-m total displacement achieved
since the Middle Pleistocene, whereas the ~2.3- to 2.8-m-high fault scarp at the surface was generated in the
last ~12 kyr.
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Previously published large-scale geological cross sections in the Sibillini Mts. do not detail the PGC basin
structure, due to the lack of high-resolution subsurface information (e.g., Calamita et al., 1992; Cooper &
Burbi, 1986; Pierantoni et al., 2013; Porreca et al., 2018).

3. Methodology

Our multidisciplinary study has two main and interrelated focuses: (1) shallow characterization of fault
zones bounding the PGC basin (and possible subsurface faults) and (2) mapping of the pre-Quaternary car-
bonatic substratum top surface (top bedrock, hereinafter) along a key transect crossing the surface ruptures
of the Norcia earthquake (B-B0 in Figure 2). Due to the complex tectonic setting and the >1 Myr long exten-
sional activity in the study area, we expect significant variations in the top bedrock depth, which can be
therefore interpreted in terms of fault throws. For the same reason, as suggested by previous investigations
(Villani & Sapia, 2017), the infill material may display considerable lateral and vertical lithological and
thickness variations.

We adopted high-resolution geophysical techniques capable of providing accurate images of fault zones in
the near surface: for this specific target, we used ERT measurements. Given the geological and lithological
setting, we assume that the carbonate top bedrock is in most cases characterized by markedly contrasting
properties with respect to the overlying continental infill (coarse-grained alluvial to fine fluviolacustrine

Figure 2. Geological map of the Pian Grande di Castelluccio basin (modified and simplified after Pierantoni et al., 2013),
showing the geophysical survey sites, the two available boreholes (#4 and #2) discussed in the text, the trace of the
calibration transect (A-A’) and of the geological cross section (B-B0), the main faults (dashed when inferred), and the
coseismic surface ruptures following the 2016 Norcia earthquake (after: Civico et al., 2018). Key to the stratigraphy:
MAS = Calcare Massiccio Fm.; COI = Corniola Fm.; POD = Calcari e Marne a Posidonia Fm.; MSE = Marne di Monte Serrone
Fm.; BUG = Bugarone Fm.; CDI = Calcari Diasprigni Fm.; MAI = Maiolica Fm.; FUC =Marne a Fucoidi Fm.; SBA = Scaglia Bianca
Fm.; SRA = Scaglia Rossa Fm; VF = Valle delle Fonti fault; TDEM = time domain electromagnetic sounding.
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sediments). Therefore, it can be detected as (i) a sharp electrical resistivity change between a deeper highly
resistive basement and a relatively conductive cover and/or (ii) a seismic impedance contrast between verti-
cally stacked materials with different elastic moduli and seismic velocities. The latter condition is satisfied
when thick soft sediments as lacustrine silts/clays directly overly the carbonates. For this purpose, we use
time domain electromagnetic (TDEM) and ambient vibration recordings ( [HVSR] method). We also take
advantage of several earthquakes recorded during our surveys to analyze seismic anisotropy through the
shear wave splitting (SWS) phenomenon, which also helped us to gather further information of the PGC basin
structural setting.

Since the aforementioned methods are well established and routinely used, in Section 3 we give only
some essential outlines, and the reader may find further technical details in the Supporting Information
(text S1 to S4).

3.1. Electrical Resistivity Tomography

Electrical resistivity tomography (ERT) is suitable to provide high-resolution images of the very near surface,
particularly in correspondence of fault zones (Giocoli et al., 2015; Park & Wernicke, 2003; Unsworth et al.,
1997). On December 2016 and March 2017 we acquired three 630-m-long ERT profiles (T1, T2, and P1,
Figure 2) running WSW-ENE and nearly orthogonal to the main basin bounding structures (F1 and F3) as well
as to the trace of the Norcia earthquake surface ruptures (VF). We used 64 electrodes, 5-m-spaced, adopting
both Wenner-Schlumberger and dipole-dipole configurations, and the processed apparent resistivity data
were input to a 2-D smoothness-constrained least squares inversion algorithm (Constable et al., 1987; Loke
& Dahlin, 2002; further details in supporting information Text S1).

3.2. Time Domain Electromagnetic

TDEMmethod provides themeasure the electrical resistivity distribution of the ground through the induction
of eddy currents in the subsoil (Christiansen et al., 2009; Nabighian &Macnae, 1991). It is widely used to image
the electrical properties of subsurface geological structures over different lithological settings with the cap-
ability to reach significant penetration depths over moderately resistive environments (few hundreds of
meters; Bedrosian et al., 2013). We follow the approach by Civico et al. (2017) to map the top bedrock depths
using 1-D vertical resistivity models. We acquired 13 TDEM soundings both with central-loop and offset recei-
ver configurations using a 50-m transmitter loop size along two transects (A-A’ and B-B0 in Figure 2). We pro-
cessed and inverted the TDEM data using the SiTEM/SEMDI software (Effersø et al., 1999), based on an
iterative fully nonlinear damped least squares inversion (Fitterman & Anderson, 1987; Christiansen &
Auken, 2012; further details in supporting information Text S2 and Figure S1).

3.3. Horizontal to Vertical Spectral Ratio

The HVSR method provides the fundamental resonance frequency (f0) associated with the depth of the main
seismic impedance contrast and the average shear wave velocity (VS) of the overlying layers of thickness T.
This method is based on the calculation of the ratio between the horizontal (H) and vertical (V) Fourier spectra
of ambient vibrations recorded by a three-component seismometer, properly averaged on an adequate time
sample (Lunedei & Malischewsky, 2015; García-Jerez et al., 2006; Bonnefoy-Claudet et al., 2009; Langston &
Horton, 2014, among many others). The fundamental resonance frequency f0 corresponds to a clear peak
of the HVSR function. In the 1-D assumption, the relation T = VS/4f0 is used (Boore, 2013; Nakamura, 1989;
Yamanaka et al., 1994) to estimating the basin infill thickness from VS and f0. Complex HVSR functions may
be indicative of a markedly heterogeneous infill, with the occurrence of different interfaces, or may be related
to a complex 3-D setting: in this case, the interpretation of the HVSR functions is more difficult.

We installed temporary seismic stations throughout the PGC basin (Figure 2) during three different periods:
on 28–29 March 2017 (stations t1, t2, … t13), on 6–7 April 2017 (stations cs13, cs14, … cs34), and on 15–16
June 2017 (stations nos1, nos2,… nos7), collecting a total of 43measurements. No direct measurements of VS
are available within the PGC basin, so we describe the spatial change of f0 as compared to top bedrock depth
estimates from adjacent TDEM soundings in a qualitative way. Average VS values spanning ~500–900 m/s for
the sedimentary infill of PGC are likely, as suggested by local geology, shallow borehole stratigraphy (see
section 4) and also by ongoing studies in the same area and past works carried out in other similar basins
of the central Apennines (Civico et al., 2017; Di Giulio et al., 2014, 2016; MS–AQ Working Group, 2010).
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We also calculate HVSR from a selected number of small-magnitude
earthquakes recorded during the surveys (details in supporting
information Text S3). Although they do not represent a statistically
robust population, they provide some additional information on the
complex structure of the investigated basin and the presence of
shallow interfaces.

3.4. Seismic Anisotropy and SWS

When a shear wave passes through an anisotropic medium, it splits into
two components, known as the fast and the slow components, which tra-
vel perpendicular to each other with different velocity. Seismic anisotropy
is successfully quantified by the SWS, the most common phenomenon
that testifies the anisotropic properties of the crust. The two SWS para-
meters are (1) the fast direction (φ), which is the polarization azimuth of
the fast shear wave, and (2) the delay time (δt), corresponding to the lag
time between the fast and slow components. The fast shear wave is polar-
ized parallel, and the slow shear wave is polarized perpendicular to the
fluid-filled cracks with dimension spanning different scales and/or the
faults, respectively. The delay time is a measure of the intensity of aniso-
tropy and of the thickness of the anisotropic layer (Crampin &
Peacock, 2005).

For our analysis, we used earthquakes recorded at the temporary stations
installed during the geophysical survey. To estimate φ and δt, we used the
cross-correlation method, which implies that the fast and slow compo-

nents have similar waveforms (Piccinini et al., 2013). Details about the processing of the earthquake data
for SWS analysis are in the supporting information (Text S4).

4. Data Calibration

The collected geophysical data were cross-calibrated against available boreholes for the survey area, follow-
ing the approach by Civico et al. (2017). To do that, we run a preliminary test by acquiring widely spaced
(>350m) TDEM soundings and ambient vibration recordings over aWNW trending transect crossing the cen-
tral part of the basin (transect A-A’, Figure 2), between faults F3 and F2. Such transect is tied to outcropping
pre-Quaternary limestone basement and to boreholes #4 and #2 by Ge.Mi.Na (1963), which reach limestones
at �97- and �76-m depth, respectively (Figure 3; see also Villani & Sapia, 2017). We acquired sounding td10
~100 m far from borehole #4 to avoid electromagnetic noise coupling due to a nearby powerline (Danielsen
et al., 2003). The recovered top bedrock depth significantly matches with borehole #4, and the small discre-
pancy is probably due to small-scale resistivity variations and/or the inherent difficulty of TDEM methods to
accurately resolve high resistive layers (Corbett, 1993).

Figure 4 shows the 1-D resistivity curves from TDEM soundings td10, td12, td13, td14, and td11, together with
HVSR functions from ambient vibrations and earthquake spectra (blue and red curves, respectively) at
stations cs20, nos6, t13, and cs16. The inferred top bedrock surface corresponds to the deeper high-resistivity
contrast (gray area with ρ > 1,000 Ωm in Figure 4). The basin infill (yellow area with ρ < 100 Ωm in Figure 4)
thickens toward the inner part. An abrupt basin deepening between soundings td10 and td12 is evident, and
between td14 and td11, suggesting the presence of two additional subsurface faults.

The deepening of the PGC basin can be inferred also by the progressively lower f0 of the HVSR functions of
ambient vibrations moving from station cs16 (f0 = 1.2 Hz) to stations t13 (f0 = 0.9 Hz), nos8 (f0 = 0.4 Hz), and
cs20 (two peaks at f = 0.3 Hz and f = 0.5 Hz), respectively. We notice that a high-amplitude HVSR at very low
frequencies (~0.3 Hz) characterizes most recordings, independently from their position within the plain.
Based on probability density analysis (Figure S2 in the supporting information), we infer that the useful fre-
quency bandwidth for estimating the resonance frequency of the PGC basin is likely ~0.4–2.0 Hz.

Figure 3. Stratigraphy of boreholes #4 (to the west of transect A-A’) and #2
(to the east of transect A-A’) by Ge.Mi.Na. (1963) that we used for calibra-
tion of 1-D resistivity models from time domain electromagnetic soundings.
See details in the text.
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The HVSRs from earthquakes show additional peaks at higher frequencies (~3 Hz for stations nos6 and t13),
whichmay be related to the presence of a shallow seismic impedance contrast, likely represented by the ~50-
m-deep conglomerate silt contact in borehole #2 (Figure 3).

The obtained 1-D resistivity model from TDEM sounding td11 provides a depth to bedrock of nearly 80 m,
which is in good accordance with borehole #2 log: the ~5% mismatch between the recovered depth of
the resistive basement and the limestones in borehole #2 provides an estimate of the uncertainty associated
with the top-to-bedrock depth obtained by our TDEM modeling.

The HVSR function of ambient vibrations at seismic station cs16 displays f0 = 1.2 Hz, in close proximity of
borehole # 2. If we apply in first approximation the 1-D formula T = VS/4f0, we get an average Vs of the infill
of ∼350 m/s in this part of the PGC basin. This rough estimate is in accordance with borehole data, indicating
the widespread occurrence of fine-grained deposits that may justify such average shear wave
velocity (Figure 3).

5. Results
5.1. ERT Models

Figure 5 shows the three ERT models for profiles T1, P1, and T2. We outline a simplified classification of the
main electrical units following an approach based on a modified version of the steepest gradient method
already described in detail by Villani and Sapia (2017), who calibrated ERT images with shallow boreholes.
The subhorizontal interfaces are located in the regions of maximum vertical gradient of the resistivity field.

The ERT T2 (Figure 5, top panel), in the westernmost part, is tied to outcropping Jurassic limestones (Marne
del Serrone Fm. Figure 2) and recent alluvial fan deposits. Here the section shows an east dipping high-
resistivity shallow region (ρ > 700 Ωm, labeled as electrical unit BR) that we interpret as the electrical
response of the shallow carbonate bedrock. This unit is bounded to the west by a sharp lateral resistivity
contrast, evidenced by a ~ 50-m-wide belt with ρ < 150 Ωm. The latter (electrical unit Fz1) is located in
correspondence of the basal topographic break of the slope, defining the main fault zone bounding to the
west the PGC basin (fault F3, Figure 2). In correspondence of the ERT profile, there is no exposed fault plane
indicative of possible recent surface slip, due to the cover of slope debris and alluvial deposits; moreover, the

Figure 4. Calibration of geophysical data. We acquired five time domain electromagnetic soundings (triangles) and selected four ambient vibration recordings (light
blue stars) along aWNW trending transect across the central part of the basin (A-A’, location in Figure 2). Boreholes #4 and #2 (location in Figure 2) by Ge.Mi.Na. (1963)
are used to test the fit of 1-D resistivity models (blue curves). The sharp resistivity increase in the 1-D models interpreted as the inferred top bedrock surface is
marked with the thick red line. The horizontal to vertical spectral ratio functions from ambient vibrations are in blue, those from earthquake spectra are in red (±1σ
curves are reported with black dashed line for ambient noise and light gray for earthquake curves, respectively). The inferred top bedrock surface is drawnwith heavy
blue dashed line.
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alluvial fan top surface does not show any clear slope break. The remaining part of the ERT section depicts a
thin, shallow, and subhorizontal resistive layer (electrical unit A, corresponding to the response of shallowest
alluvial fan gravels; see Figure 2) overlying a tabular andmoderately resistive body (ρ< 100Ωm), about 20- to
25-m thick (electrical unit B). This electrical layer can likely be assigned to a silty material with a less clay
contents, which overlies a deeper high-resistivity region with ρ ~ 350–500 Ωm made of gravels (electrical
unit C).

The ERT P1 (Figure 5, middle panel) is modified and simplified after Villani and Sapia (2017). A shallow resis-
tive body, made of gravels and sands (unit A), overlies two deeper resistive layers (units C and C0) that are
locally interbedded with a moderately resistive body (unit B0). The regular alternation of subhorizontal resis-
tive and conductive layers is disrupted by a subvertical conductive region (ρ ~ 100 Ωm), interpreted as the
electrical image of a fault zone (unit Fz2), corresponding to the VF (in Figure 2), for which Galadini and
Galli (2003) had previously documented Holocene activity. This fault ruptured the surface during the
Norcia earthquake with 0.05 m average throw and local peaks of 0.14 m (Villani, Pucci et al., 2018). As a whole,
in the hangingwall of the VF fault, units A + B0 + C represent the thicker counterpart of units A + C0 in the foot-
wall, caused by syntectonic sedimentation in the subsiding hangingwall block. Notwithstanding the low
sensitivity of the deeper part of the section, we hypothesize the presence of the carbonate basement
(electrical unit BR, ρ> 400Ωm) at x = 350–400 m, and this finding is supported by results from TDEM sound-
ings (Section 5.3).

The ERT T1 (Figure 5, bottom panel) depicts the shallow subsurface of the long-term fault scarp F1 running at
the base of Mt. Redentore-Mt. Vettore southwestern slope. Available geological maps (Pierantoni et al., 2013)

Figure 5. Three electrical resistivity tomography (ERT) models T2, P1, and T1 along the survey transect B-B’. ERT P1 is modified and reinterpreted from Villani and Sapia
(2017). The projected location of the closest time domain electromagnetic soundings and seismic stations is also shown with triangles and stars, respectively. The
distance along each transect is from the first electrode. The dashed lines indicate approximate boundaries of the main electrical units (A and C: alluvial fan deposits; B:
fluviolacustrine deposits; BR: carbonate bedrock). The lateral extent of the inferred fault zones (units Fz) is shown with solid white lines. See details in the text.
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report thick alluvial fan and debris slope deposits in this area. As early described in section 2, the trace of fault
F1 is inferred, and its precise location is uncertain (Figure 2). Moreover, following the Norcia earthquake, no
surface ruptures have been documented in this site (Civico et al., 2018), thus making the positioning and the
assessment of recent activity of fault F1 even more difficult. The ERT section in the eastern part shows an up
to ~40-m-thick shallow resistive body paralleling the topographic surface and thinning toward the base of
the slope (electrical unit A, ρ > 350 Ωm). We interpret unit A as a complex alluvial and debris cone fed from
the western slope of Mt. Vettore. At x = 330–370 m, a subvertical moderately resistive region (ρ ~ 120–200
Ωm) abruptly separates two high-resistivity units in the lower part of the section (unit Fz3): we attribute this
lateral resistivity contrast to fault F1. To the west of this high-angle discontinuity (at x = 200–300m), the top of
the high-resistivity layer deepens down to a depth of ~70–80m (electrical unit BR, ρ> 600Ωm), and we relate
it to the carbonate basement.

5.2. TDEM Results

Figure 6 shows 1-D resistivity models obtained from the inversion of TDEM data acquired along the survey
transect B-B0 (location in Figure 2; fit to the data shown in Figure S1 in the supporting information). In
Figure 7, the corresponding inferred depth to bedrock is represented in map view with a color scale. An alter-
nation of resistive and moderately resistive layers sit atop a deeper resistive layer, which we interpret as the
top bedrock response. Moving from the western basin margin, where sounding td9 indicates a relatively
shallow bedrock (~140 m below ground level, hereinafter bgl), we envisage an ~1-km-wide portion of the
basin (including soundings td8, pt4, td7, pt3, pt10, td6, and pt2) where the top bedrock is between ~240
(pt4) and ~300 m bgl (pt2). Moving to the east of sounding pt2, the top bedrock rises to ~160 (pt1) and to
~120–80 m bgl (td4 and td2).

By comparing results from td9 and ERT T2, the 2-D resistivity section depicts a ~60-m-thick high-resistive
layer (unit C), adjacent to fault zone Fz1. Such heterogeneous and resistive environment can affect the 1-D
modeling of TDEM data, causing low sensitivity of the recovered resistivity model (Danielsen et al., 2003).
However, the very high resistivity east dipping region inferred at x = 450–500 m along ERT T2 (ρ > 700 Ωm;
Figure 5) matches the inferred location of the top bedrock from sounding td9.

Conversely, the high-resistivity region at the bottom of ERT P1 is located in a region of low sensitivity; there-
fore, the signature of the carbonate basement is more speculative. TDEM results provide indirect evidence of
the long-term throw accrued by this fault splay. In the fault hanging wall, soundings pt1 and td4 indicate a
top bedrock depth of ~160–180 m bgl, whereas in the footwall sounding td2 suggests a ~80-m-deep top
bedrock. The latter supports the hypothesis that in close proximity of the fault footwall the top bedrock depth
is ~100–120 m, as suggested by ERT P1.

Finally, close to the eastern margin of the PGC basin, sounding td2 suggests the top bedrock at ~80-m depth,
which is also in agreement with the resistivity model ERT T1.

The large difference in top bedrock depth between soundings td8 and td9 let us infer the presence of a bur-
ied normal fault dipping toward the east (F6 in Figure 7), and for the same reason we infer an additional east
dipping normal fault between soundings pt1 and pt2 (fault F5 in Figure 7). Further constraints for these
inferred subsurface faults are given in the following.

5.3. HVSR Results

Figure 7 summarizes the results obtained from the analysis of the ambient vibration recordings and micro-
earthquakes waveforms in terms of HVSR functions. The peak frequency f0 from each station is represented
with a color scale (e.g., Leyton et al., 2013) that qualitatively mimics the depth to bedrock inferred from
TDEM modeling.

The response of HVSR is quite complex and not easy to interpret. Sharp frequency peaks are observed only for
a few stations (cs21, cs24, and nos9), whereas most of the curves are multipeaked and/or show smooth
bumps rather than clear peaks. A low-frequency high-amplitude peak (<0.4 Hz) is also present at many sites
(indicated with dark blue in map of Figure 7), and in some cases we suspect a bias from meteorological con-
ditions (see supporting information Text S3). The HVSR curves attest a complex structural setting and possibly
the absence of a strong impedance contrast between the continental infill and the top bedrock (see Gosar,
2017). Moreover, we expect significant lateral changes in the average VS of the basin infill, with coarse
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deposits being more abundant along the basin margins (due to the alluvial fans) and fine deposits displaying
larger thickness in the axial zone: this is also suggested by the 1-D resistivity models previously described,
showing thicker shallow resistive layers at the borders of section B-B0 (td2, td4, td8, and td9) and thick low-
resistivity layers in the central part (pt2, pt10, and td6; Figure 6).

Figure 6. One-dimensional resistivity models (blue curves) obtained from time domain electromagnetic soundings located along the survey transect B-B0 shown in
Figure 2. The panels are ordered from the upper left to the lower right according to their progressive projected position from thewest to the east. The sharp resistivity
increase in the 1-D models interpreted as the inferred top bedrock surface is marked with the thick red line.
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Figure 7. (top panel) Zoom on the investigated northern portion of the Pian Grande di Castelluccio basin (modified from Figure 2), with positions of TDEM soundings
(triangles), and seismic stations (circles): The symbols are colored according to the depth to bedrock and to the HVSR peak f0, for TDEM and seismic stations,
respectively. (bottom panel) HVSRs obtained from ambient vibrations and (when available) microearthquake records (blue and red curves, respectively). Results for
stations used on transect B-B0 are shown in more detail in Figure 8. In the top panel, we show the presence of two additional inferred faults (F5 and F6). TDEM = time
domain electromagnetic; HVSR = horizontal to vertical spectral ratio.

10.1029/2018TC005205Tectonics

VILLANI ET AL. 12



In general, we observe that stations located at the borders of the PGC basin display HVSRs characterized by
higher frequency peaks (>1 Hz), whereas stations located in the internal part of the plain display lower fre-
quency peaks (<1 Hz). A few stations located in the central part of the basin are characterized by very low
frequency HVSR amplitude (<0.4 Hz: cs17, cs21, cs23, cs24, nos1, and nos8; Figure 7). The comparison
between HVSR from noise and earthquakes is difficult at several sites, even if the observed frequency peaks
of the two curves show generally a fairly acceptable agreement between 1.0 and 10 Hz. The analysis per-
formed on earthquakes can provide additional information only at high frequencies related to small-scale
heterogeneities. Thus, HVSR obtained from earthquakes may give some hints on the presence of shallower
discontinuities in the basin infill. We observe the best fit between noise and earthquake results at sites char-
acterized by a narrow and single high-frequency peak (e.g., see the stations cs26, t3, and t1 in Figure 8). In
other cases the two HVSR curves exhibit some distinct high frequency (>5 Hz) peaks (cs14, cs27, cs31, and
nos7). We interpret the latter as due to the presence of shallower seismic impedance contrasts in the subsur-
face. A broad inverse correlation between depth to bedrock inferred from TDEMmodeling and the f0 of HVSR
functions may be envisaged. For clarity, we describe stations located along the transect B-B0 in a separate
plot (Figure 8).

Moving from the western to the eastern side of the PGC basin, the HVSR functions’ peaks vary in the ~0.7- to
1.3-Hz range. Indeed, stations t8, t7, nos2, and t6 show f0 of 0.7, 1.0, 1.4, and 1.3 Hz, respectively.

We note that similarly to what shown by TDEM soundings pt2 and pt1, an evident change of f0 can be
inferred from stations nos4 (f0 = 0.5 Hz) and nos5 (f0 = 1.6 Hz), suggesting the occurrence of a step in the
top bedrock beneath them. In particular, seismic station nos4 is very close to TDEM sounding pt2 that indi-
cates the deepest top bedrock of the PGC basin along the survey transect B-B0 (~300 m). This suggests that
VS ~ 600 m/s is a reliable proxy for the average shear wave velocity of the sedimentary infill in this site.

The HVSR functions in the eastern part of the B-B0 transect reflect the complexity of the subsurface structural
setting due to the presence of fault zones and the juxtaposition of sedimentary bodies with contrasting elas-
tic properties (conglomerates and clays). The frequency peaks are generally>1 Hz (t1, t3, and t4), suggesting

Figure 8. HVSRs for the seismic stations located along transect B-B0 (the horizontal distance is referred to the western corner of the transect B-B0). Bottom panel: HVSR
contouring in the frequency-distance space, where the white dashed lines indicates the inferred peak frequency resonance of the PGC basin. HVSR = horizontal to
vertical spectral ratio.
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the occurrence of a shallower basement, in broad accordance with observations from ERT models
and TDEM soundings.

Aware that the useful frequency bandwidth is confined in the 0.4- to 2.0-Hz range, the contour plot of the
HVSR amplitude in the distance frequency space (Figure 8, bottom panel) provides an indirect picture of
the PGC basin large-scale topography, where lower frequency peaks correspond to a deeper top bedrock
(white dashed line).

5.4. SWS Results

The SWS analysis was performed for each event station pairs, obtaining 57 single pairs of φ and δt. The final
collection consists of 33 good measurements. In addition to the well-constrained splitting parameters, we
also keep 24 null measurements, for which the original seismogram shows a linearly polarized S wave
(Figures S4 and S5 in the supporting information). Null measurements occur when the anisotropy is absent
in the crustal volume sampled by the seismic rays, or if the incoming S wave is initially polarized with either
the fast or the slow axis: in this case, the S wave will not split into fast and slow components and the esti-
mated fast axis reflects the initial polarization (Schutt et al., 1998). We consider as null those measures with
a δt ≤ 0.02 s.

Single SWS results are mapped in Figure 9 (the complete list of well-constrained φ and δt parameters is
reported in Table S3 in the supporting information).

Before discussing the splitting results, we specify that we have 33 good splitting measurements, and that we
have stations that returned only one nonnull measurement. We are therefore conscious that the limited data

Figure 9. Map of S wave splitting results. Each red bar represents the single measurement for individual event station
pairs, plotted at the station coordinates (pale blue stars). The bars are oriented in the φ direction, and the length is pro-
portional to the delay time. The inferred subsurface faults are indicated with blue dashed lines. Question marks denote the
areas where no subsurface information is available to constrain the inferred faults’ lateral extent and geometry. See details
in the text.
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set could not be very robust. However, the resulting spatial distribution of the splitting results is interesting,
and we can make some considerations.

The pattern of single measurements at each station shows a quite homogeneous trend (Figure 9), with domi-
nant fast directions oriented NNE-SSW and NNW-SSE. At each station we have checked for the possible coher-
ence between the fast direction and the polarization of the S waves that did not split. A positive match is
recognized that allows us to better constrain the orientation of the anisotropy axis, since the Swave is originally
polarized in the fast or slow direction as expected. These directions well match both the strike of themain faults
nearby and the Norcia earthquake surface rupture. Moreover, almost all stations also returned a secondary trend
of fast directions that is in accordance with the direction of the regional SHmax (NW-SE oriented; Figure 1b).

Moving from west to east along the transect B-B0, we observe a clear rotation of fast directions in accordance
with the strike of the mapped and inferred faults. Stations located in the western and southern side of the
PGC basin show fast axes oriented nearly parallel to the NNE trending faults splays F2 and F3. This result is
confirmed by the average φ values of N40° and N44°, almost parallel to the fault strike, at the stations cs26
and cs27, respectively. In the western side of the PGC basin, the fast directions are oriented subparallel to
the inferred F5 and F6 fault trends. This pattern seems to support the presence of the two buried fault
segments suggested by the TDEM results.

Moving toward the eastern side of the PGC basin, fast axes rotate to NNW-SSE: this is evident at stations t4
and t3, for which φ follow the strike of the buried VF fault and at the station t1, for which φ seems to be
controlled by fault F1.

Delay time values vary between 0.012 and 0.172 s, with average value for the whole data set δt = 0.07 s.
Similar value has been found in other regions, suggesting that the anisotropy is confined within the upper-
most crustal layers (Balfour et al., 2012; Hiramatsu et al., 2010; Pastori et al., 2012; Saiga et al., 2003). Larger
delay time values are associated with the fault-parallel fast direction, while fast directions oriented approxi-
mately WNW-ESE returned smaller delay time values. Similar results suggest that the anisotropic structure
inside and outside the fault zones plays a primary role in the observed anisotropy.

We also investigate the distribution of delay time against hypocentral depth. We do not observe a tendency
of increase in δt for deeper events, suggesting that the anisotropic volume is mostly located at shallow depth
(Figure S6 in the supporting information).

Only for a few seismic recordings close to faults, it was possible to document a possible relation between
retrieved fast axes and rotated HVSRs (Figure S7 in the supporting information). However, our data do not
support the evidence of a stable polarized seismic wavefield caused by the fault zones, and future work will
be devoted to this topic.

6. Discussion
6.1. The Structure of the PGC Basin Across the 2016 Norcia Earthquake Fault

We propose a simplified geological section across the PGC basin along the trace B-B0 (Figure 2) by using all
geophysical data so far described (Figure 10). The location of the top bedrock surface is constrained by
TDEM soundings and further corroborated by the trend of HVSRs peaks, whereas ERT models constrain
details of the fault zones (Figure 10a).

We extrapolate at depth the basic information provided by available geological maps (Pierantoni et al., 2013;
Figure 2) and hypothesize that the inferred top bedrock surface within the PGC basin corresponds to the top
of a known geological formation. Due to the lack of borehole constraints on the age of the top bedrock, the
inferred subsurface stratigraphy beneath the basin is shown with transparency: the proposed scheme is just
one of the many possible solutions, and it results in a conservative estimate of slip accrued by the PGC basin
bounding faults. This section does not take into account local details on the short-wavelength folds affecting
the multilayer, which anyway are not relevant for the discussion.

We hypothesize that the PGC basin structure is characterized by several fault splays (red lines in Figure 10b)
distributed in a>3-km-wide deformation zone. The easternmost splays of the VBFS that ruptured the surface
during the Amatrice and Norcia earthquakes (Cordone del Vettore Fault) are just the highest emergence of
this complex extensional structure. Field data, collected before (Calamita et al., 1992) and after the Norcia
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earthquake (Villani, Pucci et al., 2018), indicate that these splays exhibit a high dip angle at the surface (>75°
on average), so we speculate that they become less steep at depth, and eventually merge to the seismogenic
fault (dipping nearly 45°; Chiaraluce et al., 2017, Chiarabba et al., 2018; Scognamiglio et al., 2018).

Moving westward, the basin-bounding fault splay F1 is located on the topographic break at the base of the
long-term cumulative fault scarp of Mt. Vettore-Mt. Redentore. The ERT T1 indicates that fault zone is likely
~40-50-m wide. There is no evidence of displacement affecting the shallowest layers, although the coarse spa-
tial resolution of the ERT model may not capture submetrical offsets affecting the shallower layers. The ERT
results in additionwith the absence of coseismic surface breakages following the 2016 Norcia earthquake along
fault F1 (Civico et al., 2018) suggest that this structure is characterized by very low slip rates. However, we can-
not not rule out the role played by a high alluvial fan sedimentation rate at the base of such a high escarpment,
whichmay counterbalance or even outpace fault slip. Based on our reconstruction, the geological throw of fault
F1 is nearly 1,400 m, in accordance with previous estimates (Calamita et al., 1992; Pizzi et al., 2002).

In the hangingwall of fault F1, the VF is a high-angle active splay with a total throw of ~100 m. As already
pointed out by Villani and Sapia (2017), synfaulting sedimentation covering both the footwall and hanging
wall blocks, due to the clastic input mainly coming from the north (i.e., fault-parallel flow direction), causes
the fault to have a subdued morphologic expression: in fact, the surface fault scarp is ~2.3- to 2.8-m high,
likely related to the last ~12 kyr of activity. As suggested by ERT models, the VF fault zone displays relatively
low resistivity values (ρ< 100Ωm), due to the presence of fluids within the subvertical and 10- to 30-m-wide
granular damage zone (Villani & Sapia, 2017). In Figure S7, we show that the seismic wavefield seems to be
polarized in a direction (N40°–80°), nearly orthogonal to the surface fault trend (~N170°), while fast axes of
S waves trend parallel to the fault zone.

In the hangingwall of the VF fault, we speculate the presence of an additional west dipping fault (F5). The
cumulative throw promoted by the synthetic faults F1, VF, and F5 leads to the maximum observed

Figure 10. (a) Inferred simplified structure of the PGC basin along transect B-B0 by using HVSR results from seismic stations (yellow stars), 1-D resistivity models from
TDEM soundings (blue curves), and ERT models. The red triangles indicate top bedrock depth from TDEMmodeling. (b) Interpretative geological cross section across
the PGC basin by combining geophysical and geological data (the black dashed inset indicates the area shown in panel a). The label formations are the same as
in Figure 2 (DPR is Triassic; Q is the generic Quaternary continental infill). Vettore-Bove Fault-System indicates the uppermost splays (Cordone del Vettore fault) that
ruptured during the Norcia earthquake. The inferred stratigraphy beneath the basin is colored with transparency. PGC = Pian Grande di Castelluccio;
HVSR = horizontal to vertical spectral ratio; TDEM = time domain electromagnetic.
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deepening of the top bedrock along the investigated transect (~300 m bgl). We hypothesize that F5 is a high-
angle normal fault and may join the other synthetic splays at a relatively shallow depth (likely ~2 km below
sea level). Results of SWS further support the existence of fault F5: for stations located close to the inferred
fault zone, the orientation of fast axes is ~NNW-SSE (Figure 9).

The fault F3 bounds to the west the half-graben structure of the PGC basin. This fault does not show evidence
of recent faulting, and did not break the surface on 30 October 2016 (Civico et al., 2018). Moreover, in the
hypothesis of plane strain, F3 fault appears unfavorably oriented for dip-slip movement (i.e., slip vector trend-
ing ~N120°) with respect to the present-day regional extensional stress field: for instance, Villani, Pucci et al.
(2018) retrieved a N233° trending extension from the inversion of coseismic slip vectors collected on the
VBFS. Notwithstanding the lack of recent activity hints, this fault played an important role during the
Quaternary in shaping the PGC basin.

As previously described, in order to accommodate the sudden deepening of the top bedrock surface
between TDEM soundings td9 and td8 (Figure 6), we suppose an additional east dipping fault F6, in the hang-
ingwall of fault F3. The existence of this fault, buried under a thick cover of continental deposits, is only
inferred. However, F6 fault could represent the northernmost portion of the inferred fault along the
westernmost part of transect A-A’ (Figure 4), and its NE-SW trend is also suggested by SWS from station
cs20 (Figure 9).

6.2. Faults, Fractures, and Stress in the PGC Basin From Seismic Anisotropy

In the crust, the pattern of fast directions is generally controlled by two main mechanisms. The first one is
stress-induced anisotropy, given by the alignment of vertical, fluid-filled microcracks oriented favorably by
the regional compressive stress, so that the fast direction are organized parallel to the SHmax direction
(Boness & Zoback, 2006; Gao et al., 1998, 2011; Gao & Crampin, 2008; Martin et al., 2014). The second
mechanisms is structure-induced anisotropy and is related to the aligned planar features, such as pervasive
fault zone fabric and cracks near active faults (Boness & Zoback, 2006; Zhang & Schwartz, 1994), sedimen-
tary bedding planes and rock fabrics, fractures and shear planes within active fault zones, alignment of
grains, and fault-aligned macroscopic fractures (Kaneshima, 1990; Verdon et al., 2008; Zinke & Zoback,
2000). Despite the cautions noted in section 5.4, in the PGC basin the dominant fast axes direction is con-
sistent and changes accordingly with the strike of faults. Moreover, we also observe a secondary direction
of the fast shear wave polarization parallel to the maximum horizontal compressive stress, suggesting a
combined effect of stress-induced and structure-induced anisotropy in the upper crust beneath the PGC
basin. In the western side of the basin, the NNE-SSW fast directions diverge from the SHmax direction
but well match the regional strike of main faults. In addition, the fault-parallel φ returns the high value
of delay time. A similar pattern let us to suppose that the anisotropy could be primarily controlled by
the fault geometry and by the structures developing into the damage fault zone, such as fault zone folia-
tion, and subsidiary shear planes oriented parallel to main fault (Ben-Zion & Sammis, 2003; Liu et al., 2015;
Paul et al., 2017). All the stations on the western side also show a secondary trend of fast direction, with
few φ measurements following the NW-SE oriented SHmax direction. Based on the observed SHmax-parallel
φ, associated with a smaller value of delay time, we do not completely rule out the contribution from the
fluid-filled crack system within the fault zone and surrounding crustal volume, even if it likely only played a
second role in causing anisotropy.

Moving toward the eastern side of the PGC basin the fast polarization directions are, conversely, clearly in
accordance with both the maximum horizontal compressive stress and the faults’ strike. This is often
observed in extensional regimes as in the central Apennines, where SHmax direction coincides with the strike
of the main active normal faults (Sibson et al., 2011), and thus, the fast direction could be oriented parallel to
both the maximum horizontal compressive stress and the fault strike (Baccheschi et al., 2016; Hurd &
Bohnhoff, 2012). It is possible, therefore, that here both the alignment of local fluid-filled microcracks and
the faults can control the pattern of fast axes.

Along the transects BB’ and AA’, the stations returned fast axes oriented NNE-SSW and NNW-SSE, parallel to
the strike of the nearby F3, F2, and F1 faults, respectively. Furthermore, it is possible that the orientation of
fast axes is also controlled by the two buried faults (F5 and F6) hypothesized from the results of the shallow
geophysical investigations.
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We thus suppose that SWS primarily reflects a fault interference pattern, which is ultimately the most plausi-
ble cause of the rhomboidal shape of the PGC basin, as early suggested by some authors (Calamita et al.,
1992; Calamita & Pizzi, 1994).

Some fast directions, especially in the eastern side of the PGC at the stations close to the F5, VF, and F1 faults,
are oriented at high angle with respect to the fault strike and to the regional SHmax direction. The offset
between φ and SHmax and the strike of local faults has been observed in other important active fault zones,
such as the North Anatolian Fault (Hurd & Bohnhoff, 2012). There could be different mechanisms that cause a
similar pattern of φ, such as local structural complexities of the fault zones (i.e., splays, bends, jogs, and side-
wall rip outs; Wibberley et al., 2008), differently oriented cracks and significant along strike variations in fault
zone physical properties (Peng & Ben-Zion, 2004). It is also possible that the observed anisotropy is being
modified by low-velocity structure across near-surface interfaces between the basement and infill sediments
(Crampin, 1990). For instance, our ERT models and 1-D resistivity curves from TDEM indicate that the PGC
basin infill is made of stratified bodies with contrasting resistivity, and which we relate to juxtaposed gravels
and silty sands: such setting is likely to promote significant seismic velocity changes in the shallow layers,
with low-velocity zones in correspondence of the lacustrine sediments.

Another mechanism for the observed pattern of anisotropy could be the presence of a fluid-rich zone asso-
ciated with a heavily fractured and overpressurized rock volume within the damage fault zone. In this case,
the damage zone underwent different physical conditions with respect to the surrounding crustal volume,
thus resulting in a readjusting of microcracks network, and consequently of fast axes directions, at different
angle with respect to the SHmax (Padhy & Crampin, 2006). As already pointed out by Villani and Sapia (2017),
the presence of a 10- to 30-m-wide fluid-rich damage zone in correspondence of the VF fault is suggested by
the results of the ERT P1 profile (Figures 5): here the authors infer the occurrence of fluids as due to a tem-
porary effect caused by the coseismic squeezing of the shallow aquifer. This circumstance may partly explain
the occurrence of rotated fast axes we obtain for station t3 (Figures 9 and S7).

6.3. Implications for Tectonic Models of the Norcia Earthquake Area

The implications of our results are relevant for an improved knowledge of the tectonic setting of the area hit
by the 2016 Norcia earthquake.

We infer that the Quaternary extensional activity in this sector of the Sibillini Mts. involved two differently
orientated fault-systems, trending N130°–150° and N30°, respectively. Probably, in their early development,
those faults acted together. In the first stage of the PGC basin formation, the N30° trending faults played
an important role, testified by the fact that the long axis of the basin is parallel to faults F2 and F3 (which
are >5-km- and >3.5-km-long, respectively). Subsequently, the N130°–150° trending faults become domi-
nant, as the result of the progressive growth and linkage of several aligned segments that now compose
the ~25-km-long VBFS, which is a currently active and seismogenetic crustal-scale normal fault system
(Chiaraluce et al., 2017; Pizzi et al., 2017; Scognamiglio et al., 2018). The interplay of the two fault systems
was responsible for the complex shape of the PGC basin, and it can be inferred from the seismic anisotropy
pattern and the bumpy morphology of the basin bottom.

The deepest part of the investigated portion of the PGC basin is located ~300 m bgl. Such depth is the result
of the combined action and interference of two different fault systems, and unfortunately, the available data
do not allow deriving any long-term fault throw rates.

The low resistivity of the deepest parts of the sedimentary infill (section 5; Figure 6), together with the strati-
graphy of the available shallow boreholes, suggest the occurrence of an initial phase of lacustrine sedimen-
tation (Early Pleistocene?) followed by coarse-grained deposition. This setting fits the general evolutionary
scheme of intramontane basins in the central Apennines reviewed by D’Agostino et al. (2001) and with recent
investigations in the L’Aquila earthquake area (Pucci et al., 2016; Villani et al., 2017).

We cannot reconstruct with our data the throw rates of the individual fault splays within the PGC. With regard
to the VF splay, Villani and Sapia (2017) infer a post-23 ka of 0.22 ± 0.07 mm/year. With the results reported in
this work, we estimate ~100 m total throw accrued by this fault. Under the crude assumption of constant
long-term throw rates, we hypothesize the activity of this splay started>0.4 Myr ago, which seems consistent
with the depicted structural setting. As a working hypothesis, the age of VF fault inception would also suggest
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the timing of shift of extensional activity in the PGC basin area from dominant N30° trending faults to
dominant N130°–150° trending faults (i.e., the VBFS). However, further geophysical investigations and deep
boreholes are required to address those issues.

7. Conclusions

We investigated the shallow subsurface structure of the PGC basin, in the hanging wall of the 30 October
2016 Mw 6.5 Norcia earthquake fault in central Italy. We used ERT to accurately investigate fault zones and
correlate subsurface stratigraphic units, while TDEM and HVSR results were used to estimate the top bedrock
depth and geometry at the basin scale.

The ERT models illuminate down to about 100-m depth the structure of the PGC basin across the two main
bounding faults F1 and F3, respectively. Moreover, they shed light on the VF splay of fault F1 that ruptured
the surface following the Norcia earthquake. The fault zones appear as steeply dipping, moderately to low
resistive regions of 10- to 40-m width. Faults F1 and F3 are sealed by a thick cover of recent clastic deposits
and display no clear evidence of recent activity. Conversely, the VF fault affects also the uppermost layers. By
combining 1-D resistivity models from TDEM soundings and HVSRs, we reconstructed the top bedrock topo-
graphy along an E-W transect crossing faults F3, VF, and F1. The joint long-term activity of those faults led to
the generation of a ~300-m-deep depocenter in the central part of the basin. Moreover, we hypothesize the
presence of two additional faults (F5 and F6) that played a role in creating the bumpy morphology of the
top bedrock.

The analysis of shear waves splitting highlights two dominant trends of fault-parallel fast axes: (1) a ~N130°–
150° trend, controlled by the average strike of the lowermost VBFS splays (faults F1 and VF) and (2) a ~N30°
trend, related to the older fault system (faults F2 and F3). Such pattern confirms that the overall rhomboidal
shape of the PGC basin is related to the interference of two differently orientated fault systems. The first one,
trending ~N30°, is most probably currently inactive, whereas the second one, trending ~N130°–150°, belongs
to the seismogenic structure responsible for the 2016 Norcia earthquake (VBFS). According to our results, the
active splay VF within the plain accrued about 100-m total throw, and we suggest that its activity may span
the last ~0.4 Myr. On the other hand, we suppose that the generation of the PGC basin due to the inception of
faults F2, F3, and F4 is much older (Early Pleistocene?).

The adopted multiparametric approach is effective for active tectonic studies. The results we discuss may
contribute to an updated structural assessment of this region of the Apennines characterized by a high
seismic potential. Moreover, they may represent a prerequisite for further studies including deep boreholes
and more expensive/extensive geophysical investigations to expand the knowledge of the PGC subsurface
setting and to gain additional information to constrain the long-term history of the VBFS, one of the major
seismogenic sources in central Italy.
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