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Abstract We provide the first 3-D resistivity image of the Pian Grande di Castelluccio basin, the
main Quaternary depocenter in the hangingwall of the Mt.Vettore-Mt. Bove normal fault system (VBFS),
responsible for the October 30, 2016 M, 6.5 Norcia earthquake (central Italy). The subsurface structure

of the basin is poorly known, and its relation with the VBFS remains debated. Using the recent Fullwaver
technology, we carried out a high-resolution 2-D transect crossing the 2016 coseismic ruptures coupled
with an extensive 3-D survey with the aim of: (a) mapping the subsurface of the basin-bounding splays

of the VBFS and the downdip extent of intrabasin faults; (b) imaging the infill and pre-Quaternary
substratum down to ~1 km depth. The 2-D resistivity section highlights under the coseismic ruptures a
main dip-slip fault zone with conjugated splays. The 3-D resistivity model suggests that the basin consists
of two depocenters (~300 and ~600 m deep, respectively) filled with silty sands and gravels (resistivity
<300 Qm), bounded and cross-cut by NNE-, WNW-, and NNW-trending faults with throws of ~200-

400 m. We hypothesize that the NNE-trending system acted during the early basin development, followed
by NNW-trending and currently active splays of the VBFS that overprint pre-existing structures and
locally control the infill architecture. Moreover, beneath the basin we detect a shallow NW-dipping blind
fault. The latter is likely a hangingwall splay of the adjacent regional Mts. Sibillini Thrust, which may have
been partly involved in the rupture process of the Norcia mainshock.

1. Introduction

Fault-related extensional basins often display complex subsurface architecture with numerous cross-cutting
geological features that derive from multiphase tectonics (Civico, Sapia, et al., 2017, Meghraoui et al., 2000;
Reeve et al., 2015, and references therein). The mechanical response of the upper crust and permanent dis-
placement of the topographic surface due to long-term normal faulting control the hangingwall basin size,
depth, and shape. Moreover, these processes affect the erosional and depositional systems that eventually
reflect in the sedimentary basin record (Burbank & Anderson, 2011; Gawthorpe & Leeder, 2000). Therefore,
understanding the subsurface geometry and architecture of the basins, through geophysical imaging, is of
utmost importance to reconstruct long-term (10°-10° yr timescales) fault activity and evolution of crustal
seismogenic normal faults.

The Neogene central Apennines fold-and-thrust belt (Italy) is a region of Pliocene-Quaternary extension
overprinting a previously shortened crust (Boncio et al., 2004; Boncio & Lavecchia, 2000; Cowie & Rob-
erts, 2001; Lavecchia et al., 1994; Tondi, 2000) through a network of NW-trending normal faults (Galad-
ini & Galli, 2000). Normal faulting is responsible for the bulk of the current seismic release (Chiarabba
et al., 2005; Cowie et al., 2017) with damaging events characterized by magnitude M6+, generally caus-
ing surface faulting (Galli, Galadini, & Pantosti, 2008). The October 30, 2016, My, 6.5 Norcia normal-fault-
ing earthquake, the strongest shock of the 2016-2017 central Italy destructive sequence (named Amatri-
ce, Visso, and Norcia earthquake sequence; Figure 1a; Chiaraluce et al., 2017), is the best documented
example of a complex multi-segment rupture event in the Apennines extensional belt (Improta, Latorre,
et al., 2019; Scognamiglio et al., 2018; Walters et al., 2018). This event ruptured two main NNW-trending
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and WSW-dipping Quaternary normal fault systems: the Mt. Vettore-Mt. Bove normal fault system (VBFS)
to the North, and the northern part of the Laga Mts. fault system to the South for a total length of about
35 km (Figure 1a; Pizzi et al., 2017). The fault segmentation is controlled by an NNE-trending and gently
dipping transverse structure (likely inherited from Neogene compressional tectonics), which influenced
the coseismic slip propagation and, in turn, ruptured during the mainshock releasing ~30% of total seismic
moment (Figure 1b; Scognamiglio et al., 2018). Large part of the seismic moment was released by a main,
<6 km-deep slip patch that relates to the VBFS, and induced a >22-km-long surface rupture with average
slip of 0.45 m and local peaks >2 m (Brozzetti et al., 2019; Villani, Pucci, et al., 2018). The exposed coseis-
mic fault scarps mostly affect bedrock carbonates, but surface faulting also affected the northern part of the
Pian Grande di Castelluccio basin (hereinafter PGC; e.g., Villani, Sapia, et al., 2019), which represents the
main Quaternary tectonic depression in the hangingwall of the VBFS (Figure 1). The geological setting of
this region has been the object of several works in the past three decades (e.g., Boncio et al., 2004; Calamita,
Pizzi, & Roscioni, 1992; Galadini & Galli, 2003; Pierantoni et al., 2013), and its seismotectonic framework
has been extensively investigated through geological and paleoseismological studies after the 2016 main-
shocks (Cinti et al., 2019; Galli, Galderisi, et al., 2019). These studies suffer from a poor knowledge of the
relationships between surface and subsurface structures, due to the lack of good quality seismic exploration
data. The latter is indeed limited to a regional section merging three commercial profiles (acquired in the
‘80s) of fair to low resolution that crosses the epicentral area in correspondence of the PGC basin (Porreca,
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Figure 1. Seismotectonic and geological setting of the survey area. (a) Structural setting of the central Apennines with main Quaternary normal faults

(solid black lines; VBFS, Vettore-Bove fault system; LMFS, Laga Mts fault system), thrusts (solid blue lines; MST, Mt. Sibillini Thrust), surface faulting of the
Amatrice, Visso, and Norcia earthquake sequence (solid red lines, modified after Civico, Pucci, et al., 2018), and the focal mechanisms of the mainshocks
(http://terremoti.ingv.it/tdmt; hypocentral depths after Improta, Latorre, et al., 2019); the red rectangle indicates the area of panel (b), and the black dashed box
indicates the area shown in Figure 2. (b) Slip model of the M,, 6.5 Norcia earthquake (modified after: Scognamiglio et al., 2018): the two gray boxes represent
the projection of the main modeled fault planes (top of 155°N fault is located at 850 m a.s.l; top of 210°N fault is located 1,000 m below sea level), black lines are
normal faults, blue lines are thrusts, red lines are coseismic surface ruptures, the black square indicates the extent of the Fullwaver (FW) survey area (shown in
Figure 2), and the orange box indicates the extent of Figure 9 (PGC, Pian Grande di Castelluccio basin). Geographic coordinates, WGS84 reference datum, zone

33N.
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Minelli, et al., 2018). The VBFS and the PGC basins are barely visible in this seismic section, thereby the
fault geometry at depth, as well as its structural relationships with Mio-Pliocene contractional structures
of the Apennines thrust belt, remains uncertain. Additionally, high-resolution aftershocks catalogs provide
high-quality pictures of the fault systems activated during the sequence at depths >3-4 km (Improta, La-
torre, et al., 2019; Michele et al., 2020).

From previous considerations, it follows that the PGC basin is a primary target to improve the knowledge of
the VBFS through an accurate 3-D reconstruction of its geometry and internal structure, which may provide
insights into the long-term evolution, interaction, and segmentation of the complex system of faults that
bounds the basin. Indeed, the genesis and evolution of the PGC can be hardly ascribed only to the activity of
the Mt. Vettore fault: the rhomboidal basin shape (Figure 1b) suggests a complex interplay of NNW-trend-
ing structures and oblique faults (Villani, Sapia, et al., 2019). The model of rhomb-shaped basin controlled
by oblique faults has been proposed in the finite-fault inversion of the M,, 6.5 Norcia mainshock by Walters
et al. (2018) to infer the geometry of a subsidiary, blind oblique fault segment activated at the eastern edge
of the PGC (namely, Pian Piccolo fault).

In spite of multidisciplinary shallow geophysical surveys carried out after the 2016-2017 seismic se-
quence (Villani, Sapia, et al., 2019), large uncertainties still remain about the three-dimensional structure
of the PGC basin. The integration of H/V ambient noise measurements and time domain electromagnetic
soundings (TDEM) with 2-D shallow electrical resistivity tomography (ERT), points out an asymmetric
graben structure up to 300 m deep and dissected by several fault splays. However, the recovered sub-
surface images, intrinsically limited on the interpolation of 1-D and 2-D surveys (Haining et al., 2010),
provide only inferences on the true 3-D basin structure (details in supporting information S1) (Sapia
et al., 2014, 2015).

To accurately image complex intramontane basins, a fully 3-D exploration strategy combining a high spa-
tial resolution with adequate investigation depth is needed (Butler, 2005; Paul, 2015; Pugin et al., 2014;
Schamper et al., 2014; Viezzoli et al., 2013; Everett, 2013). Although seismic reflection is typically the
most effective approach to image tectonic structures, a high-resolution 3-D seismic survey of the whole
PGC basin is not feasible due to prohibitive cost, logistic difficulties, and high-environmental impact (the
PGC is located in a natural park) (Telford et al., 1990; Yilmaz, 2001). As an alternative, we used the inno-
vative Fullwaver (FW) system that can be used to perform shallow and deep ERT. Following 3-D survey
strategies, this system can acquire a large number of subsurface data in a relatively short time (Gance
et al., 2018). Thanks to its flexibility that allows it to tackle challenging logistics, this cost-effective tech-
nology has been successfully applied to map 3-D aquifer geometry and shallow geothermal fields in an
urbanized setting (Carrier et al., 2019). It has also been used to survey large-scale hydrogeological and vol-
canic structures in areas characterized by slope instability (Lajaunie et al., 2019), and dense urbanization
(Troiano et al., 2019).

In May 2019, we carried out an FW geoelectrical survey following a multiscale exploration strategy. A 3-D
survey covering almost the entire PGC basin, was first designed with an adequate compromise between
spatial resolution and investigation depth. Next, it was complemented by a 2-D high resolution transect in
the northern sector of the basin (Figure 2).

In particular, the 3-D survey covered a ~40 km? area and was designed to map the whole basin structure
taking into account the rugged topography and local logistics. The 2-D transect, 1.4 km long, was purposely
centered onto the fault splay of the VBFS that ruptured the surface during the My, 6.5 2016 mainshock (la-
beled as Valle delle Fonti Fault [VF]; Villani & Sapia, 2017). To our knowledge, this is the first application
of this innovative geoelectrical method to investigate the 3-D structure of a large basin related to a major
seismogenic fault system.

This multiscale survey aims at: (1) producing a 3-D resistivity model of the entire basin down to a depth of
~1 km b.g.L; (2) mapping the geometry of the pre-Quaternary carbonatic substratum and the basin infill;
(3) imaging the subsurface of known faults below the plain; (4) defining the subsurface geometry and the
internal resistivity structure of the fault zone associated with coseismic surface ruptures; and (5) mapping
possible unknown blind fault splays and understanding their relations with the VBFS.
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Figure 2. Geology of the PGC basin area (simplified after: Pierantoni et al., 2013). Solid black lines are faults (faults F1-F4 after Villani, Sapia, et al., 2019), red
lines are the 2016 surface ruptures, small orange symbols indicate paleoseismic trenches by Galadini and Galli (2003) across the Valle delle Fonti fault. Yellow
and red stars locate the Fullwaver survey TX and RX positions, respectively. The blue line indicates the trace of the 2-D transect, the pink line indicates the trace
of ERT T1 by Villani, Sapia, et al. (2019). The black square encloses the 3-D resistivity grid. Key to legend: (1) recent distal alluvial fan sediments; (2) recent
palustrine sediments; (3) alluvial fan (Late Pleistocene-Holocene); (4) alluvial fan (Middle Pleistocene-Holocene; (5) scree and debris flow (Late Pleistocene-
Holocene); and (6) undifferentiated pre-Quaternary bedrock (limestones, cherts, and marls; Early Jurassic to Eocene). Geographic coordinates, WGS84

reference datum, zone 33N. Shaded-relief topography from Tarquini et al., 2012.

2. Materials and Methods

The survey area enclosed a large part of the PGC basin and lowermost fault splays of the VBFS. Prohib-
itive environmental and topographic conditions hamper the investigation of the highest active splays
cross-cutting the Mt. Vettore ridge crest at >1,800-2,000 m a.s.l. (Figure 2). We used 24 independent
2-channels digital receivers to record the electrical field generated by a 5 kW time-domain induced polar-
ization transmitter through several current injections. The FW acquisition scheme is similar to the meas-
urement principle adopted for any multielectrode resistivity meters. A current is injected into the ground
through an induced polarization transmitter (TX) using two electrodes (AB) and the resulting voltage is

SAPIA ET AL. 40f19



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006628

captured by two other receiver electrodes (MN), thus forming a quadrupole measurement. Input current
is recorded in real time and the entire set of transmitters and receiver boxes (RX) are global navigation
satellite system synchronized. We injected from 2 to 4 A during an acquisition window of ~240-300 s to
obtain as many stacks as possible in order to increase the signal-to-noise ratio. We carried out two distinct
surveys: (a) a high-resolution 2-D transect, 1.4 km long, was measured deploying the 24 FW receivers
(V-FW) with a constant spacing of 15 m between receiver and transmitter dipole electrodes; (b) a 3-D
grid was arranged according to logistics and topography to cover an area of about 40 km> Due to the
available V-FW, the basin was divided into two subareas, the western and eastern one, respectively, which
were measured separately by means of 25 current injections. As for the 3-D survey, receiver dipole length
was set to 200 m and the spacing between each V-FW was set to an average distance of 450 m, variable
according to logistics (e.g., roads, field borders, and steep slopes). Each dipolar transmission was then
set within the 3-D grid and aligned along almost parallel paths for a total of 50 transmissions (Figure 2).
To optimize the design of the 3-D survey, we preliminarly performed a synthetic analysis to check the
expected level of the signal at each receiver for all transmissions down to a depth of ~1.5 km (details in
supporting information S2).

The processing workflow included the following main steps: (i) filtering spikes and self-potential jumps, (ii)
computing the average voltage resulting from a current injected on the stacked period, and (iii) calculating
the resistance from the previous measurements (more details in supporting information S3). The inverted
3-D data set consisted of 2,448 quadrupoles while the 2-D transect is composed of 1,392 quadrupoles. In
general, we injected between 1 and 3.5 A depending on TX dipole sizes and ground resistance (the higher
the TX size and the ground resistance the lower was the injected current). This approach, combined with a
general high background resistivity of the site, in most of the cases allowed recording high potentials at the
receivers, with average and median amplitudes of 15 and 5 mV, respectively. In terms of measured apparent
resistivity, the average and median values are 320 and 307 Qm for the 2-D survey and 500 and 415 Qm for
the 3-D survey, respectively. For the 3-D survey, negative values of apparent resistivity were recorded as the
result of peculiar combinations of TX/RX electrodes and due to the RX dipole size and their arrangement
over areas of strong horizontal resistivity variation (locally implying changes from 100 to >5,000 Qm).
These data were included in the inversion. Processed data were modeled via a regularized inversion with
smoothness constraints (supporting information S4) to cope with the expected strong subsurface resistivity
changes and to obtain robust 2-D and 3-D resistivity models, respectively.

Forward modeling was performed through a finite element (FE) approach, in which the region is discre-
tized into a mesh of tetrahedral elements with an assigned resistivity value, and an approximate solution is
determined at each node (more details in supporting information S4).

We inverted the 2-D and the 3-D survey data sets separately. In fact, the transect aimed at obtaining a
high-resolution image of the shallow subsurface structure of the 2016 coseismic ruptures. Conversely, the
3-D survey targeted a much wider area and the deeper structure of the basin, at the expense of a loss in spa-
tial resolution. To this end, we purposely adopted two different survey strategies, with different resolutions
and depth of investigation.

For the 2-D transect, we built a high-resolution mesh (5 X 5 X 5 m) with a foreground depth of 300 m. We
parameterized the inversion using a starting model of 500 Qm and “isotropic” roughness x = 1, y = 1, and
z = 1. The starting resistivity model is based on the evidence of low-to-medium resistivity outcropping al-
luvial sediments. The estimated noise on the data was set to be equal to 0.5% for V/I ratio measurements.
The theoretical maximum investigation depth (1,200 m) was estimated, first, by integrating the analytic
sensitivity function—for the larger TX/RX combinations—and then by calculating the median z depth,
so that the area under the sensitivity curve is equal to 50% of the total area (Barker, 1991). As for the 3-D
inversion, we started from a homogeneous reference model of 1,000 Qm, which better represents the gen-
eral background of the area, characterized by widespread outcrops of carbonate rocks. We build an FE 3-D
mesh (50 X 50 X 50 m) and 1,200 m foreground depth. We imposed an anisotropic roughness scheme x = 1,
y =1, and z = 0.01 to highlight strong resistivity changes expected at the interface between basin infill and
the carbonate substratum. We also carried out an inversion with an isotropic scheme, with very subtle dif-
ferences in the output resistivity model (Figures S4 and S5). The estimated data noise was set to 1% for V/I
measurements.
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3. Results
3.1. Resolution Limits, Uncertainties, and Interpretation Strategy

Sensitivity is a reasonable quantity to interpret the resolution capability of a given resistivity data set.
Indeed, the sensitivity function captures the changes in the potential due to changes in resistivity of a
cell volume (Okpoli, 2013). We have performed a thorough sensitivity analysis (see details in support-
ing information S5), using the normalized sensitivity function to assess the resolution depth of our 3-D
resistivity model. In this case, we assume that the 3% of the maximum normalized sensitivity value is
a good indicator for the resolution depth. The resolved regions of the models in the central part of the
surveyed region are as deep as 700-800 m b.g.l. Beside intrinsic method limitations (i.e., spatial res-
olution, loss of sensitivity with depth, supporting information S5) and geological factors (nonunique
relationship between lithology and resistivity, also influenced by rock fracturing and fluid content),
we recognize spatially persistent features with well-defined resistivity contrasts. Moreover, the spatial
resolution set a lower bound for the smallest and shallowest resolvable structures (in the order of
~50 m) and for geological features characterized by a weak electrical resistivity contrast. Nonetheless,
the obtained 3-D model represents a good compromise between extent and depth of the scientific tar-
gets (i.e., basin and fault imaging), available instrumentation, logistical issues, spatial resolution, and
investigation depth.

The choice of 200 m receiver dipole length is justified by the need to cover the entire survey area with the
available 24 V-FW while preserving an acceptable signal-to-noise ratio at each receiver, and thus to proper-
ly image both shallow and deep targets. However, the combination of sparse sets of receivers paired with
a limited number of current injections, mainly affected our capability to resolve the shallower 50 m of
the subsurface, which may result in inadequately recovering the small-scale near-surface heterogeneities.
Moreover, the substratum consists of a multilayer of limestones with variable fracturing and/or marly con-
tent. Nonetheless, their resistivity response remains generally high, thus making any internal lithological
layering undetectable.

We are aware that changes in resistivity also result from variation in fluid content and type. Thus, in the ab-
sence of quantitative data on local aquifers, we assume that groundwater resistivity within the investigated
volume is nearly constant. Nevertheless, channelized fluid flow into fault zones possibly enhanced subver-
tical electrical resistivity contrasts and thus our capability to depict tectonic lineaments.

3.2. Resistivity-Lithology Association

The PGC basin is emplaced on Jurassic-Eocene massive limestones and thin-bedded marly limestones and
cherts of the Umbria-Marche sequence (Pierantoni et al., 2013), stacked during the Miocene by regional
NNW-trending thrusts (in particular, the Mt. Sibillini Thrust [MST] in Figure 1a). These rocks, exposed
along the basin-bounding ridges (Figure 2), are covered by Middle Pleistocene to Holocene alluvial fans
and fluvioglacial deposits of unknown thickness (Coltorti & Farabollini, 1995). Some shallow boreholes
(<100 m deep; Ge.Mi.Na., 1963) penetrate alternations of gravels, sandy gravels, and clays and provide only
sparse constraints on very shallow resistivity contrasts (Villani & Sapia, 2017).

We first defined a general association between resistivity values of the 3-D model and lithology based on the
results of previous shallow ERT surveys of the PGC basin (Villani & Sapia, 2017). We also use results of shal-
low to deep ERT surveys carried out in similar intramontane basins of the Apennines (Giocoli et al., 2011;
Pucci, Civico, et al., 2016; Villani, Tulliani, et al., 2015). These studies indicate that fluviolacustrine silty
sands and gravels generally show low resistivity (o ~20-200 Qm), whereas marly to massive limestones
exhibit higher resistivity (o from 700 to >2,000 Qm). Intermediate values of resistivity are typical of coarse-
grained deposits, with alluvial fan conglomerates and slope breccias (o ~800 Qm; Colella et al., 2004; Ba-
lasco et al., 2011). Such values are comparable to those of fractured and/or weathered limestones, therefore
mapping the substratum of the PGC can be difficult because it is locally covered by thick coarse deposits.
To overcome this ambiguity, we corroborate our interpretations with TDEM soundings and ambient noise
measurements providing consistent indications on the limestone substratum depth for numerous sites of
the basin (Villani, Sapia, et al., 2019).

SAPIA ET AL.

6of 19



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006628

Count

resistivity (Qm)

3000
2800
2600
2400 fractured limestones
2200 - marly-limestones_
2000 >
1800 - € oarse massive limestones
basin infill
1600 — (gravels)
1400
1200 fine basin infill
and shallow deposits
1000 ] ¢ (silty sands and gravels) N
800 +
600
400 —
200
0
10 100 200 500700 1000 2000
resistivity (Qm)
1300 | < _
1200 \\ massive limestones
1100 -
<. e em,m—_—————— _
1000 e
900 o=t p e T m o
800 fractured limestones™ --
- marly-limestones
_-" - coarse
basin infili
— — - resistivity 3rd quartile
©=0=@ median resistivity
------------ Smemm——m—ee—ee—ee—o——-- — — - resigtivity Istquartile  —-
fine basin infill resistivity min

and shallow deposits

1300 1200 1100 1000 900 800 700 600 500 400 300 200
elevation (ma.s.l.)

Figure 3. Resistivity classification of the Fullwaver model based on statistical analysis. Top: frequency histogram

of resistivity values from the 3-D model (logarithmic x-axis; bin size 10 Qm); the vertical dashed lines indicate
classification boundaries of the main electrical units (double arrows show the approximate resistivity range for each
unit; some overlap exists for coarse infill and fractured marly limestone). Bottom: statistical parameters of resistivity
versus elevation (minimum value, first interquartile, median, and third interquartile) extracted from 24 layers spaced
50 m apart along the z-direction; the blue-shaded area indicates the inferred contribution from the PGC basin infill
material.

Figure 3 shows the frequency distribution of the resistivity values of the 3-D model and the inferred asso-
ciation between resistivity and lithology. Neglecting the 1,000 Qm peak (related to unresolved and/or un-
perturbed regions of the model), the basin substratum is highly resistive (>2,000 Qm), despite the relatively
shallow depth and the intense deformation of the carbonate multilayer.

The distribution of the resistivity values versus depth is shown in Figure 3 (bottom panel). The range of re-
sistivity is inversely related to depth. The large variability and heterogeneity down to ~500 m depth, where
the sensitivity is higher, is mostly due to the basin infill material (blue-shaded area in Figure 3).

We therefore adopt the following classification. For the basin infill, silty sands of distal alluvial fan and
lacustrine facies represent the low resistivity structures (o <200 Qm) while gravels exhibit moderate-to-high
resistivity (o ~200-500 Qm). In addition, relatively high resistivity (up to p ~700-800 Qm) can be related to
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Figure 4. High-resolution 2-D Fullwaver resistivity section (blue line in Figure 2) across the October 30, 2016 surface ruptures and trenches by Galadini and
Galli (2003) (location in Figure 2). No vertical exaggeration. The black arrow at x = 1,220 m indicates the point of strike change of the survey line (see Figure 2).
Thick and dashed white lines delineate normal fault splays as inferred by lateral resistivity variations; black dashed line indicates Fla that is one of the fault
splays belonging to the VBFS inferred by Villani, Sapia, et al., 2019 on the basis of previous geophysical investigations; thin dashed white lines highlight the
main electrical units A, B, C, and D described in the text. The logarithmic color scale (different from the one used in Figures 5-7) is histogram-equalized to

enhance subtle resistivity changes.

more proximal alluvial fans and slope carbonate clastics. The substratum displays a wide range of resistivi-
ty: low values (p ~500-1,000 Qm) can be associated to fractured limestone within fault zones and to marly
limestone, whereas resistivity p >1,000 Qm can be related to massive limestones (Figure 3). We remark
that such a general resistivity-lithology association aims at interpreting the first-order features of the 3-D
resistivity model.

3.3. 2-D Transect Results

The resistivity model of the 2-D transect is shown in Figure 4. During the survey, we performed four addi-
tional external transmissions on the western slope of Mt. Vettore (Coste del Vettore, Figure 2) up to 1,530 m
a.s.1. (>200 m above the survey line) for deeper current penetration. We interpret only the uppermost 300 m
of the section, since the 2-D model is resolved down to about ~1,000 m a.s.l.

The shallow part is characterized by a moderately resistive region to the East (o ~200-350 Qm). This body
(unit A) is overlaid by a high-resistivity region (o ~500-600 Qm) ~50 m thick at x = 780-1,000 m, and
~90 m thick at x = 180-660 m (unit B). A thin moderately resistive body (unit C) occurs in the shallower
portion at x = 0-360 m. The deep part of the model is partitioned into two regions: a high resistivity region
to the East (up to p ~800 Qm) and a moderately resistive region to the West (o ~300-470 Qm), separated by
a strong lateral variation at about x = 650 m. We interpret the shallow bodies, together with unit A, as thick
layers of gravels and sands, with subordinate patches of silts that promote a local lowering of resistivity. The
geometry of these electrical layers can be ascribed to at least three different stacked alluvial fans (A, B, and
C). Conversely, the eastern deep, high resistivity body (unit D) can be related either to a marly-limestone
substratum or to coarser and likely cemented fan deposits. We suggest that unit D may include both geologic
units. The nearby high-resolution ERT T1 of Villani, Sapia, et al. (2019), extending 300 m eastward onto the
ridge slope (trace in Figure 2), indicates the occurrence of coarse-grained slope deposits showing similar
resistivity (o >750-800 Qm), partly explained by the presence of limestone boulders. However, the large
thickness of the eastern body (>250 m) better reconciles with slope and fan coarse deposits.

Overall, the geometry of units A and B together with their thickness changes, highlights the presence of
two main normal fault splays (VF and F1b, Figure 4) belonging to the VBFS and distributed in a fault zone
300-400 m wide. In addition, in the western part, a subtle vertical displacement of unit B suggests the pres-
ence of a small antithetic normal fault dipping to the East (at x = 180 m), with an associated throw of about
40-60 m that promoted deposition of unit C. The splay labeled as VF matches the 2016 Norcia earthquake
surface rupture, and is characterized by a high-angle geometry. This fault zone corresponds to the mapped
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fault VF at the surface (Figure 2). Syn-sedimentary fault activity is evidenced by thickening of units A and
B in the fault hangingwall. The cumulative dip-slip created the accommodation space for the deposition
of proximal coarse grained to finer alluvial and slope deposits coming from the dismantling of Mt. Vettore
and from northern catchments of the PGC basin. The thickening of the shallow alluvial complex and the
different elevations of the base of unit B across VF suggest a cumulative throw of ~80 m, resulting from
incremental displacements since the late part of the Middle Pleistocene, as suggested by previous estimates
(Villani, Sapia, et al., 2019). The additional splay to the East (F1b at x = 1,000 m, dashed white line in Fig-
ure 4) may be considered a synthetic splay of the basal fault of Mt. Vettore, not reported in previous works
and with no evident surface expression. Although lacking an evident surface fault scarp, the electrical sig-
nature of this fault (i.e., shallow lateral resistivity changes) suggests its recent activity.

The easternmost fault plotted onto the model edge (labeled as Fla in Figure 4) is traced based on previous
geological and ERT surveys (Pierantoni et al., 2013; Villani, Sapia, et al., 2019). This splay is located on
the topographic break at the base of the long-term cumulative fault scarp of Mt. Vettore-Mt. Redentore
(Coste del Vettore in Figure 2; Pierantoni et al., 2013). A previous high-resolution shallow ERT (<100 m
deep, Villani, Sapia, et al., 2019), purposely centered on the presumed morphological expression of fault
Fla, yielded a clear geophysical signature of fault activity. From this study, the recovered subvertical,
moderately resistive region, was interpreted as the uppermost expression of the fault zone, coexisting
with an abrupt thickening of low-resistivity fine-grained deposits (o <250 Qm) in its hangingwall. Unfor-
tunately, the fault zone F1 of Villani, Sapia, et al. (2019) corresponds to the unresolved edge of our 2-D
model; nonetheless, the low-resistivity fine-grained unit can be related to the shallow unit A in the 2-D
transect.

3.4. 3-D Model Results

The 3-D model of the whole survey area is shown in Figure 5. The model highlights subsurface structures
with abrupt lateral and vertical resistivity variations. To describe the most significant model features, in Fig-
ure 6 we show four horizontal slices at 1,150, 1,050, 950, and 750 m a.s.l. (corresponding to average depths
of 150, 250, 350, and 550 m b.g.l., respectively), complemented by four cross-sections (Figure 8). In Figure 7,
we also show the distribution of the normalized global sensitivity function on the four slices (details in
supporting information S5). This plot indicates that all the structural and stratigraphic features we discuss
in the following are reliably resolved.

At a broad scale, we recognize four main different structural domains (Figure 6): (1) a main and wide de-
pocenter with smooth topography and maximum depth of 550-600 m in the central and southern sectors
(PGC basin South labeled in Figure 6); (2) a northern sector with a shallow top-basement (100-300 m; PGC
basin North); (3) a high resistive (o >2,000 Qm) limestone structural high (Mt. Guaidone) in the central
part; and (4) a thin, arc-shaped low resistivity structure to the SE.

More in detail, the wide low-resistivity region (o <200 Qm) in the SW portion of the area delineates the
dominant electrical signature of the southern part of the PGC basin, characterized by a conductive infill.
Such low resistivity values match with fine-grained deposits likely attributable to distal phases of alluvial
fans alternating with fluviolacustrine deposits. The shallower portion of this structure is about 4 km long
in the NNE—SSW direction and about 1.5 km wide in the WNW—ESE direction. It is bounded by high re-
sistivity regions to the East and to the West through high-angle discontinuities that strike NNE, delineating
the basin boundaries.

Just to the North of the PGC basin South, we found a sharp transition to a region of complex pattern
with moderately high resistivity (around p ~400-500 Qm; Figure 6¢) and local conductive shallow patches
(p <200 Om; Figure 8a). This region likely represents a second shallow, less developed depocenter charac-
terized by a mixture of coarse and prevailing fine deposits (PCG basin North). Due to logistical limitations,
this part of the basin was only partially investigated by our 3-D survey, therefore the existence of such a
secondary depocenter is mainly aided by previous geophysical surveys of Villani, Sapia, et al. (2019). To the
NE, the PGC South grades into a sector characterized by a different resistivity pattern. The latter consists
of NNW-trending stripes of high and low resistivity, which we relate to the presence of NNW-trending
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Figure 5. Results of the 3-D Fullwaver survey. (a) Perspective view of the resistivity model. UTM metrical coordinates
(WGS84 datum, zone 33N). (b) Selected cross-sections of the 3-D FW resistivity model. A simplified structural
interpretation of the sections is provided in Figure 8.

faults (marked with pink lines in Figures 8a and 8b). This interpretation is coherent with the results of the
high-resolution 2-D transect. For instance, the main fault VF unraveled by the 2-D survey corresponds to an
evident lateral resistivity variation in the 3-D model (Figures 6 and 8a).

In the SE part of the survey area, we observe a relatively low-resistivity arc-shaped region (o ~300-500
Qm), about 0.5 km wide and 5-km long, visible down to a depth of 550 m. This low-resistivity structure is
bounded to the West by a wide region of high-resistivity (o >2,000 Qm) that corresponds to the Mt. Guai-
done limestone structural high, which in turns delimits to the East of the PGC basin South. Cross-sections
(Figures 8c and 8d) clearly show that the low-resistivity arc-shaped belt gently dips to the NW, below the
Mt. Guaidone structural high, suggesting the presence of a NW-dipping fault, possibly a thrust as discussed
later (T in Figures 6, 8c, and 8d).

SAPIA ET AL.

10 of 19



) Y ed W | .
F\C 1o Tectonics 10.1029/2020TC006628

ADVANCING EARTH
AND SPACE SCIENCE

1150 m a.s.l.

1050 m a.s.l. -
PGC basin PGC basin
(150 m depth) Norcia quake (250 m depth) north

surface rupture

4742000
4742000

-~ Vettore
depocenter
B'

4741000
4741000

4740000

Northing UTM (m)
4740000

4739000
4739000

4738000
4738000

o
o

PGC basin
south

PGC basin
south

4737000
4737000

5000

£ = 5000
E
£ £
N 1000 < 1000
§ D' .. - : § D' p; ; g
§la Piano Piccolo ¢ = | £ | b Piano Piccolo £ [ lsoo
depocenter £ 10 depocenter K 10
351000 352000 353000 354000 355000 356000 357000 351000 352000 353000 354000 355000 356000 357000
950 m a.s.l. PGC basin 750 m a.s.l.
(350 m depth) north (550 m depth) Norcia quake

surface rupture

4742000
4742000

4741000
4741000
-

4740000

Northing UTM (m)
4739000 4740000
4739000

4738000
4738000

PGC basin

P "
GC basin south

south

4737000
4737000

5000

D'

4736000
0
g 8
8
4736000

resistivity (Ohm.m)
resistivity (Ohm.m)

351000 352000 353000 354000 355000 356000 357000 351000 352000 353000 354000 355000 356000 357000
Easting UTM (m) Easting UTM (m)

Figure 6. Horizontal slices of the 3-D Fullwaver resistivity model at 1,150 m (a), 1,050 m (b), 950 m (c), and 750 m (d) a.s.l. with simplified structural
interpretation. The dashed lines (white, pink, and blue) are inferred fault zones, the 2016 surface ruptures are indicated with a red line (see details in the text for
the meaning of the different colors), whereas the thin black lines are the traces of the cross-sections depicted in Figure 8, and the thick blue line is the trace of
the 2-D transect. UTM metrical coordinates (WGS84 datum, zone 33N).

Surface geology (Figures 2, 8c and 8d; Pierantoni et al., 2013) shows two small depressions at the northern
and southern edges of the arc-shaped conductive belt (Pian Piccolo and Fonte Vetica, respectively). Such
depressions are characterized by a thin cover of alluvial and slope debris deposits: thus, the resistivity model
confirms the presence of those two depocenters. We interpret the northern depocenter (Fonte Vetica) as a
small hangingwall basin related to the southernmost part of the Mt. Vettore basal fault (F1). It is difficult
to infer the thickness of those continental depocenters located along this conductive anomaly (Figure 8c).
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Figure 7. Horizontal slices of the normalized sensitivity function at depths of 1,150, 1,050, 950, and 750 m a.s.l. (see for comparison slices of resistivity shown
in Figure 6). All the main structural and stratigraphic features discussed in this work belong to regions characterized by significant sensitivity and therefore
they have to be considered reliably resolved. UTM metrical coordinates (WGS84 datum, zone 33N).

4. Discussion
4.1. Fault Systems of the PGC Basin

The first 3-D image of the PGC here presented leads to a remarkable improvement in the understanding of
the subsurface architecture and tectonic evolution of the basin with respect to previously published studies
(e.g., Calamita, Pizzi, & Roscioni, 1992; Villani, Sapia, et al., 2019). The main structures, mostly unknown
prior to our survey, delineated by the resistivity patterns, are schematically reported in Figure 9.
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masked with transparency.

We interpret the main sharp lateral resistivity variations of the 3-D model as fault zones (labeled as F1, F2,
F3, F4, F5, VF, and T in Figures 6 and 8) that cause vertical displacements of the limestone basement of
several tens of meters. Two main fault sets (striking 20°-30°N and 150°-170°N) characterize the area, re-
sulting in an interference pattern that produces structural complexity (Figure 6). The southern sector (i.e.,
PGC South) is basically controlled by two normal fault zones (F2 and F4), while in the PGC North several
normal fault splays accommodate the extension. The orientation of the main fault zones is about 20°-30°N
in the southern and western sectors of the study area (F2, F3, and F4), while faults strike NNW to NW in the
northern part (F1, F5, and VF). We interpret these latter faults as synthetic splays of the VBFS, suggesting
that the shallow structure of the fault system responsible for the 2016, My, 6.5, Norcia earthquake exhibits
branching of several second-order faults. They are organized into a wide and distributed brittle deformation
zone. Based on their geophysical signature, the main faults F2, F3, and F4 are characterized by individual
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Figure 9. Sketch of the structural setting of the PGC basin area as inferred from the 3-D resistivity model. The main
depocenters are colored with different shadings according to the presumed maximum thickness of the basin infill. Old
and possibly inactive faults (F2, F3, F4, CF) are marked with dashed black lines, while currently active splays of the
VBFS are in red. The NW-dipping blind thrust T is marked with a blue line. UTM metrical coordinates (WGS84 datum,
zone 33N).

throws in the order of ~300, ~350 and ~400 m, respectively, whereas faults F1, VF, and F5 (which we con-
sider as splays of the VBFS) are characterized by throws in the order of ~300, ~200 and ~250 m, respective-
ly. Because such throw values refer to the displacement of electrical units (i.e., high resistivity substratum),
they represent a minimum estimation of the geologic fault throws. This point arises from two main reasons:
(1) the difficulty in distinguishing high resistivity and coarse clastics from the underlying limestone sub-
stratum in the faults’ hangingwall; (2) the uncertain age of the limestone substratum across the fault (which
from geological maps may range from lower Jurassic to upper Cretaceous) due to the lack of borehole data.
For instance, it is well established that the geologic throw of the fault zone at the base of Mt. Vettore (that
includes F1) largely exceeds 1,000 m (Brozzetti et al., 2019; Pizzi & Scisciani, 2000; Porreca, Fabbrizzi,
et al., 2020; Villani, Sapia, et al., 2019).

The evolution of the PGC basin was likely controlled also by a WNW-ESE trending cross-fault (CF, visible
from 250 m depth in Figures 6b-d). This fault zone contributes to separate the two main depocenters that
coalesced to form the present-day basin.

The arc-shaped fault T (Figures 6, Figures 8c, and 8d) that gently dips NW underneath the Mt. Guai-
done structural high, is incompatible with normal fault kinematics. Conversely, its position and geom-
etry seem consistent with a blind thrust, possibly associated with an open footwall syncline. Surface
geology indicates that the pre-Quaternary substratum outcropping to the East of the Mt. Guaidone
structural high includes marly-clayey Jurassic formations (Pierantoni et al., 2013) laying within a
NE-trending syncline, which may have developed in the footwall of the underlying blind thrust. Those
marly units, together with the NW-dipping fault-zone, may be responsible for the arc-shaped and large-
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scale low-resistive anomaly, which includes the small-scale conductive response of the Pian Piccolo
and Fonte Vetica depocenters (Figures 6a-6¢). Notably, the inferred blind thrust T parallels the regional
MST, a Late Miocene-Pliocene first-order structure (Calamita, Pace, & Satolli, 2012), which outcrops
few kilometers to the SE (MST in Figure 1a). The MST presents a marked curvature with a strike
change just to the SE of the PGC. This bend mimics the arc-shaped resistivity anomaly related to fault
T (Figure 1a). Based on these observations, we hypothesize that fault T represents a minor hangingwall
splay of the MST.

4.2. Internal Structure and Evolution of the PGC Basin

A main result of our study is the identification of two distinct depocenters, with different size and structure.
The northern depocenter (PGC basin North, Figure 9) is segmented by several ~NNW-trending faults and
exhibits a relatively shallow basement, ~100-300 m deep. On the contrary, the southern depocenter (PGC
basin South, Figure 9) is ~500-600 m deep and 2 km wide with a homogeneous low-resistivity signature.
Those two depocenters are bounded by two different sets of conjugate normal faults (Figures 6 and 8). The
northern depocenter is bounded by faults F1, F5, VF striking 150°-170°N. The southern one is bounded by
faults F2, F3, striking 20°-30°N. In addition, we recognize two important large-displacement transverse
faults (F4 and CF). The interplay of those faults gives rise to the peculiar rhomboid shape of the PGC ba-
sin, which is markedly oblique to the general NW to NNW trend of the active normal faults in the central
Apennines, as the VBFS. As also revealed by our 2-D transect across the 2016 Norcia earthquake coseismic
surface ruptures (Figure 4), only the splays belonging to the VBFS show consistent evidence of activity in
recent times (more details in Villani, Pucci, et al., 2018). All this suggests that the geological evolution of the
basin likely took place in two different tectonic phases. In the first phase, only the faults F2, F3, and F4 were
mainly active, creating the southern large PGC depocenter and an additional smaller depocenter related to
the activity of fault F1 located at the base of Mt. Vettore (Figure 9). In the second phase, the NNW-trend-
ing faults F1, F5, and VF likely played a major role in accommodating deformation that concurred to the
generation of a segmented depocenter to the North. In particular, VF (Figure 4) is the only fault within the
basin that ruptured the surface during the 2016 Norcia mainshock, and for which it has been possible to
reconstruct the tectonic activity from the Middle Pleistocene to the Late Holocene thanks to paleoseismic
data (Galadini & Galli, 2003; Galli, Galderisi, et al., 2019) and recent high-resolution ERT surveys (Villani
& Sapia, 2017). We interpret the high resistive anomaly observed in VF footwall as due to the presence of
coarse clastic deposits above the limestone substratum. The absence of an analog high resistivity patch in
the VF hangingwall allows us to hypothesize that the total throw of VF is >140 m. In this scenario, the fault
at the base of the Mt. Vettore (Fla in Figure 4) accrued a large portion of displacement (several hundred
meters) thus concurring to the early development of the northern part of the PGC basin. Unfortunately,
due to the lack of dating of the deep basin infill materials, the timing of the earlier tectonic phase remains
unconstrained. However, we hypothesize that the beginning of the basin development may be, at least, as
old as Early Pleistocene, since its infill thickness exceeds the known thickness of several Early-Middle Pleis-
tocene basins in the central Apennines (Cavinato & De Celles, 1999).

It is likely that inherited compressional tectonic structures trending NNE affected the present basin ge-
ometry, and possibly played an important role in controlling the orientation of the normal faults. Indeed,
they appear to rotate from the NNE-oriented normal faults bounding the main southern depocenter to the
~NNW-trending splays of the currently active VBFS.

The identification of a possible shallow thrust structure to the East of the PGC basin (fault T in Figures 6, 8
and 9), in a more internal position with respect to the MST, is a relevant result of our study that has straight-
forward implication on the source model of the Norcia, My, 6.5, mainshock. We yield indeed the first geo-
physical image of a transverse, NW-dipping, blind fault beneath the PGC basin. This fault likely concurred
to coseismic slip during the Norcia mainshock, as proposed by seismological and geodetic rupture models
(Scognamiglio et al., 2018; Walters et al., 2018) and suggested by the alignment of strong early aftershocks
(Improta, Latorre, et al., 2019). In this view, our study reinforces these previous interpretations, supporting
a rupture scenario in which a NE-trending cross-structure, misoriented in the present extensional stress
field with SHy,y direction striking NNW, played a primary role on slip propagation and on the segmentation
of the VFBS.
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ly oriented sets of faults fits previous interpretation of S-wave splitting
measurements, in which different trends of crustal S-wave fast direc-
tions have been interpreted in terms of combined stress-induced and
structurally controlled anisotropy (Figure 10; Pastori et al., 2019; Vil-
lani, Sapia, et al., 2019). In particular, the occurrence of NNW- and
NE-trending faults in the northern part of the basin (F1, F3, F5, VF
in Figures 6 and 8) reconciles with results obtained by Villani, Sapia,
et al. (2019) using local temporary stations installed within the basin.
The large-scale compartmentalization of this depression in two main
depocenters guided by a deep and nearly WNW-ESE trending fault sys-
tem (CF), is supported by the dominant trend of averaged fast directions
obtained by Pastori et al. (2019) through the analysis of thousands of af-
tershock data of the 2016-2017 sequence recorded in the hangingwall of
the VBFS by permanent stations. Notably, the inferred shallow arcuate
thrust splay T is laterally confined by two belts of dominant WNW—
ESE trending fast axes, particularly in correspondence of the southern
tip (Figure 10).

Additionally, we can infer on the physical properties of the deep car-
bonate sequences in the VBFS hangingwall. The array of blind faults im-
— aged in the northern part of the PGC basin, points to an intense fractur-
—_

ing of the hangingwall block. This could explain two peculiarities of the

2016-2017 seismic sequence: (i) the diffuse aftershock activity and lack

Figure 10. Relations between surface resistivity anomalies and fracture of aftershock alignments observed by Chiaraluce et al. (2017) and Impro-

pattern inferred from crustal shear wave anisotropy. A slice of the
Fullwaver model at 1,050 m a.s.l. (see Figure 6b) is compared with crustal
S-wave splitting results: fast axes from Villani, Sapia, et al. (2019) are dark

ta, Latorre, et al. (2019) in the upper 4 km of the crust under the basin
and (ii) the NW-migration of the off-fault aftershocks of the 24 August

violet bars (length proportional to delay time), while pink bars indicate fast ~ Mw 6.0 Amatrice earthquake, as well as the triggering of the 26 October
axes by Pastori et al. (2019) spatially averaged at regular intervals through Visso and 30 October Norcia mainshocks, modeled invoking pore-fluid
a nearest neighbor algorithm using a search radius of 6 km, smoothing diffusion along NW-trending fault zones (Convertito et al., 2020; Tung &
factor A = 1, and output grid size of 0.04° (in this case, bar length is not Masterlark, 2018; Walters et al., 2018).

scaled to delay time). Geographic coordinates, WGS84 reference datum,

zone 33N.

According to the available geological and geophysical data for the area,

the PGC basin shares various traits with other extensional basins in the

Apennines. In the Middle Aterno basin (2009 My, 6.1 L’Aquila earthquake
area) the early depocenters were controlled during the Early Pleistocene by W- and NNE-trending inherited
faults that subsequently linked with NW-trending faults that are now active and seismogenic (Civico, Sapia,
et al., 2017; Pucci, Villani, et al., 2019). Older CFs trending NE and reactivated in recent times characterize
the large Fucino basin, bounded by NW-trending seismogenic normal faults (M, 6.9 1915 earthquake; Cav-
inato et al., 2002). In the Val d’Agri basin (southern Apennines), Early-Middle Pleistocene strike-slip along
NW-trending faults bounding the eastern margin (Colella et al., 2004) was followed by extension promoted
by NE-dipping normal faults on the western side and that represent the main seismogenic sources (Improta,
Ferranti, et al., 2010; Maschio et al., 2005).

These common features confirm that crustal geometric and rheological heterogeneities inherited from pale-
ogeographic discontinuities and/or previous tectonic phases play a crucial role in the evolution of exten-
sional basins within relatively young thrust belts like the Apennines.

From a methodological point of view, our study illustrates the effectiveness of the FW technology to image
the 3-D structure of complex basins. Higher-resolution images can be obtained using a denser acquisition/
source geometry. This point is critical to obtain accurate information on the different sedimentary sequenc-
es filling complex intramontane basins.
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5. Conclusions

By using an FW technology with a multiscale 2-D/3-D imaging strategy, we investigated the PGC basin in-
fill and its buried geometry down to a depth of ~1 km. This was the first time that such a geophysical tool
targeted a large basin related to a main seismogenic fault system. Our results document that the adopted
geophysical approach turned as an effective strategy to provide a reliable 3-D image of the basin geometry
and to detect a complex system of faults. The latter was mostly unknown prior to our survey. With regard to
the 2-D high-resolution transect, we imaged the subsurface picture of the My, 6.5 2016 earthquake ruptures
and we identified additional conjugate blind splays. Concerning the large-scale 3-D model, we imaged two
distinct depocenters with different depths, controlled by two sets of conjugate normal faults trending 20°-
30°N and 150°-170°N, respectively. We interpreted those different fault systems as the result of a polyphase
tectonic evolution, likely spanning the whole Quaternary. Moreover, the 3-D model points to the presence
of a shallow blind thrust splay, which may correspond to a subsidiary NE-dipping splay of the MST thrust
invoked by recent multi-segment rupture models of the complex 2016 Norcia earthquake.

Overall, the obtained results enabled us to depict the PGC basin as due to the long-term evolution of a com-
plex fault system interacting with inherited structures and which became part of a major seismogenic fault
responsible for large, destructive earthquakes.
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Data supporting the conclusions can be found in the cited references and at the following link: https://doi.
org/10.6084/m9.figshare.14191319.
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