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Abstract

We report the results of a shallow electrical resistivity investigation performed across a normal fault that
ruptured the surface displacing with average ~0.05 m vertical offset alluvial fan deposits (< 23 kyr old)
within an intermontane fault-bounded basin following the 30 October 2016 Mw 6.5 earthquake in central
ltaly. We adopted a multi-scale geophysical approach, by acquiring three 2-D electrical resistivity
tomography (ERT) profiles centred on the coseismic ruptures, and characterized by different spatial
resolution and investigation depth. Below the fault scarp, the ERT models show a narrow (~10 m wide) and
steeply-dipping moderately-resistive region (100-150 Qm), which we interpret as the electrical response of
the fault zone displacing layers of relatively high-resistivity (300-700 Qm) values. We explain the electrical
signature of the retrieved fault zone as due to an increment of permeability caused by coseismic fracturing,
and to the subsequent water migration from adjacent shallow aquifers squeezed by compaction induced by
seismic waves. By using a statistically-based classification of electrical units, we estimate that the
shallowest alluvial fan layer is affected by 2.7 + 0.9 m vertical offset, which is consistent with the measured
2.3-2.8 m morphologic offset of the top fan surface, and suggesting a post-12 kyr throw-rate of 0.23 + 0.08
mm/yr. Similarly, we evaluate a post-23 kyr throw of 5.1 + 1.7 m, indicating a Late Pleistocene throw-rate
of 0.22 + 0.07 mm/yr, in accordance with available paleoseismic data. We further hypothesize a minimal
total fault throw > 30 m, which likely accrued since the Middle Pleistocene (possibly in the last 350-500
kyr). The investigated fault structure is therefore an important splay characterized by a thick and highly
permeable damage zone in unconsolidated deposits, and which ruptured the surface during several tens of

strong (M > 6) earthquakes.
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18  displacing layers of relatively high-resistivity (300-700 Qm) values. We explain the electrical
19  signature of the retrieved fault zone as due to an increment of permeability caused by coseismic
20  fracturing, and to the subsequent water migration from adjacent shallow aquifers squeezed by
21  compaction induced by seismic waves. By using a statistically-based classification of electrical units,
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25 m, indicating a Late Pleistocene throw-rate of 0.22 + 0.07 mm/yr, in accordance with available
26  paleoseismic data. We further hypothesize a minimal total fault throw > 30 m, which likely accrued
27  since the Middle Pleistocene (possibly in the last 350-500 kyr). The investigated fault structure is
28  therefore an important splay characterized by a thick and highly permeable damage zone in
29  unconsolidated deposits, and which ruptured the surface during several tens of strong (M > 6)
30  earthquakes.
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1 Introduction

Most of the strain affecting the upper crust in active extensional_non-volcanic environments is
accommodated by brittle normal fault zones (Sibson, 1977; Cowie and Scholz, 1992; Putz Perrier and
Sanderson, 2008). Fault zones often include one or more principal slip surfaces located within a fault
core, where the largest displacement occurs, surrounded by a zone of fractured host rocks denoted
as damage zone (Shipton et al. 2006). Large-displacement extensional faults are usually associated
with damage zones whose width may attain tens of meters or even more, and which develop
through time by shearing and mechanical crushing of wall-rocks during repeated episodes of
coseismic slip (Agosta and Aydin, 2006).

The geometry and physical properties of fault zones depend on the overall long-term fault structural
evolution, including especially the processes of three-dimensional fault growth, the incremental
accumulation of displacement, and the progressive localization of strain within one or multiple and
relatively narrow principal shear zones (Walsh and Watterson, 1988; Cowie et al. 1995; Walsh et al.
2001; Childs et al. 2009). Analysis of fault populations has led to the recognition of scaling law
relationships, showing that fault zone width generally increases with fault dimensions and
displacement (Kim and Sanderson, 2005; Mitchell and Faulkner, 2009; Faulkner et al. 2011): the large
scatter in the available datasets is usually interpreted in terms of dependence from the type of
deformation elements that accommodate displacement, the protolith nature, the geometry of pre-
existing structures and the mechanical stratigraphy involved in the process of fault growth (Shipton
et al. 2006; Ferrill et al. 2017).

The internal architecture of fault zones may be highly complex, since they typically display strong
lithological heterogeneity, physical discontinuity and textural anisotropy. These properties are of
primary importance in controlling underground fluid flow at different structural levels, from the very
shallow subsurface down to seismogenic depths (Gumundsson, 2000; Rawling et al. 2001; Henriksen
and Braathen, 2006; Vincenzi et al. 2009; Masset and Loew, 2010). For instance, faults may act as
barriers to fluid flow, or they may represent preferential pathways for migration of fluids. This quasi-
static scenario becomes even more complex in the case of active faults, where a sealed damage zone
behaving as a barrier during long inter-seismic periods may suddenly be breached when coseismic

slip occurs, leading to rapid expulsion and diffusion of mixed-phase fluids in the surrounding volume
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(Caine et al. 1996; Townend and Zoback, 2000; Sibson, 2001). In this regard, fluids flow is crucial in
the physical evolution of the damage zones, since it promotes chemical reactions that may lead to

fault weakening_due to development of low-friction clay-rich material, or conversely it can also

contribute to healing by facilitating lithification of breccia and gauge (detailed review in: Faulkner et

al. 2010).

In general, only limited portions of active brittle fault zones are exposed at the surface, due to the
combined result of erosion and tectonic rock exhumation. In many cases, active normal faults trigger
rapid feedback response of surface processes, such as gravitational instability and erosional
dismantling of the uplifted footwall blocks, coupled with enhanced sedimentation in the
downthrown hangingwall counterpart (Bull, 2009; Burbank and Anderson, 2011). This results in a
complex setting of the uppermost structural levels, particularly in the case of tectonically active
regions characterized by low strain-rates and mountain environments typical of several upland
regions in the Mediterranean area and in particular in the interior of peninsular Italy: here,
distributed deformation on segmented normal fault-systems and the presence of thick clastic covers
may hinder important details of the active fault structure, making it difficult to correctly decipher the
signature of recent faulting (more details in: Villani et al., 2015a).

For these reasons, geophysical investigation of active fault zones is-an-irreplaceable-toeelcan provide
unigue insight (Everett, 2013). Electrical resistivity methods proved successful in imaging the
subsurface of such complex structures (Suzuki et al. 2000; Caputo et al. 2003; Nguyen et al. 2005). It
has long been recognized that many active faults, of different tectonic environments, are often
characterized by lower electrical resistivity signatures with respect to the surrounding host rocks
(Ritter et al. 2005). The main processes that lead to low electrical resistivity within fault zones are: 1)
a higher degree of fracturing within the damage zone, which increases permeability thus facilitating
fluid circulation; 2) the development of clayey minerals along the slip surfaces and within the
damage zone; 3) reaction-driven changes in porosity of the protolith. Among the numerous
examples worldwide, narrow zones of relatively low-resistivity have been detected across
subsurface faults in the Basin and Range Province of Western United States (Park and Wernicke,
2003) and the San Andreas Fault (Unsworth et al. 1997; Park and Roberts, 2003; Unsworth and
Bedrosian, 2004), in Japan (Electromagnetic Research Group for Active Fault, 1982), in France (Gélis
et al. 2010), in Slovakia (Putiska et al. 2012), in Belgium (Lecocq and Camelbeeck, 2017) and in
central-southern Italy (among the others: Giocoli et al. 2015 and references therein).

In this study, we acquired 2-D electrical resistivity tomography data (ERT) through a multi-scale
approach in order to image the shallow subsurface structure of an active normal fault zone in the

epicentral area of the 30 October 2016 Mw 6.5 earthquake that hit central Italy (Fig. 1). As
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thoreughly—described in the following Section, this strong earthquake caused primary surface
faulting, which involved a complex network of normal fault segments. Most of these structural
features have a clear geomorphic expression and directly expose bedrock fault planes in high and
impervious mountainous areas. Our investigation is focused on one active strand that, despite its
trace develops entirely within recent clastic deposits with a subtle morphological imprint, ruptured
up to the surface during the 2016 seismic sequence. Our primary target is the recognition of the
subsurface fault geometry and the width of the damage zone as inferred by its electrical resistivity
signature, with relations to the style of recent faulting and the long-term tectonic activity. We define
the main electrical units as recovered from the resistivity sections in the very shallow subsurface, in
relation to a pre-existing paleoseismological trench and available geological data. A rigorous
statistical analysis yields to a quantitative classification of the overall resistivity data distribution and
depth to layers. As a result, we argue on fault zone displacement and rupture geometry including
also the possible role of fluids flow in the damage zone. We then discuss the broad geological
implications of the obtained results. Worthy to note, this near-surface, multi-scale geophysical
investigation in a fault-controlled area was performed during a running seismic sequence, and the
upcoming prohibitive winter conditions of this mountain region required the application of a fast
and accurate shallow exploration of the subsurface soon after the occurrence of a destructive

earthquake.
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Figure 1. Simplified structural sketch of the central Apennines (shaded relief topography from a 10-m DEM by Tarquini et al.
2007). The circles show all the M > 3 earthquakes recorded by the Italian Seismic Network between 1985 and December
2016 with hypocentral depth 0-15 km. The focal mechanisms of the main five events of the 2016 Amatrice-Norcia seismic
sequence and of the 6 April 2009 Mw 6.1 L’Aquila earthquake are shown (data from: http://cnt.rm.ingv.it/tdmt; 1, Mw 6.0,
2016-08-24; 2, Mw 5.4, 2016-08-24, 3, Mw 5.4, 2016-10-26; 4, Mw 5.9, 2016-10-26; 5, Mw 6.5, 2016-10-30). The main
Quaternary normal faults (black lines, tick on the downthrown side) and the Mt. Vettore — Mt. Bove fault system (VBFS: red
lines, tick on the downthrown side) are indicated (compilation from the following works: Vezzani et al. 2010; Pierantoni et

al. 2013). The yellow rectangle encloses the Pian Grande di Castelluccio shown in Fig. 2.
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2 Geological background

2.1 Geology and seismotectonics of the central Apennines

The study area (Fig. 1) is located in the axial portion of the central Apennines, a NE-verging fold-and-
thrust belt developed since the Early-Middle Miocene by the overthrusting and stacking of mostly
Meso-Cenozoic calcareous shallow-to-deep water and Miocene turbiditic domains belonging to the
former passive Adria margin (Malinverno and Ryan, 1986; Patacca et al. 2008; Cosentino et al. 2010;
Vezzani et al. 2010). The compressional front migrated towards the Adriatic side of the chain, where
it is still active, while a generalized post-orogenic extension affects the westernmost and inner
portions since the Late Pliocene — Early Pleistocene (Lavecchia et al. 1994; Cavinato and De Celles,
1999; Ghisetti and Vezzani, 1999; D’Agostino et al. 2001). The normal faults network dissecting the
central Apennines axis consist of 5-10 km long, mostly NW-trending and SW-dipping, individual
segments, forming complex systems up to 25-30 km long (Fig. 1; Galadini and Galli, 2000; Morewood
and Roberts, 2000; Cowie and Roberts, 2001; Roberts et al. 2002, 2004; Tondi and Cello, 2003). Most
of them show clear hints of recent activity, due to the offset of Quaternary continental deposits and
the fresh exposure of bedrock fault planes, interpreted as mostly due to rapid exhumation during
coseismic surface slip episodes occurring after the Last Glacial Maximum (Giraudi, 1995; Benedetti et
al. 2013). Geologic and paleoseismic data covering the Late-Pleistocene-Holocene time interval (Galli
et al. 2008) coupled with high-resolution geophysical investigations (e.g.: Villani et al. 2017) provide
values of individual fault slip-rates in the 0.2-1.3 mm/yr range.

The central Apennines are characterized by one of the highest seismic releases in the Mediterranean
area, mostly due to shallow (~5-15 km deep) crustal earthquakes of normal-faulting type and with
magnitude M occasionally up to ~6.5-7, which occur within a ~50-80 km-wide and actively extending
belt (Fig. 1) that parallels the topographic bulge of the chain (Chiarabba et al. 2005; Pondrelli et al.
2006; Chiarabba and Chiodini, 2013; see also updated database of moment tensor solutions
available at http://cnt.rm.ingv.it/tdmt, and at http://eqinfo.eas.slu.edu/eqc/eqc_mt/MECH.IT/).
Furthermore, the current extensional regime is evidenced by borehole breakout analyses (Montone
et al. 2012), and geodetic data, which provide regional extension rates in the range of ~1-2.5 mm yr™
(Hustand et al. 2003; D’Agostino et al. 2008; Faure Walker et al. 2010; Devoti et al. 2011; Carafa et
al. 2015). Clearly, there is an inextricable link between the current seismicity, the extension affecting
the chain and the active normal faults network so far described.

The study area is located along the easternmost active fault-system in the central Apennines,
running ~30 km within the Sibillini Mts. Range (Calamita and Pizzi, 1992, 1994; Calamita et al. 1992;
Cello et al. 1997; Pizzi et al. 2002; Mt. Vettore - Mt. Bove fault-system, VBFS for short, marked in red

in Fig. 1). Equivalently, Lavecchia et al. (1994) interpret this fault-system as the breakaway zone of
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the active extensional domain in this part of the central Apennines. Before the summer of 2016, the
background level of instrumental seismicity in the region did not clearly highlight the seismic activity
of the VBFS, as compared to nearby faults to the west (1979, Mw 5.9 Norcia earthquake; Deschamps
et al.,, 1984) and to the north-west (1997, Mw 6.0 Colfiorito earthquake; Amato et al.,, 1998).

Previous studies considered silent or locked the VBFS (Galadini and Galli, 2003; Boncio et al. 2004),

because the relatively low degree of seismicity and the lack of historical earthquakes was coupled to
striking geomorphic evidence of post-Last Glacial Maximum (LGM) activity (Calamita et al. 1992;
Calamita and Pizzi, 1994; Lavecchia et al., 1994) and hints of Holocene paleoseismicity (Galadini and
Galli, 2000; Galli et al. 2008). For the VBFS, Pizzi et al. (2002) evaluate a total geologic throw as large
as 1200 m in the Mt. Bove sector (to the north) and 1350 m in the Mt. Vettore sector (to the south),
whereas the estimated maximum Quaternary morphologic throw is on the order of 800 m.

The strong seismic potential of the VBFS suddenly came out in 2016, when it triggered an important
seismic sequence (details in: Chiaraluce et al. 2017). It begun on August the 24" 2016 at 1:36:32 UTC
with an Mw 6.0 earthquake that caused heavy damage and abeut3006299 casualties, and located to
the NW of Amatrice (8 km depth, #1 in Fig. 1; Gruppo di Lavoro INGV sul terremoto di Amatrice,
2016; Tinti et al. 2016). The mainshock was followed 1 hour later by an Mw 5.4 event (8.7 km depth,
#2 in Fig. 1). The sequence culminated with three other major shocks, occurring on October the 26™
(Mw 5.4, 17:10:36 UTC, depth 9.3 km, #3 in Fig. 1; Mw 5.9, 19:18:05 UTC, depth 8.4 km, #4 in Fig. 1;
Gruppo di Lavoro INGV sul Terremoto di Amatrice-Visso, 2016), and on October the 30" with
epicenter close to Norcia (Mw 6.5, 6:40:17 UTC, depth 9.4 km, #5 in Fig. 1; Gruppo di Lavoro INGV
sul Terremoto in Centro Italia, 2016). The last earthquake was the largest seismic event recorded in
the last-past four decades in the Italian peninsula since the devastating Ms 6.9 1980 Campania-
Basilicata earthquake (Westaway and Jackson, 1987; Bernard and Zollo, 1989).

The 24 August earthquake provoked surface faulting, which was clearly observed for a minimal total
length of about 5.2 km along the southernmost part of the VBFS, with average vertical displacement
of nearly 0.10-0.15 m (Emergeo Working Group, 2016; Pucci et al. 2017). The 26 October Mw 5.9
guake caused surface faulting as well in the northernmost part of the VBFS, however geologists did
not have the time to complete field surveys before the 30 October earthquake occurred. This last
event caused an impressive and complex pattern of surface faulting, which involved a complex
system of SW-dipping and also NE-dipping faults segments whose southernmost part was already
activated by the August quakes, for a total length of ~25 km: locally, vertical offset of the ground
surface caused by primary surface faulting along limestone bedrock fault planes of the Mt. Vettore

sector exceeded 1.5-2 m (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2016, 2017; Pantosti
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and the Open EMERGEO Working Group, 2017; Civico and the Open EMERGEO Working Group, i

prep-submitted; Villani and the Open EMERGEO Working Group, in prep.).

2.2 Quaternary intermontane basins in the central Apennines and geophysical signature of the
infilling deposits

The long-term activity of the above mentioned Quaternary normal faults array in the central
Apennines resulted in the generation of several intermontane basins (Cavinato and De Celles, 1999).
Subsequent drainage incision due to large-scale regional uplift and normal block-faulting in some
cases led to the partial exposure of their continental infill, mostly made of lacustrine and
fluvial/alluvial sequences, particularly in the basins located to the west of the present-day Apennines
divide (D’Agostino et al. 2001; Bosi et al. 2003). However, only in a few cases a thorough
investigation of the internal structure of these basins has been performed through the integration of
geophysical and borehole data (see for instance: Cavinato et al. 2002).

Recent research focused on the imaging of the intermontane tectonic basins close to the area struck
by the 2009 Mw 6.1 L’Aquila earthquake (see Fig. 1 for location) took advantage of the extensive use
of electrical and electromagnetic methods (Giocoli et al. 2011; Villani et al., 2015a,b; Pucci et al.,
2016; Porreca et al., 2016; Civico et al., 2017). In terms of electrical stratigraphy, these studies
basically show that the alternation of roughly tabular bodies of contrasting resistivity fills in such
continental depressions. For instance, in a wide area to the east of L'Aquila, recovered electrical
resistivity models from Pucci et al. (2016) provide correlations between low-resistivity bodies (p <
20-50 Qm) with known outcropping lacustrine marls and clays, and between moderately-to-high
resistivity bodies (p > 100 Qm) with mapped carbonatic alluvial conglomerates. Similarly, in the same
area, Villani et al., (2015a) established correlations between high-resistive bodies (p up to 500 Qm)
and stiff alluvial conglomerates, and between low-resistivity bodies (p < 80 Qm) and sandy alluvial
deposits containing sparse tephra. In the Piano di Pezza basin to the south of L’Aquila (PP in Fig. 1),
Villani et al. (2015b) found good correlations between the electrical resistivity images and
outcropping geology (very high-resistive moraines, characterized by p up to 3000 Qm, and relatively
low-resistive alluvial and colluvial deposits, with p < 200 Om). Moreover, based on the electrical
resistivity results, these authors assume that the deeper sedimentary infill of the Piano di Pezza
basin is characterized by a regular alternation of coarse-grained clastic deposits and gravels with
silty-sandy matrix: this assumption was supported by the correlations with several boreholes
stratigraphy from the nearby Campo Felice intermontane basin (CF in Fig. 1) as described by Giraudi
et al. (2010), who recognized in the continental sequence the alternation of sands and gravels

related to glacial and interglacial cycles in the last 0.5 Myr.
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Electrical resistivity surveys performed by several authors in the epicentral area of the 2009 L'Aquila
earthquake, in many cases document shallow fault zones within gravelly and sandy deposits, and
characterized by relatively low resistivity values (MS-AQ, 2010; Giocoli et al. 2011). In this regard,
Villani et al. (2015b) show that the shallow subsurface portion of the Piano di Pezza normal fault
disrupts gravels and sandy/silty colluvium, and depict a high-resolution geophysical image of the
very shallow fault zone, being ~7 m wide and characterized by very low P waves velocity (< 750 m/s)
and electrical resistivity (p < 200 Qm) up to one order of magnitude lower than the surrounding

coarse slope debris and moraine deposits (p > 2000 Qm).

2.3 The survey site and the ancillary information

The survey area is located in the Pian Grande di Castelluccio, a =7 km x 3 km wide intermontane
basin developed in the hangingwall of the Mt. Vettore normal fault-system as result of the long-term
subsidence of the downthrown fault blocks (Fig. 2; Calamita and Pizzi, 1992, 1994; Calamita et al.
1992). The almost flat-bottomed plain has an endoreic drainage, and displays a gentle dip to the
south, with average elevations between 1330 and 1270 m a.s.l. It is surrounded by high and steep
slopes on the western side and particularly on the eastern border, where the peaks of Mt. Vettore
(2476 m) and Cima del Redentore (2448 m) represent the culminations of a > 1100 m high

cumulative fault scarp.
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Figure 2. Geological sketch of the Pian Grande di Castelluccio basin (modified and simplified after: Pierantoni et al. 2013).
The blue rectangle encloses the survey site area shown in Fig. 4. The main fault strands of the VBFS that ruptured the
surface during the 30 October 2016 Mw 6.5 earthquake are indicated in red, together with the Valle delle Fonti fault

investigated in this work.

The substratum is made of Jurassic to Paleogene shallow-to-deep marly-calcareous deposits,
whereas the plain is filled with sequences of lacustrine, alluvial fan and fluvio-glacial deposits
(Coltorti and Farabollini, 1995; Pierantoni et al. 2013). The main catchments conveying coarse
sediments to the plain are located in the northern part, in the south-western sector and all along the
western flank of the the Mt. Vettore-Cima del Redentore ridge.

Few shallow boreholes nearby the survey area are available (Ge.Mi.Na. 1963; Fig. 2 for location;
details in Fig. 3). Two of these, very close to the basin borders, penetrated the pre-Quaternary marly
limestones at 97 m and 80 m depth_respectively, in the hangingwall of two NW-trending range-
bounding faults. The overall stratigraphic data indicate the alternation of conglomerates, sandy
gravels and clays with variable thickness as the result of the interfingering of alluvial fan and
lacustrine deposits during the Quaternary. These data are used for calibration of the ERT resistivity

models (see details in Section 4).

10
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Figure 3. Simplified stratigraphic columns of five boreholes within the Pian Grande di Castelluccio basin (modified after:
Ge.Mi.Na., 1963). The colour scale (similar to that used for the ERT models) is assigned in order to qualitatively represent
the average electrical resistivity response of each lithological unit (red-violet for resistive bodies and blue-green for

conductive bodies).

Sparse vertical electrical resistivity soundings were acquired in the plain by Biella et al. (1981): their
geophysical results, compared to borehole stratigraphy, indicate that gravels are characterized by p
=~ 140-220 Om, whereas sandy-clays have p =~ 55-125 Qm and the carbonatic substratum p > 1500
am.

The 30 October 2016 Mw 6.5 earthquake caused surface ruptures along this mountainside and also

within the plain (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2017; Civico and the Open

EMERGEO Working Group, submitted): here, they closely follow the trend of a subtle fault scarp

affecting Late Pleistocene to Holocene alluvial fan deposits, and which was first recognized by
Galadini and Galli (2003). The Authors explored the surficial portion of this fault scarp (which we
label Valle delle Fonti fault) by means of three small paleoseismic trenches (details in Sections 3 and
4; Fig. 4), recovering a very shallow normal fault zone displacing-that displaces Holocene sandy and
silty colluvial and alluvial deposits: they infer the occurrence of at least three major surface-
rupturing paleo-earthquakes, one occurring between 4155-3965 years B.P. and the 6th-7th century
A.D., one between 5940-5890/5795-5780 years B.P. and 4155-3965 years B.P., and another one
between 18.000-12.000 years B.P. and 5940-5890/5795-5780 years B.P.
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3 Data and Methods

3.1 Geological and topographic data

As members of the EMERGEO Working Group of the Istituto Nazionale di Geofisica e Vulcanologia,
we carried out field surveys during fall 2016 to map the trace of the coseismic surface ruptures.
Within the Pian Grande di Castelluccio we accurately reported, at closely spaced intervals, the height
of the coseismic free face exposing recent soils (defining the coseismic fault throw) in addition to the
opening of the ground cracks (related to the local fault heave), with an intrinsic measurement error
of ~lessthan-0.01 m. Overall, we mapped >1 km of almost continuous surface rupture, by collecting
> 130 measurements (Fig. 4). These data are compared to the morphologic height of the cumulative
fault scarp as revealed by serial topographic profiles, which we obtained by analysing a 2-m grid
DEM previously smoothed with a low-pass spatial filter in order to remove spikes. We also took into
account the main sedimentary bodies within the plain as mapped by Coltorti and Farabollini (1995)

and Galadini and Galli (2003).

3.2 Electrical resistivity data

In order to recover the shallow subsurface electrical resistivity image of the fault zone, on December
2016 we investigated the subsoil over one transect (labelled A, Fig. 4) running WSW-ENE, and nearly
orthogonal to the trace of the 30 October 2016 coseismic surface ruptures. Along this transect, we
acquired three different scale-resolution 2-D ERT profiles using a Syscal R2 (IRIS Instrument) with a
set of 64 stainless steel electrodes. All ERT profiles are purposely centred on the coseismic rupture
and were acquired using an electrodes spacing of 2 m, 5 m and 10 m respectively, corresponding to

profile lengths of 126 m, 315 m and 630 m (profiles P1_2m, P1_5m and P1_10m in Table 1).

Profile length electrodes spacing array configuration RMS
P12m 126 m 2m DD + WS 1.1% (DD); 0.9% (WS)
P1.5m 315m 5m DD + WS 2.3% (DD); 0.64%
(wWs)
P1_10m 630m 10m DD + WS 6.2% (DD); 3.1% (WS)
Table 1

For each profile, we acquired both dipole-dipole (DD for short) and Wenner-Schlumberger (WS for
short) electrode arrays, in order to 1) reach different depths of investigation, 2) obtain a good
compromise between vertical and horizontal resolution of the retrieved resistivity bodies (Loke and

Barker, 1995; Table 1).
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Figure 4. Detail of the ERT survey site (Google Earth basemap). The detailed trace of the 30 October 2016 coseismic rupture
is indicated with the red lines (tick on the downthrown side). The thin black lines indicate the topographic profiles discussed

in the text, and the stars indicate the location of the paleoseismic trenches T1, T2 and T3 by Galadini and Galli (2003).

With the DD configuration we aimed at better imaging lateral resistivity contrasts as due to faulting
and/or abrupt horizontal changes in thickness of the sedimentary bodies. Conversely, with the WS
configuration we aimed at confidently recovering both lateral and vertical resistivity contrasts while
also increasing the depth of investigation beneath the coseismic rupture. We injected a square-wave
signal for 250 ms into the ground, using 100, 200 and 400 Volts for the P1_2 m, P1_5m, and P1_10m
profiles, respectively. Resistance contact check allowed us to avoid relatively high resistance values.
We used fresh water to enhance coupling between the electrodes and the ground. Although contact
resistance is a known factor to impact on data quality, it is not the only one (LaBrecque et al., 1996).

We used low voltage and high resistance contact records as noise indicators in the acquired ERT
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data. To account for noisy data, we manually edited obvious outliers and removed apparent
resistivity data derived from very low voltage and/or current level before running the inversion. No
weighting of data points in the inversion based on measurement errors was applied, since weighting
by voltage or current “error” usually has very little effect in the inversion. Although being aware that
a more suitable method to estimate such errors would be acquiring reciprocal records, we were not
able to collect them with our instrument.

Measured apparent resistivity data were input to a 2-D smoothness-constrained least squares
inversion algorithm, where the investigated subsurface area is subdivided into a mesh of rectangular
blocks, whose width is equal to half of the electrode spacing in the shallowest layers (Constable et al.
1987; Loke and Dahlin 2002). We then used a model discretization where layers thickness linearly
increases by 10% with each incremental depth interval.

In Section 4.2 we show the results obtained for linearized inversions with smoothness constraints.
The quality of the obtained resistivity sections is then described by the root mean square (RMS) of
residuals after the last iteration. The DD recordings proved a bit noisier, as expected, and yielded
tomographic models with a higher RMS compared to WS data: this difference is more evident in the
case of the ERT profile with 10 m electrodes spacing. Due to the larger investigation depth with
respect to DD models, we show the average statistical properties of WS resistivity models by means
of frequency histogram plots, in order to roughly discriminate the occurrence of different subsurface

resistivity packages.

3.3 Interface classification

On each smooth ERT model (except for the noisier P1_10m DD recovered resistivity model) we
classify the most significant resistivity changes as derived from the application of the steepest-
gradient-method (SGM: Chambers et al. 2006; Sapia et al. 2017). Due to the expected roughly
tabular and sub-horizontal subsurface stratigraphy of the survey site, in this work we applied a
slightly modified SGM-based approach, thereughlyr-described in more detail in the Auxiliary Material
S1. The basic principle of the SGM is that the main interfaces are located in regions where a
maximum increase or decrease in the resistivity at depth occurs, i.e. where the second derivative of
a best-fit curve to a vertical array of resistivity data points (in this case, a polynomial curve) is null
(Fig. S1). Our modified approach is based on the further condition of the third derivative of the
polynomial-fit curve to be non-zero, in order to avoid saddle points. The input files are parsed to
obtain regularly-spaced points, and the SGM is applied to each polynomial-fit curve along tens of

vertical sections. We adopted the same approach to classify sub-vertical discontinuities by
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calculating the steepest gradient along horizontal sections: this was useful for corroborating the
inferred location of subsurface faults.
This method represents a semi-quantitative estimation to locate eventual subsurface discontinuities,

which may aid in the stratigraphic and structural interpretation of tomographic images.

4 Results

4.1 Details of the coseismic surface rupture

The outcropping geology of the survey site is characterized by a wide and polycyclic alluvial fan
surface, which Galadini and Galli (2003) relate to five distinct phases of sedimentation characterized
by a general southwards flow direction, and spanning the LGM-Holocene time interval (Valle delle
Fonti alluvial fan, Fig. 2).

We studied the morphology of the cumulative fault scarp affecting the most recent depositional

body of the alluvial fan (comprising the 4:" and 5fh depositional phases of Galadini and Galli, 2003) by

analyzing 28 topographic profiles (30-50 m spaced apart), about 100 m-long each, and running
orthogonal to the average scarp trend (Fig. 4). We used the method by Bucknam and Anderson

(1979) to derived-scarp-heightby-—ederivealewlating the vertical separation of the alluvial fan top-

surface at-on both sides of the scarp: since in this site the top-surface displays a gentle dip (typically

< 1%) towards the WSW, —scarp height and vertical offset of the alluvial fan surface are nearly equal,

and we use scarp height as a Fhis-translates—inteproxy for-a—minimal-estimation-of the local long-

term morphologic throw of the fault. Fig. 5a shows some representative topographic profiles. The
long-lasting agricultural activities in the area have in some cases heavily modified the original
morphology of this tectonic landform, which only at places appears as a sharp step (ge.g. profile 26 in
Fig. 5a). The pictures in Fig. 5b and 5c show a close-up view of the 30 October 2016 surface rupture

running at the base of the scarp, in the area of transect A.
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Figure 5. a) Selected topographic profiles across the cumulative Valle delle Fonti fault scarp (black bar is for vertical scale):

| the red arrows indicate the location of the 30 October 2016 coseismic rupture, and double arrows indicate the scarp height;

b) close-up view of the coseismic rupture (white arrows) at the ERT survey site, looking towards the north (14 December
2016); c) close-up view of the coseismic rupture (white arrows) at the ERT survey site, looking towards the south (14

December 2016). Note the systematic small-scale en échelon structural pattern.

Fig. 6 shows the results of the morphological analysis. The blue curve is the envelope of the Valle
delle Fonti fault scarp height values projected onto an 1120 m-long baseline parallel to the scarp
trace. The average height of the scarp is ~2.10 m. It exhibits an evident tapering at both ends, with
three local maxima of ~abeut-2.80 m, 2.75 m and 2.70 m, respectively from the north to the south
(at site A the measured height is ~2.36-30 m).

The red line in Fig. 6 is the envelope of the height of the 30 October 2016 surface rupture projected
onto the same baseline used for the cumulative scarp. The style of the coseismic displacement is
characterized by a vertical offset of the topographic surface with the western side down, frequently
coupled with open cracks. Only in one limited portion (at approximately 400 m distance along the
baseline in Fig. 6) we documented the occurrence of a couple of small counter-slope ruptures
(eastern side down, vertical offset of 0.03-0.04 m). Overall, the average height of the coseismic free
face is <0.06 m (median value 0.05 m), with three local maxima of 0.09 m, 0.12 m and 0.14 m that
closely follow the maximum values of the cumulative scarp height. At site A (see also Fig. 5b and 5c),
the 30 October 2016 surface rupture is characterized by a free face 0.11-0.12 m high, whereas crack
opening locally reaches 0.05 m, even if in most places the coseismic displacement was accomplished

by an exclusively vertical offset of the ground surface with no appreciable horizontal component.
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The opening of the coseismic ruptures also displays a systematic trend, with local maxima (between

0.04 and 0.06 m) closely following the peak values of the free face height.
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Figure 6. Results of the morphological analysis. The blue line is the height of the cumulative Valle delle Fonti fault scarp
projected onto a 1120 m-long baseline. The red line is the height of the 30 October 2016 coseismic free face, and the green
line is the crack opening projected onto the same common baseline. The black arrow indicates the location of the ERT

survey.

From a geometric point of view, the coseismic surface rupture is organized in about 15-16 smaller
segments displaying a right-stepping geometry and a local variability in strike, with a mean trend of
N169° in the southernmost part and N180° in the northernmost sector.

Coseismic and long-term displacement curves have a very similar shape: the fact that the surface

ruptures of 2016 follow closely the cumulative fault scarp suggests that Fhe—streng—similarity

that-the style of the 30 October 2016 rupture within the Pian Grande di Castelluccio is somewhat

recurrent. Therefore, we choose the location of transect A where both peak coseismic and long-term
morphologic offsets occur, in order to explore the portion of the fault that presumably accrued the
largest cumulative displacement through time. We also took particular attention to be far enough
the trench sites of Galadini and Galli (2003) in order to avoid any effect of backfilling and ground

reworking on the subsurface resistivity structure.

4.2 ERT models

Fig. 7 shows the inversion results for ERT profile P1_2m acquired with DD (panel a) and WS (panel b)
arrays. Superimposed to the sections are the main interfaces as computed by the SGM method
applied to the inverted resistivity data. We interpret different units characterized by comparable

range of resistivity values and bounded by correlative interfaces as representative of distinct
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of the resistivity sections.
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Figure 7. a) ERT model for profile P1_2m in DD configuration; b) ERT model for profile P1_2m in WS configuration; c)
frequency histogram of resistivity data for ERT model in WS configuration shown in panel b. The small black circles are
interface points as inferred by the application of SGM along closely-spaced vertical profiles, and the small white circles on

panel a represent sub-vertical belts of high resistivity gradient as inferred along horizontal profiles.

The western part of the ERTs exhibits a very shallow layer (unit A; < 1 m thick on average)
characterized by p < 170 Qm, and locally being less than 100 Qm: the bottom of this layer is defined
by a sharp resistivity gradient. Unit A thickens towards the scarp and the related coseismic surface
rupture, reaching a maximum of about 1.8 m at x = 62 m. Below unit A, both the western and
eastern parts of the ERT models are characterized by a pack of high-resistivity material (p > 400 Qm,
unit B). Based on our classification method, unit B displays at places some additional internal and
almost parallel interfaces, defining sub-packages that we named B’ and B”, bearing in mind that they
simply represent vertical resistivity changes within the same electrical unit B. Both models

consistently show that the top of unit B’ displays different elevation to the west and to the east of
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| the scarp (details in Section 5.2). Below the scarp, a relatively-low resistivity region (p ~=-100-170
Qm) is evident at x = 60-66 m (unit FZ). The shape of this anomaly looks very similar in the
overlapping part of both DD and WS models. The WS model further indicates that the lower part of

| this low-resistivity anomaly widens at depth, displaying a perceivable steep dip to the south-west.
The frequency distribution of resistivity values for the WS model is shown in Fig. 7c (the bin size of
25 Qm is used, based on the application of the Freedman-Diaconis rule; the same is applied for the
other ERT models): it is characterized by three modes at p 125-150 Qm, p 250-300 Qm, and p 425-
500 Qm, respectively. Whereas the two modes on the right well represent the resistive unit B, the
low-resistivity mode is related mostly to unit FZ, and only the leftmost part of the histogram
indicates the contribution of the thin unit A (p < 125 Qm). The frequency distribution displays a
marked asymmetry with a modal peak of high-resistivity (p 450-475 Qm), since the shallower

subsurface volume is prevalently characterized by resistive soils.
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Figure 8. a) ERT model of profile P1_5m in DD configuration; b) ERT model of profile P1_2m in WS configuration; c)
frequency plot of resistivity data from WS model. The small black circles are interface points as inferred by the application
of SGM along closely-spaced vertical profiles, and the small white circles on panel a represent sub-vertical belts of high

resistivity gradient as inferred along horizontal profiles.
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Fig. 8 shows the inversion results of profile P1_5m respectively-for DD (panel a) and WS (panel b)
arrays, respectively. Both models in-the-westernpart-image in the western part below the shallow

high-resistivity layer previously described (unit B) a > 12 m thick and nearly horizontal pack of
relatively uniform low-resistivity (p < 130 Qm), which we name unit C. This has no counterpart in the
eastern part of both models, where a heterogeneous and patchy resistive body is found down to the
bottom (p ~= 200-370 Qm; unit D). As for results of profile ERT P1_2m, these models still image
below the scarp a steeply-dipping and narrow zone of relatively low-resistivity (unit FZ), which
displays some continuity with the easternmost portion of unit C. The frequency distribution of
resistivity for WS model of profile P1_5m is shown in Fig. 8c: it also displays three modes at 100-125
Qm, 275-325 Qm, and 375-425 Qm, respectively. With this array we sample a wider volume of the
low-resistivity unit C, and we penetrate down to the deeper part of unit D-D’ (exhibiting a slight
decrease of the resistivity downwards).

Fig. 9 shows the inversion results of profile P1_10m for both DD (panel a) and WS (panel b) arrays.
The overall pattern of the subsurface resistivity is consistent with results obtained for profile P1_5m.
Data for array DD are quite noisy and the RMS residuals pretty high (Table 1), however the unit FZ is
very clear, being 10-12 m wide, and it preserves a sub-vertical attitude down to the model bottom.
Data for the WS array are of higher quality, and the obtained resistivity model suggests that unit FZ
continues at depth (down to about 120 m below the ground surface) with comparable width and
attitude. This model provides us with useful information at depth to definitely constrain the
thickness of the low-resistivity unit C to about 25 m. It sheds lights on the depth extent of unit D,
which turns to be about 40-42 m thick to the east of the scarp, overlying a low-resistivity region (p
~x 70-130 Qm; unit E), about 50 m thick. Furthermore, the WS model indicates the presence of a
high-resistivity region standing below unit C. Due to the roughly similar thickness and overall
resistivity (p =~ 200-500 Qm), we infer this body (unit D’) may be equivalent to unit D. We
acknowledge that some of the features at the bottom of the resistivity sections are characterized by
low sensitivity, however the high-resistivity patch (p =~ 600-700 Qm) in the lowermost part of
model P1_10m WS is probably resolved, and it is quite in accordance with vertical resistivity
soundings by Biella et al. (1981) suggesting that in this limited portion of the basin the pre-

Quaternary carbonate basement is about 100-150 m deep.
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Figure 9. a) ERT model of profile P1_10m in DD configuration; b) ERT model of profile P1_10m in WS configuration; c)
frequency plot of resistivity data from WS model. The small black circles are interface points as inferred by the application
of SGM along closely-spaced vertical profiles, and the small white circles on panel b represent sub-vertical belts of high

resistivity gradient as inferred along horizontal profiles.

The frequency distribution of resistivity for WS model of profile P1_10m is shown in Fig. 9c: it
displays two clear modes at p 150-225 Qm and at p 400-450 Qm, and a subordinate third mode at p
275-325 Qm, respectively. This model hints to a deeper low-resistivity unit (E’) at the lower left
corner of the resistivity section, although we are aware of the fact that the sensitivity at the bottom
is significantly lower compared to the model resolution at the top. The frequency distribution is
asymmetric and it is specular with respect to what found for profile P1_2m, since the lowermost
portion of the investigated subsurface is characterized by low-resistivity soils.

From the inspection of the histograms it follows that the unit FZ is difficult to discriminate based
only on its resistivity, which is similar to units C and E. The main features of unit FZ are rather its sub-

vertical shape and the marked continuity down to the bottom of the ERT models.
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5 Discussion
5.1 Stratigraphic and structural interpretation of the ERT models
For the stratigraphic interpretation of the shallow portion of the ERT models we rely on the
paleoseismic trenches described by Galadini and Galli (2003) and on the few available boreholes (Fig.
2 and Fig. 3).
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Figure 10. Simplified log of Trench 1 from Galadini and Galli (2003) projected over the shallowest central portion of ERT

model P1_2m DD (the outline of trench projected onto the ERT model is marked with grey dashed line). The solid black lines

in the trench log are fault traces, whereas dashed black lines in the ERT model are inferred fault traces, which define the

uppermost part of electrical unit FZ displacing unit B.

Fig. 10 shows the projection of trench T1 with a simplified log over profile P1_2m (DD array). The
trench revealed at the base of the scarp a sequence of silty deposits of alluvial and colluvial origin
lying on sub-angular carbonate gravels, related to the alluvial fan. This setting is similar to what
observed in the other two trenches. The thickness of the silty units ranges from less than 1 m to
about 1.7 m when crossing a complex normal fault zone, 4-5 m wide, and consisting of 6 to 11 small
SW-dipping and subordinately NE-dipping splays (the number of splays varies in the three trenches).

We observe a good correlation between the low-resistivity shallow unit A (p < 125 Qm and 0.5-1.8 m

thick) as recovered in profile P1_2m at the base of the scarp and the colluvial-alluvial sandy-silty
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package recognized in the paleoseismic trenches by Galadini and Galli (2003). The age of unit A is
well constrained by radiocarbon dating, and it spans the late Holocene (6005-1400 yr B.P.).

The correlation between the shallowest portion of unit B and the alluvial fan gravels recovered in all
the three trenches is straightforward. Therefore, carbonate gravels with a low amount of silty matrix
are characterized by resistivity values in the range of 375-500 Qm. The lithological nature of unit B is
also confirmed by the closest borehole (# 3 in Fig. 2 and Fig. 3) by Ge.Mi.Na. (1963). However, the
age of this gravel deposit is less constrained, due to the lack of absolute dating. Galadini and Galli
(2003) relate the growth of the complex alluvial fan of Valle delle Fonti to five different depositional
phases ranging in age from the LGM (23-18 kyr B.P.) to about 3.8 kyr B.P.: this is based on the
correlation with similar alluvial fan progradation phases recognized by Giraudi (1995) in some
continental basins in the central Apennines to the south of the study area and sharing a comparable
average elevation and geomorphic setting. More recent stratigraphic and geochronologic data from
the Campo Felice area (CF in Fig. 1) by Giraudi et al. (2011) confirm the post-LGM age of these
alluvial fan progradation events. The thickness of the shallowest part of unit B as recovered in our
ERT models is about 2 m, and we infer that it represents the record of the two latest phases of
alluvial fan accretion, 12-3.8 kyr B.P in age. The borehole #5 in Fig. 2 is located at the westernmost
edge of the outcropping alluvial fan of Valle delle Fonti, and it suggests that the thickness of the
shallowest gravel unit is about 15 m. Similar thickness is also found in borehole #2 (20 m) and
borehole #4 (17 m), which penetrate two smaller alluvial fans likely of the same age. These values
are in accordance with results from ERT models P1_5m, which show that the overall thickness of unit
B (including B’ and B”) is about 15 m. Assuming this chronologic framework is correct, we infer that
unit B represents the electrical response of the overall alluvial fan of Valle delle Fonti, spanning the
last 23-3.8 kyr. The thickness of this alluvial fan requires a minimal long-term sedimentation rate of
0.65 mm/yr in the fault hangingwall.

The low-resistivity unit C clearly visible in the resistivity models of profiles P1_5m and P1_10m is
about 22-25 m thick. Unfortunately, borehole #5 does not show any fine-grained stratigraphical unit
with comparable thickness, thus denoting a strong lateral variability of the subsurface setting.
However, boreholes #1 and #4 indicate the presence of a >20 m thick layer of clays and silts at
depth > 15 m, which may represent an equivalent of the conductive layer below the coarse deposits
of the Valle delle Fonti alluvial fan. Therefore, we interpret unit C to be the electrical response of
clay and silt with interbedded sandy gravels layers. The age of unit C is uncertain. A very crude age
estimate is obtained by extrapolating the sedimentation rate of 0.65 mm/yr obtained for the
uppermost unit B, resulting in 30-70 kyr B.P. Obviously, non-steady long-term sedimentation rates

and the occurrence of unconformities would lead to a much older age for unit C. For instance, in the
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Campo Felice tectonic basin (CF in Fig. 1), Giraudi et al. (2011) document from borehole data five
main cycles of lacustrine sedimentation in the hangingwall of the basin-bounding active normal
fault: based on tephra chronology and pollen analyses, the authors interpret those cycles as
depositional response to cold climatic phases, and in particular they relate to the marine isotope
stages MIS6 and MIS4 (~191-57 ka) the 3™ and 4" cycles. The latter form a > 20 m thick pack of silts
and sands whose top is ~20 m deep. Due to the comparable thickness and depth, we tentatively
assign a similar age range to unit C, which we consider a lacustrine cycle developed during cold
climatic conditions between the late Middle Pleistocene and before the LGM.

The 30 m--thick unit D in the hangingwall of the fault (between 40-70 m depth) has no counterpart in
the shallow borehole #5, although borehole #4 indicates the alternation of prevailing gravel and
subordinate silt at comparable depth interval. We interpret unit D as a coarse-grained deposit,
possibly related to old phases of alluvial fan accretion enhanced by colder climatic conditions,
subsequently covered by the lacustrine deposits (unit C). In the fault footwall, the shallow resistive
layer has a comparable thickness. Due to a relatively higher sedimentation rate in the hangingwall,
we hypothesize that the resistive layer in the footwall represents the condensed counterpart of units
B, C and D. This may explain the absence of the conductive unit C to the east of the fault along the
investigated transect.

Conversely, we have hints of the presence of a deeper conductive unit (E and E’) on both sides of the
fault. Possibly, unit E rests on the pre-Quaternary marly-calcareous basement at 110-120 m depth in
the fault footwall (ERT model P1_10m). We have no means to date units D and E, however we infer
they should be Middle Pleistocene in age (about 350-500 kyr old?), based on results for the Campo
Felice basin by Giraudi et al. (2011), where they relate to the MIS 14 sandy gravel deposits in the 70-
110 m depth range according to the absolute dating of interbedded tephra layers (~505 kyr old).

5.2 Fault zone geometry, displacement, and estimation of throw-rates

The recognition of the main interfaces separating the electrical units as described in Section 4, and
the chronologic framework discussed in Section 5.1, provide basic elements to infer the amount of
cumulated fault throw and its rate.

If we consider the average elevation of the nearly-horizontal base of the shallowest recognized
resistive unit B (see ERT model P1_2m DD in Fig. 7) in the footwall and in the hangingwall of the
fault, we get a vertical separation of 2.7 £ 0.9 m (Fig. 11). In the estimation of displacement we
avoided to consider the top of unit B, because we do not have any means to evaluate the amount of
erosion affecting the footwall block, moreover we disregarded points too close to the fault zone,

since in this region the interfaces lose their sub-horizontal attitude.
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Figure 11. Displacement across the investigated fault of the base of electrical unit B in ERT model P1_2m DD (blue dots) and
of electrical unit B” (red dots) from ERT model P1_5m WS as inferred from the steepest gradient method (vertical
exaggeration: 6.25x). The vertical offset is calculated by subtracting the average elevation of the displaced interfaces in the

footwall and in the hangingwall blocks (the summed standard deviation of elevation gives a measure of uncertainty).

The obtained value is very close to the maximum cumulative morphologic offset of the Valle delle
Fonti fault as inferred by the topographic analysis of the fault scarp (2.82 m; Fig. 5, Fig. 6), and a bit
larger than the scarp height at the ERT survey site (~2.28-30 m). Due to the inherent smoothness of
the resistivity models, we approximate that the morphologic and geologic offsets are nearly equal,
and that they represent the fault throw occurred since the beginning of the sedimentation of the
uppermost 2 m of the alluvial fan.

Following the same approach, we evaluate the displacement affecting the base of the Valle delle
Fonti alluvial fan (base of resistive unit B”, according to results of ERT model P1_5m DD). Due to the
complex geometry of the interfaces, in particular in the footwall block, the obtained value of 5.1 m +
1.7 m is characterized by a larger standard error. However, it is indicative of an incremental fault
offset affecting the deeper and older layers. Notably, the sequence B-B” is about 8 m thick in the
hangingwall and about 6 m thick in the footwall, thus confirming the syn-sedimentary activity of the
investigated fault, causing higher sedimentation rates in the downthrown hangingwall _block. We
also note that the ERT transect is mostly orthogonal to the general flow direction of the alluvial fan,
therefore the clastic input would be virtually equal onto the two blocks if no fault activity occurred.
However, we cannot completely rule out some minor sedimentary component in the geometry of
the inferred interfaces and of the surface topography along the investigated transect: for instance,
the fault scarp itself may have partly overprinted a small channel riser, due to its nearly flow-parallel
orientation.

If the chronostratigraphic framework discussed in the previous section is correct (i.e., the electrical
unit B represents the latest two phases of alluvial fan growth that began 12 kyr B.P.), then by taking
into account the offset of electrical unit B (2.7 + 0.9 m) the corresponding minimal post-12 kyr throw

rate of the investigated fault is 0.23 + 0.08 mm/yr. For the most recent time interval, Galadini and
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Galli (2003, p.832) provide a minimum vertical slip-rate of 0.11-0.36 mm/yr using the 0.45 m offset
affecting the base of a colluvial unit dated 4155-3965 yr B.P. from their trench 1. Thus, our estimate
is quite in accordance with the available paleoseismic record.

Similarly, if we consider the vertical offset of the base of unit B” (5.1 m + 1.7 m), which defines the
beginning of the sedimentation of the Valle delle Fonti fan near 23 kyr B.P., we get a rough estimate
of the Late Pleistocene throw rate of 0.22 + 0.07 mm/yr, which is very similar to the rate inferred for
the most recent time period and consistent with paleoseismic data and topographic levelling.

At first glance, the P1_10m WS ERT model enables us to further evaluate the incremental vertical
fault offset back in time using the deeper electrical units C (in the hangingwall), and D’ and E (in the
footwall). However, these electrical units clearly show up in the fault hangingwall, whereas in the
footwall their electrical signature appears in a region of low vertical resistivity gradient, so that in
this case we cannot provide a precise vertical offset value due to the inherent high uncertainty. In
any case, a hypothetical minimal estimation of the long-term throw accrued by the investigated fault
could be represented by the vertical separation between the interface D\E’ in the hangingwall and
D’\E in the footwall (> 30 m).

ERT data have different spatial resolution and penetration depth, therefore the electrical image of
unit FZ slightly differs in the three ERT profiles P1_2m, P1_5m and P1_10 m. Starting from the very
near surface, a direct comparison between trench data and the high-resolution DD model of profile
P1_2m suggests a consistent match between surface data and electrical properties. In fact, trench 1
from Galadini and Galli (2003) revealed the fault zone consists of a discrete number of individual
small splays distributed in a ~5 m-wide zone, while the recovered resistivity model only depicts the
thickening of the low-resistivity unit A in the hangingwall coupled with the occurrence of a relatively
low resistive, ~“4-m wide region characterized by a weak internal lateral resistivity contrast. At
greater depths, unit FZ shows a significant decrease of the resistivity, and appears ~abeut-10 m
wide.

Due to the lower spatial resolution of profiles P1_5m and P1_10m, the width of unit FZ can be
approximated as ~abeut-20 m and 35 m, at the depth intervals of 20-40 m and 40-100 m
respectively. Notably, the electrical signature of unit FZ at depth is nearly constant, exhibiting
resistivity values ranging from 100 Qm to 150 Qm. The application of the SGM on the resistivity
models (Fig. 7a, 8a and 9a) indicates the presence of some additional sub-vertical discontinuities
located also outside of unit FZ, therefore the estimation of the width of the investigated fault zone
most likely represents a sinimal-lower bound.

The overall geological interpretation of the resistivity models is outlined onto the P1_10 WS profile

in Fig. 12. The main electrical units are referred to coarse alluvial fan bodies and interbedded fine-
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grained fluvio-lacustrine sediments according to their relative degree of resistivity, and the fault
zone FZ is interpreted as a narrow, sub-vertical band of relatively-low resistivity developed up to the
very near surface.
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Figure 12. Simplified geological interpretation of the surveyed transect superimposed onto the ERT P1_10m WS recovered
resistivity model. In this interpretation, only the conductive part of the inferred fault zone is outlined, therefore its width is a

minimal value estimation.

5.3 Some inferences on long-term fault activity

We explored the shallow subsurface of a Quaternary fault that is part of the complex Mt. Vettore -
Mt. Bove fault-system (VBFS, Fig. 1). As described in Section 2, during the 30 October 2016 Mw 6.5
earthquake, surface faulting involved a large portion of the VBFS (some of the main segments that
ruptured are marked in red in Fig. 2), with local throw that in many cases well exceeded 1 m. The
analysis of the wide coseismic deformation field and its geometric pattern is still in progress and is
beyond the aim of this paper. Moreover, the relation between the large slip occurring along the
splays standing at high elevation (1500-2100 m a.s.l.) and the subdued amount of throw occurring
along the Valle delle Fonti fault within the Pian Grande di Castelluccio (median value: 0.05 m,
maximum value: 0.14 m) requires further data and investigation in order to be clarified. However,
some general features of the long-term faulting style in the surveyed area can be inferred.

The 24 August 2016 Mw 6.0 earthquake mostly ruptured the Mt. Vettore fault segment with average
surface displacement of 0.10-0.15 m, and did not cause any surface rupture along the Valle delle
Fonti fault (only very sparse and few cracks were observed in the Pian Grande: Emergeo Working
Group, 2016; Pucci et al., 2017), whereas the 30 October quake ruptured almost the entire length of
the VBFS including the Valle delle Fonti fault. The average-peak surface slip of the 30 October 2016

guake is one order of magnitude larger than that occurred on 24 August 2016 (Villani and the Open

EMERGEO Working Group, in prep.). All this suggests that, as part of the VBFS, the Valle delle Fonti

fault is a splay that shows important displacement capable of rupturing the surface only when the

VBFS triggers M > 6 earthquakes.
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The implications from a morphotectonic and paleoseismic perspective are important: in fact, in the
study area the available trench data on the investigated fault only reveal the signature of large past
earthquakes (M > 6), possibly leaving no trace of moderate-sized events like the 24 August 2016 one.
Assuming that at site A the 2.3 m-high fault scarp in unconsolidated deposits within a plain
characterized by clastic input both in the footwall and in the hangingwall blocks is due to surface-
rupturing earthquakes similar to the 30 October 2016 event (0.11-0.12 m local coseismic surface
throw), more than 20 events are needed in the past 12 kyr, and likely some hundreds events since
the beginning of fault activity. As already pointed out in Section 4.1, such remarkable recurrent style
of episodic slip is also suggested by the striking similarity between the-the long-term morphologic

offset of the cumulative fault scarp and the along-strike distribution thepattern-of the 30 October

2016 coseismic throw (Fig. 6).

5.4 Coseismic fracturing: a possible cause of increased fault zone permeability

We generally observe a low-resistivity signature of the subsurface fault zone (unit FZ) in all the ERT
profiles. A simple explanation of a decrease in resistivity could be inferred by the increased
percentage of the water content in the fractured fault zone with respect to the host rock. A
thorough physical explanation for the origin of the change of water content is beyond the aim of this
paper, however in this section we provide a brief description of the hydrologic background and then

a simple conceptual model of fault zone.
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Figure 13. a) Monthly precipitations and average temperature recorded at the meteorological station of Castelluccio di
Norcia (1452 m a.s.l.) during year 2016; b) detail of daily precipitations in the period August-December 2016: the green

triangles indicate the days of ERT surveys.

In our opinion, it is difficult to explain the origin of the water content as exclusively due to infiltration
of rainfall preceding our ERTs surveys. The closest meteorological station is just within the village of
Castelluccio di Norcia, about 1.8 km to the west of the ERTs survey site (1452 m a.s.l., coordinates
42.8283°N, 13.2032°E; data available at http://www.lineameteo.it/stazioni.php?id=335). Fig. 13a
shows the monthly precipitation (total: 405.6 mm) and the average temperature measured at the
station during year 2016.

The diagram clearly shows a peak of precipitation during September (126.4 mm) with a significant
decreasing trend in October (81.1 mm). Furthermore, the monthly precipitation dropped to less than
11 mm from November and extending to the period of our geophysical surveys (the ERTs were
acquired on 9, 13, 14 and 21 December 2016). The quite dry late-fall season is evidenced in Fig. 13b,

displaying the daily amount of precipitations between August and December 2016: a similar trend
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was observed for the two preceding very dry years 2015 (total precipitations: 251.4 mm) and 2014
(total precipitations: 516.1 mm), whereas in year 2013 (total precipitations: 1129.9 mm) the monthly
rainfall during October, November and December was 49 mm, 364.2 mm and 127.3 mm,
respectively.

Due to the 30 October 2016 earthquake, this station did not record any data in the period 3-16
November 2016, however the closest meteorological station at Cascia (about 20 km to the south-
west; coordinates 42.7144°N, 13.0119°E) confirms that during this period almost no rainfall occurred
in the region (total precipitation for November 2016 was 8.6 mm at Cascia). These data suggest that
the shallow aquifers (corresponding to units D and likely C) have partly been charged in September
and the beginning of October 2016. If we postulate that hydraulic conductivity of the local shallow
aquifer (likely made of gravels with sandy/silty matrix: electrical units C and D) ranges between 10™
to 10° m/s (depending on the relative abundance of fine matrix in the coarse grained sediment;
Freeze and Cherry, 1979; Warren et al. 1996), neglecting the role of evapotranspiration we obtain
that the maximum infiltration depth of meteoric water occurred since the last rainy period (October
the 15™) up to the survey period is on the order of just 2-3 m from the ground surface. Therefore,
most of the water content in the aquifer at greater depths is related to the long-term recharge
developed in the preceding years.

As such, we propose that the high conductivity of the retrieved subsurface fault zone FZ is mostly
due to groundwater coming from the shallow perched aquifer (confined in the uppermost 50-70 m)
squeezed by compaction caused by the 30 October 2016 earthquake, as also similarly reported in
several case-studies of shallow crustal faulting earthquakes (Sibson, 1981; Wood, 1994; Manga and
Wang, 2007). Seismic waves provoke aquifer compression, and coseismic normal fault slip induces
an increment of fracture permeability within the fault zone due to the opening of interconnected
cracks, all this resulting in the partial draining of the aquifer. The main consequence is a sudden and
temporary upraise of the water level within the fault zone. The occurrence of surface faulting
characterized by local crack opening during the 30 October 2016 earthquake strongly supports the
idea that the investigated fault zone at depth has been subject to a coseismic increment of
permeability. The water level upraise must have stopped at 4-5 m depth, since the high-resolution
model P1_2m does not show the low-resistivity portion of unit FZ extending up to the surface, and
to our knowledge no evidence of surface water flow has been reported in-this-areaalong this fault

after the earthquake.

6 Conclusions
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In this work, we have reported the results of the first geophysical itnvestigation carried out using
electrical data during an ongoing seismic sequence over a surface-rupturing fault activeted
duringfollowing the 30 October 2016 Mw 6.5 earthquake in central Italy-using-electrical-data.

We discussed the benefits of a multi-scale geophysical approach using ground resistivity data, which
provides new subsurface insights on the structure of the fault-zone. With this approach, we were
able to image the fault structure down to about 100-120 m depth, thus estimating the incremental
throw that was only constrained for the most recent time interval (Holocene) by shallow
paleoseismic trenches. ERT provided a fast, accurate and cost effective 2-D subsurface imaging
compared to a more laborious and expensive subsoil prospection using boreholes. As pointed out in
the motivation of this work, the need for a fast investigation was mostly due to the upcoming
prohibitive winter season, where thick snow cover and hard meteorological conditions would
hamper any geophysical measurements. Our main results can be summarized as follows:

1) following the 30 October 2016 quake, the primary surface faulting within the Pian Grande di
Castelluccio basin occurred in correspondence of a steeply-dipping to sub-vertical fault zone, clearly
detected down to a depth of about 100-120 m;

2) the fault zone appears as a narrow and elongated relatively low-resistive (100-150 Qm)
region that we interpreted to be the result of the migration of water from the sgueezed-shallow
aquifer squeezed promoted-by ceseismic-shakingseismic waves; then, the increase of permeability is
due to the fracturing of the damage zone;

3) at the shallowest levels (2-10 m depth) the fault zone width (8-9 m) is comparable to the
trench data, which (together with the few available shallow boreholes) provides us robust
constraints to interpret our geophysical image;

4) the fault zone also shows a nearly constant width (20-30 m) at depths > 40 m, as imaged by
the 5-m and 10-m spaced ERT profiles;

5) the morphologic offset of the Valle delle Fonti alluvial fan top surface and the vertical throw
affecting the shallowest electrical layers (unit B) are nearly equal (2.3-2.8 m and 2.7 m = 0.9 m,
respectively), suggesting that the cumulative fault scarp at the surface is the product of dozens of
strong surface-rupturing earthquakes (mostly of magnitude M > 6) occurred in the past 12 kyr;

6) similarly, we evaluate 5.1 £ 1.7 m vertical offset affecting the base of the Valle delle Fonti
alluvial fan, that is since the LGM;

7) the inferred post-12 kyr throw-rate of the investigated fault is 0.23 + 0.08 mm/yr, whereas

the inferred post-23 kyr throw-rate is 0.22 + 0.07 mm/yr, consistently with paleoseismic data;
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8) we hypothesize a minimal long term fault throw > 30 m (base of units D and D’)-is
hypethesized, which is indicative of a syn-sedimentary fault activity occurring since the Middle
Pleistocene.

From a methodological point of view, the adopted multi-scale approach enables to evaluate the
consistency and robustness at depth of the tomographic inversion results. The advantage of such
multi-scale approach is that the deeper and low-resolution models (at shallow depth) with 10 m and
5 m electrode spacing, give a measure of the stability of tomographic inversions for higher resolution
and shallower models. In fact, the different spatial resolution and investigation depths provide
useful information at different structural levels, and therefore they can be used to characterize the
fault behaviour at different time-scales: high resolution data (2-m spaced array) detail the very near
surface, corresponding to the Late Pleistocene - Holocene time interval, while intermediate-to-low
resolution near surface data (5-m and 10-m spaced arrays) constrain the fault structure at depth
and the long-term fault slip (since the Middle Pleistocene).

A rigorous statistical analysis is adopted as a means of addressing uncertainty associated with the
non-unique relationship between lithology and the electrical properties, and to assess the location
and extent of electrical interfaces over smooth resistivity models.

Our results would benefit from the integration with other deep geophysical data and new boreholes.
Indeed, future work will be focused on the accurate estimation of the total fault throw by imaging
the pre-Quaternary top-basement surface, which can be obtained with a multidisciplinary
geophysical approach, involving the use of seismic surveys combined with time-domain

electromagnetic data and potential field methods.
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8  Abstract

9  We report the results of a shallow electrical resistivity investigation performed across a normal fault
10 that ruptured the surface displacing with average ~0.05 m vertical offset alluvial fan deposits (< 23
11 kyr old) within an intermontane fault-bounded basin following the 30 October 2016 Mw 6.5
12 earthquake in central Italy. We adopted a multi-scale geophysical approach, by acquiring three 2-D
13 electrical resistivity tomography (ERT) profiles centred on the coseismic ruptures, and characterized
14 by different spatial resolution and investigation depth. Below the fault scarp, the ERT models show a
15 narrow (~¥10 m wide) and steeply-dipping moderately-resistive region (100-150 Om), which we
16 interpret as the electrical response of the fault zone displacing layers of relatively high-resistivity
17  (300-700 Qm) values. We explain the electrical signature of the retrieved fault zone as due to an
18 increment of permeability caused by coseismic fracturing, and to the subsequent water migration
19 from adjacent shallow aquifers squeezed by compaction induced by seismic waves. By using a
20  statistically-based classification of electrical units, we estimate that the shallowest alluvial fan layer
21 is affected by 2.7 + 0.9 m vertical offset, which is consistent with the measured 2.3-2.8 m
22  morphologic offset of the top fan surface, and suggesting a post-12 kyr throw-rate of 0.23 + 0.08
23 mm/yr. Similarly, we evaluate a post-23 kyr throw of 5.1 + 1.7 m, indicating a Late Pleistocene
24 throw-rate of 0.22 + 0.07 mm/yr, in accordance with available paleoseismic data. We further
25  hypothesize a minimal total fault throw > 30 m, which likely accrued since the Middle Pleistocene
26  (possibly in the last 350-500 kyr). The investigated fault structure is therefore an important splay
27  characterized by a thick and highly permeable damage zone in unconsolidated deposits, and which
28  ruptured the surface during several tens of strong (M > 6) earthquakes.
29
30 Keywords: electrical resistivity tomography; surface faulting; fault imaging; fault zone properties;
31  earthquake; central Apennines
32
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1 Introduction

Most of the strain affecting the upper crust in active extensional non-volcanic environments is
accommodated by brittle normal fault zones (Sibson, 1977; Cowie and Scholz, 1992; Putz Perrier and
Sanderson, 2008). Fault zones often include one or more principal slip surfaces located within a fault
core, where the largest displacement occurs, surrounded by a zone of fractured host rocks denoted
as damage zone (Shipton et al. 2006). Large-displacement extensional faults are usually associated
with damage zones whose width may attain tens of meters or even more, and which develop
through time by shearing and mechanical crushing of wall-rocks during repeated episodes of
coseismic slip (Agosta and Aydin, 2006).

The geometry and physical properties of fault zones depend on the overall long-term fault structural
evolution, including especially the processes of three-dimensional fault growth, the incremental
accumulation of displacement, and the progressive localization of strain within one or multiple and
relatively narrow principal shear zones (Walsh and Watterson, 1988; Cowie et al. 1995; Walsh et al.
2001; Childs et al. 2009). Analysis of fault populations has led to the recognition of scaling law
relationships, showing that fault zone width generally increases with fault dimensions and
displacement (Kim and Sanderson, 2005; Mitchell and Faulkner, 2009; Faulkner et al. 2011): the large
scatter in the available datasets is usually interpreted in terms of dependence from the type of
deformation elements that accommodate displacement, the protolith nature, the geometry of pre-
existing structures and the mechanical stratigraphy involved in the process of fault growth (Shipton
et al. 2006; Ferrill et al. 2017).

The internal architecture of fault zones may be highly complex, since they typically display strong
lithological heterogeneity, physical discontinuity and textural anisotropy. These properties are of
primary importance in controlling underground fluid flow at different structural levels, from the very
shallow subsurface down to seismogenic depths (Gumundsson, 2000; Rawling et al. 2001; Henriksen
and Braathen, 2006; Vincenzi et al. 2009; Masset and Loew, 2010). For instance, faults may act as
barriers to fluid flow, or they may represent preferential pathways for migration of fluids. This quasi-
static scenario becomes even more complex in the case of active faults, where a sealed damage zone
behaving as a barrier during long inter-seismic periods may suddenly be breached when coseismic
slip occurs, leading to rapid expulsion and diffusion of mixed-phase fluids in the surrounding volume
(Caine et al. 1996; Townend and Zoback, 2000; Sibson, 2001). In this regard, fluids flow is crucial in

the physical evolution of the damage zones, since it promotes chemical reactions that may lead to
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fault weakening due to development of low-friction clay-rich material, or conversely it can also
contribute to healing by facilitating lithification of breccia and gauge (detailed review in: Faulkner et
al. 2010).

In general, only limited portions of active brittle fault zones are exposed at the surface, due to the
combined result of erosion and tectonic rock exhumation. In many cases, active normal faults trigger
rapid feedback response of surface processes, such as gravitational instability and erosional
dismantling of the uplifted footwall blocks, coupled with enhanced sedimentation in the
downthrown hangingwall counterpart (Bull, 2009; Burbank and Anderson, 2011). This results in a
complex setting of the uppermost structural levels, particularly in the case of tectonically active
regions characterized by low strain-rates and mountain environments typical of several upland
regions in the Mediterranean area and in particular in the interior of peninsular Italy: here,
distributed deformation on segmented normal fault-systems and the presence of thick clastic covers
may hinder important details of the active fault structure, making it difficult to correctly decipher the
signature of recent faulting (more details in: Villani et al., 2015a).

For these reasons, geophysical investigation of active fault zones can provide unique insight (Everett,
2013). Electrical resistivity methods proved successful in imaging the subsurface of such complex
structures (Suzuki et al. 2000; Caputo et al. 2003; Nguyen et al. 2005). It has long been recognized
that many active faults, of different tectonic environments, are often characterized by lower
electrical resistivity signatures with respect to the surrounding host rocks (Ritter et al. 2005). The
main processes that lead to low electrical resistivity within fault zones are: 1) a higher degree of
fracturing within the damage zone, which increases permeability thus facilitating fluid circulation; 2)
the development of clayey minerals along the slip surfaces and within the damage zone; 3) reaction-
driven changes in porosity of the protolith. Among the numerous examples worldwide, narrow zones
of relatively low-resistivity have been detected across subsurface faults in the Basin and Range
Province of Western United States (Park and Wernicke, 2003) and the San Andreas Fault (Unsworth
et al. 1997; Park and Roberts, 2003; Unsworth and Bedrosian, 2004), in Japan (Electromagnetic
Research Group for Active Fault, 1982), in France (Gélis et al. 2010), in Slovakia (Putiska et al. 2012),
in Belgium (Lecocq and Camelbeeck, 2017) and in central-southern Italy (among the others: Giocoli
et al. 2015 and references therein).

In this study, we acquired 2-D electrical resistivity tomography data (ERT) through a multi-scale
approach in order to image the shallow subsurface structure of an active normal fault zone in the
epicentral area of the 30 October 2016 Mw 6.5 earthquake that hit central Italy (Fig. 1). As described
in the following Section, this strong earthquake caused primary surface faulting, which involved a

complex network of normal fault segments. Most of these structural features have a clear
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geomorphic expression and directly expose bedrock fault planes in high and impervious
mountainous areas. Our investigation is focused on one active strand that, despite its trace develops
entirely within recent clastic deposits with a subtle morphological imprint, ruptured up to the
surface during the 2016 seismic sequence. Our primary target is the recognition of the subsurface
fault geometry and the width of the damage zone as inferred by its electrical resistivity signature,
with relations to the style of recent faulting and the long-term tectonic activity. We define the main
electrical units as recovered from the resistivity sections in the very shallow subsurface, in relation to
a pre-existing paleoseismological trench and available geological data. A rigorous statistical analysis
yields to a quantitative classification of the overall resistivity data distribution and depth to layers. As
a result, we argue on fault zone displacement and rupture geometry including also the possible role
of fluids flow in the damage zone. We then discuss the broad geological implications of the obtained
results. Worthy to note, this near-surface, multi-scale geophysical investigation in a fault-controlled
area was performed during a running seismic sequence, and the upcoming prohibitive winter
conditions of this mountain region required the application of a fast and accurate shallow

exploration of the subsurface soon after the occurrence of a destructive earthquake.

2 Geological background

2.1 Geology and seismotectonics of the central Apennines

The study area (Fig. 1) is located in the axial portion of the central Apennines, a NE-verging fold-and-
thrust belt developed since the Early-Middle Miocene by the overthrusting and stacking of mostly
Meso-Cenozoic calcareous shallow-to-deep water and Miocene turbiditic domains belonging to the
former passive Adria margin (Malinverno and Ryan, 1986; Patacca et al. 2008; Cosentino et al. 2010;
Vezzani et al. 2010). The compressional front migrated towards the Adriatic side of the chain, where
it is still active, while a generalized post-orogenic extension affects the westernmost and inner
portions since the Late Pliocene — Early Pleistocene (Lavecchia et al. 1994; Cavinato and De Celles,
1999; Ghisetti and Vezzani, 1999; D’Agostino et al. 2001). The normal faults network dissecting the
central Apennines axis consist of 5-10 km long, mostly NW-trending and SW-dipping, individual
segments, forming complex systems up to 25-30 km long (Fig. 1; Galadini and Galli, 2000; Morewood
and Roberts, 2000; Cowie and Roberts, 2001; Roberts et al. 2002, 2004; Tondi and Cello, 2003). Most
of them show clear hints of recent activity, due to the offset of Quaternary continental deposits and
the fresh exposure of bedrock fault planes, interpreted as mostly due to rapid exhumation during
coseismic surface slip episodes occurring after the Last Glacial Maximum (Giraudi, 1995; Benedetti et

al. 2013). Geologic and paleoseismic data covering the Late-Pleistocene-Holocene time interval (Galli
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et al. 2008) coupled with high-resolution geophysical investigations (e.g.: Villani et al. 2017) provide
values of individual fault slip-rates in the 0.2-1.3 mm/yr range.

The central Apennines are characterized by one of the highest seismic releases in the Mediterranean
area, mostly due to shallow (~5-15 km deep) crustal earthquakes of normal-faulting type and with
magnitude M occasionally up to ~6.5-7, which occur within a ~¥50-80 km-wide and actively extending
belt (Fig. 1) that parallels the topographic bulge of the chain (Chiarabba et al. 2005; Pondrelli et al.
2006; Chiarabba and Chiodini, 2013; see also updated database of moment tensor solutions
available at http://cnt.rm.ingv.it/tdmt, and at http://eqginfo.eas.slu.edu/eqc/eqc_mt/MECH.IT/).
Furthermore, the current extensional regime is evidenced by borehole breakout analyses (Montone
et al. 2012), and geodetic data, which provide regional extension rates in the range of ~1-2.5 mm yr’*
(Hustand et al. 2003; D’Agostino et al. 2008; Faure Walker et al. 2010; Devoti et al. 2011; Carafa et
al. 2015). Clearly, there is an inextricable link between the current seismicity, the extension affecting
the chain and the active normal faults network so far described.

The study area is located along the easternmost active fault-system in the central Apennines,
running ~30 km within the Sibillini Mts. Range (Calamita and Pizzi, 1992, 1994; Calamita et al. 1992;
Cello et al. 1997; Pizzi et al. 2002; Mt. Vettore - Mt. Bove fault-system, VBFS for short, marked in red
in Fig. 1). Equivalently, Lavecchia et al. (1994) interpret this fault-system as the breakaway zone of
the active extensional domain in this part of the central Apennines. Before the summer of 2016, the
background level of instrumental seismicity in the region did not clearly highlight the seismic activity
of the VBFS, as compared to nearby faults to the west (1979, Mw 5.9 Norcia earthquake; Deschamps
et al.,, 1984) and to the north-west (1997, Mw 6.0 Colfiorito earthquake; Amato et al., 1998).
Previous studies considered silent or locked the VBFS (Galadini and Galli, 2003; Boncio et al. 2004),
because the relatively low degree of seismicity and the lack of historical earthquakes was coupled to
striking geomorphic evidence of post-Last Glacial Maximum (LGM) activity (Calamita et al. 1992;
Calamita and Pizzi, 1994; Lavecchia et al., 1994) and hints of Holocene paleoseismicity (Galadini and
Galli, 2000; Galli et al. 2008). For the VBFS, Pizzi et al. (2002) evaluate a total geologic throw as large
as 1200 m in the Mt. Bove sector (to the north) and 1350 m in the Mt. Vettore sector (to the south),
whereas the estimated maximum Quaternary morphologic throw is on the order of 800 m.

The strong seismic potential of the VBFS suddenly came out in 2016, when it triggered an important
seismic sequence (details in: Chiaraluce et al. 2017). It begun on August the 24" 2016 at 1:36:32 UTC
with an Mw 6.0 earthquake that caused heavy damage and 299 casualties, and located to the NW of
Amatrice (8 km depth, #1 in Fig. 1; Gruppo di Lavoro INGV sul terremoto di Amatrice, 2016; Tinti et
al. 2016). The mainshock was followed 1 hour later by an Mw 5.4 event (8.7 km depth, #2 in Fig. 1).

The sequence culminated with three other major shocks, occurring on October the 26" (Mw 5.4,
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17:10:36 UTC, depth 9.3 km, #3 in Fig. 1; Mw 5.9, 19:18:05 UTC, depth 8.4 km, #4 in Fig. 1; Gruppo di
Lavoro INGV sul Terremoto di Amatrice-Visso, 2016), and on October the 30" with epicenter close to
Norcia (Mw 6.5, 6:40:17 UTC, depth 9.4 km, #5 in Fig. 1; Gruppo di Lavoro INGV sul Terremoto in
Centro ltalia, 2016). The last earthquake was the largest seismic event recorded in the past four
decades in the Italian peninsula since the devastating Ms 6.9 1980 Campania-Basilicata earthquake
(Westaway and Jackson, 1987; Bernard and Zollo, 1989).

The 24 August earthquake provoked surface faulting, which was clearly observed for a minimal total
length of about 5.2 km along the southernmost part of the VBFS, with average vertical displacement
of nearly 0.10-0.15 m (Emergeo Working Group, 2016; Pucci et al. 2017). The 26 October Mw 5.9
guake caused surface faulting as well in the northernmost part of the VBFS, however geologists did
not have the time to complete field surveys before the 30 October earthquake occurred. This last
event caused an impressive and complex pattern of surface faulting, which involved a complex
system of SW-dipping and also NE-dipping faults segments whose southernmost part was already
activated by the August quakes, for a total length of ~25 km: locally, vertical offset of the ground
surface caused by primary surface faulting along limestone bedrock fault planes of the Mt. Vettore
sector exceeded 1.5-2 m (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2016, 2017; Pantosti
and the Open EMERGEO Working Group, 2017; Civico and the Open EMERGEO Working Group,
submitted; Villani and the Open EMERGEO Working Group, in prep.).

2.2 Quaternary intermontane basins in the central Apennines and geophysical signature of the
infilling deposits

The long-term activity of the above mentioned Quaternary normal faults array in the central
Apennines resulted in the generation of several intermontane basins (Cavinato and De Celles, 1999).
Subsequent drainage incision due to large-scale regional uplift and normal block-faulting in some
cases led to the partial exposure of their continental infill, mostly made of lacustrine and
fluvial/alluvial sequences, particularly in the basins located to the west of the present-day Apennines
divide (D’Agostino et al. 2001; Bosi et al. 2003). However, only in a few cases a thorough
investigation of the internal structure of these basins has been performed through the integration of
geophysical and borehole data (see for instance: Cavinato et al. 2002).

Recent research focused on the imaging of the intermontane tectonic basins close to the area struck
by the 2009 Mw 6.1 L’Aquila earthquake (see Fig. 1 for location) took advantage of the extensive use
of electrical and electromagnetic methods (Giocoli et al. 2011; Villani et al., 2015a,b; Pucci et al.,
2016; Porreca et al., 2016; Civico et al.,, 2017). In terms of electrical stratigraphy, these studies

basically show that the alternation of roughly tabular bodies of contrasting resistivity fills in such
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continental depressions. For instance, in a wide area to the east of L’Aquila, recovered electrical
resistivity models from Pucci et al. (2016) provide correlations between low-resistivity bodies (p <
20-50 Om) with known outcropping lacustrine marls and clays, and between moderately-to-high
resistivity bodies (p > 100 Om) with mapped carbonatic alluvial conglomerates. Similarly, in the same
area, Villani et al., (2015a) established correlations between high-resistive bodies (p up to 500 Qm)
and stiff alluvial conglomerates, and between low-resistivity bodies (p < 80 Qm) and sandy alluvial
deposits containing sparse tephra. In the Piano di Pezza basin to the south of L’Aquila (PP in Fig. 1),
Villani et al. (2015b) found good correlations between the electrical resistivity images and
outcropping geology (very high-resistive moraines, characterized by p up to 3000 Qm, and relatively
low-resistive alluvial and colluvial deposits, with p < 200 Qm). Moreover, based on the electrical
resistivity results, these authors assume that the deeper sedimentary infill of the Piano di Pezza
basin is characterized by a regular alternation of coarse-grained clastic deposits and gravels with
silty-sandy matrix: this assumption was supported by the correlations with several boreholes
stratigraphy from the nearby Campo Felice intermontane basin (CF in Fig. 1) as described by Giraudi
et al. (2010), who recognized in the continental sequence the alternation of sands and gravels
related to glacial and interglacial cycles in the last 0.5 Myr.

Electrical resistivity surveys performed by several authors in the epicentral area of the 2009 L’'Aquila
earthquake, in many cases document shallow fault zones within gravelly and sandy deposits, and
characterized by relatively low resistivity values (MS-AQ, 2010; Giocoli et al. 2011). In this regard,
Villani et al. (2015b) show that the shallow subsurface portion of the Piano di Pezza normal fault
disrupts gravels and sandy/silty colluvium, and depict a high-resolution geophysical image of the
very shallow fault zone, being ~7 m wide and characterized by very low P waves velocity (< 750 m/s)
and electrical resistivity (p < 200 Qm) up to one order of magnitude lower than the surrounding

coarse slope debris and moraine deposits (p > 2000 Qm).

2.3 The survey site and the ancillary information

The survey area is located in the Pian Grande di Castelluccio, a =7 km x 3 km wide intermontane
basin developed in the hangingwall of the Mt. Vettore normal fault-system as result of the long-term
subsidence of the downthrown fault blocks (Fig. 2; Calamita and Pizzi, 1992, 1994; Calamita et al.
1992). The almost flat-bottomed plain has an endoreic drainage, and displays a gentle dip to the
south, with average elevations between 1330 and 1270 m a.s.l. It is surrounded by high and steep
slopes on the western side and particularly on the eastern border, where the peaks of Mt. Vettore
(2476 m) and Cima del Redentore (2448 m) represent the culminations of a > 1100 m high

cumulative fault scarp.
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The substratum is made of Jurassic to Paleogene shallow-to-deep marly-calcareous deposits,
whereas the plain is filled with sequences of lacustrine, alluvial fan and fluvio-glacial deposits
(Coltorti and Farabollini, 1995; Pierantoni et al. 2013). The main catchments conveying coarse
sediments to the plain are located in the northern part, in the south-western sector and all along the
western flank of the the Mt. Vettore-Cima del Redentore ridge.

Few shallow boreholes nearby the survey area are available (Ge.Mi.Na. 1963; Fig. 2 for location;
details in Fig. 3). Two of these, very close to the basin borders, penetrated the pre-Quaternary marly
limestones at 97 m and 80 m depth respectively, in the hangingwall of two NW-trending range-
bounding faults. The overall stratigraphic data indicate the alternation of conglomerates, sandy
gravels and clays with variable thickness as the result of the interfingering of alluvial fan and
lacustrine deposits during the Quaternary. These data are used for calibration of the ERT resistivity
models (see details in Section 4).

Sparse vertical electrical resistivity soundings were acquired in the plain by Biella et al. (1981): their
geophysical results, compared to borehole stratigraphy, indicate that gravels are characterized by p
=~ 140-220 Om, whereas sandy-clays have p = 55-125 QOm and the carbonatic substratum p > 1500
Qm.

The 30 October 2016 Mw 6.5 earthquake caused surface ruptures along this mountainside and also
within the plain (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2017; Civico and the Open
EMERGEO Working Group, submitted): here, they closely follow the trend of a subtle fault scarp
affecting Late Pleistocene to Holocene alluvial fan deposits, and which was first recognized by
Galadini and Galli (2003). The Authors explored the surficial portion of this fault scarp (which we
label Valle delle Fonti fault) by means of three small paleoseismic trenches (details in Sections 3 and
4; Fig. 4), recovering a very shallow normal fault zone that displaces Holocene sandy and silty
colluvial and alluvial deposits: they infer the occurrence of at least three major surface-rupturing
paleo-earthquakes, one occurring between 4155-3965 years B.P. and the 6th-7th century A.D., one
between 5940-5890/5795-5780 years B.P. and 4155-3965 years B.P., and another one between
18.000-12.000 years B.P. and 5940-5890/5795-5780 years B.P.

3 Data and Methods

3.1 Geological and topographic data

As members of the EMERGEO Working Group of the Istituto Nazionale di Geofisica e Vulcanologia,
we carried out field surveys during fall 2016 to map the trace of the coseismic surface ruptures.
Within the Pian Grande di Castelluccio we accurately reported, at closely spaced intervals, the height

of the coseismic free face exposing recent soils (defining the coseismic fault throw) in addition to the
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opening of the ground cracks (related to the local fault heave), with an intrinsic measurement error
of ~0.01 m. Overall, we mapped >1 km of almost continuous surface rupture, by collecting > 130
measurements (Fig. 4). These data are compared to the morphologic height of the cumulative fault
scarp as revealed by serial topographic profiles, which we obtained by analysing a 2-m grid DEM
previously smoothed with a low-pass spatial filter in order to remove spikes. We also took into
account the main sedimentary bodies within the plain as mapped by Coltorti and Farabollini (1995)

and Galadini and Galli (2003).

3.2 Electrical resistivity data

In order to recover the shallow subsurface electrical resistivity image of the fault zone, on December
2016 we investigated the subsoil over one transect (labelled A, Fig. 4) running WSW-ENE, and nearly
orthogonal to the trace of the 30 October 2016 coseismic surface ruptures. Along this transect, we
acquired three different scale-resolution 2-D ERT profiles using a Syscal R2 (IRIS Instrument) with a
set of 64 stainless steel electrodes. All ERT profiles are purposely centred on the coseismic rupture
and were acquired using an electrodes spacing of 2 m, 5 m and 10 m respectively, corresponding to
profile lengths of 126 m, 315 m and 630 m (profiles P1_2m, P1_5mand P1_10m in Table 1).

For each profile, we acquired both dipole-dipole (DD for short) and Wenner-Schlumberger (WS for
short) electrode arrays, in order to 1) reach different depths of investigation, 2) obtain a good
compromise between vertical and horizontal resolution of the retrieved resistivity bodies (Loke and
Barker, 1995; Table 1).

With the DD configuration we aimed at better imaging lateral resistivity contrasts as due to faulting
and/or abrupt horizontal changes in thickness of the sedimentary bodies. Conversely, with the WS
configuration we aimed at confidently recovering both lateral and vertical resistivity contrasts while
also increasing the depth of investigation beneath the coseismic rupture. We injected a square-wave
signal for 250 ms into the ground, using 100, 200 and 400 Volts for the P1_2 m, P1_5m, and P1_10m
profiles, respectively. Resistance contact check allowed us to avoid relatively high resistance values.
We used fresh water to enhance coupling between the electrodes and the ground. Although contact
resistance is a known factor to impact on data quality, it is not the only one (LaBrecque et al., 1996).
We used low voltage and high resistance contact records as noise indicators in the acquired ERT
data. To account for noisy data, we manually edited obvious outliers and removed apparent
resistivity data derived from very low voltage and/or current level before running the inversion. No
weighting of data points in the inversion based on measurement errors was applied, since weighting

by voltage or current “error” usually has very little effect in the inversion. Although being aware that
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a more suitable method to estimate such errors would be acquiring reciprocal records, we were not
able to collect them with our instrument.

Measured apparent resistivity data were input to a 2-D smoothness-constrained least squares
inversion algorithm, where the investigated subsurface area is subdivided into a mesh of rectangular
blocks, whose width is equal to half of the electrode spacing in the shallowest layers (Constable et al.
1987; Loke and Dahlin 2002). We then used a model discretization where layers thickness linearly
increases by 10% with each incremental depth interval.

In Section 4.2 we show the results obtained for linearized inversions with smoothness constraints.
The quality of the obtained resistivity sections is then described by the root mean square (RMS) of
residuals after the last iteration. The DD recordings proved a bit noisier, as expected, and yielded
tomographic models with a higher RMS compared to WS data: this difference is more evident in the
case of the ERT profile with 10 m electrodes spacing. Due to the larger investigation depth with
respect to DD models, we show the average statistical properties of WS resistivity models by means
of frequency histogram plots, in order to roughly discriminate the occurrence of different subsurface

resistivity packages.

3.3 Interface classification

On each smooth ERT model (except for the noisier P1_10m DD recovered resistivity model) we
classify the most significant resistivity changes as derived from the application of the steepest-
gradient-method (SGM: Chambers et al. 2006; Sapia et al. 2017). Due to the expected roughly
tabular and sub-horizontal subsurface stratigraphy of the survey site, in this work we applied a
slightly modified SGM-based approach, described in more detail in the Auxiliary Material S1. The
basic principle of the SGM is that the main interfaces are located in regions where a maximum
increase or decrease in the resistivity at depth occurs, i.e. where the second derivative of a best-fit
curve to a vertical array of resistivity data points (in this case, a polynomial curve) is null (Fig. S1).
Our modified approach is based on the further condition of the third derivative of the polynomial-fit
curve to be non-zero, in order to avoid saddle points. The input files are parsed to obtain regularly-
spaced points, and the SGM is applied to each polynomial-fit curve along tens of vertical sections.
We adopted the same approach to classify sub-vertical discontinuities by calculating the steepest
gradient along horizontal sections: this was useful for corroborating the inferred location of
subsurface faults.

This method represents a semi-quantitative estimation to locate eventual subsurface discontinuities,

which may aid in the stratigraphic and structural interpretation of tomographic images.

10
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4 Results

4.1 Details of the coseismic surface rupture

The outcropping geology of the survey site is characterized by a wide and polycyclic alluvial fan
surface, which Galadini and Galli (2003) relate to five distinct phases of sedimentation characterized
by a general southwards flow direction, and spanning the LGM-Holocene time interval (Valle delle
Fonti alluvial fan, Fig. 2).

We studied the morphology of the cumulative fault scarp affecting the most recent depositional
body of the alluvial fan (comprising the 4™ and 5" depositional phases of Galadini and Galli, 2003) by
analyzing 28 topographic profiles (30-50 m spaced apart), about 100 m-long each, and running
orthogonal to the average scarp trend (Fig. 4). We used the method by Bucknam and Anderson
(1979) to derive the vertical separation of the alluvial fan top-surface on both sides of the scarp:
since in this site the top-surface displays a gentle dip (typically < 1%) towards the WSW, scarp height
and vertical offset of the alluvial fan surface are nearly equal, and we use scarp height as a proxy for
the local long-term morphologic throw of the fault. Fig. 5a shows some representative topographic
profiles. The long-lasting agricultural activities in the area have in some cases heavily modified the
original morphology of this tectonic landform, which only at places appears as a sharp step (e.g.
profile 26 in Fig. 5a). The pictures in Fig. 5b and 5c show a close-up view of the 30 October 2016
surface rupture running at the base of the scarp, in the area of transect A.

Fig. 6 shows the results of the morphological analysis. The blue curve is the envelope of the Valle
delle Fonti fault scarp height values projected onto an 1120 m-long baseline parallel to the scarp
trace. The average height of the scarp is =2.10 m. It exhibits an evident tapering at both ends, with
three local maxima of ~2.80 m, 2.75 m and 2.70 m, respectively from the north to the south (at site
A the measured height is ~2.30 m).

The red line in Fig. 6 is the envelope of the height of the 30 October 2016 surface rupture projected
onto the same baseline used for the cumulative scarp. The style of the coseismic displacement is
characterized by a vertical offset of the topographic surface with the western side down, frequently
coupled with open cracks. Only in one limited portion (at approximately 400 m distance along the
baseline in Fig. 6) we documented the occurrence of a couple of small counter-slope ruptures
(eastern side down, vertical offset of 0.03-0.04 m). Overall, the average height of the coseismic free
face is <0.06 m (median value 0.05 m), with three local maxima of 0.09 m, 0.12 m and 0.14 m that
closely follow the maximum values of the cumulative scarp height. At site A (see also Fig. 5b and 5c),
the 30 October 2016 surface rupture is characterized by a free face 0.11-0.12 m high, whereas crack
opening locally reaches 0.05 m, even if in most places the coseismic displacement was accomplished

by an exclusively vertical offset of the ground surface with no appreciable horizontal component.
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The opening of the coseismic ruptures also displays a systematic trend, with local maxima (between
0.04 and 0.06 m) closely following the peak values of the free face height.

From a geometric point of view, the coseismic surface rupture is organized in about 15-16 smaller
segments displaying a right-stepping geometry and a local variability in strike, with a mean trend of
N169° in the southernmost part and N180° in the northernmost sector.

Coseismic and long-term displacement curves have a very similar shape: the fact that the surface
ruptures of 2016 follow closely the cumulative fault scarp suggests that the style of the 30 October
2016 rupture within the Pian Grande di Castelluccio is somewhat recurrent. Therefore, we choose
the location of transect A where both peak coseismic and long-term morphologic offsets occur, in
order to explore the portion of the fault that presumably accrued the largest cumulative
displacement through time. We also took particular attention to be far enough the trench sites of
Galadini and Galli (2003) in order to avoid any effect of backfilling and ground reworking on the

subsurface resistivity structure.

4.2 ERT models

Fig. 7 shows the inversion results for ERT profile P1_2m acquired with DD (panel a) and WS (panel b)
arrays. Superimposed to the sections are the main interfaces as computed by the SGM method
applied to the inverted resistivity data. We interpret different units characterized by comparable
range of resistivity values and bounded by correlative interfaces as representative of distinct
electrical resistivity intervals that we labelled with capital letters, in order to simplify the description
of the resistivity sections.

The western part of the ERTs exhibits a very shallow layer (unit A; < 1 m thick on average)
characterized by p < 170 Qm, and locally being less than 100 Qm: the bottom of this layer is defined
by a sharp resistivity gradient. Unit A thickens towards the scarp and the related coseismic surface
rupture, reaching a maximum of about 1.8 m at x = 62 m. Below unit A, both the western and
eastern parts of the ERT models are characterized by a pack of high-resistivity material (p > 400 Qm,
unit B). Based on our classification method, unit B displays at places some additional internal and
almost parallel interfaces, defining sub-packages that we named B’ and B”’, bearing in mind that they
simply represent vertical resistivity changes within the same electrical unit B. Both models
consistently show that the top of unit B’ displays different elevation to the west and to the east of
the scarp (details in Section 5.2). Below the scarp, a relatively-low resistivity region (p ~100-170 Qm)
is evident at x = 60-66 m (unit FZ). The shape of this anomaly looks very similar in the overlapping
part of both DD and WS models. The WS model further indicates that the lower part of this low-

resistivity anomaly widens at depth, displaying a perceivable steep dip to the south-west.
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The frequency distribution of resistivity values for the WS model is shown in Fig. 7c (the bin size of
25 Om is used, based on the application of the Freedman-Diaconis rule; the same is applied for the
other ERT models): it is characterized by three modes at p 125-150 Om, p 250-300 Om, and p 425-
500 Om, respectively. Whereas the two modes on the right well represent the resistive unit B, the
low-resistivity mode is related mostly to unit FZ, and only the leftmost part of the histogram
indicates the contribution of the thin unit A (p < 125 Qm). The frequency distribution displays a
marked asymmetry with a modal peak of high-resistivity (p 450-475 Qm), since the shallower
subsurface volume is prevalently characterized by resistive soils.

Fig. 8 shows the inversion results of profile P1_5m for DD (panel a) and WS (panel b) arrays,
respectively. Both models image in the western part below the shallow high-resistivity layer
previously described (unit B) a > 12 m thick and nearly horizontal pack of relatively uniform low-
resistivity (p < 130 Qm), which we name unit C. This has no counterpart in the eastern part of both
models, where a heterogeneous and patchy resistive body is found down to the bottom (p ~ 200-
370 Om; unit D). As for results of profile ERT P1_2m, these models still image below the scarp a
steeply-dipping and narrow zone of relatively low-resistivity (unit FZ), which displays some continuity
with the easternmost portion of unit C. The frequency distribution of resistivity for WS model of
profile P1_5m is shown in Fig. 8c: it also displays three modes at 100-125 Qm, 275-325 QOm, and 375-
425 Qm, respectively. With this array we sample a wider volume of the low-resistivity unit C, and we
penetrate down to the deeper part of unit D-D’ (exhibiting a slight decrease of the resistivity
downwards).

Fig. 9 shows the inversion results of profile P1_10m for both DD (panel a) and WS (panel b) arrays.
The overall pattern of the subsurface resistivity is consistent with results obtained for profile P1_5m.
Data for array DD are quite noisy and the RMS residuals pretty high (Table 1), however the unit FZ is
very clear, being 10-12 m wide, and it preserves a sub-vertical attitude down to the model bottom.
Data for the WS array are of higher quality, and the obtained resistivity model suggests that unit FZ
continues at depth (down to about 120 m below the ground surface) with comparable width and
attitude. This model provides us with useful information at depth to definitely constrain the
thickness of the low-resistivity unit C to about 25 m. It sheds lights on the depth extent of unit D,
which turns to be about 40-42 m thick to the east of the scarp, overlying a low-resistivity region (p ~
70-130 Qm; unit E), about 50 m thick. Furthermore, the WS model indicates the presence of a high-
resistivity region standing below unit C. Due to the roughly similar thickness and overall resistivity (p
~ 200-500 Om), we infer this body (unit D’) may be equivalent to unit D. We acknowledge that some
of the features at the bottom of the resistivity sections are characterized by low sensitivity, however

the high-resistivity patch (p ~ 600-700 Om) in the lowermost part of model P1_10m WS is probably
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resolved, and it is quite in accordance with vertical resistivity soundings by Biella et al. (1981)
suggesting that in this limited portion of the basin the pre-Quaternary carbonate basement is about
100-150 m deep.

The frequency distribution of resistivity for WS model of profile P1_10m is shown in Fig. 9c: it
displays two clear modes at p 150-225 Qm and at p 400-450 Qm, and a subordinate third mode at p
275-325 Qm, respectively. This model hints to a deeper low-resistivity unit (E’) at the lower left
corner of the resistivity section, although we are aware of the fact that the sensitivity at the bottom
is significantly lower compared to the model resolution at the top. The frequency distribution is
asymmetric and it is specular with respect to what found for profile P1_2m, since the lowermost
portion of the investigated subsurface is characterized by low-resistivity soils.

From the inspection of the histograms it follows that the unit FZ is difficult to discriminate based
only on its resistivity, which is similar to units C and E. The main features of unit FZ are rather its sub-

vertical shape and the marked continuity down to the bottom of the ERT models.

5 Discussion

5.1 Stratigraphic and structural interpretation of the ERT models

For the stratigraphic interpretation of the shallow portion of the ERT models we rely on the
paleoseismic trenches described by Galadini and Galli (2003) and on the few available boreholes (Fig.
2 and Fig. 3).

Fig. 10 shows the projection of trench T1 with a simplified log over profile P1_2m (DD array). The
trench revealed at the base of the scarp a sequence of silty deposits of alluvial and colluvial origin
lying on sub-angular carbonate gravels, related to the alluvial fan. This setting is similar to what
observed in the other two trenches. The thickness of the silty units ranges from less than 1 m to
about 1.7 m when crossing a complex normal fault zone, 4-5 m wide, and consisting of 6 to 11 small
SW-dipping and subordinately NE-dipping splays (the number of splays varies in the three trenches).
We observe a good correlation between the low-resistivity shallow unit A (p < 125 Qm and 0.5-1.8 m
thick) as recovered in profile P1_2m at the base of the scarp and the colluvial-alluvial sandy-silty
package recognized in the paleoseismic trenches by Galadini and Galli (2003). The age of unit A is
well constrained by radiocarbon dating, and it spans the late Holocene (6005-1400 yr B.P.).

The correlation between the shallowest portion of unit B and the alluvial fan gravels recovered in all
the three trenches is straightforward. Therefore, carbonate gravels with a low amount of silty matrix
are characterized by resistivity values in the range of 375-500 Om. The lithological nature of unit B is
also confirmed by the closest borehole (# 3 in Fig. 2 and Fig. 3) by Ge.Mi.Na. (1963). However, the

age of this gravel deposit is less constrained, due to the lack of absolute dating. Galadini and Galli
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(2003) relate the growth of the complex alluvial fan of Valle delle Fonti to five different depositional
phases ranging in age from the LGM (23-18 kyr B.P.) to about 3.8 kyr B.P.: this is based on the
correlation with similar alluvial fan progradation phases recognized by Giraudi (1995) in some
continental basins in the central Apennines to the south of the study area and sharing a comparable
average elevation and geomorphic setting. More recent stratigraphic and geochronologic data from
the Campo Felice area (CF in Fig. 1) by Giraudi et al. (2011) confirm the post-LGM age of these
alluvial fan progradation events. The thickness of the shallowest part of unit B as recovered in our
ERT models is about 2 m, and we infer that it represents the record of the two latest phases of
alluvial fan accretion, 12-3.8 kyr B.P in age. The borehole #5 in Fig. 2 is located at the westernmost
edge of the outcropping alluvial fan of Valle delle Fonti, and it suggests that the thickness of the
shallowest gravel unit is about 15 m. Similar thickness is also found in borehole #2 (20 m) and
borehole #4 (17 m), which penetrate two smaller alluvial fans likely of the same age. These values
are in accordance with results from ERT models P1_5m, which show that the overall thickness of unit
B (including B’ and B”’) is about 15 m. Assuming this chronologic framework is correct, we infer that
unit B represents the electrical response of the overall alluvial fan of Valle delle Fonti, spanning the
last 23-3.8 kyr. The thickness of this alluvial fan requires a minimal long-term sedimentation rate of
0.65 mm/yr in the fault hangingwall.

The low-resistivity unit C clearly visible in the resistivity models of profiles P1_5m and P1_10m is
about 22-25 m thick. Unfortunately, borehole #5 does not show any fine-grained stratigraphical unit
with comparable thickness, thus denoting a strong lateral variability of the subsurface setting.
However, boreholes #1 and #4 indicate the presence of a >20 m thick layer of clays and silts at
depth > 15 m, which may represent an equivalent of the conductive layer below the coarse deposits
of the Valle delle Fonti alluvial fan. Therefore, we interpret unit C to be the electrical response of
clay and silt with interbedded sandy gravels layers. The age of unit C is uncertain. A very crude age
estimate is obtained by extrapolating the sedimentation rate of 0.65 mm/yr obtained for the
uppermost unit B, resulting in 30-70 kyr B.P. Obviously, non-steady long-term sedimentation rates
and the occurrence of unconformities would lead to a much older age for unit C. For instance, in the
Campo Felice tectonic basin (CF in Fig. 1), Giraudi et al. (2011) document from borehole data five
main cycles of lacustrine sedimentation in the hangingwall of the basin-bounding active normal
fault: based on tephra chronology and pollen analyses, the authors interpret those cycles as
depositional response to cold climatic phases, and in particular they relate to the marine isotope
stages MIS6 and MIS4 (~191-57 ka) the 3™ and 4™ cycles. The latter form a > 20 m thick pack of silts

and sands whose top is ~20 m deep. Due to the comparable thickness and depth, we tentatively
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assign a similar age range to unit C, which we consider a lacustrine cycle developed during cold
climatic conditions between the late Middle Pleistocene and before the LGM.

The 30 m-thick unit D in the hangingwall of the fault (between 40-70 m depth) has no counterpart in
the shallow borehole #5, although borehole #4 indicates the alternation of prevailing gravel and
subordinate silt at comparable depth interval. We interpret unit D as a coarse-grained deposit,
possibly related to old phases of alluvial fan accretion enhanced by colder climatic conditions,
subsequently covered by the lacustrine deposits (unit C). In the fault footwall, the shallow resistive
layer has a comparable thickness. Due to a relatively higher sedimentation rate in the hangingwall,
we hypothesize that the resistive layer in the footwall represents the condensed counterpart of units
B, C and D. This may explain the absence of the conductive unit C to the east of the fault along the
investigated transect.

Conversely, we have hints of the presence of a deeper conductive unit (E and E’) on both sides of the
fault. Possibly, unit E rests on the pre-Quaternary marly-calcareous basement at 110-120 m depth in
the fault footwall (ERT model P1_10m). We have no means to date units D and E, however we infer
they should be Middle Pleistocene in age (about 350-500 kyr old?), based on results for the Campo
Felice basin by Giraudi et al. (2011), where they relate to the MIS 14 sandy gravel deposits in the 70-
110 m depth range according to the absolute dating of interbedded tephra layers (~505 kyr old).

5.2 Fault zone geometry, displacement, and estimation of throw-rates

The recognition of the main interfaces separating the electrical units as described in Section 4, and
the chronologic framework discussed in Section 5.1, provide basic elements to infer the amount of
cumulated fault throw and its rate.

If we consider the average elevation of the nearly-horizontal base of the shallowest recognized
resistive unit B (see ERT model P1_2m DD in Fig. 7) in the footwall and in the hangingwall of the
fault, we get a vertical separation of 2.7 £ 0.9 m (Fig. 11). In the estimation of displacement we
avoided to consider the top of unit B, because we do not have any means to evaluate the amount of
erosion affecting the footwall block, moreover we disregarded points too close to the fault zone,
since in this region the interfaces lose their sub-horizontal attitude.

The obtained value is very close to the maximum cumulative morphologic offset of the Valle delle
Fonti fault as inferred by the topographic analysis of the fault scarp (2.82 m; Fig. 5, Fig. 6), and a bit
larger than the scarp height at the ERT survey site (~2.30 m). Due to the inherent smoothness of the
resistivity models, we approximate that the morphologic and geologic offsets are nearly equal, and
that they represent the fault throw occurred since the beginning of the sedimentation of the

uppermost 2 m of the alluvial fan.
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Following the same approach, we evaluate the displacement affecting the base of the Valle delle
Fonti alluvial fan (base of resistive unit B”, according to results of ERT model P1_5m DD). Due to the
complex geometry of the interfaces, in particular in the footwall block, the obtained value of 5.1 m
1.7 m is characterized by a larger standard error. However, it is indicative of an incremental fault
offset affecting the deeper and older layers. Notably, the sequence B-B” is about 8 m thick in the
hangingwall and about 6 m thick in the footwall, thus confirming the syn-sedimentary activity of the
investigated fault, causing higher sedimentation rates in the downthrown hangingwall block. We
also note that the ERT transect is mostly orthogonal to the general flow direction of the alluvial fan,
therefore the clastic input would be virtually equal onto the two blocks if no fault activity occurred.
However, we cannot completely rule out some minor sedimentary component in the geometry of
the inferred interfaces and of the surface topography along the investigated transect: for instance,
the fault scarp itself may have partly overprinted a small channel riser, due to its nearly flow-parallel
orientation.

If the chronostratigraphic framework discussed in the previous section is correct (i.e., the electrical
unit B represents the latest two phases of alluvial fan growth that began 12 kyr B.P.), then by taking
into account the offset of electrical unit B (2.7 £ 0.9 m) the corresponding minimal post-12 kyr throw
rate of the investigated fault is 0.23 + 0.08 mm/yr. For the most recent time interval, Galadini and
Galli (2003, p.832) provide a minimum vertical slip-rate of 0.11-0.36 mm/yr using the 0.45 m offset
affecting the base of a colluvial unit dated 4155-3965 yr B.P. from their trench 1. Thus, our estimate
is quite in accordance with the available paleoseismic record.

Similarly, if we consider the vertical offset of the base of unit B” (5.1 m £ 1.7 m), which defines the
beginning of the sedimentation of the Valle delle Fonti fan near 23 kyr B.P., we get a rough estimate
of the Late Pleistocene throw rate of 0.22 + 0.07 mm/yr, which is very similar to the rate inferred for
the most recent time period and consistent with paleoseismic data and topographic levelling.

At first glance, the P1_10m WS ERT model enables us to further evaluate the incremental vertical
fault offset back in time using the deeper electrical units C (in the hangingwall), and D’ and E (in the
footwall). However, these electrical units clearly show up in the fault hangingwall, whereas in the
footwall their electrical signature appears in a region of low vertical resistivity gradient, so that in
this case we cannot provide a precise vertical offset value due to the inherent high uncertainty. In
any case, a hypothetical minimal estimation of the long-term throw accrued by the investigated fault
could be represented by the vertical separation between the interface D\E’ in the hangingwall and
D’\E in the footwall (> 30 m).

ERT data have different spatial resolution and penetration depth, therefore the electrical image of

unit FZ slightly differs in the three ERT profiles P1_2m, P1_5m and P1_10 m. Starting from the very
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near surface, a direct comparison between trench data and the high-resolution DD model of profile
P1_2m suggests a consistent match between surface data and electrical properties. In fact, trench 1
from Galadini and Galli (2003) revealed the fault zone consists of a discrete number of individual
small splays distributed in a ~5 m-wide zone, while the recovered resistivity model only depicts the
thickening of the low-resistivity unit A in the hangingwall coupled with the occurrence of a relatively
low resistive, ~“4-m wide region characterized by a weak internal lateral resistivity contrast. At
greater depths, unit FZ shows a significant decrease of the resistivity, and appears ~10 m wide.

Due to the lower spatial resolution of profiles P1_5m and P1_10m, the width of unit FZ can be
approximated as ~20 m and 35 m, at the depth intervals of 20-40 m and 40-100 m respectively.
Notably, the electrical signature of unit FZ at depth is nearly constant, exhibiting resistivity values
ranging from 100 Om to 150 Om. The application of the SGM on the resistivity models (Fig. 7a, 8a
and 9a) indicates the presence of some additional sub-vertical discontinuities located also outside of
unit FZ, therefore the estimation of the width of the investigated fault zone most likely represents a
lower bound.

The overall geological interpretation of the resistivity models is outlined onto the P1_10 WS profile
in Fig. 12. The main electrical units are referred to coarse alluvial fan bodies and interbedded fine-
grained fluvio-lacustrine sediments according to their relative degree of resistivity, and the fault
zone FZ is interpreted as a narrow, sub-vertical band of relatively-low resistivity developed up to the

very near surface.

5.3 Some inferences on long-term fault activity

We explored the shallow subsurface of a Quaternary fault that is part of the complex Mt. Vettore -
Mt. Bove fault-system (VBFS, Fig. 1). As described in Section 2, during the 30 October 2016 Mw 6.5
earthquake, surface faulting involved a large portion of the VBFS (some of the main segments that
ruptured are marked in red in Fig. 2), with local throw that in many cases well exceeded 1 m. The
analysis of the wide coseismic deformation field and its geometric pattern is still in progress and is
beyond the aim of this paper. Moreover, the relation between the large slip occurring along the
splays standing at high elevation (1500-2100 m a.s.l.) and the subdued amount of throw occurring
along the Valle delle Fonti fault within the Pian Grande di Castelluccio (median value: 0.05 m,
maximum value: 0.14 m) requires further data and investigation in order to be clarified. However,
some general features of the long-term faulting style in the surveyed area can be inferred.

The 24 August 2016 Mw 6.0 earthquake mostly ruptured the Mt. Vettore fault segment with average
surface displacement of 0.10-0.15 m, and did not cause any surface rupture along the Valle delle
Fonti fault (only very sparse and few cracks were observed in the Pian Grande: Emergeo Working

Group, 2016; Pucci et al., 2017), whereas the 30 October quake ruptured almost the entire length of
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the VBFS including the Valle delle Fonti fault. The peak surface slip of the 30 October 2016 quake is
one order of magnitude larger than that occurred on 24 August 2016 (Villani and the Open
EMERGEO Working Group, in prep.). All this suggests that, as part of the VBFS, the Valle delle Fonti
fault is a splay that shows important displacement capable of rupturing the surface only when the
VBFS triggers M > 6 earthquakes.

The implications from a morphotectonic and paleoseismic perspective are important: in fact, in the
study area the available trench data on the investigated fault only reveal the signature of large past
earthquakes (M > 6), possibly leaving no trace of moderate-sized events like the 24 August 2016 one.
Assuming that at site A the 2.3 m-high fault scarp in unconsolidated deposits within a plain
characterized by clastic input both in the footwall and in the hangingwall blocks is due to surface-
rupturing earthquakes similar to the 30 October 2016 event (0.11-0.12 m local coseismic surface
throw), more than 20 events are needed in the past 12 kyr, and likely some hundreds events since
the beginning of fault activity. As already pointed out in Section 4.1, such remarkable recurrent style
of episodic slip is also suggested by the striking similarity between the long-term morphologic offset
of the cumulative fault scarp and the along-strike distribution of the 30 October 2016 coseismic

throw (Fig. 6).

5.4 Coseismic fracturing: a possible cause of increased fault zone permeability

We generally observe a low-resistivity signature of the subsurface fault zone (unit FZ) in all the ERT
profiles. A simple explanation of a decrease in resistivity could be inferred by the increased
percentage of the water content in the fractured fault zone with respect to the host rock. A
thorough physical explanation for the origin of the change of water content is beyond the aim of this
paper, however in this section we provide a brief description of the hydrologic background and then
a simple conceptual model of fault zone.

In our opinion, it is difficult to explain the origin of the water content as exclusively due to infiltration
of rainfall preceding our ERTs surveys. The closest meteorological station is just within the village of
Castelluccio di Norcia, about 1.8 km to the west of the ERTs survey site (1452 m a.s.l., coordinates
42.8283°N, 13.2032°E; data available at http://www.lineameteo.it/stazioni.php?id=335). Fig. 13a
shows the monthly precipitation (total: 405.6 mm) and the average temperature measured at the
station during year 2016.

The diagram clearly shows a peak of precipitation during September (126.4 mm) with a significant
decreasing trend in October (81.1 mm). Furthermore, the monthly precipitation dropped to less than
11 mm from November and extending to the period of our geophysical surveys (the ERTs were

acquired on 9, 13, 14 and 21 December 2016). The quite dry late-fall season is evidenced in Fig. 13b,
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displaying the daily amount of precipitations between August and December 2016: a similar trend
was observed for the two preceding very dry years 2015 (total precipitations: 251.4 mm) and 2014
(total precipitations: 516.1 mm), whereas in year 2013 (total precipitations: 1129.9 mm) the monthly
rainfall during October, November and December was 49 mm, 364.2 mm and 127.3 mm,
respectively.

Due to the 30 October 2016 earthquake, this station did not record any data in the period 3-16
November 2016, however the closest meteorological station at Cascia (about 20 km to the south-
west; coordinates 42.7144°N, 13.0119°E) confirms that during this period almost no rainfall occurred
in the region (total precipitation for November 2016 was 8.6 mm at Cascia). These data suggest that
the shallow aquifers (corresponding to units D and likely C) have partly been charged in September
and the beginning of October 2016. If we postulate that hydraulic conductivity of the local shallow
aquifer (likely made of gravels with sandy/silty matrix: electrical units C and D) ranges between 10™
to 10° m/s (depending on the relative abundance of fine matrix in the coarse grained sediment;
Freeze and Cherry, 1979; Warren et al. 1996), neglecting the role of evapotranspiration we obtain
that the maximum infiltration depth of meteoric water occurred since the last rainy period (October
the 15”‘) up to the survey period is on the order of just 2-3 m from the ground surface. Therefore,
most of the water content in the aquifer at greater depths is related to the long-term recharge
developed in the preceding years.

As such, we propose that the high conductivity of the retrieved subsurface fault zone FZ is mostly
due to groundwater coming from the shallow perched aquifer (confined in the uppermost 50-70 m)
squeezed by compaction caused by the 30 October 2016 earthquake, as also similarly reported in
several case-studies of shallow crustal faulting earthquakes (Sibson, 1981; Wood, 1994; Manga and
Wang, 2007). Seismic waves provoke aquifer compression, and coseismic normal fault slip induces
an increment of fracture permeability within the fault zone due to the opening of interconnected
cracks, all this resulting in the partial draining of the aquifer. The main consequence is a sudden and
temporary upraise of the water level within the fault zone. The occurrence of surface faulting
characterized by local crack opening during the 30 October 2016 earthquake strongly supports the
idea that the investigated fault zone at depth has been subject to a coseismic increment of
permeability. The water level upraise must have stopped at 4-5 m depth, since the high-resolution
model P1_2m does not show the low-resistivity portion of unit FZ extending up to the surface, and
to our knowledge no evidence of surface water flow has been reported along this fault after the

earthquake.

6 Conclusions
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In this work, we have reported the results of the first geophysical investigation carried out using
electrical data during an ongoing seismic sequence over a surface-rupturing fault following the 30
October 2016 Mw 6.5 earthquake in central Italy.

We discussed the benefits of a multi-scale geophysical approach using ground resistivity data, which
provides new subsurface insights on the structure of the fault-zone. With this approach, we were
able to image the fault structure down to about 100-120 m depth, thus estimating the incremental
throw that was only constrained for the most recent time interval (Holocene) by shallow
paleoseismic trenches. ERT provided a fast, accurate and cost effective 2-D subsurface imaging
compared to a more laborious and expensive subsoil prospection using boreholes. As pointed out in
the motivation of this work, the need for a fast investigation was mostly due to the upcoming
prohibitive winter season, where thick snow cover and hard meteorological conditions would
hamper any geophysical measurements. Our main results can be summarized as follows:

1) following the 30 October 2016 quake, the primary surface faulting within the Pian Grande di
Castelluccio basin occurred in correspondence of a steeply-dipping to sub-vertical fault zone, clearly
detected down to a depth of about 100-120 m;

2) the fault zone appears as a narrow and elongated relatively low-resistive (100-150 Qm)
region that we interpreted to be the result of the migration of water from the shallow aquifer
squeezed by seismic waves; then, the increase of permeability is due to the fracturing of the damage
zone;

3) at the shallowest levels (2-10 m depth) the fault zone width (8-9 m) is comparable to the
trench data, which (together with the few available shallow boreholes) provides us robust
constraints to interpret our geophysical image;

4) the fault zone also shows a nearly constant width (20-30 m) at depths > 40 m, as imaged by
the 5-m and 10-m spaced ERT profiles;

5) the morphologic offset of the Valle delle Fonti alluvial fan top surface and the vertical throw
affecting the shallowest electrical layers (unit B) are nearly equal (2.3-2.8 m and 2.7 m £ 0.9 m,
respectively), suggesting that the cumulative fault scarp at the surface is the product of dozens of
strong surface-rupturing earthquakes (mostly of magnitude M > 6) occurred in the past 12 kyr;

6) similarly, we evaluate 5.1 £+ 1.7 m vertical offset affecting the base of the Valle delle Fonti
alluvial fan, that is since the LGM;

7) the inferred post-12 kyr throw-rate of the investigated fault is 0.23 + 0.08 mm/yr, whereas
the inferred post-23 kyr throw-rate is 0.22 + 0.07 mm/yr, consistently with paleoseismic data;

8) we hypothesize a minimal long term fault throw > 30 m (base of units D and D’), which is

indicative of a syn-sedimentary fault activity occurring since the Middle Pleistocene.
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From a methodological point of view, the adopted multi-scale approach enables to evaluate the
consistency and robustness at depth of the tomographic inversion results. The advantage of such
multi-scale approach is that the deeper and low-resolution models (at shallow depth) with 10 m and
5 m electrode spacing, give a measure of the stability of tomographic inversions for higher resolution
and shallower models. In fact, the different spatial resolution and investigation depths provide
useful information at different structural levels, and therefore they can be used to characterize the
fault behaviour at different time-scales: high resolution data (2-m spaced array) detail the very near
surface, corresponding to the Late Pleistocene - Holocene time interval, while intermediate-to-low
resolution near surface data (5-m and 10-m spaced arrays) constrain the fault structure at depth
and the long-term fault slip (since the Middle Pleistocene).

A rigorous statistical analysis is adopted as a means of addressing uncertainty associated with the
non-unique relationship between lithology and the electrical properties, and to assess the location
and extent of electrical interfaces over smooth resistivity models.

Our results would benefit from the integration with other deep geophysical data and new boreholes.
Indeed, future work will be focused on the accurate estimation of the total fault throw by imaging
the pre-Quaternary top-basement surface, which can be obtained with a multidisciplinary
geophysical approach, involving the use of seismic surveys combined with time-domain

electromagnetic data and potential field methods.
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Table

Click here to download Table: tablel.docx
Profile length electrodes spacing array configuration RMS
P12m 126 m 2m DD + WS 1.1% (DD); 0.9% (WS)
P1 5m 315m 5m DD + WS 2.3% (DD); 0.64%
(WS)
P1 10 m 630 m 10 m DD + WS 6.2% (DD); 3.1% (WS)



http://ees.elsevier.com/tecto/download.aspx?id=681290&guid=5d3165e1-b088-48b2-bd92-6d0f8a1ab3c7&scheme=1

Figure (with caption below and on the same page)

13°0'0"E 13°10'0"E 13°20'0"E 13°30'0"E 13°40'0"E

- A 25 5 10 15 20 §
’; ws e e s Kilometers| 5 /
S NI |z
ol F S
¥ <
™
<
, /! '
3 -«
z 4
=) bd
o s
3 : S
> rs)
¥ N
. <
*|Norcia
a'w
Z
o
-O
ol
o
. <
0 5
elevation
ma.s.l.
* (masl)
=
S z
3 =)
N
<
events 1985-2017
z M 3.0-3.4
o
08- e M35-39
g o M4.0-44
©®© M45-49
® M>5
Quaternary fault
z Mt.Vettore-Mt.Bove
o f; P
= ault-system =
& il "3 -e
v % o
T T - = - g
13°0'0"E 13°10'0"E 13°20'0"E 13°30'0"E 13°40'0"E

Figure 1. Simplified structural sketch of the central Apennines (shaded relief topography from a 10-m DEM by Tarquini et al. 2007).
The circles show all the M > 3 earthquakes recorded by the Italian Seismic Network between 1985 and December 2016 with
hypocentral depth 0-15 km. The focal mechanisms of the main five events of the 2016 Amatrice-Norcia seismic sequence and of the
6 April 2009 Mw 6.1 L’Aquila earthquake are shown (data from: http://cnt.rm.ingv.it/tdmt; 1, Mw 6.0, 2016-08-24; 2, Mw 5.4,
2016-08-24, 3, Mw 5.4, 2016-10-26; 4, Mw 5.9, 2016-10-26; 5, Mw 6.5, 2016-10-30). The main Quaternary normal faults (black
lines, tick on the downthrown side) and the Mt. Vettore — Mt. Bove fault system (VBFS: red lines, tick on the downthrown side) are
indicated (compilation from the following works: Vezzani et al. 2010; Pierantoni et al. 2013). The yellow rectangle encloses the Pian
Grande di Castelluccio shown in Fig. 2
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Figure 2. Geological sketch of the Pian Grande di Castelluccio basin (modified and simplified after: Pierantoni et al. 2013). The blue
rectangle encloses the survey site area shown in Fig. 4. The main fault strands of the VBFS that ruptured the surface during the 30
October 2016 M,, 6.5 earthquake are indicated in red, together with the Valle delle Fonti fault investigated in this work.
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Figure 3. Simplified stratigraphic columns of five boreholes within the Pian Grande di Castelluccio basin (modified after: Ge.Mi.Na.,
1963). The colour scale (similar to that used for the ERT models) is assigned in order to qualitatively represent the average electrical
resistivity response of each lithological unit (red-violet for resistive bodies and blue-green for conductive bodies).
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Figure 4. Detail of the ERT survey site (Google Earth basemap). The detailed trace of the 30 October 2016 coseismic rupture is
indicated with the red lines (tick on the downthrown side). The thin black lines indicate the topographic profiles discussed in the text,
and the stars indicate the location of the paleoseismic trenches T1, T2 and T3 by Galadini and Galli (2003).
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Figure 5. a) Selected topographic profiles across the cumulative Valle delle Fonti fault scarp (black bar is for vertical scale): the red
arrows indicate the location of the 30 October 2016 coseismic rupture, and double arrows indicate the scarp height; b) close-up view
of the coseismic rupture (white arrows) at the ERT survey site, looking towards the north (14 December 2016); c) close-up view of
the coseismic rupture (white arrows) at the ERT survey site, looking towards the south (14 December 2016). Note the systematic
small-scale en échelon structural pattern.
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Figure 6. Results of the morphological analysis. The blue line is the height of the cumulative Valle delle Fonti fault scarp projected
onto an 1120 m-long baseline. The red line is the height of the 30 October 2016 coseismic free face, and the green line is the crack
opening projected onto the same common baseline. The black arrow indicates the location of the ERT survey.
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Figure 7. a) ERT model for profile P1_2m in DD configuration; b) ERT model for profile P1_2m in WS configuration; c) frequency
histogram of resistivity data for ERT model in WS configuration shown in panel b. The small black circles are interface points as
inferred by the application of SGM along closely-spaced vertical profiles, and the small white circles on panel a represent sub-
vertical belts of high resistivity gradient as inferred along horizontal profiles.



Figure (with caption below and on the same page)

elevation (m)

elevation (m)

a P1_5m DD
1300
1290
1280 -
1270 4 WSW : — . ENE

L DAL B r LA L L L L L L L N L L B L L L LB

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

P1_5m WS
1300 - b
1290 -
1280 -
1270 -
1260 -

1250 -

3 wsw ENE
1240 4—— AL L R B B By B S B B M s B L B L B N B B
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Lt B b il il b B Bt Bl b b |

distance (m)

0 100 200 300 400 500 600 700

resistivity (m)

50 150 350 450 550 650

250 35(
resistivity (Qm)

Figure 8. a) ERT model of profile P1_5m in DD configuration; b) ERT model of profile P1_2m in WS configuration; c) frequency plot of
resistivity data from WS model. The small black circles are interface points as inferred by the application of SGM along closely-
spaced vertical profiles, and the small white circles on panel a represent sub-vertical belts of high resistivity gradient as inferred
along horizontal profiles
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Figure 9. a) ERT model of profile P1_10m in DD configuration; b) ERT model of profile P1_10m in WS configuration; c) frequency plot
of resistivity data from WS model. The small black circles are interface points as inferred by the application of SGM along closely-
spaced vertical profiles, and the small white circles on panel b represent sub-vertical belts of high resistivity gradient as inferred
along horizontal profiles.
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Figure 10. Simplified log of Trench 1 from Galadini and Galli (2003) projected over the shallowest central portion of ERT model
P1_2m DD (the outline of trench projected onto the ERT model is marked with grey dashed line). The solid black lines in the trench

log are fault traces, whereas dashed black lines in the ERT model are inferred fault traces, which define the uppermost part of
electrical unit FZ displacing unit B.
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Figure 11. Displacement across the investigated fault of the base of electrical unit B in ERT model P1_2m DD (blue dots) and of
electrical unit B” (red dots) from ERT model P1_5m WS as inferred from the steepest gradient method (vertical exaggeration: 6.25x).
The vertical offset is calculated by subtracting the average elevation of the displaced interfaces in the footwall and in the
hangingwall blocks (the summed standard deviation of elevation gives a measure of uncertainty).
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Figure 12. Simplified geological interpretation of the surveyed transect superimposed onto the ERT P1_10m WS recovered resistivity
model. In this interpretation, only the conductive part of the inferred fault zone is outlined, therefore its width is a minimal value
estimation.
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Figure 13. a) Monthly precipitations and average temperature recorded at the meteorological station of Castelluccio di Norcia (1452
m a.s.l.) during year 2016; b) detail of daily precipitations in the period August-December 2016: the green triangles indicate the days

of ERT surveys.
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