
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 

Italy. 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 Ωm), which we interpret as the electrical response of 

the fault zone displacing layers of relatively high-resistivity (300-700 Ωm) 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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Abstract 8 

We report the results of a shallow electrical resistivity investigation performed across a normal fault 9 

that ruptured the surface displacing with average ~0.05 m vertical offset alluvial fan deposits (< 23 10 

kyr old) within an intermontane fault-bounded basin surface-rupturing fault activated during 11 

following the 30 October 2016 Mw 6.5 earthquake in central Italy, and displacing alluvial fan 12 

deposits (< 23 kyr old) within an intermontane fault-bounded basin. We adopted a multi-scale 13 

geophysical approach, by acquiring three 2-D electrical resistivity tomography (ERT) profiles centred 14 

on the coseismic ruptures, and characterized by different spatial resolution and investigation depth. 15 

Below the fault scarp, the ERT models show a narrow (~10 m wide) and steeply-dipping moderately-16 

resistive region (100-150 Ωm), which we interpret as the electrical response of the fault zone 17 

displacing layers of relatively high-resistivity (300-700 Ωm) values. We explain the electrical 18 

signature of the retrieved fault zone as due to an increment of permeability caused by coseismic 19 

fracturing, and to the subsequent water migration from adjacent shallow aquifers squeezed by 20 

compaction induced by seismic waves. By using a statistically-based classification of electrical units, 21 

we estimate that the shallowest alluvial fan layer is affected by 2.7 ± 0.9 m vertical offset, which is 22 

consistent with the measured 2.3-2.8 m morphologic offset of the top fan surface, and suggesting a 23 

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 24 

m, indicating a Late Pleistocene throw-rate of 0.22 ± 0.07 mm/yr, in accordance with available 25 

paleoseismic data. We further hypothesize a minimal total fault throw > 30 m, which likely accrued 26 

since the Middle Pleistocene (possibly in the last 350-500 kyr). The investigated fault structure is 27 

therefore an important splay characterized by a thick and highly permeable damage zone in 28 

unconsolidated deposits, and which ruptured the surface during several tens of strong (M > 6) 29 

earthquakes. 30 
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1 Introduction 40 

Most of the strain affecting the upper crust in active extensional non-volcanic environments is 41 

accommodated by brittle normal fault zones (Sibson, 1977; Cowie and Scholz, 1992; Putz Perrier and 42 

Sanderson, 2008). Fault zones often include one or more principal slip surfaces located within a fault 43 

core, where the largest displacement occurs, surrounded by a zone of fractured host rocks denoted 44 

as damage zone (Shipton et al. 2006). Large-displacement extensional faults are usually associated 45 

with damage zones whose width may attain tens of meters or even more, and which develop 46 

through time by shearing and mechanical crushing of wall-rocks during repeated episodes of 47 

coseismic slip (Agosta and Aydin, 2006).  48 

The geometry and physical properties of fault zones depend on the overall long-term fault structural 49 

evolution, including especially the processes of three-dimensional fault growth, the incremental 50 

accumulation of displacement, and the progressive localization of strain within one or multiple and 51 

relatively narrow principal shear zones (Walsh and Watterson, 1988; Cowie et al. 1995; Walsh et al. 52 

2001; Childs et al. 2009). Analysis of fault populations has led to the recognition of scaling law 53 

relationships, showing that fault zone width generally increases with fault dimensions and 54 

displacement (Kim and Sanderson, 2005; Mitchell and Faulkner, 2009; Faulkner et al. 2011): the large 55 

scatter in the available datasets is usually interpreted in terms of dependence from the type of 56 

deformation elements that accommodate displacement, the protolith nature, the geometry of pre-57 

existing structures and the mechanical stratigraphy involved in the process of fault growth (Shipton 58 

et al. 2006; Ferrill et al. 2017).  59 

The internal architecture of fault zones may be highly complex, since they typically display strong 60 

lithological heterogeneity, physical discontinuity and textural anisotropy. These properties are of 61 

primary importance in controlling underground fluid flow at different structural levels, from the very 62 

shallow subsurface down to seismogenic depths (Gumundsson, 2000; Rawling et al. 2001; Henriksen 63 

and Braathen, 2006; Vincenzi et al. 2009; Masset and Loew, 2010). For instance, faults may act as 64 

barriers to fluid flow, or they may represent preferential pathways for migration of fluids. This quasi-65 

static scenario becomes even more complex in the case of active faults, where a sealed damage zone 66 

behaving as a barrier during long inter-seismic periods may suddenly be breached when coseismic 67 

slip occurs, leading to rapid expulsion and diffusion of mixed-phase fluids in the surrounding volume 68 
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(Caine et al. 1996; Townend and Zoback, 2000; Sibson, 2001). In this regard, fluids flow is crucial in 69 

the physical evolution of the damage zones, since it promotes chemical reactions that may lead to 70 

fault weakening due to development of low-friction clay-rich material, or conversely it can also 71 

contribute to healing by facilitating lithification of breccia and gauge (detailed  review in: Faulkner et 72 

al. 2010).  73 

In general, only limited portions of active brittle fault zones are exposed at the surface, due to the 74 

combined result of erosion and tectonic rock exhumation. In many cases, active normal faults trigger 75 

rapid feedback response of surface processes, such as gravitational instability and erosional 76 

dismantling of the uplifted footwall blocks, coupled with enhanced sedimentation in the 77 

downthrown hangingwall counterpart (Bull, 2009; Burbank and Anderson, 2011). This results in a 78 

complex setting of the uppermost structural levels, particularly in the case of tectonically active 79 

regions characterized by low strain-rates and mountain environments typical of several upland 80 

regions in the Mediterranean area and in particular in the interior of peninsular Italy: here, 81 

distributed deformation on segmented normal fault-systems and the presence of thick clastic covers 82 

may hinder important details of the active fault structure, making it difficult to correctly decipher the 83 

signature of recent faulting (more details in: Villani et  al., 2015a).  84 

For these reasons, geophysical investigation of active fault zones is an irreplaceable toolcan provide 85 

unique insight (Everett, 2013). Electrical resistivity methods proved successful in imaging the 86 

subsurface of such complex structures (Suzuki et al. 2000; Caputo et al. 2003; Nguyen et al. 2005). It 87 

has long been recognized that many active faults, of different tectonic environments, are often 88 

characterized by lower electrical resistivity signatures with respect to the surrounding host rocks 89 

(Ritter et al. 2005). The main processes that lead to low electrical resistivity within fault zones are: 1) 90 

a higher degree of fracturing within the damage zone, which increases permeability thus facilitating 91 

fluid circulation; 2) the development of clayey minerals along the slip surfaces and within the 92 

damage zone; 3) reaction-driven changes in porosity of the protolith. Among the numerous 93 

examples worldwide, narrow zones of relatively low-resistivity have been detected across 94 

subsurface faults in the Basin and Range Province of Western United States (Park and Wernicke, 95 

2003) and the San Andreas Fault (Unsworth et al. 1997; Park and Roberts, 2003; Unsworth and 96 

Bedrosian, 2004), in Japan (Electromagnetic Research Group for Active Fault, 1982), in France (Gélis 97 

et al. 2010), in Slovakia (Putiška et al. 2012), in Belgium (Lecocq and Camelbeeck, 2017) and in 98 

central-southern Italy (among the others: Giocoli et al. 2015 and references therein).  99 

In this study, we acquired 2-D electrical resistivity tomography data (ERT) through a multi-scale 100 

approach in order to image the shallow subsurface structure of an active normal fault zone in the 101 

epicentral area of the 30 October 2016 Mw 6.5 earthquake that hit central Italy (Fig. 1). As 102 

Formatted: English (United
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thoroughly described in the following Section, this strong earthquake caused primary surface 103 

faulting, which involved a complex network of normal fault segments. Most of these structural 104 

features have a clear geomorphic expression and directly expose bedrock fault planes in high and 105 

impervious mountainous areas. Our investigation is focused on one active strand that, despite its 106 

trace develops entirely within recent clastic deposits with a subtle morphological imprint, ruptured 107 

up to the surface during the 2016 seismic sequence. Our primary target is the recognition of the 108 

subsurface fault geometry and the width of the damage zone as inferred by its electrical resistivity 109 

signature, with relations to the style of recent faulting and the long-term tectonic activity. We define 110 

the main electrical units as recovered from the resistivity sections in the very shallow subsurface, in 111 

relation to a pre-existing paleoseismological trench and available geological data. A rigorous 112 

statistical analysis yields to a quantitative classification of the overall resistivity data distribution and 113 

depth to layers. As a result, we argue on fault zone displacement and rupture geometry including 114 

also the possible role of fluids flow in the damage zone. We then discuss the broad geological 115 

implications of the obtained results. Worthy to note, this near-surface, multi-scale geophysical 116 

investigation in a fault-controlled area was performed during a running seismic sequence, and the 117 

upcoming prohibitive winter conditions of this mountain region required the application of a fast 118 

and accurate shallow exploration of the subsurface soon after the occurrence of a destructive 119 

earthquake. 120 
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 121 

 Figure 1. Simplified structural sketch of the central Apennines (shaded relief topography from a 10-m DEM by Tarquini et al. 122 

2007). The circles show all the M > 3 earthquakes recorded by the Italian Seismic Network between 1985 and December 123 

2016 with hypocentral depth 0-15 km. The focal mechanisms of the main five events of the 2016 Amatrice-Norcia seismic 124 

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, 125 

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 126 

Quaternary normal faults (black lines, tick on the downthrown side) and the Mt. Vettore – Mt. Bove fault system (VBFS: red 127 

lines, tick on the downthrown side) are indicated (compilation from the following works: Vezzani et al. 2010; Pierantoni et 128 

al. 2013). The yellow rectangle encloses the Pian Grande di Castelluccio shown in Fig. 2. 129 

 130 
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2 Geological background  131 

2.1 Geology and seismotectonics of the central Apennines  132 

The study area (Fig. 1) is located in the axial portion of the central Apennines, a NE-verging fold-and-133 

thrust belt developed since the Early-Middle Miocene by the overthrusting and stacking of mostly 134 

Meso-Cenozoic calcareous shallow-to-deep water and Miocene turbiditic domains belonging to the 135 

former passive Adria margin (Malinverno and Ryan, 1986; Patacca et al. 2008; Cosentino et al. 2010; 136 

Vezzani et al. 2010). The compressional front migrated towards the Adriatic side of the chain, where 137 

it is still active, while a generalized post-orogenic extension affects the westernmost and inner 138 

portions since the Late Pliocene – Early Pleistocene (Lavecchia et al. 1994; Cavinato and De Celles, 139 

1999; Ghisetti and Vezzani, 1999; D’Agostino et al. 2001). The normal faults network dissecting the 140 

central Apennines axis consist of 5-10 km long, mostly NW-trending and SW-dipping, individual 141 

segments, forming complex systems up to 25-30 km long (Fig. 1; Galadini and Galli, 2000; Morewood 142 

and Roberts, 2000; Cowie and Roberts, 2001; Roberts et al. 2002, 2004; Tondi and Cello, 2003). Most 143 

of them show clear hints of recent activity, due to the offset of Quaternary continental deposits and 144 

the fresh exposure of bedrock fault planes, interpreted as mostly due to rapid exhumation during 145 

coseismic surface slip episodes occurring after the Last Glacial Maximum (Giraudi, 1995; Benedetti et 146 

al. 2013). Geologic and paleoseismic data covering the Late-Pleistocene-Holocene time interval (Galli 147 

et al. 2008) coupled with high-resolution geophysical investigations (e.g.: Villani et al. 2017) provide 148 

values of individual fault slip-rates in the 0.2-1.3 mm/yr range. 149 

The central Apennines are characterized by one of the highest seismic releases in the Mediterranean 150 

area, mostly due to shallow (~5-15 km deep) crustal earthquakes of normal-faulting type and with 151 

magnitude M occasionally up to ~6.5-7, which occur within a ~50-80 km-wide and actively extending 152 

belt (Fig. 1) that parallels the topographic bulge of the chain (Chiarabba et al. 2005; Pondrelli et al. 153 

2006; Chiarabba and Chiodini, 2013; see also updated database of moment tensor solutions 154 

available at http://cnt.rm.ingv.it/tdmt, and at http://eqinfo.eas.slu.edu/eqc/eqc_mt/MECH.IT/). 155 

Furthermore, the current extensional regime is evidenced by borehole breakout analyses (Montone  156 

et al. 2012), and geodetic data, which provide regional extension rates in the range of ~1-2.5 mm yr-1 157 

(Hustand et al. 2003; D’Agostino et al. 2008; Faure Walker et al. 2010; Devoti et al. 2011; Carafa et 158 

al. 2015). Clearly, there is an inextricable link between the current seismicity, the extension affecting 159 

the chain and the active normal faults network so far described.  160 

The study area is located along the easternmost active fault-system in the central Apennines, 161 

running ~30 km within the Sibillini Mts. Range (Calamita and Pizzi, 1992, 1994; Calamita et al. 1992; 162 

Cello et al. 1997; Pizzi et al. 2002; Mt. Vettore - Mt. Bove fault-system, VBFS for short, marked in red 163 

in Fig. 1). Equivalently, Lavecchia et al. (1994) interpret this fault-system as the breakaway zone of 164 
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the active extensional domain in this part of the central Apennines. Before the summer of 2016, the 165 

background level of instrumental seismicity in the region did not clearly highlight the seismic activity 166 

of the VBFS, as compared to nearby faults to the west (1979, Mw 5.9 Norcia earthquake; Deschamps 167 

et al., 1984) and to the north-west (1997, Mw 6.0 Colfiorito earthquake; Amato et al., 1998). 168 

Previous studies considered silent or locked the VBFS (Galadini and Galli, 2003; Boncio et al. 2004), 169 

because the relatively low degree of seismicity and the lack of historical earthquakes was coupled to 170 

striking geomorphic evidence of post-Last Glacial Maximum (LGM) activity (Calamita et al. 1992; 171 

Calamita and Pizzi, 1994; Lavecchia et al., 1994) and hints of Holocene paleoseismicity (Galadini and 172 

Galli, 2000; Galli et al. 2008). For the VBFS, Pizzi et al. (2002) evaluate a total geologic throw as large 173 

as 1200 m in the Mt. Bove sector (to the north) and 1350 m in the Mt. Vettore sector (to the south), 174 

whereas the estimated maximum Quaternary morphologic throw is on the order of 800 m. 175 

The strong seismic potential of the VBFS suddenly came out in 2016, when it triggered an important 176 

seismic sequence (details in: Chiaraluce et al. 2017). It begun on August the 24th 2016 at 1:36:32 UTC 177 

with an Mw 6.0 earthquake that caused heavy damage and about 300299 casualties, and located to 178 

the NW of Amatrice (8 km depth, #1 in Fig. 1; Gruppo di Lavoro INGV sul terremoto di Amatrice, 179 

2016; Tinti et al. 2016). The mainshock was followed 1 hour later by an Mw 5.4 event (8.7 km depth, 180 

#2 in Fig. 1). The sequence culminated with three other major shocks, occurring on October the 26th 181 

(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; 182 

Gruppo di Lavoro INGV sul Terremoto di Amatrice-Visso, 2016), and on October the 30th with 183 

epicenter close to Norcia (Mw 6.5, 6:40:17 UTC, depth 9.4 km, #5 in Fig. 1; Gruppo di Lavoro INGV 184 

sul Terremoto in Centro Italia, 2016). The last earthquake was the largest seismic event recorded in 185 

the last past four decades in the Italian peninsula since the devastating Ms 6.9 1980 Campania-186 

Basilicata earthquake (Westaway and Jackson, 1987; Bernard and Zollo, 1989).  187 

The 24 August earthquake provoked surface faulting, which was clearly observed for a minimal total 188 

length of about 5.2 km along the southernmost part of the VBFS, with average vertical displacement 189 

of nearly 0.10-0.15 m (Emergeo Working Group, 2016; Pucci et al. 2017). The 26 October Mw 5.9 190 

quake caused surface faulting as well in the northernmost part of the VBFS, however geologists did 191 

not have the time to complete field surveys before the 30 October earthquake occurred. This last 192 

event caused an impressive and complex pattern of surface faulting, which involved a complex 193 

system of SW-dipping and also NE-dipping faults segments whose southernmost part was already 194 

activated by the August quakes, for a total length of ~25 km: locally, vertical offset of the ground 195 

surface caused by primary surface faulting along limestone bedrock fault planes of the Mt. Vettore 196 

sector exceeded 1.5-2 m (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2016, 2017; Pantosti 197 
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and the Open EMERGEO Working Group, 2017; Civico and the Open EMERGEO Working Group, in 198 

prep.submitted; Villani and the Open EMERGEO Working Group, in prep.).  199 

 200 

2.2 Quaternary intermontane basins in the central Apennines and geophysical signature of the 201 

infilling deposits 202 

The long-term activity of the above mentioned Quaternary normal faults array in the central 203 

Apennines resulted in the generation of several intermontane basins (Cavinato and De Celles, 1999). 204 

Subsequent drainage incision due to large-scale regional uplift and normal block-faulting in some 205 

cases led to the partial exposure of their continental infill, mostly made of lacustrine and 206 

fluvial/alluvial sequences, particularly in the basins located to the west of the present-day Apennines 207 

divide (D’Agostino et al. 2001; Bosi et al. 2003). However, only in a few cases a thorough 208 

investigation of the internal structure of these basins has been performed through the integration of 209 

geophysical and borehole data (see for instance: Cavinato et al. 2002).  210 

Recent research focused on the imaging of the intermontane tectonic basins close to the area struck 211 

by the 2009 Mw 6.1 L’Aquila earthquake (see Fig. 1 for location) took advantage of the extensive use 212 

of electrical and electromagnetic methods (Giocoli et al. 2011; Villani et al., 2015a,b; Pucci et al., 213 

2016; Porreca et al., 2016; Civico et al., 2017). In terms of electrical stratigraphy, these studies 214 

basically show that the alternation of roughly tabular bodies of contrasting resistivity fills in such 215 

continental depressions. For instance, in a wide area to the east of L’Aquila, recovered electrical 216 

resistivity models from Pucci et al. (2016) provide correlations between low-resistivity bodies (ρ < 217 

20-50 Ωm) with known outcropping lacustrine marls and clays, and between moderately-to-high 218 

resistivity bodies (ρ > 100 Ωm) with mapped carbonatic alluvial conglomerates. Similarly, in the same 219 

area, Villani et al., (2015a) established correlations between high-resistive bodies (ρ up to 500 Ωm) 220 

and stiff alluvial conglomerates, and between low-resistivity bodies (ρ < 80 Ωm) and sandy alluvial 221 

deposits containing sparse tephra. In the Piano di Pezza basin to the south of L’Aquila (PP in Fig. 1), 222 

Villani et al. (2015b) found good correlations between the electrical resistivity images and 223 

outcropping geology (very high-resistive moraines, characterized by ρ up to 3000 Ωm, and relatively 224 

low-resistive alluvial and colluvial deposits, with ρ < 200 Ωm).  Moreover, based on the electrical 225 

resistivity results, these authors assume that the deeper sedimentary infill of the Piano di Pezza 226 

basin is characterized by a regular alternation of coarse-grained clastic deposits and gravels with 227 

silty-sandy matrix: this assumption was supported by the correlations with several boreholes 228 

stratigraphy from the nearby Campo Felice intermontane basin (CF in Fig. 1) as described by Giraudi 229 

et al. (2010), who recognized in the continental sequence the alternation of sands and gravels 230 

related to glacial and interglacial cycles in the last 0.5 Myr.  231 
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Electrical resistivity surveys performed by several authors in the epicentral area of the 2009 L’Aquila 232 

earthquake, in many cases document shallow fault zones within gravelly and sandy deposits, and 233 

characterized by relatively low resistivity values (MS-AQ, 2010; Giocoli et al. 2011). In this regard, 234 

Villani et al. (2015b) show that the shallow subsurface portion of the Piano di Pezza normal fault 235 

disrupts gravels and sandy/silty colluvium, and depict a high-resolution geophysical image of the 236 

very shallow fault zone, being ≃7 m wide and characterized by very low P waves velocity (< 750 m/s) 237 

and electrical resistivity (ρ < 200 Ωm) up to one order of magnitude lower than the surrounding 238 

coarse slope debris and moraine deposits (ρ >  2000 Ωm). 239 

 240 

2.3 The survey site and the ancillary information 241 

The survey area is located in the Pian Grande di Castelluccio, a ≈7 km x 3 km wide intermontane 242 

basin developed in the hangingwall of the Mt. Vettore normal fault-system as result of the long-term 243 

subsidence of the downthrown fault blocks (Fig. 2; Calamita and Pizzi, 1992, 1994; Calamita et al. 244 

1992). The almost flat-bottomed plain has an endoreic drainage, and displays a gentle dip to the 245 

south, with average elevations between 1330 and 1270 m a.s.l. It is surrounded by high and steep 246 

slopes on the western side and particularly on the eastern border, where the peaks of Mt. Vettore 247 

(2476 m) and Cima del Redentore (2448 m) represent the culminations of a > 1100 m high 248 

cumulative fault scarp.  249 
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 250 

Figure 2. Geological sketch of the Pian Grande di Castelluccio basin (modified and simplified after: Pierantoni et al. 2013). 251 

The blue rectangle encloses the survey site area shown in Fig. 4. The main fault strands of the VBFS that ruptured the 252 

surface during the 30 October 2016 Mw 6.5 earthquake are indicated in red, together with the Valle delle Fonti fault 253 

investigated in this work. 254 

 255 

The substratum is made of Jurassic to Paleogene shallow-to-deep marly-calcareous deposits, 256 

whereas the plain is filled with sequences of lacustrine, alluvial fan and fluvio-glacial deposits 257 

(Coltorti and Farabollini, 1995; Pierantoni et al. 2013). The main catchments conveying coarse 258 

sediments to the plain are located in the northern part, in the south-western sector and all along the 259 

western flank of the the Mt. Vettore-Cima del Redentore ridge.  260 

Few shallow boreholes nearby the survey area are available (Ge.Mi.Na. 1963; Fig. 2 for location; 261 

details in Fig. 3). Two of these, very close to the basin borders, penetrated the pre-Quaternary marly 262 

limestones at 97 m and 80 m depth respectively, in the hangingwall of two NW-trending range-263 

bounding faults. The overall stratigraphic data indicate the alternation of conglomerates, sandy 264 

gravels and clays with variable thickness as the result of the interfingering of alluvial fan and 265 

lacustrine deposits during the Quaternary. These data are used for calibration of the ERT resistivity 266 

models (see details in Section 4).  267 
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 268 

Figure 3. Simplified stratigraphic columns of five boreholes within the Pian Grande di Castelluccio basin (modified after: 269 

Ge.Mi.Na., 1963). The colour scale (similar to that used for the ERT models) is assigned in order to qualitatively represent 270 

the average electrical resistivity response of each lithological unit (red-violet for resistive bodies and blue-green for 271 

conductive bodies). 272 

 273 

Sparse vertical electrical resistivity soundings were acquired in the plain by Biella et al. (1981): their 274 

geophysical results, compared to borehole stratigraphy, indicate that gravels are characterized by ρ 275 

≃ 140-220 Ωm, whereas sandy-clays have ρ ≃ 55-125 Ωm and the carbonatic substratum ρ > 1500 276 

Ωm. 277 

The 30 October 2016 Mw 6.5 earthquake caused surface ruptures along this mountainside and also 278 

within the plain (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2017; Civico and the Open 279 

EMERGEO Working Group, submitted): here, they closely follow the trend of a subtle fault scarp 280 

affecting Late Pleistocene to Holocene alluvial fan deposits, and which was first recognized by 281 

Galadini and Galli (2003). The Authors explored the surficial portion of this fault scarp (which we 282 

label Valle delle Fonti fault) by means of three small paleoseismic trenches (details in Sections 3 and 283 

4; Fig. 4), recovering a very shallow normal fault zone displacing that displaces Holocene sandy and 284 

silty colluvial and alluvial deposits: they infer the occurrence of at least three major surface-285 

rupturing paleo-earthquakes, one occurring between 4155-3965 years B.P. and the 6th-7th century 286 

A.D., one between 5940-5890/5795-5780 years B.P. and 4155-3965 years B.P., and another one 287 

between 18.000-12.000 years B.P. and 5940-5890/5795-5780 years B.P.  288 
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  289 

 3 Data and Methods 290 

3.1 Geological and topographic data 291 

As members of the EMERGEO Working Group of the Istituto Nazionale di Geofisica e Vulcanologia, 292 

we carried out field surveys during fall 2016 to map the trace of the coseismic surface ruptures. 293 

Within the Pian Grande di Castelluccio we accurately reported, at closely spaced intervals, the height 294 

of the coseismic free face exposing recent soils (defining the coseismic fault throw) in addition to the 295 

opening of the ground cracks (related to the local fault heave), with an intrinsic measurement error 296 

of ~less than 0.01 m. Overall, we mapped >1 km of almost continuous surface rupture, by collecting 297 

> 130 measurements (Fig. 4). These data are compared to the morphologic height of the cumulative 298 

fault scarp as revealed by serial topographic profiles, which we obtained by analysing a 2-m grid 299 

DEM previously smoothed with a low-pass spatial filter in order to remove spikes. We also took into 300 

account the main sedimentary bodies within the plain as mapped by Coltorti and Farabollini (1995) 301 

and Galadini and Galli (2003). 302 

 303 

3.2 Electrical resistivity data 304 

In order to recover the shallow subsurface electrical resistivity image of the fault zone, on December 305 

2016 we investigated the subsoil over one transect (labelled A, Fig. 4) running WSW-ENE, and nearly 306 

orthogonal to the trace of the 30 October 2016 coseismic surface ruptures. Along this transect, we 307 

acquired three different scale-resolution 2-D ERT profiles using a Syscal R2 (IRIS Instrument) with a 308 

set of 64 stainless steel electrodes. All ERT profiles are purposely centred on the coseismic rupture 309 

and were acquired using an electrodes spacing of 2 m, 5 m and 10 m respectively, corresponding to 310 

profile lengths of 126 m, 315 m and 630 m (profiles P1_2m, P1_5m and P1_10m in Table 1).  311 

 312 

Profile  length  electrodes spacing array configuration RMS  

P1_2 m 126 m 2 m DD + WS 1.1% (DD); 0.9% (WS) 

P1_5 m 315 m 5 m DD + WS 2.3% (DD); 0.64% 
(WS) 

P1_10 m 630 m 10 m DD + WS 6.2% (DD); 3.1% (WS) 

Table 1 313 

 314 

For each profile, we acquired both dipole-dipole (DD for short) and Wenner-Schlumberger (WS for 315 

short) electrode arrays, in order to 1) reach different depths of investigation, 2) obtain a good 316 

compromise between vertical and horizontal resolution of the retrieved resistivity bodies (Loke and 317 

Barker, 1995; Table 1).  318 
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 319 

Figure 4. Detail of the ERT survey site (Google Earth basemap). The detailed trace of the 30 October 2016 coseismic rupture 320 

is indicated with the red lines (tick on the downthrown side). The thin black lines indicate the topographic profiles discussed 321 

in the text, and the stars indicate the location of the paleoseismic trenches T1, T2 and T3 by Galadini and Galli (2003).  322 

 323 

With the DD configuration we aimed at better imaging lateral resistivity contrasts as due to faulting 324 

and/or abrupt horizontal changes in thickness of the sedimentary bodies. Conversely, with the WS 325 

configuration we aimed at confidently recovering both lateral and vertical resistivity contrasts while 326 

also increasing the depth of investigation beneath the coseismic rupture. We injected a square-wave 327 

signal for 250 ms into the ground, using 100, 200 and 400 Volts for the P1_2 m, P1_5 m, and P1_10m 328 

profiles, respectively. Resistance contact check allowed us to avoid relatively high resistance values. 329 

We used fresh water to enhance coupling between the electrodes and the ground. Although contact 330 

resistance is a known factor to impact on data quality, it is not the only one (LaBrecque et al., 1996). 331 

We used low voltage and high resistance contact records as noise indicators in the acquired ERT 332 
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data. To account for noisy data, we manually edited obvious outliers and removed apparent 333 

resistivity data derived from very low voltage and/or current level before running the inversion. No 334 

weighting of data points in the inversion based on measurement errors was applied, since weighting 335 

by voltage or current “error” usually has very little effect in the inversion. Although being aware that 336 

a more suitable method to estimate such errors would be acquiring reciprocal records, we were not 337 

able to collect them with our instrument.  338 

Measured apparent resistivity data were input to a 2-D smoothness-constrained least squares 339 

inversion algorithm, where the investigated subsurface area is subdivided into a mesh of rectangular 340 

blocks, whose width is equal to half of the electrode spacing in the shallowest layers (Constable et al. 341 

1987; Loke and Dahlin 2002). We then used a model discretization where layers thickness linearly 342 

increases by 10% with each incremental depth interval.  343 

In Section 4.2 we show the results obtained for linearized inversions with smoothness constraints. 344 

The quality of the obtained resistivity sections is then described by the root mean square (RMS) of 345 

residuals after the last iteration. The DD recordings proved a bit noisier, as expected, and yielded 346 

tomographic models with a higher RMS compared to WS data: this difference is more evident in the 347 

case of the ERT profile with 10 m electrodes spacing. Due to the larger investigation depth with 348 

respect to DD models, we show the average statistical properties of WS resistivity models by means 349 

of frequency histogram plots, in order to roughly discriminate the occurrence of different subsurface 350 

resistivity packages.  351 

 352 

3.3 Interface classification 353 

On each smooth ERT model (except for the noisier P1_10m DD recovered resistivity model) we 354 

classify the most significant resistivity changes as derived from the application of the steepest-355 

gradient-method (SGM: Chambers et al. 2006; Sapia et al. 2017). Due to the expected roughly 356 

tabular and sub-horizontal subsurface stratigraphy of the survey site, in this work we applied a 357 

slightly modified SGM-based approach, thoroughly described in more detail in the Auxiliary Material 358 

S1. The basic principle of the SGM is that the main interfaces are located in regions where a 359 

maximum increase or decrease in the resistivity at depth occurs, i.e. where the second derivative of 360 

a best-fit curve to a vertical array of resistivity data points (in this case, a polynomial curve) is null 361 

(Fig. S1). Our modified approach is based on the further condition of the third derivative of the 362 

polynomial-fit curve to be non-zero, in order to avoid saddle points. The input files are parsed to 363 

obtain regularly-spaced points, and the SGM is applied to each polynomial-fit curve along tens of 364 

vertical sections. We adopted the same approach to classify sub-vertical discontinuities by 365 
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calculating the steepest gradient along horizontal sections: this was useful for corroborating the 366 

inferred location of subsurface faults.  367 

This method represents a semi-quantitative estimation to locate eventual subsurface discontinuities, 368 

which may aid in the stratigraphic and structural interpretation of tomographic images.  369 

 370 

4 Results 371 

4.1 Details of the coseismic surface rupture 372 

The outcropping geology of the survey site is characterized by a wide and polycyclic alluvial fan 373 

surface, which Galadini and Galli (2003) relate to five distinct phases of sedimentation characterized 374 

by a general southwards flow direction, and spanning the LGM-Holocene time interval (Valle delle 375 

Fonti alluvial fan, Fig. 2).  376 

We studied the morphology of the cumulative fault scarp affecting the most recent depositional 377 

body of the alluvial fan (comprising the 4th and 5th depositional phases of Galadini and Galli, 2003) by 378 

analyzing 28 topographic profiles (30-50 m spaced apart), about 100 m-long each, and running 379 

orthogonal to the average scarp trend (Fig. 4). We used the method by Bucknam and Anderson 380 

(1979) to derived scarp height by cderivealculating the vertical separation of the alluvial fan top-381 

surface at on both sides of the scarp: since in this site the top-surface displays a gentle dip (typically 382 

< 1%) towards the WSW, . scarp height and vertical offset of the alluvial fan surface are nearly equal, 383 

and we use scarp height as a This translates intoproxy for a minimal estimation of the local long-384 

term morphologic throw of the fault. Fig. 5a shows some representative topographic profiles. The 385 

long-lasting agricultural activities in the area have in some cases heavily modified the original 386 

morphology of this tectonic landform, which only at places appears as a sharp step (e.g. profile 26 in 387 

Fig. 5a). The pictures in Fig. 5b and 5c show a close-up view of the 30 October 2016 surface rupture 388 

running at the base of the scarp, in the area of transect A.  389 
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 390 

Figure 5. a) Selected topographic profiles across the cumulative Valle delle Fonti fault scarp (black bar is for vertical scale): 391 

the red arrows indicate the location of the 30 October 2016 coseismic rupture, and double arrows indicate the scarp height; 392 

b) close-up view of the coseismic rupture (white arrows) at the ERT survey site, looking towards the north (14 December 393 

2016); c) close-up view of the coseismic rupture (white arrows) at the ERT survey site, looking towards the south (14 394 

December 2016). Note the systematic small-scale en échelon structural pattern. 395 

 396 

Fig. 6 shows the results of the morphological analysis. The blue curve is the envelope of the Valle 397 

delle Fonti fault scarp height values projected onto an 1120 m-long baseline parallel to the scarp 398 

trace. The average height of the scarp is ≃2.10 m. It exhibits an evident tapering at both ends, with 399 

three local maxima of ~about 2.80 m, 2.75 m and 2.70 m, respectively from the north to the south 400 

(at site A the measured height is ~2.30 30 m).  401 

The red line in Fig. 6 is the envelope of the height of the 30 October 2016 surface rupture projected 402 

onto the same baseline used for the cumulative scarp. The style of the coseismic displacement is 403 

characterized by a vertical offset of the topographic surface with the western side down, frequently 404 

coupled with open cracks. Only in one limited portion (at approximately 400 m distance along the 405 

baseline in Fig. 6) we documented the occurrence of a couple of small counter-slope ruptures 406 

(eastern side down, vertical offset of 0.03-0.04 m). Overall, the average height of the coseismic free 407 

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 408 

closely follow the maximum values of the cumulative scarp height. At site A (see also Fig. 5b and 5c), 409 

the 30 October 2016 surface rupture is characterized by a free face 0.11-0.12 m high, whereas crack 410 

opening locally reaches 0.05 m, even if in most places the coseismic displacement was accomplished 411 

by an exclusively vertical offset of the ground surface with no appreciable horizontal component. 412 
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The opening of the coseismic ruptures also displays a systematic trend, with local maxima (between 413 

0.04 and 0.06 m) closely following the peak values of the free face height.  414 

 415 

Figure 6. Results of the morphological analysis. The blue line is the height of the cumulative Valle delle Fonti fault scarp 416 

projected onto a 1120 m-long baseline. The red line is the height of the 30 October 2016 coseismic free face, and the green 417 

line is the crack opening projected onto the same common baseline. The black arrow indicates the location of the ERT 418 

survey. 419 

 420 

From a geometric point of view, the coseismic surface rupture is organized in about 15-16 smaller 421 

segments displaying a right-stepping geometry and a local variability in strike, with a mean trend of 422 

N169° in the southernmost part and N180° in the northernmost sector.  423 

Coseismic and long-term displacement curves have a very similar shape: the fact that the surface 424 

ruptures of 2016 follow closely the cumulative fault scarp suggests that The strong similarity 425 

between the displacement of the coseismic rupture and the long-term morphologic throw suggests 426 

that the style of the 30 October 2016 rupture within the Pian Grande di Castelluccio is somewhat 427 

recurrent. Therefore, we choose the location of transect A where both peak coseismic and long-term 428 

morphologic offsets occur, in order to explore the portion of the fault that presumably accrued the 429 

largest cumulative displacement through time. We also took particular attention to be far enough 430 

the trench sites of Galadini and Galli (2003) in order to avoid any effect of backfilling and ground 431 

reworking on the subsurface resistivity structure.  432 

 433 

4.2 ERT models 434 

Fig. 7 shows the inversion results for ERT profile P1_2m acquired with DD (panel a) and WS (panel b) 435 

arrays. Superimposed to the sections are the main interfaces as computed by the SGM method 436 

applied to the inverted resistivity data. We interpret different units characterized by comparable 437 

range of resistivity values and bounded by correlative interfaces as representative of distinct 438 
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electrical resistivity intervals that we labelled with capital letters, in order to simplify the description 439 

of the resistivity sections.  440 

 441 

Figure 7. a) ERT model for profile P1_2m in DD configuration; b) ERT model for profile P1_2m in WS configuration; c) 442 

frequency histogram of resistivity data for ERT model in WS configuration shown in panel b. The small black circles are 443 

interface points as inferred by the application of SGM along closely-spaced vertical profiles, and the small white circles on 444 

panel a represent sub-vertical belts of high resistivity gradient as inferred along horizontal profiles.  445 

 446 

The western part of the ERTs exhibits a very shallow layer (unit A; < 1 m thick on average) 447 

characterized by ρ < 170 Ωm, and locally being less than 100 Ωm: the bottom of this layer is defined 448 

by a sharp resistivity gradient. Unit A thickens towards the scarp and the related coseismic surface 449 

rupture, reaching a maximum of about 1.8 m at x = 62 m. Below unit A, both the western and 450 

eastern parts of the ERT models are characterized by a pack of high-resistivity material (ρ > 400 Ωm, 451 

unit B). Based on our classification method, unit B displays at places some additional internal and 452 

almost parallel interfaces, defining sub-packages that we named B’ and B’’, bearing in mind that they 453 

simply represent vertical resistivity changes within the same electrical unit B. Both models 454 

consistently show that the top of unit B’ displays different elevation to the west and to the east of 455 
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the scarp (details in Section 5.2). Below the scarp, a relatively-low resistivity region (ρ ~⋍ 100-170 456 

Ωm) is evident at x = 60-66 m (unit FZ). The shape of this anomaly looks very similar in the 457 

overlapping part of both DD and WS models. The WS model further indicates that the lower part of 458 

this low-resistivity anomaly widens at depth, displaying a perceivable steep dip to the south-west. 459 

The frequency distribution of resistivity values for the WS model is shown in Fig. 7c (the bin size of 460 

25 Ωm is used, based on the application of the Freedman-Diaconis rule; the same is applied for the 461 

other ERT models): it is characterized by three modes at ρ 125-150 Ωm, ρ 250-300 Ωm, and ρ 425-462 

500 Ωm, respectively. Whereas the two modes on the right well represent the resistive unit B, the 463 

low-resistivity mode is related mostly to unit FZ, and only the leftmost part of the histogram 464 

indicates the contribution of the thin unit A (ρ < 125 Ωm). The frequency distribution displays a 465 

marked asymmetry with a modal peak of high-resistivity (ρ 450-475 Ωm), since the shallower 466 

subsurface volume is prevalently characterized by resistive soils. 467 

 468 

Figure 8. a) ERT model of profile P1_5m in DD configuration; b) ERT model of profile P1_2m in WS configuration; c) 469 

frequency plot of resistivity data from WS model. The small black circles are interface points as inferred by the application 470 

of SGM along closely-spaced vertical profiles, and the small white circles on panel a represent sub-vertical belts of high 471 

resistivity gradient as inferred along horizontal profiles.  472 

 473 
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Fig. 8 shows the inversion results of profile P1_5m respectively for DD (panel a) and WS (panel b) 474 

arrays, respectively. Both models in the western part image in the western part below the shallow 475 

high-resistivity layer previously described (unit B) a > 12 m thick and nearly horizontal pack of 476 

relatively uniform low-resistivity (ρ < 130 Ωm), which we name unit C. This has no counterpart in the 477 

eastern part of both models, where a heterogeneous and patchy resistive body is found down to the 478 

bottom (ρ ~⋍ 200-370 Ωm; unit D). As for results of profile ERT P1_2m, these models still image 479 

below the scarp a steeply-dipping and narrow zone of relatively low-resistivity (unit FZ), which 480 

displays some continuity with the easternmost portion of unit C. The frequency distribution of 481 

resistivity for WS model of profile P1_5m is shown in Fig. 8c: it also displays three modes at 100-125 482 

Ωm, 275-325 Ωm, and 375-425 Ωm, respectively. With this array we sample a wider volume of the 483 

low-resistivity unit C, and we penetrate down to the deeper part of unit D-D’ (exhibiting a slight 484 

decrease of the resistivity downwards). 485 

Fig. 9 shows the inversion results of profile P1_10m for both DD (panel a) and WS (panel b) arrays. 486 

The overall pattern of the subsurface resistivity is consistent with results obtained for profile P1_5m. 487 

Data for array DD are quite noisy and the RMS residuals pretty high (Table 1), however the unit FZ is 488 

very clear, being 10-12 m wide, and it preserves a sub-vertical attitude down to the model bottom. 489 

Data for the WS array are of higher quality, and the obtained resistivity model suggests that unit FZ 490 

continues at depth (down to about 120 m below the ground surface) with comparable width and 491 

attitude. This model provides us with useful information at depth to definitely constrain the 492 

thickness of the low-resistivity unit C to about 25 m. It sheds lights on the depth extent of unit D, 493 

which turns to be about 40-42 m thick to the east of the scarp, overlying a low-resistivity region (ρ 494 

~⋍ 70-130 Ωm; unit E), about 50 m thick. Furthermore, the WS model indicates the presence of a 495 

high-resistivity region standing below unit C. Due to the roughly similar thickness and overall 496 

resistivity (ρ ⋍~ 200-500 Ωm), we infer this body (unit D’) may be equivalent to unit D. We 497 

acknowledge that some of the features at the bottom of the resistivity sections are characterized by 498 

low sensitivity, however the high-resistivity patch (ρ ⋍~ 600-700 Ωm) in the lowermost part of 499 

model P1_10m WS is probably resolved, and it is quite in accordance with vertical resistivity 500 

soundings by Biella et al. (1981) suggesting that in this limited portion of the basin the pre-501 

Quaternary carbonate basement is about 100-150 m deep. 502 
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 503 

Figure 9. a) ERT model of profile P1_10m in DD configuration; b) ERT model of profile P1_10m in WS configuration; c) 504 

frequency plot of resistivity data from WS model. The small black circles are interface points as inferred by the application 505 

of SGM along closely-spaced vertical profiles, and the small white circles on panel b represent sub-vertical belts of high 506 

resistivity gradient as inferred along horizontal profiles.  507 

 508 

 509 

The frequency distribution of resistivity for WS model of profile P1_10m is shown in Fig. 9c: it 510 

displays two clear modes at ρ 150-225 Ωm and at ρ 400-450 Ωm, and a subordinate third mode at ρ 511 

275-325 Ωm, respectively. This model hints to a deeper low-resistivity unit (E’) at the lower left 512 

corner of the resistivity section, although we are aware of the fact that the sensitivity at the bottom 513 

is significantly lower compared to the model resolution at the top. The frequency distribution is 514 

asymmetric and it is specular with respect to what found for profile P1_2m, since the lowermost 515 

portion of the investigated subsurface is characterized by low-resistivity soils. 516 

From the inspection of the histograms it follows that the unit FZ is difficult to discriminate based 517 

only on its resistivity, which is similar to units C and E. The main features of unit FZ are rather its sub-518 

vertical shape and the marked continuity down to the bottom of the ERT models.  519 
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 520 

5 Discussion 521 

5.1 Stratigraphic and structural interpretation of the ERT models 522 

For the stratigraphic interpretation of the shallow portion of the ERT models we rely on the 523 

paleoseismic trenches described by Galadini and Galli (2003) and on the few available boreholes (Fig. 524 

2 and Fig. 3).  525 

 526 

Figure 10. Simplified log of Trench 1 from Galadini and Galli (2003) projected over the shallowest central portion of ERT 527 

model P1_2m DD (the outline of trench projected onto the ERT model is marked with grey dashed line). The solid black lines 528 

in the trench log are fault traces, whereas dashed black lines in the ERT model are inferred fault traces, which define the 529 

uppermost part of electrical unit FZ displacing unit B. 530 

 531 

Fig. 10 shows the projection of trench T1 with a simplified log over profile P1_2m (DD array). The 532 

trench revealed at the base of the scarp a sequence of silty deposits of alluvial and colluvial origin 533 

lying on sub-angular carbonate gravels, related to the alluvial fan. This setting is similar to what 534 

observed in the other two trenches. The thickness of the silty units ranges from less than 1 m to 535 

about 1.7 m when crossing a complex normal fault zone, 4-5 m wide, and consisting of 6 to 11 small 536 

SW-dipping and subordinately NE-dipping splays (the number of splays varies in the three trenches).  537 

We observe a good correlation between the low-resistivity shallow unit A (ρ < 125 Ωm and 0.5-1.8 m 538 

thick) as recovered in profile P1_2m at the base of the scarp and the colluvial-alluvial sandy-silty 539 
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package recognized in the paleoseismic trenches by Galadini and Galli (2003). The age of unit A is 540 

well constrained by radiocarbon dating, and it spans the late Holocene (6005-1400 yr B.P.).  541 

The correlation between the shallowest portion of unit B and the alluvial fan gravels recovered in all 542 

the three trenches is straightforward. Therefore, carbonate gravels with a low amount of silty matrix 543 

are characterized by resistivity values in the range of 375-500 Ωm. The lithological nature of unit B is 544 

also confirmed by the closest borehole (# 3 in Fig. 2 and Fig. 3) by Ge.Mi.Na. (1963). However, the 545 

age of this gravel deposit is less constrained, due to the lack of absolute dating. Galadini and Galli 546 

(2003) relate the growth of the complex alluvial fan of Valle delle Fonti to five different depositional 547 

phases ranging in age from the LGM (23-18 kyr B.P.) to about 3.8 kyr B.P.: this is based on the 548 

correlation with similar alluvial fan progradation phases recognized by Giraudi (1995) in some 549 

continental basins in the central Apennines to the south of the study area and sharing a comparable 550 

average elevation and geomorphic setting. More recent stratigraphic and geochronologic data from 551 

the Campo Felice area (CF in Fig. 1) by Giraudi et al. (2011) confirm the post-LGM age of these 552 

alluvial fan progradation events. The thickness of the shallowest part of unit B as recovered in our 553 

ERT models is about 2 m, and we infer that it represents the record of the two latest phases of 554 

alluvial fan accretion, 12-3.8 kyr B.P in age. The borehole #5 in Fig. 2 is located at the westernmost 555 

edge of the outcropping alluvial fan of Valle delle Fonti, and it suggests that the thickness of the 556 

shallowest gravel unit is about 15 m. Similar thickness is also found in borehole #2 (20 m) and 557 

borehole #4 (17 m), which penetrate two smaller alluvial fans likely of the same age. These values 558 

are in accordance with results from ERT models P1_5m, which show that the overall thickness of unit 559 

B (including B’ and B’’) is about 15 m. Assuming this chronologic framework is correct, we infer that 560 

unit B represents the electrical response of the overall alluvial fan of Valle delle Fonti, spanning the 561 

last 23-3.8 kyr. The thickness of this alluvial fan requires a minimal long-term sedimentation rate of 562 

0.65 mm/yr in the fault hangingwall.  563 

The low-resistivity unit C clearly visible in the resistivity models of profiles P1_5m and P1_10m is 564 

about 22-25 m thick. Unfortunately, borehole #5 does not show any fine-grained stratigraphical unit 565 

with comparable thickness, thus denoting a strong lateral variability of the subsurface setting. 566 

However, boreholes  #1 and #4 indicate the presence of a >20 m thick layer of clays and silts at 567 

depth > 15 m, which may represent an equivalent of the conductive layer below the coarse deposits 568 

of the Valle delle Fonti alluvial fan. Therefore, we interpret unit C to be the electrical response of 569 

clay and silt with interbedded sandy gravels layers. The age of unit C is uncertain. A very crude age 570 

estimate is obtained by extrapolating the sedimentation rate of 0.65 mm/yr obtained for the 571 

uppermost unit B, resulting in 30-70 kyr B.P. Obviously, non-steady long-term sedimentation rates 572 

and the occurrence of unconformities would lead to a much older age for unit C. For instance, in the 573 
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Campo Felice tectonic basin (CF in Fig. 1), Giraudi et al. (2011) document from borehole data five 574 

main cycles of lacustrine sedimentation in the hangingwall of the basin-bounding active normal 575 

fault: based on tephra chronology and pollen analyses, the authors interpret those cycles as 576 

depositional response to cold climatic phases, and in particular they relate to the marine isotope 577 

stages MIS6 and MIS4 (~191-57 ka) the 3rd and 4th cycles. The latter form a > 20 m thick pack of silts 578 

and sands whose top is ~20 m deep. Due to the comparable thickness and depth, we tentatively 579 

assign a similar age range to unit C, which we consider a lacustrine cycle developed during cold 580 

climatic conditions between the late Middle Pleistocene and before the LGM.  581 

The 30 m- thick unit D in the hangingwall of the fault (between 40-70 m depth) has no counterpart in 582 

the shallow borehole #5, although borehole #4 indicates the alternation of prevailing gravel and 583 

subordinate silt at comparable depth interval. We interpret unit D as a coarse-grained deposit, 584 

possibly related to old phases of alluvial fan accretion enhanced by colder climatic conditions, 585 

subsequently covered by the lacustrine deposits (unit C). In the fault footwall, the shallow resistive 586 

layer has a comparable thickness. Due to a relatively higher sedimentation rate in the hangingwall, 587 

we hypothesize that the resistive layer in the footwall represents the condensed counterpart of units 588 

B, C and D. This may explain the absence of the conductive unit C to the east of the fault along the 589 

investigated transect.  590 

Conversely, we have hints of the presence of a deeper conductive unit (E and E’) on both sides of the 591 

fault. Possibly, unit E rests on the pre-Quaternary marly-calcareous basement at 110-120 m depth in 592 

the fault footwall (ERT model P1_10m). We have no means to date units D and E, however we infer 593 

they should be Middle Pleistocene in age (about 350-500 kyr old?), based on results for the Campo 594 

Felice basin by Giraudi et al. (2011), where they relate to the MIS 14 sandy gravel deposits in the 70-595 

110 m depth range according to the absolute dating of interbedded tephra layers (~505 kyr old). 596 

  597 

5.2 Fault zone geometry, displacement, and estimation of throw-rates 598 

The recognition of the main interfaces separating the electrical units as described in Section 4, and 599 

the chronologic framework discussed in Section 5.1, provide basic elements to infer the amount of 600 

cumulated fault throw and its rate.  601 

If we consider the average elevation of the nearly-horizontal base of the shallowest recognized 602 

resistive unit B (see ERT model P1_2m DD in Fig. 7) in the footwall and in the hangingwall of the 603 

fault, we get a vertical separation of 2.7 ± 0.9 m (Fig. 11). In the estimation of displacement we 604 

avoided to consider the top of unit B, because we do not have any means to evaluate the amount of 605 

erosion affecting the footwall block, moreover we disregarded points too close to the fault zone, 606 

since in this region the interfaces lose their sub-horizontal attitude. 607 
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 608 

Figure 11. Displacement across the investigated fault of the base of electrical unit B in ERT model P1_2m DD (blue dots) and 609 

of electrical unit B” (red dots) from ERT model P1_5m WS as inferred from the steepest gradient method (vertical 610 

exaggeration: 6.25x). The vertical offset is calculated by subtracting the average elevation of the displaced interfaces in the 611 

footwall and in the hangingwall blocks (the summed standard deviation of elevation gives a measure of uncertainty). 612 

 613 

The obtained value is very close to the maximum cumulative morphologic offset of the Valle delle 614 

Fonti fault as inferred by the topographic analysis of the fault scarp (2.82 m; Fig. 5, Fig. 6), and a bit 615 

larger than the scarp height at the ERT survey site (~2.28 30 m). Due to the inherent smoothness of 616 

the resistivity models, we approximate that the morphologic and geologic offsets are nearly equal, 617 

and that they represent the fault throw occurred since the beginning of the sedimentation of the 618 

uppermost 2 m of the alluvial fan.  619 

Following the same approach, we evaluate the displacement affecting the base of the Valle delle 620 

Fonti alluvial fan (base of resistive unit B”, according to results of ERT model P1_5m DD). Due to the 621 

complex geometry of the interfaces, in particular in the footwall block, the obtained value of 5.1 m ± 622 

1.7 m is characterized by a larger standard error. However, it is indicative of an incremental fault 623 

offset affecting the deeper and older layers. Notably, the sequence B-B” is about 8 m thick in the 624 

hangingwall and about 6 m thick in the footwall, thus confirming the syn-sedimentary activity of the 625 

investigated fault, causing higher sedimentation rates in the downthrown hangingwall block. We 626 

also note that the ERT transect is mostly orthogonal to the general flow direction of the alluvial fan, 627 

therefore the clastic input would be virtually equal onto the two blocks if no fault activity occurred. 628 

However, we cannot completely rule out some minor sedimentary component in the geometry of 629 

the inferred interfaces and of the surface topography along the investigated transect: for instance, 630 

the fault scarp itself may have partly overprinted a small channel riser, due to its nearly flow-parallel 631 

orientation.  632 

If the chronostratigraphic framework discussed in the previous section is correct (i.e., the electrical 633 

unit B represents the latest two phases of alluvial fan growth that began 12 kyr B.P.), then by taking 634 

into account the offset of electrical unit B (2.7 ± 0.9 m) the corresponding minimal post-12 kyr throw 635 

rate of the investigated fault is 0.23 ± 0.08 mm/yr. For the most recent time interval, Galadini and 636 
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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 637 

affecting the base of a colluvial unit dated 4155-3965 yr B.P. from their trench 1. Thus, our estimate 638 

is quite in accordance with the available paleoseismic record.  639 

Similarly, if we consider the vertical offset of the base of unit B” (5.1 m ± 1.7 m), which defines the 640 

beginning of the sedimentation of the Valle delle Fonti fan near 23 kyr B.P., we get a rough estimate 641 

of the Late Pleistocene throw rate of 0.22 ± 0.07 mm/yr, which is very similar to the rate inferred for 642 

the most recent time period and consistent with paleoseismic data and topographic levelling. 643 

At first glance, the P1_10m WS ERT model enables us to further evaluate the incremental vertical 644 

fault offset back in time using the deeper electrical units C (in the hangingwall), and D’ and E (in the 645 

footwall). However, these electrical units clearly show up in the fault hangingwall, whereas in the 646 

footwall their electrical signature appears in a region of low vertical resistivity gradient, so that in 647 

this case we cannot provide a precise vertical offset value due to the inherent high uncertainty. In 648 

any case, a hypothetical minimal estimation of the long-term throw accrued by the investigated fault 649 

could be represented by the vertical separation between the interface D\E’ in the hangingwall and 650 

D’\E in the footwall (> 30 m).  651 

ERT data have different spatial resolution and penetration depth, therefore the electrical image of 652 

unit FZ slightly differs in the three ERT profiles P1_2m, P1_5m and P1_10 m. Starting from the very 653 

near surface, a direct comparison between trench data and the high-resolution DD model of profile 654 

P1_2m suggests a consistent match between surface data and electrical properties. In fact, trench 1 655 

from Galadini and Galli (2003) revealed the fault zone consists of a discrete number of individual 656 

small splays distributed in a ~5 m-wide zone, while the recovered resistivity model only depicts the 657 

thickening of the low-resistivity unit A in the hangingwall coupled with the occurrence of a relatively 658 

low resistive, ~4-m wide region characterized by a weak internal lateral resistivity contrast. At 659 

greater depths, unit FZ shows a significant decrease of the resistivity, and appears ~about 10 m 660 

wide. 661 

Due to the lower spatial resolution of profiles P1_5m and P1_10m, the width of unit FZ can be 662 

approximated as ~about 20 m and 35 m, at the depth intervals of 20-40 m and 40-100 m 663 

respectively. Notably, the electrical signature of unit FZ at depth is nearly constant, exhibiting 664 

resistivity values ranging from 100 Ωm to 150 Ωm. The application of the SGM on the resistivity 665 

models (Fig. 7a, 8a and 9a) indicates the presence of some additional sub-vertical discontinuities 666 

located also outside of unit FZ, therefore the estimation of the width of the investigated fault zone 667 

most likely represents a minimal lower bound.  668 

The overall geological interpretation of the resistivity models is outlined onto the P1_10 WS profile 669 

in Fig. 12. The main electrical units are referred to coarse alluvial fan bodies and interbedded fine-670 
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grained fluvio-lacustrine sediments according to their relative degree of resistivity, and the fault 671 

zone FZ is interpreted as a narrow, sub-vertical band of relatively-low resistivity developed up to the 672 

very near surface. 673 

 674 

Figure 12. Simplified geological interpretation of the surveyed transect superimposed onto the ERT P1_10m WS recovered 675 

resistivity model. In this interpretation, only the conductive part of the inferred fault zone is outlined, therefore its width is a 676 

minimal value estimation. 677 

 678 

5.3 Some inferences on long-term fault activity 679 

We explored the shallow subsurface of a Quaternary fault that is part of the complex Mt. Vettore - 680 

Mt. Bove fault-system (VBFS, Fig. 1). As described in Section 2, during the 30 October 2016 Mw 6.5 681 

earthquake, surface faulting involved a large portion of the VBFS (some of the main segments that 682 

ruptured are marked in red in Fig. 2), with local throw that in many cases well exceeded 1 m. The 683 

analysis of the wide coseismic deformation field and its geometric pattern is still in progress and is 684 

beyond the aim of this paper. Moreover, the relation between the large slip occurring along the 685 

splays standing at high elevation (1500-2100 m a.s.l.) and the subdued amount of throw occurring 686 

along the Valle delle Fonti fault within the Pian Grande di Castelluccio (median value: 0.05 m, 687 

maximum value: 0.14 m) requires further data and investigation in order to be clarified. However, 688 

some general features of the long-term faulting style in the surveyed area can be inferred.  689 

The 24 August 2016 Mw 6.0 earthquake mostly ruptured the Mt. Vettore fault segment with average 690 

surface displacement of 0.10-0.15 m, and did not cause any surface rupture along the Valle delle 691 

Fonti fault (only very sparse and few cracks were observed in the Pian Grande: Emergeo Working 692 

Group, 2016; Pucci et al., 2017), whereas the 30 October quake ruptured almost the entire length of 693 

the VBFS including the Valle delle Fonti fault. The average peak surface slip of the 30 October 2016 694 

quake is one order of magnitude larger than that occurred on 24 August 2016 (Villani and the Open 695 

EMERGEO Working Group, in prep.). All this suggests that, as part of the VBFS, the Valle delle Fonti 696 

fault is a splay that shows important displacement capable of rupturing the surface only when the 697 

VBFS triggers M > 6 earthquakes.  698 
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The implications from a morphotectonic and paleoseismic perspective are important: in fact, in the 699 

study area the available trench data on the investigated fault only reveal the signature of large past 700 

earthquakes (M > 6), possibly leaving no trace of moderate-sized events like the 24 August 2016 one. 701 

Assuming that at site A the 2.3 m-high fault scarp in unconsolidated deposits within a plain 702 

characterized by clastic input both in the footwall and in the hangingwall blocks is due to surface-703 

rupturing earthquakes similar to the 30 October 2016 event (0.11-0.12 m local coseismic surface 704 

throw), more than 20 events are needed in the past 12 kyr, and likely some hundreds events since 705 

the beginning of fault activity. As already pointed out in Section 4.1, such remarkable recurrent style 706 

of episodic slip is also suggested by the striking similarity between the the long-term morphologic 707 

offset of the cumulative fault scarp and the along-strike distribution the pattern of the 30 October 708 

2016 coseismic throw (Fig. 6). 709 

 710 

5.4 Coseismic fracturing: a possible cause of increased fault zone permeability 711 

We generally observe a low-resistivity signature of the subsurface fault zone (unit FZ) in all the ERT 712 

profiles. A simple explanation of a decrease in resistivity could be inferred by the increased 713 

percentage of the water content in the fractured fault zone with respect to the host rock. A 714 

thorough physical explanation for the origin of the change of water content is beyond the aim of this 715 

paper, however in this section we provide a brief description of the hydrologic background and then 716 

a simple conceptual model of fault zone. 717 
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 718 

Figure 13. a) Monthly precipitations and average temperature recorded at the meteorological station of Castelluccio di 719 

Norcia (1452 m a.s.l.) during year 2016; b) detail of daily precipitations in the period August-December 2016: the green 720 

triangles indicate the days of ERT surveys. 721 

 722 

In our opinion, it is difficult to explain the origin of the water content as exclusively due to infiltration 723 

of rainfall preceding our ERTs surveys. The closest meteorological station is just within the village of 724 

Castelluccio di Norcia, about 1.8 km to the west of the ERTs survey site (1452 m a.s.l., coordinates 725 

42.8283°N, 13.2032°E; data available at http://www.lineameteo.it/stazioni.php?id=335). Fig. 13a 726 

shows the monthly precipitation (total: 405.6 mm) and the average temperature measured at the 727 

station during year 2016.  728 

The diagram clearly shows a peak of precipitation during September (126.4 mm) with a significant 729 

decreasing trend in October (81.1 mm). Furthermore, the monthly precipitation dropped to less than 730 

11 mm from November and extending to the period of our geophysical surveys (the ERTs were 731 

acquired on 9, 13, 14 and 21 December 2016). The quite dry late-fall season is evidenced in Fig. 13b, 732 

displaying the daily amount of precipitations between August and December 2016: a similar trend 733 
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was observed for the two preceding very dry years 2015 (total precipitations: 251.4 mm) and 2014 734 

(total precipitations: 516.1 mm), whereas in year 2013 (total precipitations: 1129.9 mm) the monthly 735 

rainfall during October, November and December was 49 mm, 364.2 mm and 127.3 mm, 736 

respectively.  737 

Due to the 30 October 2016 earthquake, this station did not record any data in the period 3-16 738 

November 2016, however the closest meteorological station at Cascia (about 20 km to the south-739 

west; coordinates 42.7144°N, 13.0119°E) confirms that during this period almost no rainfall occurred 740 

in the region (total precipitation for November 2016 was 8.6 mm at Cascia). These data suggest that 741 

the shallow aquifers (corresponding to units D and likely C) have partly been charged in September 742 

and the beginning of October 2016. If we postulate that hydraulic conductivity of the local shallow 743 

aquifer (likely made of gravels with sandy/silty matrix: electrical units C and D) ranges between 10-4 744 

to 10-6  m/s (depending on the relative abundance of fine matrix in the coarse grained sediment; 745 

Freeze and Cherry, 1979; Warren et al. 1996), neglecting the role of evapotranspiration we obtain 746 

that the maximum infiltration depth of meteoric water occurred since the last rainy period (October 747 

the 15th) up to the survey period is on the order of just 2-3 m from the ground surface. Therefore, 748 

most of the water content in the aquifer at greater depths is related to the long-term recharge 749 

developed in the preceding years.  750 

As such, we propose that the high conductivity of the retrieved subsurface fault zone FZ is mostly 751 

due to groundwater coming from the shallow perched aquifer (confined in the uppermost 50-70 m) 752 

squeezed by compaction caused by the 30 October 2016 earthquake, as also similarly reported in 753 

several case-studies of shallow crustal faulting earthquakes (Sibson, 1981; Wood, 1994; Manga and 754 

Wang, 2007). Seismic waves provoke aquifer compression, and coseismic normal fault slip induces 755 

an increment of fracture permeability within the fault zone due to the opening of interconnected 756 

cracks, all this resulting in the partial draining of the aquifer. The main consequence is a sudden and 757 

temporary upraise of the water level within the fault zone. The occurrence of surface faulting 758 

characterized by local crack opening during the 30 October 2016 earthquake strongly supports the 759 

idea that the investigated fault zone at depth has been subject to a coseismic increment of 760 

permeability. The water level upraise must have stopped at 4-5 m depth, since the high-resolution 761 

model P1_2m does not show the low-resistivity portion of unit FZ extending up to the surface, and 762 

to our knowledge no evidence of surface water flow has been reported in this areaalong this fault 763 

after the earthquake. 764 

  765 

6 Conclusions 766 
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In this work, we have reported the results of the first geophysical iInvestigation carried out using 767 

electrical data during an ongoing seismic sequence over a surface-rupturing fault activated 768 

duringfollowing the 30 October 2016 Mw 6.5 earthquake in central Italy using electrical data.  769 

We discussed the benefits of a multi-scale geophysical approach using ground resistivity data, which 770 

provides new subsurface insights on the structure of the fault-zone. With this approach, we were 771 

able to image the fault structure down to about 100-120 m depth, thus estimating the incremental 772 

throw that was only constrained for the most recent time interval (Holocene) by shallow 773 

paleoseismic trenches. ERT provided a fast, accurate and cost effective 2-D subsurface imaging 774 

compared to a more laborious and expensive subsoil prospection using boreholes. As pointed out in 775 

the motivation of this work, the need for a fast investigation was mostly due to the upcoming 776 

prohibitive winter season, where thick snow cover and hard meteorological conditions would 777 

hamper any geophysical measurements. Our main results can be summarized as follows: 778 

1) following the 30 October 2016 quake, the primary surface faulting within the Pian Grande di 779 

Castelluccio basin occurred in correspondence of a steeply-dipping to sub-vertical fault zone, clearly 780 

detected down to a depth of about 100-120 m; 781 

2) the fault zone appears as a narrow and elongated relatively low-resistive (100-150 Ωm) 782 

region that we interpreted to be the result of the migration of water from the squeezed shallow 783 

aquifer squeezed promoted by coseismic shakingseismic waves; then, the increase of permeability is 784 

due to the fracturing of the damage zone;  785 

3) at the shallowest levels (2-10 m depth) the fault zone width (8-9 m) is comparable to the 786 

trench data, which (together with the few available shallow boreholes) provides us robust 787 

constraints to interpret our geophysical image; 788 

4) the fault zone also shows a nearly constant width (20-30 m) at depths > 40 m, as imaged by 789 

the 5-m and 10-m spaced ERT profiles; 790 

5) the morphologic offset of the Valle delle Fonti alluvial fan top surface and the vertical throw 791 

affecting the shallowest electrical layers (unit B) are nearly equal (2.3-2.8 m and 2.7 m ± 0.9 m, 792 

respectively), suggesting that the cumulative fault scarp at the surface is the product of dozens of 793 

strong surface-rupturing earthquakes (mostly of magnitude M > 6) occurred in the past 12 kyr; 794 

6) similarly, we evaluate 5.1 ± 1.7 m vertical offset affecting the base of the Valle delle Fonti 795 

alluvial fan, that is since the LGM; 796 

7) the inferred post-12 kyr throw-rate of the investigated fault is 0.23 ± 0.08 mm/yr, whereas 797 

the inferred post-23 kyr throw-rate is 0.22 ± 0.07 mm/yr, consistently with paleoseismic data; 798 
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8) we hypothesize a minimal long term fault throw > 30 m (base of units D and D’) is 799 

hypothesized, which is indicative of a syn-sedimentary fault activity occurring since the Middle 800 

Pleistocene. 801 

From a methodological point of view, the adopted multi-scale approach enables to evaluate the 802 

consistency and robustness at depth of the tomographic inversion results. The advantage of such 803 

multi-scale approach is that the deeper and low-resolution models (at shallow depth) with 10 m and 804 

5 m electrode spacing, give a measure of the stability of tomographic inversions for higher resolution 805 

and shallower models. In fact, the different spatial resolution and investigation depths provide 806 

useful information at different structural levels, and therefore they can be used to characterize the 807 

fault behaviour at different time-scales: high resolution data (2-m spaced array) detail the very near 808 

surface, corresponding to the Late Pleistocene - Holocene time interval, while intermediate-to-low 809 

resolution near surface data  (5-m and 10-m spaced arrays) constrain the fault structure at depth 810 

and the long-term fault slip (since the Middle Pleistocene).  811 

A rigorous statistical analysis is adopted as a means of addressing uncertainty associated with the 812 

non-unique relationship between lithology and the electrical properties, and to assess the location 813 

and extent of electrical interfaces over smooth resistivity models.  814 

Our results would benefit from the integration with other deep geophysical data and new boreholes. 815 

Indeed, future work will be focused on the accurate estimation of the total fault throw by imaging 816 

the pre-Quaternary top-basement surface, which can be obtained with a multidisciplinary 817 

geophysical approach, involving the use of seismic surveys combined with time-domain 818 

electromagnetic data and potential field methods. 819 
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  7 

Abstract 8 

We report the results of a shallow electrical resistivity investigation performed across a normal fault 9 

that ruptured the surface displacing with average ~0.05 m vertical offset alluvial fan deposits (< 23 10 

kyr old) within an intermontane fault-bounded basin following the 30 October 2016 Mw 6.5 11 

earthquake in central Italy. We adopted a multi-scale geophysical approach, by acquiring three 2-D 12 

electrical resistivity tomography (ERT) profiles centred on the coseismic ruptures, and characterized 13 

by different spatial resolution and investigation depth. Below the fault scarp, the ERT models show a 14 

narrow (~10 m wide) and steeply-dipping moderately-resistive region (100-150 Ωm), which we 15 

interpret as the electrical response of the fault zone displacing layers of relatively high-resistivity 16 

(300-700 Ωm) values. We explain the electrical signature of the retrieved fault zone as due to an 17 

increment of permeability caused by coseismic fracturing, and to the subsequent water migration 18 

from adjacent shallow aquifers squeezed by compaction induced by seismic waves. By using a 19 

statistically-based classification of electrical units, we estimate that the shallowest alluvial fan layer 20 

is affected by 2.7 ± 0.9 m vertical offset, which is consistent with the measured 2.3-2.8 m 21 

morphologic offset of the top fan surface, and suggesting a post-12 kyr throw-rate of 0.23 ± 0.08 22 

mm/yr. Similarly, we evaluate a post-23 kyr throw of 5.1 ± 1.7 m, indicating a Late Pleistocene 23 

throw-rate of 0.22 ± 0.07 mm/yr, in accordance with available paleoseismic data. We further 24 

hypothesize a minimal total fault throw > 30 m, which likely accrued since the Middle Pleistocene 25 

(possibly in the last 350-500 kyr). The investigated fault structure is therefore an important splay 26 

characterized by a thick and highly permeable damage zone in unconsolidated deposits, and which 27 

ruptured the surface during several tens of strong (M > 6) earthquakes. 28 

 29 
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 37 

1 Introduction 38 

Most of the strain affecting the upper crust in active extensional non-volcanic environments is 39 

accommodated by brittle normal fault zones (Sibson, 1977; Cowie and Scholz, 1992; Putz Perrier and 40 

Sanderson, 2008). Fault zones often include one or more principal slip surfaces located within a fault 41 

core, where the largest displacement occurs, surrounded by a zone of fractured host rocks denoted 42 

as damage zone (Shipton et al. 2006). Large-displacement extensional faults are usually associated 43 

with damage zones whose width may attain tens of meters or even more, and which develop 44 

through time by shearing and mechanical crushing of wall-rocks during repeated episodes of 45 

coseismic slip (Agosta and Aydin, 2006).  46 

The geometry and physical properties of fault zones depend on the overall long-term fault structural 47 

evolution, including especially the processes of three-dimensional fault growth, the incremental 48 

accumulation of displacement, and the progressive localization of strain within one or multiple and 49 

relatively narrow principal shear zones (Walsh and Watterson, 1988; Cowie et al. 1995; Walsh et al. 50 

2001; Childs et al. 2009). Analysis of fault populations has led to the recognition of scaling law 51 

relationships, showing that fault zone width generally increases with fault dimensions and 52 

displacement (Kim and Sanderson, 2005; Mitchell and Faulkner, 2009; Faulkner et al. 2011): the large 53 

scatter in the available datasets is usually interpreted in terms of dependence from the type of 54 

deformation elements that accommodate displacement, the protolith nature, the geometry of pre-55 

existing structures and the mechanical stratigraphy involved in the process of fault growth (Shipton 56 

et al. 2006; Ferrill et al. 2017).  57 

The internal architecture of fault zones may be highly complex, since they typically display strong 58 

lithological heterogeneity, physical discontinuity and textural anisotropy. These properties are of 59 

primary importance in controlling underground fluid flow at different structural levels, from the very 60 

shallow subsurface down to seismogenic depths (Gumundsson, 2000; Rawling et al. 2001; Henriksen 61 

and Braathen, 2006; Vincenzi et al. 2009; Masset and Loew, 2010). For instance, faults may act as 62 

barriers to fluid flow, or they may represent preferential pathways for migration of fluids. This quasi-63 

static scenario becomes even more complex in the case of active faults, where a sealed damage zone 64 

behaving as a barrier during long inter-seismic periods may suddenly be breached when coseismic 65 

slip occurs, leading to rapid expulsion and diffusion of mixed-phase fluids in the surrounding volume 66 

(Caine et al. 1996; Townend and Zoback, 2000; Sibson, 2001). In this regard, fluids flow is crucial in 67 

the physical evolution of the damage zones, since it promotes chemical reactions that may lead to 68 
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fault weakening due to development of low-friction clay-rich material, or conversely it can also 69 

contribute to healing by facilitating lithification of breccia and gauge (detailed  review in: Faulkner et 70 

al. 2010).  71 

In general, only limited portions of active brittle fault zones are exposed at the surface, due to the 72 

combined result of erosion and tectonic rock exhumation. In many cases, active normal faults trigger 73 

rapid feedback response of surface processes, such as gravitational instability and erosional 74 

dismantling of the uplifted footwall blocks, coupled with enhanced sedimentation in the 75 

downthrown hangingwall counterpart (Bull, 2009; Burbank and Anderson, 2011). This results in a 76 

complex setting of the uppermost structural levels, particularly in the case of tectonically active 77 

regions characterized by low strain-rates and mountain environments typical of several upland 78 

regions in the Mediterranean area and in particular in the interior of peninsular Italy: here, 79 

distributed deformation on segmented normal fault-systems and the presence of thick clastic covers 80 

may hinder important details of the active fault structure, making it difficult to correctly decipher the 81 

signature of recent faulting (more details in: Villani et  al., 2015a).  82 

For these reasons, geophysical investigation of active fault zones can provide unique insight (Everett, 83 

2013). Electrical resistivity methods proved successful in imaging the subsurface of such complex 84 

structures (Suzuki et al. 2000; Caputo et al. 2003; Nguyen et al. 2005). It has long been recognized 85 

that many active faults, of different tectonic environments, are often characterized by lower 86 

electrical resistivity signatures with respect to the surrounding host rocks (Ritter et al. 2005). The 87 

main processes that lead to low electrical resistivity within fault zones are: 1) a higher degree of 88 

fracturing within the damage zone, which increases permeability thus facilitating fluid circulation; 2) 89 

the development of clayey minerals along the slip surfaces and within the damage zone; 3) reaction-90 

driven changes in porosity of the protolith. Among the numerous examples worldwide, narrow zones 91 

of relatively low-resistivity have been detected across subsurface faults in the Basin and Range 92 

Province of Western United States (Park and Wernicke, 2003) and the San Andreas Fault (Unsworth 93 

et al. 1997; Park and Roberts, 2003; Unsworth and Bedrosian, 2004), in Japan (Electromagnetic 94 

Research Group for Active Fault, 1982), in France (Gélis et al. 2010), in Slovakia (Putiška et al. 2012), 95 

in Belgium (Lecocq and Camelbeeck, 2017) and in central-southern Italy (among the others: Giocoli 96 

et al. 2015 and references therein).  97 

In this study, we acquired 2-D electrical resistivity tomography data (ERT) through a multi-scale 98 

approach in order to image the shallow subsurface structure of an active normal fault zone in the 99 

epicentral area of the 30 October 2016 Mw 6.5 earthquake that hit central Italy (Fig. 1). As described 100 

in the following Section, this strong earthquake caused primary surface faulting, which involved a 101 

complex network of normal fault segments. Most of these structural features have a clear 102 
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geomorphic expression and directly expose bedrock fault planes in high and impervious 103 

mountainous areas. Our investigation is focused on one active strand that, despite its trace develops 104 

entirely within recent clastic deposits with a subtle morphological imprint, ruptured up to the 105 

surface during the 2016 seismic sequence. Our primary target is the recognition of the subsurface 106 

fault geometry and the width of the damage zone as inferred by its electrical resistivity signature, 107 

with relations to the style of recent faulting and the long-term tectonic activity. We define the main 108 

electrical units as recovered from the resistivity sections in the very shallow subsurface, in relation to 109 

a pre-existing paleoseismological trench and available geological data. A rigorous statistical analysis 110 

yields to a quantitative classification of the overall resistivity data distribution and depth to layers. As 111 

a result, we argue on fault zone displacement and rupture geometry including also the possible role 112 

of fluids flow in the damage zone. We then discuss the broad geological implications of the obtained 113 

results. Worthy to note, this near-surface, multi-scale geophysical investigation in a fault-controlled 114 

area was performed during a running seismic sequence, and the upcoming prohibitive winter 115 

conditions of this mountain region required the application of a fast and accurate shallow 116 

exploration of the subsurface soon after the occurrence of a destructive earthquake. 117 

 118 

2 Geological background  119 

2.1 Geology and seismotectonics of the central Apennines  120 

The study area (Fig. 1) is located in the axial portion of the central Apennines, a NE-verging fold-and-121 

thrust belt developed since the Early-Middle Miocene by the overthrusting and stacking of mostly 122 

Meso-Cenozoic calcareous shallow-to-deep water and Miocene turbiditic domains belonging to the 123 

former passive Adria margin (Malinverno and Ryan, 1986; Patacca et al. 2008; Cosentino et al. 2010; 124 

Vezzani et al. 2010). The compressional front migrated towards the Adriatic side of the chain, where 125 

it is still active, while a generalized post-orogenic extension affects the westernmost and inner 126 

portions since the Late Pliocene – Early Pleistocene (Lavecchia et al. 1994; Cavinato and De Celles, 127 

1999; Ghisetti and Vezzani, 1999; D’Agostino et al. 2001). The normal faults network dissecting the 128 

central Apennines axis consist of 5-10 km long, mostly NW-trending and SW-dipping, individual 129 

segments, forming complex systems up to 25-30 km long (Fig. 1; Galadini and Galli, 2000; Morewood 130 

and Roberts, 2000; Cowie and Roberts, 2001; Roberts et al. 2002, 2004; Tondi and Cello, 2003). Most 131 

of them show clear hints of recent activity, due to the offset of Quaternary continental deposits and 132 

the fresh exposure of bedrock fault planes, interpreted as mostly due to rapid exhumation during 133 

coseismic surface slip episodes occurring after the Last Glacial Maximum (Giraudi, 1995; Benedetti et 134 

al. 2013). Geologic and paleoseismic data covering the Late-Pleistocene-Holocene time interval (Galli 135 
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et al. 2008) coupled with high-resolution geophysical investigations (e.g.: Villani et al. 2017) provide 136 

values of individual fault slip-rates in the 0.2-1.3 mm/yr range. 137 

The central Apennines are characterized by one of the highest seismic releases in the Mediterranean 138 

area, mostly due to shallow (~5-15 km deep) crustal earthquakes of normal-faulting type and with 139 

magnitude M occasionally up to ~6.5-7, which occur within a ~50-80 km-wide and actively extending 140 

belt (Fig. 1) that parallels the topographic bulge of the chain (Chiarabba et al. 2005; Pondrelli et al. 141 

2006; Chiarabba and Chiodini, 2013; see also updated database of moment tensor solutions 142 

available at http://cnt.rm.ingv.it/tdmt, and at http://eqinfo.eas.slu.edu/eqc/eqc_mt/MECH.IT/). 143 

Furthermore, the current extensional regime is evidenced by borehole breakout analyses (Montone 144 

et al. 2012), and geodetic data, which provide regional extension rates in the range of ~1-2.5 mm yr-1 145 

(Hustand et al. 2003; D’Agostino et al. 2008; Faure Walker et al. 2010; Devoti et al. 2011; Carafa et 146 

al. 2015). Clearly, there is an inextricable link between the current seismicity, the extension affecting 147 

the chain and the active normal faults network so far described.  148 

The study area is located along the easternmost active fault-system in the central Apennines, 149 

running ~30 km within the Sibillini Mts. Range (Calamita and Pizzi, 1992, 1994; Calamita et al. 1992; 150 

Cello et al. 1997; Pizzi et al. 2002; Mt. Vettore - Mt. Bove fault-system, VBFS for short, marked in red 151 

in Fig. 1). Equivalently, Lavecchia et al. (1994) interpret this fault-system as the breakaway zone of 152 

the active extensional domain in this part of the central Apennines. Before the summer of 2016, the 153 

background level of instrumental seismicity in the region did not clearly highlight the seismic activity 154 

of the VBFS, as compared to nearby faults to the west (1979, Mw 5.9 Norcia earthquake; Deschamps 155 

et al., 1984) and to the north-west (1997, Mw 6.0 Colfiorito earthquake; Amato et al., 1998). 156 

Previous studies considered silent or locked the VBFS (Galadini and Galli, 2003; Boncio et al. 2004), 157 

because the relatively low degree of seismicity and the lack of historical earthquakes was coupled to 158 

striking geomorphic evidence of post-Last Glacial Maximum (LGM) activity (Calamita et al. 1992; 159 

Calamita and Pizzi, 1994; Lavecchia et al., 1994) and hints of Holocene paleoseismicity (Galadini and 160 

Galli, 2000; Galli et al. 2008). For the VBFS, Pizzi et al. (2002) evaluate a total geologic throw as large 161 

as 1200 m in the Mt. Bove sector (to the north) and 1350 m in the Mt. Vettore sector (to the south), 162 

whereas the estimated maximum Quaternary morphologic throw is on the order of 800 m. 163 

The strong seismic potential of the VBFS suddenly came out in 2016, when it triggered an important 164 

seismic sequence (details in: Chiaraluce et al. 2017). It begun on August the 24th 2016 at 1:36:32 UTC 165 

with an Mw 6.0 earthquake that caused heavy damage and 299 casualties, and located to the NW of 166 

Amatrice (8 km depth, #1 in Fig. 1; Gruppo di Lavoro INGV sul terremoto di Amatrice, 2016; Tinti et 167 

al. 2016). The mainshock was followed 1 hour later by an Mw 5.4 event (8.7 km depth, #2 in Fig. 1). 168 

The sequence culminated with three other major shocks, occurring on October the 26th (Mw 5.4, 169 
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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 170 

Lavoro INGV sul Terremoto di Amatrice-Visso, 2016), and on October the 30th with epicenter close to 171 

Norcia (Mw 6.5, 6:40:17 UTC, depth 9.4 km, #5 in Fig. 1; Gruppo di Lavoro INGV sul Terremoto in 172 

Centro Italia, 2016). The last earthquake was the largest seismic event recorded in the past four 173 

decades in the Italian peninsula since the devastating Ms 6.9 1980 Campania-Basilicata earthquake 174 

(Westaway and Jackson, 1987; Bernard and Zollo, 1989).  175 

The 24 August earthquake provoked surface faulting, which was clearly observed for a minimal total 176 

length of about 5.2 km along the southernmost part of the VBFS, with average vertical displacement 177 

of nearly 0.10-0.15 m (Emergeo Working Group, 2016; Pucci et al. 2017). The 26 October Mw 5.9 178 

quake caused surface faulting as well in the northernmost part of the VBFS, however geologists did 179 

not have the time to complete field surveys before the 30 October earthquake occurred. This last 180 

event caused an impressive and complex pattern of surface faulting, which involved a complex 181 

system of SW-dipping and also NE-dipping faults segments whose southernmost part was already 182 

activated by the August quakes, for a total length of ~25 km: locally, vertical offset of the ground 183 

surface caused by primary surface faulting along limestone bedrock fault planes of the Mt. Vettore 184 

sector exceeded 1.5-2 m (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2016, 2017; Pantosti 185 

and the Open EMERGEO Working Group, 2017; Civico and the Open EMERGEO Working Group, 186 

submitted; Villani and the Open EMERGEO Working Group, in prep.).  187 

 188 

2.2 Quaternary intermontane basins in the central Apennines and geophysical signature of the 189 

infilling deposits 190 

The long-term activity of the above mentioned Quaternary normal faults array in the central 191 

Apennines resulted in the generation of several intermontane basins (Cavinato and De Celles, 1999). 192 

Subsequent drainage incision due to large-scale regional uplift and normal block-faulting in some 193 

cases led to the partial exposure of their continental infill, mostly made of lacustrine and 194 

fluvial/alluvial sequences, particularly in the basins located to the west of the present-day Apennines 195 

divide (D’Agostino et al. 2001; Bosi et al. 2003). However, only in a few cases a thorough 196 

investigation of the internal structure of these basins has been performed through the integration of 197 

geophysical and borehole data (see for instance: Cavinato et al. 2002).  198 

Recent research focused on the imaging of the intermontane tectonic basins close to the area struck 199 

by the 2009 Mw 6.1 L’Aquila earthquake (see Fig. 1 for location) took advantage of the extensive use 200 

of electrical and electromagnetic methods (Giocoli et al. 2011; Villani et al., 2015a,b; Pucci et al., 201 

2016; Porreca et al., 2016; Civico et al., 2017). In terms of electrical stratigraphy, these studies 202 

basically show that the alternation of roughly tabular bodies of contrasting resistivity fills in such 203 
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continental depressions. For instance, in a wide area to the east of L’Aquila, recovered electrical 204 

resistivity models from Pucci et al. (2016) provide correlations between low-resistivity bodies (ρ < 205 

20-50 Ωm) with known outcropping lacustrine marls and clays, and between moderately-to-high 206 

resistivity bodies (ρ > 100 Ωm) with mapped carbonatic alluvial conglomerates. Similarly, in the same 207 

area, Villani et al., (2015a) established correlations between high-resistive bodies (ρ up to 500 Ωm) 208 

and stiff alluvial conglomerates, and between low-resistivity bodies (ρ < 80 Ωm) and sandy alluvial 209 

deposits containing sparse tephra. In the Piano di Pezza basin to the south of L’Aquila (PP in Fig. 1), 210 

Villani et al. (2015b) found good correlations between the electrical resistivity images and 211 

outcropping geology (very high-resistive moraines, characterized by ρ up to 3000 Ωm, and relatively 212 

low-resistive alluvial and colluvial deposits, with ρ < 200 Ωm).  Moreover, based on the electrical 213 

resistivity results, these authors assume that the deeper sedimentary infill of the Piano di Pezza 214 

basin is characterized by a regular alternation of coarse-grained clastic deposits and gravels with 215 

silty-sandy matrix: this assumption was supported by the correlations with several boreholes 216 

stratigraphy from the nearby Campo Felice intermontane basin (CF in Fig. 1) as described by Giraudi 217 

et al. (2010), who recognized in the continental sequence the alternation of sands and gravels 218 

related to glacial and interglacial cycles in the last 0.5 Myr.  219 

Electrical resistivity surveys performed by several authors in the epicentral area of the 2009 L’Aquila 220 

earthquake, in many cases document shallow fault zones within gravelly and sandy deposits, and 221 

characterized by relatively low resistivity values (MS-AQ, 2010; Giocoli et al. 2011). In this regard, 222 

Villani et al. (2015b) show that the shallow subsurface portion of the Piano di Pezza normal fault 223 

disrupts gravels and sandy/silty colluvium, and depict a high-resolution geophysical image of the 224 

very shallow fault zone, being ≃7 m wide and characterized by very low P waves velocity (< 750 m/s) 225 

and electrical resistivity (ρ < 200 Ωm) up to one order of magnitude lower than the surrounding 226 

coarse slope debris and moraine deposits (ρ >  2000 Ωm). 227 

 228 

2.3 The survey site and the ancillary information 229 

The survey area is located in the Pian Grande di Castelluccio, a ≈7 km x 3 km wide intermontane 230 

basin developed in the hangingwall of the Mt. Vettore normal fault-system as result of the long-term 231 

subsidence of the downthrown fault blocks (Fig. 2; Calamita and Pizzi, 1992, 1994; Calamita et al. 232 

1992). The almost flat-bottomed plain has an endoreic drainage, and displays a gentle dip to the 233 

south, with average elevations between 1330 and 1270 m a.s.l. It is surrounded by high and steep 234 

slopes on the western side and particularly on the eastern border, where the peaks of Mt. Vettore 235 

(2476 m) and Cima del Redentore (2448 m) represent the culminations of a > 1100 m high 236 

cumulative fault scarp.  237 
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The substratum is made of Jurassic to Paleogene shallow-to-deep marly-calcareous deposits, 238 

whereas the plain is filled with sequences of lacustrine, alluvial fan and fluvio-glacial deposits 239 

(Coltorti and Farabollini, 1995; Pierantoni et al. 2013). The main catchments conveying coarse 240 

sediments to the plain are located in the northern part, in the south-western sector and all along the 241 

western flank of the the Mt. Vettore-Cima del Redentore ridge.  242 

Few shallow boreholes nearby the survey area are available (Ge.Mi.Na. 1963; Fig. 2 for location; 243 

details in Fig. 3). Two of these, very close to the basin borders, penetrated the pre-Quaternary marly 244 

limestones at 97 m and 80 m depth respectively, in the hangingwall of two NW-trending range-245 

bounding faults. The overall stratigraphic data indicate the alternation of conglomerates, sandy 246 

gravels and clays with variable thickness as the result of the interfingering of alluvial fan and 247 

lacustrine deposits during the Quaternary. These data are used for calibration of the ERT resistivity 248 

models (see details in Section 4).  249 

Sparse vertical electrical resistivity soundings were acquired in the plain by Biella et al. (1981): their 250 

geophysical results, compared to borehole stratigraphy, indicate that gravels are characterized by ρ 251 

≃ 140-220 Ωm, whereas sandy-clays have ρ ≃ 55-125 Ωm and the carbonatic substratum ρ > 1500 252 

Ωm. 253 

The 30 October 2016 Mw 6.5 earthquake caused surface ruptures along this mountainside and also 254 

within the plain (Gruppo di Lavoro INGV sul Terremoto in Centro Italia, 2017; Civico and the Open 255 

EMERGEO Working Group, submitted): here, they closely follow the trend of a subtle fault scarp 256 

affecting Late Pleistocene to Holocene alluvial fan deposits, and which was first recognized by 257 

Galadini and Galli (2003). The Authors explored the surficial portion of this fault scarp (which we 258 

label Valle delle Fonti fault) by means of three small paleoseismic trenches (details in Sections 3 and 259 

4; Fig. 4), recovering a very shallow normal fault zone that displaces Holocene sandy and silty 260 

colluvial and alluvial deposits: they infer the occurrence of at least three major surface-rupturing 261 

paleo-earthquakes, one occurring between 4155-3965 years B.P. and the 6th-7th century A.D., one 262 

between 5940-5890/5795-5780 years B.P. and 4155-3965 years B.P., and another one between 263 

18.000-12.000 years B.P. and 5940-5890/5795-5780 years B.P.  264 

  265 

 3 Data and Methods 266 

3.1 Geological and topographic data 267 

As members of the EMERGEO Working Group of the Istituto Nazionale di Geofisica e Vulcanologia, 268 

we carried out field surveys during fall 2016 to map the trace of the coseismic surface ruptures. 269 

Within the Pian Grande di Castelluccio we accurately reported, at closely spaced intervals, the height 270 

of the coseismic free face exposing recent soils (defining the coseismic fault throw) in addition to the 271 
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opening of the ground cracks (related to the local fault heave), with an intrinsic measurement error 272 

of ~0.01 m. Overall, we mapped >1 km of almost continuous surface rupture, by collecting > 130 273 

measurements (Fig. 4). These data are compared to the morphologic height of the cumulative fault 274 

scarp as revealed by serial topographic profiles, which we obtained by analysing a 2-m grid DEM 275 

previously smoothed with a low-pass spatial filter in order to remove spikes. We also took into 276 

account the main sedimentary bodies within the plain as mapped by Coltorti and Farabollini (1995) 277 

and Galadini and Galli (2003). 278 

 279 

3.2 Electrical resistivity data 280 

In order to recover the shallow subsurface electrical resistivity image of the fault zone, on December 281 

2016 we investigated the subsoil over one transect (labelled A, Fig. 4) running WSW-ENE, and nearly 282 

orthogonal to the trace of the 30 October 2016 coseismic surface ruptures. Along this transect, we 283 

acquired three different scale-resolution 2-D ERT profiles using a Syscal R2 (IRIS Instrument) with a 284 

set of 64 stainless steel electrodes. All ERT profiles are purposely centred on the coseismic rupture 285 

and were acquired using an electrodes spacing of 2 m, 5 m and 10 m respectively, corresponding to 286 

profile lengths of 126 m, 315 m and 630 m (profiles P1_2m, P1_5m and P1_10m in Table 1).  287 

For each profile, we acquired both dipole-dipole (DD for short) and Wenner-Schlumberger (WS for 288 

short) electrode arrays, in order to 1) reach different depths of investigation, 2) obtain a good 289 

compromise between vertical and horizontal resolution of the retrieved resistivity bodies (Loke and 290 

Barker, 1995; Table 1).  291 

With the DD configuration we aimed at better imaging lateral resistivity contrasts as due to faulting 292 

and/or abrupt horizontal changes in thickness of the sedimentary bodies. Conversely, with the WS 293 

configuration we aimed at confidently recovering both lateral and vertical resistivity contrasts while 294 

also increasing the depth of investigation beneath the coseismic rupture. We injected a square-wave 295 

signal for 250 ms into the ground, using 100, 200 and 400 Volts for the P1_2 m, P1_5 m, and P1_10m 296 

profiles, respectively. Resistance contact check allowed us to avoid relatively high resistance values. 297 

We used fresh water to enhance coupling between the electrodes and the ground. Although contact 298 

resistance is a known factor to impact on data quality, it is not the only one (LaBrecque et al., 1996). 299 

We used low voltage and high resistance contact records as noise indicators in the acquired ERT 300 

data. To account for noisy data, we manually edited obvious outliers and removed apparent 301 

resistivity data derived from very low voltage and/or current level before running the inversion. No 302 

weighting of data points in the inversion based on measurement errors was applied, since weighting 303 

by voltage or current “error” usually has very little effect in the inversion. Although being aware that 304 
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a more suitable method to estimate such errors would be acquiring reciprocal records, we were not 305 

able to collect them with our instrument.  306 

Measured apparent resistivity data were input to a 2-D smoothness-constrained least squares 307 

inversion algorithm, where the investigated subsurface area is subdivided into a mesh of rectangular 308 

blocks, whose width is equal to half of the electrode spacing in the shallowest layers (Constable et al. 309 

1987; Loke and Dahlin 2002). We then used a model discretization where layers thickness linearly 310 

increases by 10% with each incremental depth interval.  311 

In Section 4.2 we show the results obtained for linearized inversions with smoothness constraints. 312 

The quality of the obtained resistivity sections is then described by the root mean square (RMS) of 313 

residuals after the last iteration. The DD recordings proved a bit noisier, as expected, and yielded 314 

tomographic models with a higher RMS compared to WS data: this difference is more evident in the 315 

case of the ERT profile with 10 m electrodes spacing. Due to the larger investigation depth with 316 

respect to DD models, we show the average statistical properties of WS resistivity models by means 317 

of frequency histogram plots, in order to roughly discriminate the occurrence of different subsurface 318 

resistivity packages.  319 

 320 

3.3 Interface classification 321 

On each smooth ERT model (except for the noisier P1_10m DD recovered resistivity model) we 322 

classify the most significant resistivity changes as derived from the application of the steepest-323 

gradient-method (SGM: Chambers et al. 2006; Sapia et al. 2017). Due to the expected roughly 324 

tabular and sub-horizontal subsurface stratigraphy of the survey site, in this work we applied a 325 

slightly modified SGM-based approach, described in more detail in the Auxiliary Material S1. The 326 

basic principle of the SGM is that the main interfaces are located in regions where a maximum 327 

increase or decrease in the resistivity at depth occurs, i.e. where the second derivative of a best-fit 328 

curve to a vertical array of resistivity data points (in this case, a polynomial curve) is null (Fig. S1). 329 

Our modified approach is based on the further condition of the third derivative of the polynomial-fit 330 

curve to be non-zero, in order to avoid saddle points. The input files are parsed to obtain regularly-331 

spaced points, and the SGM is applied to each polynomial-fit curve along tens of vertical sections. 332 

We adopted the same approach to classify sub-vertical discontinuities by calculating the steepest 333 

gradient along horizontal sections: this was useful for corroborating the inferred location of 334 

subsurface faults.  335 

This method represents a semi-quantitative estimation to locate eventual subsurface discontinuities, 336 

which may aid in the stratigraphic and structural interpretation of tomographic images.  337 

 338 
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4 Results 339 

4.1 Details of the coseismic surface rupture 340 

The outcropping geology of the survey site is characterized by a wide and polycyclic alluvial fan 341 

surface, which Galadini and Galli (2003) relate to five distinct phases of sedimentation characterized 342 

by a general southwards flow direction, and spanning the LGM-Holocene time interval (Valle delle 343 

Fonti alluvial fan, Fig. 2).  344 

We studied the morphology of the cumulative fault scarp affecting the most recent depositional 345 

body of the alluvial fan (comprising the 4th and 5th depositional phases of Galadini and Galli, 2003) by 346 

analyzing 28 topographic profiles (30-50 m spaced apart), about 100 m-long each, and running 347 

orthogonal to the average scarp trend (Fig. 4). We used the method by Bucknam and Anderson 348 

(1979) to derive the vertical separation of the alluvial fan top-surface on both sides of the scarp: 349 

since in this site the top-surface displays a gentle dip (typically < 1%) towards the WSW, scarp height 350 

and vertical offset of the alluvial fan surface are nearly equal, and we use scarp height as a proxy for 351 

the local long-term morphologic throw of the fault. Fig. 5a shows some representative topographic 352 

profiles. The long-lasting agricultural activities in the area have in some cases heavily modified the 353 

original morphology of this tectonic landform, which only at places appears as a sharp step (e.g. 354 

profile 26 in Fig. 5a). The pictures in Fig. 5b and 5c show a close-up view of the 30 October 2016 355 

surface rupture running at the base of the scarp, in the area of transect A.  356 

Fig. 6 shows the results of the morphological analysis. The blue curve is the envelope of the Valle 357 

delle Fonti fault scarp height values projected onto an 1120 m-long baseline parallel to the scarp 358 

trace. The average height of the scarp is ≃2.10 m. It exhibits an evident tapering at both ends, with 359 

three local maxima of ~2.80 m, 2.75 m and 2.70 m, respectively from the north to the south (at site 360 

A the measured height is ~2.30 m).  361 

The red line in Fig. 6 is the envelope of the height of the 30 October 2016 surface rupture projected 362 

onto the same baseline used for the cumulative scarp. The style of the coseismic displacement is 363 

characterized by a vertical offset of the topographic surface with the western side down, frequently 364 

coupled with open cracks. Only in one limited portion (at approximately 400 m distance along the 365 

baseline in Fig. 6) we documented the occurrence of a couple of small counter-slope ruptures 366 

(eastern side down, vertical offset of 0.03-0.04 m). Overall, the average height of the coseismic free 367 

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 368 

closely follow the maximum values of the cumulative scarp height. At site A (see also Fig. 5b and 5c), 369 

the 30 October 2016 surface rupture is characterized by a free face 0.11-0.12 m high, whereas crack 370 

opening locally reaches 0.05 m, even if in most places the coseismic displacement was accomplished 371 

by an exclusively vertical offset of the ground surface with no appreciable horizontal component. 372 
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The opening of the coseismic ruptures also displays a systematic trend, with local maxima (between 373 

0.04 and 0.06 m) closely following the peak values of the free face height.  374 

From a geometric point of view, the coseismic surface rupture is organized in about 15-16 smaller 375 

segments displaying a right-stepping geometry and a local variability in strike, with a mean trend of 376 

N169° in the southernmost part and N180° in the northernmost sector.  377 

Coseismic and long-term displacement curves have a very similar shape: the fact that the surface 378 

ruptures of 2016 follow closely the cumulative fault scarp suggests that the style of the 30 October 379 

2016 rupture within the Pian Grande di Castelluccio is somewhat recurrent. Therefore, we choose 380 

the location of transect A where both peak coseismic and long-term morphologic offsets occur, in 381 

order to explore the portion of the fault that presumably accrued the largest cumulative 382 

displacement through time. We also took particular attention to be far enough the trench sites of 383 

Galadini and Galli (2003) in order to avoid any effect of backfilling and ground reworking on the 384 

subsurface resistivity structure.  385 

 386 

4.2 ERT models 387 

Fig. 7 shows the inversion results for ERT profile P1_2m acquired with DD (panel a) and WS (panel b) 388 

arrays. Superimposed to the sections are the main interfaces as computed by the SGM method 389 

applied to the inverted resistivity data. We interpret different units characterized by comparable 390 

range of resistivity values and bounded by correlative interfaces as representative of distinct 391 

electrical resistivity intervals that we labelled with capital letters, in order to simplify the description 392 

of the resistivity sections.  393 

The western part of the ERTs exhibits a very shallow layer (unit A; < 1 m thick on average) 394 

characterized by ρ < 170 Ωm, and locally being less than 100 Ωm: the bottom of this layer is defined 395 

by a sharp resistivity gradient. Unit A thickens towards the scarp and the related coseismic surface 396 

rupture, reaching a maximum of about 1.8 m at x = 62 m. Below unit A, both the western and 397 

eastern parts of the ERT models are characterized by a pack of high-resistivity material (ρ > 400 Ωm, 398 

unit B). Based on our classification method, unit B displays at places some additional internal and 399 

almost parallel interfaces, defining sub-packages that we named B’ and B’’, bearing in mind that they 400 

simply represent vertical resistivity changes within the same electrical unit B. Both models 401 

consistently show that the top of unit B’ displays different elevation to the west and to the east of 402 

the scarp (details in Section 5.2). Below the scarp, a relatively-low resistivity region (ρ ~100-170 Ωm) 403 

is evident at x = 60-66 m (unit FZ). The shape of this anomaly looks very similar in the overlapping 404 

part of both DD and WS models. The WS model further indicates that the lower part of this low-405 

resistivity anomaly widens at depth, displaying a perceivable steep dip to the south-west. 406 
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The frequency distribution of resistivity values for the WS model is shown in Fig. 7c (the bin size of 407 

25 Ωm is used, based on the application of the Freedman-Diaconis rule; the same is applied for the 408 

other ERT models): it is characterized by three modes at ρ 125-150 Ωm, ρ 250-300 Ωm, and ρ 425-409 

500 Ωm, respectively. Whereas the two modes on the right well represent the resistive unit B, the 410 

low-resistivity mode is related mostly to unit FZ, and only the leftmost part of the histogram 411 

indicates the contribution of the thin unit A (ρ < 125 Ωm). The frequency distribution displays a 412 

marked asymmetry with a modal peak of high-resistivity (ρ 450-475 Ωm), since the shallower 413 

subsurface volume is prevalently characterized by resistive soils. 414 

Fig. 8 shows the inversion results of profile P1_5m for DD (panel a) and WS (panel b) arrays, 415 

respectively. Both models image in the western part below the shallow high-resistivity layer 416 

previously described (unit B) a > 12 m thick and nearly horizontal pack of relatively uniform low-417 

resistivity (ρ < 130 Ωm), which we name unit C. This has no counterpart in the eastern part of both 418 

models, where a heterogeneous and patchy resistive body is found down to the bottom (ρ ~ 200-419 

370 Ωm; unit D). As for results of profile ERT P1_2m, these models still image below the scarp a 420 

steeply-dipping and narrow zone of relatively low-resistivity (unit FZ), which displays some continuity 421 

with the easternmost portion of unit C. The frequency distribution of resistivity for WS model of 422 

profile P1_5m is shown in Fig. 8c: it also displays three modes at 100-125 Ωm, 275-325 Ωm, and 375-423 

425 Ωm, respectively. With this array we sample a wider volume of the low-resistivity unit C, and we 424 

penetrate down to the deeper part of unit D-D’ (exhibiting a slight decrease of the resistivity 425 

downwards). 426 

Fig. 9 shows the inversion results of profile P1_10m for both DD (panel a) and WS (panel b) arrays. 427 

The overall pattern of the subsurface resistivity is consistent with results obtained for profile P1_5m. 428 

Data for array DD are quite noisy and the RMS residuals pretty high (Table 1), however the unit FZ is 429 

very clear, being 10-12 m wide, and it preserves a sub-vertical attitude down to the model bottom. 430 

Data for the WS array are of higher quality, and the obtained resistivity model suggests that unit FZ 431 

continues at depth (down to about 120 m below the ground surface) with comparable width and 432 

attitude. This model provides us with useful information at depth to definitely constrain the 433 

thickness of the low-resistivity unit C to about 25 m. It sheds lights on the depth extent of unit D, 434 

which turns to be about 40-42 m thick to the east of the scarp, overlying a low-resistivity region (ρ ~ 435 

70-130 Ωm; unit E), about 50 m thick. Furthermore, the WS model indicates the presence of a high-436 

resistivity region standing below unit C. Due to the roughly similar thickness and overall resistivity (ρ 437 

~ 200-500 Ωm), we infer this body (unit D’) may be equivalent to unit D. We acknowledge that some 438 

of the features at the bottom of the resistivity sections are characterized by low sensitivity, however 439 

the high-resistivity patch (ρ ~ 600-700 Ωm) in the lowermost part of model P1_10m WS is probably 440 
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resolved, and it is quite in accordance with vertical resistivity soundings by Biella et al. (1981) 441 

suggesting that in this limited portion of the basin the pre-Quaternary carbonate basement is about 442 

100-150 m deep. 443 

The frequency distribution of resistivity for WS model of profile P1_10m is shown in Fig. 9c: it 444 

displays two clear modes at ρ 150-225 Ωm and at ρ 400-450 Ωm, and a subordinate third mode at ρ 445 

275-325 Ωm, respectively. This model hints to a deeper low-resistivity unit (E’) at the lower left 446 

corner of the resistivity section, although we are aware of the fact that the sensitivity at the bottom 447 

is significantly lower compared to the model resolution at the top. The frequency distribution is 448 

asymmetric and it is specular with respect to what found for profile P1_2m, since the lowermost 449 

portion of the investigated subsurface is characterized by low-resistivity soils. 450 

From the inspection of the histograms it follows that the unit FZ is difficult to discriminate based 451 

only on its resistivity, which is similar to units C and E. The main features of unit FZ are rather its sub-452 

vertical shape and the marked continuity down to the bottom of the ERT models.  453 

 454 

5 Discussion 455 

5.1 Stratigraphic and structural interpretation of the ERT models 456 

For the stratigraphic interpretation of the shallow portion of the ERT models we rely on the 457 

paleoseismic trenches described by Galadini and Galli (2003) and on the few available boreholes (Fig. 458 

2 and Fig. 3).  459 

Fig. 10 shows the projection of trench T1 with a simplified log over profile P1_2m (DD array). The 460 

trench revealed at the base of the scarp a sequence of silty deposits of alluvial and colluvial origin 461 

lying on sub-angular carbonate gravels, related to the alluvial fan. This setting is similar to what 462 

observed in the other two trenches. The thickness of the silty units ranges from less than 1 m to 463 

about 1.7 m when crossing a complex normal fault zone, 4-5 m wide, and consisting of 6 to 11 small 464 

SW-dipping and subordinately NE-dipping splays (the number of splays varies in the three trenches).  465 

We observe a good correlation between the low-resistivity shallow unit A (ρ < 125 Ωm and 0.5-1.8 m 466 

thick) as recovered in profile P1_2m at the base of the scarp and the colluvial-alluvial sandy-silty 467 

package recognized in the paleoseismic trenches by Galadini and Galli (2003). The age of unit A is 468 

well constrained by radiocarbon dating, and it spans the late Holocene (6005-1400 yr B.P.).  469 

The correlation between the shallowest portion of unit B and the alluvial fan gravels recovered in all 470 

the three trenches is straightforward. Therefore, carbonate gravels with a low amount of silty matrix 471 

are characterized by resistivity values in the range of 375-500 Ωm. The lithological nature of unit B is 472 

also confirmed by the closest borehole (# 3 in Fig. 2 and Fig. 3) by Ge.Mi.Na. (1963). However, the 473 

age of this gravel deposit is less constrained, due to the lack of absolute dating. Galadini and Galli 474 
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(2003) relate the growth of the complex alluvial fan of Valle delle Fonti to five different depositional 475 

phases ranging in age from the LGM (23-18 kyr B.P.) to about 3.8 kyr B.P.: this is based on the 476 

correlation with similar alluvial fan progradation phases recognized by Giraudi (1995) in some 477 

continental basins in the central Apennines to the south of the study area and sharing a comparable 478 

average elevation and geomorphic setting. More recent stratigraphic and geochronologic data from 479 

the Campo Felice area (CF in Fig. 1) by Giraudi et al. (2011) confirm the post-LGM age of these 480 

alluvial fan progradation events. The thickness of the shallowest part of unit B as recovered in our 481 

ERT models is about 2 m, and we infer that it represents the record of the two latest phases of 482 

alluvial fan accretion, 12-3.8 kyr B.P in age. The borehole #5 in Fig. 2 is located at the westernmost 483 

edge of the outcropping alluvial fan of Valle delle Fonti, and it suggests that the thickness of the 484 

shallowest gravel unit is about 15 m. Similar thickness is also found in borehole #2 (20 m) and 485 

borehole #4 (17 m), which penetrate two smaller alluvial fans likely of the same age. These values 486 

are in accordance with results from ERT models P1_5m, which show that the overall thickness of unit 487 

B (including B’ and B’’) is about 15 m. Assuming this chronologic framework is correct, we infer that 488 

unit B represents the electrical response of the overall alluvial fan of Valle delle Fonti, spanning the 489 

last 23-3.8 kyr. The thickness of this alluvial fan requires a minimal long-term sedimentation rate of 490 

0.65 mm/yr in the fault hangingwall.  491 

The low-resistivity unit C clearly visible in the resistivity models of profiles P1_5m and P1_10m is 492 

about 22-25 m thick. Unfortunately, borehole #5 does not show any fine-grained stratigraphical unit 493 

with comparable thickness, thus denoting a strong lateral variability of the subsurface setting. 494 

However, boreholes  #1 and #4 indicate the presence of a >20 m thick layer of clays and silts at 495 

depth > 15 m, which may represent an equivalent of the conductive layer below the coarse deposits 496 

of the Valle delle Fonti alluvial fan. Therefore, we interpret unit C to be the electrical response of 497 

clay and silt with interbedded sandy gravels layers. The age of unit C is uncertain. A very crude age 498 

estimate is obtained by extrapolating the sedimentation rate of 0.65 mm/yr obtained for the 499 

uppermost unit B, resulting in 30-70 kyr B.P. Obviously, non-steady long-term sedimentation rates 500 

and the occurrence of unconformities would lead to a much older age for unit C. For instance, in the 501 

Campo Felice tectonic basin (CF in Fig. 1), Giraudi et al. (2011) document from borehole data five 502 

main cycles of lacustrine sedimentation in the hangingwall of the basin-bounding active normal 503 

fault: based on tephra chronology and pollen analyses, the authors interpret those cycles as 504 

depositional response to cold climatic phases, and in particular they relate to the marine isotope 505 

stages MIS6 and MIS4 (~191-57 ka) the 3rd and 4th cycles. The latter form a > 20 m thick pack of silts 506 

and sands whose top is ~20 m deep. Due to the comparable thickness and depth, we tentatively 507 
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assign a similar age range to unit C, which we consider a lacustrine cycle developed during cold 508 

climatic conditions between the late Middle Pleistocene and before the LGM.  509 

The 30 m-thick unit D in the hangingwall of the fault (between 40-70 m depth) has no counterpart in 510 

the shallow borehole #5, although borehole #4 indicates the alternation of prevailing gravel and 511 

subordinate silt at comparable depth interval. We interpret unit D as a coarse-grained deposit, 512 

possibly related to old phases of alluvial fan accretion enhanced by colder climatic conditions, 513 

subsequently covered by the lacustrine deposits (unit C). In the fault footwall, the shallow resistive 514 

layer has a comparable thickness. Due to a relatively higher sedimentation rate in the hangingwall, 515 

we hypothesize that the resistive layer in the footwall represents the condensed counterpart of units 516 

B, C and D. This may explain the absence of the conductive unit C to the east of the fault along the 517 

investigated transect.  518 

Conversely, we have hints of the presence of a deeper conductive unit (E and E’) on both sides of the 519 

fault. Possibly, unit E rests on the pre-Quaternary marly-calcareous basement at 110-120 m depth in 520 

the fault footwall (ERT model P1_10m). We have no means to date units D and E, however we infer 521 

they should be Middle Pleistocene in age (about 350-500 kyr old?), based on results for the Campo 522 

Felice basin by Giraudi et al. (2011), where they relate to the MIS 14 sandy gravel deposits in the 70-523 

110 m depth range according to the absolute dating of interbedded tephra layers (~505 kyr old). 524 

  525 

5.2 Fault zone geometry, displacement, and estimation of throw-rates 526 

The recognition of the main interfaces separating the electrical units as described in Section 4, and 527 

the chronologic framework discussed in Section 5.1, provide basic elements to infer the amount of 528 

cumulated fault throw and its rate.  529 

If we consider the average elevation of the nearly-horizontal base of the shallowest recognized 530 

resistive unit B (see ERT model P1_2m DD in Fig. 7) in the footwall and in the hangingwall of the 531 

fault, we get a vertical separation of 2.7 ± 0.9 m (Fig. 11). In the estimation of displacement we 532 

avoided to consider the top of unit B, because we do not have any means to evaluate the amount of 533 

erosion affecting the footwall block, moreover we disregarded points too close to the fault zone, 534 

since in this region the interfaces lose their sub-horizontal attitude. 535 

The obtained value is very close to the maximum cumulative morphologic offset of the Valle delle 536 

Fonti fault as inferred by the topographic analysis of the fault scarp (2.82 m; Fig. 5, Fig. 6), and a bit 537 

larger than the scarp height at the ERT survey site (~2.30 m). Due to the inherent smoothness of the 538 

resistivity models, we approximate that the morphologic and geologic offsets are nearly equal, and 539 

that they represent the fault throw occurred since the beginning of the sedimentation of the 540 

uppermost 2 m of the alluvial fan.  541 
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Following the same approach, we evaluate the displacement affecting the base of the Valle delle 542 

Fonti alluvial fan (base of resistive unit B”, according to results of ERT model P1_5m DD). Due to the 543 

complex geometry of the interfaces, in particular in the footwall block, the obtained value of 5.1 m ± 544 

1.7 m is characterized by a larger standard error. However, it is indicative of an incremental fault 545 

offset affecting the deeper and older layers. Notably, the sequence B-B” is about 8 m thick in the 546 

hangingwall and about 6 m thick in the footwall, thus confirming the syn-sedimentary activity of the 547 

investigated fault, causing higher sedimentation rates in the downthrown hangingwall block. We 548 

also note that the ERT transect is mostly orthogonal to the general flow direction of the alluvial fan, 549 

therefore the clastic input would be virtually equal onto the two blocks if no fault activity occurred. 550 

However, we cannot completely rule out some minor sedimentary component in the geometry of 551 

the inferred interfaces and of the surface topography along the investigated transect: for instance, 552 

the fault scarp itself may have partly overprinted a small channel riser, due to its nearly flow-parallel 553 

orientation.  554 

If the chronostratigraphic framework discussed in the previous section is correct (i.e., the electrical 555 

unit B represents the latest two phases of alluvial fan growth that began 12 kyr B.P.), then by taking 556 

into account the offset of electrical unit B (2.7 ± 0.9 m) the corresponding minimal post-12 kyr throw 557 

rate of the investigated fault is 0.23 ± 0.08 mm/yr. For the most recent time interval, Galadini and 558 

Galli (2003, p.832) provide a minimum vertical slip-rate of 0.11-0.36 mm/yr using the 0.45 m offset 559 

affecting the base of a colluvial unit dated 4155-3965 yr B.P. from their trench 1. Thus, our estimate 560 

is quite in accordance with the available paleoseismic record.  561 

Similarly, if we consider the vertical offset of the base of unit B” (5.1 m ± 1.7 m), which defines the 562 

beginning of the sedimentation of the Valle delle Fonti fan near 23 kyr B.P., we get a rough estimate 563 

of the Late Pleistocene throw rate of 0.22 ± 0.07 mm/yr, which is very similar to the rate inferred for 564 

the most recent time period and consistent with paleoseismic data and topographic levelling. 565 

At first glance, the P1_10m WS ERT model enables us to further evaluate the incremental vertical 566 

fault offset back in time using the deeper electrical units C (in the hangingwall), and D’ and E (in the 567 

footwall). However, these electrical units clearly show up in the fault hangingwall, whereas in the 568 

footwall their electrical signature appears in a region of low vertical resistivity gradient, so that in 569 

this case we cannot provide a precise vertical offset value due to the inherent high uncertainty. In 570 

any case, a hypothetical minimal estimation of the long-term throw accrued by the investigated fault 571 

could be represented by the vertical separation between the interface D\E’ in the hangingwall and 572 

D’\E in the footwall (> 30 m).  573 

ERT data have different spatial resolution and penetration depth, therefore the electrical image of 574 

unit FZ slightly differs in the three ERT profiles P1_2m, P1_5m and P1_10 m. Starting from the very 575 
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near surface, a direct comparison between trench data and the high-resolution DD model of profile 576 

P1_2m suggests a consistent match between surface data and electrical properties. In fact, trench 1 577 

from Galadini and Galli (2003) revealed the fault zone consists of a discrete number of individual 578 

small splays distributed in a ~5 m-wide zone, while the recovered resistivity model only depicts the 579 

thickening of the low-resistivity unit A in the hangingwall coupled with the occurrence of a relatively 580 

low resistive, ~4-m wide region characterized by a weak internal lateral resistivity contrast. At 581 

greater depths, unit FZ shows a significant decrease of the resistivity, and appears ~10 m wide. 582 

Due to the lower spatial resolution of profiles P1_5m and P1_10m, the width of unit FZ can be 583 

approximated as ~20 m and 35 m, at the depth intervals of 20-40 m and 40-100 m respectively. 584 

Notably, the electrical signature of unit FZ at depth is nearly constant, exhibiting resistivity values 585 

ranging from 100 Ωm to 150 Ωm. The application of the SGM on the resistivity models (Fig. 7a, 8a 586 

and 9a) indicates the presence of some additional sub-vertical discontinuities located also outside of 587 

unit FZ, therefore the estimation of the width of the investigated fault zone most likely represents a 588 

lower bound.  589 

The overall geological interpretation of the resistivity models is outlined onto the P1_10 WS profile 590 

in Fig. 12. The main electrical units are referred to coarse alluvial fan bodies and interbedded fine-591 

grained fluvio-lacustrine sediments according to their relative degree of resistivity, and the fault 592 

zone FZ is interpreted as a narrow, sub-vertical band of relatively-low resistivity developed up to the 593 

very near surface. 594 

 595 

5.3 Some inferences on long-term fault activity 596 

We explored the shallow subsurface of a Quaternary fault that is part of the complex Mt. Vettore - 597 

Mt. Bove fault-system (VBFS, Fig. 1). As described in Section 2, during the 30 October 2016 Mw 6.5 598 

earthquake, surface faulting involved a large portion of the VBFS (some of the main segments that 599 

ruptured are marked in red in Fig. 2), with local throw that in many cases well exceeded 1 m. The 600 

analysis of the wide coseismic deformation field and its geometric pattern is still in progress and is 601 

beyond the aim of this paper. Moreover, the relation between the large slip occurring along the 602 

splays standing at high elevation (1500-2100 m a.s.l.) and the subdued amount of throw occurring 603 

along the Valle delle Fonti fault within the Pian Grande di Castelluccio (median value: 0.05 m, 604 

maximum value: 0.14 m) requires further data and investigation in order to be clarified. However, 605 

some general features of the long-term faulting style in the surveyed area can be inferred.  606 

The 24 August 2016 Mw 6.0 earthquake mostly ruptured the Mt. Vettore fault segment with average 607 

surface displacement of 0.10-0.15 m, and did not cause any surface rupture along the Valle delle 608 

Fonti fault (only very sparse and few cracks were observed in the Pian Grande: Emergeo Working 609 

Group, 2016; Pucci et al., 2017), whereas the 30 October quake ruptured almost the entire length of 610 
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the VBFS including the Valle delle Fonti fault. The peak surface slip of the 30 October 2016 quake is 611 

one order of magnitude larger than that occurred on 24 August 2016 (Villani and the Open 612 

EMERGEO Working Group, in prep.). All this suggests that, as part of the VBFS, the Valle delle Fonti 613 

fault is a splay that shows important displacement capable of rupturing the surface only when the 614 

VBFS triggers M > 6 earthquakes.  615 

The implications from a morphotectonic and paleoseismic perspective are important: in fact, in the 616 

study area the available trench data on the investigated fault only reveal the signature of large past 617 

earthquakes (M > 6), possibly leaving no trace of moderate-sized events like the 24 August 2016 one. 618 

Assuming that at site A the 2.3 m-high fault scarp in unconsolidated deposits within a plain 619 

characterized by clastic input both in the footwall and in the hangingwall blocks is due to surface-620 

rupturing earthquakes similar to the 30 October 2016 event (0.11-0.12 m local coseismic surface 621 

throw), more than 20 events are needed in the past 12 kyr, and likely some hundreds events since 622 

the beginning of fault activity. As already pointed out in Section 4.1, such remarkable recurrent style 623 

of episodic slip is also suggested by the striking similarity between the long-term morphologic offset 624 

of the cumulative fault scarp and the along-strike distribution of the 30 October 2016 coseismic 625 

throw (Fig. 6). 626 

 627 

5.4 Coseismic fracturing: a possible cause of increased fault zone permeability 628 

We generally observe a low-resistivity signature of the subsurface fault zone (unit FZ) in all the ERT 629 

profiles. A simple explanation of a decrease in resistivity could be inferred by the increased 630 

percentage of the water content in the fractured fault zone with respect to the host rock. A 631 

thorough physical explanation for the origin of the change of water content is beyond the aim of this 632 

paper, however in this section we provide a brief description of the hydrologic background and then 633 

a simple conceptual model of fault zone. 634 

In our opinion, it is difficult to explain the origin of the water content as exclusively due to infiltration 635 

of rainfall preceding our ERTs surveys. The closest meteorological station is just within the village of 636 

Castelluccio di Norcia, about 1.8 km to the west of the ERTs survey site (1452 m a.s.l., coordinates 637 

42.8283°N, 13.2032°E; data available at http://www.lineameteo.it/stazioni.php?id=335). Fig. 13a 638 

shows the monthly precipitation (total: 405.6 mm) and the average temperature measured at the 639 

station during year 2016.  640 

The diagram clearly shows a peak of precipitation during September (126.4 mm) with a significant 641 

decreasing trend in October (81.1 mm). Furthermore, the monthly precipitation dropped to less than 642 

11 mm from November and extending to the period of our geophysical surveys (the ERTs were 643 

acquired on 9, 13, 14 and 21 December 2016). The quite dry late-fall season is evidenced in Fig. 13b, 644 
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displaying the daily amount of precipitations between August and December 2016: a similar trend 645 

was observed for the two preceding very dry years 2015 (total precipitations: 251.4 mm) and 2014 646 

(total precipitations: 516.1 mm), whereas in year 2013 (total precipitations: 1129.9 mm) the monthly 647 

rainfall during October, November and December was 49 mm, 364.2 mm and 127.3 mm, 648 

respectively.  649 

Due to the 30 October 2016 earthquake, this station did not record any data in the period 3-16 650 

November 2016, however the closest meteorological station at Cascia (about 20 km to the south-651 

west; coordinates 42.7144°N, 13.0119°E) confirms that during this period almost no rainfall occurred 652 

in the region (total precipitation for November 2016 was 8.6 mm at Cascia). These data suggest that 653 

the shallow aquifers (corresponding to units D and likely C) have partly been charged in September 654 

and the beginning of October 2016. If we postulate that hydraulic conductivity of the local shallow 655 

aquifer (likely made of gravels with sandy/silty matrix: electrical units C and D) ranges between 10-4 656 

to 10-6  m/s (depending on the relative abundance of fine matrix in the coarse grained sediment; 657 

Freeze and Cherry, 1979; Warren et al. 1996), neglecting the role of evapotranspiration we obtain 658 

that the maximum infiltration depth of meteoric water occurred since the last rainy period (October 659 

the 15th) up to the survey period is on the order of just 2-3 m from the ground surface. Therefore, 660 

most of the water content in the aquifer at greater depths is related to the long-term recharge 661 

developed in the preceding years.  662 

As such, we propose that the high conductivity of the retrieved subsurface fault zone FZ is mostly 663 

due to groundwater coming from the shallow perched aquifer (confined in the uppermost 50-70 m) 664 

squeezed by compaction caused by the 30 October 2016 earthquake, as also similarly reported in 665 

several case-studies of shallow crustal faulting earthquakes (Sibson, 1981; Wood, 1994; Manga and 666 

Wang, 2007). Seismic waves provoke aquifer compression, and coseismic normal fault slip induces 667 

an increment of fracture permeability within the fault zone due to the opening of interconnected 668 

cracks, all this resulting in the partial draining of the aquifer. The main consequence is a sudden and 669 

temporary upraise of the water level within the fault zone. The occurrence of surface faulting 670 

characterized by local crack opening during the 30 October 2016 earthquake strongly supports the 671 

idea that the investigated fault zone at depth has been subject to a coseismic increment of 672 

permeability. The water level upraise must have stopped at 4-5 m depth, since the high-resolution 673 

model P1_2m does not show the low-resistivity portion of unit FZ extending up to the surface, and 674 

to our knowledge no evidence of surface water flow has been reported along this fault after the 675 

earthquake. 676 

  677 

6 Conclusions 678 
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In this work, we have reported the results of the first geophysical investigation carried out using 679 

electrical data during an ongoing seismic sequence over a surface-rupturing fault following the 30 680 

October 2016 Mw 6.5 earthquake in central Italy.  681 

We discussed the benefits of a multi-scale geophysical approach using ground resistivity data, which 682 

provides new subsurface insights on the structure of the fault-zone. With this approach, we were 683 

able to image the fault structure down to about 100-120 m depth, thus estimating the incremental 684 

throw that was only constrained for the most recent time interval (Holocene) by shallow 685 

paleoseismic trenches. ERT provided a fast, accurate and cost effective 2-D subsurface imaging 686 

compared to a more laborious and expensive subsoil prospection using boreholes. As pointed out in 687 

the motivation of this work, the need for a fast investigation was mostly due to the upcoming 688 

prohibitive winter season, where thick snow cover and hard meteorological conditions would 689 

hamper any geophysical measurements. Our main results can be summarized as follows: 690 

1) following the 30 October 2016 quake, the primary surface faulting within the Pian Grande di 691 

Castelluccio basin occurred in correspondence of a steeply-dipping to sub-vertical fault zone, clearly 692 

detected down to a depth of about 100-120 m; 693 

2) the fault zone appears as a narrow and elongated relatively low-resistive (100-150 Ωm) 694 

region that we interpreted to be the result of the migration of water from the shallow aquifer 695 

squeezed by seismic waves; then, the increase of permeability is due to the fracturing of the damage 696 

zone;  697 

3) at the shallowest levels (2-10 m depth) the fault zone width (8-9 m) is comparable to the 698 

trench data, which (together with the few available shallow boreholes) provides us robust 699 

constraints to interpret our geophysical image; 700 

4) the fault zone also shows a nearly constant width (20-30 m) at depths > 40 m, as imaged by 701 

the 5-m and 10-m spaced ERT profiles; 702 

5) the morphologic offset of the Valle delle Fonti alluvial fan top surface and the vertical throw 703 

affecting the shallowest electrical layers (unit B) are nearly equal (2.3-2.8 m and 2.7 m ± 0.9 m, 704 

respectively), suggesting that the cumulative fault scarp at the surface is the product of dozens of 705 

strong surface-rupturing earthquakes (mostly of magnitude M > 6) occurred in the past 12 kyr; 706 

6) similarly, we evaluate 5.1 ± 1.7 m vertical offset affecting the base of the Valle delle Fonti 707 

alluvial fan, that is since the LGM; 708 

7) the inferred post-12 kyr throw-rate of the investigated fault is 0.23 ± 0.08 mm/yr, whereas 709 

the inferred post-23 kyr throw-rate is 0.22 ± 0.07 mm/yr, consistently with paleoseismic data; 710 

8) we hypothesize a minimal long term fault throw > 30 m (base of units D and D’), which is 711 

indicative of a syn-sedimentary fault activity occurring since the Middle Pleistocene. 712 
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From a methodological point of view, the adopted multi-scale approach enables to evaluate the 713 

consistency and robustness at depth of the tomographic inversion results. The advantage of such 714 

multi-scale approach is that the deeper and low-resolution models (at shallow depth) with 10 m and 715 

5 m electrode spacing, give a measure of the stability of tomographic inversions for higher resolution 716 

and shallower models. In fact, the different spatial resolution and investigation depths provide 717 

useful information at different structural levels, and therefore they can be used to characterize the 718 

fault behaviour at different time-scales: high resolution data (2-m spaced array) detail the very near 719 

surface, corresponding to the Late Pleistocene - Holocene time interval, while intermediate-to-low 720 

resolution near surface data  (5-m and 10-m spaced arrays) constrain the fault structure at depth 721 

and the long-term fault slip (since the Middle Pleistocene).  722 

A rigorous statistical analysis is adopted as a means of addressing uncertainty associated with the 723 

non-unique relationship between lithology and the electrical properties, and to assess the location 724 

and extent of electrical interfaces over smooth resistivity models.  725 

Our results would benefit from the integration with other deep geophysical data and new boreholes. 726 

Indeed, future work will be focused on the accurate estimation of the total fault throw by imaging 727 

the pre-Quaternary top-basement surface, which can be obtained with a multidisciplinary 728 

geophysical approach, involving the use of seismic surveys combined with time-domain 729 

electromagnetic data and potential field methods. 730 
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Profile  length  electrodes spacing array configuration RMS  

P1_2 m 126 m 2 m DD + WS 1.1% (DD); 0.9% (WS) 

P1_5 m 315 m 5 m DD + WS 2.3% (DD); 0.64% 
(WS) 

P1_10 m 630 m 10 m DD + WS 6.2% (DD); 3.1% (WS) 
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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 

Figure (with caption below and on the same page)



 

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. 
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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. 
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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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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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