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Abstract19

Understanding the mechanisms controlling deformation localization is crucial for our un-20

derstanding of fault mechanics and improving seismic hazard assessment, but has not21

been extensively studied for normal-faulting earthquakes. Here, we present a thorough22

analysis of the 2016 Mw 6.5 Norcia, Italy, earthquake using high-resolution satellite geodesy.23

We investigate the degree of deformation localization, evaluate its controlling factors and24

the link with the distribution of slip with depth. Using the optical image correlation tech-25

nique with an innovative method for noise correction, we measure the near-field 3D dis-26

placements associated with the Norcia event. Based on these measurements, we quan-27

tify the amount of off-fault deformation (OFD) and evaluate how it varies with exter-28

nal factors. We find 46% (25 cm) of OFD on average and a strong correlation with lo-29

cal topographic slope and near-surface lithology, with increased distributed deformation30

where ruptures traverse unconsolidated sediments and areas of gentler slopes. In con-31

trast, the correlation between OFD and the fault segment orientation relative to the re-32

gional stress field is weak. We develop a comprehensive slip model accounting for com-33

plex multi-segmented fault geometry, topography, and 3D elastic structure through a joint34

inversion of optical, InSAR, and GPS data. The inversion reveals a highly heterogeneous35

slip distribution characterized by large slip (up to 3.5 m) at depth, and several shallow36

slip patches. We find a pronounced average shallow slip deficit (SSD) of 72%, with no37

along-strike correlation between SSD and OFD. This suggests that the OFD primarily38

reflects surficial inelastic processes occurring within the shallow soil.39

Plain Language Summary40

In this study, we use high-resolution satellite images to measure the 3D displacements41

of the ground produced by the 2016 Mw 6.5 Norcia earthquake, Italy. Our main goal is to un-42

derstand whether the deformation is focused directly on the fault or spread out in the surround-43

ing areas, and what factors influenced this pattern. We found that nearly half (about 46%)44

of the deformation occurred off the main fault. This off-fault deformation is more common in45

areas with softer surface materials and gentler slopes, while the orientation of the fault in re-46

lation to regional stress does not appear to have a significant impact. Combining satellite and47

GPS data, we create a detailed model of how the fault slipped at depth during the earthquake.48

We find that most of the slip happened at depth (up to 3.5 m at 5 km depth), with less move-49

ment near the surface, a pattern known as a shallow slip deficit (about 72% less slip at shal-50

low depths). The amount of surface off-fault deformation does not match up with the miss-51

ing shallow slip. This suggests that the off-fault deformation we measure may reflect inelas-52

tic processes occurring at very shallow depths (i.e. within the soil).53

1 Introduction54

It has long been known that coseismic deformation at shallow depths is partitioned55

between frictional slip on well-defined surfaces and distributed deformation in the volume56

around the fault (Nelson & Jones, 1987; Rockwell et al., 2002; Shelef & Oskin, 2010).57

Understanding what controls the degree of localization of deformation and how surface de-58

formation relates to fault slip at depth is crucial not only for our understanding of fault59

mechanics but also to refine seismic hazard assessment. Indeed, if the distributed compo-60

nent of surface deformation is not taken into account when geological fault slip rates are61

evaluated, seismic hazard estimated using probabilistic approaches incorporating geological62

fault slip rates could be systematically underestimated (Dolan & Haravitch, 2014). More-63

over, coseismic off-fault deformation impacts the intensity of ground shaking near the fault64

during an earthquake (Andrews, 2005; Roten et al., 2014, 2018), as well as rupture speed65

(sub- vs supershear) and style (pulse vs. crack) (Gabriel et al., 2013).66

In recent years, near-fault displacement maps of surface-rupturing strike-slip earth-67

quakes obtained from optical correlation have been extensively used to estimate the magni-68
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tude of deformation occurring both on (localized slip) and off (off-fault deformation, OFD)69

the main fault, to evaluate which parameters control the degree of localization of the defor-70

mation, and how off-fault deformation relates to the on-fault slip distribution with depth71

(e.g. Milliner et al., 2015; Zinke et al., 2014; Hollingsworth et al., 2017; Antoine et al., 2021;72

Scott et al., 2018a; Kuo et al., 2019; Hayek et al., 2024; Antoine et al., 2024). However, to73

date, no similar analysis has focused specifically on normal-faulting earthquakes.74

Previous studies show that the amount of OFD vary both along fault ruptures and75

from one earthquake to another. Several parameters are thought to impact the degree of76

localization of deformation, such as the fault maturity (the higher is the maturity level,77

the more localized is the deformation, Dolan & Haravitch, 2014; Socquet et al., 2019; Li,78

Li, Shan, & Zhang, 2023; Milliner et al., 2025), fault geometrical complexities (with larger79

OFD found at fault complexities, Milliner et al., 2015; Antoine et al., 2022), the nature80

of the subsurface materials (Milliner et al., 2015), the orientation of the fault with respect81

to the stress field (optimally oriented segments would localize better the deformation, Liu-82

Zeng et al., 2024), and the earthquake magnitude (larger earthquakes would produce a83

lower amount of OFD). However, the underlying mechanisms responsible for the off-fault84

deformation remain unclear. Although OFD estimated from optical correlation data is85

often assumed to originate from inelastic processes occurring in the shallow crust (Scott et86

al., 2018a; Antoine et al., 2021), both inelastic and elastic processes can produce similar87

deformation pattern at the surface (Nevitt et al., 2020) and the respective contribution of88

each process is difficult to untangle (Hayek et al., 2024). Furthermore, different techniques89

exist to measure off-fault deformation from optical data, that generally lead to different90

amounts (e.g. 45% vs. 28% of OFD estimated for the Balochistan earthquake in Zinke91

et al. (2019) and Gold et al. (2015), respectively), potentially due to the fact that each92

technique is sensitive to different processes. OFD estimates can also be biased by the93

optical correlation technique itself. Indeed optical correlation techniques assume that all94

pixels undergo a homogeneous translation within a given correlation window, which biases95

the measure of the displacements near the fault when the correlation window crosses the96

fault (Montagnon et al., 2024). This can in turn lead to an overestimation of the OFD97

extent (Ajorlou et al., 2021). The interplay between OFD and the distribution of localized98

fault slip with depth, particularly with the shallow slip deficit (SSD, Fialko, 2004) is unclear99

as well, one reason being the difficulty to obtain a robust estimation of the one-fault slip.100

Indeed, a robust estimation of the distribution of the slip with depth is hindered by the101

ill-posed nature of the inverse problem, the simplified representation of the medium, the102

data quality and coverage, and the inaccurate representation of the fault geometry (X. Xu103

et al., 2016; Marchandon et al., 2021; Wang et al., 2024).104

Fully understanding how the coseismic deformation is accommodated within active fault105

zones requires to investigate surface rupturing earthquakes in various tectonic context using106

both state-of-the-art imaging method to retrieve the deformation pattern in the near field,107

but also using inversion methods that account for medium complexities. In this study, we108

propose a thorough analysis of the 2016 Mw 6.3 Norcia normal-faulting earthquake, Central109

Apennines, Italy. We first measure the near-field 3D displacements of the Norcia event from110

the correlation of high-resolution Pleiades and Worldview optical images. We present an111

original method to correct the 3D displacement field from aliasing due to strong off-nadir112

acquisition of the satellite images. Based on our near-fault measurements, we estimate the113

amount of OFD and evaluate how it varies with external parameters (topographic slope,114

nature of subsurface materials). Then, we extend our analysis to the slip at depth from a115

joint inversion of optical, InSAR, and GPS data. We use an inversion method that takes into116

account the medium complexities (non-planar multi-segmented fault geometry, topography,117

and 3D medium properties) in order to infer an unbiased slip distribution. We then discuss118

the factors controlling off-fault deformation for the Norcia earthquake, the link between119

off-fault deformation and shallow slip deficit and potential avenues to further improve our120

understanding of the mechanical behavior of the shallow crust.121
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Figure 1. Tectonic setting of the 2016 central Apennines earthquake sequence. Thin gray lines

show the main active normal faults while the tick gray lines show the northwestern dipping Sibillini

thrusts. The red lines show the surface rupture traces produced by the Norcia event mapped in

the field (Villani et al., 2018). The stars locate the epicenters of the Amatrice, Visso and Norcia

earthquakes. The focal mechanisms are from USGS. The dark green dots represent the aftershocks

of the sequence between 24.08.2016 to 31.08.2017 (Waldhauser et al., 2021). N and CdN locates

the towns of Norcia and Castelluccio di Norcia, while Mt B and Mt V locate the Monte Bove South

and the Monte Vettore, respectively.
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2 The 2016 Mw 6.5 Norcia Earthquake122

The 2016 Central Apennines earthquake sequence took place in Central Italy and con-123

sisted of three large normal-fault earthquakes that broke the WSW-dipping Mt. Vettore–Mt.124

Bove fault system (VBFS) (Chiaraluce, Stefano, et al., 2017, Figure 1). The sequence began125

with the Mw 6.2 Amatrice earthquake, which ruptured the south part of the VBFS. Two126

month later, on the 26th of October, the Mw 6.1 Visso earthquake broke the northern part127

of the VBFS. The Mw 6.5 Norcia earthquake occurred two days after the Visso earthquake,128

rupturing the central section of the VBFS and reactivating a part of the fault previously129

ruptured by the Amatrice earthquake. The 2016 sequence was followed, on the 18th of130

January 2017, by a sequence of four Mw 5.1-5.5 earthquakes that ruptured the Campotosto131

fault system, located south of the Monte Vettore fault system and north of the Paganica132

fault, which hosted the 2009 Mw 6.3 l’Aquila earthquake (Falcucci et al., 2018). Although133

there are clear geomorphic evidences of paleoseismic activity on the VBFS (i.e. Cello et134

al., 1997; Galadini & Galli, 2000), no historical or instrumental records document a large135

earthquake on this fault system prior to the 2016 sequence.136

The sequence produced a complex network of surface ruptures over a length of about137

30 km, among which ∼20 km result from the Norcia earthquake alone (Brozzetti et al.,138

2019; Civico et al., 2018; Villani et al., 2018). The surface rupture network of the Norcia139

event is composed of several segments that follow the geological trace of the VBFS, as well140

as several synthetic and antithetic secondary segments located on the VBFS hanging wall141

(Villani et al., 2018; Brozzetti et al., 2019, Figure 1). Field measurements reveal average142

surface offsets of ∼30 cm, reaching up to 2.2 m locally on the western flank of the Monte143

Vetorre (Villani et al., 2018; Brozzetti et al., 2019).144

Previous slip models for the Norcia earthquake obtained from seismic and/or geodetic145

data show that most of the slip was concentrated in one main asperity located between 3 and146

7 km depths with a maximum slip amplitude in the range 2.5-4 m (Chiaraluce, Di Stefano, et147

al., 2017; Cheloni et al., 2017; Pizzi et al., 2017; G. Xu et al., 2017; Scognamiglio et al., 2018;148

Walters et al., 2018; Delorme et al., 2020). Additionally, some studies suggest that slip is149

needed either on an antithetic NE-dipping fault or on the shallow-dipping Sibillini thrust to150

fully explain InSAR data (Cheloni et al., 2017; Scognamiglio et al., 2018). The mechanical151

viability of the two-fault slip model proposed by Scognamiglio et al. (2018), involving the152

VBFS and the Sibillini thrust, was validated through dynamic rupture simulations (Tinti et153

al., 2021). Most previous studies, however, used a simplified fault geometry consisting of one154

planar segment to model the VBFS, limiting the ability to meaningfully compare subsurface155

slip and slip at depth. Notable exceptions are Delorme et al. (2020) and Walters et al. (2018)156

whose use multiple planar segments to model the main fault along with secondary segments157

in the hanging-wall.158

To the best of our knowledge, only three studies have geodetically analyzed the near-159

fault deformation pattern of the Norcia earthquake. Delorme et al. (2020) used optical160

correlation to measure the near-fault displacement field of the entire rupture and found161

that the fault offsets measured from the optical correlation displacement maps tend to be162

consistent or larger than the field measurements. Wedmore et al. (2019) used pre- and163

post-earthquake terrestrial laser scanning point clouds to measure centimeter-scale surface164

displacements along a 150 m long section of the Norcia rupture. They estimated that165

50% of the horizontal deformation was distributed within 8 m of the fault while the vertical166

component exhibits a smaller amount of OFD (16%) within a narrower zone (4 m). Carboni167

et al. (2022) used ALOS-2 interferograms to identify a large number of surface ruptures and168

found them to be in agreement with those mapped in the field.169
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3 Method170

3.1 Analysis of Near-Fault Displacements171

3.1.1 Optical Data Processing172

To document the surface displacement field produced by the 24th October Mw 6.5 Nor-173

cia earthquake, we correlate pre-earthquake tri-stereo Pleiades satellite images (acquired the174

29th of October 2016, Table S1) with post-earthquake stereo WorldView-2 images (acquired175

the 1st of November 2016). The very short temporal baseline of 3 days is important for min-176

imizing correlation bias associated with differential illumination conditions, which can be177

more extreme in winter months when the lower sun elevations give rise to stronger shadows.178

Furthermore, snowfall in the epicentral region soon after the mainshock, prevented further179

acquisition of imagery in the early post-seismic period.180

We follow the 3D correlation methodology of Zinke et al. (2019). We first orthorectify a181

reference image (the left image of the pre-earthquake stereo pair) using a medium resolution182

DEM (AW3D30, 30m resolution). We then coregister all other images (pre-right, post-left,183

and post-right) relative to the reference, and orthorectify them all using the same medium184

resolution DEM. We then correlate each orthoimage relative to the reference. Using the185

satellite positions and the various correlation maps, we can solve the 3D ground position at186

each pixel on the correlation grid using a basic ray tracing approach (Avouac & Leprince,187

2015; Marchandon et al., 2022).188

Because the post-earthquake WorldView-2 images were tasked rapidly for disaster re-189

sponse efforts, the stereo acquisition parameters were not optimal for stereo-matching and190

DEM generation. The incidence angles were strongly off-nadir (left and right image view191

angles: -16.5◦ and -11.3◦ (along-track) and 37.9◦ and 38.7◦ (across-track). Consequently,192

the ground sampling of each WorldView image is strongly dependent on the topography,193

e.g. when the topographic slope is not perpendicular to the satellite look angle, the ground194

sampling density will be less than the slope-perpendicular case. Therefore, due to the strong195

off-track viewing geometry, the ground sampling on east versus west-facing slopes is starkly196

different. During the orthorectification stage, which is required to remove the large stereo-197

scopic signals within the images prior to ground displacement correlation, this irregular198

sampling produces strong aliasing signals in the final orthorectified images. This problem199

can be somewhat mitigated by orthorectifying at a lower resolution, although we then lose200

the ability to resolve the small ground displacements. To overcome this problem, we make201

use of a second stereo acquisition of Pleiades satellite images (from 13th September 2017).202

By correlating the post-WorldView with the post-Pleiades images, we capture this aliasing203

signal, along with any minor post-seismic deformation (which is generally below the de-204

tection threshold of image correlation, unlike the much larger co-seismic signal). We use205

Independent Component Analysis (FastICA) to isolate the spatial map of the aliasing com-206

ponent. We then solve for a coefficient which, when multiplied with the aliasing component207

and subtracted from the original 3D co-seismic displacement components (high-pass filtered,208

to minimize the coseismic signal), minimizes the global standard deviation. This adjusted209

aliasing map can then be removed from the relevant pre-Pleiades-post-WorldView displace-210

ment component. This approach proves highly effective at reducing the amplitude of the211

aliasing signal, which would otherwise overwhelm the earthquake displacement (Figure S1).212

Because the aliasing signal is isolated from postseismic images using ICA, we are confident213

that we do not introduce any postseismic signal to our coseismic correction. Furthermore,214

careful analysis of the aliasing component does not reveal any steps along the fault rupture215

location. Finally, we denoise outliers from the displacement map using a local neighborhood216

statistical method (Zinke et al., 2019), as well as removing long-wavelength jitter signals217

using simple destriping (Ayoub et al., 2017).218

We find that the 3D displacement map produced from pre-Pleiades and post-WorldView-219

2 imagery is superior to that from pre-Pleiades and post-Pleiades (which includes 10 months220
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of postseismic deformation). This is likely due to the similar illumination conditions between221

the pre-Pleiades and post-WorldView images, which yields cleaner displacements less cor-222

rupted by illumination bias. Also, the short temporal baseline allows us to better isolate223

the coseismic response of the Norcia mainshock, which is of prime interest in this study.224

3.1.2 Optical Offset and Off-Fault Deformation Measurement225

We mapped the various surface rupture traces of the Norcia earthquake by identifying226

sharp discontinuities in the EW, NS, and vertical displacement maps. To measure the227

amplitude and evaluate the variability of the surface fault slip along the various mapped228

segments, we measured the fault offsets using 2 km long stacked profiles spaced every 80 m.229

The choice of the stack width is a compromise between the signal over noise ratio and the230

along-strike offset variability we want to resolve. The larger is the stack width, the higher231

is the signal over noise ratio, and the smoother is the obtained along strike offset variations.232

Here, for most segments, the offsets we want to measure are of the same order of magnitude233

than the noise in the data. We thus choose a stack width of 408 m (51 pix). Consequently,234

each stacked profile is not independent from the neighboring one and independent stacked235

profiles are obtained every 5 measurements (= stack width/step). The offsets across the236

fault are then measured from the relative difference at the fault between linear regressions237

fitted on each side of the fault (e.g. Milliner et al., 2015). Note that we made sure the238

along-strike width over which the profiles was stacked does not encompass a significant fault239

strike variation that could bias the offset measurements. In total, 222 offsets were measured.240

The common practice to estimate the uncertainty of the measured offset is to use the241

misfit of the linear regression (e.g. Marchandon et al., 2018). However, the error obtained242

from this method does not reflect the uncertainty due to the subjective choices made when243

one measures offset from displacement profiles. Therefore, here we append a confidence244

level value to each offset depending on the degree of confidence we have about each offset245

measurement. A value of 1 means that the fault offset is easily identified and the offset246

value does not depend on the portions of the fault use to compute the linear regression.247

A value of 2 means that the offset is quite clear and well discernible from the noise but,248

depending on the points used to compute the regression, the value can slightly change.249

Finally, a value of 3 means the offset is hardly discernible from the noise and/or does not250

make a clear scarp on the fault. Consequently, the value obtained depends significantly on251

the portions of the fault chosen to compute the linear regression. Figure S3 shows examples252

of profile representative of the three different categories and Figure S4 shows the confidence253

level value for each measured offset. Most offsets have a confidence value of 1 or 2 while254

only 25 (over 222) offsets have a confidence value of 3. The latter are plotted with a low255

level of opacity in Figure 3. We note that most offsets having a low confidence value are256

low amplitude offsets (< 0.25 m).257

To estimate the amount of off-fault deformation (OFD), we compare the optical off-258

sets with the offsets measured in the field. This is a widely used method to estimate OFD259

(e.g. Milliner et al., 2015; Zinke et al., 2014; Ajorlou et al., 2021; Li, Li, Shan, & Zhang,260

2023). The rational is that the offsets measured from optical correlation encompass the261

total shear across the fault zone while in the field, only the localized component of the slip262

is measured. We use the field offsets from the database of Villani et al. (2018), consisting263

of 7323 observations. Among these 7323 field observations, we select the ones for which264

the throw (i.e. vertical displacement across the fault) was given and compare them with265

the optical offset measured from our vertical displacement map. Offsets measured in the266

field are isolated measurements only representative of the discrete locations where the mea-267

surements were made. On the contrary, offsets measured from optical correlation map are268

representative of a larger spatial scale, the extent of which is controlled by the various pa-269

rameters that come into play during the correlation and offset measurements processes (e.g.270

image resolution, correlation windows size, step size, and stack width used when measuring271

the profiles). Comparing these two types of data is thus not straightforward. In order to272
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make a meaningful comparison of the field and optical data sets, for each stack profile we273

compute the average of the field offsets located within the range of the stack box. This274

method is appropriate because field measurements for the Norcia earthquake are dense and275

sufficiently evenly distributed along each fault segment. Doing this, we aim at suppressing276

the along-strike difference of spatial scale between the two data sets such that any difference277

between the optical and field offsets reflects rupture-related processes.278

3.2 Slip Distribution at Depth279

3.2.1 Data280

To retrieve the fault slip distribution for the Norcia earthquake, we perform a joint281

inversion of optical, InSAR, and GPS data. The GPS dataset has been downloaded from282

the Rete Integrata Nazionale GPS (RING) website (http://ring.gm.ingv.it) and is composed283

of 115 three-component displacement points (Figure 9). The InSAR dataset is composed of284

two ascendant and one descendant ALOS-2 interferograms (Table S2). We compute the in-285

terferograms using the GMTSAR processing chain (Sandwell et al., 2011). The topographic286

phase contribution is removed from the interferograms using the Shuttle Radar Topography287

Mission 3 arc-sec (∼90 m resolution) DEM (SRTM; Farr et al., 2007). The interferograms288

are filtered using a coherence-dependent filter and unwrapped using a branch-cut algorithm289

(Goldstein et al., 1988). Two of the three interferograms (T92D and T197A, Table S2) en-290

compass also the Visso earthquake, that occurred 2 days before the Norcia earthquake and291

that broke 15 km of the northern continuation of the Monte-Bove Monte-Vettore fault sys-292

tem (Figure 1). Therefore, as a preliminary step, we estimate and remove the contribution293

of the Visso earthquake from the concerned interferograms by performing a joint inversion294

for both the Visso and Norcia slip distribution. The details of the methodology used to295

perform this preliminary step is described in the Supplementary Text S1. As a result, the296

interferograms used in the following are cleared from the contribution of the Visso earth-297

quake. Finally, the optical dataset is composed of the EW, NS, and vertical displacement298

fields. Both the InSAR and optical data sets have been subsampled using a scheme that299

depends on the distance to the fault, allowing to keep a dense data coverage near the fault300

while reducing the redundant information provided by data point located in the far-field.301

For the InSAR dataset, we kept one point every 2 km within 17 km from the fault, one point302

every 5 km for distances between 17 and 21 km from the fault, and one point every 10 km303

for distances farther than 21 km. For the optical data set, we kept one point every 200 m304

within 1.5 km from the fault, one point every 500 m for distances between 1.5 km and 3 km,305

and one point every kilometer for distance larger than 3 km. We choose this subsampling306

method rather than the more classically used quadtree algorithm to avoid smoothing the307

fault step in the optical displacement field, which could in turn bias the estimation of the308

subsurface fault slip.309

3.2.2 Inversion Method310

The Green’s functions, that relate the surface displacements to the fault slip, are com-311

puted using the Finite Element Model Pylith (Aagaard et al., 2013) and take into account312

the topography and the 3D variations in elastic properties of the Norcia region. The mesh313

of the finite element model is built using the Trelis software. The dimension of the mesh314

is 500 km x 500 km x 500 km along the east, north, and vertical direction. We model the315

topography using the SRTM DEM dowsampled at 1 km and we derive the elastic properties316

from the 3D velocity model of Chiarabba et al. (2018). The fault model is composed of317

three non-planar fault segments that follow the surface rupture trace mapped on the optical318

correlation maps (Figure S2c). The first segment is 43 km long and models the main fault,319

the second segment is 5 km long and models the synthetic secondary segments near the320

Monte-Vettore, and the third segment is 5 km long and models a secondary antithetic seg-321

ment (Figure S2c). At the surface, the segments match the surface rupture trace, whereas322

at depth the geometrical complexities are progressively smoothed (see Figure S7 for a 3D323
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representation of the fault segments). Near Monte Vettore, the distance between the main324

fault and the secondary synthetic segment is very small (down to ∼70 m), implying that325

this part has to be meshed using considerably smaller cells than elsewhere. This renders326

the production of a high quality mesh more challenging. To overcome this problem, we327

build three different meshes, one for each fault segment, all having the same size and similar328

discretization parameters. To balance computational efficiency with accuracy, we use a het-329

erogeneous mesh. The cell size is 700 m on average on the fault at shallow depths, increases330

to 1.5 km at the bottom of the fault, and gradually increases to 20 km toward the model331

boundaries. To evaluate the accuracy of our finite element model, we compute the surface332

displacements at the surface caused by one meter of dip-slip on the Monte Vettore fault,333

using both the analytical Okada solution and our FEM, the latter assuming a homogeneous334

elastic medium and a flat (no topography) surface. The differences between the Okada and335

FEM solutions are minimal, indicating that our FEM achieves sufficient accuracy.336

To evaluate the resolving power of each dataset, we compute the data sensitivity337

(Loveless & Meade, 2011). This parameter quantifies the sensitivity of the surface de-338

formation to the slip on each subfault and helps identify which parts of the model are well339

constrained. The sensitivity is defined as the sum of the surface displacements at all data340

points induced by a unit slip on the considered patch divided by the number of data:341

Sk =

∑N
i=1 us,i +

∑N
i=1 ud,i

N
. (1)

where Sk is the sensitivity of the kth subfault, us,i and ud,i are the surface displacement for342

the data point i due to 1m of strike-slip and dip-slip, respectively, on subfault k, and N the343

number of surface data. The sensitivity distributions for the main and secondary faults, as344

well as for each dataset, are shown in Figures S8 and S9. For the optical dataset, sensitivity345

is highest within the first two kilometers depth, reaching up to 5 m. At greater depths,346

it decreases, averaging around 1.5 m. Beyond approximately 6.5 km depth, the resolving347

power of the optical data becomes very low, with sensitivities dropping below 0.5 m (Figure348

S8a). In contrast, the sensitivity of the InSAR dataset is more uniform, averaging around349

1 m (Figure S8b). Unlike the optical data, InSAR sensitivity is low in the upper two350

kilometers (<0.5 m), highlighting the complementarity between the two datasets. For the351

GPS dataset, sensitivity is very low (<0.1 meters), primarily due to the sparse distribution352

of GPS stations in the near-field region (Figure S8c). The antithetic and synthetic faults353

are mainly constrained by the optical dataset, with sensitivity values reaching up to 2.2 m354

and 1.1 m, respectively (Figure S9).355

The slip on the fault is retrieved using a constrained least square inversion (Coleman &356

Li, 1996). The normal slip is constrained between 0 and 15 m, the strike-slip is constrained357

between -5 and 5 m and a smoothing operator is implemented to avoid unrealistic slip358

variations between neighboring patches (Jónsson et al., 2002). Preliminary inversion tests359

showed that a classical Laplacian smoothing operator strongly decreased the fit to the360

near-fault optical data without smoothing significantly the slip distribution at depth. To361

overcome this issue we implement a smoothing operator that varies with depth such as the362

slip distribution is less strongly smoothed at the surface than at depth. We also solve for a363

plane on the three interferograms and the EW, NS, Z optical displacement fields in order to364

correct for any residuals orbital or registration errors (e.g. Sudhaus & Jonsson, 2011) that365

can affect the consistency between the different datasets. Finally, the data are weighted such366

that each data set is equally well fitted. The data weighting takes into account the number367

of data points within each data set such that data sets with a lower number of points are368

not under-weighted in the inversion. We thus resolve the following system of equations:369

[
d′

0

]
=

[
G′

λD

]
m (2)
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Figure 2. 3D displacement field of the Norcia earthquake obtained from the correlation of high-

resolution optical Pleaides and Worldview-2 imagery. (a) EW displacements (positive eastward) (b)

NS displacements (positive northward) (c) Vertical displacements (positive upward). (d) Surface

rupture map with segment numbering. CdN locates the town of Castelluccio di Norcia, while Mt

BS and Mt V locate the Monte Bove South and the Monte Vettore, respectively.

with d′ = wd, G′ = wG, and where d is the data vector, G is the Green’s functions370

matrix relating the surface data to the slip on each subfault, w is the vector describing the371

weight of each data point, m is the vector of parameters we are solving for (two components372

of slip on each sub-fault), D the second-order finite difference operator, and λ the smoothing373

factor. We set λ according to an L-curve criterion (Figure S10).374

The best dip angle for each segment is determined in a preliminary step. Assuming a375

semi-infinite homogeneous elastic half-space (Okada, 1992), we run several inversions varying376

the dip angle value of each segment. We test dip angle values ranging from 34◦W to 46◦W377

for the main segment, 25◦W to 50◦W for the synthetic secondary segment and, 30◦E to 80◦E378

for the antithetic secondary segment. The best fitting dip angle is 40◦W, 30◦W, 40◦E for379

the main, synthetic, and antithetic segments respectively (Figures S11-S13). Additionally,380

the first kilometer of the main fault has a steeper dip angle (∼70◦) to match the values381

measured in the field (Villani et al., 2018).382

4 Results383

4.1 3D Displacement Field, Fault Offsets, & Off-Fault Deformation384

The EW, NS, and vertical optical displacement fields of the Norcia earthquake are385

visible in Figure 2 and show a complex network of discontinuous N130◦-N160◦ striking386

surface ruptures distributed over a width of ∼4 km. We identified 14 segments, 7 segments,387

striking approximately N160◦, are located along the main Monte Vettore-Monte Bove fault388

(segments 1-7; Figures 2 & 3a) and 7 are located within its hanging-wall (segments 8-14,389

Figures 2 & 3a). The comparison of the horizontal and vertical displacement values on390

both sides of each segment allow identifying four antithetic (8, 11-13) and three synthetic391

(9,10,14) segments to the main fault. Generally, both the location and the dipping direction392

of the various mapped segments are consistent with field observations (Figure S2a,b).393
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Overall the displacement pattern in the EW and vertical maps is dominated by the394

deformation associated with the Mt Vettore-Mt Bove fault: its foot-wall globally moves395

westward and downward (blue area in Figure 2a and 2c) while its hanging-wall moves east-396

ward and upward (eastern reddish area in Figure 2a and 2c). Due to the earthquake normal397

mechanism and the NW-SE orientation of the involved faults, the displacement amplitude398

in the NS direction is significantly smaller than in the EW and vertical components, and399

the surface ruptures are more difficult to detect. Nonetheless, the rupture traces of the seg-400

ments 1-2 and 12-13 can still be clearly identified on the NS displacement field. Moreover,401

the strong signal associated with the segment 2 on the Mt Vettore-Mt Bove fault, which is402

nearly NS oriented, suggests that the slip on this part of the fault has a significant strike-slip403

component.404

The optical and averaged field offsets along with the difference between the two datasets405

are plotted in Figure 3. The offsets measured on the segment belonging to the main fault406

and those measured on the subsidiary segments located within the main fault hanging-407

wall are plotted in different subplots for visibility (Figures 3b and 3c, respectively). When408

considering all segments, the mean optical offset is 47 cm whereas the mean value of the409

averaged field offsets is 36 cm. The mean and maximum offsets for each dataset and segment410

are provided in Table S3. Maximum offset values are found for both datasets on segment 6,411

in the western flank of the Mont Vettore and reach 111 cm and 147 cm for the optical412

and averaged field offsets, respectively (260 cm for the raw field offset). Regarding the413

comparison between the two data sets, three distinct cases are identified. In the first case,414

optical and field offsets are consistent. A representative example is segment 1, where the415

field and averaged field offsets closely match, and the raw field offsets are scattered, both416

above and below the optical offset values. Similar consistency is observed in segment 4 and417

at the northern tip of segment 7 (over a length of ∼500 m). In the second and most common418

case, the optical offsets are higher than the averaged field offsets and the raw field offsets lie419

almost systematically under the curve formed by the optical offsets. This situation occurs420

in segments 2, 3, 8, 9, 12, 13, at the southern tip of segment 7 and at the northern tip421

of segments 10 and 11. The mean difference between optical and averaged field offsets is422

24.5 cm, indicating 46 % of OFD. Finally, the last situation is when the field offsets exceed423

the optical offsets. This case is encountered only in segment 6 and to a lesser extent in424

segment 10. In segment 6, the average field offset is 88 cm, while it is 64 cm for the optical425

offsets. The raw field offsets in this segment reach up to 2.60 m and are predominantly426

located above the optical offset curve.427

In order to identify potential factors controlling the amount of OFD, we plot the dif-428

ference between optical and field offsets against the topographic slope. For each stacked429

profile, we compute the mean topographic slope along the fault trace within the range of430

the stack profile box using a 10 m resolution DEM. The results, plotted on Figure 4a, show431

a clear linear trend: the lower the topographic slope, the greater the discrepancy between432

optical and field offsets. This trend appears more clearly when only high-confidence offsets433

are considered (type 1)(Figure 4b). We note that the averaged field offsets exceed the optical434

offsets exclusively in steep terrain (slope > 30◦-35◦).435

We also compare the differences between optical and field offsets with the surface lithol-436

ogy. We use the information in the Villani et al. (2018) database to classify the fault offsets437

into three categories. We assign the fault offsets into the ”bedrock/bedrock” category (B/B)438

when the rupture goes mainly through bedrock, to the ”unconsolidated materials and soils”439

category (S/S) when the rupture goes mainly through unconsolidated material and soils440

and to the ”bedrock/unconsolidated materials and soils” category (B/S) for the parts of441

the rupture where unconsolidated material and soils juxtaposes against bedrock. A map of442

the classification is shown in Figure S14 while the average difference between optical and443

field offsets as a function of the contact type is shown in Figure 5. When the rupture goes444

through B/B interface, the field offsets are systematically larger than the optical offsets445

(mean difference of -28 cm). When the rupture goes through B/S interface, the field offsets446
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Figure 3. Comparison of optical and field offsets. (a) Shaded DEM showing the 14 rupture

segments mapped from the 3D displacement field. The segments numbers are indicated and colored

according to their location. Blueish segments denote the segments located on the main Mte Vettore-

Mte Bove fault and reddish segments denote the subsidiary segments located within the hanging-

wall of the main fault. Mt BS and Mt V locate the Monte Bove South and the Mont Vettore

respectively. CdN locates the town of Castelluccio di Norcia. (b) Vertical optical and field offsets

(throw) measured along the segments of the Mt Vettore-Mt Bove main fault (c) Vertical optical

and field offsets measured along the subsidiary segments within the hanging-wall of the main fault.

Negative values denote offset on antithetic fault segments (i.e. NE dipping). (d) Difference between

the optical and averaged field offsets. On figures b-d, optical offsets plotted with a lower opacity

level denote the offsets having a confidence level of 3 (low confidence level).
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Figure 4. Difference between optical and field offset as a function of the local topographic slope

for (a) all data points (b) data points having a confidence level of 1 (high confidence level, see main

text for details).

are on average larger than the optical offsets (mean difference of -13 cm), although some447

data points have positive difference (8 over 34 data points). OFD (i.e. when optical offsets448

are larger than field offsets) is mainly found when the rupture goes through unconsolidated449

materials and soils, with an average difference of 20 cm. We note that the B/B and B/S450

categories are under-represented, as the majority of data points (82%) belongs to the B/S451

category (Figures 5 and S14).452

4.2 Fault Slip Model & Shallow Slip Deficit453

Our preferred slip model is shown in Figure 6. The slip distribution on the main fault454

shows a main slip patch located between 2 km and 7 km depth (Figure 6a). The patch is455

composed of two zones of maximum slip where the slip reaches 3.5 m, one at 2.8 km depth456

and a larger one, southward, at 4.6 km depth. Above 2 km depth, the slip distribution is457

very heterogeneous with several sub-patches of slip disconnected from each others with a458

maximum amplitude of 1.3 m. This fault slip distribution roughness that we infer at shallow459

depths may also exist at depth, but our data (located only at the surface) are not able to460

resolve it. The main slip patch at depth and the sub-patches of slip are separated by a461

pronounced slip gap located at 1.5 km depth. The gap is also visible on the distribution of462

cumulative slip with depth (Figure 6e). On the secondary segments, the slip amplitude is463

lower and reaches ∼1 m at the surface (Figure 6b,c). The slip model leads to a geodetic464

moment of 1.01× 1019 N.m (Mw 6.6) and a normal-slip pseudo-focal mechanism consistent465

with seismological estimates (Figure 6d). The distribution of cumulative slip with depth466

shows a very pronounced SSD of 72% (∼70 cm). Note that the SSD is 10% larger when467

the secondary segments are not taken into account, illustrating the importance of including468

secondary segments to estimate the slip budget of a fault system.469

Figures 7, 8, and 9 compare the observations with the model predictions for the optical,470

InSAR, and GPS data, respectively. The optical data are well reproduced by the slip model471

with a RMS of 0.17 m, 0.13 m, and 0.24 m for the EW, NS, and vertical components472

respectively. The residuals display only short length scale differences, not correlated with473

the fault trace, suggesting that they are not from tectonic origins. The T92D, T196A,474

and T197A interferograms have a very satisfactory RMS (0.05 m, 0.04 m, and 0.04 m,475
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Figure 5. Impact of the local subsurface lithology on the difference between optical and field

offset. Each box shows the statistics of the difference between optical and field offsets depending

on whether the fault goes through (i) bedrock on both sides of the fault (B/B), (ii) bedrock on

one side and unconsolidated materials and soils on the other (B/S), or (iii) through unconsolidated

materials and soils on both sides of the fault (S/S). For each case, the white line indicates the

mean, the bottom and top edges of the box indicate the 25th and 75th percentiles, and the vertical

lines extend to the 2nd and 98th percentiles. Outliers are marked with the ’+’ symbol. The mean

difference and the number of data points are written next to and below each box, respectively.
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Figure 6. Preferred slip model and distribution of slip with depth. Slip amplitude and rake

on (a) the main fault (b) the antithetic secondary fault (secondary fault 1) and (c) the synthetic

secondary fault (secondary fault 2). The shaded gray areas on panel (a) indicate the location of

the secondary faults. (c) Comparison of the pseudo focal mechanism computed from the slip model

(this study) with the INGV focal mechanism. (e) Normalized cumulative slip with depth computed

for the main fault only (red dotted line) and for the three segments (red line). The percentage of

Shallow Slip Deficit (SSD) for both cases is indicated on top of the figure.

respectively). The main coseismic signal is very well reproduced by the model. The residuals476

consist of small amplitude signals correlated over tens of kilometers that may represent477

atmospheric noise. Moreover, we do not observe systematic larger residuals near the fault,478

indicating that the optical and InSAR data are consistent. Concerning the GPS data, the479

RMS for the EW, NS and vertical components are 0.02 m, 0.01 m, 0.006 m, respectively.480

The vertical component of the near-fault stations is very well reproduced by the model while481

the fit to the horizontal component of some stations show larger misfits, either concerning482

the direction of horizontal displacement (e.g. station CAMP) or the amplitude (e.g. station483

1322).484

As illustrated by the sensitivity distribution (Figures S8–9), optical data play a critical485

role in constraining both the distribution and amplitude of slip, not only at the surface but486

also down to ∼ 7 km depth (Figure S8). This is further evidenced by an alternative slip487

model derived only from InSAR data, which shows notable differences in both the shape488

and amplitude of slip at the surface and at depth (Figure S15).489
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Figure 7. Subsampled optical data (left), model predictions (middle), and residuals (right) for

the (a) EW (b) NS and (c) UD components of displacement. The black lines show the surface

traces of the three modeled segments. For each residual map, the RMS value is shown.
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Figure 8. Subsampled LOS displacements (left), model predictions (middle), and residuals

(right) for the (a) T92 descending (b) T196 ascending and (c) T197 ascending interferograms. The

black lines show the surface traces of the three modeled segments.For each residual map, the RMS

value is shown.
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Figure 9. Data and model predictions for the GPS data. The gray and red arrows show the

observed and predicted horizontal displacements, respectively. The outer and inner colored circles

show the observed and predicted vertical displacements, respectively. The black lines show the

surface traces of the three modeled segments.

5 Discussion490

5.1 Factors Controlling Off-Fault Deformation491

While a large body of literature has been published on measuring off-fault deformation492

and understanding its controlling factors in strike-slip earthquakes (Milliner et al., 2015,493

2016; Zinke et al., 2014; Vallage et al., 2015; Gold et al., 2015; Scott et al., 2018b; Zinke et494

al., 2019; Barnhart et al., 2020; Antoine et al., 2022; Li, Li, Shan, & Zhang, 2023; Gaudreau495

et al., 2023; Li, Li, Hollingsworth, et al., 2023; Liu-Zeng et al., 2024; Liu et al., 2025), only496

two studies, to the best of our knowledge, have focused on normal events. Andreuttiova et497

al. (2022) studied the 1959 Mw∼7.2 Hebgen Lake earthquake from high-resolution historical498

aerial images and estimated ∼50% of OFD, with larger values where the local fault strike499

deviates from the average fault strike. Wedmore et al. (2019) estimated the amount of OFD500

along a 150 m long portion of the Norcia rupture using Using Terrestrial Laser Scanning501

(TLS) data. They found that 50% of the horizontal deformation was distributed within502

8 m of the fault while the vertical component exhibits a smaller amount of OFD (16%)503

within a narrower zone (4 m). They suggest that this partitioning of displacement could be504

attributed either to a steepening of the fault dip angle toward the surface or to the opening505

of a network of shallow fractures.506

Here, we estimate 46% (24.5 cm) of OFD on average for the entire rupture. The factors507

influencing the amount of OFD from one earthquake rupture to another are not yet fully508

understood. However, fault zone maturity is believed to be a key factor, with slip on mature509

faults being more localized (smaller OFD) than on immature faults (Dolan & Haravitch,510

2014; Zinke et al., 2014, 2019). According to the fault maturity criterion of Manighetti511

et al. (2007), the Monte-Vettore-Monte-Bove fault system on which the Norcia earthquake512
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occurred is an immature fault (e.g. cumulative slip of <50 m, maximum vertical long-term513

slip rate of 1.2±0.4mm/y, age < 250 kyr, fault length ∼ 30 km; Puliti et al., 2020; Pousse-514

Beltran et al., 2022). The 46% of OFD we estimate is thus consistent with the maturity515

level of the Monte-Vettore-Monte-Bove (Dolan & Haravitch, 2014).516

The amount of OFD is variable along the Norcia rupture, with values ranging from517

2% to 93%. Comparison of the percentage of OFD against the local topographic slope518

and type of near surface materials show that the degree of localization of the deformation519

decreases with the topographic slope (Figure 4) and when the rupture goes through un-520

consolidated materials and soils (Figure 5). Interestingly, a correlation between OFD and521

topographic slope was previously observed, albeit positive (higher OFD in steeper areas),522

for the Kaikoura earthquake (Zinke et al., 2019). Several processes could induce a corre-523

lation between OFD and the topographic slope. Firstly, amplification of the seismic waves524

by the topography (e.g. Boore, 1972; Bouchon et al., 1996) could result in the creation (or525

reactivation) of new fractures in the host rocks, leading to a positive correlation between526

OFD and topography slope (e.g. Zinke et al., 2019). Alternatively, topography slope might527

act as a first-order proxy for the sub-surface rock lithology, with weak sediments located in528

flat areas (e.g. basins) while steep slopes are made of strong, competent material; leading529

to a negative correlation between OFD and topographic slope, as observed here. We also530

infer larger values of OFD where the rupture goes trough unconsolidated material and soils531

(20 cm) compared to when the rupture goes through bedrock (no OFD) (Figure 5) suggest-532

ing that the positive correlation observed between the topographic slope and OFD reflects533

the impact of the subsurface materials on the localization of the deformation.534

New evidence also suggests that the orientation of the fault segments with respect to the535

stress field could impact the degree of localization of the deformation, with higher degree of536

localization for well oriented segments (Liu-Zeng et al., 2024). The Norcia rupture features537

strong variations of strike (e.g. Figure 3), therefore we evaluate whether a correlation538

between the amount of OFD and the local fault azimuth exists (Figure 10). When all data539

points are plotted, no correlation is found between the local azimuth and the amount of540

OFD (Figure 10a). However, when the average OFD by segment is considered, we find that541

two of the three segments with the lowest OFD values (≤10%) are well oriented segments542

(i.e. whose azimuth is parallel to SHmax; segments 1 and 6; Figure 10b) whereas all543

segments featuring high OFD values (≥40%, segments 2, 3, 10, and 13) are all not well544

oriented segments (azimuth outside the SHmax range of the Norcia area; Figure 10b). Taken545

together, these observations suggest that the orientation of the segments with respect to546

the stress field could have played a role, albeit weak, on the degree of localization of the547

deformation during the Norcia earthquake.548

5.2 Link between Shallow Slip Deficit and Off-Fault Deformation549

Understanding how surface offsets relate to slip at depth is crucial for accurately inter-550

preting long-term cumulative fault offsets and, in turn, for making reliable seismic hazard551

assessments. The deficit of shallow slip inferred from inversion of high-resolution geodetic552

data for moderate to large continental earthquakes (Fialko et al., 2005), suggests that long-553

term slip-rates - deduced from offset geological markers - could be underestimated if they554

do not take into account the distributed off-fault component, in particular for immature555

faults (Dolan & Haravitch, 2014; Milliner et al., 2025) For these reasons, understanding556

the origin of the deficit of shallow slip, and its link with the degree of localization of the557

deformation at the surface is of primary importance. Several hypotheses have been pro-558

posed to explain SSD. Firstly, SSD could be accommodated by postseismic or interseismic559

aseismic shallow creep. This hypothesis is supported by the velocity strengthening behavior560

of the shallow part of the crust (Dieterich, 1978; Marone et al., 1991; Rice, 1993). However,561

postseismic shallow creep is generally insufficient to compensate for the deficit of slip (e.g.562

Pousse-Beltran et al., 2020) while shallow interseismic creep has only been documented on563

a limited number of faults (e.g. Kaneko et al., 2013; Pousse Beltran et al., 2016). More-564
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Figure 10. (a) OFD (%) as a function of the local fault azimuth (°) (a) for all data points and

(b) averaged over each segment. The gray thin line represents the average SHmax in the Norcia

region while the shaded area delineates the 25th-75th percentile SHmax range. In an Andersonian

stress regime for normal faulting, the azimuth of an optimally-oriented normal fault is parallel to

SHmax.
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over, interseismic creep is typically observed for mature faults (e.g. Karabacak et al., 2011;565

Kaneko et al., 2013; Lindsey et al., 2014; Rousset et al., 2016) for which we expect SSD to566

be minimal (Dolan & Haravitch, 2014). It has also been shown that a part of SSD could be567

a modeling artifact due to either an imperfect representation of the medium when inverting568

for the fault slip, data noise, a lack of near-fault data coverage, biased near-fault data, or569

locally incorrect fault geometry (Kaneko & Fialko, 2011; X. Xu et al., 2016; Marchandon570

et al., 2021; Wang et al., 2024). Another hypothesis suggests that the shallow slip deficit571

(SSD) may be compensated by coseismic inelastic deformation occurring within the volume572

surrounding the fault (Fialko et al., 2005; Dolan & Haravitch, 2014). This idea is supported573

by dynamic rupture simulations for simple strike-slip faults incorporating elasto-plastic off-574

fault response (Kaneko & Fialko, 2011; Roten et al., 2017). These simulations demonstrate575

that the plastic response of the surrounding medium tends to lower or suppress (depending576

on the medium plastic strength) the slip at shallow depths (albeit only in the uppermost 300577

m of the crust, Roten et al., 2017). This hypothesis, that inelastic deformation around the578

fault may compensate for the shallow slip deficit, is also supported by recent studies that579

found a correlation between optically-derived off-fault deformation and shallow slip deficit580

along the fault strike (Antoine et al., 2024; Liu et al., 2025). Here, we do not find any581

correlation between the amount of OFD estimated at the surface and the amount of SSD582

(Figure 11). The reason explaining this discrepancy might reside in the method used to583

estimate the off-fault deformation. The correlation between SSD and OFD is usually found584

in studies that measure kilometer-scale off-fault deformation by making the assumption that585

any gradient in fault-perpendicular surface displacement profiles reflects inelastic deforma-586

tion. In contrast, the method used here, by differentiating field and optical offsets, measures587

off-fault deformation at a much smaller scale. The two methods might therefore be sensitive588

to distinct underlying processes, occurring over different spatial scales and depth ranges.589

Here, the lack of correlation between SSD and OFD along with the correlation between590

OFD and the type of sub-surface material suggest that the OFD we observe in this study591

results from the shallow soil response to coseismic rupture. Simulations that account for592

the mechanical behavior of different soil types (e.g. clay-like or sand-like) are needed to test593

this hypothesis and to fully understand how the very shallow subsurface affects the degree594

of deformation localization.595

One central issue to understand the link between off-fault deformation and on-fault slip596

is our ability to untangle the respective contribution of inelastic and elastic processes in the597

observed surface displacements as both processes can produce similar surface deformation598

patterns (Nevitt et al., 2020; Hayek et al., 2024). A full understanding of the mechanical599

behavior of the shallow crust solely based on observations is therefore difficult. Systematic600

investigation of surface rupturing earthquakes using dynamic rupture simulations incorpo-601

rating inelastic rheology (e.g. Hayek et al., 2024) can help decipher the underlying processes602

responsible of the near-fault surface displacement pattern. Ultimately, an inversion method603

incorporating elasto-plastic Green’s functions would offer a unified approach to simultane-604

ously resolve both elastic and inelastic processes.605

6 Conclusion606

We present the first analysis of on- and off-fault deformation for the 2016 Mw 6.5607

Norcia, Italy, earthquake. We first measure the near-field 3D displacements of the Norcia608

event from the correlation of high-resolution stereo optical images. By comparing field and609

optically-derived fault offsets, we estimate 46% (26 cm) of off-fault deformation. Then, we610

extend our analysis to the slip at depth from a joint inversion of optical, InSAR, and GPS611

data. We use an inversion method that takes into account the medium complexities (non-612

planar multi-segmented fault geometry, topography, and 3D medium properties) in order613

to infer an unbiased slip distribution. Our slip model reveals a highly heterogeneous slip614

distribution, with a main slip patch at depth and several sub-patches of slip at the surface615

that are disconnected from the main patch by a distinct slip gap. The distribution of slip616
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Figure 11. Comparison of the average amount of OFD (%) with the average amount of SSD(%)

computed per segment, showing no correlation between the amount of OFD and the amount SSD.

See Figure 3a for the location of the segments.

with depth shows a Shallow Slip Deficit (SSD) of 75%. We observe a positive correlation617

between the local topographic slope and the amount of OFD as well as lower OFD values618

when the rupture goes through unconsolidated materials and soils. We also found that the619

orientation of the fault segments within the regional stress field does not impact significantly620

the amount of OFD and that the along-strike variation of SSD does not correlate with621

the along-strike variation of OFD. Taken together, these results suggest that the off-fault622

deformation estimated in this study reflects surficial processes probably occurring in the623

first tens of meters depth (i.e. within the soil). We argue that inversion methods taking624

into account elasto-plastic rheologies are needed for a robust estimation of the distribution625

of slip with depth as well as for untangling the relative contribution of inelastic versus elastic626

processes within the shallow crust.627

Open Research Section628

The InSAR and optical displacement fields, optical and mean field offsets (along with629

the type of interface and the local topographic slope at each offset location), and the630

slip model can be downloaded from the Zenodo repository available at https://doi.org/631

10.5281/zenodo.16742625. The Pleiades and Worldview satellite imagery were processed632

with the open source software packages Ames Stereo Pipeline (https://github.com/NeoGeographyToolkit/633

StereoPipeline/) and COSI-Corr (https://github.com/SaifAati/Geospatial-COSICorr3D).634

The ALOS-2 SAR images were processed with the GMTSAR processing chain (https://635

github.com/gmtsar/gmtsar). The GPS data were downloaded from the Rete Integrata636

Nazionale GPS (RING) website (http://ring.gm.ingv.it). We use the open-source soft-637

ware package Pylith available at https://github.com/geodynamics/pylith, to compute638

the Green’s functions used in our inversion. The INGV focal mechanism for the Norcia639

earthquake plotted in Figure 5d is available at https://terremoti.ingv.it/en/event/640

8863681#.641
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Text S1: Removing the contribution of the Visso earthquake in the interfero-

grams

Two of the three interferograms used in the inversion encompass both the Norcia earth-

quake and the Visso earthquake, that occurred 3 days before and 10 km north of the

Norcia event. Therefore, as a preliminary step, we estimate and remove the contribution

of the Visso earthquake from the concerned interferograms by performing a joint inver-

sion for both the Visso and Norcia slip distribution. The principle of the method we use

is similar to what has been done to jointly invert for co- and post-seismic on-fault slip
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distribution (e.g. Ragon et al., 2019). In the inversion, we use the 115 GPS data points

covering only the Norcia event, 128 GPS data points covering only the Visso earthquake

(also downloaded from the Rete Integrata Nazionale GPS website, http://ring.gm.ingv.it),

and the three ALOS-2 interferograms (Table S2).

Only the main fault is included in the modeling with a dip angle of 40◦W. The fault

is discretized with triangular subfaults ranging from ∼500 m at the surface to 1 km at

depth. The Green’s functions relating a unit of slip on each subfaults with the surface

displacements are computed assuming an homogeneous elastic half-space (Meade, 2007).

We solve for the strike and dip components of the slip on each subfault using a constrained

linear least square inversion (Coleman & Li, 1992). We resolve the following system of

equation:


dGPS V

dGPS N

dDesc V N

dAscT197 V N

dAscT196 N

 =


GGPS V 0

0 GGPS N

GDesc V GDesc N

GAscT197 V GAscT197 N

0 GAscT196 N


[
mV

mN

]
(1)

where dGPS V and dGPS N are the GPS data for the Visso and Norcia earthquakes,

respectively. dDesc V N and dAscT197 V N are the descending and ascending interferograms

covering both the Visso and Norcia events, respectively. dAscT196 N is the ascending inter-

ferogram covering only the Norcia event. GData Earthquake is the matrix of Green’s functions

relating the data set Data to the model for the given Earthquake. For instance, GDesc N

is the matrix of Green’s function relating the descending interferogram data points with

the slip on the fault for the Norcia event, while GDesc V is the matrix of Green’s function

relating the descending interferogram data points with the slip on the fault for the Visso

event. In practice, these two matrices are exactly the same. mV and mN are the slip

distributions for the Visso and Norcia earthquake, respectively.
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The obtained slip models and the comparison of data with model predictions for the

GPS and InSAR data are shown in Figures S5 and S6, respectively.
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Figure S1. (a) Raw vertical coseismic displacement field obtained from the optical correlation

of pre-earthquake Pleiade and post-earthquake Worldview images. The displacement field is cor-

rupted with a strong aliasing signal due to the off-nadir incidence angle of the the post-earthquake

Worldview images. (b) Aliasing component isolated from a post-earthquake Pleaides-Worlview

correlation using Independent Component Analysis (FastICA) and used as template to corrected

the raw coseismic displacement field. (c) Vertical coseismic displacement field corrected from the

aliasing component. The spatial map of the aliasing component shown in (b) is multiplied by a

coefficient allowing to minimize the standard deviation of the difference between this adjusted

aliasing component and the raw coseismic displacement field (see method section in the main

paper for details). The corrected coseismic displacement field is then obtained by removing the

adjusted aliasing component from the raw coseismic displacement field.
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Figure S2. Field mapping, optical mapping and simplified modeled segments. (a) Surface

rupture traces (gray) and dipping direction from field investigations (Villani et al., 2018). The

purple color indicates a SW dipping surface rupture while the the blue color indicated a NE

dipping surface rupture. (b) Surface rupture traces mapped from the optical correlation dis-

placement field (blue and purple lines) plotted on top of the field mapping (gray line). As in

(a), purple segments are SW dipping while blue segments are NE dipping. (c) Simplified fault

segments used for the inversion (blue, purple, and orange lines) plotted on top of the optical

surface rupture traces (gray lines). We modeled the complex and multi-segmented rupture with

3 segments: a SW dipping main segment (blue line) and two secondary segments, a NE dipping

segment (orange line) antithetic to the main fault and a SW-dipping segment (dark purple line)

synthetic to the main fault.
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Figure S3. Examples of profile having a confidence value of (a) 1, (b) 2, and (c) 3. A confidence

value of 1 means the offset can be measured unambiguously, a confidence value of 2 means the

noise in the displacement profile can slightly impact the offset measurement, and a confidence

value of 3 means that the noise in the displacement profile is such that the uncertainty of the

measured offset is high. The gray dotted line shows the fault location, the red lines show the

linear regressions applied to either side of the fault. The gray lines delineate the lateral extent

used to compute the linear regression. The fault offset corresponds to the vertical distance

between the red lines extrapolated on the fault.
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Figure S4. Confidence value for each optical offset measured. Value of 1, 2 and 3 indicate good,

medium, and poor offset confidence, respectively. See main text and Figure S3 for explanations.
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Figure S5. Slip distributions of the (a) Visso and (b) Norcia earthquakes from the joint

inversion of InSAR and GPS data. See supplementary text S1 for details.
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Figure S6. Data, model predictions, and residuals for the joint inversion for the Visso and

Norcia slip distributions (see supplementary text S1).
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Figure S7. 3D representation of the fault geometry of our preferred model

August 5, 2025, 4:29pm



: X - 11

Figure S8. Sensitivity of the (a) optical, (b) InSAR and (c) GPS data for the main fault.
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Figure S9. Sensitivity of the (a) optical, (b) InSAR and (c) GPS data for the secondary faults.
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Figure S10. Data misfit as a function of roughness coefficient. The chosen roughness coefficient

is indicated by the black circle.
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Figure S11. Data misfit as a function of the main fault dip angle. The lowest RMS value is

reached for a dip angle of 40◦W
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Figure S12. Dip angle estimation for the antithetic secondary segment. Due to the limited size

of the secondary segments, varying their dip angles does not affect significantly the total RMS.

For these segments, we therefore compute the RMS on a small area of the optical dataset. (a)

EW optical displacement field showing the area used to compute the RMS (dotted line). (b-c)

RMS as a function of the antithetic segment dip angle for the EW, NS and DZ optical data,

respectively. (d) Total RMS. The best dip angle value is 40◦E.
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Figure S13. Dip angle estimation for the synthetic secondary segment. Due to the limited size

of the secondary segments, varying their dip angles does not affect significantly the total RMS.

For these segments, we therefore compute the RMS on a small area of the optical dataset. (a)

EW optical displacement field showing the area used to compute the RMS (dotted line). (b-c)

RMS as a function of the synthetic segment dip angle for the EW, NS and DZ optical data,

respectively. (d) Total RMS. The EW and NS components of the optical data favor a dip angle

≤ to 25◦W while the DZ component favors a 30◦W dip angle. Considering a ≤ 25◦W dip angle

unrealistic, we here choose a dip angle of 30◦W for this segment.
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Figure S14. Rock type interface for each offset measured. B/B, B/S, and S/S mean that the

rupture goes through bedrock on both sides of the fault, bedrock on one side and unconsolidated

materials or soil on the other, and unconsolidated materials or soil on both sides of the fault,

respectively. Data points for which the information is not known are plotted in gray. See main

text for explanations.
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Figure S15. Slip model obtained from the InSAR data alone, showing that the slip pattern

and amplitude change considerably compared to the joint-data model.
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Table S1. Metadata of the optical images used to measure the 3D surface displacement field

of the Norcia earthquake

Displacement map Sensor Spatial Date Time span
resolution (m) (dd.mm.yyyy)

Coseismic correlation Pléiades 0.5 29.10.2016 3 days
WorldView-2 0.5 01.11.2016

Postseismic correlation WorldView-2 0.5 01.11.2016 ∼10.5 months
(for aliasing correction) Pléiades 0.5 13.09.2017

Table S2. Metadata of the ALOS-2 interferograms

Orbit Track Event(s) Pre-date Post-date
Direction encompassed (dd.mm.yyyy) (dd.mm.yyyy)
Descending 92 Norcia & Visso 31.08.2016 09.11.2016
Ascending 197 Norcia & Visso 24.08.2016 02.11.2016
Ascending 196 Norcia 28.10.2016 11.11.2016

Table S3. Mean, minimum, and maximum offset values for each segment measured from the

optical displacement field and in the field (Villani et al. (2018)

Optical offset (m) Field offset (m)

Segment Mean Min Max Mean Min Max

1 0.25 0.12 0.34 0.24 0.17 0.3

2 0.53 0.23 0.81 0.29 0.13 0.55

3 0.46 0.01 0.61 0.13 0.08 0.21

4 0.04 -0.15 0.2 0.17 0.05 0.26

7 0.64 0.11 1.11 0.89 0.18 1.48

8 0.45 0.28 0.53 0.31 0.22 0.4

9 -0.52 -0.62 -0.39 0.17 0.14 0.18

10 0.59 0.33 0.81 0.46 0.19 0.95

11 0.3 0.12 0.49 0.18 0.03 0.41

12 -0.36 -0.38 -0.32 0.12 0.12 0.12

13 -0.64 -0.86 -0.43 0.46 0.25 0.65

14 -0.53 -0.73 -0.16 0.29 0.27 0.3

15 0.01 -0.05 0.07 0.22 0.22 0.22
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