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Key points: 

- We monitor pre and post-seismic deformation of the 2016 seismic sequence using 

two-year InSAR time-series 

- Centimetre scale post-seismic surface displacements are detected after October 30, 

2016 Mw 6.5 mainshock (Norcia earthquake) 

- Localized shallow afterslip occurred at structural complexity that may have hindered 

the propagation of seismic ruptures 
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Abstract : 

The Mw 6.5 Norcia earthquake occurred on October 30, 2016, along the Mt Vettore 

fault (Central Apennines, Italy), it was the largest earthquake of the 2016-2017 seismic 

sequence that started two months earlier with the Mw 6.0 Amatrice earthquake (August, 24). 

To detect potential slow slip during the sequence, we produced Interferometric Synthetic 

Aperture Radar (InSAR) time-series using 12 to 6-day repeat cycles of Sentinel-1A/1B images. 

Time-series indicates that centimetre-scale surface displacements took place during the 10 

weeks following the Norcia earthquake. Two areas of subsidence are detected: one in the 

Castelluccio basin (hanging wall of the Mt Vettore fault), and one in the southern extent of 

the Norcia earthquake surface rupture, near an inherited thrust. Poroelastic and viscoelastic 

models are unable to explain these displacements. In the Castelluccio basin, the displacement 

reaches 13.2 ± 1.4 mm in the ascending line of sight (LOS) on January 06, 2017. South of the 

Norcia earthquake surface rupture (a zone between the Norcia and Amatrice earthquakes), 

the post-seismic surface displacements affect a smaller area, but reach 35.5 ± 1.7 mm in 

ascending LOS by January 2017 and follow a logarithmic temporal decay consistent with post-

seismic afterslip. Our analysis suggests that the structurally complex area located south of the 

Norcia rupture (30 October) is characterized by a conditionally stable frictional regime. This 

geometrical and frictional barrier likely halted rupture propagation during the Amatrice 

(August 24) and Norcia (October 30) earthquakes at shallow depth (<3-4 km). 
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1 Introduction 
Monitoring the spatial and temporal variations of the slip on a fault enables researchers 

to better assess stress build-up on seismic asperities and slip released during seismic cycle 

(Avouac, 2015; Bürgmann, 2018; Chen & Bürgmann, 2017; Harris, 2017). In the rate and state 

formulation, rupture propagation can be hindered by rate-strengthening sections of a fault, 

which tend to slip via creep rather than in seismic rupture (e.g., H. Perfettini et al., 2010; 

Hirose et al., 2010). Such barriers are also often associated with structural complexities – such 

as a change of strike, secondary faulting or interaction with inherited faults (e.g., King & 

Nabelek, 1985; King, 1986; Wesnousky, 1988). These structural complexities can act as a 

geometrical barrier, and are characterized by an increased equivalent strength (Nielsen & 

Knopoff, 1998). Locating aseismic slip on the fault and comparing these locations with those 

of seismic slip and fault segmentation is of pivotal importance to better characterize the 

frictional behavior of a fault system and its relation with structural complexities. 

A notable seismic sequence occurred in the Central Apennines (Italy) in 2016-2017 

(Chiarabba et al., 2018; Perouse et al., 2018; Cheloni et al., 2017; Huang et al., 2017; Cirella et 

al., 2018; Civico et al., 2018; Scognamiglio et al., 2018; Ragon et al., 2019), with four main 

events: the 24th August 2016 MW 6.0 Amatrice event, the 26th October 2016 MW 5.9 Visso 

event, the 30th October 2016 MW 6.5 Norcia event, and the 18th January 2017 MW 5.5 

Campotosto event (Figure 1 and Table S1). This seismic sequence ruptured the complex Mt 

Vettore fault system (in red in Figure 1) (Pizzi et al., 2017; Porreca et al., 2018; Villani, Pucci, 

et al., 2018), and the adjacent Amatrice-Campotosto fault (in orange in Figure 1). During the 

Norcia earthquake, the rupturing of an antithetic fault on the opposite side of the Castelluccio 

basin seems necessary to fit geodetic data and is supported by alignments of relocated 

aftershocks (Chiaraluce et al., 2017; Walters et al., 2018; Cheloni et al., 2019). In addition, the 

role of an inherited west-dipping thrust called OAS (Olevano-Antrodoco-Sibillini thrust) in the 

Norcia earthquake coseismic rupture geometry has been widely discussed. While some 

studies suggested that only the Mt Vettore fault system was activated (Chiaraluce et al., 2017; 

Liu et al., 2017; Papadopoulos et al., 2017; Pavlides et al., 2017; Pizzi et al., 2017; Wang et al., 

2018; Xu et al., 2017), others suggested that also the OAS thrust ruptured as a reactivated 

high-angle normal fault during the event, as suggested by geodetic and seismological 

observations (Cheloni et al., 2017; Scognamiglio et al., 2018; Walters et al., 2018). Although 

the reactivation of the thrust is not clearly demonstrated (Cheloni et al., 2019), the OAS 
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appears to have played a role in the aftershock distribution (Chiarabba et al., 2018; Chiaraluce 

et al., 2017; Pizzi et al., 2017). The earthquakes of the 2016 sequence appear to have 

nucleated near crosscutting structures that seem to have been loaded by previous ruptures in 

the sequence (Chiaraluce et al., 2017; Pino et al., 2019). This seismic sequence is thus an 

excellent case study to better understand the link between structural segmentation, aseismic 

slip and frictional properties that might control this rupture propagation.  

Post–seismic processes during this sequence have been observed in the seismicity (e.g., 

Albano et al., 2018; Tung & Masterlark, 2018), but no aseismic slip has been detected with 

geodetic data so far. Using Interferometric Synthetic Aperture Radar (InSAR) time-series from 

Sentinel-1 data, we document a small but significant post-seismic deformation transient that 

we find is best explained by aseismic slip on faults associated with this sequence. Surface 

displacements are presented and analysed. We also explore simple modelling schemes that 

provide a framework for our interpretation and discussion.  

2 Geological setting 
The Central Apennines were affected by an extensional phase during the Jurassic, 

followed by a compressive phase during the Neogene (e.g., Calamita et al., 2011). The OAS 

(Olevano-Antrodoco-Sibillini thrust) is one the main thrusts resulting from the Neogene 

compressive phase (Calamita et al., 1994) and has been interpreted as a transpressive ramp 

(Di Domenica et al., 2012). In the area affected by the 2016-2017 seismic sequence, the OAS 

thrust is expressed by parallel splays associated with fault-bend folds characteristic of 

structural ramps  (Calamita et al., 2012) (Figure 1). The ongoing ENE oriented extension of 2 

to 4 mm/yr (D’Agostino, 2014; Carafa & Bird, 2016; Devoti et al., 2017), which probably began 

in the Early Pleistocene (e.g., Galadini & Galli, 2000), is currently accommodated through 

normal fault systems such as the Monte Vettore fault system that hosted the 2016-2017 

seismic sequence. 

 

3 Surface displacements during the seismic sequence 

3.1 InSAR processing    

Synthetic radar interferometry (InSAR) is now systematically used to constrain 

deformation fields (Elliott, Walters, et al., 2016) and can document centimetre to millimetre 

scale slow aseismic ground deformation using an adapted processing chain (Hussain et al., 
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2018; Aslan et al., 2019). We used C band (5.5 cm wavelength) images from Sentinel-1A/B 

images (Figure 1-A) spanning almost two years (July 28, 2015, to June 11, 2017) for the 

ascending track (A117, subswath IW3). To confirm the main observations made on the 

ascending track, we processed descending track (D22, subswaths IW2 and IW3) images from 

October 26, 2016 to February 11, 2017. SAR images were processed in VV polarization. We 

used the NSBAS processing chain (Doin et al., 2011, 2015) modified for Sentinel data by 

Grandin (2015) to generate differential interferograms. The interferogram network, and 

examples of unfiltered and uncorrected interferograms, are provided in Figures S1 and S2. The 

Shuttle Radar Topography Mission digital elevation model (DEM) at 3 arc sec resolution (Rabus 

et al., 2003), resampled at 45m resolution, has been used to accurately coregister the focused 

SAR images and to correct interferograms from the topographic contribution to the 

interferometric phase. We removed a ramp in range and in azimuth for each interferogram 

using the methodology of Cavalié et al., (2007) included in NSBAS. We de-noised the 

interferograms before unwrapping using collinearity, a criterion to characterize at each pixel 

the local spatial variability of the phase (Pinel-Puysségur et al., 2012). The collinearity was 

used to adapt the strength of the filter. We filtered for a window of 12 pixels (400m in range 

and 700m in azimuth); the filter is described in Doin et al. (2011) and is based on the 

collinearity value which weights the complex phase in a sliding window. For the filter we had 

the option of adapting the weighting of the phase within windows of different sizes. This size 

adaptation depends on the collinearity within the windows. Unwrapping was performed in 2D 

with the NSBAS chain (Grandin et al., 2012; Doin et al., 2015). After unwrapping, to account 

for errors associated with stratified troposphere, we removed a quadratic cross-function of 

elevation (z) and azimuth to ramps in azimuth (y) and in range (x) estimation following the 

function ax+by+c+ez+fz*az+g*(z*az)2 using a least-square approach (Daout et al., 2019). 

Time-series were then calculated following the NSBAS method (Doin et al., 2011; Daout et al., 

2016) using an approach based on the Small Baseline Subset time-series Analysis (SBAS) of 

López-Quiroz et al., (2009)’s algorithm. The smoothing of the pixel time-series is performed 

by minimizing the Laplacian of the temporal evolution of the deformation (Cavalié et al., 

2007). The final pixel size is 62 m in azimuth and 37 m in range. We removed pixels with an 

RMS value greater than 0.7. For the ascending track, we build a time series spanning the 2 

years (from 28/07/2015 to 11/06/2017 ) (Figure S1 and see missing links in the time series in 

Figure S3). For this complete 2-year time-series, we encounter problems in unwrapping the 
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co-seismic interferograms due to the large deformation with respect to the Sentinel 

wavelength in near field (aliasing). Fringes are too close in space and cannot be unwrapped. 

At pixels that are incoherent in the co-seismic interferogram (i.e. in near field), this causes 

gaps in the complete (2 yrs) time-series spanning the main earthquakes (Norcia, Amatrice and 

Campotosto earthquakes) (Figure S3), or lead to an underestimation of the coseismic 

displacement (brown circles in Figure 2-D). In addition, we also build three time-series in 

between earthquakes in order to avoid possible bias: before the 24th August (Amatrice 

earthquake), between 27th August and 26th October (between the Amatrice and Visso 

earthquake), and after the 30th October (Norcia earthquake). We excluded the SAR data from 

January 18, 2017, which produced noised interferograms. For the descending track, we build 

two time-series: between 27th August and 26th October (Visso earthquake), and after the 30th 

October (Norcia earthquake). 

3.2 Time-series results and description of the main features 

3.2.1 Ascending Track 
The ascending time-series built before the seismic sequence (from July 28th 2015 to 

August 21th 2016) does not show significant nor localized surface displacements along the 

main faults (Figure S4-A,B). After October 30th, the (post-Norcia) time-series shows 

centimetre-scale displacements going away from the satellite in the LOS direction in three 

areas (Figure 2-B):  

 South of Amatrice: In the area affected by the Campotosto earthquake (January 

18th, 2017 Mw 5.0 -5.5 EQ) the ground surface moved away from the satellite by 

more than 60 mm in LOS (Figure 2-B). This coseismic displacement results in a step 

function in the time series, and can therefore be easily separated from any gradual 

post-seismic deformation.  

 Near Arquata del Tronto: At the southern extremity of surface rupture of the Mw 

6.5 October 30th Norcia earthquake (red faults in Figure 2), surface displacements 

are detected over an area of ~12 km2, and follow logarithmic evolution (in Figure 

2-D and Figure 3-A see time-series at point 1 where the cumulative post-Norcia 

displacements in LOS on January 06, 2017 is in average ~35.5 ± 1.7 mm and 

reaches 50.5 ± 2.1 mm on March 30, 2017). 

 Castelluccio Basin: On the hanging wall of the Mt Vettore fault, slow deformation 

affects an area of ~50 km2 (Figure 2), and is associated with displacements in the 
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LOS direction that are 13.2 ± 1.4 mm in average at point 2 on January 6 and 

reaches 24.9 ± 0.8 mm on March 30, 2017 (Figure 2-D and Figure 3-A).  

To rule out possible bias due to the Campotosto earthquakes affecting the area near 

Castelluccio and near Arquata del Tronto, we confirmed these previous observations with a 

shorter time-series calculated between the Norcia and Campotosto earthquakes (November 

1st – January 12th) (Figure 4). We prefer to use, for the rest of the manuscript, the longer post-

Norcia time-series (November 1st – June 11th) that shows a better signal-noise ratio. 

In the post Amatrice earthquake time series (August 27 to October 26) we did not observe 

any localized surface displacements similar to the pattern observed after October 30 (Norcia 

earthquake) (Figure S4-B). Yet near the town of Amatrice, we observe diffuse surface 

displacements (< ~2.5 cm) moving away from the satellite. However, this time-series is 

constrained by only 9 scenes and 20 interferograms, which prevents from properly (i) 

constraining a low amplitude signal and (ii) correcting for atmosphere and topography. The 

surface displacements here have a low signal to noise ratio. The variance of the uncorrelated 

noise is ~ 40 mm2 (see Supplementary Text S1 and Figure S5-A), and the standard deviation 

sigma of the noise is thus 6.3 mm. We take 3*sigma = 20 mm to set our limit of detection. The 

characteristic length scale of correlated noise is 5.0 km and there is autocovariance for 

distances smaller than ~15 km (see Figure S5-A). Observed patterns cannot be differentiated 

from noise, analyses on SAR images from other satellites should be carried out to confirm or 

not the post-Amatrice (August 24 earthquake) surface displacements. 

3.2.2 Descending Track 
To confirm the post-October 30 (Norcia earthquake) observations we processed 

descending interferograms (Figure 2-C). We used a 3-month dataset for the descending track 

(November 1st, 2016 to February 11, 2017). Time-series calculated for the descending track 

also indicate slow deformation after Norcia earthquake (October, 30), that reaches on average 

20.5 ± 2.7 mm on January 24 in the LOS direction near Arquata del Tronto (point 1). The 

deformation reached on average 10.8 ± 1.5 mm in the Castelluccio basin (in point 2). Assuming 

negligible north-south displacements, by combining the results from ascending and 

descending tracks, the displacement is dominated by subsidence in this area (Figure S6).  

In the first order, deformation observed in the descending track is compatible with 

results inferred from the ascending track. Noise and unwrapping issues led us to mask noisy 

areas and resulted in more blank pixels in the descending track picture which should be used 
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with caution. The relief projected in the descending LOS geometry masked a ridge (Mt Bove - 

Mt Vettore – Mt Gorzano high massifs) (Figure S7). In addition to noise, this resulted in an 

incoherent area and made unwrapping difficult in that area. The temporal evolution of the 

features slightly differs from the one in the ascending track. The removal of the 7th November 

SAR images (affected by strong atmosphere conditions) and the poor constraint on the 19th 

November SAR images (see the network in Figure S1) could affect the time-series in 

November. Falcucci et al. (2018) had similar difficulties in using descending SAR images to 

survey the January 2017 Campotosto seismic event. This might be due to the early morning 

acquisition time, which amplifies decorrelation due to change of moisture level or thawing. 

In addition, we produced time-series calculated between the Amatrice and Norcia 

earthquakes. This time-series is also affected by a short-wavelength atmospheric turbulence 

that makes it difficult to interpret (Figure S5-B-C). The variance of noise is ~21 mm2. The 

characteristic length scale of correlated noise is 5.0 km and there is autocovariance for 

distances smaller than ~15 km (see Figure S5). Again, displacement less than 19 mm for the 

ascending track and under 14 mm for the descending track, cannot be considered as 

detectable signal, therefore constraining smaller surface displacements between the Amatrice 

and Norcia events demands complementary time-series with SAR images from other satellite.   

3.2.3 Comparison with GNSS 
Few GNSS stations exist near the studied area (ARQT, LNSS see station locations in Figure 

2-A). Those GNSS time-series agree with InSAR time-series sampled at the same locations 

(Figure S8). 

3.3 Pattern temporal evolution 
By sampling the time-series, the temporal evolution is shown by averaging pixel 

displacement in area. To enhance the precision of the displacement temporal evolution 

without using time-series inversion, we temporally track a stable pattern in our unwrapped 

interferograms (Grandin, 2009). The method is detailed in Supplementary Text S2 and is 

illustrated by Figures S9-S10.  

This method can only be used on areas where the displacement pattern is well defined, 

and works well in our case to track the evolution of the area near Arquata del Tronto (pattern 

in Figure 4 which encompasses the point 1). After the Norcia earthquake, the amplitude ratio 

is higher, and a logarithmic decay is clearly identified there (Figure 3-B). The pattern tracking 

shows a temporal evolution similar to the averaging surface displacement method. We are 
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therefore confident that pixel averaging adequately captures the evolution of displacement 

that we want to describe. For the descending interferograms, the pattern is not precisely 

trackable and its time evolution is noisy (grey curve in Figure S10-C). This could be due to a 

poor correlation for the pattern in some interferograms. The evolution of the pattern around 

Castelluccio Basin (pattern in Figure 4) is poorly resolved too.  

4 Modelling 3D deformation field  
4.1 Comparison with topography and geology 

To interpret the displacement pattern near Arquata del Tronto we compared it with the 

topography and the geology. There is no correlation with either the slope or the relief (Figure 

S11), thus we can exclude a gravitational process (i.e. landslide) as an explanation for the 

observed displacements. Concerning geology, the OAS thrusts fractured Meso-Cenozoic 

carbonate rocks over Neogene pelagic sediments; the carbonates host some of the largest 

aquifers in the Apennines while the Neogene sediments are thought to be an aquiclude 

(Figure S12) (Boni et al., 2010). The OAS delimiting these two units therefore acts as an 

impermeable boundary (Boni et al., 2010). Petitta et al., (2018) and Valigi et al., (2019) show 

that the 2016-2017 Italian seismic sequence had effects on spring discharge, water-table 

levels, and streamflow of those aquifers. In our results, the extent of the Maiolica unit, which 

hosts a shallow aquifer (Boni et al., 2010), corresponds well with the deformation area near 

Arquata del Tronto (Figure S11-A-B). The long pre-seismic InSAR time-series did not show any 

seasonal deformation in this aquifer, which means that groundwater seasonal processes can 

be excluded (point 1 in Figure 2-D). In addition, it seems difficult to get more than 1 cm of 

subsidence from winter rain in this area (i.e., Silverii et al., 2016). 

4.2 Poro-elastic modelling 
Poro-elastic effects have been studied during the 2016-2017 seismic sequence to explore 

the aftershocks and earthquakes triggering. Tung & Masterlark (2018) suggest that fluid 

migration caused by the Amatrice earthquake (August 24, 2016) could have triggered the 

Visso earthquake (October 26, 2016), as well as some associated aftershocks. They inferred 

that this poro-elastic triggering should have occurred in an intermediately fractured crust. 

They also estimated that afterslip and viscoelastic-relaxation were quite negligible with 

respect to poroelastic effects. Albano et al. (2018) also suggest that post-seismic fluid diffusion 

after the Amatrice earthquake is related to aftershocks. According to their pore fluid diffusion 

model, there could be some associated afterslip (~ 10 cm) after the Amatrice earthquake. 
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The Maiolica aquifer is shallow and unconfined but Roeloffs (1996) postulates that every 

aquifer reacts as a confined aquifer to a disturbance at short timescale. Here, to compare with 

the displacement pattern near Arquata del Tronto, we thus test a forward model of poro-

elastic rebound using Relax software (Barbot & Fialko, 2010). We perform a simple poro-

elastic model with no lateral variation of diffusivity, that does not account for the spatially 

heterogeneous distribution of local aquifers. We use the slip distribution models of the Norcia 

and Visso mainshocks (Maubant et al., 2017), (Figure S13 and Figure 5–A). We do not take into 

account the Amatrice earthquake since poroelastic rebound from the Amatrice earthquake 

would likely have stabilized by the time of the Visso and Norcia earthquakes (Figure 4-f in 

Albano et al., (2018)). We tested several diffusivities for a shallow layer (0-5 km depth), from 

1.5 m².s proposed by the Tung and Masterlark (2018)’s aftershocks analysis to 104 m²/s 

(maximum diffusivity value for karst) (Roeloffs, 1996). Other parameters are described in 

detail in Figure 5. This model predicts uplift in the Castelluccio Basin and near Arquata del 

Tronto (Figure 5-D) where we observe subsidence (Figure 5-C). This discrepancy allows us to 

rule out poro-elastic rebound as the main driver of observed deformation. These poroelastic 

models are not exhaustive, we only explore simple geometrical configurations using 

parameter values informed by the local geology, however, other configurations would likely 

predict uplift as well.    

4.3 Viscoelastic modelling 
Viscoelastic relaxation in the crust and in the mantle is also an important aseismic 

process, and has been inferred to be the driver of post-seismic deformation following many 

earthquakes (e.g., Pollitz et al., 2001; Zhao et al., 2017). To test whether viscoelastic relaxation 

is a plausible driving mechanism for post-Norcia deformation, we used Relax to perform 

forward modelling in a simple layered framework. Our model uses the stress perturbation 

from the three mainshocks: the Amatrice earthquake using the slip distribution of Ragon et 

al., (2019) added to the Visso and Norcia earthquakes using the slip distribution model of 

Maubant et al., (2017). We set the upper, middle and lower crust thickness to the values 

proposed in Laske et al., (2013) and Verdecchia et., al. (2018) (see Table 1). We tested a 

viscoelastic relaxation governed by a Newtonian rheology with �̇� =
𝜏

𝜂
 where �̇� is the viscous 

strain rate, τ is the deviatoric stress and η is the Newtonian viscosity. We used viscosity values 

η inferred in studies of viscoelastic relaxation modelling using GPS measurements following 

1997 Umbria-Marche earthquakes, or using levelling line measurements following the 1915 
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Fucino earthquake (Amoruso et al., 2005; Aoudia et al., 2003; Riva et al., 2007). These studies 

inferred that the ductile structure of the Central Apennines consists of an elastic upper crust 

overlaying a middle crust (1018-1019 Pa s), a viscous lower crust (1017-1018 Pa s) and the upper 

mantle (1021 Pa s) (Table 1). 

Although those models are geometrically simple and do not take into account 

earthquakes prior 2016, they predict at a long-wavelength uplift (>50 km) in the area where 

we observe subsidence (Figure 6). This discrepancy in both sign and wavelength allows us to 

rule out a simple visco-elastic relaxation as the main driver of observed deformation. Visco-

elastic models are not exhaustive here: nonlinear viscoelastic rheologies (e.g., power law 

creep) in lower crust (Freed & Bürgmann, 2004) could also be investigated; however finite 

element models with creeping lower crust seem also to predict uplift in similar settings of 

normal fault systems (e.g., Thompson & Parsons, 2016). It is worth also mentioning that the 

observed logarithmic decay could also potentially be associated with Burgers rheology or 

shear zone (e.g., Hetland & Zhang, 2014) and could also be investigated in future work. 

Although, as with the poroelastic modeling, it seems unlikely that a different geometry or 

rheology could completely reverse the sign of uplift and subsidence (for example, a different 

rheology would only affect the temporal evolution/spatial distribution).  

4.4 Modelling the temporal evolution of afterslip  
The logarithmic-like temporal evolution of displacement (Figure 3-A), and the 

disagreement between the observations and the predictions of poroelastic and viscoelastic 

models, suggest that afterslip may have been the main driver of postseismic deformation 

(Marone et al., 1991). Thus to characterize the temporal evolution of the deformation, we 

fitted the deformation decay (of the raw time-series and of the pattern tracking evolution) 

with the logarithmic function (Figure 3-A-B respectively) from the Marone et al. (1991) model 

and Zhou et al. (2018) reformulation for rate-strengthening afterslip: 

𝑈(𝑡) ≈ 𝛼 ∗ ln(1 + 𝑐 ∗ 𝑡) 

𝑐 =
𝛽 ∗ 𝑉𝑖

𝛼
 

In which U: afterslip in time t, α: characteristic length scale, ∗ 𝑉𝑖  : initial rate at the 

beginning of the post-seismic period, with 𝛽 a scaling vector by which the sliding rate evolves 

in response to the stress and 𝑉𝑖  the pre-seismic slip rate. 
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At point 1 (near Arquata del Tronto), the good fit of the afterslip model suggests that 

the main post-seismic process is likely an afterslip phenomenon. Since we found similar results 

for c value (describing the temporal decay) using the raw pixel time series and using the 

pattern tracking (independent for the time-series inversion), we are confident in our fitting 

(Table 2). The first post-Norcia Sentinel image has been acquired 2.6 days after the Norcia 

earthquake; therefore those 2.6 days of early afterslip are missing in our data. We compare 

the temporal decay of the deformation with the cumulative moment and number of 

aftershocks (blue and green curves in Figure S14). Although the completeness magnitude is 

high (ML 3 in Figure S5 in Chiaraluce et al., (2017)), those two curves obtained with less than 

50 events are not following the same trends, aftershocks do not seem to be induced by 

afterslip. At point 2 (near Castelluccio di Norcia), the temporal decay does not fit with the 

afterslip law as the rate at the beginning of the post-seismic period is close to zero (c value for 

the purple curve fit in Figure 3-A). Other post-seismic processes could be a complementary 

driver of the deformation here and should be taken into account in further modelling (i.e. 

finite element forward model accounting for afterslip superimposed with poro-elastic 

rebound and viscoelastic relaxation).  

4.5 Afterslip modelling on faults 

4.5.1 Inversion strategy and fit to the data 
 To obtain the afterslip distribution we use the Classic Slip Inversion (CSI) Python tools 

(Elliott, Jolivet, et al., 2016; Jolivet et al., 2015) to invert for the slip. We use the constrained 

least-squares formula of Tarantola (2005) to solve the inverse problem (see details in 

Supplementary Text S3 and Figures S15 to S18). We chose a dip of 40° for the Mt Vettore fault 

(as Cheloni et al., (2017) see Figure S15) and project the fault down dip from the mapped fault 

at the surface (modeled fault geometry in yellow Figure 2-A). We discretize the fault into 88 

rectangular patches. The smoothed cumulative surface displacement on February 11, 2017, 

measured in both ascending and descending tracks are inverted to obtain the afterslip 

distribution. The resolution is good for short-wavelength features at shallow depths (<5 km 

depth) (Figure S16). As several geometries have been used to model the mainshock rupture 

(OAS reactivation, antithetic fault), we explored three cases: (1) slip only on the Mt Vettore 

Fault, (2) slip on the Mt Vettore Fault and on the OAS and (3) slip on the Mt Vettore Fault and 

an antithetic fault with a geometry similar to the one proposed by Cheloni et al., (2019) and 

Maubant et al., (2017) (dip 65°) (Figures S17 to S20). We also explored the rake: (1) dip-slip 



 
©2020 American Geophysical Union. All rights reserved. 

only and (2) variable rake. A rigorous statistical comparison between the cases is difficult due 

to variation in model parameters and number of degrees of freedom, as explained by Cheloni 

et al., (2019). We thus used the RMS values to compare the different cases. Here the case that 

reduces the residuals the most is the inversion with an antithetic fault. This case is in addition 

consistent with geological and seismological observations (i.e. Cheloni et al., 2019). The 

different cases were compared using the RMS (root mean square), and allows us to choose 

the inversion with an antithetic fault (Table S2). 

 Both ascending and descending tracks are well modelled (Figure 7). It is worth noting 

that the resolution is low at depth (Figure S16). The total geodetic moment released by the 

afterslip model is equivalent to Mw ~5.78 (without taking into account the Campotosto 

earthquake) which corresponds to ~8.7% of the geodetic moment released during the Norcia 

earthquake (Mw 6.5). 

  

4.5.2 Afterslip distribution  

4.5.2.1 Near Arquata del Tronto 
We obtain a maximum afterslip of ~100 mm below Arquata del Tronto at shallow depth 

(0- 2 km depth) (Figure 7 Figure 8). The shallow part depth < 3-4 km toward the south is 

associated with very low coseismic slip for both the Norcia and Amatrice earthquakes and is 

located at the edge of the coseismic asperities. This is also consistent with an afterslip process: 

the afterslip is located where the slip gradient increased the shear stress on the unruptured 

portions. This feature has also been observed after the L’Aquila earthquake (D’Agostino et al., 

2012). We calculate a geodetic moment released equivalent to Mw ~5.1 in this area (patches 

above 2km depth and south of Arquata del Tronto). The cumulative moment released by the 

seismicity (Figure S14-D) at this date corresponds to ~2.0% of the moment released by the 

afterslip model. The deformation is thus mainly aseismic. 

Brozzetti et al., (2019) found some surface ruptures south of the 30th October Norcia 

rupture (42°47’N in their Fig. 1-C) mapped by Villani et al., (2018). The ruptures mapped by 

Brozzetti et al., (2019) are subtle and according to us may correspond to post-seismic 

deformation, as was observed after the L’Aquila earthquake (D’Agostino et al., 2012). 

4.5.2.2 Castelluccio Basin 
We observe a maximum slip of ~ 170 mm below Castelluccio at ~5 km depth. Some 

afterslip overlaps with the coseismic rupture area, but not in the area of maximum coseismic 
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slip (Figure 7). As also the shape of the measured time-series did not fit with the afterslip’s 

law (Figure 3-A), a sole afterslip process is unlikely. It is possible that poroelastic and fluid flow 

processes could be at work here since there is a large basal aquifer (Boni et al., 2010). 

Modelling accounting for both processes could be performed, for example fully coupled 

poroelastic finite element numerical modelling with spatially variable material properties 

(e.g., Albano et al., 2017). 

5 Discussion 
5.1 Afterslip mechanism near Arquata del Tronto 

 Based on Dietrich (1979), Ruina (1983) and Marone et al., (1991) equations, we 

estimated 𝛼 (the characteristic length scale over which the elastic stress changes by order of 

the frictional stress) in Figure 3 and Table 2. We can now estimate the friction 

parameter (𝑎 − 𝑏) since according to Perfettini and Avouac (2004) and Zhou et al., (2018): 

𝛼 =
(𝑎 − 𝑏) ∗ 𝜎

𝑘
 

 

with k: the effective stiffness, and 𝜎 the effective normal stress. This relation can be applied 

to our case since the duration of our analysis (~200 days) is much shorter than the 

characteristic time td (Gualandi et al., 2014). Where td== 
𝛼

𝑉𝑝𝑙
 (>12 years) where Vpl is the 

local plate loading rate (<2.1 mm/yr (Puliti et al., 2020)). The fit to the displacement of the 

time-series sampled in point 1 by an afterslip law (Figure 3) leads to α= 30.9±4.0 mm. To 

estimate σ, we assume that the mean normal stress may vary from the hydrostatic to 

lithostatic pressure, with a rock density of 2.5 kg.m-3 (Albano et al., 2018) and a depth of the 

slipping area of 3-5 km. This leads to σ = 44-124 MPa. For k =G/h with G=30 GPa (the shear 

modulus near the surface) and h=8 km (rate-strengthening depth based on the coseismic slip 

models), we obtain (a-b)=3 x 10-3 - 7.8 x 10-4. More complex models (e.g. finite element model, 

heterogeneous (a-b) values) could be performed by future studies in order to reproduce the 

surface displacements and to propose a more precise value of (a-b). However, our estimation 

is in agreement with experiments on carbonates. Scuderi and Collettini (2016) found values 

of (a − b) evolve from velocity strengthening behaviour (a − b ≈ 0.005) at fluid pressure 

condition of sub-hydrostatic to a velocity neutral behaviour (a − b approaching 0), when the 

fault is at near lithostatic fluid pressure. Pluymakers et al., (2016) found that wet anhydrite 

and dolomite gouges at depths <6 km, exhibit (a-b) values ranging from 10-2 to 10-4. 
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In Arquata del Tronto, the obtained (a-b) positive value (0.0026) is in agreement with 

a velocity-strengthening area. The obtained (a-b) value is also very low and corresponds to a 

quasi-neutral rate-dependency of friction implying a high sensitivity to stress perturbations. 

Potential stress perturbations needed to reach strengthening may involve either a decrease 

in effective normal stress and / or an increase in shear stress (Scholz, 1998). Walters et al., 

(2018) calculated the Coulomb stress change (CFF) after the Norcia earthquake. At shallow 

depths, they found a positive CFF change below Arquata del Tronto, which might have 

triggered the observed afterslip in this area. An increase in pore fluid pressure would have a 

similar effect. The afterslip is located near to the Olevano-Antrodoco-Sibillini (OAS) thrust. 

Chiarabba et al., (2018) detected a high Vp/Vs near the OAS thrust (around 3 km depth), 

indicating high pore pressure that could have been further increased by nearby major shocks 

(Amatrice and Norcia earthquake). This high pore pressure could have induced the observed 

afterslip allowing for the release of the residual accumulated stress. This scenario is also 

supported by the fact that pore fluid pressure variation is common in this area, where the 

inherited structures seem to control the rupture pattern and could also concentrate high shear 

stress. Future work could examine detailed Coulomb Stress modelling with high spatial 

resolution taking all fault complexity and pore fluid effects into account. These works could 

be useful, despite some limitations related to the resolution of the coseismic slip and by the 

ambiguity about which faults were involved. 

  If this overlapping of coseismic slip and afterslip is real below 4-5 km depth (below 

Arquata del Tronto) could be an artefact caused by the smoothing used to regularize the 

inversion of the slip distribution, combined with the fact that the resolution at depth is limited. 

If this overlapping of co-seismic and slow slip was confirmed, a simple interpretation of rate 

and state friction cannot be proposed here. Overlaps between coseismic slip and afterslip 

have been observed after several earthquakes. For example after 2004 MW 6 Parkfield 

earthquake, afterslip was inferred to overlap the coseismic slip (Freed, 2007). Johnson et al., 

(2006) proposed frictional spatial heterogeneity to explain the afterslip distribution, and 

proposed (a-b) values on the order of 10-4 – 10-3. After the 2015 Ilapel MW 8 megathrust 

earthquake, Barnhart et al. (2016) also observed afterslip and coseismic slip overlapping, and 

advocated that stress heterogeneities likely provide the primary control on the afterslip 

distribution. After the 1978 MW 7.3 Tabas-e-Golshan earthquake, Zhou et al., (2018) also 

observe such overlapping and found (a-b)~3.10-3. They proposed that the fault is creeping 
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during the whole interseismic period and that the earthquake propagates through the rate-

strengthening region although they also stated that a change in frictional properties is also 

possible due to shear heating. Thomas et al., (2017), after the 2003 MW 6.8 Chengkung 

earthquake estimated that (a-b) varies with depth from 0.018 near the surface to less than 

0.001 at depth larger than 19 km, to explain areas showing both seismic and aseismic behavior 

they advocated shear heating processes. Using numerical modelling, Noda and Lapusta (2013) 

argued that coseismic slip could propagate into velocity-strengthening regions of a fault, and 

that these regions can appear locked or creeping during the interseismic period. They 

observed this behavior due to rapid shear heating. For our case it is difficult to pinpoint the 

particular fault zone mechanism here, but we can propose a switch to (a-b) positive value 

below 4-5 km depth, due to coseismic shear heating processes (Thomas et al., 2017) requiring 

temperature changes of several hundred degrees (e.g., Rice, 2006). This could be a potential 

explanation since Smeraglia et al., (2017) suggested that nanostructures from the Mt 

Vettoreto Fault rocks were generated by coseismic shear heating and grain comminution 

(reduction of particle sizes).    

 

5.2 Barrier of rupture propagation 
Near Arquata del Tronto, at shallow depth (< 3-4 km) we observe that the aseismic slip is 

localized on an area associated with limited coseismic slip, for both the Amatrice and Norcia 

earthquakes. The observed aseismic slip seems located in an area where coseismic ruptures 

have not propagated during the Norcia or Amatrice earthquakes. This slowly slipping zone is 

located near a structural complexity (inherited thrust OAS), that Chiaraluce et al., (2017), Pizzi 

et al., (2017) and Puliti et al. (2020) interpreted as a barrier that concentrated stress after the 

Amatrice earthquake. We propose that maybe as a result of this geometric complexity (that 

may concentrate high stress and high porosity resulting from fracturation), this zone might be 

also characterized by frictional properties at shallow depth that could have favoured the arrest 

of the ruptures (e.g., Kaneko et al., 2010). Scholz (1998) shows that when an earthquake 

propagates into a velocity strengthening field it will produce a negative stress drop, that 

rapidly terminates propagation. Our simple calculations yield here a slightly positive (a-b) 

value, consistent with this model.  
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6 Conclusion 
 The Sentinel-1 InSAR time-series show cm-scale post-seismic displacements after the 

Norcia earthquake (October 30). The displacements are more obvious in the ascending track 

than in the descending track, and correspond to ~1 to 5 cm of subsidence in the Castelluccio 

basin and at the southern tip of the Norcia surface rupture. In the area of the Castelluccio 

basin, whether the deformation can be explained by afterslip only is less clear and would 

require additional modelling to include the effects of poro-elastic release or shear zone 

deformation. At the southern edge of the Norcia coseismic rupture, deformation evolves with 

time following a logarithmic decay consistent with afterslip triggered by the Norcia 

earthquake. Although good observations of the 2.6 first days of afterslip are not available, 

after 3 months the slow deformation evidenced in this study released a geodetic moment of 

Mw ~5.78, which corresponds to ~8.7 % of the geodetic moment released during the Norcia 

earthquake. Cumulated moment released by aftershocks in the southern tip of the Norcia 

rupture accounts for ~2.0 % of the moment released by the modelled deformation, the 

deformation is thus here mainly aseismic. This afterslip takes place at the southern tip of the 

Norcia rupturing patch, and seems to have acted as a barrier to the propagation of Norcia and 

Amatrice ruptures at shallow depth (<3-4 km). Our results suggest that the observed post-

Norcia earthquake afterslip might have been triggered in response to heterogeneities of pore 

fluid pressure, potentially facilitated by structural complexity and intense faulting in the area.  

Such small and localized slow deformation due to afterslip may be best detected with InSAR 

time-series in regions of sparse GNSS coverage. It might actually be quite common and could 

be an underestimated phenomenon. This likely points toward a bias in the literature in favour 

of high and wider afterslip, that is easier to detect. However detection of small afterslip 

transient is crucial to further understand the physics of earthquakes, and the link between 

slow slip and seismic rupture (e.g., Kaneko et al., 2010; Rousset et al., 2017).  
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7 Tables 
 

7.1 Table 1 
 

 Depths (km) Model 1 η Model 2 η Model 3 η Model 4 η 

Upper crust 0-10.7 Elastic Elastic Elastic Elastic 

Middle crust 10.7-21.7 Elastic 1019 Pa s 1018 Pa s 1018 Pa s 

Lower crust 21.7-33.1 1018 Pa s 1018 Pa s 1018 Pa s 1017 Pa s 

Upper mantle 33.1-below 1021 Pa s 1021 Pa s 1021 Pa s 1021 Pa s 

 
Table 1 : Crust and mantle viscosities (η) tested in Figure 6. 
 
 

7.2 Table 2 
 

Fit α C (days-1) γ R2 

Point 1 near Arquata del 
Tronto 

30.9 ± 4.0 
0.26 ± 0.26 -6.4 ± 6.2 

0.87 

Point 2 near Castelluccio 
di Norcia 

156.4 ± 230.7 
0.003 ± 0.007 2.54 ± 3.5 

0.81 

Pattern tracking  1.6 ± 0.1   0.24 ± 0.1 -0.37 ±  0.21  0.95 

 
Table 2: Parameters obtained from the fit of the afterslip model in Figure 3 using a non-linear 

least squares method (Moré, 1978). R2 is the coefficient of determination of the regression. 

The pattern encompasses the point 1 (see Figure 4) 
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8 Figures 
8.1 Figure 1 

 

Figure 1: Neotectonic framework of the Central Apennines. Black lines are main normal active 

faults compiled from Benedetti (1999), Tesson et al., (2016) and references therein (VBFS: Mt 

Vettore – Mt Bove Fault System, A-C F: Amatrice-Campotosto Fault). In red, coseismic surface 

ruptures observed in the field after the mainshocks of the Central Italy 2016-2017 seismic 

sequence (Villani, Civico, et al., 2018). (A) Blue and red rectangles are, respectively, the 

descending (D22 subswaths IW2 and IW3) and ascending (A117, subswath IW3) Sentinel 

tracks processed in this study. (B) Black dashed line represents the Neogene OAS thrust 

(Olevano-Antrodoco-Sibillini thrust) (Di Domenica et al., 2012). In orange the Amatrice-

Campotosto fault which was activated during the 2016—2017 seismic sequence. ARQT and 

LNSS (in B) are GNSS stations available in this region from  

http://geodesy.unr.edu/NGLStationPages/gpsnetmap/GPSNetMap_MAG.html (Blewitt et al., 

2018).  

  

http://geodesy.unr.edu/NGLStationPages/gpsnetmap/GPSNetMap_MAG.html
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8.2 Figure 2   

 
Figure 2: (A) Map of the studied area, green squares are the GPS stations, points 1-2 are the 

points of sampling. The modeled geometries of the Mt Vettore and antithetic faults are 

plotted (see section 4.5). Circles are the earthquakes (see Figure 1). (B-C): Time-series 

calculated cumulative post-Norcia (30 oct) displacements for ascending (B) and descending 

track (C), respectively. In panels A,B,C,E : Red lines are surface ruptures associated with 30th 

October 2016 Norcia earthquake (Villani, Civico, et al., 2018), and black lines are active faults. 

Black dashed line is the OAS thrust. (VBFS: Mt Vettore – Mt Bove Fault System, A-C F: Amatrice-

Campotosto Fault, OAS: Olevano-Antrodoco-Sibillini thrust). (D) Displacement through time 

averaged over a circle of 20 pixels (dashed circles in panel E) in diameter around points 1-2. 

(E) Cumulative displacement on June 11, 2017, with respect to the 1st November 2016 date. 
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8.3 Figure 3 
 

 

 
Figure 3: (A) Temporal variation of displacement averaged over a circle of 20 pixels in diameter 

through time of point 1 (black curve) and 2 (purple dashed curve) localized in Figure 2-E. We 

fitted the curve with afterslip model (see results in Table 2).  

(B) Temporal variation of pattern amplitude. Pattern is indicated in Figure 4. In red, the fit with 

an afterslip model (see results in Table 2). 
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8.4 Figure 4 

 

Figure 4: Mean velocity map between Mw 6.5 Norcia and Mw 5.7 Campotosto earthquakes 

(November 1st – January 12th). This map is computed using 35 ascending interferograms. The 

swath A-B is used in Figure S11 to compare InSAR displacements and topography. Circles 

represent the earthquakes (see color code in Figure 1). 

 

  



 
©2020 American Geophysical Union. All rights reserved. 

8.5 Figure 5 

 

Figure 5: Poro-elastic rebound modelled with Relax software (Barbot & Fialko, 2010). We used 

the coseismic slip models of the Norcia and Visso earthquakes from Maubant et al., (2017). 

(A) Mapview of the coseismic slip distribution. (B) Coseismic –σkk modelled at 500m depth, 

calculated in an undrained homogenous elastic medium (Poisson ν=0.34; Lamé λ=6.36E+04 

MPa, shear modulus G=30 GPa, Gravity wavelength γ=5.39E-04 km-1). To remind, the pore 

pressure change (Δp) is equal to -B*σkk/3, with (B the Skempton’s coefficient). (C) Post-Norcia 

cumulative displacement map (11th February 2017) observed by InSAR (uplift component). (D) 
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Model-predicted poro-elastic rebound as of 25th February 2017, obtained using the difference 

between drained and undrained conditions. Poisson drained is 0.26 (cf. layer 1 in Albano et al. 

2018), and for undrained conditions is 0.34 (from beta=0.4 in the table 1 and equation 15 in 

Barbot et al., (2010)). The layer between (0 and 5 km) is characterized by a diffusivity equals 

to 1.5 m²/s (Tung & Masterlark, 2018). (E) Modelled poro-elastic rebound time-series at point 

A using several diffusivities, from 1.5 m²/s (Tung & Masterlark, 2018) to 104 m²/s (Roeloffs, 

1996). Because the delay time is inversely proportional to the assumed diffusivity, the 

response for high diffusivity is shorter. (VBFS: Mt Vettore – Mt Bove Fault System, A-C F: 

Amatrice-Campotosto Fault, OAS: Olevano-Antrodoco-Sibillini thrust). 
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8.6 Figure 6 

 

Figure 6: Surface displacements predicted by visco-elastic models, we used the Amatrice, 

Norcia and Visso earthquakes coseismic slip distribution modelled by Ragon et al., (2019) and 

Maubant et al., (2017). (A) Coseismic slip distribution of the Amatrice earthquake from Ragon 

et al., (2019) (B-C-E-F) Surface displacements predicted by four visco-elastic models on 24th 

February 2017 using Relax software (Barbot & Fialko, 2010). Mantle viscosity is fixed for all 

models at 1021 Pas. (D) Post-Norcia earthquake (30th October) cumulative displacement map 

(11th February 2017) observed by InSAR (uplift component). (VBFS: Mt Vettore – Mt Bove Fault 

System, A-C F: Amatrice-Campotosto Fault, OAS: Olevano-Antrodoco-Sibillini thrust) 
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8.7 Figure 7  
 

 
Figure 7: Result of afterslip inversion using the CSI software (see Supplementary text S3 for 

details). (A) Subsampled displacement maps for the ascending (left column) and descending 

(right column) tracks. Top row shows the input subsampled data, middle row shows the 

synthetic displacements predicted by the model, and bottom row shows the residuals (i.e. 

model - data). The modeled fault geometries used for the inversion are plotted in Figure 2-A. 

The input maps are the smoothed cumulative displacement maps on February 11th (calculated 

in the ascending and descending post-30th October time-series). (B) Afterslip distribution 

inverted from the data on the main fault and the antithetic fault. Black arrows in patches show 

the rake. Our model has low resolution at depth (Figure S16). Coseismic slip distributions for 
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the Amatrice and Norcia earthquakes (Scognamiglio et al., (2018) are superimposed in white 

and red , respectively. Comparison with the Cheloni et al.,(2019) model in Figure S21 shows 

similar patterns. 

 

  



 
©2020 American Geophysical Union. All rights reserved. 

8.8 Figure 8 

 
Figure 8: Afterslip distribution model plotted on mapview. The slip distribution is inverted 

from the data on the main fault and the antithetic fault (see Figure 7). (VBFS: Mt Vettore – Mt 

Bove Fault System, A-C F: Amatrice-Campotosto Fault). Circles are the main earthquakes of 

the seismic sequence. 
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