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Abstract The Central Apennines in Italy have had multiple moderate-size but damaging shallow
earthquakes. In this study, we optimize the fault geometry and invert for fault slip based on coseismic GPS
and interferometric synthetic aperture radar (InSAR) for the 2016 Mw 6.2 Amatrice earthquake in Italy. Our
results show that nearly all the fault slip occurred between 3 and 6 km depth but extends 20 km along strike.
There was less than 4 cm static surface displacement at the town Amatrice where the most devastating
damage occurred. Landslides triggered by earthquake ground shaking are not uncommon, but triggered
landslides with submeter movement are challenging to be observed in the field. We find evidence of
coseismically triggered deep-seated landslides northwest and northeast of the epicenter where coseismic
peak ground acceleration was estimated>0.5 g. By combining ascending and descending InSAR data, we are
able to estimate the landslide thickness as at least 100 and 80m near Monte Vettore and west of Castelluccio,
respectively. The landslide near Monte Vettore terminates on the preexisting fault Monte Vettore Fault
(MVEF) scarp. Our results imply that the long-term fault slip rate of MVEF estimated based on paleoseismic
studies could potentially have errors due to triggered landslides from nearby earthquake events.

1. Introduction

Seven years after the 2009 Mw 6.3 L’Aquila earthquake in Italy, the devastating Amatrice earthquake struck
the region on 24 August 2016, ~40 km NW of L’Aquila, producing severe damage in several towns in the
Apennines including Amatrice and Norcia (Figure 1). The W-phase moment tensor resolved by the U.S.
Geological Survey National Earthquake Information Center (NEIC) suggests a Mw 6.2 normal fault event at
~11 km depth [National Earthquake Information Center (NEIC), 2016]. Both the NEIC and the Global Centroid
Moment Tensor (GCMT) [Dziewonski et al., 1981; http://www.globalcmt.org/] solutions show a similar strike,
dip, and rake of the focal mechanism (165°/49°/�78° from NEIC and 145°/38°/�101° from GCMT). The 2016
Amatrice earthquake largely fills a gap between the September 1997 Colfiorito earthquake sequence in
Umbria-Marche [Margheriti et al., 1998; Stramondo et al., 1999; Lundgren and Stramondo, 2002] to the north
and the 2009 L’Aquila earthquake to the south [Atzori et al., 2009; Cheloni et al., 2014]. This region is part of
the Central Apennine Mountains within faulted blocks bounded by normal faults, mostly trending NW-SE,
NNW-SSE, and NE-SW [Blumetti et al., 1993; Boncio et al., 2004]. Active extensional tectonics of about
3mm/yr plays a major role in the slope morphogenesis of the area [D’Agostino et al., 2008; Galli et al.,
2009; D’Agostino, 2014].

Despite the lack of historic earthquake records in the Italian parametric earthquake catalogue (CPTI15) for
mountainous and sparely populated regions in the Central Apennines, the earliest reported earthquake
(Mw 5.3) was found to date back to 1627 [Rovida et al., 2016]. The strongest historical event was reported
in 1639, characterized by a series of five seismic events localized close to Amatrice [Postpischl, 1985;
Monachesi and Castelli, 1992]. The 1639 earthquake was followed by two events in the next 35 years with
magnitudes less than 6 (e.g., Mw 5.9 in Monti della Laga and Mw 5.3 in Amatrice). A few more events have

been recorded in Accumoli (Mw 5.1 in 1883, Mw 4.6 in 1910, and Mw 4.7 in 1950) and in Amatrice (Mw 4.7
in 1963). Ever since the start of the instrumental records, the Italian Servizio Sismico Nazionale network has
recorded several minor earthquakes (M ≤ 4) in this region [Boncio et al., 2004]. North of the 2016 Amatrice
earthquake epicenter, the Monte Vettore Fault (MVEF) was identified from geomorphology and paleoseis-
mology. Based on trench work, Galadini and Galli [2003] estimated 0.11–0.36mm/yr long-term fault slip
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rate along the MVEF with earthquake recurrence interval no longer than 4690 years. They also suggested that
the MVEF is capable of M 6.5 events.

Preliminary field investigations conducted by the Italian Istituto Nazionale di Geofisica e Vulcanologia (INGV)
reveal severe building damage in Amatrice, Arquata del Tronto, and Norcia [INGV Working Group, 2016;
Cimellaro, 2016; Piccardi et al., 2016; Gruppo di Lavoro INGV sul Terremoto di Amatrice, 2016] (see Figure 1
for locations). Additionally, an ~5 km long surface rupture with up to 30 cm peak offset was found SW of
Monte Vettore and southward [Piccardi et al., 2016]. However, whether these surface ruptures are associated
with shallow fault slip along MVEF or landslides triggered by coseismic ground motion cannot be easily
discriminated from field investigation alone.

In this study, we combine interferometric synthetic aperture radar (InSAR) (Sentinel-1A/Sentinel-1B and
ALOS-2) and GPS measurements to constrain the fault geometry and slip distribution of the Amatrice earth-
quake. We calculate coseismic Coulomb stress change to understand the connection between stress change
and aftershock locations and localized deformations. In addition, we use high spatial resolution (~5m)
Cosmo-SkyMed (CSK) SAR data in combination with a TanDEM-X digital elevation model (DEM) to investigate
the localized surface deformation found in Monte Vettore foothills and west of Castelluccio. We demonstrate
how geodetic data can reveal a quick response to earthquake and other natural hazards, which is critical for
identifying type of damage as well as imaging earthquake source slip distribution.

2. Data

We use four SAR acquisitions from Sentinel-1A/Sentinel-1B, operated under the Copernicus program by the
European Space Agency, four from ALOS-2 satellites operated by Japan Aerospace Exploration Agency

Figure 1. Coseismic displacement in (a) vertical and (b) horizontal components based on decomposing Sentinel-1 ascending and descending interferograms. The
yellow star shows the epicenter based on Piccardi et al. [2016]. The black rectangle shows the outline of the fault plane inferred in this study. The focal mechanisms
show different moment tensor solutions from GCMT and this study. Note less than 4 cm static coseismic displacement in Amatrice.
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(JAXA), and two from COSMO-SkyMed (CSK) operated by the Italian Space Agency (ASI) to generate two
ascending and three descending coseismic interferograms (Table S1 in the supporting information). The
wavelengths of Sentinel-1A/Sentinel-1B, ALOS-2, and CSK sensors are 5.6 cm, 24.2 cm, and 3.12 cm, respec-
tively. The Sentinel-1 data are acquired in Terrain Observation by Progressive Scans (TOPS) mode and
processed up to interferograms using the TopsApp module of the InSAR Scientific Computing
Environment (ISCE) software [Rosen et al., 2012]. The ALOS-2 scenes were acquired in stripmap mode (two
frames per acquisition) and processed using ISCE as well. Note that the postearthquake ascending ALOS-2
scene was acquired by JAXA less than 24 h after the earthquake (Table S1). We process each ALOS-2 frame
up to the single look interferogram stage, after which interferograms are mosaicked, and the remaining steps
are performed on the mosaicked interferogram. The processing of the CSK data set is similar to that
processed for the ALOS-2 data set using ISCE extensions. We processed the CSK interferogram with a small
number of looks to maintain as much of the fine detail in the fringes as possible, resulting in a final interfer-
ogram spacing of 5m. Here we only present one frame from a descending track (Table S1) with an incidence
angle of ~36°. The high spatial resolution and high signal-to-noise ratio of CSK InSAR phase enable mapping
fine details of the surface deformation. We use the 1 arc sec (~30m) Shuttle Radar Topography Mission
version 3 digital elevation model [Farr et al., 2007] to correct the phase due to topography and unwrap the
interferograms using Snaphu 1.4.2 [Chen and Zebker, 2002]. To reduce computational effort of our finite
source modeling, we subsample each interferogram on uniform grids to approximately four observations
per square kilometer. We preserve the observations in the area between longitude 13°E–13.5°E and latitude
42.4°N–43°N, leading to a total of 8906 observations for Sentinel-1A/Sentinel-1B and 8796 for ALOS-2.

We use the coseismic GPS measurements provided by INGV [2016] (Figure S2). There are 106 stations with
three-component coseismic offset estimates available online (http://ring.gm.ingv.it/wp-content/uploads/
2016/08/CombinedGPS_Offsets_v4R.dat). We do not include station GUB2 due to abnormal high vertical

Figure 2. Fault slip distribution. (a) Map view of slip distribution based on the best fitting model. The color of each fault
patch represents the amount of fault slip. The black dots show 1week long aftershocks from the ISIDE INGV database.
The thick black line indicates the projection of the fault at the surface. The red dot indicates the earthquake hypocenter
based on Piccardi et al. [2016]. (b) A 3-D view of the fault slip distribution from the southwest. (c) Grid search χ2 error
estimates of model fits for ranges of fault dip and rake. The white square indicates the fault dip and rake for the optimal
fault model.
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displacement in the far field. The coseismic measurements were estimated based on 3 days of continuous
GPS stations position before and after the main shock, and the stations are generally within 100 km from
the epicenter [INGV, 2016].

3. Method

We perform geodetic modeling using a layered elastic Earth structure, where the Green’s functions are com-
puted using the EDGRN/EDCMP programs [Wang et al., 2003] and the velocity structure based on Cirella et al.
[2012]. We calculate the Green’s functions with 1 km interval vertically between 0 and 15 km depth and 1 km
interval laterally within a 500 km radius from the epicenter. We construct a 39 km×15 km fault plane with
1 km×1 km subfault patch size. For each subfault, we choose the closest Green’s function in distance from
a subfault slip to a given surface observation. We assume uniform rake distribution, and there is no fault-
opening motion. We use a nonnegative least squares subroutine to calculate slip on each subfault patch with
the method developed in Kaverina et al. [2002], and we assign initial weighting for each GPS or InSAR datum
sample based on its uncertainty. The GPS uncertainties are provided in INGV [2016], and the InSAR uncertain-
ties are considered as the variance term in equation (2) introduced later. We determine the fault strike based
on inspecting the orientation of the zero crossing in the line of sight displacement changes from range short-
ening to lengthening in both ascending and descending interferograms (Figure 1). We find the fault strike as
167°, which is 2° more clockwise from the U.S. Geological Survey (USGS) NEIC solution but strongly con-
strained by the InSAR data.

In our inversion, we first set the initial fault dip and rake based on the NEIC solution in order to determine the
relative weighting between GPS and InSAR data sets and the Laplacian smoothing value for the inverted slip
distribution [Huang et al., 2013]. The relative weighting is an additional weighting for all GPS measurements
relative to the InSAR data sets. Once the weighting and smoothing parameters are determined, we vary the
fault dip and rake angles by ±20° from the NEIC solution. The inferred fault geometry is based on the dip and
rake combination with the lowest model misfit.

Here we use the χ2 errors to describe the model misfit,

χ2 ¼ 1
N

d � Gm½ �TC�1 d � Gm½ �; (1)

where d are the observations, Gm the forward prediction, and N the total number of observation (three com-
ponents for GPS and one for InSAR). The covariance matrix C contains the GPS and InSAR covariance. We
assume that the GPS uncertainties are not spatially correlated, so the off-diagonal terms in the GPS covar-
iance matrix are zeros. For InSAR, we estimate each InSAR covariance matrix from individual interferogram
with the coseismic region removed. Prior to the calculation of the experimental variogram, we ensure
second-order stationarity of the InSAR data by removing a linear ramp from the interferogram. The experi-
mental covariance function C(h) is defined [Sudhaus and Jonsson, 2009; Bekaert et al., 2015a]

C hð Þ ¼ σ2o ; for h ¼ 0

σ2exp�e�h=c þ d ; for h > 0

(
; (2)

where σ2o and σ2exp are the observation and experiment variance, respectively. c and d are constants to fit
observed variance, and h is the separation distance between InSAR observations (Figure S3).

4. Results

The ascending and descending Sentinel-1 and ALOS-2 interferograms are shown in Figure S1, and Figure 1
shows the vertical and horizontal (mostly east-west) displacements based on the ascending and descending
Sentinel-1 interferograms using equation (S7) in supporting information Text S1 [also Fialko et al., 2001].
InSAR results show that most of the coseismic displacement is in vertical direction. There are twomain coseis-
mic subsidence areas with peak vertical displacement ~20 cm and ~19 cm north and east of the epicenter
(the star in Figure 1), respectively. To the south in Amatrice where the highest fatality and building damage
were, we find ~3 cm coseismic displacement in both vertical and horizontal directions from both InSAR and
GPS (Figure 1). This result implies that the damage of the town is mostly due to severe dynamic ground
motion, directivity, and/or basin amplifications, as the static displacements are small.
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In the geodetic inversion, the GPS relative weighting and the model smoothing values are 0.5 and 0.004,
respectively (Figures S4a and S4b). Figure S4c shows χ2 of InSAR and GPS data sets, and Figure 2c shows
χ2 of combined InSAR and GPS data sets. Figure S4d shows the histograms of InSAR and GPS misfits based
on the optimal fault geometry. As most of the data covariance is due to tropospheric water vapor, this likely
reflects the atmospheric conditions at the different acquisition times [Bekaert et al., 2015b]. For the L-band
ALOS-2 data, the interferograms are also more sensitive to ionospheric perturbation that could produce
longer-wavelength correlated noise such as the descending pair (Figure S3d).

Our optimized fault geometry (Figure 2) infers a 46° west dipping normal fault with rake as �73°. The
inferred fault dip and rake are about the same as of the GCMT and NEIC solutions. The χ2 errors (equation
(1)) of our inferred slip distribution are 0.9 for GPS and 8.0 for InSAR, and the inferred moment is
1.88 × 1018 Nm, equivalent to Mw 6.2. Figures S2 and S5 compare the observed and predicted geodetic
measurements based on our inferred fault model (Figure 2). For InSAR fitting, there is generally good
fit to both Sentinel-1 and ALOS-2 interferograms, except for some localized higher misfit along the
assumed fault trace at the surface (Figure S5). These local misfits could be due to phase unwrapping
errors or oversimplification of the fault geometry. In this study we assume a planar fault plane with
constant dip angle, so our fault model is not able to describe very near field displacement related to
shallower fault slip if the actual fault is listric or if the fault is curved along strike.

The inferred slip distribution indicates two distinct slip asperities at depth and is in agreement with prelimin-
ary study by Piccardi et al. [2016] and a seismic inversion study by Tinti et al. [2016]. Due to the smoothing
effect of the elastic layers between the slip and the surface, we cannot be sure whether the slip between
the asperities goes to zero or only a low value, but there must be a minimum in the slip to match the
InSAR data. The total slip area (defined as slip greater than 40 cm) of the two asperities is ~70 km2, and the
peak slip of the north and south asperities is 1.3 and 1.0m, respectively. The aftershocks in the first 2weeks
are located in the periphery of the two asperities (Figure 2a). Our inversion also shows up to ~40 cm fault slip

Figure 3. Triggered landslides in areas of (a–c) Monte Vettore and (d–f) west of Castelluccio. Note that the displacement associated with the main fault slip at depth
has been removed based on our preferred model (Figure 2). See Figure 1 for locations of the two landslides. The interferograms (Figures 3a and 3d) shown in
this figure are based on the COSMO-SkyMed satellite image pair (20–28 August 2016), and they are rewrapped to 4 cm interval. Other interferograms are from ALOS-
2 pairs (Table S1). The warm and cold colors indicate range decrease and increase, respectively. In Figure 3c, the blue color north of Monte Vettore Fault (MVEF) is due
to phase unwrapping error instead of real deformation. Background images from Google Maps, plotted with the open source software QGIS 2.12.
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at the shallowest (0–1 km) depth SW of Monte Vettore (Figures 1, 2a, and 2b). We will discuss whether this is
actual fault slip or triggered landslides at Monte Vettore in section 5.

Recent studies by Gruppo di Lavoro INGV sul Terremoto di Amatrice [2016] and Lavecchia et al. [2016] proposed
a two-fault model to explain the coseismic geodetic measurements. In their models, the two main asperities
are on two separate fault segments north and south of the hypocenter. In supporting information Text S1, we
test this alternative two-fault system and find similar fault parameters as found by Gruppo di Lavoro INGV sul
Terremoto di Amatrice [2016] and Lavecchia et al. [2016]. However, the improvement of data fitting of this two-
fault geometry is not significant (total chi-square misfit χ2 reduces from 4.33 to 4.26), and we therefore con-
sider the one-fault system as our preferred fault geometry.

5. Discussion and Conclusions

Our slip inversion shows no continuous slip between the main asperities at 3–6 km depth and the shallow (0–
1 km depth) deformation near Monte Vettore with our preferred smoothing parameter. To understand stress
transfer from deep to shallow depths, we use the two main slip asperities as the source of coseismic stress
change and then calculate the static Coulomb stress change on the entire fault plane as well as the periphery
of the region using Coulomb 3.3 [Toda et al., 2011], which uses boundary element calculations in a homoge-
neous elastic half-space. We calculate the Coulomb stress transfer model based on the inferred fault model
parameters without taking shallow slip into account. Figure S6a shows a map view of Coulomb stress change
at 1 km depth with receiver fault orientation as the main shock. A cross section view (Figure S6b) shows stress
increase (i.e., promotes future fault failure) at shallower depth. Assuming receiver fault geometry as the
inferred earthquake fault, the Coulomb stress transfer result shows more than 0.5MPa Coulomb stress
increase in the periphery of the two slip asperities and more than 1MPa stress increase at the shallowest
depth (Figure S6c). Despite this prediction of a large Coulomb stress change from the homogeneous elastic
modeling, our InSAR analysis shows that the surface deformation near the MVEF is not normal fault slip but a
deep-seated landslide. This could be due to the large differences in rheology between alluvial deposits and
fractured rocks of the MVEF hanging wall and more competent rocks of the footwall.

According to our source slip distribution, the majority of the fault slip is north of the epicenter in the northern
asperity, indicating substantial northward directivity. Part of the southern asperity is south of the epicenter,

Figure 4. Cross sections (for locations, see Figure 3) of the triggered landslides at (a) Monte Vettore and (b) west of
Castelluccio. In the upper panels, the green, blue, and red lines are the hillslope angle, east-west, and vertical displace-
ments, respectively. In Figure 4a, the displacement components are derived from CSK descending and ALOS-2 ascending;
in Figure 4b they are derived from ALOS-2 ascending and descending data. In the lower panels the red lines indicate the
estimated base of the landslide and the black is topography from TanDEM-X IDEM.
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so there was likely some southward directivity also in a bilateral rupture [Tinti et al., 2016]. Combination of the
northward directivity and regional topography at the steep hillslopes in Monte Vettore and west of
Castelluccio would suggest stronger ground shaking than was predicted from the USGS ShakeMap (http://
earthquake.usgs.gov/earthquakes/eventpage/us10006g7d#map). However, the southward directivity for
the southern asperity alone cannot explain the severe damage in Amatrice that is located south of the epi-
center, despite equally strong ground motion (up to 0.5 g acceleration observed in Amatrice) [NEIC, 2016]
predicted by USGS. The Amatrice town is built on an ~600m wide ridge next to two active river channels,
and the ridge is mostly made of Pleistocene alluvial deposits. As a result, a soft sedimentary ridge and local
topographic focusing effects on the ground motion could be the cause of the stronger shaking in Amatrice.

To the north of the main coseismic deformation east and west of Castelluccio, we find at least two areas with
localized surface deformation (red dashed squares in Figures 1a). Our inferred fault slip model (Figure 2) indi-
cates that the shallower (0–1 km depth) slip can partly fit the localized deformation near Monte Vettore.
However, with the high-resolution CSK descending interferogram, we find that these deformation areas
may have different sources than fault slip due to a sharp termination of displacement at the bottom of the
displacement (Figure 3a). With displacement related to the main fault slip removed (supporting information
Text S2), the two localized deformation areas are NW and NE from where the maximum coseismic displace-
ment separated from the fault slip asperities at depth. West of Monte Vettore (Figures 3a–3c), we find an area
with much higher fringe density from the Monte Vettore foothills to the fault scarp of the Monte Vettore fault
(MVEF) [Galadini and Galli, 2003]. The MVEF fault scarp runs along the western Monte Vettore foothills that is
mostly made of Mesozoic limestone [Bally et al., 1986] and is considered active despite lack of historical earth-
quakes [Galadini and Galli, 2003]. On the other hand, there is no mapped active fault at another localized
deformation west of Castelluccio (Figures 3d–3f).

For the deformation near Monte Vettore, the unwrapped phase indicates westward and/or downslope move-
ment along the west facing side of the mountain, and the main deformation ranged ~1.8 km from the foot-
hills to the MVEF fault scarp, corresponding to ~4.4 km2 area. We find that this deformation extends no more
than 5 km and is consistent with field survey after the earthquake [Piccardi et al., 2016]. In order to character-
ize the deformation along the hills, we use part of the Deutsches Zentrum für Luft- und Raumfahrt (DLR)
0.4 arc sec resolution intermediate digital elevation model (IDEM) from the TanDEM-X (TDX) satellite mission
data collected in 2013. The TDX IDEM quality could vary locally due to layover or foreshortening. Hillslope
angles were measured by taking a finite-difference scheme using equation (S9) from the DEM [Perron
et al., 2008]. For the landslide near Monte Vettore, we use the CSK descending and ALOS-2 ascending inter-
ferograms (Figures 4b and 4c) to estimate east-west and vertical displacements assuming no north-south
motion using equation (S7) in supporting information Text S2 (Figure 4a). We do not include Sentinel-1 inter-
ferograms in the landslide analysis because there is more phase unwrapping errors near Monte Vettore than
ALOS-2 or CSK interferograms. We compare a SW-NE cross section of this displacement, and we find that the
east-west displacement is anticorrelated to the hillslope (the blue and green lines between distance 1000 and
2300m in Figure 4a). For the deformation west of Castelluccio, we used the ALOS-2 descending and ascend-
ing interferograms to estimate the east-west and vertical displacements along the east facing side of the hill
(Figure 4b). Similar to the displacement transect near Monte Vettore, the vertical displacement transect cor-
relates with the hillslope (the red and green lines between 500 and 2000 m in Figure 4b, respectively). These
localized deformations imply a relatively shallow source of slip. The width (along NE-SW) of this landslide is
~1.9 km, and the area is ~2.5 km2.

Booth et al. [2013] suggest a simple inversion scheme to estimate the depth distribution along a deep-seated
landslide in La Clapière, France. This method is based on the conservation of mass with constant material
density during landslides and the use of repeat stereo imagery and DEM. Delbridge et al. [2016] apply similar
methodology to the Slumgullion landslide in Colorado, USA. Here we estimate surface-parallel horizontal and
vertical displacements based on ascending and descending interferograms and TDX IDEM (supporting infor-
mation Text S2). For the landslide west of Castelluccio, both ascending and descending ALOS-2 interfero-
grams show good coherence at the landslide area (Figures 3e and 3f). Based on our analysis described in
supporting information Text S1, we find that the base of the slide is generally between 100 and 80m for land-
slides near Monte Vettore and west of Castelluccio, depending on the rheology of the landslides [Booth et al.,
2013] (Figures 4 and S7). This result suggests a much shallower source of slip than any possible triggered
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shallow slip alongMVEF. More importantly, if aMw 6 event has been repeatedly occurring in history, triggered
deep-seated landslide that terminates at this preexisting fault scarp could have significantly influenced the
long-term fault slip rate estimate using paleoseismology [e.g., Galadini and Galli, 2003].

In this study, we investigate the fault geometry and the slip distribution of the 2016 Mw 6.2 Amatrice earth-
quake based on geodetic data sets including 105 GPS measurements and four ascending or descending
interferograms. The inferred fault geometry is in good agreement with seismic inversions such as NEIC and
GCMT solutions. With relatively short temporal and spatial baseline between SAR acquisitions, InSAR can
reveal details of the near-to-far-field coseismic displacement, which is important in constraining source slip
distribution as well as assessing surface damage in a short period of time. Our work demonstrates natural
hazard response in characterizing surface deformation as well as source slip distribution in a median size con-
tinental earthquake at shallow depth. New satellites are now revealing InSAR-based surface deformation
within a week after natural hazard events. We hope that in the near future, quick hazard responses will be
more publically accessible and provide information to responding agencies.
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