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Abstract: The millimetre accuracy of Synthetic Aperture Radar (SAR) measurements and
related multi-temporal data analyses provide fundamental information on surface
displacements caused by strong earthquakes. The multi-temporal analysis of SAR
interferometry (INSAR) data allows for the geometry, kinematics and temporal behaviour of
earthquake-generating faults to be better constrained, and is being acknowledged as a
promising technique in the field of earthquake precursors. We used SAR data obtained by
multi-temporal interferometric techniques such as Permanent Scatterers Interferometry for
the investigation of pre- to post-seismic ground displacements in the region struck by the Mw

6.3, 2009 L’Aquila earthquake. We analysed ERS and Envisat PS-datasets from ascending
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and descending orbits, and COSMO-SkyMed PS-datasets from descending orbit, collectively
covering a > 20-year long time span. On a yearly scale, a reversal of motions that affected the
hanging-wall and footwall blocks of the earthquake-generating fault is detected. In particular,
the hanging-wall block is characterized by preseismic uplift — that we document as being
independent of any hydrological control — and eastward horizontal motion for about 6 years,
followed by subsidence and westward motion (starting 8-6 months prior to the earthquake).
We suggest that such a ground displacement pattern may represent an earthquake precursor

signal.

The 2009 L’Aquila earthquakes (Chiarabba et al., 2009; Valoroso et al., 2013) have been
among the strongest and more destructive seismic sequences that struck the Apennines of
Italy in the last decades. They form part of a series of earthquakes that ruptured the NW-SE
striking active normal fault system of central Italy between 1997 and 2016 (Fig. 1), in an
interior part of the Apennines characterized by a regional interseismic NE-SW extension at a
background rate of ~3 mm yr* (D’Agostino et al., 2011). The Mw 6.3, 2009 L’Aquila main
shock was preceded by foreshocks that started in October 2008 (Di Luccio et al., 2010).
Numerous aftershocks were also recorded (with more than 46,000 relocated events;
Chiaraluce et al., 2011; Valoroso et al., 2013), including two strong events with Mw 5.4 and
Mw 5.6 (Di Luccio et al., 2010; Valoroso et al., 2013). The main shock nucleated at a depth
of 8.27 km and ruptured an 18 km long fault dipping 55°-60° to the SW (Chiarabba et al.,
2009; Cirella et al., 2009; Pondrelli et al., 2010; Scognamiglio et al., 2010; Valoroso et al.,
2013). The aftershock sequence (Valoroso et al., 2013) and the afterslip distribution (Anzidei
et al., 2009; D’Agostino et al., 2012; Gualandi et al., 2014) outline a volume of activity ~ 40

km wide and ~ 9 km deep, as defined by the occurrence of repeaters at the seismicity cut-off
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depth. At this depth a gently SW detachment was clearly identified as a major rheological
discontinuity — probably a reactivated thrust or other inherited feature of the orogenic edifice
(Di Luccio et al., 2010) — characterized by a dominantly creeping behaviour (Chiaraluce et
al., 2011, 2012; Valoroso et al., 2013). A slow-slip event with a total moment release
equivalent to a Mw ~ 5.9 earthquake and a duration of almost two weeks, interpreted to have
originated along this detachment on 12 February 2009, would have eventually loaded the
largest (magnitude 4.0) foreshock and the Mw 6.3 main shock (Borghi et al., 2016).
Irrespective of the controversial occurrence of such a slow-slip event, it is worth noting that:
(i) the occurrence of a sub-horizontal detachment at ~ 9 km depth is well constrained by
seismological data (Chiaraluce et al., 2011, 2012; Valoroso et al., 2013), and (ii) the
foreshocks extended far away from the main-shock fault rupture and over an area even larger
in size than that of the aftershock sequence (Borghi et al., 2016). Furthermore, the temporal
variations of seismic velocity and anisotropy revealed substantial changes in the elastic
properties of the medium during the preparatory phase of the main shock (Lucente et al.,
2010), for which a major role of overpressured fluids has been suggested (Di Luccio et al.,
2010; Terakawa et al., 2010). Indeed, anomalously intense fluid circulation and strong gas
emissions generally follow earthquakes in the Apennines (Italiano et al., 2004; Lombardi et
al., 2010), showing a clear relationship with active fault segments (Ciotoli et al., 2014,
Ascione et al., 2018). In the area of the 1980, Ms = 6.9 Irpinia earthquake in southern Italy, a
high Vp/Vs ratio recorded by seismic tomography provides evidence for fluid reservoirs at
hypocentral depths (Amoroso et al., 2014), where the occurrence of a fracture system
saturated by brine-CO,/CH,4 or CO,-CH4 mixtures has been inferred (Amoroso et al., 2017).
The strongly anisotropic structure of fold and thrust belts like the Apennines, including late-
orogenic low-angle normal faults and inherited Mesozoic extensional features besides gently

dipping thrusts (e.g. Chiarabba et al., 2010), result in a layered architecture facilitating CO,
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accumulation in overpressurized reservoirs at depths ranging from few to c. 15 km (e.g.
Chiodini et al., 2013). The actual occurrence of relatively shallow CO, reservoirs in the
Apennines is shown by direct evidence, provided by deep boreholes, of fluids trapped at
near-lithostatic pressures (Chiodini and Cioni, 1989). In particular, two deep wells, San
Donato (Fig. 1) and Pieve Santo Stefano, encountered CO, pressures of about 98 and 67 MPa
at depths of 4750 and 3700 m b.s.l., respectively (i.e., ~ 0.8 of the lithostatic pressure). Near-
lithostatic pore pressure (CO,) measured in the San Donato borehole was encountered in
Triassic evaporites and just below the seal of a sub-horizontal thrust (Miller et al., 2004). A
sudden upward migration of CO, followed the two mainshocks (of magnitude 5.7 and 6.0,
nine hours apart; Miller et al., 2004) of the 1997 Colfiorito earthquake sequence, which
occurred c¢. 80 km north of our study area (Fig. 1). Such mainshocks provided a transient
connection with the uppermost crustal levels (at hydrostatic pore pressures) driving
aftershock activity, with thousands of aftershocks that included four additional events with
magnitudes between 5 and 6. Earthquake triggering by trapped, gas-rich (CO,) fluids has
been proposed based on various geophysical datasets also for the 2009 L’Aquila seismic
sequence (Di Luccio et al., 2010). Here, strong evidences for the presence of overpressured
fluids near the foreshocks and mainshock (Lucente et al., 2010; Savage et al., 2010;
Terakawa et al., 2010) suggest that they contributed to the mainshock rupture (Picozzi et al,
2019). This also indicates the occurrence of a relatively shallow CO; reservoir, similar to that
encountered in the San Donato borehole, besides the deep crustal one inferred by Chiodini et
al. (2013) based on Vp anomaly and Vp/Vs ratio. The inferred role of CO, in earthquake
nucleation is consistent with the fact that, at hypocentral depths, gases more than liquids may
significantly increase the pore pressure, up to a level for which it equals the lithostatic
pressure (Hantschel and Kauerauf, 2009). Transient pore pressure build up may also produce

detectable ground deformation in the vicinity of earthquakes (Rossi et al., 2016).
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In this study we show that preseismic ground deformation on a yearly time scale, revealed by
multi-temporal Permanent Scatterers Synthetic Aperture Radar Interferometry (PS-INSAR),
affected the region struck by the Mw 6.3, 2009 L’Aquila earthquake. In order to obtain a
comprehensive picture of the pre-seismic deformation scenario, we have analysed PS data
obtained from satellites ascending and descending tracks recorded in a more than 20 years
long time period spanning over the 2009 L’Aquila earthquake. As GPS data highlighted
transient, hydrologically-related horizontal deformations associated with recharge/discharge
phases of aquifers in the Apennines (e.g., Devoti et al., 2018), a relevant rainfall dataset is
also analysed in order to define to what extent the precipitation regime affected the observed

preseismic ground motion.

Study area

The study area is located along the Apennine mountain chain, a Neogene fold and thrust belt
forming the backbone of peninsular Italy (e.g. Butler et al., 2004) and presently undergoing
post-orogenic extension (e.g. Cinque et al., 1993; Hippolyte et al., 1994; Cello et al., 1982,
1998; Ascione et al., 2013; Valente et al., 2019). Quaternary normal faults dissecting the
axial zone of the mountain belt control active tectonics and seismicity of the study area (e.g.,
Di Luccio et al., 2010; Galli et al., 2010; 2011). At the surface, the Mw 6.3, 6™ April 2009
L’ Aquila main shock activated the Paganica Fault (hereinafter, PF), a ~20 km long structure
composed of several en-echelon, SW-dipping segments, which bounds to the NE the Aterno
valley Quaternary basin (Galli et al., 2010; 2011; Santo et al., 2014; Fig. 1). Besides surface
faulting along the PF, the 2009 earthquake caused widespread ground ruptures in the
L’Aquila region (Boncio et al., 2009; Falcucci et al., 2009; EMERGEO Working Group,
2010). Although coseismic deformation was imaged by geodetic and remote sensing methods

(Anzidei et al., 2009; Cirella et al., 2009; Atzori et al., 2009; Walters et al., 2009;
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Papanikolaou et al., 2010; Costantini et al., 2017), which contributed constraining the source
characteristics of the 6™ April 2009 main shock, only negligible pre-seismic ground
displacement was detected to date over longer time windows by both GPS (Devoti et al.,
2018) and InSAR data (Lanari et al., 2010; Atzori et al., 2013; Luo et al., 2013). It is worth
noting that only two GPS stations (INGP and AQUI) provide a continuous record covering a
multi-year preseismic period, while the SAR-based preseismic investigations were carried out
using exclusively images recorded along satellite ascending orbits. Those investigations were
based on images by the ALOS satellite in years 2005-2009 (Atzori et al., 2013) and by the
Envisat satellite recorded in the 2003-2010 (Lanari et al., 2010) and October 2008 —
September 2009 (Luo et al., 2013) time spans. By their analisys of PS time series, Luo et al.
(2013) inferred a slow pre-seismic surface change (LoS-oriented negative followed by

positive motions) in the area of the earthquake epicentre.

Methods and materials

SAR multi-temporal interferometric data analysis

Differential interferometry is based on the multi-temporal acquisition of interferometric
Synthetic Aperture Radar (SAR) images, which allows measurement of ground deformations
through the detection of phase variations of the electromagnetic signal along the radar
spacecraft Line of Sight (LoS; Fig. S1). Numerous InSAR time series methods exist,
including PS-InSAR (Permanent Scatterer technique’ Ferretti et al., 2000; 2001) or PSP-
DIFSAR (Persistent Scatterers Pairs — DIFSAR; Costantini et al., 2017). Permanent or
Persistent Scatterers are man-made (structures on the roofs of buildings, utility poles, dams,
etc.) or natural (rock outcrops), high radar reflecting objects for which spectral response does
not change significantly during different acquisitions, as they are characterised by stable

electromagnetic radar phase signal over long time series of INSAR images. Dispersion due to
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temporal and geometrical decorrelation phenomena is thus minimized using PS as
measurement points. When a significant number of independent radar phase stable points
(PS) exists within a radar scene and enough radar acquisitions have been collected,
displacement time series and displacement rates of each PS can be calculated along the SAR
Line of Sight (LoS) with respect to a reference point, which is supposed to reflect an
undeforming point (Hooper et al., 2004). The phase data from PSs are used to detect temporal
changes of the ground surface.

This study is based on multi-temporal analysis of PS-datasets processed by images recorded
along both the ascending and descending orbits by ERS and Envisat satellites, and along the
descending orbit by COSMO-SkyMed satellite. PS-datasets analysed with this study were
obtained from the Geoportale Nazionale of the Italian Ministry of Environment (MATTM)

database (www.pcn.minambiente.it/mattm) and they were pre-processed with PSINSAR

technique by the TRE® Company, and PSP-DIFSAR technique by the e-GEOS® Company.
Details on the signal processing chain and related techniques are available in Costantini et al.
(2015) and Costantini et al. (2017), and reference therein. The analysed datasets, which are
listed in Table 1, are ERS (1991 - 2000), Envisat (2003 - 2010) and COSMO-SkyMed (2011
— 2014) PS data spanning over a 400 km? wide region centred on the L’Aquila 2009
earthquake epicentre. They consist of: (1) PS ERS data from the descending and ascending
tracks, which are ~ 26000 and 14000 with average spatial distributions of 65 PS km™ and 35
PS km™, respectively; (2) PS Envisat data from the descending and ascending tracks, which
are ~ 44900 and 52700 with average spatial distributions of 100 PSkm™ and 130 PS km™,
respectively; (3) PS COSMO-SkyMed data from the descending track (PS data from the
ascending orbit are not available to date), which are ~ 663x10% with an average spatial
distribution of 1650 PS km™. The analysed ERS, Envisat and COSMO-SkyMed PS data have

been processed and corrected for atmospheric and orbital artefacts. These are high quality
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data (mean value of coherence index ~ 0.7), with standard deviations of PS mean velocity in
the 0.4 - 0.5 mm yr* range, and of the deformation measurement error of %3 mm,

respectively (Costantini et al., 2015, 2017 and references therein).

Overall, the PS data analysis and processing consist of: (i) visual analysis of PS time series;
(i) statistical analysis of PS time series; (iii) evaluation of vertical and horizontal components
of displacement summed up during different time spans; (iv) GIS geospatial data analysis by
Arcgis®, used to construct a series of raster maps synthesising the spatial distribution of
various parameters (e.g., LoS-oriented displacements/mean velocity, vertical/horizontal
displacement components) at different time spans. For the geospatial analysis, the Inverse
Distance Weighting interpolator (IDW) statistics with 50x50 m cell size is used.

There is only one COSMO-SkyMed descending orbit PS dataset available. This is used to
obtain information on the postseismic behaviour of the study area in terms of spatial
distribution of LoS-oriented mean velocities in the 2011 - 2014 time interval, which is
assessed through geospatial analysis.

Indepth investigation of preseismic ground motions is performed by a thoroughly visual
analysis of ERS and Envisat PS time series from both the ascending and descending orbit.
For part of the analysed datasets — namely, part of the PS time series from the descending
orbit — the careful inspection of Envisat PS time series allows the identification of up to four
distinct stages, each one characterised by a rather uniform average velocity relative to the
satellite. Based on such evidence, the Envisat time series from the entire investigated region
are split at the dates separating the different stages, and the velocity/displacement PS data for
each stage are analysed through geospatial analysis in order to identify areas featuring
homogeneous motions.

As for the Envisat records both the ascending and descending datasets are available, data

processing is performed in order to evaluate, for the identified four stages: (i) the vertical and
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horizontal components of motion of single PS; (ii) the spatial distribution of vertical and
horizontal ground motion components in the entire study region. Due to the near-polar
orientation of satellite orbits, horizontal components of ground motion oriented N-S are
poorly detected, and thus difficult to determine using SAR data, while determinations of the
E-W oriented and vertical components are affected by a much smaller error, particularly
when data from the ascending plus descending orbits are combined (e.g., Wright et al., 2014).
Starting from PS motion recorded along SAR both ascending and descending orbits, we
reconstruct 2D displacements/velocities in the vertical plane (z) oriented E-W (Fig. S1)
through the evaluation of the vertical (Dz or Vz) and horizontal (E-oriented, Deastor Veast)
components of PS displacement, or velocity, using equations [1] and [2], and [3] and [4]
(Lindgren et al., 2004; Manzo et al. 2006; Lanari et al., 2007; Tofani et al., 2013),
respectively:
[1] Dz = (DLoSd + DLoSa)/2 cos ¢
[2] Deast = (DLoSd — DLoSa)/2 sin ¢
[3] Vz= (VLoSd + VLoSa)/2 cos ¢
[4] Veast = (VLoSd — VLoSa)/2 sin ¢

Where: DLoSd and DLoSa are PS displacement values oriented along the descending and
ascending LoS, respectively; VZoSd and VLoSa are PS velocity values oriented along the
descending and ascending LoS, respectively; ¢ is the LoS angle of incidence, which is
approximately around 23° for ERS and Envisat satellites (Fig. S1; Table 1), and around 32°
for the COSMO-SkyMed satellite. However, for Envisat and ERS satellites the incidence
angle can vary across a radar scene by up to 8° around the middle value of 23°. We apply
equations [1] and [2] to deconvolve the Envisat datasets and obtain values of Dz and Deast.
The extent to which the variation of the incidence angle within a radar scene affects the

derived displacement components, tested for a number of PS data, proves to be very limited
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(the variations of the obtained Dz and Deast are of the order of 10" mm). We consider
negligible such a variation (which is one order of magnitude less than the obtained Dz and
Deast values) and use ¢ = 23° in equations [1] and [2].

The geometrical composition expressed in equations [1] and [2] rests on the availability of
pairs of PS from images recorded by ascending and descending satellite tracks. However, (i)
SAR images from the ascending and descending orbits are not temporally continuous, and (ii)
in general, PS from ascending and descending images are not spatially coincident. As a
consequence, in order to obtain couples of images useful to the deconvolution, we carefully
analyse the available images and select ascending and descending orbit images characterised
by both a good spatial matching of PS (tested through GIS-aided analysis) and limited time
separation, which we set at one month. By such a strict selection process, we end with the
composition of 24 ascending+descending radar image couples, which cover the 2005 — 2010
time span. The 24 selected image pairs are processed following equations [1] and [2] through
geo-spatial analysis in order to construct a set of raster maps that show the spatial distribution
of values of the vertical (z, up - down) and horizontal (east-west) components of the
displacement vector summed up at each of the identified four stages. We use pre-processed
products derived from an Advanced Differential SAR Interferometry approach (A-DINSAR)
that significantly increases the potential of SAR remote sensing for ground deformation
detection. The applied combination technique is conventional (Manzo et al., 2006), as other
methods (e.g. Small BAselines Subset — SBAS, SqueeSAR; Berardino et al., 2002; Ferretti et
al., 2011) exist to combine multi-satellite data for obtaining 2D displacement time-series
(Samsonov and d’Oreye, 2012; Pepe et al., 2016). Within this context, the assumption that
one-month separation datasets are sufficient to retrieve the 2D displacement time-series can
be critical, especially in the case of an earthquake. However, as the main focus of this study

is the long-time behaviour during the pre-seismic stage, the applied conventional approach is
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fully adequate. In fact, using the PS method, it is possible to resolve surface motions of the
order of ~ 0.5 mm yr?, a level of accuracy not reached by other techniques of SAR
interferometry (Ferretti et al., 2007).

Maps showing the vertical component of displacement are used for the construction of
profiles along traces oriented transverse to the main structures in the study area, which
synthesise the vertical displacement summed up during each of the preseismic and coseismic
time intervals set based on the results of the Envisat PS time series analysis. The
uplifted/subsided rock volumes are evaluated using the ‘Surface Volume’ tool of the Arcgis®
software, which calculates the volume of the region between a given surface and a reference

plane (where each PS has an initial vertical deformation value equal to 0).

Statistical analysis of PS-InSAR data

Based on the results of the time series visual analysis, statistical analyses for trend detection
based on both parametric and non-parametric approaches are carried out on the Envisat PS
time series in order to evaluate the significance of the LoS-oriented preseismic
displacements. The statistical analysis of the Envisat PS data from both ascending and
descending tracks is focused on the area that — based on the results of the geospatial analysis
— was affected by distinct preseismic deformation. For the parametric approach, the
regression analysis is applied to the 2003 to March 2009 record of 52714 PS time series (40
data points) from the ascending orbit, and to the 2003 to September 2008 interval of 44950
PS time series (29 data points) from the descending orbit. For each point, the displacement is
regressed against time. As routinely done in statistical analysis, the null hypothesis is tested.
In our instance, the null hypothesis states that there is not significant linear displacement
trend during the considered time span. The null-hypothesis stating that there is no difference

between regression mean square and mean square error (i.e. there is not a significant linear
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displacement trend during the considered time span) is tested by a F-test, with a significance
level of 0.05 (Supplemental Table S1). The assumptions of normality and non-autocorrelation
of residuals are checked using two-tailed Lilliefors test and Durbin-Watson test, respectively
(Table S1).

The non-parametric trend analysis is based on Mann-Kendall test (two-tailed; Table S1) and
Theil-Sen's slope estimation. Analysed PS datasets correspond to those investigated through
the parametric trend analysis cover. The null hypothesis of trend absence is checked with a

significance level of 0=0.05.

Rainfall data analysis

Rainfall data used in this study were recorded at the ‘L’ Aquila S. Elia’ meteorological station
(Latitude: 42°20°03”’, Longitude: 13°25°43”’; elevation: 590 m a.s.l.), and cover the 2000-
2018 time span. The rainfall time series consists of 666050 quarter-hour measurements, from
which 228 monthly precipitation values are obtained. The monthly precipitation record is
analysed through non-parametric trend analysis based on the Mann-Kendall test. The null-
hypothesis of trend absence is checked at a a=0.05 level of significance. The cyclicity in the
time series is analysed by means of a periodogram based on monthly precipitation.
Cumulative rainfall data are detrended through a linear fit in order to examine long-term
variations in the precipitation regime. Statistical analyses are performed by means of

MATLAB® routines.

Topography analysis
A 10 m digital elevation model (Tarquini et al., 2012) is used for topography representation
in the maps and construction of the profile of Fig. 10. The SRTM Nasa 90m DEM (Farr et

al., 2000, 2007) is used for the construction of the swath profile by means of the


http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.org/ at Instituto Nazionale Di Geofisica e Vulcanologia on February
11, 2021

SwathProfiler Add-in of Arcgis® following the methodology by Pérez-Pefia et al. (2017).
Mean elevation values of the blocks in the NE and SW of the Paganica Fault are evaluated in
3D through a GIS-aided procedure over symmetrical, roughly square areas having one side
corresponding to the Paganica Fault trace and lengths equivalent to about half (~ 20 km) of

the swath profile length.

Results

PS multitemporal interferometry

An in depth inspection of all of the available time series of PS motion oriented along both the
ascending and descending satellite Line of Sight (LoS; Fig. S1) was carried out. The analysed
PS data are characterised by time-variable, small-amplitude motions. Such features may be
related to the combination of apparent ground motion due to atmospheric artefacts (Hanseen,
2001), which are responsible for irregular — noisy — components (e.g., Vilardo et al., 2009;
Atzori et al., 2013; Costantini et al., 2017), and short-period motions, which may include a
hydrological component (Devoti et al., 2018).

Short-period and irregular ground motions in the range of ~ 10 mm are the main feature of
ERS PS time series from the entire study region. Such fluctuations are superposed on a sub-
horizontal long-term trend (Figures S2 and S3), which indicates substantial absence of net
ground displacements relative to satellite over the whole 2009 earthquake region in the 1992
— 2000 time span. Some fluctuations affect also the Envisat and COSMO-SkyMed PS time
series, however they are subordinate in terms of magnitude and temporal persistence with
respect to yearly-scale linear trends.

Envisat PS time series image a consistent temporal evolution, and spatial distribution, of
ground motions on a yearly time scale. Different motion patterns are identified by the visual

inspection of the ascending vs. descending orbit data, particularly for the region located to the
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SW of the PF trace. The different motion patterns identified by the visual analysis of the PS
time series are clearly imaged by the diagrams of Fig. 2, which show the spatial distribution
of the ascending and descending LoS-oriented displacement vs. time for a high number of PS
located along a transect (transect A, located in Fig. 1) oblique to the PF trace. The trace of
transect A (300 m buffered) was selected based on the occurrence of a very dense spatial
distribution of PS from both the ascending and descending tracks along its length. The
ascending orbit PS time series show a sudden coseismic collapse of a wide area located SW
of the PF, which is clearly imaged in the transect of Fig. 2a up to a distance of c. 15 km to the
west of the fault. However, the PS time series from the ascending orbit do not show any net
displacement trend relative to satellite throughout both the preseismic and post-seismic time
spans in the entire region (e.g., Fig. 2a; Fig. S4).

Features of PS time series from the Envisat descending tracks are more spatially and
temporally variable. In particular, the visual inspection of the huge amount of PS time series
distributed over a wide region located to the SW of the PF allowed us to distinguish, in the
time span predating the coseismic collapse, an upward, LoS oriented motion trend (2002 to
September/October 2008, hereinafter Preseismic Stage 1), followed by a comparable
downward ground motion lasting until February 2009 (Preseismic Stage 2; Fig. 2b). This
behaviour is clearly synthesised by the time series of PS located along transect A (Fig. 2b),
which crosses the region to the SW of the PF from an essentially stable area, to the west, to
the fault trace, to the east. In fact, as shown by the diagram of Fig. 2b, throughout the
Preseismic Stage 1, the PS located along transect A up to a distance of ¢. 15 km from the PF
are characterised by a motion towards the satellite with a rather constant average velocity in
the range of few millimetres per year (Fig. S5). The segment of transect A affected by slow
LoS-oriented positive motion is subsequently (i.e. during Preseismic Stage 2) subject to a

faster motion away from the satellite, recorded during the October 2008 — February 2009
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time span (Fig. 2b). Following coseismic collapse, a subdued postseismic negative motion is
observed until the end of the Envisat record (June 2010) in the region to the SW of the PF,
which includes transect A (Fig. 2b).

The subdued LoS-oriented motion patterns observed during the preseismic period by
inspection of the PS time series from the Envisat descending orbit dataset were investigated
in detail, and tested through statistical (parametric and non-parametric) trend analyses of both
the ascending and descending PS time series from the area to the SW and NE of the PF. Such
a testing was performed in order to verify that the magnitude of the observed deformation is
not compatible with ‘random’ effects. The statistically analysed PS data are those located in
the region in which, through the visual analysis of time series of PS from the descending orbit
dataset, distinct preseismic displacement patterns were identified. The trend analysis was
applied to the entire preseismic interval of the ascending orbit PS time series. For the
descending orbit PS time series, only the time interval of Presesmic Stage 1, during which the
average velocity is subdued, was investigated in detail. The results of the parametric trend
analysis are shown in Fig. 2 and in Fig. 3. For most of the time series, both the assumption of
normality of the residues and absence of auto-correlation are verified (Fig. 4). Comparison of
Figures 3 and 5 shows that results of the parametric and non-parametric trend analyses are
almost matching. The analyses of PS data obtained by the Envisat ascending orbit indicate
non-significant preseismic deformation trends (Fig. 2a; Figures 3 and 5), thus confirming the
outcomes of the visual inspection of the time series. By converse, analyses of the descending
orbit dataset shows clear evidence of significant deformation in the 2002 to September 2008
time span and, also in this case, confirm the existence of positive LoS-oriented displacement
in the region to the SW of the PF during the Preseismic Stage 1 (Figures 3 and 5; Fig. 2b).

Eastwards of the PF, the results of both the parametric and non-parametric trend analyses are
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less straightforward. However, preseismic negative deformation trends tend to be prevailing

(Fig. 3).

Statistical analysis of rainfall data

In order to test to what extent the PS time series are related to the rainfall regime, a statistical
analysis of rainfall data was carried out on the precipitation time series, which cover a time
interval spanning from 2000 to 2018. In the rainfall data, no significant trend was identified
for both the entire time series and for the narrower time interval (2002-2009) corresponding
with that covered by the analysed PS record. A comparison between the rainfall record and
the PS-InSAR time series computed from 200 data points located in the area around the
‘L'Aquila S. Elia’ meteorological station, clearly highlights a lack of correspondence between
the rainfall and both the ascending and descending time series (Fig. 6). In the entire 2000-
2018 time interval, cycles of about 6, 12, and 57 months were identified (Fig. 7). The
identified cyclicity clearly produces autocorrelation in the monthly precipitation anomalies
(Fig. 6). In contrast, the regression residuals of PS-INSAR data do not show any significant
autocorrelation (Fig. 4). This indicates that a linear model adequately fits the PS-INSAR time
series, further supporting the absence of any significant systematic effect of the cyclically
varying precipitations on the ground deformation trends in our case study. When the long-
term variations in the precipitation regime are considered, it may be noted that the detrended
cumulative rainfall data curve shows a decrease starting from the spring of year 2006
(diagram d of Fig. 6). Such a decrease does not correlate with both the descending PS time
series, which show a steady average velocity throughout the 2002-October 2008 time span
(diagram a in Fig. 6), and the ascending PS time series, which show a substantially null

velocity until the 6™ April 2009 earthquake occurrence (diagram b of Fig. 6).
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Time-space distribution of ground motions

Displacement components oriented along both the ascending and descending satellite LoS
were combined following equations [1] and [2] in order to estimate spatially distributed
vertical and horizontal (E-W oriented) components of ground displacements at distinct time
spans. The spatial distribution of pre- to post-seismic ground deformation (in terms of
vertical and horizontal components) in the entire study region is synthesised in the maps of
Fig. 8. Based on the outcomes of time series inspection, the pre-seismic time span has been
split into Preseismic Stage 1 and Preseismic Stage 2. For both the preseismic and postseismic
time spans, the ground motion patterns recorded by Envisat along the ascending and
descending orbits are different. Such differences appear as the response to the SAR
acquisition geometry (e.g., insets in Fig. 3; Fig. S1). In fact, while purely vertical PS motion
is expressed more or less equally in both the ascending and descending LoS (Fig. S1), east or
west oriented ground motions occurring along a plane dipping at a high angle (~ 90°) with
respect to that of the LoS are not sensed along that LoS (Fig. S1).

The maps of Fig. 8 show that, during Preseismic Stage 1, a large area to the SW of the PF
experienced uplift and eastward oriented displacement (Fig. 8a), with mean and maximum
uplift values of ~10 mm and 25 mm, respectively, and mean displacement towards the
descending orbit in the +18+6 mm range. The uplifted area is much wider than the Aterno
valley basin (Fig. 1), and encompasses both topographic highs and lows, although its mean
elevation value of 983 m is lower than the 1319 m mean elevation value of the block to the
NE of the PF. During Preseismic Stage 2 (Fig. 8b), the same area that in the former time span
had been uplifted underwent negative vertical displacement with a mean value of ~10 mm
(and corresponding mean displacement towards satellite in the -14+6 mm range) with
horizontal component oriented towards the west. In the coseismic time span, sudden collapse

with maximum values in the 180 — 200 mm range (and mean value ~ 80 mm) focused to the


http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.org/ at Instituto Nazionale Di Geofisica e Vulcanologia on February
11, 2021

SW of the PF, but involving also part of the area to the NE of the PF, is imaged in the map of
Fig. 8c, along with slight uplift of the surrounding region. The early postseismic
displacement field is characterised by subdued subsidence focused to the SW of the PF (Fig.
8d). Overall, the hanging-wall volume subsided in the coseismic to early post-seismic stages
(i.e. subsidence recorded between April and May 2009) is of ~ 24.5x10° m®, while the
volume uplifted during the same time span is of ~ 55x10% m® (Fig. 9). The map of Fig. 8e
shows negative velocity values relative to the COSMO-SkyMed descending orbit in the
region to the SW of the PF continuing until 2014.

The profiles of Fig. 10 synthesise the time-space evolution of vertical displacements along a
transect crossing the PF. The profiles show that the trace of the PF falls in the highest
gradient segment between the block to the southwest, which experienced E-oriented uplift
during Preseismic Stage 1 and W-oriented subsidence during Preseismic Stage 2, and the
initially lowered and then uplifted block to the northeast. A complex deformation pattern is
highlighted by the lowest profile of Fig. 10, which shows that the area affected by coseismic

collapse includes part of the elevations to the SW and NE of the Aterno river valley.

Discussion

The results of this study unravel a peculiar pattern of ground motion in the epicentral area of
the 2009 L’ Aquila earthquake, starting several years before the onset of the seismic sequence.
Our findings on the co- to early post-seismic vertical ground displacements are consistent
with those provided by former studies based on geodetic and SAR data (Atzori et al., 2009;
Cirella et al., 2009; Walters et al., 2009; Cheloni et al., 2010), and with the GPS record (e.qg.,
Blewitt et al., 2018) provided by the stations INGP and AQUI (Fig. 8). Our results also show
that the collapsed area extends towards the NE beyond the PF trace, and allow the detection

of several steps in the displacement profile (Fig. 10). These might indicate subdued ruptures
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along two belts, also hosting active fault strands (Pierantoni et al., 2017), located to the SW
and NE of the area affected by maximum subsidence. Consistent with evidence from GPS
data (D’Agostino et al., 2012), postseismic subsidence in the hanging wall of the PF is
recognised by combined ascending/descending orbits Envisat data. In addition, based on
COSMO-SkyMed data we analysed, a persistence of hanging-wall negative ground
displacements at least through year 2014 may be inferred. This is consistent with previous
studies on postseismic deformation, which point out that surface deformation may continue
for years or even decades as a result of postseismic afterslip (e.g. Copley, 2012; Ascione et
al., 2020).

Regarding the preseismic period, no significant displacement was detected in the 1992 - 2000
time interval by PS time series obtained from the ERS satellite records. Similarly, no
significant pre-sesimic LoS-oriented displacement was highlighted by inspection and
statistical analysis of the Envisat ascending data set spanning on years 2003-2010, consistent
with the results of the analysis by Lanari et al. (2010) of that same data set we analysed. In
addition, the surface change reported by Luo et al. (2013) is not highlighted by our analysis.
In particular, our inspection of the Envisat PS time series from the area affected by coseismic
collapse (where ~43000 ascending orbit PS are located) indicates that LoS-oriented
fluctuations in the range of those reported by Luo et al. (2013), i.e. negative displacements
with maximum values in the range of -15 to -28 mm and maximum positive displacements in
the ~10 — 25 mm range from October to November 2008, affected only limited amounts of
PS (91 and about 200, respectively). Spotty and temporally-limited positive/negative
displacements comparable to those described so far are recorded both before and after year
2008 (e.g., Fig. S4), therefore resulting as non-significant based on our long-term analysis.
Our analysis of the PS time series from the descending orbit highlighted changes in the

average LoS-oriented velocity in a large region to the SW of the Paganica Fault. We interpret
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the apparent inconsistency represented by the different patterns of ground motion recorded by
coeval ascending and descending tracks as an effect of the geometry of the satellite orbits
relative to the displacement of the ground surface, as it is commonly observed where a
horizontal (E-W oriented) component of motion contributes to ground deformation (e.g.,
Manzo et al., 2006; Jolivet et al., 2012; Jin et al., 2017). Ground motion may be even
undetectable along one of the orbits if it occurs within a plane roughly orthogonal to the
satellite LoS (Fig. S1). Therefore, the combination of the ascending and descending datasets
allowed us constraining the 2D orientations of the pre- and post-seismic displacement
vectors. In this regard, we note that images by Atzori et al. (2013; their Figure 5) reveal a pre-
seismic positive displacement (motion towards the satellite) from September 2007 to July
2008 recorded by the ascending track of the ALOS satellite. The different motion patterns
imaged by the Envisat and ALOS ascending orbits during the same time span appears as the
response of their different viewing geometries, and supports our interpretation on the control
exerted by the orientation of the viewing geometry relative to ground motion vectors. In fact,
the LoS of ALOS is less inclined (~11° relative to the vertical axis) with respect to the

Envisat LoS (~23°).

Interpretation of ground motion

The multi-temporal, spatial analysis of ground deformation performed by the analysis of PS
interferometric datasets unravelled a peculiar pattern of ground deformation predating the
2009 L’Aquila earthquake. In particular, temporally and spatially distributed preseismic
motions since the end part of year 2002 have been detected. During these preseismic ground
deformation stages, the PF marks the boundary between two blocks that experienced motions
with opposite orientations of the vertical and horizontal components. The sector

corresponding to the PF hanging-wall block experienced uplift with east-directed motion,
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followed by subsidence with west-directed movement. Values of cumulative vertical ground
displacements (averaged over the entire uplifted/subsided area) during Preseismic Stages 1
and 2 are comparable, both being of ~10 mm, thus suggesting a common source for the
observed preseismic deformation. The combined vertical and horizontal components point to
slow reverse-fault motion along the PF during Preseismic Stage 1, followed by normal-fault
motion along the PF during Preseismic Stage 2. Reverse-fault motion during Preseismic
Stage 1 started about 6 years before the April 2009 main shock and was coeval with subdued
subsidence of the PF footwall block (Fig. 8; Fig. 10). Up/down and E/W reversals of
displacements affecting the blocks separated by the PF occurred 6-8 months prior to the April
2009 main shock (Preseismic Stage 2; Fig. 8; Fig. 10). The multi-year nature of the
deformation cycles outlined in this study clearly rules out a significant impact of
hydrologically-related seasonal deformations. It is worth noting that climatically-controlled
recharge of the aquifers has been related to multi-year, widespread transient deformation
observed at all the GPS stations along the Apennines close to carbonate rock (Devoti et al.,
2018; Silverii et al., 2019). However, the pattern pointed out by these latter studies is
homogeneous over a very large area, whereas the pattern outlined in this study is
characterized by opposite uplift/subsidence motions of much larger magnitude affecting two
well defined blocks (i.e. hanging wall and footwall) bounded by the PF. This composite,
articulated deformation pattern is independent from that associated with hydrological
processes (Devoti et al., 2018) and, due to its clear relationship with structural features and
architecture, is best related with tectonic processes. Available GPS data from the study area
come from the INGP and AQUI stations (Fig. 8). These stations are located in the western
portion of the PF termination zone, therefore outside the area characterised by strong
preseismic deformation outlined by the INSAR data in this study (Fig. 8). As a consequence,

the lack of any significant preseismic trend in the GPS-detected vertical motion (Blewitt et
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al., 2018) is consistent with InSAR-derived information from the same two sites.
Furthermore, the northward velocity vectors provided by GPS measurements for our study
area (Devoti et al., 2017) are hardly detectable by InNSAR data due to the near-polar
orientation of SAR orbits (e.g., Lundgren et al., 2004; Wright et al., 2014). On the other hand,
the correlation between GPS-detected horizontal motion anomalies from these two sites and
rainfall cyclicity outlined by Devoti et al. (2018) involves movements that are one order of
magnitude smaller (i.e., 10° vs. 10' mm) than those detected by the INSAR in the area
characterised by strong preseismic deformation (Fig. 8). This confirms the dominant role
played by tectonic deformation in the detected INSAR preseismic ground motion, while
hydrologically related deformation is likely to represent a regional background signal that is
clearly subordinate within the earthquake epicentral area and does not significantly affect the
trend outlined in this work. Indeed, the statistical comparison of the rainfall regime with the
PS-InSAR data carried out in this study highlights that the two signals are unrelated (Fig. 6).
As the two GPS stations are located in a marginal portion of the PF hanging wall, INSAR
results are fundamental for unravelling surface deformation surrounding the fault. The PF
exerts a clear control on the pattern of recorded ground motions in the study area, as its
surface trace bounds sectors characterized by contrasting behaviours during the investigated
pre- to post-seismic stages.

The preseismic motions of the PF hanging wall identified in this study suggest a relationship
of the surface deformation field with seismic phenomena. Such a relationship is inferred from
the spatial correlation of the region affected by ground motion reversal with that containing
the mainshock and most of epicentres of the seismic sequence (Valoroso et al., 2013), and
from the chronological correlation of the preseismic inversion of ground displacements with
the beginning of the foreshocks (October 2008; Di Luccio et al., 2010). As the spatial scale of

this region is independent from surface geology features other than the PF, deep-seated
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causative mechanisms for the preseismic motions such as volume changes related to
lateral/vertical fluid migration and fracturing processes at depth may be inferred. Such
processes have been suggested in association with the occurrence of the 2009 L’Aquila

earthquake (Lucente et al., 2010; Chiaraluce et al., 2011; Moro et al., 2017).

Implications for the seismic cycle

The inferred seismic cycle explaining the observed ground motions is shown in Fig. 11. The
proposed interpretation is independent of the actual occurrence of the sub-horizontal
detachment portrayed in Fig. 11, as our model is based on the widely accepted concept of
stick-slip fault behaviour in the upper crust and on the presence of a stable sliding fault in the
middle-lower crust (Doglioni et al., 2011, 2015; Petricca et al., 2015), irrespective of its
actual geometry. During the inter-seismic stage, aseismic creep occurs along the basal gently
dipping detachment or stable sliding fault at depth, while the overlying shallow fault segment
is locked. This leads to the development of a fractured volume located in the hanging wall of
the fault. Fault zone fracturing, substantially lowering its sealing potential, together with
hanging wall dilation, allow high-pressure CO; to flow from the footwall to the hanging wall
(Fig. 11a). This process is attributed to the difference in lithostatic pressure on the top seal of
the high-pressure CO, trap produced by the different mean topographic elevation of footwall
and hanging-wall blocks. The measured mean elevation difference of 336 m results in a
lithostatic pressure difference of ¢. 10 MPa on the top seal of the high-pressure CO, zone.
Furthermore, numerical modelling of interseismic deformation indicates that the strain above
the transition between the unlocked creeping detachment and the locked upper fault segment
creates a dilated volume in the hanging wall and a contracted volume in the footwall (Albano
et al., 2021). This produces pore pressure gradients triggering fluid flux from surrounding

overpressurized CO; reservoirs. It is worth noting that this process may account for CO;
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flowing toward the dilated volume in the hanging wall even in case the fault retained a
sealing potential and acted as a barrier for across-fault fluid flow, as in this instance the fluid
input could also come along strike and/or from deeper reservoirs. Likewise, along-strike
pathways may allow in this case drainage of the contracting footwall block.

As the CO, pressure in the hanging-wall block reaches a value able to counteract the
lithostatic pressure, hanging-wall uplift occurs, with incipient unlocking of the fault. A
porosity wave (i.e. a packet of fluid-filled interconnected cracks that self-propagates
following the pressure gradient; Wiggins et al., 1995; Connolly and Podladchikov, 1998,
2013; Revil and Cathles, 2002) accommodates CO, migration from the footwall to the
hanging wall of the locked non-sealing fault, or alternatively fluid arrival along strike and/or
from depth below in case of a sealing fault. The porosity wave moves in the direction of
minimum horizontal stress (NE-SW in the study area; D’ Agostino et al., 2011) and upward,
producing a transient displacement propagating through the region with an approximately
elliptical pattern at the surface. The hanging-wall volume uplifted during the January 2003 -
October 2008 time span (Preseismic Stage 1) amounts to ~ 2.24x10° m®. Although higher
amplitudes are observed in the vertical signal, the horizontal component of motion unravelled
in this study indicates that upward hanging wall motion is accompanied by eastward
displacement along the fault dip direction, implying the reactivation of the PF as a reverse
fault (Fig. 11b).

Continuous slip along the basal detachment/creeping fault produces further cracks and
dilation in the PF hanging wall, decreasing the pore fluid pressure that can no longer be
counterbalanced by CO, flow from surrounding overpressured reservoirs. As the lithostatic
pressure can no longer be sustained by the high-pressure CO,, a reversal of motion occurs.
This leads to normal fault-related hanging-wall subsidence (Fig. 11c), a process accompanied

by extensional foreshocks during the L’Aquila sequence. The hanging-wall volume that
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subsided during the October 2008 - March 2009 time span (Preseismic Stage 2) amounts to ~
2.20 x10° m®, therefore substantially balancing the uplift achieved during Preseismic Stage
1. Further hanging-wall dilation, produced by continued motion of the deep
detachment/creeping fault, eventually leads to the catastrophic collapse of the hanging-wall
block, generating the main shock (Doglioni et al., 2011, 2015; Petricca et al., 2015; Fig. 11d).
This process is facilitated by the decreased fault strength as a result of its previous unlocking
during both upward and downward hanging-wall motion in the pre-seismic stages. The
coseismic to early post-seismic subsided hanging-wall volume is of ~ 24.5x10° m®, while the
coevally uplifted volume is of ~ 55x10% m® only (Fig. 9). A very large discrepancy between
subsided and uplifted volumes is commonly observed in normal fault-related earthquakes, a
feature that was recently attributed to the accommodation of coseismic strain by a stress-drop
driven collapse of precursory dilatancy (Bignami et al., 2019). For the L’ Aquila earthquake,
the subsided area includes part of the footwall of the PF, while the uplifted area is located
about 15 km SW of the PF, suggesting the possible occurrence of an antithetic normal fault at
this location (Di Luccio et al., 2010; EMERGEO Working Group, 2010). Breaching the seal
of the deep CO, trap provides a transient connection with the overlying shallow crustal
levels, possibly driving aftershock activity (as in the case of the 1997 Colfiorito earthquake;
Miller et al., 2004) and CO, flow toward the surface. This CO,, feeding shallow aquifers
(Chiodini et al., 2020), locally also gives rise to soil gas emissions (Lombardi et al., 2010;
Quattrocchi et al.,, 2011; Ciotoli et al., 2014). The closure of residual fracture porosity
produces further hanging-wall subsidence in the post-seismic stage (Fig. 11e). During this
stage, minor downward motion affects also part of the footwall block, resulting in a larger
subsiding area (Fig. 10). This process could be related with the upward escape of CO, from
the breached deep trap, producing a decrease of pore fluid pressure and minor collapse of the

footwall rock volume (Fig. 11e).
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Conclusions

This study provides new, relevant insights into the use of long-term (yearly scale)
multitemporal INSAR data analysis in the monitoring of active structures. Our results
emphasize the pivotal importance of a correct choice of the time frame for a meaningful
analysis of ground motions. In our instance, a significant tectonic signal is evident on the tens
of year time scale. Observations on a short time window (e.g. Luo et al., 2013) may be
inadequate to identify a significant trend, as clearly pointed out by the statistical analysis
carried out in this study.

The detailed reconstruction of the seismic cycle of the 2009 L’ Aquila earthquake is based on
a comprehensive picture of ground deformation obtained by the analysis of PS data using
image pairs from both ascending and descending orbits over a several-year time-frame.
Preseismic ground displacements, pointing out a motion reversal of the PF hanging-wall
block, provide a precursor signal of the 2009 Mw 6.3 earthquake. Given that the L’ Aquila
earthquake was driven by tectonic extension, the inferred transient volume changes at the
base of the seismogenic fault may have modified the existing stress state enough to adjust the

timing of the L'Aquila event, therefore acting as a trigger.
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FIGURE CAPTIONS

Fig. 1. Seismicity of the central Apennines in the last decades, and large-scale topographic
features of the 2009 L’ Aquila earthquake region. (a) Epicentres and magnitudes of the main
earthquake sequences occurred in the last decades in the central Apennines (location in upper
right inset), after INGV database (http://cnt.rm.ingv.it/), and focal mechanisms of the main
shocks of each sequence (Ekstrém et al., 1998; Chiarabba et al., 2009; INGV database,
http://cnt.rm.ingv.it/). Traces of faults activated at the surface with the main shocks of the
various sequences (from Cinti et al., 2000; EMERGEO Working Group, 2010; Lavecchia et
al., 2016; Villani et al., 2018; Stemberk et al., 2019) are shown, including the Paganica Fault
(from Galli et al., 2010), which was activated with the Mw 6.3 2009 L’ Aquila main shock.
The white rectangle indicates the study area. Location of the San Donato deep well (ViDEPI,
2010) and traces of the swath profile in B and of Transect A of Fig. 2 are also shown. (b)
Swath profile across the 2009 L’Aquila earthquake region, imaging difference of mean
elevation between the blocks in the NE and SW of the Paganica Fault. (c¢) Interpreted seismic
reflection profile (after Pierantoni et al., 2017) showing the active extensional fault system of
the study area (vertical scale is in two-way time, twt; the original seismic profile is line IT

89-01 available from the ViDEPI Project at https://www.videpi.com/videpi/videpi.asp).

Fig. 2. Time series of Envisat PS data along Transect A (location in Fig. 1) showing
displacements recorded along the ascending and descending orbits in the entire 2002-2010
analysed time window, and results of the parametric trend analysis for the preseismic
interval. Time series linear regression was computed for each PS and the results tested with
ANOVA at an alpha level of 0.05 for the time span considered. Transect A is 300 m buffered.

(@) PS time series from Envisat ascending orbit. The general time series pattern is sub-
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horizontal, meaning no net motion relative to satellite in the entire preseismic period.
Following the coseismic collapse, in the postseismic time frame, the general pattern is sub-
horizontal. (b) PS time series from Envisat descending orbit. PS motion towards satellite, i.e.
positive trend, during the early part of the record (Preseismic Stage 1) is visible and clearly
identified by the trend analysis in the first c. 15 km to the west of the Paganica Fault. Note
that the segment of Transect A subject to motion towards satellite during Preseismic Stage 1
is subsequently affected by negative displacement (Preseismic Stage 2, from
September/October 2008 to February 2009). Coseismic collapse along the 15 km long eastern

segment of Transect A is followed by negative motion continuing until June 2010.

Fig. 3. Parametric trend analysis performed on Envisat Permanent Scatterers time series data
for the 2009 L’Aquila earthquake preseismic period. The two diagrams show spatial
distribution of Envisat PS with indication of PS trend behaviour; the acquisition geometries
of the Envisat ascending and descending orbits are shown in the insets. The trace of the
Paganica Fault is also shown in the diagrams. Time series linear regression was computed for
each PS and the results tested with ANOVA at an alpha level of 0.05 for the time span
considered. Blue points indicate positive linear deformation trends; red points indicate
significant negative linear deformation trends; yellow points indicate that linear trends are not
significant. a: ascending orbit PS data; the analysed time span corresponds to the entire
preseismic record (November 2002 to March 2009). b: descending orbit PS data; the analysed

period spans from November 2002 to September 2008 (Preseismic Stage 1).

Fig. 4. Verification of the assumptions of the parametric trend analysis. This figure

synthesises the results of the Lilliefors (upper diagrams) and Durbin-Watson (lower
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diagrams) tests computed to check the assumptions on normality and non-autocorrelation of
linear regression residuals of the Envisat PS ascending track (diagrams in the left side) and
Envisat PS descending track (diagrams in the right side) time series. Green and red points
indicate failure to reject and rejection of the tested null hypothesis at 0.05 alpha level,

respectively.

Fig. 5. Non-parametric trend analysis performed on Envisat Permanent Scatterers time series
data for the 2009 L’Aquila earthquake preseismic period. Analysed PS data are from the
region in which, through the visual analysis of time series of PS from the descending orbit
dataset, distinct preseismic displacement patterns have been identified. According to Mann-
Kendall test (0.05 alpha level) and Theil-Sen's slope estimation, blue points indicate
significant positive linear deformation trends; red points indicate significant negative linear
deformation trends; yellow points mark non-significant trends. The trace of the Paganica
Fault is also shown. a: ascending orbit PS data; the analysed time span corresponds to the
entire preseismic record (November 2002 to March 2009). b: descending orbit PS data; the

analysed period spans from November 2002 to September 2008 (Preseismic Stage 1).

Fig. 6. Ground displacement vs. precipitation in the area of the ‘L'Aquila S. Elia’
meteorological station for the 2000-2010 time interval. The dash-dotted line indicates
occurrence of the 6th April 2009 earthquake. Upper diagrams show mean displacement
(black line) and 1-c envelope (shaded area) of PS-INSAR descending (a) and ascending (b)
data computed from 200 data points located in the area of the ‘L'Aquila S. Elia’
meteorological station (Latitude: 42°20°03°’, Longitude: 13°25°43”’; elevation: 590 m a.s.l.).

In the lower diagrams, precipitation data are shown. (c) Monthly rainfall time series (grey
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line) of the ‘L'Aquila S. Elia’ meteorological station; black line indicates moving average
smoothing of monthly precipitation. (d) Detrended cumulative rainfall data. The pre-seismic
uplift of the hanging wall of the Paganica Fault, clearly outlined by the trend in diagram a, is

unrelated with the precipitation trend shown in diagrams (c) and (d).

Fig. 7. Periodogram of the ‘L'Aquila S.Elia’ meteorological station (Latitude: 42°20°03"’,
Longitude: 13°25°43”’, elevation: 590 m a.s.l.) 2000-2018 time series. The time series
consists of 228 monthly precipitation values. Periodogram power peaks correspond to periods

of about 6, 12 and 57 months.

Fig. 8. Spatial distribution of pre- to post-seismic ground deformation in the study region.
Vertical (up/down) and horizontal (E/W) components of ground deformation in the maps of
diagrams a to d are obtained by combination of PS-Envisat data from ascending and
descending orbits; diagram e shows mean velocity towards satellite estimated from COSMO-
SkyMed PS data obtained by the descending track. Strands of the Paganica Fault system and
epicentre of the 6™ April 2009 main shock are indicated. Trace of profiles of Fig. 10 and
locations of GPS stations INGP and AQUI are also shown. (a) Vertical (left side) and
horizontal (right side) components of ground deformation summed up during Preseismic
Stage 1; the block in the SW of the PF is affected by E-oriented uplift. (b) Vertical (left) and
horizontal (right) components of ground deformation summed up during Preseismic Stage 2;
the region in the SW of the PF experienced subsidence with W-oriented component. (c)
Vertical component of coseismic displacement, is focused in the PF hanging wall block,
though part of the footwall block is also downthrown. (d) Vertical component of early (one

year) postseismic ground motions, showing subdued subsidence of the PF hanging wall
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block. (e) Late postseismic deformation, showing negative motion of the PF hanging wall

block continuing through year 2014.

Fig. 9. 3D view of the coseismic displacement (vertical exaggeration x 18,000), with
indication of mean values of estimated positive/negative displacement. The Paganica Fault

trace is shown in red.

Fig. 10. Topography vs. profiles of vertical displacement extracted by the maps of Fig. 8,
along a transect transverse to the Paganica Fault trace (location in Fig. 8a, b and c¢). Diagrams
show vertical displacement summed up during Stage 1 and Stage 2 of the preseismic period,
and in the coseismic stage, respectively. Note change of vertical scale in the lowest diagram.
The PF marks the boundary between the blocks that, in Preseismic Stages 1 and 2,

experienced reversals of displacement.

Fig. 11. Reconstructed seismic cycle for the Aquila area. (a) During the interseismic stage,
aseismic creep along the deep, gently dipping detachment produces fracturing above the
detachment fault tip and in the hanging wall of the locked normal fault (red). (b) Further
extensional strain leads to fracturing also within the locked fault zone, including the fault
core, reducing its sealing capacity. (c) Continued aseismic slip along the detachment fault
produces further dilation in the hanging wall of the locked fault. CO, pore pressure can no
longer sustain the load of the overlying rock volume, which starts subsiding as incipient
collapse of fracture porosity occurs. This process is accompanied by rupturing of patches of
the previously locked fault, thereby generating small to moderate size earthquakes

(foreshocks). (d) The mainshock occurs as catastrophic collapse of fracture porosity takes
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place, accompanied by rupturing of the entire seismogenic fault surface. (e) Further hanging-
wall subsidence is associated with collapse of the residual fracture porosity and is
accompanied by further rupturing of fault patches, generating aftershocks during the early
postseismic stage. A multi-year persistence of hanging-wall negative ground motion is

associated with afterslip during the late postseismic stage.
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Table 1 — Permanent Scatterer datasets used in this study

LoS

Satellite Orbit Track/Frame incidence Number of
PS/frame

angle
ERS Descending pst_ers_t308_f2751 clo01_I_aquila 23.44 42573
pst_ers t308 2769 cl001_sulmona 23.25 69065
Ascending pst_ers t129 f837 cl002_pineto 23.36 47650
pst_ers t129 f837_cl001 celano 23.80 126131
Envisat Descending PST2009_ENVISAT_T79_F2748 CL001_AQUILA 22.75 127089
PST2009_ENVISAT_T308 F2751_CL001_TERAMO 22.71 341759
Ascending PST2009 ENVISAT_T401_F840 CL001_AQUILA 22.80 270047
PST2009 ENVISAT T129 F837 CL001_CHIETI 22.79 308357
gkoy ?\/Il\gdo- Descending PST2013_CSK _F_74 AQUILA D _CLO001 32.19 1764739
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