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Abstract. The deformation pattern of the 6 and 7 April
2009MW=6.3 andMW=5.6 earthquakes in L’Aquila is re-
vealed by DInSAR analysis and compared with earthquake
environmental effects. The DInSAR predicted fault surface
ruptures coincide with localities where surface ruptures have
been observed in the field, confirming that the ruptures ob-
served near Paganica village are indeed primary. These rup-
tures are almost one order of magnitude lower than the rup-
tures that have been produced by other major surrounding
faults in the past. These faults have not been activated dur-
ing the 2009 event, but have the capacity to generate signifi-
cantly stronger events. DInSAR analysis shows that 66% (or
305 km2) of the area deformed has been subsided whereas
the remaining 34% (or 155 km2) has been uplifted. A foot-
wall uplift versus hangingwall subsidence ratio of about 1/3
is extracted from the mainshock. The maximum subsidence
(25 cm) was recorded about 4.5 km away from the primary
surface ruptures and about 9 km away from the epicentre.
In the immediate hangingwall, subsidence did not exceeded
15 cm, showing that the maximum subsidence is not recorded
near the ruptured fault trace, but closer to the hangingwall
centre. The deformation pattern is asymmetrical expanding
significantly towards the southeast. A part of this asymmetry
can be attributed to the contribution of the 7 April event in
the deformation field.
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1 Introduction

On Monday 6 April 2009 a strong earthquake struck the city
of L’Aquila and the surrounding villages producing extensive
damages, about 300 fatalities and more than a thousand of in-
juries. The earthquake was assessed as aMW=6.2 orML=5.8
(source INGV) orMW=6.3 (USGS), having a normal faulting
mechanism of N147◦ striking and dipping about 43◦ towards
the SW and a focal depth at 9 km. InSAR, body wave seis-
mology and GPS data determined a SW∼50◦ dipping nor-
mal fault with a maximum∼0.6–0.9 m slip (Walters et al.,
2009; Atzori et al., 2009; Anzidei et al., 2009). The epicen-
ter was located a few km WSW from the city of L’Aquila
which including the surrounding villages, hosts a population
of about 100 000. This earthquake triggered two other events
above Magnitude 5 both southeast and north of the main-
shock, expanding the aftershocks distribution. In particular,
about 40 h after the mainshock aMW=5.6 orML=5.3 event
occurred in Valle d’Aterno, about 4 km SW from the village
of Fossa, whereas on 9 April a third event ofMW=5.4 or
ML=5.1 occurred near Campotosto about 16 km northwards
L’Aquila (source INGV). Initially, the aftershock activity oc-
curred near L’Aquila and towards the south-east of the town,
whereas a couple of days later it migrated towards the NE
at Barrete and Campotosto. The seismicity covers a rectan-
gulary elongated area that is approximately 40 km long and
10–12 km wide trending towards the NW-SE (Chiarabba et
al., 2009; Pondrelli et al., 2009).

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


74 I. D. Papanikolaou et al.: Deformation pattern of the 6 and 7 April 2009 earthquakes in L’Aquila

Fig. 1. (a)Map of the Italian Peninsula showing the active faults and the NE-SW extension occurring in Abruzzo (Modified from Roberts et
al. 2002).(b) Map showing the epicentre of the 6 April 2009 earthquake and how many times each locality receives enough energy to shake
at intensities≥ IX over the last 18 000 yrs based on geological fault slip-rate data (modified from Roberts et al., 2004). The blue dashed
rectangular represents the aftershock seismicity zone. The epicenter is located in an area that is characterized by a high frequency and lies
in the hangingwall of three major faults (the L’Aquila, AF, the Barete, BF, and the Campo Imperatore, CIF, faults). The Barete (Arichia or
Mt Marine) fault was activated in the seismic sequence of 1703 producing surface ruptures>10 km long, a maximum displacement of 1m and
significant damage (IX intensity) to L’Aquila (Blumetti 1995). The Fucino Fault (FuF) was ruptured in 1915 (M=6.9–7.0), producing surface
ruptures more than 20 km long devastating the entire Fucino Basin (X and XI intensity, 33 000 deaths, second most destructive earthquake in
Italy).

2 Geological setting

The Apennines are part of the Alpine orogenic system that
formed as a result of the subduction of Tethyan ocean crust
and collision between African continental fragments and the
Eurasian plate (Boccaletti et al., 1971; Doglioni et al., 1996).
During the Upper Miocene-Lower Pliocene, extension and
accretion of new oceanic crust occurred in the Tyrrhenian
Sea west of Italy (Lucente et al., 1999). Active subduction
of the Ionian sea beneath Calabria was occurring at the same
time with a progressive eastward migration of compressional
fronts (Malinverno and Ryan, 1986). By the late-middle
Pliocene shortening ceased in the Tyrrhenian part of Central
and Southern Italy (e.g. Patacca et al., 1990) and extension
began in the Apennines (Cavinato and De Celles, 1999).

The earthquake occurred on one of the NW-SE trend-
ing normal faults that form part of the 800 km long seg-
mented normal fault system (Fig. 1a) that accommodates
the extension in the Apennines (e.g. Anderson and Jack-
son, 1987; Roberts et al., 2002). In the central Appenines
faults are characterized by pure dip slip faulting with a
mean fault slip direction of 222◦±4◦ (Roberts and Michetti,
2004). These faults tend to generate strong events from
M = 5.5 up to M = 7.0 and depending on the magnitude
and the earthquake depth can produce from minor to se-
vere damages and occasionally destruction (Michetti et al.,
1996; Galadini and Galli, 2000; Roberts et al., 2004).
It has to be noted that about 40 km southern from the
2009 L’Aquila earthquake in the Fucino basin, Italy expe-
rienced its second most destructive earthquake. Indeed, the
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1915 Earthquake (Ms = 6.9−7.0) produced extensive sur-
face ruptures>20 km long and devastated the entire Fucino
basin (all villages situated within the basin suffered intensi-
ties X and XI in the MCS Mercalli-Cancani-Sieberg scale),
causing 33 000 deaths (Oddone, 1915).

3 Historical record and seismic hazard of L’Aquila

Based on the historical record the town has suffered inten-
sity IX or higher at least three times in the past (in 1349 AD,
1461 AD, and 1703 AD, INGV-DBM04 2004, Tertulliani et
al., 2009). The 1703 (MW ∼ 6.7) event was part of a seis-
mic sequence that struck the area. However, the damage
of L’Aquila in 1703 is not attributed to the L’Aquila fault,
but most probably to the nearby Barete fault that lies west-
wards (Fig. 1b). The Barete fault (or elsewhere known as the
Arischia fault or Mt Marine fault) was activated during the
final third earthquake of the sequence on 2 February 1703,
where surface ruptures and liquefaction phenomena were re-
ported near the village of Pizzoli (Blumetti, 1995).

Following the above, L’Aquila has been assessed as an
area of relatively high seismic hazard using the typical Pois-
sonian approach (Slejko et al., 1998; GNDT-SSN, 2001; Re-
bez et al., 2001). Romeo and Pugliese (2000) using a Poisso-
nian approach estimated a high probability for a peak ground
acceleration of 0.25 g in a 50 year period and estimated a
very high time-dependent probability of 23.6% in the next
30 years of aMs > 6.3 in L’Aquila. Boncio et al. (2004)
assessed a maximum expected magnitude between 6.1 and
6.4 for the L’Aquilano fault that bounds the Aterno basin.
Moreover, Pace et al. (2006) based on time dependent prob-
abilities and a BPT distribution estimated for the year 2004
about 10% the probability for the next 50 years of ruptur-
ing of the Paganica segment that neighbours the town of
L’Aquila and estimated a high probability of a peak accel-
eration exceeding 0.30 g in a 50 year period. Finally, seis-
mic hazard maps based solely on geological fault slip-rate
data (and thus independent from the historical record) also
show that the hangingwall centre of the L’Aquila fault is
characterised by high shaking frequency for intensities≥IX
(Fig. 1b) reaching up to 80 times over the last 18 000 yrs, im-
plying that the area suffers a destructive earthquake approxi-
mately every 250±50 years (Roberts et al., 2004). This high
frequency and short recurrence interval is attributed to the
combined effects of three closely spaced major active faults
(L’Aquila, Barete and Campo Imperatore faults) that can pro-
duce extensive damage in the town of L’Aquila, two of which
(Campo Imperatore and L’Aquila faults), exhibit high throw-
rates exceeding 1 mm/yr (Giraudi and Frezzoti, 1995; Galli
et al., 2002; Roberts and Michetti, 2004; Papanikolaou et al.,
2005).

4 Active faults surrounding the town of L’Aquila

The town of L’Aquila is not only surrounded by three ma-
jor active normal faults, but is situated on their hangingwall
as well. Each major fault comprises of several overlapping
segments, closely spaced parallel segments and even anti-
thetic structures. These antithetic structures all high angle
normal faults and closely spaced (∼3–4 km) with the main
faults, so that in most cases are linked at depth (Fig. 2).
This is the case of the L’Aquila fault that creates a com-
plex fault structure, often leading to different interpreta-
tions. The highest damages were recorded in the Aterno
valley (Fig. 3a) that is bounded northwards by the L’Aquila
fault. The L’Aquila fault is a 37 km long structure that
strikes northwest-southeast and downthrows to the south-
west (Roberts and Michetti, 2004). Its southern tip is lo-
cated near Civitaretenga village (2 km east of Caporciano)
and its northern tip is located towards the western end of
Mt. San Franco (Fig. 2). This fault has a rather complex
structure, since it comprises several overlapping segments
some of which are antithetic to the main SW dipping fault
plane (Papanikolaou et al., 2005). These antithetic planes are
nicely observed northwards the village of Barisciano, have
fresh looking fault planes and are probably kinematically
linked to the NE dipping Bazzano – Fossa fault segments
in the southern part of the valley. The Mt. Pettino, the Pa-
ganica segment (or Aquilano fault Boncio et al., 2004) and
the antithetic Bazzano-Fossa fault outcrop on either side of
the valley (Michetti et al., 2000) and form part of the same
system.

In a few words the strain in the area is accommodated
on multiple closely spaced synthetic and antithetic overlap-
ping segments. Therefore, the fault zone is characterised by
distributed displacement on several overlapping faults that
break up the footwall and the hanging wall into smaller
blocks. This fault has a reported throw-rate of 0.3–0.4 mm/yr
(Galadini and Galli, 2000) based on offset Quaternary ter-
races (Bertini and Bosi, 1993) and up to 1.1 mm/yr towards
it centre that decreases to 0.7 mm/yr near Mt. Franco and
0.3 mm/yr towards Caporciano, based on the throws of the
postglacial scarps (Papanikolaou et al., 2005). Many Pleis-
tocene palaeolandslides of tectonic origin are reported for
this fault concealing the position of the fault trace close to
the valley (Demangeot, 1965; Bagnaia et al., 1992).

5 Ground observations and surface ruptures

The earthquake despite its moderate magnitude caused sev-
eral environmental effects that covered an area of approx-
imately 1000 km2 (Blumetti et al., 2009; Guzzetti et al.,
2009). Most of these effects involved surface ruptures and
rockfalls, even though some minor liquefaction and land-
slide phenomena were also observed. A large number of
surface ruptures were recorded in several localities both on
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Fig. 2. Detailed topographic map in the L’Aquila area showing the fault segments and the primary surface ruptures with red dashed line
(modified from Michetti et al., 2000; Roberts and Michetti, 2004; Papanikolaou et al., 2005).

pre-existing fault planes and within the Aterno Basin (Fig. 3b
and c). These ruptures were all NW-SE trending parallel to
the activated fault plane as implied also by the focal mech-
anisms and have throws ranging from a few up to several
cm. Several reports describe surface ruptures that occurred
on pre-existing fault planes such as the Paganica fault, the
Roio – Canetre fault and the NE dipping Bazzano fault,
where a 5–8 cm white stripe at the base of the limestone fault
scarps were observed (Fig. 3c) and locally on the Mt. Pet-
tino segment and the Campo Imperatore fault (Blumetti et
al., 2009; Falcucci et al., 2009, DST Working Group – Uni
CHB, 2009; INGV-Emergeo Group, 2009; Michetti et al.,
2009). The large amount of ruptures with similar charac-
teristics and displacement values suggest that they can eas-
ily confuse which of them are regarded as the primary rup-
tures. The primary ruptures are the expression of the acti-
vated fault plane in the surface, whereas the secondary rup-
tures are triggered by the earthquake shaking, but are mostly
gravitational effects. Secondary ruptures can occur on exist-
ing fault planes and/or within basins or within any gravita-
tional or compaction prone formation.

Tens of secondary surface ruptures were widespread
within the Aterno basin, reaching up to several tens of me-
ters long (Fig. 3d, e, and f). The Aterno sedimentary basin is
characterised by unfavourable site specific conditions. The
basin is filled with a few hundred meters of lacustrine sed-
iments that overlie the bedrock (Blumetti et al., 2002), pro-
ducing significant ground motion amplification effect at low
frequencies (De Luca et al., 2005). Most of the secondary
ruptures were recorded near the villages of Onna and Fossa.
The village of Onna suffered the highest damages (Fig. 3g
and h) and recorded the highest death toll (losing 10% of
its population), forming the macroseismic intensity epicen-

ter (MCS intensity IX-X, according to Quest, 2009). These
secondary ruptures are all strictly NW-SE trending parallel
(150◦

±20◦) to the activated fault plane and the existing fault
segments. Following our field campaign immediately after
the earthquake, we have been informed by local people that
several of the secondary ruptures observed between the vil-
lages of Onna and Fossa were created or expanded follow-
ing the event of the 7 April (MW=5.6) about 40 h after the
mainshock (Fig. 3f). Secondary ruptures were several tens
of meters long and up to 30 cm wide and mostly observed
near the river as well as on manmade road embankments
(Fig. 3d). Overall, these secondary ruptures appeared in arti-
ficial and natural structures that are prone to rupturing. Most
of these ruptures were transverse to the road network, pro-
ducing cracks in paved roads that are several meters long and
having offsets both horizontal and vertical of several cm (up
to 6 cm) (Fig. 3e and f). Their density and length are highly
correlated to the damage pattern. This is important because
these ruptures are usually disregarded in seismic hazard as-
sessment studies for planning and design purposes.

6 DInSAR analysis

6.1 Methodology

For the purpose of the study ENVISAT ASAR IS2 Sin-
gle Look Complex (SLC) VV-polarization scenes acquired
on 27 April 2008, 1 February 2009, and 12 April 2009
along the descending track 079 were selected. Interfero-
metric processing was performed using GAMMA s/w pack-
ages (Wegm̈uller et al., 1998), forming two coseismic in-
terferometric pairs which span the periods April 2008–April
2009 (080427–090412, 350 days) and February–April 2009
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(a)

(b) (c)

Fig. 3. (a)View of the Aterno Valley and the Campo Imperatore.(b) Surface ruptures in Paganica (courtesi E. Vittori),(c) surface ruptures
in Bazzano (courtesi E. Vittori),(d) secondary ruptures within the Aterno valley are several tens of meters long and up to 30 cm wide, near
the river embankments,(e) transverse ruptures in paved roads that are several meters long and having offsets of several cm (up to 6 cm) both
horizontal and vertical. The cracks were violent so that they ruptured also the asphalt pebbles,(f) ruptures in a non-paved road between the
villages of Onna and Fossa, local people reported to us that these ruptures were formed following the 7 April event (MW=5.6),(g) view of
the extended damages and collapses in the village of Onna that was the macroseismic epicentre of the earthquake,(h) collapsed bridge about
1 km southeast from the village of Onna.

(090201–090412, 70 days) with a perpendicular baseline
of –34.7 m and 157.0 m, respectively. Initial estimates of
the interferometric baselines were calculated from available
DORIS precise orbit state vectors. State vectors were ini-
tially given on 60 s intervals with a default number of 9 state
vectors. Due to the insufficient number of state vectors pro-
vided, in terms of cover of the area of interest, additional
state vectors with an interval of 5.0 s were introduced by re-
spectively interpolation of the available state vectors and or-
bit propagation. Precision co-registration based on the inten-
sity cross correlation technique was implemented, achieving
accuracies of sub-pixel level (∼0.2 pixels). After removal
of flat-Earth phases using the estimated interferometric ge-
ometry parameter values and refinement of the baselines
(Schẅabisch et al., 1995), no phase ramps (orbital fringes)
were recognized in the differential interferograms. Topogra-
phy related phases were simulated based on SRTM V3 DEM

of approximate spatial resolution of 90 m, oversampled to
40 m to fit the ASAR data resolution. Athough the area
exhibit rugged terrain, small perpendicular baselines en-
sures the minimization of possible topographic residuals.
An adaptive filtering of the differential interferograms based
on the local fringe spectrum as proposed by Goldstein and
Werner (1998) was considered to assist and reduce possible
residues during the unwrapping procedure. Unwrapping of
differential phases was performed by applying a Minimum
Cost Flow (MCF) algorithm (Costantini, 1998). Finally, ac-
curate geolocation of interferometric results enables not only
precise overlays with other data sources in a common map
geometry, but also normalisation for the systematic influence
of terrain on image radiometry during image co-registration
step.
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(d) (e)

(f)

(g)

(h)

Fig. 3. (d) secondary ruptures within the Aterno valley are several tens of meters long and up to 30 cm wide, near the river embankments,
(e)Transverse ruptures in paved roads that are several meters long and having offsets of several cm (up to 6 cm) both horizontal and vertical.
The cracks were violent so that they ruptured also the asphalt pebbles,(f) ruptures in a non-paved road between the villages of Onna and
Fossa, local people reported to us that these ruptures were formed following the 7 April event (MW=5.6),(g) view of the extended damages
and collapses in the village of Onna that was the macroseismic epicentre of the earthquake,(h) collapsed bridge about 1 km southeast from
the village of Onna.
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6.2 Results

A number of concentric fringes are clearly visible in both co-
seismic differential interferograms of the 6 April 2009 earth-
quake (Fig. 4a and b). The delineation of the surfacial ex-
pression of the rupture zone in the area of high fringe rate,
reaching the deccorelation threshold, permitted the identifi-
cation of the activated fault zone. Both patterns/signatures
of subsidence up to 25 cm and uplift of about 10 cm along
the line of sight (LOS) of the satellite are recognized. The
accuracy of the deformation estimates from individual inter-
ferograms is mainly limited by the atmospheric path delay
term. Visual interpretation of both interferograms, allows
the indentification of such artefacts. The basic assumption
is that atmosphere, alike other error terms (topography, or-
bital ramps and signal noise), are uncorrelated between the
independent pairs. Atmospheric phases were not identified
in any of the generated differential interferograms.

Common acquisition epochs for the coseismic differential
interferogram of April 2008–April 2009, in addition to the
small values of perpendicular baseline (∼35 m), retain high
coherence levels, permitting the interpretation of the differ-
ential phases even for a time interval of one year (Fig. 4a).
On the contrary and despite the expected high degrees of
coherence due to the shorter temporal separation, extend of
decorrelation of the April 2008–April 2009 differential in-
terferogram prevents from interpreting the signal especially
over the epicentral area. Loss of coherence in the February–
April 2009, mainly over the mountainous area in the zone
above the tree line where dense vegetation is sparse, is related
to the presence of snow in the winter ASAR scene (1 Febru-
ary 2009). The scattering behaviour of the snow changes
significantly with snow moisture and with the presence of
density heterogeneities. Thus, apart from the visual inter-
pretation for the recognition of atmospheric artefact in the
common to the February–April 2009 scene, no further quan-
titative interpretation was considered for that specific pair
(Fig. 4b). Due to the large time span covered by the DIn-
SAR it is possible that pre-seismic deformation can also be
superimposed on the co-seismic one. However, the highest
pre-seismic event was anMl=4.1 and is considered to have
negligible effects to the DInSAR deformation field compared
to the co-seismic event.

The coseismic displacement field revealed by the DInSAR
measurements is shown in Fig. 5. The ground deformation
pattern is asymmetrical since the deformed area is signifi-
cantly expanded to the southeast. The observed asymmetry
appears in both sides of the activated fault zone. The de-
formed area is about 460 km2 with a maximum length of
24 km NW-SE trending along the direction of the rupture
plane and a maximum width of 22 km trending NE-SW. This
area is shorter in length, but much wider compared to the af-
tershock distribution. About 66% (or 305 km2) of the area
deformed has been subsided whereas the remaining 34% (or
155 km2) has been uplifted. The maximum observed uplift

(a)

(b)

Fig. 4. Coseismic differential interferograms of the April 2009
L’Aquila earthquake,(a) covering the periods between April 2008–
April 2009 and(b) February–April 2009. The trace of the ruptured
zone as identified by DInSAR is also shown (red line).

was about 10 cm and was recorded a couple of km northeast
from the Paganica surface ruptures in the immediate footwall
of the fault, whereas the maximum subsidence was 25 cm and
was observed about 2 km SW from the NE dipping Bazzano
fault.
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Fig. 5. Displacement field of the 6 and 7 of April 2009 L’Aquila earthquakes. A set of cross sections have been drawn in order to show
the differences in deformation both along (profiles B01–B05) and across strike (profiles A01–A06) the activated fault plane. The DInSAR
rupture (red line) and the primary surface ruptures (dashed red line) are also projected.

A set of cross sections have been drawn in order to show
the differences in deformation both along and across strike
the activated fault plane (Figs. 6 and 7). Profiles A01 up
to A06 are perpendicular, whereas profiles B01 up to B05
are parallel to the activated fault plane. Profiles A01 up to
A06 are 5 km apart from each other, whereas profiles B01 to
B05 are 2.5 km apart. Each profile exhibits some interesting
features.

Some of the profiles (A01 and A06) are constructed to-
wards the edges of the coseismic displacement field in or-
der to visually interpret the spatial variability of the differ-
ential phases for the entire area of interest and especially
over the regions of no ground deformation. The stability of
the phases in the above areas verifies the reliability of the

unwrapping procedure. High frequency oscillations (small
wavelength), also visible in the rest of the profiles, corre-
spond to non-earthquake related interferometric disturbances
induced mainly by DEM inaccuracies and noise levels in the
differential interferograms. Their values, been around±1.0–
1.5 cm, express indirectly the achieved accuracy of the DIn-
SAR measurements.

The profile B05 shows that the pattern is far from symmet-
rical since the uplift zone is significantly extended towards
the SE, even with low values of uplift involved (∼2 cm). In-
deed, between 27 and 40 km from the NW towards the sec-
ond half of the cross section there is a prolonged uplift that
correlates with the area influenced by the first large triggered
event of the 7 April (MW=5.6). Therefore, the interferogram
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. View of the profiles A01 up to A06 that are perpendicular to the activated fault plane. Profiles are 5 km apart and their traces are
shown in Fig. 5.(a) Profile A01,(b) profile A02,(c) profile A03,(d) profile A04,(e)profile A05, and(f) profile A06.

help us infer the influence of this smaller event to the defor-
mation field. The 7 April event activated a zone SW from
the mainshock, had a focal depth of approximately 15 km,
but a rather unusual seismicity distribution so that its geom-
etry is uncertain (Chiarabba et al., 2009; Pino and Di Luc-
cio, 2009). No fault plane is distinguished by the aftershocks
and moreover there is a large gap in the seismicity extending
for almost 8 km (e.g. no events between 7 and 15 km depth,
source INGV). The same is also true for the other profiles
B01 up to B04 towards the hangingwall. Indeed, there is a
prolongation of the subsidence also towards the SE. More-
over, the maximum subsidence is observed 9 km away from
the epicenter of the mainshock, but only 7 km away from the
epicentre of the 7 April event.

Section B04 crosses mostly the immediate hangingwall
area, except from its northernmost part where it enters to-
wards the footwall. It is interesting that the maximum sub-
sidence recorded in this section is 15 cm significantly lower
to the 24 cm of maximum subsidence recorded in the profile
B03, showing that the maximum subsidence is not recorded
near the fault trace and the surface ruptures, but closer to
the hangingwall centre. It is interesting that even the pro-

files B01 and B02 which are located further to the south-
west in the hanginwall display not only higher subsidence
values than the B04 section, but their deformed area is spa-
tially expanded both northwards and southwards. However,
part of this subsidence could be attributed to basin effects,
soil compaction and overall to gravitational phenomena, even
cave collapses so that its distribution may not fully reflect the
earthquake characteristics. However, section B05 that shows
uplift strengthens our interpretation since uplift can be at-
tributed solely to the earthquake.

Profiles A01 and A06 bound more or less the deformed
area. Profile A01 records only about 2–3 cm of uplift, but no
subsidence, whereas the profile A06 records a couple of cm
both uplift and subsidence. It records also 2–3 cm of uplift
towards the southwestern tip of the section. The same effect
of uplift but less pronounced, appears also in profiles A04
and A05 towards their southwestern tips, but it dies out in
profiles A03 and A02. This uplift feature can not be easily
explained, but most probably is related to local unwrapping
error. Another possibility could be if the 7 AprilMW=5.6
event was not SW dipping as the mainshock, but NE dipping
since there are still large uncertainties regarding its geometry
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(a) (b)

(c) (d)

(e)

Fig. 7. View of the profiles B01 up to B05 that are parallel to the activated fault plane. Profiles are 2.5 km apart and their traces are shown in
Fig. 5. (a) Profile B01,(b) profile B02,(c) profile B03,(d) profile B04, and(e)profile B05.

(Chiarabba et al., 2009). For example, Pino and Di Luc-
cio (2009) recognize a confused pattern about this event, but
they promote a NE dipping solution. This scenario can not
be ruled out, however, we think that it is less likely because
in such case it is more difficult to explain the substantial and
constant uplift observed on the NW part of the A04 and A05
sections as well as the uplift in B05. Moreover, this asymme-
try in the DInSAR, which part of it can be attributed to the
7 April event, is expanding spatially both towards the uplift
and the subsidence areas. It seems that it is superimposed to
the deformation caused by the mainshock deformation, thus
favoring a SW dipping solution. Finally, profile A03 crosses
through the primary surface ruptures and records the highest
uplift and subsidence values.

7 Discussion

The 2009 L’Aquila earthquake (MW=6.3 orML=5.8) in Cen-
tral Italy, produced both primary and secondary ruptures.
Due to the moderate magnitude, primary surface ruptures had

small displacements that did not exceed 10 cm. The large
amount of ruptures with similar characteristics and displace-
ment values implies that it is difficult to distinguish between
primary and secondary ruptures, particularly since several of
these ruptures occurred on pre-existing fault planes. This
can produce confusion leading to different interpretations on
which of the ruptures are primary and which secondary. Such
debates occurred in several earthquakes of moderate magni-
tude in the past such as the 1997 Colfiorito events (MW=5.7,
MW=6.0) that occurred about 40–50 km north from L’Aquila
(Cello et al., 1998; Vittori et al., 2000; Barba and Basili,
2000). The surface ruptures traced in Paganica are consid-
ered primary, forming the surface expression of the activated
fault. This occurs not only because the Paganica ruptures
correlate with well the focal mechanism and the epicenter
locality (e.g. Chiarabba et al., 2009), but mainly due to the
DInSAR analysis results (see also Atzori et al., 2009; Walters
et al., 2009). In particular, the approximately 7 km long DIn-
SAR predicted fault surface ruptures coincide with the sur-
face ruptures observed in Paganica since they are only a cou-
ple of hundred meters up to 1 km apart (Fig. 5). Additionally,
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Fig. 8. Diagram showing the range of the observed ground deformation in the epicentral area as appears from all profiles perpendicular to
the activated fault plane. A footwall uplift/hangingwall subsidence ratio of about 1/3 with is extracted.

these ruptures broke a 0.7 m diameter high pressure water
pipeline in Paganica. Ruptures were discontinuous, but well
aligned and could be traced up for at least 2.6 km with max-
imum displacements not exceeding 10 cm (Michetti et al.,
2009; Falcucci et al., 2009, Fig. 3b).

This earthquake has activated one of the fault segments
of the L’Aquila fault that bounds the northern part of the
Aterno valley in Paganica (Michetti et al., 2000). Boncio et
al. (2004) estimated a maximum expected earthquake mag-
nitude of 6.1–6.4 for this segment in Paganica (named it
Aquilano fault), which is similar to the mainshock event.
Herein, it has to be noted that other fault segments of the
same fault system (such as the Mt. Franco, the Barisciano and
the Caportiano segments) or other neighboring faults such
as the Campo Imperatore and the Barete faults can produce
significantly stronger events as implied by their impressive
post-glacial fault scarps (Giraudi and Frezzoti, 1995; Pa-
panikolaou et al., 2005). These faults can produce earth-
quakesM≥6.5 involving extensive surface ruptures (15–
20 km long) with maximum displacements exceeding a me-
ter. Indeed, Galli et al. (2002) based on trenching investiga-
tions support that the Campo Imperatore fault that is situated
only 20 km away from L’Aquila can give a Magnitude 7.0
earthquake. Finally, the 1703 (MW ∼6.7) earthquake that
damaged L’Aquila (IX intensity), produced surface ruptures
>10 km and a maximum displacement of 1 m in the neigh-
bouring Barete fault (Blumetti, 1995). These ruptures are
almost one order of magnitude larger than the ruptures pro-
duced by the 6 April L’Aquila earthquake, implying that the
surrounding faults have the capacity to generate significantly
stronger events.

Maximum uplift is about 10 cm whereas the max subsi-
dence is 25 cm. DInSAR values correlate well with GPS
recordings from near field GPS stations. The maximum ver-
tical displacement was recorded from a GPS station near the
village of Fossa (∼16 cm of subsidence, Anzidei et al., 2009)
and is in agreement with the DInSAR values. Figure 8 shows

the range of the observed ground deformation in the epicen-
tral area as appears from all profiles. Overall, it is clear that
on average there is an uplift/subsidence ratio of about 1/3
with values ranging from 1/2.5 up to 1/3.5. Profiles A02 and
A03 that are not influenced by the deformation field of the
7 April earthquake and intersect the ruptured fault, are con-
sidered as more reliable regarding the footwall uplift to hang-
ingwall subsidence ratio. Both profiles maintain a 1/3 ratio
that involves not only the maximum values, but the entire
deformation field along their profiles (Fig. 6b and c). The ra-
tio of footwall uplift to hanging-wall subsidence is relatively
poorly known and several different values have been ob-
served and modelled worldwide. For example, Stein and Bar-
rientos (1985) as well as Vita-Finzi and King (1985) suggest
that the ratio of footwall uplift to hanging wall subsidence is
typically in the range 10–20% (or 1/10–1/5), both for coseis-
mic and longer-term motions. Other scientists have observed
uplift to subsidence ratios of 1/2 for the Teton range (Byrd et
al., 1994) and the Borah Peak earthquake (Stein et al., 1988).
Armijo et al. (1996) used a thick elastic plate model and
calculated footwall uplift to hangingwall downdrop ratios of
1/2.7–1/3.5 for the Xylokastro fault in the Corinth Gulf. It is
also known that this ratio does not stay constant, but is be-
ing modified during the postseismic relaxation (Dalla Via et
al., 2003; Kenner and Simons, 2005) where it tends to lower
the uplift subsidence differentiation. As a result, it would be
very interesting to monitor how this ratio is being modified
in time and extract the longer-term ratio. Overall, the value
of this ratio is very important particularly for seismic hazard
assessment purposes since it governs the fault slip-rates. For
example, in some regions such as the Gulf of Corinth and the
region of Calabria in Italy the only way to deduce slip-rates
covering a long-time period, is from dated uplifted Quater-
nary marine terraces situated on the footwall of the faults
(Bordone and Valensise, 1998; Houghton et al., 2003; Tor-
trici et al., 2003; Catalano et al., 2003; McNeill and Collier,
2004; De Martini et al., 2004; Ferranti et al., 2007; Roberts et
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al., 2009). Due to subsidence the entire hangingwall area is
usually located offshore. In such cases, we measure the up-
lift rate and use the footwall uplift to hangingwall subsidence
ratio in order to retrieve the slip-rates.

It is expected that the 7 AprilMW=5.6 event has generated
its own deformation pattern so that Fig. 5 shows the cumu-
lative deformation field of both events. Atzori et al. (2009)
through forward modelling suggest that the largeMW5.6 af-
tershock has a predicted LOS of 1.5 cm, which is within
the assumed data uncertainty. However, similar magnitude
shallow (∼10 km depth) normal faulting events (such as the
MW=5.7 1996 Konitsa event in Greece) have produced two
full deformation fringes (Nuesch et al., 1999). Therefore,
such a magnitude event can produce from 1.5 up to a max-
imum of 5–6 cm of surface displacement. As a result, the
7 April event may account from 5 up to 17% of the total
deformation observed through the DInSAR analysis. There-
fore, the deformation produced by the 7 April event has been
added up to that of the mainshock, increasing and/or produc-
ing this asymmetry in the deformation pattern. The epicen-
tre of the 7 April is much closer to the max subsidence area
than the epicentre of the mainshock. Moreover, several of the
secondary ruptures observed between the villages of Onna
and Fossa were created following the event of the 7 April.
Most of the secondary surface ruptures within the Aterno val-
ley were recorded between the villages of Onna and Fossa,
where some of the highest subsidence values>18 cm were
recorded. Moreover, the area of maximum subsidence does
not coincide with the primary surface ruptures that outcrop in
Paganica. In particular, the zone of maximum deformation is
located about 4.5 km southwest of the primary ruptures. In
addition, the fact that the maximum subsidence is located
a few km southwards from the NE dipping Bazzano fault
that bounds the southwestern part of the recent Aterno valley,
suggests that the maximum subsidence is not due to the ef-
fect of a possible antithetic structure, but possibly due to the
7 April event. Similar asymmetry of the coseismic displace-
ment field was observed in the case of Athens 1999Ms= 5.9
earthquake (Konotes et al., 2000; Foumelis et al., 2009), at-
tributed to the postseismic deformation, as expressed by the
reactivation of the secondary fault zone producing surface
deformation of more than a fringe. Overall, aseismic after-
slip on the main rupture zone, as well as poroelastic rebound
in the shallow crust have a significant contribution on the co-
seismic displacement field, especially when the examined pe-
riod covers significant part of the postseismic period/activity
(Peltzer et al., 1998, 2001; Peltzer and Crapé, 1999; Donnel-
lan et al., 2002; Liu et al., 2004).

Accelerometer recordings show that the attenuation of
PGA with distance is asymmetric with higher decay rate to-
wards the west. The PGA values are stretched to the south
east, indicating directivity effects in the rupture propagation
(Ameri et al., 2009; Akinci et al., 2009). This strong direc-
tivity effect towards the SE revealed by the accelerometers,
and the heterogeneous slip distribution (Cirella et al., 2009),

favours an inherent asymmetry of the mainshock. One way
to find out whether this SE prolongation of the deformation
field can be attributed only to the 7 April or not, would be to
extract the estimated deformation field of the 7 April event
from the cumulative field and trace whether this asymme-
try still remains or not. Unfortunately the 7 April event is
characterised by high uncertainty regarding its rupture char-
acteristics involving the ruptured area, the fault dip and the
estimated slip (e.g. Chiarabba et al., 2009; Pino and Di Luc-
cio, 2009) that such an attempt can not be performed under
the present day data. Therefore, a decisive answer can not
be provided; however it is very likely that the mainshock is
characterized by an inherent asymmetry that became more
profound by the generation of the 7 April event.

8 Conclusions

Due to the moderate magnitude, primary surface ruptures
had small displacements that did not exceed 10 cm, imply-
ing that it was difficult to distinguish between primary and
secondary ruptures. The interferogram offers a valuable in-
put in this earthquake, providing a clear view of the surficial
deformation pattern since the DInSAR predicted fault sur-
face ruptures coincide with localities where surface ruptures
have been observed in the field, confirming that the ruptures
observed near Paganica are indeed primary. These ruptures
are almost one order of magnitude lower than the ruptures
that have been produced by other surrounding faults in the
past. Surrounding faults that have not been activated dur-
ing the 2009 event have the capacity to generate significantly
stronger events.

DInSAR analysis shows that 66% (or 305 km2) of the area
deformed has been subsided whereas the remaining 34% (or
155 km2) has been uplifted. The deformed area (460 km2)
has a maximum length of 24 km NW-SE trending along the
direction of the rupture plane and a maximum width of 22 km
trending NE-SW, which is shorter in length, but much wider
compared to the aftershock distribution. The maximum sub-
sidence (25 cm) was recorded about 4.5 km away from the
primary surface ruptures, whereas in the immediate hanging-
wall (a couple of km from the surface ruptures) subsidence
did not exceeded 15 cm, showing that the maximum subsi-
dence is not recorded near the fault trace, but closer to the
hangingwall centre.

There is a footwall uplift/hangingwall subsidence ratio of
about 1/3. The value of this ratio is important for seismic
hazard assessment. It would be very interesting to monitor
how this ratio is being modified during the postseismic re-
laxation period.

An asymmetric deformation pattern has been revealed.
The 9 km shift of the observed ground subsidence maxima
from the location of the mainshock epicentre and the overall
assumetry could be attributed partly to the effect of the first
large triggered eventMw=5.6 of 7 April.
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