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Abstract

On April 6 2009, a My=6.3 earthquake occurred in the central Apennines (Italy)
damaging L’Aquila city and the surrounding country. We relocate the October 2008-April 6
2009 foreshocks and about 2000 aftershocks occurred between April 6 and April 30 2009, by
applying a double-difference technique and determine the stress field from focal mechanisms.
The events concentrate in the upper 15 km of the crust. Three main NW-SE to NNW-SSE
striking, 30°-45° and 80°-90° dipping faults activate during the seismic sequence. Among
these, a normal fault and a thrust were re-activated with dip-slip movements in response to
NE-SW extension. The structural maturity of the seismogenic fault system is lower than that
displayed by other systems in southern Apennines, because of the lower strain rate of the
central sector of the chain with respect to the southern one. Vp/Vy increases progressively
from October 2008 to the April 6 2009 mainshock occurrence along a NW-SE strike due to an
increment in pore fluid pressure along the fault planes. Pore pressure diffusion controls the
space-time evolution of aftershocks. A hydraulic diffusivity of 80 m*/s and a seismogenic
permeability of about 102 m? suggest the involvement of gas-rich (CO;) fluids within a
highly fractured medium. Suprahydrostatic, high fluid pressure (about 200 MPa at 10 km of
depth) within overpressurized traps, bounded by pre-existing structural and/or lithological
discontinuities at the lower-upper crust boundary, are required to activate the April 2009
sequence. Traps are the storage zone of CO,-rich fluids uprising from the underlying, about
20 km deep, metasomatized mantle wedge. These traps easily occur in extensional regimes
like in the axial sector of Apennines, but are difficult to form in strike-slip regimes, where
sub-vertical faults may cross the entire crust. In the Apennines, fluids may activate faults
responsible for earthquakes up to M, =5-6. Deep fluids more than tectonic stress may control

the seismotectogenesis of accretionary wedges.

1. Introduction
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On April 6 2009, a destructive (about 300 casualties), M,,=6.3 earthquake hits L’ Aquila
city and the central sector of the Apennines, Italy (Fig. 1a,b). Additional damage was
produced by the two larger aftershocks located to the south (April 7, My=5.6) and north
(April 9, M=5.4) of the epicentral area. The Neogene Apennines folds-and-thrust belt
represents the accretionary wedge of a subduction zone that includes, to the west, the
Tyrrhenian back-arc basin and, to the east, the Adriatic-Apulian foreland and foredeep (Fig.
la) [Malinverno and Ryan, 1986; Doglioni, 1991]. At present, the central sector of the chain
is affected by a NE-SW striking extension and uplift (up to 2.5-3.0 mm/yr) [Hunstad et
al.,2003]. This extension is responsible for the formation of intra-mountain basins bounded by
NW-SE striking normal faults [Patacca et al., 2008]. The seismic activity of Apennines
concentrates in the axial sector of the chain [http://emidius.mi.ingv.it/CPTI08/] (Fig. 1c)
[Ventura et al., 2007]. The geodynamic significance of such seismicity is still debated and
different, not necessarily in conflict, hypotheses have been done: (a) following Chiarabba et
al. [2005 and reference therein], the Apennines earthquakes are related to the northeastward
retreat of the Adria-lonian lithosphere; (b) according to Patacca et al. [2008], the seismic
activity is due to the gravity adjustment of the upper crust related to an increase of the
structural relief caused by an out-of-sequence propagation of active thrusts at depth; (c)
Lavecchia et al. [2003] propose that the Apennines earthquakes reflect rifting processes
associated to large-scale plume-induced lithospheric stretching in the Tyrrhenian domain; (d)
following other authors, the seismicity is due to the upward and eastward migration in the
crust of CO,-rich fluids from a partly metasomatized mantle wedge beneath the chain axis
[Ghisetti and Vezzani, 2002, Chiodini et al., 2004; Ventura et al., 2007; Frezzotti et al., 2009].
The role of fluids in northern Apennines is emphasized by a recent study by Miller et al.
[2004], which propose that aftershocks of the 1997 crustal earthquakes were driven by the
coseismic release of fluids through ruptures created by the larger events.

Here, we study the My,"=6.3 April 2009 L'Aquila seismic sequence in the central

Apennines. Previous studies [Chiarabba et al., 2009] analyze the distribution of the 712 better
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localized events and conclude that a poorly known normal fault accommodates the extension
of the area. We locate the foreshocks and about 2000 aftershocks using a double difference
method, analyze the spatial distribution of the events, determine the stress field, and study the
V,/V; variations. The collected data and results are discussed in light of the available
geological and geophysical information and allow us to put constraints on (a) the activation of
inherited faults (e.g. pre-existing thrusts), (b) the role of deep fluids in the nucleation process,

and (c) the active geodynamics in accretionary wedges.

2. Geological setting and seismotectonics

The Apennines chain resulted from the contemporaneous opening of the Tyrrhenian
Sea, the eastward migration of a compressive front, and the retreat of the lithospheric plate
dipping below the Italian peninsula (Fig. 1a) [Malinverno and Ryan, 1986; Doglioni, 1991,
1995]. Due to the eastward migration of the compressive front since the Early Miocene, back-
arc extension affected areas which were previously controlled by compressive tectonics.
Evidence of these compressive tectonics is represented by NW-SE striking thrusts, which
place the carbonate Meso-Cenozoic succession in contact with the Miocene arenaceous
flysch. The subsequent extensional tectonics has been conditioned in many cases by the
geometry of the older thrust systems, with re-activation of pre-existing structures [Galadini
and Galli, 2000]. Since the Pliocene, NW-SE striking normal faults have been responsible for
the formation of large intermountain basins in which Plio-Quaternary continental sediments
deposited. While compressive structures (over-thrusts) characterize the Apennines front,
normal faults affect the Apennines chain from Pleistocene time [Doglioni, 1995]. Data from a
NE-SW striking seismic profile located 35 km south of the 2009 L’Aquila seismic sequence
evidences nappes of Mesozoic-Triassic carbonates displaced by low-angle thrusts, that also
involve lower Pliocene terrains (Fig. 1b,c) [Ghisetti and Vezzani, 2002; Patacca et al., 2008;

Di Luzio et al., 2009]. The Upper Pliocene-Quaternary deposits and the underlying units are
4
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cut by normal faults, extending in depth to 10-15 km, with dip >45°. A Moho doubling under
the central Apennines reflects the geometry of the mantle wedge between the subducting
Adriatic lithosphere and the Apennines chain (Fig. 1c). The April 2009 L’Aquila seismic
sequence occurred in the central sector of Apennines, in an area characterized by anomalous
low compressional velocity (Vp) and low attenuation (Q) at depth larger than 20 km probably
due to a fluid-rich zone and heating from the underlying mantle wedge (Fig. 1b) [Mele et al.,
1996; Di Stefano et al., 1999]. According to Chiodini et al. [2000], the aquifers of this area
are affected by a relevant, mantle- derived CO, flux with values in the order of 10° mol km™
yr'! (Fig. 1b).

L’Aquila basin is bounded by the Gran Sasso and Mt. d’Ocre ranges, and by normal
faults delimiting intra-mountain sub-basins (Fig. 2). The main geological units of the area can
be summarized as follows. Jurassic-Miocene limestones and marls, and Miocene sandstones
represent the bedrock outcropping on the ridges and valley flanks. Quaternary deposits
include Pleistocene breccias and lacustrine deposits [Blumetti et al., 2002]. Local debris
alluvial fans occur at the foot of the valley.

On the eastern side of the Aterno river valley (Fig. 2), south-western dipping faults
occur while antithetic faults affect the western side. The active faults strike (N)NW—(S)SE,
and dip 45° to 70° [Galadini and Galli, 2000] (Fig. 2). They are characterized by normal to
normal-oblique slips and move in response to a NE-SW extension, which is acting at regional
scale [Montone et al., 2004 and reference therein]. Pre-existing, NNE-SSW and ESE-WNW
to NW-SE, low-angle (dip<45°) structures also outcrop (Fig.1b) [Pizzi and Galadini, 2009].
The structural arrangement of the L’Aquila area results from the superimposition of the
Quaternary extensional tectonics (Early Pleistocene-to date) to the Neogene compressive one
[Ghisetti and Vezzani, 1999].

The Late Quaternary surface faulting associated to earthquakes larger than M>5.5
mostly occurred on the NW-SE striking faults. It is noteworthy that one of the NW-SE normal

faults bordering the northern side of the Aterno basin, i.e. the Paganica fault, reactivated
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during the April 2009 L’Aquila sequence and surface faulting was observed for a length of
about 3 km [Emergeo Working Group, 2010].

Historical seismicity [http://emidius.mi.ingv.it/CPTIO8/] indicates that the region was
affected by destructive earthquakes (Fig. 2). The main events occurred in 1349 AD (M=6.5),
1461 (M=6.4), 1703 (M~=6.7) and 1762 (M=6.0). Tertulliani et al. [2009] observe strong
analogies in the intensity distribution and the areas of the strongest effects produced by the
historical shocks and those occurred on April 2009. Bagh et al. [2007] report that the
background seismicity of the area is characterized by earthquakes with M <3.7 and it is

locally clustered. The seismogenic volume affects the upper 15 km of the crust.

3. The seismic sequence and event location

3.1 Methods

About 20000 aftershocks were recorded by the national seismic network of the Istituto
Nazionale di Geofisica ¢ Vulcanologia (INGV) up to September 2009. We used the P and S
wave readings from the INGV bulletin and relocated the seismicity occurred within one
month from the mainshock (April 6 2009) and the foreshocks from October 2008 to April 6
2009. We used HYPOINVERSE code [Klein, 2000] to get a first located dataset, and then
applied the double-difference technique [HypoDD by Waldhauser and Ellsworth, 2000] to
better constrain the seismicity. The HypoDD method bases on a two-step process: in the first
step, the travel time differences for event pairs at common stations are derived from the
analysis of the catalogue data, then in the second step the computed differential travel time
data are used to calculate double-difference hypocentral locations. HypoDD technique
considers only events with a number of observations greater than a fixed value and they are
grouped into clusters of well-linked earthquakes (events belong to only one cluster and that
are not connected to other clusters) to insure stability of the inversion. A 1D velocity model

from Bagh et al. [2007] in the initial location as well as in the relocation procedure is used,
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with a Vp/Vs of 1.86. In this study, the minimum number of observations per event pair is 8
and the maximum hypocentral separation allowed between linked events was fixed at 10 km.
We obtain travel time differences for each event pair with a separation distance <10 km at
stations located within 60 km distance from the cluster centroid. We use P and S wave picks
equally weighted from 32 seismic stations of the INGV seismic network, and, for most of the
aftershocks, readings from temporary networks installed after the mainshock occurrence are
also included. The INGV location of the April 6 2009 mainshock is 42.35 N, 13.38 E, and
focal depth 9.46 km [http://portale.ingv.it].

We relocate more than 2000 events. Seventy-five per cent of the double-difference
locations have uncertainty <300 m in horizontal direction, and 400 m is the depth resolution

(Az); for the remaining 25%, the horizontal resolution is < 400 m, while Az is < 600 m.

3.2 Results

The obtained relocations, shown in Fig. 3, are grouped in a narrow zone both in depth
and map view. Fig. 3a shows three main clusters of seismicity. The epicenter area evidences a
roughly NW-SE aligned seismicity with focal depths mostly between 5 and 12 km (Fig. 3b
profile 3). The northernmost cluster, which includes the M=5.4 aftershock of April 9, is NW-
SE oriented. South of the April 6 mainshock, a dense area of seismicity, including the M,,=5.6
aftershock of April 7 is roughly NNW-SSE oriented. The focal depths are generally deeper
than 6 km (Fig. 3b profile 4). It is noteworthy that the three recognized clusters are spatially
well localized, and rare seismicity characterizes the inter-cluster areas. Foreshocks
concentrate immediately south of the April 6 mainshock and their focal depth extend from 4
to 12 km (Fig. 3b).

The cross-sections 1, 2 and 3 in Fig. 3b are NE-SW oriented, while section 4 strikes
WSW-ESE. In the profile 1, which has a width of 10 km, the seismicity depicts three sub-

vertical clusters with depths reaching 12 km with the stronger aftershock at 11 km. The
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westernmost cluster includes the events belonging to the north-western tip of the April 6
mainshock area, whereas the other two clusters include events associated to the April 9
My=5.4 aftershock. Sparse earthquakes with depth between 12 and 18 km also occur.

The cross-section 2 (Fig. 3b) has a width of 6 km. Two dense sub-vertical clusters are
identified: the westernmost one includes most of the April 6 aftershocks with depths roughly
between 7 and 11 km, whereas the easternmost one is slightly shallower. Between the two
clusters, earthquake distribution reveals two planes dipping about 45° and 30° towards SW.

The earthquakes on the cross-section 3 (width 10 km) in Fig. 3b depict a 45°, southwest
dipping plane between 11 and 7 km of depth. The prolongation of this plane, which includes
the April 6 mainshock, to the surface intercepts the trace of the Paganica fault, where
alignment of continuous surface breaks is observed [Emergeo Working Group, 2010]. From 7
to 5 km of depth, the dip of the above described plane decreases to about 20°-30°. Finally, a
minor group of few events is depicted at about 10 km of depth, 5 km away from the
mainshock. The April 6 foreshocks (Fig. 3b) are between 9 and 11 km of depth, with few
shallower events describing a vertical cluster and other few events located northeastward of
the April 6 mainshock at about 7 km of depth.

The section 4 in Fig. 3b has a width of 4 km, and it is centered on the April 7 M,,=5.6
aftershock. The seismicity concentrates between 7 and 12 km in depth, with the April 7
aftershock at 14 km. As evidenced in the profile 4 (Fig. 3b), the seismicity depicts a dense
cloud of events without preferred alignments.

As a consequence, the rupture plane associated to the April 7 event could be either the
approximately EW oriented fault plane or the N-NW oriented plane (see focal mechanism in
Fig.3a). A recent study by Pino and Di Luccio [2009] reveals, however, that the preferred
rupture plane is the N-NW oriented, which is also consistent with the epicentral distribution

of aftershocks (Fig. 3a).

4. Stressfield
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Focal mechanisms of the larger foreshocks and aftershocks of the April 2009 sequence
(My>3), available on line at http://eqinfo.eas.slu.edu/Earthquake Center/MECH.IT/, were
analyzed. The focal solution of the aftershocks are consistent with normal slips (Fig. 3a). The
solutions of the foreshocks indicate normal and oblique slips. Nodal planes of 35 focal
mechanisms show a clear NW-SE preferred strike along planes dipping 45° toward SE (Fig.
4a,b). A minor N-S strike is also present. The preferred strike is consistent with the elongation
of the April 6 2009 aftershock zone (Fig. 3a). The N-S strike is roughly compatible with the
elongation of the aftershocks associated to the My=5.6 April 7 event. We use 35 focal
mechanisms of significant earthquakes to compute the stress field, by applying the method
developed by Michael [1987]. Results are reported in Fig. 4c and indicate a normal stress

field characterized by a sub-horizontal, NE-SW striking minimum compressive stress ¢3. This

stress configuration is consistent with that acting in the central Apennines [Montone et
al.,2004; Bagh et al., 2007].
5. Vp/Vs

Foreshocks of the April 6 mainshock started mainly from October 2008 and

concentrated at about 9-11 km of depth (Fig. 3b). The cumulative number of events as a
function of time prior to the mainshock clearly shows a significant increase in the total

number of recorded earthquakes (Fig. 5). Three main trends of seismicity rate defined by

227 jumps in the cumulative number of events are evident. We estimated Vp/Vg from the

228

229

230

231

232

foreshocks by applying the modified Wadati method [Wadati, 1933] to each of the identified
three trends with constant seismic rate. The starting dataset including P and S phases with
weight ranging between 0 and 4 was restricted to a subset of clear, sharp onsets most of which
having 0 weight. Taking into account the real uncertainty on DTp and DTs, the obtained

Vp/Vs was fitted using a linear least-square regression with a correlation coefficient varying
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between 0.92 and 0.98 for the time periods in Fig. 5 and between 0.78 and 0.94 for the AQU-
FIAM and AQU-FAGN paths in Fig. 6. The lowest value of 0.78 was obtained for the period
March 2009-April 6 2009 relative to the AQU-FAGN path (Fig. 6), whose data are more
sparsely distributed with respect to the other path and/or time periods. We selected the arrival
times from the nearest stations distributed around the epicentral area. The Wadati plot (Fig. 5)
referring to the October 2008-January 2009 period shows a Vp/Vg= 1.8340.01. In the period
January 2009-March 2009, Vp/Vs is 1.84+0.01. This last value slightly increases to 1.86+0.01
in the time interval March 31-April 6, 2009. From the mainshock occurrence to April 30,
Vp/Vg reaches a value of 1.95+0.01 (Fig. 5). In conclusion, Vp/Vg gently increases from
October 2008 to April 6 2009, and abruptly changes from the mainshock (April 6, 01:32) to
April 30 (Fig. 5).

In order to study the Vp/Vg changes along different strikes, we selected data relative to
two different structural paths (Fig. 6): a) a NW-SE orientation, which coincides with the
preferred strike of the Aterno faults and aftershock alignment (AQU-FAGN); b) a NE-SW
orientation (AQU-FIAM) roughly transversal to the previous one. There is a large increase of
Vp/Vs estimated along the path AQU- FAGN from the January 2009-March 2009 period to
the following March-April 6 2009 (Fig. 6). In particular, Vp/Vy increases from 1.87+0.01 to
1.9740.02 for the AQU-FAGN path. On the contrary, Vp/Vs on the AQU-FIAM path is nearly

constant with values of 1.77-1.78.

6. Discussion

6.1 The activated faults and kinematics

The distribution of the April 2009 L’Aquila seismic sequence (Fig. 3) indicates that

earthquakes occurred along three main structures:
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A) a 15 km long, NW-SE striking, about 50° SW-dipping structure (April 6 mainshock
and aftershocks) from which a 30° SW dipping structure departs at about 7-8 km of depth
(sections 2 and 3 in Fig. 3b). The seismicity mainly occurs at the boundary between an
upthrusted block of the metamorphic basement and the overlying nappes and folds of the
chain, in an area where the uprising of the mantle wedge occurs (section 3 in Fig. 3b)
[Ghisetti and Vezzani, 2002]. The location of the aftershocks overlaps the Paganica fault trace
(Pf in Fig. 3b), as also found in other studies [Chiarabba et al., 2009]. The surface ruptures
associated to the April 6 mainshock along the Paganica fault [Emergeo Working Group, 2010]
strongly supports this interpretation. Our data show, however, that the Gran Sasso thrust was
likely reactivated (GSt in Fig. 3b). The rake distribution from the focal mechanisms (Fig. 4)
indicates prevailing normal slips along NW-SE striking, with 30° to 50° SW dipping rupture
planes. Therefore, both the Gran Sasso thrust, whose activity dates back to pre-Pliocene
times, and the Quaternary Paganica fault were reactivated as normal faults during the April
2009 sequence. The foreshock distribution indicates that the early stage of the rupture process
occurred on the Paganica fault, and in particular, on its hanging wall. This observation well
agrees with numerical models on the early stages of coseismic fault activation [Zhang and
Sanderson, 1996a]. Such models show that, within a pre-fractured medium crossed by a
normal fault, the rupture affects both the fault zone and the hanging wall. As the April 2009
sequence evolves in time, aftershocks concentrate in the fault zone and in its footwall.

B) a 20 km long, NNW-SSE striking, 4-5 km wide rupture zone, confined between 6
and 12 km of depth, is evidenced by the April 7 2009 (My~= 5.6) larger aftershock and
associated seismicity (Fig. 3a and section 4 in Fig. 3b). On the surface, faults possibly related
to this rupture are lacking.

A gap in seismicity exists between the April 7 (M,,=5.6) nucleation, which occurred at
~14 km of depth, and the related cluster (section 4 in Fig. 3b). This gap could be due to an
aseismic shearing zone. Aseismic shearing may occur in the middle-lower continental crust,

where it is generally associated to fluid trapped by impermeable layers [Goto et al., 2005]. In
11
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the L’Aquila area (Fig. 1b), evidence of pressurized, mantle-derived fluids is given by the
high CO, release (1-5 10° mol km™yr") [Chiodini et al., 2000], while the impermeable layer
could be represented by the Permo-Triassic evaporites, occurring between the metamorphic
basement of the chain and the overlying nappes, at depth between 12 and 16 km [Patacca et
al., 2008]. As a preliminary hypothesis, we suggest that aseismic shearing occurred in the
seismic gap area between the April 7 (M,=5.6) event and the overlying aftershock volume.

C) Two subvertical, 15-20 km long NW-SE striking structures extending between 3-4
km and about 12 km of depth are depicted by the April 9 2009 (M= 5.4) event and its
aftershocks (section 1 in Fig. 3b). Evidence of surface faulting for these structures is lacking
[Atzori et al., 2009; Emergeo Working Group, 2010].

The low number of seismic events among the seismogenic structures A, B, and C,
whose activity was continuous from April 6 to the end of April 2009, indicates the lack of
mature transfer zones among the main NW-SE to NNW-SSE striking ruptures. According to
structural models of normal fault networks [Peacock, 2002], this feature suggests an early
stage of formation for the L’Aquila seismogenetic fault network. On the basis of above data
and observations, we propose that the L’Aquila sector of the Apennines is at a less mature
stage with respect to the southern sector of the chain, where, instead, seismicity on transfer
structures among the main NW-SE faults was recognized [Milano et al., 2002]. The lower
structural maturity of the central Apennines could be due to a relative lower extension rate of
the central sector of the chain, which is roughly about 3 mm/yr , whereas values up to 5
mm/yr characterize the southern Apennines [Hunstad et al., 2003].

The focal mechanisms of the L’ Aquila events with M> 5 (Fig. 3), as well as the results
of the stress field analysis (Fig. 4b) show that the recognized A, B and C seismogenetic
structures moved in response to a NE-SW extension, which is that acting at regional scale, as
previously reported [Montone et al., 2004]. Therefore, the fault kinematics and the stress field
of the L’Aquila sequence are consistent with the present-day tectonic configuration of the

Apennines [Chiarabba et al., 2005; Mantovani et al., 2009]. Patacca et al. [2008] suggest
12
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that the NE-SW extension and Apennines seismicity are related to the gravity adjustment of
the upper crust due to an out-of-sequence propagation of the active thrusts, i.e. compression,
at depth. The focal mechanisms of the L’Aquila 2009 events do not evidence active thrusting
(compression), showing normal and minor oblique slip solutions (Fig. 4). On the basis of our
results, we exclude the hypothesis by Patacca et al. [2008] on the occurrence of active

compression within the axial sector of central Apennines.

6.2 Evidence of fluids and preferred fluid path

Some authors [Ghisetti and Vezzani, 2002, Chiodini et al., 2004; Ventura et al., 2007]
suggest that the seismotectogenesis of the Apennines is related to the uprising of mantle
derived fluids. In addition, Miller et al. [2004] propose that the aftershocks of the Umbria-
Marche 1997 sequence in northern Apennines were related to the release of overpressurized
CO,. At L’Aquila, the presence of fluids was evidenced by a drop in the intensity of the radio
signal between March 31 and April 1 2009 [Biagi et al., 2009]. Such drop was not related to
transmission errors, but was produced by electromagnetic particles and gas emissions in the
area of preparation of the April 6 mainshock [Biagi et al., 2009].

The Vp/Vs value estimated for the foreshocks and aftershocks of the L’Aquila 2009
sequence is between 1.83 and 1.95 and increases from October 2008 to April 2009 (Fig. 5).
Vp/Vs =1.83 was also found in previous studies on central Apennines [Bagh et al., 2007],
whereas Vp/Vs=1.95 is anomalously high, and it is consistent with values estimated in fluid-
rich zones [Zhao and Negishi, 1998; Husen and Kissling, 2001]. In particular, a Vp/Vs value
of 1.9 was found in northern Apennines and was interpreted to reflect the presence of
pressurized fluids in the crust [Moretti et al., 2009]. We conclude that fluids were present
within the seismogenic volume of the L’ Aquila 2009 sequence.

Laboratory and borehole experiments proved Vp/Vs to increase with the concentration

of fluid saturated cracks [Moos and Zoback, 1983], and several studies show anomalous
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changes in Vp/Vs during earthquakes [Nadeau et al., 1994; Chen et al., 2001]. An increase in
Vp/Vs may evidence the presence of fluids in the seismogenic faults [Eberhart-Phillips and
Michael, 1993, Zhao et al., 1996]. Therefore, the raise in seismicity rate and Vp/Vg during the
L’Aquila 2009 sequence (Fig. 5) could be due to an increase of cracking associated to fluid
migration. The occurrence of structurally controlled, i.e. NW-SE to NNW-SSE striking,
subvertical clouds of events (sections 1, 3 and 4 in Fig. 3b) is also compatible with a
migration of fluids, being these vertical clouds typical of fluid-induced seismicity [Shapiro et
al., 1997; 2003], as also recognized in sequences in the northern Apennines associated to fluid
movements [Calderoni et al., 2009].

Data reported in Fig. 6 show a significant increase of Vp/Vs (from 1.87 to 1.97) along
the AQU-FAGN path, which is parallel to the NW-SE striking Paganica fault. Therefore, the
seismogenic volume is characterized by a time-and space-dependent anisotropy, which can
reflect the preferred migration of fluids along the strike of the rupture zone. This
interpretation well agrees with numerical models [Zhang and Sanderson, 1996b] and field
observations on the migration of fluids in active faults [Sibson, 2000, and reference therein].
Such models predict that the permeability of faults increases along the direction of the
maximum horizontal stress oy and fluid flow is allowed along this direction. In an extensional
regime, op=0; and fluids preferably migrate along planes containing o,. In the L’Aquila case,
o, is parallel to the preferred NW-SE fault strike (Fig. 4). In conclusion, the increase of Vp/Vsg
along the AQU-FAGN path (Fig. 6) results from the passage of fluids along the NW-SE fault
strike possibly allowed by the higher permeability of the faulted rocks. This interpretation is
consistent with results from previous studies, which show that lateral variations of Vp/Vyg are
sensitive to the faulting property [Eberhart-Phillips and Michael, 1998; Graeber and Asch,
1999; Gentile et al., 2000]. As concerns the role of fluids in activating pre-existing structures,
we remark that while static stress interaction explains failure between collinear segments of
strike-slip faults or collateral segments of normal faults, it does not hold for the activation of

collinear normal faults [Nostro et al., 1997]. According to Noir et al., [1997] and Sibson
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[2000], the interaction and activation in short times (few hours) of collinear normal faults like
those activated during the L’Aquila sequence may arise from the propagation of a fluid

pressure wave through an anisotropic fractured rock-mass.

6.3 Pore pressure diffusion and permeability

Shapiro et al. [1997, 2003] propose that the triggering of seismicity and the consequent
spatio-temporal evolution can be analyzed in terms of pore-pressure relaxation in media with
(an)isotropic hydraulic diffusivity. In a plot distance of the pressure front from the triggering
front versus time, a parabolic-like envelope of cloud of events is recognized when a diffusion-
like process operates. In a poroelastic medium, the extension of the rupture zone can be

approximated, by the theoretical curve r=(4nDt)1/ 2

, where the distance » of the pressure front
from the fluid source (triggering front) is as a function of the diffusivity D and time ¢ [Shapiro
et al., 1997]. We analyzed a) the foreshock distribution from March 30 2009 to April 6 2009
before the mainshock because of a marked increase in the cumulative number of events (Fig.
5), and b) the aftershocks from the mainshock to April 30 2009. Both the foreshocks and the
aftershocks used in this analysis are the relocated events described in section 3. In a distance-
versus-time (r-7) diagram, we identify a triggering front with a diffusivity of 4.5 m%/s for the
foreshocks (Fig. 7a), whereas the aftershocks give a diffusivity of 80 m%/s (Fig. 7b). We used

a linearized inversion procedure to fit the equation r=(47th)1/2

to hypocenter data following
Saccorotti et al. [2002]. In particular our procedure for fitting the above equation is to select
the farthest earthquakes that occurred in consecutive, not overlapping times. We remark that,
while a clear diffusion-like seismicity is depicted by the aftershocks, the low number of
foreshocks does not allow us to unequivocally identify a fluid-controlled seismicity. In any

case, the determined D values are within those reported in literature [e.g. Roeloffs, 1996;

Talwani et al., 2007] with D=80 m%/s representing an upper limit [Roeloffs, 1996]. This latter,
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large value of D implies a high permeability & of the crustal rocks, being D proportional to k&
[e.g. Talwani et al., 2007] through the relation:
k=Dn®p 6]

where n®f are the fluid viscosity, the porosity of the rock and the compressibility of fluid,
respectively. In the case of water, 7 =107 Pa s, f=3-10" Pa’'. @ is set to 0.07 [Iscan et al.,
2006]. In presence of CO», the product 75 does not change because CO, at source depth is in a
supercritical state, and it is ten times more compressible than water and ten time less viscous
[Miller et al., 2004]. Using the above selected parameters and equation 1, we obtain k&=5.6-10
"2 m?, which has the significance of an order of magnitude estimate and refers to a dynamic,
seismogenic permeability [Talwani et al., 2007]. This value is two order of magnitude larger
than that measured in fault gauges relative to faults outcropping in the Abruzzo area (k<10™*
m®) [Agosta et al., 2007]. Besides, the estimated value of permeability is consistent with the
gas permeability values measured in carbonatic rocks (k up to 107" mz) [Lucia et al., 1999]
and in laboratory experiments on limestones under stress conditions (k up to 1.3 10" m?)

[Iscan et al., 2006].

6.4 Fluid pressure, stress regime and comparison with other fluid-rich structural settings

The above summarized results indicate that fluid pressure played an important role in
the April 2009 seismicity. In order to determine the fluid pressure necessary to activate the A,
B, and C L’Aquila structures (section 6.1), we calculate the stress difference 6;-03 required to
fracture the rock along a plane with ideal orientation and compare this value with that
required for slip along different pre-existing planes of weakness of variable orientation,
following the approach of Yin and Ranalli [1992] as implemented in the ReActiva software
[Alaniz-Alvares and Tolson, 2000]. The input data include the stress ratio @ the rock cohesion
¢, the coefficient of internal friction x, and the pore fluid factor A=P;/(pgz), with P,=fluid

pressure, p=rock density, g= gravity, and z=depth. In a normal stress regime, pgz=c;. For the
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April 2009 L’Aquila sequence, we adopt a normal stress regime with a NE-SW striking o3
(Fig. 4b), and set: @=0.65 (see Fig. 4), ¢=0 assuming that the ruptures occur along pre-
existing planes of weakness (for the intact rock, c=10 MPa), u=0.6 [Sibson, 2000], p=2650
kg/m3 and z=10 km (Fig. 3). Results are shown in Fig. 8, where the contour plot (gray areas)
of the poles to planes is reported at different 4 as a function of the ratio 7 between the shear
and normal stress [Morris et al., 1996]. In this plot, 7/Ts gives the slip tendency of each plane
being 7's the maximum calculated 7. The poles to the inferred activated structures A (NW-SE
strike; dip 45°, Paganica fault and 30°, SW dipping, re-activated Gran Sasso thrust), B (NW-
SE strike, dip 80°-90°) and C (NNW-SSE strike, dip 80°-90°) are also reported. Results show
that for 1=0.4, none of the A, B and C poles falls in the field of the slipping faults. For 1 =0.6,
the NW-SE and NNW-SSE striking structures with dip >45° fall in the contour plot with 7/7’s
>0.8, whereas the structure with dip=30° is in the field with 7/7s_<0.1%. For 4=0.8, all the
inferred rupture planes fall in the area with 7/7Ts >0.8%. These results suggest a
suprahydrostatic fluid pressure. We conclude that A values between 0.6 and 0.8 are necessary
to explain the (re)activation of the April 2009 L’Aquila structures. Taking into account the
relation between 4 and Pj, we estimate a P, between 155 and 207 MPa at 10 km depth. The
largest P, value is consistent with that calculated to activate thrusts in the outer sector of
Apennines (Py=215 MPa at 10 km depth from Calderoni et al., 2009), where a compressive
stress regime exists. We propose that, despite the different stress regime and fluid sources, i.e.
methane and petroleum in the outer sector [Calderoni et al., 2009] and mantle-derived CO; in
the axial sector [Chiodini et al., 2004], the fluid pressure below these two sectors of
Apennines chain is nearly constant. This implies the existence of overpressurized reservoirs in
which, after an earthquake, P, possibly decreases due to the upward migration of fluids along
the activated fault(s). The fluid involvement in fault systems characterized by a normal stress
regime like that recognized in the L’ Aquila region may differ from that in strike-slip regimes,

e.g. the Bohai Bay Basin system (China). Here, mantle-derived fluids migrate along
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subvertical faults that cross the basement, and, in particular, at the intersection of faults,

where fluid pressure is low because of the continuous gas release [Zhang et al., 2008].

6.5 Geodynamic implications

The April 2009 L’Aquila seismicity evidences suprahydrostatic overpressures
approaching lithostatic values in a structurally controlled intra-mountain basin (Figs. 2 and 8).
As noticed by Sibson [2000], the sustainability of large fluid pressures in extensional regimes
is a still debated question, however, our data show that, in central Apennines, relatively large
fluid pressures are required to activate faults that may produce M,=5-6 earthquakes.
According to the available geochemical [Chiodini et al., 2004; Frezzotti et al., 2009] and
geodynamic [Ghisetti and Vezzani, 2002; Ventura et al., 2007] models of the Apennines, the
source of fluids may be the metasomatized mantle wedge, which releases carbon dioxide in
the overlying continental crust. Our data suggest that pressurized fluid traps within the crust
may be confined by structural (pre-existing thrusts and folds within the carbonates) and/or
lithological (impermeable layers like the Permo-Triassic evaporites) discontinuities. This
geodynamic picture may explain why the seismicity of the Apennines concentrates in the
upper plate and not in the downgoing plate or in both the downgoing and overriding plates, as

observed in the majority of subduction settings [Stern, 2002].

7. Conclusions

The results of this study may be summarized in the following main points:

(a) The April 2009 L’Aquila seismic activity developed along three main, quasi-collinear
structures striking NW-SE to NNW-SSE that moved in response to a NE-SW
extension. One of these structures corresponds to an outcropping normal fault
(Paganica). A portion of the Gran Sasso thrust, at the junction with the fault responsible

of the earthquake, was also reactivated with a normal mechanism. The structural
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maturity of this system of structures is lower than that displayed by similar systems in

southern Apennines, which are affected by a larger strain rate.

(b) Vp/Vg increases progressively from October 2008 to the April 6 2009 mainshock along

a NW-SE preferred strike This increase is related to an increment of pore fluid
pressure. The Vp/Vy spatial anisotropy is related to the movement of fluids along fault

planes.

(c) Pore pressure diffusion is the main mechanism controlling the space-time distribution

of aftershocks. An increase of fluid pressure due to the upward migration of fluids
induced an increase of pressure in the connected pore space, which includes pores and
cracks. By increasing the pore pressure the effective normal stress and cohesion
decrease. This leads to sliding along pre-existing subcritical cracks and to the initiation
of the rupture. Hydraulic diffusivity is about 80 m?/s, which represents an upper bound
for the diffusivity of crustal rocks and which probably reflects the involvement of gas
(CO,) from deep source. The seismogenic permeability is in the order of 107 m?.
Suprahydrostatic pressure conditions were required to activate the L’Aquila seismic

sequence with P, values up to about 200 MPa at 10 km of depth.

(d) Overpressurized traps along pre-existing structural and/or lithological discontinuities at

the lower-upper crust boundary are required to explain the calculated P Such traps
may represent the storage zone of COj-rich fluids uprising from the underlying,
metasomatizied mantle wedge. These traps, which are easy to form in an extensional
regimes like that acting in the L’Aquila area, are difficult to develop in strike-slip

regimes, where sub-vertical faults may cross the entire crust.

(e) In the L’Aquila zone of central Apennines, fluids may activate faults producing

earthquakes up to M,=5-6. The April 2009 L’Aquila sequence occurred on the axial
zone of the chain, i.e. in the overriding plate of the Apennines subduction system, and

not in the downgoing plate, as, on the contrary, usually recognized in subduction zones.
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Such features suggest that deep fluids more than tectonic stress control the

seismotectogenesis of accretionary wedges.
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Figure captions

Figure 1. a. Structural scheme of Italy and seismicity distribution (red dots) from 1981 to
2002 [Castello et al., 2005]. b. Geological sketch map of the Abruzzi region [modified from
Satolli and Calamita, 2008]. CO, gas fluxes are from Chiodini et al. [2000]. The low Vp zone
at depth > 20 km is from Di Stefano et al. [1999]. c. Crustal profile from CROP 11 data

[modified from Ghisetti and Vezzani, 2002].

Figure 2. Structural map of the L’Aquila area with evidenced Quaternary faults [modified
from Emergeo Working Group 2010]. The historical earthquakes are from

http://emidius.mi.ingv.it/CPTIOS/.

Figure 3. a. Time and epicentral distribution of the April 2009 L’Aquila seismic sequence
and its foreshocks. Stars indicate the foreshocks occurred from October 1 2008 to April 6
2009 (01h20m). Focal mechanisms of the events with My, greater than 5 (black beach balls)
and of the foreshocks (gray beach balls) are from
http://eqinfo.eas.slu.edu/Earthquake Center/MECH.IT/. Faults are from Fig. 2. b. Cross-
sections of the seismicity depicted in Fig. 3a, with black dots indicating the aftershocks and
the red stars indicating the foreshocks. The yellow circle and star, and the green diamond
correspond to the events marked in Fig. 3a. Quaternary faults (red segments, dashed when the
dip is inferred) are from Fig. 3a, while the trace of the Gran Sasso thrust (blue segments in
profiles 2 and 3) is from Satolli and Calamita [2008]. In the profile 3, the crustal layers are

from Fig. 1c.

Figure 4. Strike, dip and rake distribution of focal mechanism nodal planes (data from
http://eqinfo.eas.slu.edu/Earthquake Center/MECH.IT/). B. Density distribution of poles to

nodal planes. C. Results of the stress field analysis [Michael, 1987] on 35 focal mechanisms
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of earthquakes with My >3 occurred in April 2009. The parameter ¢=(c,-03)/(c1-03) , with the

principal stress axes 61>6,>03.

Figure 5. Time versus cumulative number of earthquakes for the period October 2008-April
2009, including the mainshock of April 6 2009 (yellow star). Vp/Vs calculated for the
different time intervals marked by jumps in the cumulative number of events are reported
with different colors. Vp/Vs values were determined using the stations closest to the April 6
mainshock location. The linear best fit is reported as continuous line, the dashed line is the

95% prediction limit,

Figure 6. Vp/Vs values calculated for two different time intervals along the AQU-FIAM and
AQU-FAGN paths, which are shown in the top panel along with faults (red segments) from

Fig. 2.

Figure 7. (a) r—t plot for the March 30 2009- foreshock relocated events. (b) »—¢ plot for the
April 6 2009-April 30 2009 aftershocks relocated events. The spatio-temporal seismicity
pattern shows vertically clustered events interrupted by time intervals of seismic quiescence
or lowering in the seismic rate. The minimum My is 1.0. In both (a) and (b) the symbols are

scaled with magnitude M.

Figure 8. Results of the fault slip analysis. Areas with 0<7<Ts (Ts =1) are the theoretically

predicted patterns of poles to reactivated fault planes for different values of o). Poles to the

L’Aquila 2009 reactivated structures A, B, and C are also reported as dots.

29



(@)

Depth (km)

44

42

Tyrrhenian Sea.
back-arc basin -
40 .

38

7 8 10 12 14 16 °E

Adriatic Sea
43°N

[ ]
Chieti

Pliocene-Quaternary
piggy-back/foredeep deposits

foredeep deposits

Triassic-Pliocene
carbonatic platform, pelagic basins

[ ]
l:‘ Messinian-Lower Pliocene
[ ]

- Triassic-Miocene

pelagic basin and slope deposits

\ Normal fault
kY ]
). Thrust

‘" Low Vp zone at depth >20 km (Vp < 6 km/s)

-
-

% Deep CO, gas flux =1-5 x 10° mol km? yr'

Same”
-,
”

 Deep CO, gas flux =5 x 10° - 1x 10" mol km? yr’

TS

o
’

13°E

o

—_
o

_ Mantle

1 Nappes and folds

of Apennines units

Upper crust (metamorphic
basement)

Lower crust



4680000 4688000 4696000 4704000 4712000

4672000

3 ' 4

>

T Ll
4 .4 X .Qﬂ

M M
5-6 6.1-7

Main normal
active fault

W ¥ s

= Al T e - 4
348000.00{]{]00 00.000000 388000.053000 396000'“”0000




Depth (km)

Deptn (km)

*

*

090409 00:52

#* October 2008 -
April 06 2009
foreshocks

O April 06 2009
o April 07 2009

@ April 08 2009

® April 09 2009

@ April 10- April 30 2009

Gr
aﬁsasso
....... Lt
42°30" )
13°30'
0 L IK . 4 I‘// . . ]
sw /.. / N sW
10 o, S < o
N45 ° 1 N45 % ‘ 2
20 — T —T T T 20
0 L ] L ] L ] L ] 0
sw /) / w oL
7 Nappes and folds T 3 B
of Apennines units
10 | Metamorphic . o B 10
basement
7 Lower crust 1 i
N45 . MOMC.. . N80 4
oo MM ——— 20
-20 -10 0 10 20 -20 -10 0 10 20

Distance (km)

Distance (km)



a Strike (deg)
10
90 T T T T T T T T T T T T T T 1 180 Dextral
. —
) ®
4 120
® Reverse
[
~_ [ ] - 60
b4 - - ® ® |
z oo ® a 2
= e .8 ® o Sinistral 2
o o =
s [ ) )
L] N —
) -a o
) i )
s % ﬁ =
sa%® s = Normal
° i
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 '180 DeXtra|
40 80 120 160 200 240 280 320 360 0 16

N

Contour 2, 4, 8, 16%
Max= 32.76%

Poles to nodal plane

Strike (deg)

Cc

Variance: 0.026
$=0.67

O ol 260°/81°
A 62 137°/5°
O 63 47°/7°



Cumulative Number

Cumulative Number

4000
- m -
3500 §
3000— o -
ap]
2500 = -
<
20001 % -
15001 N u
o
10001 = g
<
5001 h
I 1 T T T
o] N D J F M A M
2008 | 2009 l
500 A
March 2009- i
400 - April 6 2009 |
3007 January 2009- i
March 2009 E
200 A L
100
October 2008-
January 2009 [
(@] N D J E M A M
Time
12
/ |
. A
3: i
@ ] v
v 6
= /s
4 7 /
i
T e October 2008-
oy A January 2009
o 1 2 3 4 5 8

DTp(s)

—_—

DTs(s

Vp\Vs =1.95+0.01

7
v
6 //
5
-
.
&
3
2' e 4
1 April 6 2009-
4 April 30 2009
R R N TR
DTp(s)
\/p\VS =1.86+0.01
55
7
504 &
45-
404
13
1 /  March 2009-
e April 6 2009
12 14 16 18 20 22 24 26 28 30
DTp(s)
Vp\Vs =1.84+0.01
559 v/
5.0:
454
4.0:
35
304
s January 2009-
aldd _____ _Wareiews
12 14 16 18 20 22 24 26 28 30 32

DTp(s)



42.50

AQU-FIAM AQU-FAGN
Vp\Vs =1.78+0.01 Vp\Vs =1.97+0.02
544 ./ - 444
5.2-_ -t / 42 /|
= 50; o
7 o
= 484 l_ 384
o
45 o
i 364
4.4-. o y
o i : March 2009- wl 7 arch 2009-
wy April 6 2009 Y, /  April 6 2009
23 24 25 26 27 28 29 30 e 14 16 18 20 22
DTp(s) DTp(s)
Vp\Vs =1.77£0.01 Vp\Vs =1.871+0.01
54 7 /
i /
/ | n
50- 50
- )
el w
W 48
E E 45
46+
40 7 / ™
78 4 January 2009- 4 S, January 2009-
i I 'M_a"fh ?00? _ i March 2009
24 25 26 &f 28 2 18 20 22 24 26 28 30 32

- DTp(s) DTp(s)



March-April 6, 2009
Q M,=4.1 Il e,
o M=1.0
6 A
2
— Af 6 ((_\___.--—""
E 7] O D; ‘:___—"'_"
~— @‘___.—
- 4 O 4”¢ "“'
,¢"" - o O o O
o
0 ©

0 200 400 600

50 —

Omz=sg | APril 6-April 30,2009 -

o | ° M=10

r (km)

2500




c2

2=0 4

Structures activated during L’Aquila April 2009 sequence
0 A (Paganica fault and Gran Sasso thrust)
eB oC

2=0 6 2=0 &




	Article File
	Figure 1
	Figure 2
	Figure  3
	Figure  4
	Figure 5
	Figure 6
	Figure  7
	Figure  8

