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INTRODUCTION

SUMMARY

We investigate temporal and spatial variations of the spectral decay parameter kappa (x)
before and after the 6 April 2009, I’ Aquila earthquake (M, 6.1), in Central Italy. We analysed
foreshocks 10 days before and aftershocks occurring 10 days and 6 months after this main
event. We select earthquakes with magnitudes M,, > 3.2 registered by the seismic network of
Central Italy within a radius of 20 km from the epicentre of the I Aquila main shock and having
hypocentre distances of less than 170 km. We separate near-source, along-path and near-site
contributions of « for each group of events and we detected temporal variations of this S-wave
attenuation parameter. We find that 10 days before the main shock « along the path has the
lowest values, probably due to high tectonic stress accumulated, in agreement with previous
investigations performed with other techniques, then « increases during the main event and
remains constant during the first 10 days of aftershocks. The aftershocks that occurred 6 months
after show an increase in the regional attenuation probably due to the tectonic stress released
during the main shock and the earlier aftershocks. From the spatial point of view, 10 days before
the principal event the foreshocks located to the south show an increase in the near-source
attenuation towards the northeast, in the direction of the main shock. These spatial variations
of k¥ may be related to the presence of crustal fluids near the rupture area, as evidenced by other
previous studies. The first 10 days of aftershocks that concentrate around the main earthquake
have high near-source «, and those located north of the main rupture have lower values. These
observations are consistent with previous investigations that show variations of elastic and
anisotropic crustal properties during the I’ Aquila earthquake sequence due to dilatancy and
fluid diffusion processes within the nucleation zone. We conclude that temporal variations of
the spectral decay parameter k provide important clues for the earthquake cycle in Central
Italy.

Key words: Body waves; Earthquake source observations; Seismic attenuation.

fault located east of L’Aquila, was the most likely structure re-
sponsible for the main event. The 20-km-long rupture (Chiarabba

On 6 April 2009, an earthquake magnitude M,, 6.1 (INGV-CNT
Seismic Bulletin and Herrmann ef al. 2011) occurred near the city
of U Aquila, Central Italy, destroying and damaging thousands of
buildings, causing 300 deaths and about 1000 injuries (Walters
et al. 2009; Calderoni et al. 2015). Geological and geophysical in-
vestigations (Falcucci et al. 2009; Chioccarelli & Iervolino 2010;
Chiaraluce et al. 2011; Tinti ez al. 2014) have found that the Paga-
nica fault, a NW-SE-striking and SW-dipping Quaternary normal

et al. 2009), propagated up dip, unilaterally along the strike of the
Paga-nica fault, towards the southeast (Chioccarelli & Iervolino
2010; Ameri ef al. 2012; Gallovi¢ & Zahradnik 2012; Tinti et al.
2014). Before the main shock of April 2009, Borghi et al. (2016)
identified a slow-slip earthquake (M,, 5.9), that occurred on 12
February 2009, from a rigorous analysis of continuous GPS data.
The slow-slip event lasted approximately 2 weeks and triggered
a sequence of foreshocks generated by the faults of the region
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(Lucente et al. 2010; Chiaraluce et al. 2011; Valoroso et al. 2013).
More recently, Cabrera et al. (2022) analysed spatial-temporal pat-
terns of foreshocks, based on physical parameters such as seismic
moment release, stress drop and others and identified two fore-
shock sequences. They observed that the first one is characterized
by weak earthquake interactions, low stress drops and aseismic
processes. During the second part of the sequence, the foreshocks
exhibit faster seismic expansion and a stress transfer process. Other
studies indicate that this earthquake sequence was likely connected
to overpressurized pore fluid around the fault before failure, leading
various authors to infer a strong role of fluids in the earthquake nu-
cleation (Di Luccio et al. 2010; Lucente et al. 2010; Terakawa et al.
2010). Moreover, in the following months the region was hit by
many aftershocks (Chiarabba et al. 2009; Valoroso et al. 2013) that
spread along a 40-km-long fault system (Malagnini et al. 2012).
In a recent investigation based on a more complete catalogue of
foreshocks and aftershocks Fonzetti e al. (2024) found significant
temporal changes of V), and V,/V through a tomography technic.
Their joint interpretation of the Vp and Vs tomography images may
trace the presence of a fluid-saturated volume.

Several studies of focal mechanisms indicate normal faulting
with ruptures along the strike in the NW—SE direction and dipping
to the southwest (Scognamiglio ef al. 2010; Herrmann et al. 2011;
D’Amico et al. 2013). Calderoni et al. (2015) analysed rupture
directivity of 70 earthquakes of the I’ Aquila 2009 sequence and
found a preferred rupture direction to the southeast on the I’ Aquila
fault. They suggest that possible mechanisms that could favour this
rupture are related to the presence of fluids, persistent stress gradient
and fault plane curvature. Chiarabba et al. (2022) observed changes
of P-wave velocity (Vp) and the ratio Vp/Vs during the 2009 L” Aquila
earthquake sequence that indicates a post-failure fluid migration.
One of the main forces that prevent faults from slipping is due to
the weight of the surrounding rocks which produce pressure and
increases lateral stress on the fault, and the pore pressure of crustal
fluids that reduce the necessary stress for rock failure and fault
slipping (Savage 2010). Few studies have quantified the relation
between fluid flow and earthquake sequences and the 2009 L’ Aquila
seismic sequence is an interesting testing ground that offers this
opportunity.

Lucente et al. (2010) measured the ratio of P-to-S velocity and
seismic anisotropy and showed that temporal variations of these
parameters are caused by fluid flow within the foreshock region.
Additional evidence was provided by Terakawa et al. (2010), who
mapped fluid pressure inferred from focal mechanisms. Their maps
show the presence of high overpressure fluids near the foreshock and
the main shock regions, suggesting that high pore fluid pressures
triggered the main shock. Fluid involvement in earthquake trigger-
ing is evidenced even by small changes in fluid pressure (Sibson
1992; Townend 2006). The coincidence between the areas of high
fluid concentration found by Lucente et al. (2010) and the zones of
high pore pressure determined by Tarakawa et al. (2010) reinforce
the idea that circulation of fluids plays a crucial role in earthquake
generation (Savage 2010).

Temporal changes of subsurface seismic velocities, related to
earthquakes, have been reported by Poupinet, Ellsworth & Frednet
(1984); Peng & Ben-Zion (2006); Niu et al. (2008); among others.
These temporal variations of seismic velocities provide important
information about possible pre, -co and post-earthquake effects as
well as changes due to seasonal variations (Li & Ben-Zion 2023).
Following the 2019 Mw 7.1 Ridgecrest, California earthquake, Lu
& Ben-Zion (2022) analysed regional transient changes of seismic
velocities that show regional coseismic velocity drops of about 2%

in the first three km and about 8% near the Coso geothermal region.
Time—space variations of seismic velocity using small earthquakes
have also been reported. For instance, Bonilla & Ben-Zion (2021)
detected apparent velocity changes at high frequencies (10-40 Hz)
in the proximity of the San Jacinto fault, California. Most of these
studies concluded that the observed changes are dominated by ef-
fects occurring in the very shallow crust.

Temporal changes in the attenuation of coda waves have been
documented in California during earthquake sequences (Chouet
1979; Beroza et al. 1995) and in other parts of the world like
Zagros mountains chain (Gholamzadeh er al. 2013) and Central
Italy (Del Pezzo & Zollo 1984). For instance, Jin & Aki (1986)
observed temporal changes in coda Q before the 1975 Haicheng and
the 1976 Tangshan, China earthquakes. This variability of seismic
velocity and attenuation during earthquake sequences have also
been attributed to temporal changes of crustal rocks properties (Got
et al. 1990).

Regarding the 2009 L Aquila sequence, the velocity variation
in the proximity to the fault zone was investigated by Soldati et al.
(2015) using seismic noise and a cross-correlation technique. These
authors observed a decrease of seismic velocity during the coseis-
mic episode of the sequence that extended up to 40 km from the
epicentre of the main shock. In a more recent study, Poli et al. (2020)
also analysed velocity variations in the region surrounding L’ Aquila
using variable coda waves lapse time over a period of 17 yr. They
observed velocity variations over multiple spatial and time scales,
and their findings suggest the existence of fluid-filled cracks deep
in the crust.

Moreover, several studies in Central Italy have been carried out
analysing the temporal distribution of seismicity and attenuation
from different earthquake sequences and the possible connection to
deep fluid circulation (Castro et al. 2022b; Gabrielli e al. 2023) and
to the triggering of multi-main shocks (Malagnini et al. 2022), par-
ticularly during the 20162017 Amatrice-Visso-Norcia sequence.
These results agree with those of Picozzi et al. (2022a), who showed
that the spatial and temporal distribution of the energy index (the
deviation of the observed radiated energy with respect to theoretical
values) of microearthquakes (M, 1.8-3.5) of Central Italy region
is a valuable indicator of crustal stress conditions. In another in-
vestigation, Picozzi et al. (2022b) highlighted that, starting from
the months following the 2009 L’ Aquila earthquake, a progressive
northward diffusion of microseismicity was characterized by low
energy index values.

Castro et al. (2022b) observed temporal variations of the spectral
decay parameter kappa (k) (Anderson & Hough 1984) during the
Amatrice (M,, 6.0) of 24 August 2016, and the Norcia (M,, 6.5) of
30 October 2016, earthquake sequences in Central Italy and they
suggested that spatial variability of tectonic stress and fluid flow
could explain the observed temporal changes of high-frequency S-
wave attenuation. However, because the Amatrice and the Norcia
earthquakes are close to each other in both space and time, it is
very difficult to follow the evolution of each sequence without over-
lapping effects between events. For this reason, the 2009 L’ Aquila
seismic sequence provides a clearer case-study for monitoring spa-
tial and temporal changes of seismic attenuation before, during
and after the main fault rupture. For this purpose, we select in this
study earthquakes with accurate location and magnitude (M, > 3.2)
within a radius of 20 km from the main event to have better control of
the temporal variation of the regional and near-source attenuation.

Because S waves attenuate significantly with the presence of flu-
ids (Winkler & Nur 1982), we investigate in this paper whether the
temporal and spatial variability of the spectral decay parameter «
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(Anderson & Hough 1984) may correlate with fluid flow in the epi-
central area of the 2009 L’ Aquila earthquake sequence. In addition,
we also investigate the spatial and temporal variability of S-wave
attenuation regionally and near the sources before, during and after
the main rupture.

DATA

The data set used consists of 104 earthquakes with magnitude
My > 3.2, in a radius of 20 km from the main event (as the rup-
ture length), hypocentre distance » < 170 km and recorded by at
least three stations. We estimated 2011 values of « and formed four
groups, 10 days before, during and 10 days and 6 months after the
main event of 6 April 2009. Unlike an earlier study (Castro et al.
2022b), we selected events located near the epicentre of the main
earthquake of the sequence to have a consistent volume sampled by
the source—station S-wave paths. The hypocentre coordinates were
taken from the seismic catalog of the Istituto Nazionale di Geofisica
¢ Vulcanologia (INGV). The average location error reported in the
INGV catalogue is less than one km.

The maps in Fig. 1 show the distribution of the seismic stations
and the location of the main M,, 6.1 earthquake (red star), the fore-
shocks that occurred 10 days before (white dots), and aftershocks
that occurred 10 days after (black dots). Most of the events have nor-
mal fault mechanisms and occurred along the active normal faults
system in the Central Italy region. The stations are part of the Italian
National Seismic Network (Rete Sismica Nazionale, RSN), which
is operated by the Istituto Nazionale di Geofisica e Vulcanologia
(INGV 2006), and the National Accelerometric Network (Rete Ac-
celerometrica Nazionale, RAN, DPC 1972), that is managed by the
Italian Civil Protection Department.

We selected records with signal-to-noise ratio (SNR) greater than
three from earthquakes recorded by at least three stations. The
records are sampled at 100 samples per second, baseline corrected
and processed following the procedure described in Pacor et al.
(2016) and Castro et al. (2022b). To determine the SNR, we select
noise windows before the P-wave arrival having the same length as
the S-wave signal. When events occurring close in time are recorded,
the SNR before the P-wave arrival is typically less than three and
the recording is rejected.

Fig. 2 displays the magnitude versus hypocentre distance of the
data set. The local magnitudes of the earthquakes span from 3.2
to 5.9 and the recording distances from 4 to 170 km. Most events
have a hypocentre distance between 9 and 100 km and focal depths
between 6.5 and 17 km.

The estimates of « can be affected by site amplifications when
they occur at high frequencies (Ktenidou et al. 2013, 2014) and
within the bandwidth used to measure « (Perron et al. 2017). How-
ever, site effects will not affect the estimates of « when site reso-
nances are at lower frequencies than the band used to determine «
(Parolai & Bindi 2004). In this study, most of the recording stations
used to measure « are on class B sites (V.3 = 360-800 ms™!),
according to ECS site classification, and have a natural frequency
of resonance between 3 and 6.7 Hz. The frequency band selected to
calculate « is in the range of 8-38 Hz and the earthquakes have cor-
ner frequencies lower than 8 Hz. This frequency band was chosen
to be above the corner frequency of the earthquakes analysed and
below the frequency where signal to noise ratio is less than three,
to avoid contamination from source dimension and near-site noise.
For some of the stations a visual inspection was also carried out to
verify the reliability of the band used.
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Figure 1. (a) Distribution of strong motion stations of the Central Italy
array (triangles) and main cities (yellow circles) affected by the 6 April
2009, L’ Aquila earthquake (M,, 6.1). (b) Location of the epicentres of the
main event (red star), the foreshocks (white circles) and the aftershocks that
occurred 10 days and 6 months (black circles) after the principal event.

METHOD

The parameter « is like the attenuated traveltime #x (Singh et al.
1982; Scherbaum 1990) and measures the average attenuation along
the source—station path but may be also related with attenuation near
the source and the recording site. This parameter controls the high
frequency amplitude decay and uses the Brune (1970) model as
source reference.

We estimated « by least-squares fitting the S-wave high-frequency
spectral amplitude acceleration as introduced by Anderson & Hough
(1984):

A(f) = Ao e ™, (M
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Figure 2. Number of recordings and earthquake magnitude (M1 ) distribution with distance of the data set analysed. On top is the number of recordings and

on the bottom is the magnitude distribution.

where A(f) is the acceleration spectrum, 4, depends on recording
distance, source properties and other effects. To estimate « eq. (1)
is linearized by taking the logarithm on both sides of the equation.

Fig. 3 displays an example of acceleration spectra plotted on a
semi-log scale from an earthquake magnitude M = 3.8 recorded
at 31.3 km at station LSS. « is estimated with the slope of the
least-squares fit of the spectral amplitudes, k = —slope/m Log(e).

Because of the large number of records, we used a semi-automatic
technique that calculates for each individual record the slopes over
11 frequency bands with length varying between 8 and 38 Hz (Lan-
zano et al. 2022) to estimate the median value of « and the standard
deviation. This technique has been used and discussed in more detail
in previous studies (Castro et al. 2022a,b).

Fig. 4 shows the values of k calculated with this technique using
records from foreshocks (left-hand panel), the L’ Aquila main event
(centre panel) and the aftershocks (right-hand panel). The apparent
scatter of the measured « is due to different attenuation contributions
near the recording sites and the sources, nevertheless, it is evident
that « tends to increase with hypocentre distance.

The estimated values of k¥ were modelled as in Anderson (1991),
Ktenidou et al. (2014) and Castro et al. (2022a):

i (K65, 7, 0) = Ky + K (r) + Ko, (@)

where k; is the near-source attenuation, <(r) is the regional av-
erage attenuation along the S-wave source—station distance r and
Ko 1s the near-site attenuation. Van Houtte et al. (2011) introduced
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Figure 3. Acceleration spectra from an M = 3.8 recorded at 31.3 km at
station LSS. The slope of the dashed line is proportional to the estimated
value of k 0of 0.0244 s.

an inversion technique to separate simultaneously source, site and
path contributions to x, which is like the method proposed by Oth
etal. (2011) for the Generalized spectral Inversion Technique (GIT).
However, for this investigation we prefer to use a two-step approach,
as in Castro et al. (2022b), to estimate these contributions to mini-
mize the trade-off between «, and £(r), and to improve the resolu-
tion.

We calculated first the regional average attenuation & () with the
non-parametric technique. For that purpose, eq. (2) can be rewritten
as:

k(r)=w +&(r), ©)

where k| includes both «; and k. To solve eq. (3), we assume that
&(r) is a smooth function of r, that « varies slowly with distance,
that £(0) = 0, and that the shape of K(r) is the same for all the
earthquakes considered, so that undulations in the observed « are
related to k.

Temporal variation of S-wave attenuation 321

We estimate «; in a second iteration by correcting the observed
values of x with the function &(r) obtained solving eq. (3). Then,
we resolve the remaining system of equations as in Castro et al.
(2022b):

4)

where «y;; is the corrected value, using #(r), of the observed «
from site i and source j; k(; is the near-site attenuation parameter at
station 7 and «; is the near-source attenuation from earthquake j. To
resolve the degree of freedom between «(; and «,;, we constrained
eq. (4) to satisfy the condition:

N
E Ko; = 0,
i=1

where N is the number of reference sites used for that constraint.
We used two reference sites having the smallest near-site attenuation
(ko< 0.0296 s). Eq. (5) conditions the reference sites to have a null
near-site attenuation effect in the inversion.

K1ij = Koi + Ksj,

)

RESULTS AND DISCUSSION

Regional average S-wave attenuation

Fig. 5 shows average regional & (r) functions obtained using records
from foreshocks (plusses) 10 days before the main shock, and after-
shocks that occurred 10 days (stars) and 6 months (crosses) after the
principal event (green circles). For the foreshocks, « (r) takes values
less than 0.0170 s with an error of 0.0081 s and for the aftershock
the values of & (r) are less than 0.0760 s with an error of 0.0108 s.
The error bars in Fig. 5 represent the deviation of the measured «
values with respect to the regional mean.

Because the spectral decay parameter is inversely proportional to
the quality factor O and this attenuation parameter depends on the
physical characteristics of the crustal rocks, such as the presence
of fluids and the pressure generated by tectonic stress, the tempo-
ral variation of #(r) can be interpreted in terms of these physical
parameters. When rocks are fluid saturated Q tends to be low and
S waves attenuate significantly (Johnston et al. 1979; Toksoz et al.
1979). On the other hand, when rocks are under high pressure Q
is high and S waves attenuate less, as shown in laboratory rock
experiments (Tisato & Quintal 2014; King et al. 2022).

Foreshocks Main Event Aftershocks
0.14 0.14 0.14
A BB
0.12 0.12 0.12
0.1 0.1 0.1 £
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Figure 4. Estimates of the spectral decay parameter kappa (k) obtained using records from the foreshocks (left-hand panel), the main event (centre panel) and

the aftershocks (right-hand panel).
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Figure 5. Temporal variation of the average regional kappa () along
the source—station paths calculated using foreshocks that occurred 10 days
before the main event (blue plus), during the main shock (green circles),
using aftershocks that occurred ten days after (black stars) and 6 months after
(orange crosses). The bars on the values of & (r) represent the uncertainty
of the estimate.

Fig. 5 shows that 10 days before the L’ Aquila main shock the high
frequency S-wave attenuation was low outside the rupture area (r
> 20 km), presumably when the regional tectonic stress was high.
Borghi et al. (2016) calculated Coulomb failure stresses and found
stress changes in the epicentral area of the main rupture that in-
creased between 0.11 and 0.20 MPa. Then, during the main rupture
(green circles), the attenuation increased because the stress dropped
during the fault rupture. Malagnini et al. (2012) estimated strength
reductions of 7-10 MPa during the fault rupture process. During
the 10-day aftershock sequence #(7) did not change much because
in this short time interval the regional tectonic stress probably did
not change much. The productivity of aftershocks is influenced by
several factors such as fault dimensions, lithospheric age and stress
drop (Dascher-Cousineau et al. 2020). Calderoni et al. (2019) did
not observe significant stress-drop differences between the main
shock and the aftershocks, which indicates that the average tectonic
stress did not change much during the 10 days after the main shock,
and the average S-wave regional attenuation remain the same, as
shown in Fig. 5. Lolli ef al. (2011) analysed the statistics of the
L Aquila aftershock sequence and found that in the first 2 weeks
after the main shock the aftershock rate decreased as predicted by
Omori’s law (Omori 1894).

Six months after the main event the attenuation in the epicen-
tral region was higher because the tectonic stress accumulated was
mostly released and a new earthquake cycle probably started.

To verify the validity of the method and the results, we selected
one foreshock and one aftershock with the same location (Table 1)
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Figure 6. Average regional %(r) along source—station paths calculated us-
ing a foreshock occurred on 30 March 2009 (crosses) and an aftershock on
6 April 2009 (stars) with the same epicentral location and registered at the
same stations.

and recorded by the same stations to calculate the average regional
kappa & (r), before and after the main shock. The distance between
these two events is 0.54 km, they have the same focal depth and
approximately the same magnitude (Table 1). Fig. 6 shows that
before the main shock the values of £() were less than during the
aftershock, in consistency with Fig. 5.

Two additional sensitivity tests were made to prove that we sepa-
rated well spatial from temporal changes of ©(r): (1) we calculated
& (r) selecting all foreshocks (10 days before the main shock) and
aftershocks (10 days after), from our dataset, that intersected the
same crustal volume (Fig. 7) and that were recorded at the same sta-
tions. The magnitudes of these earthquakes vary between 3.2 and
4.8, have focal depths 9.2—10.9 km and are located within a radius of
about 3 km from the main shock. (2) We estimated & () considering
aftershocks 10 days after the main shock and located outside of the
foreshocks and main shock volume (Fig. 8). Note that this second
volume samples the north side of the main rupture. The average
regional kappa obtained for these two crustal volumes is displayed
in Fig. 9. In the first volume & (») during the foreshocks is lower than
during the aftershocks as in Fig. 5. In contrast, £(r) calculated with
the aftershocks that sampled the second crustal volume, outside
the foreshock—main shock volume, shows the same low attenuation
values than the foreshocks, suggesting that a considerable amount
of stress was transferred outside the foreshock—main shock volume
and that the crustal Q increased. The significant difference of & ()
between the two volumes sampled by the aftershocks also indicates
that there was a spatial variation of the average regional attenuation
during the same period (10 days after the main shock).

Table 1. Earthquakes selected to calculate the average regional kappa (see Fig. 6).

Event Date Time M Latitude N Longitude E H (km)
Foreshock 2009-03-30 13:43:26 3.6 42°18.90 13°22.68' 9.7
Aftershock 2009-04-06 10:12:35 3.7 42°19.02 13°23.04 9.7
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Figure 7. The location of foreshocks (white circles) and aftershocks (black circles) that occurred 10 days before and after the main shock, respectively,
intersecting the same volume (lat: 42.314-42.329; lon: 13.373-13.385). The triangles are the stations that recorded these earthquakes.

To analyse how the difference in data population before and after
the main shock (Fig. 4) could affect the estimates of the average
regional attenuation, we compare the estimates of < (r) from the
aftershocks displayed in Fig. 5 with those in Fig. 9 (Table 2). Note
that the number of aftershocks used to calculate () in Fig. 5 is
greater than those in Fig. 9 but both groups of aftershocks sample the
same crustal volume. The difference in the estimates of £ () vary
between 2 and 18%, depending on the distance range (Table 2).
Therefore, the difference in number of earthquakes used to estimate
K (r) before and after the main shock (Fig. 5) will not generate
a bias greater than 18%. The main reason is that both datasets
cluster in a small volume and the dense distribution of stations is
similar.

Near-source attenuation (k)

The map in Fig. 10 shows the location of the main earthquake (white
star) and the distribution of foreshocks with M > 3.2 in a radius of
20 km from the main shock. The different colours represent different
values of «;, blue (k; ~ 0.0), green (k; ~ 0.0038 s) representing
low S-wave attenuation and pink («; ~ 0.0150 s) and white (kg
= 0.0280 s) high attenuation. Note that «, increased by at least a

factor between 2 and 7 near the main source compared with the
near-source attenuation of the foreshocks. It is likely that tectonic
stress was high southwest of the main shock epicentre, where «;
was low and perhaps crustal fluids flowed northeast towards the
main event where the density of the fractures and the porosity of the
rocks was higher. It is interesting to note that x; was very high where
the main rupture started (white star), indicating the likely presence
of crustal fluids which perhaps lubricated the fault and initiated
the rupture. This result agrees with an independent investigation of
Lucente et al. (2010) who analysed the temporal variation of seismic
velocity before the main event of the I’ Aquila sequence and found
that migration of crustal fluids was connected to the preparatory
phase of the M, 6.1 main shock.

Di Luccio et al. (2010) observed an increase of the Vp/Vs ratio
from October 2008 to 6 April 2009, when the main event occurred,
due to increasing pore fluid pressure along the faults. They estimated
values of Vp/Vg between 1.83 and 1.95 for the foreshock—aftershock
L Aquila sequence, which are consistent for fluid-rich rocks (Zhao
& Negishi 1998). Di Luccio ef al. (2010) calculated a hydraulic
diffusivity of 80 m? s~' and a permeability of approximately 10~'?
m? suggesting the presence of CO,-rich fluids within a fractured
medium. The importance of fluids content in seismic sequences is
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Figure 8. The location of the aftershocks (black circles) that occurred 10 days after the main shock within a volume outside the foreshock and main shock
volume (lat: 42.483—42.517; lon: 13.325-13.367). The triangles are the stations that recorded these earthquakes and that were used to calculate & (7).

also suggested by Sibson (2009) who found that the ” Aquila main
shock was anticipated by hydrofracturing dilatancy and by Picozzi
et al. (2022a) who found that the foreshocks are characterized by
a progressive increase in slip per unit stress. Fig. 10 (on the right)
also shows an increase of «; with depth between 9.5 and 10 km,
below the focal depth of the main earthquake. Borghi ez al. (2016)
reported a M,, 5.9 slow-slip event (SSE) that occurred approxi-
mately 2 months before the main fault rupture, beneath the normal
fault system of Paganica that generated the L’ Aquila seismic se-
quence. The decollement that originated the SSE is located around
9 km depth, it had the largest slip of 2 cm over an area of 160
km? and it is plausible that the SSE generated significant stress to
trigger the main foreshocks that favour a fluid diffusion process
that initiated the rupture process of the I’ Aquila main earthquake
(Borghi et al. 2016). Previous studies have suggested that the seis-
motectonic of Central Italy is related with uprising of fluids from
the mantle (Ghisetti & Vezzani 2002; Chiodini et al. 2004) and the
more recent study by Di Luccio et al. (2010) concluded that upward
migration of fluids generated an increase of pore pressure in cracks
and rock pores. These observations are consistent with the spatial
distribution of the foreshocks and their high values of «; shown in
Fig. 10.

The number of aftershocks with A > 3.2 that occurred 10 days
after the main shock (Fig. 11) increased considerably and most of
them show moderate (0.004 < «, < 0.010 s) to high attenuation (;
< 0.0209 s) near the source, particularly near the epicentre of the
main event and those located north and southeast, suggesting that
the fluids remained in the epicentral area at least for 10 days after the
main shock. Three larger earthquakes (M > 4.9) occurred north of
the main shock epicentre, during the first 4 days after, that Malagnini
etal. (2012) suggested were induced by a reduction of shear strength
due to a pulse of pore fluid pressure generated after the main event.
Aftershocks located farther north, at the mountain ranges, show
lower values of «,, suggesting less fluid saturated rocks. These
observations are consistent with Malagnini et al. (2012) study that
shows a fluid migration process in the N-NW direction from the
main hypocentre, and the activation of the Campotosto fault that
seems to be modulated by a diffusion process. In the SE direction
from the main hypocentre, no further ruptures on adjacent structures
were triggered, and the entire volume around the Paganica fault
was activated almost instantaneously at the occurrence of the main
shock. This may explain why we observe more attenuation towards
this sector, which is characterized by higher «, values with respect
to the surroundings.
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Figure 9. Average regional % (r) along source—station paths calculated us-
ing foreshocks (plus) and aftershocks (black stars) intercecting the same
volume 1 (Fig.7), and using aftershocks (gray stars) in volume 2 (Fig. 8).

Table 2. Estimates of the average regional attenuation K(r) using after-
shocks 10 days after the main shock that sample the same respective crustal
volume. The volume 1 corresponds to estimates of ¥ (r) displayed in Fig. 9.
Note that the number of aftershocks used for volume 1 is similar to the
foreshocks in Fig. 5.

r (km) &(r) (volume 1) k(r) Fig. 5 Per cent changed
20.0 0.01 069 0.00935 12.5

40.0 0.02 138 0.02 187 2.2

60.0 0.03206 0.03012 6.1

80.0 0.04275 0.03 560 16.7

100.0 0.05344 0.04 224 21.0

120.0 0.06413 0.05242 18.3

The near-source k, can also give us some idea of the depths
where rocks are more fluid saturated. Figs 10 and 11 display the
focal depths of the 10-day foreshock and aftershock seismic se-
quence, respectively, versus ;. The depths of the hypocentres have
a location error of less than 10%, as in Castro et al. (2022b). For the
foreshocks «, takes values less than 0.0155 s with errors between
0.0072 and 0.0075 s, and for the aftershocks «; is less than 0.0209 s
with errors varying between 0.0081 and 0.0089 s. Most aftershocks
have focal depths between 8 and 12 km, about the depth of the main
event hypocentre (8.3 km). The foreshocks are the deepest of the
sequence, with greater focal depth than the main event, with focal
depths between 9.2 and 10 km. They also show an increase of
towards the main event, suggesting a possible presence of crustal
fluids in that direction and towards the surface. This trend is also
consistent with the map of temporal evolution of the energy index
(EI) obtained by Picozzi et al. (2022b) which shows an area south of
the main shock epicentre with low £/ values. The E/ is defined as the
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difference between the seismic energy Es observed and the values
associated with the median scaled energy Es/Mo which is related to
the apparent stress and the seismic efficiency. Picozzi et al. (2022b)
found that when the activation phase starts there is a decrease of EI
below 1.5 MPa. Note on Fig. 10 that the main event (plotted with
a star) has shallower depth and a higher value of «, than the fore-
shocks, suggesting that the rocks near the rupture of the main event
were probably more fluid saturated. The foreshock study by Lucente
et al. (2010) indicates that an over-pressurized zone in the crust was
located below the nucleation area of the L’ Aquila main earthquake
and therefore the aftershocks were probably induced by a reduc-
tion in the fault’s shear strength, as observed by Malagnini et al.
(2012). Ten days after the main shock (Fig. 11) most aftershocks are
between 7 and 11 km deep, where the seismogenic zone is presum-
ably located and where the main earthquakes nucleate in Central
Italy.

CONCLUSIONS

The quality and quantity of the seismic records used permit us to
detected spatial-temporal variations of S-wave attenuation in the
epicentral area of the I’ Aquila earthquake sequence of 2009 using
the spectral decay parameter x (Anderson & Hough 1984) which is
sensitive to the fluid migration and may serve as a forecasting proxy
for fluid-driven earthquake triggering. We separated the average
regional attenuation, and the near-source and near-site contributions
of k and found that the lowest regional attenuation %(r) observed
10 days before the main shock may be the result of high tectonic
stress accumulated near the epicentral area.

We found that the temporal variation of « is consistent with
changes of the Vp/Vs ratio, reported in previous studies, during
the foreshock sequence and with the variation of the fracture field
properties with time, as demonstrated in Nur (1972) and Scholz
et al. (1973). In agreement with previous studies by Lucente et al.
(2010) and Di Luccio et al. (2010), variations of fluid pressure
conditions can cause large scatter which may explain the spatial
variability of k, observed in our study.

During the main shock & () increased because the stress dropped
during the rupture process, when strength reductions of 7-10 MPa
occurred (Malagnini et al. 2012). The aftershocks that occurred 6
months after show an increase in the regional attenuation probably
due to the reduced tectonic stress in the epicentre region caused by
the stress released during the main shock and the earlier aftershocks.
The observed increased values of the near-source attenuation
near the hypocentre of the main shock suggests the presence of
crustal fluids in the rupture zone. The observed spatial variation
of «k, of the foreshocks indicates that the fluids flowed towards
the rupture area from below before the rupture of the main event
initiated.

We conclude that investigations of « can provide important clues
for the monitoring of the earthquake cycle in Central Italy, and
that the integration of other parameters, like the radiated seismic
energy (Picozzi et al. 2023), and the Vp/Vs ratio together with
k may be also useful to study the preparatory phases of future
earthquakes. Moreover, the estimates of k can be fully automated
and implemented in regions that are prone to earthquakes and have
an adequate station coverage.
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crustal fluids in that direction. The bars on the values of «; (right frame) represent the uncertainty of the estimate.
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Figure 11. Near-source k, values estimated using aftershocks that occurred 10 days after the main shock (star). Note that the main shock and most aftershocks
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