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Temporal Variability of Ground Shaking and Stress
Drop in Central Italy: A Hint for Fault Healing?

by Dino Bindi, Fabrice Cotton,” Daniele Spallarossa, Matteo Picozzi, and Eleonora Rivalta

Abstract Ground-motion prediction equations (GMPEs) are calibrated to predict the
intensity of ground shaking at any given location, based on earthquake magnitude,
source-to-site distance, local soil amplifications, and other parameters. GMPEs are generally
assumed to be independent of time; however, evidence is increasing that large earthquakes
modify the shallow soil conditions and those of the fault zone for months or years. These
changes may affect the intensity of shaking and result in time-dependent effects that can
potentially be resolved by analyzing between-event residuals (residuals between observed
and predicted ground motion for individual earthquakes averaged over all stations). Here,
we analyze a data set of about 65,000 recordings for about 1400 earthquakes in the moment
magnitude range 2.5-6.5 that occurred in central Italy from 2008 to 2017 to capture the
temporal variability of the ground shaking at high frequency. We first compute between-
event residuals for each earthquake in the Fourier domain with respect to a GMPE devel-
oped ad hoc for the analyzed data set. The between-events show large changes after the
occurrence of mainshocks such as the 2009 M, 6.3 L'Aquila, the 2016 M, 6.2 Amatrice,
and M, 6.5 Norcia earthquakes. Within the time span of a few months after the main-
shocks, the between-event contribution to the ground shaking varies by a factor 7. In par-
ticular, we find a large drop in the between-events in the aftermath of the L'Aquila
earthquake, followed by a slow positive trend that leads to a recovery interrupted by a
new drop at the beginning of 2014. We also quantify the frequency-dependent correlation
between the Brune stress drop Ao and the between-events. We find that the temporal
changes of Ao resemble those of the between-event residuals; in particular, during the
period when the between-events show the positive trend, the average logarithm of Ao in-
creases with an annual rate of 0.19 (i.e., the amplification factor for Ao is 1.56 per year).
Breakpoint analysis located a change in the linear trend coefficients of A¢ versus time in
February 2014, although no large earthquakes occurred at that time. Finally, the temporal
variability of A¢ mirrors the relative seismic-velocity variations observed in previous stud-
ies for the same area and period, suggesting that both crack healing along the main fault
system and healing of microcracks distributed at shallow depths throughout the surrounding
region might be necessary to explain the wider observations of postearthquake recovery.

Electronic Supplement: Maps showing earthquake locations and the locations of
stations used in this study, variability with time of the between-event residuals at 10 Hz
considering different time windows, time dependency at 10 Hz according to the loga-
rithm of the stress drop, time variability for L'Aquila, Campotosto, and Amatrice—Visso—
Norcia earthquakes, and time variability according to the moment magnitude M,,.

Introduction

The intensity of seismic shaking at a given site is a func- distance, and site condition. Ground-motion prediction equa-
tion of the earthquake size, style of faulting, source-to-site tions (GMPEs) incorporate these functional dependencies
and are time independent, meaning that the intensity of shak-

ing is assumed to be independent of any process affecting the

mnute of Earth and Environmental Science, University of Pots- fault zone. However, some observations suggest that shaking
dam, Karl-Liebknecht-StraBe 24-25, 14476 Potsdam-Golm, Germany. intensity changes depending on the timing of earthquakes
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within sequences. For example, it has been observed that
aftershocks generate lower median ground motion in the high
frequencies (e.g., Boore and Atkinson, 1989), and, therefore,
they have been flagged in the recent Next Generation Attenu-
ation-West2 (NGA-West2) strong-motion data set (Wooddell
and Abrahamson, 2014), allowing GMPE developers to treat
them differently from mainshocks. Some of the variability
in the observed shaking may be explained by variability in
the stress drop (e.g., Wu and Chapman, 2017). Analyzing the
NGA-West2 data, Baltay and Hanks (2014) found that aver-
age stress drop for mainshocks is 30% larger than the average
stress drop for aftershocks.

Identifying repeating deviations from the median model
can help distinguish processes that are not modeled but
contribute significantly to ground-motion variability. For ex-
ample, several studies correlated earthquake-specific resid-
uals (also called between-event or interevent residuals) to
stress-drop variability (e.g., Anderson and Lei, 1994; Bindi
et al., 2007; Cotton et al., 2013; Ameri et al., 2017; Baltay
etal.,2017;Bindi et al., 2017; Oth et al., 2017; Trugman and
Shearer, 2018). Therefore, the presence of any temporal pat-
tern in the distribution of residuals can be used as diagnostic
of time-dependent fault or medium properties and ultimately
help in understanding how nonstationary processes, such as
protracted seismic sequences or the long precursory phase
of large earthquakes, affect ground motion. For example,
Socquet et al. (2016) and Pifia-Valdés et al. (2018), in
discussing the ground-shaking time dependencies observed
during the 2014 Iquique subduction sequence, suggested that
the temporal changes in the between-event residuals were
associated with aseismic slip around the rupture area.

Here, we take advantage of a large data set from central
Italy to investigate the temporal changes of the between-event
residuals and their link with the stress-drop Ao variability. The
data set includes about 1400 earthquakes in the magnitude
range 2.5-6.5, belonging to the main sequences of the last
10 yrs, that is, the 2009 L'Aquila (Chiaraluce et al., 2011)
and the 2016-2017 Amatrice—Visso—Norcia (Chiaraluce et al.,
2017) sequences. About 60 earthquakes occurred in the area
of the 2013-2014 Gubbio swarm (De Gori et al., 2015) are
included as well. We first calibrate an ad hoc GMPE for the
Fourier amplitude spectra and we evaluate the between-event
residuals at different frequencies. Then, the between-events
are used as an exploratory tool to detect event-dependent
temporal changes in the ground shaking, and we conclude
presenting the temporal variability of Ac.

Data

In this study, we analyze about 65,000 recordings (for
each component of motion) from 1400 earthquakes recorded
by 340 stations installed in central Italy (Fig. 1 and ® Fig. S1,
in the electronic supplement to this article). The earthquakes
cover the magnitude range from 2.5 to 6.5, and hypocentral
distances from 10 to 180 km are considered. The data set
includes the main sequences that occurred in the area in the
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last 10 yrs, namely the 2009 M, 6.3 L'Aquila (indicated as e
in Fig. 1), the 2016 M, 6.1 Amatrice (e, in Fig. 1), the 2016
M, 6.1 Visso (e4 in Fig. 1), and the 2016 M, 6.5 Norcia
(e in Fig. 1) (for a map with the time evolution of the events,
see ® Fig. S2). Following Bindi et al. (2018), in this study we
consider the moment magnitude from the Geofon catalog for
all events with M, > 5.7 except for the 2009 L'Aquila main-
shock, for which we use the Global Centroid Moment Tensor
value because the Geofon solution is not available (see Data
and Resources). The data set also includes recordings from 59
earthquakes with magnitude larger than 2.5 that occurred in
the area of the 2013-2014 Gubbio swarm; a complete descrip-
tion of the swarm is given by De Gori ef al. (2015) and
Valoroso et al. (2017). The station distribution is shown in
® Figure S1.

We analyze the Fourier amplitude spectra (FAS) of
S-wave windows band-pass filtered with a variable high-pass
corner frequency depending on the signal-to-noise ratio. The
Butterworth high-pass corner varies in the 0.05-0.4 Hz
range, whereas the low pass one was fixed to 40 Hz. The FAS
are smoothed using the Konno and Ohmachi (1998) algorithm
(the smoothing parameter b was set to 40). Details about the
data selection and processing are provided by Pacor et al
(2016) and Bindi er al. (2017).

Source Parameters

For each earthquake, we consider the source parameter
(i.e., stress drop and seismic moment) derived by Bindi et al.
(2017), using a generalized inversion technique (GIT). In the
GIT approach (e.g., Castro et al., 1990; Oth et al., 2011), the
spectral values of a set of earthquakes recorded by a network
of stations are simultaneously inverted to isolate the contri-
bution of source, propagation, and site effects. The GIT
approach exploits the redundancy of information (i.e., the
same earthquake is recorded at several stations located at dif-
ferent distances, and several earthquakes are recorded at the
same station) to set up an overdetermined system of equa-
tions solved in a least-squares sense. To remove unresolved
degrees of freedom which generate trade-offs among differ-
ent components of the solution, some constraints are applied,
such as the choice of a reference distance at which the attenu-
ation is assumed to be one and a reference site condition (i.e.,
one or more stations for which site amplification is assumed
to be known). In this study, we use the results of Bindi ef al
(2018), who applied a nonparametric GIT inversion when-
ever any a priori seismological models for source and attenu-
ation were adopted during the GIT inversion. To estimate the
seismic moment and the corner frequency for each earth-
quake, the resulting nonparametric source spectra were fit to
a Brune (1970) source model, which assumes a circular fault
with uniform stress drop. In Bindi ef al. (2018), the source fit
was performed, allowing a deviation of the high-frequency
acceleration spectral level from a constant value, as predicted
by the Brune model. The high-frequency slope of the source
spectrum is referred to as kg,...- Given the seismic moment
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Figure 1.  Map of earthquake epicenters (circles) analyzed in this

study (see Data and Resources). Circles are filled according to the
latitude of the epicenter, assuming arbitrary thresholds at latitudes
42.4° and 42.68°. A few earthquakes belonging to the 2014 Gubbio
swarm are also included. The focal mechanisms of earthquakes with
magnitude larger than 6 are shown as focal mechanism plots taken
from Geofon and from the Global Centroid Moment Tensor catalogs
(see Data and Resources). The rectangles depict the surface projec-
tion of the faults as given in Luzi ez al. (2016). The color version of
this figure is available only in the electronic edition.

and the corner frequency, the stress drop was computed fol-
lowing Eshelby (1957) and Keilis-Borok (1959).

The source parameters are shown in Figure 2, in terms of
scaling between Ao, M, and hypocentral depth. Most of the
considered depths, including those of the mainshocks, are
located between 5 and 10 km. The stress drop tends to increase
with depth and has a strong magnitude dependence (Pacor
etal., 2016; Bindi et al., 2017). The mainshocks have the larg-
est Ao around 10 MPa. The overall Ac variability covers
almost 3 orders of magnitude. The procedure followed in this
study to estimate the uncertainties on Ao is described in the
® electronic supplement.

Ground-Motion Model

In this study, we describe the FAS(f, R) at frequency
f of § waves recorded at hypocentral distance R with the
following seismological model:

log(Ao) [Pa]

5 10 15 20

log(Ao) [Pa]

Figure 2. Scaling relationships between stress drop As, hypo-
central depth, and moment magnitude M,, for the earthquakes ana-
lyzed in this study (Bindi et al., 2018). The trend lines are estimated
through a local regression (Loess) performed using the ggplot2
package in R (Wickham, 2009).

FAS(f,R) = S(f) x P(f,R) x Z(f)

Ml ZfR
_KT(%)ZXFCXP(—Q—‘B)XZU), (1)

in which the acceleration source spectra S(f) is parameter-
ized considering an w-square model (Aki, 1967) and the
spectral attenuation with distance P(f,R) is controlled by
the geometrical spreading exponent n and the anelastic at-
tenuation, the latter being modeled through the quality factor
Q(f). In equation (1), the constant K depends on the density
and velocity at the source location, on radiation pattern and
free-surface amplification effects, whereas Z(f) accounts for
site amplification effects. We only consider far-field source
terms, and extended-source effects are not accounted for. The
asymptotic form of the source spectrum is as follows:
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The source spectrum depends on two parameters, the
seismic moment M|, and the corner frequency f. connected
through the stress drop Ao (Brune, 1970; Eshelby, 1957) as
follows:

Ao Mod_3 X Mof:z, (3)

in which d is the source radius. Considering equation (3),
equation (2) can be rewritten as

MIAG if f> f.
S {Mgfz it < /o @

If the average stress drop of the analyzed earthquakes is
assumed to be constant, the scaling of the source spectrum with
the earthquake size is controlled only by the seismic moment
(Aki, 1967). Under this assumption and considering a mixed-
effect regression (Bates et al., 2015), equations (1) and (4)
suggest the following parametric model for FAS(f, R):

In(FAS)=a, +a,M,, + azIn(R)+a4R+ 6B, + 6B, +e¢,
(5)

in which the moment magnitude M, is proportional to
log(M,) (Hanks and Kanamori, 1979). In equation (5), the co-
efficients a; are the (frequency-dependent) fixed effects that
define the median prediction; 6B, and 6B, are the random ef-
fects for the earthquake and station grouping levels, respec-
tively; € is the residual distribution. To allow more complex
scaling with magnitude, the functional form considered in this
study is the following:

In(FAS) = e; + by (My, — Mys) + by(M — Myy)?

+ler -+ ex(iy = Muplin( )

ref

+ C3(R - Rref) + 0B, + 6B, + ¢, (6)

with M s = 3.5 and R = 1 km. In equation (6), the fixed-
effect coefficients describe the scaling with distance (c; and c;
are connected to the geometrical spreading attenuation and the
quality factor, respectively) and with magnitude (b; and b, are
controlling the scaling with the seismic moment). Coefficient
¢, introduces a magnitude dependency in the attenuation with
distance, whereas the offset e; depends (at high frequency) on
source characteristics, such as the average stress drop, among
other quantities. The between-event 6B, quantifies the system-
atic deviation of recordings for the same event, with respect to
the median prediction. At high frequencies, the deviation of the
stress drop of any earthquakes from the average of the popu-
lation is expected to contribute to the 6B, residuals, whereas
differences in the average radiation pattern among the earth-
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Figure 3. Observation minus prediction residuals versus pre-

dictor variables for the model in equation (1). The residual € versus
distance and the between-event 6B, versus moment magnitude M.,
are shown for the regressions performed at (a) 0.75 and (b) 10 Hz.

quakes due to uneven station distribution can contribute to
0B, at low frequency (along with other factors, such as
differences in the density and velocity at the source location
and errors in the magnitude values). The between-station dB
random effects, sometimes referred to as dg,g, absorb the fre-
quency-dependent site amplification indicated with Z(f) in
equation (1).

The frequency-dependent coefficients of the model
(equation 6) and the standard deviations of 6B,, 6B,, and
¢ are listed in ® Table S1. The residuals € versus hypocentral
distance and 6Be versus magnitude are exemplified in Fig-
ure 3 for two frequencies. Over the intervals well constrained
by data, the average residuals do not show systematic trends
with the predictor variables, but the variability of 6B, in-
creases with frequency (see also ® Table S1). Weak trends
at short distances (at high frequency) and for large magnitude
(at low frequencies) that are not impacting on the analysis
performed in this study could be removed by introducing
distance and magnitude hinges in equation (5).

Between-Event Temporal Variability

The temporal trend of the between-event 6B, at 10 Hz is
shown in Figure 4, whereas zooms over different time win-
dows are presented in ® Figure S3. In addition to the large
variability in the aftermath of the mainshock occurrence, the
most striking feature in Figure 4 is the positive trend devel-
oping from the end of 2009, a few months later than the 6
April 2009 L'Aquila mainshock, to late 2013—early 2014. In
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the period from early 2014 to August 2016, when the
Amatrice sequence started, 5B, shows a large variability with
average value close to zero. When observed at low frequen-
cies (Fig. 4), 6B, shows a weak trend with time. As discussed
in the Ground-Motion Model section, dB, is expected to ab-
sorb, at high frequencies, the effect of the stress-drop vari-
ability. Figure 5 shows that the correlation between 6B, and
Ao is significant at 10 Hz, whereas the correlation is low at
0.75 Hz. It is worth noting that the mainshocks and the larg-
est aftershocks deviate from the average correlation trend
defined by the aftershock population. We ascribe this behav-
ior to the fact that, although Ac varies above 3 orders of mag-
nitude for small events, it is almost constant for earthquakes
above magnitude 5. Because GMPEs describe well the aver-
age ground shaking generated by the largest magnitudes,
their 6B, are distributed close to zero (Fig. 3). The correla-
tion of 6B, with Ao is also highlighted in ® Figure S4 in
which large positive residuals are associated to events with
Ao higher than 0.6 MPa (i.e., the population average; Bindi
et al., 2018) whereas earthquakes with lower stress drop have
negative residuals. Figure 5 also shows the dependence of
6B, on hypocentral depth. The observed trend is reflecting
the Ao dependences on depth, as shown in Figure 2. The
degree of correlation measured in terms of Pearson coeffi-
cient (Fig. 6) confirms that the correlation is the strongest
around 10 Hz. The decrease of correlation toward low
frequencies reflects the diminishing importance of Ac in
determining the spectral amplitudes at frequencies lower
than the corner one, whereas the reduction above 10 Hz sug-
gests that source-related effects other than the stress drop
also affect the ground-motion variability at high frequencies.
The high-frequency radiations depend on many factors: small-
scale slip heterogeneity or slip roughness (Causse et al.,
2010), rupture velocity and slip source function (Mai et al.,
2017), and near-source attenuation (Purvance and Anderson,
2003). For example, analyzing a smaller data set, Bindi et al.
(2017) found a correlation between 6B, and the slope at high
frequency of the acceleration source spectrum.

Stress-Drop Temporal Variability

The stress-drop variability with time (Fig. 7a) resembles
the variability observed for 6B,. If the earthquakes are grouped
according to the latitude of their epicenters, as shown in
Figure 1, and focusing on the average trend, we observe that

* Ao of earthquakes located in the L'Aquila region (Fig. 7b)
rapidly diminishes during the first month after the main-
shock on 6 April; the recovery starts after about two
months (see also Fig. 8a);

* For events located in the Campotosto segment (Chiaraluce
et al., 2011; Fig. 7c), the recovery of the logarithm of Ao
develops over a time span of 4 yrs, from 2010 to 2013, at
an annual rate of 0.17 (i.e., the amplification factor for Ao
is 1.5 per year). We recall that the Campotosto segment
includes the northernmost termination of the 2009

sequence and the southern tip of the 2016 fault system
(Chiaraluce et al., 2017). In particular, the four events with
magnitude larger than 5 that occurred in January 2017 are
characterized by large Ao (see Fig. 8), as for the largest
aftershocks that occurred over this segment during the
2009 sequence.

* A decrease in Ao is observed at the beginning of 2014,
although no large earthquakes occurred at that time. Fig-
ure 9 shows the results of a breakpoint analysis (Bai, 1994;
Zeileis et al., 2002, 2003) performed to detect changes in
the coefficients of the linear regression with time. The
analysis identifies a changepoint within the period 10
February—8 March 2014 across which the slope of the log-
arithm of Ac with time reduces from 4.7 x 10™* to
9.4 x 1073 (the amplification factor per year for Ac re-
duces from 1.5 to 1). A detailed description of the break-
point analysis is reported in the ® electronic supplement.
The causes driving this drop are not known. No large earth-
quakes occurred in the area around February—March 2014;
the only notable event is the Gubbio swarm (Gualandi
et al., 2017). At this stage, it is difficult to assess the plau-
sibility of its involvement in the process we are examining
here. Possible connections with the seismic and aseismic
moment released during the 2013-2014 Gubbio swarm are
worth studying in a future work.

* Earthquakes located in the northern group (Fig. 7d) mainly
belong to the 2016-2017 Amatrice—Norcia—Visso sequence
(Chiaraluce et al., 2017); also for these events, Ao is larger
for the mainshocks and for the aftershocks above magnitude
5.5 (® Fig. S5) and decreases after the mainshock occur-
rence (Fig. 8c). The events that occurred in this area before
the 2016-2017 sequence follow the same trends observed
for the Campotosto segment.

Discussions and Conclusions

The between-event residuals 6B, computed for 10 yrs of
data in central Italy show significant temporal variability at
high frequency (Fig. 4). On the one hand, the time depend-
ency of 6B, implies temporal changes of the ground shaking
that could have an impact over the short-term hazard. In the
first couple of months, 6B, at 10 Hz varies in the —1 to 1
range, roughly (i.e., about a factor 0.7 for spectral amplitudes);
after a couple of months from the L'Aquila mainshock, a trend
develops with 6B, increasing, on average, from about O to 0.8
(i.e., about factor 2 in high-frequency spectral content).

On the other hand, Figure 7 shows that the high-
frequency between-event variability resembles the time vari-
ability of the stress drop Ae. Temporal variability of Ao has
been observed in previous studies. For example, Abercrom-
bie (2014) analyzed 25 earthquakes in three repeating se-
quences on the San Andreas fault at Parkfield, observing
a long-term gradual increase of Ao before the 2004 magni-
tude 6 earthquake. The values show an immediate decrease
after the mainshock occurrence before recovering to previous
values. Using a long-term stress-drop catalog, Chen and
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Figure 4. (a) Between-event residuals (6B,) versus time, at 10 Hz. Earthquakes belonging to the Gubbio swarm (triangles; see Fig. 1) are
not considered for evaluating the local-trend analysis; zooms over different time windows are presented in ® Figure S3 (available in the
electronic supplement to this article). (b) Between-event versus time, at 0.75 Hz; (c) the same as in (b) but zooming over the 2016 sequence.
Vertical bars represent the 95% confidence interval for 6B,.
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Shearer (2013) found relatively stable long-term average
stress drop in southern California, but a slow-increase trend
after large mainshocks within the Landers fault zone was also
identified, in agreement with a possible long-term fault zone
recovery (Li et al., 1998).
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Figure 7. Temporal variability of stress drop Ac. (a) Complete
distribution of earthquakes; (b) only earthquakes located in proxim-
ity to the 2009 L'Aquila mainshock; (c) only earthquakes that oc-
curred in the Campotosto segment; (d) earthquakes that occurred in
the area corresponding to the 2016-2017 mainshocks. For the lo-
cation of the earthquakes in (b)—(d), see Figure 1. Vertical bars re-
present the 95% confidence interval for Ac. Zooms over different
windows are available in Figure 8. The color version of this figure is
available only in the electronic edition.

Fault healing has been shown to promote the generation
of high-frequency earthquakes both in laboratory experi-
ments and on natural faults (e.g., Marone, 1998; McLaskey
et al., 2012; Scuderi et al., 2016). The connection between
pore pressure and effective normal stress has been also
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migration of fluids or pore pressure that

occur over time scales of several years.
Among other techniques, monitoring

changes in seismic velocities has been

*

® shown to be effective in detecting fault
', ' healing and reloading processes (e.g.,

¢ * Brenguier et al., 2008; Chen et al., 2010).

For example, Peng and Ben-Zion (2006)
investigated the temporal variations of
seismic velocity along the North Anatolian

fault, analyzing repeating earthquake clus-
ters in the aftershock zones of the 1999
Izmit and Diizce earthquakes. The authors
observed a sharp seismic-velocity reduction
immediately after the Diizce mainshock,
followed by a gradual logarithmic-type re-
covery. They concluded that the temporal
changes of material properties occur in the
topmost portion of the crust and, although
the change is more prominent at stations lo-
cated close to recently ruptured fault zones,
it is not limited to the immediate vicinity of

the fault zone. In central Italy, Soldati et al.
(2015) computed the relative velocity varia-
tion from cross correlations of noise data
over the period 2008-2012, including the
2009 L'Aquila mainshock. The temporal
variation obtained for the relative velocity
(reproduced in Fig. 10) has a trend very
similar to the stress drop: an abrupt coseis-
mic decrease at the time of the mainshock
occurrence, followed by an unstable behav-
6?3 ior for a few months, and finally, a recovery

of the velocity (see also in Fig. 7c). Regard-
ing the spatial distribution of the coseismic-

velocity drop, Soldati et al. (2015) com-
pared the velocities changes averaged over
a one-month time window selected before

L] ’ .’ ® e
L]
04-2009 05-2009 06-2009 07-2009
Date
(b) |
. Campotosto
« ®
o
s 6 ¢
<
=)
o
5 4
08-2016 10-2016 122016 02-2017  04-2017 06-2017 08-2017
Date
(c) — :
. Amatrice-Visso-Norcia
0
©
e,
= 64
5
2 9%0
(2]
o
54
08-2016 10-2016 12-2016 02-2017  04-2017 06-2017 08-2017
Date
Figure 8. Temporal variability of stress drop A, considering different zooms of

Figure 7. (a) Earthquakes located in proximity to the 2009 L'Aquila mainshock;
(b) earthquakes located in the Campotosto segment; (c) earthquakes located in the area
corresponding to the 2016-2017 mainshocks. The color version of this figure is avail-

able only in the electronic edition.

advocated to explain the time variability of the stress strop.
Recently, Yoshida et al. (2017) analyzed a swarm triggered
by the 2011 Tohoku earthquake, evaluating temporal
changes in stress drop and b-value. They discussed the tem-
poral variations of stress drop (very similar patterns to those
observed in this study) in terms of changes in the frictional
strength due to fluid migration. In central Italy, pore-pressure
diffusion due to fluids migration played a role in the prepar-
atory phase of the L'Aquila mainshock (e.g., Di Luccio ef al
2010). However, pore-pressure diffusion generally occurs
over time scales of weeks to months. Thus, we reckon it is
difficult to attribute the variations we observe solely to

and after the mainshock occurrence, ex-
cluding the day of the mainshock. They
found (see their fig. 5) that the drop was
maximum over the area surrounding the
L'Aquila epicenter and in the northeast di-
rection from the fault zone, including the Campotosto area.
The similarities of the trends observed for the stress drop
and for the relative velocity variations suggest that, in agree-
ment with Heckels ef al (2018), the recovery can be associated
both with crack healing along the main fault system and to
healing of microcracks distributed at shallow depths through-
out the surrounding region.

Data and Resources

The R software (R Development Core Team, 2008; http://
www.R-project.org) has been used in this study to perform
the regressions. In particular, the packages Ime4 (Bates et al.,
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6.5

6.0

log(Ao) [Pa]

5.5

5.0

.globalemt.org/CMTsearch.html). The
earthquake locations are taken from the Is-
tituto Nazionale di Geofisica e Vulcanolo-
gia (INGV) bulletin (http://cnt.rm.ingv.it/
iside). All the websites were last accessed
on December 2017. Some of the figures
were prepared with Generic Mapping Tool
S (GMT; Wessel and Smith, 1991).
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Figure 10. Comparison between the relative shear-wave veloc-
ity variation computed by Soldati et al. (2015) (points) and the Ao
(squares) time variability. The color version of this figure is avail-
able only in the electronic edition.

2015; https://cran.r-project.org/web/packages/Ime4/news.html);
ggplot (Wickham, 2009; http://ggplot2.org); changepoint
(Killick and Eckley, 2014; https://www.jstatsoft.org/article/
view/v058i03); and strucchange (Zeileis et al, 2002;
http://www.jstatsoft.org/v07/i02/). The waveforms used in
this study have been downloaded from the European Inte-
grated Data Archive (EIDA; https://www.orfeus-eu.org/data/
eida/) and from the Italian Civil Protection (DPC) repository
(http://ran.protezionecivile.it/IT/index.php). Regarding the
permanent networks, we used data from the networks with
the International Federation of Digital Seismograph Networks
(FDSN) code: MN, IV, IT (http://www.fdsn.org/networks/).
The moment magnitude used in this study for all earthquakes
larger than 5.7 have been taken from the Geofon moment
tensor catalog (http://geofon.gfz-potsdam.de/eqinfo/list.php?
mode=mt). Only for L'Aquila mainshock, we used the Global
Centroid Moment Tensor (CMT) solution (http://www

Results of the breakpoint analysis (Zeileis ef al., 2002, 2003). A change in
the linear trend of Ao (gray line) is detected between 10 February and 8 March 2014 (ver-
tical gray line). Details of the analysis are reported in the ® electronic supplement.
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