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A very energetic seismic sequence struck the central Apennines, Italy, in 2016–2017, with a series of damaging earthquakes, three of them with moment magnitudes M ≥ 5.9, and five of them with M ≥ 5.0, occurred over a few months between 24 August 2016, and late 2017. Several studies explained the phenomenon of a cascading earthquake sequence with fluid movements that provoked the rupture of different parts of the fault segments at different times and locations (e.g., Miller, Nature, 2004, 427, 724–727; Gabrielli, Frontiers in Earth Science, section Structural Geology and Tectonics, 2022; Malagnini, Frontiers in Earth Science, section Solid Earth Geophysics, 2022). In this study, we investigated the variation of crustal S-wave attenuation in terms of the frequency-dependent quality factor Q(f) before and after the main events (including the Amatrice, Visso, and Norcia sub-sequences, hereafter, AVN, and periods before and after the AVN multi-mainshock sequence). The spectral characteristics of regional attenuation in the central Apennines, as well as of the earthquake sources of the AVN sequence, are derived through regression analysis using a large set of seismograms; Q(f) is modeled, together with the bilinear geometrical spreading, g(r), using a widely used tool, namely, random vibration theory, RVT (Cartwright and Longuet-Higgins, 1956). The primary objective of this effort was to examine how the variability of crustal anelastic attenuation would impact the earthquake-induced ground motions. The latter is quantified in terms of peak ground accelerations (PGAs), peak ground velocities (PGVs), and pseudo spectral accelerations (PSAs) at 0.3 and 2 s . Here, we showed that the main events of the AVN sequence strongly affect crustal S-wave attenuation, including its frequency dependence. However, the effects of 1/Q(f) fluctuations on earthquake-induced ground motions are small and have a negligible impact on the seismic hazard.
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1 INTRODUCTION
The central Apennines is one of Italy’s most seismically active areas, with a long history of earthquakes which have strongly influenced seismic hazard and risk-related studies in Italy (Akinci et al., 2009). The recent sequences that occurred between 2009 and 2017 caused widespread building collapses due to the closeness of the causative fault to heavily populated urban areas, and to the elevated vulnerability of old edifices in cobblestone. In the 5 months following the 24 August 2016 Amatrice earthquake, nine seismic events with magnitude M > 5.0 occurred in the area. The most significant event of the sequence (M6.3) occurred in the vicinity of the town of Norcia and was preceded, 4 days earlier, by an M5.9 foreshock near Visso. The long sequence provided us with a massive set of seismological data (three events with magnitude larger than 5.9, up to a maximum magnitude of 6.3, see Malagnini and Munafò (2018), and http://eqinfo.eas.slu.edu/Eq. c/Eq. c_mt/MECH.IT/). The highest PGA values (∼0.8 g for the M6.3 Norcia and M6.0 Amatrice earthquakes) were recorded in the near-source area, and were the largest ever documented during an Italian earthquake. The attenuation characteristics of the crust have always been thought to play a significant role in refining seismic hazards for the study area (Lombardi et al., 2005; Akinci et al., 2009).
Several studies in the central Apennines demonstrated the effect of fluid migration along with relatively high-permeability faults, and the possible occurrence of earthquake, including triggered ones, due to an increased pore-pressure from the diffusion of over-pressured fluids (Miller et al., 2004; Lucente et al., 2010; Malagnini et al., 2012; ; Chiarabba et al., 2020; Akinci et al., 2020; Gabrielli et al., 2022; Malagnini et al., 2022).
It has long been understood that seismic attenuation has the potential to be a relevant source of information about the Earth’s interior. It is an important parameter that could greatly improve our understanding of subsurface processes, integrating the seismic velocity and conceding more detailed outcomes (Jackson and Anderson, 1970; Cormier 2011). Attenuation of seismic waves is strongly affected by rock permeability, pore fluids, and saturation levels (Winker and Nur, 1982; Malagnini et al., 2019; Gabrielli et al., 2022; Malagnini et al., 2022). Elevated seismic attenuation is usually observed at active faults in the brittle crust (Rietbrock, 2001).
Malagnini et al. (2022) investigated the seismic attenuation variation as a function of time and frequency before, during, and after the central Apennines seismic sequence of 2016–2017; they concluded that it is the variations in crustal rock’s permeability that drive the observed changes in seismic attenuation. Following Muir-Wood and King (1993), they hypothesized that the coseismic stress drop of a normal-faulting earthquake causes a sudden closure of such cracks, which translates into a sudden decrease in permeability and seismic attenuation. However, Malagnini et al. (2022) did not assess the ground motion parameters induced by the mainshocks of the sequence, parameterizing the seismic wave attenuation, earthquake source, as well as the distortions introduced by subsurface heterogeneities at the recording sites.
Gabrielli et al. (2022) attempted separating scattering and absorption contributions to the total attenuation of coda waves and provided images of their spatial (2D) and temporal variations in different frequency bands during the AVN seismic sequence. Their coda attenuation tomography demonstrated an evident variation between the pre-sequence and the sequence time windows, before and after the three mainshocks of the AVN sequence.
Here, we investigated the anelastic attenuation of S-wave, expressed in terms of a frequency-dependent seismic quality factor Q(f). We also intend to better understand the attenuation characteristics of the crust, and to explore its variability as a function of frequency and time during the central 2016–2017 earthquake sequence. Our main objective was to examine the sensitivity of peak ground acceleration (PGA), peak ground velocity (PGV), and pseudo spectral accelerations (PSAs) at 0.3 and 2 s to the temporal variability of crustal attenuation.
Here, we separated crustal attenuation from source excitation and site response; we performed that by exploiting the theoretical framework of random vibration theory (RVT, see Cartwright and Longuet-Higgins, 1956; Malagnini et al., 2019; Malagnini et al., 2022), which allows using the peak values of narrowband-filtered time histories, instead of the noisier Fourier amplitudes (details in Malagnini and Dreger, 2016). We investigated the events registered between 1 January 2016, and 29 March 2018. We modeled the empirical propagation and excitation terms related to frequency-dependent quality factor, a geometric spreading function, a stress drop parameter, and an operator to account for site effects during the sequence (coseismic and post-seismic periods). For this purpose, we considered velocity seismograms recorded before and after the three main events (including the mainshocks), corresponding to different time windows. Regressions were carried out using large amounts of waveforms from the study area, from earthquakes with magnitudes ranging between M2.0 and M6.3.
First of all, we obtained the scaling relationships for high-frequency ground motion throughout the inversion technique that has been introduced by Raoof et al. (1999). This approach is widely and successfully used for regionalized ground motion studies in many parts of the world (Morasca et al., 2006; Akinci et al., 2006; Malagnini et al., 2007; Malagnini et al., 2011; D’Amico et al., 2012; Akinci et al., 2013; Akinci et al., 2014; D’Amico et al., 2018). Second, the regional attenuation and source scaling were parameterized to describe the observed ground motions as a function of distance, frequency, and seismic moment (or moment magnitude).
A simple grid-search was adopted to perform in order to optimize the attenuation parameters in our scaling model. The earthquake-induced ground motions for the M6.3 Norcia earthquake are obtained by a stochastic finite-fault simulation approach based on dynamic corner frequencies (Motazedian and Atkinson 2005; Boore 2009), which makes use of the parameters obtained here, describing frequency-dependent attenuation, source excitation, and site responses. Finally, comparing simulations and actual recordings, we show the variability of seismic ground motion, and consequently of seismic hazard, in the study region.
2 DATASET
We used weak- and strong-motion data from central Italy (Italy), including the AVN seismic sequence (2.0 ≤ M ≤ 6.3). We selected the focal depths and the hypocentral distances of the events with similar locations from those shallower than 20 km and shorter than 100 km, respectively, distributed along an 80 km long NW-SE-oriented fault system. Almost all the focal mechanisms dominated by normal faulting agree with the extensional tectonic regime in the central Apennines (Zhong et al., 2018; Buttinelli et al., 2021). The dataset contains 1,445 selected events and more than 20,000 recordings between 1 January 2016 and 29 March 2018. This dataset covers more than 2 years of recorded seismicity, including the AVN sequence where three M ≥ 5.9 events occurred over a few months between August 24 and 30 October 2016 (Chiaraluce et al., 2017).
The locations of selected events (dots) and the seismic stations (triangles) are shown in Figure 1A. The distribution of seismicity is indicated with different colors corresponding to the time frames according to the following event start and end dates. These dates during the sequence (24 August 2016–30 January 2017) are selected before and after main events to have a similar time window, approximately a month, at each phase and to have a sufficient number of earthquakes to analyze. However, for the pre- and after sequences (after the Capitignano sequence), we selected events recorded in eight and 2 months, since the frequency of earthquake occurrence decreases over time. Hereinafter, we presented the selected phases in detail. 
• January 1 through 23 August 2016: 87 events with M > 3.2 (hereafter phase-I, pre-sequence).
• August 24 through 25 September 2016 (the M6 Amatrice sequence): 130 events with 3.0 ≤ M ≤ 6.0 including the Amatrice mainshock of 24 August 2016, at 1:36:32 UTC (hereafter phase-II, the Amatrice sequence).
• September 30 through 29 October 2016 (the M5.9 Visso sequence): 98 events with 3.0 ≤ M ≤ 5.9 including the Visso mainshock of October 26 at 19:18:08 UTC (hereafter phase-III, the Visso sequence).
• October 30 through 29 November 2016 (the Norcia M6.3 sequence): 339 events with 3.0 ≤ M ≤ 6.33 including the Norcia mainshock of October 30 at 06:40:18 UTC (hereafter phase-IV, the Norcia sequence).
[image: Figure 1]FIGURE 1 | (A) Map shows the seismicity distribution in the central Apennines area, earthquakes are shown as colored dots as a function of the time period, where the size of the circle represents the magnitude of the quake. Black squares indicate the main cities in the area, white triangles represent the seismic stations belonging to the National Accelerometric Network (RAN) and the National INGV Seismic Network (RSN). (B) We divided the sequence into nine phases as given in Table 1. (C) Focal depth of the selected events.
• 29 November 2016 through 1 January 2017: 67 events with 3.0 ≤ M ≤ 4.7 (hereafter phase-V).
• 1 January 2017 through 30 January 2017: 176 events recorded with 3.0 ≤ M ≤ 5.5 (hereafter phase-VI, the Capitignano sequence).
• 3 February 2017 through 30 March 2017: 83 events recorded with 3.0 ≤ M ≤ 4.7 (hereafter phase-VII).
• April 1, 2017 through 10 June 2017: 71 events with magnitudes 3.0 ≤ M ≤ 4.0 (hereafter phase-VIII).
• 11 June 2017 through 29 March 2018: 408 events with 2.0 ≤ M ≤ 4.0 (hereafter phase-IX).
Figure 1B shows the event distributions over the nine time windows, each of them presented with a different color. It should be noted that the minimum magnitude in the various periods is variable, that is, M3.0 during the period of the sequence and M2.0 before and after the sequence. The number of events belonging to different time phases is given in Table 1, together with the maximum magnitude registered in each time period. Figure 1C shows the distribution of the focal depths in our dataset, all within 15 km. We gathered seismograms registered by both the accelerometric stations of the Italian strong-motion network (RAN Rete Accelerometrica Nazionale) and the 24-bit broadband weak-motion seismological stations of the Digital Seismic Network run by the Istituto Nazionale di Geofisica e Vulcanologia (INGV). Strong- and weak-motion recordings were downloaded from the ITACA (ITalian ACcelerometric Archive) website or from the European Strong Motion, ESM database, and from the European Integrated Data Archive (EIDA) repository, respectively.
TABLE 1 | S-wave attenuation values obtained in this study as a function of selected time phases and related information.
[image: Table 1]3 METHOD AND DATA ANALYSIS
Our method has been widely and successfully used to determine crustal attenuation, source-, and site-related parameters from recorded seismograms (Akinci et al., 2014; Malagnini and Dreger, 2016; Munafò et al., 2016; Malagnini et al., 2019). These studies demonstrated that the observed seismic attenuation varies significantly from region to region. Regression results can be utilized for estimating earthquake-induced ground motions (i.e., peak acceleration and peak velocity), given a moment magnitude and a hypocentral distance. Rather than regressing Fourier amplitudes, our technique maximizes the signal-to-noise ratio (SNR) by analyzing peak values of narrow bandpass–filtered time histories. Our method is based on a tool called random vibration theory (RVT), developed by Cartwright and Longuet-Higgins (1956). A suitable set of constraints is used for decoupling the attenuation parameters from source and site terms, and for producing a smooth attenuation function; see Malagnini and Dreger (2016) for details.
First of all, we visually examined all the seismograms and picked the P and S arrival times for quality control. For each phase described earlier, peak ground velocities were measured in selected narrow frequency bands from 0.5 to 22.5 Hz; in each time window and for each central frequency, peak values were subsequently regressed to obtain a frequency-dependent attenuation function, a set of excitation terms, and of site responses. The 16 narrow frequency bands were centered at a set of frequencies fc = 0.5, 0.75, 1.25, 1.75, 2.50, 3.50, 5.0, 6.5, 8.5, 10.50, 12.50, 14.50, 16.50, 18.50, 20.50, and 22.5 Hz; the bandwidth around each central frequency went from [image: image] to [image: image]; filters were causal eight-pole Butterworth, high-pass and low-pass, respectively.
The peak values of the S-waves from the ith source, recorded at the jth site, at a hypocentral distance r and around a central frequency fc , are measured on the filtered waveforms, apeak(rij, fc), and can be defined as Aij (fc, r)=log10[apeak(r, fc)]. RVT allowing the use of the convolution theorem over peak values (instead of Fourier amplitudes) in our measurements were cast in a matrix form at each frequency band.
[image: image]
The reference distance rfix is chosen within the range of observed distances. In order to stabilize inversions in Eq. 1 and to bring a physical meaning to source and site terms, two constraints are applied; Path(r = rfix)=0 at any fc, and ΣSitej (fc)=0. It is important to note that the Sitej (fc) term in Eq. 1 indicates the ith individual component of the ground motion. So the horizontal source spectrum is relative to the reference distance rfix, and to the average network site.
We arbitrarily chose a reference distance rfix = 40 km. Such a hypocentral distance is chosen to be well inside the range of examined distances: it should be far from the source so that errors in source depth do not significantly alter hypocentral distances, and not so far to be in the range of supercritical reflections from the Moho. Furthermore, a smoothing constraint was implemented to the propagation term Path (fc, r, rfix), establishing a condition of minimum roughness with a null second derivative.
The crustal path term is described in terms of a piece-wise linear continuous function (in loglog).
[image: image]
Ln (r) is a linear interpolation function, n is the nodes for the distance segments, and Pathn is the value of the attenuation term at the hypocentral distance of the n-th node. We regularly sampled the dataset over a logarithm scale, choosing a regular length for each node.
Finally, regressions were performed over the selected central frequencies using an L1-norm inversion, as Bartels and Conn (1980) reported. The results are presented individually for all terms being SRCi (fc, rfix), Path (fc, r, rfix), and Sitej (fc) (Eq. 1). The effective signal duration is determined from a time window, including the 5% and 75% of seismic energy following the S-wave arrival. The effective time duration is an important parameter for the ground-motion prediction. It can play an essential role for earthquake damage potential and engineering purposes, notably in evaluating liquefaction and the inelastic deformation, as well as the energy dissipation of the short-period buildings (Bommer and Martinez-Pereira 1999).
4 GROUND MOTION MODELING AND PARAMETERIZATIONS
In order to quantify the regression results concerning the geometrical spreading, the frequency-dependent Q(f), the source scaling, and the site effects, each term in Eq. 1 is modeled using RVT and/or stochastic time-domain simulations (Boore, 1983; Boore and Joyner, 1997). Following RVT, the peak value of the narrow bandpass–filtered seismograms is used instead of the Fourier amplitude included in the same frequency band. The narrow band-pass filters are needed to make the seismograms somewhat “stationary” as prescribed by RVT, yet they cannot be too narrow in order to allow the existence of meaningful peaks.
Clearly, the use of peak values maximizes the signal-to-noise ratios of our results. Moreover, knowing the effective duration of ground motion within a specified bandwidth near a specific center frequency, RVT allows the application of the convolution theorem to peak values. Together with the Parseval’s equality, we can switch between time and frequency domains and write the matrix form for the linear inversion of the peak values (Eq. 1). In brief, given a stationary, random time history of length T, RVT enables a measure of its peak value following apeak ≈ ξaRMS, where aRMS is the root mean square value of the time history calculated in the time window starting at the onset of S-waves, and having a duration T. The parameter ξ can be calculated from the spectral moments of the time history. The band-pass filtering procedure delivers non-zero Fourier amplitudes only between the two-corner frequencies ([image: image] and [image: image]), and the following equation holds (Malagnini and Dreger, 2016):
[image: image]
In our study, we assume that the filtered seismogram is different from zero between the S-wave arrival time (elapsed time t = 0), and an elapsed time t = T. In turn, the effective duration of the ground motion (T) is estimated for each seismogram and for each central frequency. In other words, we have an effective duration which is a function of the central frequency and of the hypocentral distance: [image: image]. Finally, once we develop an attenuation/excitation model for the region under investigation, as well as an effective duration function, RVT can be applied to estimate peak values as a function of earthquake size and hypocentral distance, such as, peak accelerations and velocities, and/or response spectra (see for details Malagnini and Dreger, 2016; Lavrentiadis et al., 2021).
4.1 Attenuation Parameters
We modeled the empirically-based attenuation term (Pathemp(r, rfix, fc)) by specifying both the crustal anelastic attenuation, represented by the quality factor Q(f) = Qo(f/ fref)n, and the geometrical spreading g(r). The latter is modeled as a piecewise continuous function of the hypocentral distance (r). The role of the reference frequency fref=1.0 Hz is just to keep the non-dimensional nature of the attenuation parameter.
[image: image]
Equation 4 reveals the effects of frequency-dependent geometrical spreading and anelastic attenuation, relying, for each frequency, on the average velocity structure along the propagation pathway and rock’s physical properties (Aki, 1980). It should be noted that the theoretical attenuation term described in (Eq. 4) is also normalized to zero at the reference distance rfix.
Figure 2 presents the regressed empirical attenuation peak velocity amplitudes (colored curves), and the theoretical attenuation curves (black curves) obtained from the RVT-based modeling. The results are relative to the nine time windows that correspond to the nine phases described earlier (prior to, and during the sequence). The L2 norm grid search through the parameter space of the geometrical spreading g(r) and the quality factor Q(f) (the 1-Hz attenuation parameter Qo and the exponent n defining its frequency dependence) gives us the optimal theoretical attenuation models (Paththeo(r, rfix, fc)), defined by minimizing the RMS-value of the residuals in each phase of the sequence. For this purpose, we used the observed durations as a function of distance and frequency (Supplementary Figure S1). The residual between the inverted attenuation curves, Pathemp (r, rfix, fk) (Figure 2 colored lines) and for the theoretical model curves, Paththeo (r, rfix, fk) (Figure 2 black lines) were calculated to determine our preferred ground-motion propagation model for each of the nine subsets as:
[image: image]
where σ (fk) values are these emerging from the regression results; fk = 0.5, 0.75, … and 22.5 Hz; values of i are 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 km. Finally, we obtained the solution with the minimum RMSE at all chosen time windows.
[image: Figure 2]FIGURE 2 | Empirical regional attenuation, Pathemp (r, rfix, fk) curves experienced by the narrow-band filtered amplitudes of the ground motion, at the 16 central frequencies of 0.5, 0.75, 1.25, 1.75, 2.50, 3.50, 5.0, 6.5, 8.5, 10.50, 12.50, 14.50, 16.50, 18.50, 20.50, and 22.5 Hz that are shown by colored lines at each selected time periods. Black lines in the background are obtained with the attenuation model, Paththeo (r, rfix, fk). All lines are normalized by a 1/r decay (the horizontal dashed lines represent the 1/r decay). The reference hypocentral distance is 40 km.
We allowed the quality factor, Q(f) to vary between 20 and 200 and the frequency dependence coefficient, n between 0.2 and 1.5, and the exponent α of the geometrical spreading, g(r)=r−α, to vary between 0.3 and 1.2 for distance before and after the rfix = 40 km in terms Paththeo (r, rfix, fk) (Eq. 4) using merged datasets. Using the dataset before the sequence, optimum results were obtained for Q(f)=75f0.6, g(r)=r−1.1 for distances between 5 and 40 km, and g(r)∼r−0.5 for distances greater than 40 km. For shorter distances, r−1.1 describes body-wave crustal propagation, whereas for distances beyond 40 km, g(r)∼r−0.5 describes the propagation of a wavefield dominated by surface waves. These coefficients are very close to those calculated in the central Apennines by Malagnini et al. (2011). The optimal functional form g(r) obtained pre-sequence was fixed in all the grid searches performed on the subsequent phases, and only the parameters Qo and n were altered. Figure 3 presents the residuals calculated varying Qo, n, and geometrical spreading coefficient, g(r), in the nine subsets of data, from 1 January 2016 to 29 March 2018, where the best-fit values are indicated. The best-fit attenuation parameters are presented in Table 1 and Figure 4. Errors are estimated using the F distribution at the 90 percent confidence level. We consider the solutions with normalized residuals (concerning the minimum value) are smaller than 1.3–1.5 from the misfit values in Figure 3 (for details Mayeda et al., 1992; Del Pezzo and Bianco, 2010).
[image: Figure 3]FIGURE 3 | Residuals (rms(dist)) obtained from comparing empirical log10(Pathemp(r, rfix, fc)) and theoretical log10(Paththeo(r, rfix, fc)) of the horizontal components, plotted as a function of Q0 and n.
[image: Figure 4]FIGURE 4 | Frequency-dependent Q as Q(f) = Q0 (f/fref)n , fref = 1 Hz. The Q0 (blue dots) and the frequency dependence of the attenuation, n (orange triangles) and their standard errors as a function of nine time phases include Amatrice, Visso, and Norcia earthquake sequences (for the details see Table 1).
4.2 Source and Site Parameters
The seismic sources of our dataset are modeled following the Brune’s (1970), Brune (1971) single-corner frequency spectral model, with the static stress parameter that is a function of the earthquake’s magnitude following the equation:
[image: image]
where s(f, M) = RΘΦFN Mo 4πρβ3 (2πf )S(f ) is the Fourier velocity spectra, RΘΦ is the average radiation pattern, 0.55, F is the free-surface amplifications, 2.0, and N = 0.707 is the partition of energy into two horizontal recorded components (Boore and Boatwright 1984). S(f) is basically the single corner frequency Brune crack model with corner frequency, f0 = 0.491(ΔσBruneMo)1/3, ΔσBrune is the stress-drop parameter in units of Pa, and M0 is the seismic moment. The parameter ρ is the crustal average density and β is the shear wave velocity at the source of 3.5 km/s.
The term exp(−πfκeff) is a simplified version of the more correct functional form: <V(f) exp(−πfκ0)>avg, where V(f) represents the site amplification relative to hard rock. The term κeff presents the average high-frequency attenuation in the very shallow crust directly beneath each site associated with the parameter κ0 and the frequency-dependent site amplification, (f) (Boore, 1983; Anderson and Hough, 1984; Boore and Joyner, 1997). Supplementary Figure S2 presents the site terms from the regression on horizontal filtered peak amplitudes. Because the constraint: ΣSitej (fc) = 0 was employed to the horizontal component site terms at the stations, we may render the excitation terms that present the average site of the network, 40 km away from the hypocenter. The site term is averaged over all the stations since the constraints adopted for the regression present an average value inferred from the network sites. As a result, the average effect of all the network sites is mapped on the source term (and this is why the average network site effect is included in Eq. 6). Since the site terms continue to trade-off with the observed excitation terms (as seen in Eq. 6), they do not have a functional utility in the existing form, although to look at the behavior of all the individual site terms allows the detection of instrument- or digital amplification-related malfunctions. For the definition of predictive relationships for the ground motion, the most useful site descriptions are represented by the generic site models by Boore and Joyner (1997).
The inverted excitation terms determined by the regression analysis are presented in Figure 5 (black curves) for each M > 5.5 earthquakes in the database. Theoretical (RVT) curves using the Brune spectral model are presented in the same figure (colored curves) at a distance rfix = 40 km, including the effects of propagation to reference distance due to geometrical spreading and frequency-dependent attenuation parameter. In order to fit the theoretical excitations to the empirical ones, we used a stress drop parameter and the generic rock site amplification factor (the term V(f)exp(−πfκeff) in Eq. 6).
[image: Figure 5]FIGURE 5 | Empirical (black) and theoretical (colored) excitation spectra at 40 km distance obtained for the peak of the filtered amplitudes derived from RVT synthetics in the frequency range from 0.5 to 22.5 Hz. The green, blue, and red lines show the predicted excitation terms obtained by using Eq. 6, at the moment magnitudes corresponding to those calculated for the plotted events M6.0 and M5.4 with Q(f)=115 ± 45f 0.50±0.12, events M5.9 and M5.4 with Q(f) = 55 ± 5f0.8 ± 0.025, and M6.3 Norcia earthquake with Q(f)=70 ± 15f 0.65±0.1, respectively.
The optimized attenuation parameters for each phase were used to determine the source-related parameters from the best visual fit between inverted and theoretical excitation spectra. The fit for the earthquakes, excellent at all frequencies, is obtained from the following values of the Brune stress drop: Δσ = 15 and 20 MPa for magnitudes M6.0 and M6.3, respectively. Our modeling effort indicates a clear trend for the stress parameter, which steadily increases with magnitude. This behavior together with the retrieved stress drops is in agreement with those obtained by Malagnini and Munafò (2018).
The high-frequency parameter κeff is estimated as κeff = 0.035 s by fitting the high-frequency part of the spectra of small earthquakes since it is independent of the earthquake size. The soil site category NEHRP B/C boundary site condition with Vs30 of 760 ms−1 is used as the representative generic rock site type amplification in the study area to model the SRC (fc, rfix ), excitation terms. Finally, we employed this path and source scaling parameters to estimate a series of ground motion parameters in the study region.
5 RESULTS
5.1 Temporal Variability of Averaged Seismic Attenuation
Our results (Table 1 and Figure 4) provide homogeneous estimates of averaged S-wave quality factor Q(f) for each of the nine selected time windows, showing that the seismic attenuation was not constant over time during the earthquake sequence.
Before the sequence (phase-I, between 1 January 2016 and 23 August 2016), the attenuation term is modeled using a frequency-dependent quality factor, Q(f) = 95 ± 30f 0.5 ± 0.12, together with the geometrical spreading defined by the following bilinear relationship: g(r)=r−1.1, for r ≤ 40 km and r−0.5 for distances larger than 40 km.
During the 2016–2017 earthquake sequence, we observed some fluctuations in the attenuation and frequency dependence over the time windows. The attenuation of seismic waves decreases while its frequency dependence increases: Q(f) = 115 ± 45f 0.50 ± 0.12 in phase-II (from the 24th August Amatrice earthquake, M6.0 until the 25th September 2016, just before the Visso earthquake).
In phase-III (from the 30th September, Visso earthquake, M5.9 until the 29th October 2016 just before the Norcia earthquake), both the attenuation parameter and its frequency dependence change: Q(f ) = 55 ± 5f 0.80 ± 0.025. This behavior is evident in Figure 2, where all attenuation curves for the different frequency ranges of S-wave decrease with distance similarly, presenting a high-frequency dependence of attenuation.
In the phase-IV from the 30th October, Norcia earthquake, M6.3 until the 28th November 2016, the attenuation parameter Qo increases, whereas its frequency dependence decreases slightly, Q(f ) = 75 ± 15f 0.65 ± 0.12.
During the phases V, VI, VII, and VIII from the end of November 2016 until the 11th June 2017, we retrieved similar attenuation values to the previous one as in the fourth one, being Q(f )=75f 0.65 with slight fluctuations on the Q(f ) and its degree of the frequency dependence. This latest variation in attenuation is quite different from those observed during the Amatrice, Visso, Norcia sequence, suggesting that the major events strongly influenced the attenuation parameters. Finally, from June 2017 to the end of March 2018, we determined Q(f ) = 95 ± 20f 0.5 ± 0.1, similar to the one obtained for the phase-I.
5.2 Investigating the Effects of Seismic Attenuation on Ground Motion Parameters
Utilizing the S-wave seismic attenuation and the source scaling, together with the duration of the ground motions revealed in this study, we produced high-frequency synthetic seismograms. To evaluate the impact of the variation of the seismic attenuation on the ground motion in the central Apennines, we analyzed several ground motion parameters, PGA, PGV, and two PSAs at 0.3 and 2 s for the M6.3, Norcia earthquake of 30 October 2016, as being the largest earthquake occurred during the seismic sequence and probably the best-recorded large earthquake in Italy. The attenuation parameters, together with the source and site-related parameters (Table 2) obtained for the phases II, III, and IV, correspond to Amatrice, Visso, and Norcia earthquake sequences and are introduced for the ground motion simulations through a finite fault stochastic method as given in the Supplementary Appendix A (Motazedian and Atkinson, 2005; Boore, 2009). In this way, we demonstrated the relative implication of this parameter to the ground motion parameters (PGA, PGV, and PSA at 0.3 and 2 s).
TABLE 2 | Model parameters for the finite-fault simulation of the 30 October 2016, M6.3 Norcia Italy earthquake.
[image: Table 2]5.2.1 Comparisons Between Observed and Simulated Ground Motions
In this section, we compared the simulated accelerations and velocities with the 30 October 2016 Norcia earthquake’s observed ground motions registered by numerous digital stations of temporary and permanent seismic networks expanded shortly after the Amatrice earthquake. We used ground motions recorded at 98 stations located on different site conditions, classified as A, B, C, and D, in accordance with the NTC18 norms. The generic site amplification curves were accounted for in the simulations from different soil classes prescribed by the Italian NTC18 seismic design code: site class-A, -B, -C, and -D following Pischiutta et al. (2021a), Pischiutta et al. (2021b) (Table 2). Figure 6 shows the comparison of the PGAs, and PGVs, PSA at 0.3 and 2 s of the simulated ground motions using three different attenuation parameters with those of the records observed during the M6.3 Norcia earthquake and the reference GMM model (dashed lines) is adopted from Bindi et al. (2011) for three different types of site classes following the Eurocode8, EC8, (CEN 2003).
[image: Figure 6]FIGURE 6 | (A) Predictions of peak ground acceleration (PGA) for the Norcia mainshock (M6.3) (colored symbols) and comparison with the observed data (gray crosses). Solid black lines refer to Bindi et al. (2011) for sites, A, B, and C classes. Simulation are generated using 1) three different attenuation parameters; Q(f)=105f0.5 hase-II, from the Amatrice earthquake sequence; Q(f)=55f0.8 phase-III, from the Visso earthquake sequence; Q(f)=75f0.65 phase-IV, from the Norcia earthquake sequence and, and 2) geometrical spreading coefficient g(r)=1.0, R < 40 km and g(r)=0.5 for R > 40 km, 3) a stress drop parameter Δσ = 20 MPa and 4 ) κ0 = 0.025s, 0.035s and 0.045s for sites, A, B, and C classes (B,C,D) same as in frame (a) but for peak ground velocity (PGV), pseudo spectral accelerations at 0.3 and 2 s.
In general, we observed a good compromise between the observed data from the strong-motion recordings and the simulated ground motions from three different attenuation functions, up to a distance of 90 km. The compatibility between observed and predicted data remains the same also at shorter distances, even if the near-field results are governed mainly by source effects, such as directivity. On the other hand, intermediate and longer distances are governed by the path effects such as the frequency-dependent quality factor Q(f) and its frequency dependence. The estimated high-frequency ground motion parameters decay faster (blue squares in Figure 6) during the Visso sequence with Q(f) = 55 ± 5f0.80 ± 0.025 compared to those estimated from the Amatrice (green circles) and Norcia (red triangles) sequence attenuation functions, both being less frequency-dependent, Q(f) = 115 ± 45f0.50 ± 0.12 and Q(f) = 75 ± 15f0.65 ± 0.12 , respectively. This trend is more evident in the case of the PSA at 0.3s, where high-frequency ground motions attenuate quickly as a function of distance compared to PSA at 2s.
Nevertheless, Figure 6 quickly notes that the observed peak ground motions are more scattered than the simulations. This indicates that our simulations cannot capture the total variability of 3-D wave propagation effects (impedance gradients, source radiation pattern, trapped waves, etc.,) through a high-frequency stochastic simulation approach. The observed discrepancy between the recorded (much scattered) and the simulated ground motions (less varied) may also be caused by the insufficient representation of soil amplification factors taken into account in our study (Ojeda et al., 2021; Pitarka et al., 2021).
5.2.2 Residuals Between Observed and Simulated Ground Motions
To get an insight into attenuation variability on the simulated ground motions, we calculated residuals Rjos between observed and simulated values at each distance Rjb, related to station j as Rjos = ln (Yjobs/Yjsim), where Yjobs is the observed ground motion parameter, and Yjsim is derived from simulations at each station’s distance. We calculated the average values (μ) and standard deviations (σ) from the residuals. The residuals between observed and simulated ground motion parameters, PGA and PGV, as a function of distance, are plotted in Figure 7 for three different site classes (A, B, and C, given with different colors). The residuals of the spectral acceleration parameters at 0.3 and 2 s are presented in Supplementary Figure S3. We observed that, for most stations, the residuals vary between –0.5 and 0.5. The most considerable variation of the Rosj ratio, with increasing residuals, is observed at larger distances, Rjb > 50 km. This deviation becomes evident at high frequencies (PSA at 0.3 s) since the frequency dependence of three attenuation parameters is quite peculiar. The histograms in Figure 8 clearly demonstrate the impact of variation of the attenuation on ground motion parameters; it is very little where the σ is almost invariant around 0.19–0.21 in the case of PGA, while it is 0.21-0-23 for PGV. The median values for the PGA are −0.06, 0.04, and 0.0 for three periods (phases II, III, and IV). The best fit between observed and simulated was captured at phase IV (Norcia sequence), resulting in μ=0.0 and a small σ value. Similarly, we obtained small σ and μ for all of the ground motion parameters, where we used the attenuation function of the Norcia sequence for our simulations. The largest standard deviation and median values determined in the case of the spectral acceleration at 2 s may be caused by the limitations of our approach of the high-frequency stochastic finite-fault approach implemented in this study, which could not wholly capture the longer period effects. In fact, such effects mainly caused by the 3D earth structure cannot be thoroughly simulated with stochastic techniques (Pitarka et al., 2021).
[image: Figure 7]FIGURE 7 | Residuals between ground motion parameters observed on data recordings and simulated time-series for the M6.3 Norcia earthquake as a function of distance for three attenuation functions: peak ground acceleration (PGA) and peak ground velocity (PGV).
[image: Figure 8]FIGURE 8 | Residuals (observed-predicted) of PGA, PGV, and PSA at 0.3 and 2 s calculated for the M6.3 Norcia earthquake. To predict the earthquake-induced ground motion, we used attenuation parameters obtained using the dataset belonging to phases II, III, and IV of the seismic sequence based on a stochastic finite-fault dynamic corner frequency method.
6 DISCUSSION AND CONCLUDING REMARKS
We carried out a regression analysis to separate path, source, and site effects in different time windows during the 2016–2017 AVN seismic sequence in the central Apennines. The frequency-dependent attenuation parameters and the geometrical spreading function are calculated using a grid-search over a thousand combinations of the attenuation parameters. We found that the crustal attenuation and its frequency dependence are affected by transients induced by the main events and quantify the impact of the seismic wave attenuation variability on the ground-motion hazard in the study region.
In general, we observed that the quality factor (Qo) is changing between 55 ± 5 and 115 ± 45, and its frequency dependence (n) varies from 0.50 ± 0.025 to 0.80 ± 0.12 over different periods, including Amatrice, Visso, and Norcia earthquake sequences.
Our modeling also indicates a clear trend for the stress-drop parameter, ∆σ, which constantly increases for increasing magnitude being 20 and 15 MPa for M6.3 and M6.0, respectively. These spectral parameters are used to explore the impact of attenuation variability on the seismic hazard through stochastic finite-fault simulations and compared against the observed ground motions for the 2016 Norcia main-shock.
The residuals calculated between the observed and simulated PGA’s and PGV’s for distances up to 100 km offer a quantitative assessment of the effects of the attenuation variability on the earthquake-induced ground motion parameters. When compared to the observed data, our simulations indicate that both the mean values and the standard deviations of PGA, PGV, and PSA at 0.3 and 2 s do not show substantial variations and oscillate slightly over the three time windows (σ = 0.19–0.21, μ = 0.13–0.04) while Q (f ) = Qo(f/fref)n strongly vary over time, both in amplitude and in frequency dependence. The reason that we observed slight variations on the ground motion parameters for the three different time windows during the AVN earthquake sequence including the Amatrice, Visso, and Norcia main events, is that the attenuation parameter Q(f) does not vary significantly, and provides similar values with the low-end parameter Qo = 55, which is associated with a high frequency dependence (n = 0.8) and the high-end parameter Qo = 115, which is associated with a low-frequency dependence (n = 0.45). This variation of attenuation is determined over several time windows as the average values for the study region and may indicate the randomness of the natural phenomenon presented in the stochastic uncertainties. However, the attenuation parameter may present a spatial variation in the studied area and may have a different impact on ground motion variation, which we did not investigate.
The main goal of this study was related to practical purposes for investigating the seismic attenuation variations in the ground motion analysis. In the end, we decided to briefly comment on the temporal variation of attenuation and possible connection with inferred material properties and/or physical states of a medium even if it is out of the scope of this study (e.g., temperature, stress, and water saturation). In fact, it is generally affirmed that bulk permeability and fluid content modulate the seismic attenuation in rocks (Winker and Nur, 1982; Malagnini and Parsons, 2020; Malagnini et al., 2022). When rock permeability reduces due to crack closure, seismic attenuation decreases (Toksӧz et al., 1979). Finally, it is the fault zones that may exhibit high seismic attenuation due to a massive volume of fracturing and fluid content (Ma et al., 2020; Gabrielli et al., 2022; Ma et al., 2022).
For example, Chun et al. (2004) have noted variations in P wave attenuation within a fault region following the 1989 M7.0 Loma Prieta earthquake. This change was interpreted as being generated by coseismic and postseismic variations in permeability and fluid saturation along the fault. Previous studies in the Parkfield area reported a temporal change in attenuation associated with the 2004 M6.0 Parkfield earthquake. Attenuation increased immediately after the earthquake and then slowly decreased over several years (Allmann and Shearer, 2007; Chun et al., 2010; Kelly et al., 2013; Malagnini et al., 2022). Furthermore, numerous studies in the central Apennines investigated the impact of fluid migration along with faults network and the likely earthquake occurrence, triggering seismicity and seismic wave attenuation variations due to increased pore-pressure from the diffusion of over-pressured fluids (Miller et al., 2004; Lucente et al., 2010; Malagnini et al., 2012; Chiarabba et al., 2020; Akinci et al., 2020; Gabrielli et al., 2022; Malagnini et al., 2022).
The attenuation characteristics observed in the present study agree with those remarked in different regions worldwide. For example, high seismic attenuation is observed during the Visso sequence (phase-III), possibly due to increased fracture density and fluid flow across the seismogenic zones. Moreover, in this period, the frequency dependence of attenuation also increased, being ∼ f 0.8, with that of the previous ∼ f 0.5. This change could be linked to the fluid saturation and distribution during earthquake sequence since the transformation of energy into heat in solid is relatively independent of frequency while it is proportional to frequency in fluids as demonstrated by Toksӧz et al. (1979) and Tisato and Quintal, (2013) and Tisato and Quintal, (2014).
Our results may provide a valuable framework for understanding the physical parameters that define crustal wave propagation and their impact on the amplitudes of the ground motions observed during the earthquake sequence in Central Italy. We remark that the main events of the sequence strongly influence the crustal S-wave attenuation and frequency dependence, while their effect on the induced ground motion is minimal.
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