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We investigate the spatiotemporal evolution of ground motion caused by reservoir-induced seismicity at the Pertusillo artificial lake in southern Italy. The area has a strong seismogenic potential, having been affected in the past by the 1857, Mw 7.0 Basilicata earthquake. We consider ∼1,000 microearthquakes that occurred from 2001 to 2018 and were recorded by a local network of nine seismic stations. The ground motion intensity associated with microseismicity allows us to identify two periods, each lasting approximately 2 years. They are characterized by a high rate of events but exhibit different source properties and spatial distributions. In the first period, the seismicity is spatially clustered close to the lake, on faults with different orientations and kinematics. In the second period, the seismicity is distributed along the Monti della Maddalena faults. Comparing the ground motion intensities of the two periods, we observe that events that occurred in the first period are associated with higher stress levels than others, in agreement with the b-values of the respective frequency-magnitude distributions. We compare the temporal evolution of the ground motion intensity with the rainfall and water levels measured at the artificial lake, as well as with the discharge of a ∼80 km distant spring, which is strictly controlled by climate trends. The results provide information about the regional processes acting on the southern Apennines. Our results show that the microseismicity is clearly associated with the Pertusillo artificial lake in the first period, whereas in the second period is a result of a combination of local effects due to water table oscillations of the lake itself, regional tectonics, and the poroelastic and elastic phenomena associated with carbonate rocks hosting aquifers.
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KEY POINTS

• Ground motion intensity is computed for ∼1,000 microearthquakes that occurred close to an artificial lake in Italy between 2001 and 2018.
• Temporal and spatial variation of the ground motion intensity highlights seismic swarms producing earthquakes with different rupture properties.
• Seismicity is due to a combination of tectonics, water level modulation, and hydrological forces triggering critically stressed faults.
INTRODUCTION
Reservoir-induced seismicity (RIS) related to water-level changes in artificial lakes is a well-documented phenomenon. The best known RIS example is certainly the 6.3 Mw 1967 Koyna-Warna earthquake (Gupta and Rastogi, 1976). However, it must be considered that small-to-moderate magnitude RIS occurs very often, both in relation to water load changes and poroelastic stress perturbation in pre-existing faults. Therefore, there is a real demand for monitoring of seismic hazards using dedicated, local, and dense seismic networks (Do Nascimento et al., 2004; Shashidhar et al., 2011; Stabile et al., 2020; Büyükakpınar et al., 2021).
This is especially important when artificial lakes are located in areas characterized by a high seismic hazard. Indeed, where the crust is affected by the presence of faults with a stress level close to failure, even static stress changes of a few tens of kPa associated with RIS might promote the worst-case scenario of large earthquakes (King et al., 1994; Harris, 1998; Shapiro et al., 2013).
Whereas in some cases RIS is observed only for a limited period following initial reservoir impoundment, in other cases it occurs almost every year (e.g., Carder, 1945; Simpson and Negmatullaev, 1981; Durá-Gómez and Talwani, 2010), often as swarms (El Hariri et al., 2010), and is called continuous or protracted RIS. This is the case for the RIS recorded near the Pertusillo artificial lake area in the High Agri Valley, southern Italy. This area is characterized by the complex Monti della Maddalena normal fault system (MMFS) which some authors (e.g., Burrato and Valensise, 2008) suggest was involved in the 1857 Mw 7.0 Basilicata earthquake.
RIS at the Pertusillo artificial lake has been previously studied by, among others, Valoroso et al. (2009) and Stabile et al. (2014). The latter study, in particular, concluded the following: 1) a cyclic annual pressure perturbation in the order of 0.10–0.15 MPa at the lake floor due to water column fluctuation, 2) the existence of two spatially distinct clusters of seismicity (i.e., one located northeast and the other southwest of the lake), with only the latter highly correlated to water level fluctuations, and finally, 3) a rather high b-value (i.e., b = 1.4) of the considered seismicity with respect to that estimated for this sector of the Apennine chain (b ∼ 1; Gulia and Meletti, 2007; Stabile et al., 2013).
Stabile et al. (2014) suggested a 1D pore-fluid pressure-diffusion mechanism acting from the reservoir toward the MMFS as the main physical driving mechanism of RIS in the Pertusillo artificial lake, with an average hydraulic diffusivity of ∼7.8 m2/s. Recently, Rinaldi et al. (2020) presented a first attempt to model RIS at the Pertusillo lake, considering both the static Coulomb failure stress changes and a rate-and-state model for investigating the temporal evolution correlation. Their work confirmed that the MMFS is favorably oriented with respect to the water loading to receive a positive stress change to trigger seismicity. We will return to the modelling results obtained by Rinaldi et al. (2020) later in this work.
Understanding of the physical processes that generate and characterize natural and induced earthquakes, including RIS, is often improved by studying the spatiotemporal evolution of the source parameters obtained through inversion of the seismic data (Allmann and Shearer 2007), or by studying the mechanical properties of rocks through seismic velocities (Brenguier et al., 2008). Nevertheless, the source parameters for small magnitude earthquakes such as stress-drop and seismic energy are difficult to estimate, are model-dependent, and, above all, are affected by large uncertainties (Cotton et al., 2013).
Recently, Picozzi et al. (2021a) studied the ground motion intensity of faults where the 1980 Ms 6.9 Irpinia earthquake enucleated (southern Apennines, Italy) in order to capture the temporal dependency affecting the fault behavior. The proposed approach was based on a well-established spectral decomposition of ground motion residuals into source, path, and site terms (Al Atik et al., 2010; Baltay et al., 2017), and has become standard for the development of Ground Motion Prediction Equations (GMPEs) in seismic hazard studies (e.g., Douglas and Edwards, 2016; Kotha et al., 2020).
In this work, we study the ground motion intensity variation in time and space of RIS associated with the Pertusillo artificial lake over 18 years (2001–2018). In the following, we first describe the main tectonic characteristics of the area, the dataset, and the methods. Then, we describe the temporal and spatial variation of the ground motion intensity for events occurring on the MMFS. Finally, we discuss the results and the interpretive scheme of continuous RIS at the Pertusillo artificial lake proposed by previous studies.
Plain Language Summary
The generation of earthquakes associated with water-level changes in artificial or natural lakes is named ‘reservoir-induced seismicity’ (RIS). Monitoring the temporal and spatial evolution of reservoir-induced seismicity is very important for assessing the mechanical state of faults, especially in areas prone to high levels of seismic hazards. The Pertusillo artificial lake is located in the High Agri Valley, which was affected by the 1857, 7.0 Mw Basilicata earthquake. Herein, we study how the ground motion intensity caused by ∼1,000 microearthquakes that occurred on the western side of the Pertusillo lake changes over time and space. We identify two periods with a high rate of seismicity characterized by events with distinct ground motion intensities and spatial distributions. Our analyses confirm that the events of the first swarms are strongly related to water level changes in the Pertusillo lake. Furthermore, we highlight that the spatially broader seismic swarm is likely related to hydrological forces triggering critically stressed faults. The ground motion intensity results are easily computable and free from assumptions in seismic source models. Therefore, ground motion intensity could become a useful parameter for monitoring RIS in near real-time.
Tectonic setting
The High Agri Valley is an intermontane Quaternary basin, WNW–ESE oriented, that developed in the axial zone of the southern Apennines NE–verging thrust and fold belt (Figure 1). The strong seismogenic potential of the area, as testified by the aforementioned 1857 Mw 7.0 Basilicata earthquake, is strictly related to the brittle tectonics affecting this region, which in turn depends on the region’s tectonic evolution. Indeed, three distinct phases may be distinguished, thus explaining the stratigraphic successions and the complexities of geological structures characterizing the area:
1) From the Mesozoic to very early Cenozoic era, an extensional phase was accommodated by a series of normal faults, causing separation of the western Apennine and the eastern Apulian carbonate platforms, and allowing the deposition of deep-water pelagic successions (Lagonegro Units) (Cello and Mazzoli, 1998).
2) Subsequently, a two-distinct-tectonic-styles shortening phase developed, which was responsible for the present configuration of the crustal structure and landscape of the High Agri Valley. First, since the upper Miocene, thin-skinned, low-angle thrust tectonics led the stacking of rootless nappes of Lagonegro Units, of foredeep flysch deposits, and of western platform carbonates on the Inner Apulian platform. The latter was then characterized by further thrusting in the final late Pliocene/early Pleistocene thick-skinned shortening phase (Patacca and Scandone, 2001; Mazzoli et al., 2008). The described compressional regime produced an imbricate system of reverse faults as well as wide anticlines striking from north-south to northwest-southeast. These folds developed in the Apulian carbonates, thus providing the main structural traps for the Agri Valley oilfield (Mazzoli et al., 2001; Shiner et al., 2004).
3) Since the Pliocene era, crustal shortening affecting the southern Apennines was gradually replaced by a transtensional tectonic phase, resulting from back-arc extension (Patacca and Scandone, 2007) related to the roll-back of the African Plate under the Eurasian plate (e.g. Cinque et al., 1993). Chronologically, the western portion of the orogen was first fragmented by a Pliocene NE–SW extension, accommodated by low-angle normal faults (Ferranti et al., 1996; Ferranti and Oldow, 1999) and later by normal to left-oblique transtensional faults (Cinque et al., 1993; Catalano et al., 2004). Finally, an extensional phase involving the fold-thrust belt and occurring since the Upper Pliocene/Early Pleistocene through NW–SE striking of high-angle normal faults (Vittori et al., 1997), which in some cases generated throws greater than 1,000 m (Brozzetti, 2011; Roda-Boluda and Whittaker, 2018). This tectonic regime is still active, as witnessed by stress indicators (Cello et al., 2003; Montone et al., 2004; Bello et al., 2022) as well as geodetic (Ferranti et al., 2014; Silverii et al., 2016; Devoti et al., 2018) and strain rate field data (D’Agostino, 2014), revealing an extension rate from 1 mm yr−1 up to 5 mm yr−1 in the axial part of the Apennines. In this extensional context, an important role is played by the Campania-Lucania Extensional Fault System (CLEFS; Papanikolaou and Roberts, 2007; Brozzetti, 2011), which is a regional, NW trending, east-dipping, normal fault system, developing as three main faults with alignments extending from northern Campania to northern Calabria. Its tectonic activity has led to the opening, widening, subsidence, and filling of several intramountain, hanging-wall quaternary basins, among which the High Agri Valley (HAV) basin is located. The HAV is bordered by two distinct arrays of separated normal fault segments: the Eastern Agri Fault System (EAFS) and the Monti della Maddalena Fault System (MMFS). The EAFS bounds the basin to the NE and develops along 30 km steep SW–dipping mature fault line scarps. This is the oldest system of faults bordering the valley, as extension was initially concentrated along master faults to the east of the basin. Nonetheless, geomorphic evidence of Quaternary offsets has been observed, suggesting that the EAFS is still tectonically active (Maschio et al., 2005; Ferranti et al., 2007). The MMFS bounds the valley to the SW, runs for approximately 25–30 km, and does not show any evident morphotectonic expression. Its immature morphology, and the displacement of ca. 0.75 Ma surfaces suggest a more recent fault initiation age (ca 0.18–0.75 Ma ago) (Maschio et al., 2005). It consists of a set of discontinuous, steep, tectonically active normal faults which dip to NE. The Pertusillo Lake is located to the south of the HAV. In particular, the lake develops along the strike of the southern portion of the Grumento Fault, which belongs to the southernmost sector of the MMFS and which Hager et al. (2021) called the Pertusillo Fault. Indeed, it seems that the valley delimiting the lake constitutes a structural lineament parallel to this fault, whose protraction underlays the lake itself. The southern part of the valley is also characterized by the presence of geological structures which constrain current physical models that try to explain RIS at Pertusillo Lake (e.g., Rinaldi et al., 2020): a set of northeast-striking tear faults extend from the lake to the southwest, as imaged by Stabile et al. (2014) using earthquake locations.
[image: Figure 1]FIGURE 1 | (A) Geological map of the High Agri Valley. The location of the Pertusillo reservoir with respect to the eastern Agri fault system (EAFS) to the Caggiano-Montemurro Fault (CMF), and to the Monti della Maddalena fault system (MMFS), is shown in the figure [modified from Giocoli et al. (2015), after Hager et al. (2021) and Bello et al. (2022)].
Dataset
This study considers 1,089 earthquakes that occurred during the period 2001 to 2018 and that were recorded by nine seismic stations in a local seismic network, managed by Eni since 2001. All stations are equipped with MARS-88/MC Lennartz digital data loggers and tri-axial Lennartz LE-3D 1 Hz velocimetric sensors. Data were sampled from 2001 to 2012 at 62.5 Hz and later at 125 Hz.
Earthquake locations were determined, including the P- and S-wave arrival times retrieved from the continuous data streams that were recorded by the Italian National Seismic network stations installed in the area (IV, https://doi.org/10.13127/SD/X0FXnH7QfY), obtaining a total of 9886 P-wave and 9054 S-wave manual picks. The probabilistic, absolute earthquake location algorithm NonLinLoc (Lomax et al., 2000) was applied, and 3D VP and VP/VS models have been obtained by merging information from Serlenga and Stabile (2019) and Balasco et al. (2021). The distributions of the events and the Eni stations are shown in Figure 2A, from which we can see that the seismicity is distributed along the main strike of the MMFS (i.e., from south-east to north-west), with most of the seismicity concentrated south-west of the Pertusillo artificial lake.
[image: Figure 2]FIGURE 2 | (A) Map showing the distribution of earthquakes (dots with dimensions according to the magnitude, and color according to the hypocentral depth) and the locations of seismic stations (green triangle). Monti della Maddalena fault system (MMFS; black lines). (B) Density plot, normalized between 0 and 1, of the magnitude versus hypocentral distance (i.e., the latter plotted on a logarithmic scale) for the recordings analyzed in this study. (C) Histogram showing the distribution of magnitudes for the considered events. (D) Histogram showing the number of recordings per event (i.e., the number of stations that recorded an event).
The moment magnitude, Mw, of earthquakes was derived by considering the local magnitude, ML, from the Eni catalog, using the empirical relationship developed by Munafò et al. (2016) for Italian earthquakes with small magnitudes (up to Mw ∼ 4); Mw = 0.67 ML + 1.15.
Our dataset consists of 6,574 recordings. The data are distributed over a range of moment magnitudes between Mw 0.1 and Mw 3.0, while the hypocentral distances range from 3.7 km to 20 km (Figure 2B). The magnitude versus the hypocentral distance scatter plot (Figure 2B) shows that the dataset is dominated by earthquakes with magnitudes between Mw 0.6 and Mw 1.5, and hypocentral distances between 7 km and 15 km. The distribution of the magnitude of events shown in Figure 2C indicates that the completeness magnitude of our catalog is Mw ∼1. Figure 2D shows the number of recordings per event, with most of the earthquakes recorded by between three and six stations. Since our aim is to estimate the average ground motion intensity from estimates at multiple stations, we consider only events that have been recorded by at least three stations. After this selection procedure, the dataset consisted of 990 earthquakes and 4,441 recordings.
Velocimetric raw data were converted to a physical quantity (m/s) considering the instrumental sensitivity. Then, we applied a detrend and a cos-tapering (5%) to avoid anomalous trends in the conversion from velocity to acceleration (by differentiation).
For the sake of uniformity, a high-frequency cut-off at 25 Hz was selected for all data since, up to September 2012, data were recorded at a sampling frequency of 62.5 Hz, whereas, after September 2012, data were sampled at 125 Hz. Hence, a selected frequency of 25 Hz represents 80% of the Nyquist frequency for the sampling of older data. Data are thus filtered using a Butterworth filter (fourth order) in the band 1–25 Hz. The lowest frequency of the filter was selected considering the characteristics of the sensors used (Lennartz Le-3Dlite with a lower cut-off frequency of 1 Hz).
METHODS
To estimate the ground motion intensities of the selected RIS events, we developed Ground Motion Prediction Equations, GMPEs, by applying a random effect strategy (Bates et al., 2015; Bindi et al., 2018).
Following Picozzi et al. (2021a), we considered the model:
[image: image]
where Y is the root mean square (RMS) of the PGA (m/s2) measured on two horizontal components, while Mref is the reference magnitude, which was set to 1.
The calibrated GMPE model 1) consists of five model coefficients (i.e., e1, e2, e3, e4 and e5) and three random effects (i.e., δBe, δS2S, and ε).
Following Al Atik et al. (2010), the first random effect is defined as a between-event distribution (δBe); it measures the systematic deviation from the median of each group of recordings for the same event: we define this as ‘ground motion intensity’.
The second random effect is the between-station residual distribution (δS2S), which measures the systematic deviation of Y from the median of the recordings relevant to the same station. In other words, we can consider δS2S as a relative measure of the site effects of the stations for the examined parameter. δS2S for each station is provided in the Supplementary Material (Supplementary Figure S1).
Finally, the last random effect is the single-station within-event residual (ε), which provides a measure of the left-over variability. For the sake of simplicity, Al Atik et al. (2010) provide a comprehensive review of the glossary of terms describing the components of ground motion variability in the context of probabilistic seismic hazard assessment. The results of the regression analysis for model 1) are provided in the Supplementary Material.
Of the random effects retrieved from model (1), the main parameter of interest in this work is δBe. δBe is, in simple terms, defined as the difference between the observation and the model prediction for each event. Therefore, δBe provides information about the importance of event-specific deviations from the median prediction, determined by the assumed magnitude and distance scaling in model (1).
An important issue related to the ground motion intensity, δBe, is that it can provide information on differences in the source parameters of the considered earthquakes (e.g., stress drop Δσ and rupture velocity, VR); these impact the intensity measurements (PGA in our case) but are not included as independent parameters in the model (1). We save this discussion for the end.
In the following, we study the temporal and spatial variability of the ground motion intensity (δBe) to investigate the variability of RIS source processes occurring in the MMFS.
RESULTS
The results of the parameterization of model 1) are summarized in Figure 3. The single-station within-event residuals, ε, for the recordings are shown, with respect to the hypocentral distance, in Figure 3A. Furthermore, to highlight the possible existence of trends in these residuals, we divided the range of hypocentral distances into bins of 2.5 km; for each bin we estimate the median and standard deviation of the residuals. Considering the single and median values of ε, we do not observe any significant trend, confirming that the model was correctly calibrated.
[image: Figure 3]FIGURE 3 | (A) Density plot, normalized between 0 and 1, for the within-event residuals (ε) versus the hypocentral distance; median (red squares) and standard deviation (red lines) of ε, computed for bins of the residuals in hypocentral distance (viridis color scale with yellow indicating higher density of data, as in Figure 1). (B) Between-event residuals (δBe) distribution and median values (red dashed line). (C) δBe versus Mw; median (red squares) and standard deviation (red lines) of (δBe), computed for bins of the values of hypocentral distance.
Figure 3B shows that the obtained δBe values well approximate a zero-mean normal distribution, as expected from the theory. Moreover, we checked the existence of trends in δBe values with respect to the magnitude. Hence, we divided the magnitude range into bins of 0.5 units and computed the median and standard deviations. Figure 3C shows that δBe has a rather large variability, but no trend with the magnitude. The variability of δBe is therefore not given by incorrect model calibration. Therefore, we proceed with investigating the δBe time and space variations.
Before discussing the temporal evolution of the ground motion intensity, we began by observing the distribution in time of the magnitude and depth. Figure 4A shows that the seismicity was not constant throughout the timescale studied, but occurred in swarms that were rather clustered from 2003 to 2005 (hereinafter referred to as period #1). Subsequently, we observe that the period between 2007 and 2012 was characterized by a small seismicity rate. Beginning in 2013 and lasting until 2015, seismicity occurred again as swarms (hereinafter referred to as period #2). Finally, from 2016, the seismicity rate decreased. The cyclical occurrence of seismicity was previously studied by Telesca et al. (2015), who found that a periodicity of 12 months was the most significant feature of the temporal evolution of the rate of seismicity associated with the Pertusillo artificial lake.
[image: Figure 4]FIGURE 4 | (A) Distribution of event magnitudes in time. (B) Distribution of hypocentral depths. (C) Distribution of δBe. (D) Cumulative of δBe in time. Period #1 (2003–2005, highlighted by the red dashed line) and period #2 (2013–2015, highlighted by the green dashed line). (E) Frequency-magnitude distribution of events for period #1; GR-model (gray line) and completeness magnitude (gray triangle). (F) The same as (E), but for period #2.
The magnitude and the hypocentral depth of the earthquakes for the considered period range between Mw 0.1 and Mw 3.0 and between 0 km and 10 km (Figure 4B), respectively. However, 95th percentile of the magnitude and hypocentral depth distributions were Mw 1.8 and 5.8 km, respectively, which provide a clear indication of a small magnitude and shallow RIS seismicity associated with the Pertusillo lake.
Figure 4C shows the temporal evolution of δBe. Here, we observe that δBe clearly followed the earthquake occurrence rate in time, but interestingly, presented values that were not randomly distributed around zero, as expected. Despite the δBe distribution presenting a zero mean (Figure 3B), upon inspecting its temporal distribution we observe that for period #1 (i.e., from 2003 to 2005), the average δBe values were above zero, whereas for period #2 (i.e., from 2013 to 2015), they were below zero.
Following Picozzi et al. (2019a), we computed the cumulative of δBe to highlight how the ground motion intensity clusters in time (Figure 4D). The cumulative of δBe initially increased during period #1 (i.e., the dashed red area in Figure 4D, from 2003 to 2005) in line with the two main swarms, and then significantly decreased in period #2 (i.e., the dashed green area in Figure 4D, from 2013 to 2015). We will later discuss a possible interpretation of these trends in the cumulative of δBe. However, before continuing with the discussion, we analyzed the b-values of the two considered periods (Gutenberg and Richter, 1942). The interest in characterizing the b-value associated with seismicity occurring in the two selected periods is owing to the relationship between this parameter and stress (Scholz, 2019).
Amitrano (2003) showed the existence of an inverse linear relationship between the b-value and differential stress; Picozzi et al. (2019b) highlighted a similar relationship with the apparent stress. Therefore, we computed the b-value for periods #1 and #2, employing ZMAP software (Wiemer, 2001), and estimated its uncertainty using a bootstrap approach (Efron, 1979) considering 2000 iterations. Figures 4E,F show that the two frequency-magnitude distributions exhibited similar magnitudes of completeness (Mc ∼1) but different b-values. For period #1, the b-value was 1.14 (standard error ± 0.02), whereas for period #2 it was 1.46 (standard error ± 0.02). In the following, we interpret the difference in the b-values observed for periods #1 and #2 with relation to the independent information provided by δBe. These two pieces of information were therefore combined to attempt a first interpretation of the mechanism generating RIS in the two periods.
It is worth comparing the δBe temporal variability with the seasonal water level fluctuations in the Pertusillo lake. Stabile et al. (2014) showed that the cyclic annual pressure perturbation (0.10–0.15 MPa) at the lake floor, due to water column fluctuation, was able to drive RIS occurrence. In Figure 5A, we compare the cumulative of δBe with the Pertusillo lake’s water level. For period #1 (2003–2005), we observe a good correlation between the long-term trend of increased water levels, albeit with typical annual fluctuations, and the increased cumulative of ground motion intensity. On the contrary, for period #2 (2013–2015), we observe that the water level seemed on average stable, while the cumulative of δBe decreased. These results suggest a correlation between the water level fluctuations and δBe, in agreement with Stabile et al. (2014), but also that the interaction between RIS and external forces such as water level fluctuations can be rather complex. In Figure 5B, we compare the cumulative of δBe with 1) the normalized rainfall recorded at the Pertusillo lake and 2) the normalized discharge of the Caposele spring, located ∼80 km north of the Pertusillo lake. The Caposele spring is considered an important source of information concerning the underlying aquifer in fractured Mesozoic limestone, since it is not affected by anthropogenic modifications in its catchment (D’Agostino et al., 2018). As matter of fact, the Caposele spring is strictly controlled by climate trends thus providing information about regional processes acting on the southern Apennines (Allocca et al., 2014). For this reason, a comparison of the Caposele discharge and rainfall near the Pertusillo lake can allow us to call into question the dynamics of aquifers as RIS generators. For period #1, the increased Caposele discharge and rainfall (Figure 5A) is compatible with earlier observations (Figure 5B), and the correlation with δBe confirmed. On the other hand, focusing on period #2, we observe that both the Caposele discharge and rainfall decreased during the previous year (i.e., 2012), followed by a rather large increase at the beginning of 2013, when the cumulative of δBe began to decrease (Figure 5B). Therefore, although during period #2 the average Pertusillo lake water level remained stable, the rainfall levels suggest that the local aquifer suffered significant variations. Furthermore, the excellent correlation between the rainfall level and Caposele discharge suggests that the behavior of the local aquifers was influenced by large-scale, regional dynamic processes (D’Agostino et al., 2018). It is however worth noting that during 2008–2009, we observed changes in the levels of the Pertusillo lake, rainfall, and even the Caposele spring discharge, without any apparent effect on either the RIS rate and/or δBe.
[image: Figure 5]FIGURE 5 | (A) Cumulative in time of δBe (orange), Pertusillo lake water level (red). (B) the same as (A), but also including the normalized rain level at the Pertusillo lake (blue), and the normalized water level discharge at the Caposele spring (cyan data; digitized by D’Agostino et al., 2018).
DISCUSSION AND CONCLUSION
We showed that the δBe evolution of ∼1,000 earthquakes that occurred on the west side of the High Agri Valley highlights temporal variability in the seismicity characteristics. Previous authors (e.g., Bindi et al., 2007, 2017; Cotton et al., 2013; Causse and Song, 2015; Courboulex et al., 2016; Oth et al., 2017; Picozzi et al., 2021a) suggested that the ground motion intensity, δBe, is related to the stress drop, Δσ, and to the rupture velocity, VR, variability. The advantage in using δBe for monitoring purposes comes from the fact that it provides information on relative differences in Δσ for earthquakes of interest, without the difficulties of directly measuring Δσ. Stress drop measures are, in fact, typically associated with large uncertainties, part of which are epistemic and part model-dependent (Cotton et al., 2013). Therefore, despite the fact that knowledge of Δσ is essential for defining scenarios in applications such as seismic hazard studies, we find that for real-time seismicity monitoring, where it is important to rapidly recognize variations in seismicity characteristics, δBe can be a very useful parameter, as suggested by Picozzi et al. (2021a).
Temporal evolution of the 2001–2018 seismicity occurred on the west side of the High Agri Valley basin, indicates variability of the seismicity rate during the timeframe considered: indeed, two periods characterized by swarm-type distributions of seismicity and high seismicity rates were observed (2003–2005, period #1, dashed red area in Figure 4D; 2013–2015, period #2, dashed green area in Figure 4D) and were followed by periods of low seismicity (2006–2012 and 2015–2018, Figure 4). It is worth noting that no change in the Eni network configuration used for estimating δBe occurred during the periods of lower seismicity.
Ground motion intensity (δBe) has allowed us to highlight temporal differences in RIS at the Pertusillo lake that correlate not only with the water level of the lake (which is inevitably influenced by anthropogenic modifications), but also with the rainfall amount (which we can consider a proxy for the mechanical behavior of karst aquifers). The two investigated periods, characterized by higher rates of seismicity, present distinct δBe values. In period #1, δBe is higher compared with the second period (i.e., #2). This result suggests that RIS in period #1 is associated with higher stress drop (Δσ) values (or higher rupture velocities) than in period #2. The variations in δBe are echoed by a change in the slope of the Gutenberg–Richter frequency-magnitude relationship (Gutenberg and Richter, 1942; b-value). Since period #1 exhibits a smaller b-value than period #2, it is straightforward to imagine a higher stress level in the former period with respect to the latter, which agrees with the information provided by δBe and thus Δσ.
δBe allows us to depict an interesting picture of the RIS temporal evolution at the Pertusillo lake. Even though 12-month periodicity represents the most significant feature of the temporal evolution of seismicity (Telesca et al., 2015), we show that δBe can capture the long-term seismicity behavior. During period #1, the link between the Pertusillo lake water fluctuation and the δBe increase is rather straightforward. For period #2, this link seems absent, but we show that RIS might be associated with the long-term regional dynamic of aquifers. Previous studies have investigated the role of crustal deformation, due to karst aquifers recharge and discharge, in modulating seismicity in Italy (e.g., D’Agostino et al., 2018 for the Irpinia region and Barajas et al., 2021 for the Pollino area, both in southern Italy; Silverii et al., 2019 provided a more general overview of this phenomenon for a wide region of Italy, including the central and southern Apennines). The High Agri Valley area investigated in this study is located between the Irpinia (to the North) and the Pollino (to the South) areas. The geologic structures in these three regions share identical features: the presence of shallow carbonate rocks, diffusely fractured by extensional tectonics, thus hosting karst aquifers. The role of hydrological forces in triggering critically stressed faults is a well-documented phenomenon (e.g., Hainzl et al., 2013; D’Agostino et al., 2018; Hsu et al., 2011). Concerning this issue, it is worth noting that, as observed for the central sector of the Apennine chain (Devoti et al., 2018), karst aquifers can follow annual and multiyear cycles, related to El-Niño oscillation (varying between 3 and 7 years; Brönnimann 2007). Recently, Picozzi et al. (2021b) and De Landro et al. (2022) found a positive correlation between the seismic source characteristics and VP/VS changes, with regard to groundwater recharge and geodetic displacement in the Irpinia area (southern Italy).
Based on our evidence from δBe, and the overall framework characterizing the hydrological forces in the Apennines, we can hypothesize that seismicity near the Pertusillo lake can be imagined as a complex combination of: 1) local effects due to water level modulation in the lake itself, 2) regional tectonics, and 3) poroelastic and elastic phenomena associated with carbonate rocks hosting aquifers. This hypothesis agrees with the observations of Stabile et al. (2015).
Thus far, we have not discussed the spatial distributions of seismicity for the two time periods. Figures 6A,B show the RIS spatial distributions for periods #1 and #2, respectively. It is immediately evident that the two swarms occurred on distinct faults of the same system. Furthermore, Figure 7 shows the relative distance versus the relative time of occurrence between the first event and all others in the same swarm for each period.
[image: Figure 6]FIGURE 6 | (A) Distribution of events for period #1 (2003–2005), colored as per δBe. (B) The same as (A), but for period #2 (2013–2015).
[image: Figure 7]FIGURE 7 | (A) Distribution of period #1 events; relative distance vs. relative time from the first event. (B) The same as (A), but for period #2. Here, we highlight the trends corresponding to a diffusivity equal to 0.05, 0.06, or 0.07 m2/s (black, red, and blue dashed lines, respectively). Moreover, we highlight a period with events covering a narrow range of relative distances, but a high relative time (such as period #1; yellow rectangle it is singular), as well as a second area with a high range of distances in a narrow period of time (red rectangle it is singular).
We can summarize the main characteristics of RIS for the two periods as follows:
The swarm that occurred in period #1 presents:
1. Average δBe values above zero (Figures 4C,D).
2. A frequency-magnitude distribution b-value of 1.14 ± 0.02 (Figure 4E).
3. Seismicity was clustered SW of the Pertusillo reservoir (Figure 6A), mostly within 8 km of the first event (Figure 7A). Earthquakes occurred at the intersection between the southern termination of the MMFS and northwest–southeast striking faults, with a variable faulting style (Stabile et al., 2014; Improta et al., 2017; Hager et al., 2021).
The swarm that occurred in period #2 was characterized by:
1. Average δBe values below zero (Figures 4C,D).
2. A frequency-magnitude distribution b-value of 1.46 ± 0.02 (Figure 4F).
3. Seismicity was spread over the whole length of the MMFS (Figure 6B), up to 16 km away from the first event (Figure 7B).
4. Considering the space-time features of this swarm, we identify three main patterns (Figure 7B):
i A significant number of events occurred within 8 km of the first event (yellow rectangles in Figure 7B), similar to period #1.
ii A group of events followed a trend corresponding to diffusivities in the range 0.05–0.07 m2/s (black, red, and blue dashed lines in Figure 7B).
iii Finally, a number of events occurred in a narrow period of time, but covered a wide range of distances; a maximum of 16 km from the first event was observed (red rectangles in Figure 7B).
The general pattern of RIS emerging for period #1 (Figure 6A) is rather simple, and agrees with previous studies (e.g., Stabile et al., 2014). The system of faults close to the southern part of the Pertusillo lake exhibits different strike (both NW–SE and NE–SW) and faulting styles. Our results confirm, in agreement with Rinaldi et al. (2020), that the Pertusillo Lake played a crucial role in the generation of earthquakes during period #1. Likely, both the orientation of faults with respect to the regional tectonic stress (i.e., the minimum horizontal stress axis oriented N032; Bello et al., 2022), and their style are responsible for the relative high stress drops, ∆σ, (i.e., higher δBe and lower b-values) of these events with respect to the other swarm. Indeed, assuming similar frictional coefficients and initial cohesion values, strike-slip faults can show higher stress-drops with respect to normal faulting (Shapiro and Dinske, 2021).
Figure 6B shows that for period #2, the swarm appeared more complex. In this case, the seismicity was widespread along the MMFS; up to 16 km away from the first event. This result suggests that this seismicity was not only influenced by the Pertusillo lake water level. Indeed, if we consider that the reservoir water level does not show a particular trend for this period, we can imagine that the main triggering process is the poroelastic/elastic stress due to aquifers in the carbonate rocks. The decreasing trend in the cumulative of δBe values suggests the occurrence of microearthquakes with lower stress drops in period #2, compared with those in period #1. Assuming that the effective vertical stress is equivalent for both periods #1 and #2, such stress drop differences can be justified by the more complex fault geometry SW of the Pertusillo Lake (period #1, Figure 6A), with respect to the dominant faulting style of the MMFS (period #2, Figure 6B). This hypothesis is also supported by the higher b-value estimates for the seismic swarm that occurred in period #2, with respect to the swarm that occurred in period #1. Furthermore, this result agrees with the general framework of b-values and faulting styles proposed by Schorlemmer et al. (2005), statistically demonstrating how the b-value varies systematically for different styles of faulting, exhibiting higher values for normal faults than for strike-slip or reverse faults. However, it is worth noting that our b-value estimates for both periods are significantly above ∼1, the value estimated for this region of the Apennines chain (Gulia and Meletti, 2007; Stabile et al., 2013). This difference in b-value estimates suggests that a pore-pressure increase contributes to the effective normal stress of the seismicity considered in this study.
We have shown that the seasonal water level fluctuations of the Pertusillo lake are in good agreement with the normalized water level discharge from the Caposele spring, located in the Irpinia area approximately 80 km from our area of interest (Figure 5). This result suggests a regional-scale aquifer dynamic; the seasonal water level fluctuations of the Pertusillo lake can be used as a proxy for monitoring such dynamics. This aspect is particularly useful for interpreting the driving trigger mechanisms of the three types of seismicity behaviors observed in period #2 (Figures 6, 7). Events occurring within 8 km of the first event (yellow rectangle in Figure 7B) can be strictly classified as continuous local RIS (similar to the earthquakes in period #1). The events following a spatiotemporal trend, with corresponding diffusivities of approximately 0.05–0.07 m2/s (black, red, and blue dashed lines in Figure 7B), can be attributed to pore-pressure diffusion along the MMFS. Finally, microseismicity that occurred over a narrow period of time, yet showing relative distances from the first event up to 16 km (red rectangle in Figure 7B), suggests a rapid seismic response to groundwater recharge of the aquifer in the valley.
This kind of seismicity can have strong implications for seismic hazards in the region. This shows us that the MMFS is highly sensitive to even small external quasi-periodic perturbations over a fault segment approximately 16 km in length. Considering the empirical laws proposed by Wells and Coppersmith (1994), the scenario where this segment breaks in a unique rupture episode, would correspond to a moment magnitude 6.2 moment magnitude earthquake. The seismogenic fault system responsible for the 1857, Mw 7.0 Basilicata earthquake is still debated, with some authors suggesting that the rupture occurred on the MMFS (Maschio et al., 2005), others on the EAFS (Cello et al., 2003), whereas others call into question the role played by the Pergola-Melandro fault located to the North (Burrato and Valensise, 2008). Finally, Bello et al. (2022) recently proposed that the 1857 Basilicata earthquake could be due to CMF (Caggiano-Montemurro fault) SW-dipping.
Our work does not aim to settle the matter; however it highlights that the MMFS is an active fault system, influenced by hydrological forces and hence likely in a critical state. Therefore, we highlight the importance of monitoring spatio-temporal patterns and source characteristics associated with the evolution of the microseismicity in the MMFS. Monitoring can indeed improve our knowledge on the faults’ mechanical condition and can provide information for prioritizing hazard scenarios. Concerning the ground motion intensity parameter δBe, which is easily computable in near-real time, we believe it can become a precious tool for monitoring faults and for unveiling their strength/friction variations, which could lead to the occurrence of large earthquakes.
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