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The island of São Miguel is among the most seismically active areas of the Azores archipelago. This work focuses on the most significant recent swarm, which occurred on February 2018. We set up an automated procedure to process continuous full seismic waveform data from local stations to generate high-quality earthquake information on the volcano unrest episode. First, we applied an automated detector software, next we located the detected events and then classified the earthquakes based on their waveform similarity, identifying three families of seismic events. We then extended the catalog by template matching. Finally, we computed moment tensors to investigate the source mechanisms of the largest earthquakes. Our results image the ∼2-week swarm evolution. The activity started with a precursory phase with low rate and low magnitude (ML < 2.0) seismicity and the activation of a deeper structure (∼10-15 km). After ∼1 week, a new earthquake family emerged at shallower depths (∼8–12 km) reaching magnitudes up to ML 3.4. Finally, a third slightly shallower family was activated. Moment tensors show mostly normal faulting mechanisms, striking ∼NW-SE, compatible with the orientation of the regional stress field. A surface deformation transient was recorded by geodetic stations, starting with the swarm, and continuing over the following ∼17 months, corresponding to either inflation or extension around the swarm region. The prolonged surface deformation implies a process that was initiated during the swarm and subsequently accommodated mostly aseismically. We interpret the seismicity observed at the early stage of deformation as indicating episodic fluid injection through the crust, related to the local hydrothermal or magmatic systems. We conclude that the Fogo-Congro region continues to be seismo-volcanically active, with both seismic and aseismic deformation observed and requiring close multidisciplinary monitoring. The proposed methology based on the automated analysis of continuous waveform data provides high-quality imaging of the spatio-temporal evolution of seismicity, which can be used elsewhere in the operational monitoring of seismo-volcanic crises to gain insight into the ongoing deformation processes, improve hazard assessment and help in the development of effective mitigation strategies.
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1 INTRODUCTION
The Azores archipelago lies in a region of thickened oceanic crust, on the triple junction between the North American, Eurasian, and Nubian plates (Kueppers and Beier, 2016). The region is known as the Azores plateau and extends from the western border of the Mid-Atlantic Ridge (MAR), close to the islands of Corvo and Flores, to Santa Maria Island in the easternmost part of the archipelago (Figure 1A). Seafloor morphology shows a possible boundary between the Nubian and Eurasian plates along a transform fault known as the East Azores Fracture Zone (EAFZ). However, the EAFZ currently does not exhibit seismic activity. Miranda et al. (2015) argued that the EAFZ has not been active since 20 Ma ago. They further argued that the plate boundary deformation is now accommodated in a wide shear zone called the Terceira Rift, located further north of the EAFZ and aligned with the islands of the archipelago. The Terceira Rift is marked by an alignment of basins and volcanic highs that runs from the Western Graciosa Basin to the Formigas Islets, located at the eastern edge of the Gloria Fault. The Terceira Rift currently concentrates most of the seismic activity of the Azores, accommodating slow transtensional deformation at a rate of approximately 5 mm/yr (Miranda et al., 2014; Miranda et al., 2015; Carmo et al., 2015; Madeira et al., 2015). Focal mechanisms of earthquakes along the Terceira Rift show a mix of normal and strike-slip earthquakes, with the extensional T axes consistently oriented NE-SW, perpendicular to the ridge (Ekström et al., 2012, Custódio et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Location of the Azores Archipelago, in the triple junction between the North American, Eurasian and Nubian plates. Earthquake locations are shown according to the ISC catalog from 1995 to 2021 (brown dots). The currently inactive East Azores Fracture Zone (EAFZ) is shown by a dotted line and the rectangle identifies the Azores archipelago region, shown in (B). (B) Earthquake epicenters (brown dots) and focal mechanism, sized by magnitude, indicating a dominantly transtensional regime from the Global CMT catalog (Ekström et al., 2012). Colors indicate the type of faulting, from reverse (blue) through strike-slip (red) to normal (green), according to the Kaverina classification (Kaverina et al., 1996), as implemented in FMC (Álvarez-Gómez, 2019). The three events with magnitude Mw > 6 mentioned in the text are identified by their dates. The rectangle identifies the S. Miguel region, shown in (C). (C) Earthquake epicenters in S. Miguel colored according to time of occurrence, circle size indicates magnitude. S. Miguel Digital Elevation Model (DEM) was generated from a 1:5,000 scale digital altimetric database from the Secretaria Regional do Turismo e Transportes of the Azores Government. It is also shown the locations of the volcano-tectonic features identified in Carmo et al. (2015): (SCV) Sete Cidades Volcano; (PFVS) Picos Fissural Volcanic System; (FGV) Fogo Volcano; (CFVS) Congro Fissural Volcanic System; (FNV) Furnas Volcano; (PV) Povoação Volcano; (NVS) Nordeste Volcanic System.
The source of the long-term volcanism of the Azores is still a matter of discussion. Previous studies suggested that the volcanism results from a ridge-hotspot interaction (Silveira et al., 2006; Adam et al., 2013; Saki et al., 2015; O’Neill and Sigloch, 2018). Despite the ambiguity on the nature of a possible underlying mantle plume, there is evidence for such ridge-hotspot interaction, namely, the elevated spreading ridge rate, the basalt geochemistry, and the presence of a gravity anomaly (Silveira et al., 2006; Miranda et al., 2014; Miranda et al., 2015). Silveira et al. (2006) presented a surface wave regional tomography that showed a strong broad negative seismic-velocity anomaly, clearly visible at 100 km depth which vanishes below 250–300 km depth. They interpreted this anomaly as suggestive of the presence of an elongated dying plume associated with the creation of the Azores plateau and the Terceira rift 20 Ma ago. This mantle anomaly has also been associated with both intrusive and extrusive magmatism and with the active hydrothermal activity observed in the region (Neves et al., 2013; Kueppers and Beier, 2016; Mitchell et al., 2018; Schmidt et al., 2020).
The Azores archipelago shows a high seismic rate that results from the ongoing tectonic and volcanic deformation. In recent times, three earthquakes with M > 6 were felt in the archipelago, which focal mechanisms is shown in Figure 1B: the 9 July 1998, Mw 6.2 earthquake in Faial Island, which destroyed several buildings (Dziewonski et al., 1981; Matias et al., 2007; Zonno et al., 2010; Ekström et al., 2012); and the doublet Mw 6.3 and Mw 6.1 earthquakes on 5 April 2007, close to the Formigas Islets (Dziewonski et al., 1981; Ekström et al., 2012). Although the latter main shocks were followed by several moderate magnitude aftershocks and were strongly felt on eastern São Miguel and Santa Maria islands, they only caused low to moderate building damage due their distances to the islands (Silva et al., 2012; Silva et al., 2015; Caldeira et al., 2017; Fontiela et al., 2018; Silva et al., 2021).
Swarm-like activity involving low magnitude earthquakes is common in the Azores (Fontiela et al., 2018; Silva et al., 2021). One of the islands most prone to this type of activity is São Miguel (S. Miguel), the capital and most populated island of the Azores. S. Miguel is located to the south-east of the archipelago, towards the eastern end of the Terceira Rift. Like all islands of the Azores, S. Miguel is also of volcanic origin. Eruptions in S. Miguel have been relatively frequent during the last 5 ka (Chester et al., 2021). Studied eruptions have been associated with the volcanic features of the island, namely, the Sete Cidades, Furnas and Fogo volcanoes and the basaltic fissural complexes of Congro and Picos. The latter marks the location of the most recent eruption in S. Miguel, which occurred in the year of 1652 (Carmo et al., 2015; Gaspar et al., 2015; Kueppers and Beier, 2016).
In addition to volcanic activity, the island of S. Miguel also shows evidence of hydrothermal activity such as fumaroles, boiling mud pools and gas release (predominantly CO2) (Mateus et al., 2015; Rosário Carvalho et al., 2015). The Ribeira Grande geothermal system (CRG in Figure 1C), located near the Fogo volcano, is a site of energy exploration and hot springs facilities. This geothermal site extends towards the northern flank of the Fogo volcano, where evidence of active faulting can be found (Oliveira et al., 1990; Nunes, 1991; Carmo, 2014). Previous studies showed that the composition, temperature, and pH of fluids indicate a deep geothermal flow enriched in volcanic gases (Mateus et al., 2015; Rosário Carvalho et al., 2015).
Instrumental earthquake catalogs show two main regions of seismic activity in S. Miguel (Figure 1C) (Storchak et al., 2013; Storchak et al., 2015; Di Giacomo et al., 2018). The first lies on the westernmost part of the island, near the Sete Cidades Volcano and was mostly active from at least 1995 until approximately the year 2000. The second region has been active more recently and is located at the center of the island, around the Fogo Volcano and the Congro Fissural Volcanic Complex. During the last decade, several seismic swarms were recorded in this central region of S. Miguel. Silva et al. (2012) studied the seismicity in this region using data recorded between 2002 and 2010. This period included 4 notable swarms, including the 2005 swarm, which was the most intense swarm recorded in the instrumental catalog and occurred in the region of the Congro fissural system. Based on earthquake locations, the authors identified two clusters of activity, one around the Fogo volcano, to the east, and the other around Congro, to the west. A stress inversion showed a dominant normal faulting regime in Fogo, consistent with the Azores regional stress field. However, a heterogeneous local stress field was found in Congro, superimposed on the regional stress field. The authors interpreted the compressive stress at depth as causing fluids to rise, and the heterogeneous, dominantly extensive stress field at more shallow levels as brittle failure along fractures with various orientations due to the circulation of fluids rising from depth.
More recently, a new earthquake crisis occurred in S. Miguel in February 2018. The abnormal increase in seismicity rate, affecting the central part of the island between the Fogo Volcano and the Congro fissural volcanic system, was first reported by the Centro de Informação e Vigilância Sismovulcânica dos Açores (CIVISA) on 12 February 2018, (Serviço Regional de Proteção Civil e Bombeiros dos Açores, 2018). Hundreds of small earthquakes were detected within a few hours, most with ML << 3. The strongest event reached a magnitude of 3.4 and intensity V but caused no material damage (Instituto Português do Mar e da Atmosfera (IPMA), 2018).
In this work, we tackle two main objectives: 1) To validate a highly automated strategy based on the analysis of continuous waveform data to quickly characterize seismo-volcanic crises; and 2) To use this strategy to study the spatio-temporal evolution of seismicity during the recent February 2018 S. Miguel crisis. We start by analyzing the local earthquake catalogs to establish the February 2018 S. Miguel crisis as significantly above the background seismicity level. We then apply a mostly automated workflow to characterize the crisis. The automated workflow consists of earthquake detection, location, magnitude estimation, waveform-similarity classification, and augmentation of the catalog by template matching. We complement this analysis by computing focal mechanisms for the events with higher signal-to-noise ratio (SNR), assessing some statistical properties of the seismicity, and investigating the relationship between the seismicity and surface deformation. Finally, we interpret the February 2018 S. Miguel seismic sequence in light of possible driving mechanisms.
2 DATASETS AND PRELIMINARY ANALYSIS
2.1 Local earthquake catalogs
Two independent local earthquake catalogs are available for the Azores, generated by the two monitoring agencies that operate in the region, IPMA and CIVISA. Figure 2 shows the two local catalogs for the year of 2018 and for the island of S. Miguel (37.5° ≤ latitude ≤38.0° and −26.0° ≤ longitude ≤ −25.0°). The IPMA catalog contain hypocentral information for 621 earthquakes (620 with magnitude estimation) and the CIVISA catalog for 3,617 earthquakes (3,362 with magnitude estimation) (Figures 2A, D). The higher number of earthquakes in the CIVISA catalog is related to the higher station density of the CIVISA network in S. Miguel. The two local catalogs show similar general features, namely, an active earthquake cluster in the center of the island, in the Fogo-Congro region. A second region of activity is located mostly offshore, along the southern coast of S. Miguel, close to the Povoação Volcano (Figures 2D, E). However, the two catalogs also show some detail differences. In particular, the IPMA catalog shows epicenters distributed with a roughly N-S trend, whereas the CIVISA catalog shows epicenters clustered without a clear orientation.
[image: Figure 2]FIGURE 2 | (A,D) Magnitude histogram for the 2018 IPMA and CIVISA earthquakes (white bars), histogram for the February 2018 crisis only (gray bars), cumulative number of events with magnitude for the 2018 reference catalogs (solid black line) and for the February 2018 cluster (dashed black line). (B,E) Map view of S. Miguel showing the epicenters of earthquakes according to the two reference catalogs. Epicenters of all earthquakes occurred in 2018 are shown in black, whereas white circles represent those of the February 2018 cluster. (C,F) Epicenters of the February 2018 cluster with depth (by color) and magnitude (size of circle). Yellow triangles represent seismic stations.
Given that one of our goals is to validate an automated strategy for quickly building an earthquake catalog during seismo-volcanic crises, we started by identifying the most significant earthquake crisis that occurred in S. Miguel during 2018. For this purpose, we applied Seiscloud (Cesca, 2020) to the two local earthquake catalogs (Figure 3). Seiscloud is a clustering algorithm that groups earthquakes based on various measures of proximity. For our purpose, we searched for clusters of earthquakes that occurred close in time, where a cluster was defined by at least 10 events occurring within 3.65 days of each other (Nmin=10, ε=0.01).
[image: Figure 3]FIGURE 3 | Temporal evolution of the seismicity in S. Miguel for the year 2018 (left) and for the February 2018 seismic crisis (right). Histogram of the number of earthquakes in bins of (A) 1 week, and (D) six hours. Evolution of earthquake magnitude in time, considering the IPMA (B,E) and CIVISA (C,F) reference catalogs. Colors show different temporal clusters of earthquakes identified using Seiscloud (Cesca, 2020). The February 2018 cluster is identified in both catalogs with MLmax = 3.4.
Figure 3A shows weekly histograms of the number of earthquakes in S. Miguel during 2018 and Figures 3B, C show the temporal evolution of local magnitudes, considering both the IPMA and CIVISA catalogs. Distinct colors indicate the different earthquake clusters identified by Seiscloud. In both cases, the most populated cluster is the first one (pink dots in Figures 3B, C), which corresponds to February 2018 crisis. This cluster reached a maximum magnitude of ML 3.4 in both catalogs. Other clusters are identified later in the year, some consistently identified in the two catalogs (e.g., June 2018) and others whose characteristics depends on the catalog. We selected for further analysis the period of the first and most populated cluster, spanning 2 weeks between the 5th and the 20th of February 2018. This time interval encompasses 342 or 3,107 earthquakes, depending if IPMA or CIVISA catalog is considered (Figures 3D–F). The CIVISA catalog shows some early precursory activity already on February 8th. Both catalogs then show a sharp increase in the seismic rate on February 12th, when the largest earthquake occurred. The seismic rate then progressively decreases and is mostly over by February 20th.
2.2 Waveform data
To validate our automated strategy for catalog building, we used continuous waveform data recorded at 10 permanent seismic stations located in the island of S. Miguel. In particular, we used 3 broadband and 7 short-period stations, operated by Instituto Português do Mar e da Atmosfera, IP, 2006, CIVISA Seismo-Volcanic Monitoring Network-Azores Islands and Scripps Institution of Oceanography, 1996. The broadband stations are equally distributed throughout the island, whereas the short-period stations are concentrated close to the crisis (Figures 2B, C, E, F). Table 1 shows the details of the seismic stations.
TABLE 1 | Seismic stations whose waveform data was used in this study.
[image: Table 1]3 MATERIALS AND METHODS
For nearly automated catalog building, we adopted a workflow that consisted of detection, location, magnitude estimation, earthquake classification and catalog expansion using template matching (Figure 4). We further computed moment tensor solutions for the larger events.
[image: Figure 4]FIGURE 4 | Automatic multistep procedure of continuous waveform processing.
3.1 Detection
In order to detect earthquakes, we used Lassie to continuously scan waveform data recorded at the selected stations during the chosen time interval. Lassie is an automated full waveform method inside the Pyrocko toolbox that detects and locates earthquakes using a grid search approach (Heimann et al., 2017). Lassie has been successfully applied before in various settings, including near-fault observatories and gas reservoirs (Comino et al., 2017; Adinolfi et al., 2019; Adinolfi et al., 2020; Braun et al., 2021; Meier et al., 2021; Simanjuntak et al., 2022). A recent comparison of detection performance for offshore seismicity (Cesca et al., 2022) showed comparable results among Lassie and PhaseNet (Zhu and Beroza, 2019). Lassie starts by computing characteristic functions from the continuous seismic waveforms recorded at different station channels. The characteristic functions should be tuned depending on the application. In our case, we used characteristic functions suitable for detecting P and S-waves, which results in two distinct Image Function Contributions (IFCs). Lassie then applies a delay-and-stack method to the characteristic functions and performs a grid search to image the likelihood of possible hypocenters based on the coherence of the characteristic functions. Lassie implements a spatial and temporal sampling reduction that improves computational efficiency, but on the other hand leads to high location uncertainties. Thus, we used Lassie only as a detection algorithm and locations were refined subsequently.
We carried out automatic detection using two different 1D velocity models: the regional model used both by IPMA and CIVISA, which we refer to as azoresipma (Steinmetz et al., 1976; Senos et al., 1980; Escuer, 2006), and a model based on P and S receiver functions that we refer to as rfcmlaa (Silveira et al., 2010). We band pass filtered the continuous waveform data from 2 to 9 Hz. We then searched for earthquakes within a 3D grid with a total length of 20 km along latitude and 25 km along longitude, centered on latitude = 37.77°, longitude = −25.40°. In depth, the grid had a total length of 30 km, starting at 1.0 km depth. The spacing between grid nodes was 1.0 km in all directions. This selected search volume includes only the closest seismic stations, leaving out the stations further away from the cluster, namely, BART and PSET. After several tests, we set a coherence threshold of 3.5 for the earthquake detection. This deliberately low threshold avoids missing the detection of low amplitude earthquakes but has the downside of increasing the number of false events (false positives), which must be removed later in the workflow. In our case, we removed the false events using both visual inspection and cross-checking against the reference catalogs.
3.2 Location
In order to locate earthquakes, we used the Loki software (Grigoli et al., 2014; Grigoli et al., 2016). Loki has been successfully used before, both independently and coupled with Lassie, in observational setups comparable to ours (Grigoli et al., 2013; Matos et al., 2018; Rossi et al., 2020). Loki has an implementation similar to Lassie but is tuned to produce more accurate hypocentral locations from selected waveform segments. In particular, Loki uses the vertical energy function to determine the P-wave characteristic function and a principal component analysis technique sensitive to signal polarization to estimate the S-wave characteristic function. The hypocenter is found by an iterative search of the considered volume and origin times, considering the stacking of the short/long-term-average (STA/LTA) of the P and s characteristic functions. Loki uses 3D slowness grids that we computed using Non-LinLoc (Lomax et al., 2000). We computed these grids for the two velocity models previously mentioned, azoresipma and rfcmlaa. The 3D grids had the same dimensions as the grid used for detection with Lassie. Waveforms were bandpass filtered from 2 to 9 Hz, and a 15 s time window was selected around the Lassie detection time, starting 2 s before Lassie’s origin time.
3.3 Magnitude estimation
We estimated the earthquake magnitudes using the waveform maximum amplitude approach (Båth, 1966). We used the traces recorded at the broadband stations CMLA and PCALD which are stations with fully documented and open-access instrumental response. The peak amplitude method consists of estimating the linear relationship between the maximum displacement recorded in the waveform and the local magnitude of an earthquake:
[image: image]
In this equation, [image: image] is the epicentral distance and A represents the peak amplitude measured on the horizontal components simulated on a Wood-Anderson seismometer. To that end, the waveforms were first deconvolved from instrumental response to obtain ground motion in displacements. The trace was then bandpass filtered with a passband 1.25–20 Hz (4 poles) to approximate the response of the Wood-Anderson seismometer. The elastic attenuation constants were set to a = 1.48928, b = 0.00266 and c = −2.55971, in agreement with the magnitude calculations routinely done by IPMA and CIVISA.
3.4 Classification
Our next step was to classify the events based on waveform similarity. For this purpose, we used vertical velocity recordings at the single station component MESC-EHZ. We chose this component because this station is very close to the focal region, its waveforms have a good signal-to-noise ratio, and continuous data are available for the entire study period. We extracted 15 s long waveforms for each earthquake starting 2 s prior to the origin time and applied a bandpass filter in the frequency range 2–9 Hz. We computed the cross-correlation coefficient (CC) between pairs of waveforms of different events using Obspy (Deichmann and Garcia-Fernandez, 1992; Krischer et al., 2015). Based on the CC, we then calculated a normalized distance d = 1 - CC. Hence, the distance between two events is equal to zero (d = 0) when the events are identical (CC = 1). Finally, we applied Seiscloud to identify subclusters of events using the resulting distance matrix. We used clustering parameters Nmin = 10 and ε = 0.2, meaning that a cluster was formed whenever for one event there were at least 10 others with a CC equal to or larger than 0.8.
3.5 Template matching and catalog extension
Finally, we applied a matching phase algorithm PyMPA (Vuan et al., 2018) to complete the seismic catalog that we obtained after the location step with Loki. The template matching aims to detect new earthquakes hidden below the noise level, which rupture the same or nearby fault patch as the templates, thus generating identical waveforms. We resampled waveforms to 50 Hz and applied a 3–15 Hz bandpass filter; this frequency band is appropriate considering the seismic network configuration, the events size, and the studied region’s extent. Templates were trimmed using a 6 s window that started 3.5 s before the theoretical s wave arrival, estimated using the ObsPy TauP toolkit routines (Crotwell and Owens, 1998) and the 1D-velocity models mentioned above. We adopted Kurtosis-based tests to evaluate the signal-to-noise ratio of templates (Baillard et al., 2014), thus avoiding unwanted signals in the matching procedure (e.g., Vuan et al., 2018; Vuan et al., 2020).
In our analysis we considered the events with Loki’s highest waveform coherence (coherence ≥0.5), amounting to 402 or 409 templates, depending on the velocity model used. To declare a new detection, we used the following criteria: 1) the average of the normalized cross-correlation coefficient (ncc) between template and detection must be greater or equal to 0.6; 2) the coherent waveform signal of the detections must be observed in at least 7 channels; and 3) the threshold, defined as N times the daily median absolute deviation (MAD) of the network stack function (NSF) must also be greater than or equal to 15.
The location of the small events in the augmented catalog strictly depends on the quality of the input catalog locations and associated errors. Ross et al. (2019) and Simon et al. (2021) used different relocation tools and demonstrated that only a small portion of events from template matching could be relocated (on average less than 20%). Due to the high resolution of the starting catalog, we decided to keep the new detections co-located with the templates. The magnitude of the new events was estimated by amplitude comparison with the templates. A tenfold increase in the amplitude ratio corresponds to a one-unit increase in magnitude at each recording channel (Peng and Zhao, 2009). The final catalog is then formed by the template events plus the associated new detections with correlation equal to or higher than 0.6 with respect to the templates, which we refer to as “slaves.”
3.6 Moment tensor
Finally, we performed a moment tensor (MT) inversion for the highest magnitude earthquakes, which are representative of the families identified by waveform similarity. The MT inversion was done using a probabilistic earthquake source inversion approach implemented in the software Grond (Heimann et al., 2018). The moment tensor inversion is challenging, given the weak magnitudes of these earthquakes, which rarely exceed ML 2.0 (Figure 3). Therefore, we inverted only for the deviatoric part of the MT. We fit 3-component velocity traces at all stations by cross-correlation and additionally fit full time-domain waveforms at stations CMLA and BART. This choice, already tested for the joint inversion of onshore and offshore data (Cabieces et al., 2020), is justified by the unverified sensitivity of the short-period seismic stations. For the cross-correlation we used a time window starting 1.5 s before the P-phase and ending 1.5 s after the S-phase, which were manually picked. For the time domain we fit body wave data, using 2 s long windows for P phases in the vertical component and for S-phase in the horizontal components. Green’s functions were computed using the velocity model azoresipma.
4 RESULTS
Figure 5 shows examples of a true (coherence = 8.9) and a false (coherence = 3.8) event detected with Lassie. In this case, the false detection is a result of noisy data and/or the low threshold that we considered for the detections. A visual inspection of the Lassie detections showed that the false detections also often resulted from instrumental issues (e.g., spikes) and events that overlap in time. Consequently, we systematically revised the catalog to remove false detections. The false positives could alternatively be reduced by either increasing the detection threshold, at the cost of missing the smaller events, or in the subsequent location step with Loki, as false positives should show poor locations. The original detection catalogs produced by Lassie contained 5,192 or 4,312 events for velocity models azoresipma or rfcmlaa, respectively. However, after removal of false events only 1,002 or 1,047 corresponded to true events.
[image: Figure 5]FIGURE 5 | Example of the detection of a true (origin time 2018-02-12 03:27:50.5) and a false (2018-02-12 05:02:25.6) event with Lassie. (A,E) Waveform traces at each seismic station used. (B,F) Characteristic functions for the normalized amplitude envelopes indicate the corrected travel time for the P-wave (solid red line) and S-wave (solid blue line) for each station. The best fit of the synthetic arrival time of the respective phases at each station is marked with a small red/blue vertical bar. (C,G) Map view of the station locations and probability density function distribution marking the most likely epicenter location with a white star. (D,H) Global detector function (solid red line) where the red shadowed area represents the time frame shown in the coherence detection map. The horizontal black line marks the threshold chosen for the detection.
The earthquakes detected in the previous step were next located using Loki. We retained only events with the best locations, imposing a Loki coherence value of 0.5 or larger, which diminished our catalogs from to 402 or 409 earthquakes with high-quality locations. Independently of the velocity model used, most events are located on the central part of S. Miguel, between the Fogo and Congro volcanic systems (Figure 6; Figure 1C), in agreement with the preliminary analysis of the local earthquake catalogs. The average location of all located earthquakes, shown by the blue cross in Figure 6, is close to the Congro fissural system. This main earthquake cluster has an elongated shape with a NW-SE orientation, previously unimaged. Cross-sections through the location volume (Figures 6B, C) show that earthquakes are located mostly at 10–15 km depth, becoming shallower both towards the NW and SW. The few earthquakes at the bottom of the grid likely have poorly constrained locations.
[image: Figure 6]FIGURE 6 | Hypocentral 2D histograms of the earthquakes located with Loki, using the same grid used for location. (A) Map and (B) longitude and (C) latitude cross-sections of the 402 events with coherence higher or equal to 0.5, using velocity model azoresipma. The blue cross represents the average location of the selected events. The cluster is more populated between the Fogo volcano and the Congro fissural complex at depths of 7–15 km (see Supplementary Figure S1 for rfcmlaa velocity model result).
The estimated magnitudes show that most located events have ML between 0.0 and 3.0 (Figure 7). Our maximum estimated magnitude ML = 3.44, for the event that occurred at on 2018-02-12 at 04:54:29, corresponding to the earthquake with ML = 3.4 in both local reference catalogs. Our estimated magnitude values show a good agreement with the earthquake magnitudes of the CIVISA and IPMA reference catalogs (Figures 7A, B).
[image: Figure 7]FIGURE 7 | (A) Estimated magnitude of the 402 relocated events vs. magnitude in each reference catalog. Orange circles show the comparison between our estimates and IPMA’s catalog and the purple circles show the comparison with the CIVISA catalog. The solid black line represents the y=x curve, for reference. (B) Comparison between IPMA (orange), CIVISA (purple) and our catalog (light green). (C,D) Same as (A,B) but using the catalog obtained after template matching, i.e., adding the slave events. Our estimated magnitude values generally show a good agreement with the reference catalogs.
The waveform similarity analysis allowed us to identify three different earthquake families. Independently of the catalog used (402 earthquakes - azoresipma or 409 earthquakes - rfcmlaa), the same three families of earthquakes were equally identified. Figure 8 shows and example of the waveforms in each of the three families based on the azoresipma catalog (results with the alternative catalog are similar). The waveforms of the three families all show clear P and S-phases but with different detail characteristics. Observing Figure 8 we note that the body waves of family C1 are very impulsive and high-frequency, followed by a longer-period coda. The events of family C2 show a low amplitude P-phase when compared to the other two families and a notable coda. Family C3 seems to have the longest duration P-phase, and both P and s phases are quite harmonic. We also note that S-P times are not significantly dissimilar among the families, with values of approximately 0.5 s–6.0 s for C1, 1.0 s – 7.0 s for C2 and 2.0 s – 6.0 s for C3.
[image: Figure 8]FIGURE 8 | Identification of different earthquake families based on the similarity of waveforms recorded at station MESC, vertical component (EHZ). Family C1 (blue), C2 (red) and C3 (green) are placed from (A–C). Colored traces correspond to the stacked waveforms of each family. Selected traces are plotted downwards by increasing dissimilarity to the top example waveform, where the dissimilarity d = 1- CC.
Finally, after applying the template matching technique to the continuous data and using the relocated 402 or 409 events as templates, we detected additional low amplitude earthquakes, augmenting the previous catalogs to 2,553 and 2,613 events, respectively. Figure 9 shows an example of a template event and its slaves for the three components of station MESC.
[image: Figure 9]FIGURE 9 | Example of the template matching results, showing one template event (black line) and associated detections (gray). We show as an example the template with origin time 2018-02-12T03:51:48.80. Each rectangle shows different components: (A) vertical (EHZ), (B) north (EHN), and (C) east (EHE) at station MESC. Each detection is attributed a ncc value, in which an event with ncc = 1 corresponds to the detection of the template itself.
Figures 7B, D show the number of events in the CIVISA and IPMA catalogs compared to those in our catalog both with and without the slaves events found by template matching. The figure also shows the catalog’s completeness magnitude (Mc) computed using ZMAP software (Weimer, 2001). The Mc of the IPMA and CIVISA catalogs are 1.7 and 0.5, respectively, for the two-week period under study. The Mc of our catalog is 1.1 before the template matching and 0.6 after adding the slaves (Figures 7C, D). Although the completeness magnitude is close to CIVISA’s, we detect slightly less earthquakes than CIVISA around Mc and slightly more earthquakes below Mc. On one hand, this indicates that by only using well-located events as templates, we still miss some very low magnitude (ML ∼ 0.6) events. On the other hand, using template matching we were able to detect some very small magnitude events that are not detected by CIVISA (ML ≲ 0). Note that our magnitudes slightly overestimate the magnitudes of the CIVISA catalog, whereas they are in good agreement with IPMA’s (Figures 7A, C). The difference in magnitudes is related to the different stations used to compute magnitudes in the different catalogs. The CIVISA catalog has a higher total number of events due to a higher number of low magnitude events recorded with ML ∼ 0.5 withal this catalog is based on a denser network in the hypocentral region.
Using our final catalog (2,553 events) we analyzed the temporal evolution of the February 2018 sequence (Figure 10). The activity started with a subdued precursory phase, corresponding to earthquake family C1 (blue dots in Figure 10), which lasted from February 5th to February 12th. This phase consisted of low rate, low magnitude (maximum ML < 2.0) seismicity and the activation of a structure at depths between ∼10 and 15 km. At the eighth day, on February 12th, the day with the highest seismic rate, after a slight decrease of the magnitude of the events (maximum ML ≤ ∼1.0), the seismic rate of C1 increased drastically during approximately 1 h, with events reaching ML close to 2.7. During this time, the last earthquakes of family C1 were recorded. The subsidence of activity related to family C1 was accompanied by the onset of earthquake family C2 (red dots in Figure 10). Family C2 is the most populated one (N = 2,263 events) and its events reach the peak magnitude of ML 3.44. It is located at shallower depths of ∼8–12 km and slightly to the SE of C1. After reaching the peak magnitude, the C2 magnitudes start to decrease until they stabilize ∼10 h later at ML ≤ ∼2.0. In the last hours of February 12th, a new earthquake family arises (C3, green dots in Figure 10), and the seismic rate of cluster C2 starts to decrease. C3 is located at slightly shallower levels and further to the SE than C2. Most of the earthquakes in our catalog (∼86%) occur on February 12th. At the end of February 13th, the rate and magnitude of the seismicity becomes similar to the early stages of the sequence. The seismic sequence activity continued for another 7 days, with a decreasing seismic rate.
[image: Figure 10]FIGURE 10 | Temporal evolution of the earthquake’s magnitude: (A) two-week period corresponding to the February 2018 swarm. (B) Zoom for February 12th, day with the highest seismic rate. Hypocentral location of the earthquake families: (C) map view and (D,E) cross-sections with contour line surrounding 70% of the events from the final catalog. The events are colored according to the families identified by waveform similarity: C1 (blue), C2 (red) and C3 (green).
The moment tensor inversion of selected earthquakes, including those with the highest magnitude and good signal-to-noise ratio at various stations, led to the determination of 9 deviatoric solutions (Table 2; Figure 11). Most of the focal mechanisms inferred correspond to earthquakes of family C2, since they have higher magnitude. We were also able to obtain one solution each for earthquakes of families C1 and C3. Although we find some variability in the MT solutions, normal faulting focal mechanisms with strike-slip components are dominant. Most Non-Double Couple components show negative compensated linear vector dipoles (CLVDs), ranging from 1% to 58%. The tension axes are, in general, oriented NW-SE. Centroid depths range between 4 and 10 km, slightly shallower than the hypocentral depths estimated with Loki (6–15 km). Moment magnitudes values (Mw) are similar to the ML estimates.
TABLE 2 | Deviatoric Moment Tensor for 9 earthquakes of the February 2018 swarm.
[image: Table 2][image: F11]FIGURE11 | (A) Map view and (B) cross-section of the final automated earthquake catalog, comprising templates plus slave events, and the location of the focal mechanisms obtained by moment tensor (Table 2). The catalog epicenters are represented by white circles that mark the corresponding location grid cells, and the events for which we estimated the focal mechanisms are marked in colored circles. The colors of the focal mechanisms indicate their families: C1 (blue), C2 (red) and C3 (green). Seismic stations are shown by yellow triangles. Observed displacements at GNSS stations VFDC and FRNS, located in S. Miguel, with respect to station AZSM, in the island of Santa Maria, are shown by purple arrows.
5 DISCUSSION
Using a nearly automated workflow based on the analysis of continuous waveform data, we were able to build an earthquake catalogue for the February 2018 S. Miguel sequence. The evolution of the number of cumulative events in our catalog at each stage of the automatic procedure is shown in Figure 12. Note that a direct comparison between our catalogue and the local earthquake catalogs is not warranted because we used a different station network from both IPMA and CIVISA. In particular, we used some IPMA’s and a few CIVISA’s stations. Still, for reference we show our catalog versus the CIVISA catalog, which is more complete than IPMA’s. At the detection step, when using Lassie, we deliberately opted to use a low threshold, which allowed us not to miss true small amplitude events. Figure 12B shows that the number of Lassie’s automated detections deviates from CIVISA’s on February 6th and 18 February 2018. These deviations are due mostly to instrumental problems and spikes. The false positives must be filtered out, which in our case was done by visual inspection and cross-validation with the local earthquake catalogs. Alternatives to decrease the number of false positives include increasing the detection threshold, manually revising the events if manpower is available, or filtering at the next step during location, as false events should not be successfully located. After removal of the spurious detections, our cumulative number of detected events follows the same trend as CIVISA’s (Figure 12C). After earthquake location and retention of well-located earthquakes (coherence ≥0.5), we further reduced the number of total events to approximately half of those detected (Figure 12D). However, with template matching, using the high-quality catalog of well-located events as templates, we were able to efficiently augment the catalog again, finally reaching ∼82% of the number of events in the CIVISA catalog. We thus successfully achieved a very complete catalogue, that includes information on different sub-clusters identified by waveform similarity (Figure 12E).
[image: Figure 12]FIGURE 12 | Temporal evolution of the cumulative number of earthquakes after each step of our workflow, using the azoresipma velocity model: (A) IPMA (solid green line) and CIVISA (solid gray) reference catalogs, (B) Lassie detections, (C) Lassie revised detections, (D) Loki results with coherence ≥0.5 and (E) Final earthquake catalog obtained with the template matching. Results after each step are marked with solid red lines, whereas the CIVISA catalog is shown with a solid gray line for comparison. The automatic process could reproduce ∼82% of the manually picked CIVISA catalog (see Supplementary Figure S1 for rfcmlaa velocity model result).
The results obtained throughout our workflow using the two local velocity models, azoresipma and rfcmlaa, are generally similar. This may be because the two models are not significantly different at the depths where most events originate (5–15 km). The similar results also indicate that our solutions are robust and stable to minor velocity model variations, which is important given that the procedure is mostly automated.
The temporal evolution of the seismicity in our catalog shows that although, at first, the earthquake sequence may look like a mainshock-aftershock sequence (Figure 10A). When we look in detail, we find that the highest magnitude earthquake occurred after the onset of the period of most intense activity (Figure 10B). We assess the clustering and swarm-like behavior of seismicity by computing different indicators, which are typically used to discriminate among seismic swarms and seismic sequences. The coefficient of variation (CV), which reflects the statistics of inter-event times (Kagan and Jackson, 1991; Zöller et al., 2006; Passarelli et al., 2015), is a measure of the temporal clustering, where CV >> 1 is expected for a clustered behavior. The skewness (μ) (Roland and McGuire, 2009; Chen and Shearer, 2011) and the normalized time of the mainshock (tm) (Zhang and Shearer, 2016) account for the temporal evolution of moment release. Seismic sequences are expected to release most of the moment in the early phase, while in seismic swarm large magnitude earthquakes can occur in later phases. Skewness values below 6 and tm values above 0.5 are generally suggested for swarm-like activity. The classification conditions based on CV (Kagan and Jackson, 1991; Zöller et al., 2006) is accomplished for all cases, either considering the whole catalog or single clusters (Table 3). Classification based on μ and tm (Zhang and Shearer, 2016) is more heterogeneous, often showing mixed seismicity types. In detail, cluster C1 is clearly resolved as swarm. Cluster C3 and the whole sequence are identified as mixed swarm/mainshock-aftershock types. The modulations of these indicators among different sub-clusters indicates a complex behavior, with an evident swarm activity in the initial phase and some combination of swarm and mainshock-aftershock sequences during the latter part of the sequence, that includes the most significant events.
TABLE 3 | Summary of the statistical analysis and corresponding classification among swarm, mixed and mainshock-aftershocks (MA) seismicity.
[image: Table 3]Our final catalog shows that earthquakes are located in the central part of S. Miguel, in the region of the Congro fissural complex, at 5–15 km depth. The inferred location of the February 2018 swarm is quite close to the May/September 2005 swarm (Silva et al., 2012), suggesting a reactivation of the same system. The swarm starts with a precursory phase that includes a small number of low magnitude events, that we identified as the beginning of C1 activity. This is the deepest sub-cluster, suggesting that the swarm initiated with fracture at depth, eventually resulting from the intrusion of volcanic fluids. The high-frequency character of C1 waveforms confirms the predominance of brittle failure. As the activity of C1 subsides and disappears, family C2 emerges with a high seismic rate. This family contains the highest magnitude earthquakes observed during the entire swarm and is located slightly shallower and to the SE of C1, suggesting the migration of fracturing towards the surface and the activation of shallower faults. The last family of earthquakes (C3) emerged closely after C2 and very briefly after the earthquake with highest magnitude. Family C3 is slightly shallower and to the SE than C2, suggesting the continued migration of earthquakes and the activation of a third shallower fault system. The events of family C3 have a very harmonic character, which we interpret as indicating faulting in a fluid-enriched system. We hypothesize that the swarm started with the activation of family C1, whose earthquakes opened a pathway for fluids to rise to the surface, with the seismicity migrating to shallower levels, activating families C2 and finally C3, which occurs already in a fluid enriched environment (Figure 10).
Previous works show that seismicity in volcanic environments is often used to track the propagation of fluids within the plumbing system, with recent outstanding cases involving the migration over tens of kilometers and even across the whole crust (Cesca et al., 2020; Cesca et al., 2022). The spatial distribution of volcano seismicity with different characteristics, such as a different frequency content of their signals, is often interpreted to understand the plumbing system and different processes along complex paths for fluid migration (del Fresno et al., 2023; Gaete et al., 2019; Galluzzo et al., 2023). A very visible difference between the earthquake families resides in the frequency content of their waveforms. We speculate that the higher-frequency waveform family, C1, indicates brittle failures. In contrast, the more harmonic and lower frequency waveforms of C2 and C3 may correspond to earthquakes occurring in the presence of fluids. Thus, similar to the 2005 swarm, the February 2018 swarm appears to have been triggered at depth, possibly due to the uprising of fluids. The brittle failure at depth seems to have opened a pathway for fluids to migrate upwards from depth. Once activated, faulting responds dominantly to the regional stress regime.
Moment tensor inversion shows normal faulting with strikes-orientated NW-SW. This pattern is consistent with the regional stress regime (Figure 1B) and with reference MT solutions computed for earthquakes to the east and the west of S. Miguel (e.g., Custódio et al., 2016). Silva et al. (2012) obtained a similar result when analyzing the focal mechanisms of the 2005 swarm, indicating that the Fogo-Congro stress field is dominantly extensional and coincident with the regional tectonics. The most robust solutions, i.e., solutions with a high consistency between the best and the mean result, have a small non-DC component percentage and a common T axis. The presence of non-DC components close but not equal to zero, despite not being very reliable due to the moment tensor estimation uncertainties, indicates the possibility of tensile and compressive movements associated with the opening and/or closing of cracks that we hypothesize to be caused by infiltration of volcanic and/or thermal fluids. We hypothesize that fluids induced and facilitated fracturing, generating earthquakes whose kinematics is governed by the regional stress field.
In order to further complement our analysis, we investigated whether surface deformation was associated with the swarm. To this end, we processed data from GNSS stations of the REPRAA network (Geo-Referencing Permanent Stations Network from Azores Government - REPRAA) along with multiple IGS (Johnston et al., 2017) and EUREF (Bruyninx et al., 2019) stations using the GAMIT/GLOBK software (Herring et al., 2018). For this processing, we adopted the conventions, models, and recommendations by IGS according to the 3rd IGS Data Reprocessing Campaign held in 2019 (Johnston et al., 2017), resulting in a consistent set of daily station position time series, expressed in the ITRF2014 reference frame (Altamimi et al., 2019). These were subsequently transformed into a local reference frame with three components: North, East, and Up. We analyzed the time series for 3 stations in S. Miguel (PDEL, VFDC, and FRNS) and 1 station in Santa Maria Island (AZSM), starting in April 2017 until September 2022. We considered AZSM as fixed station because it is located outside the area of deformation. The time series of the differences between the position of GNSS stations in S. Miguel and AZSM show different pattens (Figure 13). PDEL, the GNSS station in S. Miguel further away from the swarm, shows no significative motion with respect to the fixed station AZSM. However, the February 2018 seismic swarm marks the beginning of a period of ground deformation observed at the 2 closest stations, VFDC and FRNS, which lasts over a long-time interval of about 17 months. Station VFDC, to the southwest of the swarm, moves mostly to the south with a total displacement of 29.0 mm, whereas station FRNS, located to the east of the swarm, shows movement mostly to the east with a total displacement of 9.8 mm, both with respect to fixed AZSM (Figure 13A).
[image: Figure 13]FIGURE 13 | Evolution of the position of GNSS stations in São Miguel Island with respect to station AZSM, located at Santa Maria Island. Displacement of (A) the Fogo Volcano station, VFDC, towards the north, and (B) the Furnas station, FRNS, towards the east. During an approximately 17-month long period starting with the 2018 swarm, station VFDV moves 29.0 mm to the south and station FRNS moves 9.8 mm towards the east, deviating from their long-term trends. We did a linear fit (red line) of the differential positions between February 2018 and July 2019 in order to obtain the displacement estimates.
The normal faulting with strike-oriented NW-SE inferred from moment tensor inversion together with the observed surface deformation showing VFDC moving to the south and FRNS to the east are compatible with the observed regional extensional pattern of S. Miguel Island, associated with the regional opening of the Terceira Rift. Alternatively, the surface deformation could have a radial pattern around the swarm’s center, similar to what was observed during the 2005 swarm (Silva et al., 2012), more indicative of an intrusion. In either case, the swarm marks the beginning of a ∼1.5 years long period of surface deformation, which may indicate either aseismic slip of tectonic faults or an aseismic intrusion.
6 CONCLUSION
We studied the spatio-temporal evolution of the seismic swarm that occurred in February 2018 in S. Miguel. We successfully set up a semiautomatic procedure capable of generating a high-quality earthquake catalog that reproduces the main features of the local reference catalogs. The automatization of the seismic monitoring workflow presented here has the advantage of reducing the time and human power needed for earthquake catalog generation, namely, for the determination of basic earthquake parameters such as origin time, location, and magnitude. In addition, the full waveform analysis allowed us to identify different families of similar earthquakes, which in turn provided a clearer image of the spatio-temporal migration of seismicity and of the underlying processes. We deduce that earthquakes with higher frequency content are associated to brittle failure and lower frequencies are associated to the presence of fluids. The template matching allowed us to augment the catalog, and further provided information on the sites where seismicity occurred persistently. We conclude that the automated analysis of full waveform data is key to provide information on the evolution of unrest episodes and their underlying processes, representing a critical complement to traditional earthquake catalogs and helping to better assess the hazard of seismo-volcanic crises.
The February 2018 swarm occurred in the region of the Congro fissural complex, similar to the previous May/September 2005 swarm (Silva et al., 2012) and likely reactivating the same fault system. The epicenters form an elongated shape with a roughly NW-SE orientation. The seismogenic region extends through depths of 5–15 km, becoming shallower to the northwest and to the southwest. The sequence displays mostly a swarm-like behavior, although some complexity is found. Most of the seismicity occurs over the first day of the second week of activity (February 12th), with the highest magnitude earthquake occurring approximately one hour after the onset of the phase of most intense activity. Earthquake family C1 occurs at the deepest level and is identified as a precursory phase of the swarm. It is followed by C2, the most active family, and finally C3 at the shallowest levels. The onset of family C2 marks a clear change in the swarm. Our moment tensor results are consistent with previous studies of seismic swarms that occurred in the same region, including the 2005 swarm, indicating that the Fogo-Congro stress field is predominantly tensional, with the main extension axes oriented NW-SE. Thus, the seismicity of this region seems to be a local response to the regional forcing triggered by the uprising of fluids from depth. Through the detailed analysis of the February 2018 swarm, we conclude that this seismic activity is due to episodic fluid transfer through the crust associated with hydrothermal and/or magmatic activity.
We conclude that the Fogo-Congro system continues to be seismo-volcanically active and that the 2005 crisis was not an isolated unrest episode but rather a part of long-lived and ongoing deformation processes. The region should be closely monitored using multidisciplinary instrumentation, namely, comprising seismic and geodetic capability, among others. As we have shown here, both seismic and aseismic deformation are observed, and the two datasets should be used analyzed together for better monitoring of the region and improved hazard assessment and risk mitigation.
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PM stations are managed by IPMA, the CP network is operated by CIVISA, and II stations are run by IRIS (Incorporated Research Institutions for Seismology).
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