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Abstract

:

After a period of mild eruptive activity, Stromboli showed between 2017 and 2018 a reawakening phase, with an increase in the eruptive activity starting in May 2017. The alert level of the volcano was raised from “green” (base) to “yellow” (attention) on 7 December 2017, and a small lava overflowed the crater rim on 15 December 2017. Between July 2017 and August 2018 the monitoring networks recorded nine major explosions, which are a serious hazard for Stromboli because they affect the summit area, crowded by tourists. We studied the 2017–2018 eruptive phase through the analysis of multidisciplinary data comprising thermal video-camera images, seismic, geodetic and geochemical data. We focused on the major explosion mechanism analyzing the well-recorded 1 December 2017 major explosion as a case study. We found that the 2017–2018 eruptive phase is consistent with a greater gas-rich magma supply in the shallow system. Furthermore, through the analysis of the case study major explosion, we identified precursory phases in the strainmeter and seismic data occurring 77 and 38 s before the explosive jet reached the eruptive vent, respectively. On the basis of these short-term precursors, we propose an automatic timely alarm system for major explosions at Stromboli volcano.
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1. Introduction


Stromboli is the northernmost island of the Aeolian Arc, in the Mediterranean Sea (Italy; Figure 1, inset), with persistent eruptive activity typically characterized by 5–20 Strombolian explosions per hour [1]. A large amount of gas is continuously emitted through several small eruptive vents [2,3,4] located in the crater zone (Figure 1). The position of the vents varies over time, but there are three areas where the main vents are typically located [5,6]: The northeast (NE), central (C) and southwest (SW) areas (Figure 1, right). The structural setting of Stromboli is controlled by the “Sciara del Fuoco” flank depression (SdF, Figure 1), which is the result of several sector-collapses of the northwestern slope of the island [7,8].



The persistent activity of Stromboli volcano was observed for several centuries [9,10,11,12], and its eruptive history was punctuated by effusive eruptions, major and paroxysmal explosions [1,11,13,14,15]. Major explosions are significantly larger than the ordinary explosions, and normally occur twice a year [16]. “Paroxysms” is used for even greater explosive eruptions that display an average occurrence of one event every 5–15 years [16]. The persistent explosive activity produces jets comprising a mixture of gas, ash and lapilli up to several tens of meters above the vents [17]. Major explosions result in heights of the ejecta up to several hundred meters above the vents [11], affecting the areas frequented by hikers visiting the volcano. Paroxysms generate eruptive columns rising a few kilometers above the vents [14,15,16,18,19,20] and can affect the villages of Ginostra and Stromboli located less than 2 km away from the vents (Figure 1).



The seismicity of Stromboli is dominated by the signals generated by the explosions that take place in the crater area, also called “explosion-quakes” that contain Very Long Period (VLP) events [1,21,22]. The VLP signals were fully investigated in [23] and resulted as generated by a seismic source, which was located ~250 m beneath and ~160 m northwest of the active vents (Figure 2d). The automatic monitoring of these signals [24], based on different location techniques such as radial semblance [25,26] and the moment tensor inversion [23,27], showed substantial stability of the source over several years, except for small variations recorded before and during the 2007 effusive eruption [24].



Another characteristic of the Stromboli seismic wave-field is the volcanic tremor (Figure 2b), which forms a continuous background signal. It is interpreted as due to seismic waves generated in the shallow conduit [28]. Puffing, which occurs at the open vents (mainly at the central crater), also contributes to the volcanic tremor at Stromboli [29]. Other seismic signals typically recorded at Stromboli are due to landslides (Figure 2c), mostly occurring on the SdF. A significant increase of these signals has been recognized as a short-term precursor of the two flank effusive eruptions in 2002–2003 and 2007 [1,30,31]. This observation highlighted the importance of the landslide seismic signals, which are constantly monitored [31,32].



Seismic signals due to explosions (VLP), landslides and volcanic tremor are routinely used to define the state of activity of Stromboli volcano [24] (Bollettini INGV—http://www.ct.ingv.it).



In the last decades, the eruptive history of Stromboli was dominated by three effusive flank eruptions, which occurred in 2002–2003 [13,33,34], in 2007 [1,5,35] and in 2014 [36,37,38,39], all within the SdF depression and associated with hazardous phenomena. At the end of 2002, the beginning of the flank eruption was associated with a landslide along the SdF that triggered a tsunami, which damaged the coast of the island [40,41,42]. During this eruption, which ended in July 2003, the monitoring system was improved by adding new geophysical and geochemical stations and developing a real-time processing system [22,43]. Before the end of the effusive eruption, on 5 April 2003 a paroxysmal explosion occurred [14,44], which destroyed some geophysical instruments installed in the summit area of the volcano and caused damage to the village of Ginostra (Figure 1) [45]. Another effusive eruption occurred on February–April 2007 [1,5] during which a paroxysmal explosion happened on 15 March 2007, anticipated by a strong step-like overpressure building up in the uppermost conduit [46,47]. During both the 2002–2003 and 2007 effusive eruptions the persistent summit explosive activity stopped or significantly decreased, as a result of magma drainage from the eruptive fissure [5,13,14]. After the 2007 effusive eruption, the persistent explosive summit activity of Stromboli resumed [48], but the eruptive activity changed, displaying several unusual overflows from the crater zone, a more than doubled number of major explosions, and absence of paroxysms [32,49,50]. The enhanced monitoring network allowed us to recognize that the effusive phases were preceded by a few weeks of increment of amplitude and occurrence rate of Very Long Period events (VLP) and associated number of explosions, which are related to the magma level within the shallow conduit [1,5,13,35]. A progressive increase of the volcanic tremor amplitude, accompanied by an anomalous occurrence of landslides within the SdF area a few hours before the beginning of the lava flow anticipated the effusive phases [1,31]. No important ground deformations were detected immediately before flank eruptions, but GPS and tilt measurements revealed two episodes of pure intrusion in 1994–1995 and 2000, and a continuous deflation during the entire 2007 eruption [51]. Conversely, the ground-based synthetic aperture radar (GB-InSAR) showed a progressive shallow movement of the NE crater portion preceding the 2007 eruption and a bulging on the SdF before vent opening [52]. Anomalous sulphur content in the degassing plume was recorded 2–3 days before the 5 April 2003 paroxysm [53] revealing the rising up of a gas-rich magma pocket in the uppermost conduit. SO2 flux from the plume and CO2 flux from the ground showed a marked increase during the 2007 eruption, when drainage of lava along the SdF caused the emptying of the upper part of the magma column and favoured the rise of a gas-rich magma batch [35].



The last effusive phase, which occurred in August–November 2014 [36,37], was preceded by overflows and increased Strombolian activity [39], and followed by a low eruptive activity period lasted until mid-2017, when a reawakening phase began. A more intense explosive activity started in May 2017, continued in the following months and led the Italian Civil Protection Department to decree the “attention” alert level (yellow code) on 7 December 2017, based mainly on seismic, thermal video-camera and geochemical observations that indicated a rise in magma level inside the upper conduits. An important characteristic of the reawakening phase was the increasing number of major explosions, which drove the crater area at risk. Nine major explosions occurred from July 2017 to August 2018 that, fortunately, did not produce damage. Major explosions are a typical hazard of Stromboli [11,16] because they can affect the summit area frequented by hikers. In response to this type of volcanic hazard, in 2006, the Italian Civil Protection Department set up shelters in the summit area of the volcano in order to mitigate the risk that hikers could be hit by ballistics [54]. Obviously, the use of these shelters would greatly benefit from a possible warning to be issued even a short time before a major explosion. Different volcanic events worldwide, such as the Ontake 2014 disaster [55], have shown that even a few seconds of warning could significantly reduce the number of fatalities from small explosions.



In this paper, we analyze the recent reawakening phase of Stromboli (2017–2018), which was recorded by the INGV multidisciplinary networks, investigating the eruptive mechanism of major explosions. We select the well-recorded major explosion occurred on 1 December 2017, as a case study, and investigate the possibility of implementing a timely alarm method, based on multiple sensor recordings, in particular on seismic and strainmeter precursory signals.




2. Materials and Methods


In order to analyze the state of activity of Stromboli volcano in the period 2017–2018, we considered the data of the INGV video-camera, seismic, deformation, and CO2 soil flux monitoring systems.



The ground-based remote sensing monitoring of explosive activity is performed by the thermal and visible video-cameras comprising the network installed by the INGV-Osservatorio Etneo (INGV-OE) on the volcano, having a capture rate of 0.5–2.0 images per second. The fixed camera network includes thermal infrared (~8–14 μm) and visible (400–700 nm) cameras located at 400 m elevation on the NE flank of the SdF, and at “Il Pizzo Sopra la Fossa”, 890 m a.s.l., and ~250 m from the craters (Figure 1). To obtain a description of the eruptive activity, the total number of explosive events each day of cloud-free observation was manually counted and reported as an integer average hour value. On average, 5–9% of the days were affected by clouds and/or by system failure. In such cases, data are lacking [56].



In the period subject of this work, the seismic network included seven seismic stations (Figure 1). In the past, there were 14 stations [22] deployed by INGV-Osservatorio Vesuviano (INGV-OV), but from 2013 their number decreased because some sites became inaccessible both by land and by helicopter. The seismic stations are equipped with Guralp CMG 40T (60 s–50 Hz) velocimeters and Gilda data logger [57]. In 2006 two Sacks-Evertson borehole strainmeters [58,59] were added to the Stromboli geophysical network.



Ground deformation monitoring at Stromboli is mainly based on tilt and GPS data. Tilt is continuously monitored by using borehole stations (2.5–3.5 m deep), with AGI 722 sensors [60]. Since 2011, a deep (−27 m below ground level) station, equipped with AGI Lily tiltmeter, is operating at Timpone del Fuoco (TDF) [61]. About GPS measurements, INGV-OE manages a CGPS (Continuous Global Positioning System) network on Stromboli. Currently, four stations allow us to perform continuous monitoring of the ground deformations in real time. These CGPS stations are controlled from the master station at INGV-OE [62,63]. The stations (Figure 1) are: Punta Lena (SPLN), Punta Labronzo (SPLB), San Vincenzo (SVIN) and Timpone del Fuoco (STDF). A double processing strategy is applied to the data of this network: A 1 Hz real time processing [62] using RTD software [64], and a more precise 24 h/day sessions processing using GAMIT software [62,65]. In this work, only the high precision data obtained from the GAMIT software are shown.



The CO2 flux emitted from the soil at “Il Pizzo Sopra la Fossa” (STR02) in the crater zone (Figure 1) is continuously monitored on an hourly basis [38] using accumulation-chamber equipment (West Systems, Pontedera (PI), Italy) [66]. The measured data are transmitted to the COA Civil Protection volcano observatory at Stromboli via a wide local area network (W-LAN) and also to the INGV-Palermo geochemical monitoring center via a virtual private network link.




3. Results


We describe here the results of the analysis of the most significant parameters monitored at Stromboli in the period May 2017–June 2018. These include the number of VLP events per hour associated with the explosions, the amplitude of the explosion-quakes, the amplitude of the volcanic tremor, the number of explosions detected by the video-cameras, the deformation of the edifice (tilt and length of GPS baselines), CO2 flux and number of landslides occurred in the SdF. Plots of the time series of these parameters are reported in Figure 3 and are briefly described below.



For the analysis of seismic time series, we chose the data recorded by STRA station (Figure 1) that is close to the crater zone, in order to show the trend of the explosion-quake amplitude, the volcanic tremor amplitude and the VLP hourly rate. The amplitude of the explosion-quakes (Figure 3a) is controlled by the eruption jet. It is higher when the explosion produces a well-collimated jet of gases and pyroclastic fragments and high amplitude air waves [28].



The volcanic tremor recorded at Stromboli (Figure 3b) is interpreted as the result of the oscillation of the gas bubbles ascending in the magma conduit [28]. Also, puffing and spattering, which occur at the vents, can contribute to the tremor amplitude, as mentioned above [29]. Therefore, an increase of the tremor amplitude typically indicates a greater excitation of the conduit by the gas bubbles that move within the magma, and an increased puffing and spattering activity.



The VLP signals are intrinsically linked to the explosive source process. Therefore, the VLP occurrence rate (Figure 3c) gives us a direct measure of the explosion rate. This parameter shows a good agreement with the explosion counting carried out by using the video-camera images (Figure 3c,d), especially when the explosion-quakes amplitude (Figure 4a) is high.



The video-camera continuous recordings allow us to monitor the explosive activity and puffing and spattering activity. In Figure 3d, the image analysis of the INGV-OE permanent video-cameras is shown in terms of the total number of explosions per hour. The explosions occurred within the crater terrace from all the active vents are manually counted, and displayed as an integer.



The geodetic measurements are able to monitor ground deformations associated with magmatic processes at Stromboli [63]. Due to problems to the STDF station, we can show here only the baseline length variations between SVIN and SPLB stations (Figure 3e). Moreover, Figure 3f shows the data of the N275° component of the TDF tiltmeter that is directed towards the summit crater area.



The occurrence of landslide seismic signals is reported in Figure 3g. As already mentioned, the landslides were precursors of the recent effusive phases due to the opening of fractures on the SdF slope. For this reason, their occurrence rate is a significant parameter for the definition of the state of activity of the Stromboli volcano.



The geochemical monitoring, shown in Figure 3h, is aimed at evaluating the degassing degree on the summit area of Stromboli [38] and consists of the continuous CO2 soil flux measurements by the STR02 station in the crater zone (Figure 1).



Between May 2017 and June 2018, eight major explosions were recorded, marked by black vertical lines in Figure 3. A further major explosion occurred on 18 August 2018 (not shown in Figure 3).



In Figure 3 the seismological parameters (explosion-quake amplitude, tremor amplitude and VLP hourly rate, Figure 3a–c) and the video-camera image analysis (Figure 3d), show two phases of increase of the explosive activity, from May to September 2017, and from October 2017 to January 2018, respectively. In the second period an effusive phase, due to a lava overflow from the NE crater, was recorded on 15 December 2017. The soil CO2 degassing (Figure 3h) is consistent with a general increase in eruptive activity. Actually, in the period from 2005 to 2015, we observed a slow continuous positive trend of CO2 degassing [38] that culminated in the 2017–2018 with a strong abrupt increase of CO2 flux. During the whole period considered here, the daily rate of seismic signals associated with landslides (Figure 3g) on the SdF flank did not show any anomaly, as well as the geodetic signals (Figure 3e,f).



The definition of major explosions, which is anything but univocal, is beyond the scope of this work. On this topic there is an extensive scientific literature [11,16,45,67]. Here we consider as major explosions those explosive events that generate a seismic signal significantly larger, in terms of amplitude and/or duration, compared to the seismic signals due to the ordinary explosive activity. Figure 4 shows the four-hour seismogram, from 12:00 to 16:00 UTC, of the STRA station, east-west component, recorded on 1 December 2017, in order to show the seismic signature of a major explosion compared to the background seismicity.



From 26 July 2017 to 26 April 2018, eight major explosions occurred (in nine months). Each seismogram shows a precursory phase that preceded the amplitude peak associated with the explosion. In the following, we will refer to this signal, which is particularly evident in the 1 December 2017 explosion, as a precursory signal.



The thermal video-camera network allowed us to reconstruct the dynamics of the major explosions recorded in the period here considered (July 2017–April 2018) and to identify their eruptive source vents. In particular, the major explosion of 26 July 2017 (Figure 5a) was a sequence of at least three pulses ejected from the central (C) and southwest (SW) vent regions (Figure 1). The seismogram filtered in the VLP frequency band (0.02–0.2 Hz) confirms the presence of multiple pulses in the seismic signal (Figure 5a). The major explosions that took place on 23 October, 1 November and 1 December, 2017 (Figure 5b–d respectively), also originated in the central (C) and southwest (SW) vent regions. The VLP seismograms relating to these explosions highlight the dominance of the main pulse that characterized the seismic source associated with the explosive process. The images of the explosion occurred on 1 December 2017 (Figure 5d), unfortunately, are not suitable for an in-depth analysis due to problems related to weather conditions and poor visibility. Nevertheless, they allowed us to recognize the source of this eruptive event in the southwest (SW) region (as also confirmed by other video-camera and infrasound observations reported by Florence University reports (https://www.dst.unifi.it/) and, subsequently, activation of the central vent region. The major explosion of 7 March 2018 (Figure 5e) took place in the northeast vent region (NE). The VLP seismogram associated with this major explosion had a smaller amplitude than those previously mentioned. The major explosion that occurred on 18 March 2018 (Figure 5f) originated from the central vent region (C) and also activated the northeast vent region (NE). The events of 24 April (Figure 5g) and 26 (Figure 5h) 2018 occurred in the southwest (SW) and central (C) vent regions and in the northeast (NE) vent region, respectively.



Among the major explosions occurred between July 2017 and April 2018, only the 1 December 2017 episode (Figure 5d) was recorded by one Sacks-Evertson borehole volumetric strainmeters, as well as by seven seismic stations, one infrasonic sensor, and one tiltmeter, thanks to favorable operating conditions of the monitoring system. The INGV Stromboli monitoring stations are deployed on the steep slopes of the island, and sometimes have problems of maintenance due to difficult access to the sites, poor weather, or powerful activity making instrument maintenance hazardous to people. Moreover, the presence of ash, fog or clouds may reduce the visibility or may prevent the batteries from charging. This demonstrates the utility of the instrumental redundancy and the importance of multi-parametric monitoring. For the above reasons, in the period here considered, we cannot rely on a high number of working stations. Therefore, we chose the explosion of 1 December 2017 as a case study. This event took place around 12:42 UTC from a vent in the SW region and also activated the central vent region, as retrieved by the thermal camera image analysis.



Figure 6 reports tilt changes recorded at TDF (Figure 1) during the 1 December 2017 explosion. A small permanent offset was recorded on the N275°E component after the explosion, as shown in Figure 6.



In Figure 7, we show the infrasound, seismic and strainmeter recordings of the major explosion on 1 December 2017. The beginning of the dilatometer signal associated with the major explosion, filtered in 0.0002–0.02 Hz frequency band is marked with a vertical dashed line. We remark that SVO strainmeter (Figure 1) recorded a variation several seconds before the other geophysical instruments detected the incoming major explosion signal. This feature will be exploited in the next section as part of the discussion dedicated to the proposal of a timely alarm method for the major explosions.



The 1 December 2017 major explosion seismogram is characterized by a precursory phase of sustained oscillation lasting about 38 s (Figure 7b), with dominant frequency content around 1 Hz (Figure 8) and a VLP event (Figure 7c) with frequency content in the range 0.02–0.2 Hz (Figure 8).



Thanks to the remarkable amplitude of the signal (Figure 4), the beginning of the precursory signal has been clearly recorded at all the available seismic stations. We estimated the delay between the arrival times at the different seismic stations by performing the cross-correlation analysis between the onset of the vertical components, filtered in a narrow band around 1 Hz. Thus, we used the retrieved arrival times to locate the precursory signal, adopting a probabilistic approach based on the method proposed by [68]. Furthermore, we located the VLP event of the explosion exploiting its characteristic radial polarization. We calculated the polarization of the VLP pulse at four stations with adequate quality of the three-component signal: These are STRA, STR1, STRE and STRC stations (Figure 1). The results are shown in Figure 9 where the precursory signal and VLP locations, red circle and red star respectively, are compared with the locations of the VLPs recorded in 2012 (gray star and gray diamond), also shown in Figure 2. We can see that the location of the VLP event of the major explosion on 1 December 2017 falls within the typical zone of the VLP source locations (Figure 2). The location of the precursory signal is shallower and it is close to the southwestern vent region, from which the explosion originated, as seen above.



The GPS base-line between SPLB and STDF stations (Figure 1), across the SdF slope, which is sensitive to periods of magmatic recharge, is not available. However, the data of the North–South (N–S) component of SPLB station (Figure 10), showed a small displacement along the northern direction from the end of 2016 and the beginning of 2017, in correspondence with the start of the 2017–2018 phase. This displacement is compatible with modest inflation of the edifice due to the uprising of magmatic fluids along with the main NE-SW structural trend, as already observed by [60,63]. This framework could explain the increase in the eruptive activity discussed in this study.




4. Discussion


Thanks to its persistent explosive activity, Stromboli is a natural laboratory where pioneering studies on explosive eruptions and volcano monitoring have been conducted. After the tsunami that occurred on 30 December 2002 [40] and the paroxysmal explosions on 5 April 2003 [14], and 15 March 2007 [47], the potential social impact of the eruptive activity of Stromboli became evident to the scientific community and to the civil protection authorities. For this reason, many scientific studies and actions devoted to volcanic risk mitigation have been promoted in the following years. About fifteen years of geophysical and geochemical observations allowed the scientific community to highlight variations in the eruptive activity that prelude the beginning of the effusive phases [1,5,24,37,39]. Also in the period considered in the present paper, at the beginning of December 2017, the analyses of seismic, video-camera, geochemical, infrasonic and geodetic data allowed us to highlight a rise of the magma level in the conduits and to issue a warning, which leads the civil protection authorities to raise the alert code from green to yellow on 7 December 2017. Eight days later, on 15 December 2017, a small lava overflow occurred from the northeast crater (NE in Figure 1). Consistently with the lava overflow, the landslide rate did not show any significant anomaly, which is a short-term precursor of flank effusive phases linked to the opening of fractures on the SdF slope.



The video-camera, geophysical, and geochemical observations during the 2017–2018 eruptive phase gave us insights on the eruptive dynamics of Stromboli in this time interval. Between April 2017 and June 2018, the soil CO2 flux measurements in the crater area showed a strong increase, characterized by a sharp input that confirmed the progressive growth observed in the last years [38,69], suggesting a fluid overpressure inside the volcanic edifice. This is associated with the increase of the volcanic tremor amplitude, of the VLP occurrence rate and of the increase in explosive activity at the crater area recorded by the video-camera images. All these signals indicate a greater formation and transport of gas slugs towards the eruptive vents, following a new volatile-rich magma input in 2017–2018.



The resumption of major explosions characterized the period covered by this work. The major explosions can occur for two main reasons: (i) Because a new input of gas-rich magma enters in the shallow conduit [15,67] or (ii) because of occasional blockages reducing the size of the summit vents and causing overpressure to grow below them [11]. While the movement of gas-rich magma at shallow level can be detected by the monitoring systems through the geophysical and geochemical observations (strain variations, thermal camera observations, SO2 and CO2 flux changes, deformations detected with GPS, tiltmeter, GBInSar measurements, etc.), the occasional blockages are unpredictable and occur with variable frequency, without any apparent correlation with other parameters related to the state of the volcanic activity. It is worth noting that the major explosions considered in this paper (Figure 3) occurred during phases of both high number of explosive events (>20 events/hour), when the level of magma is high within the shallow conduit [29,56], but also during phases with low or intermediate number of events (<10 events/hour). Furthermore, they originated from all the different vent regions (NE, C, and SW) as evidenced by the thermal camera measurements (Figure 5). This confirms that, even in the examined period, the major explosions can have different origins, either deep or shallow [11,45,67,70].



The case study of the 1 December 2017 recorded by different geophysical instruments, provides the opportunity of studying the mechanism of this type of events. In particular, we identified a seismic precursory signal and determined its source position, which is located at a small depth (740 m a.s.l.) below the SW vent region (Figure 9). When the seismic precursor is recorded, no correlated signal is distinguishable on infrasonic recordings, while the strainmeter data indicated a remarkable strain increase (Figure 7b,e). For this reason, we interpret the seismic precursor phase as related to the magma input inside the conduit below the SdF and not to degassing processes. The position of the seismic precursor source suggests that it is due to the oscillation, before the start of the major explosion, of a very shallow conduit in the SW vent region connected to the crack-like structure below the SdF. When the major explosion started, the crack collapsed, and the VLP event (Figure 7c) began. The jet of the explosion produced the amplitude peak of the seismic signal and the high amplitude transient of the infrasonic signal. Consistently with these observations, a small permanent tilt at the TDF station (Figure 6), detected on N275°E component (ca. 15 nanorads), suggested a summit area contraction (deflation) during and after the explosive process.



The occurrence of the seismic precursory phase, lasting about 38 s, and the signal of the SVO strainmeter, which detected a strain change related to the major explosion even before the seismic stations recorded the precursory signal, suggest a possible implementation of a timely alarm system for future major explosions, similar to that of 1 December 2017.



We tested an automatic algorithm based on the Short-Term Averaging/Long-Term Averaging (STA/LTA) trigger method, appropriately tuned, on the strainmeter (Figure 11) and seismic data of 1 December 2017. We used “ObsPy” (http://www.obspy.org) seismic data analysis system [71], which includes routines for the calculation of STA/LTA [72,73]. We found that the most appropriate frequency band to highlight the beginning of the major explosion from the strainmeter signal is 0.004–0.02 Hz. We applied the STA/LTA algorithm over the band-pass filtered strainmeter signal. By choosing a short time window of 100 s and a long-time window of 800 s, we obtained the trigger shown in Figure 12 (orange line), without any false alarm over the signal of the whole day of 1 December 2017, shown in Figure 11. Moreover, we applied the algorithm on the seismic signal of the STRA and STRE stations, vertical components, filtered in the band that characterizes the precursory signal (0.6–1.0 Hz). We chose a short time window of 50 s, a long-time window of 400 s and an appropriate threshold to avoid false alarms by using the data of the test day of 1 December 2017.



Our proposal for a timely alarm test for major explosion takes into account a pre-alarm, marked by the detection of the strainmeter signal anomaly (orange line in Figure 12), which in the case of 1 December 2017 occurred 77 s before the explosive activity could impact the summit area of Stromboli. The confirmation of the detection of an incoming major explosion was marked by the trigger of the precursory signal at least in two seismic station signals (red line in Figure 12). The occurrence of the explosive activity potentially able to impact the area visited by tourists is highlighted by the trigger of the infrasonic phase (black line in Figure 12).



This method was tested only on the major explosion of 1 December 2017. After being tested on a sufficient number of future major explosions, this proposal could become a very useful routine in our observatory. In fact, a timely received 77 or even 38 s in advance would allow people on the top of the volcano to safely reach the shelters, located near the explosive activity observation area, in time and avoid any damage.




5. Conclusions


The integration of in situ and ground-based remote sensing measurements allowed us to recognize the 2017–2018 reawakening phase of Stromboli volcano and to follow its evolution over time. This phase led to the raising of the alert level on the island from “green” (base level) to “yellow” (attention level) on 7 December 2017, and was characterized by a small lava overflow from the NE crater rim on 15 December 2017 and by a high occurrence rate of major explosions (8 events in 9 months, between 26 July 2017 and 26 April 2018). The geophysical, video-camera and geochemical observations (Figure 3) indicate that the phase of increase of eruptive activity is consistent with an increase of volatile-rich magma feeding the system.



The resumption of the major explosions (Figure 5), fortunately without damage, gave us the opportunity to gain new insights into the mechanism of this process, which is the main hazard for tourists visiting the crater zone. The major explosions recorded in the 2017–2018 period involved different vents of the crater zone and occurred both when the eruptive activity was high and when was low, indicating that their origin can be either deep or shallow.



The analysis of the well-recorded major explosion of 1 December 2017 (Figure 7 and Figure 9) allowed us to highlight that the source of the VLP component of this major explosion falls within the same volume where the VLP locations of the 2012 ordinary activity are clustered (Figure 2 and Figure 9) suggesting a shallow storage whose depth is persistent over time. For this explosion, we identified and located a seismic precursor, which consists of a sustained oscillation lasting for several seconds (Figure 9).



Furthermore, the strainmeter and seismic precursors of the 1 December 2017 major explosion provided the opportunity to propose an automatic alarm criterion for this type of explosions, that could give a timely alarm 77 or even 38 s in advance and would allow people on the top of the volcano to safely reach the shelters, located near the explosive activity observation area, and avoid any damage.
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Figure 1. Left: Map of Stromboli island (and its location in southern Italy, inset) with the Stromboli and Ginostra villages, the “Sciara del Fuoco” depression (SdF), and the crater zone (yellow oval). The black triangles indicate the position of the seismic stations; the blue stars indicate the position of the strainmeters; the red circles are the GPS stations; the green squares are the tiltmeters; the blue diamonds are video-cameras, and the magenta triangles are the geochemical stations. Right: The crater zone with the main vent regions (red stars): Northeast (NE), central (C) and southwest (SW). 
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Figure 2. (a) Example of an explosion-quake recorded by STRA station (vertical component); (b) the same signal filtered in the VLP frequency band (0.02–0.2 Hz); (c) rose diagrams of the polarization direction of about 83,000 VLP events recorded in 2012, plotted on the map. The red diamond indicates the average source centroid, obtained from the polarization parameters, located 450m above sea level; the blue dots are the seismic stations. (d) The automatic locations of a subset of the VLP events recorded in 2012 carried out by the EOLO system (http://eolo.ov.ingv.it/eolo/). The subset consists of 1915 VLP events (in red) recorded by at least six stations (blue dots) with well-located hypocenters. The mean elevation of the VLP sources is about 400 m above sea level. The VLP sources retrieved by [23] are within the cloud of the VLP locations (in red). 
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Figure 3. Variations of several monitoring parameters occurred between 1 April 2017 and 6 June 2018. The major explosions are marked in each graph by black vertical lines. (a) Amplitude of the explosion-quakes. (b) Volcanic tremor amplitude. (c) VLP hourly rate. (d) Explosion counting carried out using the INGV-OE video-camera network. We estimate a 10% error on the explosion counting. (e) GPS baseline length variations between SVIN and SPLB. (f) Tilt recorded at Timpone del Fuoco (TDF). The N275°E component is direct toward the summit area, and a positive signal variation means crater up. (g) Daily rate of landslides. (h) Summit soil CO2 degassing at STR02 station. 
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Figure 4. The major explosion occurred on 1 December 2017 at 12:42:30 UTC and the background explosive seismicity of Stromboli volcano due to the ordinary explosions (STRA east-west component). Time ranges from 12:00 to 16:00 UTC. The signal amplitude is expressed in counts. The distance between the two lines is the equivalent to 2048 counts. 
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Figure 5. VLP seismograms and thermal images of the major explosions recorded by the thermal camera at 400 m elevation on the NE flank of the SdF (a–c,f–h) and by the thermal camera at “Il Pizzo Sopra la Fossa” (890 m a.s.l. and ~250 m from the craters) (d,e). The date and time of each episode is plotted in the format dd-mm-yyyy hh:mm at the top of each graph. 
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[image: Remotesensing 11 01813 g005]







[image: Remotesensing 11 01813 g006 550]





Figure 6. Tilt data recorded at the two components of TDF station between 12:15 and 13:15 UTC on 1 December 2017. Tilt sampling is one minute, and each value is the average of 8000 samples. 
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Figure 7. Recordings of the major explosion on 1 December 2017. The start time of the plot is 12:41:00.00 UTC. (a) Infrasonic signal (STRA, see Figure 1 for the location on the map); (b) raw seismic signal (STRA vertical component); (c) seismic signal filtered in the VLP band (0.02–0.2 Hz); (d) SVO strainmeter (see Figure 1 for the location on the map) filtered in the band 0.02–0.2 Hz; (e) SVO strainmeter (see Figure 1 for the location on the map) filtered in the 0.0002–0.02 Hz band. The grey area represents the lapse time between the initial variation detected by the strainmeter (e) and the start of the major explosion marked by the infrasonic signal (a). 
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Figure 8. Seismogram (above) and spectrogram (below) of the 1 December 2017 major explosion (STRA vertical component). 
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Figure 9. Locations of the precursory signal (red circle) and the VLP (red star, 311 m above sea level) of the 1 December 2017 major explosion, compared with the location of a dataset of 1915 VLP events mainly recorded in the first months of 2012. The gray star represents the centroid obtained from the polarization vectors of the VLPs recorded in 2012 (located 450 m above sea level). The gray diamond represents the area of maximum density of the localizations obtained with the analysis of semblances (386 events), about 400 m above sea level. The uncertainty on the precursory signal and VLP locations are about 100 m and 300 m in the position of the source, respectively. 
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Figure 10. De-trended and filtered time series of the North−South component of the SPLB CGPS station. The second dashed black arrow indicates the increasing northward displacement of the station between 2016 and 2018. This displacement towards N (radial direction) is compatible with modest inflation of the volcano edifice. 
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Figure 11. Raw SVO strainmeter (Figure 1) signal (upper panel) and band-pass (0.004–0.02 Hz) filtered SVO strainmeter signal (bottom panel). The red ellipses indicate the 1 December 2017, major explosion. The tidal component is evident on the upper unfiltered signal. 
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Figure 12. Outline of a proposal for a timely alarm system for the major explosions at Stromboli, based on strainmeter and seismic data. The vertical orange line marks the trigger of the Ultra Long Period signal, detected by the SVO borehole strainmeter 77 s before the potential impact of the explosion on the crater area, frequented by tourists. The red line marks the trigger of the seismic stations that recorded the precursory signal, about 38 s before the onset of the explosive phenomenon that is highlighted by the infrasound signal trigger (black line). 
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