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Open conduit volcanoes like Stromboli can display elusive changes in activity before major eruptive events. Starting on December 2020, Stromboli volcano displayed an increasing eruptive activity, that on 19 May 2021 led to a crater-rim collapse, with pyroclastic density currents (PDCs) that spread along the barren NW flank, entered the sea and ran across it for more than 1 km. This episode was followed by lava flow output from the crater rim lasting a few hours, followed by another phase of lava flow in June 2021. These episodes are potentially very dangerous on island volcanoes since a landslide of hot material that turns into a pyroclastic density current and spreads on the sea surface can threaten mariners and coastal communities, as happened at Stromboli on 3 July and 28 August 2019. In addition, on entering the sea, if their volume is large enough, landslides may trigger tsunamis, as occurred at Stromboli on 30 December 2002. In this paper, we present an integration of multidisciplinary monitoring data, including thermal and visible camera images, ground deformation data gathered from GNSS, tilt, strainmeter and GBInSAR, seismicity, SO2 plume and CO2 ground fluxes and thermal data from the ground and satellite imagery, together with petrological analyses of the erupted products compared with samples from previous similar events. We aim at characterizing the preparatory phase of the volcano that began on December 2020 and led to the May–June 2021 eruptive activity, distinguishing this small intrusion of magma from the much greater 2019 eruptive phase, which was fed by gas-rich magma responsible for the paroxysmal explosive and effusive phases of July–August 2019. These complex eruption scenarios have important implications for hazard assessment and the lessons learned at Stromboli volcano may prove useful for other open conduit active basaltic volcanoes.
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1 INTRODUCTION
Open conduit volcanoes characterized by frequent eruptive activity often display very subtle changes forecasting major events. Stromboli volcano is one of these, and in this paper we focus on a recent eruptive phase that grew very slowly, displaying unrest, major explosions, lava flows and ultimately crater failure, analyzing these events from a multidisciplinary point of view in order to gather insights useful for hazard purposes. In addition, we seek to verify if it is possible to distinguish in advance from the monitoring signals any small batch of magma rising up along the feeding system from a much more voluminous supply like the one leading to the 2019 eruptive phase, which was fed by gas-rich low-porphyritic (LP) magma (Andronico et al., 2021; Giordano and De Astis, 2021).
Stromboli is the easternmost, most recent and most active volcano comprising the Aeolian Archipelago calc-alkaline volcanic arc in the southern Tyrrhenian Sea (Figure 1A). The volcano has a conical shape, with a ∼4.5 km wide base of the emergent edifice (Figure 1B), and rises 924 m above sea level (a.s.l.), but extends below the sea surface down to ∼2000 m depth (Romagnoli et al., 1993; Romagnoli and Casalbore, 2013). The volcano is slightly elongated in a NE-SW direction (Figure 1) following the main structural trend affecting the easternmost branch of the archipelago (Francalanci et al., 2013).
[image: Figure 1]FIGURE 1 | (A) GoogleEarth satellite imagery (7 July 2019) of southern Italy comprising Sicily, Calabria, the Aeolian Archipelago, with the position of Stromboli volcano marked by the red circle. (B) GoogleEarth satellite imagery (7 July 2019) of Stromboli island with the summit craters shown by the red empty circle, and indicating the distribution of the monitoring instruments used in this paper: yellow triangles: thermal cameras; white triangles: visible cameras; green triangles: GBInSARs; red triangles: tiltmeters; yellow circle: strainmeter; blue triangles: seismic stations; red circles: GNSS stations; green circles: FLAME stations for SO2 measurements; blue circles: soil CO2 monitoring stations. The light shaded area in the NE side of the island identifies the deposit of 19 May 2021 ash cloud. (C) Photo of Stromboli taken by Francesco Ciancitto on 13 January 2020 from Il Pizzo Sopra la Fossa, showing from the South the whole crater terrace (the field of view is ∼300 m wide), the summit crater zones (SWC, SW crater zone; CC, central crater zone; NEC, NE crater zone) and the active vents C1, N1, N2, SW1 and SW2.
Its long eruptive history began ∼100 ka ago (Gillot and Keller, 1993; Hornig-Kjarsgaard et al., 1993), and during this period Stromboli was several times the site of collapses whose magnitude varied in volume. Its most recent collapse history spans from the large sector collapse (0.73 ± 0.22 km3, Tibaldi 2001) forming the Sciara del Fuoco (SdF) depression (Figure 1B) ∼ 5 ka ago (Gillot and Keller 1993), to the submarine and subaerial flank failures involving a volume of ∼20–30 × 106 m3 and occurring along the same NW flank and triggering a tsunami in 2002 (Bonaccorso et al., 2003; Tinti et al., 2005; Tommasi et aL., 2005; Chiocci et al., 2008; Marani et al., 2009), to the further widening of the 2002 collapse scar after removing small rock volumes (∼5 × 105 m3; Falsaperla et al., 2006). Some of the lateral collapses that occurred during the Holocene triggered phreatomagmatic activity and pyroclastic density currents (PDCs) spreading along the flanks of the volcano (Lucchi et al., 2019). Crater-rim collapse PDCs occurred at the onset of flank eruptions (6 December 1985, 28 December 2002, 27 February 2007, 7 August 2014; De Fino et al., 1988; Pioli et al., 2008; Casagli et al., 2009; Di Traglia et al., 2018), or during lava overflows (12 January 2013, 6 August 2014, 19 May 2019; Calvari et al., 2016; Di Traglia et al., 2018). PDCs in historic times expanded mainly along the SdF as a result of paroxysmal or major explosive activity (Rittmann 1931; Calvari et al., 2006, 2020, 2021; Giordano and De Astis, 2021), but also because of small summit cone collapses caused by dike injection and magma fingering (Calvari et al., 2005, 2016). As an example, the 28 December 2002 PDC that reached the coastline, was generated by the sliding of the hot spatter fall deposit accumulated over the steep SdF slopes (Calvari et al., 2005; Landi et al., 2006; Pioli et al., 2008). Albeit rarely, PDCs can also spread outside the SdF. This occurred at least three times in the last century, during the paroxysms of 1906, 1930 and 1944 (Rittmann, 1931; Di Roberto et al., 2014; Salvatici et al., 2016), when small-volume flows of hot pyroclastic material spread on the West flank above the village of Ginostra, on the North flank within the Vallonazzo valley, and on the SE flank within the Forgia Vecchia, respectively (Figure 1B). In the latter two cases the PDCs reached the coast of the island.
The crater terrace is located at ∼ 750 m elevation in the uppermost part of the SdF collapse depression (Figure 1B) and comprises three crater zones (Figure 1C): the NE crater zone (NEC), the central crater zone (CC), and the SW crater zone (SWC). Although the crater zones have been remarkably constant in position for more than a century (Washington, 1917; Rittmann 1931; Harris and Ripepe, 2007), they contain a variable number of active vents (Figure 1C) as a function of magma level within the conduit (Spampinato et al., 2008) and of the intensity of the eruptive activity (Civico et al., 2021). It is now recognized that any increase in magma level within the shallow feeder conduit results in an increasing number of explosion quakes (Martini et al., 2007), in a greater seismic tremor amplitude (Ripepe et al., 2009), in a greater number of explosions per hour detected from the monitoring thermal cameras (Calvari et al., 2010) and higher heat flux detected from satellites (Coppola et al., 2012; Corradino et al., 2021a; Ganci et al., 2021), in the inflation of the summit cone revealed by the GBInSAR devices (Di Traglia et al., 2018), and, in general, in morphology changes sometimes related to the shifting of the degassing activity and thermal anomaly within the crater terrace (Marotta et al., 2015). In turn, a higher magma level within the conduit causes magmastatic pressure growth, and consequential increased possibility of a new summit cone failure (Di Traglia et al., 2020).
Since the end of the 2007 flank eruption (Patané et al., 2007; Neri and Lanzafame 2009), the summit crater terrace depression grew mainly on its NE margin building up a thick talus by accumulation of debris, spatter and ejecta erupted during the persistent explosive activity by the NEC vents (Harris and Ripepe, 2007; Di Traglia et al., 2020; Schmid et al., 2021; Tioukov et al., 2022). This rapidly grown constructional morphology is also frequently affected by small collapses (∼104–105 m3; Falsaperla et al., 2006; Civico et al., 2021). These collapses can be triggered by: 1) dike intrusion and magma fingering in between the loose breccia comprising the cinder cone (Acocella and Tibaldi, 2005; Calvari et al., 2016); 2) magmastatic pressure increase when the magma level within the conduit increases (Di Traglia et al., 2018); or 3) by powerful major explosions such as the 16 November 2020 event (Calvari et al., 2021). In addition, the opening of eruptive fissures and/or vents along the SdF slope can result in instabilities of portions of the slope (Calvari et al., 2005, 2010), increasing the number of landslides (Martini et al., 2007; Falsaperla et al., 2006, 2008). The drainage of the shallow conduit may produce summit collapses and graben (Neri and Lanzafame, 2009) changing the capacity of the shallow feeder conduit and resulting in a greater number of major explosions and increased output rate (Coppola et al., 2012; Calvari et al., 2014; Civico et al., 2021).
The most recent eruptive activity at Stromboli was characterized by two powerful paroxysmal explosive episodes occurring on 3 July and 28 August 2019 (Giudicepietro et al., 2019; Inguaggiato et al., 2019; Giudicepietro et al., 2020; Inguaggiato et al., 2020; Calvari et al., 2021; Giordano and De Astis, 2021; Inguaggiato et al., 2021; Giudicepietro et al., 2022) with a lava flow output starting on 3 July and ending on 30 August 2019 (Andronico et al., 2021). Both paroxysms of 3 July and 28 August were characterized by the ejection of gas-rich, low porphyritic LP magma of deep origin rising up quickly along the conduit (Métrich et al., 2005; Bertagnini et al., 2011; Plank et al., 2019; Giordano and De Astis, 2021; Métrich et al., 2021). The paroxysms gave rise to 5–6 km high eruptive columns, that collapsed and formed PDCs spreading along the SdF and on the sea surface, causing 2 m high tsunami waves on the coast of Stromboli (Aiuppa et al., 2021; Andronico et al., 2021; Giordano and De Astis, 2021). After the 2019 eruption crisis, the eruptive activity shifted again to the persistent Strombolian activity from the summit craters, punctuated by several major explosions and short-lasting, small-volume lava overflows from the summit craters, sometimes accompanied by crater failure and PDCs spreading along the SdF slope (Calvari et al., 2020; Corradino et al., 2021a; Aiuppa et al., 2021; Calvari et al., 2021).
In this paper, we analyze the events occurring at the volcano between 1 December 2020 and 30 June 2021 from a multi-disciplinary point of view. The data presented here comprise the sequence of the events gathered from the analysis of the thermal and visible images detected by the INGV monitoring camera network, and a quantification of the phenomena obtained from the camera network, helicopter photos, a drone survey, and satellite data, completed with the petrology of the erupted products. Multi-disciplinary geochemical and geophysical data involving the geochemistry of the SO2 plume released from the summit craters and of the CO2 released from the soils at the base of the volcano, seismicity, and ground deformation measured with different devices (GBInSARs, tilt, strainmeters and GNSS) and at various distance from the conduit (see Figure 1 and Supplementary Material), will be analyzed in an integrated way to discover precursors of the upward movement of magma within the shallow conduit, useful for hazard assessment. All times given in the paper are in UTC time.
2 MATERIALS AND METHODS
In this paper, we used several multi-disciplinary monitoring data from devices installed at Stromboli by the Istituto Nazionale di Geofisica e Vulcanologia (INGV) and by the Università di Firenze (Uni-FI). These comprise: a network of visible and thermal cameras, a seismic network, two GBInSAR devices, a GNSS network, three tiltmeters, one strainmeter, and a network for the measurement of SO2 flux from the summit craters and of CO2 flux from the ground. The network of visible and thermal cameras enabled characterizing and quantifying the eruptive activity occurring at the summit craters, and these results were compared with thermal data gathered from satellites that allow a better and more complete view of the effusive phases. Photos taken by a helicopter survey carried out soon after the 19 May 2021 crater collapse, and the morphology profile obtained through a drone survey, allowed us to quantify the lost and gained volumes at the summit craters. Very-high-resolution multi-spectral and optical satellite imagery and radar images were used to map the distribution of the deposit on the flank of the volcano caused by the crater collapse and to estimate the covered area, its thickness and volume. Selected ash samples were collected during a field survey carried out on 19 May 2021 (the sampling area is shown in Figure 1B), immediately after the crater collapse, for characterizing their features, such as grain size distribution, components, and compositional analyses. These were compared to samples from the 28 December 2002 hot avalanche and of the 30 December 2002 SdF collapse.
The ground CO2 degassing network was successfully used to monitoring changes in volcanic activity, showing a positive correlation between volcanic activity level and CO2 fluxes (Inguaggiato et al., 2011; Inguaggiato et al., 2017; Inguaggiato et al., 2018; Inguaggiato et al., 2019; Inguaggiato et al., 2020). The geophysical devices are useful to detect any perturbation of the volcano that might evolve into a significant eruptive activity. In particular, seismicity changes according to the intensity of the explosive activity, to the magma level within the conduit, and to the variation of the eruptive style. The GBInSARs, GNSS network, tiltmeters and strainmeter allowed quantifying the ground deformation of the volcano recorded at varying distances from the summit, at different elevation, (see Figure 1B for the distribution of the devices on the flanks of the volcano), and at different timing. The position of the instruments used in this paper is shown in Figure 1B, and the details on the methods used for data analysis are fully described in the Supplementary Material (SM).
3 RESULTS
3.1 Eruptive activity
The eruptive activity of Stromboli was quantified on the basis of the images recorded by the SCT thermal camera located at Labronzo (Figure 1B and Supplementary Material, Supplementary Table SM. 1) and by the MODIS satellite data, given that the SPT summit thermal camera located at Il Pizzo Sopra La Fossa—usually used for the automatic count of explosive activity—was destroyed in 2019 and not replaced until June 2021. Thus, the eruptive activity between 1 December 2020 and 30 June 2021 was detected from the SCT camera, which offers a NE side view of the craters. The eruptive activity automatic count is shown in Figure 2, where the results obtained from the SCT camera, in terms of explosion numbers per hour for the different crater zones (Figures 2A–C), are compared with the satellite-retrieved MODIS radiant heat flux data and with the Cumulative Dispersion (CD) obtained from the SCT camera (Figure 2D), which represents a rough estimate of the mass of the material ejected during each explosion (Mattia et al., 2021). The results from the SCT camera are displayed as total number of explosions per hour (Figure 2A), number of explosions per hour from the NEC crater zone (Figure 2B), and number of explosions per hour from the SWC and CC crater zones (Figure 2C). The graphs in Figure 2 show two phases of increased explosive activity, the first occurring between mid-January and mid-February 2021, and the second between early May and end of June 2021 (Figure 2A). The first phase was related to an increase of explosive activity mainly occurring at the NE crater zone (Figures 2A,B), whereas the second phase was characterized by an increase in explosive activity especially at the SW and CC crater zones (Figures 2A,C).
[image: Figure 2]FIGURE 2 | (A–C) Trend of explosive activity at the summit craters of Stromboli volcano detected from the INGV monitoring cameras between 1 December 2020 and 30 June 2021. (A) Green histogram: total number of explosions per hour detected from all the summit vents vs. time. (B) Blue histogram: number of explosions detected from the NE crater zone vs. time. (C) Red histogram: number of explosions detected for the SW and CC crater zones vs. time. (D) Radiant heat flux time series (red squares) retrieved from MODIS data at Stromboli volcano during 1 December 2020–30 June 2021 vs. the size of explosions (blue line) retrieved from the SCT camera and expressed as number of pixels (CD TOT). The vertical dashed lines show the main phases of eruptive activity listed in Table 1: yellow, major explosion; orange, spattering and/or overflows from the summit vents; red, lava flows along the Sciara del Fuoco; green, failure of the summit cone and pyroclastic density current (PDC) along the Sciara del Fuoco.
The fire radiative power (FRP) time series, an estimation of the radiant heat flux, retrieved from VIIRS-SUOMI, VIIRS-NOAA and SLSTR-SENTINEL 3 for the time interval December 2020–June 2021 are shown in Figure 3. The maximum intensity in the investigated time interval was reached on 19 May 2021 at 12:54, with a value of 1.9 GW retrieved from VIIRS-SUOMI (Figure 3A). In fact, the VIIRS-SUOMI acquisition time was right after the start of the 19 May 2021 event, thus providing the closest estimate to the maximum radiative power generated during the collapse and lava flow output. Due to the skewness of the linear scale towards peak values, variations are not clearly visible in Figure 3A. We then used a logarithmic-scale to show FRP changes over time associated with volcanic activity phases (Figure 3B). A first activity phase was observed between December 2020 and March 2021 with a peak on 6 February 2021. A second brief phase was observed at the end of March 2021 with a peak on 29 March 2021. This was then followed by an increase in thermal activity on 7 May 2021, leading to the maximum on 19 May 2021. Then, after a first drop, the thermal activity maintained a mid/high thermal level with peaks on 13 June and 17 June 2021, mirroring the trend obtained from the camera network (Figures 2A–C).
[image: Figure 3]FIGURE 3 | Thermal anomalies at Stromboli volcano from 1 December 2020 to 30 June 2021 using SLSTR and VIIRS to estimate FRP (A–B), MODIS to estimate temperature above average (∆LST) (C), ASTER, L8 and ECOSTRESS to estimate LST at higher spatial resolution (D). FRP time series retrieved from SLSTR-SENTINEL 3 (blue diamond), VIIRS-SUOMI (red diamond) and VIIRS-NOAA (green diamond) at Stromboli volcano during 1 December 2020–30 June 2021 in linear scale (A) and log-scale (B). (C) ∆T_max retrieved from MODIS for each scene (orange squares) and its 15-days moving average (black line). (D) Temporal series of LST estimations by ASTER, L8 and ECOSTRESS data on summit craters. Mean and maximum temperatures in the considered area are reported; timing of major events are also depicted. The vertical dashed lines show the main phases of eruptive activity listed in Table 1: yellow, major explosion; orange, spattering and/or overflows from the summit vents; red, lava flows along the Sciara del Fuoco; green, failure of the summit cone and pyroclastic density current (PDC) along the Sciara del Fuoco.
The temperature above average is the difference between what is observed and what is expected. We define ∆LST_max as the maximum value of ∆LST for each scene, and plotted its trend in Figure 3C. ∆LST_max low frequency trend was computed using a 15-days moving average showing the main volcanic eruption phases (Figure 3C). In particular, this parameter allowed us to detect the first phase of increased activity, that reached its peak in the second half of February 2021. The second phase of increased trend started on 10 April 2021 where an increase in ∆T was observed until the 19 May 2021 eruptive event. It is worth noting that a slight increase in the low frequency signal started on 17 April 2021, becoming steeper on 7 May 2021, thus 12 days before the 19 May 2021 episode. A final sharp increase was observed from 11 June 2021 onwards, associated with the lava flow emission (Table 1). Moreover, LST time series by ASTER, Landsat8 and ECOSTRESS data were obtained by analyzing 19 nighttime images with no solar irradiation effects. In Figure 3D, mean and maximum temperatures on the crater’s area are reported for the period 1 December 2020–30 June 2021. In the first part of the LST time series, there are no significant variations in the mean temperature values; enhancements of mean and maximum temperatures are evident in the first half of May, just before the failure event on 19 May. During this period, maximum temperatures up to 45°C were estimated. After the failure event, we obtained a maximum temperature of about 75°C due to the presence of the lava flow. Intense lava flows that occurred also from 11 June were detected by satellite data acquired on 17 and 25 June, with mean temperatures of about 40°C and maximum temperatures up to 114°C.
TABLE 1 | List of the main volcanic events between 1 December 2020 and 30 June 2021 at Stromboli volcano detected by the monitoring cameras. The INGV monitoring reports are available at www.ct.ingv.it.
[image: Table 1]On 6 December 2020, a stronger than usual explosion occurred (Table 1), that was classified as major on the basis of the VLP size (Giudicepietro et al., 2019), although some of the volcanological parameters allowed rating it more as an explosion of intermediate intensity than as a major event (Calvari et al., 2021). A Strombolian activity of average intensity was observed during January 2021 (Figures 2A–C). This activity was recorded by the MODIS satellite on 7 January, and between 21 and 24 January 2021 (Figure 2D). Four lava overflows occurred from the NEC crater rim on 18, 22 and 24 January 2021, and intense explosions on 24 January 2021 (Table 1). It is worth noting that in Table 1 and in the figures comparing multi-disciplinary data we distinguish between overflows (small lava flows covering the rim of the craters and travelling a few tens of meters, indicated in orange) from lava flows (indicated in red), which are larger lava outputs spreading for hundreds meters from the breached crater rim at high rate.
During the effusive phases, the average number of explosions increased reaching ∼20 events/hour by the end of January (Figure 2), and the N2 vent produced lava fountaining reaching more than 100 m in height especially on 4 February 2021, when also the radiant heat flux was detected from satellite (Figure 2D). The explosive activity decreased slightly during the second and third weeks of February, and no radiant heat flux from MODIS was detected during the second half of February and March (Figure 2D). On 1 March, a powerful explosive sequence culminated with a major explosion at the NEC (Table 1), after which the explosive activity returned to medium-low levels (Figure 2) for the rest of March and the first half of April 2021, with a slightly increasing number of explosions from the end of April to mid-May (Figure 2). Moderate to low values of radiant heat flux were detected during the first half of April from MODIS, while an increase up to 330 MW was measured during 8–10 May and from 16 May onwards. After this, the satellite-derived radiant heat flux continuously grew, showing a sharp jump on 19 May when it reached the maximum value of about 1 GW. These higher values were recorded until the evening of 24 May. During June, moderate values were observed. The cumulative dispersion retrieved from the thermal camera data, measuring both the intensity and frequency of the explosion, is in agreement with the satellite-derived radiant heat flux during the intense spattering activity, while the two measurements did not match during the effusive activity because the lava flows are better imaged by the satellite (Figure 2D).
On 19 May, an intense spattering activity was taking place from the NEC vents (Figures 1C, 4A,4B), when at 12:05 a more intense sequence of explosions caused the abundant fallout of bombs that rolled along the SdF and reached the sea, causing a dust cloud then blown backwards by the wind all along the slope. Spattering and bomb fallout along the slope continued, testifying to an increasing amount of magma being released from the crater rim when suddenly, at 12:50:32 the North flank of the N2 collapsed (Figure 4C). This produced a pyroclastic density current (PDC) that spread along the SdF (Figures 4D,E) with a speed of ∼50 m s−1 (estimated from the camera), reached the coastline and expanded on the sea surface for more than 1 km from the coast (Figures 4F–H). From the collapse scar of the summit crater a lava flow emerged at ∼13:08, spreading along the SdF slope and reaching the coast in 43 s, at a speed of ∼39 m s−1. After the first PDC, several others occurred of decreasing size up to 13:35, while the number of explosions decreased after this episode (Figure 2) as a consequence of the upper conduit drainage. On 16 June (Table 1), a new failure of the NEC caused a PDC that spread on the upper SdF for several hundred meters.
[image: Figure 4]FIGURE 4 | Thermal images from the SPCT monitoring camera with a view from the West flank of the Sciara del Fuoco of the sequence of NEC failure on 19 May 2021 at ∼12:51. The temperature scale between 0 and 90°C is on the right of each frame. (A) Strombolian explosion from the NEC occurred at 12:05:06, with vertical and horizontal scales of the image displayed in red—note that at this stage the Sciara del Fuoco slope (SdF) was clean; (B) Strombolian explosion from the SWC occurred at 12:46:58–at this stage the SdF slope was affected by a dust cloud (in blue in the image) extending from the NEC to the coast; (C) overflow from the NEC triggering an initial failure of the crater flank at 12:50:32; (D) a hot avalanche or pyroclastic density current (PDC) started from the NEC due to the failure of the crater flank at 12:51:06; (E) the PDC spread along the SdF reaching half way along the slope at 12:51:13; (F) the PDC started spreading on the sea surface for ∼300 m distance from the coast at 12:51:30; (G) the PDC traveled ∼500 m on the sea surface at 12:51:32.50; (H) dust and steam cloud caused by the PDC entering the sea and the lava flow spreading along the SdF slope spread upwards towards the craters at 12:52:34.
From the photos taken during a helicopter survey carried out immediately after the failure (Figures 5A,B), we were able to estimate the volume of the block that collapsed from the North flank of the NEC. It was ∼35 m high, ∼ 60 m wide and ∼40 m thick, giving an approximate volume of ∼8.4 × 105 m3. From the thermal survey, carried out with a drone on 21 September 2021 (Figures 5C–F), a prevalent activity was evident in the central area and in the SW (Figure 5E). This survey also highlighted the morphological change of the crater area with respect to both to what was observed from a helicopter survey after the 19 May 2021 collapse (Figure 5C) and in August 2021 (Figure 5D), and with what was detected on 20 June 2020 by Civico et al., 2021 (Figure 5F). In particular, by superimposing the NNE-SSW profiles obtained from the drone survey, the accumulation and erosion sectors are clearly distinguished (Figure 5F). The profile growth was maximum at the SWC with up to 20 m of accumulation (a3 in Figure 5F), whereas at the NEC we observed a maximum thickness increase of ∼12 m (a2 in Figure 5F), and ∼10 m of erosion at the CC (e2 in Figure 5F). This confirms that spatter accumulation around the NEC, caused by the persistent Strombolian activity, has partially rebuilt the summit cone, as can be observed by the comparison between the photos collected immediately after the failure (Figure 5C) and 3 months later (Figure 5D).
[image: Figure 5]FIGURE 5 | (A,B) Photos by Stefano Branca taken during a helicopter survey on 19 May 2021 immediately after the occurrence of the NEC failure and pyroclastic density current. (A) View from NW of the Sciara del Fuoco slope and summit craters of Stromboli, showing (in black) the lava flow discharged from the NEC North rim spreading along the slope and entering the sea where it gave rise to a thick white steam cloud, together with the light brown ash cloud rising along the slope due to the passage of the pyroclastic density current (PDC). The red dotted line on the sea surface shows the area affected by the expansion of the PDC up to a distance of ∼1,300 m from the coast. (B) Close-up view of Stromboli summit craters from NW, displaying the area of the NEC failed during the 19 May 2021 collapse, that removed an estimated thickness of ∼30 m. The position of the SWC is also shown. (C–D) Comparison between photos taken by helicopter surveys carried out (C) immediately after the 19 May 2021 collapse and (D) in August 2021, and (E) with a thermal mapping taken by UAV on 21 September 2021 to show the morphological changes of the summit region; (F) comparison between the cross section of the crater terrace along a profile NNE-SSW of September 2021 (blue dotted line) with that of June 2020 by Civico et al. (2021; red line), where e1 and e2 indicate erosion zones, a1-a4 indicate accumulation zones. The position of the summit crater zones are also indicated, with NEC, NE Crater zone; SWC, SW crater zone; CC, Central crater zone. The horizontal field of view of the images (C–F) is about 500 m.
The SVO strainmeter recorded variations (Figure 6), related to the major explosions reported in Table 1, where we indicated the time durations and peak-to-peak amplitudes. The first explosion (Figure 6A) on 6 December 2020, took place in a noisy period. It was preceded by strain changes occurring several seconds before the explosion onset, and was characterized by a transient which quickly dampened after the occurrence of the explosion. The second explosion on 1 March 2021 (Figure 6B) was accompanied by higher frequencies: in this case a single onset was less clearly identifiable, and the explosion itself comprised several discrete explosions, which altogether gave rise to the eruptive event, whose cumulative energy was higher than that dissipated by the previous episode. Finally, the last explosion occurring on 19 May 2021 (Figure 6C) was the most powerful of this period, presenting a more complex mechanism. The major explosion onset was preceded, about 40 min before (Figure 6D), by an inflation which had a step-like shape characterized by the beginning of a continuous uprise of dust along the Sciara del Fuoco (Figure 6E1, E2). The dust was caused by the rolling of blocks along the slope, possibly due to bombs fallout and/or lava flows covering the crater rim. This dust cloud was observed until 12:50:24 (Figure 6E3, where it appears blue in the thermal image), when the sudden strain deflation concomitant with the major explosion was recorded. A sudden strain deflection was associated with the start of the major explosion, followed by consecutive inflections and deflections for almost 9 minutes. High frequency events (Figure 6E4) appeared after 18 min and were accompanied by several lower frequency oscillations, probably due to conduit resonance. A similar behavior was seen after the three paroxysmal events recorded by the same sensor in 2007 and 2019 (Di Lieto et al., 2020), then the strain re-equilibrated to the previous level.
[image: Figure 6]FIGURE 6 | Strain recorded at the SVO station during the three major explosions listed in Table 1: (A) event occurring on 6 December 2020; (B) event on 1 March 2021; (C) event on 19 May 2021. Gray plots represent the 50-sps strain data, whereas black plots are the same data sampled at 1 s. (D) Magnified inset of the 19 May event where the recorded strain variation is clearly visible before the phenomenology. (E1, E2 and E4) visible SCV (view from NE) and thermal SPCT [(E3), view from NW] camera frames recorded at 12:10:30, 12:30:00, 13:09:00 and 12:50:24 respectively, in correspondence with the strain changes depicted in (D).
3.2 Features of the volcaniclastic deposits
We used Sentinel-1 SAR amplitude data to map volcanic deposits related to the 19 May 2021 event. The 16 May 2021 was considered as a pre-eruptive image, and the 22 May 2021 as a post-eruptive image to compute the ratio amplitude image (Figure 7). From the four ratio amplitude images (Figures 7A–D), the cumulative volcanic deposits were retrieved (Figure 7E) using the procedure for Sentinel-1 SAR amplitude images with spatial resolution of 10 m described in Corradino et al. (2021b), resulting in a total area extent of 107,600 m2.
[image: Figure 7]FIGURE 7 | Volcanic deposits retrieved from Sentinel-1 SAR amplitude image rationing considering the 16 May 2021 as a pre-eruptive image, and the 22 May 2021 as a post-eruptive image. Descendent orbits are shown in (A) with VV-polarization and (B) VH polarization; ascent orbits are shown in (C) with VV-polarization and (D) VH polarization. Cumulative volcanic deposits are retrieved from the four ratio amplitude images and shown in gray in (E). The two black dotted lines in (E) mark the boundaries of the deposit. (F) Google Earth view of the Skysat-derived deposits spreading along the Sciara del Fuoco. (G) Thickness distribution of the DEM residuals. (H) 3D mapping of the deposits inside the Skysat-derived area. Colors of the legend represent the deposit thickness in meters.
The detailed quantification of the volcanic deposits emplaced during the May-June 2021 eruptive activity was also performed thanks to the availability of very-high-resolution multi-spectral and optical satellite imagery (i.e., Skysat and Pléiades). Using the Skysat Collect product acquired on 21 May 2021 at 09:40, we performed a preliminary 2D mapping of the deposit area, which was 124,750 ± 11,410 m2 (Figure 7F). This estimate was complemented by analyzing the distribution of the deposits through a topographic approach, i.e., by subtracting pre- and post-eruptive Digital Elevation Models (DEMs; Ganci et al., 2018; Ganci et al., 2019). Both DEMs were obtained by processing two tri-stereo Pléiades images, acquired on 8 May and 4 June 2021. From the residuals of the DEM difference, we obtained the distribution shown in Figure 7G. The thickness of volcanic deposits ranges from −19 m, due to the crater-rim collapse, to 15 m, in proximity to the coast (Figure 7H). The area with negative thickness measured about 40% (54,200 m2) of the total area, leading to an erosion volume of 122,140 ± 32,525 m3. The volume of the deposits amounts to 305,380 ± 42,325 m3. This comprises both the PDCs of the 19 May 2021 collapse and the lava flowing from the breached crater rim. Uncertainty in volumes was estimated by multiplying the areas by the residual vertical accuracy outside the deposits.
The 19 May ash cloud settled as a continuous layer of very fine (dusty) unconsolidated ash, pinkish to purplish in color, with thicknesses less than 1 mm, on the entire eastern side of the island (the dispersion area is annotated in Figure 1B). Calculated values of weight normalized on sampling area (g/m2) displayed a scattered distribution on the field, ranging from 18.31 to 145.38 g/m2, therefore unrelated to the distance from the source. The grain size distribution (GSD) revealed that all the collected samples were characterized by a great abundance of fine-grained clasts, even below the lower limit of 5 φ and under the analytical resolution. Within the measured size interval, the GSD showed a log-normal trend, with Mdφ of around 3.8. All the samples are overall moderately sorted with a σφ around 0.74 (Figure 8A). For comparison, the GSDs of the ash elutriated during two episodes of the 2002 eruption are shown: the hot avalanche of 28 December and the landslides occurring since 30 December (Figures 8B,C). Both samples display very similar curves, and in the Mdφ vs. σφ diagram (Figure 8D; after Walker, 1971) all of them cluster in a very narrow space within the field of fallout.
[image: Figure 8]FIGURE 8 | Grain size distributions of: (A) the ash cloud deposit emplaced after the 19 May 2021 PDC, (B) the ash elutriated from the pyroclastic density current of 28 December 2002; (C) the ash cloud emplaced from the Sciara del Fuoco collapse of 30 December 2002. (D) Median vs. Sorting plot (after Walker, 1971) distinguishes between deposits of pyroclastic flow, surge and fallout. SEM textures of 19 May 2021 ash: (E) 3D and 2D (F) views of the ash deposit, which mostly comprises lithic clasts and crystals, with scarse juvenile [in (E) with a peculiar elongated Pelee-hair shape); highlighted with yellow dashed lines are ash pellets, which occurr with NaCl crystal on its surface. (G) 3D close up of an ash pellet consisting of a glassy shard on which are attached finer ash particles; (H) SiO2 vs. K2O plot of glass compositions (after Peccerillo and Taylor, 1976); THO, Tholeiitic series; CA, Calc-alkaline series; HKCA, High-K Calc-alkaline series; SHO, Shoshonitic series; KS, Potassic series. Blue circles represent glassy shards in the ash cloud of 19 May 2021, red triangles are glassy groundmass in the lapilli produced by the persistent Strombolian activity on 16 May 2021.
The 19 May ash cloud deposits comprised different components, including pumices, glass shards, and lithics mainly made of lava fragments and altered clasts (Figures 8E,F). Finer clasts often aggregate in ash pellets with a fairly regular rounded outline up to 500 μm (Figures 8E–G). 3D imaging of ash pellets reveals the presence of sodium chloride (NaCl) crystals on their surface (Figure 8G), suggesting the involvement of seawater steam in their formation. There are a multitude of dense clasts with different microphenocryst contents in a holocrystalline groundmass, that are interpreted as lava fragments. Many others are reddish to yellowish clasts, altered by the hot gasses or recycled within the craters. There is also a great abundance of loose crystals. A small amount of pumices (up to 350 μm) having angular to sub-rounded morphology and sharp edges, and volcanic glass shards are also present. Morphologies range from dense and blocky to spongy and moderately vesicular with spaced and non-collapsed bubbles. Textures are porphyritic with scarce micro-phenocrysts (plg + cpx + ol) or aphyric, and the groundmass is glassy with scarce microlite of swallow-tailed plagioclase. These components are interpreted as juvenile material.
Major element composition of glass measured in the latter category shows a large variability on the SiO2 vs. K2O diagram, ranging from HKCA basalt to shoshonite (Figure 8H; Peccerillo and Taylor, 1976). Most of the compositions cluster within the fields of high-porphyritic (HP; Francalanci et al., 1999) glasses erupted during the recent activity of Stromboli, and in particular overlap the composition of the magma erupted during the ordinary Strombolian activity of 16 May 2021. Few glasses plot within the field of low-porphyritic (LP; Francalanci et al., 1999) composition. Some others are more scattered and exhibit higher and lower content of K2O, respectively. High-K2O glasses could derive from Neostromboli products. Low values of K2O and Na2O suggest significant glass alteration.
3.3 Gas geochemistry and geophysics
In order to compare the information deriving from the seismic measurements with the temporal evolution of the eruptive activity of Stromboli in the target period, we calculated the time series of seismic amplitude and VLP (very long period) size of STRA data, a seismic station installed close to the craters and near Il Pizzo Sopra la Fossa (Figure 1B; additional details are in the Supplementary Material, and in Supplementary Table SM. 2). The seismic amplitude and VLP size are sensitive to changes in the intensity of the ordinary Strombolian explosive activity and the variation of the eruptive style, respectively (Giudicepietro et al., 2019; Calvari et al., 2021; Giudicepietro et al., 2021). The hourly rate of VLPs, on a daily basis, and the daily rate of landslide signals that are routinely monitored were also considered. By comparing these parameters with the volcanic events reported in Table 1, we found that the two explosions stronger than usual, occurring on 6 December 2020 and 1 March 2021 respectively, with the second classified as a major explosion on the basis of most parameters (Table 1), did not show particular variations of the seismic parameters considered here, which had low values (Figure 9). The phase characterized by spattering and small lava overflows at the end of January 2021 was anticipated by an increase in the VLP size, but by less significant changes in the other seismic parameters (Figure 9). Conversely, the crater collapse and consequent PDC episode of 19 May 2021, which was the most significant event to occur in the period considered here, was preceded by an increase in the VLP size and the seismic amplitude, recognizable a few days before the event (Figure 9). The effusive activity at the end of June 2021 was also preceded by an increase in all the seismic parameters, including the VLP/hour and landslide signals.
[image: Figure 9]FIGURE 9 | Time evolution of the hourly rate of VLPs on a daily basis (A); VLP size in counts (B); seismic amplitude in counts (C) and landslide daily rate (D). Vertical bars indicate major explosions (yellow); lava flows (red); spattering and overflows (orange) and flank failure and PDC (green).
While Figure 9 shows the measurements of the seismic amplitude in a station located in the summit of the volcano, we also analyzed seismic waveform data from two broadband stations from the Italian National Seismic network operating at Stromboli: IST3 and ISTR, located respectively at Stromboli and Ginostra (Figure 1B). These stations are located in distal areas and close to other instruments for geophysical and geochemical monitoring. The instrument response was removed to obtain the 3-component ground motion (both displacement and velocity). The seismic records were then filtered in the VLP (2–30 s) and tremor (1–3 Hz) frequency bands. Finally, the RMS (root mean square) amplitude in these frequency bands was computed in 10-minute-long windows (Figure 10A). Looking at the seismic amplitude in the VLP frequency band, long term changes in both the RMS amplitude and in the variance of the measurements in both stations can be observed. Such time series was compared with sea level data from two gauges (Strombolicchio and Ginostra) recorded by the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA), indicating that periods of time with high RMS amplitude and low variance of measurements are mostly correlated with large sea level variations probably associated with storm surges (Figure 10A). On the other hand, we note that the RMS amplitude in the tremor band follows similar patterns to those observed in the summit station and shown in Figure 9C, that is, a clear increase in the seismic amplitude around both February and May 2021.
[image: Figure 10]FIGURE 10 | (A) RMS amplitude measured in the IST3 very broadband seismic station in the frequency band from 2 to 30 s (which includes the typical frequencies of VLP events at Stromboli). The blue line shows the sea hydrometric level measured at Strombolicchio gauge (sea level data from ISPRA). (B) Variation of the area recorded at the triangle STDF-SVIN-SPLN (black line) and variation of the baseline between the STDF-SPLN (blue points) and STDF-SVIN (red points) stations. The pink rectangles indicate short phases characterized by areal dilatation. (C) Raw and linear detrended strain (blue and red lines) and barometric pressure (black line) time series recorded at SVO station. (D) The two tilt components recorded at Timpone del Fuoco. From the beginning of May (first black dotted line) a change in the long-term trend is visible. The 15 May sharp variation is also evidenced by the black dotted line. (E) GBInSAR displacement time series: the blue line represents the cumulative displacement measured along the LOS; the black line represents the median (50th percentile) of the measures in a moving window of 24 h length, with a sampling step of 1 h; the Gy bars are the values of the 16th and 84th percentiles. In (F) the daily and 7-days average bulk SO2 flux emitted from the summit craters of Stromboli (blue curve and gray blue squares, respectively) and the CO2 flux from the soil at Scari area, STR01 station (black curve) are displayed. The vertical bars indicate major explosions (yellow); lava flows (red); spattering and overflows (orange) and flank failure and PDC (green).
The GNSS data from the 1 December 2020 to 30 June 2021 showed short phases of areal dilatation that characterize the deformation pattern of the island. The dilatation is evidenced in Figure 10B, which shows the variation of the area recorded at the triangle STDF-SVIN-SPLN that contains the crater area. The time series started at the end of February 2021 because the station SPLN worked intermittently before that date. Areal dilatation is measured between 13 and 19 March 2021, 5 and 8 April 2021 and also between 11 and 16 May 2021. To investigate the deformation pattern before the end of February 2021, we analyzed the time series of the length variations between the stations STDF and SVIN that cross the crater area (Figure 1B). It shows a lengthening between 22 January and 6 February 2021 and also during the phases of areal dilatation highlighted in Figure 10B. The lengthening is due to areal dilatation.
In the same period, each variation of the long trend strain signal recorded at SVO site has a slight correlation with the barometric pressure as shown in Figure 10C; hence the strain signal can be associated with changes in the weather and sea conditions.
Figure 10D displays the TDF tilt signals recorded between December 2020 and June 2021. The TDF sensor is at a constant temperature, thus the signals have low noise, not showing seasonal effects related to temperature as at the PLB station. In the first period, the tilt showed a slow and continuous down vector toward the summit craters. Since the beginning of May, the tilt showed a trend change indicating uplift toward the SdF. The 15 May change indicated a lowering tilt (of about 2.0 microradians) toward the summit area.
The investigated period was characterized by an oscillatory trend of deformations detected by the GBInSAR, with periods characterized by ground displacements at the limit of the instrument’s measuring capacity, by periods of inflation (displacements towards the sensors), and periods of rapid deflation (displacements away from the sensors). In Figure 10E, it is possible to note the trend of both the cumulative and daily displacements in the area of the crater terrace measured by the GBInSAR NE190, that having a wider Field-Of-View (FOV), allows characterizing the deformation in a wider area. There was an initial period (1 November 2020–25 December 2020), featuring low displacements (on average 0.6 mm/day towards the sensor), followed by a period of acceleration that culminated on 24 January 2021 (on average 6.9 mm/day towards the sensor), followed by a strong deflation which lasted until the 26 January 2021 (about 16.4 mm/day away from the sensor). The deflation coincided with a series of overflows that occurred on 24–25 January 2021, also associated with intense explosive activity, with fountaining and spattering in the crater terrace. After this deflation, there was a new inflation (on average 7.8 mm/day towards the sensor) until 19 February 2021. Subsequently, a new period with low deformations occurred (about 1 mm/day towards the sensor until the 31 March 2021), followed again by inflation (on average 2.6 mm/day towards the sensor) which lasted until 19 May 2021, and which initiated a series of deflation/inflation lasting until the end of the investigated period. The first deflation occurred between 19 and 28 May 2021 (7.4 mm/day away from the sensor), following the lava flow that was generated by a vent located on the edge of the crater terrace and which opened after the NEC crater-rim collapse. This event was followed by inflation until 18 June 2021 (7.5 mm/day towards the sensor), a new deflation until the afternoon of 19 June 2021 (35 mm/day away from the sensor). The deflation coincided with a series of overflows between 17 and 19 June 2021. Subsequently, the last inflation/deflation cycle took place, with the peak approaching the sensor reached on the morning of 25 June 2021 (11 mm/day towards the sensor), at which time the recorded movements were away from the sensor (7.6 mm/day).
The soil CO2 fluxes recorded at the STR01 station, in the peripheral area of Scari located on the active fault trending N41°E (Finizola et al., 2002), showed during the 7 months of observation an anomalous degassing above the average value (100 g m−2 d−1) with values of 150 g m−2 d−1 in December 2020 and a strong and sharp increase of fluxes starting in May 2021. It reached about 300 g m−2 d−1 in June, the highest values ever recorded for this area during the last 15 years of observation (Figure 10F). A similar behavior was observed in the bulk SO2 flux from November 2020 to June 2021, but the peaks of SO2 flux were delayed by ∼2 weeks when compared to the peaks of CO2 flux (Figures 10E,F). Specifically, over the 7 months taken into account here, the SO2 flux signal displayed a general increase spread into two waxing-waning stages, each lasting ∼100 days of mean duration, in which the flux gradually increased to peak at high values between 300 and 460 t/d. Both increased stages encompass the intense eruptive activity occurring in January and May 2021 (Figure 2).
4 DISCUSSION
The aim of this study was to characterize the preparatory phase of the volcano that started on December 2020 and led to the May–June 2021 eruptive activity. In addition, we seek to verify if it is possible to distinguish from the monitoring signals in advance any small batch of magma rising up along the feeding system from a much more voluminous supply like the one leading to the 2019 eruptive phase, which was fed by gas-rich low-porphyritic (LP) magma (Andronico et al., 2021; Giordano and De Astis, 2021). For the analysis, we used ground-based and satellite remote sensing multi-parametric data. These results may have important implications for hazard assessment at Stromboli volcano and may prove useful for other open conduit active basaltic volcanoes (Zago et al., 2017, 2019).
4.1 Unrest
The multi-parametric analysis of volcanic activity is a powerful tool to contemporaneously analyze multiple observations and to improve the interpretation of volcanic signals; for this reason it has become a key practice for volcano monitoring and for interpreting data during volcanic unrest (Garcia-Aristizabal et al., 2007; Bertolaso et al., 2008; Bonaccorso et al., 2015; Solana et al., 2017; Peltier et al., 2018). The thermal activity of Stromboli volcano was observed both by fixed thermal cameras and multispectral satellites. These two kinds of instrument are complementary, and the joint analysis of the two can improve the interpretation of both the signals. Indeed, due to cloud coverage, during winter only rarely could the eruptive activity be observed by satellites, while the most reliable information came from the ground. From MODIS, we measured an increase of the thermal activity during the first days of May and were able to follow the sequence of eruptive events thereafter. Conversely, by ground thermal camera data we managed to quantify the explosive activity in terms of number of explosions and cumulative dispersion, i.e., a rough estimate of the mass of the material ejected during each explosion. Comparing the two signals, i.e. ground thermal cameras and satellite, if the information derived from the cameras agrees with satellites, we are usually in the presence of intense spattering activity or low effusion rate lava overflows. When the thermal signal derived from satellite is much greater than that of the ground camera, this is probably due to sustained lava flows or PDCs, which can be detected only partially from our ground monitoring cameras due to the side view. When the thermal signal derived from satellite is much smaller than that of the ground camera, we experienced thick cloud coverage or small size explosions that are difficult to be detected from satellites.
The new unrest of the volcano was at first identified by the ground monitoring systems on 6 December 2020, when a bigger an usual explosion was recorded (Table 1). This episode was accompanied by a significant change in the VLP size and strain signals (Table 1; Figures 9, 10A), and caused the formation of two small PDCs along the SdF slope (Calvari et al., 2021). A gradual increase in the explosive activity at the summit craters was detected by the monitoring cameras between end of January and early February 2021 (Figure 2), being more pronounced at the NEC than at the SWC+CC (Figures 2B,C). Also the radiant heat flux from MODIS (Figure 2D), and the VIIRS-SUOMI, VIIRS-NOAA and SLSTR-SENTINEL 3 fire radiative power time series displayed a gradual increase of the signals, peaking on 6 February and 29 March 2021 (Figure 3), especially when overflows occurred from the crater rim (Table 1).
The phase characterized by spattering and small lava overflows at the end of January 2021 was anticipated by an increase in the VLP size, and by less significant changes in the other seismic parameters (Figure 9). Conversely, the two explosions on 6 December 2020 and 1 March 2021 (Table 1) happened when the seismic parameters did not show particular variations and had low values (Figure 9). The output of overflows from the crater rim at the end of January was accompanied by an increasing rate of landslides occurring along the SdF (Figure 9D), as a result of the blocks detaching from the flow front and rolling down the slope, thereby triggering further landslides (Di Traglia et al., 2021; Zhou et al., 2022).
The ground deformation data detected through tilt, GNSS and GBInSAR revealed a growing effect of the magma level rising within the conduit that gradually moved from the instruments located at lower altitudes on the slope of the volcano (tilt and GNSS) to the GBInSAR located at higher elevation (Figures 10B–E). On the contrary, during the analyzed period, the strainmeter data showed negligible long-term variations, while short-term changes were recorded just before the three more energetic explosive events occurred, each one with its particular features (Table 1; Figure 6). The eruptive activity of May and June 2021 was anticipated by a number of intense and major explosions and by lava flows spreading along the SdF slope.
The 6 December 2020 event had the strain time-history of an explosion with a higher than usual amplitude (Figure 6A). The 1 March 2021 major explosion appeared to be formed by the overlapping of multiple explosions (Figure 6B). The most significant strain changes were observed for the 19 May 2021 event, when longer and more complex strain variations accompanied the volcano phenomenology (Figures 6C,D). Schematically, we recognized four phases: an hour before the PDC began, a strain increase suggested that the volcano system was in over-pressure (Figure 6e1); after 10 min the signal levelled off when a continuous spattering occurred from the summit craters (Figure 6E2); as soon as the PDC occurred, a sudden strain decrease took place (Figure 6E3); final longer oscillations suggested a conduit resonance due, probably, to its emptying (Figure 6E4).
The soil CO2 flux measured at Scari (Figure 1B) from December 2020 to June 2021, was characterized by anomalous degassing values and showed a strong increase in May 2021 which peaked at the end of June at about 300 g m−2 d−1, (Figure 10F). This anomalous CO2 flux value confirmed a long and continuously increasing trend begun in 2017 (Inguaggiato et al., 2020, 2021). This continuous increase in the CO2 flux, mirrored by the SO2 flux that was split into two cycles heralding the January-February and May-June effusive phases (Figure 10E), suggested pressurization of the conduit by gas-rich magma entering the supply system. According to the SO2 flux data (Figure 10F), we suggest that the two cycles were caused by two distinct supplies of gas-rich magma that entered the plumbing system from November 2020. However, the two magma batches differ in both magnitude and mass emission rate over time. The first rose gradually and leveled-off at high values for ∼50 days, feeding an intense explosive activity coupled with spattering and overflows (Figure 2 and Table 1), whereas the second grew more rapidly, reflecting a more sustained ascent of fresh magma. Eventually, these batches pushed up the degassed HP magma residing in the upper conduit, causing the passive collapse of part of the summit cone and the lava flows occurring between 19 and 24 May 2021. It is worth noting that the two major explosions on 6 December 2020 and 24 January 2021 (Table 1) took place following a moderate decrease of the SO2 flux. These temporal degassing changes suggest that more intense explosions might result from a partial sealing of the upper conduit which prevents or decreases the degassing, eventually leading to a pressurization of the top of the volcano conduit (Calvari et al., 2012; Salerno et al., 2018).
An interesting point of discussion arises by observing a good agreement between continuous geophysical measurements and the sea level data (Figure 10). Large sea level variations are mostly due to storm surges driven by weather perturbations, as evidenced by the low atmospheric pressure that accompanies such periods (Figure 10C). Storm surges can be tracked in the low frequency band of broadband seismic records (e.g., Bromirski et al., 1999; Ardhuin et al., 2015; Cannata et al., 2020; Cutroneo et al., 2021), as shown in the RMS ground motion displacements in the low frequency band in Figure 10A. It is worth noting however that such periods also show a good agreement with the periods in which the number of volcanic VLP events increases (Figure 9A), as well as with deformation measurements (as for instance, from GNSS, Figure 10B and the tilt change during the last period, Figure 10D). The obvious question arising at this point is: what is the nature of this correlation between volcanic activity and the external, weather related, perturbations? Is the volcanic system responding to external perturbations, or do the external perturbations influence the geophysical measurements? Patané et al. (2007) have already suggested the possible influence of external perturbations on Stromboli’s magmatic system, observed at the onset of the 2007 eruption when severe weather conditions probably induced fluctuating stresses on the magmatic system and could have brought about eruptive activity variations. These phenomena seem particularly evident in volcanoes located in small islands surrounded by the sea. However, more detailed analyses would be needed to answer this question.
4.2 The collapse event, PDC and lava flows
Thermal anomalies have been monitored from space by using both the radiant heat flux and land surface temperature (LST) highlighting the main eruptive phases. Relevant changes have been observed before the 19 May 2021 event. In particular, increases in both FRP measured by VIIRS and SLSTR (nearly 12 days) and ∆LST measured by MODIS (nearly 1 month) anticipated this eruptive event (Figures 2, 3). The FRP estimate closest to the 19 May 2021, 12:45 event was acquired by VIIRS-Suomi with an estimate of 1.9 GW at 12:54 on 19 May 2021, providing the closest measurement to the event. Volcanic deposits including emplaced lava flows, pyroclastic flows, ballistics and tephra fallout related to the event of 19 May 2021 have been mapped by using Sentinel 1-SAR amplitude data.
The volume removed from the crater area by the 19 May failure was estimated at ∼ 8.4 m3 × 105 m3 (Figure 5). Following the crater failure, a lava flow poured out from the breached crater rim spreading along the SdF slope and eroding the ground surface (Figure 7H). The resulting deposit was ∼305,380 ± 42,325 m3, comprising both the PDC and the lava flow from the breached crater rim. The area with negative thickness measured about 40% (54,200 m2) of the total area, leading to an erosion volume of 122,140 ± 32,525 m3. This erosion was clearly evident in the components of the ash released by the spreading of the DPC that comprised a large amount of lithic material (Figure 8F). The thickness distribution derived from Pléiades and Skysat satellite images acquired in May-June 2021 (Figure 7H) has shown volcanic deposits with increasing thicknesses going in a SE-NW direction from the crater to the coast. These include erosion (up to 19 m in thickness) near the crater, and emplaced deposits (up to 15 m in thickness) at the lava flow front. This kind of distribution was seen during other similar events at Stromboli, characterized by lava flows from the crater spreading along the SdF and reaching the sea (e.g. Calvari et al., 2020). The PDC spread along the SdF at a speed of ∼50 m s−1 and expanded on the sea surface for more than 1 km from the coast (Figures 4G, 5A). Considering the small volume of the initial failure and its growth by erosion along the slope, as well as its speed, the effect on eventual mariners close to the coast could be extremely dangerous, especially given that these events occurred several times in the past without warning (De Fino et al., 1988; Pioli et al., 2008; Di Traglia et al., 2018; Calvari et al., 2021).
Ground deposition and distribution of the ash cloud is mainly controlled by the PDC path and by the cloud dispersal due to the wind direction. Grain size distribution is strongly skewed toward fine sizes (Figure 8). As expected, the shape of the clasts is mainly related to secondary fragmentation by comminution instead of being primary magmatic (Figure 8). The nature of the clasts reflects a juvenile component, a lithic fraction related to the ingestion of the material along the PDC path, and the aggregation processes related to the interaction of the hot material with the sea water. Similar features have been observed in deposits of the PDC taking place at the beginning of the 2002 eruption and in large tsunamigenic landslides occurring since the 30 December 2002. Glassy clasts, recognizable as juvenile, mainly reflect the composition of the HP magma feeding the ordinary Strombolian activity. The origin of few clasts showing the composition of LP magma is not clear; however we are inclined to interpret them as accidental lithics taken up during the transport along the SdF. Similarly, alkali-depleted exotic compositions observed in apparently fresh glassy clasts are attributable to alteration of the fine-grained material that accumulated within and outside the crater, successively remobilized by the collapse. All the above features further confirm that collapse of the cone and erosion of the upper slope of the SdF are important phenomena to be considered for hazard assessment.
4.3 Hazard assessment
The images reported in Figure 5 clearly display the growth of the summit cone as a result of the persistent explosive activity that characterizes the volcano. The drone survey carried out in September 2021, when compared to the previous profile obtained in June 2020 by Civico et al. (2021), shows several zones of growth and accumulation of erupted products around most of the summit vents (Figure 5F), involving an increased hazard of further failures. In addition, a recent survey detected a significant volume increase of the talus building up the NE flank of the summit cone (Tioukov et al., 2022), thus confirming the summit area of the volcano as being prone to further collapses.
Most of the vents that triggered the recent eruptive activity of Stromboli are aligned along a NE-SW direction, this being the outcome of the shallower portion of the magma intrusion marking the strike of the eruptive fissure (Marsella et al., 2012). As a consequence, lava emission from the NE side of the NEC can be considered the result of a dike intrusion, which breaches the crater rim and guides the lava flows along the lateral slope escarpments (Marsella et al., 2012). The growth rate of the summit craters, obtained by digital elevation model comparison between 2004 and 2006 and caused by the accumulation of products from the persistent Strombolian explosive activity, is estimated at ∼ 0.01 m3 s−1 (Marsella et al., 2012). This compares to the slightly lower ∼0.008 m3 s−1 obtained from the measurements of Civico et al. (2021), and to the 0.002 m3 s−1 estimated by Harris and Ripepe (2007), against a steady rate of magma supply from depth estimated at 0.1–0.5 m3 s−1 by Harris and Stevenson (1997) and at 0.3–0.6 m3 s−1 by Allard et al. (1994).
It is interesting to note that effusive events, as well as more frequent/intense explosive activity, spattering and sporadic fountaining, all phenomena indicating high magma in the shallow feeding system of Stromboli, occurred after significant increases in deformations recorded by GBInSAR sensors. Similarly, the deflation that follows effusive events testifies to how emptying is limited to the shallowest feeding system. Contrariwise, the explosive events classified as “major” (Class 2 by Calvari et al., 2021), occurred in conjunction with periods of small deformations recorded by GBInSARs, at the limit of instrumental detection. All this would suggest that the explosive-effusive activity is controlled by an upward shift of the more superficial feeding system, which manifests itself in periods that can last weeks or months (as already evidenced by Di Traglia et al. (2014a), Di Traglia et al. (2014b), Di Traglia et al. (2015), Calvari et al. (2016), Di Traglia et al. (2018), Calvari et al. (2021), whereas the high intensity explosive transients are controlled by faster dynamics affecting the deep supply systems (as proposed by Pichavant et al., 2022). These results could be applied to other open vent volcanic systems displaying persistent or frequent explosive activity, such as Yasur (Vanuatu), Piton de la Fournaise (La Réunion), Shishaldin (Alaska), Fuego (Guatemala), Nyiragongo (R.D. Congo), Masaya (Nicaragua), Turrialba (Costa Rica), Etna (Italy), Kilauea (Hawaii), provided that a suitable monitoring system exists.
5 CONCLUSIVE REMARKS
The main points resulting from this study can be summarized as follows:
- The detection of mild eruptive activity from the ground and satellite shows differences and complementary aspects that may give important indications on the state of the volcano when analyzed in an integrated way.
- Major explosions and paroxysms are usually not preceded by detectable volcanological or geophysical parameters that might be useful for an early warning of this activity, but are immediately (a few minutes) preceded and accompanied by strain signals that allowed us to characterize the state of pressurization of the shallow supply system.
- Several parameters increased before the 19 May 2021 event of collapse and lava flow output, suggesting pressurization of the shallow conduit (a few hundred meters below the vents): MODIS and satellite heat flux, explosive activity detected from the monitoring cameras, GBInSAR, GNSS, Tilt, seismicity, strain, CO2 flux, SO2 flux. The upward movement of degassed batches of magma leading to effusive activity is normally slow enough to be detected in real time by the monitoring systems here considered.
- The 19 May 2021 failure was characterized by using: photos from a helicopter survey to estimate the collapsed volume (Figure 5); Sentinel-1 SAR (Figures 7A–E) to retrieve the area of the deposit along the SdF; Skysat (Figures 7F–H) for the volume and thickness of the deposit resulting from the collapse and lava flow output, obtaining an area of negative thickness ∼40% (54,200 m2) of the total area, leading to an erosion volume of 122,140 ± 32,525 m3 over a total emplaced volume (only along the slope) of 305,380 ± 42,325 m3 comprising both the lava flow and the PDC; componentry and composition of the deposit (Figure 8). Much greater volumes are expected when also considering the amount of deposit emplaced below sea level for more than 1 km distance from the coast (Figure 5A).
- Comparison with the much more powerful 2019 eruptive phase: VLP Size and seismicity similar but lasting a shorter time; CO2 flux increasing constantly as recorded since the end of the 2002-03 eruption; different velocity of the magma rising along the conduit, that can be detected in case of an effusive phase (slow) and cannot be detected in case of a paroxysmal explosion (very fast); petrology and timing of magma rising along the deep (10–12 km below sea level depth) and shallow (2 km depth to the vents) supply system; the GBInSAR accurately detects the deformation of the shallow supply system caused by the degassed magma entering the system, but does not record changes when gas-rich magma is rising fast triggering paroxysmal episodes.
- The composition of the 19 May 2021 deposit involved a large amount of lithics that matches the erosion of the crater area and SdF slope evidenced by the Skysat (Figure 7).
- Hazard assessment: the rapidity of growth of the summit cones after the 19 May 2021 failure makes this area prone to the possibility of new failures in the next future, and suggests that mariners should keep a safety distance of more than 2 km from the coast (Figure 7).
KEY POINTS

 Small volume summit failures can have major impacts on the surrounding areas
 Summit failure deposits can increase their volume by slope erosion
 Multi-disciplinary monitoring systems may help forecast slow and degassed magma batches rising along the conduit
 The supply of gas rich magma from the deep storage, triggering major explosions and paroxysms, is normally too fast to be detected by the monitoring systems.
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