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Incandescent pyroclasts of more than 64 mm in diameter erupted from active volcanoes are known as bombs and pose a significant hazard to life and infrastructure. Volcanic ballistic projectile hazard assessment normally considers fall as the main transport process, estimating its intensity from bomb location and impact cratering. We describe ballistically ejected bombs observed during the late October 2021 episode of eruption at La Palma (Canary Islands) that additionally travelled downhill by rolling and bouncing on the steep tephra-dominated cone. These bouncing bombs travelled for distances >1 km beyond their initial impact sites, increasing total travel distance by as much as 100%. They left multiple impact craters on their travel path and frequently spalled incandescent fragments on impact with substrate, leading to significant fire hazard for partially buried trees and structures far beyond the range of ballistic transport. We term these phenomena as bouncing spallation bombs. The official exclusion zone encompassed this hazard at La Palma, but elsewhere bouncing spallation bombs ought to be accounted for in risk assessment, necessitating awareness of an increased hazard footprint on steep-sided volcanoes with ballistic activity.
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INTRODUCTION
The threat to human life from volcanoes is of increasing concern, in large part due to the greater than one billion people now living within 100 km of active volcanoes (e.g., Freire et al., 2019), with over 1000 individuals having been killed in eruptions within the past decade (Brown et al., 2017). “Volcano tourism” has further increased risk associated with active volcanoes (e.g., Erfurt-Cooper et al., 2015) and volcanic hazard has proven especially problematic at locations where ballistic or explosive volcanism has occurred with little to no forecasting, including examples from the 1993 Galeras eruption, Colombia (Baxter and Gresham, 1997), the 2012 Upper Te Maari eruption, New Zealand (Fitzgerald et al., 2014), the 2014 Ontake eruption, Japan (Yamaoka et al., 2016), and at Whakaari, New Zealand in 2019 (Dempsey et al., 2020).
Amongst possible volcanic hazards, eruption of ballistic material from volcanic vents has received increasing attention due to the risk these can pose to life, infrastructure, and economy (e.g., Williams et al., 2017). Pyroclasts or fragments of incandescent lava larger than 64 mm in diameter are known as bombs (Wolff and Sumner, 2000; Cas and Wright, 2012; Fisher and Schmincke, 2012) and, due to their size, mass, temperature, and ballistic trajectories, need to be carefully considered during volcanic hazard assessment (Andronico et al., 2013; Gurioli et al., 2014; Fitzgerald et al., 2017, 2020; Taddeucci et al., 2017; Nurmawati and Konstantinou, 2018). Ballistics are a common cause of fatalities close to the vent in global volcanic eruptions (Brown et al., 2017) and are a critical hazard in volcano tourism management (Erfurt-Cooper et al., 2015). They have therefore been of interest for a range of studies, including mechanisms of magma fragmentation (Lavallée et al., 2015), in-flight dynamics (Gurioli et al., 2014; Taddeucci et al., 2017; Cassidy et al., 2018), formation of impact craters by blocks for estimating ballistic hazard (Fitzgerald et al., 2014), as well as the dangers that they present for the destruction of infrastructure and the threats to local populations, livestock, and wildlife (Vanderkluysen et al., 2012; Williams et al., 2017; Yamada et al., 2018; Fitzgerald et al., 2020; Deligne et al., 2022).
Here we report on bomb phenomena observed during the 2021 eruption of La Palma (Canary Islands, Spain) that has not been previously described. Descriptive documentation is provided of bombs that were observed rolling and bouncing down the tephra-covered slopes of the newly formed Tajogaite volcanic cone after initial ballistic transport and first contact with the ground, and which were seen spalling incandescent material during their journey downhill. We term these volcanic ejecta “bouncing spallation bombs,” defined as incandescent magmatic fragments >64 mm in diameter ejected in explosive eruptions that travel initially ballistically, followed by downslope travel through bouncing and rolling during which occasional spallation of incandescent material occurs. Due to the bouncing and associated deflection on uneven ground, these bouncing spallation bombs have relatively unpredictable trajectories and their final travel distance is usually considerably greater than what would be assumed from ballistic transport of volcanic projectiles alone. Raising awareness of this type of bomb phenomena is important as it has been only rarely observed and described at other volcanoes (e.g., Francis, 1973; Fries et al., 1993). Our observations provide additional insight into the formation, transport and hazard footprint of this specific form of volcanic ejecta. The observation of these bombs also has implications for understanding the role of tephra substrate on bomb transport and on the use of impact crater counting to estimate the number of ballistic projectiles produced during eruptions.
BACKGROUND AND METHODS
Background of the 2021 La Palma Eruption and Elemental Abundances
The 2021 eruption on La Palma began at ∼14:11 UTC on the 19th September and ended at ∼22:21 UTC on 13th December 2021 (Longpre, 2021; Romero et al., 2022). It is the largest, longest, and most destructive eruption on the island in recorded history, ahead of previous historical eruptions in AD 1585, 1646, 1677-1678, 1712, 1949, and 1971, all of them emanating from the active Cumbre Vieja volcanic rift system (Carracedo et al., 2001). The eruption of extensive lava flows and thick layers of ash and lapilli led to significant destruction, with the loss of ∼3000 buildings, >70 km of roads, and ∼12 km2 of crops (1237 Ha) (e.g., Carracedo et al., 2022). Compositional data on the bomb material and associated underlying lapilli and tephra are provided in the Supplementary Material, including details of the analytical methods and comparison with a more comprehensive dataset of lava compositions from the entirety of the 2021 La Palma eruption (Day et al., 2022).
Observations and Video Preparation
Direct observations during the 2021 La Palma eruption were made during the 26th to the 28th of October 2021 in daylight and were recorded through photographs and videos. All media was geotagged and edited to include observation date and time and converted to common digital formats to ensure playback on most devices. Videos are provided as links, due to their size, in the Supplementary Material. Due to the hazards surrounding the falling bombs, some quantitative aspects (mass, size and shape of bombs) could not be accurately documented at the time of observation for safety reasons. Estimation of velocity and distance was based on both field observations and video analysis, either by directly pacing tracks, or measuring the location and distances of features and the time taken to travel between these known locations.
OBSERVATIONS AND RESULTS
Direct observations of bouncing spallation bombs were made in the official safety exclusion zone to the northeast of the village of Las Manchas on the western flank of the Cumbre Vieja on La Palma (28°36′32.8″N, 17°52′27.6″W), approximately 900 m southwest of the new basaltic cinder cone (28°36′54″N, 17°52′7″W) (Figure 1). Visits were made before (26th October), during (27th October) and after the fall of the volcanic bombs at the site (28th October). The observation of bouncing spallation bombs occurred between 14:30 to 15:00 local time on 27th of October 2021 and took place during a period of fire fountaining when a new lava flow was emanating from the north-western flank of the cinder cone and flowed through the northern outskirts of the village of Las Manchas [see Carracedo et al. (2022) for details of the overall eruption]. On 26th October, part of the author team (JD, HG, FJPT, MA, and GG) had visited the same area and found it to be subject to intense (>4 cm/day) basaltic lapilli fall compared to previous and subsequent days. During the afternoon of 27th October, smaller ash-sized basaltic particles were falling from the eruption plume (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Map of the Canary Islands (A) showing the location of the 2021 eruption on La Palma Island (B). Key features of the whole volcanic field: the extent of the lava field on 27th October 2021 (blue stippled line), the official near vent safety exclusion zone (red stippled line), and the region of bouncing spallation bomb observations (red box) are shown in panel (B).
At approximately 14:30, 27th October, another part of the team (JD, HG, VT, and JCC) approached the flank of the volcano following the route of the LP-212 road. It was noted that ∼20 roughly spherical 30–70 cm diameter bombs, still warm to the touch, had been freshly deposited, as they were not present the previous day. They were resting on top of tephra that was observed to have fallen the previous day. These bombs were well-consolidated basaltic rocks and were distributed across a region where the steep-sided cinder cone graded into flatter ground. The field party noted ejection of large ballistics (>1 m across) from the main active vent (located approximately 1 km up slope from the observation area), which fell onto the flanks of the steepening cinder cone, within about 200–500 m of the vent (Figure 2). It was also noted that elliptical down-slope indents or hollows occurred in the basaltic lapilli and coarse ash substrate in the area where the team was observing.
[image: Figure 2]FIGURE 2 | The eruption column and associated pyroclastic fall on 27th October 2021, with large bombs in the foreground. The track of the rolling bomb in (A) is partially visible on the right-hand side of the bomb. The track of the bomb in (B) is visible running downslope. Unlike conditions on the previous day, where ejected material occurred all along the NW-SE trending crater complex, during the 27th October material was dominantly ejected from the center and NW end of the crater system (also see Supplementary Video Content).
The presence of the indent trails consistently upslope of the warm bombs at the observation location, and the ballistic activity at the volcanic vent, suggested that indents had been formed by bombs bouncing downslope. Some bombs showed no obvious hollows behind them, suggesting that they had fallen significantly prior to the team’s arrival in the area, with hollowed bounce marks having already been filled by the steadily falling ash and lapilli. Observed indent trails showed that some of the volcanic bombs had travelled substantially more than 10 m per bounce in the area of observation, as determined by pacing out the path length and later confirmed by estimation from video imagery (Supplementary Video S1). The exact bombs responsible for some of the tracks could not be identified in all cases, as they had rolled and bounced further downslope. The length of bouncing tracks and absence of the bouncing spallation bombs responsible for them, beyond a line-of-sight at least 0.5 km downslope of the main observation area, indicated that they had travelled total distances of more than 1.5 km from the vent site (Supplementary Video S1).
At 14:34 the team noted a large bomb that was ejected and tumbled down the southwestern flank of the cinder cone (Supplementary Video S2). Ejection occurred from the central vent, which, at the time, was producing ash-laden eruption jets. After the initial fall and contact with the ground, the bomb produced a plume of dust that was left behind during the tumbling and bouncing phases. After this bomb came to rest, it was approached. The bomb formed a progressively more closely spaced “rolling” track as it slowed down and eventually halted near the field party’s position. Indents were initially spaced meters apart and got closer together as the bomb slowed and finally came to rest (e.g., Figure 2B). The bomb was ∼60 cm in diameter, with an aphanitic, shiny and dark scoriaceous outer crust and a lighter grey outer basaltic shell, but with incandescent basaltic material in the center (Figure 3A). There was no indication for any significant accretion to the bomb. The bomb was imaged and carefully hammered to remove a sample that was quenched by pouring water on it (LP2106JD; Figure 3B).
[image: Figure 3]FIGURE 3 | Spallation bombs examined on the 27th October 2021 immediately after coming to rest. (A) Spallation bomb that was observed to have travelled downhill at 14:34 local time, showing an incandescent inner core with a dark and shiny scoriacous coating. (B) Sample from bomb shown in (A). (C) Spallation bomb observed to fall at 14:56 local time and that rested approximately 70 m NW of (A). Note the incandescent center and the apparent concentric interior pattern. The broken off outer crust is an indication for spallation during transport and could be a feature that can help recognition of this phenomenon in volcanic terrains elsewhere. Hammer head is 19 cm in length.
During observation of the bomb that fell at 14:34, other bombs travelling downhill in a similar bouncing fashion were seen at 14:42 (Supplementary Video S2), and at 14:54 local time (Supplementary Video S3). The 14:54 bomb formed a dust trail during its transit down the slope of the cone and was seen to bounce and to spall incandescent material. Based on estimation of travel velocity from video analysis, the bomb travelled initially at speeds of more than 60 km/h prior to decelerating on the shallowing slope and finally coming to rest on the soft lapilli-sized particle substrate. This bomb halted within a stand of dead trees and combustion of woody material took place as later evidenced by smoke emerging from the site (Supplementary Video S3). Two minutes later (14:56 local time; Supplementary Video S4) another bomb was observed to follow a similar track and speed down the side of the cone. Like the previous bomb, the object spalled incandescent material and was slowed down by the substrate as well as by collision with a pre-existing lava flow (Figures 4A–D). On halting, the bomb was approached and found to be ovoid in shape, around 70 cm in length and 40 cm in width. One side of the bomb, which had been observed to spall during transit and impact with the ground and the lava flow, exposed an incandescent interior (Figure 3C).
[image: Figure 4]FIGURE 4 | Image stills from videos showing (A) downward movement of the bomb, (B) episodic spalling while bouncing over soft tephra substrate, (C) further downhill movement and (D) leaving behind the incandescent fragment (shrapnel) that spalled off the bomb while the main bomb approached the tephra-covered lava flow (also see Supplementary Video). The red stippled circle highlights and tracks the spalled shrapnel fragment.
Returning to the site at 14:00 on 28th October 2021 revealed that minor ashfall had occurred during the preceding ∼23 h period. No more than about half-a-dozen new bouncing spallation bombs were noted in the area, suggesting that the main phase of activity to produce the bouncing spallation bombs was between the evening of 26th October 2021 and ∼15:00 on 27th October 2021, a period of <24 h. The ashfall was sufficiently intense to fill most of the hollows observed to have formed in the previous day, emphasising the perishable nature of this form of information. For chemical analysis of a representative bomb sample and the underlying tephra, see Supplementary Material to this article.
DISCUSSION
The basaltic bombs that fell on the 27th October 2021 at La Palma were observed to travel ballistically, and then to bounce and roll as solid incandescent materials (Figure 5) while being cushioned, in part, by the relatively soft lapilli substrate. They were bombs rather than accretionary balls as they lost material during final transport (the term “egg” has been used in the popular press but does not capture the diverse shapes of objects observed). They are therefore distinct in their mode of transport from accretionary lava balls such as “Teide’s Eggs” or lava bombs observed during the 1971 eruption on La Palma (Carracedo and Troll, 2016; Carracedo et al., 2019). Bouncing spallation bombs travel freely downslope by bouncing and rolling after ballistic ejection and become disassociated from other vent products. We therefore suggest the term ‘bouncing spallation bomb’ for this bouncing, rolling and spalling ejecta (see Introduction for definition). This term is consistent with the need for relatively viscous lava to provide shape (opposite to solid material in a ballistic block) and with the observation of fragmentation or spalling during rolling and bouncing (Supplementary Videos S2, S4).
[image: Figure 5]FIGURE 5 | Representation of spallation bomb travel paths during the 27th October 2021 eruption on La Palma and the extended hazard posed by them. Orange lines denote ballistic fall trajectories, the red stippled line denotes the rolling and bouncing phase of transport. Black stippled arrows link the schematic representations to actual observation of phenomena in the photographic image. The spallation range can extend from ∼200 m from the vent to more than 1500 m, judging from our observations at La Palma in October 2021.
Bouncing spallation bombs during the 27th October 2021 were mostly preserved due to their transport and deposition onto a soft substrate of ash and lapilli. Tephra cushioning during ballistic impacts has been considered in the context of acting to protect structures (Williams et al., 2019), but our observations show it may also be important in facilitating bouncing, rolling, and spalling of bombs. In combination with steeper slope angles, soft tephra substrates are likely to facilitate a larger transport distance and hazard footprint. In addition, the characteristics of bouncing spallation bombs (see Supplementary Videos) suggests that they do not spall solely through centrifugal forces, but also on impact with the ground as seen in the imagery (e.g., Figure 4). This means that their preservation potential would strongly diminish if impacting on harder material such as a solid lava flow, as they would likely shatter and produce a shrapnel effect, which in turn would probably result in shorter travelled distances.
An important aspect of the bouncing spallation bombs is the presence of a “track” formed during tumbling and rolling down the slope of the cone. These tracks are formed by indents within ash and lapilli deposits. Preservation of such depressions in deposits can be useful for understanding the potential for spallation bomb activity during future volcanic eruptions (e.g., Fitzgerald et al., 2014), even on Mars, where depressions have been interpreted as bomb sag at Home Plate (Manga et al., 2012). The potential of bombs to bounce and roll downslope, creating multiple impacts (or a track) should be considered when using bomb sags to assess ballistic hazard. For example, Fitzgerald et al. (2014) used field observations at Tongariro volcano, New Zealand, to show that more than four times as many impact craters were detected during field inspection than from orthophoto mapping of the same region. These authors estimated the number of projectiles that affected a certain area based on the number of craters considering that each impact corresponded to a separate volcanic block. During the 2021 La Palma eruption, as well as in locations where historic ballistic projectiles have been mapped (e.g., Galindo et al., 2013), however, the action of rolling and bouncing may have created numerous craters from a single projectile, implying the number of impact sites cannot always be directly correlated with the number of erupted projectiles, leading to a distorted assessment of associated hazard. Taking multiple impacts from bouncing spallation bombs into consideration, in addition to crater and track preservation issues from subsequent tephra deposition, is likely to be more realistic in future studies that use impact craters as a measure of bomb activity.
Direct observations of emission of gravitationally-induced rolling hazards have been made previously in the Canary Islands. For instance, during the 1971 eruption of Teneguía volcano in La Palma, when large (>1 m diameter) incandescent lava blocks were seen to roll down the western slope of the cone by one of the authors (JCC) and captured in video (Supplementary Video S5). In detail, these hazards from the Teneguía eruption differ from the bouncing spallation bombs described here in their origin by detachment from a lava flow that traveled downslope as well as their shape, size, and the shorter distance that they travelled, but have commonality in rolling downslope and in that they can spall incandescent material. Additionally, reports from the 5th May to 13th June 1706 Garachico eruption on Tenerife mention “lava balls” several meters in diameter that rolled down the slope and spalled red-hot fragments that produced fires in the village before the main lava flows reached the coast (Cassares, 1709), appear similar to the 1971 Teneguía eruptive products, but are distinct from the bouncing spallation bombs described here.
The bouncing spallation bombs described from La Palma also show similarities to examples from locations other than the Canary Islands. Examples include Pacaya, Guatemala, where they were termed “Cannonball” bombs (Francis, 1973), as well as from Paracutin, Mexico (Fries et al., 1993), La Réunion, Indian Ocean (Edwards et al., 2020), on Stromboli, Italy (Vanderkluysen et al., 2012), and Bogoslof, Alaska (Waythomas and Mastin, 2020). However, evidence for extended travel of the bombs after ballistic flight, and associated spallation, has not been widely constrained. This is problematic when considering ballistic transport from vents for older eruptions where the bomb transport was not observed, as it could lead to erroneous assumptions about ballistic trajectories and the extent of true hazard. Without recognition of the potential continued transport (rolling and bouncing) after impact, ballistic trajectory distances may be overestimated, and hazard from bouncing spallation bombs underestimated or not considered at all.
As an example of the difficulty in recognizing bouncing spallation bomb phenomena in the geological record, a notable feature of bouncing spallation bombs at La Palma is that they came to rest proximal to the edge of a pre-existing lava flow. Had the fall of these bouncing spallation bombs not been witnessed directly, then their concentric inner portions and proximity to the lava flow might well have led to their misidentification as accretionary bombs or “lava balls” associated with the lava flow, making it important to be aware of the phenomenon despite the rare number of direct observations currently available. Hazard assessment related to volcanic bombs typically considers ballistic transport from the source vent (e.g., Fitzgerald et al., 2014, 2020; Gurioli et al., 2014; Taddeucci et al., 2017; Williams et al., 2019), yet during the event of the 27th of October 2021, the field party noted several potentially significant and hitherto underappreciated characteristics surrounding the formation of bouncing spallation bombs. In the first instance, their ballistic ejection was followed by gravitational tumbling, rolling and bouncing on the soft tephra substrate, which meant they had the potential to travel far greater distances than ballistically transport, especially on the steep flanked cone of the 2021 eruption that itself took place on the flank of the Cumbre Vieja ridge. As such, they represent a significant hazard well beyond the area of ballistic transport. In addition to expecting projectiles to fall from above, bouncing spallation bombs are also hazards that travel parallel to the ground. Ballistic hazard assessment should therefore take into consideration this additional gravitational impetus and the different directional threat during relatively explosive basaltic eruptions.
In the case of the 2021 La Palma eruption, the near vent exclusion zone within which bouncing spallation bombs were observed was limited to civil protection personnel and permitted scientists studying the volcanic phenomena. This exclusion zone was large enough to accommodate the bouncing spallation bomb hazard due to the extent of downslope lava flows, and is likely to be a useful consideration in future volcanic risk management. In the case of the observations made here, team members were aware of the hazard and worked only during a daylight period with good visibility when they were able to spot the bouncing spallation bombs. Elsewhere, globally, where this might not be the case, onset of spallation bomb activity is conceivable during night-time eruption phases and, as the videos in the Supplementary Material demonstrate, their exact travel trajectory and that of spalling projectiles is unpredictable. This presents a challenge in eruptions without careful monitoring, especially with volcano tourism on the rise, bringing more people to more remote volcanoes than ever before. In appropriate cases, such as future Canary Island eruptions, a useful risk mitigation measure would be full time visible and infrared video surveillance, and the widening of volcanic exclusion zones beyond the areas affected solely by ballistically transported projectiles. In addition, the fragmentation and spallation of the bombs can also lead to the potential for multiple spalled hot fragments and shrapnel outside of the immediate (ballistic) danger zone, adding a “hazard envelope” related to the trajectory of individual bouncing spallation bombs.
A final critical aspect of hazard is the hot, incandescent nature of the bombs. One bomb was witnessed to land in a dead tree stand (Supplementary Video S3), which was later observed by several members of the field party to ignite the woody materials that were close to it. The potential to ignite forests, timber structures or other flammable constructions would be severe from spallation bombs, since such objects travel further than other bomb types and, due to spallation and fragmentation, can lead to incandescent material spalling and igniting fires at several sites simultaneously (cf. Giordano and De Astis, 2021). This issue is exemplified well beyond La Palma. At Mt. Ontake, Japan, casualties have been recorded from falling blocks, and consequently, improved designs have been proposed for wooden structures to protect from ballistic hazards (Yamada et al., 2018). In addition to these improvements, the hazard posed by ‘high temperature ballistics’ could also be considered in future building requirements.
CONCLUSIONS
Bouncing spallation bombs of the 2021 La Palma eruption show that the hazard radius from volcanic ballistics significantly increases—by as much as a factor of two—from what is normally assumed for ballistic trajectories alone. Spallation bomb events such as those witnessed in October 2021 should be considered in hazard risk assessment at active volcanoes of similar type to La Palma, as well as in the study of historical volcanic bomb deposits. The less familiar risk of the bouncing spallation bomb hazard is particularly important where volcanoes and society (including volcano tourism) intersect. Quantitative analysis of bouncing spallation bomb transport in future eruptions will be useful to further assess this phenomenon. At La Palma, the authorities took a sensible approach to volcanic hazard, enabling observations of the bouncing spallation bomb phenomena while simultaneously keeping people safe throughout the entire eruption. We recommend that such an approach is also considered for comparable volcanic situations elsewhere.
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