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Dikes are the primary mechanisms to transport magma and feed eruptions. Investigations of the surface deformation and seismicity caused by a dike can potentially provide useful information to forecast the expected propagation and associated hazard. On December 24, 2018, a dike intrusion reached the summit of Mt. Etna, feeding an effusive fissure. The intrusion was accompanied by a seismic swarm, with hypocenters beneath the summit craters and eruptive fissure, and by ground deformation. The seismicity continued the following day, with the hypocenters deepening to 3 km b.s.l. due to the propagation of a deeper and thicker dike. This situation generated the fear of feeding a more dangerous eruption in the medium-low flank. Recently it was found an equation that relates the average thickness and dimension of the dike with the expected released mechanical energy and, therefore, to the seismic moment. By using this updated application, it is shown that the observed seismicity could not be accounted for by the first dike. Instead, the cumulative effect of both dikes indicates a total moment from available energy expected that balances the moment recorded by the seismicity. The proposed approach proved very useful in the specific case of Etna volcano eruptions, resulting an effective tool to monitor the state of the intrusion of the magma and, therefore, to predict if a dike has enough energy to continue propagating or to stop.
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INTRODUCTION
Dike propagation is a main process for magma transport and eruptions. Several studies have investigated this mechanism involving different approaches such as solid mechanics, field mapping and analogue lab experiments. Review presentations on dike investigations are reported in Pollard (1987), Lister and Kerr (1991), Rubin (1995), and Rivalta et al. (2015). A critical and intriguing aspect is dike arrest. In fact, in most cases propagating dikes can stop before reaching the free surface (e.g., Gudmundsson et al., 1999; Gudmundsson, 2003). Dike stopping may occur for different reasons: driving pressure decreasing (e.g., Rivalta, 2010; Taisne et al., 2011), magma solidification (e.g., Lister and Kerr, 1991), structural barrier (e.g., Geshi et al., 2010; Gudmundsson, 2011) and stress perturbation (Maccaferri et al., 2015; Xu et al., 2016). Despite the complexity of the issue, the goal of having a tool to track the propagation state of the dike is fundamental at frequently erupting volcanoes whose flanks are densely populated, such as at Mt. Etna. Bonaccorso et al. (2017) investigated the relationship between measured dike-induced deformation and the seismicity released during its propagation. The authors devised a simple equation related to the dike’s average thickness that can be used as a proxy of the expected mechanical energy to be released during its propagation. They also obtained an empirical law that quantifies the expected seismic energy released before arrest. The authors found a general law from data of different volcanoes around the world where dikes were modeled and seismicity recorded (Afar region, Japanese volcanoes, Etna volcano). However, if robust data for single volcanoes areas are available, then the goodness of the equation improves and it is better to use the representative equation of the specific investigated volcano.
So far, the equation fitted the recent dikes feeding the flank eruptions of the last 2 decades very well (2001, 2002-two dikes, 2008), suggesting it is a valid tool to determine the total seismic moment to be released by an intrusion, and thus potentially able to follow the energy status during the dike propagation and the timing of its possible arrest.
On December 24, 2018, in the early morning, a fast dike crossed Mt. Etna volcano and reached the surface at 11:10. It produced an eruptive fissure in the summit area and began emitting a lava flow in the high eastern flank (Calvari et al., 2020). From 8:30 to 11:10, the dike intrusion was accompanied by a seismic swarm located beneath the shallow (0–2 km a.s.l.) central portion of the volcano (Alparone et al., 2020; Giampiccolo et al., 2020) (Figure 1). One interesting aspect was that the seismic swarm continued even during the following 24 h, decreasing in the afternoon-evening of December 25th. This seismicity was localized in a more decentralized portion toward the SE of the volcano. This behavior raised great concern about the possibility that another intrusion with greater lateral extension was acting inside the volcanic building. This dike could have been a significant hazard if it reached the surface, resulting in more eruptive activity. In fact, the more an intrusion extends laterally, the greater the risk that the eruptive fissure and lava flows may approach small towns and villages. Similarly to the 2002 eruption, the intrusive process triggered an acceleration of the eastward sliding of the unstable eastern sector of the volcano (Bonforte et al., 2019). Following the eruptive period, this marked sliding was also accommodated by fault slip that on 26 December culminated with the ML 4.8 earthquake along the Fiandaca fault in the low Eastern flank (Alparone et al., 2020; Giampiccolo et al., 2020).
[image: Figure 1]FIGURE 1 | 3D location of the seismicity occurring at Mt. Etna between 08:30, December 24 and 16:00, December 25 (modified after Alparone et al., 2020). In the inset top left, the lava flow during the December 24–27eruption (Calvari et al., 2020) is shown together with the eruptive fissure that opened on December 24.
However, the effusive activity of the eruption lasted only a few days and emitted a modest lava volume of ca. ∼3 × 106 m3. Therefore, the critical aspect regarding the second major intrusion that did not feed any eruption, and whether this behavior could have been better tracked, remained unclear.
Recently, Aloisi et al. (2020) jointly analyzed and modeled different types of continuous deformation data (strainmeters, tiltmeters and high-rate GPS) to constrain a detailed and complete model and the time evolution for the December 24–25, 2018 eruptive intrusion. The result improves the previous interpretative models that were not based on continuous deformation measurements. The authors showed that the data are robustly modeled by a first shallow dike departing under central crater area from sea level, and by a second deeper and larger dike that stopped below sea level without crossing the final portion of the volcano.
In this study, in “Estimation of Dike Energy from Inferred Dike Shape” section we present the approach from Bonaccorso et al. (2017) by using the observables of the energy released during diking, namely seismicity and deformation, and clarifying their mutual relationship. In “The Multiple Intrusions of the Etna Dec 2018 Eruption” section, we present the complex December 24–25, 2018 intrusion by reporting the 3D high-precision locations of the earthquakes and recent advanced modeling of the ground deformation during these two days. In “Updated Relationship Between Energy Expected from Dike Shape vs. Measured Seismic Energy” section, we update with the 2018 case the equation relating the energy expected from a dike with a determined geometry and the seismic energy released, and verify how this equation can provide useful information on the propagation of intrusions also in the recent case of the December 2018 eruption. Finally, we discuss the potential danger of the 2018 eruption and, even in this complex case characterized by a double intrusion, show that the proposed approach and updated equation prove a useful tool to obtain information on the state of the dike’s propagation.
ESTIMATION OF DIKE ENERGY FROM INFERRED DIKE SHAPE
Following the linear elastic theory, in which the thickness t to length l ratio of a dike is related to the driving pressure Pd able to open the dike walls (i.e., Pollard, 1987; Rubin, 1995), Bonaccorso et al. (2017) obtained an equation for the available mechanical elastic strain energy UE as a function of the dike thickness t:
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where μ is the medium rigidity and ν is the Poisson coefficient.
Equation 1 was used both on a world mean scale (Etna, Japan volcanoes and Afar eruptions) and on a single volcano (Etna) to obtain the relation linking the energy of the dikes modeled from the deformation measurements and the seismic energy release during the dike propagation. On Etna volcano, the modeled dike shapes and the seismic recordings are very robust for the recent eruptions thanks to an integrated monitoring system of ground deformation (static and continuous GPS measurements and continuous borehole tilt) and the dense seismic network around the volcano.
Bonaccorso et al. (2017) correlated the mechanical energy UE to the seismic moment released by the induced earthquakes. In particular, the authors obtained a linear relation between log10Mo and log10UT, where Mo is the cumulative recorded seismic moment and UT the total 3D available mechanical elastic strain energy, obtained multiplying the UE of Eq. 1 by the length of the dike in the direction perpendicular to the propagation (i.e., the estimated width).
The purpose of this result is to obtain a tool for tracking the energy released by the intrusion to evaluate its propagation. The logical chain of the proposed process essentially followed four steps:
1) The dike model parameters are obtained from the deformation measurements. This is possible since the size and shape of the dike can be modeled from the deformations recorded by the permanent monitoring system, in principle also from the first initial phases of the dike propagation.
2) From the dike model we can estimate the energy to be released, since from Eq. 1 this can be calculated from the dimension of the dike, mainly in terms of its thickness.
3) Defining the relationship between energy associated with the dike and energy released by earthquakes. From the numerous recent eruptions already studied and modeled, this energy estimated from the model obtained can, in turn, be related to the seismic energy released by the earthquakes induced by the propagation of the eruptive intrusion. A relation of type log10 (Mo) = a log10 (UT) + b is used, where a and b are the coefficients to fix by the fit of Mo and UT data.
4) Tracking the evolution of the process. Finally, we can estimate the expected energy, namely the one that the eruptive fissure (dike) should release during its propagation. We can also monitor the discharge of energy over time, and observe when it is approaching the expected value to be released. . This allows us to evaluate the state of the intrusion of the magma, and if this would continue to propagate (its cumulated energy is below the expected energy level) or if it is about to stop (the expected energy level is reached).
As a real case application, Bonaccorso et al. (2017) considered the December 27, Etna 2002 dike propagation modeled by the continuous borehole tiltmeters data that allowed inferring a near constant thickness of 3.35 m (Aloisi et al., 2006). The dike propagated in the NE flank, reaching a distance of ∼5 km from the summit craters area. Once again, there was concern that this eruptive fissure could propagate in the lower flank and discharge magma. Following the proposed approach, Bonaccorso et al. (2017) estimated the available elastic strain energy UT and then calculated the expected seismic moment Mo to be released and verified that the recorded cumulated Mo approached the expected Mo limit.
THE MULTIPLE INTRUSIONS OF THE ETNA DEC 2018 ERUPTION
The December 24, 2018 flank eruption at Mt. Etna began in the early morning with intense degassing from the summit craters. It was accompanied by both a seismic sequence, starting at 08:30, and a fast increase in the volcanic tremor amplitude (Alparone et al., 2020). At 11:10, an eruptive fissure, about 2 km long and SE-trending, opened between 3,000 and 2,400 m a.s.l. at the southern base of the New Southeast Crater (NSEC, inset in Figure 1) producing lava fountain and lava flows that spread eastward over the upper western flank of the Valle del Bove depression (VdB). The lava fountain lasted just half an hour, whereas the lava flow output from the main eruptive fissure remained copious on December 25, decreasing significantly on December 26, in conjunction with a drastic decrease in the volcanic tremor amplitude (Alparone et al., 2020 and references therein). Lava emission stopped definitively on December 27. The total length of the lava flow field was 0.88 km2 (Calvari et al., 2020), and the emitted volume was 1.4 ± 0.5 Mm3 of summit outflows and 0.85 ± 0.3 Mm3 of lateral flows, as calculated from spectroradiometers of the satellites MODIS and Sentinel-2 (Laiolo et al., 2019).
To study the process of the December 2018 intrusive episode, we used precise 3D hypocenters of the earthquakes recorded from the beginning of the dike intrusion (08:30, December 24 until 16:00, December 25 (Alparone et al., 2020; Giampiccolo et al., 2020). These locations, compared to 1D ones (GADS, 2020; Supplementary Table S1), show a sharpening of clustered seismicity features with a significant reduction in uncertainties (about 40% RMS reduction and average location errors less than 0.2 km in both the horizontal and vertical directions) and, therefore, provide a clearer picture of how seismicity evolved within the edifice.
The earthquake locations during the first 30 h (December 24–25; Figures 1 and 2). from 8:30 to 11:10 indicated an initial cluster of events with epicenters aligned in a N-S direction, located between −1 km b.s.l. and 2 km a.s.l., beneath the summit craters and along the eruptive vent (red circles in Figures 1 and 2). Then, the seismicity moved southeastwards and, starting from 16:30, it migrated toward the western wall of VdB with a deepening of the hypocenters up to −3 km b.s.l. (yellow circles in Figures 1 and 2). The seismicity occurring from 20:00 on December 24 until the afternoon (16:00) of December 25 affected a wider and deeper volume with respect to the main earthquake clusters (Alparone et al., 2020; yellow circles in Figures 1 and 2). The prevailing normal faulting mechanism of the earthquakes located beneath the summit craters and along the eruptive fractures matches well with the direction of extensional stress regime and is consistent with a magma push which favored the magma ascent through the shallow crust (Alparone et al., 2020).
[image: Figure 2]FIGURE 2 | Depth vs. latitude (A) and longitude (B) distribution of the earthquakes occurring from 08:30 to 11:10 on December 24 (red circles) and from 11:11 to 16:00 on December 25 (yellow circles). The positions of the two dikes inferred by Aloisi et al. (2020) are also shown. The first dike, composed by two parts (Ia−Ib), is indicated in dark gray, the second dike (II) is indicated in black. For dike parameters see Supplementary Table S2.
During the initial phase of the eruption, the INGV provided a first estimation of the dike model in order to quickly assist the Italian Civil Protection Authorities in monitoring the on-going phenomenon. By using the real time GPS solutions exclusively, a shallow near-vertical dike was inferred, located between the sea level and the summit eruptive fissure, with a horizontal length of 2 km, vertical width of 1 km and an opening of 3 m (Aloisi et al., 2020). This modeling was then refined including more reliable displacement estimations, but it did not change much from the initial estimation. It provided a good indication of the intrusion acting during the early morning of December 24 until the eruption start at 11:10, but does not fit with the continuation of the seismicity for the whole day of December 25. So, after the start of the eruption the scenario was not as one would expect, in the sense that usually at volcanoes, once the eruption begins and the propagation of the feeder dike ends, the seismic activity diminishes and the deformation changes end. Instead, during the December 2018 intrusion, the seismicity continued after the eruption onset and, besides the summit area, also affected the southwestern flanks of the volcanic edifice (Alparone et al., 2020). Moreover, it promoted a strong acceleration of the eastern flank movements toward the SE direction (Bonforte et al., 2019; Alparone et al., 2020). These aspects clearly indicated that the intrusive process was more complex than the shallow intrusion modeled from 8:30 to 11:10.
A turning point for a more complete understanding of the intrusive process was recently provided by Aloisi et al. (2020). The authors integrated all the continuous deformation data (GPS, borehole strainmeters and tiltmeters), inferring a more detailed and robust model. The multi-parametric approach revealed the complexity of the real volcanic processes, involving two separate dikes rather than just one. The first dike is the shallower one departing in the last 3 km below the summit craters area (dike Ia), gradually increasing its horizontal dimension (dike Ib). It began propagating on December 24 at 8:20, reached the ground surface at 11:10 and fed the short-lived lateral eruption. After the start of the eruption and until the afternoon of December 25, a second dike penetrated the high southern eastern flank but did not reach the surface (dike II). This dike was very thick (∼5 m opening) and deeper, departing from about 3 km b.s.l. and stopping inside the volcano edifice at 1.5 km a.s.l. The parameters of the dikes modeled by Aloisi et al. (2020) are reported in Supplementary Table S2. The modeled dike positions are shown in Figure 2 together with the hypocentral location of the earthquakes. The 3D sketch map of the seismicity and the dike positions are shown in Figure 3, where the match between the earthquake locations and the dike positions inferred by geodetic models is evident.
[image: Figure 3]FIGURE 3 | 3D sketch map showing the two dikes inferred by Aloisi et al. (2020) and the 3D high-precision locations (Alparone et al., 2020; Giampiccolo et al., 2020) of the earthquakes which accompanied the eruptive episode during the first 30 h. The first shallower eruptive dike increased its width during the propagation and is made up of the two parts Ia and Ib (see Supplementary Table S2). It reached the surface and generated the eruption. The second deeper non-eruptive dike II halted before reaching the free surface. See text for the detailed parameters and modeling description. The positions of the modeled dikes are well matched by the two main clusters of the seismicity. The Sint is the zone of the intermediate storage modeled by the recorded deformation during the inflation/deflation periods that precede/accompany the main eruptions at Etna (i.e., Bonforte et al., 2008 and references therein). The seismic tomography from Aloisi et al. (2002) is also reported along the cross-sections by representing the deduced Young’s modulus E.
UPDATED RELATIONSHIP BETWEEN ENERGY EXPECTED FROM DIKE SHAPE VS MEASURED SEISMIC ENERGY
In quantifying the released energy during dike propagation, the seismic moment of the earthquakes accompanying and tracking the migratory path of the intruding magma can be considered not only the seismic energy which is radiated seismically but also a measure of the total energy released during the intrusion process (Bonaccorso et al., 2017). We derived the seismic moment of the earthquakes recorded during the intrusive episode of December 24 from the local magnitude ML, according to Eq. 2, obtained for Mt. Etna earthquakes by Giampiccolo et al. (2007):
[image: image]
From the onset of the dike intrusion until the opening of the eruptive fissure (08:30–11:10), about 60 earthquakes with 1.1 ≤ ML ≤ 4.0 were extracted from the INGV-OE Catalog (GADS, 2020; Supplementary Table S1). The total seismic moment released is about 1015 J. A second phase spans from the beginning of the eruption to 16:00 on December 25 and includes about 135 earthquakes with magnitude 1.4 ≤ ML ≤ 4.3. The cumulative energy released until the afternoon of December 25 reaches the value of 1.16 × 1016 J.
Supplementary Table S3 shows an updated scheme, also containing the dikes of the 2018 eruption, which summarizes the parameters of the eruptive dikes modeled from ground deformation and the associated recorded total seismic moment Mo released during their propagations. From the values reported in Supplementary Table S3, we estimated the updated relationship between the energy expected from dike shape/dimensions modeled from ground deformation measurements and the seismic energy measured from the cumulative seismic moment of the earthquakes recorded during the dike propagation. We obtained:
[image: image]
confirming the same previous coefficients found in Bonaccorso et al. (2017) and maintaining a very good correlation coefficient R2 equal to 0.97 (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Total seismic moment Mo (J) calculated from the seismicity recorded during the dike propagation vs. total 3-D available mechanical elastic strain energy UT (J) estimated from Eq. 4 for the modeled dikes of Etna’s eruptions (see Supplementary Table S3). The rhombuses are for the dike I, dike II and dikes (I + II), respectively, of 24–25 December 2018, while the circles are for the dikes of the 2001, 2002 (two dikes) and 2008 eruptions (see Supplementary Table S2). (B) Application example of the 24–25 December 2018 double dike intrusion of Etna. log10(Mo) vs. time. From the initial phases of the dike, after its opening is inferred, the available energy can be estimated from Eq. 2 and the expected total seismic moment to be released (dashed line) from Eq. 3. This Mo value is the limit to be reached by the cumulative recorded seismic moment to obtain the energy equilibrium and the dike stopping.
After UT is estimated from the dike parameters, Eq. 3 allows determining the seismic moment expected by the release of the dike’s available energy that can be compared with the recorded seismic moment, hence providing a tool to evaluate when the energy is balancing. In the case of the December 2018 eruption, the method highlights that the first eruptive dike, promptly modeled on the morning of December 24, did not release enough energy to balance the recorded seismic moment that continued to accumulate in the following hours (Figure 4B). Therefore, the proposed approach clearly suggests that another seismic source was active after the eruption started. From continuous deformation data, Aloisi et al. (2020) inferred a second deeper and thicker dike, located slightly further south than the first, that did not reach the free surface. If we consider the total moment from available energy expected by the cumulative effect of both dikes, then the expected Mo and the recorded one are well balanced (Figure 4B).
DISCUSSION AND CONCLUSION
The eruption of Christmas 2018 was a peculiar event for two main aspects: i) in spite of a powerful intrusion, the ensuing effusive activity lasted only about 3 days, stopping on the morning of December 27; ii) it was accompanied by a seismic swarm that did not stop after the start of the eruption (morning of 24 December) but continued until the afternoon of the following day.
The first dike, the eruptive one crossing the surface portion of the volcanic building and reaching the surface to feed the eruption, produced a clear deformation pattern on a scale of the entire volcano, more marked in the summit area and with a strong amplitude decay toward the external flanks, this due to the shallow position of this dike. The continuation of seismicity was associated with the propagation of a second deeper dike, which was unable to reach the surface but stopped 1.5 km below the crater area. This second dike instead caused a wide deformation detected more clearly in the southern flank portion above its projection. This dike stopped below the ground surface and did not cross the final portion of the volcano pile where the main deformation was produced. It was characterized by relatively small width (about 600 m) compared to the shallow dike (about 2,700 m) (see Figure 3; Supplementary Table S1). If the deeper dike had been >1.5–2 km wider, it would have caused marked deformation on the scale of the entire volcano edifice (Aloisi et al., 2020). The detail of the recorded and the expected deformation patterns is clearly shown in Figure 9 by Aloisi et al. (2020). After the start of the eruption, the main concern was the possible propagation of a more external and dangerous dike. In fact, because of its location shifted southward from the crater area, this second dike, if further propagating, could have been hazardous by generating a low flank eruption. In general, the longer the propagation, the more dangerous it is since the dike could approach towns and infrastructures, densely located on the volcano’s lower flanks. The risk map of lava flows shows that the highest risk is found in the south-eastern flank due to the combination of high hazard and population density (Del Negro et al., 2019). Related to this sector of the volcano, a famous example was the 1,669 eruption: an eruptive fissure propagated 16 km in the southern flank, fed an eruptive vent in the low flank and went on to destroy several villages and partially the main town of Catania (Branca et al., 2013). Today, an eruption similar to the 1,669 event would cause damage amounting to about seven billion Euros (Del Negro et al., 2016).
Fortunately, the scenario of a flank eruption in the lower flank did not take place probably because the first intrusion and the resulting eruption released most of the energy, as testified by the decreasing seismicity rate (Alparone et al., 2020) and by its distribution throughout the whole volcanic edifice and along well-known fault zones (Alparone et al., 2020). However, during the 24th and 25th of December it would have been very important and strategic to have valid tools to evaluate the propagation status.
In this work, we have updated the equation obtained by Bonaccorso et al. (2017) and subsequently verified its applicability to the 2018 eruption. The approach is based on the monitoring of the expected energy calculated starting from the main parameters of the dike (thickness and width) and the seismic energy released by the earthquakes accompanying the dike intrusion. With this approach, a key aspect is that the expected energy is calculated from the main parameters of the dike, i.e., thickness and width which, in principle, can be modeled in the early stages of dike propagation when its effect on the surface begins to be revealed by the deformation monitoring systems. The seismic energy can be calculated in near real-time from the seismic moment Mo obtained from the seismic recordings. Since the comparison of the seismic moment expected by the release of the available energy with the moment calculated in real-time provides a forecast of when the energy is balancing and, hence, when the dike is expected to stop, the proposed approach is very helpful to estimate the dike propagation hazard during the early phase of an eruptive intrusion.
Clearly, the more robust the data for a single volcano, the better the quality of the relationship. As shown in the application case reported in Bonaccorso et al. (2017) for the recent eruptions of Etna volcano, the modeled dike shapes and the seismic recordings are particularly robust. This is thanks both to the integrated monitoring system of ground deformation (static and continuous GPS measurements and continuous borehole tilt) and the dense seismic network around the volcano (Bonaccorso et al., 2017). Our analysis supports the robustness of the empirical law proposed by Bonaccorso et al. (2017) and its validity also for the 2018 Mt. Etna eruption. So, for purposes of supporting an understanding of the state of intrusion propagation, it is fundamental to develop real-time modeling of ground deformation data. Such an approach can be used to have integrated information during intrusive processes that at Etna and other active volcanoes are frequent and require maximum attention and the best possible interpretation during their evolution.
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