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Abstract

:

The geochemical monitoring of volcanic activity today relies largely on remote sensing, but the combination of this approach together with soil gas monitoring, using the appropriate parameters, is still not widely used. The main purpose of this study was to correlate data from crater gas emissions with flank emissions of soil gases at Mt. Etna volcano from June 2006 to December 2020. Crater SO2 fluxes were measured from fixed stations around the volcano using the DOAS technique and applying a modeled clear-sky spectrum. The SO2/HCl ratio in the crater plume was measured with the OP-FTIR technique from a transportable instrument, using the sun as an IR source. Soil CO2 efflux coupled with the 220Rn/222Rn activity ratio in soil gases (named SGDI) were measured at a fixed monitoring site on the east flank of Etna. All signals acquired were subject both to spectral analysis and to filtering of the periodic signals discovered. All filtered signals revealed changes that were nicely correlated both with other geophysical signals and with volcanic eruptions during the study period. Time lags between parameters were explained in terms of different modes of magma migration and storage inside the volcano before eruptions. A comprehensive dynamic degassing model is presented that allows for a better understanding of magma dynamics in an open-conduit volcano.
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1. Introduction


The geochemical monitoring of volcanic gas emissions at active volcanoes has become a common and useful tool in order to understand the dynamics of magma as it approaches the surface and, therefore, to forecast eruptions [1]. In recent years, among the many techniques used for gas monitoring, those involving the remote sensing of crater gas plumes have become dominant due to the increasing sensitivity and reliability of the instruments used, their easy setup in continuous measurement mode from fixed sites and, last but not least, the greater safety for the field operators compared to other geochemical techniques [2]. The most widely used techniques for the remote sensing of crater gas emissions, especially those using solar light absorption (both in the ultraviolet and in the infrared spectra) modes of operation, concern only a few specific gas species, namely SO2, HCl and occasionally HF. These gases, according to their pressure-dependent solubility in magma, normally escape from silicate melts at a depth shallower than 4–5 km below the surface [3,4,5,6,7], being extensively used as mid-term to short-term precursors of volcanic eruption [8,9,10,11,12,13,14]. However, for the above reasons, volcano monitoring based solely on the detection of those crater gases does not provide information on the deep-seated magmatic processes that mark the onset of long-standing cycles of volcanic activity and thus constitute potential long-term precursors of eruptions. In this sense, recent efforts have been made to measure the crater emissions of CO2, a gas whose release from magma starts at depth greater than 5 km below the surface [15,16], but the methods used generally imply the setup of monitoring devices near active craters, which often lead to a loss of data due to logistic problems (mostly: difficult maintenance due to extreme operational conditions and instrumental damages caused by eruptive activity).



On Mt. Etna (Figure 1), volcanic gas monitoring in the last thirty years has been carried out traditionally using remote sensing techniques (COSPEC, then UV-DOAS and FTIR) [17] and field surveys of soil CO2 [18], the latter being recently coupled with soil 222Rn and 220Rn concentrations [19]. The use of radon isotopes has become increasingly common on Mt. Etna because they provide useful information on the geodynamics of an active volcanic area. In fact, in soil gases, both 220Rn and 222Rn originate in relatively shallow crustal rocks, and their initial amount is proportional to the concentration of parental radionuclides (232Th and 238U, respectively). Given the large difference in the half-lives of the two isotopes (55 s for 220Rn, compared with 3.8 days for 222Rn), 220Rn is shallow-sourced (at most, a few tens of meters below the ground surface), whereas 222Rn may come from deeper levels of the crust: up to a couple of km below the surface according to recent studies [20].



Although recent studies have already investigated the combined use of crater gas emissions and soil gas emissions at Mt. Etna [21,22], this paper shows the results of the first attempt to combine data on crater SO2 fluxes, data on crater SO2/HCl ratios and data on soil CO2 effluxes coupled with soil 222Rn and 220Rn concentrations, which were all measured over a very long period of time. The present investigation spans almost fourteen years, from June 2006 to December 2020. By using this novel approach, it was also possible to better constrain the results of the measurements from remote sensing methods. The data acquired allowed highlighting and following long-standing cycles of volcanic activity, in particular the one including the birth, growth and end of the so-called New Southeast Crater, the newest and most active among the summit craters of Mt. Etna [23,24,25]. In addition, some of the strongest variations observed in all parameters were interpreted as pre-eruptive anomalies whose pattern and temporal development helped us better understand the mechanisms of magma transfer and eruption at Mt. Etna. The approach used in this investigation is, therefore, believed to be a potential new standard method for volcano monitoring.




2. Materials and Methods


Daylight measurements of bulk sulfur dioxide (SO2) flux in the volcanic plume of Etna were performed by the FLAME (FLux Automatic MEasurement) scanning ultraviolet spectrometer network set up by INGV-OE. The network consists of nine stations spaced ~7 km apart and installed at altitudes of ~900 m a.s.l. on the volcano flanks [26,27]. Each device scans the sky on a vertical plane over 156° wide, intersecting the plume, when present, at a distance of ~14 km from the summit craters. Spectra are inverted on site applying the DOAS technique and using a modeled clear-sky spectrum [28,29]. They are then transmitted to INGV-OE where mass flux is in real time and automatically computed. Uncertainty in flux values ranges between −22% and +36% [27,28,29]. A detailed description of the SO2 plume flux measurement method can be found in [26,28].



The crater gas composition in terms of bulk SO2/HCl molar ratio was determined using an Open-Path Infrared spectrometer (OP FTIR—Fourier Transform Infrared Spectroscopy) using the sun radiation as the infrared source. The solar occultation methodology, in which the gasses plume is interposed between the sun and spectrometer [17,30], provides information on the plume contents of SO2 and HCl, gas species with negligible concentrations in the free atmosphere that are, conversely, abundant in volcanic emissions. This technique was used during measurements carried out from different sites around the volcano, following the plume direction and according to the sun position. The collected spectra were evaluated using the FTIR_FIT software v. 1.06 [4]. This analysis package is based on a non-linear least-squares fitting algorithm and a forward model in order to calculate radiative transfer in a two-layer model atmosphere (one for hot volcanic gas and another for ambient temperature atmospheric gasses [30]). The analytical error on concentrations was less than 4%. Molar ratios were determined by measuring 100 or more spectra per each measurement sequence and then by plotting the retrieved amounts of SO2 against those of HCl. The gradient of linear regression plots provides the SO2/HCl ratio.



Soil CO2 effluxes were measured on site using the accumulation chamber method [31,32,33]. This method consists of measuring the rate of increase in the CO2 concentration inside a cylindrical chamber, with an open bottom, placed on the ground surface and connected with a portable NDIR (nondispersive infrared) spectrophotometer (PP Systems, Amesbury, MA, USA, mod. EGM4). An internal fan in the chamber allows for an efficient gas mixing. The increase in concentration during the initial measurement is proportional to the efflux of CO2 [32]. This is an absolute method that does not require corrections linked to the physical characteristics of the soil. Both the accuracy and the reproducibility of this method were tested in the laboratory (more details in [19]). The average error was about ± 5%, and the reproducibility in the range 200–1600 g m−2 d−1 was ± 5%.



Combined measurements of soil 220Rn and 222Rn were carried out on site using a portable radon meter (Durridge Company Inc., Billerica, MA, USA, mod. RAD7), which was provided with a passive ion-implanted planar silicon detector. Gas was sampled into a fixed metal probe at 40 cm depth in the soil and introduced into the RAD7 with an internal pump. Active filters preclude all other major gases and metals except CO2. The detector chamber is energy dispersive and thus discriminates between 220Rn and 222Rn in the gas phase that enters it. Therefore, both 220Rn and 222Rn are detected by counting the alpha particles that are released from decay of their respective daughter nuclides 218Po (t1/2 = 3.05 min) and 216Po (t1/2 = 0.145 sec). In order to achieve radioactive equilibrium between 222Rn and the measured daughter, 218Po, each measurement takes >15 min. Furthermore, to account for the effect of CO2 on the determination of the (220Rn/222Rn) activities ratio, all (220Rn/222Rn) values were corrected by multiplying the measured (220Rn/222Rn) times 1.016 for every percentage point of CO2 above zero [34].



Based on the empirical relationship found by [19], we calculate the ratio between (220Rn/222Rn) and CO2 efflux at each sampling site for each survey using the following:


SGDI = φCO2/(220Rn/222Rn)



(1)




where SGDI is the Soil Gas Disequilibrium Index [19], φCO2 is the soil CO2 efflux in g m−2 d−1, and (220Rn/222Rn) is the ratio of the activities of the two radon isotopes (a dimensionless number). The units of the SGDI are dimensionless, as this parameter is obtained by dividing a quantity that has units by a dimensionless quantity.



As shown by [19], the SGDI is a reliable measure of the mechanism of soil gas transport toward the surface, as it basically allows to quantify and evaluate, in both space and time, the relative contributions of environmental and volcanic/hydrothermal signals in soil gas emissions and hence to reveal anomalous changes related with gas overpressures within the volcano caused by new magma arrival and accumulation into Mt. Etna’s shallow feeder system. As a general rule, low SGDI values due to a higher 220Rn content indicate a shallow origin of the soil gas mixture and/or low CO2 effluxes (with CO2 likely being non-magmatic). Conversely, higher SGDI values due to higher 222Rn contents indicate that the gas mixture comes from deeper layers of the crust, and it is normally associated with high CO2 effluxes, which is likely due to magmatic degassing. The physical process behind this behavior is that CO2 flowing through the crust is able to extract both 220Rn and 222Rn from the rocks and to carry them to the surface, but if the CO2 efflux is high enough, as is the case of strong gas pressures at a depth caused by magmatic degassing within an active volcano, the deep 222Rn can quickly reach the surface before it significantly decays out, thus lowering the 220Rn/222Rn ratio.



Measurements of SGDI at Mt. Etna were carried out in a site (P78 in Figure 1) that was extensively studied during the last 20 years because of its high CO2 emissions from the soil, whose intensity is sometimes comparable to that measured at the summit fumaroles of the volcano. The origin of soil CO2 from this site is mainly magmatic, as revealed both by the carbon isotopes composition and by the concurrent emission of other magmatic gases [35,36]. The gas at P78 is being derived mainly from the main feeder system of Etna and occasionally also from magma bodies temporarily stored at depth (between ~4 and ~10 km below the surface) into the volcano [35,36]. Recent geochemical studies, also coupled with near surface geophysics (Automatic Resistivity System and Very Low Frequencies method), in the area around P78 recognized this site as being located on a major WNW-ESE-trending fault characterized by clear anomalies in soil degassing and soil resistivity [18,37] with temporal changes in CO2 emission linked to changes in volcanic activity [18].




3. Results


The basic statistical information on all parameters measured is summarized in Table 1. Figure 2 shows the values of each parameter plotted in time from 1 January 2006 to 31 December 2020. Crater SO2 fluxes are shown as daily average values of the many measurements taken in a single day and are expressed in t/d. The SO2/HCl ratios are averages of hundreds of spectra collected during each measurement session, which were carried out only under favorable weather conditions. SGDI values are those calculated from Equation (1) above in the days when measurements were carried out and are expressed in dimensionless units, as they are the result of ratios. In order to properly interpret all the data (SO2 flux, SO2/HCl and SGDI) and make them comparable, some statistical analyses, interpolation and filtering were necessary. In particular, shallower degassing processes are generally more sensitive to environmental conditions (including meteorological factors, the presence of groundwater, tidal effects, etc.) than deep processes and hence the need to filter out all possible non-volcanic influences from the acquired signals.



3.1. SO2 Fluxes


The values of crater SO2 flux acquired ranged from 172.7 to 20,528.1 t/d (Figure 2a). This is quite a large interval of variation, indicating a very dynamic volcanic system with many periods of replenishment of fresh magma into relatively shallow portions of the volcano feeding system. In order to investigate possible cyclic variations on SO2 flux, we used the Fourier transform on the SO2 temporal data, which allowed us to decompose the raw signal into oscillatory components. Before doing this, the available SO2 flux data were interpolated in order to obtain a continuous set of values with no missing days of measurements. We performed the interpolation using a cubic-spline function and a daily sampling step (for a total of 5327 days). We used the Matlab© software package (The MathWorks Inc., version 23.2.0 (R2023b), Natick, MA, USA) to perform both this process and all following analyses. The spectrogram obtained from decomposition of the interpolated time series (Figure 3a) reveals predominant cycles corresponding to periods of about 467 days, 333 days (the strongest one in terms of spectral amplitude), 275 days, 156 days, 68 days, 45 days, 41 days, 29 days, 20 days, 18 days and minor cycles of about 1167 days, 212 days and 32 days. All of the above cycles are indicated with numbered squares (#1 to #13, in order of increasing frequency) in the spectrogram of Figure 3a.



In order to filter out the above-described cyclic component from the SO2 flux signal, we used iteratively band-stop filters on the interpolated signal with frequency thresholds of filters set at values of frequency (in cycles/day) both immediately higher and immediately lower than those of the major frequency peaks identified above (in this case, from peak #1 to #6 in Figure 3a). Following this procedure, after inverse-transformation of the filtered signal from the frequency domain into the time domain, the new time series of SO2 flux data was devoid of all major periodic components (Figure 4d), and therefore its variations likely reflected only (or mainly) the influence of aperiodic magmatic processes on crater degassing. However, at least two of the peaks highlighted in the periodogram of Figure 3a appeared to have a period longer than a year (peaks #1 and #2 actually correspond to 1167 and to 467 days, respectively), and they are not clearly attributable to environmental parameters. Therefore, in order to better investigate this behavior, we applied a low-pass filter on the data series (merely, a moving average of the interpolated daily data) with a higher threshold set at about one year (thus entailing all SO2 fluctuations with a period longer than 366 days). The resulting filtered signal (Figure 5d) shows interesting long-term trends in SO2 flux values that could be related to long-term magmatic processes occurring inside the volcanic system, and that in our opinion deserve attention and further discussion (see Section 4 below). In particular, three periods of particularly strong crater degassing were observed in early 2007, during most of 2014 and, more evidently, from late 2016 to early 2020.




3.2. SO2/HCl Ratio


The data of plume SO2/HCl ratio were acquired starting from 7 January 2008, and they were treated similarly to those of crater SO2 flux. Values of SO2/HCl ratio were first interpolated using a cubic-spline function and a daily sampling step (for a total of 4743 days) and then decomposed into oscillatory components with the Fourier transform. The corresponding spectrogram is shown in Figure 3b, and it highlights predominant frequency peaks corresponding to periods of about 1186 days, 677–593 days, 432 days, 312 days, 263 days, 237 days and minor ones of about 190 days, 153 days, 135 days, 110 days and 93 days. The above cycles are indicated with numbered squares (#1 to #11) in the spectrogram of Figure 3b.



As for the SO2 flux data, those of the SO2/HCl ratio were filtered in order to reveal the signal changes only due to magmatic processes. We therefore applied band-stop filters in the same manner as for the SO2 flux filtering procedure, this time filtering out all of the frequency peaks highlighted in Figure 3b, and then re-transforming the filtered signal into a time-series of filtered data (Figure 4e). Also in the case of the SO2/HCl ratio, we applied a low-pass filter to highlight long-period trends that could help understanding the long-term degassing processes that occurred during the investigated period. In particular, very high values of the SO2/HCl ratio were observed from 2008 to 2010, in 2015–2016 and then, much more evidently, in 2018 until early 2019 (Figure 5e).




3.3. SGDI Values


During the studied period, soil (222Rn) concentrations ranged from 97 to 38,850 Bq m−3, soil (220Rn) concentrations ranged from 97 to 6855 Bq m−3, and soil CO2 efflux values ranged from 4.44 to 4605.60 g m−2 d−1. The corresponding calculated SGDI values ranged from 1.21 to 96,419.40 (Figure 2c). The large temporal variations observed in this parameter can be a function of either environmental or of volcanic causes, more likely a combination of both, which we attempted to identify and discriminate. Meteorological parameters, such as rainfall, air temperature and barometric pressure, can influence the soil degassing rates of CO2 and radon isotopes, especially when those are low [18,40,41,42,43,44,45,46,47,48]. Both soil and fumarolic gases of Mt. Etna, actually, normally show an appreciable, if not a prevailing, air contamination (e.g., [35] and literature therein cited). Other cyclic (seasonal) parameters, such as lunar tides (Lunar Month, Lunisolar Fortnight), can influence soil degassing as well [49,50]. To test whether environmental/seasonal factors contribute to temporal changes in soil degassing, we performed a Fourier transform on the SGDI temporal data, which allowed us to decompose the raw SGDI signal into oscillatory components and thence to highlight eventual cyclic variations. Before doing this, as for the SO2 flux and S/Cl ratio signals, discrete SGDI data were interpolated in order to obtain a continuous set of values. The interpolation was performed using a cubic-spline function and a daily sampling step (for a total of 5327 days in the case of site P78). The spectrogram obtained from decomposition of the interpolated time series (Figure 3c) reveals predominant cycles corresponding to periods of about 1060 days, 530 days, 360 days, 220 days, 136 days, 118 days, 110 days, and 88 days and minor cycles of about 160 days, 60 days and 54 days. All of the above cycles are indicated with numbered squares (1 to 11) in the spectrogram of Figure 3c. Cycles of about 360 days and their multiples (e.g., 1060 days) are clearly related to seasonal variations with a yearly period, which were likely produced by air temperature cycles and/or the yearly component of the Earth tide [40,41,42,43,44,45,46,47,48,51]. Cycles of about 160–200 days are related to half-yearly periodic variations which are likely produced by rainfall during the spring and fall [52,53], and those of about 100–120 days suggest variations with a period between four-monthly and quarterly, which are possibly due to higher-frequency harmonics of the above cyclic parameter. Lastly, lunar tidal effects could explain the majority of the cyclic variations with a period of about 60 days. We again used iteratively band-stop filters on the interpolated SGDI signal. Following this procedure, after inverse-transformation of the filtered signal from the frequency domain into the time domain, the new time series of SGDI data was devoid of all major periodic components (Figure 4f), and therefore its variations likely reflected only (or mainly) the influence of aperiodic volcanic sources on soil degassing.



The effectiveness of our above filtering procedure for removing environmental influences on the SGDI time series was already tested in a previous study on the use of the SGDI in volcano monitoring [19], and a similar approach was successfully used for the filtering of near-continuous soil gas radon signals alone [54]. It must be underlined that because of the relatively low frequency in the periodic acquisition of field data, only volcanic-related processes with temporal evolution equal to or longer than the period between measurements can be observed and hence described, whilst geodynamic processes with shorter periods are likely to be missed.



The filtered daily SGDI signal (Figure 4f) showed many aperiodic oscillations, often with spike-like behavior, around the mean of the whole time series (i.e., 5.5, with standard deviation of 2121.3). Based on the intensity of these oscillations, the filtered SGDI time series can be apparently divided into three distinct periods. From the beginning of observations until 31 August 2009, the signal showed moderate oscillations that for most of the period remained roughly within the ±1 standard deviation values, although being often close to these values and sometimes even outside them. From 1 September 2009 until 31 December 2013, the signal showed much stronger variations that very often reached values well outside the ±1 standard deviation of mean. Lastly, from 1 January 2014 until the end of observations, the signal was very stable with no significant variations around the mean value except for the short-lived sequence of spikes observed between 4 July 2015 and 16 January 2016.



A low-pass filter applied to the original SGDI signal highlighted long-period trends, nicely corresponding to those highlighted with the previous band-stop filtering procedure, except for the SO2 flux (Figure 5f). From 2006 to late 2009, SGDI values were unstable but relatively low. From early 2009 to 2013, values were much higher with a bell-shaped pattern peaking in the first half of 2010. Lastly, a new minor anomaly appeared in late 2015 until early 2016. Afterwards, values dropped to stable and very low levels until the end of the present investigation.





4. Discussion


Each of the three geochemical parameters considered in this study carries information on different pressure conditions (which translates into different depth) of ascending magma batches during the main exsolution phases of gases and/or on pressure conditions within the volcanic system during magma accumulation before its eruption at the surface.



Mathematical filtering of our geochemical time signals proved very useful in highlighting temporal patterns that are likely to reflect solely the dynamics of magma in terms both of its ascent velocity and of its temporary stagnation/storage inside the volcano. In particular, the band-stop filters revealed high-frequency variations without any particular trend in the SO2 flux signal (Figure 4c). The amplitude of these changes was highly variable, and it was probably related with aperiodic convective-driven variations in the magma (at least in its uppermost part) at depth shallower than 5 km below the surface. The largest of those fluctuations were often correlated with summit paroxysmal eruptions. Conversely, the low-pass filter on the same signal (Figure 5c) highlighted significant high values about a year before the onset of the 2008–2009 flank eruption as well as just before and during that of 2014. Furthermore, a clear multi-year increasing trend was revealed in the period 2016–2019. In particular, an evident increase in SO2 emissions was observed since 2016, which culminated just before the 24 December 2018 flank eruption. A steady decrease was instead observed afterwards, which was more evident after the summer of 2019. This long-term trend, therefore, seems to describe the arrival of new gas-rich magma that eventually produced the short-lived “Christmas 2018” flank eruption. According to the following data on gas emissions, which remained high for many months, a significant volume of magma did not erupt on that occasion, but it resided at relatively shallow depth inside the volcano losing volatiles in excess. Actually, in the months preceding the December 2018 eruption, the volcano was characterized both by a strong increase in deep seismicity and by a marked general inflation [38,39,55]. Analysis of ground deformation data indicated two different dykes intruding into the volcano: a shallow one eventually feeding the eruption and a deeper one that was not immediately erupted and resided inside the deep structure of the volcano for years [55]. This latter is likely to have fed the long sequence of paroxysmal eruptions of 2020–2022. The increase in the SO2 flux since 2017, observed thanks to the low-pass filtering, seems to be well explained by the evolution of a progressively shallower intrusion of magma that led to the December 2018 flank eruption. Interestingly, no clear variations in the SO2 flux were observed during the formation of the NSEC (6 November 2009) and its subsequent growth started in 2011. In addition, no correlation was found between the SO2 flux data and the geophysical/seismological signals associated with the early NSEC activity (Figure 4 and Figure 5). The reason for this may be that the magma accumulated during that period was located very deep into the volcano, probably some 4 to 5 km below sea level (7 to 8 km below Etna’s summit); thus, it was much deeper than the level of exsolution of SO2 from the magma. This hypothesis is strongly supported by field data collected on 20 November 2009 by active FTIR measurements carried out on the rim of the newly opened pit of the NSEC, which showed an emitted gas phase strongly enriched in CO2 compared to SO2 (CO2/SO2 molar ratio ≅ 9; [56]). Furthermore, the sources of inflation retrieved during the same period from ground deformation data were located at similar depth, according to [38]. As a consequence, occasional sustained releases of SO2 from the deep magma, therefore, occurred only during the short-lived paroxysmal episodes from January 2011 to December 2013, thus reflecting fast transfer of discrete small batches of magma directly from its deep storage volume to the surface.



The bulk SO2/HCl molar ratio in general showed high values some months before the occurrence of the highest values of SO2 flux (particularly in 2018). This is an indication of a lesser rate of rejuvenation of magma in the shallow portion of the plumbing system, as observed during the 2008–2009 flank eruption [17]. The latency between the two parameters is particularly evident from the low-pass filtered signals (Figure 5d,e). In detail, the band-stop filtered signal of this ratio (Figure 4e) highlighted short-lived periods with high values (that means deeper-seated gas sources) in the period 2009–2010 before the opening of the NSEC. Afterwards, high values occurred again at the very beginning or just before each sequence of lava fountains and/or strombolian eruptions in the years 2011, 2012, 2013 and 2014. Each period of higher values was then followed by a period of very low values (that means shallower-seated gas sources), corresponding with the occurrence of the above eruptive sequences and hence indicating emission of HCl from very shallow magma batches. Since the last months of 2015, however, the SO2/HCl ratios were on average higher than before. This tendency was much more evident since the end of 2017, which marked the onset of a long period of very high values in the second half of 2018 and during most of 2019. After a return to lower values, this ratio showed a new increasing trend toward the end of 2020. As for the SO2 flux, the SO2/HCl ratio was moderately higher during the two sequences of strong paroxysmal events that occurred at the Central Crater in December 2015 and in May 2016. The longer-lived increase observed just before the December 2018 flank eruption indicated the arrival of relatively large amounts of magma from deeper portions of Etna’s feeding system. Differently from the SO2 flux signal, low-pass filtering of SO2/HCl ratios (Figure 5e) showed more or less the same results as the band-stop filtering of the same signal, just enhancing the long-term trends. In fact, four long periods of higher values were clearly observed: (i) during the 2008–2009 flank eruption; (ii) during the paroxysmal sequences of 2011–2013; (iii) before the sequence of summit eruptions of 2015–2017 and (iv) before the December 2018 eruption. Conversely, periods of markedly low values were observed during or right after each of the above periods. The alternation of high and low ratio values, in this exact sequence, would nicely reflect the progressive upward migration of deep magma batches, each one releasing the deeper gas (i.e., SO2) first and then the shallow gas (i.e., HCl) when moving close to the surface, just before or during their eruption. This could be explained taking into consideration the different nature of SO2/HCl and SO2 flux signals: evidently, when the flux of SO2 from the craters was stable and the SO2/HCl ratio decreased, it indicated a higher proportion of HCl relative to SO2, according to a more efficient mechanism of degassing in the shallow portion of the plumbing system of the volcano [17].



As regards the SGDI values, both types of filtered SGDI signal (Figure 4e and Figure 5e) showed the largest anomalies between 2009 and 2014 and only a very minor one in the second half of 2015. In detail, the band-stop filtered SGDI values showed large fluctuations of the signal during the period 2009–2014. The highest peaks were observed in late 2009, then in the second half of 2010 and lastly in early 2011. Other significant peaks were observed in late 2011, late 2012 and late 2013. A minor anomaly was then observed in late 2015 and early 2016. All of the above anomalous changes until 2013 seem to have preceded the opening of the NSEC and the main phases of its paroxysmal activity, until 2014. The anomalies in 2015 seem to have preceded the sequence of paroxysmal eruptions at the Central Crater in late 2015 (and possibly also those of mid-2016). Lastly, it is worth noting that the amplitude of background SGDI signal oscillation before 2009 was markedly larger than that after 2015. This seems associated with the activity of the late SEC, which ended in May 2008, and with the 2008–2009 flank eruption. Similar indications can be obtained from the low-pass filtered SGDI signal (Figure 5e). The highest values were observed, again, between 2009 and 2013. Two main periods of high values were highlighted: the most intense one from 2009 to 2011 and a lesser one from 2012 to 2013. Only a very small further anomaly was then observed in 2015. Once again, the background values before 2009 were significantly higher than those after 2013, likely due to the input of gas from a relatively deeper source of magma, whose degassing occurred on a large scale both through the main conduits of the volcano and through faults on its flanks. Similar behaviors were already observed at Mt. Etna several times in the past few decades [18,21,57]. Because this parameter is a proxy of pressure increases and fluctuations in the feeder system of Mt. Etna [19], its variations seem to mark magma arrival and release during the final stages of eruptive activity at the SEC and then the pressure build-up associated with the formation of a new magma reservoir that eventually fed the activity of the NSEC until 2014. The subsequent release of pressure in this new reservoir since 2011 is explained with its progressive emptying due to the start of the long sequence of paroxysmal eruptions at the NSEC that ended in December 2013. A new, though less intense, moment of pressure build-up occurred in late 2012, during a pause in the eruptions at the NSEC. After 2013, only mild sub-terminal effusive eruptions occurred in 2014. These latter seemingly completed the emptying of the NSEC reservoir, which later was no longer pervaded by magma. According to the above interpretation of the SGDI signal, the eruptive activity at Etna after 2014 was fed by magma that either did not reside into the shallowest portion of the volcano feeder system for so long or whose volume was not so large as to produce marked soil gas anomalies at the surface. In this sense, the weak anomaly from early 2015 to early 2016 is a partial exception.



In large part, the above interpretations of the geochemical data are confirmed by comparison between all filtered gas signals and other signals obtained from the INGV-OE monitoring network. In particular, we considered: (a) volcanological data on the eruptive events that occurred during the studied period, divided into flank eruptions (i.e., those occurring from well-developed eruptive fissures located at lower elevation than the summit craters and independently fed), paroxysmal summit eruptions (short-lived, with lava fountains and often lava flow emission directly spilling over the summit craters or emitted from fissures opening on the flanks of the summit cones) and milder summit eruptions (long-standing, often and gentle lava effusion from fissures generally opening at the foot of the summit cones); (b) areal dilatation data acquired from the EDM (Electro-optical Distance Measurement) network on the western flank of Mt. Etna until 2007, later combined with dilatation data from the CGPS (Continuous Global Positioning System) EMEG-EMGL baseline on the same flank of the volcano from 2007 to 2018 [38]; (c) cumulative seismic strain release from earthquakes that occurred in the volcano area [39]. In general, the largest anomalies in our filtered degassing signals, both considering the band-stop filtered and the low-pass filtered data, were well correlated with periods of increased seismicity and ground deformation and were followed by increased eruptive activity, mostly in terms of summit or flank eruptions (Figure 4 and 5). The correlations found among all signals considered, both geochemical and geophysical, helped us develop a comprehensive dynamic degassing model of Mt. Etna during the monitored period, as described in the next section.




5. Degassing Model


The main points that arise from the correlation between all signals considered are listed below and are graphically condensed in the dynamic model of Figure 6:




	(a)

	
The situation before 2009 is compatible with the emptying of a shallow magma reservoir that was feeding the 2008–2009 flank eruption. Emptying of this reservoir caused the high SO2/HCl and moderate crater SO2 flux with no significant flank degassing because magma was already depleted in the deep gases;




	(b)

	
The situation during the period 2009–2014 indicated the formation of a deep (about 4–5 km bsl) magma reservoir that eventually fed the activity of the newborn NSEC. This led to marked flank degassing of deep origin and moderate plume bulk degassing.




	(c)

	
The situation from about 2015 to 2020 suggested magma migration to shallow levels (1–2 km bsl) of the volcano plumbing system with sustained crater plume bulk degassing and negligible flank emissions of soil gases. This period culminated with the 2018 flank eruption.









According to the above model, the end of the sequence of paroxysmal eruption at NSEC in 2013 and the beginning of the long-standing and slow effusions of lava flow accompanied by mild strombolian activity in 2015 at the Central Crater would mark the complete emptying of the NSEC magma reservoir. Therefore, the following activity of Mt. Etna indicates a deep change in the dynamics of this volcano with the end of the predominant role of the SEC-NSEC in driving summit eruptions and the beginning of a new phase characterized by eruptions mostly at the Central Crater.
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Figure 6. Schematic dynamic model that explains the behavior of crater and flank degassing at Mt. Etna associated with volcanic activity and ground deformation during the study period. (a) Situation as envisaged before 2009; (b) situation during the period 2009–2014; (c) situation from about 2015 to 2020. See text for details. Large red arrows indicate the main pathways of magma motion inside the volcano; small red arrows with black head indicate gas overpressure (i.e., sources of inflation) in magma reservoirs. 
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6. Conclusions


The combined monitoring of crater gas emissions, both in terms of their fluxes and of the molar ratios of gas species having different depth of exsolution, is highly effective in describing the dynamics of magma in the main feeding conduits of Mt. Etna. Adding a physico-chemical parameter measured from distal emissions from the volcano flanks, such as the SGDI, allows to better constrain the gas pressure conditions within a volcanic system and to observe pressure changes related with the motion of new magma (and its velocity of migration) toward the surface. If this holds true, then the monitoring site P78 assumes a great importance in the detection of gas pressure anomalies related with storage of fresh magma into relatively shallow reservoirs that in some ways form inside faults that are connected with the structural systems of the east flank of Mt. Etna.



A higher frequency of acquisition of all considered parameters would greatly improve the amount of information to be obtained, also allowing for a more efficient filtering of the acquired signals.
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Figure 1. Schematic map of Mt. Etna with the location of the SGDI measurement site (P78) and the location of the SO2 flux fixed monitoring stations belonging to the FLAME network set by INGV-OE (blue circles; a network of scanning ultraviolet spectrometers), the location where open-path Fourier transform infrared (OP-FTIR) spectrometry samplings were routinely carried out (green area). 
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Figure 2. Temporal patterns of gas emissions (raw data) from Mt. Etna from 1 January 2006 to 31 December 2020: (a) Daily averages of crater SO2 flux (t/d); (b) SO2/HCl ratio in the crater plume (dimensionless units); (c) SGDI values (dimensionless units). 
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Figure 3. Spectrograms of (a) interpolated daily averages of crater SO2 flux; (b) interpolated SO2/HCl ratios in the crater plume; and (c) SGDI values. The main cycles in the frequency domains are highlighted with numbered squares (see text for details). 
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Figure 4. Temporal patterns of band-stop filtered data (i.e., after removing the main periodic signal oscillations) of gas emissions from Mt. Etna from 1 January 2006 to 31 December 2020, correlated with other relevant volcanological, geophysical and seismic parameters: (a) eruptive activity of Mt. Etna during the studied period, divided by type: flank eruptions (magenta symbols); paroxysms with lava fountains (red symbols); summit eruptions with strombolian activity and/or lava effusions (orange symbols); (b) areal dilatation data (in ppm) acquired from the EDM (Electro-optical Distance Measurement) network on the western flank of Mt. Etna until 2007, combined with dilatation data from the CGPS (Continuous Global Positioning System) EMEG-EMGL baseline on the same flank of the volcano from 2007 to 2018 (redrawn from [38]), where period A marks the inflation linked to magma accumulation before and during the 2008–2009 flank eruption, period B marks the inflation linked to magma arrival before and during the 2011–2015 eruptions of NSEC and VOR, and period C marks the inflation that preceded the 24–27 December 2018 flank eruption and associated seismic phenomena; (c) cumulative seismic strain release (in J1/2) occurred at Mt. Etna from 2006 to 2019 (redrawn from [39]); (d) filtered crater SO2 flux values (t/d); (e) filtered SO2/HCl ratios in the crater plume (dimensionless units); (f) filtered SGDI values (dimensionless units). 
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Figure 5. Temporal patterns of low-pass filtered data (after calculating centered 366-day moving averages) of gas emissions from Mt. Etna from 1 January 2006 to 31 December 2020, correlated with other relevant volcanological, geophysical and seismic parameters: (a) eruptive activity of Mt. Etna during the studied period, divided by type: flank eruptions (magenta symbols); paroxysms with lava fountains (red symbols); summit eruptions with strombolian activity and/or lava effusions (orange symbols); (b) areal dilatation data (in ppm) acquired from the EDM (Electro-optical Distance Measurement) network on the western flank of Mt. Etna until 2007, combined with dilatation data from the CGPS (Continuous Global Positioning System) EMEG-EMGL baseline on the same flank of the volcano from 2007 to 2018 (redrawn from [38]), where period A marks the inflation linked to magma accumulation before and during the 2008–2009 flank eruption, period B marks the inflation linked to magma arrival before and during the 2011–2015 eruptions of NSEC and VOR, and period C marks the inflation that preceded the 24–27 December 2018 flank eruption and associated seismic phenomena; (c) cumulative seismic strain release (in J1/2) occurred at Mt. Etna from 2006 to 2019 (redrawn from [39]); (d) filtered crater SO2 flux values (t/d); (e) filtered SO2/HCl ratios in the crater plume (dimensionless units); (f) filtered SGDI values (dimensionless units). 
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Table 1. Values of daily averages of crater SO2 flux (in t/d) measured from the FLAME monitoring network of INGV-OE at Mt. Etna, of SO2/HCl ratio (in dimensionless units) measured periodically with the FTIR technique and of SGDI (in dimensionless units) measured at site P78 during the study period.
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	SO2 Flux

(t/d)
	SO2/HCl

(Molar Ratio)
	SGDI

(d.u.)





	Min
	172.7
	1.5
	1.2



	Max
	20,528.1
	7.4
	96,419.4



	Mean
	2700.8
	3.1
	5706.0



	Stand. Dev.
	1714.0
	1.0
	12,221.7



	Median
	2333.7
	2.8
	1256.4



	Skewness
	2.2
	0.8
	4.4
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