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Abstract 

Modelling and understanding groundwater fluctuations is a challenging task, especially in 

volcanic areas where geodynamic events constantly alter the equilibrium of the system. In this 

study, the piezometric fluctuations of the Etnean aquifer between 2003 and 2019 were 

modelled employing the Rainfall Infiltration Breakthrough (RIB) approach. The results 

revealed remarkable agreements between observed and modelled time series, with errors 

comprised between 0.04 and 2.69 m, and correlation coefficients ranging from 0.77 to 0.93. 

After identifying a significant agreement between modelled and observed groundwater levels 

and, assuming that the aquifer is controlled exclusively by meteorological factors – with the 

RIB models reflecting the undisturbed aquifer conditions – the modelled groundwater levels 

were subtracted from the observed time series to identify non-meteorologically induced 

fluctuations. Due to low resolution and gaps in the time series, this investigation was only 

applied to the 2003-2007 period. The residual time series revealed significant fluctuations 

detected up to ~4 months before the flank eruption of September 7th, 2004, and ~1 month prior 

to the phreatomagmatic explosion of January 12th, 2006. These variations mainly occurred on 

the southeast flank of the volcano and were consistent with the alteration of geochemical 

parameters previously investigated by other authors. These fluctuations were suggested to be 

triggered by the pressurisation of the system caused by the migration of magma and/or by the 

increased local strain increasing the permeability of the ground, supporting the mixing of water 

between aquifers. After assessing the effect of volcanic dynamics on the piezometric 

equilibrium, a mutual interaction between groundwater and geological structures was 

hypothesised. PSInSAR deformation time series were compared both to filtered and unfiltered 

groundwater levels, to identify potential associations between the two variables. Significant 

correlations were observed between unfiltered groundwater trends and deformation time series 

for the southern sector of the volcano, whilst no associations were identified for the northern 

flanks. These findings suggest that fluctuation of the water table might play a major role in 

deformation dynamics, despite their physical mechanisms remaining unclear. In contrast, 

residual groundwaters and deformation time series revealed spatially and temporally 

inconsistent associations, and it was not possible to identify a link between the two variables.  

This work highlights how groundwater variations might offer, from months in advance, 

evidence of alterations to the geodynamic equilibrium of the Etnean region, providing evidence 

of the importance of groundwater monitoring and providing suggestions for future research. 

 

Keywords: Etna, Groundwater levels, Groundwater Modelling, Volcanic Eruptions, PSInSAR 
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1. Introduction 
 

Mount Etna is the most active volcano in Europe and among the most active worldwide 

(Carlino et al. 2019). Etnean volcanism represents a potential hazard (Figure 1) for the people 

living in the city of Catania, and for those populating the towns and villages along its slopes, 

for a total of about 900,000 inhabitants (Giammanco et al. 2018). Over the last 400 years, 

several eruptions threatened cities and villages along the slope of the volcano, resulting in 

substantial social and economic losses (Del Negro et al. 2013a).  The most destructive eruption 

in the last 400 years occurred in 1669, when 1 km3 of lava erupted over a period of four months, 

partially reached the city of Catania, destroying several towns and villages along its path 

(Behncke et al. 2005). During the last century, several eruptions threatened inhabited areas, 

destroyed agricultural fields, and caused widespread damage and disruption. In 1928 the town 

of Mascali was inundated and quasi-completely destroyed by lava flows, whilst in 1979, 1981 

and 1992 lava flows threatened the towns of Fornazzo, Randazzo and Zafferana Etnea, 

respectively (Del Negro et al. 2013a). In recent years, the flank eruptions of 2001 and 2002–

2003 have largely destroyed the tourist ski resorts, amenities, and facilities located both on the 

north and south sectors of the volcano, causing severe economic losses for the local 

communities (Del Negro et al. 2013b).  

In the last 150 years, the population exposed to volcanic hazards in the Etnean region has 

almost tripled, mostly due to poor volcanic hazard management and inappropriate use of land 

in vulnerable areas (Harris et al. 2011). The risk for the population is further exacerbated by 

the high seismicity experienced by the region, which develops in a highly dynamic geological 

setting, governed by important regional and local tectonic systems (Alparone et al. 2013).  

Considering the distribution and density of the urbanised areas located along the slopes of the 

volcano, as well as the sociodemographic factors, exposure to volcanic and seismic hazards for 

people residing within the Etnean region can hardly be reduced, at least for the foreseeable 

future. On the other hand, early evidence of volcanic onset can drastically mitigate and reduce 

the risk, allowing competent bodies and authorities to act timely and effectively. 
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Figure 1 Probability of inundation based on 28,908 simulations of lava flow paths from 4,818 potential different 

vents on Mount Etna. Colours represent the probability of inundation from a flank eruption in the next 50 years. 

Summit craters activity is investigated separately. Bottom left box shows the study area. Modified after Del Negro 

et al. (2013a). 

 

The monitoring of the volcanic system falls within the competence of the National Institute of 

Geophysics and Volcanology-Etneo Observatory (INGV–OE) and its affiliated departments 

(Appendix 1), together boasting of a dense multiparametric monitoring system. The wealth of 
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INGV's monitoring network (Giammanco et al. 2018), aided worldwide scientists and 

researchers to better understand the origin of the Etnean volcanism and its dynamics, 

supporting the design of multidisciplinary physical and numerical models that attempt to 

explain its behaviour (i.e., Calvari et al. 2011, Patanè et al. 2013, Bonaccorso et al. 2014, 

Falsaperla et al. 2014, Mattia et al. 2015, De Gori et al. 2021). Identification of early signs of 

volcanic unrest is one of the main goals of the volcanological community (Poland and 

Anderson 2020). In this regard, several scholars presented significant pieces of evidence 

suggesting how monitoring of physical and geochemical parameters in volcanic aquifers and 

hydrothermal systems can provide, from days to months in advance, crucial indications of 

impending eruptions (Shibata and Akita 2001, Albano et al. 2002, Galli et al. 2003, Koizumi 

et al. 2016, Federico et al. 2017, Strehlow et al. 2015 and 2017, Giammanco et al. 2018, 

Barbieri et al. 2021). Yet, despite the comprehensive multiparametric network, in the Etnean 

area, the groundwater monitoring system is still far from efficient and current monitoring is 

performed discretely, mainly using manual instrumentation (i.e., dipmeters, portable gas 

readers) (Aveni 2020). Lack of continuous long-term datasets is one of the major issues in 

evaluating the quantitative status of the aquifer, its response to primary feeding sources (i.e., 

meteoric precipitation), effective recharge, and in turn its potential response to volcanic events, 

or geodetic motions, as clearly reported by Borzì et al. (2020a) and Aveni and Blackett (2021). 

Yet, the geodynamic and geostructural setting of the Etnean region makes this area an ideal 

case study to assess the relationship between hydrogeological and volcanic systems (Aveni 

2020). The volcanic edifice is mainly shaped by the alternate superimpositions of lava flows 

and pyroclastic deposits, emplaced over an impermeable sedimentary layer, resulting in the 

largest groundwater reservoir of the whole Sicily Region (Borzì et al. 2020b). Continuous 

volcanic and seismic events alter the equilibrium of the area, causing alternate cycles of 

inflation and deflation, opening intricate fracture systems, reshaping fluid pathways, in turn 

affecting groundwater levels and geochemistry (Bonfanti et al. 1996, Quattrocchi et al. 2000, 

Galli et al. 2003, Bellia et al. 2015, Mattia et al. 2015, Federico et al. 2017, Giammanco et al. 

2018, Aveni 2020, Aveni and Blackett 2021). 

Recent studies (i.e., Aveni 2020, and Aveni and Blackett 2021), attempted to evaluate the 

response of the Etnean aquifer to volcanic dynamics, highlighting intriguing water level 

variations pre- and syn- volcanic eruptions. These studies also suggested that relationships 

between groundwater fluctuations and volcanic-induced ground deformations have been 

observed throughout the investigated periods. Additionally, these authors claimed that 
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optimisation of the meteoric contribution removal from groundwater levels was yet to be 

obtained, and that further studies would be required to establish whether these anomalies were 

entirely of volcanic origin or induced by meteoric artefacts. Confirmation of these claims could 

provide revolutionary insights on eruptive dynamics at Mount Etna, laying the foundation for 

future, more comprehensive, investigations. 

To expand on the current body of knowledge of the hydrogeological processes affecting the 

Etnean aquifer, building on, and improving methods and approaches employed in Aveni 

(2020), this study exploits observed and remotely sensed data, combined with enhanced 

physical models to establish groundwater recharge, investigate the response of the Etnean 

aquifer to volcanic events, and evaluate potential correlations between ground motions and 

groundwater levels.  

 

1.1. Geological Setting 
 

Mount Etna is the highest and most active volcano in Europe (3,357 ± 3 m a.s.l.) (INGV 2021), 

sited on the eastern coast of Sicily, Italy (Lat. 37°30′ to 37°55′ North – Long. 14°47′ to 15°15′ 

East). The volcano extends over an area of about 1,200 km2 (Alparone et al. 2013) and started 

to form about 500,000 years ago from the collision between the African Plate and the European 

continental block (Federico et al. 2017). Etna is persistently active, and in the past 5,000 years 

heightened its profile through the alternate superimposition of lava flows and pyroclastic 

deposits, amassed over a thick clay-impermeable sedimentary substratum (Branca and Ferrara 

2013). The geology is mainly basaltic; however, the stratigraphic configuration varies with 

depth due to the heterogeneous thickness of the emplaced flows and pyroclastic deposits, and 

the degree of fracturing related to the presence of fault lines (Díaz-Moreno et al. 2017). The 

volcanic pile develops in a geodynamic context dominated by the tensional faults that traverse 

the continental crust (Alparone et al. 2013) (Figure 2). The volcanic products are mainly alkali 

basalts and hawaiites (trachybasalts) with a relatively constant composition (Casetta et al. 

2019, Corsaro and Métrich 2016, Miller et al. 2017). At present, the volcanic activity is 

characterised by recurrent summit and flank eruptions (Del Negro et al. 2013a) accompanied 

by a quasi-continuous emission of magmatic volatiles from the summit craters (Moretti et al. 

2018). 
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Figure 2 Mount Etna’s geodynamic context. (a) Major regional structures. (b) Local fault line systems and 

geology. Modified after Barreca et al. (2018). 

 

1.2. Hydrogeological Setting 
 

For most of its extent, the geology of Mount Etna can be described as fissured highly permeable 

igneous rock interbedded with discontinuous strata of low permeability pyroclastic and 

epiclastic deposits (Branca and Ferrara 2013, Federico et al. 2017). The volcanic pile can be 

considered highly porous, with an effective porosity comprised between 9 to 14% (Budetta et 

al. 1999). The permeability of Etna’s volcanites range between 2.5 × 10-7 to 2.9 × 10-6 cm2 

(Bellia et al. 2015) with an average hydraulic conductivity of 2.4 × 10-4 m/s (Ferrara and 

Pappalardo 2008). In contrast, the impermeable sedimentary basin of the volcanic edifice has 

a permeability ranging from 10−7 to 10−13 cm2 (Ferrara 1975, Schilirò 1988). The permeability 

of the Etnean substratum is continuously modified by alteration of the physical properties of 

the rocks as a result of opening or closing of fractures in response to stress-field changes and 

chemical alterations (Ferrara 2012), increasing and obstructing the circulation of fluids (Jasim 

et al. 2018).  
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A rainfall infiltration coefficient of 75% and runoff of approximately 5% (Ferrara 1975, Aiuppa 

et al. 2003, Federico et al. 2017), originate a volcanic groundwater reservoir with about 7 × 

108 m3 of water available annually (Ferrara 1975). The residence time of subsurface water in 

the system, as deduced from the Tritium (3H) content on both groundwater and rainfall samples 

(D'Alessandro et al. 2001) together with the estimated Darcy's velocity (Ferrara 1975), is 

estimated to range from a few years to decades (Paonita et al. 2016). In contrast, the saline 

water circulation that occurs in the lower southwest flank has a residence time in the system 

>50 years (Aiuppa et al. 2003, Paonita et al. 2016, Federico et al. 2017). Groundwaters do not 

reach considerable depths, mostly due to the impermeable basin, and settle at temperatures 

lower than 25 °C (Aiuppa et al. 2003). The unconfined aquifer of Mount Etna is predominantly 

fed by meteoric precipitation (Federico et al. 2017) which infiltrates at high altitudes exploiting 

the unsaturated sediments, where, following a radial pattern, they migrate downwards toward 

the basin of the volcano (Bellia et al. 2015). The pluviometric records reach two maxima 

periods, from November to January and from May to June, respectively (Giammanco et al. 

2018). Underground fluid dynamics and pathways are largely influenced by the topography of 

the volcano and its basin (Federico et al. 2017). Additionally, the heterogenous permeability 

across the volcanic structure (Ferrara 2012) – largely dictated by the degree of fracturing of the 

local geology and its characteristics (i.e., size, roughness, geometry, etc. (Lamur et al. 2017) 

and the volcano-tectonic dynamics (Ferrara 2012) – plays a major role in groundwater 

circulation, particularly when fluid flow mainly occurs along channels and fractures of high 

permeability (Jasim et al. 2018), as in the investigated region (Federico et al. 2017).  

At 1,300 m a.s.l. the basement of Mount Etna reaches its maximum elevation, a few kilometres 

northeast of the terrestrial summit, with a dipping trend heading southeast (Figure 3) (Branca 

and Ferrara 2013). This geological setting encourages the outflow and accumulation of 

infiltrated fluids in the south and east sectors of the structure (Branca and Ferrara 2013). Mount 

Etna can be divided into three main basins, delimitated by hydrogeological features where 

waters outflow (1) feeding the Alcantara river to the north, (2) the Simeto river to the southeast 

and (3) discharging into the Ionian Sea, in the east sector (Bellia et al. 2015, Federico et al. 

2017, Giammanco et al. 2018) (Figure 3). 
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Figure 3 Left) Hydrogeological basins within Mt. Etna, simplified watersheds, and groundwater drainage 

patterns (modified after Bellia et al. 2015), superimposed on the topographic representation of the sedimentary 

basement overlaid on the DEM of Etna (adopted from Branca and Ferrara 2013). Top right) Surface elevation, 

with contour lines at 500 m intervals derived from 10 m resolution Digital Elevation Model (DEM).  
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2. Literature Review 
 

2.1. Introduction 
 

The relationship between groundwater level fluctuations and volcanic eruptions and/or 

superficial ground deformations is a widely debated phenomenon, as it can provide early 

evidence of volcanic onset (Koizumi et al. 2016). The rationale behind their interaction is based 

on the principle that the onset of volcanic activity commonly generates crustal deformation, 

altering the strain and stress fields around the volcanic systems, disturbing the pore pressure 

equilibrium of the aquifers and, in turn, resulting in groundwater fluctuations (Koizumi et al. 

1999 and 2004, Strehlow et al. 2014) (Figure 4). Recent studies however (Farquharson and 

Amelung 2020, Manga 2020, Scafetta and Mazzarella 2021) have reinvigorated the scientific 

debate, reversely claiming that groundwater fluctuations and ground deformation may be the 

primary source leading to volcanic eruptions. These authors suggested that perturbation in pore 

pressure at depth can induce mechanical failures in the vicinity of magma chambers or dykes, 

in turn triggering intrusions and/or eruptions (for a comprehensive review see Jasim et al. 2018, 

Caricchi et al. 2021 and Acocella 2021), and as such, further investigations are required. 

Nevertheless, in both scenarios the ground deformation and the associated variations in 

groundwater levels are potentially detectable before volcanic eruptions or volcano related 

seismic activity (e.g., Okada et al. 2000, Newhall et al. 2001, Sparks 2003, Koizumi et al. 

2004, Hautmann et al. 2010, and references therein) and, as suggested by Koizumi et al. (2016) 

and Strehlow et al. (2015 and 2020), investigation and interpretation of these parameters can 

provide early evidence of impending volcanic events.  

 

Figure 4 Schematic representation of groundwater response to alteration in strain and stress fields. (a) 

equilibrium conditions. (b) volcanic-induced deformation (i.e., dyke intrusion) compress the granular matrix, 

pressurise the fluids, and result both in crustal deformation and groundwater fluctuations (Newhall et al. 2001). 

(c) volcanic-induced deformation compresses the granular matrix, causing ground deformation and 
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pressurisation of the fluids. Pressurised fluids exceed the strength of the rocks, opening fractures where water 

dissipates at depth (Galli et al. 2003, Capasso et al. 2014). 

 

Worldwide quantitative investigations of groundwater behaviour in relation to volcanic activity 

have revealed that the most common precursory phenomena are variations of the yield and 

discharge of springs and rivers (Cronan et al. 1997, Newhall et al. 2001, Hemmings et al. 2015, 

Federico et al. 2017, Jasim et al. 2018, Giammanco et al. 2018, Johnson et al. 2018), and 

anomalous fluctuations of the groundwater table (Watanabe 1983, Kurokawa 1990, Notsu et 

al. 1991, Tanguy 1994, Koizumi et al. 1999, Yokoyama and Seino 2000, Quattrocchi et al. 

2000, Akita et al. 2000, Shibata and Akita 2001, Newhall et al. 2001, Matsumoto et al. 2002, 

Albano et al. 2002, Galli et al. 2003, Hurwitz and Johnston 2003, Revil et al. 2004, Strehlow 

et al. 2014, Mattia et al. 2015, Ingebritsen et al. 2015 and 2020, Koizumi et al. 2016, Federico 

et al. 2017, Aveni and Blackett 2021). In addition, several authors have investigated the 

qualitative geochemical composition of groundwaters prior to and/or during volcanic events, 

reporting numerous precursory evidence (i.e., Barbieri et al. 2021 and Ono et al. 2020, and 

reference therein; for a comprehensive review see Jasim et al. 2018). Despite these studies not 

investigating quantitative variations in piezometric levels, as suggested by Aveni (2020), it 

seems reasonable to hypothesise that alterations of geochemical parameters may also be linked 

to fluctuations of the water table, as previously observed in numerous case studies worldwide 

(i.e., Shibata and Akita 2001, Hurwitz et al. 2003, Mellors et al. 2007, Koizumi et al. 2016). 

Several hypotheses have been proposed to explain these variations, including alteration of the 

aquifer permeability (Albano et al. 2002, Hosono et al. 2019), adjustments in static (Petitta et 

al. 2018) and/or dynamic (Mellors et al. 2007) stress and strain, compaction or liquefaction of 

saturated sedimentary soils (Wayne and Doehring 2006), alteration of geothermal reservoirs 

(Mellors et al. 2007), opening of deep fractures in the aquifers (Galli et al. 2003, Federico et 

al. 2017), interaction and exchange of fluids between aquifers placed at different levels 

(Giammanco et al. 2018), water released by the pores and introduced into the systems (Mellors 

et al. 2007), evaporation induced by the interaction between groundwater and hot volcanic 

gasses and/or magmatic bodies (Albano et al. 2002), and rapid alteration of the aquifer 

equilibrium induced by the intrusion of magmatic dykes (Shibata and Akita 2001, Sparks 

2003). Yet, mainly due to the geological and geodynamical heterogeneity of the investigated 

areas and events, many scholars have reported how the spatial and temporal resolution of these 

associations, as well as intensity and recurrence, varies from site to site, further exacerbating 
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the already-complex task of interpreting these parameters. Despite the significant scientific 

commitment, the dynamic forces leading to these anomalies remain unclear (Wang et al. 2019) 

and, as suggested by Biagi et al. (2001), ad hoc studies should be conducted for different 

locations, taking into consideration local factors potentially affecting groundwater levels, such 

as meteorological, atmospheric and environmental components.  

 

2.2. Groundwater response to volcanic dynamics in the Etnean region  
 

On the Etnean region, several studies have investigated the groundwater response in relation 

to volcanic eruptions and/or volcano-related seismic activity. Bonfanti et al. (1996) showed 

how a significant rise in groundwater temperatures was detected in wells and springs along the 

east and south-west sector of the volcanic pile prior to the 1991–1993 volcanic crisis. The 

authors suggested that these anomalies were caused by the rise of hot volcanic gasses escaping 

the migrating magma, transferring energy from the magmatic body to the aquifer. Quattrocchi 

et al. (2000), analysing the data collected from the now-dismissed Geochemical Monitoring 

System (GMS–2), discovered numerous anomalies in the Etnean subsurface waters 

anticipating and accompanying the 1998–1999 seismic-volcanic crisis, identifying fluctuations 

in temperatures, pH, CO2 and electrical conductivity. Federico et al. (2017), investigating the 

Etnean groundwater behaviour between 2005 and 2015, emphasised how quantitative and 

qualitative fluctuations of groundwater parameters were associated with the dynamics of the 

volcano and its activity. According to the authors, these fluctuations have been detected from 

days to months before volcanic activity and volcanic-induced seismic events and were caused 

by the alteration of strain and stress equilibriums around the entire volcanic edifice disturbing 

the stability of the system and altering groundwater pathways, facilitating the exchange of 

fluids between different groundwater bodies. Similarly, Giammanco et al. (2018) identified 

several geochemical anomalies during 2000–2006, reporting how alterations of the monitored 

parameters were detected from days to months ahead of volcanic activity onset. As in Federico 

et al. (2017), they suggested that stress induced opening of fractures allowing mixing between 

groundwaters, was amongst the most reasonable causes behind these anomalies, triggered by 

the progressive pressurisation of the volcanic system induced by the ascent of fresh magma. 

Corroborating what was suggested by Aveni (2020) (see Chapter 2.1), qualitative anomalies 

discussed in Giammanco et al. (2018), were accompanied by quantitative and anomalous 

fluctuations of the Etnean groundwater levels, as reported by Galli et al. (2003). As part of the 
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Automatic Geochemical Monitoring of Volcanoes project (CEC-DGXII-Contract no. ENV4-

CT96-0289), Galli et al. (2003) recorded and presented evident groundwater level variations 

detected in a monitoring well located on the southern slope of the volcanic edifice, preceding 

the 2001–2002 seismic-volcanic crisis and matching the timeframe of the anomalies presented 

in Giammanco et al. (2018). A rise of 2 meters and an increase of 2 °C in the groundwater were 

recorded on the 15th of September 2002, followed by the first significant earthquake that 

occurred on the 22nd of September 2002 (ML 3.7). This, according to Galli et al. (2003), was 

associated with a strong compressive process affecting the aquifer. After an early rise, the water 

level decreased, revealing relative increases only during the seismic crises of 27th and 29th 

October 2002. This decline was suggested to be the result of the inflation of the southern sector 

of the volcano and/or the opening of fractures increasing the permeability of the confining 

rocks, in turn facilitating the dispersion of water at depth. Despite the significance of their 

finding, for unspecified reasons, the project was abandoned, and the data collected during that 

period are not available (Giammanco, S. (2020), personal communication). Aveni (2020) and 

Aveni and Blackett (2021) reinvigorated this topic and, after removing the effect of meteoric 

contribution from the investigated groundwater levels, examined the response of the 

piezometric surface in relation to the seismo-volcanic events that occurred at Mount Etna 

between the 2003 and 2007. They suggested that significant groundwater levels variations were 

detected in the proximity of eruptive episodes, especially in the southern sector of the volcano, 

and were consistent with the variation of other parameters such as ground deformation and 

increased SO2 emissions from the summit craters, being also comparable, both in time and 

scale, with the groundwater level variations preceding the 2001–2002 seismic-volcanic crisis, 

observed by Galli et al. (2003). These observations, however, were only based on information 

available in the literature and visual interpretations, and no studies were conducted to validate 

these claims. Nonetheless, in Aveni (2020), a high-resolution groundwater time series (3-hour 

acquisition frequency - unpublished data) for the 2018-2019 period was introduced (Appendix 

2). This time series, obtained from a well located on the SE sector of the volcanic edifice, 

depicted the groundwater response to the superficial (~0 km), volcanic-induced (Mattia et al. 

2020), ML 4.9 earthquake (also known as Fleri Earthquake), occurred on the 26th of December 

2018 (cnt.rm.ingv.it/en/event/21285011). The groundwater data revealed significant co-

seismic variations both in temperature and level, however, of most interest are the anomalous 

fluctuations registered prior to the flank eruption begun on the 24th of December 2018. These 

fluctuations were temporally correlated with the groundwater anomalies registered at another 

well located in the east sector of the volcano (Longo, M. (2021), personal communication), as 

http://cnt.rm.ingv.it/en/event/21285011
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shown in the dataset published by Morici et al. (2020). Early interpretation of these time series 

suggests that these anomalies may have been induced by the intrusion of the magmatic dyke 

feeding the flank eruption (Bonforte et al. 2019), resulting in alteration of the stress and strain 

equilibrium of the area (Longo, M. (2021), personal communication).  

 

2.3. The relationship between groundwater variations, surface deformations, 

and volcanic dynamics worldwide 
 

The intriguing correlation highlighted by Aveni and Blackett (2021) between ground 

deformation and groundwater fluctuations preceding the volcanic events at Mount Etna, is not 

a novelty if contextualised from a global perspective. Indeed, the interaction between ground 

motion, groundwater levels, and volcanic dynamics have long been investigated by several 

scholars. Albano et al. (2002) showed how water level changes in the unconfined volcanic 

aquifer of Miyake-jima, Japan, were consistent with volcanic-induced uplift and subsidence of 

the ground surface, detected during the 2000 volcanic events. Strehlow et al. 2017, developed 

numerical models to simulate crustal deformation induced by volcanic strain sources and 

investigated the dynamic response of the aquifer. They applied their model at Usu volcano, 

Japan, in 2000, investigating the groundwater level response in relation to the volcanic events 

that occurred during the investigated period. They found that pre-eruptive water level variations 

were produced both by the pressurization of the magmatic chamber and alteration of the 

hydrothermal system equilibrium, resulting in superficial deformations detectable before the 

beginning of the eruption. Aoyama and Oshima (2015) investigated the volcanic dynamics 

before and during the 2008 phreatic eruption at Meakan-dake volcano, eastern Hokkaido, 

Japan, modelling the effect of a dyke intrusion to the volcanic system. They discovered that 

ground deformation and anomalous groundwater levels behaviour, previously highlighted by 

Ishimaru et al. (2009), were consistent with the direction of the magmatic intrusion, suggesting 

that hydrogeological parameters coupled with deformation observations should be considered 

important preparatory signs of volcanic eruptions, at least at Meakan-dake volcano. Ji and 

Herring (2012), developing a projection method, investigated the surface response in relation 

to water level changes, suggesting that interpretation of the relationship between these 

parameters could be used to monitor in real-time hydrologic and volcanic hazards. Strehlow et 

al. (2020), using numerical models, investigated the water level changes in the Belham valley 

in Montserrat between 2004 and 2006, identifying recurrent correlations between the 

fluctuation of the piezometric head and the volcanic-related deformation dynamics occurring 
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at the surface, emphasising how water level monitoring should be further integrated into 

multidisciplinary models to understand driving mechanisms behind volcanic eruptions, 

demonstrating the potential of hydrological data for volcano monitoring.  

On the other hand, for the Etnean region, only a few studies mentioned the relationship between 

ground deformation and groundwater levels, and most of the claims (presumably due to 

scarcity of data) were founded on speculation and/or empirical conjecture. Mattia et al. (2015), 

investigating the slow slip events on Mt. Etna’s eastern flank, identified a significant 

correlation between groundwater behaviour and crustal strain variation. They suggested that 

alteration of fluid pathways promoted by variation of strain likely encourages the transfer of 

water between basins, in turn reflecting at the ground surface; analogously, they suggested that 

deformation and fault movement can reversely control fluid circulation. Recalling the link 

between hydrological alterations and volcanic activity, they suggested that an intrinsic 

relationship between groundwater variation, surface deformation, and volcanic dynamics may 

be established. Federico et al. (2017) suggested that local stress-induced deformation patterns 

registered between 2012-2013 were caused by injection and intrusion of magma in the volcanic 

system which, according to the authors, explains the increase in water levels measured at the 

time of the investigation. An intriguing observation was made by Bonforte et al. (2011), who 

assessed the ground deformation dynamics occurring at Mount Etna between 1995 and 2000 

using a PSInSAR (Permanent Scatterers Interferometric Synthetic Aperture Radar) approach. 

Scrutinising the deformation patterns of the Etnean area, they identified an anomalous 

subsiding spot which, according to the authors, was related to water being pumped from a well 

at that location. This suggestion, however, lacks robust physical support and spatial continuity 

across the region, omitting, as discussed below, several factors that suggest that water pumping 

may not be the cause behind the discussed deformation pattern. Above all, this anomalous 

subsidence regime has only been noticed at this one specific location. Indeed, the whole area 

is extensively exploited, and abstraction wells are found across the entire region (Ferrara and 

Pappalardo 2008), which explains why such an anomalous behaviour should have been noticed 

in the proximity of several other pumping wells. On the other hand, a different geological 

response to the abstraction at this location could have been explained by significantly distinct 

geology within the indicated area. However, examining the geological substratum and the 

stratigraphic columns presented and discussed in Branca and Ferrara (2013), it can be noticed 

how the geological composition at this location remain constant with the broader geological 

setting of the region. Another factor that may have played a role is the depth of the water table 
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and/or the abstraction regime. From a closer inspection, the location indicated by Bonforte et 

al. (2011), corresponds to the area where Ciapparazzo well (and linked drainage galleries) is 

located (see Aveni 2020 for reference). At this location, the depth to groundwater is 

approximately 90 meters (b.g.l.), and shallower water tables (~20 meters b.g.l.) are found 

within the investigated area (Aveni 2020). Therefore, it seems reasonable to hypothesise that 

superficial deformation patterns induced by overexploitation of subsurface waters should be 

more clearly distinguishable at locations where the groundwater table resides at shallower 

depths. Corroborating this claim, the yield of Ciapparazzo is approximately 450 L/s (ACOSET 

n.d., Pezzinga and Tosto 2001), much lower than other wells located in the Etnean region (i.e., 

Turchio well, ~ 800 L/s (SOGESID 2010). This suggests that the abstraction regime is not as 

intense to explain this superficial response at this location only. Also, observing the 

groundwater trends at Ciapparazzo well between 2003 and 2007 presented by Aveni (2020), a 

steady upward tendency can be identified. Despite there being no piezometric records for the 

1995 to 2000 period and considering that the abstraction regime has constantly increased to 

satisfy the growing demand, it seems reasonable to hypothesise that exploitation of 

groundwater resources at Ciapparazzo well does not affect (at least in terms of long-term trend) 

the water table. These pieces of evidence suggest that groundwater abstraction may not be the 

leading factor originating these ground motions, and further investigations are required to 

establish its origin. 

 

2.4. Etnean aquifer and groundwater modelling  

 

2.4.1. On the origin of the Etnean groundwaters - Historical review 

 

The origin of the Etnean groundwater has long intrigued illustrious historical literati, with early 

attempts to discover its source dating back to the 18th century. The first documented evidence 

is presented by abbot Francesco Ferrara (1793), who suggested that rainfall and snow melting 

were the most plausible sources of subsurface waters. Early attempts to identify the feeding 

sources of the Etnean aquifer using a scientific approach, however, date back to the early 20th 

Century. Ponte (1913, 1914, 1918 and 1919), using experimental instrumentation, claimed that 

rainfall and snow at medium to high altitudes were not reaching the aquifer due to the formation 

of an impermeable layer of ice and vulcanite, that prevent meteoric water from infiltrating the 

water body. Instead, Ponte suggested that recurrent high air humidity and fog, originating from 

returning maritime air masses, were to be considered the main feeding sources of the Etnean 
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waters. These claims were promptly criticised in the Vulcanologica Internazionale journal, 

where the scientific community rejected the hypotheses stated by Ponte, insisting that the 

meteoric precipitations were still to be considered the main source of groundwater recharge 

(Ponte 1918).  After almost a half-century of debate, Ogniben (1968), Aureli (1973), and 

Ferrara (1975) presented detailed and rigorous reviews of the hydrogeological characteristics 

of the volcanic aquifer, corroborating the meteoric origin of the Etnean groundwater. 

 

2.4.2. Modelling groundwater to investigate volcanic activity 

 

A key step in evaluating groundwater behaviour for the influence of volcanic activity is in 

removing the effect of external factors affecting the piezometric surface such as precipitation, 

snowmelt, evapotranspiration, atmospheric pressure, earth tide, etc. (Shibata and Akita 2001, 

Mattia et al. 2015, Federico et al. 2017, Aveni and Blackett 2021). This is however a complex 

task as infiltration and percolation dynamics of meteoric waters into the aquifer are governed 

by several factors such as precipitation intensity and/or volume, duration, surface topography, 

geology, thickness of the unsaturated zone and factors related to moisture transfer (moisture 

content, hydraulic conductivity, etc.) (Xu and Beekman 2003, Varalakshmi et al. 2012, Ahmadi 

et al. 2015, Anderson et al. 2015, Al-Muqdadi et al. 2020, Pahlevani Majdabady et al. 2020). 

Over the last few decades scholars have developed several methods to estimate groundwater 

recharge and piezometric levels such as Chloride Mass Balance (CMB) (Eriksson and 

Khunakasem 1969), Saturated Volume Fluctuation (SVF) (Van Tonder and Kirchner 1990), 

EARTH (Gieske 1992), Cumulative Rainfall Departure (CRD) (Bredenkamp et al. 1995), 

ParkParker (Park and Parker 2008), Rainfall Infiltration Breakthrough (RIB) (Xu and Beekman 

2003, later revised by Sun et al. 2013), and many more (for a comprehensive review see 

Beekman and Xu 2003, Adams et al. 2004, Patil and Agrawal 2017, Walker et al. 2018, and 

Xu and Beekman 2019). Alas, most of these methods require accurate, representative, and 

continuous hydraulic input parameters (i.e., abstraction rate, lateral inflow and outflow, etc.), 

which have not yet been estimated for the Etnean aquifer. This results in a reduced number of 

methods potentially applying to the investigated area, namely those relying only on 

meteorological data and based on a simplified water balance theory such as the CRD and/or 

RIB models.  

On the Etnean region, the already-complex task of evaluating the groundwater behaviour and 

recharge mechanisms is further exacerbated by the scarce quantitative groundwater monitoring 
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network and the extensive exploitation of the aquifer. The aquifer of Mount Etna represents 

the only drinking water source for over one million people within a radius exceeding 100km 

(D’Alessandro et al. 2011, Bellia et al. 2015). The extensive and continuous exploitation of 

groundwater resources over the whole Etnean region, coupled with the scarcity of available 

data, makes it quasi-impossible to ascertain the volume of water withdrawn yearly for drinking 

and agricultural purposes, which in turn affects the validation of physical and numerical 

models. This is exacerbated by the old piping network that, constructed without a rational 

design, interferes with each other resulting in losses estimated to exceed 40% of the total 

abstraction (Ferrara and Pappalardo 2008). Studies suggested that overexploitation of 

subsurface water in the past 50 years led to progressive qualitative degradation of the available 

resources and in the lowering of the Groundwater table (Ferrara 1975, Barbagallo et al. 1980, 

Ferrara and Li Rosi 1985, Ferrara 1990, Ferrara and Pappalardo 2008). On the other hand, these 

studies date back to the early 2000s and do not account for the latest groundwater trends. Recent 

data (2003-2019, see Chapter 4.2) show a steady uprising of the water table in most of the 

monitoring wells, despite the abstraction regime having increased to satisfy the growing 

demand. This evidence suggests that other factors may affect the groundwater levels, and more 

comprehensive investigations are required.  

Since 1975, several studies focused on understanding the geochemical characteristics of the 

geofluids, providing a detailed understanding of the geochemical composition of the Etnean 

waters, drainage pathways, watersheds, residence time, etc. (D’Alessandro et al. 2001, Aiuppa 

et al. 2004, Branca and Ferrara 2013, Paonita et al. 2012 and 2016, and reference therein). 

However, despite the good knowledge acquired on the aquifer’s geochemical and 

hydrogeological characteristics (Giammanco et al. 2018), its quantitative evaluation did not 

receive the same attention (Aveni 2020, Borzì et al. 2020a). The qualitative monitoring carried 

out by the Agenzia Regionale per la Protezione dell'Ambiente (Regional Agency for the 

Protection of the Environment–ARPA), Autorità di Bacino del Distretto Idrografico della 

Sicilia (Basin Authority for the hydrographic district of Sicily - BAS), and by private water 

companies, is carried out regularly to monitor the quality of the water distributed for drinking 

purposes (this being a legal requirement), and the environmental implications of groundwater 

pollution (i.e., intrusion of saline water, urban and/or agricultural contamination, etc.). 

Unfortunately, the quantitative monitoring is carried out sporadically, using manual 

instrumentation, with the only purpose of monitoring groundwater trends over time for 

estimating water availability and severity of drought conditions. Several monitoring stations 
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belonging to the aforementioned bodies are also shared with the INGV’s network Etna Acque, 

which benefits existing or dismissed sampling points to collect data for scientific purposes, 

thus explaining the substantial number of scientific outputs regarding the qualitative 

geochemical analyses of subsurface waters (Aveni 2020).  

At the time of writing, only a few studies evaluated the quantitative characteristic of the Etnean 

groundwater, with the main goals of (1) providing a tool for groundwater resources 

management for regulating overexploitation of the resources (Ferrara 2007, Ferrara and 

Pappalardo 2008, and Borzì et al. 2020a and 2020b) and (2), investigate possible piezometric 

variations related to seismic-volcanic dynamics (Galli et al. 2003, Mattia et al. 2015, Federico 

et al. 2017, Aveni 2020, Aveni and Blackett 2021). Of most interest for this study are the works 

conducted by Mattia et al. (2015) and Federico et al. (2017), later reinvigorated by Aveni 

(2020) and Aveni and Blackett (2021). These studies, employing a revised version of the 

Cumulative Rainfall Departure (CRD) approach (Bredenkamp et al. 1995) presented by 

Butterworth et al. (1999), proposed a proxy representing the effect of meteoric contribution on 

observed groundwater levels, in order to filter and highlight possible variations related to 

seismic-volcanic dynamics.   

 

2.5. Cumulative Rainfall Departure (CRD) approach and its application to 

local and international case studies 

 

The CRD (see Chapter 3.2.4) is assumed to have a linear relationship with the monthly water 

level fluctuation, if the other affecting factors are relatively constant (Ahmadi et al. 2015); that 

is the groundwater level will rise if the cumulative departure is positive, and it will decline if 

negative. The rationale behind the method is that in any hydrogeological basin, despite large 

pluviometric variations, equilibrium is established between the mean precipitation and the 

hydrological response, therefore, the relationship between groundwater fluctuations and 

meteoric precipitation can be represented by the CRD (Lafare and Mansour 2015).  

Starting from Bredenkamp et al. (1995) theory, scholars have proposed revised CRD-based 

approaches, namely (1) the so-called Long/Short Term Memory Period CRD, proposed by 

Butterworth et al. (1999), which includes a short-term memory period (ST) (which accounts 

for the time water stays in the system), and a long-term (LT) one (the entire period over which 

the reference mean is calculated); and (2), the r-CRD method, a revised version of the original 
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CRD approach, presented by Xu and Van Tonder (2001) to include the effect of the surplus of 

recharge over losses, which results in groundwater increase, despite departure being negative. 

Both the original CRD method and its revised versions have been long and successfully applied 

in South Africa (Xu and Van Tonder 2001, Xu and Beekman 2003, Sun et al. 2013), Malawi 

(Scheidegger et al. 2015), Iran (Rasoulzadeh and Moosavi 2007, Soltani Gerdefaramarzi and 

Abedi Koupai 2011, Ahmadi et al. 2015), Middle East (Baalousha 2006, Abo and Merkel 

2015), and Indonesia (Setiawan et al. 2011) for monitoring groundwater resources. However, 

their efficiency has never been assessed on a highly fractured volcanic aquifer, where further 

considerations may be required.  

In their comprehensive study, Federico et al. (2017) investigated the processes affecting fluid 

circulation at Mt. Etna from 2005 to 2015. As in the majority of Etna-based groundwater 

studies, they mainly focused their investigation on the geochemical composition of 

groundwater, providing an accurate analysis of the dynamics taking place within the 

investigated period. Additionally, they attempted to investigate the quantitative fluctuation of 

the piezometric surface in relation to volcanic events that occurred at Mt. Etna within the 

investigated period. Using the aforementioned Long/Short Term CRD approach (Butterworth 

et al. 1999), previously employed – arguably without a satisfactory explanation – by Mattia et 

al. (2015), they modelled the groundwater levels and, working on a normalised domain, 

removed the modelled values from the observed piezometric trends, obtaining a residual 

groundwater time series, suggested to be not affected by meteoric artefacts.  

As resulting both from Mattia et al. (2015) and Federico et al. (2017) studies, the revised CRD 

model seems to visually apply to the Etnean aquifer, however, more comprehensive 

explanations were needed to justify their temporal and spatial parameters settings, and a lack 

of physical rationale accompanied by robust statistical analyses leads to interrogating the 

strength of their findings. In their study, they used rainfall data recorded at a single 

meteorological station and computed the CRD based on this one single record. As widely 

discussed in Aveni (2020), a single pluviometric station would likely be not representative of 

the entire catchment, and an average of stations covering a wider area would have been more 

appropriate. Additionally, they have omitted the potential impact of snow melt, 

evapotranspiration, and surface runoff on groundwater trends, which instead should be 

carefully evaluated and, where possible, removed (Carbone et al. 2019, Aveni 2020, Aveni and 

Blackett 2021). Carbone et al. (2019), in a study conducted on Mt. Etna using a network of 
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superconducting gravimeters, further supported this claim finding a clear correlation between 

melted snow and gravity changes, which, according to the authors, were induced by the 

infiltration of melted snow into the groundwater body through the Vadose zone, resulting in an 

increase of the groundwater table. Additionally, meteoric water that infiltrates and percolates 

into the aquifer is usually less than the amount measured at meteorological stations, due to 

evapotranspiration and surface runoff. The latter can be broadly assumed to be constant through 

time, thus not affecting the estimated recharge, if considered a priori, however 

evapotranspiration can have a substantial impact on the estimated recharge (Wang et al. 2010, 

Van Camp et al. 2016). In Mediterranean climates, for instance, evapotranspiration can equal 

or exceed the amount of precipitation (Figure 5), thus resulting in a significant decrease in 

water reaching the aquifer. This deficit, for the same principles on which Bredenkamp et al. 

(1995) based their study, would reflect in the piezometric surface and should be accounted for 

when applying CRD-based approaches for modelling groundwater levels. 

 

Figure 5 Monthly precipitation and evapotranspiration values between January 2002 and January 2007, recorded 

at Bronte station (Catania, Italy) from the Sicilian Meteorological Network. Notice how evapotranspiration is 

higher than rainfall in summer periods, potentially resulting in almost no rainwater reaching the aquifer. 

 

Another key element is the choice of the period over which the reference mean rainfall was 

computed. As discussed by Weber and Stewart (2003), rainfall annual total values often fall 

below the average due to the influence of extreme rainfall periods/events that positively skew 

the data. Therefore, despite it being a common hydrologic circumstance for there to be several 

years of below-average rainfall, computations subtracting the mean from the rainfall time series 

will result in a mathematical deficit (negative departure). This can be in part mitigated using a 

relatively short period to compute the reference mean, whilst using extended reference periods 

can be misleading (Figure 6). Additionally, the use of prolonged rainfall time series may not 
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be representative of the current aquifer conditions as, depending on the location, the rainfall 

that fell several years (i.e., > 10 years) prior to the investigated period would rarely impact 

current levels. Therefore, the mean over which the rainfall departure is computed should be 

limited up to the time where antecedent conditions can play a role in the recharge. This key 

point is not addressed in any of the proposed CRD-based methods, and, if not considered, could 

result in an erroneous application of these methods, as repeatedly observed in numerous studies 

(Weber and Stewart 2003). 

 

Figure 6 Effect of different periods of record (POR) on computing the CRD. Note how the same dataset can 

have a positive or negative departure depending on its starting point. Adapted from Weber and Stewart (2003). 

 

In Federico et al. (2017) paper, an LT of 24 months, and an ST of 6 months was used. This 

choice, however, is not well justified and requires further explanation. Indeed, as stated in 

Weber and Stewart (2003), the LT should be calculated over the entire investigation period (in 

this case 10 years), rather than using a moving average of 24 months; this, in turn, would 

conflict with what previously discussed, as the water fallen 10 years back may not influence 

current water levels. Additionally, the choice of using a 24-month LT, and 6-month ST, is not 

supported by any statistical evidence, but it has been chosen as “it represents the best match to 

the water-level” (Federico et al. 2017:77). As suggested by Butterworth et al. (1999) several – 
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preferably all – possible combinations of ST and LT should have been tested before opting for 

the best solution. This step is not discussed in Federico et al. (2017) work and it is not possible 

to ascertain whether a comprehensive pre-assessment has been carried out. This could have 

resulted in omitting favourable combinations, in turn leading to misleading results which would 

have compromised the integrity of their findings. 

Besides, Federico et al. (2017), applied the revised CRD method working in a normalised 

domain. That was performed by employing the standard score (also known as Z-score) method, 

hence by subtracting the mean from the modelled and observed groundwater levels and then 

dividing the difference by their standard deviations. This allowed the authors to compare the 

modelled against the observed values, and then subtract one from the other to obtain the 

residual values assessed in their work. Assessing the relationship between precipitations and 

groundwater levels using two separate units is a practice long used in hydrogeological studies, 

which allow the assessment of potential dependence between the two variables, also allowing 

statistical analyses. On the other hand, considering the nature of the CRD method, using 

standardised values could hypothetically lead to ambiguous results. In fact, assuming any given 

fluctuation in the piezometric surface and trying to explain this fluctuation by the injection of 

meteoric water into the system, this should be supported by a reasonable amount of water 

entering the system able to result in that given fluctuation. Despite this claim remains 

speculative in nature, and more comprehensive studies are required to validate this statement, 

there is no evidence of such approach being applied elsewhere, therefore it seems reasonable 

to hypothesise that a lack of physical meaning supporting this choice remains.  

The approach used by Federico et al. (2017) is intriguing and, despite using some practices far 

from the standard approach, the computed CRD seemed to graphically match the observed 

groundwater trends. This requires additional investigations, and further analysis should be 

conducted to physically and statistically establish whether their method could provide an 

alternative technique to estimate groundwater recharge on the Etnean area. Despite the CRD 

remaining a valuable tool to estimate groundwater fluctuations, especially in areas where 

monitoring is not efficient and there is a lack of information resulting in the non–applicability 

of other, more complex, approaches, alternative methods should be investigated to understand 

whether they better suit the hydrogeological context of the studied area.  
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2.6. Rainfall Infiltration Breakthrough (RIB) model 

 

From the consulted literature, the Rainfall Infiltration Breakthrough (RIB) method seems to be 

a valuable candidate to model groundwater dynamics in the Etnean region. The RIB model, 

first proposed by Xu and Beekman 2003, and later revised by Sun et al. (2013), is a CRD-based 

model which has been proven to be particularly suitable to model groundwater levels in 

unconfined aquifers, mainly fed by meteoric precipitation (Sun et al. 2013, Ahmadi et al. 2015, 

Walker et al. 2019, Xu and Beekman 2019), hence matching the hydrogeological 

characteristics of the study area. Unlike the CRD method, the RIB model accounts for the time 

lag that rainfall takes to reach the water table (Sun et al. 2013), potentially addressing the need 

for adding a delay time for water reaching the water table, as needed in Mattia et al. (2015) and 

Federico et al. (2017) studies. On the other hand, the accuracy of the RIB method – likewise 

most of the groundwater models – may be reduced by an increase of the aquifer depth. In fact, 

based on the filtering (delay) effect that meteoric water undergoes infiltrating and percolating 

through the unsaturated strata, this may result in a smoothened and/or unidentifiable variation 

at the piezometric surface, which could be inaccurately represented in the RIB model (Xu and 

Van Tonder 2001). A threshold depth value beyond which the RIB model would not be 

applicable is quasi-impossible to establish. This is mainly due to the diverse hydrogeological 

settings of different regions, as distinct areas may respond differently to infiltration dynamics. 

However, Sun et al. (2013) suggested that water level fluctuations in aquifers having a depth 

over 200 meters would hardly be represented by the RIB model, also stressing the argument 

that the shallower the water table is, the more accurate the RIB model would be. Abo and 

Merkel (2015) lowered this value, suggesting that waters at depths >100 meters may not be 

effectively represented by the RIB. Yet, studies have shown that the RIB can effectively 

represent groundwater levels at relatively high depths. Pahlevani Majdabady et al. (2020) 

demonstrated how the RIB model was successfully applied in the Aleppo basin, Syria, to 

estimate groundwater levels at a depth of ~50 meters below ground level. Ahmadi et al. (2015) 

applied the same approach to a set of wells ranging from ~50 to ~150 meters below ground 

level, efficiently modelling the interaction between meteoric precipitation and groundwater 

behaviour and, according to the authors, this was further corroborated by the robust agreement 

obtained with results presented in previous studies carried out in the same region. Yet, Ahmadi 

et al. (2015) noticed how the accuracy of simulated water levels diminished with depth, 

suggesting that the >100 meters threshold recommended by Abo and Merkel (2015) may better 

define the limitations of the RIB model. However, Ahmadi et al. (2015) and Abo and Merkel 
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(2015) applied the RIB method on sedimentary calcareous and dolomitic formations, and marly 

limestone, respectively. These geological settings are drastically diverse from the 

predominantly, highly fractured igneous geology found on the Etnean area, thus direct 

comparison of threshold depth and/or length of fluid pathways would be futile. Indeed, there 

is no evidence in the literature of the RIB approach being employed to estimate water levels in 

an unconfined volcanic aquifer, or even in a similar geological setting. At the time of writing 

the only analogous case studies are those exploiting the revised CRD method presented by 

Mattia et al. (2015) and Federico et al. (2017), which, despite requiring further attention, have 

provided useful hints on the applicability of CRD-like methods on the volcanic aquifer of 

Mount Etna. If applicable to the study area, the RIB model could provide a powerful, yet 

simplistic, tool to estimate groundwater levels and recharge in an area where lack of data and 

monitoring instruments precludes the possibility of employing more sophisticated approaches. 

If satisfactory, the RIB model could also be employed to identify anomalous groundwater 

behaviour, such as those searched in this study, improve geophysical models by removing the 

noise component induced by piezometric fluctuations (i.e., as claimed by Carbone et al. 2019), 

and better manage the available groundwater resources. 

 

2.7. Aims and Objectives 

 

Following a comprehensive review of the available academic literature, past hydrogeological 

projects conducted on the Etnean region, data collected by existing monitoring systems and, 

consulting with geochemists and researchers at the INGV of Catania, Palermo, and Rome, it 

appears that the present study is the first to investigate the variations of the Etnean groundwater 

levels in relation to volcanic events and ground deformations, boasting of a network of wells 

covering most of the volcanic complex. Taking inspiration from international projects and, 

considering the scientific significance that groundwater levels and their variations have in the 

volcanology and geodynamic fields, as well as in the hazard management one, the primary aim 

of this work is to examine the response of the Etnean groundwater levels to volcanic and ground 

deformation dynamics. In particular, this study exploits observed and remotely sensed data, 

combined with enhanced physical models to (1) establish groundwater recharge processes, in 

order to separate meteoric-induced piezometric fluctuation from those triggered by external 

factors and (2), investigate potential associations between groundwater fluctuations, volcanic 
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events and ground deformations to provide early evidence of geodynamic instability within the 

Etnean area.  

These aims will be accomplished by the following objectives: 

❖ To provide a detailed summary of the hydrogeological characteristics of the Etnean 

aquifer and its previous response to alteration of the geodynamic equilibrium, by 

conducting a comprehensive literature review. 

❖ To implement a groundwater recharge model using atmospheric reanalysis and 

observed piezometric data. 

❖ To compute ground motion time series using remotely sensed data. 

Additionally, this work will (1) develop case-specific research to expand the current 

understanding of the Etnean aquifer hydrogeological characteristics, (2) evaluate the 

applicability of the RIB model on highly fractured volcanic aquifers and (3), inform other 

scholars of appropriate methods and approaches to investigate the interactions between 

groundwater and volcanoes. 
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3. Methodology 
  

3.1. Introduction and Study Area  

 

This work evaluates and focuses on the hydrogeological response of the volcanic aquifer of 

Mount Etna (Figure 7, 8a and 8b), in relation to volcanic and deformation dynamics. The area 

has been chosen for the high risk that Etna’s eruptions pose to the highly populated area of 

Catania and its inhabitants, as well as for the importance that interpretation of groundwater 

dynamics can add to the available body of knowledge, helping scientists and researchers to 

better understand volcanic dynamics (Koizumi et al. 2016). Despite a lack of detailed studies 

investigating the hydrogeological equilibrium of the Etnean aquifer and the role it plays on the 

broader geological system, recent works conducted on the Etnean region (Federico et al. 2017, 

Aveni 2020 and Aveni and Blackett 2021), suggested that hydrogeological responses to 

volcanic dynamics may inform on impending eruption from days to months in advance, thus 

imposing further and more comprehensive investigations. 

This study, given the geodynamic context on which the aquifer sits, can also provide vital 

information to identify links between hydrological alterations and geodynamic instability, 

providing further awareness on monitoring systems that are not currently in use, adding to the 

body of available knowledge a useful tool for disaster management and volcanological 

surveillance. 

The investigation period ranges from February 2003 to January 2007. This choice has been 

made based on (1) scarcity of piezometric data, only available for the indicated period (see 

Chapter 3.2.2), (2) for the relatively limited system resources which prevented elaboration of 

larger datasets due to the exponentially increasing computational time and algorithms 

complexity (see Chapter 3.4.1) and (3), for the remarkable volcanic activity occurred within 

the designated period, as summarised in Table 1 (see Chapter 3.1.1).   
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Figure 7 Location map of the study area (delimited by the dotted square) and hydrogeological basins. Main 

geological features are also displayed. Adopted from Aveni (2020). 
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Figure 8 Top (a), Schematic geological section of Mount Etna and interaction of groundwater with the volcanic 

system. Note how groundwater interacts with magma, hot volcanic rocks, and pressurised hot volcanic gas. 

Modified after Falsaperla et al. (2017). Bottom (b), Schematic representation of the cross-section of the 

unconfined aquifer of Mount Etna. Groundwater flow through fractured and/or unconsolidated layers (i.e., 

epiclastic and pyroclastic deposits, ad volcanic ash). Modified after MacDonald and Davies (2000) and Adhikari 

(2015). 
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3.1.1. Eruptive activity of Mt. Etna from 2002 to 2007 

 

The piezometric records examined in this study begin immediately after the major flank 

eruption commenced on October 27th, 2002 and concluded on January 28th, 2003. This event 

was characterised by severe ground deformations and affected simultaneously the south and 

northeast flanks of the volcano. The eruptive fracture opened along the northeast flank, fed by 

a central-lateral dyke, terminated 9 days after the beginning of the eruption, while the system 

of fractures and vents fed by an eccentric dyke originated along the south flank, ceased its 

activity after 94 days. The event produced a total bulk of ~35–40 × 106 m3 of molten rock and 

~40–50 × 106 m3 of tephra (Andronico et al. 2005, Neri et al. 2005). Despite this event being 

terminated before the investigated period, its potential long-term effects cannot be omitted. 

Indeed, throughout this period, significant variations in groundwater level have been reported 

by Galli et al. (2003), potentially suggesting that re-establishment of the aquifer equilibrium 

was still ongoing at the beginning of the investigated period. 

After the 2002–2003 eruption, except for an occasional intracrateric Strombolian activity 

registered in August 2003, ordinary degassing from summit craters lasted until September 

2004. On September 7th, 2004, a new weakly explosive eruption began, characterised by an 

effusing regime and a quasi-non-existent seismic activity. The eruption gradually decreased 

and eventually terminated on March 8th, 2005, generating ~50 × 106 m3 of lavas (Behncke et 

al. 2005, Corsaro and Miraglia 2005).  

On January 12th, 2006, a phreatic explosion from Voragine (VOR) and Bocca Nuova (BN) 

craters occurred (Andronico and Cristaldi 2006, Andronico et al. 2006). This event, as 

suggested by Cannata et al. (2010), was anticipated by a sudden variation in the volcanic tremor 

pattern (banded tremor) commenced about a month prior to the explosion. According to these 

authors, the banded tremor was caused by the interaction between hydrothermal fluids and 

magmatic bodies, resulting in pressurisation of the system, later released during the explosive 

event.  

On July 14th, 2006, a new eruptive episode began from the SouthEast Crater (SEC), where a 

fissure opened at its base. The eruption gradually increased its intensity reaching its maxima 

on July 20th, when pulsating lava fountains from the recently opened vent reached significant 

heights. The energy rapidly decreased, and the volcanic activity almost ceased on July 24th, 

2006. The activity reinvigorated toward the end of August, and a new phase lasted from August 

31st until December 14th of the same year, originating 20 episodes of Strombolian activity, two 

pyroclastic flows (occurred the 16th and 24th November, respectively), sporadic lava fountains, 



39 
 

and effusive and spattering activity from the 12th of October. During this event, the total volume 

of volcanic products erupted was estimated at 15–20 × 106 m3. (Behncke, B. (2019), personal 

communication, Giammanco et al. 2018). 

 

Table 1 Summary of major volcanic events that occurred at Mount Etna within the investigated period (Behncke 

2019). Modified after Aveni (2020). 

Eruption Start 

–  

End Date 

Eruption Type Additional Notes 

2002 (27th October)       

2003 (28th January) 

Flank 

Diametrical fracture extending from the south to 

north/northeast of the volcano. Intense explosive 

activity accompanied by the formation of two 

pyroclastic cones. Sustained degassing from BN 

and Northeast Crater (NEC). 

2004 (7th September) 

2005 (8th March) 

Flank 

Effusive eruption originated from a fractures 

system extending from the eastern sub-flank of 

the SEC to the occidental perimeter of the Valle 

del Bove. Quasi no related seismicity. The lava 

was relatively less hot than usual with a larger 

petrographic content of crystalline products, 

suggesting that the eruption was fed by evolved 

magma stored in a chamber where had been 

residing for some time (2001?). 

2006 (12th January) 
Summit/Phreatic 

Explosion 

Phreatomagmatic explosion from VOR and BN 

craters, followed by a significant seismic signal 

detected even at the seismometers of the Aeolian 

islands. 

2006 (14th July) 

2006 (24th July) 

Subterminal 

Flank Eruption 

Moderate Strombolian and effusive activity 

originated from an eruptive fissure at the base of 

the SEC, intermittently accompanied by lava 

fountaining.  

2006 (31st August)  

2006 (14th December) 

Summit/ 

Summit-Flank  

Circa 20 episodes of Strombolian activity, 

occasionally accompanied by lava fountains from 

the upper vent of the SEC. Intermittent effusive 

activity from fissures opened on the southwest 

and southeast flanks of the SEC. From 12th 

October, effusive and spattering activity from a 

vent sited on the occidental rim of Valle del Bove. 

Pyroclastic flows were also generated the 16th and 

24th November. 
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3.2. Groundwater modelling 
 

3.2.1. Summary 

 

In order to quantify the effect of meteoric contribution on groundwater levels, the first task was 

to identify a model that could effectively represent the relationship between meteoric 

precipitation and groundwater levels. Aveni (2020) and Aveni and Blackett (2021), following 

the approach employed by Mattia et al. (2015) and Federico et al. (2017), employed the CRD 

approach to achieve this result. The CRD however, was found to inadequately represent the 

factual conditions for water levels deeper than ~100m (b.g.l.), leaving the need for more 

representative models. To overcome these limitations, and to expand on the work previously 

conducted by Aveni (2020), the Rainfall Infiltration Breakthrough (RIB) model (Sun et al. 

2013) was employed. As discussed in the Literature Review (Chapter 2.6) the RIB is a valuable 

tool to model shallow to deep groundwater levels, especially when scarcity of available data 

precludes the application of other, more complex, methods. Furthermore, the RIB has proven 

to be particularly suitable to model groundwater levels in unconfined aquifers, mainly fed by 

meteoric precipitation, matching the Etnean hydrogeological characteristics. The model, 

implemented in an author-created software, has been initially calibrated on the 75% of the 

original dataset (to establish the length of rain-to-groundwater pathways), and then validated 

on the remaining 25%.   

 

3.2.2. Groundwater Data 

 

The discrete groundwater data were provided by the Autorità di Bacino del Distretto 

Idrografico della Sicilia (Basin Authority for the hydrographic district of Sicily - BAS). The 

dataset was provided in Microsoft (MS) Excel .CSV format and includes data from 6 sampling 

points (Table 2, Figure 9) divided between drainage galleries and monitoring wells with a - at 

times irregular - monthly acquisition frequency. The measurements were checked and validated 

by the BAS staff and provided to the author for the purpose of this study. All the measurements 

have been acquired and recorded manually, using a manual water level dipmeter model 

Gestecno-FRE (Pasotti, L. (2019), personal communication). The dataset has been first 

examined to identify suitable data to be used in this work. Most of the datasets extend from 

February 2003 to March 2019, however, after January 2007 the acquisition frequency became 

sporadic (1 to 4 measurements per year). For this reason, the dataset has been divided into two 

sub-datasets, one ranging from January 2003 to January 2007, where statistical analyses were 
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applicable, and another one extending until March 2019, used for validating the groundwater 

recharge models.  

Table 2 Location of groundwater sampling points, the elevation of the installation above the sea level, and 

depth of the groundwater head. 

Well ID Latitude Longitude 
Elevation  

(m a.s.l.) 

Head (m b.g.l.) 

Min        Max 

Pz 1 37.780 14.847 894 89.35 90.36 

Pz 2 37.588 15.085 375 165.87 176.81 

Pz 3 37.596 15.121 331 173.41 181.63 

Pz 4 37.587 14.913 332 19.29 20.41 

Pz 5 37.796 15.187 174 68.42 70.72 

Pz 6 37.547 15.043 300 92.40 92.73 

 

Figure 9 Location of the groundwater sampling stations (white dots), overlapped to the morphostructural map of 

the sedimentary basement of Mount Etna, with red lines representing the basement’s contour lines at 50m 

equidistant intervals, and the blue arrows marking drainage pathways. Modified after Branca and Ferrara 

(2013). 
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3.2.3. Meteorological Data 

 

The meteorological data employed in this study derive from the ERA5 dataset, the latest 

climate reanalysis product distributed by the European Centre for Medium-Range Weather 

Forecasts (ECMWF), provided in geospatial (GRIB) format in a regular latitude-longitude grid 

of 0.1 x 0.1 degrees (11.1 km), available online from the Climate Data Store (CDS). The choice 

of using a reanalysis dataset has been made to refine the work conducted by Aveni (2020), in 

order to compensate for the limited number of – poorly spatially distributed – ground 

meteorological stations, which, as reported by Aveni (2020), are not representative of the entire 

catchment, and could potentially affect the accuracy of the input data employed for running the 

recharge models (David et al. 2021). It is worth to mention that a higher resolution dataset (5 

km spatial resolution) is available, namely the SCIA-ISPRA (the Italian standard rainfall 

gridded dataset). Indeed, previous studies (i.e., Padulano et al. 2021) suggested that for the 

Italian territory certain parameters of the SCIA-ISPRA dataset are relatively more accurate, as 

compared to the ERA5 products. On the other hand, the SCIA-ISPRA lack a fundamental 

parameter needed in this study, namely the snow depth (or mm of water equivalent), which 

instead is available amongst the ERA5 products. As discussed in Federico et al. (2017) and 

Aveni and Blackett (2021), evaluation of snowmelt impact on the aquifer effective recharge is 

crucial, especially in the Etnean region, where infiltration of water at altitudes has been 

demonstrated to largely impact the groundwater table (i.e., Carbone et al. 2019). Therefore, 

considering the high accuracy of ERA5 parameters (Muñoz-Sabater et al. 2021, Provenzano 

and Ippolito 2021), and to ensure consistency throughout the analysis, only ERA5 products 

have been used.  

The meteorological parameters used to develop the groundwater recharge models were 

Precipitation (m) and Surface Runoff, distributed in units of meters (m), and Snowfall, 

Snowmelt, and Evapotranspiration distributed in units of m of water equivalent. The values are 

distributed as the accumulations in monthly means of daily means, therefore, to retrieve the 

monthly cumulative values (in mm/month), a further step was required (Giusti 2021):  

𝐸(𝑚𝑚/𝑚𝑜𝑛𝑡ℎ) = 𝐸 [
𝑚

𝑑𝑎𝑦
] 1000 𝐷 (1) 

where 𝐸 is any of the ERA5 parameters used in this work and 𝐷 is the number of days in the 

month. 

https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5%20back%20extension&type=dataset
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After the data have been converted in appropriate units (mm/month), the gridded files have 

been imported in QuantumGIS (QGIS) and assigned to each monitoring well employing a 

simplistic geospatial approach. Each piezometer was assigned all the ERA5 squares falling 

within a radius of 10 km, with exception of those falling outside the hydrogeological 

catchment’s boundaries (Figure 10). This empirically derived selection has been made based 

on the geomorphological characteristics of the area, in fact, observing the watersheds and 

drainage patterns displayed in Figure 9, this setting seems to better represent the meteorological 

conditions experienced by each catchment. 

 

Figure 10 Explanation of selection process and criteria for the allocation of each square of the ERA5 gridded 

dataset to specific monitoring well. Blue squares represent the Precipitation ERA5 layer gridded at 11.1km. Thin 

black lines mark the boundaries of the hydrogeological basins. Orange shaded circle depicts a buffer area of 

10km around Pz 5. The yellow grid highlights the squares of the ERA5 layers selected to be used in the RIB model. 

Please note how, the top and middle left squares of the ERA5 layer (red crosses) have not been selected despite 

they are intersected by the 10km radius (orange area). This is because they fall outside the hydrogeological 

catchment’s boundaries. 
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3.2.4. Rainfall Infiltration Breakthrough (RIB) 

 

The Rainfall Infiltration Breakthrough (RIB) model is based on the Cumulative Rainfall 

Departure (CRD) approach, first introduced by Bredenkamp et al. (1995). The RIB provides a 

powerful tool to model groundwater levels (Sun et al. 2013, Ahmadi et al. 2015, Xu and 

Beekman 2019, Pahlevani Majdabady et al. 2020) especially in unconfined aquifers fed mainly 

by meteoric precipitation (Webber and Stewart 2004, Baalousha 2006, Sun et al. 2013). As 

with the CRD approach, the RIB is based on the groundwater balance theory, which can be 

mathematically expressed as: 

𝑅𝑖 = 𝑄𝑝𝑖
+ 𝑄𝑜𝑢𝑡𝑖

− 𝑄𝑖𝑛𝑖
+ Δℎ𝑖𝐴 × 𝑆 (2) 

where 𝑅𝑖 is the total recharge to the aquifer (L3/T), 𝑄𝑝𝑖
 is the discharge from extraction (L3/T), 

𝑄𝑜𝑢𝑡𝑖
 is the lateral outflow (L3/T), 𝑄𝑖𝑛𝑖

 is the lateral inflow (L3/T), Δℎ𝑖 is the variation of the 

groundwater level in a time period i (L), 𝐴 is the area of study (L2) and 𝑆 is the aquifer 

storativity (dimensionless). Therefore, if production boreholes tapping the aquifer (𝑄𝑝𝑖) is 

constant, aquifer storage (Δℎ𝑖𝐴 × 𝑆) adjusts to achieve a balance between the inflow and the 

outflow in the aquifer (Baalousha 2006).  

Unlike the CRD method, the RIB accounts for the time lag that rainfall takes to reach the water 

table, delayed by the spreading of moisture in the Vadose (unsaturated) zone and it is directly 

proportional to its thickness (Figure 11). The time lag is defined as the time water takes to 

percolate into the water table and, depending on the length of the pathways, can be 

distinguished as (1) rapid response, within hours or days of intense rainfall, generally occurring 

via preferential flow paths, (2) intermediate response, over months to a year or two and (3), 

slow response over several years (Sun et al. 2013, Scheidegger et al. 2015). 

 



45 
 

 

Figure 11 Schematic representation of the RIB process, highlighting the effect of moisture dissipation in the 

Vadose zone in function of depth and time, and its impact on the water table. From Xu and Beekman (2003). 

 

The RIB model is defined as: 

𝑅𝐼𝐵(𝑖)𝑚
𝑛 = 𝑟 (∑ 𝑃𝑖 − (2 −

1

𝑃𝑎𝑣(𝑛 − 𝑚)
∑ 𝑃𝑖

𝑛

𝑖=𝑚

) ∑ 𝑃𝑡

𝑛

𝑖=𝑚

𝑛

𝑖=𝑚

) 
(3) 

 

(𝑖 = 1, 2, 3, … 𝐼) 

(𝑛 = 𝑖, 𝑖 − 1, 𝑖 − 2, … 𝑁) 

(𝑚 = 𝑖, 𝑖 − 1, 𝑖 − 2, … 𝑀) 

𝑚 < 𝑛 < 𝐼 

 

where 𝑅𝐼𝐵(𝑖)𝑚
𝑛  is the cumulative recharge from rainfall event of 𝑚 to 𝑛, 𝐼 is the total length 

of rainfall series, 𝑟 is a fraction of CRD, 𝑃𝑖 is the rainfall amount at 𝑖th time scale (daily, 

monthly, or annually), 𝑃𝑎𝑣 is the mean precipitation of the whole time series, and 𝑃𝑡 is a 

threshold value representing the boundary conditions. 𝑃𝑡 can range from 0 to 𝑃𝑎𝑣, with 0 

representing a closed aquifer system (recharge at 𝑖th time interval only depends on preceding 

rainfall events from 𝑃𝑚 to 𝑃𝑛), and 𝑃𝑎𝑣 represents an open system (recharge at 𝑖th time scale 

depends on the departure between the average rainfall of preceding events from 𝑃𝑚 to 𝑃𝑛 and 

the mean rainfall of the entire time series) (Figure 12). Both 𝑟 and 𝑃𝑡 values are determined 
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during the simulation process via an iteration of the calculation, which aims to minimise the 

Root Mean Squared Error (RMSE). To implement the RIB model and determine the 𝑟 and 𝑃𝑡 

parameters, an author-created software (GREM-2) has been written using the Visual Basic for 

Applications (VBA) language. 

 

 

Figure 12 Schematic representation of the RIB model from Sun et al. (2013). Note that WLF stands for Water 

Level Fluctuation. 

 

The groundwater recharge computed by the RIB model is assumed to have a linear relationship 

with the piezometric fluctuations. Therefore, the relationship between the rainfall from the 

average precipitations of a preceding time and the groundwater level fluctuation can be 

described as (Xu and Van Tonder 2001): 

Δℎ𝑖 = (1/𝑆𝑦)𝑅𝐼𝐵(𝑖)𝑚
𝑛 − (𝑄𝑝𝑖

+ 𝑄𝑜𝑢𝑡𝑖
+ 𝑄𝑜𝑡ℎ𝑖

)/(𝐴𝑆𝑦) 
(4) 

(𝑖 = 1, 2, 3, … 𝐼) 

 

where 𝑄𝑜𝑡ℎ𝑖
 is groundwater volume variation resulting from other activities. The term (𝑄𝑝𝑖

+

𝑄𝑜𝑢𝑡𝑖
+ 𝑄𝑜𝑡ℎ𝑖

)/(𝐴𝑆𝑦) (in Eq. 4) is only to be used if borehole production and/or outflow affects 

groundwater levels in the short/medium term.  In the Etnean area the abstraction and/or outflow 

is constant through time (Baiocchi et al. 2011, Federico et al. 2017, Aveni and Blackett 2021), 
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therefore, according to Sun et al. (2013), the term (𝑄𝑝𝑖
+ 𝑄𝑜𝑢𝑡𝑖

+ 𝑄𝑜𝑡ℎ𝑖
)/(𝐴𝑆𝑦) in Eq. 4 can 

be removed, and Eq. 4 can be recomputed as follow: 

Δℎ𝑖 = (1/𝑆𝑦)𝑅𝐼𝐵(𝑖)𝑚
𝑛  

(5) 

 

A later revision of the RIB model undertaken by Sun et al. (2013), suggested that the original 

RIB model developed by Xu and Van Tonder (2001) failed to represent the condition where 

the continuous departures are negative and yet the water level continue to rise. They suggested 

that the difference of contiguous departures should be considered as recharge (𝑅𝑒), instead of 

the departure from mean. Therefore, to include and represent the aforementioned scenarios, 

Sun et al. (2013) recomputed Eq.4 as follow: 

 

𝑅𝑒(𝑖) = 𝑅𝐼𝐵(𝑖)𝑚
𝑛 − 𝑅𝐼𝐵(𝑖 − 1)𝑚′

𝑛′
−

ΔQ

A

= [Δℎ𝑖 − Δℎ𝑖−1]𝑆𝑦 −
𝑄𝑝𝑖

+ 𝑄𝑜𝑢𝑡𝑖
+ 𝑄𝑜𝑡ℎ𝑖

− (𝑄𝑝𝑖
′ + 𝑄𝑜𝑢𝑡𝑖

′ + 𝑄𝑜𝑡ℎ𝑖
′)

𝐴
 

 

(𝑖 = 2, 3, … 𝐼, 𝑚 < 𝑛 < 𝐼, 𝑚′ < 𝑛′ < 𝐼, 𝑛 − 𝑚 + 1 = 𝑛′ − 𝑚′ + 1. 𝑅𝑒(𝑖) > 0) 

 

(6) 

𝑅𝑒(1) = Δℎ𝑖(1)𝑆𝑦 −
𝑄𝑝𝑖1 + 𝑄𝑜𝑢𝑡𝑖1 + 𝑄𝑜𝑡ℎ𝑖1

𝐴
 

 

(7) 

where 𝑅𝑒(1) is the recharge occurred at the first time step, hence the recharge for the period 

following 𝑅𝑒(𝑖); with 𝑅𝑒(𝑖) representing the recharge at the 𝑖th time, which could be daily, 

monthly or annually. Following on the same principle for which Eq.4 was simplified to Eq.5, 

Eq.7 can be simplified and recomputed as follow (Sun et al. 2013): 

 

𝑅𝑒(1) = Δℎ𝑖(1)𝑆𝑦 (8) 

 

Finally, to compute the recharge, Eq.9 can be employed: 

 

𝑇𝑅𝑒 = 𝑅𝑒(1) + ∑ 𝑅𝑒(𝑖)

𝑛

𝑖=2

          (𝑖 = 2, 3, … 𝐼) (9) 

where 𝑇𝑅𝑒 (in mm) is the cumulative recharge for the entire time series. If the value of 𝑅𝑒(𝑖) 

becomes negative in Eq.6 and 7, it is assumed that no recharge occurs at the 𝑖th time scale. 
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3.2.5. Groundwater Recharge Estimation Model-2 (GREM-2) 

 

The Groundwater Recharge Estimation Model-2 (GREM-2) is an ad hoc software written in 

VBA and implemented in an MS Excel spreadsheet. GREM-2 is a revised version of its 

predecessor GREM (Aveni 2020), which was initially intended to implement a number of 

CRD-based approaches. The new software has been designed to test all the possible RIB 

combinations of 𝑛 and 𝑚 parameters (in Eq.3), removing the need of guessing a priori 

hypothetical time lag and number of events resulting in a groundwater level fluctuation (Sun 

et al. 2013, Scheidegger et al. 2015), thus eliminating the risk of omitting combinations that 

would result in an erroneous interpretation of the aquifer’s characteristics (Aveni and Blackett 

2021). To ensure the functionality of GREM-2, it has been validated with a basic RIB calculator 

software (which require a priori input of the 𝑛 and 𝑚 parameters) created by the British 

Geological Survey (BGS) (Lafare and Mansour 2015, unpublished) and provided to the author 

for the purpose of this study. The 𝑟 and 𝑃𝑡 values (in Eq.3) are determined by the GREM-2 

software via the iteration of the calculation, aiming to minimise the Root Mean Squared Error 

(RMSE), employing the Solver function built in excel, as suggested by Xu and Van Tonder 

(2001). 

To reduce the computational time (~4 hours per run), the maximum time lag (𝑛) has been 

settled to 5 years (as the maximum lag period between rainfall and its percolation into the 

aquifer, in the Etnean area, should not exceed 48 months - see Aveni 2020), whilst the 

maximum period of rainfall contribution toward a single groundwater fluctuation (𝑚) to 10 

years (which, according to previous studies, is the maximum time water stays in the system, 

i.e., Aiuppa et al. 2004, Paonita et al. 2016). The storativity has been set to 12% as despite no 

finite measures are available for the Etnean aquifer’s storativity, it is assumed that in an 

unconfined aquifer, the small effect of rock and fluid compressibilities can be neglected, and 𝑆 

is equal to the specific yield (𝑆𝑦), which denotes the volume of water that can be drained out 

by gravity from the aquifer. In turn, this is directly related to the porosity which represents the 

ratio of the volume of voids to the total volume (i.e., the amount of water needed to saturate 

the acquirer). Therefore, 𝑆𝑦 is approximately equal to the effective porosity (Rackley 2017), if 

no Specific Retention (𝑆𝑟) is assumed (as in this work due to lack of data), which for the Etnean 

area has been estimated to average 12% (Budetta et al. 1999).  

Each time GREM-2 is run, it identifies the model that best fits the observed groundwater levels 

for the given time lag, checking all the possible combinations of 𝑛 − 𝑚 in Eq.3. The software 
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has been run 61 times per well, returning, at each run, the best model amongst the 120 possible 

combinations (Figure 13 and 14). This process has been run on a calibration period ranging 

from January 2003 to January 2012. At the end of the 61 runs, amongst the 5,490 possible 

models per each well, the model showing the best trade-off between a high ρ (Rho) coefficient 

and a low RMSE value was chosen, as suggested by Sun et al. (2013). This was achieved by 

subtracting the normalised RMSE values from the normalised ρ (Rho) coefficients. Finally, 

using the parameters previously identified during the calibration period (i.e., lag time, and the 

𝑛 and 𝑚 parameters), the selected models have been validated for the remaining length of the 

datasets. 

 

Figure 13 GREM-2 calculating and displaying the best model in real-time. In the bottom left graph, blue lines 

represent observed groundwater levels and the red line represent the modelled groundwater level. The 4 graphs 

on the right show quality estimation parameters (i.e., correlation coefficient, RMSE, MSE, and r/Sy Vs Pt (K). 
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Figure 14 Flow diagram of the GREM-2 calculation process. The orange text refers to the “RUN RIB and “RUN 

OPTIMISATION” buttons in the GREM-2 software displayed in Figure 13. 

 

3.3. Residual groundwater levels and volcanic eruptions 
 

Evidence that groundwater undergoes changes associated with the volcanic activity is well 

recognised globally (Koizumi et al. 2016, Jasim et al. 2018). Recent studies conducted on the 

Etnean area have reinvigorated this topic (i.e., Mattia et al. 2015, Federico et al. 2017, Aveni 

2020, Aveni and Blackett 2021), however definitive evidence is yet to be found. With the aim 

of adding crucial information on the search for precursory signs of volcanic activity to the body 

of existing knowledge, the response of the Etnean groundwater levels in relation to volcanic 

events was investigated.  

To identify potential correlations between residual groundwater levels and volcanic eruptions, 

the groundwater models obtained using the RIB approach have been subtracted from the 

observed groundwater levels. This step was vital to ensure that only fluctuations not affected 

by seasonal and/or meteorological factors were investigated. After having filtered the 
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groundwater levels for the effect of meteoric contribution, the first task was to statistically 

identify significant changes within the groundwater time series. As suggested by several 

scholars (i.e., Yeh et al. 2016, Shih et al. 2019, Ciampittiello et al. 2021, and references 

therein), anomalous groundwater behaviour may be assessed by Change Point Detection 

techniques. The Change Point approach allows identification of abrupt changes in time series, 

identifying times when the probability distribution of a given stochastic process or time series 

changes (Ciampittiello et al. 2021). The method has long been used to identify anomalies on 

meteorological and climate parameters (Jaiswal et al. 2015), hydrometeorological and 

hydrogeological variables (Sharma and Ojha 2019, Aveni 2020), and on time series data (Liu 

et al. 2013). In this study, the detection of breakpoints was performed using the algorithm 

presented by Barry and Hartigan (1993), implemented in the R library bcp (Erdman and 

Emerson 2007), while the significance level (or change probability) for a break point to be 

considered statistically relevant was set to 70%, as suggested by Otto (2019). Residual 

groundwater time series were plotted against volcanic events to identify potential associations 

between the two variables. The information regarding the beginning, duration, and conclusion 

of the volcanic eruptions that occurred within the investigated period, as well as the information 

regarding the type and style of the events, have been and provided by Behncke, B. (2019) 

(personal communication), and combined with those collected from previous scientific works 

(i.e., Andronico et al. 2005, Corsaro and Miraglia 2005, Neri et al. 2005, Giammanco et al. 

2018) (see Chapter 3.1.1).  

 

3.4. Groundwater-Ground Deformation Interaction 
 

Investigating the possible effect of piezometric fluctuations on superficial ground motions is 

an intriguing task, which could (1) function as a proxy for quantitative groundwater monitoring 

and (2), aid the interpretation of geophysical parameters in volcanological-related studies by 

filtering out deformations not related to volcanic dynamics. In fact, considering the 

geodynamic context of the region, uplift or subsidence erroneously attributed to volcanic 

dynamics could indeed be caused by fluctuation of sub-surface fluids, resulting in an erroneous 

interpretation of deformation patterns (Fernández et al. 2005, Philibosian and Simons 2011, 

Bonaccorso et al. 2020).  
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3.4.1. Summary 

 

To evaluate a possible correlation between groundwater levels and ground motion, deformation 

time series from January 2003 to January 2007 have been computed employing a PSInSAR 

(Persistent Scatterer Interferometric Synthetic Aperture Radar) approach. The choice of a 

smaller timeframe (2003-2007) as compared with the length of the groundwater time series has 

been made based on (1) groundwater data, sampled at a regular monthly interval, are only 

available for the aforementioned period and (2), to reduce the – already consuming – 

computational time needed to complete the PSInSAR process, which otherwise would have not 

been possible considering the available system resources. Once the process was completed, the 

two sets of data have been compared by means of correlation analysis, and the relationship 

between groundwater levels and ground deformation has been assessed both spatially and 

statistically.  

 

3.4.2. Interferometric Synthetic Aperture Radar (InSAR) Data and Processing 

 

In order to retrieve deformation time series, a PSInSAR (Persistent Scatterer Interferometric 

Synthetic Aperture Radar) approach has been employed. This technique allows the 

computation of continuous displacement time series, both for vertical and north-east motions 

using coherent radar targets (persistent scatters) that can be clearly distinguished across the 

entire set of images (i.e., buildings) and do not vary with time (Ferretti et al. 2001). Using 

permanent scatters, the atmospheric artefact can be corrected, and temporal and geometrical 

decorrelation can be removed, allowing ground measurements with millimetric precision (Ostir 

and Komac 2007) (Figure 15). 
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Figure 15 Schematic representation of PSInSAR method. Adopted from Ferretti (2011). 

 

The Synthetic Aperture Radar (SAR) images used in this study were acquired by the Envisat 

platform belonging to the European Space Agency (ESA). The products used in this study are 

ASAR IM Single Look Complex L1 [ASA_IMS_1P] scenes, acquired with 35 days repeat 

cycle, closely matching the monthly resolution of the groundwater data. These have been 

accessed and downloaded from the European Space Agency (ESA) Catalogue (http://esar-

ds.eo.esa.int/socat/ASA_IMS_1P/). In particular, 37 SAR images were processed for the 

ascending pass (Track 129 - Frame 747), and 30 for the descending (Track 222 - Frame 2853) 

one (Figure 16). Discrepancies between the number of ascending and descending acquisitions 

are due to data degradation of some of the images during the years (mainly missing lines which 

prevent the new processors to apply the correct doppler centroid value so that their relevant 

Level 0 became unusable) which have been consequently erased from the online catalogue 

(Romani 2021). 

http://esar-ds.eo.esa.int/socat/ASA_IMS_1P/
http://esar-ds.eo.esa.int/socat/ASA_IMS_1P/
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Figure 16 Temporal distribution of the available SAR scenes for the ascending (Track 129 – Frame 747) and 

descending (Track 222 – Frame 2853) passes. 

 

3.4.3. Stanford Method for Persistent Scatterers (StaMPS)  

 

3.4.3.1. StaMPS Pre-Processing  

 

In order to perform a PSInSAR analysis, the open-source software package Stanford Method 

for Persistent Scatterers (StaMPS 4.1b) (Hooper et al. 2012) was employed. StaMPS is based 

on the PSInSAR method (Ferretti et al. 2001) and is particularly effective in areas 

predominantly covered in terrains devoid of man-made structures and/or undergoing non-

steady deformation (Hooper et al. 2012), a description that better represents the topographical, 

geomorphological, and geodynamic setting of the studied area.  

Ascending and descending scenes have been pre-processed using the Sentinel Application 

Platform SNAP 8.0.0 (Foumelis et al. 2018), following the scheme summarised in Figure 17. 

 

Figure 17 Flow diagram of the StaMPS pre-processing steps, extracted from the ‘Build Graph’ function in SNAP 

8.0.0. 
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The first step involved equipping each image (“Read” in Figure 17) with a detailed orbit file 

(“DORIS Precise VOR”) and subset the Region of Interest (ROI, i.e., Etna area) in order to 

minimise possible errors due to misregistration of the orbital information in the downloadable 

file and reduce the computational time of the whole process. As a second step, the set of SAR 

images have been co-registered and stacked on the Reference image (previously known as 

Master). The most suitable reference image has been automatically identified by SNAP based 

on the minimisation of the possible geometrical and temporal decorrelation effect across the 

full stack of images (Mancini et al. 2021). Due to the relatively low spatial matching of the 

scenes (as compared with new generation satellites i.e., Sentinel 1 A-B) the coregistration has 

been facilitated by adding an external Digital Elevation Model (DEM) as guidance, namely the 

SRTM 1Sec HGT, and the number of Ground Control Points (GCP) has been gradually 

increased until an error-free output was achieved. The coregistered files have been checked for 

coregistration errors according to Braun and Veci (2021), and the process has been repeated 

until no errors were found (Figure 18 and 19). 
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Figure 18 Example of failed coregistration process. Please note the colour of the two scenes highlighted within 

the red boxes. 
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Figure 19 Example of successful coregistration process.  

 

After a successful coregistration was achieved, the stacked set of images was processed to 

produce 36 interferometric pairs for the ascending pass and 29 for the descending one (Figure 

20). This was obtained by estimating the phase variation (𝜙) between the reference image and 

each of the secondary images (previously known as “slave”). In fact, an interferogram is 

formed by cross multiplying the reference image with the complex conjugate of the secondary 

image. The amplitude of both images is multiplied while the phase represents the 𝜙 between 

the two images. Therefore, this process should only reflect the time difference in the travel path 

of the radar waves backscattered from the ground target to the satellite, hence the effective 

ground motion. However, this is seldom the case in reality as several factors affect the travel 

path of the waves, namely flat-earth phase 𝜙𝑓𝑙𝑎𝑡 (earth curvature), the topographic phase 
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𝜙𝐷𝐸𝑀 (topographic surface), atmospheric conditions 𝜙𝑎𝑡𝑚 (temperature, humidity and 

pressure change between the two acquisitions), noise 𝜙𝑛𝑜𝑖𝑠𝑒 (change of the scatterers, 

different look angle, and volume scattering), and lastly the eventual surface deformation 

𝜙𝑑𝑖𝑠𝑝 which occurred between the two acquisitions (Braun and Veci 2021) (Eq. 6): 

𝜙 =  𝜙𝐷𝐸𝑀 +  𝜙𝑓𝑙𝑎𝑡 +  𝜙𝑑𝑖𝑠𝑝 +  𝜙𝑎𝑡𝑚 +  𝜙𝑛𝑜𝑖𝑠𝑒 
(6) 

Estimation and removal of these artefacts is a complex task largely discussed in several 

scientific works (i.e., Ferretti et al. 2001, Hooper et al. 2012, Pepe and Calò 2017, and reference 

therein) and an accurate review of each parameter and its calculation goes behind the purpose 

of this work. 

Each of the interfering factors presented in Eq.6 was removed by the algorithms implemented 

in SNAP and the interferometric pairs were consequently exported to perform PSInSAR 

analysis using the StaMPS package.  

 
Figure 20 Baseline plots of Envisat data. The vertical axis represents the spatial variation of satellite position at 

the time of each acquisition, while the horizontal axis shows the temporal gap between acquisitions calculated 

from the Reference images (Reference images are 15/06/2005 and 18/05/2005 for the ascending and descending 

passes, respectively).  
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3.4.3.2. StaMPS Processing and summary 

 

StaMPS v4.1b package includes C++ programs and MATLAB scripts, optimised to work on a 

Linux environment. Additionally, to complete certain tasks StaMPS exploits external packages 

such as the Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) (Bekaert et al. 2015a 

and 2015b) and Triangle (Shewchuk 1996 and 2002), both used to remove the 𝜙𝑎𝑡𝑚 

component in Eq.6, and snaphu (Chen and Zebker 2000, 2001, and 2002) for the 3-D 

unwrapping code.  

To ensure the accuracy of the outputs, the StaMPS process has been repeated three times per 

each set of interferograms (ascending and descending), adjusting the control parameters at each 

run (Appendix 3), to ensure that (1) the final outputs were free from errors, (2) the number of 

selected Permanent Scatters (PS) was adequate to perform statistical analysis and (3), that 

outputs were consistent with those found in the academic literature. After successful 

completion of the StaMPS process the files containing the LOS (Line of Sight) deformation 

velocities (mm/year) and LOS displacement values (in mm, relative to the reference image), 

have been exported to .CSV files to perform statistical and geospatial analysis. 

 

3.4.3.3. StaMPS Post-processing 

 

The .CSV files have been imported into QGIS as vector layers and an initial assessment of the 

outputs has been carried out employing the PS Time Series Viewer plugin 0.3.1. The plugin 

allows the users to display the deformation time series for each PS, giving a first assessment of 

the deformation trends and scale. This process also allowed ensuring no unwrapping errors 

were encountered during the StaMPS process, which would have shown anomalous changes in 

the deformation patterns and scales.  

After passing a quality inspection, following the approach employed by Biswas et al. (2019) 

and Delgado Blasco et al. (2019), the deformation time series of the PS points within 100 

meters radius from each monitoring well have been averaged to better represent the conditions 

of the area. The missing data points of the scenes erased from the ESA online catalogue have 

been retrieved, as previously employed by Sun et al. (2017), by interpolating the deformation 

time series using a linear regression approach implemented in R, using the package imputeTS 

(Moritz and Bartz-Beielstein 2017).  
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The LOS deformation for ascending (𝑑𝐿𝑂𝑆_𝐴𝑠𝑐) and descending (𝑑𝐿𝑂𝑆_𝐷𝑒𝑠𝑐) pass have then been 

combined and converted to finite deformation velocities (mm) in vertical (𝑑𝑧)  and East-West 

(𝑑𝐸𝑎𝑠𝑡)  domain, following the approach employed by Manzo et al. (2006): 

𝑑𝑧 ≈
(𝑑𝐿𝑂𝑆_𝐷𝑒𝑠𝑐 − 𝑑𝐿𝑂𝑆_𝐴𝑠𝑐)/2

cos (𝜗)
 

(7) 

 

𝑑𝐸𝑎𝑠𝑡 ≈
(𝑑𝐿𝑂𝑆_𝐷𝑒𝑠𝑐 − 𝑑𝐿𝑂𝑆_𝐴𝑠𝑐)/2

sin (𝜗)
 (8) 

where 𝜗 is the incidence angle of the satellite from zenith that, for sake of simplicity, is assumed 

to be the same for both ascending and descending geometries (~23°). In fact, variations of the 

incidence angle across the scenes, are lower than 4°, therefore, considering a LOS displacement 

of 1 cm, the maximum error introduced by assuming the average 𝜗 is always less than 1 mm 

(Bonforte et al. 2011). Employing Eq. 7 and 8, it was also possible to compute ground 

deformation time series for the full length of the dataset. However, as suggested by Solaro et 

al. (2010), the technique cannot be directly applied to each pixel of the time series since the 

scenes obtained from the ascending and descending geometries are sensed at different times, 

with an inhomogeneous temporal sampling and, the computed PS points often do not 

geospatially overlap both in the ascending and descending views. The spatial distribution 

constraint was resolved in the previous step, where PS points both for the ascending and 

descending geometries were averaged if included within a 100-meter radius from each 

monitoring well. To solve for the temporal inconsistencies, after retrieving missing dates by 

linear interpolation, the pixels belonging to the descending product have been combined with 

those of the ascending one, minimising the temporal gap to 7 days. In fact, descending 

acquisitions for the selected track and frame repeat regularly 7 days after the acquisition of the 

ascending ones, permitting a reasonable and consistent comparison of the scenes in both 

geometries, with the assumption that no major motions occurred at any given location between 

the ascending and the descending acquisitions.   

A standard practice to validate InSAR-computed deformation time series generally requires a 

comparison with the records acquired by a GPS ground network. On the Etnean area, however, 

no data are available for the investigated period (Bonforte, A. (2020), personal communication) 

and a visual validation approach had to be used instead. The time series have been compared 
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with those presented in similar studies (i.e., Neri et al. 2009, Solaro et al. 2010, Bonforte et al. 

2011), and are discussed in Chapter 4.4 of this manuscript.  
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4. Results 
 

4.1. Summary 
 

Groundwater levels were modelled employing the Rainfall Infiltration Breakthrough (RIB) 

method, in order to comprehend and quantify the recharge mechanisms and the feeding sources 

affecting the fluctuation of the Etnean water table. The simulated groundwater levels were 

subtracted from the observed piezometric records, in order to identify non-meteorologically 

induced fluctuations. The residual time series were plotted against volcanic eruptions to 

identify whether these fluctuations could provide early evidence of volcanic onset. Raw and 

residual time series were finally compared to ground deformation trends and volcanic 

eruptions, in order to identify whether a link between ground motions and piezometric 

fluctuations can be established, and whether non-meteorologically induced fluctuations can 

explain or be explained by volcanic-induced deformations.    

 

4.2. Groundwater modelling 
 

The first step for running the RIB models was to convert the ERA5 parameters to match the 

temporal resolution of the piezometric records. This was achieved by employing Eq.1, 

converting ERA5 parameters in mm/month units (or mm/month water equivalent for 

snowmelt). Following this step, the meteorological data converted into suitable units, have been 

assigned to each monitoring well, following the scheme presented in Figure 10 and discusses 

in Chapter 3.2.3 of this manuscript. The data have then been entered into GREM-2 to identify 

the model that best matched the observed groundwater levels. After an initial assessment of the 

raw groundwater time series (Figure 21), it has been noticed that Pz 3 and Pz 6 experienced a 

drastic alteration of their seasonal patterns at the beginning of 2007, showing incongruities 

with the previously observed trends, both in time and scale. To account for these variations, 

the RIB models for Pz 3 and Pz 6 have been computed by applying the approach previously 

employed by Rỡi (2014). As suggested by Rỡi (2014), sudden and drastic variations in the 

piezometric trends, can inform on alteration of groundwater pathways, and/or variation in the 

abstraction/recharge regimes. Given these reasons, a single model (or constant model 

parameters) applied to the whole time series would have failed to represent the variable 

hydrogeological conditions of the Etnean aquifer, therefore, the RIB models for these two wells 

have been computed by applying a varying 𝑟 fraction and 𝑃𝑡 value (𝑟 being the % of recharge 
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experienced by the groundwater body, and 𝑃𝑡 a threshold value representing the boundary 

conditions; see Chapter 3.2.4), one calculated on the piezometric trends from 2003 to 2007, 

and the second one from 2007 to the end of the time series.  

 

Figure 21 Raw groundwater time series for the 6 wells investigated in this work. Please note, an outlier (-97.35m 

in July 2007) has been removed from Pz 3 for display purposes. 

 

A closer inspection of the raw groundwater time series revealed the presence of outliers. 

Indeed, outliers may represent potential anomalies that should be carefully considered. On the 

other hand, the outliers identified within these time series only appear after 2007, hence in that 

portion of the datasets containing major gaps between acquisitions which made the time series 

not suitable for identification of anomalies, and for this reason only used to calibrate and 

validate the RIB models. Given that using the full lengths of the datasets has a purely 

hydrological purpose for groundwater modelling, according to Lacombe et al. (2017) and 

Jeong et al. (2017), including these outliers in the groundwater recharge models could have led 
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to an incorrect interpretation of the physical state of the aquifer, in turn affecting the estimation 

of the model coefficients, compromising the veracity of the outputs. For these reasons, outliers 

were statistically identified by employing the Interquartile (IQR) approach, computed using 

the Anomalize package in R (Dancho and Vaughan 2019), and then removed from the 

groundwater time series. The Innerquartile (IQR) outlier detection method has been chosen as 

it better applies to non-Gaussian time series (since it uses nonparametric statistics, i.e., the 

quartile) and, given the nonparametric nature of hydrological data, such as those used in this 

study (Table 3), the IQR approach is more suitable for identifying outliers in groundwater data 

(Jeong et al. 2017). Non-Gaussian distribution was established via a standard Shapiro-Wilk 

test, at a significance level (α) 0.05. As from standard practice, this was achieved by stating a 

null (H0) and an alternative (H1) hypothesis, namely: 

▪ H0: the variable may be normally distributed; 

and 

▪ H1: the variable is not normally distributed. 

After individually testing the time series for normality, these all revealed p-values ≤ 0.05 (Table 

3); therefore, the null hypotheses have been rejected, and the time series were classified as not-

normally distributed. 

Table 3 Descriptive statistics of the groundwater time series and p-values for the Shapiro-Wilk test for 

normality. 

Well ID   
Shapiro-Wilk 

p-value (α 0.05) 
Mean 

Standard  

Deviation (σ) 

GW Depth (m b.g.l.) 
Observations  

Min Max 

Pz 1 4.99E-12 -170.98 14.90 -128.42 -181.63 74 

Pz 2 2.99E-09 -166.09 11.50 -141.18 -176.81 75 

Pz 3 0 -92.69 0.55 -92.40 -97.35 75 

Pz 4 4.04E-13 -19.13 1.38 -12.37 -20.41 75 

Pz 5 1.36E-04 -89.61 0.65 -88.28 -91.40 73 

Pz 6 6.85E-08 -68.64 2.26 -62.00 -70.72 63 

 

 

The RIB models that best represented the observed groundwater levels, as suggested by Sun et 

al. (2013), have been selected based on the best trade-off between low RMSE and high 

Spearman ρ (Rho) correlation coefficient – the latter employed as better represents the 

relationship between two nonparametric variables (Kendall and Gibbons 1990, Hauke and 

Kossowski 2011) – by subtracting the normalised RMSE values from the normalised ρ (Rho) 

coefficients. The length of meteoric water pathways from the ground surface to the aquifer 
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range from 0 months at the shallowest well (Pz 4) to 36 months at the deepest (Pz 1). The 

number of events (months) contributing toward a single groundwater fluctuation, namely the 

term 𝑛 − 𝑚 in Eq.3 (see Chapter 3.2.4), was found to span from 41 to 91 months, at Pz 4 and 

Pz 1, respectively. Model accuracy, as suggested by Sun et al. (2013) was established using 

RMSE values, these ranging from 0.04 m to 0.86 m for shallower wells (< 100 m b.g.l.), and 

2.45 m and 2.69 m for the deepest wells, namely Pz 1 and Pz 2, respectively. Correlation 

coefficients, following the nomenclature proposed by Yan et al. (2019), were very strong, 

ranging from 0.77 to 0.93. Similarly, R2 coefficients revealed a strong agreement between the 

modelled and the observed time series, these ranging from 0.55 to 0.95. Yet, RIB models 

computed employing variable 𝑟 and 𝑃𝑡 fractions revealed lower R2 coefficients, while higher 

coefficients were obtained when evaluating the accuracy of the models only for the 2003 to 

2007 timeframe, namely the period where groundwater levels remained relatively stable (Table 

4). 

Table 4 Identified recharge parameters and statistical evaluation of the model accuracy between observed and 

RIB simulated groundwater levels. 

Well 

ID 
m n 𝑃𝑡 (0 to 1) 

RMSE ρ (Rho) R2 

03-07 Full 03-07 Full 03-07 Full 

Pz 1 127 36 0.90 2.17 2.45 0.66 0.80 0.46 0.94 

Pz 2 124 34 0.90 2.46 2.69 0.58 0.77 0.49 0.92 

Pz 3 54 1 0.90 - 1.00* 0.02 0.04 0.96 0.81 0.94 0.65 

Pz 4 41 0 1.00 0.18 0.28 0.82 0.91 0.71 0.77 

Pz 5 80 3 0.96 0.12 0.13 0.84 0.93 0.87 0.95 

Pz 6 53 1 0.96 - 1.00* 0.11 0.86 0.98 0.80 0.98 0.55 

* Varying 𝑟 fraction and 𝑃𝑡 coefficient from 2007. 

 

As depicted in Figure 22, corroborating the statistical significance and accuracy of the 

modelled groundwater levels, the outputs obtained using the RIB show a high visual agreement 

with the observed groundwater levels.    
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Figure 22 Blue dots represent observed groundwater levels. Red dots depict RIB modelled groundwater levels. 

The orange dashed line at Pz 3 and Pz 6 represent the permanent alteration of the groundwater behaviour beyond 

which varying 𝑟 fractions and 𝑃𝑡 values were used (see text for details). The vertical black dashed line separates 

the calibration from the validation period. Grey shaded areas represent the 2003-2007 period for which data 

have been collected regularly allowing quantitative investigations (see Chapter 3.2.2). Scatter plots on the right-

hand side display the linear fitting of the modelled against the observed groundwater time series: grey shaded 

plots represent the 2003-2007 period; non-shaded plots represent the whole time series. R2 coefficients are also 

displayed. 
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A further investigation revealed that meteoric water infiltrates into the aquifer following a 

quasi-linear behaviour in function of depth, as evinced from Figure 23a, and statistically 

supported by a regression coefficient (R2) of 0.83. Analogously, the number of rainfall events 

(months) contributing toward a single piezometric fluctuation at a given time (𝛥ℎ𝑖 in Eq. 7), 

show a strong dependence with the depth of the groundwater body. Figure 23b, shows the 

linearity of this process, resulting in a coefficient of determination of 0.85. 

 

 

Figure 23 Scatter plots showing the associations between (a) the precipitation-infiltration lag and (b) the number 

of rainfall events (months) contributing toward a single piezometric fluctuation, in function of the water table 

depth. R2 coefficients are also displayed. 

 

Groundwater models obtained by the RIB approach, were found to represent the observed 

piezometric levels remarkably well. As inferred from Figure 22, no evidence of over- nor 

underestimation of recharge-induced fluctuation was detectable, additionally, the time series 

showed a high agreement both in trends and seasonality patterns. The latter is amongst the most 

relevant features to attention when evaluating groundwater recharge models, as they are 

intrinsically linked to the recharge dynamics and their sources. Given the above, it seems 

reasonable to hypothesise that high seasonality agreement between observed and modelled 

series corroborates the accuracy of the outputs, as the erroneous selection of parameters (i.e., 

time lag, and combinations of 𝑛 and 𝑚 parameters) would have resulted in discrepancies 

between fluctuation magnitudes. Having established the statistical and visual relationship 

between observed and modelled groundwater levels, it was possible to remove the mostly 

meteorological components controlling the groundwater table behaviour. In fact, RIB models 

can be assumed to represent the undisturbed aquifer conditions, assuming that the latter is 
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exclusively controlled by meteorological factors. This however is seldom the case, especially 

in geodynamic contexts where other factors may play a role in groundwater fluctuations. To 

identify non-meteorologically induced fluctuations, following the approach employed by 

Federico et al. (2017), modelled groundwater levels were subtracted from the observed ones, 

obtaining residual time series (Figure 24) showing variations generated by non-meteorological 

factors. 

 

Figure 24 Residual groundwater time series obtained by subtracting the modelled from the observed groundwater 

levels, following the approach employed by Federico et al. (2017). Grey lines show the unfiltered residual time 

series and blue lines display residual groundwater levels with a 2-month rolling average. 

 

4.3. Residual groundwater levels and volcanic eruptions 
 

After separating the meteorological component from the piezometric trends, significant 

changes in the residual time series were identified by means of Change Point analysis, and the 

results were plotted against the volcanic events that occurred between 2003 to 2007 (Figure 

25). As in Aveni (2020), the relatively small number of volcanic events that occurred within 

the investigated period, exacerbated by the low resolution of the groundwater data, prevented 

the application of statistically robust approaches to assess the relationship between the two 

variables. For these reasons, a visual interpretation was carried out, as previously performed 

and recommended by Biagi et al. (2001). 
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Figure 25 Significant changes in residual groundwater time series obtained from the Bayesian Change Point 

analysis implemented in R using the bcp package. Dashed grey lines represent the 2-months rolling average 

residual groundwater time series. Blue dotted lines represent the mean distribution of the residual groundwater 

time series. Black lines show the posterior probability of a change (in a scale of 0 to 100%), and horizontal dashed 

red lines the cut-off significance level of 70%. Grey shaded areas represent the volcanic eruptions that occurred 

within the investigated period (see Table 1). 

 

Change in time series obtained via Change Point analysis statistically corroborate the visual 

interpretation of the relationship between groundwater fluctuation and volcanic eruptions.  

However, the high number of volcanic eruptions that occurred within a relatively short time 

frame, especially from 2006, complicates the interpretation of the results. Indeed, as discussed 

in Chapter 2.2, groundwater anomalies in the Etnean area have been detected from days to 

months prior to volcanic eruptions, without following a distinct pattern. Therefore, determining 

the association of a given groundwater fluctuation to a specific volcanic event remains quasi-

impossible. This is further exacerbated by the low resolution of the available data and the short 

gap between the events.  Yet, as depicted in Figure 25 and summarised in Table 5, all the wells 

located on the southeast sector of the volcano, namely Pz 1, Pz 2, and Pz 3, displayed significant 
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variations from 4 to 2 months before the September 2004 flank eruption. In contrast, the 

remaining monitoring wells did not show any anomalous behaviour prior to the volcanic 

eruption. In contrast, water levels recorded at these wells suddenly raised toward the end of the 

eruptive phase, to then stabilise their trends shortly after its conclusion. At most of the 

monitoring wells, this stable trend continued for approximately 1 year after the volcanic 

eruption terminated, on the 8th of March 2005. In December 2005, shortly before the phreatic 

explosion occurred on January 12th, 2006, this relative equilibrium was disturbed again. The 

explosion, in fact, was anticipated by a sudden drop of the piezometric surface at Pz 1 and Pz 

2, while Pz 3 experienced a rapid uplift. These changes were detected about 1 month before 

the explosion. No variations were detected at Pz 5, while the groundwater level recorded at Pz 

6 showed an increase about two months after the phreatic explosion. The latter, considering the 

transient nature of the explosive event and the lag between the fluctuation and the explosion, 

is believed not to be linked to the event itself. The fluctuations registered in the proximity of 

the eruptions started on the 14th of July and on the 31st of August 2006, are the most challenging 

to interpret. Indeed, the low groundwater data resolution, exacerbated by a margin of error of 

±15 days, and the small gap between the two events (~ 1.5 months), prevent any visual or 

statistical conclusive interpretation. Nevertheless, Change Point analysis suggests that both Pz 

3 and Pz 4 wells experienced significant, albeit contained, co-eruptive variations. Yet, 

considering the available data is it impossible to ascertain whether these variations are to be 

classified as co-eruptive variations associable to the July 2006 eruption, or as early evidence 

of the following event, commenced on August 31st, 2006, the latter also considered 

substantially more energetic than its predecessor (Behncke 2019).  The eruption began at the 

end of August 2006, was in fact anticipated by changes detected at Pz 1 and Pz 2 ~1 month 

prior to the eruption, and ~2 months before at Pz 3 and Pz 4. However, when compared to the 

changes preceding the 2004 eruption and 2006 phreatomagmatic explosion, these fluctuations 

seem to be less marked, both in magnitude and duration.   
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Table 5 Temporal incidence (expressed in months before the start of the eruptions) of significant variations in 

residual groundwater levels as detected by Change Point analysis. 

 Eruption Start Date 

 
7th September 

2004 

12th January 

2006 

14th July    

2006 

31st August 

2006 

Well ID 
Change Point Detected 

(Months before eruption) 

Pz 1 ~ 3 ~ 1 – ~ 1 

Pz 2 ~ 4 ~ 1 – ~ 1 

Pz 3 ~ 2 ~ 1 0 ~ 2 

Pz 4 – – 0 ~ 2 

Pz 5 – – – – 

Pz 6 – – – – 

 

From Table 5 emerges that the wells located on the southeast sector of the volcano better 

respond to the volcanic dynamics, showing alteration of the aquifer equilibrium up to ~4 

months before the beginning of the eruptions occurred between 2003 and 2007. In contrast, the 

wells located to the northeast and northwest did not present any pre-eruptive variations. Yet, 

as shown in Figure 25, co- and (less frequently) syn-eruptive variations occurred throughout 

the investigated period.  

These fluctuations can provide crucial information on the hydrogeological and volcanic 

dynamics as well as on their interaction; however, the forces originating these variations need 

to be supported by physical explanations, and, at the time of writing, the mechanisms altering 

the equilibrium of the aquifer still remain unclear. Despite there being no evidence of studies 

conducted on the Etnean area conclusively identifying the forces originating these variations, 

several studies worldwide suggested that groundwater fluctuations and ground motions may be 

intrinsically related. To investigate potential correlations between groundwater fluctuations 

and ground deformations and, considering the lack of ground-collected data, this association 

was investigated exploiting remote sensing technology, namely the Persistent Scatter 

Interferometric Synthetic Aperture Radar (PSInSAR) technique. 
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4.4. Persistent Scatter Interferometric Synthetic Aperture Radar (PSInSAR) 
 

After processing the interferograms using the StaMPS package, a total of 369,180 and 117,146 

coherent pixels have been identified, for the ascending and descending views, respectively. 

LOS velocities during the investigated period ranged from -30.14 to 17.18 (average -0.50 

mm/year) for the ascending geometry, and -22.40 to 23.04 (average 0.19 mm/year) for the 

descending one (Figure 26). After combining the two views to enable separation of the mostly 

East-West and vertical displacement components, the final outputs counted 62,056 pixels. 

Between 2003 and 2007, the displacement velocities in the Etnean region – as inferable from 

the available pixels – ranged from -34.71mm to 15.21mm vertically (average 0.45mm), and 

from -10.41mm to 32.29mm (average 0.22mm) in the East-West domain (Figure 26).  
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Figure 26 (Top) Ascending and descending LOS velocities (in mm/yr) for the 2003-2007 period. (Bottom) Vertical 

and E-W deformation (mm/yr) obtained following the approach employed by Manzo et al. (2006) presented in Eq. 

7 and Eq. 8, respectively. White dots show the location of the monitoring wells. 
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Lowering of the number of the pixels in the vertical and East-West domain as compared to the 

ascending and descending geometry outputs is related to the cost of the approach (Eq.7 and 

Eq.8) itself (Bonforte et al. 2011). In fact, the number of pixels available in the vertical and 

East-West products is reduced with respect to the number of pixels spatially matching in the 

ascending and in the descending datasets, or within a 100 meters radius following the approach 

employed in this study (see Chapter 3.4.3.3). Indeed, the number of post-process remaining 

pixels could have been further increased by lowering the degree of coherence threshold set 

during the StaMPS process. However, this would have resulted in a higher number of noisy 

pixels included in the final products. Considering that this work aims at evaluating the 

deformation processes that occurred at specific locations rather than evaluating the regional 

deformation dynamics, the inclusion of noisy, potentially decorrelated, pixels would have 

affected the quality of the final deformation time series, increasing the uncertainty related to 

the estimation of millimetric parameters such as ground deformation obtained via remote 

sensing approaches.  

As discussed in Chapter 3.4.3.3, a standard practice for validating InSAR-derived deformation 

time series requires comparison with GPS records acquired by ground stations. For the Etnean 

area, however, there are no GPS ground deformation data publicly available for the investigated 

period (Bonforte, A. (2020), personal communication), reason why a visual data validation was 

the only available alternative. Previous studies computed ground deformation patterns at 

Mount Etna exploiting InSAR-based techniques, providing useful pieces of evidence to 

validate the outputs produced in this study. Solaro et al. (2010), presented the deformation 

dynamics that occurred in the Etnean region from 1994 to 2008. Despite the period investigated 

by these authors does not entirely match the one examined within this study, Figure 2 of their 

work provides a breakdown of the deformation dynamics that occurred between 2003 and 

2008. A high degree of correlation can be established between the deformation patterns 

obtained in this study and those presented in Solaro et al. (2010); similarly, deformation 

magnitude between the two studies is quasi-identical for the East-West component, while a 

~15mm discrepancy can be observed between the vertical products, as depicted in Figure 27.  
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Figure 27 (Top) Vertical and E-W deformation (mm/yr) for the 2003-2007 period, as presented in Figure 26. 

(Bottom) Vertical and E-W deformation (cm/yr) for the 2003-2008 period, obtained by Solaro et al. (2010). 
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A number of factors may have contributed toward such a (relatively small) deviation between 

the two deformation scales, namely the difference between the analysed pixels, the diverse 

InSAR deformation technique employed between the two studies, and the deformation 

dynamics that occurred within the investigated period, which for Solaro et al. (2010), 

protracted until 2008. Amongst all, the latter may comprehensively explain the divergence 

between the two displacement magnitudes. In fact, after a deflation trend observed from June 

2006 to June 2007, Etna started a new recharging phase, which climaxed on May 13th, 2008, 

when a dike intrusion originated a new flank eruption (Bonaccorso et al. 2011) (Figure 28). In 

the first 6 hours of the eruption, a seismic swarm counting more than 230 events, accompanied 

the magma migration, with the largest recorded event having a ML 3.9. The eruption ceased on 

July 6th, 2009, after almost 14 months of continuous lava effusion. The Pre- and co- eruptive 

deformations detected during this event maintained a constant positive trend until May 12th, 

2008, shaping the volcanic edifice permanently (Bonaccorso et al. 2011). This extensive uplift 

was inevitably included in the study conducted by Solaro et al. (2010), potentially explaining 

the different average annual deformation velocities as compared with the results obtained in 

this work.  

 

Figure 28 Vertical deformation between June 2006 and May 2008. (a) deflation trend from June 2006 to June 

2007, followed by (b) an inflation trend from June 2007 to May 2008, preceding the flank eruption of May 13th, 

2008. Modified after Bonaccorso et al. 2011. 
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4.5. PSInSAR deformation and groundwater levels 
 

Deformation time series were first plotted against the raw groundwater levels, in order to 

identify possible correlations between the two variables (Figure 29). Statistical evaluation of 

the relationship between groundwater levels and PSInSAR-computed ground deformation is a 

challenging task, as often reported by several scholars (i.e., Dehghani et al. 2009, Han et al. 

2020, Agarwal et al. 2021). Direct comparison of the two discrete variables is in fact almost 

impossible since the acquisition dates of the groundwater readings and the radar sensing are 

not coincident. A mitigation approach enabling statistical correlation involves averaging the 

time series at regular intervals (i.e., six months), and then comparing the two time series at 

equal resolutions. Yet, the limited observation period for which groundwater data are available 

precluded a reasonable number of data points obtainable using this approach (e.g., 7 data points 

per time series at six months intervals), which would have compromised the statistical 

significance of any numerical correlation test. Alternatively, if acquisition dates are known, a 

simplistic mitigation approach could be undertaken by linearly interpolating the observed water 

levels to the ground deformation time series, as previously employed by Dehghani et al. (2009). 

However, groundwater data used in this study have been provided monthly, without a specific 

acquisition date, holding a margin of uncertainty of (at least) ± 15 days applying to all data 

points. To provide a statistical representation of the degree of association between these 

variables, groundwater time series were linearly interpolated assuming that all readings were 

regularly acquired on the 15th of each month, in order to minimise the temporal error to ± 15 

days. Considering the non-gaussian distribution of the time series, these were statistically 

assessed employing Spearman ρ (Rho) correlation coefficients, returning values comprised 

between -0.22 and 0.76, as presented in Figure 29.   
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Figure 29 Blue dotted lines represent the linearly interpolated unfiltered groundwater time series (see text for 

details). Black lines with red triangles show the PSInSAR deformation time series retrieved from the average of 

the pixels available within 100 meters from each monitoring well. Spearman correlation coefficients (ρ) are also 

displayed.  

 

Despite correlation coefficients statistically supporting the visual interpretations inferable from 

Figure 29, a visual correlation is still believed to provide better insights on the association 

between the two variables. A close visual inspection in fact, adds confidence to the argument 

that ground motion and groundwater levels are intrinsically correlated. Indeed, as stated and 

discussed by several authors (i.e., Chen et al. 2018, Biswas et al. 2019, Zhu et al. 2020), 

groundwater levels and ground deformations are complex mechanisms, driven and influenced 

by several factors, which respond differently to the alteration of local and regional 

equilibriums, both in time and space. Therefore, a statistical comparison would often 

underestimate the significance of the association between the two variables, which instead 

should be evaluated based on their overall trends and similarities. Remarkably, the groundwater 

levels recorded at wells located on the southeast sector of the volcanic edifice, show significant 

relationships with the superficial subsidence (Pz 1 and Pz 2) and uplift (Pz 3 and Pz 4) 

processes. In contrast, the two wells located on the northwest (Pz 5) and northeast (Pz 6) sector 

of the volcano did not reveal the same agreement (Figure 29).  
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4.6. PSInSAR deformation, residual groundwater levels, and volcanic 

eruptions 

 

After comparing the superficial deformation process to the raw groundwater levels and, after 

having established a reasonable relationship between the two variables, the deformation time 

series were plotted against residual groundwater levels. This investigation was carried out to 

identify whether the non-meteorologically induced fluctuation of the groundwater table (i.e., 

the residual groundwater levels) could have been related to the ground deformation processes. 

The rationale lies on the principle that ground deformation in volcanic settings often includes 

slow and fast components (Cimarelli and De Rita 2010, Schaefer et al. 2019), the first generally 

induced by geological or anthropogenic processes (i.e., slow-slip events, recharge of magmatic 

systems, subsidence induced by overexploitation of the aquifers, etc.), while the latter are 

usually triggered by transient sources (i.e., intrusion of magmatic dykes, earthquakes, etc.). 

Therefore, as correlations between subsurface waters and deformation trends were previously 

identified, it seems reasonable to investigate whether anomalous groundwater changes 

presented in Chapter 4.3 may be explained, or explain, superficial deformations. As discussed 

above, volcanic onset is usually accompanied by either migration of magma toward the surface 

(i.e., dykes intrusion), injection of new magma in the magmatic chamber/s, volcanic-induced 

earthquakes, etc.; processes that often result in transient – at times irreversible – ground 

displacement. On the other hand, groundwater fluctuations may also be caused by the onset of 

volcanic eruptions, as discussed in Chapter 2.3. Therefore, investigating the temporal 

association between residual groundwater levels, ground deformation, and volcanic eruptions 

(Figure 30) may reveal causes and dependencies amongst these three variables, providing 

crucial suggestions to understand their interaction.  

 



80 
 

 

Figure 30 Blue dotted lines represent the 2-month moving average residual groundwater levels. Grey lines show 

the unfiltered residual groundwater levels. Black lines with red triangles show the PSInSAR deformation time 

series retrieved from the average of the pixels available within 100 meters from each monitoring well. Grey 

shaded areas represent the volcanic eruptions that occurred within the investigated period (see Table 1). 

 

After plotting the residual groundwater levels and deformation time series over the volcanic 

events, it was possible to observe some intriguing, albeit irregular, associations, these mainly 

localised in the southeast sector of the volcano. Amongst the whole datasets, the deformations 

affecting the areas around Pz 1 (with a lag of ~2 months) and Pz 3, show the best agreement 

with the residual groundwater levels. In contrast, despite presenting a relatively homogenous 

geological composition, and being located ~3.5km away from Pz 1, deformations detected at 

Pz 2 well did not display any clear correlation with the residual groundwater levels. Observing 

the volcanic events, and as discussed in Chapter 4.3 of this work, it can be noted how all 

piezometric levels for the wells located to the southeast displayed pre- and co-eruptive 

variations in concurrence with the flank eruption started on September 7th, 2004. Similarly, 

about 1 month prior to the phreatic explosion that occurred on January 12th, 2006, a sudden 
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drop was detected at Pz 1 and Pz 2, while Pz 3 showed an abrupt raise. The same trend was 

discernible in the deformation time series retrieved for Pz 1 and Pz 3, while no significant 

motions were detected in the proximity of Pz 2. In contrast, deformation time series for the 

wells located to the east/northeast and northwest of the volcano (namely Pz 4 to Pz 6), did not 

present any significant variations associated with the groundwater levels, nor with the volcanic 

events, following a mostly seasonal-influenced pattern. Despite no recurrent patterns of 

variation, nor statistically significant correlations between residual groundwater levels, ground 

deformation, and volcanic eruptions, some associations were recognised; these require further 

considerations and potential explanations will be later debated in Chapter 5.4 of this 

manuscript. 
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5. Discussion 
 

Modelling groundwater levels is a challenging task, especially in areas where a lack of precise 

hydrological data and investigations precludes the understanding and the estimation of accurate 

parameters. To solve this issue, scholars have developed methods and approaches to explain 

the hydrogeological characteristics of a given area, despite the limited available data. The RIB 

model has often been employed to model groundwater levels in areas where lack of data 

impeded the application of other, more complex, approaches, providing an accurate estimation 

of the groundwater behaviour. In this work, the RIB model was employed to estimate the 

recharge mechanisms of the hydrogeological basin of Mount Etna, enabling the modelling of 

the groundwater levels for the wells located around the volcanic edifice examined in this study. 

After identifying a significant agreement between modelled and observed groundwater levels 

and, assuming that the aquifer is controlled exclusively by meteorological factors – with the 

RIB models reflecting the undisturbed aquifer conditions – the modelled groundwater levels 

were subtracted from the observed ones to identify non-meteorologically induced variations, 

following the approach employed by Federico et al. (2017). To further investigate the 

relationship between the aquifer equilibrium and the broader geodynamic system, the unfiltered 

and the residual groundwater levels were plotted against deformation time series and volcanic 

events. This investigation revealed intriguing associations, suggesting how the superficial 

deformation process can influence groundwater trends, or vice versa, whilst anomalous 

fluctuations of the piezometric surface may inform, from months in advance, on impending 

volcanic events.    

 

5.1. Groundwater modelling  

 

Assessing the results obtained in this work, it can be noted how the groundwater levels 

modelled employing the RIB approach explain the conditions experienced by the Etnean 

hydrogeological basin remarkably well. Compared to previous studies carried out in the same 

region, which employed a revised CRD approach (i.e., Mattia et al. 2015, Federico et al. 2017), 

the RIB model seems to better represent the observed groundwater levels. This may be 

explained by the major difference between the two models. The RIB, in fact, accounts for the 

lag that rainfall takes to reach the water table, delayed by the spreading of moisture in the 

Vadose zone; in contrast, the CRD is solely based on the cumulative departure of previous 

events from the average precipitations, omitting the contribution of recharge occurring beyond 
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the period over which the reference mean is calculated. Nevertheless, this study also exploited 

a more comprehensive meteorological dataset, including parameters omitted in the 

aforementioned studies, namely evapotranspiration and snowmelt. Inclusion of these 

parameters has been repeatedly proven to affect groundwater levels worldwide (Wang et al. 

2010, Van Camp et al. 2016), with the same applying to the Etnean area where both snow 

melting and evapotranspiration play a major role in the hydrogeological balance (Carbone et 

al. 2019, Borzì et al. 2020a, Borzì et al. 2020b, Aveni 2020, Aveni and Blackett 2021). 

Corroborating the above, is the unsupervised and correct identification of the aquifer type by 

all the RIB models presented in this work, as depicted from the 𝑃𝑡 coefficients reported in Table 

4. In fact, the 𝑃𝑡 coefficients ranged from 0.90 to 1.00, confirming the unconfined nature of the 

Etnean aquifer (with 𝑃𝑡 ranging from 0 to 1, for confined and unconfined aquifers, 

respectively). The statistical accuracy of the models for the 2003 to 2007 period, evaluated by 

RMSEs, was between 0.02 to 0.18 meters for the wells ≤ 100 m, increasing up to 0.86 meters 

when assessing the whole time series. These errors are comparable with those found in the 

literature; Pahlevani Majdabady et al. (2020) reported errors ranging from 0.08 to 0.34 meters 

for wells ranging from 24 to 50 meters below the ground level, whilst Ahmadi et al. (2015) 

reported errors within 0.04 and 0.50 meters for wells extending from 11 to 150 meters below 

the surface. On the other hand, the errors for the wells ≥ 150 m assessed in this work are higher, 

ranging from 2.17 to 2.69 meters. The lowering of the accuracy of the RIB model with 

increasing depth encountered in this study, confirms what was previously stated by Ahmadi et 

al. (2015) who noticed a lowering in RIB accuracy beyond a threshold depth of 100 meters 

(b.g.l.). This (empirically established) threshold may be dictated by the complexity and 

heterogeneity of the hydrogeological systems. Indeed, water reaching significant depths, 

encounters several geological strata having different hydrogeological characteristics, such as 

porosities, permeabilities, degrees of fracturing, etc. The combination of these factors 

inevitably increases the uncertainty associated with the estimation of recharge, as the non-linear 

behaviour of groundwater systems is hardly represented by any groundwater balance-based 

recharge model (Xu and Beekman 2019).  The lag time for water reaching the water table 

ranged from 0 months at the shallower well, namely Pz 4, to 36 months at the deepest, Pz 1. 

The length of fluid pathways matches what was previously observed by other authors (i.e., 

Mattia et al. 2015 and Federico et al. 2017), who identified a lag between meteoric precipitation 

and percolation of about 3 months for wells having a depth less than 100 meters. Noteworthy, 

the 36 months lag observed at Pz 1, and the 34 months lag seen at Pz 2, match the empirical 
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observations made by the aqueduct’s personnel who noted a correlation between precipitations 

and groundwater response with a lag of approximately 29 months (Rossi, T. (2019), personal 

communication). The number of events contributing toward a single groundwater fluctuation 

range from 41 to 91 months. This match with the time groundwater resides within the system, 

which range from a few to tens of years (Paonita et al. 2016), further increasing in the southwest 

flank of the volcano (Aiuppa et al. 2003), where Pz 1 and Pz 2 are located. Yet, despite the 

extended residence time of water within the system informing on the motion of fluids within 

the geological substratum, this mainly accounts for the horizontal flow behaviour, and it cannot 

be ascertained whether the same applies to the vertical one. At the time of writing, no 

information is available regarding the vertical (percolation) dynamics of meteoric fluids, and 

only speculative interpretations can be made. Infiltration dynamics differ across the Etnean 

region, this is mainly due to the marked contrast between urbanised and rural areas. Urbanised 

areas, often present a significantly higher runoff coefficient as compared to rural areas, due to 

the presence of impermeable surfaces (roads, buildings, etc.) (Saraswat et al. 2016). These 

urban settings result in a reduced amount of meteoric water infiltrating at the location it falls, 

with water generally superficially migrating downward, following the topographical 

arrangement of the area.  In contrast, as suggested by Bellia et al. (2015), meteoric 

precipitations abundantly infiltrate at high altitudes where, exploiting the unsaturated 

sediments, migrate downwards toward the basin of the volcano, following a radial pattern. 

Considering these distinct infiltration scenarios, it seems reasonable to hypothesise that 

groundwater levels are fed by at least two distinct processes, having different temporal and 

spatial distributions. The primary recharge is suggested to take place perpendicularly to the 

monitoring well, where water infiltrates exploiting the reduced spaces available within urban 

settings. The length of this process should reflect the time lag identified by the RIB models, as 

this should theoretically be the first recharge supply reaching the aquifer. The secondary 

recharge, namely that portion of recharge originated from the accumulation of previous events, 

is suggested to derive from the meteoric water infiltrating at high altitudes, flowing towards 

the effluent hydrogeological features described in Chapter 1.2 of this manuscript. The amount 

of water infiltrating at bared elevated areas is higher as compared to that infiltrating in urban 

areas, as these also include the melting snow cover, which accumulates at these altitudes. 

Therefore, considering that water reaches the water table following a radial path instead of a 

mostly vertical one, it takes more time for infiltrating water to reach the piezometric surface. 

This process, as schematically represented in Figure 31, would encourage the spreading of 

moisture in the Vadose (unsaturated) zone, partially dissipating the amount of water infiltrating 
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the ground, resulting in a slower – but continuous – response detectable downslope at the 

piezometric surface, as previously observed in Scheidegger et al. (2015). 

 

 

Figure 31 Schematic representation of the infiltration and percolation mechanisms in rural and urban areas 

within the Etnean region. Please note how the time scale varies across the two suggested scenarios. Modified 

after Xu and Beekman (2003). 

 

Piezometric fluctuations observed in this study were largely explainable by the available 

meteoric budget, combined with a more comprehensive interpretation of the hydrogeological 

dynamics governing the recharge of the groundwater basin. On the other hand, it must be 

considered that studies conducted over the last 50 years, identified a progressive degradation 

in groundwater quality, accompanied by a drop in groundwater levels, which was attributed to 

the overexploitation of the aquifer (Ferrara 1975, Barbagallo et al. 1980, Ferrara and Li Rosi 

1985, Ferrara 1990, Ferrara and Pappalardo 2008). These studies, however, investigated the 

water table behaviour until the early 2000s and do not take into account the current groundwater 

trends. As depicted in Figure 21, groundwater levels from 2003 to 2019 have risen steadily 

across the whole region, despite the abstraction regime having increased to meet the growing 

demand. This evidence suggests that overexploitation of the aquifer may not be the cause 

controlling groundwater trends, and further explanations are required.  
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5.2. The association between residual groundwater levels and volcanic 

eruptions 

 

To identify non-meteorologically induced fluctuations of the groundwater levels, the mostly 

meteoric component was separated from the raw groundwater levels. This was achieved by 

subtracting the modelled groundwater levels from the observed ones, following the approach 

employed by Federico et al. (2017). The RIB models, in fact, are assumed to represent the 

undisturbed aquifer conditions, hence the conditions experienced by the water body assuming 

that the latter is exclusively controlled by meteorological components. This however is rarely 

the case, especially in regions where the geodynamic equilibrium is constantly altered by 

seismo-volcanic and tectonic processes. Therefore, the residual between the two variables 

displays fluctuations induced by external (non-meteoric) dynamics, which may inform on the 

alteration of the equilibrium within the volcanic apparatus. To investigate whether an 

association between residual groundwater levels and volcanic eruptions could have been 

established, the residual groundwater time series were plotted against the volcanic events that 

occurred between February 2003 and January 2007. After statistically identifying significant 

piezometric fluctuations by mean of Change Point analysis, it was noted how major changes 

detected at wells located to the southeast of the volcano, repeatedly anticipated volcanic 

eruptions by up to ~4 months. In contrast, the wells located to the northeast and northwest of 

the volcanic edifice did not reveal any pre-eruptive changes, although showed sporadic co- and 

syn-eruptive alterations throughout the investigated period. Indeed, divergences between the 

two flanks of the volcano are not a novelty. Different responses of the groundwater levels in 

the south and north flanks to volcanic and seismo-volcanic dynamics were previously observed 

by Aveni (2020). In this work, it was suggested how the geological heterogeneity of the two 

flanks, demonstrated by the tomographic studies conducted by Díaz-Moreno et al. (2017), 

could have potentially explained the divergent behaviour of the groundwater levels located to 

the northwest of the volcano, as compared to those located to the south. The east and northeast 

sectors, in fact, are crossed by major seismogenic fault lines (i.e., Pernicana Fault, Timpe fault 

system, see Figure 7 for reference), which regularly alter the equilibrium of the area (Alparone 

et al. 2013). This sector experiences more than 80% of the earthquakes occurring within the 

Etnean region, with most of the events having shallow hypocentral depths <5 km, with NNW-

SSE trending extensional structures (Patanè et al. 2004 and 2005). As suggested by Federico 

et al. (2017) and Aveni (2020), in such a geological framework, continuous compression and 

dilatation of the geological layers likely affect the equilibrium of the aquifer, modifying the 
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fluid circulation within the volcanic edifice. In fact, if from one side seismic events and 

migration of magmatic fluids increase the degree of fracturing of the rocks, in turn increasing 

the permeability of the ground, facilitating the opening of deep fractures where water dissipates 

at depth, from the other pressurisation of magmatic gasses, deformation related to magma 

migration and accumulation of tectonic strain, compact the saturated levels of the volcanic 

edifice, exceeding the hydrostatic pressure of the pores, resulting in water being released and 

introduced into the system (Rosen et al. 2018). 

In investigating the residual groundwater trends obtained in this work, intriguing fluctuations 

were observed, and here discussed. In the southeast sector of the volcano, all wells displayed a 

stable trend from the beginning of the time series, until June 2004. This steady trend was 

suddenly interrupted by an increase of ~7 meters detected a Pz 2, followed a month later by Pz 

1, where analogous variations raised the water table by ~ 3.5 meters. In August 2004, the 

hydrogeological instability affecting the southeast sector of the volcano, extended to the 

shallower well, namely Pz 3, where an abrupt drop of the water table was followed by the start 

of the flank eruption, beginning in September 2004 (Figure 32).  

 

Figure 32 Residual groundwater level changes (in m) in the wells located to the southeast sector of the volcano 

prior to the volcanic eruption (yellow shaded area) of September 7th, 2004. 
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The volcanic eruption, as reported by Giammanco et al. (2018) was anticipated by anomalous 

variations in groundwater geochemical composition months before the magma reached the 

surface. These variations, analogously to what was observed in this work, were first detected 

at the deepest wells, and later propagated to the shallower aquifer. Therefore, considering the 

temporal and spatial distribution of these anomalies, it can be speculated that these geochemical 

variations may also be linked to the quantitative fluctuation of the aquifer. Giammanco et al. 

(2018), suggested that these anomalies could in fact be explained by the increased local strain 

or an accelerated instability on the flanks of the volcano which supported the mixing of water 

between aquifers. Therefore, it seems reasonable to hypothesise that mixing of waters between 

water bodies also altered the fluid pathways and the amount of water supplied at wells 

locations, originating the groundwater fluctuations found in this study. In contrast, the wells 

located to the northeast and northwest of the volcano did not undergo changes prior to the 

volcanic eruption, showing variations only toward the end of the eruptive phase. Noteworthy, 

scholars suggested that no major deformations, nor seismicity were associated with this event, 

if compared to the historical precursory evidence usually accompanying flank eruptions at 

Mount Etna (Corsaro and Miraglia 2005, Bonaccorso et al. 2006). This suggests that the 

implementation of a denser and more efficient quantitative groundwater monitoring network, 

distributed around the whole volcanic edifice, can provide unique evidence of volcanic unrest, 

allowing scientists and researchers to better understand groundwater dynamics and their 

interaction with the broader volcanic system.   

Groundwater anomalies were also observed ~1 month prior to the phreatomagmatic explosion 

of January 12th, 2006, where Pz 1 and Pz 2 displayed a marked drop of the water table, whilst 

Pz 3 underwent a moderate increase. Similar variations were observed by Aveni (2020), who 

noticed a drop in the groundwater levels in the southeast sector about one month before the 

explosion. According to Cannata et al. (2010), changes in the amplitude of the volcanic tremor 

(Figure 33a) were recorded since the 17th of December 2005, when a banded tremor pattern 

(Figure 33b) commenced.  
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Figure 33 (a) Root-mean-square (RMS) of seismic signal (ECPN station - vertical component - filtered frequency 

band 0.5–1.5 Hz) from December 1st, 2005 to January 31st, 2006. The grey shaded area at the top shows the period 

characterised by banded tremor activity. (b) Details of the banded tremor. Adopted from Cannata et al. (2010). 

 

Andronico et al. (2006) and Cannata et al. (2010), suggested that the tremor pattern preceding 

the explosion was hydrothermal in nature, hence originated from the fracturing of the rocks 

triggered by the pressurisation of fluids (Christiansen et al. 2005, Gudmundsson et al. 2001, 

Ventura and Vilardo 2005). Corroborating their claim, Falsaperla et al. (2013) and Coppola et 

al. (2019), highlighted how Sulphur dioxide (SO2) flux emissions have steeply increased since 

November 2005 (Figure 34). An increase in SO2 flux provides precursory evidence of volcanic 

eruptions (e.g., Olmos et al. 2007, Inguaggiato et al. 2011, Werner et al. 2011) as it offers 

information regarding the ascent of magma within the volcanic apparatus (Theys et al. 2013). 

These interpretations are in fact consistent with the intrusion of a magmatic dyke beneath the 

southeast sector of the volcano presented by Cocina et al. (2010), resulting in the deformation, 

albeit contained, of the same sector of the volcano (Falsaperla et al. 2013) (Figure 34). 
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Migration of magma, as previously discussed in this work, leads to pressurisation of the system 

and its fluids, which may indeed be the cause behind the banded tremor detected by Cannata 

et al. (2010), and in turn, the ultimate source leading to the anomalies detected at the 

piezometric surface, in line with what previously observed at Kilauea, Hawai’i, by Hurwitz et 

al. (2003), and at Mount Usu, Japan, by Shibata and Akita (2001).  

 

Figure 34 (Top) Residual groundwater levels for the wells located to the southeast of the volcanic edifice. The 

grey shaded areas mark the inferred time of the dyke intrusion2 accompanied by mild inflation of the southern 

sector of the volcano3,4. The yellow shaded areas represent the beginning of the banded volcanic tremor pattern1. 

Orange shaded areas depict the phreatomagmatic explosion of January 12th, 2006. (Bottom) SO2 flux retrieved 

from OMI (Ozone Monitoring Instrument, AURA Platform)5: blue bars raw values; black red-dotted line 5 points 

moving average. 1 Cannata et al. (2010), 2 Cocina et al. (2010), 3 Carbone et al. (2008), 4 Falsaperla et al. (2013), 
5 data from Coppola et al. (2019). 
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Nevertheless, the increase detected at Pz 1 and Pz 2, contrasted by the drop observed at Pz 3, 

highlights the complexity of the hydrogeological system, impeding the definitive identification 

of the mechanisms triggering these fluctuations. Yet, it seems reasonable to hypothesise that 

the variations observed prior to the phreatomagmatic explosion may be related either to the 

pressurisation of fluids within hydrothermal systems which increase the permeability of the 

aquifers and aquitards producing fractures where water dissipates at depth (i.e., Claesson et al. 

2004, Rojstaczer et al. 2008, Capasso et al. 2014), or to the alteration of groundwater pathways 

(Federico et al. 2017, Giammanco et al. 2018) and redistribution of the hydrological 

equilibrium across the aquifer. After the phreatomagmatic explosion of January 2006, Change 

Point analysis detected a number of significant fluctuations in concomitance with the volcanic 

events that occurred in July and August 2006. However, due to the low resolution of the 

available data, exacerbated by a margin of error of ±15 days, and the small gap between the 

two events (~ 1.5 months), it was not possible to ascertain whether these variations are to be 

classified as co-eruptive variations associable to the July 2006 eruption, or as a precursory 

indication of the following event, commenced on August 31st, 2006, the latter also considered 

substantially more energetic than its predecessor (Behncke 2019). Nevertheless, these 

variations occurred within a period of remarkable volcanic activity (see Chapter 3.1.1) and, 

despite a conclusive explanation cannot be provided, it seems reasonable to hypothesise some 

sort of causal effect between the observed fluctuations and the volcanic activity.  

In this regard, a reciprocal role for the interaction between groundwater and geological 

structures can be hypothesised. The pressurisation of fluids may in fact result in ground 

deformations in the same way that volcanic-induced deformations caused by migration of 

magma or accumulation of tectonic strain can alter the equilibrium of the aquifer, modifying 

the circulation of fluids within the volcanic pile (Federico et al. 2017). To investigate this claim, 

displacement time series were first plotted against the unfiltered groundwater time series to 

identify whether fluctuations of the water table can be influenced, or influence, deformation 

trends, and later against residual groundwater levels and volcanic eruptions to identify whether 

volcanic-induced deformation could have explained the anomalies observed in this study.  
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5.3. The association between groundwater levels and ground deformation 
 

Several studies worldwide identified relationships between groundwater trends and ground 

deformation patterns, yet no previous studies investigated whether this association can be 

established in the Etnean area. Investigating the relationship between groundwater and ground 

deformation trends from 2003 to 2007, this study suggested how groundwater levels to the 

southeast of the volcano, match the deformation patterns obtained via PSInSAR analysis. In 

contrast, the wells located to the northwest and northeast of the volcanic pile revealed 

conflicting patterns. As depicted in Figure 29, a correlation between groundwater levels and 

deformation time series for the wells located to the southeast can be visually and statistically 

established. Suggestions regarding the interaction between the two variables can be better 

appreciated from the trends observed at Pz 3 and Pz 4. Deformations time series at these 

locations, closely match the seasonal patterns of the water table, suggesting that superficial 

ground motions may be predominantly dictated by the fluctuation of the piezometric surface. 

This is consistent with the large agreement between modelled and observed groundwater levels, 

obtained using meteorological input parameters only, and yet able to represent the groundwater 

behaviour. This claim, as previously noted in Chaussard et al. (2017), is also supported by the 

overall high hydraulic conductivity of the aquifer (Ferrara 1975), which enable water to flow 

through pore spaces and fractures with relative ease. Therefore, according to Riel et al. (2018), 

the rapid response of the ground in relation to the varying height of the water table can be 

explained by the alteration of the effective stress on the aquifer, governed by the influx or efflux 

of fluids on the pore spaces, which cause contraction or expansion of the granular matrix, 

resulting in motions detected at the surface. However, at the deepest wells, namely Pz 1 and Pz 

2, a seasonal agreement between the two variables cannot be established, despite the trends 

being quasi-identical. This may be related to the depth of the water table, and the diverse 

geological composition between these locations. The stratigraphic columns for Pz 3 and Pz 4 

are not publicly available, however, given the spatial proximity, the geology of these wells can 

be assumed to equal those of the exploratory borehole No.3106 and No.3743, respectively, 

available on the Italian Geological Portal – belonging to the Italian National Institute for 

Environmental Protection and Research (ISPRA). The stratigraphic column for Pz 1 is not 

available on the Italian Geological Portal but can alternatively be found on the work presented 

by Branca and Ferrara (2013) (borehole Sg3, Figure 9). Examining the stratigraphic 

composition of these wells, it emerges how both Pz 3 and Pz 4 sit on a profile made of 

vulcanoclastites and scoria-rich breccia deposits (11 to 25m thick), interbedded with 

http://sgi2.isprambiente.it/indagini/scheda_indagine.aspx?Codice=3106
http://sgi2.isprambiente.it/indagini/scheda_indagine.aspx?Codice=3743
file:///C:/Users/simon/Desktop/MRes%20Thesis%20Chapters/Portale%20del%20Servizio%20Geologico%20d'Italia
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consolidated lava flows with thickness less than 6 meters. In contrast, the stratigraphic column 

for Pz 1 – and given their spatial proximity (presumably) also for Pz 2 (for which no core logs 

are publicly available) – is made of superimposition of lava flows, disturbed only by a 

pumiceous pyroclastic deposit (5.6 m thick) at 18 m b.g.l., followed by a stratum of epiclastic-

alluvial deposits (4.8 m thick) at 46.2 m b.g.l. (Branca and Ferrara 2013). These geological 

settings suggest that hydraulic conductivity coefficients may be lower at Pz 1 and Pz 2, where 

superimposition of compacted basaltic layers may restrict the movement of water, as compared 

to the unconsolidated geology found at Pz 3 and Pz 4. This is further exacerbated by the depth 

of the water table and the related confining pressure, which further restricts the movement of 

fluids within the granular matrix, as described by Darcy's law. These factors may affect the 

spatiotemporal response of the superficial ground to changes in groundwater levels, as water 

requires more time to occupy the voids within the rocks. These claims, however, should be 

further investigated, and future studies should focus on exploring physical models capable to 

explain these associations using accurate hydrogeological data. Despite the significant 

associations identified between the groundwater levels and the deformation time series for the 

wells located on the southern slopes of the volcano, the wells located to the north did not reveal 

the same agreement. This, as discussed above, could be related to the geodynamic 

heterogeneity between the two flanks of the volcano, with the northeast sector being 

predominantly disturbed by quasi-continuous telluric motions, and/or to the limitations related 

to the remote sensing technique employed in this work.  In fact, the presence of major active 

fault lines together with their kinematics, encourage the slow-slip event taking place in the 

eastern flank of Mount Etna, which forces the volcanic pile toward the Ionian Sea (Mattia et 

al. 2015). This slow deformation process is likely to modify the water pressure distribution 

within the basin, modifying the groundwater circulation, in turn affecting both ground 

deformation and groundwater levels (Mattia et al. 2015, Federico et al. 2017). This process can 

also be observed in the InSAR-retrieved deformation patterns presented in this work (Figure 

27), with the East-West component of deformation highlighting the major displacement 

experienced by the northeast flank of the volcano. Most of the deformation experienced by this 

flank develops on a mostly horizontal plane, with vertical motions playing a marginal role. In 

such complex scenarios, Samieie-Esfahany et al. (2009) suggested that estimation of the 

vertical deformation using the PSInSAR approach is likely altered by the error introduced by 

the (prevalent) horizontal component, resulting in over and/or underestimation of the vertical 

deformations. Unavailability of ground-collected data impeded the verification of the above, 

reason why it was not possible to ascertain whether the InSAR-retrieved deformation time 
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series used in this study were affected by the limitations intrinsically related to the approach 

itself. Besides, the effect of the horizontal motion on vertical deformation trends or on 

groundwater time series was not assessed in this study as the complexity of these interactions 

requires sophisticated physico-mathematical approaches, and their validation against ground 

collected data which, as mentioned above, are not available for the investigated period. 

Additionally, most of the studies investigating similar associations suggested that correlations 

between groundwater levels and deformation time series were primarily found in the vertical 

domain, with a priori consideration of this potential scenario omitted in the current work. 

Further studies should assess the impact of horizontal ground motions both on groundwaters 

and remotely sensed deformation time series, investigating whether conclusive correlations can 

be identified. 

 

5.4. The association between residual groundwater levels and ground 

deformation 
 

After having established the relationships between the two variables, at least for the southern 

sector of the volcano, residual groundwater levels were plotted against deformation time series 

and volcanic events, to investigate whether the non-meteoric induced piezometric variations 

presented in Chapter 4.3 and discussed in Chapter 5.2 could have been related to deformations 

generated by volcanic events. After plotting the eruptive phases over the deformation trends, it 

was noted how the southeast sector of the volcano undergo similar deformation patterns prior 

to and during the flank eruption of September 2004, where mild ground subsidence commenced 

about 1 month prior to the eruption (Figure 30). This negative trend reversed in October when 

a sudden uplift persisted for about 2 months. These deformation patterns match those of the 

residual groundwater levels at Pz 1 and Pz 3, whilst no associations were noted at Pz 2. After 

September 2004, residual water levels for Pz 1 and Pz 3 were the only ones amongst the dataset 

displaying a close agreement with the deformation trends, with remarkable parallels appearing 

before and after the phreatomagmatic explosion of January 12th, 2006. On this occasion, a 

sudden uplift, both in residual groundwater levels and ground deformation, began about 2 

months prior to the explosion, followed by rapid subsidence observed in both variables. This 

uplift is temporally associated with increased SO2 emissions reported by Falsaperla et al. 

(2013) and with the deformations affecting the southeast sector of the volcano associated with 

the intrusion of the magmatic dyke described by Cocina et al. (2010) (see Chapter 5.2). On the 

other hand, although both parameters display a reasonable covariation, closer inspection 
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reveals some incongruities, suggesting that the association between groundwater behaviour and 

ground deformation is also influenced by other factors. Additionally, considering the spatial 

proximity and the similar geology between Pz 1 and Pz 2, as well as the strong similarities 

between their residual trends, it was not possible to conceptualise an eloquent explanation able 

to justify the different responses of the ground at these locations. The deformations retrieved 

for the northern regions of the volcano did not reveal any agreement with the residual 

groundwater levels, apart from a moderate uplift in both variables detected at Pz 6 following 

the explosion. Yet, given the lack of associations between deformations and residual trends 

across the whole sector throughout the investigated period, it was not possible to ascertain 

whether this match has a physical meaning or remain arbitrary in nature. After January 2006, 

no significant deformations were associated with volcanic events, with exception of a sudden 

uplift both in residual groundwater levels and ground motion detected at Pz 1 in concomitance 

with the subterminal flank eruption started in July 2006. However, analogously to what was 

previously observed at Pz 6, neighbouring wells and related deformation time series did not 

present substantial similarities, and more evidence is needed to explain the causes behind this 

association. 

Considering the spatial and temporal inconsistency of the associations identified in this work, 

it was not possible to ascertain the mechanisms linking volcanic-induced deformations to 

residual groundwater fluctuations, and vice versa. Yet, despite additional factors being believed 

to affect both parameters, it cannot be omitted that the promising parallel between the two 

variables can be identified, implying some sort of causal effect that requires further and more 

comprehensive investigations. Therefore, future studies boasting of a multiparametric dataset, 

should further investigate the causes behind these associations as well as these inconsistencies, 

and examine whether the correlations here proposed can be corroborated and further improved.  
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6. Evaluation 

 
In this work, the applicability of the RIB model for estimating groundwater recharge and 

groundwater levels in the Etnean region was evaluated. The results, as evinced from the 

remarkable visual agreements and corroborated by significant statistical correlations, 

demonstrated how the RIB method is capable to represent the fluctuations of the piezometric 

surface accurately, allowing scientists and researchers to estimate groundwater dynamics in 

regions where scarcity of data preclude the application of other, more complex, approaches.  

Despite the promising findings, this study revealed some incongruities between modelled and 

observed groundwater levels, here identified as non-meteoric induced fluctuations (i.e., 

residual groundwater levels). Even though it is believed that these incongruities are to be 

associated with external factors disturbing the aquifer’s equilibrium, it cannot be excluded that 

these were linked to the limitations of approaches and data used in this study. At first, it must 

be considered that the ERA5 parameters used in this work are estimated using weather 

observations and a weather forecasting model. These values are then interpolated to produce a 

spatially and temporally continuous dataset, which inevitably contains a certain degree of 

uncertainty, similar to weather forecasts (ECMWF 2021). The uncertainty of these products 

may result in over and/or underestimation of the parameters (Jiao et al. 2021), which may, in 

turn, affect the accuracy of the RIB models. In this regard, further studies should investigate 

whether re-analysis data are representative of the conditions experienced by the Etnean region 

and, if major discrepancies are found, should replicate the investigation using more accurate 

meteorological inputs.  

Major limitations are also linked to the resolution and the uncertainty associated with the 

groundwater data, provided at a monthly resolution and without information regarding the 

acquisition date. Errors associated with the accuracy and consistency of the readings must also 

be considered. In fact, groundwater data used in this study were acquired manually and, despite 

the provider validating these data through empirical observations and historical records, it 

cannot be ascertained whether field transcriptions and/or observations were free from errors.  

Additionally, although monthly data have been widely employed in similar studies, the 

prolonged gaps between acquisitions from 2007 to 2019, further reduced the resolution of the 

observations, affecting the validation and the statistical evaluation of the modelled time series. 

Moreover, given the uncertainty of ±15 days associated with all readings, it was not possible 

to establish whether the major changes detected between 2003 and 2007, initiated before or 
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after the start of the volcanic eruptions. Additionally, considering the low resolution of the 

groundwater dataset, it was not possible to evaluate the effect of earthquakes on groundwater 

levels, which instead should be carefully considered. In fact, early interpretation of high-

resolution groundwater time series available for the Etnean area (see Chapter 2.2 and Appendix 

2), suggests that major seismic events can alter the groundwater trends, exacerbating the 

already-complex task of understanding how groundwater respond to geodynamic events. 

Regarding hydrological modelling, the uncertainty related to the estimation of recharge from 

rainfall using the RIB model must be considered. In this work, the RIB model was simplified 

assuming that abstraction is constant through time, as suggested by previous authors (i.e., 

Baiocchi et al. 2011, Federico et al. 2017). This however may have not matched the factual 

conditions, especially when investigating such an extensive period. In fact, interruption or 

reduction of the abstraction regime due to damage to pumps and/or pipes may have affected 

the groundwater levels, especially if these continued over a prolonged period. Likewise, 

drilling of new boreholes for water abstraction or increase of the yield at existing ones may 

have led to the redistribution of the hydrogeological equilibrium across the area, likely 

affecting the groundwater levels at the examined locations, and in turn, leading to an erroneous 

interpretation of these fluctuations.  

Finally, the lack of ground truth GNSS/GPS data available for the investigated period impeded 

the validation of the PSInSAR-retrieved deformation time series. Despite this study mainly 

focus on deformation trends rather than magnitudes (partially reducing the need for accurate 

millimetric precision), and notwithstanding the remarkable agreement of the deformation 

patterns obtained in this work with those presented by other scholars, major errors introduced 

by complex deformation dynamics (i.e., the effect of the horizontal component on InSAR-

retrieved vertical deformation) may have affected the deformation trends investigated in this 

work. Therefore, as previously exhorted, further studies should assess the impact of horizontal 

ground motions on remotely sensed deformation time series and repeat the investigation for a 

period where ground truth geodetic data are available.  
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7. Conclusion 

 
In this study, the hydrogeological characteristics and the recharge mechanisms of the Etnean 

aquifer were investigated, and in turn, the associations between the groundwater fluctuations, 

volcanic events, and ground deformations were assessed. The first task of this work was to 

identify the relationship between meteoric precipitation and the response of the water table, 

determining recharge mechanisms and their temporal distribution. Employing the Rainfall 

Infiltration Breakthrough (RIB) approach and using the ERA5 re-analysis dataset as input 

meteorological parameters, the observed groundwater levels from 2003 to 2019 at six wells 

located around the volcanic edifice were modelled, and recharge mechanisms were identified. 

The RIB model was found to be a powerful tool to estimate groundwater recharge and 

groundwater levels in the Etnean region, with the results matching the observed groundwater 

levels remarkably well, demonstrating, for the first time, the applicability of the RIB model on 

highly fractured volcanic aquifers. Spearman correlations coefficients between observed and 

modelled groundwater levels revealed strong agreements ranging from 0.77 to 0.93, whilst 

RMSE were comprised between 0.04 and 0.86 meters for shallower wells, and 2.45 to 2.69 for 

wells extending beyond 150 m. The lag between precipitation and infiltration was found to 

range from 0 to 3 months for wells up to 100 meters below ground level, increasing to ~35 

months for deeper wells (~150 m b.g.l.). The time meteoric water remains in the system 

contributing toward the piezometric fluctuations ranged from 41 to 91 months. Interpretation 

of these results suggests that at least two different recharge mechanisms feed the Etnean 

aquifer, one occurring perpendicularly to the monitoring wells dictating the time lag identified 

by the RIB models, and the second one deriving from the meteoric water infiltrating at high 

altitudes which account for that portion of recharge originated from the accumulation of 

previous events.  

This study positively fulfilled its first aim, namely the modelling and the identification of the 

sources dictating the groundwater behaviour within the volcanic aquifer of Mount Etna. 

Interpreting the hydrogeological findings, recharge dynamics were also suggested, yet further 

investigations are required to validate these hypotheses, and physical explanations are needed. 

The approach here proposed, where confirmed and validated, can be applied to 

hydrogeological, geophysical and volcanological studies, and can help scholars to better 

comprehend the interaction between the hydrogeologic and the volcanic systems, as well as 

better manage the available resources.  
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In regard to volcanological studies, groundwater models obtained using the RIB approach 

enabled the separation of the meteoric component from the groundwater time series and 

allowed the identification of non-metric induced fluctuations. These residual time series were 

further investigated to determine whether relationships with the volcanic events and/or the 

deformation of the volcanic edifice could have been identified. After identifying statistically 

significant changes in the time series, groundwater levels were plotted against volcanic events. 

The analysis revealed that the southern flank of the volcano better responds to volcanic 

dynamics, displaying pre- and co-eruptive piezometric variations before the eruption started in 

September 2004, and the phreatomagmatic explosion of January 12th, 2006. Groundwater 

fluctuations were detected up to 4 months before the 2004 eruption and, following the 

interpretations of Giammanco et al. (2018), were associated with the mixing of water between 

aquifers, triggered by the increased local strain and/or to the accelerated instability on the flanks 

of the volcano. Similarly, major changes in groundwaters were detected ~1 month prior to the 

phreatomagmatic explosion of January 12th, 2006 and were accompanied by an increase in SO2 

emissions and banded volcanic tremor patterns originated by the fracturing of the rocks caused 

by the pressurisation of fluids. These variations were consistent with the intrusion of a 

magmatic dyke beneath the southeast sector of the volcano, suggesting that pressurisation of 

the system and its fluids triggered the fluctuations observed in this work. In contrast, no 

discernible patterns of variations were identified for the wells located on the northeast and 

northwest sectors of the volcano, suggesting that the geological heterogeneity of the region 

may play a major role in groundwater dynamics. This evidence, corroborated by similar 

findings obtained in previous studies, supports the hypothesis that the southern sector of the 

volcano better responds to hydrogeological dynamics, and future studies should further 

investigate this claim. 

After having assessed the effect of volcanic dynamics on the piezometric equilibrium, a mutual 

interaction between groundwater and geological structures was hypothesised. To further 

investigate this claim, the unfiltered and the residual groundwater levels were plotted against 

the InSAR-retrieved deformation time series to identify potential associations between the two 

variables. Intriguing correlations between unfiltered groundwater levels and ground 

deformations were identified for the wells located on the southern sector of the volcano, whilst 

no associations were established for the wells to the north. Although it was not possible to 

ascertain the causes behind this contrasting behaviour, it was speculated that the contrasting 

response between the two flanks could be related to the geological heterogeneity between the 
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two sectors of the volcano, and the higher seismicity and geodynamic instability experienced 

by the north and northeast flanks. A further investigation was carried out to identify whether 

non-meteorologically induced groundwater fluctuations could have been related or explained 

by volcanic-induced deformations. Sporadic correlations were identified amongst the wells 

located to the southeast, whilst the wells to the north revealed spatially and temporally 

inconsistent associations, preventing the understanding of the mechanisms linking volcanic-

induced deformations to residual groundwater fluctuations.  

From this work it emerged how the southern sector of the aquifer seems to better respond to 

volcanic and geodynamic events, corroborating what was previously observed by Aveni (2020) 

and Aveni and Blackett (2021). This study also suggested that groundwater fluctuations in the 

Etnean region can provide early evidence of volcanic onset, partially fulfilling its second aim. 

However, despite the promising findings, the present study found no conclusive associations 

between groundwater fluctuations, volcanic activity, and ground deformations. Additionally, 

this work was not able to explain the reasons behind the divergent responses between the two 

sectors of the volcano, nor it is believed that a conclusive physical explanation can be provided 

considering the current understanding of the complex Etnean hydrogeological system and 

factors dictating the circulation of fluids within the volcanic edifice.  

In this regard, a denser telemetric groundwater monitoring network should be installed around 

the volcanic pile, which would give the opportunity to conclusively interpret the dynamics 

altering the aquifer equilibrium and would give the opportunity to identify early evidence of 

geodynamic instability, allowing scientists and researchers to better understand the interaction 

between the hydrogeologic and volcanic systems at Mount Etna. Additionally, the associations 

between groundwater levels and ground deformation trends identified in this work, if 

confirmed by further studies, could drastically improve the interpretations of geophysical 

models, for instance enabling the separation of groundwater-induced motions from volcanic-

related deformations, or quantifying the variation of mass and its effect on the gravitational 

field. 
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9. Appendices 
 

9.1. Appendix 1 - Additional departments and Authorities dealing with Etna’s 

volcanic surveillance 

The monitoring is also supported by other observatories owned by the INGV, such as the 

Palermo - INGV-PA division - (which mainly monitors the geochemical parameters) and the 

INGV-Rome which manages part of the seismic, GPS and geochemical networks (DPC 2019). 

Besides, various research organisations and affiliated departments of the Civil Protection deal 

with the surveillance of the volcano, such as the Experimental Geophysical Laboratory (LGS) 

of the University of Florence (http://lgs.geo.unifi.it/) (ARISE 2016). 

  

http://lgs.geo.unifi.it/
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9.2. Appendix 2 – Co-seismic groundwater variation and precursory 

anomalies 

 

 

Figure 35 Evidence of groundwater co-seismic variations (red shaded area) and possible precursory anomalies 

(yellow shaded area) observed in relation to the ML 4.9 earthquake (Fleri Earthquake), occurred along the 

Fiandaca-Pennisi Fault on December 26th, 2018, at 03:19 am. Blue lines represent groundwater levels, and red 

lines represent groundwater temperatures. Vertical black dashed lines depict the time of the earthquake 

(unpublished data, currently under review).   
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9.3. Appendix 3 – StaMPS parameter settings  
 
Table 6 StaMPS settings used in this work, both for the ascending and descending geometries. 

StaMPS v4.1b Parameters Ascending Descending 

 PS Processing   

 Amplitude dispersion 0.42 0.40 

 Number of patches in range 2 3 

 Number of patches in azimuth 2 2 

 Overlapping pixels between patches in range 50 50 

 Overlapping pixels between patches in azimuth 200 200 

Step 2 Estimate phase noise   

 Max_topo_err 5 5 

 Filter_grid_Size 50 50 

 Filter_weighting ‘P-square’ ‘P-square’ 

 Clap_win 32 32 

 Clap_low_pass_wavelenght 800 800 

 Clap_alpha 1 1 

 Clap_beta 0.3 0.3 

 Gamma_change_convergence 0.005 0.005 

 Gamma_max_iterations 3 3 

Step 3 PS Selection   

 Select_method ‘Density’ ‘Density’ 

 Density_rand 20 20 

 Percent_rand 20 20 

 Drop_ifg_index [] [] 

Step 4 PS Wedding   

 Weed_standard_dev 1.3 1.0 

 Weed_max_noise Inf Inf 

 Weed_time_win 730 730 

 Drop_ifg_index [] [] 

Step 5 Phase Correction   

 Merge_resample_size 0 0 
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 Merge_standard_dev Inf Inf 

Step 6 Phase Unwrapping   

 Unwrap_method ‘3D’ ‘3D’ 

 Unwrap_prefilter_flag ‘y’ ‘y’ 

 Unwrap_patch_phase ‘n’ ‘n’ 

 Unwrap_grid_size 200 200 

 Unwrap_gold_n_win 32 32 

 Unwrap_time_win 730 730 

 Unwrap_gold_alpha 0.8 0.8 

 Drop_ifg_index [] [] 

 Subtr_tropo ‘n’ ‘n’ 

 Tropo_method ‘a_l’ ‘a_l’ 

    

Step 7 Estimate Spatially-correlated Look Angle Error   

 Scla_drop_index [] [] 

 Scla_deramp ‘n’ ‘n’ 

 Drop_ifg_index [] [] 

 Subtr_tropo ‘n’ ‘n’ 

 Tropo_method ‘a_l’ ‘a_l’ 

Step 8 Atmospheric Filtering   

 
Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) (Bekaert et al. 2015a and 

2015b) 

  




