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9 Abstract
10
11 The time series of geochemical data available for the network of wells and drainage galleries at
12 MtEtna has been analyzed to identify the changes in water chemistry related to the input of
13 volcanic CO, and those related to hydrogeological dynamics. The dynamics of hydrological
14  systems is mainly affected by changes in the rainfall, since this influences the yields of both springs
15 and drainage galleries and the water-table height of unconfined aquifers. In addition, the
16  characteristics of hydrological systems can change with the fluid pressure. These mechanisms are
17  probably enhanced by changes in the crustal strain, which can cause inter-basin transfer of water.
18 The changes in water circulation are paralleled by wvariations in physicochemical

19  characteristics of groundwater, since water transfer probably occurs among water bodies with
20  different temperatures and compositions.
21  Based on the above mechanisms, the contribution of different water types has been estimated
22 according to their chemical composition: it has been assumed that water circulating in the volcanic
23 pile has a typical HCOs-rich composition, whereas Cl, SO4, and NOs could be contributed by
24 rainfall, anthropogenic pollution, and sedimentary fluids rich in Na and Cl. In some cases the SO4
25  enrichment is related to the dissolution of SOs-bearing alteration minerals. We hypothesize a binary
26  mixing between the HCOs-rich volcanic end member and an end member polluted with Cl, SOy,
27 and NO; related to water circulation at shallow levels. These two end members are identified by
28  their HCO3/(Cl+SO4+NOs) ratio and Cl, SO4, and NOsj contents measured at each sampling site.
29  The extent of mixing between these different water types changes over time, probably due to
30 changes in their circulation patterns, with water being transferred from/to water bodies with
31  different compositions. Once the proportion of the HCOj; content related to the binary mixing is
32  determined, we can compute the amount of HCOj related to the variable input of CO, over time into
33 the aquifer. The obtained time trends are synchronous in the two sectors of the volcano where the
34  maximal CO, degassing occurs, namely the Paterno-Belpasso area on the southwestern flank and
35  the Zafferana-S. Venerina area on the eastern flank. This provides evidence for a common
36  deep mechanism underlying the CO, variations that is related to the dynamics of the volcano.
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Introduction

Stratovolcanoes are extensively permeated by both volcanic fluids ascending from depth through
rifts or faults, and meteoric waters infiltrating through permeable lavas and pyroclastics. Both
shallow and deep fluids can interact widely to give rise to hydrothermal systems under appropriate
structural and geological conditions. Shallow groundwaters are affected only slightly by magmatic-
hydrothermal fluids, mainly showing evidence of CO,-driven water—rock interactions. Fluid
circulation in a volcanic environment has received increasing interest from scientists for various
reasons. First, temporal monitoring of the composition and mass rate of volcanic fluids emitted
from fumaroles, mofettes, thermal springs, and wells is routinely performed worldwide for volcanic
surveillance purposes. The chemical and isotope compositions of high-temperature gases, as well as
the chemistry and flux of plume gases provide insights into magma degassing and the dynamics of
plumbing systems (Oppenheimer et al., 2003, Aiuppa et al., 2009; Aiuppa et al., 2010; Caracausi et
al., 2003b; Rizzo et al., 2006). Measurements on mofettes, thermal springs and wells, and CO;-rich
groundwaters reveal the pattern of ascent of volcanic and hydrothermal fluids, even kilometers
away from the vents, while the eventual changes in composition and mass rate help when tracking
the evolution of magmatic and hydrothermal systems (Chiodini et al., 2002, 2010; Lowenstern et
al., 2006; Paonita et al., 2012). Second, fluids can dramatically affect the stability of volcanic
edifices by changing rock geotechnical characteristics through hydrothermal alteration and/or fluid
pressurization. Gas overpressure has been proposed as an instability mechanism underlying failures
of domes and flanks (Day, 1996; Voight and Elsworth, 2000; Reid, 2004; Thomas et al., 2004).
Moreover, fluid pressurization within hydrothermal systems regardless of whether or not it is
eventually related to magma degassing episodes is considered the process driving periodic
deformation in restless calderas (Dzurisin et al., 1999; Battaglia et al., 2006; Gottsmann et al.,
2007). Finally, crustal and fault permeabilities are critically controlled by fluids; self-sealing
phenomena associated with mineral deposition from supersaturated aqueous solutions reduce rock
permeability, whereas fluid overpressure that exceeds the rock strength induces microfracturing and
increases the permeability (Rojstazczer et al., 2008; Capasso et al., 2014; Claesson et al., 2007).
Fluid-induced rock failure gives rise to typical seismicity, called "hydroseismicity", as observed
worldwide in both volcanic and tectonic settings (Christiansen et al., 2005; Ventura and Vilardo,

2005; Gudmundsson et al., 2001).
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A reciprocal role can be hypothesized for the interaction between fluids and volcanic structures.
Fluid overpressure could affect ground deformation and flank instability at volcanoes in the same
manner as volcano deformation related to magma movement or tectonic strain can change the fluid
pressure and modify fluid circulation (both of water and gases) within the volcanic edifice. Newhall
et al. (2001) reported on various case studies of the effects of volcanic activity on the flow rates of
springs and wells. Changes in water circulation (variations of spring outflow or pressure level in
wells) can be induced by changes in crustal strain related to volcanic activity or earthquakes
(Shibata and Akita, 2001; Hurwitz and Johnston, 2003; Koizumi et al., 2004; Niwa et al., 2012).
Volcanoes are typically located in tectonically active areas, and it is challenging to fully understand
the effects of volcanic activity, tectonic activity, or their combination on fluid circulation, as well as
on their physicochemical features. Mt Etna is suitable for a case study due to the high frequency of
its eruptions (Allard et al., 2006 and references therein), the existence of the well-developed INGV
observation system (www.ingv.it), and the occurrence of significant seismic and deformation
activity (Azzaro et al., 2013; Bruno et al., 2012 and references therein).

In this paper we propose an interpretative model of fluid circulation at Mt Etna that benefits from a
huount of data collected during 1 decade of geochemical observations. Here we discuss the
major-ion compositions of water samples collected from 2005 to 2015 from a network of selected
wells, springs, and drainage galleries located on the lower flanks of the volcano. Geochemical
data on the groundwater composition are evaluated to ascertain based on the observed variations
the effects of the rainfall and of mixing between water circulating in different water bodies. The
filtered results are interpreted in the context of multidisciplinary observations made during the
same time span, which provides new insights into the effects of volcanic activity on water

circulation and chemistry.

Geological setting

Mt Etna is a large stratovolcano located on the eastern coast of Sicily (latitude 37°30' to 37°55'
North and longitude 14°47' to 15°15' East) covering an area of about 1,200 km? (Figure 1a). Etnean
volcanism began at 0.5 Ma due to the breaking up of the African plate margin during its collision
with the European continental block that began in the Upper Miocene (Barberi et al., 1974).

On the wide scale, the northeast—southwest and the northwest—southeast fault systems separate the
Maghrebian-Appenninic chain to the north, which is part of the Euroasian plate, and the Hyblean

platform to the south, which belongs to the African plate (Lentini, 1982). In such a regional context,
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Mt Etna volcano has been built upon the tensional faults that cut through the continental crust where
it is about 20 km thick (Chester et al., 1985), just at the intersection of the following three regional-
scale fault systems:
1. The Tindari-Giardini system and the connected Maltese fault escarpment, both oriented
northnorthwest—southsoutheast and elongated discontinuously from the Aeolian Islands to
the island of Malta (Carbone et al., 1987).
2. The Comiso-Etna system and its inferred prolongation—the Messina-Capo Vaticano system
trending northeast—southwest (Lo Giudice et al., 1982; Bousquet et al., 1988).
3. The Monte Kumeta-Alcantara system, oriented east-west, which runs through central Sicily
and bounds the northern side of Mt Etna (Ghisetti and Vezzani, 1984).
Both the Maltese fault escarpment and the Comiso, Etna, and Messina systems appear to guide the
ascent of Etnean magmas from depth, since most of the tectonic structures and eruptive fissures in
the area of Mt Etna follow either of these two structural directions (Chester et al., 1985; Rasa et al.,
1995). The magmas that erupt arise from a mantle diapir whose top lies at the base of the
continental crust, whose shallowest portion is about 16 km deep (Hirn et al., 1997). The first
erupted lavas were tholeiitic basalts, but most of the edifice formed through eruptions of alkali
basalts and hawaiites (trachybasalts) with a relatively constant composition (Romano, 1982; Joron
and Treuil, 1984; Chester et al., 1985; Tanguy et al., 1997). The present-day activity at Mt Etna is
characterized by frequent summit and lateral eruptions (Tanguy et al., 1997) as well as large
emissions of magmatic volatiles from the summit craters and the upper flanks, the latter as diffuse
soil emanations (Allard et al., 1991, 1997). These emissions result from open-conduit degassing of
alkali basalt and hawaiite magma (D’Alessandro et al., 1997a; Hirn et al., 1997).
The volcanic complex formed over Miocene flysch sediments (rising to an elevation of about
1300 m a.s.l.) to the northwest and clayey Pleistocene formations to the southeast, both belonging to
the Maghrebian-Appenninic chain and overlying 10-km-thick carbonate sequences. Moreover, the
presence of evaporitic rocks (gypsum, limestone, and sometimes S) deposited on top of the
sedimentary sequence beneath the lavas on the southern flank of Mt Etna has also been

hypothesized (Lentini, 1982).

Hydrogeology and hydrogeochemistry

As is commonly observed in strato volcanoes, Mt Etna is characterized by fissured and highly

permeable lavas interbedded with discontinuous layers of low-permeability pyroclastics. The

overall volcanic edifice can be considered as a highly porous medium, with a permeability
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coefﬁci@varying from 107 to 10’ cm/s (Ferrara, 1975; Schiliro, 1988) depending on both the
lithology and the volcano tectonic structures. The volcanic edifice lies on an impermeable
sedimentary substratum whose permeability coefficients range from 10~ to 10" cm/s (Schiliro,
1988).
The high permeability of volcanic rocks at Mt Etna is reflected by an infiltration coefficient for
rainfall of about 75% and a runoff coefficient of about 5% (Ferrara, 1975). These features, together
with the existence of an impermeable substratum, make Mt Etna an important groundwater
reservoir, with about 7x10® m® of water available annually. Indeed, basal springs, mostly located
along the coastline, exhibit significant flow rates of up to 1000 I/s (Ogniben, 1966; Ferrara, 1975).
Water circulation at depth is confined by the sedimentary impermeable basement whose
morphology controls the flow pathways of groundwater. Because the basement of Mt Etna reaches
its highest elevation (about 1,300 m a.s.l.) a few kilometers northwest of the volcano summit and it
generally dips to the southeast, groundwaters tend to flow and accumulate in the southern and
eastern flanks of the volcanic edifice, and so this is where most of the springs and water wells are
located (Ogniben, 1966; Branca and Ferrara, 2013).
Both geological and geophysical data on the morphology of the sedimentary basement have
identified three major hydro geological basins bounded by hydrogeological divides (Figure 1):

1. One feeding the Alcantara River that lies in the northern sector of the volcano.

2. One feeding the Simeto River that lies on the south-western flank.

3. One that discharges into the lonian Sea and lies on the eastern flank.
Data on the tritium content in both rainfall and groundwater (D’Alessandro et al., 2001), together
with the estimated Darcy’s velocity (Ferrara, 1975), indicate quite short residence times of a few
years for Etnean groundwater. This excludes the saline waters circulating on the lower south-
western slopes, which have longer and deeper flow pathways and an associated longer residence
time in the aquifer (>50 years).
The existence of an impermeable basement beneath the volcanics of Mt Etna prevents its
groundwaters from reaching considerable depths and thus results in the temperature of Etnean
groundwaters generally being lower than 25°C (Aiuppa et al., 2003). Fluids from the underlying
sedimentary basement locally ascend along the southern flank of the volcano and are emitted
significantly from the mud volcanoes known as “Salinelle di Paternd.” The features of waters
discharged in this area are typical of hydrocarbon reservoirs and include a gas phase rich in CO,
and CH4. Geothermometric calculations based on both the water and gas chemistries for
emissions in the Salinelle area yield estimated temperatures in the range of 100-150°C for

their last equilibration (Chiodini et al., 1996).
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The chemical and isotope compositions of the Etnean groundwaters have been studied widely
(Anza et al., 1989; Allard et al., 1997; Dall’Aglio et al., 1994; Giammanco et al., 1996, 1998;
Aiuppa et al., 2000, 2002, 2003; Brusca et al., 2001). Data on water-stable isotopes indicate that the
origin of Etnean groundwater is mainly meteoric, while the lack of any oxygen shift excludes high-
temperature water—rock exchange processes. All authors agree about the fundamental role played
by CO, dissolved in the aquifers in driving water-rock interactions and leading to the typical
composition ranging from bicarbonate alkaline to alkaline earth. Magmatic CO, that ascends
through faults dissolves into aquifers and is titrated into bicarbonate ions by interactions with the
volcanic rocks (D’Alessandro et al., 1997b). This process results in the bicarbonate ion being the
dominant anion in almost all aquifers, and its concentration is positively correlated with the total
dissolved salt content (TDS). The strongest HCO3 enrichment is observed in the most fractured and
seismically active areas (Paterno-Belpasso to the southwest and Zafferana-S. Venerina to the east)
(Anza et al., 1989; Allard et al., 1997; D’ Alessandro et al., 1999; Brusca et al., 2001), accompanied
by significant enrichment in magma-derived He.

Besides the CO»-derived bicarbonate ion, C1” and SO4*~ can be locally abundant. Liotta et al. (2016)
suggest that Cl- and S-bearing plume gases are the main controllers of the CI” and SO4*~ contents
in groundwater via meteoric scavenging.

In thinner regions of the volcanic pile, the local contribution of thermal brines coming from the
sedimentary basement to the shallow aquifer results in relative enrichments in Na and Cl. This is
particularly evident in the Salinelle area of Paterno, Adrano, and Bronte (Aiuppa et al., 2002) and,
in the eastern sector, at Acireale, where the composition of the S. Venera thermal spring is heavily
affected by Salinelle-like water ascending from the sedimentary basement and characterized by high
Na, Li, B, and CI contents. The existence of a hydrothermal system hosted within the sedimentary
basement was hypothesized by Chiodini et al. (1996) from geothermometric estimations based on
the chemical composition of gases emitted from the mud volcanoes of Paterno.

In the eastern basin, groundwaters flowing within the Chiancone volcaniclastic formation are
enriched in Cl and SOy relative to the typical Etnean composition. This is probably due to leaching
of S-bearing secondary minerals contained in the volcaniclastic deposits of this formation (Ferrara
and Pennisi, 1993). Aiuppa et al. (2003) further considered that Cl and SO4 enrichment could be
ascribed either to a small seawater contribution, particularly for sites near the coast, or to the
leaching of fertilizers containing NHy, Ca, and SOs.

The spatial distribution of many physicochemical parameters is not homogeneous in the Etnean
aquifer; for example, groundwaters flowing in the southwestern aquifer are hotter and more saline

than those in the eastern aquifer. According to Brusca et al. (2001), these differences can be
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ascribed to differences in the hydrogeological characteristics (longer residence time and flow
pathways, and lower rainfall) between the two basins. Indeed, a longer residence time would
enhance the extent of leaching, while rainfall would lower the concentrations of chemicals.
Moreover, given the close relationship between CO,-derived bicarbonate and TDS, the spatial
distributions of salinity and major and trace elements are mainly controlled by the pathways by
which volcanic CO; ascends, which occur mostly along the tectonic structures in the southern and

eastern flanks of the volcano (Brusca et al., 2001).

Methods
Periodic sample collection and analysis

Chemical data from 11 groundwater sampling sites located mainly on the eastern and southwestern
flanks of Mt Etna are discussed here. These sampling sites belong to the INGV network of wells,
springs, and drainage galleries that have been monitored starting from the 1990s as part of
surveillance programs aimed at identifying possible relationships between variations of
chemical and physicochemical parameters and volcanic activity.

The data were obtained from monthly sampling, and cover a period of about 10 years (2005—
2016). Physicochemical parameters such as the water temperature, pH, and conductivity were
measured. Samples for determining the contents of major elements were collected and stored in
LDPE (low-density polyethylene) bottles. Ion chromatography with a suppresser and
conductivity detector was applied to unfiltered samples for anions (F, Cl, NOs, and SO,4) and
to filtered (using 0.45-um cellulose acetate filters) and acidified (using HNOs) samples for
cations (Na, K, Ca, and Mg). Alkalinity was determined by titration with 0.1 N HCIL. The
analytical precision was always better than 5% for each analyzed species, and the ion
balance (i.e., the difference between the sum of cations and sum of anions) was always within 3%.
Cnuous data were recorded at the Ponteferro and Primoti stations by continuous geochemical
monitoring stations belonging to the ETNAACQUE network of INGV. These stations are able to
make hourly measurements directly in the water of the temperature (NTC 10K; range=0-100°C,
precision==0.1°C), electric conductivity (customized four-electrode sensor AISI316; range=0—4000
uS, precision==10 pS), total dissolved gas pressure (TDGP; customized pressure sensor MPX2100
AP PTFE membrane interfaced) (De Gregorio, 2005), and phreatic level (STS sensor; range=0-2.5
bar, precision=+0.25% of full scale). The data were sent once daily to the INGV acquisition center

in Palermo via a GSM connection.
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Results

Main chemical features

The chemical and isotope compositions, temperatures, and pH values of the sampled wells and
springs are listed in Table 1. The general physicochemical and isotopic characteristics of the Mt
Etna aquifer have been discussed previously (Anza et al., 1989; Aiuppa et al., 2000; Brusca et al.,
2001; Liotta et al., 2016), and therefore only a brief outline is given here. A wide chemical
variability characterizes both the whole aquifer and each sampling site over time, as observed in the
triangular diagram of Figure 2 that shows the relative contents of HCO;, CI", and SO,* measured in
samples obtained in periodic campaigns. The chemical compositions of samples collected during a
large-scale survey (Parello et al., 2001) are reported for comparison. Additionally, the C1/SO4 ratio
of local rainwater is plotted (Calabrese et al., 2011), which has been mainly ascribed to the
interaction between clouds and acidic gas species in the volcanic plume (Liotta et al., 2016). Note
that the samples share a composition ranging from HCOjs-rich to SOy-rich, with a variable shift
toward the CI™ corner of the triangular diagram. The composition of samples plotting close to the
HCOj; corner is mainly due to the magmatic CO,-driven dissolution of volcanic rocks. Moreover,
there is a clearly variable contribution of Cl-rich fluids, which is typically attributable to the
Salinelle area of Paterno and the S. Venera thermal springs. This part of the triangular diagram is
dominated by samples from the southern sector of the volcano, collected in the area between
Adrano and Belpasso, where CO,-rich and slightly thermal waters outflow. The contribution of Cl-
rich fluids coming from the underlying hydrothermal reservoir varies both spatially and temporally,
as observed at spring s63bis located in the Paterno area, whose composition—which is

typical of groundwater flowing in volcanic rocks—is variably affected by CI -rich fluids of
sedimentary origin. Moving toward the SO4* corner, the observed enrichment in SO, can be
ascribed to the contribution of fluids related to human activities, in particular to the use of SO4- and
NOs-rich fertilizers or farm sewage, as suggested by Brusca et al. (2001).

Figure 3 shows that contributions from fertilizers or farm sewage are evident in some samples from
the s65 and Acqua Rossa sites, in that they also have higher NO; contents. Further enrichment in
SOs4—not paralleled by NO; (Figure 3)—is specific for the samples collected at the Ilice, p31, and
Primoti wells, site s26, and the Rocca Campana drainage galleries. SOy at these sites could originate
from the dissolution and oxidation of hydrothermal S-bearing minerals contained in olde@posits

of ancient eruptive centers or, more likely, to a significant contribution of plume-affected water
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(Liotta et al., 2016). This variability can also be observed in the scatter plot of Na versus Cl in
Figure 4. The water samples in this plot exhibit varying contributions of waters with different Na
and CI relative contents, which represents evidence that the circulation of water bodies with
different compositions is controlled by either rock dissolution or the contribution of saline fluids.
The chemical composition fluctuates for some sites (i.e., Ilice, s65, s59, s26, and Primoti) during the
observation time period, from HCOs-rich to Cl- and SO4-rich, along a virtual mixing line between
the two points representing the local rainwater and rock leaching, respectively (Figure 2). Figure 5a
shows the time trends of the concentrations of Cl, SO4, and NOs; measured at two sites on the
southern flank (s65 and s59) along with their HCO; contents. The trends of the two parameters are
approximately opposite, showing a decrease in the HCO;3 contents until early 2009, followed by an
increase until late 2013, paralleled by simultaneous decreases in the contents of Cl, SO4, and NOs3,
while the trends are finally reversed in late 2013.

The composition of the s26 drainage gallery is characterized by marked temporal variability during
the observation period, with the water composition changing from HCOs;-richer to CI- and SO4-
richer (Figure 2). This is clearly evident in the scatter plot in Figure 5b of the HCOs contents
measured at sites s26 and Primoti which drain two different levels of the same water body—versus
the sum of the Cl, SO4, and NO; contents. In this case a progressive decrease in HCO3 contents is
observed until early 2009, while the CIl, SO4, and NOs contents are approximately constant. After
2009 the two parameters show similar behaviors over the same periods, although they do not co-
vary closely: a phase of increase during 2009 and 2010 is followed by a gradual decrease until early

2013, after which the two parameters increase again until late 2014, although at different rates.

Discussion

Significant variations in saline content and composition are observed in the Etnean aquifer during
the 10-year observation period (2005-2015) analyzed in this study. To shed light on the possible
causes of these changes, we first consider the role of variable rainfall, followed by the effects of the

dynamics of the volcano.

Influence of rainfall on the volcanic aquifer

Changes in rainfall usually affect the dynamics of hydrological systems, mainly influencing the

yields of both springs and drainage galleries and the water-table height of unconfined aquifers. The

height of the water table frequently appears to be directly correlated with meteoric recharge, with
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other factors such as temperature, hydraulic conductivity, vegetation, and hydraulic gradients being
less important (Aphale and Tonjes, 2010). In particular, the water-table head is strongly correlated
with the cumulative difference in the monthly rainfall relative to a previous period (6, 12, or 24
months, depending on the lengths of the hydrological pathways) (Aphale and Tonjes, 2010; Van
Gaalen et al., 2013). On the other hand, the change in the rainfall can also affect the chemical
composition and salinity of hydrological systems (D’Alessandro et al., 2011).

To ascertain the effect of rainfall on the volcano aquifer, we consider the data on rainfall
provided by the meteorological network operating in Sicily (Regione Siciliana;
www.osservatorioacque.it). These data are compared with the water chemistry analyzed at some of
the sites. The time trends of the concentrations of Cl, SO4, and NO; measured at sites s65 and s59
are plotted in Figure 6 as normalized values. This graph also shows the rainfall measured in Pedara
village (Regione Siciliana; www.osservatorioacque.it) as the cumulative departure of monthly
difference relative to the mean over the previous 18 months. The figure shows significant variations
in rainfall during the studied period. These variations appear to be roughly correlated with those
observed for the Cl, SO4, and NOj; contents, thus indicating that these anions are mainly controlled
by the circulation of shallow water. Although both parameters show a gross covariation over the
studied period, a closer look reveals some discrepancies (dashed rectangles in Figure 6) that suggest
the water chemistry at spring s65 and well s59 is affected by additional factors other than the
rainfall. To quantify and correct for the effect of the rainfall on the variations of Cl, SO4, and NO3
contents at s59, we applied the following procedure:

1. Computing the normalized values of both the rainfall and the chemical concentrations as

X —mean ) . ) )
(Z = —j , Where Z is the normalized value, x is the raw value, and o is the standard
o

deviation.
2. Subtracting the normalized values of the rainfall from the normalized concentrations of CI,
SOy, and NOs.
The obtained series is plotted in Figure @which clearly shows that the residual Cl, SO4, and
NOj; contents are unrelated to the variations in the rainfall. A value of zero means that there is
no effect additional to the rainfall, while negative values mean that the contribution of water rich
in Cl, SO4, and NOs is lower than what would be expected from the influence of the rainfall, and
vice versa for positive values.
Figure 7 compares the normalized rainfall values with the water level measured daily within the
catchment of site s65. A close relationship is evident, related to the direct effect of meteoric

precipitation on the water level, if we exclude specific periods when the trend of the water level
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differs from that of the rainfall (dashed rectangles in Figure 7). Similarly to what is observed for the
water chemistry in Figure 6, an additional cause other than the rainfall needs be invoked to explain
the time variations of the water level during specific periods.

Figure 8 compares the normalized values of the rainfall (expressed as the cumulative difference
relative to the mean rainfall over the previous 18 months; Figure 8a) and the yield and TDGP
measured at the s26 drainage gallery and Primoti well, respectively; Figure 8b). As already
observed by Mattia et al. (2015), the variations of the rainfall observed during the studied period
clearly affect with a delay of a few months both the yield measured at the drainage gallery s26 and
the TDGP measured at Primoti well, although a closer look does reveal some discrepancies. As
highlighted also for the s65 catchment, an additional source needs to be identified. To determine the
influence of the rainfall on the yield and TDGP, we applied the same procedure described for the
Cl, SOy, and NO; contents at site s65. The cumulative series of normalized values of the rainfall
were subtracted from the cumulative series of both the yield and TDGP normalized values by
considering a 4-month shift between the signals. The corrected series is plotted in Figure 8c, which

represents the residual yield and TDGP unrelated to variations in the rainfall.

Time trends

As observed in the triangular diagram of Figure 2, most sites show a temporal variability during the
monitored period that would suggest contributions of water types with different chemical signatures
to the spring output, and that their mixing proportion varies over time. The CO,-rich groundwater,
which interacts extensively with the volcanic rock, mixes with water circulating at shallow levels
(i.e., meteoric water variably polluted during soil leaching). Moreover, most sites also display
changes in the concentrations of chemicals. In particular, the increase in the NOj; content is
paralleled by a general decrease in the salinity (generally co-varying with the HCOj; content), which
probably characterizes water circulation at shallow levels that is affected by pollution from
agriculture. The extent of mixing between these different types of water changes over time,
probably as an effect of changes in circulation patterns, involving the transfer of water from/to
water bodies with different compositions. This variation in water circulation can probably be
ascribed to either the periodicity of the rainfall or to events of slow ground deformation that modify
the fluid pressure distribution within the saturated levels of the volcanic edifice (Mattia et al., 2015).
In order to quantify the proportions of the shallow and deep waters at each monitored site, we
assume that all of the HCO3 content measured in collected samples derives from the dissolution and

hydrolysis of CO,, whereas the contents of SO4, Cl and NO3 come from fertilizers, saline fluids, or



377
378
379
380
381
382
383
384
385

386
387
388

389

390

391
392
393
394
395
396
397
398
399

400
401
402
403
404
405
406
407
408
409

plume-affected rainwater (Liotta et al., 2016). This is an oversimplification, but allows changes in
water circulation to be highlighted, eventually coupled to changes in the input of CO, and
consequent rock leaching. In general, the total saline content (quantified as the TDS) co-varies with
the HCO; content, since the latter is the dominant anion in the Etnean groundwater. The fraction of
the water rich in CI, SO4, and NO; can be computed for each sampling campaign and at every site
by assuming a simple binary mixing between two end members characterized by the highest and
lowest HCO3/(CI+SO4+NOs3) ratios, respectively, identified as the volcanic and CI/SO4/NO:s-

polluted (CSN) end members within the whole time series at each specific site:
(R), e = PRy + (1= )R,y (1]
where Ruyix, Rmin, and Rpyax are the HCO3/(Cl+SO4+NO;) ratio in the measured mixture and the
minimum and maximum values of this ratio measured in the whole time series (from 2005 to 2015),
respectively, and ¢ is the fraction of the Cl, SO4, and NOj; contents in the mixture contributed by
the CSN end member, which can be expressed as
_([en+[s0,1+NO1)_ - f
~ (cn+[s0,1+NO,)),,
where [ is the fraction of the CSN end member, and ([CI]+[SO4]+[NOs])mix and
([C1]+[SO4]+[NOs3])csn are the concentrations of Cl, SO4, and NOs in the mixture and the CSN end

2]

member, respectively, identified in the considered time series according to the linear relationship
between the HCOs3/(CI+SO4+NO;) ratio and 1/(Cl+SO4+NOs) expected for binary mixing
(Albarede, 1995) and exemplified in Figure 9 for site s65.

Once the f fraction is obtained, the HCO3; amount provided by the CSN end member is easily
obtained as f[HCOs]csn, where [HCOs]csn 1s the HCO3 concentration in the CSN end member
obtained from

[HCOs]esn= Ry, - ([C+[SO, 1+ [NO; 1)y [3]

This makes it possible to compute the fraction of HCO; strictly related to the dissolution and
hydrolysis of gaseous CO;, and to track how the input of CO; into the aquifer varies over time. The
concentration of HCO; contributed by the CSN end member can only be estimated since the end
members are not unequivocally defined. Nevertheless, there are still significant time trends that
make it possible to quantify the amount of carbon dissolving into the aquifer over time.

Figure 10 shows the time trends of HCOj3 contents exceeding the fraction related to the mixing with
the CSN end member, as computed using Equation 3, at selected sites on the southern flank: s65,
$59, s63bis, and Romito. This figure reveals similar trends at the different sites, with variations in
the HCO; content related to the CO, dissolution (HCO; excess) ranging from about 4 to 14

meq/l, on average. The computed CO, excess is highest at s63bis, Solicchiata (not shown), and
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Romito, whereas sites s59 and s65 are the least affected by the input of volcanic CO,; the
contribution of the CSN end member is more evident at these latter sites (see Figure 5).

In contrast to what was observed on the southern flank, the temporal patterns of CO, excess in
water sites sampled on the eastern flank do not show a uniform behavior. As evident in Figure 11,
each site on the eastern flank shows a specific temporal pattern, with only partial matching for
limited periods with other sites. This can be attributed to the existence of multiple faults on the
eastern flank that outline different blocks with different kinematics (Azzaro et al., 2013). This
would affect also the gas emission along these different structures during the history of the volcano.
Among the sites sampled on the eastern flank, s26 shows the highest values of the HCO; excess,
followed by S. Giacomo, while p31, Rocca Campana, and Ilice have the lowest HCO3 excess or, in
other words, the lowest input of gaseous CO, due to volcanic degassing processes.

The time trends of the HCO; excess at s26 and Primoti, computed using Equations 1-3, are
illustrated in Figure 12, along with the residual yield and TDGP at the same sites. The HCO3 excess
computed at the s26 and Primoti sites show similar values and tempo atterns, which is
probably due to their closeness and the sharing of a common hydrological basin. Moreover, the
HCO; excess also shows a definite relationship with the CO; soil emissions in the same area, as
expected from the process of hydrolysis of gaseous CO, in groundwater (Mattia et al., 2015). Some
similarities are also evident when the HCO; excess is compared with the residual yield and TDGP,
with consistent behaviors that represent evidence of a common source mechanism for the CO,
degassing and variations in water circulation. It must be underscored that the HCO; excess, residual
yield, and TDGP are independent parameters, because the HCO; excess is corrected for any
influence of water flow related to variable rainfall input or other causes, while the residual yield and
TDGP are corrected for rainfall effects.

While the different sites on the eastern flank show different temporal patterns, we considered it
useful to compare the sum of all the time series with the total HCO3; excess computed for the sites
from the southwestern flank. The resulting series are shown in Figure 13. Although single sites
show specific behaviors, mostly on the eastern flank, homogeneous trends arise from the
observation of the whole record, with synchronous variations in both sectors of the volcano. The
main phases when the HCOj; excess has been increased relative to the running average value have
been recorded in 2005, 2007, 2009, and 2011, and during 2013-2015, which is particularly evident

on the southern flank.

Changes in fluid circulation: the role of volcano dynamics
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As shown in Figures 6 and 8, the temporal changes in both the water chemistry and the yield/water
level/TDGP at selected sites are to some extent independent of the effect of the rainfall. The
residual values of chemical or flow parameters present negative or positive values, according to
their excess or deficiency with respect to that expected from rainfall. This would mean that part of
the chemicals could be contributed or subtracted by water flowing from or toward adjacent water
bodies. In particular, for site s59, the sum of the concentrations of Cl, NOs, and SO4 corrected for
the effect of the rainfall (i.e., the residual contents of Cl, SO4, and NOj3) shows slightly positive
values during 2005 and 2006 and in 2008, marked negative values in 2009 and 2011, and again
positive values during 2014 and 2015. Significant changes in the residual yield of the s26 drainage
gallery and in the TDGP at the Primoti well are also observed over the investigated period (Figure
8). In detail, progressive decreases in the residual yield and TDGP values are evident from 2005 to
2008, followed by increases in 2009 and steady values until 2012. The decreases observed from
2013 are then sharply reversed in 2015.
The increase or decrease in the flow rate (or TDGP), independently of the rainfall, implies that the
flow pathway of water has been diverted so that the water is now progressively coming from or
flowing toward adjacent water bodies, which produces a specific water composition. This would
explain the parallel changes in water chemistry observed during the same periods (Figure 5). This
mechanism could be extended over the whole volcano, where marked heterogeneities (both vertical
and horizontal) characterize the water chemistry. These changes in the flow pathways can be
reliably ascribed to differential changes in the pore pressure gradients in the volcanic edifice,
according to Darcy’s law (e.g., Whitaker, 1986).
There are two principal types of mechanism underlying changes in fluid pressure in a volcanic
edifice:

1. Stress-related mechanisms, such as compaction and tectonic loading.

2. Volume changes, involving the input of magmatic fluids or hydrothermal expansion, water

or gas withdrawal, or changes in meteoric input (Newhall et al., 2001; Thomas et al., 2004).

These two mechanisms are taken into account in the relationship proposed by Roeloffs and Linde
(2007), which links the variations of fluid pressure to both the change in volumetric crustal strain
(in the absence of fluid flow) and the change in the mass of fluid.
The relationship between variations of crustal strain and related fluid pressure and the changes in
the yield of the s26 drainage gallery and the nearby Primoti well has been recently demonstrated by
Mattia et al. (2015) for the period 2008-2013. However, they disregarded the eventual effect of the

change in the mass of fluid on the computed fluid pressure.
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Considering the described relationship between crustal strain and fluid pressure and its subsequent
release as fluid flow, we assume that the variations in fluid circulation—indicated by changes in the
chemical composition—can be reliably correlated with simultaneous changes in the geodetic strain
of the volcano. We also intended to verify the relationship between these changes in fluid
circulation and the increased CO; input into the aquifer, as indicated by the HCO3 excess.

There is a wealth of data available on ground movements of Mt Etna, which record the various
phases of inflation and deflation of the volcano, as well as the progressive acceleration of its eastern
flank toward the sea (Bonforte et al., 2008; Bonaccorso et al., 2011; Bruno et al., 2012 and
references therein). The ground movements are undoubtedly related to the phases of pressurization
and depressurization preceding and following the different eruptions, but also to the complex
geometry of the eastern flank, which is dissected into blocks characterized by different kinematics
(Azzaro et al., 2011).

A complex scenario developed after the eruption during 2002 and 2003, with the eastward
movement of the eastern flank representing the first-order deformation, and phases of uplift or
subsidence being observed on the scale of the entire edifice (Bonaccorso et al., 2006; Neri et al.,
2009; Bruno et al., 2012). An overall east-west extension prevailed at shallow depth, mostly
controlled by the eastward movement of the eastern flank. This exceptional extension probably
caused the opening of eruptive fractures into which the magma intruded passively and fed the
eruptions during 2004 and 2005 and in 2006 (Alparone et al., 2013). This scenario, which mainly
affects the eastern flank of the volcano, can explain the progressive decrease in the residual fluid
pressure (i.e., decrease in the residual yield) observed at the s26 drainage gallery until 2008
(Figure 12). Otherwise, no significant parameter variations (i.e., contents of Cl, SO4, and NO3)
related to the residual water flow are evident on the southern flank until 2009 (Figure 6). Actually,
detrended data of the residual yield and TDGP on the eastern flank reveal a phase of increased
values from late 2005 to early 2006 (Figure 12). Values of the HCOj3 excess higher than the running
average were measured in 2005 on both the southern and eastern flanks of the volcano (Figure 13).
This can be attributed to a phase of recharge of the volcano reservoir that was detected in GPS
surveys (Bonforte et al., 2008) and from seismicity and gravity data (Carbone et al., 2008), and
which heralded the onset of the eruption several months later in July 2006.

Another phase of increased HCO; excess, related to increased CO, input, occurred in 2007
(Figure 13), when several episodes of explosive activity and lava fountaining occurred at the
summit area of the volcano (Andronico et al., 2008). Several cycles of inflation-deflation in 2007
and until the onset of the May 2008 eruption were paralleled by analogous variations of the

CO,/80; ratios in the plume and volcanic tremor, each characterized by a lava fountaining episode
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(Aiuppa et al., 2010). The progressive pressurization of the central conduit system (1.0-2.8 km
a.s.l.) by CO,-rich magma ascending from depth may explain the increase in the carbon content of
groundwater. However, the residual yield and TDGP on the eastern flank reveal consistent increases
in the detrended values (Figure 12), whereas an almost monotonic decreasing trend is probably
associated with to the flank spreading. Conversely, on the southern flank, no significant change in
water chemistry can be ascribed to changes in water circulation (Figure 6). This different behavior
would suggest that changes in water circulation during that period are effects of phenomena that
only affect the eastern flank of the volcano.

According to geodetic and seismic data, the period from late 2006 to May 2008 (i.e., the inflation
phase preceding the eruption that started on May 13, 2008) is characterized by a change in the areal
distribution of the shear strain rate relative to the two preceding periods of inflation during 2003 and
2004 and during 2005 and 2006 (Bruno et al., 2012). Indeed, during the first two inflation periods,
the shear strain rate (which is mainly attributed to the southeastward subsidence of the eastern
flank; that is, nonvolcanic processes) was focused on the upper eastern flank, bounded by the
northeast rift and the Timpe fault system. In contrast, during the latter inflation period (before the
2008 eruption), the shear strain rate was focused along the Pernicana Fault, while the area involved
in sliding on the eastern flank enlarged to include the upper flank (Bruno et al., 2012). Moreover,
whereas the previous phases during 2003 and 2004 and during 2005 and 2006 were marked by
changes in the shear strain rate (interpreted as being related to the source of inflation) and also
involved the western flank, from 2006 to 2008 they only affected the eastern flank. The described
changes in the strain distribution that occurred since December 2006 would have also affected fluid
movement and groundwater circulation only on the eastern flank.

During the first months of 2009, a new change in water circulation was recorded in the monitored
wells and springs. Figures 6 and 12 demonstrate marked changes in water chemistry, residual yield,
and TDGP, while an increase in the HCO;3 excess is evident in both sectors of the volcano in
Figure 13. The spring of 2009 marked a significant change in many geophysical and geochemical
parameters, as discussed recently by Mattia et al. (2015). Indeed, from April 2009, the GPS data,
strain release, and number of volcanotectonic earthquakes as well as the amplitude of long-period
events changed their trends almost concurrently, which was not related temporally to any eruptive
activity. These data, along with the simultaneous increase in CO, emissions from the soil, have been
attributed to gas overpressure in the shallow feeding system.

2011 heralded another phase of change in water circulation in both sectors of the volcano, as
indicated by the water chemistry (Figure 6) and higher values of the residual yield and TDGP

(Figure 12). At the same time, a marked increase in the HCOs excess is evident in groundwater
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(Figure 13). This period was characterized by several episodes of lava fountaining (25 episodes
from January 2011 and April 2012 (Behncke et al., 2014), which led to the building of the new
southeast crater. Several deep seismic swarms were observed throughout this phase in the
southwestern flank, which marked the replenishment of the deep-to-intermediate levels of the
plumbing system (Patan¢ et al., 2013). It is worth noting that the values of the HCO3 excess became
increasing larger on the southern flank than on the eastern flank during this period, in contrast to
them almost overlapping before 2010.

Further changes in water circulation—after correction for the effect of the rainfall—have been
observed during 2014 and 2015 in both the s26/Primoti system and in the Paterno area (Figures 6
and 12). However, the HCO; excess has remained high since 2013. Actually, several episodes of
lava fountaining occurred at the new southeast crater from January 2011 to April 2013, which has
resulted in the emission of up to 95 Mm® of lava (Bonaccorso and Calvari, 2013). 2014 was mostly
characterized by Strombolian activity, and by an episode of lava fountaining in November 2014
(Bonforte and Guglielmino, 2015).

According to the arguments presented above, the chemical composition of groundwater and its gas
content can change over time as an effect of volcano dynamics, in a broad sense. In particular, it
appears evident that, regardless of the occurrence of eruptions, the water circulation pathways can
be altered by pressure changes in the volcanic edifice caused by the volcanic fluid overpressure
within the feeding system and/or the geodetic strain affecting the volcano. The chemical variations
are specific to single sampling sites, and they depend on the vertical and spatial heterogeneity of the
volcanic aquifer, made of superimposed water bodies, and characterized by different temperature,
salinity, and chemical composition. In any case, the changes in chemical composition are to a large
extent determined by mixing between a meteoric end member, characterized by lower HCOj3
content and the prevailing Cl, SO4, and (sometimes) NOj ions, deriving from plume contribution to
the rainfall or from anthropogenic pollution, and a volcanic end member, which is typically rich in
HCOs. The contribution of the meteoric end member is largely controlled by the rainfall periodicity,
but once the effect of the rainfall has been apportioned, a residual effect can be observed. Similarly,
at the few sites where it can be measured, even the water level, yield, and TDGP show a residual
signal that is independent of the rainfall. The ultimate cause of these residual effects is likely to be
the variation in the distribution of fluid pressure gradients over the volcanic edifice. These gradients
can change according to the spatial distribution of the geodetic and seismic strain, as well as with
the mass transfer of fluids. The correspondence between the frequent increases in the HCO;
excess—which represents the amount of carbon entering the volcanic aquifer from depth—and the

changes in water circulation suggested by the marker parameters (Figures 6 and 12) represents
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evidence of a primary role of volcanic fluids. Indeed, volcanic fluids emitted during the described
phases of increased volcanic activity have evidently permeated the volcanic edifice along
preferential pathways, partially dissolving into the aquifer, and could have enhanced local pressure
buildups. Such pressure increases could frequently induce both ground deformation and changes in

the flow pathways of groundwater, leading to the observed changes in water composition.

Conclusions

Our analysis of the 10-year record of the major-ion composition in the Etnean aquifer has shed light
on some of the processes affecting both water chemistry and circulation. The water chemistry is
greatly affected by variable mixing between water end members characterized by different
composition and salinity. The volcanic end member is rich in HCOs and low in Cl, SO4, and NOs;
the latter instead characterize the meteoric-polluted end member. The relative mixing proportions of
these two water types change at single sites mainly due to the variability of the meteoric input. The
yield or the TDGP measured at selected sites also change accordingly. Nevertheless, once the
signals are corrected for the effect of the rainfall, the residual effect can be attributed to differences
in the variations of fluid pressure within the volcanic edifice, due to volcano dynamics. Regardless
of the mechanism underlying the variations in the water circulation, we have retrieved the fraction
of dissolved carbon unrelated to the mixing between the volcanic and meteoric (i.e., CSN) end
members, thus obtaining the residual HCOs that is directly related to variations in the input of
volcanic CO; into the aquifer.

The phases of increased input of CO, into the aquifer are synchronous in the two areas most
affected by volcanic degassing: the Paternd and the Zafferana-S. Venerina areas; moreover, they
frequently occur simultaneously with the chemical changes related to water circulation, such as in
2009 and during 2011-2013. The simultaneous occurrence of a change in water circulation in wells
and springs located in different sectors of the volcanic edifice is consistent with a phenomenon
occurring on the scale of the volcanic edifice. This would represent evidence that the variations of
fluid pressure which induce the variations in the water flow pathways are caused by volcanic gas
overpressure. Moreover, gas overpressure due to magma boiling along the multilevel plumbing
system has been interpreted as a major cause of differential ground deformation of the volcano

(Aloisi et al., 2011).
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Captions

Figure 1 - Mt Etna sketch map showing the locations of the sampling sites. The morphostructural
base map is modified from Branca et al. (2011, 2013).

Figure 2 - Triangular diagram of HCOs3, Cl, and SO, for the monitored sites. Concentrations are in
milligrams per liter. The field representative of the Cl/SO,4 ratios in rainwater (Calabrese et al.,
2011) and the data from Parello et al. (2001) are plotted for comparison.

Figure 3 - Scatter plot of SO4 versus NOs. The field representing water circulating within the
Chiancone formation is indicated in gray. The straight line indicates the NO3/SO, ratio that is
probably attributable to human activities (e.g., fertilizers or farm sewage). Symbols as in Figure 2.

Figure 4 - Scatter plot of CI versus Na. Symbols as in Figure 2. The straight line represents the
Na/Cl ratio in the Salinelle fluids.

Figure 5 - Time trends of Cl, SO4, and NOs3 contents versus HCO; contents at sites s65 and s59 (a)
and at sites s26 and Primoti (b). Symbols as in Figure 2.

Figure 6 - a) Time trends of the sum concentrations of Cl, SO4, and NOj at sites s56 and s59, and
the rainfall (expressed as the cumulative difference relative to the mean over the previous
18 months). b) Residual contents of Cl, SO4, and NO; at s59, as obtained by subtracting the
normalized rainfall values from the normalized contents of CI, SO4, and NOj at s59.

Figure 7 - Time trends of the normalized rainfall (expressed as the cumulative difference relative to
the mean over the previous 18 months) and daily data for the water level at site s65.

Figure 8 - a) Time trends of the normalized rainfall (expressed as the cumulative difference relative
to the mean over the previous 18 months); dashed line indicates a forward shift of 4 months. b)
Time trends of the yield measured at s26 and TDGP at the Primoti well. ¢) Residual yield and
TDGP values, as obtained by subtracting the normalized rainfall values from the normalized yield
and TDGP values.

Figure 9 - Scatter plot of HCO3/(Cl+SO4+NO;) versus 1/(Cl+SO4+NOs). The straight line
represents binary mixing.

Figure 10 - Time trends of the HCO; excess computed using Equations 1-3 at sites s59, s65,
S63bis, and Romito, which are in the southwestern basin.

Figure 11 - Time trends of the HCO; excess computed using Equations 1-3 at sites s26,
S. Giacomao, Ilice, p31, and Rocca Campana, which are in the eastern basin.

Figure 12 - a) Time trends of the HCOs3 content at site s26 and the HCO;3 excess at sites s26 and
Primoti. b) Residual yield and TDGP values (black lines) and detrended values (red lines).

Figure 13 - Time trends of the average HCO; excess (normalized values) in the southwestern sector
(red line) and in the eastern sector (blue line).
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Table

Click here to download Table: Tabella.doc
Sample name| Sample ID Temp -c| pH Na mg/| K mg/l Mg mg/l Ca mg/l F mg/I Cl mg/l NO3 mg/l SO, mg/l HCO3 mg/l TDS mg/l
mediana 14.00f 6.77 107.17 20.84 88.94| 45.87 0.53| 49.63 17.73| 58.56 719.80| 1107.66
365 [S65] media 14.04| 6.77 106.63 20.78 88.88] 45.60 0.48| 49.37 17.76] 58.15 716.76| 1104.35
percentile 5% 13.89] 6.68 101.91 19.55 84.18| 41.26 0.30f 44.67 15.49| 52.32 683.20| 1066.20
percentile 95% 14.30] 6.86 109.46 21.51 93.02] 48.92 0.57| 53.18 20.46| 62.93 738.10| 1133.10
mediana 14.70| 6.24 104.88 19.16 70.24] 49.06 0.57 39.00 8.68] 21.73 701.50| 1015.54
359 [S59] media 14.86] 6.25 104.38 19.10 70.22] 48.85 0.56 39.11 7.78] 21.75 701.28| 1013.43
percentile 5% 14.30[{ 6.14 100.71 18.38 67.42| 45.85 0.29| 34.71 0.15| 19.20 677.10| 980.17
percentile 95%] 15.80] 6.40 107.26 20.06 73.18] 51.90 0.76| 43.67 9.68| 24.00 723.46| 1039.29
mediana 15.50f 6.75 149.88 19.64| 110.25] 53.51 0.57| 77.64 0.00 6.72 997.35| 1417.98
Romito [RMT] media 15.46] 6.76 150.22 19.70f 110.26f 53.33 0.66| 77.92 0.79 6.87 994.64| 1414.98
percentile 5% 15.10{ 6.67 144.27 18.75] 106.79] 49.70 0.38] 71.72 0.00 3.36 972.80[ 1386.53
percentile 95%] 15.70| 6.88 155.27 20.82| 114.22| 55.71 0.76| 85.47 3.10] 12.48| 1012.60| 1438.88
mediana 19.10| 6.04 179.85 18.77| 144.04| 126.05 0.36] 81.76 0.00] 33.63] 1416.73| 2000.82
S63Bis [S63bis] media 19.12| 6.04 179.29 18.34| 144.09| 125.83 0.33] 82.01 0.21| 33.87| 1418.90| 2003.57
percentile 5% 18.60[ 5.95 172.27 15.64] 139.26] 120.71 0.07] 75.15 0.00] 30.94| 1386.07| 1962.98
percentile 95%| 19.70| 6.12 185.16 19.55| 150.98| 129.46 0.55[ 89.72 1.24| 37.14| 1461.26| 2057.72
mediana 17.40] 6.92 274.80 27.76] 143.61| 33.47 0.57| 186.82 2.48] 39.84| 1220.00f 1930.81
Solicchiata [SLT] media 17.44] 6.93 277.71 27.72] 144.56] 33.38 0.72| 187.48 2.15] 39.42| 1224.71| 1938.94
percentile 5% 17.07{ 6.80 244.75 25.81] 132.44] 29.60 0.26| 141.47 0.00] 19.54| 1137.16| 1782.04
percentile 95%) 17.70| 7.07 315.15 28.93] 158.36| 36.87 0.76| 244.27 4.83| 52.74] 1342.00] 2131.54
mediana 15.60f 6.08 80.38 21.11 46.05| 44.89 0.38] 55.30 17.36| 79.63 402.60| 745.43
P31l [P31] media 15.68| 6.07 80.81 21.16 46.66] 45.04 0.42| 55.26 17.40f 80.29 401.69| 749.06
percentile 5% 14.97| 5.98 75.80 19.94 44.10| 42.48 0.12| 47.75 12.40| 72.98 378.20| 714.86
percentile 95%) 16.59| 6.17 86.56 22.29 50.82] 49.16 0.57| 61.49 23.56] 89.00 427.92| 803.40
mediana 18.20| 6.65 226.77 43.40] 101.92 79.82 0.57| 187.18 6.01| 244.56 774.70| 1670.18
526 [S26] media 18.24| 6.67 226.85 43.46] 101.48| 80.18 0.59( 185.95 5.71| 246.03 778.71| 1669.86
percentile 5% 16.95| 6.50 213.77 41.02 93.65| 72.85 0.30{ 168.92 2.54| 221.04 703.79| 1559.04
percentile 95%| 19.50] 6.90 241.05 46.59] 110.57| 88.43 0.76( 203.48 8.06| 275.72 871.54| 1786.85
mediana 10.10| 6.16 277.76 30.34 8.60] 14.46| 17.23 0.38 11.34 2.48 15.33| 176.90
llice [LC] media 10.15| 6.16 284.62 30.91 8.65| 14.87| 17.79 0.36 11.24 2.19 15.03| 183.45
percentile 5% 9.70[ 6.04 262.73 29.08 8.21] 13.33] 16.23 0.24 10.28 0.00 13.92| 167.75
percentile 95%| 10.70| 6.28 321.49 33.62 9.43] 17.78| 20.33 0.43 12.41 3.10 15.84| 211.67
mediana 11.80| 6.49 582.82 25.19 8.03] 38.89| 60.12 0.19 10.99 0.56 6.72] 433.10
San Giacomo [SGM] media 11.78| 6.50 593.25 25.87 8.06] 39.92| 61.12 0.21 10.99 0.48 6.91)] 439.59
percentile 5% 11.40f 6.35 541.01 23.82 7.43] 35.79] 55.51 0.00 9.57 0.00 6.24| 396.50)
percentile 95%| 12.11] 6.63 658.56 26.82 8.60] 44.83] 69.14 0.29 12.79 1.06 8.28| 494.10
mediana 12.90f 7.07 81.50 13.29 33.66] 16.37 0.35| 34.74 0.80] 78.72 298.90| 558.81
occa Campan [RCA] media 12.93| 7.10 83.01 13.26 33.87] 16.66 0.32 35.18 1.09] 80.95 297.13| 561.80
P percentile 5% 12.70| 6.85 78.35 12.51 30.50] 15.10 0.15( 31.91 0.00] 71.04 274.87| 527.15
percentile 95%| 13.20| 7.46 89.73 14.08 37.40] 18.95 0.38[ 39.00 1.42] 95.38 317.20f 604.71
mediana 18.70| 6.27 239.08 44.18] 104.23| 78.30 0.61f 192.14 4.34| 261.60 793.00f 1702.88
Primoti [PMT] media 18.83] 6.25 241.32 44.33] 103.19 79.16 0.91f 191.43 3.50| 265.34 782.30f 1712.02
percentile 5% 18.11| 6.10 213.58 40.76 91.03] 69.46 0.37f 170.20 0.00| 225.33 703.33| 1543.34
percentile 95% 19.68| 6.35 270.81 47.68| 114.89| 87.54 0.95| 219.29 6.79| 315.51 853.39| 1893.38
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Supplementary Interactive Plot Data (CSV)
Click here to download Supplementary Interactive Plot Data (CSV): Supplemental material.csv
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