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Abstract 
 
The data collected at Somma-Vesuvius during the 1998-1999 radon surveys have been revisited 

and reinterpreted in light of recent geophysical and geochemical data. The duration of selected 

radon anomalies, together with the decay properties of radon, have been used to estimate the 

permeability and porosity of rocks of the deep hydrothermal system. The current local cyclic 

seismicity is explained by means of a double convective-cells model. Convective cells are 

separated by a low permeability horizon located at about 2-2.5 km below sea level. Fluids 

convecting within the upper cells show temperatures ranging 300-350 °C. Rock permeabilities 

in this sector are estimated in the order of  10-12 m2, for porosities (φ) of about 10-5 typical of a 

brittle environment where fluid velocities may reach ~800 m/day. Fluid temperatures within the 

lower cells may be as high as 400-450 °C, being consistent with supercritical regimes. The 

hydrodynamic parameters for these cells are lower, with permeability k ~10-15 m2, and porosity 

ranging 10-6 - 10-7. Here, fluid motion toward the surface is ruled by the fracture network within 

a porous medium approaching a brittle-ductile behaviour, and fluid velocities may reach ~1800 

m/day. The low permeability horizon is a layer where upper an lower convecting cells converge. 

In this region, fluids (convecting both at upper and lower levels) percolate through the wallrock 

and release their brines. Due to self-sealing processes, permeability within this horizon reaches 

the critical values to keep the fluid pressure near the lithostatic pressure (for k ~10-18 m2). Deep 

fluid pressure build ups precede the onset of hydrothermally-induced earthquakes. Permeability 

distribution and rocks’ strength do not exclude that the next eruption at Somma-Vesuvius could 

be preceded by a seismic crisis eventually leading to a precursory phreatic explosion. The 

coupling of these mechanisms has the potential of inducing pervasive failure within rocks of the 

hydrothermal shell, and may be a prelude to a magmatic eruption. It is finally emphasised that 

the integrated analysis of seismic and geochemical data, including radon emissions, could be 

successfully used in testing temperature distributions and variations of porosity and permeability 

in active geothermal reservoirs. 

 

Introduction 

The cone of Mount Vesuvius (1281 m above sea level) has grown within the Somma Caldera 

which was affected by major collapses between 18 ka and the 79 A.D. plinian eruption. High-

resolution seismic tomography (Zollo et al., 1998), indicate the existence of a very low-velocity 

zone at a depth of about 10-12 km below Mount Vesuvius. This discontinuity is likely to 

represent the top of a sill-like reservoir (Auger et al., 2001; De Natale et al., 2006). This 

reservoir is surrounded by a thermometamorphic-metasomatic shell that partially affects 
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limestones and dolomites of the Miocene basement rocks. Fragments of these materials have 

been periodically ejected during Vesuvian eruptions (Barberi and Leoni, 1980; Belkin et al. 

1995; Del Moro et al., 2001). 

Local seismicity is concentrated below the caldera and it is characterised by cyclic swarm 

sequences (about 200 events/year with duration magnitude 0.4≤MD≤3.6). Hypocenters may be 

as deep as 6 km below sea level (b.s.l.), with most of the “foci” clustering at a depth of 2-3.5 km 

b.s.l. (Cassano and La Torre, 1987; Ventura and Vilardo, 1999a). The MD 3.6 earthquake of 9 

October 1999, with a hypocentral depth of 3 km below the top of Mount Vesuvius (the largest in 

the catalog of INGV Vesuvian earthquakes), has been ascribed to cracking and/or fluid flow 

within the deep hydrothermal system (Pandolfi et al., 2006). According to Zollo et al. (2002) 

there was no significant departure from a pure shear double-couple mechanism during the onset 

of this event, thus suggesting a tectonic-like fracture mechanism. This view has been challenged 

by De Natale et al. (2004) who suggested that larger Vesuvian earthquakes can be interpreted as 

a result of a volumetric expansion likely related to fluid transfer. 

 The relationships between regional earthquakes and eruptions have been investigated by Nostro 

et al. (1998) who found that eruptive events are generally preceded (less than a decade) by 

earthquakes on the Appenine chain normal faults. Conversely, eruptions at Vesuvius seem to 

have weaker effects on Appenine earthquakes. Borgia et al. (2005) have shown that Somma-

Vesuvius has been spreading onto its sedimentary substratum since 3,600 years and this process 

is currently active. The deep structure of Somma-Vesuvius has been recently investigated by 

integrating seimic and gravimetric data (Tondi and De Franco, 2003) and by refined 

electromagnetic techniques (Di Maio et al., 1998; Müeller et al., 1999). In particular, the latter 

authors suggested the existence of a low resistivity layer (from 1 to 5 km b.s.l.), likely generated 

by the aqueous fluids of the hydrothermal system.  

Recently, Chiodini and Marini (1998) and Chiodini et al. (2001) showed that deep fluids are in 

equilibrium with NaCl brines at temperatures of 360-450 °C . Federico et al. (2004) constructed 

a model for goundwaters’ circulation in this sector of the Campanian region considering the 

magma-derived gas influx within the local acquifer. Cigolini et al. (2001) analysed radon 

emissions within the summit area of Somma-Vesuvius and discriminated volcanically-related 

earthquakes from regional seismic events. In addition, by utilizing the decay properties of 222Rn, 

they gave preliminary estimates of the hydraulic parameters of the hydrothermal system.  

Radon, essentially represented by the isotope 222Rn (with a half life of 3.82 days), is a 

radioactive gas produced from the decay of uranium bearing rocks and has been successfully 

used to track degassing along active faults (Burton et al., 2004) and flanks of open-conduit 
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volcanoes (Cigolini et al., 2005). Furthermore, its spatial and temporal variations have been 

regarded as precursors of earthquakes (e.g., Fleischer and Mogro-Campero, 1985; Igarashi et al., 

1995; Planicić et al., 2004) and variations in volcanic activity (Cox, 1980; Thomas et al., 1986; 

Connors et al., 1996), including major paroxysmal eruptions (Chirkov, 1975; Cigolini et al., 

2005) as well as earthquake-volcano interactions (Cigolini et al., 2007). 

Here, I further discuss the data collected during our previous high resolution radon surveys at 

Somma-Vesuvius (Cigolini et al., 2001) and revisit them in light of the geochemical models of 

Chiodini et al. (2001) on deep high temperature fluids. I will then propose a double-convective 

cell model for the deep hydrothermal system and analyse the role of hydrothermal dynamics in 

modulating Vesuvian cyclic seismicity. It is finally suggested that these processes may 

eventually lead to phreatic eruptions that, in turn, could prelude the onset of magmatic eruptions.  
 
Radon Monitoring at Somma-Vesuvius 

The network for the 1998-1999 radon survey has been deployed by taking into account the 

summit structures of Somma-Vesuvius. These were mapped on the basis of field observations 

and photogeological studies (cf., Cigolini et al., 2001). They consist of a system of faults and 

fractures striking NW-SE and NNE-SSW that reflect deeper tectonic features (Bianco et al., 

1998) reactivated during recent eruptions (namely 1794, 1906 and 1944). These structures are 

located within the Somma Caldera. Subsequent local adjustments have been controlled by this 

conjugate system of faults whose reactivation seem to post-date a moderate collapse that 

occurred along the western side of the volcano. Sampling stations were deployed along these 

major structural features (Fig. 1b). Data were collected for stations located on the NNE-SSW 

fault, the NW-SE fault, the caldera edge and bottom.  

Soil radon measurements were acquired with charcoal canisters (Prati et al., 1992) and track-

etch detectors (cf., Bonetti et al., 1991). Both were placed in subsurface pipe-like samplers (1 m 

long with a diameter of 12 cm, which were set to a depth of about 60 cm) isolated by a cap to 

minimize condensation and to keep humidity as constant as possible. The use of charcoal 

canisters (Cigolini et al., 2001) has the advantage of minimising the exposure time to 2-4 days, 

thus increasing the possibility of correlating radon emissions with local and regional seismicity. 
222Rn background values in the surrounding region were measured at distances of about 6 to 18 

km from the Vesuvius cone (at Ercolano and Nocera Inferiore) and range between 0.02 and 0.1 

Bq/lt. Data have been collected on soils of the sampling sites (0.22-0.43 Bq/kg; see Cigolini et 

al., 2001; Figure 3) and exclude anomalous radon emissions due to the presence of radioactive 

minerals. 
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FIG. 1 
Two major seismic regional events were recorded by our network during the 1998-1999 survey 

(Fig. 1). The first, was the Mw=5.4 earthquake of 18 May, 1998 with epicentre in the Tyrrhenian 

Sea (INGV catalog at http://www.ingv.it/CSI/ and Harvard Global CMT Catalog at 

http://www.globalcmt.org/CMTsearch.html). The second, occurred on 9 September, 1998 was 

located in the Monte Pollino area with a magnitude Mw=5.6 (Fig. 1). Focal mechanism solutions 

are consistent with an oblique strike-slip mechanism and with an oblique-slip normal faulting 

for the above events, respectively. These mechanisms fit well with average fault plane solutions 

of crustal earthquakes in Southern Italy (Frepoli and Amato, 2000). We also recorded radon 

anomalies for the MD=2.6 local earthquake of 20 November, 1998, which was the most 

energetic of that year below the Somma caldera (cf. Vilardo et al., 1999). Figure 2 shows the 

positive relation between Rn emissions and altitude. In particular, stations 9 and 2 are the most 

active ones, being located along the NNE-SSW summit fault, at about 100 to 200 m from the 

active fumaroles that outcrop within the eastern side of the crater. This feature further supports 

the idea that radon, during its upward migration, is associated with water and CO2  (e.g., 

Gauthier et al., 1999).  

FIG. 2 

   
 

In Fig. 3 we show the cumulative activity of radon measured on the three subsets plotted against 

time. According to Fig. 3a and Fig. 3b an increase in radon activity (up to about 5 and 7 Bq/l) 

occurred just before, during and after two regional earthquakes (18 May and 9 September) 

magnitude Mw > 5. These variations were registered by the sampling sites located along the two 

major faults, whose roots extend down to 5-6 km into the Mesozoic basement rocks (Cassano 

and La Torre, 1987; Bianco et al., 1998). The stations along the caldera showed only moderate 

fluctuations with partial cumulative emissions ranging from 0.4 to 2.5 Bq/l (Fig. 3c). The Monte 

Pollino seismic event  follows the local earthquake of September 8,1998, with the focus below 

Mount Vesuvius at 1.9 km b.s.l., and magnitude MD=2.3 (Vilardo et al., 1999a). Our network 

registered the combined effect of these two and, possibly, other local seismic events, since, 

according to the cited authors, there has been a moderate increase in the number of minor 

volcanic tremors during September 1998. Finally, the striking correlation of the radon anomalies 

recorded during November 1998 for the three main structural units (faults and caldera), can be 

related to the shallow  (2-2.4 km b.s.l.) and local seismicity typical of that month. The onset of 

the local earthquake of 11 November, 1998, with MD=2.5, considerably increased the release of 

seismic energy which, in turn, culminated with the seismic event of November 20 (MD=2.6): the 

most energetic of that year (cf., Vilardo et al., 1999).  

http://www.ingv.it/CSI/
http://www.globalcmt.org/CMTsearch.html
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This crisis was also accompanied by an increase in CO2 concentration within the active 

fumaroles which reached a seasonal maximum (Chiodini et al., 1999).  

FIG. 3 
In the light of the above data, Cigolini et al. (2001) discriminated regional earthquakes from 

local seismic events: the firsts induce marked radon anomalies at the summit faults and small 

anomalies at the caldera bottom, whereas the seconds cause radon anomalies of similar 

magnitude at all the above structural units (the summit faults plus the caldera bottom).  

In Fig. 4 we report cumulative radon activities registered before, during and after the regional 

event of May 19, 1998, along the NNE-SSW fault and the caldera bottom. These data suggest a 

moderate increase (along the fault) to minor increase (within the caldera) in radon activity few 

days before the onset of a regional seismic event that perfectly coincides with peaks in radon 

emissions. The amount of time elapsed before radon anomalies reach their maximum values is 

approximately 3 days, which is shorter then 222Rn half life (being t1/2 = 3.82 days). Peak values 

are followed by a slower decrease in radon emissions until 222Rn concentrations reach 

background values. The time elapsed for this decline is about 3.5 longer than the above, thus 

bringing the total duration of the anomalies (since their early evidence) to about 13.5 days. The 

decrease follows an exponential law typical of the release of  pore-pressure perturbations.   

FIG. 4 
Hydrodynamic parameters at Somma-Vesuvius  

It is generally accepted that the upward migration of radon is ruled by convection within a 

porous medium (e.g., Mogro-Campero and Fleischer, 1977). The basic condition to allow fluid 

convection requires the Raleigh number Ra  >4π2. In turn, Ra  is related to permeability by the 

equation (Lapwood, 1948)                              

                        η
ρ
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f DR
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d

dz
dT
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2kgH                        (1) 

where k is the hydraulic permeability of the porous medium, g is the acceleration of gravity, H is 

the height of the convective cell, dT/dz is the local temperature gradient, dρf /dT is the change in 

fluid density with temperature, Dm is the thermal diffusivity of the fluid filled medium, and η is 

the mean viscosity of the fluid. Recalling that mmm CKD ρ/=  (where K is the thermal 

conductivity of the porous medium,  ρm is its density and Cm is its specific heat), by introducing 

the coefficient of thermal expansion of the fluid α, and setting GT = dT/dz , equation (1) may be 

solved for the Raleigh number according to 
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                          (2) KGgHkCR Tfmma ηαρρ /2=

 

At Somma-Vesuvius the height of the convective cells is 3-3.8 km because the volcanic tremor 

clusters at about 2-2.5 km b.s.l. (Ventura and Vilardo, 1999a) and the height of the volcanic 

cone is 1281 m a.s.l.. We can also assume that the fluid has a nearly constant temperature as a 

result of an adiabatic rise throughout most of its ascent, until it expands and cools just before 

reaching the surface (cf., Chiodini and Marini, 1998), so that temperature-dependant variations 

in density and viscosity will be minimized. The local temperature gradient is ~100 °C/km, this 

value being consistent with the results of high-resolution seismic tomography (Zollo et al., 

1998) and mineral stabilities found within the ejected materials of the thermometamorphic 

contact aureole (Barberi and Leoni, 1980; Belkin et al. 1985; Fulignati et al., 1998). Thus, 

thermophysical parameters for the aqueous fluids have been taken to be consistent with a 

temperature of 300 °C (Chiodini et al., 2001). By using the values  reported in Table 1, the 

calculated Raleigh number is Ra = 136080, well above 4π2 . The maximum vertical flow rate 

within a confined porous medium can be approximated by (Cathles, 1998),  

 

                                         J K R Cz a f≈ −2 4 2 1 2( ) //π ρ Hf             (3) 

 

where C f  is the fluid specific heat. Since fluid motion is controlled by porosity, φ,  and the true 

velocity of the pore fluid is vf = Jz /φ , we must select a value of porosity necessary to bring radon 

up to the surface before its partial decay (i.e., within t1/2 = 3.82 days). Therefore, by setting 

C f =5.4x103 J/kg °C (Cathles, 1998; Lemmon et al., 2005), and solving the above relationship 

for  Jz /φ , we estimated a value of porosity of the order of φ =1.7x10-5. The true velocity of the 

pore fluid is Jz /φ ≈833 m/day. However, it can be easily noted that the flow rate Jz is 

independent from the height of the cells since H is included both in the nominator and the 

denominator of the above equation. To have a more realistic estimate of porosity and 

permeability we may consider a NaCl aqueous fluid (Chiodini et al., 2001). According to Tanger 

and Pitzer, 1989, the expected NaCl contents in the vapour phase range between maximum 

values of 8400 to 23,800 mg/kg, for a salinity of the hydrothermal liquid phase of 3 m at 

pressures of 35-40 MPa. Thus, I considered a fluid mixture of 5 % NaCl, exaggerated to take 

into account a salt fraction inherited from the interaction of the ascending fluid with the 

hydrothermal brines that fill the fractures network. Assuming ideal mixing between the two 
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components, by utilising the data on halite (Robie et al., 1979) together with those of Lemmon 

et al. (2005) for pure water (cf., Table 1), I refined the estimates of wall rock porosity and 

permeability by calculating the thermophysical parameters of the fluid mixture reported in Table 

1. Fluid viscosities were estimated at T,P,X by introducing the algorithm of Palliser & 

McKibbin (1998) for fluid mixtures at temperatures less than 800 °C:  
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where ηw is the  viscosity of pure water at the temperature and pressure of interest  (T,P), and X 

is the mass fraction of NaCl in the fluid mixture; ηNaCl  is the viscosity of pure NaCl at 800 °C, 

i.e., .  800100203.41071624.4)800( 63 ⋅×−×= −−
NaClη

FIG. 5, TABLE 1 

   
 

Thus, the upper estimate for the viscosity of the aqueous fluid mixture leads to ηf mix  = 1.34 x 

10-4 Pa s (Table 1). Taking into account that the total duration of 222Rn anomalies (13.5 days, 

Fig. 6), porosity is 1.2 x 10-5 ≤φ < 4.4 x 10-5, for radon to reach the surface within 3.6 and 13.5 

days, respectively. In this case fluid velocities are constrained 780 m/day≥ vf >220 m/day. This 

relatively low porosity indicates that flow motion is strongly localised along fractures. This is 

consistent with the geology and the tectonic setting (Ventura and Vilardo, 1999a, b). The k-

value used in equation (1) and (2) is a realistic estimate of the bulk permeability for rocks lying 

above a depth of 2-2.5 km b.s.l. (Table 1) being in good agreement with those measured in 

igneous rocks and limestones (Freeze and Cherry, 1979). In addition, rock permeabilities at 

depth of  2-2.5 km b.s.l. may be obtained from the well known expression k=α*ηφβ, where α* 

the hydraulic diffusivity of the porous medium and β is the fluid compressibility. Hydraulic 

diffusivities have been calculated by Ventura and Vilardo (1999a) from multiple analyses of 

time-harmonic pore-pressure perturbations associated to volcanic tremors and earthquakes (with 

hypocentral depths clustering at 2-3.5 km b.s.l.). Their solutions (0.1≤α*≤0.56 m2 s, with 

α*=0.25 m2 s being their best estimate) refer to a stress-affected porous medium under “transient 

conditions” induced by fluctuations of the pore-pressure front. By substituting the previous 

estimate of porosity (φ=1x10-5) together with the following values: η=10-4 Pa s, β=2x10-8 Pa-1, 

and 0.1≤α*≤0.25 m2 , the estimated value of permeability is 2x10 -18 ≤ k ≤ 5x10 -18 m2.  
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These low values of rock-permeability may reflect the periodic self-sealing of the deeper 

hydrothermal system. As pointed out by Hanson (1995) the maximum permeability to keep the 

fluid pressure near the lithostatic pressure (Pf ≈Pl) is typically about 10-18 m2. The use of lower 

values of viscosity (typical of higher temperature fluids) would give lower estimates of 

permeability, that are consistent with the onset of fluid pressure build-up below a low-

permeability horizon . Therefore, the estimates for this parameter may be regarded as “threshold 

values”, indicating that the system, may be easily perturbed (Matthäi and Roberts, 1997). By 

using the higher values of hydraulic diffusivity obtained by Ventura and Vilardo (1999a), 

α*=0.56 m2, we may have an estimate of permeability under “transient conditions”, i.e. k=1.1 x 

10-17 m2. These values would therefore describe the onset of expansion of fractures within the 

low-permeability horizon,  inducing leaking of high pressure fluids through the rocks. It is not 

excluded that this conditions could be persistent in some sectors of the hydrothermal system and 

act like “safety valves”, thus controlling progressive degassing of deep higher-temperature 

fluids.  

 

A double-convective cell model for the hydrothermal system 

I explored the possibility of considering a double-convecting cell model for the deep 

hydrothermal system at Somma-Vesuvius (Fig. 6).  

FIG. 6, TABLE 2 

As previously reported, Chiodini et al. (2001) estimated that some high-temperature fumarolic 

fluids (up to about 450 °C), are in equilibrium with NaCl hydrothermal brines at depth. Thus, I 

calculated the equilibration pressures for the data of Chiodini et al. (2001) by using the Modified 

Redlich Kwong (MRK) equations to estimate the maximum depth for the separation of these 

fluids from their hydrothermal brines.  In performing these calulations I used the regular 

solution model for H2O-CO2 mixtures (Holloway, 1977; Kerrick and Jacob, 1981). The majority 

of the calculated fugacity coefficients for CO2 ( ) are only 10-25 % off from those estimated 

by Chiodini et al. (2001). The results are reported in Table 2, and show that high temperature 

fluids coexisting with NaCl hydrothermal brines equilibrate at pressures between 1560 and 1610 

MPa. Assuming an average density of 2700 Kg/m

2COf

3 for the rocks underlying Somma-Vesuvius, 

as suggested by the gravimetric data of Cassano and La Torre (1987) for the upper units, and 

those of Tondi and De Franco (2003) for lower units (3000 kg/m3 below 3 km depth) these 

pressures regimes are consistent with maximum average depths of 5.7-5.9 Km for the above 

equilibria. This depth represents the maximum hypocentral depth of the Vesuvius earthquakes  
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(e.g. Lomax et al., 2001) and constrain the mean geothermal gradient at 80 °C ≤ GT ≤ 100 °C.   

In order to have an estimate of the hydrodynamic parameters that rule the upward motion of 

these fluids, we need to discuss a model that includes an upper convecting cell (down to 2 km 

b.s.l., i.e., ∆Huc=3 km) and a lower convecting cell (of ∆Hlc= 2.8 km, due to the fact that below 3 

km depth the average rock density would increase of ~10%, from 2700 to about 3000 kg/m3; cf., 

Tondi and De Franco, 2003; Borgia et al., 2005).  The two cells are separated by a low 

permeability horizon (with k≅ 10-18 m2, or lower) that allows moderate degassing of the high-

temperature fluids through fractures acting like safety valves where permeability locally 

increases to k≈10-17 m2. A sketch illustrating this model is reported in Fig.6.  

According to this model the bulk porosity may be defined as:  

          φbulk =φuc (∆Huc / Htotal)+ φlc (∆Hlc / Htotal)       (5) 

where Htotal  is the sum of the height of the upper an lower cells (∆Huc+∆ Hlc= 5.8 km). Thus, 

the single contribution to the bulk porosity is proportional to the height of a single cell. 

Assuming that the fluid is allowed to flush through the “low permeability” horizon located at 2 

km depth b.s.l. (recalling that the height of the volcanic cone is 1281 m a.s.l.), the time taken by 

the fluid to reach the surface will be   

    ∆ttotal = [∆Huc / (Jz(uc) /φuc)] +  [∆Hlc / (Jz(lc) /φlc)]      (6) 

Densities, viscosities and specific heats for water are reported in Fig. 5 according to the database 

of Lemmon et al. (2005; see http://webbook.nist.gov), which also include thermophysical data in 

the supercritical region. In this case I consider a fluid rising adiabatically with a temperature of 

450 °C.   

By forcing the fluid to reach the surface before a considerable amount of radon decay: that is by 

setting ttotal =3.82 days and ttotal =13.5 days (the half-life of 222Rn and the total length of radon 

anomalies, respectively) together with the input parameters listed in Tables 3 and 4, the estimate 

for bulk porosity throughout the whole hydrothermal system is 5.3 x 10-6 ≤φ bulk ≤ 6.15 x 10-6 for 

both pure water and the halite bearing-water mixture with a salinity of 2 % NaCl. The latter 

value is consistent with the previously discussed data of  Tanger and Pitzer (1989) for a vapor 

phase in equilibrium with a hydrothermal liquid phase. Moreover, higher salinities will lead to 

higher fluid viscosities so that convection is inhibited (since the condition Ra ≥ 4π2  will not be 

satisfied for the lower cell). Porosities within the lower cell are estimated to be from one to two 

orders of magnitude lower than those calculated for the upper cell (Tab. 3 and 4) indicating that 

fluid motion is controlled by the fracture network associated with active faulting. In particular, I 

get 2.75 x 10-7 ≤φlc ≤ 1.6 x 10-6 for pure water, and 2.8 x 10-7 ≤φlc ≤ 2 x 10-6  for the NaCl-H2O 
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fluid mixture that  reach the surface within 3.82 and 13.5 days (the upper cell porosity being 

fixed at φuc = 1 x 10-5). These very low porosity values within the lower cells are consistent with 

the “plastic behaviour” of the wall rocks associated with viscous creeping, due to the high 

temperatures and compaction of the brine-rich porous medium (cf., Fournier, 1999). In order to 

keep a convective regime within the lower cell, permeabilities need to be of the order of  

klc ≅ 10-15 m2  since lower permeabilities would cause the Rayleigh number to drop below 4π2. 

These estimates need to be considered as a first approximation and could be better constrained 

in the light of additional geophysical and geochemical data. Nevertheless, the above 

permeability is well above k ≈ 10-18 m2 and it is sufficient to promote convection (Table 3 and 

4). However, permeability may periodically reach minimum values along the interface zone that 

separates the two convecting cells. This zone, likely located along the contact between the lower 

volcanic units and the Tertiary carbonate basement is not only a stratigraphic discontinuity, but 

is also a layer where the two convecting cells converge. Here, both fluids (convecting at upper 

and lower levels), percolating through the wallrock, will release their brines. It is therefore likely 

that some lower temperature fluids (350-370 °C, sampled by Chiodini et al., 2001), which 

equilibrate with NaCl rich brines at lower pressures, inherited their higher salinity from 

interaction with sea water (cf. δD vs. δ18O plot by Chiodini et al., 2001; Fig. 10). In particular, 

Celico et al. (2001) have shown that the high salinity of groundwaters in the Neapolitan area can 

be explained by interaction of spring waters with sea waters carried by deep fluids. According to 

these authors this phenomenon occurs in proximity of tectonically complex volcanic areas that 

exhibit a rather high geothermal gradient, such as Vesuvius and Campi Flegrei.  

TABLE 3 & TABLE 4 
Cyclic seismicity and its bearing with the eruption mechanism 

Several phenomena generally precede the onset of major eruptions. These include degassing, 

increase in seismic activity, slope deformations, fault reactivation, and gravity changes (e.g., 

Tilling, 1995). Similarly, precursory phenomena associated with phreatic eruptions involve 

anomalous seismicity (including seismic tremors as short-term precursors), ground deformation, 

compositional and temperature changes in fumaroles and thermal springs (Barberi et al., 1992).  

Phreatic eruptions are connected with perturbations of the hydrothermal system and may be 

followed by magmatic and phreatomagmatic eruptions. Currently, only 19 historical phreatic 

events, including those occurred at Unzen, Pinatubo and Mount Saint Helen, were followed by a 

major eruption with the involvement of magma (Barberi et al., 1992). These authors also 

stressed that the small number of such cases is likely due the fact that “reporters were distracted 

from the comparatively minor phreatic phenomena that preceded” major eruptions. Recently, 
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Barberi and Carapezza (2002) pointed out that many recent magmatic or phreatomagmatic 

events in island arcs were preceded by phreatic explosions.  

The mechanism of  phreatic eruptions has been oulined by Germanovich and Lowell (1995). 

They show that the condition for generating these events are the following: the country rock 

strength should approach 10 MPa. It should be characterised by a two-permeability structure 

involving a main crack network of “higher” permeability (similar to 10-12 m2), and a subsidiary 

network bearing disconnected cracks with much lower permeability (<10-17 m2). Del Pezzo et al. 

(2004) have shown that the stress released during the onset of major local earthquakes reaches 

values of ~ 10 MPa at 2-3 km depth below Vesuvius (i.e., at the top of the carbonate basement). 

In addition, the permeability values provided by Germanovich and Lowell (1995) are consistent, 

within one order of magnitude, with those estimated for the upper convective cell (10-12 m2) and 

the lower permeability horizon (with k≈10-18 m2, or lower) at Vesuvius. Therefore, the overall 

structural setting of the volcanic edifice well fits with the constraints of Germanovich and 

Lowell (1995). In the Vesuvius case, the loci of hydrodynamic disequilibria, that may lead to 

phreatic explosions, are located between the upper convecting cell and the low permeability 

horizon. This zone is the one affected by higher stress regimes because fluid pressure build up 

will occur essentially below the low-permeability horizon. According to Germanovich and 

Lowell (1995), the ascending superheated steam will induce boiling of the fluid residing in the 

subsidiary crack network. The increase in pressure, exerted by the vapour, may lead to rapid 

crack propagation that, in turn, lowers the rock tensile strength and may trigger a phreatic 

eruption promoted by domains of thermoelastic isostresses. However, depending on local rock 

parameters, crack propagation may simply generate highly cracked zones that could later be 

“sealed” by uprising fluids. This seems to be the process presently active at Somma-Vesuvius 

that basically explains cyclic seismicity.  

Thus, the current cyclic seismicity at Somma-Vesuvius is ruled by a  feedback mechanism that 

modulates the dynamics of the hydrothermal system (cf. Cigolini et al., 2001). This mechanism 

is summarised in Fig. 8 and can be described as follows: fluid pressure build up (below a low 

permeability horizon, with k ≈ 10-18 m2)→ fluid release and migration during incipient 

fracturing of the porous medium (Hishimuma et al., 1999)1→ failure of the porous medium 

triggering local earthquakes→ fluid circulation and progressive self-sealing of the “deep” 

FIG. 7 

                                                           
1 They experimentally analyzed the emission of thoron in small-scale crushing experiments. The short-lived thoron 
has been considered a better indicator for investigating the onset of anomalies. The results show a slight increase in 
thoron emissions during sample compression, followed by a drastic increase during and after failure of the sample. 
After complete crushing the emission of thoron progressively reduces to zero. 
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hydrothermal shell, until critical permeabilities are reached to prevent further degassing. In 

tectonically active areas such a mechanism is also known as crack-seal (Petit et al., 1999). 

The whole cycle may be periodically reactivated, and besides static and dynamic triggering 

induced by regional tectonic earthquakes (e.g., Nostro et al., 1998; Hill et al., 2002), 

astronomical factors may be involved in the activation process as well (e.g., Sparks 1981; Duma 

and Vilardo, 1998).   

Anomalous pressure build-ups could induce hydraulic surge with extensive hydrofracturing 

(e.g., Fourniere, 1999; Hill et al., 2002) eventually leading to phreatic eruptions. If local seismic 

crises will reach threshold values, characterised by magnitudes somehow higher than the major 

ones occurring below Somma-Vesuvius (ML ≥ 3.6, with a minimum stress release of  ~ 10 

MPa), it is not excluded that these processes could reactivate the summit “quiescent” faults 

inducing pervasive failure of the hydrothermal shell (Ventura and Vilardo, 1999b). This 

mechanism may eventually depressurize the magma chamber favouring dike emplacement thus 

triggering magmatic eruptions (e.g., Jellinek and De Paolo, 2004). 

 

Discussion and conclusions 

Vesuvius cyclic seismicity could be explained by means of a double-convective cell model. The 

two convective cells are separated by a low permeability horizon located at about 2 km below 

sea level. This horizon is a layer where the two convecting cells converge and the fluids 

(convecting at upper and lower levels) normally release their brines. Permeabilities within this 

layer are minimised due to self-sealing processes and reach the critical values of k ≈ 10-18 m2 to 

keep the fluid pressure near the lithostatic pressure (Pf ≈Pl). Fluid pressure build ups, followed 

by fluid release and migration during incipient fracturing of the porous medium, precede the 

onset of hydrothermally-induced earthquakes. Anomalous pressure build-ups may induce 

extensive hyrofracturing eventually leading to hydraulic surges which may evolve into phreatic 

eruptions. However, the hydrothermal dynamics of Somma-Vesuvius could also be perturbed by 

static or dynamic stresses induced by regional earthquakes.  

The involvement of a hydrothermal acquifer during the final stage of earlier eruptions (1631-

1944) has been recognised by several authors (Santacroce, 1987; Bertagnini et al., 1992;  

Arrighi et al., 2000). These authors identified abundant lithic fragments of hydrothermalised 

lavas and dykes that occur in phreatomagmatic ash layers laying on top of juvenile tephra. In 

addition, mineral assemblages found in lithic fragments from plinian and subplinian eruptions 

(A.D. 79 to 472) indicate that the hydrothermal system reached temperatures of 360-400 °C 

(Fulignati et al., 1995), which are in good agreement with the temperatures inferred by Chiodini 
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and Marini (1998) and Chiodini et al. (2001) for the deep fluids associated with the current 

hydrothermalism. Nevertheless, pressure build ups below the low permeability horizon may lead 

to the onset of hydrualic surges. During their early stage, eruptions could be essentially phreatic 

but they could evolve into magmatic and phreatomagnatic eruptions, depending on the 

developing of seismic sequences and/or the energy of local earthquakes.  

In conclusion, radon monitoring is a very powerful tool to decode the dynamic behaviour of 

deep hydrothermal systems and to analyse the precursory hydraulic and/or phreatic phenomena 

that may lead to magmatic and/or phreatomagmatic eruptions in active volcanic areas. A fully 

automated network, with stations operating continuously and contemporaneously, will 

contribute to further refine the correlation between radon emmissions and local seismicity, 

definitely improving volcano surveillance.  

The methodology hereby presented, which involves an integrated analysis of seismic and 

geochemical data, could be used to constrain variations in porosity and permeability as well as 

temperature distributions within active geothermal systems. 
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FIGURE CAPTIONS 
 
Fig. 1. a) Simplified structural setting of the Southern Italy and locations of the two tectonic earthquakes 
(with Mw≥ 5) that have been recorded during our survey. Focal mechanism solutions have been kindly 
provided by A. Frepoli; b) Structural sketch of Somma-Vesuvius and the network for radon monitoring. 
Sampling stations are numbered. 
 
Fig. 2.  Correlation between Radon emissions and the altitude of the volcanic cone. Higher emissions 
occur within the crater area. Radon activities were measured by using LR115 track-etch detectors finely 
calibrated for alpha particle beams. Error bars indicate 2σ uncertainties on single measurements. Track-
etches were exposed from the 7th of November to the 23rd of November 1998. 
 
Fig. 3. Correlation of radon anomalies with regional and local earthquakes. Diamonds represent average 
data obtained on a group of stations sampled along each single structural unit. Radon activities were 
measured on charcoal canisters by means of HPGe detectors (~ 7 % instrumental errors on single 
measurements). Dates of earthquakes are framed in the upper part of panels: the first regional event (R1) 
occurred on 18 May, 1998 at 19:17 GMT, with epicenter off the Campanian coast; the second (R2) on 9 
September, 1998 at 11:28 GMT, with epicenter near Monte Pollino. The local earthquake of 20 
November, 1998 (L), with MD=2.6, may be easily discriminated since radon anomalies were recorded 
along the faults and the caldera bottom. Vertical lines identify the onset of earthquakes. Vertical bars 
represent standard deviations obtained on a given set of samples (reported only if graphically compatible 
with the scale used). 
 
Fig. 4. Radon activities registered before, during and after the regional event of 19 May, 1998, along the 
NNE-SSW fault and the caldera bottom. The dashed lines represents average activities excluding peaks’ 
values. The decrease in radon activity after the seismic event follows an exponential law typical of the 
release of pore-pressures coupled with radon decay. 
 
Fig. 5. Variations of density (a), viscosity (b) and specific heat (c) for pure water in function of 
temperature and pressure. Data are from NIST Chemistry WebBook (Lemmon et al., 2005). Selected 
values used in calculations are reported in Table 1, 3 and 4. 
 
Fig. 6. The inner structure of the hydrothermal system of Somma-Vesuvius with a simplified sketch of 
the double convective cell model. Best estimates for hydraulic parameters are also reported (see text for 
details). Grey thick arrows represent fluid pressure builds up below the low permeability horizon, where 
the critical condition Pf ≈ Pl could be reached before the onset of a local earthquake. Black-dashed 
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arrows indicate fluid motion through the low permeability horizon to equilibrate fluid pressure builds 
ups. 
 
Fig. 7. Conceptual feedback mechanism for explaining cyclic seismicity at Somma-Vesuvius. Variations 
in rock permeabilities play a key role. Following a typical local earthquake, permeabilities would be 
initially higher but fluid circulation would induce progressive self-sealing of fracture networks. This 
would enhance fluid pressure build-up followed by incipient fracturing of the porous medium 
accompanied by a nearly instataneous fluid release. Failure of porous medium will again lead to the onset 
of Vesuvian earthquakes and so on. 
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Fig. 3 

 
 
 
 
   
 



 22

Fig. 4 
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Fig. 5 
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Fig. 6 
 
 

 
 

 
Fig. 7 
 

 
 

   
 



 25

 
 
 
 
 
 
Table 1. Summary of physical parameters used in estimating fluid flow rates at Somma-Vesuvius. Data for pure 
water are referred to 40 MPa and 300 °C (values appropriate for the centers of the convecting cells and a 
geothermal gradient of 100 °C/km).References support the values used in equation (1) and (2). The data for halite 
(NaCl) are from Robie et al. (1979). See the bottom of the table and text for details. 
 

Symbol Definition Value Ref. 
   
POROUS MEDIUM   
ρm Mean density (fluid filled medium) 2700 kg/m3 1 
k Rock permeability 1 X 10-12 m2 2 
K Rock thermal conductivity 3.5 J/m s °K 3a 
Cm Specific heat (fluid filled medium) 103 J/kg °K 4 
    
WATER (at 40 MPa and 300 °C)   
ρw Mean fluid density (water) 700 kg/m3 5 
αw Fluid thermal expansion (water) 2 X 10-3 °C-1 1 
ηw Mean fluid viscosity (water) 7 X 10-5 Pa s 5 
Cf Specific heat (water) 5.4 X 103 J/kg °C 1, 5 
 
HALITE (300 °C) 

  

ρNaCl Density of halite at 300 °C 2086  kg/m3 6 
αNaCl Thermal expansion (halite) 1.3 X 10-4 °C-1 6 
CNaCl Specific heat (halite at 300 °C) 9.5 X 102 J/kg °K 6 
    
MIXTURE (95 % water 5 % NaCl) at 300 °C   
ρf mix Density of the fluid mixture 769 kg/m3 7 
αf  mix Thermal expansion (fluid mixture) 1.907 x 10-3 °C-1 7 
η f mix Viscosity (fluid mixture) 1.34 X 10-4 Pa s 7 
Cf mix Specific heat (fluid mixture) 5.18 X 103 J/kg °K 7 
    

 
References: 1, Cassano and La Torre (1987); 2, consistent with Ventura and Vilardo (1999a); 3, Oxburgh 
(1980) aValue suggested for magnesian limestones and massive igneous rocks; 4, Cathles (1998); 5, 
Lemmon et al. (2005): parameters η f , ρ f and  Cf  were estimated at 40 MPa and 300 °C (see text); 6, data 
are from Robie et al. (1979): ρNaCl =2163 kg/m3

 at standard state, the molar heat capacity for halite is Cp = 
49.151 + 1.7974 x 10-2 T (°K); 7, this work. 
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Table 3. Summary of calculations for a double convective cell model of the deep 
hydrothermal system at Somma-Vesuvius. Fluid data are for pure water (Lemmon et al., 
2005): ηf , ρ f and  Cf are the average fluid viscosity, the fluid density and the specific heat 
within the upper cells (uc) and the lower cells (lc), respectively. They were estimated at 
450°C and 40 MPa and 120 MPa (values appropriate for the centers of the convecting 
cells, Fig. 6). 
  

INPUT PARAMETRS 

UPPER CELLS  LOWER CELLS  
ηw uc 3.8 x 10-5  ηw lc 8 x 10-5 Pa s 
ρw uc 280  ρw lc 650 kg/m3 
ρ m 2700  ρ m 3000 kg/m3 
kuc 1 x10-12  klc 1 x 10-15 m2 
Huc 3  Hlc 2.8 km 

Cw uc 9.8 x 103  Cw lc 5 x 103 J/kg °C
Ra (uc) 100269  Ra (lc) 107  

CALCULATED PARAMETERS 

∆ttotal = 3.82 days (half life of 222Rn) 

vf (uc) 1645  vf (lc) 1403 m/day 
∆tuc 1.82  

 
∆tlc 2 days 

φ uc 1 x 10-5 φ lc 2.75 x 10-7  
      
  φ bulk 5.3 x 10-6   

 
∆ttotal = 13.5 days (maximum duration of 222Rn anomalies) 

vf (uc) 1645  vf (lc) 240 m/day 
∆tuc 1.82  

 
∆tlc 11.68 days 

φ uc 1 x 10-5 φ lc 1.6 x 10-6  
      

  φ bulk 6 x 10-6   
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Table 4. Summary of calculations for a double convective cell model of the deep 
hydrothermal system at Somma-Vesuvius. Fluid density (ρ f mix) and viscosity (η f mix) 
were estimated for an aqueous fluid with 2 % of NaCl, at 450°C and 40 MPa and 120 
MPa (values appropriate for the centers of the convecting cells, Fig. 6). Thermal 
expansion of the fluid mixture (2% NaCl): αf  mix = 1.963 x 10-3 °C-1.  
Other data are from Table 1. See text for details. 
  

INPUT PARAMETRS 

UPPER CELLS  LOWER CELLS  
ηf mix  (uc) 5.37 x 10-5  ηf mix (lc) 5.42 x 10-4 Pa s 
ρ f mix ( uc) 315  ρ f mix ( lc) 678 kg/m3 

ρ m 2700  ρ m 3000 kg/m3 
Cf  mix (uc) 9.62 x 103  Cf  mix( lc)  4.92 x 103 J/kg °C

kuc 1 x10-12  klc 1 x 10-15 m2 
Huc 3  Hlc 2.8 km 

Ra (uc) 78410  Ra (lc) 162  

CALCULATED PARAMETERS 

∆ttotal = 3.82 days (half life of 222Rn) 

vf mix (uc) 1315  vf mix (lc) 1819 m/day 
∆tuc 2.28  

 
∆tlc 1.54 days 

φ uc 1 x 10-5 φ lc 2.8 x 10-7  
      
  φ bulk 5.3 x 10-6   

 
 

∆ttotal = 13.5 days (duration of 222Rn anomalies) 

vf mix (uc) 1315  vf mix (lc) 250 m/day 
∆tuc 2.28  

 
∆tlc 11.21 days 

φ uc 1 x 10-5 φ lc 2 x 10-6  
      

  φ bulk 6.15 x 10-6   
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