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Abstract 

Ground movements (bradyseism) at Campi Flegrei, Italy, have been explained by a classical model that involves 
the intrusion of new magma to shallow depth, or by models which emphasize both the magmatic and aquifer 
effects. The authors describe a model for the ground deformations that involves only hydrothermal fluids, of 
magmatic or meteoric/marine origin, with no direct involvement of the magma, other than as a heat source. They 
explain the bradyseism at Campi Flegrei by a hydrothermal model, using the porphyry systems (Henley and 
McNabb, 1978; Burnham, 1979: Foumier, 1999) as an analogue of the Campi Flegrei system. In this view, 
Campi Flegrei might very well represent a modem analogue of a mineralized porphyry system, as has been 
demonstrated for White Island, New Zealand (Rapien et al., 2003). The authors used fluid and melt inclusion 
data from Campi Flegrei and other volcanoes of the Neapolitan area (Vesuvius, Ponza and Ventotene) to demon- 
strate the linkage with porphyry systems. Fluid inclusions in all the above volcanic systems show clear evidence 
of various stages of silicate melt/hydrosaline melt/aqueous fluid/CO~ immiscibility during the magmatic evolu- 
tion and its transition from magmatic to hydrothermal stage, comparable to the plastic, lithostatic domain in por- 
phyry systems. In contrast, convectively driven fluids are found only in the volcaniclastic sediments of the 
Campi Flegrei caldera (in the geothermal wells of San Vito and Mofete fields), and are representative of the brit- 
tle, hydrostatic domain. The coexistence of liquid-dominated and vapor-dominated inclusions in the same fluid 
inclusion assemblage is strong evidence of boiling conditions during inclusion trapping, whereas fluid inclu- 
sions with daughter crystals trapped in samples from deeper, hotter levels indicate a high concentration of solute 
(brines), as confirmed by drilling. 

The scenario suggested by fluid inclusion data indicates that the Campi Flegrei system receives an influx of 
saline water (magmatic + seawater), localized in aquifers at depths of -2.5-3 km. The fluids are heated by the 
underlying crystallizing magma and remain under lithostatic pressure for long periods. The pressure in the upper, 
apical part of the magma chamber increases as water exsolves from the magma and causes uplift of the overly- 
ing rocks (positive bradyseism). When the system ruptures, due to the increasing pressure, the regime changes 
from lithostatic to hydrostatic, resulting in boiling, hydraulic fracturing, volcanic tremors and finally pressure 
release leading to deflation of the ground. Afterward, the system begins to seal again due to the precipitation of 
newly formed minerals and a new phase of positive bradyseism will occur only after several years when the sys- 
tem "reloads" under new lithostatic pressure conditions. In this scenario, a hydrothermal eruption can still occur, 
but only if the fluids pass from lithostatic to hydrostatic pressure when the overlying rocks have a thickness <500 
m. If this happens, the hydrothermal eruption could trigger a magmatic eruption, as was probably the case of the 
Monte Nuovo eruption in 1538 AD. 

*Corresponding author. E-mai l  address: bdevivo@unina.i t  (B. De Vivo). 
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I. Introduction 

The phenomenon of slow, vertical, ground movements in the Campi Flegrei area, Italy, has 
been known since Roman times. The ground movement is named bradyseism from the 
Greek words meaning, literally, "slow movement". 

The most recent intense deformation in Campi Flegrei occurred in 1538, in 1970--1972 
and in 1982-1984. The ground deformation of 1538 AD culminated with the eruption of 
Monte Nuovo, whereas no eruptions occurred in 1970-1972 and 1982-1984. Probably 
many other bradyseismic events occurred in the Campi Flegrei before 1538 leaving no his- 
torical reference to their occurrence. In the last 2000 years at Campi Flegrei, there has been 
an eruption only in 1538 AO. 

Secular deformations and intense unrests are typical manifestations of activity at 
calderas, and a distinctive feature of such deformation episodes is that they are generally 
not followed by eruptions (Dzurisin and Newhall, 1984). 

Two different mechanisms have been proposed for Campi Flegrei bradyseism. The first 
explains the phenomenon with the classical model of intrusion of new magma at shallow 
depth (Corrado et al., 1976; Barberi et al., 1984). The second one ascribes (Oliveri del Castillo 
and Quagliariello, 1969) the ground movements to the effect of heating and expansion of 
ground water (Casertano et al., 1976). In recent years, different researchers have presented 
models, emphasizing both the magmatic and aquifer effects, to explain the observed features 
(Bianchi et al., 1987; Gaeta et al., 1998; Bonafede, 1991; De Natale et al., 1991; Dvorak and 
Berrino, 1991; De Natale and Pingue, 1993; De Natale et al., 1997; Troise et al., 1997; 
Scandone et al., this volume). In particular, De Natale et al. (2001) developed a mechanical 
fluid-dynamic model to explain the main features of Campi Flegrei deformation. The model 
involves two processes: the first one is related to the elastic response of the shallow crust to 
increasing pressure within a shallow magma chamber; the second involves the fluid dynam- 
ics of shallow aquifers in response to increasing pressure and/or temperature at depth. 

We extend the contribution of Oliveri del Castillo and Quagliariello (1969) by describing 
an active role for the deformations at Campi Flegrei to only hydrothermal fluids, both of mag- 
matic and/or meteoric/seawater origin, and not to the magma. In our model, the magma plays 
only the role of a "furnace" to heat the system. To support our view we use data obtained from 
fluid inclusions from geothermal boreholes at Campi Flegrei (De Vivo et al., 1989), as well as 
data from fluid and melt inclusions in the nearby sub-volcanic systems of the Pontine Islands 
(De Vivo et al., 1995; Belkin et al., 1996) and Vesuvius (Lima et al., 2003, this volume). 

Our model is based on the model of the porphyry systems (Henley and McNabb, 1978; 
Burnham, 1979; Fournier, 1999, and references therein) as an analogue of the Campi 
Flegrei sub-volcanic system. In other words, the Campi Flegrei represents a modem ana- 
logue of mineralized systems associated with former magmatic systems (Beane and Titley, 
1981; Beane, 1982; Beane and Bodnar, 1995; Roedder and Bodnar, 1997). White Island 
(New Zealand) is an example of an active magmatic system that represents an embryonic 
copper porphyry system that has not reached the productive stage of copper mineralization 
(Rapien et al., 2003). The Burnham model is used extensively and accepted by many ore 
deposits experts. In this model, the active role played by hydrothermal fluids in the trans- 
port and deposition of mineralization is amply demonstrated. The occurrence of boiling 
fluids and hydrothermal explosions is well documented as well, where the magmas located 
at depths between 5 and 7 km act as a sub-volcanic heating engine of the system. 



A hydrothermal model for ground movements at Campi Flegrei 291 

2. History of Campi Fiegrei bradyseism and models proposed to explain the 
deformation 

Initial studies concerning the slow movements at Campi Flegrei come from the observa- 
tions of sea level markers on the archaeological site previously called Serapis Temple (but 
really a marketplace, Macellum) in Pozzuoli. Boreholes left by a marine mollusk 
(Lithodomus lithophagus) have been found on the columns of this monument. These bores 
(and the shells left in them) record ancient relative sea level changes. This interesting 
movement attracted the attention of many other researchers (Breislak, 1792; Forbes, 1829; 
Niccolini, 1839, 1845; Babbage, 1847; Lyell, 1872; Gunther, 1903), and Parascandola 
(1947), who reconstructed the history of secular ground movements at Campi Flegrei 
using the boreholes. Dvorak and Mastrolorenzo (1991) updated the studies of 
Parascandola by reconstructing the history of vertical movements at Campi Flegrei (Fig. 1). 
It has to be stressed that the above studies document the ground movements since Roman 
times but no data are available on the phenomenon before Roman times. We have a record 
of ground deformation at Campi Flegrei only for the past 2000 years, which in terms of 
geological phenomena represents a very short time span. 

Historically, the first documented episode of fast uplift at Campi Flegrei is the one asso- 
ciated with the 1538 Monte Nuovo eruption (the ground rose about 7 m before the erup- 
tion). Bradyseism was again active in 1970-1972, when uplift of 1 m was registered; this 
episode was followed by subsidence of 30 cm. It has to be stressed that in the period 
1970-1972, the uplift began to be recorded well after it had begun. The total uplift was 
probably on the order of 1.7 m and began in 1969. The uncertainty in our knowledge of the 
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Figure I. Vertical movements at Serapis temple, Pozzuoli (from Dvorak and Mastrolorenzo, 1991 ). 



uplift that occurred only 33 years ago emphasizes that our knowledge about this phenom- 
enon in pre-historic times is minimal. 

A new episode of uplift of 1.8 m occurred from 1982 to 1984, then in 1985 was fol- 
lowed by a slow subsidence that continues today (Fig. 2). One of these episodes caused the 
evacuation of about 30,000 people from the city of Pozzuoli, and the building of a new 
town at Monte Ruscello, about 3 km away from the most active caldera center, but still 
inside the Campi Flegrei caldera! The areal distribution of ground movement at Campi 
Flegrei, with its circular symmetry, is shown in Figure 3. 
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Figure 2. Vertical ground displacement at Pozzuoli harbour in the 1 9 7 0 - 1 9 9 6  per iod ,  as recorded by tide gauge 
(continuous line) and levelling data (closed circle) (from De Natale et al., 2001 ). 
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Figure 3. (a) Contours of vertical elevation at Campi Flegrei area in the period 1982-1985. (b) Ground defor- 
mation data as function of the distance from Pozzuoli, measured in the period 1970-1972 and 1980-1983: the fit 
with the best Mogi model is also shown (depth = 2.5 km for 1970-1972 and depth = 3 km for 1982-1983) (from 
De Natale et al., 2001). 

Various models have been proposed to explain the deformation at Campi Flegrei. One 
purely mechanical m o d e l -  mostly popular in the 1970s - attribute the unrest episodes to 
the intrusion of new magma at shallow depth (Corrado et al., 1976; Berrino et al., 1984; 
Bonafede et al., 1986; Bianchi et al., 1987). An alternative model, which has gained favor 

in recent years, explains the unrests mainly as a result of heating and expansion of aquifers 
(Oliveri del Castillo and Quagliariello, 1969; Casertano et al., 1976). Other researchers have 
published papers that explain the unrest mainly as a result of fluid-dynamic processes in the 
shallow geothermal system (Bonafede, 1990, 1991; De Natale, 1991; De Natale et al., 2001; 
Trasatti et al., 2005). Cortini et al. (1991 ) and Cortini and Barton (1993) suggested that the 
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bradyseism is governed by the internal dynamics of the Campi Flegrei volcanic system 
whose physicochemical details are unknown. Analysis of the ground elevation at Pozzuoli, 
performed using nonlinear dynamics, showed that the Campi Flegrei system underwent a 
phase transition during the evolution from the sinking stage to that of uplift. They also sug- 
gested that the dynamics of Campi Flegrei, which appears fairly predictable on a timescale 
of a few days, could be driven by convection in the magma chamber. Cubellis et al. (2002) 
explain the different eruptive phases of Campi Flegrei in terms of chaotic convective cells 
operating inside the magma chamber, where the time evolution is hypothesized to be gov- 
erned by three non-linear Lorenz equations (Lorenz, 1963). De Natale et al. (2001) make a 
comprehensive review of all pros and cons of the different models referenced above. 

Seismicity at Campi Flegrei occurs only during unrest episodes (Corrado et al., 1976; 
De Natale et al., 1995). During 1982-1984 more than 15,000 earthquakes occurred, rang- 
ing from 0.4 to 4.2 in magnitude (De Natale and Zollo, 1986). De Natale et al. (1995) show 
that earthquake locations and mechanisms indicate the presence of faults that are associ- 
ated with the inner caldera collapse structure and dip inward. Gravimetric and seismic 
methods (Berrino et al., 1984, 1992; AGIE 1987; Berrino and Gasparini, 1995) show a 
marked Bouguer minimum centered at Campi Flegrei caldera (Fig. 4). Other seismic stud- 
ies (Aster and Meyer, 1988; Ferrucci et al., 1992) define the 3D shallow velocity structure 
of the area and the location of the top part of the shallow magma chamber (Fig. 5). Ground 
deformations and seismicity are associated with the presence of intense fumarolic and 
hydrothermal activity, concentrated in the crater of Solfatara, where CO~ and H~O fluxes 

_ 

are particularly intense and probably represent magmatic degassing (Chiodini et al., 2001 ). 
The above models for Campi Flegrei - and particularly the ones that propose a 

cause-effect relationship between ground uplift and the occurrence of an eruption- should 
be compatible with similar observations from other recently active calderas in the world 
(e.g., Rabaul, Mc Kee et al., 1989; Long Valley, Hill, 1984; Yellowstone, Dzurisin and 
Yamashita, 1987; see De Natale et al., 2001 ). However, studies of similar systems worldwide 

Figure 4. Bouguer anomaly contours at Campi Flegrei (from Scandone et al., 1991). 
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Figure 5. Map of various geophysical observations at Campi Flegrei. The contours of vertical elevation (in 
meters) are shown together with earthquake hypocenters: the projection of the collapsed zone as modelled from 
gravity anomalies is superimposed on the depth section of hypocenters. Composite focal mechanisms computed 
for three different seismic zones are also shown. Also shown is the location of magma chamber as inferred by 
Ferrucci et al. (1992) (from De Natale et al., 2001 ). 

indicate that deformation episodes at calderas are generally not followed by eruptions 

(Dzurizin and Newhall, 1984). The eruption is an exception rather than the norm. 
With these observations in mind, we describe the Campi Flegrei volcanic system and its 

vertical movements as the modern analogue of a mineralized porphyry system (Henley and 

McNabb, 1978; Burnham, 1979; Fournier, 1999; and references therein). 

3. Magma and hydrothermai fluids 

The role ofhydrothermal fluids in the formation of Cu and Mo mineralization in magmatic 
systems (known as porphyry Cu and Mo) has been recognized since the 1960s (Burnham, 
1967, 1979). In the following pages, we summarize briefly some relevant parts of this 

model from papers of Burnham (1979) and Fournier (1999). 
According to the Burnham (1979) model, the first stage in the formation of a porphyry 

copper system involves the intrusion of water-undersaturated granodioritic magma. 
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Initially, the system is open and any volatiles generated during solidification of the melt 
escape from the system. Eventually, an impermeable rock rind develops at the top of the 
magma chamber, isolating the underlying magma from the overlying rocks. The magma 
becomes a closed system and only conductive loss of heat to the wall rocks is permitted. 
As the crystallization front migrates downward, the melt becomes saturated in water and 
an H20-saturated carapace composed of crystals+melt+fluid develops at the top of the 
magma chamber and below the crystalline rind (Fig. 6a). 

The H20-saturated carapace migrates downward into the magma chamber as crystal- 
lization proceeds and plays a critical role in the development of porphyry Cu-Mo systems. 
The overlying crystalline rind serves as a barrier to the migration of volatiles, both outward 
to the wall rocks and inward from the wall rock. The H,O-saturated carapace, especially in 
its upper parts, is the site of accumulation of an aqueous fluid phase as the system cools 
and evolves (Fig. 6b). The process of resurgent boiling (second boiling) is a natural con- 
sequence of cooling a melt saturated with respect to H20 or one or more crystalline phases. 
The overall reaction, H20-saturated melt ~ crystals + "vapor", takes place with the evo- 
lution of heat which is essentially the heat of crystallization (the heat of vaporization of 
H20 from the melt is negligible, according to Burnham and Davis, 1974). 

The exsolution of water from crystallizing hydrous melts produce high internal over- 
pressures in the magma chamber. In isolated small pockets in crystallizing H20-saturated 
magma, values of APi, (internal overpresure) > 5 Kb are possible. Overpressures on the 
order of 400 bars are expected in igneous rocks deforming viscoelastically. An overpressure 
of this magnitude is enough to cause brittle failure of the overlying rocks (Burnham, 1972; 
Koide and Bhattacharji, 1975). The fractures are concentrated in and above the apical parts 

Figure 6a. Schematic cross section through a hypothetical granodiorite porphyry stock and associated dike 
(D~). S~ represents the H20-saturated solidus at this arbitrarily chosen initial stage in the development of a por- 
phyry copper system and the circle pattern represents the zone of H ~O-saturated magma (H20-saturated carapace) 
(from Burnham, 1979). 
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Figure 6b. Schematic cross section as in Figure 6a, except at a later (second) stage of solidification. BP 2 and 
D_, schematically represent a breccia pipe and dike that formed as a result of wall rock failure between stages 1 
and 2. Chaotic line pattern represents extensive fracture system that also developed during this period of activity 
and retreat of the H20-saturated carapace (from Burnham, 1979). 

Figure 6c. Schematic cross section as in Figure 6a,b, except at a stage of waning magmatic activity in the 
development of a porphyry copper-molybdenum system (from Burnham, 1979). 
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of the stock (Fig. 6b), and tend to be steep, but their orientation depends upon the regional 
stress field. 

An additional overpressure, referred to as "telluric pressure" that arises from differ- 
ences in density between magma and wall rocks is superimposed on AP~, 1 under quiescent 
conditions (Burnham, 1979). The "telluric pressure" is dependent on the height of the 
magma column above the depth of isostatic compensation, that is, the depth at which the 
wallrocks yield by plastic deformation under lithostatic pressure. It is this "telluric over- 
pressure" that represents the driving force for intrusion as indicated in Figure 6a and which 
prevents a reduction in magma pressure that would have resulted from reduction in volume 
by crystallization. 

The maximum mechanical energy (PtAVr) released in the reaction H20-saturated melt 
crystals + "vapor" is enormous (Burnham, 1979), although it is only 1% of the total 

thermal energy content of the magma. At the depths indicated in Figures 6a-c, the mechan- 
ical energy released from the H_~O-saturated carapace presumably is expended mainly in 
fracturing a much larger volume of rocks. In the earlier stage of fracturing, the enclosing 
impermeable rocks are stretched laterally and may not be breached completely. Fluids pen- 
etrate this myriad of fractures and extend them outward and upward by hydraulic fractur- 
ing. This action results in lowering the fluid pressure in each fracture to below lithostatic 
pressure, except near the top of the fracture. With time, the H20-saturated carapace retreats 
to progressively deeper levels in the stock. 

If major fractures breach the overlying rocks, breccia dikes and pipes are very likely to 
form (see BP 2 in Fig. 6b). If the breach occurs in the thinner, lateral flanks of the carapace, 
more normal dike intrusions result (D 2 in Fig. 6a,b). The mechanics of breccia pipe for- 
mation are hence visualized as primarily due to internal overpressure in the carapace (and 
not to contraction on cooling). As pressure decreases, the heat is lost to the wall rocks, and 
the magma dike devolatilizes and is quenched. In response to this process, more magma 
rises into the system until internal pressures are restored to near previous values. 

At this stage, the magma system is restored to the same state as it was prior to the frac- 
turing, except for the fact that the H~O-saturated carapace is shifted downward in the 
magma chamber. In addition, the myriad of narrow fractures outside the solidus boundary 
promotes loss of H20 and heat to the fracture system until the fractures become healed by 
precipitation of new minerals (mainly quartz). Further cooling of the magma leads to reac- 
tivation of the same process that operated before. The end result is a chimney-like fracture 
system (Fig. 6c) that serves to channel ore-bearing fluids and heat from the underlying 
magma system to higher levels in the stock. The above model of Burnham (1967, 1979) 
describes the mechanism that controls the deposition of ore (mostly Cu and Mo) in the 
classical "porphyry systems" (Lowell and Guilbert, 1970; Roedder, 1971; Wallace, 1974; 
Gustafson and Hunt, 1975; Henley and McNabb, 1978). 

The transition from magmatic to epithermal conditions in a shallow sub-volcanic environ- 
ment, such as in the case of Campi Flegrei, is shown in Figure 7. Dilute waters (dominantly 
meteoric) circulate through brittle rocks (Fig. 7a) at hydrostatic pressure at temperatures 
<370~ The transition from brittle to plastic behavior occurs across the impermeable rocks 
between the underlying H20-saturated magma and the overlying highly fractured rocks at tem- 
peratures of 400-800~ Within the lithostatic regime, hypersaline, magrnatic brine and 
"steam" accumulate in relatively thin, horizontal, lenses or network of fractures that have lim- 
ited vertical interconnectivity (when the least principal stress is the lithostatic load). When 
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Figure 7. Schematic model of the transition from magmatic to epithermal conditions in a subvolcanic environment 
where the tops of intruded plutons are at depths in the range 1-3 km. (a) The brittle to plastic transition occurs at about 
370-400~ and dilute, dominantly meteoric waters circulate at hydrostatic pressure in brittle rock, while highly saline, 
dominantly magmatic fluid at lithostatic pressure accumulates in plastic rocks. (b) Episodic and temporary breaching 
of a normally self-sealed zone allows magmatic fluid to escape into the overlying hydrothermal system (from 
Fournier, 1999). 
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magrnatic bodies have been repeatedly intruded to relatively shallow depths, a large volume 
of 400-800~ plastic rocks develops, and the brittle-plastic interface can be as shallow as 
2 km. In the SV 1 well at Campi Flegrei, temperatures of 400~ have been found at --3000 m 
(De Vivo et al., 1989). Thus, sub-volcanic magmatic-hydrothermal systems are subdivided 
into a plastic, lithostatic domain, and an overlying hydrostatically pressured hydrothermal 
domain in which rocks deform brittlely. Several processes may play a role in triggering major 
breaches in the self-sealed, impermeable region that separates the plastic (magrnatic) and brit- 
tle (hydrothermal) domains. One process is continued degassing of crystallizing magma and 
accumulation of the evolved fluid in the H~O-saturated carapace beneath the impermeable bar- _ 
rier until the latter becomes stretched sufficiently to rupture by tensile failure (Northon and 
Cathles, 1973; Philipps, 1973; Burnham, 1979, 1985). A variation on this process is exsolu- 
tion of volatiles at depth and transport to the top of the chamber by convection of the magma 
(Shinoara et al., 1995). 

Another mechanism for breaching the self-sealed zone is upward injection of a new 
pulse of magma from depth. This would increase the strain rate within the overlying rocks 
to such a degree that the brittle to plastic transition temporarily migrates to a deeper and 
hotter enviroment. Fluids in the initially plastic rock would be at lithostatic pressure, and 
the change from plastic to brittle behavior with increasing strain rate would result in 
breaching of the self-sealed zone by shear failure in response to a small stress difference. 
A new pulse of magma would add volatiles upon crystallization and would heat previously 
existing brines trapped in horizontal lenses, inducing boiling. The resulting rapid expan- 
sion of the fluids would cause an additional increase in the strain rate, possibly leading to 
failure of the overlying rocks. 

Large seismic events that affect permeability and rates of flow within an overlying hydro- 
statically pressured hydrothermal system may also lead to breaching of the self-sealed zone. 
In fact, the increase in flow rates may result in extraction of heat at the base of the circulat- 
ing system more rapidly than heat can be supplied by conduction through plastic rocks from 
below. This leads to a progressive downward decrease in temperature and simultaneous 
expansion of the permeable region as a result of volumetric contraction and tensile cracking 
(Lister, 1974; Northon and Knapp, 1977; Northon and Knight, 1977; Carrigan, 1986). 

Whichever mechanism produces the breaches in the self-sealed system, faulting, brec- 
ciation, hydrothermal alteration and ore deposition occur during this active process. This 
domain is characterized by hypersaline brines coexisting with "steam". For example, flu- 
ids present during the formation of"porphyry systems" are very hot (>400~ and as high 
as 725~ very saline (>30% to 60% salts), and consist of two phases, liquid and vapor 
(Roedder, 1984; Heinrich et al., 1992; Cline and Bodnar, 1994; Bodnar, 1995). 

4. Fluid and melt inclusion data from Campi Flegrei and other Neapolitan 
sub-volcanic systems 

The composition of residual liquids evolves during magmatic differentiation and these 
changes are recorded by fluid inclusions trapped in minerals (Roedder, 1984). Both mag- 
matic and hydrothermal phenomena can thus be studied from observations of melt and 
fluid inclusions in igneous and hydrothermal minerals that crystallized at different depths 
and at various stages in the evolution of a magmatic system (De Vivo et al., 2005). 
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The observed composition of melt inclusions is determined by the composition of the 
original trapped melt and by the action of any later alteration processes, especially those 
due to hydrothermal activity. Hydrothermal changes frequently mask the original melt 
composition, particularly when the host igneous rock is introduced into the water table 
environment (Touret and Frezzotti, 1993; Student and Bodnar, 2004). Melt inclusion stud- 
ies have thus concentrated mostly on the evolution of aqueous fluids in sub-volcanic sys- 
tems in both ancient (porphyry ore deposits) and modern geothermal systems. Indeed, it 
was recognized from such studies that the majority of hydrothermal ore deposits in vol- 
canic rocks or their subjacent plutonic suites were formed within geothermal systems sim- 
ilar to those active today (Henley and Ellis, 1983). At the same time, alteration processes 
have restricted the potential of fluid inclusion studies to follow the evolution of a melt dur- 
ing magma solidification from supraliquid temperatures (Roedder and Coombs, 1967; 
Frezzotti, 1992). Fortunately, however, melt evolution can be investigated unambiguously 
when magma immiscibility occurs in fluid inclusions (Roedder, 1992). 

"Granitoid" xenoliths entrained in volcanic units from Campi Flegrei (and from sub- 
volcanic systems of other volcanoes in the Neapolitan area, including Vesuvius and the 
Pontine Islands (Ponza and Ventotene) provide samples of the deep environment. The 
source of such "granitoids" is the plastic, lithostatic, domain as discussed in the models of 
Burnham (1979) and Fournier (1999), where the fluids (melts + hydrosaline melts) 
trapped as inclusions represent magmatic fluids evolved from a subjacent crystallizing 
magma. In contrast, inclusions that trap vapor plus brines represent the plastic-brittle tran- 
sition zone. In the Campi Flegrei system, information obtained from studies of fluid inclu- 
sions from geothermal boreholes (De Vivo et al., 1989) furnish data on the hydrostatic 
domain, which is characterized by dilute to moderate salinity fluids. 

Geothermal exploration in the Campi Flegrei started in the years 1939 to 1954; this pro- 
gram was resumed in 1978 by a joint venture between the national utilities AGIP and 
ENEL and the Italian Geodynamic Project of CNR (Rosi and Sbrana, 1987) (Fig. 8). 
Several wells were drilled to depths up to 3 km (Carella and Guglielminetti, 1983). At shal- 
low depths partially hydrothermally altered volcanic, volcaniclastic and sedimentary rocks 
are found. At greater depth, their thermometamorphic equivalents are encountered. The 
deep wells indicate the presence of a saline water-dominated geothermal field with multi- 
ple reservoirs. A fluid inclusion study (De Vivo et al., 1989) of cores from Mofete (MF1, 
MF2, MF5) and San Vito (SV1, SV3) geothermal wells indicates that the hydrothermal 
minerals were precipitated from aqueous fluids (containing _ CO2) that were moderately 
saline (3-4 wt% NaC1 equiv.) to hypersaline (up to 49 wt% NaC1 equiv.), and were boil- 
ing. Three types of primary fluid inclusions were found in authigenic K-feldspar, quartz, 
calcite and epidote: (A) two-phase (liquid + vapor), liquid-rich inclusions with a range of 
salinity; (B) two-phase (liquid + vapor), vapor-rich inclusions with low salinity; and (C) 
three-phase (liquid + vapor + crystals- NaCI), liquid-rich inclusions with hypersaline 
fluids (Fig. 9). 

Data from selected core samples reveal a general decrease in porosity and increase in bulk 
density with increasing depth and temperature. Hydrothermal minerals commonly fill frac- 
tures and pore spaces and define a zonation pattern, similar in all five wells studied, in 
response to increasing depth (pressure) and temperature. A greenschist facies assemblage, 
defined by albite + actinolite, gives way to amphibolite facies, defined by plagioclase (ande- 
sine) + horneblende, in the San Vito well at about 380~ The fluid inclusion salinity values 
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Figure 8. Volcano-tectonic schematic map of the Campi Flegrei volcanic complex showing the location of the 
studied geothermal wells. MF = Mofete, SV = San Vito. The arrow points to Pozzuoli, the center of uplift during 
the 1982-1984 bradyseismic crisis (from Barberi et al., 1984). 

mimic the saline and hypersaline values found by drilling. Fluid inclusion (V/L) homoge- 
nization temperatures increase with depth and generally correspond to the extrapolated 
down-hole temperature. However, fluid inclusion data for MF5 and mineral assemblage for 
SV3, indicate a fossil, higher-temperature regime compared with the present one. The 
S7Sr/86Sr ratio in SV3 cores shows an approach to equilibrium with a fluid similar to modem 
seawater (De Vivo et al., 1989). 
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Figure 9. (A) Type A primary inclusion in calcite from San Vito 3-1948, Th = 290~ and 4 wt% NaCI equiva- 
lent. (B) Type B primary inclusion in quartz from San Vito 1-2676, Th = 321~ (C) Type C inclusion from 
Mofete 5-2610 in quartz. Arrows point to halite cubes (daughter crystals). TmNaC1 = 380~ Th (V +k)= 390~ 
salinity = "-44 wt% NaC1 equivalent (assumes vapor present NaCI+H,O solution). (D)Typical filled fracture in 
Mofete 2-1824. The fracture oriented parallel to the scale bar is filled with pyrite (P) and epidote (E) (from De 
Vivo et al., 1989). 

It has to be stressed that the common coexistence of  type (A) and type (B) inclusions 

(with similar homogenization temperature) in samples from some of the studied cores sug- 

gests that the fluids were trapped while they were in a boiling condition and that a major 

component of  the trapped fluids is CO_~. On the other hand, boiling conditions are also sug- 

gested by the association of  calcite and adularia (Browne and Ellis, 1970; Simmons and 

Christensen, 1994) in the hydrothermal alteration mineralogy of different core samples. 
Boiling, as explained by Henley and Mc Nabb, 1978, Burnham (1979) and Fournier 

(1999), is a common mechanism associated with ore deposition in the porphyry systems. 
A fluid in the lithostatic pressure domain (such as fluids in the plastic domain surround- 

ing a crystallizing magma) may undergo boiling and effervescence during a pressure 
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release caused by hydraulic/seismic fracturing. This process may permit the passage of flu- 
ids from the lithostatic to the hydrostatic domain. This process also results in the deposi- 
tion of minerals in microcracks, fractures and breccias (Fig. 9) to re-seal the system and 
return the fluids to the lithostatic domain. The high salinity in the fluids trapped in newly 
formed minerals in the hydrostatic domain has been attributed to concentration processes 
affecting seawater-derived fluids. Fournier (1999) indicates that a brine is unlikely to form 
from a moderately saline solution (with seawater composition) by purely upward adiabatic 
decompression, especially when the heat source is relatively "shallow" and the fluids are 
heated to above 400M50~ which are characteristics of the Campi Flegrei system. 

The Campi Flegrei hydrothermal system represents a modem analogue of an ancient 
mineralized system and may have the potential for significant ore formation at depth, as 
has been suggested at White Island, New Zealand (Rapien et al., 2003). Although no major 
mineralization has yet been found at Campi Flegrei, galena, sphalerite, pyrrhotite, pyrite, 
arsenopyrite and hematite are found in minor amounts in fractures. In fact, the Campi 
Flegrei hydrothermal system has two characteristics, which would favor the formation of 
ore deposition. First, is the recognition of boiling. Boiling of a hydrothermal solution, 
especially one carrying significant amounts of CO_~, can be an effective way to deposit ore 
minerals (Cunningham, 1978, 1985). When the solution boils, the dissolved gases are 
strongly partitioned into the vapor phase. This can increase the pH and destabilize various 
metal complexes (sulfur species), and cause their precipitation. Second, brine stratification 
is present in the form of reservoirs with different salinities (Guglielminetti, 1986) 
(Table 1), and fluid mixing across the brine interface is a significant mechanism for ore 
mineral precipitation (Williams and McKibben, 1987; McKibben et al., 1988). Evidence 
that fluid inclusions in the Campi Flegrei record a transition from magmatic to hydrother- 
mal conditions is found by Fedele et al. (this volume), who conducted fluid inclusion stud- 
ies and SEM-EDS and electron microprobe analysis on late-stage minerals such as apatite, 
Zr-bearing minerals (zircon and baddaleyite), pyroclore group minerals, thorite and phos- 
phate. Complex daughter mineral assemblages found in multiphase fluid inclusion of the 
xenoliths are evidence of high solute entrapment. Abundances of chlorides, sulfides and, 
to a lesser extent, sulfates and carbonates, suggest that the fluid inclusions trapped a hyper- 
saline/sulfur-rich fluid (possibly with minor CO 2) which likely exsolved from a crystalliz- 
ing magma. Microthermometry on secondary hypersaline fluid inclusions suggests two 
possible scenarios for fluid trapping" (1) circulation of non-boiling, high-temperature 
(up to 525~ high salinity fluids which were trapped under decreasing P-T conditions; 
(2) circulation of boiling, hypersaline fluids, trapped at low pressure and temperatures up 
to 300~ All data suggest that the xenoliths record the effects of a hydrothermal phase, 
possibly associated with a transition from a magma-dominated to a fluid-dominated stage 
at the margins of a magma chamber. The presence of base metals and tungsten minerals in 
the xenoliths suggests a potential for mineralization which is similar to that observed in the 
alkaline volcanic systems of Pontine Islands and Mt. Somma-Vesuvius, where fluids 
escaping from the upper part of a sub-volcanic magma chamber and trapped in the plastic, 
lithostatic domain have also been found in feldspathoid-bearing syenite xenoliths. 

At Ventotene, De Vivo et al. (1995) found gabbroic cumulate and alkali syenite 
xenoliths. The gabbroic cumulates contain only silicate melt inclusions + vapor bubble 
+ droplets of an opaque phase and rarely some CO 2. The alkali syenite xenoliths have 
three types of fluid inclusions" (1) single-phase vapor and silicate melt inclusions; 
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Table 1. Well chemistry data (in ppm) from Campi Flegrei (from De Vivo et al., 1989). 

Mofete field, chemistry of water separated at atmospheric pressure (Guglielminetti, 1996) 

Shallow reservoir 
Mofete 1 Mofete 1 
550-896 1273-1606 

m m 

Intermediate Deep 
reservoir reservoir 
Mofete 2 Mofete 5 
1275-1989 2310-2699 

m m 

Na 14320 20860 10600 85160 
K 1760 1880 2467 43380 
Ca 792 2124 1005 53950 
B 178 183 295 231 
Sr 49 58 30 1310 
As 13 17 22 nd 
Li 36 46 28 480 
Mn 10 28 52 5510 
Fe 1 3 1 9450 
SiO~ 568 690 938 210 _ 

C1 25304 37800 21169 313850 
HCO 3 116 77 85 TR 
SO 4 72 7 12 TR 
TDS 42860 65509 37880 515902 
pH 7.5 6.5 6.0 4.5 

Mofete field, water chemistry calculated at 
reservoir conditions (Guglielminetti and Tore, 

1985; Guglielminetti, 1986) 

San Vito l, composition of fluid 
sampled during purge tests (Bruni 

et al., 1985) 

Shallow reservoir 
Mofete 1 
550-896 

m 

Mofete 1 
1273-1606 

m 

Intermediate 
reservoir 
Mofete 2 
1275-1989 

m 

Sample A B 

N a  

K 
Ca 
B 
Sr 
As 
Li 
Mn 
Fe 
Mg 
Ba 

I0025 
1230 
555 
125 
34 

9 
25 

7 
1 

nd 
nd 

12589 
2342 
1281 

110 
41 
II 
28 
17 

'3 

5 
2.8 

5090 Na 11750 6280 
1180 K 8000 4025 
480 Ca 3290 1980 
140 Mg 1120 540 

14 Li 47 26 
11 F 5 5 
13 SiO2 369 246 
25 CI 37755 20024 

1 HCO3 nd 24 
0.61 TDS 62336 33150 
0.49 pH 3.2 4.4 

(Continued) 
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Table 1. (Continued) 

Mofete field, water chemistry calculated at 
reservoir conditions (Guglielminetti and Tore, 

1985" Guglielminetti, 1986) 

San Vito l, composition of fluid 
sampled during purge tests (Bruni 

et al., 1985) 

Shallow reservoir 
Mofete l Mofete 1 
550-896 1273-1606 

m m 

Intermediate 
reservoir 
Mofete 2 
1275-1989 

m 

Sample A B 

Cr nd 0.07 0.14 
Cu nd 0.01 <0.03 
Pb nd 0.36 <0.29 
Zn nd 0.12 <0.02 
SiO~ 398 417 450 

_ 

C1 17710 22810 10200 
HCO 3 81 46 41 
SO4 50 4 6 
TDS 30000 39500 18200 
CO2" nd 17642 31980 
H,S* nd 236 1117 

_ 

flashable gas, maximum content. 
nd, not determined; TDS, total dissolved solids: TR, trace. 

(2) two-phase silicate melt + salt, silicate melt + CO 2 (V), aqueous (L + V), and sili- 
cate melt + vapor inclusions; (3) three-phase and multiphase inclusions: CO_~ (L) + CO 2 
(V) + H20; silicate melt + saline melt + H_~O _+ birefringent or opaque-trapped min- 
erals; H20 + salt + silicate glass _+ birefringent trapped minerals. The characteristics of 
the fluid phases trapped in xenoliths indicate that they evolved in a pressure regime vary- 
ing from lithostatic to hydrostatic during the crystallization and cooling history of the 
host intrusive rocks. The gabbro crystallized at T-~ 900-1000~ around 1 to 1.4 kb, 
whereas the alkali syenite crystallized at T ~ 600-700~ between -200 and 400 bars; 
the transition rock crystallized between 800~ and 1000~ (Fig. 10). The Ventotene 
xenoliths show clear evidence of various stages of silicate m e l t -  hydrous saline m e l t -  
aqueous f lu id -  CO_~ fluid immiscibility (Roedder, 1992, and references therein) during 
the magmatic evolution and its transition from magmatic to hydrothermal stage. Fluids 
from the hydrostatic, brittle domain are recorded in the alkali syenite only by very sub- 
ordinate secondary H~O inclusions, which were trapped in the later stage of the 

_ 

hydrothermal process at much lower temperature (130-290~ but at pressures rela- 
tively close to those of alkali syenite crystallization. The trapping of dilute to moderate 
salinity fluids in the hydrostatic domain occurred after breaching of the impermeable 
rocks separating the plastic from the brittle zones (see Fig. 7). At Ponza Island, Belkin 
et al. (1996) found evidence similar to that found in Ventotene in feldspathoid-bearing 
syenite xenoliths entrained in trachyte. Fluid inclusions show evidence of heterogeneous 
immiscible phases during crystallization, represented by silicate melt + CO 2 + H_,O and 
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Fluid inclusion sludy of alkaline xcnoliths 
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Figure 10. P-T plot for fluid inclusions in Ventotene xenoliths, lsochores for CO, and H_,O-NaC1 are from 
Brown and Lamb (1989). ( 1 ) CO_, isochores from VT-2A (gabbro): (2) CO, isochores from VT-4 (transition rock); 
(3) CO, isochores from VT-5B (alkali syenite); (4) HzO-NaC1 isochores from secondary inclusions (VT-4; 
VT-5). Field A, B and C represent the P-T conditions of crystallization of gabbro (A). transition rocks (B) and 
alkali syenite (C); field D represents the P-T conditions of late-stage aqueous secondary inclusion trapping (from 
De Vivo et al., 1995). 

silicate melt/hypersaline/sulfur-rich aqueous inclusions. In contrast to Ventotene, 
however, no evidence for immiscibility between silicate melt and hydrosaline melt was 
found in Ponza. The potassium feldspar contains primary H20 + CO 2 inclusions with 
small amounts of silicate melt and hypersaline/sulfur-rich aqueous inclusions. In the 
latter, small amounts of silicate melt are sometimes present. Silicate melt inclusions are 
more commonly observed coexisting with hypersaline/sulfur-rich aqueous inclusions 
along healed fractures. The evolution of the fluid phases under sub-solidus conditions 
is represented by secondary aqueous + CO 2 inclusions. These inclusions indicate 
moderate- to high-temperature hydrothermal fluids (between 359~ and 424~ with 
low-to-moderate salinity (between 2.9 and 8.5 wt% NaC1 equiv.). As for Ventotene, the 
xenoliths record the magmatic/hydrothermal transition, most probably in the upper part 
of the magma chamber. The peripheral zone, also in Ponza, has become enriched in var- 
ious incompatible elements, including Th, U, REE, Zr, Y and others, as reported for other 
potassium-enriched magmatic systems (Tait, 1988; Turbeville, 1992; Belkin et al., 1994; 
Federico et al., 1994; Renzulli et al., 1995). 
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At Mt. Somma-Vesuvius, a mineralogical, fluid inclusion and isotope study (Fulignati 
et al., 2001; Gilg et al., 2001) carried out on skarn-bearing xenoliths found evidence of 
immiscibility in good agreement with the findings from the Pontine Islands (De Vivo 
et al., 1995; Belkin et al., 1996; Kamenetsky et al., 2003). In particular four major types 
of fluid inclusions were trapped in various minerals (wollastonite, vesuvianite, gehlenite, 
clinopyroxene and calcite: (a) primary silicate melt inclusions; (b) CO~ + H2S-rich vapor 
inclusions; (c) multiphase aqueous brine inclusions, with sylvite and halite daughter min- 
erals; (d) complex chloride-carbonate-sulfate-fluoride-silicate-bearing saline melt inclu- 
sions, indicating immiscibility between silicate melt-aqueous chloride-rich 
liquid-carbonate/sulfate melt. The study also indicates that there is no evidence-  as for 
Ponza and Ventotene - for a convectively cooling hydrothermal system at the magma- 
carbonate wall rock interface, indicating a lack of participation of externally derived fluids, 
such as meteoric waters or formational fluids. Salt-rich aqueous fluids must have separated 
from a silicate melt (magma) during cooling, infiltrated the carbonate rocks, and reacted 
with them to form skarns. 

The saline melt inclusions contain high concentrations of C1, carbonate, sulfate and 
sometimes E These saline fluids might be related to the extremely Cl- and SO2-rich melts 
of the Plinian to sub-Plinian eruptions (Webster et al., 2001; Lima et al., this volume). As 
found also in Ponza and Campi Flegrei, the fluids played an important role in the transport 
of Ti, Zr, Th, U and REE from the magma to the wall rocks. 

The Pb, Nd, C and O isotope compositions of skarn and the presence of silicate melt 
inclusion-bearing wollastonite nodules indicate assimilation of carbonate wall rock by the 
alkaline magma at moderate depth (<5 kin) which promoted exsolution of CO2-rich vapor 
and complex saline melts from a locally contaminated magma. 

5. A model of the bradyseism at Campi Flegrei 

Fluid and melt inclusion studies indicate that the Campi Flegrei system is subdivided into 
a shallower permeable zone, where convectively driven fluids (encountered in the San Vito 
and Mofete wells) circulate, and a deep plastic, lithostatic domain dominated by magmatic 
fluids. The occurrence of two distinct fluid regimes is thought to be related to the presence 
of a large caldera filled by volcaniclastic sediments. The fluids have mostly either mete- 
oric or seawater origin, with a magmatic component. This difference, i.e., the lack of a 
caldera filled with sediments above the volcanic plumbing systems of the other Neapolitan 
volcanic centers, might explain the occurrence of the bradyseism in the Campi Flegrei, as 
opposed to the other nearby volcanic areas where such ground movement has never been 
observed. 

The drilling of MF1, MF2 and MF5 penetrated three reservoirs (Carella and 
Guglielminetti, 1983). A shallow reservoir was found in MF1 with a temperature of 250~ 
and a calculated reservoir fluid composition between 30,000 and 40,000 ppm TDS (total 
dissolved solids). A more dilute, intermediate reservoir was observed in MF2 with a tem- 
perature of 337~ and calculated fluid composition of ~18,000 ppm TDS. Well MF5 
briefly produced hypersaline fluids from 2700 m (>500,000 ppm TDS, corresponding to 
150,000 ppm in the reservoir) with a bottom hole temperature of 347~ (Table 1). The 
measured pCO 2 in MF1 at 1606 m (295~ was 26 bars and in MF2 at 1989 m (345~ 
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was 5! bars (AGIP internal report), and is in agreement with the Carella and 
Guglielminetti (1983) estimate of the CO~ content of the Mofete field of between 1 and 

_ 

5 mol%. The data from San Vito field indicate fluid compositions that resemble composi- 
tions reported from the shallow and intermediate reservoirs of the Mofete field. 

The coexistence of liquid-dominated and vapor-dominated inclusions indicates that the 
system, at some stage, contained a two-phase fluid. This coexistence would reflect a causal 
relationship between boiling and mineral deposition with the resulting inclusion trapping. 
The inclusion salinities (Figs. 11 and 12) reflect the chemical characteristics of the fluids 
found by drilling (Table 1). The variation of salinity with depth and location of MF 1, MF2 
and MF5, agrees with the fluid systematics found by Carella and Guglielminetti (1983), 
who stress the existence of multiple reservoirs, separated by impermeable layers. The shal- 
low reservoir found at MF2 produced moderately saline fluids whereas the deep reservoir 
of MF5 contains a hypersaline fluid. Zones of low transmissivity prevent a major inflow 
of groundwater from penetrating and diluting the deep reservoirs. Hydrothermal activity 
in the Campi Flegrei is related to the onset of volcanic activity in the area (~50,000 ybp). 

w 

500 - 

lOOO - 

1 5 o o -  

0 100 2 0 0  3 0 0  0 100 2 0 0  300  4 0 0  100 2 0 0  3 0 0  "I i I I I 
l I ' I [ ' - -  I I 

M O F E T E  1 

+, 
"~0 

. . .  

�82 , 

o t.,~; 5 

2 ~ 7  

0 ~ [ 

TEMPERATURE (~ 

- _ - =  M O F E T E  2 : ~  
Q 

% 
L 0 �9 

,§  

o .---~-~ 4 
3 12~; 

19----/," 3 9 P  
. . . .  ~ 2~,3 

§ E X T R A P O L A T E D  T E M P E R A T U R E  BY B U I L D - U P  

�9 TEMPERATURE PROFILE MEASURED IN S T A T I O N A R Y  CONDIT IONS 

X MAXIMUM TEMPERATURE MEASURED 57 HOURS FROM 
STOPPED C IRCULAT ION 

B P C  DEPTH TO B O I L I N G - P O I N T  CURVE FOR PURE WATER 

A V E N G E  Th coc~ ~ SALINITY RANGE 
-~-- CURRENT W A T E R  TABLE  

I 

M O F E T E  5 

0 

§ 
o 

26 -" - / , , t  .. 4 9 ) . , ~ . . ~ . : : .  

2 6  . - - # - ' - - ' ~ 4 6 )  -~.--,X.--./~: 

500 

1000 

1500 

2000 

2500 

Figure 11. A comparison of  the Mofete wells (1, 2 and 5) temperature profile with the average fluid inclusion 
homogenization temperature and range of salinity (wt% NaCI equivalent). The depth to the boiling-point curve 
for pure water is shown calculated to the current water table (from De Vivo et al., 1989). 
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Figure 12. A comparison of the San Vito wells ( 1, 2 and 5) temperature profile with the average fluid inclusion 
homogenization temperature and range of salinity (wt% NaC1 equivalent). The depth to the boiling-point curve 
for pure water is shown calculated to the current water table (from De Vivo et al., 1989). 

This is confirmed by geochronology of  zircons from alkali syenite nodules, which gives 
an age of  ~50,000 ybp (Fedele et al., this volume). On the other hand, the homogenization 
temperatures of  fluid inclusions found in hydrothermal minerals from the wells (except for 
MF5) correlate with the current thermal regime and the general characteristics of  the fields 
(Figs. 11 and 12). This suggests that the host minerals are relatively recent and/or that the 
fields have remained stable during the later stages of  Campi Flegrei evolution. Drilling 
data suggests that deep MF5 fluids have cooled subsequent to inclusions trapping. 
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In summary, primary fluid inclusions trapped in various authigenic minerals yield homog- 
enization temperatures and salinities that mimic the temperature increase with depth and the 
salinities of the sampled reservoirs. The coeval nature of liquid-rich and vapor-rich inclusions 
is strong evidence of boiling conditions during inclusion trapping. Daughter crystals (halite) 
in core samples from deeper, hotter, levels indicate a high concentration of solute, as 
confirmed by drilling. This means that the above fluids are trapped in the brittle zone 
(see Fig. 7), in a hydrostatic pressure domain, immediately above the brittle-plastic transition 
zone. Conversely, the fluid inclusions that record immiscibility (in alkali syenite xenoliths) 
are trapped in the lithostatic domain and contain mostly fluids of magmatic origin. 

The overall scenario of fluid inclusions and isotope characteristics is compatible with a 
Campi Flegrei geothermal field with a deep influx, from magmatic + seawater sources, of 
saline water which remains localized in aquifers at a depth of ~2.5-3 km. These aquifers 
are mostly under lithostatic pressure, being heated by an underlying, crystallizing magma 
body that is not moving upwards. The magma, in other words, does not increase the pres- 
sure on the overlying load of volcanoclastic sediments, but it furnishes to the overlying sys- 
tem heat and fluids, which escape from the apical portion of the magma chamber as shown 
in the Burnham model (1979). 

The brittle-ductile transition zone is not fixed in space, but migrates up as the system 
is recharged with magma and migrates downward as the system cools. This is predicted in 
the Burnham model (Burnham et al., 1979) and documented in porphyry-mineralized sys- 
tems (Beane and Titley, 1981; Beane, 1982; Beane and Bodnar, 1995; Roedder and 
Bodnar, 1997). The vertical and lateral extension of the hydrothermal system is relatively 
limited because of the presence of the overlying impermeable rocks. 

In our model of Campi Flegrei, in addition to the inner,-5-7 km deep, impermeable 
layer separating the plastic, lithostatic region from the brittle (hydrostatic) domain, there is 
a second, outer, shallower, impermeable layer. This is at a depth of ~2-2.5 km in the per- 
meable volcaniclastic rocks, and its impermeability is due to the precipitation of newly 
formed minerals (as a consequence of the boiling process), which heal all fractures and 
faults that extend toward the surface. The continuous supply of heat and inflow of magmatic 
fluids creates an overpressure primarily against the inner, deeper, impermeable layer (tran- 
sition from plastic to brittle domain), and subsequently also against the outer impermeable 
layer separating the more dilute surficial from the deep (at 2700 m) hypersaline geothermal 
aquifers (Carella and Guglielminetti, 1983). These internal overpressures, concentrated in 
the apical part of a crystallizing magma, can reach extremely elevated values (AP~n -> 5 kb). 
The amount of this overpressure, caused only by H20/CO_~-saturated fluids, would be 
enough to explain the positive bradyseism, which occurs episodically at Campi Flegrei. 

When AP m is high enough to breach the deeper impermeable layer and also the more 
surficial impermeable layer within the brittle domain, then hydrofracturing occurs, fol- 
lowed by intense boiling and consequent hydrothermal circulation. This is the moment 
when volcanic tremors occur and when the positive bradyseism is at its peak, as shown by 
geophysical experiments (Leet and Malone, 1990; Leet, 1991), which demonstrate that 
intense boiling in sub-volcanic environments can be responsible for volcanic tremor. In 
other words, in order to explain the seismic tremors, it is not necessary to invoke the pres- 
ence of a magma, which rises toward the surface. At this point, the fluids that were in a 
lithostatic pressure regime pass into the hydrostatic domain, and the intense boiling causes 
the deposition of newly formed hydrothermal minerals; the mineral deposition, in turn, 
self-seals the system and leads to the restoration of the lithostatic domain. 
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Immediately after breaching of the impermeable layer, which separates the plastic from 
the brittle zone, deflation begins and lasts until the lithostatic domain is restored by the 
deposition of newly formed minerals (self-sealing process). In order to start a new episode 
of positive bradyseism it is necessary that the fluids escaping from the underlying crystal- 
lizing magma and/or fluids of external source (meteoric influx) "reload" the system, gen- 
erating an overpressure in the apical portion of the magma body/chamber. 

Considering that the hypocenters of the earthquakes registered during the last brady- 
seismic event of 1982-1984 were located at ~4 km depth (which should correspond to the 
location of the zone above the impermeable layer separating the plastic from the hydro- 
static domains), we assume that a magma chamber, from which the magmatic fluids and 
the heat derive, should be located at a depth of ~5-7 km. 

Our model, which is supported by the ideas of Cortini et al. (1991) and Cortini and 
Barton (1993), explains both the inflation and the deflation of the ground surface at Campi 
Flegrei, whereas a model which suggests that positive bradyseism is caused by the intrusion 
and rise of new magma toward the surface would explain only the positive event (inflation), 
but not the negative event (deflation). The crystallizing magma acts only as the "furnace" 
of the system, heating up and, at the same time, supplying fluids to underground, confined 
hydrothermal systems. Because of the depths at which these processes occur, we consider 
an eruption a very improbable event, because the AP,, 1 is not enough to breach completely 
5-7 km of overlying load. The case would be very different if a new batch of magma were 
intruded and rise toward the surface in Campi Flegrei. But, so far, no clear geophysical evi- 
dence of such occurrence has been reported. In our model an eruption could occur, as was 
the case of Monte Nuovo in 1538 AO. This would happen only if the process described above 
occurred with a load of volcanic rock/sediment <500 m. In this case, the high-pressured 
fluids passing from lithostatic to hydrostatic pressure domain could give rise to a hydrother- 
mal eruption which in turn could trigger a magmatic eruption. 

6. Conclusions 

To explain the bradyseism at Campi Flegrei, we propose a model that emphasizes the role 
ofhydrothermal fluids as opposed to the classical model of intrusion of new magma at shal- 
low depths (Barberi et al., 1984; Corrado et al., 1976), suggesting that ground deformations 
could be generated by conductive heating of the hydrothermal fluids overlying the mag- 
matic chamber. The authors describe a hydrothermal model based on the model of porphyry 
systems (Henley and McNabb, 1978; Burnham, 1979; Fournier, 1999). Campi Flegrei 
might represent a modern analogue of an ancient mineralized porphyry system (Beane and 
Titley, 1981; Beane and Bodnar, 1995; Roedder and Bodnar, 1997; Sasada, 2000), as has 
been suggested for White Island, New Zealand (Rapien et al., 2003). Deep, aqueous fluids, 
heated by an underlying crystallizing magma, would remain under lithostatic pressure for a 
long period. The heat and fluids supplied by the magma would determine the overpressure 
in the upper, apical, part of the magma chamber through accumulation of volatile phases 
confined by impermeable rocks, which cause uplift of the overlying rocks (positive brady- 
seism). A crisis occurs when the conditions change from lithostatic to hydrostatic pressure, 
with consequent boiling (De Vivo et al., 1989), hydraulic fracturing, volcanic tremor and 
then pressure release. At this point, the area experiences a sudden change from maximum 
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inflation, followed by pressure release to beginning of subsidence (deflation of the ground). 
Afterward, the system, saturated with boiling fluids, begins to seal again due to the precip- 
itation of newly deposited minerals. The beginning of a new positive bradyseism phase will 
occur only after several years when the system "reloads" under new lithostatic pressure 
conditions. This model is capable of explaining both inflation and deflation of ground, 
whereas a model which is restricted to the magma rising process as responsible for the 
bradyseism, would explain only the inflation. In the above scenario, a hydrothermal 
eruption can still occur, but only if the fluids pass from lithostatic to hydrostatic pressure 
when the overlying rocks have a thickness <500 m. If this happens, a hydrothermal 
eruption could trigger a magmatic eruption, which was probably the case of the Monte 
Nuovo eruption in 1538 AD. 
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