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ABSTRACT

Long time series of fluid pressure and temperature within a hydrothermal
system feeding the Solfatara fumaroles are investigated here, on the basis
of the chemical equilibria within the CO,-H,0-H,-CO gas system. The
Pisciarelli fumarole external to Solfatara crater shows an annual cycle of
CO contents that indicates the occurrence of shallow secondary processes
that mask the deep signals. In contrast, the Bocca Grande and Bocca Nova
fumaroles located inside Solfatara crater do not show evidence of
secondary processes, and their compositional variations are linked to the
temperature—pressure changes within the hydrothermal system. The
agreement between geochemical signals and the ground movements of the
area (bradyseismic phenomena) suggests a direct relationship between the
pressurization process and the ground uplift. Since 2007, the gas
geoindicators have indicated pressurization of the system, which is most
probably caused by the arrival of deep gases with high CO, contents in
the shallow parts of the hydrothermal system. This pressurization process
causes critical conditions in the hydrothermal system, as highlighted by
the increase in the fumarole temperature, the opening of new vents, and
the localized seismic activity. If the pressurization process continues with

time, it is not possible to rule out the occurrence of phreatic explosions.

1. Introduction

Solfatara fumaroles are located within the homonymous
crater in the center of the Campi Flegrei caldera (Figure 1),
which is a very dangerous volcanic area because it includes
part of the city of Napoli (Naples), the town of Pozzuoli, and
numerous densely inhabited villages. The area was affected
in the past by numerous large explosive eruptions [Orsi et al.
1996], the last of which occurred in 1538 at Monte Nuovo.
This eruption followed a period of ground uplift, which
suddenly interrupted a secular subsidence [Dvorak and
Mastrolorenzo 1991, Troise et al. 2007], which continued with
the same rate after the eruption. A new uplift started in 1950
and reached a maximum of about 4 m in 1985 near the town
of Pozzuoli [Del Gaudio et al. 2010]. This process occurred
during three major unrest periods (bradyseisms), the first in
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1950-1952, the second in 1969-1972, and the third in 1982-1984
[Barberi et al. 1984, Del Gaudio et al. 2010]. In addition, four
"mini" uplift periods occurred in 1989, 1994, 2000 and 2006.
All of the uplift periods in this area were accompanied by
seismicity, and in particular, many thousands of earthquakes
occurred during the two major crises in 1969-1972 and in
1982-1984. Since the last main bradyseism of 1982-1984, the
general trend of ground motion showed a subsidence period
until 2004-2005, when the soil started to uplift with a
relatively low rate of ~1.0-1.5 cma'.

This study is aimed to determine whether variations
in the temperature—pressure (T-P) conditions of the
hydrothermal system feeding the Solfatara fumaroles
accompanied this oscillating ground motion of Campi
Flegrei. Here, we analyze long time series (from 1998 to
2010) of the chemical compositions of the fumaroles of the
Solfatara of Pozzuoli, focusing on the reactive gas species
(mainly hydrogen and carbon monoxide) that have been
recognized by previous studies as geoindicators of the T-P
conditions of hydrothermal systems [Giggenbach 1987,
Chiodini and Cioni 1989, Chiodini and Marini 1998].

2. Analytical methods

The three main fumaroles of Solfatara (Bocca Grande
[BG], Bocca Nova [BN] and Pisciarelli; Figure 1) have been
routinely analyzed for their chemical composition by the
Geochemistry Laboratory of the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) — Osservatorio Vesuviano
since 1998. This dataset, which consists of 348 samples, is
reported in the electronic Annex 1.

For the determination of the major gas species, fumarolic
gases were collected in under-vacuum flasks that contained
a 4 N NaOH solution [Giggenbach 1975, Giggenbach and
Gouguel 1989]. The condensates of water vapor and non-
condensable gases were sampled by passing the fumarolic
gases through a condenser cooled to 20 °C to 30 °C by water.
The gas constituents were analyzed following the methods
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Figure 1. Location map and main geological features of the Solfatara
crater, showing the Bocca Grande (BG), Bocca Nuova (BN) and Pisciarelli
fumaroles.

of Cioni and Corazza [1981], modified for the analysis of He,
Ar, O,, N,, H, and CH,. The chemical compositions of the
non-absorbed gases that were mainly present in the
headspace over the NaOH solution were also measured, by
gas chromatography using a thermal conductivity detector,
through a single injection onto two molecular-sieve columns
(MS 5A capillary, 30 m x 0.53 mm X 50 m; He and Ar as
carrier gases). The CO, and sulfur species absorbed in the
alkaline solution were analyzed after oxidation via H,0,, by
acid-base titration and ion chromatography, respectively
(analytical error, £3%). CO was analyzed on dry gas samples
by gas chromatographic separation witha MS 5 A 1/8"x 50’
column (He as carrier gas), coupled with a high-sensitivity
reduced gas detector (HgO).

3. Origin of the Solfatara fumaroles

The Solfatara crater is located near the area of
maximum ground uplift and of the recurrent earthquakes,
and it is affected by an intense process of diffuse soil
degassing and fumarolic activity. The total output of
hydrothermal CO, of ~1500 t d~! from the diffuse degassing
processes was measured in December 1998 and in July 2000
[Chiodini et al. 2001, Cardellini et al. 2003]. According to
Chiodini et al. [2001], the thermal energy release associated
with the Solfatara gas emission (~100 MW) is the most
important term in the energy balance of the whole of the
Campi Flegrei caldera, as this is: (i) orders of magnitude
greater than the elastic energy released during the seismic
crises; (i) higher than the energy associated with the ground
deformation; and (iii) ~10-fold greater than the conductive
heat flux over the entire caldera.

The fumaroles discharge at variable temperatures (from
95 °C to 165 °C), as mixtures of H,O and CO, with minor
amounts of H,S, N,, H, and CH, (see Annex 1).

Geochemical studies of this hydrothermal system began
in the early 1980's. A conceptual geochemical model of the
system was first proposed by Cioni et al. [1984], and then
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refined by Cioni et al. [1989], Chiodini et al. [1992, 1996],
Chiodini and Marini [1998], and Chiodini et al. [2000, 2001].
Furthermore, on the basis of a large dataset of chemical and
isotopic compositions, Caliro et al. [2007] investigated the
origin of the fumarolic fluids, and they proposed a more
comprehensive geochemical model. According to Caliro et
al. [2007], the system is fed by a mixture between fluids
degassed from a magma body and the vapor generated at
high temperatures (~360 °C) by the vaporization of
hydrothermal liquids of meteoric origin (Figure 2). The
mixing process appears to occur at the base of the
hydrothermal system, where a plume is formed that is mainly
composed of a gas phase that migrates towards the surface.
According to physical simulations [Chiodini et al. 2003,
Todesco et al. 2003], pulses of the magmatic source that arise
from magma degassing episodes cause sudden increases in
the mass of the fluids stored in the hydrothermal system; this
is coupled with fluid pressurization, which triggers the
volcanic unrest periods that periodically affect this area.

In the following sections, we will consider in detail
whether there are any geochemical sign of fluid pressure
variations within the hydrothermal system, on the basis of
the chemical equilibria within this CO,-H,0-CH,-H,-CO
gas system.

4. The CO,-H,0-CH,-H,-CO gas equilibria

The hydrothermal gas equilibria in this CO,-H,0-CH,-
H,-CO system were reviewed by Chiodini and Marini [1998].
They proposed a method that consists of the comparison of
the analytical data with the compositions of both the
equilibrium vapor and the equilibrium liquid phases, and of
the vapor phases separated in a single-step from the
equilibrium liquids at varying temperatures. In particular,
the formation reactions of CO, H, and CH, (Equations 1, 2
and 3, respectively) were combined to obtain two reactions
(Equations 4 and 5), the equilibrium constants of which are
independent of the oxygen fugacity.

CO,=CO+Y 0, 1
H,O=H,+1 O, 2)
CO,+2H,0=CH,+20, (3)
CO,+H, = H,0+CO (4)

3 CO,+CH,=2H,0+4CO 5)

For gas phases that are largely made up of water vapor,
the ratios of the fugacity coefficients I'H,/I'H,O,
I'CO/I'CO, and I'CH,/I"CO,, do not deviate significantly
from 1.0 in the typical P-T range of hydrothermal systems,
as 100 °C to 374 °C and 1 bar to 220 bar [Chiodini and Marini
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1998, and references therein]. Therefore, the temperature
dependence of the equilibrium constants of Equations (4)
and (5) can be expressed as functions of the ratios of the
mole fractions in the vapor phase, the Xi values, as:

log (X0 / Xipn) +108(Xco / Xeon) =

(6)
= L, = 2.485 — 2248/ TK
and
3 log(Xco /Xeop) T 1ogXeo / Xepy) =
=L, = 19.605 — 17813/ TK, @)

where TK is the absolute temperature. In Equation (7), the
water fugacity has been assumed to be fixed, by the presence
of the liquid (log f,,,, =5.510 — 2048/TK) [Giggenbach 1980].

The relations of Equations (6) and (7) are then used to
compute the theoretical L, and L, values for the equilibrium
vapor phases (Figure 3, "vapor" line), and considering the
corresponding vapor-liquid distribution coefficients for the
equilibrium liquid phases (Figure 3, "liquid" line) and for the
vapor phases that are separated in a single step from the
equilibrium liquids at the varying temperatures (Figure 3,
"SSVS" lines; see Chiodini and Marini [1998] for details of

Solfatara @@

the calculations). Figure 3 compares these theoretical
compositions with the L, and L, values measured at the
Solfatara fumaroles. The analytical values fall outside the
field of the vapors separated by the liquid, i.e. outside the
field delimited by the "vapor" and "liquid" lines. This
behavior was originally interpreted as being caused by the
presence of superheated vapor, at temperatures of 200 "C to
240 °C, the theoretical compositions of which fall to the left
of the "vapor" line in Figure 3 [Chiodini and Marini 1998].
However, more recently Caliro et al. [2007] studied a larger
dataset, and based on their new *C data of the CO,-CH,
couple, they suggested a different interpretation. By using
fractionation factors from Horita [2001], the CO,-CH,
isotope data indicated isotopic equilibration temperatures of
360 °C to 436 °C, which were close to the temperatures
estimated by the chemical geothermometer based on the
CH,/CO, ratio when redox buffers typical of hydrothermal
systems were considered (Figure 4; see Caliro et al. [2007]
and Chiodini [2009] for further details). These CH,-CO,
equilibrium temperatures are much higher than those
previously inferred in Figure 3 by Chiodini and Marini[1998],
and they can be explained by the different kinetics of CH,
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Figure 2. Revisited geochemical conceptual model of Solfatara, showing the zones of deep mixing, and H,, CO and H,S re-equilibration in the vapor phase
(after Caliro et al. 2007). The gas/liquid mass fractions (Xg), and low-temperature isotherms are shown, as arising from the physical-numerical simulations
described in detail by Chiodini et al. [2003] and Todesco et al. [2003]. The gas fractions are indicated by the gray shading scale.
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Figure 3. Theoretical values of log(X,,,,/X,,,) + 108X,/ Xco,) versus 310g(X o/ Xo,) +1og(X o/ Xy, for a single saturated vapor phase and a single saturated
liquid phase, shown as the vapor line and the liquid line, respectively. The equilibrium gas contents in a single saturated liquid phase were computed using
the vapor-liquid distribution coefficient, Bi, defined as Bi = (X;/X,,0),,,/ (X;/ Xj1,0)- The composition of the vapors separated in a single step at varying
temperatures (T,) (single-step vapor separation lines, or SSVS lines) and the compositions of superheated vapors equilibrated at different T-P,,,, values (solid
lines) are also shown. The equilibrium conditions for the high-temperature fumaroles of the Solfatara crater (BG and BN) can be inferred for a superheated
vapor phase at temperatures between 200 °C and 240 °C, and between 200 °C and about 150 °C for the Pisciarelli fumarole. The possible occurrence of
H, and CO re-equilibration upon cooling of the gas phase (see text) has also been investigated through drawing of the single gas-phase theoretical re-
equilibration line from 370 °C (point A) to 120 °C (point B) under the redox conditions controlled by the buffer of D'Amore and Panichi [1980] (see the
text for further details). The Solfatara compositions plot along the re-equilibration pathway, which supports the occurrence of such processes.

with respect to H, and CO. On the one hand, CH,, which is This function was obtained by solving the following set
a species characterized by much slower kinetics than H,and ~ of equations with respect to f,:
CO [Giggenbach 1987, Chiodini et al. 1993, Giggenbach

1997], does not re-equilibrate, which preserves the same log (X, / Xip0) = log(Xeo /Xeop) X 0.2731 — 1.8066  (9)

concentrations as in the deepest and hottest parts of the

hydrothermal system where the methane originates from log (X, / Xip,0) = 2.548 — 12707/TK — 1, log f,,  (10)

CO, reduction [Caliro et al. 2007, Chiodini 2009]. On the

other hand, H, and CO re-equilibrate under the decreasing log(Xco /Xeop) = 5.033 — 14955/TK — Y, log £,  (11)

temperature conditions encountered by the ascending vapor

phase (Figure 2). where Equation (9) is the best-fit regression of the two
Apart from these theoretical considerations, the variables (Figure 5a), while Equations (10) and (11) are the

different behaviors of H, and CO on the one side and of CH, expressions of the temperature dependence of the

on the other are also suggested by examination of Figure 5, equilibrium constants of the H,O and CO, dissociation

where log CO/CO, is plotted against log H,/H,O (Figure 5a) (reactions in Equations 1 and 2).

and log CH,/CO, (Figure 5b). Log H,/H,O positively It is worth noting that the derived function is very

correlates with log CO/CO, (r? = 0.66), as expected for a  similar to the f_,-TK function (log f,, = 8.20 + 23643 / TK)

vapor phase. Assuming equilibrium conditions in the vapor ~ that was proposed by D'Amore and Panichi [1980] and was

phase, this correlation was used to derive the oxygen fugacity ~ derived by investigating the fluids discharged by several
(f,,) — a temperature function that better describes the redox ~ hydrothermal systems around the World. Excluding an

conditions at the Solfatara hydrothermal system: improbable fortuitous coincidence, this similarity suggests
that the fumaroles of Solfatara are fed by a system for which
log f,, = 8.20 + 23725/ TK (8) the H, and CO contents are controlled by typical
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hydrothermal redox conditions. In particular, the Solfatara
fumaroles fall close to the equilibrium vapor line at
temperatures from 130 “C to 240 °C. In contrast, the log ratio
CH,/CO, falls far from the equilibrium values expected for
the same redox and temperature conditions (Figure 5b).

This different behavior of H, and CO with respect to
that of CH, in Figure 3 explains the trends of the L, and L,
values of the Solfatara fumaroles, as highlighted by the good
correlation of the measured data with the theoretical values
(Figure 3, line A-B) expected for the re-equilibration of H,
and CO in a vapor phase that moves from a high-temperature
deep zone (Figure 3, point A) to colder and shallower levels
(Figure 3, point B). Practically, we considered that the ratios
H,/H,0 and CO/CO, quickly readjust at the equilibrium
values for redox conditions fixed by the D'Amore and Panichi
[1980] empirical buffer, while the CH,/CO, ratio maintains
its original value of ~ —4 (Figure 4).

On the basis of these observations, we can conclude that
H, and CO are good partners for the derivation of the T-P
geoindicators of the shallower parts of the hydrothermal
system, while CH, cannot be used because it reaches
equilibrium conditions, if at all, under different conditions
to those of H, and CO.

In agreement with these considerations, we considered
the CO,-H,0-H,-CO gas system. The equilibrium
temperatures were computed by inserting the measured
Xinor Xeop Xeo and X, molar fractions into Equation (6),
and by solving the equation with respect to temperature.

In the computation of the pressure, the fugacity
coefficients were assumed to be close to unity, a reasonable
assumption at relatively low pressures (<100 bar)
[Giggenbach 1980]. The pressure of the water (P,,) was
derived using the assumption that P,,, is fixed by the above-
mentioned f,,,,—T relation of Giggenbach [1980] that is valid
for the coexistence of vapor and liquid phases (the liquid is
considered as pure water). This assumption is not based on

Figure 4 (top right). Log X,,,/X.,, versus 1000/ TK diagram. The
analytical ratios for the Solfatara fumaroles are plotted against the
equilibrium temperatures computed through the CH,—~CO, isotopic
geothermometer. The theoretical ratios in a single saturated vapor phase
under redox conditions controlled by the hydrothermal redox buffers
[Giggenbach 1987, D'Amore and Panichi 1980] are shown for reference.
The theoretical ratios expected for varying water fugacities and redox
conditions fixed by the magmatic SO,-H,S buffer [Giggenbach 1987] are
also shown. The Solfatara fumaroles fall close to the equilibrium
conditions, which supports the concept that CH, is formed by CO,
reduction in the hydrothermal environment.

Figure 5 (bottom right). (a) Plot of log(X,,,/ X,,,,) versus log(X .,/ X0,)- (b)
Plot of log(X .,/ Xco,) versus log(X .,/ X.,). In the diagrams, the analytical
values are compared with the theoretical log ratios computed for the
equilibrium vapor and liquid phases, and for the vapor phases separated
in a single-step from the equilibrium liquids, at different temperatures.
The theoretical grids assume that redox conditions are controlled by the
f,-buffer of D'Amore and Panichi [1980].
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the geochemical interpretation of the data, because the CO,-
H,0-H,-CO composition indicates the presence of a vapor
phase and not necessarily vapor-liquid coexistence. The
vapor line in Figure 5 and the re-equilibration trend in Figure
3 are actually valid both for vapors coexisting with the liquid
and for vapors with P, ; values lower than those fixed by the
presence of the liquid. The assumption is based on the results
obtained by the physical numerical modeling of the
hydrothermal system of Solfatara [Todesco et al. 2003]
(Figure 2). The model was able to reproduce some of the
main features that characterize the natural system, including
the energy budget associated with the ascent and
condensation of the hot fluids, and the development of a
single-phase gas zone at a depth of a few hundreds of meters
and at a temperature of 200 °C to 230 °C [Todesco et al. 2003]
(Figure 2). The physical model returned P,,,, values close to
the vapor-liquid coexistence within all of the rising fluid
plume, including the single-phase gas zone. Our assumption
of P, fixed at any temperature by vapor-liquid coexistence
is based on these results.
The pressure of CO, (P_,) was estimated on the basis
of the following relation:
log P, = 3.573 — log(Xyy, / Xco) — 46/TK,  (12)
which was derived for the CO,-H,0-H,-CO gas system by
Chiodini and Cioni [1989]. The temperature and pressure

estimations (P P P..=Pyo+P

cor Fro ) are reported in

H20? CO2

Annex 1.
The equilibrium temperatures range from 195 °C to 230
°C (mean, 209 °C), from 202 °C to 237 °C (mean, 213 °C) and

from 122 °C to 232 °C (mean, 157 °C), for the BG, BN and
Pisciarelli fumaroles, respectively. The total equilibrium
pressures (P, =P, + P.,) range from 17 bar to 33 bar,
from 19 bar to 37 bar, and from 3 bar to 38 bar, for the BG,
BN and Pisciarelli fumaroles, respectively. The large
variations of the apparent T-P equilibrium values estimated
at Pisciarelli, which are possibly caused by secondary
processes, will be discussed in more detail in the next section.
It is worth noting that the average estimation performed for
the two hottest fumaroles of the area, as BG and BN (T, ~210
°C; P, ~25 bar), practically coincide with the T-P conditions
of the "single gas-phase zone" arising from the physical
simulations of the system [Todesco et al. 2003] (Figure 2).
We can thus consider that the variations in the time of the
equilibrium T-P, which are discussed in the next section, are
in some way representative of this large gas zone, which
according to the simulation results, is located at a shallow
depth (100-300 m) in the subsoil of the area.

5. Time series of the equilibrium temperatures
and pressures from 1998 to 2010
The time series of the equilibrium P-T values recorded
at the Pisciarelli fumarole are discussed separately from those
computed at the BG and BN fumaroles.

5.1. The Pisciarelli fumarole

In recent years, the fumarolic field of Pisciarelli has
experienced an evident increase in activity, which has been marked
by temperature increases, by the opening of new vigorous
vents and boiling pools, and by the occurrence of seismic
activity localized in the area [D'Auria et al. 2011] (Figure 6).
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Figure 6. (a) Chronogram of the discharge temperature (°C) of the Pisciarelli fumarole with the chronological occurrence of the main events (as indicated)
linked to the increasing activity. The temperature of 95 °C is the boiling temperature for the fumarolic fluids. (b) Photograph of the new roaring fumarole

established on December 20, 2009.
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Figure 6 shows the fumarolic discharge temperatures
together with the chronological occurrences of the main
macroscopic events that have occurred at Pisciarelli since
1999. The discharge temperature from 1999 to 2005 has
fluctuated around 95 °C, the boiling temperature of the
fumarolic fluids, with the exception of a sample in May 2002
that for the first time showed a temperature of 105 "C. After
this period, and following an anomalous mud emission from
the vent (April 2006), the temperature increased up to 102 °C
in June 2006, and dropped down after the occurrence (on 23
October 2006) and establishment of a new boiling pool. An
enlargement of the fumarolized area and the opening of a
new vent occurred in March 2008. A new increase in the
temperature occurred in June 2008 (103 °C), and excluding a
few short periods, since then the discharge temperature has
shown an increasing trend, which reached 108 °C in October
2010. Over this period, events have occurred closer in time:
the opening of a new boiling pool in March 2009, which was
probably accompanied by a small explosion (mud covered
the soil slope up to 3—-4 m above the emission point), with
the CO, flux from this pool estimated at 15 ton/d to 20 ton/d
by the injection into the pool of a tracer gas at different
(known) flow rates, and the measurement of its relative
concentration with respect to the CO, in the plume; the
establishment on 20 December 2009 of a new vigorous,
roaring fumarole (Figure 6), which represents the strongest
gas emission of the entire area to date; the recording of a
seismic swarm (of about 190 events) in the Pisciarelli area on
30 March 2010; and the opening of a new vent on 15
November 2010.

In spite of this macroscopic evidence of increasing
activity, the T-P geoindicators have not given clear signals,
because they have been masked by seasonal effects. In
particular, an annual variation affects the fumarolic CO
content, and consequently also the temperature and pressure
estimations (Figure 7). As an example, the annual cycle is
evident in Figure 8, where the equilibrium temperature is
plotted against the month of sampling. The lowest
temperatures, which are generally from 120 °C to 150 °C,
characterize the winter months, while the highest
temperatures, from 150 °C to 200 °C, are typical of the
summer months. Similar behavior characterizes the
equilibrium pressure values (Figures 7b and 6c). These
seasonal variations might be caused by different process. A
real temperature decrease might occur during the winter
because of the arrival of cold meteoric water in the upper
part of the feeding system. However, this is improbable,
because it would imply concurrent increases in the water
contents of the fumaroles and variations in the isotopic
signatures of the steam; such variations are not actually
observed (unpublished data, INGV Osservatorio
Vesuviano). Another explanation is that the fumarolic CO
content is in some way affected by the condensation of the
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Figure 7. Chronograms of CO content (a), P, (b), Py, (c), and
equilibrium temperature (d) for the Pisciarelli fumarole. Seasonal effects
affect the fumarolic CO content and consequently the T-P estimations. It
is worth noting the peak CO contents and T-P estimates relative to
summer 2010, when the values estimated approached those of the BG and
BN fumaroles.

o

o

I

@ 5

§200 08

© ) " -
o

< 'gaggogo ° o

Ermlal 22177 (e

= o o . :®

g 000 go

g a 8

L J

100JFMAMJJASOND

Month

Figure 8. Equilibrium temperature of the Pisciarelli fumarole versus the
month of sampling. Maximum estimated values characterize the spring
and summer samples, indicating strong seasonal effects.



CHIODINI ET AL.

6 e a) —A- ground elevation
gg ' —BG —BN | pam
S 2251 |
5 ) “ ’r M -
-y i1
] 205 \! W ~ \ ‘“k‘ ‘}lf"‘imﬂ’wpf( 510 ‘3
1 01 Laf| V9 |
V1Y “ / ‘\ ’ =

195 - - 5.05
wN
$
'é L 5.20 §
nf_ | } 5.15 E
3 =
2 5
g L 510 =
N
s
= L 5.05

Jan-98 Jan-00 Jan-02 Jan-04 Jan-06 Jan-08 Jan-10

Figure 9. Chronogram of vertical ground displacement, as recorded at benchmark 25 (in Pozzuoli) and temperature (a) and pressure(b) for the BG and
BN fumaroles. The similar shapes of the geochemical signals and the ground elevation suggest a possible relationship between them.
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Figure 10. Chronogram of the P, estimated at the BG and BN fumaroles. Since 2007, an increase in the values has been observed, and this pressurization
process is still ongoing.
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fumarolic fluids, a process that is linked to the ambient
temperature and that is consequently characterized by a
seasonal cycle. Whatever the cause is, the data from
Pisciarelli that are heavily modified by this seasonal cycle are
not useful for investigations into the eventual variations
caused by volcanic processes. The only sign that appears to
be linked to the increased fumarolic activity is the anomalous
peak of CO content in the spring to summer in 2010. Over
this period, the estimated T-P conditions increased to the
highest values recorded over the last 10 years (T = 230 °C,
P .= 38 bar, and P, = 9 bar; Figure 7b-d), which are close
to the values estimated for the BG and BN fumaroles.

5.2. The BG and BN fumaroles

The data from the BG and BN fumaroles are thus more
interesting, as they do not show seasonal effects. In this case,
the discharge temperatures are above the condensation
temperature, and in contrast to the Pisciarelli site, the
environment is dry, which potentially prevents important
secondary processes. The chronograms of Figure 9 compare
the ground elevation of the area with the equilibrium
temperatures (Figure 9a) and pressures (Figure 9b) recorded
from 1998 to 2010. Figure 9 highlights the good fit between
the geochemical signals and the ground elevation: the initial
period of subsidence from 1998 to 2000 was accompanied by
a T-P decrease; the crisis of 2000 caused a positive peak in
both the elevation and T-P conditions; the subsequent
period from 2001 to 2004-5 was characterized by subsidence
and a contemporary decrease in the T—P values; and finally,
since 2004-2005, an uplift phase has started that has been
accompanied by a T-P increase.

Finally, Figure 10 shows the chronogram of the
equilibrium P, estimated at the BG and BN fumaroles.
These values were recorded in both of the fumaroles and
they were relatively constant (4-5 bar) until 2006. After this,
the values started to increase, and they reached the
maximum of ~7 bar for the last samples of 2010. This

increase in P, which is a process that at the moment is still

cox
ongoing, is most probably being caused by the arrival of
deep gases that have CO, contents that are higher that those

of 1998 to 2006.

6. Conclusions

The general considerations regarding the kinetics of the
redox-sensitive gas species and the mass of analytical data
indicate that H, and CO are good partners for the derivation
of reliable gas-geoindicators of the T—P conditions of the
upper parts of Solfatara hydrothermal systems. This method
was applied at the two main fumarolic fields of Solfatara: the
Pisciarelli and the BG-BN sites.

At Pisciarelli, strong seasonal effects and the possibility
of re-equilibration of the fumarolic fluids at very shallow
depths cover the deep geothermo-barometric signals.
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However, it is in this area that the signs of the increased
activity are more evident. Over the last few years, the main
evidence has been the increase in the discharge temperature,
the opening of new vigorous vents and boiling pools, and
the occurrence of localized seismic activity [D'Auria et al.
2011] (Figure 6). The only geothermo-barometric sign that
appears to be linked to this increased fumarolic activity was
an anomalous peak of CO content that was observed in the
samples of summer 2010, when the equilibrium T-P reached
o —38bar;and P, =9
bar, which approached those of the BG and BN fumaroles.
Gas geoindicators applied to the BG and BN high-
temperature fumaroles generally indicate T-P conditions
(T =195-237 °C; P, = 17-37 bar) that are close to those
independently simulated by the application of a physical
numerical approach [Todesco et al. 2003] for the shallow

its maximum values (T =230 °C; P

single-phase gas zone that constitutes the upper part of the
Solfatara hydrothermal system (Figure 2). The variation in
the equilibrium T-P values with time has resembled the
ground movement at Campi Flegrei over the entire period
of observation (1998-2010). This evident correlation between
ground movement and geochemical signals supports the
concept that the last uplift episodes occurred with active
processes of pressurization of the shallower parts of the
hydrothermal system. In particular, this process of uplift and
fluid-pressure increases at shallow depths has been evident
since 2006, and it is still ongoing. This probably caused the
observed macroscopic increases in the hydrothermal
activities at Pisciarelli, and if it continues with time, this
might lead to more critical conditions, including the possible
occurrence of phreatic explosions.
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